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Abstract

The aim of this thesis is to describe the collapsing Calabi-Yau (CY) metrics
on a CY 3-fold with a Lefschetz K3 fibration, from both the a priori estimate
perspective and the gluing perspective. Collapsing CY metric is a well studied
subject, but most of the previous works concentrate on the behaviour away from
the singular fibres, and the full description of the metric was only available in a
very small number of cases, mostly relying on very favourable gluing ansatz.

From the nonlinear perspective, the essential realisation is that by restrict-
ing the type of singularities, and under some conjecture in pluripotential the-
ory, then a small neighbourhood of the singular fibre has a local noncollapsing
bound, which enables us to understand the pointed Gromov-Hausdorff limit of
the singular fibre in the scale where the fibre volume is 1.

This gives strong heuristic evidence that there is a much finer scale near the
nodal points in the fibration, where the scaled limit is a CY metric on C? with
maximal volume growth and singular tangent cone at infinity. This model CY
metric is rigorously constructed using a noncompact version of Yau’s solution
to the Calabi conjecture.

The model metric enables a gluing description of the collapsing CY metrics.
The difficulty of the gluing lies in the coarse nature of the gluing ansatz, and
the fact that the metric has many types of characteristic behaviours at different
scales. We overcome this by developing a sharp linear theory, using some earlier
ideas of Gabor Széklyhidi.
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Chapter 1

Introduction

1.1 Motivating questions

The general context of this thesis lies in the crossroad of Riemannian geome-
try, concerned with analytic understanding of Einstein’s equation, and special
holonomy, concerned with solutions of Einstein’s equation with special linear
algebraic structures parallel under the Levi-Civita connection. Our main fo-
cus is on Calabi-Yau metrics, namely metrics with holonomy contained in
SU(n), or equivalently a Kahler metric (X, g, J,w) with a nowhere vanishing
holomorphic volume form €2, satisfying the complex Monge-Ampere equation

w" = const - QA Q.

A fundamental question in Riemannian geometry is to describe limiting
behaviour of sequences of complete metrics (M;, g;) under control on the Ricci
tensor [2]. A basic fact is Bishop-Gromov monotonicity: if (M,g) has
non-negative Ricci curvature, then the renormalised volume of metric balls is a
decreasing function of the radius:

Vol(By(r))

i M N, asTr .

This leads to a dichotomy: a sequence of dim M-dimensional complete Rie-
mannian manifolds (M;, g;) with Ric > 0 is called non-collapsing if there is a
uniform bound from below

Vol(B,, (1)) |

o 2Kk>0, vr< diam(M;, g;),
r

and called collapsing if otherwise. A large part of Cheeger-Colding theory is
founded on the principle that a non-collapsing bound imposes a strong sense
of coercivity on the Riemannian metrics. For example, we can extract a subse-
quential limit space (Me,goo) in the Gromov-Hausdorff sense, and under the
assumption Ric = 0 and a uniform lower bound on the diameters, the limit space
is smooth away from a closed subsets of Hausdorff codimension at least 4. From
the analytic perspective, the importance of the non-collapsing condition is that

7
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it guarantees many fundamental inequalities when coupled with a Ricci bound,
such as the Sobolev inequality and the Harnack inequality. Consequently, the
general theory in the non-collapsing case is far better understood than the col-
lapsing case.

A heuristic explanation of this dichotomy is that collapsing generally means
information loss in the limit. To illustrate this difference, by a result of Donald-
son and Sun [13], given a noncollapsing sequence of compact polarised Calabi-
Yau n-folds (X;, L;, g;,w;, ;) with unit volume, then they all embed into a com-
mon fixed projective space CcpY , and after subsequence and projective linear
transformations they converge both metrically and algebraically into a normal
variety inside CP"™. That is, one can recover the complex geometry from the
limiting variety by flat deformations. In contrast, in a general collapsing situ-
ation one does not expect to recover the sequence solely from the metric limit.
To do so requires more information on scaling limits (‘bubbles’) and adiabatic
structures. Depending on the severity of the degeneration mechanism, this addi-
tional information may have algebraic nature, as will be the case for this thesis,
or transcendental nature, as in the case of large complex structure limit.

The second major thread of this thesis comes from Kéhler geometry, and
in particular a consequence of Yau’s solution of the Calabi conjecture:

Theorem 1.1.1. [49] A compact Kdhler manifold X with a nowhere vanish-
ing holomorphic volume form Q0 admits a unique Calabi-Yau metric (g,w, J, )
within any given Kdahler class.

Yau’s proof, which we shall sketch in Section 1.3.1, involves a priori esti-
mates to solve a highly nonlinear PDE, but it gives little information on what the
Calabi-Yau metric actually looks like. In particular, the Calabi-Yau structure
depends on natural moduli parameters involving the period data of 2 and the
Kahler class of w, and the central question is to relate this moduli information
to Riemannian geometry.

Question 1.1.2. How does the Calabi-Yau metric behave when the complex
structure or the Kéhler class is allowed to degenerate?

Notable progress has been made by Tosatti and collaborators [42][43][44][25],
who consider Calabi-Yau metrics on a fixed compact complex manifold with a
holomorphic fibration, and the collapsing happens by changing the Kéahler
class to shrink the fibres, as shall be outlined in Section 1.3.3. Their work
however gives no information on the metric behaviour near the singular fibres.

In this thesis the attention is focused on the simplest nontrivial special case
of Calabi-Yau 3-folds with a holomorphic K3 Lefschetz fibration, and the
main results are a complete description of the collapsing metric up to small fluc-
tuations, including the neighbourhood of the singular fibres. A fuller summary
will be given in Section 1.4. There are good grounds to hope for large classes
of generalisations, although some restriction on the nature of the singularity of
the fibration is necessary, and the author thinks the key condition should be
that the singular fibres have kit singularities.

Aside from the intrinsic theoretic interest of metric collapsing, it has also
emerged in recent years as a construction technique for special holonomy
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metrics, particularly in the context of G and Spin(7)-holonomy, where a gen-
eral existence theorem like Yau’s solution of the Calabi conjecture is still lacking.
A prototype is the construction by Haskins et al. of Sl-invariant Gy-metrics
with small S! fibres collapsing down to a Calabi-Yau 3-fold [21]. A recent
proposal of Donaldson, which is an initial motivation for this thesis, suggests
another collapsing mechanism where the Go-manifolds admit a coassociative K3
fibration over a 3-dimensional base, and the K3 fibres shrink down to zero size
in the limit (¢f. Section 1.2.4).

1.2 Philosophy of collapsing problems

A very general strategy to approach a collapsing problem involves two steps:
classify all the scaling limits (‘bubbles’) which control microscopic behaviour,
and describe the adiabatic structure which controls how the bubbles vary
over a large scale; this arises as soon as the bubbles have some moduli.

An upshot is that any collapsing problem is intrinsically multi-scaled: over
the largest length scale the manifold resembles a lower dimensional object, while
over the characteristic length scale of the deepest bubbles the manifold resembles
a higher dimensional object. The large scale behaviour is not controlled by the
same PDE governing the microscopic features, and identifying that adiabatic
structure usually requires some additional geometric insight.

A metric (connection, function, etc) involves an infinite amount of data,
but only a small amount of microscopic information effectively contributes to
large scale effects. A general principle is that if we perform some version of
Fourier analysis on the fibres, then only the zeroth Fourier mode has long
range effect, while the higher Fourier modes have only localised effects.

Example 1.2.1. (Laplacian on a squashed torus) As a toy situation for
analysis on collapsing manifolds, consider a torus 72 with fundamental domain
[0,1]x[0,€] c Ri,y with the standard Euclidean structure, where 0 < ¢ << 1, and
the task is to describe the solution to the Poisson equation Au = f for a given
source f with [, f=0.

Define the fibrewise average function f(z) = e! /06 fdy, so fo = f — f has
fibrewise average zero. Then u = uj + us, where uy(z) is independent of y and
solves the Poisson equation on the large circle S. with source f, while uy has
fibrewise average zero and solves Aus = fo. The key point is that the Green
operator acting on fs has an exponentially decaying Schwartz kernel, meaning
that on points at distance d to the support of fo, the function us is suppressed
by an exponential factor O(e”¢%<).

In short, at large scale the torus behaves like a circle and only the ze-
roth Fourier mode has large distance effects. In physicists’ language, massless
particles are responsible for long range forces.

Example 1.2.2. (Holomorphic sections on a fibred space) As another
toy example, let f: X — Y be a holomorphic fibration map between complex
algebraic varieties, and L be a line bundle on X. Finding global holomorphic
sections of L — X amounts to solving a Cauchy-Riemann equation on X. A
common strategy is to first solve the equation over a local base, which means
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taking the pushforward f,L, and then find the global section of f,L, which
amounts to solving a Cauchy-Riemann equation on Y. We have

H(X,L) = H'(Y, f.L).
This example suggests that long range effects are related to cohomology.

Example 1.2.3. (Atiyah-Floer) Take two Riemann surfaces ¥ and S with
Kahler metrics gy and gg. Here X is compact and S may be not. The product
has a family of metrics g. = egs + gs as € > 0. A connection A on a principal
bundle over ¥ x S is called an ASD instanton if its curvature Fyu = — % F'4.
Assuming A, is an ASD connection with respect to the metric g., and assume
naively that Ac — A smoothly as € — 0, then taking the limit of the ASD
condition,

FA|E><{5} = 0, Vse S,
F4 is of Dolbeault type (1,1).

Thus A defines fibrewise a flat connection on ¥, inducing a holomorphic map
from S to the moduli space of flat connection on 3. This holomorphic map
emerges as the adiabatic structure which controls large distance behaviour of
the ASD connections. This example is the tip of an iceberg called the Atiyah-
Floer conjecture, which relates instanton Floer homology to Lagrangian Floer
homology of the moduli space of flat connections [6].

Example 1.2.4. (Donaldson’s adiabatic K3 fibration) Donaldson [12] re-
cently proposed that Go-manifolds M with coassociative K3 fibrations can col-
lapse down to a 3-dimensional base B by shrinking fibres. Let us first work over
a local base where the fibration is a submersion. The pointwise linear algebraic
model of coassociative submanifold inside a Gy-manifold is R* c Ry, @R}, = R,
with a 3-form ¢, an induced metric g and the Hodge star 4-form *¢,

3 4 3
1
¢ =Y widt; - dtydtadts, g=Y dai+ Yy dt], *p= §w§ - 3 wjdt;dty,
1 1 1

cyc

where wy, wa, w3 are the standard basis of A2R%. The pointwise model for scaling
down the fibres is

62

3 4 3
G = €y widt; —dtydiadts, ge=ey dui+ Y dt], *cpe= —wi—ey widtjdty.
1 1 1

2 cyc

The G2-condition is
d¢€:03 d*ed)e:O'

Assuming nice convergence, Donaldson identified the formal limit.

First, the 2-forms w; = ¢ 2 ¢ induce a hypersymplectic structure on the

K3 fibres, which in the scaled limit becomes a hyperkdhler structure. By the
Torelli theorem, the moduli space of hyperkéhler structures is identified by the
hyperkéhler periods, namely the cohomology classes [w;]. The closed condition
d¢ = 0 implies some integrability on these classes, so that there exists a map
h: B - H*(K3) with [w;] = g—t}:. Donaldson shows how to conversely obtain
a closed Gy-structure from the period data h. The map h immerses B as a
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spacelike 3-dimensional submanifold of H?*(K3), which has mixed signature
(3,19). Taking the limit of the coclosed condition leads to the requirement
that this submanifold has zero mean curvature. Such a submanifold is called
mazximal, encoding the adiabatic structure of collapsing coassociative fibrations.
The author solved the Dirichlet problem for graphical maximal submanifolds in
[30].

To get compact examples one has to work over a global base and allow for
singular fibres. Donaldson’s proposal is to allow Kovalev-Lefschetz singularities,
meaning essentially that the critical locus of the fibration map consists of circles,
transverse to which the fibration is modelled on a Lefschetz fibration for Calabi-
Yau 3-folds.

The main focus of this thesis is the dimensionally reduced case of a Calabi-
Yau 3-fold with a Lefschetz K3 fibration over CP*. Here the adiabatic structure
is the period integrals of the K3 fibres.

Example 1.2.5. (SYZ conjecture) This roughly says that generic Calabi-
Yau metrics on polarised 3-folds near the large complex structure limit admit
special Lagrangian T2 fibrations, with approximately flat fibres, over a real 3-
dimensional base B which is topologically S®. Morever, the base admits an
affine structure with singularity, and a compatible real Monge-Ampére metric,
which agrees with the Gromov-Hausdorff limit of the degenerating CY metrics.

This fits into our philosophy: the bubbles in question are flat 73 x R3. Flat
Euclidean metrics on T have some moduli, and the large scale variation in this
moduli is governed by the real Monge-Ampére equation.

1.3 Calabi conjecture and ramifications

We highlight some key points of Yau’s solution to the Calabi conjecture [49],
and discuss its proliferation in the contexts of weaker regularity assumption [7],
noncompact complete setting [23], and collapsing families [42][43][44].

1.3.1 Summary of Yau’s proof

We now give a very sketchy account of (the modern view on) Yau’s proof of The-
orem 1.1.1. Fix a background Kéhler metric w in the given class, and the task
is to find a Ké&hler potential ¢ solving the complex Monge-Ampeére equa-
tion for any given density function ef satisfying the cohomological constraint

Jx efw" = [xw",
n o_ — AL\ = o, n _
wg = (w+V-100¢)" = e’ W", /;(dw 0, (1.1)

In particular for efw™ = const - Q A Q one obtains the Calabi-Yau metric. The
uniqueness follows from a simple integration by parts argument.

Remark 1.3.1. A good feature is that (1.1) is a second order scalar PDE,
and the space of Kdhler potentials has convexity properties. In contrast many
other problems in special holonomy involve tensorial PDEs posed on topologically
nontrivial configuration spaces, which are much less tractable.
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The existence proof follows the continuity method, namely to deform through
the space of Kéhler metrics as f deforms from zero to the desired function. View-
ing (1.1) as defining a map from the potential to the density function, we need
to show the map is submersive and proper. The submersion property is a
consequence of standard Hodge theory on the Laplacian. To show properness
one needs a priori estimates on ¢ depending only on X and bounds on f, and
for that matter we are free to impose any order of regularity on f.

The first step is to bound | @] co (known as ‘C%-estimate’), using a technique
called Moser iteration. We rewrite the equation as

(1€ = 1006 A (" + e Ayt ™).

For any p > 1, multiply the equation by ¢|¢|P~2? and integrate by parts,

C(n, [ fllz=)p -
Joivtopon ¢ M= g, (12)

The key is that a weaker norm on RHS controls a stronger norm on LHS. This
is reverse to the direction of the Poincaré inequality

f wPw™ < C’f |dul?w™, f u =0, (1.3)
p's p's p's

and the Sobolev inequality

R < dup™+ [ JuPun). 1.4
[ e <o [ Jauen [ ) (1.4)

The combined force is that H¢||L% < C, and one can inductively bound ||, for

large p, which turns out to be uniform in p. Taking the limit p — oo, this gives
a bound @] L < C(X, | f]p)-

The second step is to bound ||85¢||CO (known as Cl’i—es‘cima‘ce)7 i.e. to

prove a uniform equivalence between w and wg = w + V/-100¢. The starting
point is a differential inequality by local calculations (in the analyst’s convention
of Laplacian)

Ay, logTry, wg > -C Try,, w - C.
Subtracting a large enough multiple of the identity
Ay, d=n-Tr,, w,
we get a differential inequality
Ay, (log Try, wy — C¢) 2 Try,, w - c'.

Using the a priori bound on ¢, an application of the maximum principle then
shows Tr, wg < C.

Remark 1.3.2. This CY!-estimate argument has global nature: if we only
know (1.1) on a standard unit ball in C™ with a given C°-bound on ¢, there are
counterezamples for the CY1'1-bound. The solution can develop singularities.
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The third step is to get higher order estimates. Standard elliptic theory im-
plies it is sufficient to have a C?° bound on ¢. Evans-Krylov theory bridged the
gap between C1-bound and C?*-bound (cf. [36] Chapter 2, Section 4 for de-
tails). This argument is of local nature, and crucially uses that log det(d;0;¢)
is a concave function of the matrix (9;0;¢4), and the main tool is a Harnack in-
equality. The geometric insight is that higher order regularity is a manifestation
of the local Euclidean nature of Kéhler manifolds.

While Yau’s method is firmly rooted in Riemannian geometry (aka elliptic
analysis), some significant subsequent developments focus more on the potential
function, and draw tools from complex analysis (aka pluripotential theory).
The exemplary result orginally due to Kolodziej is

Theorem 1.3.3. (cf. Theorem A*in [7]) Fixp > 1. On a fized Kihler manifold
(X,w), given a density function ef satisfying Ix efwn = [x w™, then the solution
@ to (1.1) satisfies a Hélder bound in terms of an upper bound on ||ef HLP :

ef”Lp)'

The Hoélder exponent o can be taken to be any positive number smaller than
where p* is the conjugate exponent of p.

|9 ce < C(X,

_2
np*+1’

This circle of ideas enable one to solve complex Monge-Ampeére equation
with very weak regularity, which is useful for studying singularity formation.
The drawback is that the regularity from pluripotential theory is too weak to
control the metric directly, and Riemannian geometry of singular solutions is an
active research area.

1.3.2 Complete noncompact Calabi-Yau metrics

The thesis of H-J. Hein (¢f. Chapter 3,4 in [23]) sets out a framework for solving
the complex Monge-Ampere equation (1.1) and its linear cousin the Poisson
equation on complete noncompact manifolds, building on the seminal paper by
Tian and Yau [40]. We explain Hein’s results in a manner which highlights its
logical structure. The ambient complete manifold M is assumed to satisfy the
following analytic properties:

e There is a C*® quasi-atlas with k& > 3, meaning a collection of charts
on which the complex structure and the metric have C*® bounds, and
the injectivity radius/regularity scale in these charts are bounded below.
This assumption allows one to speak of (unweighted) Holder spaces, and
is typically easy to satisfy.

e There is a function p(z) uniformly equivalent to the distance function
dist(0, z) outside the unit ball, which satisfies |Vp| + p|v/=189p| < C. This
assumption is useful in integration by part arguments.

e We need the weighted Sobolev inequality on functions: assume the
power law volume growth Vol(B(r)) ~ 7P with rate 3> 2. For 1 <p <
% and functions u with L2-gradient,

( f 2P (1 + p)P DB Vo)V < © / Vuf?.
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These inequalities differ from the standard Sobolev inequalities in the sense
that they do not require the manifold to have maximal volume growth,
which makes them remarkably flexible.

The output of this package is:

e (Poisson equation case) Let f € C%“ satisfy |f| < Cp~? for given 3> ¢ >
2. Then there is a unique C%? solution to Au = f with decay estimate
lu| < Cp?~9*¢, where € «< 1 is any fixed small number satisfying 2—¢q+e < 0.

e (Complex Monge-Ampere equation case, cf. [23, Proposition 4.1])
Denote w as the ambient Kihler form. Let f e C*% satisfy |f| < Cp~? for
2 < q < . Then there is some 0 < o’ <« and ¢ € c4e solving (1.1), with
decay estimate |¢| < Cp?~9*¢, where € <« 1 is any fixed small number. If in
addition f e C*(M) for some k > 3, then ¢ belongs to CQZZ’Q(M).

The key idea in Hein’s package is to construct a priori L* estimates and
power law decay estimates on potentials via the method of weighted Moser
iteration, which hinges on the weighted Sobolev inequalities. A major problem
is to ensure the boundary terms drop out in integration by part calculations. In
the Poisson equation case, this is done by solving Dirichlet problem on larger and
larger domains. In the complex Monge-Ampere equation case Hein considers a
family of wviscosity equations

(w+V=100u)"™ = el Teue .

and derives uniform estimates for all small € > 0. The desired solution follows
by taking a subsequential limit, which is not a priori unique.

Here we have separated the assumptions on the ambient manifolds from the
decay assumptions to emphasize their distinct nature. It is essential to assume
faster than quadratic decay on the source function f, because the method
needs the potential v = O(p?>~?) to be bounded. Hein’s method respects compact
group actions.

Hein also gave sufficient conditions for the weighted Sobolev inequality:

Definition 1.3.4. A complete noncompact Riemannian manifold (M,g) is
called SOB(f) if there is a point 2y € M, a fixed small number § > 0, and
C > 1, such that any two points p,q € M with d(p,zo) = d(q,z¢) = s are con-
nected within the annulus A(xg, (1 -9)s,(1 +d)s) whenever s > C. Morever
Vol(B(xo,s)) < Cs? for all s > C, and Vol(B(z, (1 - Z)r(x))) 2 %r(x)ﬁ, and
Ricci > -Cr ()72 if r(z) = d(xo,2) > C.

Proposition 1.3.5. (¢f. [23] Prop. 3.2) Suppose the complete manifold (M, g)
satisfies SOB() for 8 > 2, then the weighted Sobolev inequality holds.

Remark 1.3.6. The definition of SOB(f) used in [23] requires also the con-
nectedness of the annulus A(s,t) for any t > s > C, but this stronger condition
is mot needed for his weighted Sobolev inequality. The condition B > 2 reflects a
basic distinction between parabolic (8 < 2) and non-parabolic (8 > 2) manifolds.

For instance the Green’s function on R™ is positive for n >3, but changes sign
forn=2.
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1.3.3 Collapsing Calabi-Yau metrics a la Tosatti

We consider collapsing Calabi-Yau metrics on a fixed complex manifold under
the degeneration of the Kéhler class. More precisely, let (X,wyx) be a compact
n-dimensional Kahler manifold with a nowhere vanishing holomorphic volume
form Q. Let 7 : X — Y be a holomorphic fibration to an m-dimensional base
manifold Y where m < n, with connected fibres denoted by X, for y € Y. By
the adjunction formula, the smooth fibres have trivial canonical bundle in their
own right. We normalise the fibre volume by [ X, wiy ™ = 1. Away from the
discriminant locus S c Y, the fibration is a smooth submersion. Let wy be
a Kéhler metric on Y, and consider for each 0 < ¢t < 1 the unique Calabi-Yau
metric @; in the Kéahler class defined by w; = 7wy + twx. We are interested
in uniform estimates for w; in terms of the geometry of the fibration, and the
asymptotic behaviour as t - 0.

This has been investigated by Tosatti in [42] and subsequently improved
by Tosatti et al [43][44]. Their basic picture is that the collapsing metric away
from the singular fibres 7' (.S) involves two characteristic scales:

¢ (base scale) Over any compact subset in Y \ .S, the Calabi-Yau metric
@ is uniformly equivalent to w; with constants independent of ¢. As
t — 0, with suitable normalisation the K&ahler potential of &, relative to
wy converges in C’llo’c1 (X~ f71(9),wx), and the Kihler form converges in
C° to the pullback of the generalised Kihler Einstein metric &y on

the base which satisfies
Ric(@y ) = Weil Petersson metric,
or its integrated form
Y = A—wfnm(ﬁ"zmﬁ), (1.5)
Ix Vo1 aaQ
where 7, denotes the pushforward of the volume measure.

o (fibre scale) For y € Y\ S, the fibrewise metric $@|x, converges smoothly
to the Calabi-Yau metric wsgrr,y, on the fibre X, in the class [wx|x, -

Tosatti’s picture may be called the semi-Ricci-flat description, as the
fibre metrics are approximately Ricci flat. In terms of our general philosophy
on collapsing (cf. Section 1.2), the complete bubbles are wgrp, x C™, and the
adiabatic structure is the generalised KE metric, which carries the information
of the period data of the fibres. An insight of this thesis is that the complete
bubbles become more nuanced near the singular fibre.

Remark 1.3.7. We may rescale @y for convenience. In the Tosatti convention
above ny WPT™ = "™ where the base has diameter O(1). A rescaled conven-

tion where the fibre volume [Xy @i ™™ =1 is more useful for gluing purposes.

Remark 1.3.8. The generalised KE metric on'Y is in general a singular Kdahler
metric defined as the unique solution to (1.5) in the class [wy ], with singularity
along S. Since the RHS measure can be highly degenerate along S, solving this



16 CHAPTER 1. INTRODUCTION

equation is in general very difficult, relying on deep pluripotential theory [14].
However for m = 1, on the 1-dimensional base a volume measure is the same
as a singular Kdhler form, and the generalised KE metric amounts to period
integrals.

This enables Tosatti et al [18] to prove that in the special case m =1, the
Gromov-Hausdorff limit of (X,&;) exists as t - 0, is homeomorphic to Y, and
is the metric completion of (Y NS, &y ). This rather difficult result requires more
control near S, and uses some advanced Hodge theory and collapsed Cheeger-
Colding theory.

The general ideas of Tosatti’s work are variations on Yau’s arguments,
involving Moser iteration and maximum principles. Two additional inputs from
pluripotential theory involve a uniform bound on the Ké&hler potential of &
relative to w; (¢f. Proposition 2.1.1), and the solution to the generalised KE
metric.

Example 1.3.9. (Gross-Wilson metric [19]) The prototype is a collapsing
elliptic K3 surface fibred over P! with 24 nodal fibres, where the fibres volume
shrinks down to small size. Away from the nodal fibres, the fibrewise metrics
t71@,; converge to the Euclidean metrics on elliptic fibres, but the convergence
rate is mot uniform in all fibres. Around the nodal fibres there is an explicit
Slinvariant metric model called the Ooguri- Vafa metric, which describes the
local metric up to exponentially small errors. Although ¢t '@; has unit fibre
volume, the fibre diameters are not uniformly bounded, because the Euclidean
metrics on the I3 family of elliptic curves become very long and thin near the
nodal fibre.

We remark to interested readers that the author [29] has generalised the
Ooguri-Vafa metric to Calabi-Yau 3-folds.

1.4 Lefschetz K3 fibred 3-folds: overview

The basic setting of this thesis is a special case of Section 1.3.3. Let X be
a compact Calabi-Yau 3-fold with a Lefschetz K3 fibration = : X —
Y = P!. Given reference Kahler metrics wy on X and wy on Y with volume
normalisation convention

[ owk=1 [er=1, [ vA0rn=1, (16)
X, Y X

we aim to describe the collapsing family of Calabi-Yau metrics w; in the Kéhler
class of w; = twx + ™ wy for 0 <t << 1. Denote S as the finite set of critical
values of . For simplicity, we assume each singular fibre contains only one
nodal point.

This problem can be approached from both the nonlinear perspective and
the gluing perspective. We will largely follow the historical order of discovery,
and the 3 main Chapters of this thesis are respectively based on the author’s
papers [27][26][28], whose contents shall be summarized in the 3 Sections below.
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1.4.1 Nonlinear perspective

A central message of Chapter 2 is that under more restrictive hypotheses about
the nature of the singularity for the fibration, some key features of the collapsing
metrics @; near the singular fibres can be derived from a priori estimates by
improving Tosatti’s methods. We shall focus on Lefschetz K3 fibred 3-folds,
although many arguments are of quite general character. The geometric picture
stands in contrast to the Gross-Wilson metric Example 1.3.9.

