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Abstract of the Dissertation

Monopoles, Singularities and Hyperkihler Geometry

by

Saman Habibi Esfahani

Doctor of Philosophy

in

Stony Brook University

2022

The main subjects of this thesis are monopoles. They are solutions to the Bogomolny
equations on 3-manifolds, Calabi-Yau 3-folds and G2-manifolds. Monopoles, conjecturally, can
be used to define invariants of manifolds [21]. We prove the existence of non-trivial monopoles
with Dirac singularities on rational homology 3-spheres, via a gluing construction. Furthermore,
we will introduce some generalized Bogomolny equations in higher dimensions. The main
difficulty in defining invariants of manifolds with special holonomy groups using these gauge-
theoretic equations comes from the non-compactness of the moduli spaces of monopoles, which
are governed by a first order differential operator, called the Fueter operator. The Fueter operator
is a non-linear generalization of the Dirac operator over 3- and 4-manifolds, where the spinor
bundle is replaced by a non-linear hyperkéhler bundle. We prove partial compactness results
by examining the different sources of non-compactness of the spaces of the Fueter sections and
proving some of them, in fact, do not occur.

Donaldson proposed the possibility of studying Ga-manifolds from the viewpoint of coas-
sociative fibrations and the adiabatic limit [14]. This approach is expected to be helpful in
understanding the non-compactness problems. The adiabatic picture led Donaldson and Scaduto
to conjecture the existence of certain associative submanifolds in Ga-manifolds with a coassocia-
tive K 3-fibration near the adiabatic limit [20], which reduces to the question of the existence of
certain asymptotically cylindrical special Lagrangians in certain Calabi-Yau 3-folds. We propose
a strategy to prove this conjecture using the method of continuity and take several steps in that
direction.

ii



To Mom and Dad.

v



Contents

Acknowledgment

Introduction

1 Singular Monopoles on 3-Manifolds
1.1 Dimensional Reductions and Singularities . . . . . ... ... ... ......
1.2 The Gluing Construction . . . . . . . . . . . . . v i vt ie
Dirac Monopoles on Closed 3-Manifolds . . . . . ... ... ... ..
1.2.2  Construction of Dirac Monopoles . . . . . . ... ... ... .....

1.2.1

1.2.3
1.2.4

1.2.5
1.2.6
1.2.7

1.2.2.1
1.2.2.2

Mass of Monopoles . . . . ... ...
Lifting the Dirac Monopole . . . . . ... ... ... ....

BPS-Monopoleson R® . . . . . ... ... ... ...
Approximate Solutions . . . . . . . ... ...

1.24.1

Pointwise Approximation of the Error . . . . . .. ... ..

Solving the Equation . . . . . . ... ... .. ... . ... ...
Analytic Preliminaries . . . . ... ... ... ... ..........
The Linear Equation . . . . ... ... ... ... ... ........

1.2.7.1
1.2.7.2
1.2.7.3
1.2.7.4
1.2.7.5
1.2.7.6
1.2.7.7
1.2.7.8
1.2.7.9
1.2.7.10

The Linear Equation over Bae, (qj) - . . . . . . ... . ...
Function Spaceson R% . . . . . ... ... ... ... ...
Solving the Linear Equationon R3 . . . . . ... ... ...
The Linear Equation over M \ (U;jBac,(q;) USp) . . . . ..
Function Spaces on M \ (U;Bac;(q;) U Sp) . . . . . .. ..
The Longitudinal Component . . . . . ... ... ......
Solving the Longitudinal Part over M \ (U; B2, (g;) U Sp)

The Transverse Component . . . . .. .. ... .......
The Function Spacesover M \'S,, . ... ..........
Solving the Linear Equation over M \ S, . . . . . ... ...

1.2.8  The Quadratic Term and the Fixed Point Theorem . . . . . . . ... ..
1.3 Monopoles on Asymptotically Cylindrical 3-Manifolds . . . . . ... ... ..
Monopoles and Connected Sum . . . . . .. ... ... ... ... ..
1.4 Monopoles with Singularities Along Knots . . . . .. ... ... .......

1.3.1

viii



2 Monopoles in Higher Dimensions 79

3

2.1 Gauge Theory on Manifolds with Special Holonomy Groups . . . . . ... .. 79
2.1.1 Manifolds with Special Holonomy Groups . . . . ... ... ..... 79
2.1.1.1 Calabi-Yau Manifolds . . . . ... .. ... .. ....... 80

2.1.1.2 Go-Manifolds . . . . .. . ... ... .. 81

2.1.1.3  Spin(7)-Manifolds . . . . ... ... ... ... ... 83

2.1.2  Donaldson-Thomas Program . . . . . ... ... ............ 84
2.1.2.1  Spin(7)-Instantons . . . . ... ..o 84

2.1.22 Go-Monopoles . . . . . ... .. 85

2.1.23 Gs-Instantons . . . . . .. ... 86

2.1.2.4 Calabi-Yau Monopoles . . . . . ... ... ... ...... 87

2.2 5-Dimensional Monopoles on U(1)-bundles over Hyperkihler Manifolds . . . . 88
2.3 Singular Monopoles in Higher Dimensions . . . . . . ... ... ... .... 91
2.4 Adiabatic Limits and Fueter Sections . . . . . . .. ... ... ......... 93
2.4.1 Monopoles in Higher Dimensions and Fueter Sections . . . . . . . .. 94

2.5 Complex Gauge Theory in Higher Dimensions . . . . . .. ... ... .. .. 98
2.5.1 Preliminaries . . . . . . . . . ... 98
2.5.1.1 Complexification . . . ... .. ... ... ......... 98

2.5.2 Complex Gauge Theories in Low Dimensions . . . . . . ... ... .. 100
2.5.2.1 Complex Flat Connections . . . . .. ... ......... 100

2.5.2.2 Complex Instantons . . . . ... ... ... ... ... .. 100

2.5.2.3 Complexification of Monopoles . . . . . . ... ... .... 103

2.5.3 Complex Gauge Theory and Manifolds with Special Holonomy Groups 105
2.5.3.1 Complex Spin(7)-Instantons . . . . . . ... ... ..... 105

2532 Complex Go-Instantons . . . . . ... ... ... ...... 108

2.5.3.3 Kapustin-Witten Spin(7) and Ga-Instantons . . . . . . . .. 108

2.5.3.4 Complex Monopoles on Manifolds with Special Holonomy . 110

Fueter Sections and Monopoles 112
3.1 Preliminaries . . . . . . . ... e e 112
3.1.1 Fueter Sections on 3-manifolds . . . ... ... .. ... ....... 112

3.1.2  Fueter Sections on 4-manifolds . . . . ... ... ... ... ..... 113

3.1.3 Group Actions on Hyperkédhler Manifolds . . . . . ... ... ..... 115

3.1.4 HyperkdhlerBundles . . . . . .. ... ... ... ... ... .. .. 115

3.2 The Fredholm Theory . . . . . . . . . . . ... .. ... .. ... .. ..... 117
3.2.1 TheEnergy Identity . . .. ... ... ... ... . .......... 117

322 TheEllipticTheory . . . . . . . ... ... ... ... ... 120

3.3 Compactness . . . . .o i e e e e e e e e e e e e e e e e e 122
3.4 Fueter Sections of Monopole Bundles . . . . . ... ... .. ......... 125
3.4.1 Geometry of the Moduli Spaces of Monopoleson R? . . . . . ... .. 125

3.4.2 Hyperkihler Structure on the Moduli Spaces of Monopoles . . . . . . . 127
3421 TheLinear Theory . . . . . . ... ... ... ........ 127

3.4.2.2 The Hyperkdhler Reduction . . . . . ... ... ... .... 128

vi



3.5 The Fueter Sections of the Moduli Spaces of Monopoles . . . . .. ... ...
351 Bubbling . ... ... ...

3.5.2 Non-Removable Singularities of Fueter Sections . . . ... ... ...
3.5.2.1 Non-Removable Singularities and Tri-Holomorphic-Maps . .

3.5.2.2 The Almost Monotonicity Formula . . . .. ... ... ...

3.5.2.3 Fueter Sections and the Tangent Maps . . . . ... ... ..

3.5.3 Minimal Spheres in Hyperkdhler Manifolds . . . . ... ... ... ..

3.5.4 Minimal Surfaces in the Moduli Spaces of Monopoles . . . . . . . ..
3.5.4.1 The Unique Minimal Sphere in the Atiyah-Hitchin Space . .

3.5.4.2 Minimal Spheres in the Moduli Spaces of Monopoles . . . .

3.5.5 A Twistorial Description of —Z-Tri-Holomorphic Maps . . . . . . ..
3.5.5.1 Non-Removable Singularities and Topology . . . . . .. ..

3.6 DivergencetoInfinity . . . . . . . . .. ...

On the Donaldson-Scaduto Calibrated Submanifolds
4.1 The Preliminaries . . . . . . . . . . . ...
4.1.1 Calibrated Geometry . . . . . . . .. ... ... ...
4.1.1.1 Special Lagrangians . . . . . . ... ... ... .......
4.1.1.2  Special Lagrangiansin C? . . . . .. ... ..........
4.1.1.3 The Gibbons—-Hawking Ansatz . . . ... ... .......
4.1.14  Special Lagrangians in the Gibbons-Hawking Spaces .
4.1.1.5 U(1)-Invariant Special Lagrangiansin C3 . . . . . ... ...
4.1.1.6  Deformation of Compact Special Lagrangian Submanifolds .
4.2 Donaldson-Scaduto Calibrated Submanifolds . . . . ... .. ... ... ...
4.2.0.1 Donaldson-Scaduto Special Lagrangians . . . ... ... ..
4.2.0.2  Donaldson-Scaduto Associative Submanifolds . . . . . . ..
4.3 The Method of Continuity and the Donaldson-Scaduto Conjecture . . . . . . .
43.1 Adsanopensubset . . . . .. .. ...
4.3.1.1 Geometric Deformation of the Ambient Spaces . . ... ..
4.3.1.2 Deformation of the Special Lagrangiansin X x C . . . . . .
43.13 ThelndexProblem . . ... ... ... . ... . .....
4.4 Dimensional Reduction of the Donaldson-Scaduto Conjecture . . . . . . . ..
4.4.1 Dimensional Reduction of Special Lagrangians . . . . . .. ... ...
4.4.2 Special Lagrangians and the Monge-Ampere Equation . . . . . . . ..
443 TheDegenerate Case . . . . . . . . . . . v it i i

vii



Acknowledgment

I want to express my deepest gratitude to my advisor Simon Donaldson for sharing his insights
and ideas, guiding me through my mathematical journey, and always being supportive and
encouraging.

I am grateful for having had many great teachers at the Stony Brook University who I learned
much from. I want to thank, in particular, Professors Kenji Fukaya, Marcus Khuri, Blaine Lawson,
Claude LeBrun, Mark McLean, Olga Plamenevskaya, Martin Rocek, and Dennis Sullivan. It is
also my great pleasure to thank Robert Bryant, Aliakbar Daemi, Catherine Cannizzo, Aleksander
Doan, Daniel Fadel, Lorenzo Foscolo, Mark Haskins, Yang Li, Jason Lotay, Rafe Mazzeo, Babak
Modami, Akos Nagy, Gongalo Oliveira, Cumrun Vafa, Thomas Walpuski, and Yao Xiao for many
stimulating discussions during the past few years.

I am grateful to the Simons Collaboration on Special Holonomy in Geometry, Analysis,
and Physics. During the academic year 2021—2022 my research was supported by a Simons
Collaboration grant.

Finally, I would like to thank my parents, Arefeh Vahedi and Farzam Habibi Esfahani, for all
their love and support. This dissertation is dedicated to them.

viii



Introduction

The study of the gauge-theoretic equations, emerging from theoretical-physics, and the discovery
of invariants defined by ‘counting’ the solutions to these equations revolutionized the field of low-
dimensional topology [19, 24]. Donaldson and Thomas proposed generalizing these invariants
to higher-dimensional manifolds, in particular, manifolds with special holonomy groups [22].
Donaldson and Segal hinted at the idea of defining invariants of Calabi-Yau 3-folds and G»-
manifolds by counting monopoles on these manifolds [21]. In this writing, we address some of
the key questions, specially relevant to the existence and compactness problems, in both low and
higher dimensions.