A key feature of Lefschetz K3 fibrations is that the singular fibre is nor-
mal and has klt singularity. Over a local base with coordinate y, using the
adjunction formula, a section of the relative canonical bundle €2, is defined by
Q =dy A Q. An analytic manifestation of the klt condition is a uniform upper
bound in all fibres (¢f. Lemma 1.4.10)

Ay:/ Q,nQ, <C,
Xy
or equivalently a pointwise upper bound for the pushforward volume measure

1. (V=10 A Q) < Cwy. (1.7)

Another manifestation is that each fibre X, admits a Calabi-Yau metric wsrr,
in the Kéhler class [wx|x,], with uniformly bounded diameters

diam(X,,wsgry) <C, VyeY. (1.8)

This fact is easy in our K3 Lefschetz fibred situation because Yau’s proof also
applies to orbifolds, and smoothings of the nodal K3 are obtained by gluing
Eguchi-Hanson metrics to the K3 orbifold. Heuristically, the existence of a
Calabi-Yau metric on every fibre asserts a strong sense of polystability.

Remark 1.4.1. For more general fibrations, the existence of singular Calabi-
Yau metrics on normal Calabi-Yau varieties with kit singularities follows from
difficult pluripotential theory [14]. The uniform diameter bound is given in [35,
Theorem 2.1] , for the Calabi-Yau metrics on a smoothing family of a normal
Calabi- Yau variety with kit singularities such that the relative canonical bundle is
trivial. In particular this is true for Lefschetz fibrations with n > 3. In contrast,
the above properties are not true for an Iy -type elliptic fibration.

As a consequence of the volume condition (1.7), we show

Proposition 1.4.2. (c¢f. Section 2.1) There is a uniform lower bound &; > Cw;
which holds independent of ¢t on X.

Remark 1.4.3. The uniform upper bound @; < Cwy is not true near the nodes,

because the Calabi-Yau volume form &} is much larger than wj at the nodes.

The next key condition is the uniform fibre diameter bound for all
O<t<landallyeV,
diam (X, t @) < C. (1.9)

We attempt to prove this a priori by developing general tools to bound the
distance function of Kahler metrics from knowledge on the volume density:
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Theorem 1.4.4. (cf. Section 2.2.1) Fixp>1. On a fixred compact Kihler man-
ifold (M,w) of dimension n, assume another Kdhler metric wy = w + V=190
satisfies wy, = hw™, then the distance function in the new metric d,, (x,y) has
a Holder bound with respect to the original metric, with constants and Hélder
ezponent only depending on (M,w) and an upper bound on |h|;,.

We want to apply this idea to control the rescaled fibre metrics ¢ X,
up to the singular fibre. We shall make use of a very special case of the follow-
ing conjecture, which is an extension of the Kolodziej estimate Theorem 1.3.3,
allowing the Kahler class to degenerate to a semiample class without strict
positivity.

Conjecture 1.4.5. (See [7], discussion after Theorem A*) Given a deforma-
tion family of smooth compact n-dimensional Ké&hler manifolds (X,,,w,) over a
small disc, consider a family of semiample classes [6,] on the fibres, which have
smooth semi-positive representing forms 6,, with uniformly C'*> bounded local
potentials. Given solutions to the Monge-Ampere equation in the class [6,],

0, = 0y + /=100, 0" = h, 0y, S}Ylpqpy =0, (1.10)

then for p > 1, a uniform L? bound on the volume density h, implies a uniform
Holder estimate on the Kéhler potential ¢,. The Holder exponent o can be

taken as 0 < ar < ﬁ, where p* is the conjugate exponent of p.

Using this and some special algebro-geometric facts in dimension 3, we show

Theorem 1.4.6. (cf. Section 2.2.1) Assume Conjecture 1.4.5, the fibre diam-
eter bound (1.9) holds uniformly for all t and all fibres.

Remark 1.4.7. The author expects that (1.9) holds in the higher dimensional
Lefschetz fibration case, and more generally for fibrations over Riemann sufaces
with klt singular fibres. As a piece of evidence, recall (cf. Section 1.3.3) Tosatti
et al showed that on all smooth fibres t‘cht|Xy converge to the fibrewise CY
metrics wsrry ast — 0, with convergence rate dependent on the fibre, and we
mentioned in Remark 1.4.1 that wsrr,y have uniform diameter bounds in the kit
case. The main difficulty of the general case lies in the pluripotential theoretic
problem of achieving uniform Hélder type bounds on the Kdhler potential near
the singular fibre.

This uniform fibre diameter bound implies that the neighbourhood of any
fibre with the metric t~'@, satisfies a uniform local non-collapsing condition,
which links the work to Gromov-Hausdorff convergence theory, and enables the
application of many standard geometric inequalities. In particular, we can take
the non-collapsed pointed Gromov-Hausdorff limit of ¢~*@; around the
nodes as t > 0 .

Assuming Conjecture 1.4.5, then aside from reproving all of Tosatti’s results

in Section 1.3.3 for Lefschetz K3 fibrations, we also obtain strong control near
the nodal fibres:

Theorem 1.4.8. (cf. Section 2.5.4) Assume Conjecture 1.4.5. Ast — 0, the
family of CY metrics '@, based at the nodal point converges in the Gromov-
Hausdorff sense to the metric product Xo x C, where the nodal K3 fibre X
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is equipped with the orbifold CY metric wsrr|x,, and the C factor has the
Euclidean metric.

1.4.2 Exotic metric on C3

A number of nonlinear heuristic insights from Theorem 1.4.8 motivate the con-
struction of a new complete CY metric wes on C3:

e The Gromov-Hausdorff limit of t~'@; based at the nodal point is singular
along a nodal line in Xy x C, which suggests the Riemannian curvature
blows up near the vanishing cycles as t — 0 in the fibre scale. In the
Gromov-Hausdorff limit all vanishing cycles collapse down to points, and
the local structure is not captured by Xy x C.

o If we scale up the CY metrics @; around the point with maximal Rieman-
nian curvature, until max|Rm| = 1, and consider the subsequential limit
as t — 0, then the metrics should converge smoothly to a nontrivial com-
plete C'Y metric bubble. This geometry happens at a much finer length
scale compared to the fibre scale, which the author calls the quantisa-
tion scale. The reason for the terminology is that the semi-Ricci-flat
description of Tosatti is formally analogous to the semiclassical limit in
quantum mechanics, and the quantisation scale is where it breaks down
as a C%-approximation to the metric.

e In the quantisation scale, the nontrivial topology of the K3 fibres disap-
pears into spatial infinity. This suggests the metric bubble should be C3.
The local information of the Lefschetz fibration should be captured by the
bubble.

e Since the metric at the fibre scale is locally non-collapsed already, Bishop-
Gromov monotonicity (¢f. 1.1) implies that the metric at the quantisation
scale is also locally noncollapsed. Passing to the limit, the metric bubble
wes should satisfy the maximal volume growth condition

Vol(B, (7)) 2 wrd,  for some & > 0. (1.11)

e The tangent cone at infinity for the metric bubble should match up
with the local tangent cone of Xy x C, which is C?/Zy x C.

The main result of Chapter 3 is:

Theorem 1.4.9. There is a complete Calabi- Yau metric wes of mazximal volume
growth on C3 with the standard Euclidean holomorphic volume form, whose
tangent cone at infinity is the singular cone C?|Zy x C.

We briefly summarize the method. It is natural to write down a so called
semi-Ricci-flat metric as a first approximation, which restricts to the Eguchi-
Hanson metrics on the quadric fibres of f = 27 + 22 + 25 : C* - C. In terms of
Kahler potential this naive ansatz is

1
(bnaive = §|f|2 +VH+ ‘f‘) H = Z |Zi|27 (112)
A
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where \/H +|f| is the Kéhler potential of the Eguchi-Hanson metrics on the
fibres, and %| f]? corresponds to a Euclidean metric on the base C. This is a
singular metric admitting SO(3,R) xU (1)-symmetry, suggesting that the con-
struction of Calabi-Yau metric is a cohomogeneity two problem. The singularity
issue arises because \/H + | f| is not smooth along f = 0. We then choose a reg-
ularisation of the metric ansatz (c¢f. Main ansatz 3.2.3), whose volume form
is asymptotic to a multiple of the standard Euclidean volume form on C3. We
carefully examine the error terms involved in the approximate metric, and then
apply Hein’s thesis (¢f. Section 1.3.2) to perturb this into a genuine Calabi-Yau
metric.

This Calabi-Yau metric is interesting from several other viewpoints. One
context is Gromov-Hausdorff convergence theory in Riemannian geometry. Our
metric is a nontrivial Ricci-flat metric on C* with maximal volume growth,
whose tangent cone at infinity is the singular variety C?/Zy x C; this falsifies
a conjecture [41, Remark 5.3] in the field. The neighbourhood of vanishing
cycles in the Lefschetz fibration are asymptotically collapsed to the nodal line,
similar to the picture in the unpublished work of Hein and Naber on Ag-type
singularities. From the viewpoints of Euclidean geometry this is counterintuitive
as the collapsed region apparently carries a large amount of Lebesgue measure.
The behaviour of the Laplacian is likewise non-standard in this region; in fact
the cohomogeneity two problem of inverting the Laplacian effectively reduces to
solving ODEs, in contrast to the Euclidean intuition, which suggests a genuine
dependence of the Laplacian on both variables.

This work has since been generalised to higher dimensions by the recent
independent work of R. Conlon and F. Rochon [3], and G. Székelyhidi [39], where
the fibration f is replaced by more complicated fibrations C™ — C defined using
a large class of weighted homogenous polynomials. Their difficulty comes from
the computational complexity of estimating the main error terms in the ansatz,
and developing the linear theory to correct these errors which tend to have
very slow decay rate near infinity. Some ideas of Székelyhidi’s linear theory are
sketched in Section 3.5. Section 3.7 contains some informal discussions on the
moduli question of classifying complete Calabi-Yau metrics on C™ with maximal
volume growth.

1.4.3 Gluing perspective

The a priori estimate method is not well-suited to detect the geometry at ex-
tremely small length scales. On the other hand, the gluing method has been
used to some effect in collapsing problems, such as J. Fine’s construction of cscK
metrics on fibred complex surfaces [9], and Gross and Wilson’s construction of
CY metrics on elliptic K3 surfaces [19].

The main goal of Chapter 4 is to give a gluing description of the rescaled
collapsing metrics t71@; (c¢f. Theorem 4.4.1). The main consequence is that
Theorem 1.4.8 holds unconditionally, and that wcs arises as a blow up limit
of the collapsing metrics @; near the node (¢f. Theorem 4.0.4).

We now describe the gluing models in various regions.



1.4. LEFSCHETZ K3 FIBRED 3-FOLDS: OVERVIEW 21

The generalised Kahler Einstein metric 0y

The generalised Kéhler Einstein metric wy on the base Y is the collapsing limit
as t - 0. Since the base Y is complex one-dimensional, we can write down wy
rather more explicitly (¢f. Remark 1.3.8). Let Q be the holomorphic volume
form on X, normalised to f ¥ V-1QAQ = 1. Under our normalisation convention
Jywy = [y @y =1, then @y is just the pushforward of the volume form

Gy = m. (V12 A Q). (1.13)

Picking a holomorphic local coordinate y on Y, we can write €2 = dy A{2,,, where
by adjunction (2, defines a holomorphic section of the relative canonical bundle.
The formula (1.13) boils down to

Gy =V=Tdyndy [ 9,10, = A,/~1dy ndy. (1.14)

For our Lefschetz fibration,

Lemma 1.4.10. The function A, = qu Q, /\ﬁy is Lipschitz in y.

Proof. We focus on the fibration 7 : X — D, over a small disc around the nodal
fibre X, and take the square root fibration X’ — D oL After taking a small

resolution X’ — X, the fibration X’ - D s becomes a submersion. Since €,
still defines a holomorphic section of the relative canonical bundle for the new
fibration, the submersion property shows that A, is a smooth function over the
square root base, namely A, is a smooth function of \/y. But A, is an even
function of |/y, hence Lipschitz in y.

We take a closer examination at the singularity of A,, which is not needed
for the proof. Notice that €, is a closed 2-form on X,, and so is ﬁy. This
means the fibrewise integral A, only depends on the cohomology class of 2,
which is the same data as the period integrals. Let ¥ € Ho(X,) be the class of a
vanishing cycle. If a 2-cycle a € Hy(X,)) is monodromy invariant, or equivalently
it is orthogonal to ¥ under the intersection product, then the period integral
fa , is smooth in y, because we can make the representing cycles avoid the
nodal point. To understand fz ,, we again pass to the family X' - D ;. This
vanishing cycle class ¥ becomes the class of the exceptional P* when we take
the small resolution. Again [y €, is smooth in ,/y. Furthermore, the Picard-
Lefschetz formula implies that [y, is an odd function of \/y, and the nature
of period integrals implies this function is holomorphic in /y, so

J ROV

where g is a holomorphic function in y. The Lefschetz fibration imposes a further
nondegeneracy condition on the deformation of the nodal fibre, which being
translated into period integrals means ¢g(0) # 0. Combining these discussions,
the class [,] € H*(X,) is the sum of a smooth monodromy invariant part and
an orthogonal part (g(y),/y)X. This implies

A, = fX [Qy] A [€2y] = smooth term — 2|g(y)\2|y|
Y
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The factor -2 comes from ¥ -¥ = -2. Notice |g(y)|? is smooth in y, but the
modulus function |y| is not C! in y, despite being smooth in VY. From the
nondegeneracy condition ¢g(0) # 0, we see the Lipschitz regularity is the sharp
statement. O

Clearly A, > C > 0, so @y is uniformly equivalent to wy on Y. The failure of
smoothness of A, constrains the regularity of the metric ansatz we can produce.

Semi-Ricci-flat metric

We solve the Monge-Ampére equation on the K3 fibres X, to find a function
1y, such that wx|x, + \/—135wy is the Calabi-Yau metric on X,. Set ¥ =1, as
a global function on X, then the semi-Ricci-flat metric wsgrp is defined by

5 1
WsRF =wx +V-100¢ + E’]T*(:Jy. (1.15)

Its defining property is that the fibrewise restriction is Ricci-flat, and as such
captures key features of the collapsing metrics @, suitably away from the nodes.
However, its definition involves the ambiguity of a form pulled back from the
base, is not necessarily positive definite, and can be quite singular near 7~1(5).
Because of these difficulties we need to regularize wgrpr before using it as a
gluing ansatz away from the nodes, which involve some technical complexity.

Embedding of model metric on C?

We sketch why it is possible to glue in the model Calabi-Yau metric wes on C? to
the semi-Ricci-flat metric, modulo more technical issues involving regularization
and gluing errors.

First, the local behaviour of wgrr amounts to understanding the CY met-
rics on the smoothing fibres of the K3 orbifold. A relatively standard descrip-
tion is that these CY metrics are obtained by gluing (suitably framed) Eguchi-
Hanson metrics on affine quadrics to the orbifold K3 metric. In suitable local
coordinates 31, 32,33 on X, the potential for the fibrewise metric is approximated
locally by the Eguchi-Hanson potential y/r4 + |y|, where

r= (MDY y= 250
7 K3
The base term ¢~ '@y can be locally replaced by a Euclidean metric %v—ldy A

dy. Thus
- A
wsrr ~ V=100(\/T* + |y + 70|Z/|2)

Now we perform the coordinate change
5= () P = (GO = (GO (116)
Y24, " 24, ’ 24, ’

so that

A
VTl S = ) PG I+ 5l
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which matches up with the asymptote at infinity of the scaled model metric
(ﬁ)l/ 3wes. The formula (1.16) defines an embedding map of a large complex

ball in C? into X:
F: {|z1|2 + |z2|2 + |,23|2 < t‘2/3} cC? > {ﬁ +3§ +3§ S1}cX. (1.17)

The semi-Ricci-flat approximation to the collapsing CY metric breaks down
completely inside the small ball {|z] < 1}, which is the quantisation scale
mentioned in Section 1.4.2.

Gluing construction: general ideas

The metric ansatz is constructed by gluing a rescaled version of the model metric
wes to the regularized semi-Ricci-flat metric. This ansatz suffers from rather
large gluing errors, and one needs to work with rather coarse function spaces to
perturb this into the actual CY metric @;.

The key issue is to understand the harmonic analysis of the Laplace opera-
tor for the metric ansatz. The difficulty is the simultaneous presence of several
scales with very different characteristic behaviours, an issue inherent in any col-
lapsing problem and made more acute by the presence of singular fibres. The
technique is largely drawn from the work of G. Székelyhidi [39]. It involves
analysing mapping properties of weighted Holder spaces for every model geom-
etry at each scale, decomposing the functions into pieces each sensitive only to
one particular scale, inverting the Laplacian approximately on individual pieces
using the various model Green operators, and patching the pieces to an approx-
imate global solution. The main advantage of this method, aside from giving a
fairly explicit description of the Green operator, is that it allows us to derive a
t-independent bound on a suitable operator norm, and in this sense this linear
theory is optimal.

It is worth pointing out that following the recent works [3][39], many other
new examples of complete CY metrics on C" are now known, which are strong
candidates for modelling collapsing fibrations with higher dimensional fibres.
Such examples are likely to provide a vast generalisation of our gluing construc-
tion.

Remark 1.4.11. Since the model metric on C? is constructed by a non-compact
version of Yau’s theorem, and the collapsing Calabi- Yau 3-fold metric also exists
by Yau’s theorem, what have we gained from this gluing construction? Answer:

e Local universality: even though there are plenty of Lefschetz K3 fibra-
tions, the local model near the nodal point is unique up to scale.

e A nontrivial power law between the regularity scale with the degener-
ation parameter t in the Kdhler class.

e A similar gluing construction might be carried out for the Go-analogue,
where existence is not guaranteed by general theorems.
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Chapter 2

Nonlinear perspective

We work in the setting of Section 1.4.1. Assuming a conjecture in pluripotential
theory, we prove a uniform fibre diameter bound for a Lefschetz K3 fibred
Calabi-Yau 3-fold, which reduces the study of the collapsing metric @; to a
locally non-collapsed situation, and we identify the Gromov-Hausdorff limit of
the rescaled neighbourhood of the singular fibre.

2.1 The uniform lower bound on the metric

This Section is a variation on Tosatti’s arguments [42] in the presence of the
volume condition (1.7). We write & = wy + V—100¢ for some Kéahler potential
¢ depending on t. The Calabi-Yau condition for w; is

OF = at*V-1Q A Q, (2.1)

where a; is a cohomological constant. Under the normalisation (1.6),

:t‘zf 3:3+tf 3 9.2
at th XWX ( )

In the limit a; converges to ag = 3.

The following result is taken from pluripotential theory:

Proposition 2.1.1. (¢f. main theorem in [15]) There is a uniform constant
such that |¢] ;. < C.

This leads to a lower bound on the horizontal component of @w;:

Proposition 2.1.2. There is a uniform bound Trg, 7wy < C.

Proof. (cf. [42, Lemma 3.1]) Since &; is Ricci-flat and wy has bounded Rieman-
nian curvature, the Chern-Lu formula implies

Ag,t log Tr@t wy 2 -C Tra,t wy .

25
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Here we abuse notation to write m*wy as wy. To cancel the RHS, we notice
Ay, d=n-Try, w <n-Trg, wy.
Subtracting a large multiple of the second inequality from the first,
Ag, (log Trg, wy — Ce) > Trg, wy — C'.

The maximum principle together with Proposition 2.1.1 imply the result. [

Define the oscillation to be osc = sup —inf.

Lemma 2.1.3. The fibrewise oscillation of the Kdhler potential ¢ satisfies the
uniform bound
oscx, ¢ < Ct. (2.3)

Proof. Notice first that on each smooth fibre X, the forms wx, wsrr,, and
t71@%; all belong to the same cohomology class. We can write on Xy

Wx =WsRFy tV —185(1} - %), tild}t =WSsRFy tV —185’0.
Their volume densities have upper bounds. We compute

~2 ~2 ~2 ~3
wt|Xy @i Awy OF Awy <th(Tf®th)

<Ct?,  (24)

2 T2 T oA-1 o =
Wirpy Wsrpy AWY  AS1Q, AQy Awy Qy A Qy Awy

using the volume condition (1.7) to conclude A, < C, and using Proposition

2.1.2. Observe also that )
wilx, <Ct.

WSRFy

We view these as L*°-bounds on the RHS of the Monge-Ampere equation sat-
isfied by wx and t~'@; on X, with the background metric wsgrr,,. Since these
wsrF,y are Ricci flat, with unit volume and uniformly bounded diameters by
(1.8), they have uniformly bounded Sobolev and Poincaré constants using the
isoperimetric inequality of Croke [4], so Yau’s C%-estimate yields

oscx,v < C, and oscx, (v - %) <C,

hence (2.3) holds on all smooth fibres, and therefore extends by continuity to
all fibres. This concludes the proof. O

Now we follow [42] to define the fibrewise average function of ¢:
2
= ) 2.5
¢ ny Pwy (2.5)

This ¢ is a continous function on Y, but needs not be smooth at the nodes of
the fibration, so we need a little extra care.

There is a measure inequality

\/—_185? = 1 (V=100¢ Aw%) > -7, (Wi Aw%) > —C(wy +tm, (w)) > —Cuwy-.
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Plurisubharmonicity is preserved under pull back to X. We identify ¢ with its
pullback to X. Then taking the trace with respect to @;, we get

A@t? > -CTry, wy 2 -C.

Since ¢ is bounded in L™, so is ¢, hence ¢ must be in L? on X.

Now we can prove the lower bound in Theorem 1.4.2:

Proof. (Theorem 1.4.2)
Apply the Chern-Lu formula to get
Ag, log Trg, wx > -C'Trg, wx.
Essentially the same computation as in Proposition 2.1.2 gives

A, log Tr, wx — (6 9)) 2 Trg, wx - o,

The rest of the proof is the classical maximum principle for quasilinear ellitpic
equations in the weak formulation. Let u =logTrg, wx — %(qﬁ — ), then by the
bound on the fibrewise oscillation of ¢, we have

Ag,u >C(e" - eC'Tlosty, (2.6)

for some uniform positive constant C,C’, where everything is interpreted in the
distributional sense, and we know a priori that u is continuous and u € L?. Now
multiply the above inequality by the test function (u-C’+logt),, and integrate
by parts. We get

2 on u _C'-logt ’ -n
Ulg, Wy + C(e* -e EN(u—-C" +logt)@! <0
/M>C'—logt|v |wt ¢ [u>c'—1ogt ( ) gt)w; )

whence the set {u > C' —logt} has zero measure. So in fact u < C’ - logt,
hence Try, wx < Ct™'. This combines with the estimate Try, wy < C to give
Trg, we < C, as desired. O

2
Define H = “X5*¥ as in [42]. On our Lefschetz fibration H 2 1 away
X

from the nodes, and up to uniform equivalence H ~ ¥ |z|? in the local picture
y =2} + 23 + 23 near the nodes.

Corollary 2.1.4. There is a uniform upper bound @; < %wt.
Proof. By simultaneous diagonalisation of w; and @; at a point, one shows
~3
- w
Tr,, @ < (Trg, wt)Q—g.
Wi

~3
The volume ratio % < %, so Trg, wy < C implies Try,, Gy < % O
t

Remark 2.1.5. Near the node, this implies a logarithmic diameter bound for

small y = 23 + 23 + 22 + 23

diam(X,,t @) < ~C'loglyl,

which falls short of a uniform bound.
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In particular, in the subset {H > C'} ¢ X, namely the region away from
the nodal points but not necessarily away from the singular fibres, there is a
uniform equivalence
Clw, <@y < Cuy.

Around any given point P € {H > C'}, we can apply Evans-Krylov theory men-
tioned in Section 1.3.1 to a ¢ lw;-ball of diameter O(1), to deduce that ¢~*@;
has uniform C*° bound with respect to the background metric ¢~ w;.

Corollary 2.1.6. Inside {H > C},

2.2 Diameter estimates

1
gL

wx ta}t|Xy

X

s C(k), [v&)(Tra, wy)lx, |, < C(k).

2.2.1 General bounds on distance functions

We develop some general tools for estimating diameters and distance functions
on a compact Kéahler manifold directly from the K&hler potential, which are of
independent interest.

Theorem 2.2.1. Let (M,w) be a fized n-dimensional compact Kdhler manifold,
and consider a new metric wy = w +\/—-100¢.

o If || ga <O, then the distance function in the new metric d,,, (x,y) has

a C*? Hilder bound in terms of the original metric, with constants only
depending on (X,w) and ||¢] o -

e Without any control on 1, then

dw, (7,y)
dpsd — 277 )<, 2.
foM s “yeXp( C ) ¢ 2.7)

where dp = W™ is the reference measure, and C,C’ > 0 denote constants
independent of .

Proof. Work in a coordinate chart B(x, R) on M, where w is uniformly equiv-
alent to the Euclidean metric. Consider the distance function on y € B(z, R)
defined by p.(y) = dw, (z,y), which makes sense because wy, is smooth. Then
|V, pz| < 1. Thus

IVewpel? < Try wy.

The next idea comes from the Chern-Levine inequality. For r < R/3, we can
choose a cutoff function x supported on B(2r) and equal to one on B(r), such
that \/—_185)( < T%w. We first consider the case with some Holder bound on
potential. This gives

/B( )(Trw Wy )w" :n/B( )wd,w”*l Sn/xwd,w"*l <Cr*" +nfx\/—165'1/)w"71

=Cr*"+n f(w - Bi(r;f)w)\/—lﬁéxw”_l <Cr* + C(OSCB(QT)w)TQn_Q < CrnT2te,



2.2. DIAMETER ESTIMATES 29

Hence jB(T) |prm\2w” < Cr?"=2*e_ This means the function P is bounded in

the Morrey norm. In particular by Morrey embedding theorem [16, Theorem
7.19], and the trivial observation p,(z) =0,

lpallcorz(B(a,r/3)) < Cs
where C' depends only on the (M,w) and bound on 1. This implies
du, (2,y) < Cdy(w,y)*? (2.8)

on coordinate charts. The general Holder bound for any x,y € M follows from
the triangle inequality.

For the case with no assumption on the potential, we will use some ideas
in the standard proof of Skoda integrability theorem [50, Theorem 3.1]. For
convenience, we assume the normalisation |, mw" =1. We notice that by the
monotonicity formula in the theory of Lelong numbers, the estimate

f wwwn—l gC’rQ”_Qf wwwn—l < Cp2n-2
B(r) M

holds always. This combined with the John-Nirenberg inequality [16, Theorem
7.21] gives

Pz =Pz n ’
exp(——— )w" < ", 2.9
[ exp(2E) (2.9
where p, is the average of p,, and the constants are independent of = or wy.

Write the measure dp = w", and define p = [, [, dw, (@, y)dpzdp,. Then by
Fubini theorem and Jensen convexity inequality,

fMduyexp(p_y_p):f duyexp(f Mdﬂz)
/ / ‘”w < y) & ————)dpadpy < C".

By an application of Fubini theorem (cf. [35, the proof of lemma 2.2]),

/J.wadw(x,y)QduxduySCAJTrwwwduSC,

so the number p is controlled by a constant, using Cauchy-Schwarz. Thus

Py /
d =)< 2.10
[ dnyexo(y <, (2.10)
and therefore
dw (fL',y) dw (x7y)_ﬁz
dptad, e Gn (T Y) = Pr 1o
foM padpy exp(—5——) <( | du uyexp( /2 ) o
dpzd <C’,
([I\/Ix HaGly 0/2
implying the claim. O

Remark 2.2.2. Intuitively, one may think the potential has the same order as
the distance squared, which explains the way their Holder exponents are related.
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Combined with the deep Kolodziej estimate Theorem 1.3.3 in pluripotential
theory, this implies Theorem 1.4.4.

Remark 2.2.3. Notice there is no requirement on the Ricci curvature of w.y.
Theorem 1.4.4 can be contrasted with the general Riemannian situation, where
even the L™ bound on the volume form is very far from controlling the diameter.
The moral is that Kdhler geometry is far more rigid than Riemannian geometry.

2.2.2 The uniform diameter bound

Now we return to the collapsing metric problem.

Corollary 2.2.4. On the nodal K3 fibre X, the diameter bound holds uni-
formly in ¢:
diam (¢ '@y x, ) < C.

Proof. On the nodal K3 fibre, the volume density of t~'@&;|x, has L bound with

respect to the orbifold K3 metric (¢f. (2.4)). The Kolodziej estimate Theorem
1.3.3 and the discussions in Section 2.2.1 apply equally well to orbifolds. O

Assuming Conjecture 1.4.5 which is a generalisation of the Kolodziej esti-
mate to mildly degenerate situations, we prove Theorem 1.4.6.

Proof. We first make a base change to the square root fibration. The local
complex geometry near the node is

{(22+22+22 =0} — C3

21,22,23
ﬁ'l ly:zf+z§+z§
2
y=w
C, — ¥ ¢,

The fibred product has a three-fold ODP singularity at the origin, and admits
a small resolution X'. Locally X can be described explicity as

O[Pl(—].) @ O[pl(—].) = {[U : V] € ]P)l, (Ul,’l)l) ® (UQ,"UQ)|U?)1 = Vul}

Here wuy,us,v1,v2 are not well defined by themselves, but wujus, uyve, ugvy, usvs
are. The resolution map is

z1+V-1zo =ujue, W+23=01U2, W—23=7V2U1, 21— V-—129=v102.

The point is that the family X — C,, has the same fibres as the square root
fibration 7 for w # 0, and makes the fibration a submersion. This means for
ly| $ 1 the smooth fibres of m can be endowed with Kihler metrics wz which
have uniformly bounded geometry.

Using (2.4), the volume density has upper bound on X,

-1~ C
(t 1wt|Xy)2 < Cw%'RF,y < Eng(y < ng?w.
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The subtlety is that the classes [¢7'@;] = [wx|x, ] degenerate to the boundary of
the Kahler cone as y — 0, so the Kolodziej estimate on the potential no longer
applies, and one is forced to envoke a generalised conjectural statement 1.4.5.

Once we have the Holder bound on the potential, the argument for a Holder
bound on the distance function proceeds as before, and in particular proves the
uniform diameter bound (1.9). O

This uniform fibre diameter bound (1.9) is a very important condition. In
particular it leads to a local non-collapsing bound in the neighbourhood of
any given fibre (including the singular fibres) as ¢ - 0, so we can apply the well
developed machinery of noncollapsing Cheeger-Colding theory. More delicate
consequences will be treated later.

Corollary 2.2.5. Assuming the uniform fibre diameter bound (1.9), t'&; sat-
isfies the local volume non-collapsing estimate: there are constants, such

that for any central point P, and for any 1§ RSt~ /2,

Vol(By-15,(P,R)) > CR?. (2.12)
Morever for any R <1,

Vol(By-15, (P, R)) > CRS. (2.13)

Proof. Assume first that R 2 1. Any fibre contains a subregion {H 2 1} where
@, is uniformly equivalent to w,. Thus if d,, (y,y’) S Rt'/?/C, then the t'&;-
distance between the two fibres X, and X,/ is O(R). Now (1.9) says each
fibre has t~'@;-diameter O(R). Hence we can reach any point on a nearby
fibre within O(R) distance, so the ball B;-15, (P,CR) contains the preimage of
B, (m(P), Rt'/?). Since the volume form of t"*&; is a;t~'/=1Q A Q, we obtain
the estimate (2.12). The other estimate (2.13) follows from Bishop-Gromov
monotonicity using the Ricci flatness of @;. O

2.3 Convergence results

2.3.1 Convergence of fibrewise metrics

Let ¢t < 1 throughout the discussion. In the presence of smooth bounds in
Cor 2.1.6, a convergence bound on the fibrewise potential implies a convergence
result for fibre metrics. We will crucially use the 1-dimensional base condition.

We fix a central fibre Xy, which can be singular. Consider a coordinate
ball {|y| < R} c Y. Let wy o = AgV-1dy Ady be a Euclidean metric on {|y| < R},
scaled so that wy,o is equal to wy at the origin.

Proposition 2.3.1. Assume the uniform fibre diameter bound (1.9), then we
have a concentration estimate for Trg, &y uniform for all choices of Xj:

max Trg, Oy <1+ ——, 2.14
itz oY |log | (2.14)
C
73 ~
7 | Tra, @y =Ly ey < Tog ] (2.15)
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Proof. By the Chern-Lu formula, using the fact that wy has zero curvature,
we have

Ag, (log Trg, wy0) 2 0.
The rest of the argument is essentially an effective version of the fact that C

cannot support bounded subharmonic functions.

Notice that log|y| is a pluriharmonic function on X \ Xj, so in particular
is harmonic with respect to the Laplacian Ag,. We can compare the function
log Trg, wy,0 with Clogly| + C' using the maximum principle to achieve the
following three circle type inequality:

max logTrg, wy,o — max logTrg, wy,o

ly|=Dt/2 lyl=t1/2
log D
< W (gﬁlﬁ log Trg, wy,0 — ‘?Aﬂiétif/g log Trg, wy,0)

where D is a large constant to be chosen later. By proposition 2.1.2, we have
log Trg, wy,0 < C. Morever max,|_1/2 log Trg, wy,0 > C because any fibre con-
tains a nonempty region {H 2 1} where w; is uniformly equivalent to @;. There-
fore

max logTrg, wy,p — max log Trg, (2.16)

wy,0 < ——.
lyl<Dt1/2 lyl<t1/2 |log ¢

This says on the region {|y| < Dt'/?} the maximum is almost achieved in the
interior for the subharmonic function log Trg, wy,o. We will use this to conclude
the function log Trg, wy,o is close to a constant.

Now the Ricci-flat metric @; satisfies the local volume noncollapsing esti-
mate (2.13) on the region {|y| < Dt'/?}, so it satisfies the scale invariant Sobolev
inequality and the Poincaré inequality on {|y| < Dt*/2} (cf. [22]). Morever, us-
ing the fibre diameter bound we can arrange the constant D to be large enough,
such that there is a point P € Xy and a radius r with

{lyl <t*/?} ¢ By, (P,r) ¢ Bs, (P,4r) c {|y| < Dt'/?}

We have the following Harnack inequality (see [20], Page 83-89 for a proof which
only relies on Sobolev and Poincaré inequalities):

Lemma 2.3.2. Ifu is a nonnegative superharmonic function in an n-dimenional
ball B(P,4r), then for 1 < p < 2n/(2n - 2), there is a constant independent of
r,u, such that

T—Qn/p ‘

<C inf 2.17
|UHLP(BJ4(P72T))_ B}rll%r)u =10

Applying this to the function u = —log Trg, wy o + maxy, . ps1/2 log Trg, wy o,

C

-3 T
7 Ly, gyicere) < |log |’

This is an effective version of the strong maximum principle.

Since u > 0 we have u > C(1-€e™). Using also Proposition 2.1.2, we deduce
a normalised L' bound

t—S

C
<

=Trg, wy,p + max Trg, wy,o .
Ly, (iserzy 1108

lylst1/2
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This says the deviation of the maximum from the average is small of order
O(@). But the average value of Trg, wy,o is known:

7o ((Trg, wy,0)@}) = 3m. (07 Awyo) = 327 (wx) Awyo = 3t2wy o,

So
Ajktl/Q(Tr@t wy,0)@} = 3t°Vol,,. , (|y| < t'/?).

Observe also

Sy G =it [ VIR Vol (] <172,

lylst1/2

where the a; is the volume normalising constant in (2.1). In our choice of
normalisation wy o is locally C°-close to @y, so the average value of Trg, wy,o is
approximately a% ~ 1, and the estimate follows. O

The fibrewise volume form can be expressed in terms of Trg, Wy

i, @y (Trg,dy)ad

wg'RF,y ) WZ'RF,y‘I)Y B 3A§19y /\ﬁy AQy
_ attQ Tr@t (:.JY \V -1Q A ﬁ _ (Ltt2 T]f'a)t (:)Y
3V-1Q, AQ, Ady Ady 3 ’

Comparing this with the concentration estimate Proposition 2.3.1, the volume
density of the normalised fibre metric ¢t~ 1| x, with respect to the background
metric wsrF,y is almost bounded above by one, and satisfies an L' concentration
estimate. Now recall we introduced a function v in our proof of the fibrewise
oscillation estimate (2.3), defined by t‘ld;t|xy = WSRFy + V/-19dv. Standard
integration by parts argument for the Monge-Ampere equation yields

Js

But the oscillation of v is bounded in L*°, hence

owhrry ~ (@)D 2C [ 1V, e,
Y Y

Proposition 2.3.3. Assume the uniform fibre diameter bound (1.9). The fi-
brewise potential has the convergence estimate

[ V|2 w? <O
X, WsRF,y “SRFy = |logt|.

Theorem 2.3.4. In the setup above, in the region {H > C}, namely away from

the critical points, the normalised fibrewise metric t‘ldzt|xy converges t0 WSRF,y
with constructive estimates to all orders: for any small € > 0,

‘ C(k,€)

S Moo r1/2-¢" 2.18
Le=(X,n{H=C})  |logt|t/2=e (2.18)
Proof. Away from the critical points wgrry is smoothly equivalent to wx.

1.
V) (wsrpy - ;wtlxy)

Given the convergence estimate HVszLQ = O(m), and the smooth bound in
Corollary 2.1.6, it is a relatively standard fact that the higher order derivatives
of v are small to any given order. The precise effective version is (2.18). O



34 CHAPTER 2. NONLINEAR PERSPECTIVE

2.3.2 Convergence in the base scale

As mentioned in Section 1.3.3, when the base dimension m = 1, Tosatti et al
[18] isometrically identified the Gromov-Hausdorff limit of (X,&;) as t - 0 in
general. The aim of this Section is to give a much easier proof in our special
situation.

Theorem 2.3.5. Assume the uniform fibre diameter bound (1.9), then the se-
quence of Ricci flat spaces (X, &) converges in GH sense to' Y with the gener-
alised KE metric @y defined by (1.13).

There is a natural comparison map 7 : (X,w;) - (Y,0y), and the task is
to show this is an approximate isometry.

Using |V7|? = Trg, @y, the upper bound in Proposition 2.3.1 reads |Vr|p~ <

1+ @7 so the distance is almost decreasing:

dJ)Y(W(zl)aﬂ(xQ))Sd@t($17x2)(1+ )a Vay,zs.

|log |

For a bound in the reverse direction, fix a small € > 0.

Lemma 2.3.6. If v is a path of length I(v) in (Y, 0y ) which stays distance €
bounded away from the singular locus S, then v admits a lift to the total space

(X, @) which has length at most I(v)(1 + %)

Proof. Since we are away from the singular fibres, the concentration estimate
in Proposition 2.3.1 coupled with smooth bounds from Evans-Krylov theory,
imply (¢f. also (2.18))

C

|TI'5HCUY—1| < W

The interpretation of this is that « is almost a Riemannian submersion. A
Riemannian metric on the total space splits the tangent bundle on X into the
vertical and the horizontal parts, which defines an Ehresmann connection. The
above inequality means the horizontal lift of any unit tangent vector on Y is also
a unit tangent vector up to O(W) error. From this the claim is clear. [

Corollary 2.3.7. If z,2’ are two points in X, then

C

W)d@y(w(x),ﬂ(m')) +Ce+Ct? (2.19)

dg, (z,2") < (1 +

Proof. Take a curve « joining w(z), m(z"), which almost minimises the length:
I(v) < dg,(f(z), f(z")) + €. Then ~ can spend at most Ce length in the e
neighbourhood of any point in S. Observe also that S is a finite set. Now the
diameter of the preimage of the € neighbourhood of any singular point in S is
bounded by Ce + Ct/?, using the fibre diameter bound. For the part of v with
distance at least € away from S, we can use the previous lemma to construct a
lift, and the claim follows. O
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Notice the diameter of (Y, @y ) is bounded. Thus for fixed €, we can choose
t sufficiently small, such that

dg,(x1,22) — Ce < dgy (m(x1),m(22)) <dg, (x1,22) +€, V1,29,

which is equivalent to the GH convergence claim.

2.3.3 Gradient estimate

This is a continuation of Section 2.3.1. The aim is to improve certain aspects
of the concentration estimate (Proposition 2.3.1), and show that dr is in some
sense approximately parallel.

Proposition 2.3.8. In the setup of last Section, we have the gradient estimate

Ct?
[logt|’

dr|? ;
/‘ (M - |0log Trg, wY70|2)(:Jf < (2.20)
y

|<t1/2 Triu wy,0

Proof. The starting point is that the Chern-Lu formula has a more refined
version (cf. [34, Proposition 7.1])

|Vdn|?

PR |01og |dr|*|.

Agjt lOg TI‘Qt wy’() =

Here the RHS is pointwise non-negative by Cauchy-Schwarz. The norm square
of the differential drr is just the trace: |dn|* = Trg, wy,o. This is consistent with
the interpretation of dr as a section of Hom(7TX,TY"), and the natural norms
come from the metric @; and wy .

Now let x be a cutoff function on the base Y supported in {|y| < t'/?}, and
equal to one on |y| < %tl/Q. We require

C = C
—?wy,o <V-100x < ?w;@o,

so the Laplacian |Ag, x| < % Multiplying the test function x to both sides of

the refined Chern-Lu formula, we get

d 2
f X(IV W2| - |9log|dn*?) = [ Ag, x(log Tre, wy,o — max log Trg, wy,o).
|y|<t1/2 |drr] |y|<t1/2

Using the proof of the concentration estimate, the L' of the log term is con-
2
trolled, so the RHS is estimated by ‘g—;t'. This implies

Ct?
|logt|’

|Vdr|? 2124 ~ 3
—-10logld <
/\;\s%tl/’z( |dm|? [91og |dr ")

This is the claim up to cosmetic changes of constants. O
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2.3.4 Gromov Hausdorff limit around the singular fibre

Consider the convergence of the metric ¢~'@; restricted to the singular fibre Xj.
The expected limit is the nodal CY metric wsrr,o. Notice we certainly cannot
expect ¢ Q] X, to have a uniform two sided bound by wsrr,, because this is
not true even for ¢t = 1. Instead we should study a weaker notion of convergence,
such as the Gromov-Hausdorff limit, which is sensible in the light of the local
volume noncollapsing estimate (2.12) (2.13).

Let P be the nodal point, and look at the pointed sequence of Ricci flat
spaces Z; = (7 1B, (0,R) c X,t"'@). Local noncollapsing implies that af-
ter passing to a subsequence, there is some complex 3-dimensional Gromov-
Hausdorff limit space (Z,we ), containing an open dense regular locus Z'¢®
where the limiting metric is smooth, whose complement has Hausdorff codi-
mension at least 4. Morever Z"°¢ has a natural limiting complex structure, such
that the limiting metric is Kéhler. (See [13] for a nice summary.) We shall sup-
press below mentions of subsequence to avoid overloading notation, and tacitly
understand a Gromov-Hausdorff metric is fixed on the disjoint union Z; u Z,
which displays the GH convergence. We will also assume implicitly that ¢t «< 1.

We wish to identify the complex structure. Some heuristic first: since
everything away from the fibre X is pushed to infinity by scaling, the limit as
a complex variety should be the normal neighbourhood of X, which is just the
trivial product Xy x C in the case of a smooth fibre, and the guess is that the
same is true for the singular fibre.

More formally, we build comparison maps as inspired by [13]. Let u denote
the standard coordinate on C, and wc refers to the standard Euclidean metric
on C. Define the holomorphic maps

fi: (Z, 7)) » (X xC,wx +we), @ (z,u=t""27(2)).

By the uniform bound Trg, w; < C, there is a Lipschitz bound on f; independent
of t, so the Gromov-Hausdorff limit inherits a Lipschitz map f. into X x C.
By the interior regularity of holomorphic functions, the limiting map f. is
holomorphic. We identify the image:

Lemma 2.3.9. The image of foo is Xo x C.

Proof. First we show the image is contained in Xy x C. For any fixed radius D,
Image(f;)nprat (Bu. (0, D)) ¢ {(z,u) € XxC : dist,, (x,Xo) < CDt? Ju| < D}.
By continuity,

Image(foo) Npret (B(0,D)) ¢ {(x,u) € X x C: dist,, (z, Xo) = 0,|u| < D},
so the first claim is proved.

Next we show the image contains Xy x C. Using the fibre diameter bound,
for any (z,u) € XoxC with |u| < D, and ¢t sufficiently small depending on D, there
is always a point @ € Z;, whose %oﬁt—distance to P is bounded by C(1 + D),
and d(f;(Q),(x,u)) < CDtY? in the metric on the target. Then using the
compactness of the ball B(P,C(1 + D)) c Z, we can extract a subsequential
limit @, which has to map to (x,u) by continuity. O
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Recall the function H measures the severity of singular effect. Now H is a
continuous function on Xy, so defines a function on Z by pulling back via fe..

Proposition 2.3.10. The map fo is a biholomorphism {H > 0} ¢ Z - X;**xC.

Proof. Using C~lw; < @ < %wt, the map f; is bi-Lipschitz when restricted to

{H > ¢} for any € > 0, with smooth bounds on @; depending on e. Passing
to the limit shows that f. is injective and is a local complex isomorphism on
{H >0} c Z. The rest essentially follows the above Lemma. O

The sequence of Calabi-Yau metrics carry holomorphic volume forms, in-

ducing canonically defined volume measures. On {H > ¢ > 0} the metrics %d}t

subconverge to we, in the C'*°-topology. There the Monge-Ampere equations
(') = atm'V-1QAQ = at TV -1Q, AQ, Ady AdY = a1, AQy Adu A di

converge to -
w3 =3v=1Q0 A Qg A du A di.

Integrating over the region {H >0} n{|u| < D} c Z, for D any fixed number,

/ wi’o:?)f Qo /\STO[ V-1duda

{H>0}n{|ul<D} Xo {lu|cD}cC

:lim/ at\/—lt’lﬁAﬁzlirn/ (t1@)3.
{lulsD}cz,

{Ju|l<D}cZ;
Here the intermediate equality uses the continuity of A, = [ X, Qy A KTy (cf.
Lemma 1.4.10).

But in a non-collapsing situation with non-negative Ricci curvature, we
have the measured Gromov-Hausdorff convergence (¢f. Cheeger’s book [2], Page
66), which implies

liminf Vol g, ({u| < D} ¢ Z) > Vol ({|u| < D} © Z).
Comparing the above,

Proposition 2.3.11. (Full measure property) The set H > 0 inside Z must
have full measure on each cylinder {|u| < D} c Z, so the set H = 0 has measure
zero in Z. In particular, every ball in Z contains a point with H > 0.

We now study the metric we, over the smooth region X x C.
Proposition 2.3.12. Over the smooth part of Xy x C, the limiting metric
restricts fibrewise to the Calabi-Yau metric wsgrro on Xo.

Proof. On {H > ¢ >0}, we have the convergence estimate

1
|10gt|1/27e

).

t_lait|Xy = WSRFy t+ O(

But wsrF,y is continuous in y at y = 0, and ¢ - 0 implies ¥ - 0 in a bounded
region of the Gromov-Hausdorff metric, so t’1®t|xy — WSRF,0- O
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We also need information about the horizontal component of the metric.
We comment that the coordinate u on C requires an implicit choice of a local
chart on the base Y. We use the convention that the Euclidean metric wc agrees
with t~'wy o (cf. Section 2.3.1) under the identification u = t~1/2y = =127 ().

Proposition 2.3.13. The metric wo, over the smooth part of Xy x C satisifies
the Riemannian submersion property Tr,_ wc = 1.
Proof. The concentration estimate 2.3.1 can be interpreted as

. C
L ({lul1}. @)~ |logt]”

HTI"%@ w@—1’

In particular, upon passing to the L' limit, the trace Tr,_ we = 1. It is clear
that w < 1 is not an essential restriction. O

Proposition 2.3.14. Over the smooth part of Xy x C, the differential du is
parallel with respect to woo.

Proof. Recall the gradient estimate (2.20), which can be written in a scaled
version | |2
Vdu ~ C
— % 19log Trig wel? - )t @)% < ——.
Lm(ﬁm we 0108 Tr 5, el ()" < log ]
Restricted to any compact set in the smooth locus, the trace term converges
smoothly to the constant one, so in the limit

[ |Vdul?,_w?, =0.

It is clear that w < 1 is not an essential restriction. We get the qualitative
statement that Vdu = 0 pointwise on the smooth locus. O

Proposition 2.3.15. The limiting metric we = WsrF,0 + wc over the smooth
locus of Xy x C.

Proof. The parallel diffential du induces a parallel (1,0) type vector field by
the complexified Hamiltonian construction: tywe = du. In particular V is a
holomorphic vector field. But on the nodal K3 surface, there is no holomorphic
vector field on X, so V must lie in the subbundle T'C c T'(X;*® xC). Morever,
on each fibre Xy, V must be a constant multiple of %. We can then write
V= )\(u)%, where A is a holomorphic function in u. Since du and V' are both
parallel, the quantity A = du(V') must be a constant.

We know we restricted to the fibres is just wgrr,o. By construction, the
vector field V' defines the Hermitian orthogonal complement of the holomorphic
tangent space of the fibres. Now V = /\a% where the constant is specified by the
Riemannian submersion property. The claim follows. O

Lemma 2.3.16. The metric space (XoxC,wsrro+we) is the metric completion
of its smooth locus.

Proof. Clear from the orbifold nature of Xj. O
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Corollary 2.3.17. The holomorphic inverse map fi! defined on the smooth
locus (X x C,wsrr,0 +wc) extends to a continuous map

fod # (X0 x C,wsrro +we) > Z,
which is a right inverse of f.., and isometric to its image.

Theorem 2.3.18. Assume the uniform fibre diameter bound. Then the map
foo : (Z,wee) = (X0 x C,wgrro +we) s an isometry, and naturally an isomor-
phism of normal varieties.

Proof. The right inverse f! must be surjective using the full measure property
of the set {H > 0} on Z. This combined with the above corollary proves the
isometry statement, so in particular implies homeomorphism. We know fo, is a
biholomorphism

{H>0}cZ~X;®xC.

Since a point in Z with H = 0 is a metric singularity, it cannot be a smooth
point in the complex geometric sense, so {H >0} c Z coincides with the regular
locus Z"®%, and f. is an isomorphism between regular loci. This allows us to
identify the structure sheaf of Z with that of the normal variety Xy x C. O
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Chapter 3

A new complete Calabi-Yau
metric on C3

Motivated by the study of collapsing Calabi-Yau 3-folds with a Lefschetz K3
fibration, we construct a complete Calabi-Yau metric on C? with maximal vol-
ume growth, which in the appropriate scale models the collapsing metric near
the nodal point. This new Calabi-Yau metric has singular tangent cone at infin-
ity C?/Zs x C, and its Riemannian geometry has certain non-standard features
near the singularity of the tangent cone, which are more typical of adiabatic
limit problems. The proof uses an existence result in H-J. Hein’s PhD thesis
to perturb an asymptotic approximate solution into an actual solution, and the
main difficulty lies in correcting the slowly decaying error terms.

3.1 The Stenzel metric

We review the Stenzel construction of Ricci-flat metrics on the smoothings of
ordinary double point (‘ODP’) singularities [38], to set up some notations and
to derive some useful formulae. Let n > 3. We start with the standard quadratic
function

f= ,z?:(C”—)(C7

=M=

and consider the fibres X, = {¥ 27 = y}. For later reference, let us establish a
few conventions:

e The standard Euclidean metric on C" is wg = %\/—1 Ydz; Adz;; we will
sometimes also denote by wg its restriction to fibres.

e The volume form is volg = #w% =

form is volg = [1,(V-1dz; A dZ;).
e The pullback of the standard metric from the base C is %\/—1df Adf.

1

swvolg, where the normalised volume

e The norm-squared function on C" is H = ¥ |z|*.

41
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e The holomorphic n-form on C" is Q =dz; ...dz,.

We consider the ansatz ¢ = F(H) for the Kéhler potential on X,, where F

is locally smooth; this amounts to imposing SO(n,R) symmetry. We compute
the metric

d¢ = F'(H)0H,
V=100¢ = F'\/=100H + F"\/=10H A OH.
Using the binomial theorem, we have
(V=100¢)""' = F'" Y (V/=100H)" ' +(n-1)F"" 2 F"(v/=100H)" > A(V-10HOH).

To understand the terms, we compute the forms over C™:

(VEIOGH)" " = (n - 1)!S. [[(V-Tdz, ndz,),

i=1 j=i

vV —].df A df =4 Z vV —].ZiZdei A de, vV -10H A 5H =v-1 Z ijidzi A de,
/L’J

2,J

i(\/—_laéH)"‘l A (V=1df Adf) = (n 1) Hoolp.

i(\/—_laéH)”‘Q A (V=10H nOH) A (V=1df ndf) = (n—2)!(H? - |y|*)vol.
Thus
i(ﬁa&ﬁ)”-l A (V-1df Adf) = (n—1D)lwolg{HF"™ " + (H - |y[*)F'""*F"}.
(3.1)

By the adjunction formula the quadric fibres also have trivial canonical
bundles, and we can write down the holomorphic volume form 2, on X, by
Q=df A§,. This gives

—_— n? — — n-1)2 J—
wols =1 QAR =V Ldf Adf A (V10 QA ). (3.2)
The defining condition for the Calabi-Yau metric on X, is

(VT0de)" " = vV 0, A0y, (3.3)

We can wedge both sides by /~1df Adf, and use (3.1) (3.2) to see the following
identity holds in Q%" |x

4n-1){HF™ ' + (H* - |y )F"2F"} = 1.