Chapter 1: Singular Monopoles on 3-Manifolds

Monopoles on 3-manifolds appear as dimensional reduction of instantons on 4-manifolds. A
monopole on a principal G-bundle P — M on an oriented Riemannian 3-manifold (M, g) is
a pair (A, @) of a connection A on P and a section ¢ of the adjoint bundle which satisfies the
Bogomolny equation,

«Fy = ds®,

where * denotes the Hodge star operator of the Riemannian metric g, F'4 is the curvature 2-form
of the connection A, and d 49 is the covariant derivative of @ with respect to the connection A.

Every smooth monopole on a closed Riemannian 3-manifold, when G is a compact Lie group,
satisfies a stronger condition,

x g =da® = 0.

In order to get solutions to the Bogomolny equation which do not satisfy this stronger condition,
one can consider monopoles with Dirac singularities at isolated points, where close to a singular
point p € M, we have

k
b= — O(r),
@] = 5 +m+O(r)
where k is a positive integer, called the charge of the monopole at p, m is a constant, called the
mass of the monopole at p, and  denotes the geodesic distance from the singular point p.

We prove the existence of non-trivial singular SU(2)-monopoles on rational homology 3-



spheres. This is partially motivated by the problem of the existence of monopoles in higher
dimensions. This existence result is proven with the use of a gluing construction. The gluing
constructions originate from the works of Taubes where he used them to construct irreducible
smooth SU (2)-monopoles on R? [90] and Yang-Mills instantons on non-self-dual 4-manifolds
[90]. The gluing construction requires careful analysis of the linearized problem and the use of
certain weighted Sobolev spaces, studied by Biquard [9], and in the monopole case by Foscolo
[33, 30].

Chapter 2: Monopoles in higher dimensions

Donaldson and Segal proposed to define invariants of Calabi-Yau 3-folds and GG2-manifolds by
‘counting’ monopoles on these manifolds. Let P — Z be a principal G-bundle over a Calabi-Yau
3-fold (Z, g,w, ). A pair (A, ) of a connection A on P and a section ¢ of the adjoint bundle
is called a Calabi-Yau monopole if it satisfies the Calabi-Yau-Bogomolny equations,

*(FA VAN Im(Q)) =dp?,
FiAw?=0.

In this section, we consider their dimensional reduction to U (1)-bundles over hyperkéhler
4-manifolds and derive Bogomolny equations on these 5-dimensional manifolds. We show they
satisfy some similar formal properties as monopoles in other dimensions.

Moreover, we introduce the complexified gauge-theoretic equations on manifolds with special
holonomy groups. Similar to the lower-dimensional cases, there are two ways to complexify
these equations, which we call the Haydys type and the Kapustin-Witten type. We show the
moduli spaces of solutions to the these Haydys type gauge-theoretic equations on manifolds with
special holonomy groups can be understood as a Kdhler manifold. Moreover, the solutions to
the Kapustin-Witten type gauge-theoretic equations on manifolds with special holonomy groups
satisfy certain vanishing properties.

Chapter 3: Fueter Sections and Monopoles

As conjectured by Donaldson and Segal, monopoles on Calabi-Yau 3-folds and GG3-manifolds
are closely related to the calibrated submanifolds, more specifically, the special Lagrangians in
the Calabi-Yau case and the coassociatives in the (G5 case [21]. This is similar to the Taubes’
theorem, which relates the Seiberg-Witten and Gromov invariants of symplectic 4-manifolds [86].
A major role in this conjecture is played by a non-linear generalization of the Dirac operator,
called the Fueter operator.

Fueter sections, which are harmonic spinors with respect to the Fueter operators on 3- and
4-manifolds, are also interesting independent of their relevance to the gauge theory in higher
dimensions, and potentially, can be used to define invariants of 3- and 4-manifolds. Let (M, g) be
an oriented Riemannian 3-manifold. Let 7 : X — M be a fiber bundle whose fibers are modeled
on a hyperkéhler manifold (X, gx, I, J, K), with an isometric bundle identification

T:STM — b(X),



where ST'M is the unit tangent bundle of M and b(X) is the sphere bundle of the complex
structures of the fibers of X. Let V be the covariant derivative of a connection on this bundle. A
section f € I'(X) is called a Fueter section if

SV(f) = I(axl)vaxlf + I(axZ)vaxzf + I(8x3)v(9r3f = 07

where (0z1, 0z2, 0z3) is a local orthonormal frame on M. The operator §v is called a Fueter
operator.

The main difficulty in defining the monopole invariants in higher dimensions comes from the
non-compactness problems. The non-compactness of these moduli spaces are governed by the
Fueter operators. In our case, the fibers of the hyperkihler bundles are modeled on the moduli
spaces of monopoles on R3.

We prove partial compactness results for Fueter sections of the monopole bundles, examining
the different sources of non-compactness of the spaces of Fueter sections, and proving some
of them, in fact, do not occur. The analysis follows the same line of thought as in the study of
singularities of harmonic maps, which originates from the work of Schoen and Uhlenbeck [83].

Chapter 4: On the Donaldson-Scaduto Calibrated Submanifolds

Donaldson proposed the possibility of studying G2-manifolds from the viewpoint of coassociative
fibrations and the adiabatic limit, where the diameters of the fibers shrink to zero [20]. It is
expected that this approach would be helpful in understanding the formation of singularities and
the compactness problems. The adiabatic picture led Donaldson and Scaduto to conjecture the
existence of certain associative submanifolds in Go-manifolds with a coassociative K 3-fibration
near the adiabatic limit [20]. This problem can be reduced to the question of the existence of
certain asymptotically cylindrical special Lagrangians in X x C, where X is a multi-Eguchi-
Hanson hyperkéhler manifold.

We propose a strategy to prove this conjecture using the method of continuity. We will show,
under the hyperkéhler deformation of X, the existence of these asymptotically cylindrical special
Lagrangians is an open condition. Moreover, by considering a Hamiltonian action of U (1) on
X x C, we will reduce this existence problem to the question of existence of certain non-compact
holomorphic curves with boundary in R, with respect to a non-standard singular almost complex
structure, where this existence problem is described by a singular Monge-Ampere equation.



Chapter 1

Singular Monopoles on 3-Manifolds

The theory of Yang-Mills connections and, in particular, instantons revolutionized the study of
4-manifolds [19, 15, 18, 68]. The Bogomolny monopoles appear as the dimensional reduction
of instantons to 3-manifolds. Let (M, g) be an oriented Riemannian 3-manifold, P — M a
principal G-bundle for a Lie group G, and gp the associated adjoint bundle. A pair (A, ®) of a
connection A on P and a section @ of the adjoint bundle is called a monopole if it satisfies the
Bogomolny equation,

«Fy = dsd,

where * denotes the Hodge star operator of the Riemannian metric g, F'4 is the curvature 2-form
of the connection A, and d 4 is the covariant derivative of @ with respect to the connection A.

The theory of monopoles on non-compact 3-manifolds is very rich and interesting. Jaffe and
Taubes proved the existence of non-trivial SU(2)-monopoles on R?, using a gluing construction
[49]. The gluing constructions, originating from the works of Taubes, have been used to construct
solutions to various differential equations [90, 29, 85, 54, 26, 60, 48, 16, 95, 76, 30, 64]. From
the gluing construction of monopoles, one can read the dimension of the moduli spaces of
monopoles on R?3. This can also be proven using a variation of the Atiyah-Singer index theorem,
called the Callias index theorem, which is an index theorem for Dirac operators on non-compact
odd-dimensional manifolds [4, 59]. Furthermore, there exists an explicit parametrization of the
moduli spaces of monopoles on R? in terms of rational maps, due to Donaldson [17, 47].

The moduli spaces of monopoles on R3 are ALF hyperkihler manifolds, which have been ex-
tensively studied, originating from the works of Atiyah and Hitchin [4]. Floer studied monopoles
on asymptotically Euclidean 3-manifolds [28], more recently, Oliveira studied monopoles on
asymptotically conical 3-manifolds and stated that there exists a (4k — 1)-dimensional family
of non-trivial irreducible smooth SU (2)-monopoles on any asymptotically conical 3-manifold
(M, g) with b*(M) = 0 [76]. It is proven by Kottke that the expected dimension of the moduli
space of monopoles on an asymptotically conical 3-manifold, whose ends are asymptotic to a
cone on X, is 4k + $b1(X) — b°(X) [59].

The theory of monopoles on compact 3-manifolds is quite different from the ones on non-
compact manifolds. When the structure group G is compact, every smooth monopole on a closed



oriented Riemannian 3-manifold satisfies a stronger condition,
xFp =da® =0,

and therefore, A is a flat connection and @ is a covariantly constant section. These monopoles are
sometimes referred to as trivial monopoles.

There is another class of monopoles on compact 3-manifolds, which is quite interesting.
These monopoles are smooth on the complement of finitely many points with prescribed Dirac
singularities at these points. Pauly studied the deformation of these singular monopoles with the
structure group SU (2) [78], and using the Atiyah-Singer index theorem and exploiting a theorem
of Kronheimer [61] — which states that close to the points with Dirac singularities, monopoles
up to gauge, can be understood as smooth S!-invariant instantons on a 4-dimensional space —
proved that the expected dimension of the moduli space of singular monopoles with charge k¥ € N
on a compact Riemannian 3-manifold (M, g) is equal to 4k. However, this argument does not
imply that the moduli spaces are non-empty.

In this chapter, we prove the existence of SU(2)-monopoles with Dirac singularities on
rational homology 3-spheres. The proof is based on a gluing construction. Furthermore, this
construction gives a geometric interpretation to Pauly’s dimensional formula for the moduli
spaces of singular monopoles on rational homology 3-spheres. The strategy of the proof follows
the gluing argument of Taubes [49, 90], Foscolo’s proof of the existence of singular monopoles on
R? x S [30], and Oliveira’s work on smooth monopoles on asymptotically conical 3-manifolds
[76].

Proposition 1 (Existence of Singular Monopoles). Let (M, g) be an oriented rational homology 3-
sphere equipped with a Riemannian metric g. For any k € N, there exists a non-trivial irreducible
SU (2)-monopole with Dirac singularities with charge k on a principal SU(2)-bundle P — M.

Outline of This Chapter Section 1.1 contains background material on monopoles. In Section
1.2.1, we study the basic properties of Dirac monopoles on closed 3-manifolds. In section 1.2.2
we present the construction of Dirac monopoles on rational homology 3-spheres. In sections
1.2.3 and 1.2.4, we construct an approximate irreducible SU(2)-monopole. In section 1.2.5, we
set up the framework to solve the Bogomolny equation to find a genuine SU (2)-monopole near
the constructed approximate monopole. In section 1.2.7.1, we solve the linearized Bogomolny
equation near the points where the BPS-monopoles are located. In section 1.2.7.4, we solve
the longitudinal part of the linear equation away from the glued BPS-monopoles and in section
1.2.7.8 the transverse part. Finally in section 1.2.8, we consider the quadratic terms, solve the
Bogomolny equation and complete the proof of the main existence theorem.

1.1 Dimensional Reductions and Singularities

In this section, we review the basics of the theory of monopoles, their relations to instantons on
4-manifolds, and singular solutions to these equations. For more detailed account consult with
[49], [4] and [33].

The monopoles, i.e., solutions to the Bogomolny equation, are the central topic of this thesis.



Definition 1 (The Bogomolny Monopole). Let (M, g) be an oriented Riemannian 3-manifold.
Let G be a compact Lie group. Let P — M be a principal G-bundle and gp the associated
adjoint bundle. Let A be a connection on P and @ a section of gp. The Bogomolny equation for
a pair (A, D) is

«Fy = dad, (1.1.1)

where x is the Hodge star operator on the gp-valued differential forms on M, defined using the
Riemannian metric g and the orientation on M.
A pair (A, @) which satisfies equation 1.1.1 is called a monopole.

The Bogomolny equation on 3-manifolds is closely related to the anti-self-duality equation
on 4-manifolds.

Definition 2 (Anti-Self-Dual Instanton). Let (N, h) be an oriented Riemannian 4-manifold. Let
G be a compact Lie group. Let P — N be a principal G-bundle. A connection A on P is called
an anti-self-dual instanton if

Fi{:=Fs+#+F4=0, (1.1.2)

where * is the Hodge star operator on N induced by the Riemannian metric h and the orientation
on N.

The Bogomolny equation on 3-manifolds can be understood as a dimensional reduction of
anti-self-duality equation on 4-manifolds.

Lemma 1 (Dimensional Reduction of Instantons). Let (M, g) be an oriented Riemannian 3-
manifold with volume form voly. Let P — M be a principal G-bundle for a Lie group G. Let
X =M xR—orX =M x S' — equipped with the product Riemannian metric h = g + dt?,
where t denotes the coordinate on the R-factor. Let voly, = dt A\ w*(volgy) be the volume form on
X, where w : X — M is the projection map onto M. Any connection A on the pull-back bundle
7P — X, invariant under the translation in the R-direction, can be written as

A=7m"A+ (r"P)dt,

for a connection A on P and a section ® of the adjoint bundle gp.
The pair (A, @) is a monopole if and only if A is an anti-self dual instanton.

Proof. The curvature of A is given by
Fy =7"Fgq —dt A" (da®),
and therefore,

Ff = (2" Fa)t — (dt A 7 (da®))*.



We denote the Hodge star operators on M and X by *3 and *4, respectively. For any 1-form
a € QY (M), we have

dt N o = x4 (x300).
This equation extends to 1-forms on M with values in any vector bundle, and therefore,
Ff = (m"Fa)" — (xam*(x3da®)) " = (7" Fa)" — (7% (x3da®)) " = (7" (Fa — #3da®))".

This shows if the pair (A, @) is a monopole, then A is an anti-self dual instanton.
Conversely, suppose A is an anti-self-dual connection,

Ff = (m*(Fa — x3da®))" = 0.

For any 2-form 3 € Q2(M) — and therefore, for any 2-form on M with values in any vector
bundle — we have

(T (B)T =0=p=0.

To see this, note that on any sufficiently small open neighbourhood in M, with local coordinates
(x,y, 2),if B = B.dxdy + Prdydz + Bydzdx, we have

0= (rm*(B)*" = %((W*ﬁz)(da?dy + dtdz) + (7" ) (dydz + dtdx) + (7* B,) (dzdx + dtdy)),

hence, 7* 3, = 7* 3, = 7m*B, = 0, which implies 3 = 0 on every coordinate ball, and therefore,
everywhere on M. O

Although sometimes it is useful to think about monopoles as 3-dimensional counterparts of
instantons, there are important differences between them too.

Lemma 2 (Trivial Monopole). Let (M, g) be a closed, oriented, Riemannian 3-manifold and G
a compact Lie group. Any smooth monopole (A, ®) on a principal G-bundle P — M satisfies
the following equations,

*Fy =da® =0. (1.1.3)
A pair (A, @) satisfying 1.1.3 is sometimes referred to as a trivial monopole.
Proof. The Bogomolny equation implies
AP = dda® = xdaFa =0,

where the last equality follows from the Bianchi identity. Therefore, @ is a harmonic section with
respect to the connection A. Since G is a compact Lie group, there is an adjoint-invariant inner
product on its Lie algebra g, and therefore, on the adjoint bundle gp, denoted by (—, —). With



respect to this inner product, we have the following pointwise equations,
0= (Aa®, ) = (d}da®, ®) = (da®,da®) = |dad|?,
and therefore, xF)y = ds4® = 0. ]
The following corollary is an immediate consequence of Lemma 1 and Lemma 2.

Corollary 1. Let (M, g) be a closed Riemannian 3-manifold. Let X = M xR —or X = M x S*
— be the product Riemannian manifold and A an instanton on 7™ P — X, invariant under the
R-translation, with the same assumptions as in Lemma 1. Then A is a flat connection,

Fy=0.

Lemma 2 suggests that on closed 3-manifolds, in order to have monopoles which do not
satisfy the stronger equations 1.1.3, we should consider monopoles with singularities. One
approach is to consider monopoles with Dirac singularities. These monopoles fit well with the
idea of understanding monopoles as a dimensional reduction of instantons.

In this direction, Kronheimer introduced a second way to see monopoles as dimensional
reduction of instantons [61], which incorporates the notion of Dirac singularity. Roughly speaking,
monopoles on B3 C R? with Dirac singularity at the origin are dimensional reduction of U (1)-
invariant instantons on B* C R* = C2, as we will explain below.

Let 7 : B*\ {0} — B3\ {0} be the principal U(1)-bundle, where the U(1)-action on
B*\ {0} is given by

0

e (z1,22) = (ew

16

21, e 22)7

for all € U(1), and the bundle map 7 is the radial extension of the Hopf map S — S2. We
can extend the map 7 to get a smooth map 7 : B* — B3 with 7=1(0) = 0. Let (21, 22, 23, 74)
be the coordinates on B*. Let z; = x1 + iz and 29 = x3 + ix4. Let (u1, u2, uz) be coordinates
on B3. The map 7 is given by the following formulas,

up = 2Re(z122) = 2(z123 — x224), (1.1.4)
ug = 2Im(z122) = 2(x124 + T223), (1.1.5)
uz = |21|> — |22 = 22 + 23 — 23 — 22, (1.1.6)

Let P — B3\ {0} be a principal G-bundle and let 7* P — B*\ {0} be the pull-back bundle.
Any U (1)-invariant connection A on 7* P, in a U (1)-invariant gauge, can be written as

A=71"A+ (r" D), (1.1.7)
for a connection A on P, a section @ of the adjoint bundle gp, and
& = 2(—xodry + w1dro + T4dX3 — X3dTY4),

which is a U (1)-invariant 1-form on B* dual to the vector field generated by the infinitesimal



action of the Lie algebra u(1) = R on B%.
We equip B2 and B* with the Euclidean metrics and volume forms vol gs = du;dusdus and
volgs = —dx1dxodxsdxy, respectively. Then

Fp =1 Fa + (7°®)dé — E A (da®) = (Fp)t = (7" Fa)" — (EAT*(da®)) ™,

since d¢ = 4(dz1dxy + dxsdxy) is an anti-self dual 2-form. A similar argument as the one we
saw in Lemma 1 proves the following.

Lemma 3 (Dimensional Reduction of U (1)-Invariant Instantons). A pair (A, ®) on P — B3\ {0}
is a monopole if and only if the connection A on 7* P — B*\ {0}, given in 1.1.7, is an anti-self-
dual instanton.

This lemma can be generalized in two ways. First, following Kronheimer, one can replace
the Euclidean metric on R* by a Taub-NUT metric, and second, one can replace the Euclidean
metric on B> with an arbitrary one, which is done by Pauly.

Lemma 4 (Kronheimer [61]). Let (X, gx, I, J, K) be a Taub-NUT space given by the Gibbons-
Hawking Ansatz', defined by positive harmonic map V : R\ {0} — R and a connection I-form
onfont: X — R3\ {0}. Let P — R3\ {0} be a principal G-bundle. A U(1)-invariant
connection A on the pull-back bundle 7P — X can be written as A = 7*(A) — 71'*(%)0,
for a pair (A, ®) of a connection A on P — R3 \ {0} and a section ® of the adjoint bundle.
Furthermore, A is an instanton on (X, gx ) if and only if (A, @) is a monopole with respect to the

Euclidean metric on R3 \ {0}.

An important feature of Kronheimer’s theorem is that the anti-self-dual connection A and
the bundle it is defined on — in a suitable U(1)-invariant gauge — extend smoothly over the
771(0), even if the monopole itself cannot be extended over 0 € R?, which is indeed the case
for monopoles with Dirac singularities. This follows from Uhlenbeck’s removable singularity
theorem for Yang-Mills connections; in particular, instantons [94].

Definition/Lemma 5 (Dirac Singularity). Let P — B3\ {0} be a principal SU(2)-bundle. Let
(A, @) be a monopole with singularity at 0 € B3 on P — B3\ {0}. Let A be the instanton on
7*P — B* defined in 1.1.7. Suppose

1

2/34 |Fs|2volga < oc.

Then close to the singular point, we have

|P| = ﬁ—i—m—i—O(T), (1.1.8)
2r
where the norm is defined with respect to the adjoint-invariant inner product on the adjoint bundle
gp, k € Nis a positive integer, called the charge of the monopole at the singular point, and m is
a constant, called the mass of the monopole at the singular point. The pair (A, ®) is called a
monopole with a Dirac singularity.

'For detailed description of the Gibbons-Hawking Ansatz see Section 4.1.1.3.



When G = U(1), we can define the signed charge k € Z\ {0}, as opposed to the non-Abelian
case where k > 0. This is because in the Abelian case, close to the singular point, one can think
about the section as a real-valued function,

@z—ﬁ—l—m%—O(r). (1.1.9)
2r
Note that unlike 1.1.8, the left-hand-side is the section itself and not its norm. Here we used
the identification u(1) = R, in order to have R-valued Higgs fields and connections, rather than
1R-valued.

As proven by Pauly [78], the local correspondence between singular monopoles on B3 \ {0}
with Euclidean metric and anti-self-dual connections on B*\ {0} with Euclidean or Taub-NUT
metric can be generalized to the case where the metric on B? is an arbitrary one. He proved if B>
is equipped with a Riemannian metric g3, one can recover Theorem 4 by replacing the Taub-NUT
metric with

gt =V (g®) + V163,

which is not necessarily a hayperkéhler metric anymore. Here, again close to a singular point the
Higgs field of the monopole is of the form 1.1.8, and in the Abelian case 1.1.9, where 7 denotes
the geodesic distance from the singular point.

Although this local picture is very convenient, because of topological reasons it does not
extend to a global picture over smooth manifolds. Let {p1,...,p,} be n points on a Riemannian
3-manifold (M, g). Pauly showed there is no Riemannian 4-manifold (X, h) with a U (1)-action
that is free everywhere on X except n fixed points {q1, . . ., gn }, a smooth projection 7 : X — M,
which is a principal U(1)-bundle on X \ {q1,...,qn} = M \ {p1,...,pn} with 7(¢;) = pi,
and a smooth U (1)-invariant 1-form & € Q!(X) such that (A, ®) is a monopole on (M, g) if and
only if A = 7* A 4 (7*®)¢ is an anti-self-dual instanton on (X, k) [78].

In the following section, we will prove an existence theorem for these monopoles with Dirac
singularities on rational homology 3-spheres.

1.2 The Gluing Construction

The main aim of this chapter is to construct irreducible SU(2)-monopoles with Dirac singu-
larities on compact Riemannian 3-manifolds (M, g) with H2(M,Q) = 0. In fact, this gluing
construction produces open subsets of the moduli spaces of monopoles with Dirac singularities.
The Proposition 1 follows from the following.

Theorem 1 (Gluing Construction). Let (M, g) be an oriented rational homology 3-sphere
equipped with a Riemannian metric g. Let S, = {p1,...,pn} and Sy = {q1,...,qi} be
two sets of disjoint points in M. Let k1, . .., ky, be n negative integers, where k + > | k; = 0.
Then there exists an irreducible SU(2)-monopole (A, ®) with Dirac singularities with charge
|k;| at p; foralli € {1,...,n} on a principal SU(2)-bundle P — M \ S, such that

(A, D) = (Ao, Do) + (a, ),
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where (Ao, ®g) is equal to a scaled BPS-monopole on a small neighbourhood B ,(q;) of each
point q; for j € {1,...,k} and is equal to the lift of a U(1)-Dirac monopole with charge k; at
pifori e {1,....n} on M\ Ug‘?:lBgEj (gj). Moreover, the pair (a, ) € Waka, for suitable

values of a1 and aa, where Wéfag is a weighted Sobolev space, defined in Definition 8.