We can simplify further by a scaling observation: let F = |y
satisfies the ODE

%}?‘(%)7 then F

dF
dx

*F 1

" dz?  4(n-1)!

oyt @y
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H

Now make the change of variable x = iy

= cosh 7. Then the equation becomes

d dF ., , 1 L ne2
—[(=—)"!] = ———sinh" 2 7.
dT[ dT) ] 4(n—2)!sm T

If we impose the initial condition %(O) = 0 to ensure smooth extension of the

potential across the vanishing cycle {H = |y|}, then the solution defines up to a
numerical factor the Stenzel metric.

Example 3.1.1. For n = 3, the above equation implies % = % sinh(3), F =

ﬂcosh(%) =\ /% +1. Thus the K&hler potential is ¢ = F(H) = /H +|y|.

The Stenzel metric in this special case is also known as the Eguchi-Hanson
metric.

3.2 A general symmetric ansatz

We consider Kihler potentials on C" of the form ¢ = F(H,n) where n = |f[*.
This amounts to imposing the symmetry under SO(n,R) x U(1). Notice that
this is not a cohomogeneity-one problem, so it may be hard to write down ex-
plicit solutions to interesting equations. We shall nevertheless exhibit solutions
whose asymptotic behaviour resembles a Calabi-Yau metric.

We imitate the computations about the Stenzel metric, but now we need to
keep track of all partial derivatives, because we are now working on the entire
C™ instead of quadric fibres. Using that f is holomorphic,

¢ = FgOH + F, fdf,
V=100¢ =Fy\/-100H + FyuyN/-10H A OH + N/ ~1Fy, (fdf AOH + fOH A df)
+ (nEyy, + Fy))V-1df Adf.
Now using the binomial theorem, one can expand
(V-100¢)" =(Fg/-100H + FggV/-10H A OH)"
+n(FyN/-100H + FypgN/-10H A OH)" A
{(nFyy + BNV -1df Adf +V-1Fy,(fdf nOH + fOH Adf)}
n _ _ _ _ _
+ (2)(FH\/—186H + FygN/~-10H AOH)" 7 A (20Ff, dfdf AOHOH).
The indiviual terms can be computed using formulae in Section 3.1. We arrive
at a formula for the volume form:
Proposition 3.2.1. For a symmetric Kahler potential ¢ = F(H,n),
(V-100¢)" =nlvol g {{Fp + Fiy ' Fyp H}
+4(nFyy + F){HF " + (H? -n)Fy *Fyp} (3.4)
+4FyymFi "t - AFg, nFy 2 (H? = n)}.
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Example 3.2.2. If the potential does not depend on 7, then
(V-190¢)" = nlvolg{Fp + Fp ' Fy HY.
For F = %H , one recovers the Euclidean metric and its volume form.

Main Ansatz 3.2.3. Let n = 3. We define a regularized version of the semi-
Ricci-flat metric (1.12) by

¢w:F(H7n):%n+VH+a(n7H)v (L(?%H): n+ H+1 (35)

This is the main ansatz in this Chapter. It is a Kahler metric, using the fact
that if 4, 1)’ are plurisubharmonic then so is log(e¥ +e¥"). Our notation suggests
¢ models the metric asymptote near infinity.

Lemma 3.2.4. The volume form of the metric ansatz (3.5) is

(V-1006) 3 1 H'Y? H'? 3
— =—{1+ + - +
volg 2 4a(H +a)'?  4a(H+a) (H+a)? 4(H+a)VH
H-a 2H?®-5aH?-6a*H - 3a® 1
- + }+O0(—=).
4aH3/? 8(H +a)2H>2q a?
(3.6)
Proof. We give some intermediate steps:
N S
"T2a” M 4ad T R H A1
1 1 1
ag = ———, agg=- -
e i1 T T 16a3(H + 1) Sa(H + 1)372
1 1 QHH
Fy=———/—(1+ Fyg=-————-(1+ R E—L
H 2@( aH)v HH 4(H+a)3/2( aH) 2\/H—+a7
1 1 1 1 5
Fp=-t—— Fo=——ay, -
1757, /—H+aan, m=y /_H+aa7m 4(H+a)3/2an7
1 1
Fy,=— - —a,(1 .
i 2\/H_+aaH77 4(H+a)3/2a”( +am)

To aid computation, let us introduce the quantities
Qi =Fy + FgHFpy, Qa=nFy,+F,,

Qs =HF} +(H* -n)FyFun, Qa=FuyFin-Fi,nFua(H* -n).
Our general formula (3.4) for the volume form reads
V-100¢)?
Wo1000e)” _ Q1 +4@2Qs +4Qu.

6vol g

We are interested in the asymptote as H — oco. It is elementary but useful to
notice the basic inequalities for a, H, 7, such as H > 771/2, a> 771/2, a> H1/4, and
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a=0(H) for H>1. After substituting in the expressions for derivatives, and
extracting leading order terms,

H 1 1
=— + +0 ,
@ 16(H + )52 8(H +a)3/2 (T2
1 1 1 1
=—+ - +0(—=),
Q2 2 8avH+a 16(H+a)3/2 (a3)
1 H/? Hi/? 3 H-a
=— + — + _
@s 8 32a(H +a) 8(H+a)? 32(H+a)VH 32aH3?
2H?® - 5aH? - 6a*H - 3a® 0(i)
64(H +a)2H52q a’’”’
1 a H-a 1
= —— - O —a )
Qi=-5; (H+a)? 128(H+a)? ()
Combining these computations gives the formula. O

It is worth pointing out for later purposes that the terms we are discard-
ing also have higher order bounds, which can be obtained inductively using the
following principle: write all contributions in terms of products of power law
expressions in H +a, H, a etc; each H-derivative picks up a multiplicative fac-
tor O(4) (the factor coming from ag are further suppressed); each n-derivative
involves differentiating an expression of a, so the derviative picks up a multi-
plicative factor O(=5). The result is that the error term E = O(Z5) in formula

(3.6) has higher order bounds |%E| = O(m)

A cruder version of the asymptotic formula as H — oo is:

1 1 1
g +O(H3/2)+O($)}' (3.7

(V-100¢4,)? = g%{l +

To take two extreme cases, in the region where |f]| ~ H'Y* > 1 then a ~ H'Y/*,
and O(ﬁ) = O(a%,) is insignificantly small. In the region where |f| ~ H > 1,

then a ~ H, and O(ﬁ) = O(asl/,z) is the dominating error term.

3.3 Riemannian geometry of the main ansatz

We study the asymptotic properties of the metric ansatz (3.5). As a preliminary
remark, the volume form of the metric (3.5) is asymptotic to the volume form
of the Euclidean metric. At one stage we will make use of a non-holomorphic
parametrisation, so we shall distinguish the Kahler form w and the associated
Riemannian metric tensor g.
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3.3.1 Asymptotic metric

Now we study the properties of the metric for H > 1, only to the leading order.
The asymptotic expression is

o N ) _
w=V-100¢0 ~ =V -1df Ndf + ——=00H - ————0H A OH
¢ 2 fndf 2VH +a 4(VH +a)3

~%V—hﬁAdf+§—L1£—aéH—4——L25—faHA5H

VH +|f] A(VH+f])?

This follows readily from differentiating (3.5), and discarding the terms coming
from differentiating a since these do not affect the leading asymptote.

(3.8)

The distance function has large distortion from Euclidean beahviour:
Lemma 3.3.1. For P e {H > 1}, there is a uniform equivalence
C(|f|+HY*) <d(0,P) < C'(|f| + H'™). (3.9)
In other words, d(0,-) is uniformly equivalent to the function a on {H > 1}.
Proof. Using the asymptotic formula, one sees Cw > /=1df A df, so If| <

Cd(0,P). Similarly one sees for H > 1, Cw > %ZﬁH, so along any path
parametrised by the arclength,

d|2| 1/2
—<C ,
15 < Cll

which integrates to give H'/* < Cd(0, P).

Now for the reverse direction, we take the radial path joining the origin and
the point P, and compute the length. This gives d(0, P) < C(|f]+ HY*). O

Lemma 3.3.2. Let r > 1. We have the maximal volume growth condition:
Cr® <Vol(B,(0,r)) < C'r°. (3.10)
Proof. The description of the distance function implies that
{HY* <Cryn{|f| < Cr} c B,(0,r) c {HY* <C'ry n {|f] < C'r}

for some appropriate constants C' and C’. Thus we can consider instead the set
{H <r*} n{n <r?} and estimate its volume. This is an exercise in Lebesgue
integration theory.

Since the asymptotic volume measure is comparable to the Lebesgue mea-
sure,

Vol,({H <r*}y n {n <r®}) ~ Vol Lepesgue ({H <74} 0 {n < r?}).
By the homogeneity of the Lebesgue measure, the RHS is

leVOlLebesgue({H <1}n{n<r}).
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Now for very large r, the set {H <1} n{n<r75} is approximately the product
of {H <1} n X, with the disc { <775} c C where X is the nodal central fibre,
so the above

~ 12 Area({H <1} n Xg)Area({n<r %} cC) ~ 7.

Here the area of {H < 1} n Xy is induced from the restriction of the Euclidean
metric. The claimed result follows. O

We define a family of cones in C* by E. = {|f| > eH}, for 0 < e < 1. In
practice € is a fixed small number. Our next result says these cones are highly
squashed in the metric g.

Lemma 3.3.3. Take r >1. Let P € By(r)n E., then the distance of P to the
complement of E. has an upper bound

c 1/4

dy(P,C*\ E,) < i (3.11)

Proof. We start by observing that on the affine quadric {f = 1} with the Eguchi-
Hanson metric (¢f. Section 3.1), there is a uniform diameter bound diam({H <
< 61% for 0 < € < 1, because at large distance the Eguchi-Hanson metric is
asymptotic to the orbifold metric on Xy, and the distance to the origin on the
flat orbifold X, is /2H*. By scaling, on the fibre Xy with the Eguchi-Hanson
metric, the diameter bound reads

. f ¢

Now if n > 1, then the metric g restricted to the fibre X is uniformly equivalent
to the Eguchi-Hanson metric, because g is by construction essentially the semi-
Ricci flat approximation, for large values of n. Thus if P € Xy n E,, we can
move the point inside X ¢ and exit the region E, within distance 554 (n*3+1) <
654 (r'/* +1). Here we add in the constant 1 to make the argument work also

for n < 1. This means d(P,C3\ E,) < 61%(7‘1/4 +1)< El%rl/‘l. O

Remark 3.3.4. If we normalise the metric by a factor T%, then P € B%g(l),
and this estimate says dr%g(P7 C3\E,) < ﬁ Intuitively, for large r and

fized €, this means the region E. has very small solid angle.

Now we concentrate on the region (C* \ E.)n{H > 1}, with € a fixed
small number. In this region, up to O(e) error, the asymptote of w as H — oo
simplifies further to

1 - V-1 _= v-1 =
w~§\/—1df/\df+2\/E88H—4H3/28H/\8H.

Ehresmann’s theorem suggests the fibration f restricted to the region (C3 \
E.)n{H > 1} is a smooth fibration over C. We find a simple parametrisation
over the base C:

U:XoxC->C3 z=w+ Jw

CTER (w, f) e Xo xC. (3.12)
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The region (C3 \ E.) n {H > 1} corresponds roughly to {|f| < elw|?, |w|? > 1}.
The parametrisation ¥ is not exactly holomorphic, but only approximately so
up to an error of order % = O(€). The function H pulls back to jw[>(1+O(e)).
The pullback Riemannian metric ¥*g can be expanded from the above metric
asymptotic formula. After writing out dz; = dw; + deFDTiP + ﬁdwi - ﬁd|w|2,
and discarding small terms of order O(e),

Lemma 3.3.5. The Riemannian metric g associated to w admits the approzi-
mate formula in the region {|f| < eH, H > 1}:

U*g = Re(df ®df+|w|™ Zdw¢®du_}i—%|w|_3 Y widw;@w;dw;)(1+0(¢€)) (3.13)

i.e. up to relative error of order O(e), the metric g is asymptotic to the product
metric Gproduct 0N Xo x C, where the Xo factor is equipped with the Stenzel
metric, which agrees with the flat orbifold metric on X~ C?/Zs.

The information at our disposal now allows us to identify the tangent
cone at infinity for the metric g.

Proposition 3.3.6. The tangent cone of (C3,g) at infinity is isometrically
Xo x C with the product metric.

Proof. Clearly only asymptotic properties of the metric are relevant. Fix a
small number e. Consider large values of r, and apply the scaling factor %2 to
the metric g. In the ball B (0,D) of fixed radius D, if there is a point P

in the region E,, then by the lemma 3.3.3, its distance to C3 \ E, is controlled
above by % < Ce for large r. Thus the only important contribution comes
from the region (C*\ E.)n{H > C}. Up to O(e) error, (C3\ E,) nB.1,(0,D)

is Gromov-Hausdorff close to the metric space

(Bt (0, D) P 151 < P}~ produer) < Xo % C.
Now we observe that Xy x C with the product metric is conical, and scaling
features imply that for large r the region {|f| > €lw|*} is unimportant. Thus
the metric space is Gromov-Hausdorff close to (B, ..., (0,D), T%gpmduct),
which is the same as (By, ... (0,7D), gproduct ). From this we see that as r — oo,
B%zg((),D) Gromov-Hausdorff converges to (By,, ... (0, D), gproduct), for any
fixed D, so the tangent cone is indeed Xy x C with the product metric. O

Remark 3.3.7. (Jumping of complex structure) The complex structure on
the tangent cone at infinity differs from the original manifold C3. This can be
explained by the flat family of subvarieties of C, ><(C§17z27z3 parametrised by t € C:

{(y,21,22723)|ty = Z% + Zg + 23}7

whose generic fibre is just a graph over C3, and the central fibre is C x Xg; the
computation of Gromov Hausdorff limit involves a scaling procedure, which is
reflected here by the parameter t.
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Remark 3.3.8. (Algebraicity) The distance d(0,-) ~ a is bi-Hdlder but not bi-
Lipschitz to the Euclidean distance. Thus the ring of holomorphic functions with
polynomial growth agrees with the standard polynomial ring on affine C3, but
the filtration structure coming from the growth rate is different. In particular
deg(z;) =2 fori=1,2,3 and deg(f) =1. The Spec of the associated graded ring
s the tangent cone at infinity:

3

{(yvzla ZQ,Z3)|Z% + Z% + Z?? = O} c (Cy x (C21722723'

Remark 3.3.9. (Measure theoretic paradox) The link of the tangent cone
at infinity is singular. The singularity corresponds to the node in X, and the
cone E, collapses to the nodal line in XoxC. This behaviour is counterintuitive
as E. seems to carry a large amount of Lebesgue measure, which disappears
in the limit, but general theory of noncollapsing Gromov-Hausdorff convergence
implies measure theoretic convergence. But this is not a contradiction because
i a large ball with respect to the metric g, the set E. only occupies a very small
portion of the measure.

H-J. Hein pointed out an analogy with the Taub-NUT metric which may
help to understand this measure theoretic picture. By a well known observation
of LeBrun [33], the Taub-NUT space is biholomorphic to C* with the standard
holomorphic volume form. In fact the holomorphic symplectic moment map
makes C? into a fibration of affine quadrics, exactly analogous to our situation.
The counterintuitive fact then is that the Taub-NUT metric has cubic volume
growth. The explanation again lies in the large distortion of distance. The dis-
tinctive feature of m = 2 is that the quadric fibres are isomorphic to C*, whose
natural cylindrical metric has linear growth rate, which is not maximal. The
Taub-NUT metric is asymptotically described by the semi-Ricci flat metric com-
ing from the quadric fibration; the growth rate is quadratic in the base direction
and linear in the fibre direction, thus the overall growth is cubic.

Next we consider the geometry around a central point P € E. n{H > 1},
so f(P) is large. We can define a local diffeomorphism around P,

¢
2f(P)

The region {|¢| < |f(P)|, |w|"/? « |f(P)|} roughly corresponds to {|f - f(P)| <
|£(P)|, H'* < |f(P)|}, where the quantity f = f(z) ~ f(P) +¢, H ~ |w|?, and
VH +|f| ~v/lw+|f(P)|. The asymptotic metric formula (3.8) gives

w ~ %\/Tldg AdC +V=100\/|w]2 +|f(P)],

namely the product of the Euclidean metric on C; with the Eguchi-Hanson met-
ric on Xy(py. The diameter of this local region is o(|f(P)|), and the curvature

scale around the vanishing cycle is O(|f(P)|*/*).

B Xy <€ €, 2=(le 2E), .0 Xyqpy xC

Proposition 3.3.10. (Blow up limits around vanishing cycles) Let P, € E,
with f(FP;) - oco. Then the pointed Gromov-Hausdorff limit of the rescaled
metrics (C3,|f(P;)|"/%g, P;) is EH, xC, where EH; denotes the Eguchi-Hanson
metric on Xj.
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Remark 3.3.11. This indicates that the tangent cone at infinity, which is the
scaled metric limit around a fixed base point, does not capture all asymptotic
information; this phenomenon happens in general if the tangent cone at infin-
ity has singular link. The presence of the flat C factor is compatible with the
splitting theorem in Riemannian geometry applied to radial directions. The
appearance of many different scaling factors |f(Pi)|’1/2 means this metric is
multi-scaled.

3.3.2 Topological discussions

The topological situation is related to the general story of Milnor fibrations as-
sociated to hypersurface singularities. Let us dispense with the metric geometry
for a moment. In the ODP context, the sphere S° = {H =1} intersects C3 \ Xg
in an open set, which is just the complement of the link XonS% of Xy. We have
a fibration over the circle

ot
/]
The fibre is topologically identified with the Milnor fibre X;. This is because

via the radial projection map z — \ﬂ%/% this fibration is identified with

fofish) cC® - st

S°n(C*\Xo) - S, =z

The monodromy around the circle is described by the standard Picard-Lefschetz
formula (¢f. Theorem 3.16 [47]).

The analogous picture on the tangent cone Xy x C is the following. We
have a fibration

£
|1
(We write the sphere {|w|+|f|? = 1} here because the radial distance on Xy xC is
uniformly equivalent to /|w| +|f[2.) The fibre is homeomorphic to Xq ~ C?/Z,.

The effect of the metric geometry is to collapse the vanishing cycle to a point,
thereby changing X; to Xj.

{lwl +|f? =1} n(XoxC~ Xox {0}) = 5%, (w,f) =

More explicitly, in our metric g, the vanishing cycle {H = |f|} on X for
large |f| has diameter proportional to |f|'/4, but the distance of the vanishing
cycle to the origin is of order |f|. The tangent cone only sees the regions whose
diameter has at least linear growth rate, so the vanishing cycle disappears in
the limit. This phenomenon also appears in the announced work of Hein and
Naber on Ay type singularities.

The link S(C?/Zy x C) of the tangent cone X x C ~ C?/Zy x C is singular
along a circle S'. The appearance of the circle is explained by the U(1) sym-
metry of the whole setup. Metrically, the points on the circle correspond to the
Gromov Hausdorff limit of the vanishing cycles.

It is also interesting to make some comparisons of our situation with Joyce’s
QALE spaces (¢f. [31], and the subsequent generalisation into QAC spaces
[5]). The main common feature is that the tangent cone at infinity is a finite
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group quotient C"/G = C3/Z,, where the main complication comes from the
non-free action of Z,. However, our setup does not seem to fit naturally into
Joyce’s framework, not even at the topological level. Joyce requires the ambient
manifold to be a resolution of the quotient C™ /G, which is not a natural structure
on C3. Joyce understands C"/G in terms of a stratification by fixed point sets
of subgroups of GG, and describes the structure of his resolution in a stratified
manner in terms of what he calls the local product resolution; the simplest local
picture looks like
Y xC™ - C'™/H xC™,

where Y is a resolution of C"™"/H and H is a subgroup of G. Here Y plays
a similar role as X;. His framework does not typically incorporate the Picard-
Lefschetz monodromy behaviour, as his product structures are usually globally
trivial over stratified pieces. At the metric level, on the local piece Y x C, Joyce
requires asymptotic convergence of the metric to the product metric (this type
of phenomenon also happens for QAC spaces [5]). In our case the vanishing
cycles do not have constant size, but instead grow slowly as O(a/*) with the
distance to the origin, so the metric in E. cannot converge to a product metric.

3.3.3 The Ricci curvature

Having examined the leading order behaviour of the metric, let us compute the
Ricci tensor for H > 1. The formula for the Ricci form is

Ric = —v/~-190 log det(g;5)-
Suppose we write v = det(g;;) for the volume density function. Then

B V=10v A v B V190w

v?2 v

Ric
The nature of our ansatz means v depends only on H,7. We have

V=100v =0y V/-100H + vV -10H A OH + N/ ~1vg, (fdf AOH + fOH A df)
+ (U +vy)V-1df df.

V=10 A0 = viV=10H AOH +N/~1vgv, (OH A fdf + fdf NOH ) +viny/~1df ndf.

The asymptotic expression for v is given by (3.7). To leading order, v is a
constant. The worst term in (3.7) is ﬁ It is clear by computation that

the terms showing up in the quadratic expression v/—19v A Qv are much smaller
than the terms in the second derivative /=190v, reflecting the fact that the
approximation is good enough for nonlinear effect to be insignificant in the
asymptotic regigle. Comparing the computation with the asymptotic metric

(3.8), we see ———w < Ric < %w. Thus

C
Ricci t <—yg.
|Ricci tensor| 9

Recall the distance to the origin is comparable to a. In the metric g, a typical
point has H ~ a*, so the Ricci tensor decays as O(a—ls), which is quite fast. But
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in the worst region E., H is comparable to a, so this ansatz only gives quadratic
decay of the Ricci curvature.

The last observation relates to the work of Hein (¢f. Section 1.3.2).

Proposition 3.3.12. The metric ansatz (3.5) satisifies the condition SOB(6)
(¢f. Definition 1.3.4).

Proof. The main point is that we know the maximal volume growth and the at
worst quadratic Ricci curvature decay. The completeness property is clear from
the asymptotic formula.

The connectedness property in our definition of SOB(6) is implied by the
connectedness of the link of the tangent cone at infinity. O

3.3.4 Regularity scale and weighted Holder spaces

Hein’s package (cf. Section 1.3.2) also requires the existence of C*®-quasi atlas.

Lemma 3.3.13. Our metric ansatz (3.5) has a C** quasi-atlas for any k.

Proof. Tt is enough to consider H > 1. For any such point x = (21,29, 23) € C3,
without loss of generality |z1| = max|z;|. Then we take the local coordinates
z1 = f - f(x),2) = W(zg - x9),25 = W(Zg - x3). By the asymptotic
metric formula (3.8), in a coordinate ball of radius O(H'*) the metric g is
uniformly equivalent to the standard Euclidean metric, and in fact with higher
order regularity. O

The weighted Holder spaces are in general designed to capture two key
features, locality and regularity scale. The weight function w is specified up to
uniform equivalence by

{1 H<1,
W~

1/4
Ll Hzx1,

a

We define the double weighted Holder space C’Z;f(@g’) with ambient metric g.
The Holder seminorm of a tensor T is given by

T(z)-T(+
[T]O,a =sup a®w® sup M
d(z2ysmia d(2,27)

Here d(z,2") $ HY* requires the local region to have bounded geometry, so we

can compare T'(z) with T(2') using parallel transport along a geodesic. The
weighted norm of tensors are then defined by

Tl g esy = 307w 99T e + [0 ™94 T g
T j=0

For H 2 1, an estimate in this norm is the Holder version of [V*T| = O(a®w™ H™F/*),
compatible with the regularity scale ~ H/*.



3.4. CORRECTING ASYMPTOTIC ERRORS: ODE APPROACH 53

3.4 Correcting asymptotic errors: ODE approach

3.4.1 The asymptotic Laplacian

It is important in the study of the Monge-Ampeére equation to have a well
controlled linear theory of the Laplace operator. We want an asymptotic formula
for the Laplacian of locally smooth functions b(H,n) depending only on H, 7.

Lemma 3.4.1. For the metric (3.5), the formula for the Laplacian is
2(H? - a?)
VH+a

)) (b +by) b
(3.14)

(VoT00b) (V=10860)? = ol {( jH_

+o(2 Doy + (1+O0(—r

OC b +(FE=2 4 O bian

H1/2

Proof. We take the first variation of our formula for the volume form (3.4),
namely to change ¢ to ¢+tb, and differentiate with respect to ¢ at t = 0. The LHS
becomes 3(v/~100¢o0)? A (v/=180b). The RHS becomes a linear combination
of by, buw,buy, by, by. For example, the coefficient of by g is

6vol g { F4H +4(nFyy, + F,)(H? —=1)Fy} = 6volE((H\/_+) 0(—)}

which after cancelling the factor 3 gives a term in (3.14). The other contributions
are similar. O

The interesting feature of this expression is its inhomogeneity. Think about
the region F., where |f| and H are comparable. If we take a homogeneous
expression b, such as (|f| + H)®, and recall that H and 7 are homogeneous in
z; of degree 2 and 4 respectively, then each H differentiation brings down the
degree by 2, and each 7 differentiation brings down the degree by 4. Then
purely on the ground of dimensional analysis, only the terms with by and by gy
dominate. Then the insight from this formula is that if we just want to invert the
Laplacian approximately in the region E.n{H > 1}, then we only need to solve
a second order ODE rather than a PDE. The suppression of the n derivative
can be interpreted as saying the fibres behave as if they were independent in
the region E.. This phenomenon is typical in adiabatic limit problems, where
the metric ansatz ultimately comes from.

Lemma 3.4.2. The function a is comparable to the distance to the origin for
H > 1, and globally satisfies the estimate

|da| + a|/~100a| < C.
Proof. The gradient bound is easy. To see the bound on d0a, we notice that a is

plurisubharmonie, so it suffices to prove a|Aa| < C. This follows from applying
formula (3.14) and the partial derivative computations leading to (3.6). O
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3.4.2 Approximately inverting the Laplacian

The problem with applying Hein’s result to construct a genuine Calabi-Yau
metric is that the error terms to the volume form (cf. (3.6)) have slower than
quadratic decay. More precisely, in the region where H is comparable to a*, all
error terms are of order at most O(a%), so the approximation is already good
enough. But in the region E, the worst error term has order O(GH%,Q) Notice
also its square is of order O(ﬁ) = O(a%) and in particular decays faster
than quadratically, which indicates that nonlinear effects are asymptotically
unimportant.