The proof of Theorem 1 is based on a gluing construction.

* The first step is to produce an Abelian Dirac monopole on (M, g) with some singular
points p; with negative charges and some singular points ¢; with charge +1 such that the
total charge of the monopole is zero.

* The second step is to smooth out the singularities with charge +1. The smoothing process
is carried over by gluing model SU(2)-monopoles — called the scaled BPS-monopoles —
to the singular points with charge 41 and leaving out the rest of the singular points not
smoothed-out. In fact, it would be impossible to smooth out all of the singularities, as we
know there is no smooth monopole on closed 3-manifolds with a non-flat connection. The
gluing construction at each singular point depends on the choice of framing, which can be
described by an element of U (1).

* The third step is the deformation. The resulting configuration from the previous step is an
approximate monopole and it does not necessarily satisfy the Bogomolny equation, but in
a suitable norm, it is close to a solution and should be deformed into a genuine monopole.

Dirac Monopole : : Approximate
: : Singular Monopole *

Gluing Scaled BPS-Monopoles

—

Figure 1.1: Gluing Construction

Remark 1. Let py,...,p, be n pointsin M. Let k1, . .., k, be n negative integers. The gluing
construction for SU(2)-monopoles with Dirac singularities at the points p; with charges |k;]|
depends on 4k-parameters, where k = — > k;. This is equal to the expected dimension of
the moduli space of singular SU (2)-monopoles with charge k, as computed by Pauly. 3k of this
number is accounted by the position of the highly concentrated BPS-monopoles, k — 1 of this
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number by choices of the framings at these points®, and 1 degree of freedom in changing the
average mass of the monopole.

1.2.1 Dirac Monopoles on Closed 3-Manifolds

In this section, we study the local model of Dirac monopoles close to the singular points, as a
preparatory part to the next section, where we will present a construction of these monopoles.

Let (Ap,®p) be a U(1)-monopole with a Dirac singularity at p € M with signed charge
k € 7Z \ {0}, defined on a small neighbourhood of p in M. As mentioned earlier, a Dirac
monopole is a monopole with isolated singularities on a bundle with structure group U (1). Close
to a singular point p, the Higgs field @ p has the following form,

k
dp = —?+m+0(r), (1.2.1)
r
where 7 denotes the geodesic distance from p and & is the signed charge at p.
The Bianchi identity shows that the curvature 2-form of a U (1)-connection is closed. Further-
more, from the Chern-Weil theory we know that the 2-form

Fa, *d®p

o or

presents c1(L), the first Chern class of a line bundle L where the monopole is defined on.
Restricting the bundle to a sufficiently small punctured neighbourhood of a singular point p with
charge k, the line bundle L), . — B:(p) \ {p} is isomorphic to H k. where H,, is the Hopf
line bundle centered at p, with the first Chern number c;

.1 .1 k
= ;13% oy /BBE(p) xdPp = ;51(1) o /(935(]))(282 + O(1))volyp. () = k.

The model connection A of a Dirac monopole on R? close to a singular point 0 € R3 with
charge k is an SO(3)-invariant connection defined on the line bundle HY — R\ {0}. Let S3(1)
be the unit 2-sphere centred at the origin in R3. We can cover S2(1) by U and U~, where
Ut =52(1)\{(0,0,—-1)} and U~ = S3(1) \ {(0,0,1)}. In spherical coordinates (p, 8, ¢), the
connection A on UT and U~ is given by the following 1-forms,

A = kwd@7 A = kwda
|U 2 |U+ 2

with the transition function ¢**?. Note thaton U~ N UT

A, — Ay, = kdb.

U—

We extend the connection radially to HY — R3\ {0} to get A.

There are k points which we can fix the frames there; however, 1 parameter vanishes after taking the action of the
gauge group into account.
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Using geodesic normal coordinates, we can define a diffeomorphism
n: B.(0) C R* = B.(p) C M,

between a small neighbourhood of the origin in R3 and a small neighbourhood of a point p € M.
Furthermore, by choosing a bundle isomorphism, covering 7, we can identify the bundles above
these open neighbourhoods and pull back the connection Ap to a punctured neighbourhood of
the origin in R3.

Lemma 6. The connection of the Dirac monopole with charge k, denoted by Ap, close to a
singular point p € M, up to a gauge transformation, can be written as the following,

n*Ap =A+a, with |a]=0(r), (1.2.2)

where the gauge transformation — which is just addition by an exact 1-form — corresponds to
tensoring H;f by a flat line bundle.

Proof. The pair (n*Ap,n*®p) is not necessarily a monopole with respect to the Euclidean
metric on B.(0) C R3; however, it is a monopole with respect to the pull-back metric *g, and

therefore, n*®p = —2—"; + m + O(r), where r is the geodesic distance from the origin with
respect to n*g.
A is the connection of a monopole with a Higgs field & = —% + mg + O(rg), where rq is

the distance to the origin with respect to the Euclidean metric, and therefore,

k k

*Ap — Ay = |d(*®p — )| = |d(— — —
[0 d(n" Ap = Algy = |4 = B)lgy = 1d(5- = 5=

)go +O(1).
Moreover,
[ — ro| = max{R; k1O (r5) + O(r5),
where R; ; 1. is the Riemann curvature tensor of *g, and therefore,
g = O(1),

alyg = O(r). O

|d(n"Ap — A)

which shows in a suitable gauge,

1.2.2 Construction of Dirac Monopoles

In this section, we construct a Dirac monopole (Ap, ®p) with prescribed charges and singularities
on a rational homology 3-sphere (M, g).

Theorem 2 (Existence of Dirac Monopoles). Let (M, g) be an oriented rational homology
3-sphere equipped with a Riemannian metric g. Let p1, ..., p, be n distinct points in M with
non-zero integer-valued charges ky, . . . , ky, respectively, where 3" | ki = 0. Then there exists
a monopole (Ap, Pp) with Dirac singularities with charge k; at p; on a principal U (1)-bundle
P — M\ {p1,...,pn}. This monopole, up to gauge transformations and adding a constant to
the Higgs field, is unique.
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Proof. From the monopole equation it can be seen that on the complement of the singular
points we have A® = 03, and therefore, @ is a harmonic section of the adjoint bundle on
M\ {p1,...,pn} A Dirac monopole singular at the points p1, . .., p, with corresponding signed
charges k1, ..., ky is a solution to the equation

ADp = Z kiGp,, (1.2.3)
=1

on a compact Riemannian 3-manifold (M, g), in the sense of currents, where ¢y, is the Dirac
delta function centered at the point p;. The Dirac delta function can also be understood as a map
dp;, : C°(M) — R, defined by d,,(f) = f(p;), or as a 3-dimensional cohomology satisfying the
equation || ar fOp; = f(pi) for any smooth function f. By a slight abuse of notation, we would
denote any of them by ¢,,.

The equation 1.2.3 has a solution if and only if

zn:ki =0. (1.2.4)
=1

This can be seen as a generalization of the well-known fact that on a closed, oriented, Riemannian
manifold (M, g), the equation Af = h, for a smooth function A, has a solution if and only if
f 2 hwolg = 0, to the case where h is not a smooth function but a distribution.

To see this, let &;(z) = k;G)p,(z), where G, is the Green’s function based at the point
pi, which means it satisfies the equation AG), (z) = J,,(x), defined on 2¢;-neighbourhood of
p;, for a sufficiently small ; [7, Theorem 4.17]. On a sufficiently small neighbourhood of p;,
Gp, () = — 2%,1 +m;+0O(r;), where r; denotes the geodesic distance from the point p;. On a small
neighbourhood of p;, ®; is a solution to the equation AP; = k;dp,. Let Op = Y1 | &iP; + ¢,
where ¢; is a cut-off function based at p;, which is supported on By, (p;) and equal to 1 on
Bc,(pi). It can be arranged to have [, >""  A(&®;)vol, = 0, with suitable choices of the
cut-off functions when ) ;" | k; = 0. The equation 1.2.3 for ¢ becomes

A = (kiby, — A(&iy)). (12.5)
i=1

The point of this equation is that the right-hand-side is smooth everywhere on M. Note that in a
neighbourhood of the points p;, the right-hand-side is identically zero. Moreover,

/ Z(kiépi — A(&P;))voly = 0,
M iy

and therefore, there is a smooth ¢ satisfying the equation 1.2.5.
As mentioned before, another way to think about the Dirac delta function is in terms of
differential forms. Let ¢, be a 3-form representative of the Poincaré dual of the O-cycle {p;}.

3In this writing, we use the convention A = (d + d*)?.
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The equation A D = Y, kidp, has a solution if and only if 6 = ). k;0, is an element of the
orthogonal complement of harmonic 3-forms 3. From the Hodge decomposition theorem we
have,

Q3(M) = d*(M) & H>.

On a closed oriented Riemannian 3-manifold, 4> is 1-dimensional, generated by the volume
form vol, of the Riemannian metric g — note that the volume form of g is parallel and harmonic.
On the other hand

(8, vol,) Zk/é /\*volg—Zk—O

and therefore, the equation AD p =, kidp, has a solution. We can define the Higgs field of the
Dirac monopole by @p := «® D-

Furthermore, the solution to this equation is unique up to addition by a constant. For any two
solutions @ and @', of the equation 1.2.3, we have

A(Dp — Bp) = ADp — AP, = kiby, — Y ki, =0,
=1 =1

and therefore, &p — @’D is a harmonic function on the closed manifold M ; hence, it is constant.
Also, note that the assumption on the total charge being zero is necessary. For any @ with
AP =" | kb, we have

/ Advol, = lim Advoly = lim d*ddvol
M\{p1.pn} =0 JM\UL, B (p2) =0 MU, Be(pi)
= lim d*d® = lim *dP,
=20 MU, Be (i) e20Jur,0B.(pi)
which is zero since A® = 0 on M \ {p1,...,pn}. On the other hand & = —3% +m; + O(r)

close to the point p;, and therefore,

ki
*xdP = ﬁbarivolg +0(1),

%

hence,

;1_13(1) *dd = ;I_I{(l)z /635 o0 2 2581”1110[ +0(1)) = EL%Z /BBs(pl 2UOZ8B£(pZ)

UzlzlaBs(pi)
=27 Z k;,
=1
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and therefore, k := Z?:l k; = 0. This is in contrast with the non-compact case, where some of
the charges can run into infinity.

Note that in the construction of @p, we have not used the assumption about the homology
groups of M, and the argument works on any closed oriented Riemannian 3-manifold (M, g).
In fact, it works on any closed, oriented, n-dimensional Riemannian manifold. The homology
assumption is related to the existence and uniqueness of the connection of a Dirac monopole. We
start with the uniqueness problem.

Suppose there exists a connection Ap on a line bundle 7 : L — M \ {p1,...,pn} such
that F4,, = *d®p. For any other connection 1-form A/, satisfying this equation, since
Hn(M\ S)=0and d(Ap — A},) = 0, we have (Ap — A’,) = 7*(df ) for a smooth function
f € C°(M\ S). This implies that if such a connection exists, it is determined by the Higgs
field up to addition by an exact form, which corresponds to tensoring the line bundle which the
connection Ap is defined on by a flat line bundle.

Now we focus on the existence problem for such a connection. Let F'p be a 2-form defined by
Fp := xd®p. We should determine when we can realize this 2-form as the curvature 2-form of a
connection Ap on a principal U(1)-bundle on M \ {p1,...,ps}. This would be the case if the
2-form F'p has integer periods in H2(M,R). Recall the following lemma from the Chern-Weil
theory.

Lemma 7. For any integral closed 2-form F' on a manifold X, there is a line bundle L — X,
unique up to isomorphism, with a connection 1-form A with curvature 2-form F.