We shall attempt to remove the leading errors by explicitly inverting the
Laplacian up to an admissible amount of error. The result is

Lemma 3.4.3. There exists a function b = %5(%) defined for H > 1, where b
is smooth with growth control

- d*b -k
o) - OCloga), L2 = 0@), vk 1,
dxk
such that
i ) 1 1 i/ H1/2
-1 b -1 oo 2 =3 l B
(\/ 00 )/\(\/ 86¢ ) 21}0 E{4a(H+(1)1/2+4a(H+a> (H+G)2
3 H-a _ log(2H/a)
+4(H+a)\/ﬁ e PO O

Lemma 3.4.4. There exists a function b = a—gﬁ(%) defined for H > 1, where
b is smooth with growth control
d*b

b(z) = O(z~1?), Tk =

O(z7™%), vk > 1,

such that

— 5 — .5 2 _ 1——[2H? -5aH” - 6a°H - 3a® 1
(V/-1000) A (V1006 ) —2volE{ S(H + a)2Ha +0(=) -

We begin with examples of treating individual terms before describing the
general algorithm.

Example 3.4.5. We treat the error term > in detail. The leading order

1
4a(H+a)l/
terms for the Laplacian of a function b(H,n) is

b
\/H+aH VH+a

As an intuitive guideline, although a and H are not independent variables, in
the region E. they behave as if they are, because a is 7'/ up to lower order
corrections. Now we solve a related ODE with variable z:

(VT000) (V=100 )? ~ 7;{ 3H+a,  20H - “2>bHH}

3x+y h,+2(x2_y2)h,,— 1

N N dy(x +y)l/2’
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We can rewrite the ODE as

o)V =

Ty y)

Thus the ODE is reducible to elementary integration. The first integration gives

dh 1
. (Vz+y-2),
dx 4y(x—y)\/x+y( 4 v)
where we choose the normalisation that for x = y the derivative % remains

bounded. This is to ensure the smooth dependence of h on x. Integrate further

to get
h(z) = 21ylog(‘x+\y/;\/%).

Here the normalisation is chosen to display homogeneity behaviour.

We then substitute H for x and a for y. This gives an approximate solution

b(l)(H,n) = i IOg(W)'

By construction, the expression

3H +a b(l) Q(H -a )b(l) B 1 IOg(%)

VH+a VH+a " da(H +a)/? ot :

a3

2H

The error term O( logiisa)) appears because a also depends on H, but the relative
error is quite small, so the situation is improved. Now we use the formula (3.14)
to see that in fact

log(2H /a)

a3

(V=189bD) (V=100 e )? = vol { O( )}

la (H Tz’

This means we can invert the Laplacian on this error term approximately, as
desired.

Remark 3.4.6. In Fuclidean potential theory, if the forcing term decays slower
than quadratically near infinity, then in general the solution to the Poisson equa-
tion will grow at infinity. One explanation that we obtain a decaying potential
in our context, is that our forcing term is O(a%) in the region where H ~ n?,
and the slow decay occurs only in a very small solid angle.

Example 3.4.7. As a second example, we treat the term We first write

down the associated ODE:

4H3/2

3r+y +2(3:2—y2) a1

7{2(33 y)\/xT }— ’_x-f- iy T 432’

The first integration gives

b1 11
de  Az-y)JT+y y? z127
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where the normalisation is chosen to make % bounded at y = . The RHS
clearly exhibits homogeneity features, so we can find an integral in the form

Wz, y) = iﬁ(g)’

where B
11
de  A(z-1)Vz+1  x27

The detailed expression of the RHS is less important than its qualitative fea-
tures, namely that it is a smooth expression in x, and its asymptotic growth at
large x is O(ﬁ%) This implies h(x) = O(#) We then define

1- H
b(z)(Haﬂ) = ;h(;%

so by construction

3H +a b(2) 2(H2—a2) 2 _ 1 +O( 1 )
\/H_+a H \/H—-Hl HH ~ 4H3/? adl2 {H1/27°

Using the Laplacian formula (3.14), one can see further that

+

1 1

(V=10062) (V=1006.0)* = volp{ s + O ) }-

This means the singular term can be approximately cancelled in this example.

The features of these examples mostly carry over to the other error terms
in (3.6) with minor changes. We can write down with obvious modifications
an ODE for each error term. Explicit integrals in most other cases are more
difficult to compute. However, by the homogeneity of the ODE, in the case of
Lemma 3.4.3 we can always write

h(zy) = iﬁ@),

where h solves the ODE with parameter y = 1. The algorithm is that we

perform the first integral with the requirement that Z—Z stays bounded near
x =1, integrate to find h, substitute H for x and a for y. It is clear that in each
case the result is a smooth function b(H,n) for H > 1.

It remains to control the behaviour of the function h(z) for large z, in order
to estimate all the errors. For the terms
1 H'? 1
4a(H +a)'?’  4a(H +a)’  4aH'?’

the relevant & has leading order growth (up to constant factors) h~ log x, % ~
271, For the terms

H'Y? 3 1
(H+a)?" 4(H+a)VH  A4H3?’
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h has leading order growth (up to constant factors) ho~a 12, % ~ 32,

It follows that in the first three cases, we can cancel the error terms up to
O(log(a#), and in the last three cases, we can cancel the error terms up to
O(m) In summary, we have the lemma 3.4.3.

The situation of Lemma 3.4.4 is analogous. The main modification is that
the homogeneity behaviour is slightly different, so we should instead write

h(z,y) = %h@.

Remark 3.4.8. It should be pointed out that this ODE method improves the
error only in the bad region with n > HY?, i.e. the region collapsing to the
singularity of the tangent cone. It is typical in adiabatic problems involving a
local fibration structure, that one can improve an approximate solution by solving
a related equation along the fibres. This is indeed what happens here.

In the region where 1 is comparable to HY?, the Laplacian genuinely de-
pends on both H and n derivatives, so ODE reduction is not possible in general,
but the error there is already acceptably small.

Remark 3.4.9. The form /~190(b+b) compared to \/-100¢ is of order
O(—7=) + O(log(zf/a)), so its square has order O(=5). This again confirms
the fact that the nonlinear effect is asymptotically weak.

3.5 Alternative approach to invert Laplacian

We now digress to sketch another approach to invert the Laplacian, which is
a variant of Székelyhidi’s work [39] generalising our construction. The general
gist is that if a metric is built out of a possibly infinite collection of local models
each having a well controlled Green operator, and if these local models do not
overlap too much, then one can produce a parametrix for the global Green
operator by decomposition and patching. The method is very flexible, well
adapted to multiscaled problems, and often yields sharp mapping properties.
This will be useful in Chapter 4.

Proposition 3.5.1. Let -2 <7 <0 and let —4 < § < 0. There exists an operator
Pps : CF%_,(C?) — O52*(C?) with | Pesf|greze < C|f|gra, such that
) ) 5,7 5-2,7-2

|APcf~flgrs < fl-

Remark 3.5.2. The Proposition applies to any metric with the same asymptotic
behaviour at infinity, and a Banach iteration argument actually allows us to
produce a bounded right inverse to Ag.

The rest of this Section is a sketch proof of Proposition 3.5.1.

The geometry on (C?,g) is made up of 3 types of basic building blocks:
flat Euclidean C?/Zs x C = Xy x C ¢ in the generic asymptotic region, scaled
copies of FH; xC = X1 xC near the vanishing cycles, and a compact region. We
need mapping properties of the Laplacian on the building blocks. The weighted
Holder norms || T Che Ol XoxCy is designed to agree up to uniform equivalence
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with the norms on (C?,g) (¢f. Section 3.3.4) over the region {H 2 1}n(C3\ E.),
and an estimate in this norm |7 $ 1 is the Holder version of

VT = O((H* + )" THTD),

where H'* is uniformly equivalent to the distance to the nodal line, and HY* +
|f] is uniformly equivalent to the distance to the origin in Xy x C. Similarly the
weighted Holder norms |7’ ;x.o on X3 x C are designed such that |7 <1 is the
Holder version of

VAT = O(w™"),

where the Eguchi-Hanson factor X; inherits the functions w, which is a smoothed
version of the distance to the vanishing cycle.

Lemma 3.5.3. Given -2<7<0 and-4<§ <0, then Ax,xc: (1;:27,1 - C’(];_’OQ‘ -
has a bounded inverse.

One can start from the weighted Schauder estimate
[u] greza < CllAul|gre — + Csup(HY* +|f))~*"H™/*|ul,
[ 6-2,7-2
and then show by a blow up argument

sup(H/4+ )P H ] < C | Aul gy

The choice of weight ensures local L' integrability on CZ;_"; ~_o functions, and

rules out harmonic functions in C’Z;:Q’a. Alternative methods include using the
Green representation, or viewing XoxC as a cone with singular link and perform
spectral decomposition to functions on the link. A more general statement is
Proposition 8 in [39)].

Lemma 3.5.4. Given -2 <7 <0, then Ax,xc * C’f+2’o‘ - C’f’g has a bounded
nuverse.

This can be proved by Fourier transform in the C direction. A more general
statement is Proposition 9 in [39]. We comment that Hein’s package on the
Poisson equation (c¢f. Section 1.3.2) also applies to this setup. In particular, if
the source function f is supported in a unit ball inside X; x C, then A}llxcu has
improved decay O(dist(-,supp(f))~**¢), and elliptic bootstrap will give decay
estimates on higher derivatives.

Lemma 3.5.5. Given -4<§ <0 and 1 <0, and a function f compactly supported
in {H 1} c (C*,g) with bound | r.c <1, then there is a function u on C?
5-2,7-2

with Agu = § and |[u| jre2.0 < C.
5,7

Here we apply Hein’s package on the Poisson equation (cf. Section 1.3.2)
to find a solution Aju = f with decay estimate |u| = O(a™**¢) for any fixed
0 < € < 1, so in particular |u| < Ca’®w™. The higher order estimates come from
elliptic bootstrap.

Now we describe an algorithm for producing the parametrix Pes. Let f be
a given function on (C?,g) with |f| ke =1
5-2,7-2
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e We find an infinite collection of points P; € E. n{H 2 1}, such that the
balls By (P, |f(P;)[*/*) cover E.n{H % 1}, but at any point at most C
balls intersect. Using a partition of unity, we can decompose

f=fxoxc + st + Zfi,

where §x,«c, fr<1 and f; are supported respectively in (C3\ E.)n{H 3 1},
{H 51} and By(P;,|f(P;)[**). We can demand that any summand has
Cg’a((CB)—norm S 1.

\T

e Via the local diffeomorphism ¥ we may regard fx,«c as a function on
Xo x C, supported away from the nodal line. Applying Lemma 3.5.3 we
can produce a function 'y o = AY cfxoxc. After cutting off u'y ¢ at
the scale |f| ~ H, we obtain a function ux,xc, which can be regarded as
a function on C? supported away from the vanishing cycles. The com-
patibility of norms imply Hu”cgia,a(cg) < C. Morever, because the metric

deviation between g and gx,xc is of order O(€) on (C*n E.)n{H > 1},
HAQUXOXC — fxoxc HC(;“;;‘,FZ(((C3nEe)n{H>>1}) S €.

Outside this region the cutoff procedure introduces some new errors, which
can be absorbed into §; and fg<;. The net effect is that we may assume

onx(C =0.

e Via the diffeomorphism ¥p, we may regard f; as a function on Xyp,y xC
supported near the vanishing cycle. After metric scaling this geometry is
modelled on EH; x C. After applying Lemma 3.5.4 we find a function v
solving the model Poisson equation. After cutting off u} outside distance
e|f(P;)| from P;, we obtain a function u,;, which can be regarded as a
compactly function on C* compactly supported in B, (P;, €| f(P;)]). Using
Lemma 3.5.4 and ensuing remarks, one can extract decay estimates on u;
inside By (P, €| f(P;)]):

[Vou;| < Ca® 3T H7/4(dy (-, P)a™* + )™ i<kt

and there is a Holder version. This essentially means that within the ball
B, (Pi,|f(P)|M*), then |V2u,| § Ca’2w™2, and outside the ball there is
almost quartic decay. Another consequence is that on the region of cutoff

|V2Ui‘ < CCL&_BT/4H_1/2(60,3/4)_4“'6”
SO |Agui| < Ca5737/4H*1/2(ea3/4)—4+€” which has a fast decay factor.

e We need to prevent cummulative error, and the key is local finiteness
and decay estimates. Let ugpg = >, u; be the locally finite sum of all
local solutions to the Poisson equations coming from these Eguchi-Hanson
pieces. We wish to bound ugg. Notice ugy (Q) at a point @ only receives
contributions from pieces with |f(FP;)| ~ a(Q). Thus

|UE'H(Q)| < Ca6—37/4 Z (dg('; Pi)a_1/4 i 1)—4+€’
[f(P:)l~a

7
< Ca6—3‘r/4(wa3/4)e -2 < Caéwr’
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where we used 7 > -2 + ¢/ in the last inequality. The higher order version
says H'LLEHHC(I;HZ,(!((C;;) <C.

e Next we examine the error Ajugy — Y ; f;. This arises from two reasons:
the metric deviation of g from the model X (p,) x C, and the cutoff error.

The first is controlled by EHVZUEH“Ck,a « 1 on {H > A} for some
5-2

,T—2

A > 1 depending on €. The cutoff error coming from one u; is bounded by
Cad= 3 H-12(ea®/*)~**¢ | and at any point Q there are O(a®/?) copies of
u; which contribute, so the cutoff error is bounded on {H > A} by

Ca5—37/4H—1/2(€a3/4)—2+e’ <« CPH 2 < CaPw™ HY? ~ Cad 2072,

To summarize, [Ajupy - ¥, fi| < a®w™H Y2 in {H > A > 1}. The higher
order version is |[Ajupy — ¥, fil ok .o (rs4y << 1. Inside the compact
5-2,7—2H2

region {H < A} some new source function is generated by the algorithm,
and we absorb such terms into fg<;.

e At this stage we can effectively assume the source function is supported
in the compact region {H < A}. Then one appeals to Lemma 3.5.5 to find
um<1 solving the Poisson equation Ajupgi = fug1 with weighted Holder
bounds.

e We now patch u = ux,«xc + ugy + ug<1, which satisfies HuHsz,a(Cg) <C
5,7

and [|Agu —f| ok.0 (cy < 1 as required.
6-2,7-2

3.6 Perturbation into the Calabi-Yau metric

We improve the metric ansatz to allow for the application of Hein’s existence
result reviewed in Section 1.3.2. For this we define a metric

W' =V=100(¢oo — (b+b)Y). (3.15)

where b is defined in Lemma 3.4.3 and b in Lemma 3.4.4, 0 < x <1 is a cutoff
function, vanishes in the ball {H < R?*}, and equals to 1 outside {H < 4R?}. If
the parameter R is chosen large enough, we can ensure w’ is positive definite.

For H > 1, the volume form of this modified ansatz is
W = (V-100¢00 )* = 3(V~100¢ 00 )*> AN/ ~100(b + b) + 0(%)
a
- §volE{1 + O(M)}.
2 a®

Crudely speaking, the error is now at most O(as—l_e) for any small € > 0.

Theorem 3.6.1. There is a smooth SO(3,R) x U(1)-invariant relative Kdhler
potential ¢rs on C3 solving the Monge-Ampére equation

_ 3
wes = w +V-100¢ps, wis = §volE, lpes Hcfif S C(k,a,€). (3.16)

In particular the metric wes is Calabi-Yau, and is uniformly equivalent to w.
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Proof. Since w’ deviates from /~=190¢., by only a small smooth perturbation
of order O(—75) + O(log(if/a) ), the condition SOB(6) and the existence of

Ck@ quasi-atlas still hold for w’ (¢f. Definition 1.3.4, Section 3.3.3). So Hein’s
theorem gives a smooth Kahler potential 1 solving

wes = (W' +V=100)* = gvolE, | < Ca™t*e.

Since our setup is symmetric under the action of SO(3,R) x U(1), and Hein’s
method works equivariantly with respect to the group action, we can assume
the solution is symmetric.

We may write ¢rs = ¢ — (b+b)x, so
wes = W + V=100 = w + V-100¢ps,  |phs| < Ca™ .
By elliptic bootstrap
Vhdls| < C(k)a™(H + 1) ~ C(k)a™ " Fu ™,

hence the decay estimate ||¢fC3 <C. O

(-
Cliieo

Remark 3.6.2. We think the decay rate estimate is not far from optimal because

our correction term to the potential is b = O(W).

As a consequence of the decay estimate, the leading order asymptote of w
agrees with that of wcs, hence

Corollary 3.6.3. The asymptotic properties of w, including maximal volume
growth and the tangent cone at infinity, are also true for wes.

Remark 3.6.4. This CY metric is a counterexample to a previous conjecture,
which says any complete CY metric on C™ with mazimal volume growth is flat
(cf. [41], Remark 5.3).

Proposition 3.6.5. (Uniqueness in the asymptotic class) If a relative

Kéhler potential u satisfies (wes + v-100u)® = wgs, and |uf s2.c < C, then
—1+€,0

u = 0.

Proof. Integration by parts argument as in Yau’s proof gives

[c‘i IV]ul’Pwds =0, p>1.

where decay properties of u at infinity enables us to drop boundary terms. [

3.7 Remarks on moduli questions

3.7.1 Moduli questions and possible generalisations

Our Calabi-Yau metric wes is a nontrivial Ricci flat metric on C3. This is inter-
esting in relation to the following fundamental question: on a given noncompact
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complex manifold with a global holomorphic volume form, can we classify the
complete Calabi-Yau metrics? What if we impose maximal volume growth con-
dition? How about the case of C™7

Székelyhidi [39] and Conlon-Rochon [3] generalised our construction to an
infinite class of examples using more complicated fibrations on C", starting from
some ansatz which desingularises a semi-Ricci flat metric. There the Ricci-flat
metrics on singular central fibres come from more abstract existence results in
Sasaki geometry, and one needs to invest more in the linear theory.

This question is also very relevant for understanding what happens near
the (isolated) critical points of a very collapsed Calabi-Yau manifold fibred over
some Riemann surface, with klt singular fibres. The expectation is that there
should be a complete Calabi-Yau metric on a model space fibred over C, possibly
biholomorphic to C", whose asymptotic behaviour is a semi-Ricci flat metric,
such that after appropriate scaling it describes the collapsing metric near the
critical points on the total space of the fibration. (The kit condition is imposed
for the fibrewise Calabi-Yau metric to make sense; if we drop this condition,
a prototype example is the Ooguri-Vafa metric, which is an incomplete metric
modelling the collapsing elliptically fibred K3 surface near a singular fibre [19],
and whose local behaviour near the node is modelled on the Taub-NUT metric
which does not have maximal volume growth.) A description of the tangent
cone at infinity is likely to involve stability issues, as understood for Ag-type
singularities by Hein and Naber.

On the negative side, any meaningful classification program must deal with
singular tangent cones, which can be a major source of difficulty.

3.7.2 Deformation and uniqueness questions

We can also ask the weaker question of classifying Calabi-Yau metrics arising
as deformations of a given one, which I believe is more tractable. This depends
on the class of deformations, which in turn depends on the function spaces in
which one sets up the Monge-Ampere equation. Let us formulate a number of
more concrete questions:

Question 3.7.1. Can we classify all Calabi-Yau metrics with the given holo-
morphic volume form which are uniformly equivalent to wes?

Instead of giving a complete answer, we remark that SL(3,C) gives auto-
morphisms of C? as a complex manifold. But the uniform equivalence forces a
compatibility condition with the fibration structure, so reduces this symmetry
to SO(3,C) x (e*™/3). Clearly SO(3,R) x (€2™/3) is a subgroup preserving also
the metric structure. So the moduli space contains at least the homogeneous
space SO(3,C)/SO(3,R) ~ SL(2,C)/SU(2). These examples are different as
Calabi-Yau metrics on the fixed complex manifold C3, but they are isometric
as Riemannian manifolds by a linear change of coordinates.

A more subtle deformation of our metric can be obtained by a simulta-
neous scaling of our metric and the coordinates, such that the volume form is
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preserved. Viewed alternatively, if we start from the ansatz

¢ ! 77+/\1/3\/H+ (n+ AV H + \2/3)1/2,

= 2)2/3

where A\ > 0, and solve the Monge-Ampere equation as before, we would get a
new Calabi-Yau metric with the same volume form.

Question 3.7.2. Given the leading order asymptote for the Kéhler form, then
is our Calabi-Yau metric unique?

The uniqueness holds assuming sufficient decay of the perturbation term
(¢f. Prop 3.6.5), and the question is about the optimal decay condition we need.

Question 3.7.3. What are the formal deformations of our example?

This involves linearising the Calabi-Yau equation. We obtain formally an
equation on a closed (1,1) form 3:

wis AB=0. (3.17)

This says (3 is primitive. On the space C3, closedness and exactness are the
same. It is clear from the Hodge identities that 8 is harmonic. For example,
the nontrivial deformations discussed above provide particular solutions. The
answer in general depends on the function space. In particular, we may ask
what are the bounded solutions, and how they relate to moduli questions.
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Chapter 4

A gluing construction of
collapsing metrics

We use the gluing method to give a refined description of the collapsing CY
metrics t 1@, on Calabi-Yau 3-folds with a Lefschetz K3 fibration as t < 1, which
has the scaling convention that [ X, (t71@;)? = 1. A particular consequence is

Theorem 4.0.4. (cf. Section 4.4.1) There exists a 1-parameter family of holo-
morphic embedding maps Fy from large Euclidean balls in C3 to a neighbour-
hood of the node inside X, and a fixed number Ay depending on the geometry
of m: X =Y, such that as t - 0, the scaled C'Y metrics (@)1/3]:';(15*1@)
converge in Cy) (C3) to the model CY metric wes.

Here the function A, amounts to the fibrewise period integrals (cf. Section
1.4), and Ay is its value at y = 0. All constants are uniform for sufficiently small
t unless stated otherwise.

4.1 CY metrics on smoothings of nodal K3

We now describe the CY metrics on the K3 fibres which are small deformations
of any chosen nodal fibre. The basic picture is that these are obtained by gluing
scaled versions of the Eguchi-Hanson metric to the CY metric on the nodal K3
fibre. This Section will be brief since there are many gluing constructions of
very similar nature in the literature, e.g. [11][37], but we want to give enough
details to keep track of the key estimates for later use.

On the nodal central fibre Xy, we write the orbifold CY metric as wsrF|x, =
wx|x, + V—-19001g, solving the Monge-Ampeére equation

_ 1 _
(x| + V=10000)" = -0 £ T, [X Yowk =0, Ag = Ayly-0, o = Lylymo.
0

At the nodal point P, the fibration 7 induces (up to scale) a complex sym-
metric bilinear form on the tangent space Tp X, or equivalently an SO(3,C) ~

65
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SL(2,C)/Zs structure. The orbifold CY metric singles out a Hermitian met-
ric on C?/Zs, or equivalently an SU(2)/Zy = SO(3,R) structure, so we have a
preferred Hermitian structure |-| on TpX. We can then choose local coordi-
nates 31, 32,33 on an open neighbourhood U; ¢ X and a local coordinate y on Y,
where the fibration 7 is represented by y = 37 + 32 + 32, and g = co + 12 + O(r?)
with r = (31)% + |52 + [33]?)"/%. Here the innocuous constant ¢y is a matter
of normalisation, which appears because we impose |- Xo @bow%( = 0. Using the
compatibility condition dy A €, = Q at y = 0, one calculates the normalisation
on the holomorphic volume form at the nodal point to be

V-1Q /\§|5=0 = QO /\ﬁo ANV —].dy A dg|3=0 =V —1A0(\/ —1857"2)2 A dy N dﬂ|5=0
= Ao [T V-1d3:d3,

so up to a constant in U(1), the holomorphic volume form is locally given in Uy
by Q =/ Aodj1dsadss(1+O(3)).

We focus on the fibres over the small local base {|y| < €1} with ¢; «< 1. For
convenience, we extend the function r on X, n U; smoothly to the whole X,
such that outside the coordinate neighbourhood 7 is of order 1. In X, n Uy,
one has the scaled Eguchi-Hanson metric EH, given by \/~199\/r* + |y|. Then
the function r can be thought as a smoothed out version of the distance to the
vanishing cycle. This allows us to define the weighted Holder spaces Cg’a(Xy)
on X,. The weighted Holder norm of a function f on X, can be defined by

_ -B+j|od
Hf“cga = lero(x, grsep)wx) +]§c XSy‘iPl’h r Vg, f|

Vin, f(x) = Vi, f(a)]
+ sup r(x)—,(i’+a+k EH, EH,

’
dpn, (z,2")sr(z),2,2'eXynU1 dE'Hy (QC,:L' )a

)

where the difference of two tensors at nearby points are compared by parallel
transport along the unique minimal geodesic joining them. The constant c is
meant to be small enough to make {r < ¢} contained in the coordinate neigh-
bourhood U;. Similarly, one can define the Cg(Xy) norm by setting « to zero,
and it is easy to extend these definition to tensors. A useful feature of Holder
norms, which will be used repeatedly later, is that they are local, namely if
the manifold is covered by several regions with some overlap, then it suffices to
estimate the Holder norms on each individual region.

Let 1 <« A < eIl/4 be a large number. Then for any y with |y| < €,
we can find a diffeomorphism Gy, between X, \ {r < A;|y|/*} (namely the
complement of a neighbourhood of the vanishing cycle) and an open subset of
Xo~{r < $A4]y['/*}. We can demand these diffeomorphisms to depend smoothly
on y, namely they fit into a fibration preserving diffeomorphism

Go:{re X :lyl<ep~{r< My} > U c Xox {lyl <er}. (4.1)

(This can be defined, for instance, by flowing along the vector fields orthogonal
to the fibres under the wx metric. Or one can prescribe the diffeomorphism
explicitly in the coordinate neighbourhood U; and try to extend it outside Uy,
similar to [37]. Many reasonable constructions will satisfy the desired estimates.)
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The diffeomorphism Gy , is approximately holomorphic: we can arrange so that
on X, {r < AyJy|Y*} where Gy, is defined,

. Clyl Clyl
|Qy - GO,yQO|wx < W|Qy|wx = TT|QZI|WX'

That is, the variation of complex structure causes an error of order O(‘T%‘)
Furthermore, we can compare potentials, holomorphic volume forms and the
background metric wx on Xy and X, to higher order. For instance,

* 2 2
16657 =7l cw, rmx ety < Cloh

H GS,yQO - Qy ” Cck

L (Xyn{r<Aqy|t/4}) < C|y| (42)

”Gay(w)dxo) -WxlXx, Ck, (X y~{r<Aaly|t/4}) < O|y|

The various power law behaviours can be seen quite easily from dimensional
analysis. It is enough to examine what happens inside the coordinate neigh-
bourhood U; c C3. The point is that to the leading order, expressions like 72,
Q, and wx have some homogeneity behaviour under the scaling 3 - A3, and
the diffeomorphism Gy, would approximately respect this homogeneity, so the
problem reduces by scaling to the case with |3| ~ 1,]y| <« 1, where estimates of
the above type are clear. This type of argument will be tacitly used many times
later when we assert good properties about diffeomorphisms.