In our case, note that %FD is a closed 2-form on M \ {p1, ..., pn}, and therefore, we can
consider the corresponding cohomology class [s= Fp] € H*(M \ {p1,...,py},R). We need
to show that the cohomology class [5- Fp] vanishes in H2(M \ {p1,...,pn}, R/Z). However,
since M 1is a rational homology 3-sphere, H; (M, Z) is finite and Hy(M,Z) = 0, and therefore,
Hy(M \ {p1,...,pn},Z) is generated by 2-spheres 0B.(p;). We have

1 1
F

il D= — *xd®p = k; = 0 modulo Z,
2m JoB.(p) 27 JoB. (p;)

and therefore, by Lemma 7, there is a principal U(1)-bundle L — M \ {pi,...,p,} and a
connection 1-form Ap on L, where Fp is the curvature of Ap and @p is a section of the adjoint
bundle. U

1.2.2.1 Mass of Monopoles

On non-compact manifolds with ends of suitable types, for instance asymptotically conical ones,
the mass of a monopole (A, @) with a sufficiently fast decaying curvature can be defined at the
ends of the manifold as the limit of the Higgs field lim,_, , |?|, where r denotes the geodesic
distance from a fixed point g € M. Similarly, we defined the mass of the monopole at a singular
point to be the constant m appearing in formula 1.1.8.

Let the vector 7 = (mq,...,my) € R™ denote the masses of the monopole at the singular
points p1, . . ., p, on a closed manifold (M, g). For any Dirac monopole (Ap, @ p) with vector
mass 717, the monopole (Ap, P p + ¢) has the vector mass 71t + ¢ = (my+c, ..., my +c). Inthe
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asymptotically conical case, one can find a monopole with fixed charges and fixed masses at the
ends of the manifold; however, recall that in the case of compact manifolds, the Dirac monopole,
up to addition by a constant, is given by fixing the charges at the singular points, and we do not
have much freedom in the choices of the masses of the monopole at the singular points. We can
only add a constant to the mass vector, and therefore, we can only fix the position of the singular
points, the charges at (n — 1) of them and the mass in one of the singular points.

We define the average mass by m = w The relative mass m/, at each singular point
pi is defined by m; = m + m. The relative mass at each point p; is a function of the charges and
the locations of the singular points, and as one moves these points around, these relative masses
change. Here, for our gluing construction to work, we would make the average mass sufficiently
large by adding a constant.

In the study of the moduli spaces of monopoles on R?, one can assume a normalizing
condition, to have mass 1 at infinity, since there is a natural identification between the moduli
spaces of monopoles with different masses. However, this is not true for the moduli spaces of
monopoles over other 3-manifolds, and there is no natural identification between the moduli
spaces of monopoles with different masses.

1.2.2.2 Lifting the Dirac Monopole

For carrying on our gluing construction, we should lift the Dirac monopole we constructed to
an SU(2)-bundle, so we can glue the scaled SU(2) BPS-monopoles to this lifted background
Dirac monopole. Consider the rank 2 vector bundle L & L= — M \ {p1,...,p,}. Let V4, be
the covariant derivative of Ap on L. This induces a covariant derivative on L & L™, namely
Va, ®(—=Vap).

Moreover, close to a singular point p;, the adjoint bundle of the corresponding SU (2)-bundle
can be decomposed as R & H. ch, with the induced Higgs field ®p & 0. Close to a singular point
p; with charge k;, the rank 2 bundle is isomorphic to H;f; ® Hp, ki,

We can fix a basis for su(2),

(0 —i (0 -1 (=i 0
A=\ 0) 27\1 o) 7\ o i)

Suppose (Ap,®p) is a U(1)-Dirac monopole, defined on a U(1)-bundle Py;(;) with associated
line bundle L. The induced SU (2)-monopole is (Apos, Ppos), which for simplicity and by an
abuse of notation we still denote this monopole by (Ap,®p).

The other main ingredients of the gluing construction are the scaled BPS-monopoles on R3.
In the following section, we study the model monopoles which we glue to the background Dirac
monopole.

1.2.3 BPS-Monopoles on R3

In this section, we introduce the BPS-monopoles on R? and recall a basic lemma about their
asymptotic behaviour.
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Let P — R? be a principal SU(2)-bundle. Let A be a connection on P and @ a section of the
adjoint bundle. For pairs (A, ¢) with suitable asymptotic decay, we can define the Yang-Mills-
Higgs action functional,

1
YMH(A®) = 5 [ (Fal + [da)dndyds,
R

where the norms are defined with respect to the adjoint-invariant inner product on the adjoint
bundle.

The critical points of Yang-Mills-Higgs action functional are the solutions to the following
equations,

A4 Fy = — [, dad),
ddad = 0.

Monopoles satisfy these equations, in fact, they are the minimizers of this action functional.
Monopoles with finite Yang-Mills-Higgs energy satisfy the following decay conditions,

|Fa| = |da®| = O(r™2), |&| - m, as r— oo, (1.2.6)

where the constant m = lim|;|_, |®()] is the mass of the monopole at infinity.
By a scaling, one can change the mass of a given monopole on R3. If (A4, &) is a monopole
on R? with mass m at infinity, then

(AN, @) (x) := (A, D) (\x),

is also a monopole on R? with mass Am. This shows there are natural identifications between
the moduli spaces of monopoles with different positive masses, and therefore, one can assume a
normalizing condition, and let m = 1. More generally, we have the following lemma.

Lemma 8. Let (M, g) be a complete, oriented, Riemannian 3-manifold. Let
e:rp;\ :Tp,M — M, e:z‘pg(v) = exp,(Av),

be the exponential map based at a point p € M, defined for any A\ € RT.

Let (A, ®) be a monopole on a principal G-bundle P — M. Then the pair (A, &) :=
((exp;})*A, A(emp?;)*@) is a monopole on the pull-back bundle (e:cpl),‘)*P — T, M with respect
to the Riemannian metric gy = )\_Q(exp;‘)*g.

Proof. This lemma can be seen as an instance of the conformal invariance of the anti-self-duality
equation on 4-dimensional manifolds, but can also be seen directly,

[(ea:pl),‘)*A A (ea:p;‘)*A} = (exppj\)*(dA + %[A NA]) = (emp?)*FA.

Faoo=d <(ewp;‘)*A> + %
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Furthermore,
dp@ =d (A(exp;)*qs) + [(eapd)* A, Mexp))*®] = Aeap))* (d® + [A, 8]) = Mexp))*dad.

Moreover, we have e:vp;,‘ = Idoexp, omy, where my : T,M — T, M is defined by m(v) = Av.

~

_ d
(T, M, g3 := gx = \">m}, o exp,g) — (Tp,M, g2 := m} o exp,g)

mx

* exp.
— (T,M, g1 == expyg) — (M, go == g).
The following maps are isometries,
my : (TpM, g2 = mj o exppg) — (T,M, g1 = exp,g),
expy : (TyM, g1 = exppg) — (M, g0 = g),

* _ * * _ *
and therefore, we have m} o *g, = %4, o m} and exp), 0 x4, = *g, © €xp,.
The identity map

Id: (T,M,gs = gx = A">m}, 0 expyg) — (T, M, g2 = m}, o expjg)

is not an isometry; however, it is a conformal map.

More generally, recall that on an oriented n-dimensional Riemannian manifold, under the
conformal change of the metric § := €2/ g, the Hodge star operator on p-forms changes according
to the formula x5 = e("2P)fx, Inour case n = 3, p = 2 and f = —In()\), and therefore,
*gy 0 Id* = NId* o *4,. We have

*ax © (eﬂfp;))\)* = g, 0 exp, omy o Id” = )\(exp;)* °©*g,
and therefore,
ton Fin = %, (cap))* (Fa) = Mewpd)” #, (Fa) = Meap))dad = d ™.
]

On R3, the Euclidean metric is invariant under this transformation, gx = g, and there-
fore, for every monopole (A,®) with mass m, we have a monopole (Ay,®,) with mass
lim ;o0 [PA(7)| = Am. This scaling plays an important role in the gluing construction.

In the case G = SU(2), to any pair (A, ®) on an SU(2)-bundle on R3, which is not
necessarily a monopole, with the decay conditions 1.2.6 and mass m, one can assign an integer
charge, defined by

1
k:= lim —— D Fy).
REI;O 4mm SR(0)< ’ A>

Note that this notion of charge is different from but closely related to the notion of charge at a
singularity. To differentiate these two, we might call this one the charge of the monopole and the
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one we defined earlier the charge of the monopole at a singularity.

A very important problem in the theory of monopoles, also related to the gluing constructions,
is to understand the moduli space of monopoles on R3 with charge k. The seminal work of
Taubes shows that for any charge k, there are SU (2)-monopoles with charge & on R3. Atiyah and
Hitchin showed that the moduli space of centered SU (2)-monopoles with charge & is a (4k — 4)-
dimensional smooth hyperkihler manifold [4]. In all of these constructions, the BPS-monopole
plays a crucial role. The BPS-monopole is an explicit charge +1 solution to the Bogomolny
equation which was discovered by Prasad and Sommerfield [80].

Definition/Lemma 9. There is a unique SU (2)-monopole on R, centred at the origin with mass
1 at infinity and charge +1, called the BPS-monopole. Denoting this monopole by (Apps, Ppps),
we have

1 1 1 1

sinh(r) ;)(n x o) dz, Ppps(z) = (m — ;)n -0,

Apps(z) = (

,n=2 0= (01,02,03) € R}®@su(2), and

(0 i /0 -1 (=i 0
01 = — 0 ) 02 = 1 0 ) 03 = 0 il

where - and x are formal inner and cross product on vectors with three components.

Although the BPS-monopole looks singular at {0}, it extends smoothly to the origin. We have
®pps(0) = 0; moreover, this is the only zero of the Higgs field. Furthermore, |®(x)| < 1 for all
z € R? and lim o |P(z)| — L

where r = |x

1.2.4 Approximate Solutions

In this section, we construct an approximate SU (2)-monopole (A, @) on an SU(2)-bundle
P — M, with prescribed Dirac singularities at some isolated points p; fori € {1,...,n}. The
pair (Ag, @) would not be a genuine monopole, but an approximate one.

We take the lifted Dirac monopoles we constricted in the Section 1.2.2 as the background
monopole. The monopoles we are gluing to these Dirac monopoles are defined by scalings of the
BPS-monopole on R3.

The idea of constructing an irreducible singular SU(2)-monopole with singular points
P1, - .., Pp With corresponding charges ki, ..., k,, where k; € N, is to start with an Abelian
Dirac monopole with singularities at the points p; with negative charges &, such that &k, = —k;,
and some other well-separated singular points S; = {q1, . .., gx } all with signed charge +1, such
that

n
Total charge : =k + Z k. =0.
i=1

Since the total charge is zero, there exists a reducible Dirac monopole (Ap,®p) on an
SU(2)-bundle with these prescribed singularities. We will glue the scaled BPS-monopoles with
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charge +1 to this background Dirac monopole at the points ¢; with charge +1 at the singularities.
The scaling is necessary since close to the singular points g;, |?p(x)| — oo as dist(x,q;) — 0,
and therefore, near the singular points |®p| is quite large, which implies the Higgs field of the
SU (2)-monopole which we are gluing to the background monopole close to the point ¢; should
be large too. We change the mass of the BPS-monopole by a suitable scaling.

The Higgs field of the BPS-monopole (Apps, Ppps) is non-zero on R3 \ {0}, and therefore,
it induces a decomposition of the adjoint bundle R ¢ L, where R is the sub-bundle generated
by the image of the Higgs field ?ppgs and L is the orthogonal sub-bundle in the adjoint bundle.
Corresponding to this decomposition any section of the adjoint-bundle or any adjoint-bundle-
valued tensor f supported away from 0 € R3 can be written as f = f* + f7, where f* and f7
are called the longitude and the transverse components, respectively. The following key lemma
follows from the work of Jaffe and Taubes [49, Section IV.1], also Lemma 2.13 in [30], which is
fundamental in the gluing construction.