!
y’
the Eguchi-Hanson metric EH, to G§ , (wsrr|x,) at scale r ~ [y|'/°. The gluing
region is then contained in the coordinate neighbourhood U; by €; <« 1, and

avoids the vicinity of the vanishing sphere {r < Aq[y|"/*}.

One can now construct an approximate CY metric w;,, essentially by gluing

|1/6

Let v1(s) be a cutoff function,

o[t T2
s) =
n 0 ifs<l.

and let 75 =1 —;. We define
r

14 2 * r
Wy = wx|x, + \/—_186{71(W)G07y(1/)0 ~co) +72(w)\/ iyl (4.3)

The diffeomorphism is well defined on the support of ;, so this expression
makes sense. We remark that there can be many minor variants to the gluing
ansatz.

Lemma 4.1.1. Ife; < 1, then w; is positive definite, namely a Kdhler metric,
and for -2 < 8 <0 satisfies

1 _ 1 2
o , / -ip+2
Wy = g (e [ A0, 13l e,y < Ok lyl™e775.

Here the constants are independent of y as long as |y| < €.

Remark 4.1.2. In particular |f,|p= = O(|y|12P*D) « 1, meaning that the
nonlinear effect is weak.
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Proof. When r > 2|y|*/%, this wy, is just wx|x, + \/—135G37yd)0, which we would

like to compare to G, (wx|x, + V-100vy). To control their difference, we
examine

A Yaka * a C 2 L
TQ|88G0,y(’(/JO_TQ_CO)_G07y88(w0_r2_60)|EHy < % S 7V (ho-17=co)| < Clyl.
i=1

The first inequality uses the general observation that the relative error caused
by variation of complex structure is of order O(‘%‘)7 and the second uses that
|VE (1) = co = 12)| = O(r*7%) on the orbifold X,. This can be contrasted with
5 5 Clyl
2 * 2 * 2
r°|00G ,r° = Gg 007" |ER, < 2
which is the dominant error term for small . The higher order estimates proceed
in the same fashion, and one eventually gets

[wxlx, +V=100G w0 - G, (wx|x, + V=1004)] Clyl-

<
CF (Xyn{r>2]y|*/c})
This easily implies the positive definiteness of w?’/ in this region. Morever,
2 * 2
- <
||wy GO,ywSRF|X0 HCi"AL(Xyﬂ{T>2|y|1/6}) = C|y|

But we know

WSRFG(O = A6190/\§07 |AO_Ay| < C|y|a HQy - GaayQO“Cf4(Xyﬁ{r>2|y|1/6}) < C|y‘7
so we can assemble the facts to see
12 -1 e}
i = 4572 A Q| o rmapypiisyy < CIY- (4.4)

Now we analyse the region {|y|'/® < r < 2|y|'/%}, where the cutoff error is
supported. The term wx|y, is of order O(r?) small compared to the Eguchi-
Hanson metric £H,. To understand the deviation of w; from EH,, it suffices

to examine v—l@é{yﬂlﬁle)(Gay(wo —cg) =/t +|y|)}. We have
|7 vt

* 2
||G07yr

Clyl,

<
Ck,(XynU1)

2
- ”CS((UlﬂXy)\{r<A1|y|1/4}) < Clyl,

* 2 2 4
||Go,y(¢o —C—T )||CEQ(U1ﬂXy)\{7“<A1|y|1/4}) <Crirt < C|y|7

50 G (0 — co) = /7 + ]|

C, we see

< Cly|. Using also H'yl(‘y‘%m)

<
CE, ({lylM/o<r<2ly|t/6}) C(Xy)

r

Hag{Vl(Wj)(GS,y(%—Co)—\/7’4+|Z/|)} < Clyl.

CE, ({lyl/o<r<2y|t/o})

In particular, there is a pointwise estimate

r

Iaé{m(W)(GS,y(wo = co) =/t + 1y} em, < Clyllyl™° = O(ly|"*) = O(+*).
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We observe r ~ |y|1/ 6 is precisely the scale where various error sources are of

comparable strength. We can now easily see the positive definiteness of w, in
this region.

There is yet another source of error coming from the holomorphic volume
form. Since Q2 = \/Ag(1+O(3))d31d32d33 where O(3) is a holomorphic function,
and Q = Q, Ady, we can check from the explicit volume form of the Eguchi-
Hanson metric, that

Vi, {(V=100\/14 + [y])? - A7y A QY e, = O(7)
Combining these discussions,

oy’ = 4,72 A2y |

<Clyl. (4.5)

1 (Xyn{JylH/O<r<2ly|t/6}

Finally, when r < |y|'/%, the error to the volume form is of order O(r?)
with good higher order estimates. These combined with (4.4), (4.5) imply the
claim. O

To perturb the approximate metric w;, into the actual CY metric wsrr|x,

on X, we need the crucial mapping property of the Laplacian on the weighted
Holder spaces.

Lemma 4.1.3. (Compare [37] Proposition 3.2) If =2 < < 0 and |y| < €1,
then the Laplacian A, : C§+2’Q(Xy) - C’ELO;(Xy) restricted to the subspaces
of functions with ]Xy fw?’f = 0 is an isomorphism, and the inverse satisfies a
uniform estimate in f and y

|azis

orrneceyy SO0 D) W lotaex,y- (16)

Remark 4.1.4. This can be proved using the weighted Schauder estimates
-B
Hu\|c§+z,a(Xy) <C HA““C’;;;(Xy) +Cr u||Lm
and a standard blow up argument.

The implicit function theorem then implies in a standard fashion that

Proposition 4.1.5. (CY metrics on the smoothing of the nodal K3 fibre)
Let -2 < <0, and |y| < €; < 1. There is a unique potential function ¢; with
[Xy ;wf =0, such that

wSRF|Xy :w;+\/—18(§w;7 (wSRF|Xy)2 ZA;lﬂy/\ﬁy,
with the uniform estimate in y,

[yl < Ok Byl 8575, (47)

Remark 4.1.6. In particular |1, | < Cly|375%77, so |ny Yywkl = O(Jy|3757).
There is a different normalisation convention for the potential,

wsrr|x, = wx +V-1001,, fX PYywx = 0. (4.8)
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The advantage of (4.8) is that it makes sense also for fibres outside {|y| < e1},
so is more useful for the global construction of the semi-Ricci-flat metric. We

have b, = 0+ (s ) G (o= co) +72 (VT + ol +co +ch(y). where ch(y)
is a constant on X,, with |ch(y)| < C(A)yl3 47, for any 2< §<0 and Jy| < 1.

We take the opportunity to consider deformation of the CY metrics
wsrF|x, as the complex structure varies with y. When |y| > €; so X, is bounded
away from the singular fibre, then it is a standard fact that the potential 1,
solving (4.8) deforms smoothly with y. In particular we can take a trivialisation
G, for the fibration around a given fibre X/, which induce diffeomorphisms
Gy, identifying sufficiently nearby fibres X, with X/, and then the potentials
are compared as |¢, — ¥y| < Cly - ¢'|. We would like to extend this kind of
Lipschitz bound to fibres with |y| < €.

Given a fibre X, with |y'| < €1, we can take a fibration preserving triviali-
sation G, over the disc {y: |y —y'| < e2|'|},

Gy {ze Xy —m(x)| < ely'} > Xy x{ly -y <ealy'|} € Xy xC. (4.9)

This can be defined, for example, by flowing along the vector field obtained by
the orthogonal horizontal lift of tangent vector fields on Y, using an ambient
metric wx. For |y —y'| < esy’|, this induces the diffeomorphisms G, , from X,
to Xy, depending smoothly on y. We can demand

_Cly

Cly -1 o
MKZZJLHX - ra Y ||Qy|wx7

|Qy - G;r7yﬂy'|w}( < |5|2

namely the variation of complex structure causes errors of order O(Iy%ll) The
analogue of (4.2) is

16y s = o (x,) < Clu-v1
HG;/’y(wX|Xy/) - wx|x, ||c§2(xy) <Cly-v|.
We put an approximate CY metric on X, as
w;’ = WX|Xy +V —1856’;,4}%.

This can be compared to G}, (wSRF|Xy,) = G;,)y(wx|xy, + \/—185¢y/). To
estimate their difference, the main issue is to control the norm of G;,,y(aéwy,) -
85G;,7y1/)yr. We first examine the pointwise bound measured against wsrr|x, -

. B ~ C a2 2 o C ot
P2 (000,) - DOG | < % ST Vg, < %
j=1

J

The first inequality uses that the relative error caused by the variation of com-
plex structure is of order O(ly;f |), and the second inequality makes use of
Proposition 4.1.5 and its ensuing Remark to control %,,. This estimate can

easily be improved to higher orders, to give

lewsy - Gy y(wsrrlx,,) |Cf4(xy) <Cly-1v



4.2. CONSTRUCTION OF METRIC ANSATZ 71

One can assemble the facts to show for -2 < 5 <0,

- oY _1
H (w;/)Q - AyIQy A Qy”c’g’_;(xy) <Cly- y,||y,| 1(7+2),

In particular the volume error is O(ly;—f,l) small in L* norm, which for |y —y/'| <
€aly’| < Cear* << r* is small in absolute norm. This signifies that nonlinear effect
is weak. Then one can use Lemma 4.1.3 and the implicit function theorem to
solve

(wy +V/=1004))* = A1 Q, A Q,

with estimate ng”c}j”“*(xy) <C(k,ou, By -y |ly']" 575+ for -2 < B <0. Com-

paring this with (4.8), and installing the suitable integral normalisation condi-
tion, we get

Lemma 4.1.7. The function v, defined by (4.8) satisfies the Lipschitz type
estimate: for -2 < (3 <0,

* _1
Gy sy = ullgrine ) < Ok 0 B)ly = Iy 737+

uniformly for y'| < e, |y —y'| < eafy/].

Remark 4.1.8. As mentioned before, for |y'| > €1, |y — y'| < e2|y’|, we have the
easier analogue: for -2 < 3 <0,

“G;’,ywy' - 7/’9 Hckn,a(xy) < C(k’ «, B)|y - y,|'

Here we can use the usual Holder norm, and it is understood that y,y’ € Y do
not come close to other critical values in S. When y,y’ go beyond the coordi-
nate neighbourhood, then |y —y'| should be replaced by the qualitatively similar
expression dy., (y,y').

Remark 4.1.9. Comparing Proposition 4.1.5 and Lemma 4.1.7, if we consider
ly —y'| ~ tY?, then Yy, and G, by =1, have comparable norm estimates when

lyl ~ 177

4.2 Construction of metric ansatz

4.2.1 Embedding the model metric wcs

Recall from Chapter 3 the CY metric wes = v/=190¢¢s on C? with standard
coordinates z1, 22, 23. The asymptotic formula with remainder estimate is

1
GCs = Poo + Py oo = 5|y|2 +VH+a, [éelere csy<C, (4.10)

where

H:|zl|2+|22|2+|23|2, gzzf+z§+z§, a=\/|g?+VH+1.
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Here we introduced the notation g as f will be reserved later. The volume form
is wfég = % Hil V—=1dz; ndZz;. According to the motivations explained in Section

1.4.3, we perform the change of coordinates (1.16)

t

3i=(m

t t
1/3 . _ 1/6 pri/4 _ 2/3 ~
)Pz (2Ao) c Y (2A0) ¥,
which defines an embedding map F; of a large complex ball in C3 into X:

Fy: (|’ + |2 + |za* s 777} € C > (3 435 +55 s 1} < X,

4.2.2 Weighted Holder spaces on X

In section 4.2.3 we shall construct an ansatz metric ; on X, and estimate the
error of its volume form. Since the actual construction is rather complicated, it
is helpful to keep in mind the following cruder picture:

e In the region Uy n{|y| < e1} ~ F; 1 (Ui n{|y| < €1}), the metric 6, is approx-

imately ( ﬁ Y3 0cs.

e The region with |y| < €; and suitably away from the vanishing cycles, can
be identified via the diffeomorphism Gy with a subset of Xox {|y| < e1} (cf.
(4.1)), and 0 is approximately the product metric wSRF|XO+%\/ -1ldyndy.

e For |y| 2 €1, the metric 6; is essentially the semi-Ricci-flat metric wggrp.
Since we are staying away from singular fibres, wggrp is uniformly equiv-
alent to wy +t 1@y

These descriptions are compatible on overlaps.

The purpose of this Section is to introduce the weighted Holder spaces
on X, adapted to these local geometries.
We first set up the weighted Holder spaces C’?’Ta(XO xC) on X xC equipped

with the product metric wsgr|x, + %AO\/—_ldyAdy. It is convenient to substitute
the variable ¢ = (ﬁ)‘lpy, so the metric becomes wsgrr|x, + 2v/-1d¢ A d(.
Recall on Xy we have a function r, uniformly equivalent to the distance to the
node. Let p=+/r2 +|¢|? and w’ ~ 2+ The weighted Holder norms on Xg x C are

k
||f”c§,a(xox(c) = Z Supp_5+3w'_7+3|vjf| 4 [p_6+kw'_7+kka]o)a. (4.11)
5T ]:0
where for any tensor T,

T(z) -T(z'
[T]oa=  sup p(x)aw’(x)aw
d(z,a")<r(z)/10 d(z,z")

These weighted norms are adapted to viewing Xy x C as having a local conical
singularity at the origin with singular link, and are designed to resemble the
weighted Holder spaces for (C2,wes).
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Define the set Uy = {|y| < er,r > Aily|/"/*,r > t'/} ¢ X, which can be
identified via the diffeomorphism Gy with an open subset G(Uz) ¢ XoxC. This
allows one to compute the weighted Holder norm on Us ~ Go(Us). Similarly one
can compute the weighted Holder norm on U by viewing it as F; 1(U;) c C3,
using the metric wes. Let Uz = {x € X : Jy| > §} c¢ X be the subset of X staying
away from all singular fibres. On Us it makes sense to compute the usual C*®
norm using the metric wx + Jwy-.

Now we can define the weighted Holder spaces C’(’; . (X). The weighted
norm is

_s 1i5_r
H-fHC:;ft(X) =t Hf“c?f(Ul,ng) + Hf“c(?f(%) +¢2(0°7) ||f”ck,u(U3) (4.12)

Similarly, one can define the C’!{Tyt norm, namely by setting a to zero. The
definitions also extend to tensors, with a suitable twist to the powers of ¢ to
maintain compatibility with differentiation. For instance, for a 2-form 6

_s Les—
HHHC(’;,’;,T,M(X) =t H9||c§;g,772(ul,wc3) + |‘9Hc§;gj72(U2) +t2(077) 101 cr.o 1) -

To see (4.12) is a reasonable definition, we can check that on the mutual
overlap of Uy, Us and Us, the different definitions of norms are equivalent up to a
bounded factor independent of t. On Uy nUs, the metric tY/3wes ~ t1/3/=100¢ oo
is uniformly equivalent to the metric G§(wsrr|x, + %AO\/—_ldy/\dg). The weight
functions are related on Uy N Us up to bounded factors by

p~tVoq, pa tMSHYA W .

This is enough to conclude the equivalence of ¢t~/6 H'HCé,,(Ul,wcg) with H~HC§‘T(U2)
on Uy NUs. The higher order equivalence is similar. Likewise with U; n Us and

U2 N U3.

4.2.3 Regularising the semi-Ricci-flat metric

The aim of this Section is to produce an approximate CY metric 8; on X. The
heuristic idea, as explained in Section 1.4.3, is to glue a scaled copy of wes to
the semi-Ricci-flat metric wgrp. This is complicated by the need to regularise
wsrr- The rough idea of this regularisation is to replace wgrpr by local product
metrics when we are far from the vanishing cycles, and utilise the construction
of the model metric on C* when we are close to the vanishing cycles.

To save writing, we will pretend there is only one nodal fibre for 7, although
the presence of many nodal fibres causes no extra difficulty. We define a partition
of unity {x;}Y, on the base Y, such that yo = 1 on {|y| < t7ar } and supp(yo) ©
{ly| < 2t7% }. For 1 <i < N, the supports of ; are contained in {|y| > 74+ } for
some fixed number -2 < 7 < 0, each centred around a point y; with wy-diameter
scale t'/2. We can demand that 0 < xi < 1, and all these y; have uniform C*
bounds with respect to the smooth metric ¢~*wy for any given positive integer
k. Morever, at each point in Y the number of non-vanishing y; is bounded
independent of ¢, even though the total number N ~ O(%)
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We can now write down the metric ansatz 6; as

1. L .
@=wx+?w+v4WWZkﬁ%Ww+XM%+%( )G (2o = co)
i1

#1/10 4 ¢35 p1/6

Iy )1/3(¢c3+\/ +a))}.
(4.13)

+ —
72 (t1/10 + t12 1/6

Remark 4.2.1. We explain the meaning of this construction, in the order of
decreasing length scales, before carrying out the error estimates. The positivity
of 0; will be clear in the course of these estimates. As a caveat 6; is not smooth,
due to the non-smoothness of Oy (cf. Section 1.4.3).

e When |y| > 2t73% , including in particular [y > 1, we are far from the sin-
gular fibre, and the construction is 0y = wx + %o’by +1/-100 Zi]\il XiGy, Yy, -
Recall from (4.8) that 1, is the potential of the CY metric on X,,, which
we can graft to its nearby fibres using the diffeomorphism G, (here Gy,
is well defined over the support of x;, and only a small number of x; ac-
tually contribute around a given fibre X, ). The resulting 0; is close to the

semi-Ricci-flat metric. Remark 4.1.9 explains the choice of power tTav

o When t1i < ly| < Qtﬁ, the metric 0, starts to receive contribution from
the nodal fibre Xo (here the diffeomorphism Go is well defined on the
support of the cutoff functions and is used to graft the potential on Xy to
X, ), but the fluctuation effect of wes is not yet significant. The expression
inside xo plays the same role as the potential of the approximate metric
wy on X, as in (4.3).

e When |y| < tT butr > (t110 4 1112 p1/6Y the metric 0, is essentially
1 ~. Y L
975 ~Wwx + ;o\)y + vV —188G01/)0,

which is approzimately the product metric on Uy ¢ Xg x C. We now sum-
marize the basic numerical properties of the cutoff scales. For |y| 2 315,
namely |j 2 t71°, the term tY12p1/6 > |y|/S dominates the term tY/10,
so the cutoff scale of ’yl(m) is comparable to the cutoff scale of
Vl(lyl%) in agreement with the gluing scale for wy in (4.3), explaining our
choices of exponents in the cutoff functions. For |y| < 315 the cutoff scale
of'yl(m) is comparable to the cutoff scale of v1 (), deviating
from the glumg scale of wy. The transition between these two behaviours
happens at |y| ~ ~ 1315 for which the cutoff scale is  ~ t'10, p ~ t1/1°0  and in
terms of the coordznates on C? this means a ~ HY* ~ t~ 1/15, w ~ 1, and the
effect of reqularisation on the semi-Ricci-flat metric becomes appreciable.

e When |y| < tﬁ, and r < t'10 + t1/12p1/6, the metric is

et-wwiwyw_aa( Y3 (¢ +VH ).



4.2. CONSTRUCTION OF METRIC ANSATZ 75

This region is contained in Uy, so we may use the coordinates on Fy 1 (Uy) c
C3. If we replace %d}y by its leading term

e

-1 _
AoV Ty ndg = (5 i~ dj = () T00 )

then we recognise that
t = 1
Gt ~Wwx + (ﬂ)l/g\/ —188{\/H+a+ §|g|2 + ¢(C5} wx + (7)1/3(,0@3.
0 Ao

But wx s in fact far smaller than (2 )1/3w@ so we are left with 0y ~

(m)lmw@s. The subset {H < 1} sits at the ‘quantisation scale’, where
the semi-Ricci-flat approximation breaks down completely.

We now turn to the error estimates, beginning with the regions where the
semi-Ricci-flat behaviour is dominant. We first calculate how much the metric 6;
restricted in the fibre direction deviates from the CY metric on the fibres. This
is a familiar problem given the work in Section 4.1.5, so we will only indicate
main modifications.

Lemma 4.2.2. Fiz -2 <7 <0. When |y| > tT, the deviation of O¢lx, from
x, 18 estimated by

2

x, = wsrFlx, | gra ) < Clhia T2y m3 ), (4.14)

When |y| < tTae | but 1 3 110441216 the deviation of 0| x, from G§ ,(wsrr|x,)
18 estimated by

t3/5—s)
(4.15)

||6t|Xy - GS,U (wSRF|X0)”Cff(Xyn{r2t1/10+t1/12p1/6}) < C(kv Q, €, T) max (|y|7
where € >0 can be made arbitrarily small.

Proof. When |y| > Qtﬁ, since the support of x; has wy-length scale ~ t'/2, we
use Lemma 4.1.7 and the ensuing Remark to see that ||¢y -Gy, Uy,

k42,0 <
) Cr7o%(Xy)
Ct2|y|~1(7+2) whenever y; # 0 at y. Since at any y the number of non-vanishing

Xi is bounded independent of ¢, these errors cannot accumulate, so adding up
Xi(¥y = G, ,¥y,) and applying v/~100 in the fibre direction, we see (4.14).

When |y| ~ ¢T3, we can make a few simplifications to (4.13) with negli-
gible effects. The cutoff function 71(W) is practically replaceable by

Wl(w‘%m), and likewise with 2. We can also replace vV H + a with \/H + g, and

use the estimate (3.16) to drop the ¢, term in (4.13). Then the potential term
in (4.13) proportional to x is reduced to

T % T
co + 71 (176 ) Go,y (Yo = co) + v2 (75 )Vt + 1y,
Iyl [y

which by Proposition 4.1.5 and its ensuing Remark, deviates from 1, by 1/); +
¢ (y), with estimate

[+ b @ g, < O ~ CER D),
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This contribution is comparable in strength to Hwy -Gy, Uy, SO we

O (Xy)’
have (4.14) as in the previous case.

When |y < tTam, but r > 2(¢H0 + ¢1/1251/6)  we have 6, = wx + 1oy +
V=100G1pg. Restricted to the fibres, this situation is identical with what we
saw in Lemma 4.1.1, and

2

Xy Gs,y (wSRF|Xo)HCgLﬂ (Xyn{r>2(t1/10441/12 p1/6)}) < C|y|

When |y| < t735 , and 7 ~ t1/10 + ¢1/12p1/6 e have contributions from the
cutoff region. As mentioned in Remark 4.2.1 there are two subcases. When
ly| 2 t3/°, the cutoff function 71(W) can be practically replaced by
'yl(lyl%/s), and likewise with v2. We are in a situation similar to Lemma 4.1.1,

and the main correction term is tl/gqﬁ('cg, which by (3.16) is of order O(t'/3a~1+¢).
(In fact there is another error term caused by the deviation of t'/3/H +a
from t'/3\/H +1j|, which has to do with regularisation. This error is of or-
der O(t'/2a™'), which is a little less significant than t'/3¢/,.) The correction

effect of t1/3¢('cg to the metric is of order O(t'/2a~1*¢r=2). The relative strength
of this new error source compared to the error already present in the previous
case, is or order

N

t1/3a_1+67“_2 t —%67,.2 t%—%e tl—%e

Oy ) TG =G

When we come near |y| ~ t3/°, this new error source t/3¢L; overwhelms by
a relative factor O(t"15€) = O(¢™¢), while for |y| > ¢33, this new error is not
significant. Thus in this new region {t3/> < |y| < tTaw 1 ~ /10 1+ {1/121/6}  the
previous estimate is changed to

||0t|Xy - Ga,y (wSRF|XU)”CZ“(Xyn{r%l/l?pl/G}) < C'max (|y|7 t3/5_6)'

On the other hand, if |y| < t/°, then yl(m) can be practically

replaced by v; (tl/%o), and likewise with 5. The main errors are caused by the
variation of complex structures, the deviation of the nodal K3 metric from the
flat orbifold metric on C?/Zs, and the presence of ¢/ S(b('cg. Since we are working
at the scale r ~ t'/1°, the various sources of error for the potential are of order

O(%) =0(t*°),  O(r*)=0(*"), O(tPa*) = O(t5 ™).

.

°) = O(t'/57¢). The higher order
derivative estimate involves no extra difficulty. Hence for |y| < t3/5 and r ~ t1/10,

2_
The error for the metric is of order O(*%

3_
H9t|Xy - GS)y(MSRF|X0)||C§&Q(Xym{“t1/m}) < COt57€,

A more uniform way to present these estimate is that for |y| < t7%, and r 2
10 4 1125106 there is the estimate (4.15) where the exponent € > 0 can be
made arbitrarily small. O
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Staying still in this region, we wish to estimate how much the volume form
of 6; fails to be Calabi-Yau. The defining condition of the CY metric w; is

(t715,)% = at" VIO AT, at:tf(t_l[wy]+[wx])3:3+t/ W,
X X
under the normalisation [ /-1QAQ =1, [ [wy] =1, ny w% =1. Writing

03 = it (1+ f,)V-1Q A Q, (4.16)

the task is to estimate the error f; in the weighted Holder norm introduced in
Section 4.2.2.

Lemma 4.2.3. Let -2 <7 <0 and § > 3 T—* 6< T, then in the region
{lyl 2t} and the region {|y| < t T 7 > tl/lo t1/12 1/6} the volume error is
estimated as | f; HCSL(S,T-Q, < C(a,é, T)t6 , where §' = -7+ 16+ 5= (2+ 37 -9).

Proof. The dominant term of 63 is %WSRF@Q/‘Z)Y = %\/—19 A Q. The deviation
comes from two sources: the fibrewise deviation of 67| x, from w2y p|x,, and also

(6¢— %@y)?’, which involves understanding the horizontal component of 6; — %d}y
and can be thought as fluctuation of the generalised KE metric @y .

Consider first the region with |y| > 2tTier . Fibrewise deviation from Calabi-

Yau metric causes an error f; = m 1= % 1, whose pointwise
t T /1A - WSRF@(y ’ p

magnitude is controlled by

_ 1 _
|ft,| S O ||9t|Xy _wSRF|Xy ||CO,2(X1/) TT ’ s C(t1/2|y| 4(T+2)TT 2

< Ct1/2(t1/2p)—%(‘r+2)p7'—§7,,‘r—2p5—7’
< Ct%(%r—é—%)t%(lﬂs—‘r) ‘r—2p§—7'

<Ct14+r(4T 0-3)+5(1+0-7),,7-2 5 2 Cté T 2p5_2.

where we used (4.14) and § > 27— 1. This is the first step towards estimating f/
in the C6 2o (X0 {lyl> 2¢ T3+ }) norm in this region. Estimating the vertical
derviatives of ft poses no further difficulty.

We now make some general comments about horizontal differentiation.
Near a given fibre X/, there is a trivialisation around a small normal neigh-
bourhood, for example induced by the diffeomorphism G, where |y;—y'| < e2]y/'].
This will induce some horizontal distribution, which allows us to lift the vector
fields on the base Y to X. In the coordinate nelghourhood U; with coordinates
31,32,33, a particular lift of % is given by 3 52 e 85 , which is orthogonal to the
fibres with respect to the standard Euclidean metric in these coordinates. Now
if the trivialisation is chosen well, its induced horizontal lift of @ will differ from

> 52 e 83 by some vertical vector field whose wx-magnitude is O(‘ ‘) =0(r™?),
or equivalently its magnitude with respect to the Eguchi-Hanson metric FH,, is
O(r73). This measures the deviation between horizontal lifts for any two differ-
ent good choices of trivialisations, such as G, and G, where |y; - y;| < e2|y;].

In particular, given a function f ¢ Cf’o‘(Xyi) on a very nearby fibre X,,,
then G f defines a function near X,,. To estimate the magnitude of its gradient
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in the horizontal direction, we can fix a good auxiliary trivialisation around
Xy, equip the normal neighbourhood with an ambient metric comparable to
the product metric wSRF|Xy, + %\/—_1Ay/dy A djj, find the horizontal lift v of
\/1_66% under the good trivialisation, make v act on G}, f, and then compute the
magnitude of the derivative. (The normalisation on v ensures it is roughly of
unit length in our ambient metric.) But G, also provides a good trivialisation,
hence another lift v" of \/2?%, with |[v - v'|ph, = O(t*?r=3). Tautologically
V(G f) =0, s0

(G, N =1 =o' )(Gy ) < O PV, flem,, < CEPr2rm | fllorex, -

We may think of U(G;i f) suggestively as the horizontal derivative of Gy. 1
el oG
and write it schematically as Vit azif. Similarly we make sense of \/ET%f
Continuing in a similar fashion, if we differentiate G, f by k times and measure
it using the ambient metric, then as long as our choices of trivialisations are well
behaved (meaning v—v' have good higher order weighted Holder estimates), we

will get

tk/2|%| < Ctk/27;3kr'rfk Hf“
Qiydk-ig = or o (Xy
The main effect of horizontal differentiation along a unit vector, compared to
vertical differentiation, is that it brings about an extra factor of O(t'/?r=3) for
each derivative. This principle also works for tensors. The ultimate reason is
an approximate homogeneity under 3 — A3, which reduces the problem to the
case where r ~ 1, ]y/| «< 1.

)

As a special observation, as long as r > ¢'/6, horizontal differentiation is
suppressed by vertical differentiation. Using these principles, we see in particular

/ 8
”ft |‘C§'g,_2,t(xm{|y|>2t T 9 sCt

But the metric wy is only Lipschitz, so the best improvement is the Cg—Q,T—Q,t
bound.

Staying in the region {|y| > Qtﬁ}, we also need to estimate the error

i (Be—toy)?
tT 31/ 10AR
t~'@y)? depends on knowing the horizontal part of 6; — ¢ '@y (the horizontal-
vertical mixed terms also play a role, whose contributions can be treated simi-
larly). This in turn requires understanding the horizontal second derivative of
G ¥y, and the horizontal component of \/—_185{)@-((?*1_1/)% - Gy by;)} when

ct
TE'

Since 6; is approximately wsrr|x, on the fibre, the size of (6; -

the support of x; and x; overlap. The former is estimated by using Section
4.1 and the above principles concerning horizontal differentiation. Notice in our
region this error is insignificant compared to f;:

Qf}t « Ct1/2|y|%(T+2)TT_2.
T

The new feature of the latter term \/—laé{xi(G;i Yy, = G}, ¥y;)} comes from
differentiating x;, which by Lemma 4.1.7 can be controlled. For instance,

|(G*ﬂ/)y1 - G;]wyj) v _165XZ| < C|G*1wy1 - ng]/(/)y]| < Ct1/2|y|_i(‘r+2)r‘r7
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which is again dominated by Ct1/2|y|’i(”2)7"7’2; the same happens for all terms
involving differentiating x;. At each given point only a bounded number of y;
contribute, so the errors do not accumulate, and the horizontal part of 6, — %(:}y

is dominated by CtY2|y|"3("*2);7-2 whence the same holds for |f{']. All these
indicate that f;’ is less significant compared to f;. Proceeding further,

" 6’
If{ ‘|Cgl(;,r—2,t(Xn{|y|>2tﬁ}) <Ct°.

The total error f; can be expressed as
3

fi=-1+—0+f +f).
Q¢

Here the normalising constant is a% =1+ O(t), so combining the above discus-
sions, in the region {|y| > 2t 1% },

6’

”ft“co.a (Xﬂ{\u\>2tﬁ}) Sct .

5-2,7-2,t

In the region {|y| ~ £73% }, there are new contributions from the terms in
(4.13) inside xo. The arguments are very similar, the new ingredient being that
¢ is negligible by (3.16). The result is

6/
HftHCg,a (Xn{‘quﬁ}) <Ct°.

—2,7-2,t

Next, we focus on the region with |y| <t but r 2 (£1/10 + t1/12p1/6) Ag
before we start with the contribution f; measuring the failure of fibrewise Calabi-
Yau condition, making use of (4.15) and the fact that the fibrewise holomorphic
volume form €, is close to Q. In the subcase of |y| > t3/%, since -2 < 7 < 0,
§<2+32 0<e<«landrzly's,

£l < Cmax (#8757, [y)r™* < C(max (£%°°, [y[) o™ r =) p" 2w
< Ot 20 (max (877, [y )|y [yl ¢ 7)o"

< Ct%ﬂ%&tﬁ(2/3+57/675)p572w772
_ Ct5'p6—2w7'—2
On the other hand, when 7 > 2(¢}/10 + t1/121/6) " the fluctuation error f!’ is
t
f/] < O < Jylr™,
r

so is insignificant compared to f;. At the cutoff scale, there is an extra term
coming from tl/?’<;5(’c37 which gives a contribution to f!” of order O(t'/3a=1*r"2),
which is again dominated by C' max (t3/5’6, ly|)r~*. Proceeding further,

<ct”.

6 <
” ft |‘C§'_§,_2,,,({t3/55\y\<t Ta+7 rptl/10441/12p1/6})

In the region {|y| < t*/°,r 2 t'/19}, the error due to failure of fibrewise
Calabi-Yau condition can be estimated by (4.15)

|ftl| < CtS/S—eT—ZL < Ct2/5—6/10—6p6—2w7—2

b
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and the fluctuation error is

< [Co o, r > 2(£10 4 $1/1215)
I OB 2 < Opf5ept o 110,

so |f{| is the dominant error. Proceeding as usual,

2/5-6/10— &
Hft HCSLZ,T_QW,,({|y|<t3/5,TZt1/1°}) <Ct /5-6/10-¢ < t°.

Combining all the discussions above gives the claim. O

We now turn attention to the region {|y| < tTas 7 < t1/10 1+ 1/121/6}
where the metric 6; is predominantly (ﬁ)l/ 3wes.

Lemma 4.2.4. Let -2<7<0 and J < % + %T, then in the region {|y| <t r <
£1/10 +t1/12p1/6}: the volume form error | f HC?;‘; N < C(a,é,ﬂﬁ'_

Proof. As explained in Remark 4.2.1, in this region the deviation of 6, from
(ﬁ)l/?’wca arises from (A, - Ag)@y and wx.

On F;1(Uy) c C3, the metric Fjwy is comparable to the Euclidean metric

t2/3\/=100H, whence |F}wx Hck,a(Ul weg) S Ct?3. In particular in the region
2,2 W
{ly| < tTae < 110 4 $1/1251/6% yging that § < % + %T and -2 <7<0,

Wx|w < Ct2/3(H n 1)1/2 < Ot i B+ -0)+30-37,0-2, 7-2 _ Cté’+5/6a5—2wr—27
Since A, is Lipschitz in y, the term %(Ay — Ap)@y is controlled by

1 - 1~
Ay = A0)ov Loy < Clyllt Ly < Yy < (T + 1)1,

. e e 03
so this contribution is insignificant compared to wx. Hence f{" = o 1
34, /93

satisfies the estimate || < Ct+9/6-1/345-2¢y7-2 Proceeding further,

iz 5'+5/6-1/3
6 X <Ct .
Hft ‘|Cg$17,2({‘y‘<t Ta+r ,r<t1/10+t1/12p1/6},wC3)

This cannot be improved to higher orders because we do not have higher order
control for A,.

Using ws = 3 [T} V-1dzdz;,

3, t

(

t g 34
(2A0 Jes = 5 24,

3
) H V —leidfi = 0 H V —1d31d31,
1

t

which we compare to
Q =/ Aods1dsadsz(1+0()), V-1QAQ = Ay [] V-1d3;dz:(1+O(r?)),

where O(3) denotes a fixed holomorphic function. We see that

(L)l = art VTIQ A Q(1+ O(t) + O(r2)).
24,
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" : — 0? —
Both this error and f;" contribute to f; = PRENY oyt 1. In total
§'+5/6-1/3
HftHCO 5 o ({lyl<t Tasr T r<tI/10441/121/6} 4y 5 ) <Ct

Finally, to convert this into the desired weighted Holder norm C’gf; gy 0n X,
we need to multiply by an extra factor ¢t~ & (cf Section 4.2.2). O

Combining the above lemmas,

Proposition 4.2.5. (Global volume form error) Let -2 <7 <0 and 37-3 <
§ <2 +3. Then

| fel cos

§-2,7-2,t

() <Ot (4.17)

Remark 4.2.6. An important test for the strength of an estimate in 06 9.7-2.4"
norm, is that it should imply that f is small in L™ norm, which is the chzef
indication that nonlinear ejj‘ects of the Monge-Ampére equation are weak. No-
tably, in the region Uy ~ F71(Uy) ¢ C3, for § < 1 + 37‘ and -2 <1 <0,

2

6
HfHL""(Ul)—CHf”C"“ 2(Ul,um)—C”ch’cu 2t(X)

The constraint on the weight is to ensure a®2w™2 < C. Thus (4.17) is only
useful for gluing purposes when
3 1 1 3 0-2
-2<7<0, -T-=<d<=—+-7, §+—>0.
4 2 2 4 6

The constraint 6 < %4— %7’ is tmplied by the others. These constraints have

solutions, for instance, if we specialize to T = —%, then we need —1% <§<0.

4.2.4 Metric deviation

In the course of estimating the volume form error we have essentially showed the
closeness of 6; to various local models. We now wish to state a coarser version
of these estimates, valid on somewhat larger regions. This can be viewed as
a quantified statement for the intuition discussed at the beginning of Section
4.2.2, and will be useful in Section 4.3.3.

Let Ao > 1,A3 > 1 be two large numbers, and 0 < €3 < ¢; be a small
number, all to be fixed independent of t. We demand that ez « (ﬁ)12 is so
2

small that the set {r > A72(t/10 + t1/12p1/6) |y| < €3} is contained in Us. For
technical convenience, we impose further that e;’/ 3A§ < e;) T

Proposition 4.2.7. Given €3, Ay, A3 as above, then as long as ¢ is sufficiently
small, the following estimates hold.

e In the region {r  t'/*0 +¢/12p/6} A {|y| < €5} c Uy, the metric 6, deviates
from the scaled C* model metric by

t
0 —( 24, ) Buwes

<C (a)el/7.
00,8
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e In the region {r > A;2(t'/10 + t'/12p1/6) |y| < e3} c Us, which can be
identified as a subset of Xy x C via the trivialisation Gy, the metric 6,
deviates from the product metric by

e Let X,/ be any fibre with |y'| > $. For |y —¢'| < Ast'? < ely], the
trivialisation G is well defined. The metric 8; deviates from the product
metric in the region {|y — 3’| < A3t1/2} by

<C(a)e".

0,a
Coloe

. 1. = _
Gt - GO(WSRF|X0 + EAO —].dy A dy)’

< C(a, 63)A3t1/2.

0,
CO,O,t

9t - G;/ (wSRF

1
X, t ;Ay/\/ —1ldy A dg)‘

Here if ¢’ goes beyond the coordinate neighbourhood, then A,/\/-1dyAdy
should be replaced by the local Euclidean metric on the base which best
approximates wy .

Proof. (Sketch) For brevity, we will only indicate how to estimate the metric de-
viation in the L* norm. The weighted Holder improvement is no more difficult,
given the methods in Lemmas 4.2.3 and 4.2.4.

When |y| < t73% the first two estimates are essentially extractable from the
calculations in Lemma 4.2.3 and Lemma 4.2.4, the point being that the metric
deviation is bounded by some positive power of ¢, so when t is sufficiently small
all these terms are negligible compared to any bound independent of ¢.

Let |y| 2 t7. We consider first the deviation of 6; from (ﬁ)l/:*w@. In
the region {r g t1/10 4 {1/12)1/6} 1 {4735 < |y| < €3}, around a given fibre Xy
the metric deviation is primarily the deviation between (ﬁ)l/ 3wes and the
local product metric GZH(WSRF|qu + %\/—1Ayudy A dj). In the base direction,
the only deviation which is not suppressed by a power of t comes from %(Ayu -
Ap)V-1dy A dy, which is of order O(Jy|) = O(es). In the fibre direction, we can
use Proposition 4.1.5 to estimate the deviation of wsgp| X, from the Eguchi-

1
Hanson metric on fibres, which is of order O([y|3~5/*4(8-2)) = 0(652(ﬁ+2)) for
any —2 < 3 < 0. The fibrewise deviation of (ﬁ)l/ 3wes from the Eguchi-Hanson
metric is negligible in this region. In particular, these errors are all controlled
by Ceé/ T The exponent is not optimal; anything less than % will do.

Next we consider the deviation of ; from the product metric G§(wsrr|x, +
1 Ag\V/~1dy Ady), in the region {r > AG2(£M10 4 ¢1/1251/6) 433t < |yl < e3). Apart
from the O(e'/7) error in the previous case, there is an additional contribution,
caused by the deviation of Eguchi-Hanson metric from G§(wsgrr|x,), which is

of order O(lr%‘) = O(le%) = O(eé/?’Ag). By our imposed assumptions, this
3).

term is also dominated by O(e

The last claim of this Proposition deals with fibres bounded away from the
singular fibre, and is therefore easy. O
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4.3 Inverting the Laplacian

We first describe the harmonic analysis on various model spaces of 8; at different
scales, and then produce a parametrix of the Green operator via decomposition
and patching, by ideas similar to Section 3.5.

Let A% (X) be the space of dd-exact (1,1) type forms completed

6-2,7-2,t
under the C’gf; —_o, Dorm on 2-forms. The trace over 0; defines a bounded map

0, 0,
TI‘@t : Aé—oé,T—Q,t(X) - Cé—(;,T—Q,t(X)'

The image lies in the subspace { [ x f03 =0} by construction. Our main result
for the linear analysis is

Proposition 4.3.1. Let -2+ a<§ <0 and -2+ a <7< 0. Then there exists a
right inverse R to Trp, on the subspace of average zero functions,

R: {f € Cglg,T—Q,t(X) : ‘/)< f03 = 0} - Ag’—QQ,T—Q,t’
with norm bound |R|| < C'(4,7,«) independent of ¢.

We shall use the Riemannian Laplacian Ag, = 2Trg, v/~100. The right
inverse R can be thought schematically as R = 2\/—_185A§t1. It maps a real
valued function to a real (1,1)-form. We emphasize that the ¢-independent
bound is optimal, which is the main strength of the method.

4.3.1 Harmonic analysis for wcs

The mapping property on C(’; *(C?,wes) follows from Section 3.5.

Proposition 4.3.2. Let -2 < 7 < 0, and -4 < § < 0. Then there exists a

bounded right inverse Pes : O35 _,(C?) - C3%(C?) to the Laplacian Aus

4.3.2 Harmonic analysis for K3 x C

We sketch the harmonic analysis on X, x C¢ with the product metric wsgp| x, *

\/ledc A d¢, following established methods of G. Székelyhidi [39], T. Walpuski
[48] and S. Brendle [1]. Here we consider either X, is one of the nodal fibres,
or y is bounded away from the critical value set S, so that X, has bounded
geometry. Of particular importance to us is an exponential decay property
when the forcing term has fibrewise average zero and compact support, which
will be exploited later to localise the Green operators.

We begin by working with the usual Holder space C’k’a(Xy x C). Denote
Ck’o"‘“’e(Xy x C) as the subspace of functions with average zero on X, fibres.

Lemma 4.3.3. The Laplacian A : C*>*%¢(X, x C) - C**¢(X, x C) is an
isomorphism, with bounded inverse P, = A™',|P,| < C(y). Morever, if the
forcing term f € C%*%¢ s supported in X, x {|¢| < B} for some B > 1, then
outside of X, x {|¢| < B+ 1} the function Pyf has exponential decay:

1P, f1< Cly, @)e™ B | fl oo, IC]2 B+ 1. (4.18)
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Similarly for the higher derivatives. The constants C(y) are independent of B,
and are uniform for y bounded away from S, ory e S.

Proof. (sketch) By standard Schauder estimate
lulcee < ClAU[ o + C llul p -

Applying Lemma 7.5 in [48], the kernel of A : C**(X, x C) » C%*(X, x C)
must be constant on the C factor, so must be a global constant. It is clear from
Fourier decomposition in the fibre direction that A restricts to a map between
the subspaces of functions with fibrewise average zero, where the kernel of A
is removed. Then a standard blow up argument shows the coercivity estimate
lul 2o < ClAU] oo

For the surjectivity claim, we can use Fourier analysis to invert A for
smooth functions with fibrewise average zero, whose Fourier transform in the C
direction has compact support. One can then remove the compact support as-
sumption by an approximation argument in the weak topology, using the above
coercivity estimate (¢f. Page 23, [39] for a very similar argument).

For the exponential decay estimate, one considers the fibrewise L? integral
h(¢) = ny u?(+,¢), which is a function on C. Since Au =0 for |¢| > B, we have

A(ch:f 2|ch|2+2uA(cu:f 2|V(cu|2—2uAqu:f 2|vul?.
Xy Xy X

Y

Now since the fibrewise average is imposed to be zero, by the Poincaré inequality
[x |Vu|* >m/?h for some m’ >0, so we have
Y

Ach>m™h, |¢|>B.

The L* bound on h is already bounded in terms of |Auls.. We now compare
h on {|¢| > B} with a positive supersolution

he = C|Aul log(2|<|/B)e_m/(|d_B) +eell D<ex1

satisfying Ache < m/?he, to deduce h < h, in the region {|¢| > B} . Sending
€ - 0 gives an exponential decay estimate on h with any decay rate 0 < m <m/,
and since v is harmonic outside {|(| < B}, by elliptic regularity this implies
exponential decay on u and all the higher derivatives. O

Now let Xy be a nodal K3 fibre. Recall the double weighted Holder space
C’Z;f(XO x C) from Section 4.2.2, which is adapted to viewing X, x C as a space
with local conical singularity at the origin with singular link. Recall the vertical
distance to the nodal line is comparable to 7, the distance in the base direction
is ||, and p = \/|(|? + 2 essentially measures the distance to the origin.

Lemma 4.3.4. Let -2 <7<0, and § > -2, then functions f in Cg;o‘g - 5(XoxC)
can be integrated along Xq fibres,

mf©= [ f mFOISCA D o xoeey-

If morever min (7,6) > -2 + a, then for |(-({'| <1,

e f(Q) = me (< CA+IENTTIC= I I loe (xoncy

6-2,7—
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Proof. For the first claim, notice
f1< CP 2w ™2 | = Cp" T2 £ < O f] max (r°72,7772),

so if 79727772 are both integrable along fibres, then |, f(¢)| < C | f| for |¢] S 1.
When [¢| > 1, then p is uniformly equivalently to [C], so |f] < C|¢|°~"r"~2, hence

[ (O < TP I£-
02— . T2-a

The weighted Holder statement uses the integrability of r T in-
stead. O

For such weights we can make sense of the subspace Cg’_’;’iﬁZ(Xo xC) c

Cgf; 7_72(X0 x C) of functions with zero average on fibres. Likewise with the
subspace C(?’Ta"we (XoxC) c C?’TO‘(XO x C). Observe also that L? integrals on

fibres make sense for functions in C’g’f (Xo x C).

Proposition 4.3.5. Let -2+ a <7 <0, and -2+ «a < § < 0. The Laplacian
A C’?f"‘we(Xo xC) - Cg’g’f_fg(Xo x C) is an isomorphism, with bounded
inverse P,.g = A™'. Morever, if the forcing term f € Cg’f;ﬁgg is supported
in Xo x {|[¢| < B}, then outside of Xy x {|(| < B + 1} the function Py_f has

exponential decay:

|Py-ofl < Ca, 7, 0)e ™ B o |2 B+1. (4.19)

Proof. From elliptic estimates

Huﬂcﬁf <C HAUHCS’,‘QT,Q +C Hp";w’fTuHLw .

We claim the coercivity estimate |u 2o < C[Au|goo . If this fails, then
8,7 §-2,7-2

we consider a blow up sequence with ”p"sw"T

1

2
. . . 2 . .

estimates provide a uniform C;’" bound, and we will use Arzela-Ascoli to extract

a subsequence to reach a contradiction.

ui”L‘” =1, HAUZ-HC((;L;PZ - 0,

and |p~w" Tu;(z;)| > &, where z; does not lie on the nodal line. The elliptic

e If z; tends to the origin, and w’(z;) is uniformly bounded positively from
below, then we perform a metric scaling so that the distance from x; to
the origin is normalised to 1, and scale the function u; to have value 1
at x;. Passing to the scaled limit, we get a nontrivial harmonic function
on the flat C?/Zy x C away from the nodal line, with a double power law
bound of the type O(p’w'™). (Here we abuse notation to denote by p and
w’ the corresponding quantities on C2/Zy x C.) For our range of weights
the harmonic function is in Ll2007 so extends over the real codimension 4
nodal line by standard elliptic regularity. But our weights also force decay
in the C?/Zy direction, so the harmonic function is trivial, contradiction.

o If r(x;) - 0, and w'(z;) — 0, then we perform a metric scaling so that
the distance from x; to the nodal line is normalised to be 1, and scale
the function wu; to have value 1 at x;. Passing to a scaled limit, we get a
nontrivial harmonic function on C?/Zy x C, with a power law bound of the
type O(r7), which implies a contradiction similar to the previous case.
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e If z; stays in a bounded region of Xy x C, and r(«;) is uniformly bounded
positively from below, then after passing to the limit, we obtain a nontriv-
ial harmonic function « in C;f’“”e (Xo x C), which must extend smoothly
across the nodal line because it is locally integrable. We note that the fi-
brewise average of u is zero. Then we can consider the fibrewise L? integral
h(¢) = onx{C} |u]? satisfying Ach > mh for m’ > 0 as in Lemma 4.3.3.

As ¢ - oo the harmonic function u = O(|¢|°"7), so comparison principle
implies h < C + eel’l. Taking the limit € - 0 shows that h < C, hence u is
bounded, so we can apply Lemma 4.3.3 to conclude u = 0, contradiction.

e If r(x;) stays bounded below, but p(x;) — oo, then we normalise u; to have
value 1 at x;. Passing to the scaled limit we get a nontrivial harmonic
function u on Xy x C with fibrewise average zero, and there is a bound of
type uw=O(r7). Then u must extend smoothly across the nodal line, and
a similar argument as before shows u = 0, contradiction.

In particular A : C53%"(X, x C) - C53% (X x C) is injective. For the

surjectivity claim, we need to solve Au = f for a given f ¢ Cg’_g’f_ﬁ‘; (Xo x C).

For this we can use a sequence of functions f; € C%%%¢( X, x C) which weakly

converge to f on compact subsets of the complement of the nodal line, and are
ve ,

. . 0,a,a .
uniformly bounded in 05721772, such a sequence can be produced using cutoff

functions and integration on fibres. Using Lemma 4.3.3 we find u; € C*® solving
Au; = f;. Notice for our range of weights O c C’(?’f. By the coercivity estimate

u; is a bounded sequence in C(?"To"a”e, from which we can extract a weak limit
u, giving the desired solution to Au = f.

The exponential decay argument is as in Lemma 4.3.3. O

Remark 4.3.6. If § > 0, then the surjectivity statement must fail. Given a
smooth function u € C(?”Ta(Xo x C), then the positive weight forces u to vanish
at the origin. But for a smooth forcing function f, in general we cannot solve
Au = f with fibrewise average zero and the vanishing condition at the origin.

Remark 4.3.7. We did not consider the function spaces C(’;’Ta (XoxC) for larger
k, because we do mot have higher regularity estimates for the metric ansatz 0y
(cf. Section 4.2.8), and because the higher order derivatives V*u = O(p°Fw™*)
can fail to be L' integrable along fibres when k is large.

4.3.3 Decomposition, patching and parametrix

Let f be a function with [ f] 0o (xy = 1. We aim to prove Proposition
6-2,7-2,t

4.3.1 by finding an approximate solution to Ag,u = f subject to the condition
Ix f603 = 0. For simplicity of presentation, we pretend there is only one nodal
fibre in X. We shall assume thoughout this Section that -2+ a < 7 < 0 and
-2+a<9<0.

Remark 4.3.8. In this Section, we regard the parameters 0,7, €1,€2, A1 as
fixed once for all, and all constants are allowed to depend on them; we will
introduce some additional parameters €3, Ao, A3 to be fized in due course, and
the dependence of various estimates on these parameters will be explicitly tracked
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down. It is also our standing assumption that t is sufficiently small with respect
to the choices of all other parameters.

We will decompose f both spatially and spectrally, so that on each
constituent of f the harmonic analysis becomes simpler.

Recall we have a standard cutoff function

o[t T2
S) =
n 0 ifs<l.

and o = 1-7;. Let Ay > 1 be a large number to be fixed independent of ¢. On
the region {|y| < €; }, we build cutoff functions

_ ’I"Ag -1
’rh_ryl(tl/lo_}_tl/l?pl/G)’ T2 = -—M-

These will be used to decompose the function near the singular fibre into regions
modelled by C? and Xy x C. We also need a partition of unity {X;}f\zﬂo on the
base Y. Here x|, is equal to 1 for |y| < e3/2 and vanishes for |y| > 2e3/3, where
0 < €3 < € is some small number to be fixed independent of ¢, satisfying the
constraints listed in Section 4.2.4. For ¢ = 1,2,..., N’ the functions x; have
supports contained in {|y| > €3/2}, each having length scale ~ t'72 in the wy
metric, and containing a point y; which we think of as the centre of that support.
We can demand 0 < x} < 1, and all these x; have uniform C* bounds with respect
to the metric t"lwy for any given positive k. Morever, at each point in Y there
are only a bounded number of nonvanishing x;, even though N’ ~ O(%)

We now decompose f into pieces.

e Fori=1,...,N’, we use the trivialisation Gy to identify X;f as a com-
pactly supported function (G;})*(X; f)on Xy;'x C, and use integration on
fibre to decompose it into the sum of a function f; with fibrewise average
zero in X, x C, and a function f! on the base:

xif = fi+ fi.