Lemma 10. Let (a, ) be a pair of a connection denoted by a on the SU (2)-bundle P — R3\ {0}
and a section @ of the adjoint bundle, with finite Yang-Mills-Higgs energy, with charge k, and
mass 1 at infinity, which does not necessarily satisfy the Bogomolny equation. Then we have

25 — " =0("), |2 —¢"|=0("), |Ap—al=0("),

for some v < 0.
Moreover, for the BPS-monopole with charge +1 and mass 1 centered at the origin, we have

8% — Phps| = O0(e™"), |85 —Phps| =0(e™"), |Ap— Apps| =O0(e™"),
and therefore,
|Q§D — @BPS‘ = O(G_T), |AD - ABPS‘ = O(e_r)‘

From the Lemma 8, recall that if (A, ®) is a monopole on R3 with mass m at infinity, then
(A* @M () := (A, A\®)(\z) is also a monopole on R? with the same charge, but with the mass
Am. The scaling by A > 1 not only makes the mass larger, but also makes the convergence faster.
We have

[Pps — Ppl = O™, |Apps — Ap[ = O(re™). (1.2.7)

The result of scaling Dirac monopoles on R? is quite simple. The connection of the Dirac
monopole is radially invariant, Ag = Ap. Furthermore, for the Higgs field of the Dirac
monopole we have

&) (x) = AMp(\x) = A(1 — if) L Dp(z) + (A —1).

r r

Therefore, this scaling just adds the constant (A — 1) to the Higgs field of the Dirac monopole,

(A, @D)(x) = (Ap,Pp + (A = 1)) ().
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Remark 2. As we increase the average mass of the SU(2)-monopole we get closer to the
boundary of the moduli space of monopoles. The Dirac monopoles can be understood as a part
of the boundary — or corner — of the moduli space of monopoles, so the strategy, similar to the
other gluing constructions, is to start from a boundary point of the moduli space and then move —
deform — towards inside.

By adding a positive large constant, if necessary, we can assume that the local description of
the Higgs field of the monopole, close to each singular point p; or g;, has the form
ki
dp = _TT‘Z' +m; + O(Ti),
with m; > 0. Close to the singular points with positive charges, the Higgs field goes to negative
infinity; however, for a fixed positive €, we can increase the mass of the Higgs field such that on
M \ U;B;,(q;) we have @p > /2, simply because M \ (U; Be, (p;) Uj Be,(gj)) is compact
and the Higgs field goes to plus infinitiy at the points p;. Similar to the non-compact case, as
observed by Oliveira [76], a more relevant inequality would be of the type where £ depends on
the average mass, as in the following lemma.

Lemma 11. By increasing the mass of (Ap,®p), if necessary, on K (g9) := M \ U;B.,(q;) we
have ®p > /2, where g) = \/%

Proof. Lete > 0 be a sufficiently small positive number such that on e-neighbourhood of singular
points p; or ¢;, ?p = —k;/2r;+m;+ O(r;) for a positive m; . By making ¢ smaller, if necessary,
we can assume @p + 1 > —k;/2r; + m;. Furthermore, by adding a constant to the Higgs field,
on M \ U;B.(q;), we would have &p > m /2.

Now we need to show the same holds for g < r; < €. It is enough to show that on this
region we have —1/2r; +m; — 1 > m/2 or, equivalently, /2 + m) > 1/2r; + 1. By adding a
constant to the Higgs field, we assume 77 > 2 and @ > 2m), for all 4, and therefore, it is enough
to have

> (1.2.8)

2m -2
This holds if we let eg = % which is larger than ﬁ when m is sufficiently large. O

The singular points p; can be arbitrarily close to each other, but for fixed masses, the
construction breaks down as one moves the singular points g; very close to each other or to the
points p;. However, if we allow the average mass to increase, these points can be arbitrarily close.
For the gluing construction to work we increase the average mass such that

. . ) 2
Hilljn{dwti;éj (gisq5), disti j(qi,pj) } > €0 = 4/ —
The approximate monopole we are constructing is equal to the Dirac monopole on M \ U; Bae,; (g5)

with a large mass, and equal to the pull-back of an appropriately scaled BPS-monopole on each
Be,(q;), where the scaling factor \; = m; is the mass of the Dirac monopole at g;. This can be
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done after identifying a small neighbourhood of ¢; with a neighbourhood of the origin in R3 and
the bundles above them.

Fix a diffeomorphism between 2¢ j-neighbourhood of the singular point ¢; and a neighbour-
hood of origin in R? using the geodesic normal coordinates,

nj: B25j (Qj) c M —R3.

Moreover, we can fix an identification between the associated vector bundles above these neigh-
bourhoods covering 7);, which by an abuse of notation, we also denote this bundle map, called the
framing, by 7n;,

nj (RS Hy)p, g\, = 42, 10y

Using these identifications we can pull back the scaled BPS-monopoles to the 2¢ ;-neighbourhood
of gj. Although the Dirac monopole is not defined at the point g;, the pull-back of the BPS-
monopole and the bundle it is defined on extend smoothly over ¢;. Different identifications can
result in different pairs on M \ S, even up to gauge. Up to isomorphism there is a U (1)-freedom
in the choice of the framing for each ¢;, and assuming we have k such points we would get &
parameters for the choices of framings — up to gauge (k — 1) parameters.

Suppose for each ¢;, a framing 7; is fixed. Now we can pull back the bundles and the scaled
BPS-monopoles to Ba.;(q;). We denote these local pairs by

%/ AN %/ A
(773‘ (ABJPs)a n; (QSBJPs))'

Using cut-off functions we can glue these local monopoles to the background monopole. Suppose
&; is a cut-off function supported around ¢; such that

€ = 1 on B (q)
T 0 on M \ BQEJ' (qj)7

and

€0 = 1 on M \ UjBng (Qj)
0 on Uj;Be(g),

where on e; < 7; < 2¢;j we have & + ¢; = 1 foreach j € {1,...,k}, and

V| < 25;1 and |V§| < QjG?Ilan}{gj—l}.

The approximate monopole has the form

k

(A0, B0) = €0(Ap, D) + > & (05 (Aps) 115 (B pips)-
j=1
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Note that the assumption &y + &; = 1 assures Ay is a connection.

1.2.4.1 Pointwise Approximation of the Error

This pair (Ag, @) is an approximate solution and does not necessarily satisfy the Bogomolny
equation. We define the error term by

€y — *FAO — dAO@Q.

In this section, we estimate the error term eg in different regions on M.

eo is zero on M \ (U;Bac;(q;) U Sp), since on this region the approximate monopole is equal
to the Dirac monopole. The error term is non-zero on U; Ba.(g;). It is correct that on each
Be,(q;) the approximate monopole is equal to the pull-back of the scaled BPS-monopole, but we
only know that the scaled BPS-monopole is a monopole with respect to the Euclidean metric and
not with respect to the arbitrary Riemannian metric g on M. The error term eg is also non-zero
on the necks U; (B2, (q;) \ Be,(q;)), both because g is not necessarily flat, and also because of
the use of the cut-off functions.

=

Lemma 12. Let e; = )‘j_ . Then when the average mass is sufficiently large, we have the
following pointwise error estimate,

(eo) = 0(1).

IBer (a5)

Proof. We denote the error coming from the manifold not being flat around ¢; by

= (5o @)
1 (Agps) 1 (Asps |B2 (e
e; (4
This error would vanish if the metric is flat on small neighbourhoods of the points g;; however,
it is not true in the general case. On each By, (q;), the size of the error depends on how much
the metric g is different from the Euclidean metric. For the comparison between the metric
g on By (q;) and the Euclidean metric, we should first pull back the Euclidean metric go to
Bae;(q;) using the same map that we used to pull back the scaled BPS-monopole to Ba, (g;).
We denote the Euclidean metric pulled back to Bac(¢;) and its Hodge star operator by go and *o,
respectively.

BPS % N
€ = xF . —d ) (P
( J )\BQEj (a5) nj(A;JPS) W;(A;]Ps)n]( BPS)
>\.
= (xn F ) —d ) (P + (% F ) — %0 F )
C0F 0 ™ D)l BB+ O EL g =B g )
= xF o — o = (% — %) F P
wi W~ g T T )

24



Note that
Aj

xo F o —d . (P =0,
0 n;(A)E;JPS) n;(A)E\BJPS)nj( BPS)

since (A;’P g (P/\ij ) is a monopole with respect to the Euclidean metric go.

For each j, for sufficiently small ¢;, fix a local geodesic normal coordinate system on
Bae,(q;), denoted by (1, z2, 73). We can think about the components of the Riemannian metric
gk, in this coordinate system as real-valued functions defined on this neighbourhood of ¢;. We
can write down the Taylor series expansion of these functions around the origin, which here
corresponds to g;,

1
gk,l(x) = (55€ + 3 Z RktmnTm®n + O(‘$|3),

m,n

1
k,l _ sl 72 3

m,n
where Ry, is the (4,0)-Riemann curvature tensor. Furthermore,
1 3
volg(x) = (1 — 6 Z Ry nTmxn + O(|2|°) | dzidxadas,
m,n

where R, ,, denotes the Ricci curvature tensor.
For any 2-form 8 € Q2(M), which in the given coordinates system 3 = 3 eyclic i.j k BidTidTy,
we have

1
1812 =" BrBig™ =812, - 3 > RumnBrBiman + O(|z]).
k,l

k,l,m,n

Similarly, if 3 € Q?(M, V) is a V-valued 2-form for a vector bundle V' equipped with a fiber-wise
inner product (—, —),

613 = D206 800" = 163, = 5 D Rt {B A+ O((af).

1,J klm,n

On the other hand

(B A=B) = |Blgvolg,

where (— A —) is wedge product on the real differential form parts and inner product on V'-valued
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parts, and therefore,

(BA*B) = 1/3\30—Z(%ZRumnm,m+é\5\§0Rm,n)xmxn+o<\w\3> dzydzodas

m,n k,l

= PBA(x—x%9)B=|— Z(% Z Ritmn{Br, B1) + ém’goRmm)xm% + O(|$’3) dxidzradxs

mn "kl

1 1
= (* - *0)/8 = - Z(g Z Rklmnﬁlxmfn + 6 Z ﬁlgk’lRm,nl‘mxn)dxk + O(|‘T|3)’

k l,m,n lm,n

and therefore, pointwise and with respect to the metric g,

|(+ = %0)Bly < C|Blglz[?,

where the constant C' depends only on the curvature tensor of (), g). Going back to the curvature

2-form I »; on By (q;), the computations above show
77; (ABPs) !
x0 — %) F ; < C|F ; z)?.
‘( 0 ) n;“(A;EJPS ’g — | n;(A;]PS)’g‘ ’

Following [49, Section IV.1], and using the same notations as in the Definition 9,

1 1
(Waes®ors)” = (G ~ P
T= i— : L o—(n-o0)o)-dx
(dABPSQSBPS) _<|{II’ tanh(\x|))(smh(\a:|))( ( ) ) d .

Although (dABPSQSBpg)L and (dABPS(PBpg)T look singular at the origin, they extend
smoothly to the origin. In fact, the maximum of both of these components are achieved at
the origin,

1

|(dABPS€pBPS)L‘90 < gv ‘(dABPs@BPS)Tbo <

1
3
Furthermore,
by c
d », DYnalg < —5
A, BPSI90 )\].’2—1—|:13]27

for a constant C' > 0.
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For any 2-form 3, with values in any vector bundle, we have

1812 = 1812, = > (Br: B (g — g5") = —% > (Brs Bi) Ritmn®man + O(|z]*)

k,l kl,m,n
< CRIB[;,|=|?,

where C' > 0 is a constant and R is the maximum of the Riemann curvature tensor of g. Therefore,
2 2 21,12
|Blg < 1Blgo + CRIBG, ||,

Let 5 = — %) F
et B = (0 — *) n(Apg)

(0= ¥)E . 1, 2<C _2’”3‘4 IR _2‘:”|6 :
(ABPS) ()‘j +\$|2)2 ()‘j +|:E|2)2

for a constant C', when J; is sufficiently large.
These sum up to
BPS /
(e )‘stj(qp <, (1.2.9)
for a positive constant C’.

On the neck Bac,(q;) \ Be;(q;), the cut-off function is another source of error. On this region,
we have

k
0 =30 (3~ L T i
Holxd o (AT =} (Aps)) —d, (ABJPS)@B — 75 (@ps))
+*<d&m< } 0} (Aps))) — déo(@y m@%ﬂfs»
HEAY ~ 1 (Aps)))? — BlAb — 1 (bs). B~ 1 @] ).

where * is the Hodge star of g on M.
First consider the case where the Riemannian metric g is flat, as we were to glue a scaled
BPS-monopole to a scaled Dirac monopole on R3. Then following Lemma 10, we would have

[ps = Pp| = O0Ge ™), | Aps = AF] = O(e ™).
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and therefore, on this region

oty (AR = 7 (ARpg))| < x(Wfe™7),

d (ABJPS)@B*n*(@;pSm<cQ<AJ ),

(deo A (A — 7 (Apg)))] < c3<jjje-AJTj>,

(@ (@) < ea(SLe)

|(€0(A; *(Aé;psm | < es(A2e 2V,

‘53[14/\ m; (ABPS) =1 (@BPS)H < 06()\32' —AT,

for constants c1, . . ., cg, independent of €; and A;.

Here A; and ¢; should be understood as a very large and a very small number, respectively. As
we increase \;, we can make €; smaller. Although there is no unique choice for these parameters
for the gluing construction to work, sometimes there are choices which minimize the error of the
approximate solution.

Let’slete; = )\2- for some —1 < [ < 0. For [ outside of this interval the errors listed above
can be large. The appropriate value for [ depends on the functional spaces we choose to work

with. For sufﬁ01ently large ;, the leading term of the bounds for the error e?eCk

would be /\]2- e=""" . These errors are exponentially small and favorable.

However, the case over arbitrary Riemannian 3-manifolds is different, since the Green’s
function on a neighbourhood of a point ¢; is not necessarily equal to —
there are higher order terms, and therefore,

up to a constant,

%j + m, but potentially

>\ .
1PEps —

2] = 0(\e ™M) +0(ry),

k; ks
D|:|@BPS_(_2Tfj+mj)|+|(_2Tfj+mj) =

and similarly,

|Apg — Ap | = O(Xje ") + O(r;).

and therefore, for sufficiently large A;,

[PBps — O(rj), [Agps —Apl=0(rj).

Aj|:
D
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hence, for [ = —%,

Aj w AN
ovd ., (AB =0} (Aps))| < en
by gy
d (ABJPS)@DJ 1 (@5ps)| < 2
by Tj
[(dgo A (A — 1} (Apg)))| < Ca(i),
)\ Ti
|d§0( -1 (@Bpsm < 04(82
Aj
|(50( (ABPS)))2| < 05(7“]2‘)7
€5[AD =1 (Apps), @ — 1 H(Pyps)]| < 06(7“?)7
where the constants c1, . . ., cg are independent of £; and A;, and only depend on the geometry

of (M g). We denote this error on the neck containing the terms A)[‘)j - n;f(Agjp g) and di)[‘)j -
n; (@BPS) by e”ed€ We get

(60)\325j<q]->\35j<qj) =0(1).

1.2.5 Solving the Equation

The goal is to show there is a solution to the Bogomolny equation near the constructed approximate
monopole (Ag, @p). In other words, we are looking for a small (a, ¢) — small in a suitable norm
— such that (Ag + a, Py + ¢) is a genuine monopole. In this section, we set up the equations for
(a, @) and state the strategy to solve these equations.

We can write the equation for the pair (a, ),

F(A() +a) — dAOJra(@o + QD) =0=

(*FAO - dA()@O) + (*dAoa - dAoQD - [CL, ¢OD + (*

Let d(AO’%) QLM \ Sp,gp) ® QO(M \ Sp,gp) — QM \ Sp,gp) be the operator that
appeared in the linearization of the Bogomolny equation at (Ag, ®y),

dgAO’@O)(a, @) = *da a0 — da,0 — [a, Dol (1.2.10)

where S, = {p1,...,pn}.

Although d(AO’%)( ) depends on the pair (Ag, @¢), whenever there is no fear of confusion
we drop the subscript (Ao, &) and denote it by da.

Let Q(a, @) : QL(M\ Sy, gp) QY (M\ Sy, gp) — QYH(M \ Sp, gp) be the operator defined
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by the quadratic part,

ala
Q(a,@)— [ 2 ]_[ ) ]
Equation 1.1.1 can be written as
(d2 + Q)(a,¢) = —ep. (1.2.11)

The Bogomolny equation is invariant under the action of the gauge group, and therefore, not
elliptic. In fact, it is elliptic modulo the action of the gauge group. The linearization of the gauge
group action is given by

dy"™ QUM Spap) = QM \ S, 90)  Q°(M \ S, 1),
dgAO’%)& = (—da,&, —[Po, §]).

Similar to ds, this operator also depends on the pair (A, Py), but we drop this subscript when
there is no fear of confusion and denote it by d;.

The gauge fixing equation dj(a, ) = 0 describes a local slice of the action of the gauge
group at (Ag, Py), where

di(a, ) = —diy,a — [Po, ¢,
is the formal adjoint of d; with respect to the L?-inner product. Let
D 44.80) : QI(M \ Sp,op) ® QO(M \ Sp,gp) — QI(M \ Sp,gp) @ QO(M \ Sp, 8p),
be the elliptic operator defined by
D = Day 3y = d2 © dj.

This can be used to define an elliptic equation. Instead of dy(a, ) = f, we can consider the
equation

D(a, ) = (f,0). (1.2.12)

Two important properties of 1.2.12: it is elliptic, and, for any small f, any solution of da(a, ¢) = f
can be gauged into a solution of 1.2.12.
These operators fit into a sequence

QUM N\ Sy, ap) 2 QUM \ Sy, gp) @ QM \ Sy, ap) 2 QL M\ Sy, gp).  (12.13)

Note that dg o d1§ = *[(da,Po — *Fa,) A &, and therefore, da o d; = 0 when (Ap, Do) is a
monopole. In fact, 1.2.13 is an elliptic complex when (A, Py) is a monopole.
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The formal adjoint of do with respect to the L?-inner product is given by
dy : QUM N\ Sp) » QUM N\ Sp) @ QU (M\ Sy),  dyu= (xdagu+ [u, Bo], —dy, ).

We look for solutions to the equation 1.2.11, which are of the form (a, ¢) = d5u, and therefore,
the equation 1.2.11 can be written as

(dody + Qdi)u = —eo. (1.2.14)

This equation is elliptic. In fact, dod5 has the same symbol as the Laplacian on su(2)-valued
1-forms. A key step in solving this equation would be solving the linear equation

dodiu = f. (1.2.15)
The method for solving this linear equation can be summarized into 4 steps:

* solving the linearized equation dad3u = f on Bs.,(q;) via a variational method;

* solving the linearized equation dadju = f on M \ (U; B2, (q;) U Sp) via a variational
method;

* solving the linearized equation d2& = f on M \ S, via an iteration method;

* solving the Bogomolny equation on M \ \S,, using a fixed point theorem.

1.2.6 Analytic Preliminaries

In this section, we review the necessary background material to solve the linearized Bogomolny
equation.

We start with the monopole Weitzenbock formulas. These formulas follow from the standard
Weitzenbock formula for a connection on a vector bundle.

Lemma 13 (The Monopole Weitzenock Formulas [28]). Let (Ao, Do) be a pair of a connection
and a Higgs field on a principal bundle P — M where (M, g) is an oriented Riemannian
3-manifold — and (Ao, Po) is not necessarily a monopole. Let eg = *Fa, — da,Po. Let
ad?(Pg)¢ = [Py, [Py, £]] and u € Q1 (M, gp). The Monopole Weitzenbick formulas are

dadiu = V', V agu — ad(®o)? (u) + Ric(u) + *[eg A ul, (1.2.16)
DD*(a, ) = Vi, Vao(a, p) — ad(®o)*(a, ) + Ric(a, ¢) + *[eg A (a,9)], (1.2.17)
D*D(a,p) = DD*(a, ¢) + 2(da,Po, (a, p)). (1.2.18)

Variations of the Poincaré inequality are essential in the analysis of the linear problem.
The standard Poincaré inequality ||u|z»ry < C|Vul| sy is stated for compactly supported
functions u € W'P(U) where U C R" is a bounded domain and C is a positive constant.
This inequality is also valid when U is a ball in a Riemmanian manifold (), g) with a positive
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constant C which depends on the geometry of U. A variation of this inequality also holds for the
compactly supported functions on R", when n > 2.

Lemma 14 (The Gagliardo-Nirenberg-Sobolev Inequality [43]). Letn > 2and 1 < p < n. Let

p* be the Sobolev conjugate of p; i.e., p* satisfies 1% = 11) - % Then

[[ull Lo (mny < ClIVul| Lo @ny,

for a constant C' which depends on n and p and for all compactly supported functions u €
CHR™).

Moreover; this inequality holds when R™ is equipped with a metric g which is asymptotically
Euclidean rather than Euclidean, for a positive constant C,,.

The space of smooth compactly supported functions on R™ is dense in WP(R"), and
therefore, the following lemma is immediate.

Corollary 2 (WP Gagliardo-Nirenberg-Sobolev Inequality). Letn > 2, 1 < p < n and p* the
Sobolev conjugate of p. Then

[ull Lo ey < ClIVull Lo @n),

for a constant C = C,, ,, and any v € WHP(R™).
Furthermore, this inequality extends to asymptotically Euclidean spaces.

Now we turn to weighted Poincaré inequalities. A one dimensional version of this inequality
states that if f : R — R is a non-negative function, F'(z) = foz f(t)dt, and p > 1, then

[ () a2 [ s

This inequality, which is called the Hardy’s inequality, was first proved by Hardy; however, the
constant (%)p in this inequality, which is sharp, was later discovered by Landau. For a proof
consult with the beautiful book ‘Inequalities’ written by Hardy, Littlewood and Pélya [39, Section
9.8].

Lewis proved a higher-dimensional version of this inequality [63], which — a special case of
that — is stated below.

Lemma 15. Let g : R™ — R be in W22(R™). Then for all u € C(R™) we have

/\Aamhmm%wws2/\vmwmmmvmwwdw
Rn RTL
34/ Ag(2)| " Vg (@) 2V ()| >volan.
Rn

In particular, when n > 2,

4

p=2 2volgn < ———
[ el e otz < g

/ |z|P | Vu(z)|Pvolgn,
Rn
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forall u € CL(R™).

Using Kato’s inequality, we can extend these results about real-valued functions on R to
su(2)—valued forms and their covariant derivatives.

Lemma 16. For all o # —1 and compactly supported section u € C§°(R3, su(2)), we have

1
/|x\_2a_3|u]2volR3< /:n|_2a_1]VAu|2volR3. (1.2.19)
R3

(a+1)% Jrs
In fact, we will use a different version of this inequality. For a A > 0, let

w(z) = {\//\_24—]3:\2, |z

<1
1.2.20
1, |z| > 1. ( )

(AVARRVAN

Corollary 3 ([30]). Forall « # —1 and u € C§°(R3,5u(2)) we have

1
/ w273 |u|Pvolgs <
R3

—20—1 2
V 3. 1.2.21
e /R3 w |V qu|*volgs ( )

Moreover, this inequality is valid on asymptotically Euclidean manifolds, for a different positive
constant C,, depending on o and the geometry of the manifold.

1.2.7 The Linear Equation

We break solving the linear equation into three parts. In the first part we analyze, and later solve,
the linear equation close to the points g;. In the second part we analyze and solve the linear
equation away from the points g;, and finally, in the third part we solve the linear equation on the
whole manifold.

In the following section, we start analyzing the linear equation on a small neighbourhood of
the points g;.

1.2.7.1 The Linear Equation over Bs, (g5)

In this section, we set up the framework for studying the linear equation dadju = f on Bse, (),
and transfer it to R3,

Suppose f is supported on B3, (¢j). We can localize the problem on this region. When the
metric is flat on a small neighborhood of the point g;, it is convenient to consider B3, (q;) as a
subset of R3. This reduces the problem to solving the equation dedju = f on R3.