Clearly the supports of f; and f/ are contained in supp(x};). The norms

| fill co.o N fill gone $ 1 because integration on fibre is a bounded
§-2,7-2,t 6-2,7-2,t

operator for -2+ a < §<0and —2+a < 7 <0. The reader is encouraged to
think of functions on the base as the zeroth Fourier mode and fibrewise
average zero functions as the higher Fourier modes.

e For i = 0, we use the trivialisation Gg to identify x(nif as a compactly
supported function (Gg')*(xgm f) on Xy x C. We integrate on the fibres
of Xy x C to obtain a locally defined function on C,

S xoxtwy (G (m [wsrrlx,

[ng{y} WIWSRF@(O

fo(y)

Notice that 11 = 1 on most of the measure of the fibres, so the denominator
is approximately 1. The function x(f] is well defined on the support of
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X0, and has a weighted Holder bound | x{ £/ o0.o < C by Lemma 4.3.4.
5-2,7-2,t

Then we write

foa=xom(f = fow)),  foz=xom(f - fo(y))-

By construction fp 1 and fj 2 are supported where the cutoff functions are
supported, their Cgfé -5, norms S 1, and fo,;1 has fibrewise average zero.
This gives a decomposition x(f = fo.1 + fo,.2 + x0.f0-

To summarize, we obtain fy 1, f1, f2,... fzv which have some fibrewise av-
erage zero property, a function fj 2 supported near the nodal point, and a func-
tion on the base fy = x(f) + f1+ ...+ fir, which has a weighted Hélder bound
| fv Hcg,a (x) < € with constant independent of ¢, because even though we

2,72t

are summing over many terms, near any given fibre only a small number of them
contribute. These give a decomposition of f:

f=foa+fox+fi+tfot. ..+ fn+ fy. (4.20)

The strategy is then to use the harmonic analysis we developed on various model
geometries to divide and conquer all these pieces, at least approximately.

We first deal with fi, fs,..., fns, which are supported far away from the
singular fibre. Via the trivialisations Gy, we regard these as functions on Xy xC
with average zero, so we can apply the Green operator Py, provided by Lemma
4.3.3 to solve the Poisson equation on X, x C. To put these local solutions back

ly—y;l
A3t1/2

on X, we use the cutoff function X} = ya( ), where A3 is a large number to

be fixed independent of t. We write

NV
Pif = Y XiPy fi- (4.21)
i=1

Notice the cutoff procedure makes the function well defined on X.

Lemma 4.3.9. Given €3, then we can choose A3 sufficiently large, so that for
sufficiently small t with respect to all previous choices,

Proof. In this proof we shall not keep track of dependence on §,7,a,€e3. By
Lemma 4.3.3 there is a uniform estimate,

N
Do Prf-) fi

<o HPlfHCz'”‘ (X) SC(63704,6,T).
=1

100’ S.rot

0,
25 Ly (X)

“Pyifiucz,a(xy,'xc) <C HfiHCOva(Xy;xC) )

and a uniform exponential decay estimate with rate m on [P, f;| and the higher
derivatives, for |y — /| 2 t'/2, namely outside the support of x/.
We examine the norm of Ay, Py; fi = fi- The error comes from two sources:

the cutoff at scale |y — y!| ~ Ast'/?, and the deviation of #; from the prod-
uct metric on X,» x C. Because of the exponential decay, the cutoff error
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is of order O(exp(-mAs) |fi|co..). The metric deviation error is of order
O(t*? A4 ||Py; fi”Cz,a) using Proposition 4.2.7. For ¢ sufficiently small with re-
spect to all previous choices, the errors suppressed by a power of ¢t can be
ignored, so

||A9th:fl - fi”CO‘“(Xy,_ xC) < CeXp(—mAg) HfiHCOv“(Xy( xC) *

The norm on C’U’“(Xy; x C) differs from the Cgf; +-2.4(X) norm by a factor of

order ¢2(0=7) (¢f. Section 4.2.2). These weight factors cancel out to give
-mA
|80,y fi=fillcos | oy SO illegs 0 <C

Now we want to sum the contributions over i. Our cutoff procedure ensures
that each forcing term f; can only influence the points with |y — yi| $ Ast!/?, so
each point y only receives contributions from O(A%) terms. Thus

When Aj is chosen to be sufficiently large, we can make this coefficient arbi-
trarily small. Once we fix this choice, the claims of the Lemma are clear. O

—mA-
<CAze™ | fllgoe  (x)-
C5s o n(X) o

Nf
Pif->f
i1

Remark 4.3.10. The intuition is that by the exponential decay property, the
forcing functions with fibrewise average zero have localised effect for the Poisson
equation. They almost do not interact with the rest of the manifold, so their
effects do not accumulate.

Next we deal with fp 1, which is supported on the support of x(n; and
thus can be regarded as a function on Xy x C with some fibrewise average zero
property. We prepare a cutoff function y{, on Y, supported in {|y| < €3}, is equal
to 1 on {|y| < 3e3}, and |Vf_1wy)26| < C(k)(tY?€31)*. We also need a logarithmic
cutoff function ,
log (srmosz,i7s)

n=m log Ao
which equals 1 on the support of fy 1, and whose gradient is supported in the
range Aig < m < A%, involving O(log A2) dyadic scales. Its key prop-

C
log As?

order O(logﬁ) compared to ordinary cutoff functions. Then we set

Po1f =XomPy=ofo1, (4.22)

where we recall from Lemma 4.3.5 that Py is the Green operator on Xy x C
for the product metric.

erty is that ||diji[ ke < namely that we can gain an extra factor of
—1,-1,t

Similarly we deal with fy 2, which is supported on the support of x{n2,
so can be regarded as a function on C3. We need an extra logarithmic cutoff

function
21 sy
o8t i7e) )

2 =72 log Ao
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which equals 1 on the support of fy 2, and whose gradient is supported in the

2 T 2 : ~
range - < Gz, S e « 1. Tts key property is that ||d772HCici‘.1—1.t <

Then we set
logA

Poaf = (5 )1/3Xo772P<csfo,2, (4.23)

where we recall from Proposition 4.3.2 that Pgs is the Green operator on
(C3,wes). The scaling factor is inserted to account for the relation between
0; and wes, so that Ag, Py o f is approximately fo 2.

Lemma 4.3.11. We can choose Ao > 1, e3 < 1 subject to the constraints
in Section 4.2.4, such that for t sufficiently small with respect to all previous
choices,

1
|86, Porf = forlcos o <1g 1HPoafleze x) <€ T),
and morever
1
180, Po2f = forlcos | 0 Sqag 1HPo2fleze (x) < €O 7).

Proof. The norm || Ag, Po.1.f ~ fo,1] c0.0 (xoxc) 18 caused by the cutoff error
§5-2,7-2

and the deviation of 8; from the product metric on Xg x C. The cutoff error
caused by X is suppressed by a power of ¢, hence negligible. The cutoff error
caused by 7; is of order O(ﬁ | P,y=o fo, 1ch 2 (Xo «cy)- The metric deviation

error is of order O(ed/ | Py= (Xoxc)) using Proposition 4.2.7, provided

the constraints in Section 4.2. 4 are satisfied. On the support of Py f, the
C’g 5.+_2(Xo x C) norm and the C’g 5.+2,¢(X) norm are equivalent. Combining
these discussions,

1 1/7
186, Poif = forloos . (x) SOl + e?/ ) I1Py-0fol o2 (xpec

o2t logA

<C L

S (logA Y% ,(XoxC)
1

SO(logA +63 o2, (X)
1 1/7

<C

(log 2 vel)

Now setting As > 1 and €3 < 1 subject to the constraints in Section 4.2.4, we
can make the coefficient arbitrarily small. The first couple of claims follow.

The claims about Py o f are almost completely analogous, except that we
need to insert some scaling factors such as #6(5-2) which account for the differ-

ence between the C’g’_% 5 4(X) norm and the C’g’_‘; _5(C? wes) norm. O

Now consider the function fy on the base Y. We will eventually reduce the
question of inverting the Laplacian on fy to a question essentially on the base.
We first summarize the information about fy .
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Lemma 4.3.12. The function fy satisfies the bound

L+t 2y, Jyl <€,
=5
tTa |y| 2 €1,

Ify(y)ISC{

and for |y —y'| <tY?, there is a weighted Hélder bound

-1/2 S-1 e
|fY(y)—fy(y’)|s(](t‘l/2|y_y'|)a{(}+t WD, |yl <el,

737, ly| > €.

Morever, the average values

RS R
B e R el

differ by only a ‘small amount’: |f - fy| < C’t%(T_‘S)eg‘”Q. In particular if f =
0 then |fy| < C’t%(“‘s)eg_”? Here constants only depend on 0,7,c, and t is
assumed to be sufficiently small as usual.

Proof. The weighted Holder control on fy is immediate from its construction
and Lemma 4.3.4.

We explain why the average values are close to each other. On the set
{ly| > e3} which has most of the #7-measures, 67 ~ %WSRFg(UL:}y up to some
relative error suppressed by a power of ¢, and fy is essentially just the integration
along fibres using the wSRF@(y measure, SO

3. 3, . ; 3.
fo?N[EwY/Xy fWSRF@(y“‘fEfYWYa /ng[ngy

and cancelling factors gives f — fy ~ 0. After neglecting the small error caused
by the set {|y| > €3}, and making a very crude estimate for the error caused by
the set {|y| < es}, we arrive at

f\y\ées |£107 f|y|£€3 L+t Y2y "oy
s— <C _
.[X 0; fy Oy

<Ctz(m9) eg_T+2 )

If-frl<C
O

A requirement for solving the Poisson equation is that the forcing term
has zero average. Thus we would like to decompose fy into an average zero
function and a small error function. Let x{ be a cutoff function on Y supported
in {|y| > €1}, and equals 1 on a subset of Y with at least half of the wy-measure,
and has bounded higher derivatives with respect to ¢t wy. Let

— X0 — X0
fy=f-Iv+—=— fyv=fr+—=—.
/yXOWY fyXowY

By construction [y fy@y =0, the function fi, satisfies the same kind of weighted
Holder estimate as fy described in Lemma 4.3.12, and if f =0, then

T (5 S-r42
[ ens 00 Clfyltz 7 < ey,
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We now define Py f to be the unique solution to the Poisson equation on Y:
= 1., . -
VE100(Py ) = 5 Froy ]Y (Py f)@y = 0. (4.24)

Lemma 4.3.13. Assume that the average value f = 0. If e3 is chosen to be
sufficiently small, then for sufficiently smallt with respect to all previous choices,

1

|8, Py f ~ fy HC(?LZ,T,M(X) <o

[00(Py )l co.e () < C(0T ).

Proof. The estimate on ”85(ny) HCO,Q (x) is immediate from the definition
5-2,7-2,t

of Py f and the fact that | 1@y | e (x) SO

We estimate HAgthf—fyHCg,a (x)- Since |f¥] = O(e5772) can be
—2,7-2,t
made arbitrarily small by choosing €3 << 1, we focus on |Ag, Py f — f3 Hcg,a (x)-
-2,7-2,t
By a standard formula of the Laplacian /~109(Py f) A 07 = (g, Py f)8}, so

3(:)y A 0?

AGtPYf:f)// t93
t

The point is that to control the Laplacian, we do not actually need to estimate
Py f; all we need is the tautological properties of /=1900Py f.

In the region {|y| 2 t7=}u {|y| < tmm,r 2 110 + t:/lzpl/ﬁ} where the
semi-Ricci-flat behaviour is dominant, the quantity "“’;2‘“ is very close to 1.
t

Following almost the same calculations in Lemma 4.2.3, one can extract an
estimate in this region
(:)y A 6‘?
V-1QAQ

3oy A07 4
163

03

3VI0AQ

T+2
< Ctzaan ,

0,a
Colo.t

1 1

T+2
< Ct2asn ,

0,a
Coloe

< Ct204+7)  hence in this region
Col6,e

| A6, Py f ~ fy HC?;‘; s < Otz Hf}I/HCgf;T < otz

-2, —2.t
This term is suppressed by a power of ¢, hence negligible.

In the region {|y| < T 7 < t1/10 441112 p1/6) there is a very coarse estimate
3@y A 02

1
o3

hence

| &g, Py f = fy Hcf;g; <C|fy HCS’_‘E,T_M =C HfYHcgv_;

T-2,t T-2,t

The last equality is because fi- = fy in this region. But the bounds on fy in
Lemma 4.3.12 imply that

2-7 ,2-6 2
£yl e {lyl<t T | r<tl/10141/12 p1/6}) < CSI:p{’I“ rT0) <Ot
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Conceptually, this extra gain of 7% factor is because integration on fibre has a

regularising effect for a certain range of weights. This suppression factor makes

1A, Py f = fy] co0 negligible. O
5-2,7-2,t

Remark 4.3.14. The subtlety is that we estimated /=100 Py f without trying
to control Py f. The first reason is that geometrically speaking, metric quantities
are primary, and the potential is only auziliary. The second reason is that the
weighted Hélder space for Py f is quite awkward to work with, due to the fact
that 6 —7+2> 0.

We now sum over the pieces to define an approximate Green operator
Pf:P1f+P011f+PQ’2f+ny (425)

Combining Lemma 4.3.9, 4.3.11, 4.3.13 and fixing €3 < 1,As > 1,A3 > 1 to
satisfy all the constraints, we see

Corollary 4.3.15. Let -2+ a<d<0and -2+ a <7 <0. Let f be a function
with Hfﬂcga (x) =1 and [x 07 = 0. Then one can choose €3, A, A3 such
-2,7-2,t

that

1 _
HAGfPf - f”C(?f;’Pz’t(X) < %a ”aapf”Cg';Z,,z,t(X) < 0(57 T,Oé).

Finally, we prove Proposition 4.3.1.

Proof. (Proposition 4.3.1) Let f be a function in Cgf; 5 4(X) with integral
zero. We can define

UZPZ(l—AgtP)jf,
j=0

1

55+ Although we do not have good control

which converges because |Ag, P - 1| <
on u directly, we do know

00| s S Cloor||fl<C|fl-

Using our convention for the Laplacian, the 99 exact (1,1)-form 6 = 2,/~100u
solves Try, 6 = Ap,u = f, so setting

R(f)=0=2V"T00P 3 (1~ Ag, P) f (4.26)
§=0

gives the desired right inverse R with bounds. We remark that R maps a real
valued function to a real (1,1)-form. O

4.3.4 Exponential localising property

An interesting consequence of the parametrix construction in Section 4.3.3 is
that away from the singular fibres, the effect of the forcing term is very localised.
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Proposition 4.3.16. In the setup of Proposition 4.3.1, if the forcing function f
is supported away from the neighbourhood of a smooth fibre {z € X : |r(z)-y'| <
d} c X ~{ly| < €1}, then

-m(d,7,a)d
”RfHcgigfm({xexqw(z)_ngz}) <C(d,7,) exp (T) Hf“cgig,f%t(x) )

2

where the exponential decay constants do not depend on f,d, /', t.

Proof. Without loss of generality the set {|y—¢'| <d} ¢ Y has less than % of the
total wy-measure. Using the flexibility of the definition of the cutoff function
X(, we may arrange that x( is supported away from {|y —y'| < d} c Y. Then in
the construction of the operator 1-Ay, P, only the part 1-Ay, P, can propagate
a forcing term supported outside {z € X : |y — 3’| < d} ¢ X into this set.

The key point now is that the construction of R in (4.26) involves an
iteration of the operator 1-Ay, P, and each iteration can propagate the support
towards X, only by a very small amount of wy-distance, of order ~ O(Azt'/?).
Thus it requires about O(ﬁ) iterations to propagate the forcing term into

the set {|y —y'| < %} c X. Each iteration results in a damping factor 4 on the

25
norm of the forcing term, so

C

1  -cd
IRFlcos , (aexin@r-vistn S (55077 Wleos , o0

2

as required. O

4.4 Collapsing Calabi-Yau metric

4.4.1 Perturbation to the Calabi-Yau metric

We carry out the main gluing construction. To avoid complication, we choose
the weights 7 = —% and —1% <6 <0 (¢f Remark 4.2.6). The elementary
numerical properties of these weights are summarised as

151
{|f|c§;3t(x) <Ots 5 | flgoa  (xy,

5-2,7-2,t

Hfgucgv_‘;yf_u(x) <C ”9”08:&(){) Hf“cgjyr_w(x) >

where f,g are arbitrary elements of the function spaces. The same statement
holds for forms.

Theorem 4.4.1. Let 7 = —% and —1% < <0. Then for sufficiently small t, the
Calabi- Yau metric t1&; in the class [0;] = [wx ]+t wy] is close to 0y,

[¢71@e = 6el o () S C(F @)™ 30%, (4.27)

Proof. We wish to find the CY metric t 1@, as a small perturbation of the metric
ansatz 6;. Using the defining conditions (¢f. Section 4.2.3)

(t_l(:)t)g = att_l V-1Q A 67 9? = (Ltt_l(]. + ft) V-1Q A ﬁ,
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it suffices to find a function f € Cg’_‘; o (X) with [ f03 =0, such that

; 1 ; 23, 1
(0, +Rf)° = ﬁef, Iflges , cx) SOt (4.28)

Once we found f, then setting @; = 6; + Rf gives the CY metric with estimate.
Although 6, and f can fail to be smooth, the equation (t~'@;)? = ait~'vV/=1QAQ
would imply the smoothness of ¢~ 1@, so t 1@ is an honest CY metric, and hence
the unique CY metric in this class.

We now focus on solving (4.28). Define the nonlinear operator F acting on
the subspace {f: [y f03 =0} cCP% ., (X),

(0 +Rf)*

1,
0;

F(f) =

Notice F(f) automatically has zero integral. We restrict attention to the open
subset

U={F 085, 20X [ 07 =0.1flcgs () <eah € OIS, 0, (X)

where €4 «< 1 is a small constant independent of ¢, and we separate F into the
linearisation and the nonlinearity,

F(f) =Trg, Rf +Q(f) = [+ Q([).

Here Q(0) = 0. The equation (4.28) can be cast in the form of a fixed point
equation
—fi

f:1+ﬁ

- Q(f).

Using the basic numerical properties of the weights, for u,v € U, the non-
linearity @) satisfies

1Q(u) - Q(U)Hcgv_gﬁm(x) < C(HUHC&(‘;Z(X) + HUHcgﬁt(x)) Ju— UHC(?»_‘;J_“(X)

<Ceyu- U“c?;jfz +(X)

<glu=vlens |, oo

The contraction property in the last step can be ensured by choosing €4 suffi-
ciently small. On the other hand, our volume error estimate (4.17) reads

23, 15
HftHCgLZ,,M(X) < Ct60+20 ,

which implies by the numerical properties of the weights that

H ~fi P R H —fi
1+ f, - ’ 1+ f,

13 1
< Ote00" 20 « ¢y,

o, 0,
Cs5 7 2,4(X) Co.6,.(X)

The Banach fixed point theorem then yields a solution f €U to equation (4.28)
with estimates, as required. O
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Remark 4.4.2. A particular consequence of our bound is

- 1,13 3
710, = 04, < C(8)t70+ 500, 15 <0 <0.
Notice that the exponent 0 < % + %6 < % is rather small, which indicates that
our metric ansatz 0y is a rather coarse approrimation. Our gluing construction
is only made possible because of the optimal nature of the linear theory.

We now sketch the proof of Theorem 1.4.8 and 4.0.4, which are immediate
consequences of the main gluing theorem 4.4.1.

Proof. By construction 6; is C° close to the product metric G§(wsrr|x, +
%\/Tldy A dy) in the region {r > t}/10 4 {1/12p1/6 |y| < t13% ) with error sup-
pressed by a power of t. The region {r < t'/10+¢1/121/6 |y| < tﬁ} is negligible
in the GH convergence because every point is within @w; distance tT= to the
previous region. The region {|y| > ¢T3 } is invisible to the pointed GH limit be-

—(2+71)
cause its ¢~1@;-distance to the nodal point > #2047 | which diverges to infinity.
Thus the pointed GH limit of t71@; is X x C with the product metric, proving
Theorem 1.4.8.

On any fixed Euclidean ball inside F;!(U;) c C?® centred at the origin, the
metric ansatz has the asymptotic formula 6, ~ (ﬁ)l/ 3wes as t — 0, so Theorem
4.4.1 implies Theorem 4.0.4 as well. O

Remark 4.4.3. As a digression, the exponential localising property discussed
in Section 4.3.4 implies that the C'Y metric near a smooth fibre is locally de-
termined up to exponentially small corrections from the rest of the manifold.
Thus contrary to the low global regularity of our metric ansatz 0y, the actual CY
metric t71@, may have much better reqularity near a given smooth fibre, such as
admitting a formal power series expansion in t as in J. Fine’s work [9].

4.4.2 Open directions

In this Section we speculate how this work may be generalised to describe col-
lapsing CY metrics @w; on more complicated fibrations 7 : X - Y over a 1-
dimensional base Y, where [ ] lies in the Kéhler class [twx +wy ], and 0 < t «< 1.
To begin with, we point out that our gluing construction depends essentially
on the fact that all fibres admit (possibly singular) CY metrics, and on the
existence of the model CY metric wes on €3, which fits well with the singu-
larity in the fibration 7. The 1-dimensional base assumption is also essential
because much less is known about the generalised KE metrics on Y for higher
dimensions.

Following [3][39] a large class of examples of complete CY metrics on C" are
now known, which generalise the model metric wes. In particular, on the total
space of the standard higher dimensional Lefschetz fibration f:C™ — C where
f =322, there is a complete CY metric wcn, whose asymptotic behaviour at
infinity approximates the semi-Ricci-flat metric on C", namely that in the fibre
direction it approximates the Stenzel metrics on the fibres, and in the horizontal
direction it is predominantly the pullback of the Euclidean metric on the base.
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Now suppose a projective CY manifold X admits a Lefschetz fibration 7 :
X =Y, where the fibres have complex dimension at least 3. By adjunction, the
fibres are Calabi-Yau varieties in their own right, and admit (possibly singular)
Calabi-Yau metrics. The result of Hein and Sun [24] says in particular that
the CY metrics on the singular fibres are modelled on the Stenzel metric near
the nodal point, with polynomial rate of convergence. One expects that using
standard gluing arguments, the CY metrics on the smoothing fibres are modelled
on the Stenzel metric in the region close to the vanishing cycles. Thus it seems
very plausible that the collapsing metric w; is obtained by gluing a suitably
scaled copy of wen to a suitably regularised version of the semi-Ricci-flat metric
on X. It is also conceivable to extend this picture to more complicated fibrations
with isolated critical points, using the model metrics provided by [3][39].

In a slightly different vein, the strategy of producing complete CY metrics
in [3][39] does not depend in an essential way on the ambient manifold being C".
To give a special interesting example to indicate the possible generalisation, it
is a folklore speculation that there may be a non-standard complete CY metric
wo, on the affine quadric Q. = {¢} + (3 + (2 +(? = €%}, which admits a Lefschetz
fibration by projecting to the first coordinate

f:QE_)C7 (C1a427<3a<4)’_)gl~

There are exactly two singular fibres, corresponding to (; = +e. The expected
behaviour is that asymptotically near infinity wg. looks like the semi-Ricci-flat
metric on )., namely that restricted to the fibres it approximates the Eguchi-
Hanson metrics on the fibres, and in the horizontal direction it is dominated by
the pullback of the Euclidean metric @dgl AdCp; in particular wq, has maximal
volume growth rate and tangent cone C2/Zy x C at spatial infinity. As e — 0,
it is expected that wg_ converges to a CY metric wg, on the conifold @, with
local tangent cone at the origin isometric to the Stenzel cone, and tangent cone
at infinity isometric to C?/Zy x C. This would be one of the simplest examples
of such conjectural transition behaviours between different Calabi-Yau cones.
Alternatively, these wg. can be regarded as a family of metrics on the fixed
complex manifold @, by changing the relative size of the fibre compared to the
base, much like our setup in the compact case.

Now the relevance of wg_ to the collapsing metrics comes in when we ‘collide
two singular fibres’. More formally, let X. be a polarised family of projective
CY 3-folds admitting Lefschetz K3 fibrations over Y = P!, such that in a neigh-
bourhood containing two critical points, the fibration is modelled by f : Q. — C.
The collapsing CY metric &; . depends on both the small collapsing parameter
t and the small degeneration parameter € in the picture.

e When € > 0 is fixed and ¢ — 0, the situation is a collapsing Lefschetz K3
fibration, covered by the gluing construction in this paper. The ¢~ '@,
distance between the two nearby singular fibres is of order O(et™'/2). The
quantisation scale, namely the t™'@; .-length scale of the C* bubble em-
bedded in X, is of order O((ALO)I/(S). To understand how Ay depends on
€, we notice that for (7 very close to €, the Lefschetz fibration is approxi-
mately

y=-2e(C1-€) =G +G+(,
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which means

— QA 1 QA 1
doe [ unmy. [ 2D L 008 Ly
X0 Xyo Ay ndy €% JXy0 dCy AdCy €

Hence the quantisation scale is O(t'/6¢'/3).

o When we decrease € until € ~ ¢, then O(et™"/2) = O(t"/%¢'/3) = O(t'/?),
namely the quantisation scale is comparable to the t'@; ~distance be-
tween the two critical points, so the interaction between the two C? bub-
bles become significant. On the other hand, if we substitute ¢; = e(!, and
scale the metric by a factor ¢~! so that the distance scale becomes of order
1, then as t ~ € > 0 we expect to see a blow up limit complex analytically
isomorphic to @1, which is up to some scaling factor isometric to some
member of the family of model metrics on Q1.

e When € = 0, the CY manifolds develop a local conical singularity, and by
Hein and Sun’s result the CY metric @y  is locally modelled on the Stenzel
cone, at least on some extremely small scale. When € « ¢, the effect of
collapsing is insignificant in a very small region near the conical point, and
one sees the usual behaviour of the smoothing of the conical singularity.

These discussions are meant to suggest that there is a numerous supply
of non-compact complete CY metrics associated to a fibration structure, and
these examples are intimately tied to the local behaviour of collapsing metrics
on compact CY manifolds admitting fibration structures.
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