More generally, when the metric around g; is an arbitrary one, it is still useful to consider
Bse,(q;) as a subset of IR3, but with a non-standard metric. Using a geodesic normal coordinate,
we fix a diffeomorphism

p: Bse,(g;) C M — U CR.

We can pull back the Riemannian metric on B, (g;) via p~1tto U C R3. Furthermore, one
can extend this metric defined on U to a Riemannian metric defined on the whole R? such that
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it is flat outside of a slightly larger open subset V' with geodesic radius 4¢; containing U. To
prevent any confusion, we denote R? with this non-standard metric with 932; however, note that
the metric need not to be product. By an abuse of notation, we denote both metrics on M, and
also the induced metric on JR> by g. The case where the metric is flat has been investigated in the
study of periodic singular monopoles by Foscolo [30].

Working with an arbitrary metric introduces two potential sources of difficulty. One is related
to the error of the approximate solution, since the BPS-monopole is not a genuine monopole with
respect to the arbitrary metric, as we observed earlier. The other difficulty is related to the Ricci
terms in the monopole Wietzenbdck formulas in Lemma 13, which appear in the estimations in
the linear problem.

Letg € S; = {q1,...,qr}. Let (Ag, Po) be the approximate monopole defined on Bs.(q)
by gluing the pull-back of the scaled BPS-monopole on R? to the scaled Dirac monopole, both
with mass A and centered at the origin, using a cut-off function ¢ as before,

A3

(Ao, 80)(2) = {(n*(Agps>,;7*<¢gps>><x> ' (1222)

(A, @) (=

IV IA

r
r

where r denotes the geodesic distance to the origin and |V¢| < Az

Using the diffeomorphism ;! one can pull back the pair (Ag, Pp) to U C R3. We can
extend this pair ((u=1)*(Ao), (1=1)*®p) to a pair on PR3, by gluing it to the standard Dirac
monopole scaled by the factor A on 3 \ V = R3 \ V, using a cut-off function 5 such that
|VE| < Az, By an abuse of notation, we still denote this pair on i3 by (A, Py).

The first step is to set up the suitable Sobolev spaces for the linear problem. In order to solve
1.2.15 on K3, naively, one might let dad : W22(QY(R3)) — L2(Q1(97?)); however, this is not
a suitable choice, and one needs to use the weighted Sobolev spaces.

1.2.7.2 Function Spaces on R3

In this section, we introduce the appropriate weighted Sobolev spaces to study the linear operator
dod on su(2)-valued 1-forms on PR3, for a pair (Ag, o) with a large mass. These weighted
spaces have been investigated by Biquard [9, 10], and used in the case of monopoles by Foscolo
[31, 30], also related to the weighted norms in [1].

The weights used in the definition of our function spaces are designed for the linear operator
dad5 to have a bounded right-inverse. The motivation for the specific choices of the weights,
follow from the observation that the terms F'4, and d 4,9 appearing in the monopole Weitzenbock
formula of dad; blow up as the scaling factor A — oo and r — 0.

Definition 3. Let

— N

w(z) = {m

r<
1, r>

9

where r : R — R20 denotes the geodesic distance from the origin.
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Let (Ag, Do) be the approximate monopole we constructed earlier. Let a € R. For all smooth
compactly supported su(2)-valued differential forms u € Q°(R3, su(2)), let

—a—3
[ullzz ) = lw™* "2 ull L2(s),

HUHIQ/V(;%’(W) = ”UH%g(mii) + HvAoUHQLi_I(ms) + H@Oau]”%i_l(ms)‘

Let the spaces L (R3) and Wa>(R3) be the completion of C° (R3) with respect to these norms.
Furthermore,

lllfy 22 gy = Mtllfy 2 gy + IV a0 (d50) T2 ousy + [P0, d3ullTz o)

More generally, for any p > 1, we can define the norm

a3
ull g 3y = lw™™ #ull Lo,
and L5, (R3) as the completion of CS°(R3) with respect to this norm.

Remark 3. The integer 3 which appears in the exponent of w in the definition of the weighted
norms reflects the dimension of the base manifold. In fact, for sections of bundles over R", we
can define

[ull 2 gy = 0™ P ]| Loy
These spaces satisfy similar properties as the ordinary Sobolev spaces.
Lemma 17. The weighted Sobolev spaces enjoy the following properties:

e Letk € {0,1,2}. Letu € W§7ﬁc(9‘i3). Suppose Wolf’p(f)fi?’)-norm of u converges. Then
u e WEP(9R3).

e Forany u € W3*(R3), we have dadiu € L2 _,(R3), when X is sufficiently large.

o C°(R3) is dense in Wal’Q(iRg), and therefore, the Corollary 3 holds for the elements of
Wa (R3).

The proofs are straightforward.

1.2.7.3 Solving the Linear Equation on {3

The main theorem of this section is the following. In the case where the Riemannian metric g is
the Euclidean metric, this is proposition 5.8. in [30].

Theorem 3. Let dod : Wa* (0 (9%, 5u(2))) — L2_,(QY(9R3,5u(2))). Forall =3 < a <0
there exist 6 > 0 such that if [[weo(Ao®Po)| 13 (ms) < 0, then dads is invertible. For § > 0
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sufficiently small, there exists C' > 0 such that for all f € L?_,(Q'(R3,5u(2))), there exists a
unique solution u € W (1 (%3, 5u(2))) to daodiu = f with

22 sy < ClFllzz_ o),

where the constant C' is independent of A\, which appears in the definition of the approximate
monopole (A, Do).

The proof is based on a direct variational method. We present the proof of the Theorem 3
in 10 steps, presented in a sequence of lemmas. The line of proof follows [30]. Since C°(R?)
is dense in W22, we only need to prove the theorem when f is a smooth compactly supported
su(2)-valued 1-form on 3,

Before stating the proof, we want to assume a normalizing condition for the Riemannian
metric g on M. Note that (A, ®) is a monopole on (M, g) if and only if (A, 1®) is a monopole
on (M, c?g) for any positive constant c, and therefore, there is a one-to-one correspondence
between monopoles on (M, g) and monopoles on (M, c¢?g). Therefore, without loss of generality,
by multiplying the metric g by a sufficiently small positive constant number c?, we can assume
sup,e s | Ric(z)| < 155, and therefore, sup,eqs |Ric(z)| < 155

Lemma 18 (Step 1). Suppose f is a smooth, compactly supported, su(2)-valued 1-form on R3.
Let o € [—3,0). Let
1

B WU su(2) 5 R, B() = / d5ulPooly — (u, f) 2y (12.23)
R3

The functional E(u) is convergent when u € Wa>(QL(R3, su(2))).

Proof. We first show Hd§u||i2(m3) is finite. The key fact in proving this is the monopole Weitzen-
bock formula.

HdEUH%%mS) = HVAOU‘H%Q(D‘{?’) + |H¢O7U]||%2(m3) + (u, Ric(u)) p2(m3) + (x[eo A v, u) r2(o3)-
(1.2.24)

Note that since u € Wa2(Q(R?, su(2))), the asymptotic terms do not appear in the formula
above.

The first two terms on the right hand side of 1.2.24 are finite, since 1 < w™
—% < «, and therefore,

1
“~2 when

_1
IV gl = 1V aguls ey < Nl ) < 00

IV a5l 72 sy < llw™
—a—l
1[@o, ulll7 g5y < lw™2 [ o, ull[ 723y = I[Po, ulllZ2 | ora) < Nullfnn ) < 00
Regarding the Ricci term we have

< 0.

(u, Ric(u)) 2 (ms) < sup |Ricl||ull 20y < sup ’RZ’C\”U\\?,V&,Q(mg)
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93 is flat outside of a compact subset, and therefore, supgys | Ric] is finite.
As for the error term in 1.2.24, by applying the Holder’s inequality twice, we get

|(xleo A ul, u) 2]
= |(x[weog AU] w™ ) p2 )| < [l[weo A ull| g2 o lw™ | L2 o)
1
< 2||(we) H2 mS)H 2\|£3<m3)|,w_1u”m(m3) = 2||weHL3(9a3)||UHL6(m3)||w_1uHL2(m3)
< 26| ull ooy [lw ™ ul| p2s)-

Regarding the term ||ul[ z6(x3), by the Sobolev inequality we have ||u/| z6(m:s) < Csop|lullyr.2(:s)
— where Cjg,p is independent of A — and since 0 < w < 1 on R3\ {0},

—a— —a—

3 1
ullfyr2@) = lullZa@sy + 1V aoulF2@e) < o™ 2ullfage) + w72 Vagulf2o

< Jlullf, < oo,

o (%)
Regarding the term ||w ™" u/| ;2 (53), following the Corollary 3, we have

—a—

_ 1
lw ™ ul| 23y < CIV agull 2oy < Cllw™ "2V 40ull g2 (o) = ClIVagullzz @)

< CHUHW1,2 < 00,
for a constant C' which depends on « and the metric on M3, and therefore,

|(x[eo A ul, ) pomsy| < 2500sob||u!|3v; 29 < Cillull?,

) 12 m3)
for a constant C7; = 20C'Cg,p, and therefore,
5122y < IV ol 228y + [[[@os w172 (0m0) +01HUI|§,;2 )+sup\ch|\|u|| 12 (g13)
<(2+C+ sup | Ricl)|[ull}, 1.2 o3y < OO

After observing that ||d5ul|? 72(ot3 18 convergent, we should prove the same for (u, ) L2 (m3)-
By the Cauchy—Schwarz inequality we have

(u, flr2mz) < lullpzs | fllLe@sy < llullpz @)l fllL2@os) < HUHW;ﬂ(ms)HfHLQ(W) < 00,

and therefore, we have a well-defined action functional E : Wa?(Q1 (3, su(2))) — R. O

Lemma 19 (Step 2). Let f be a smooth, compactly supported, su(2)-valued 1-form on R3. Let
o € [—1,0). The functional E : Wa2(QHR3,5u(2))) — R is continuous.

Proof. We should show the following functions are continuous,

5 = [[720) = Wa (1 (R, 5u(2)) = R, (= f)raem) : Wa (21 (R, 5u(2))) — R.
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To prove ||d5 — Hi2(m3) is continuous we should show
[ d5uil| 72y = [dsullieey,  Wwhen wi—u in Wo?(QY(R%su(2).  (1.2.25)
By the monopole Weitzenbock formula we know

d5uill 72y = IV aguill 729y + [P0, w7205y + (Rie(u),u) 2 sy

+ (x[eg A ], ui>L2(m3).
It follows directly from the definition of Wa'?(Q!(R?, su(2))) that
IV a0uillz2 ey + [[Po, uilllZ2 oy = IV Aol Z2os) + [P0, ulllZ2ome),

when u; — win Wa? (Q1(R3, su(2))).
Regarding the Ricci term,

[(Ric(u), u) r2(rs) — (Ric(ui), ui) 12(r3)|

|(wRic(u), wilu)Lz(Rg) — (wRic(u;), w  u;) 2 ®3)|

< [(wRic(u — u;), w*1u>Lz(R3)\ + {wRic(u;), w™ " (u — ;) 12 (3|

IN

lwRicl sllu — will o lw™ wl g2 + lwRicl| s s | o w™ (u = wi)l| 2
< JlwRic|| s lu = will o w™ ull 2 + [[wRicl| s (Jull 2o + )™ (u = ui)]| 2
< C(JlwRiel| pslu — willwr2 |V agull 2 + JwRiel| s (IV agull 2 + Dlu — willwr.2)

which goes to zero as i — 0.
Furthermore, when ¢ is sufficiently large,

(10 [eo A ul, ) pagosy | = [(xleo A uil, ui) 2os)])]

= |((+[weo A u], w™ u) p2(osy| — [{x[weo A wil, w™ ui) 2oy
< [(x[weo Aul,w™ (u = ui)) pas)| + [ (Flweo A (u— i), w™ ug) 2 ()|
< [|[weo A |l 2o lw™ (u — wi) | L2rs) + lfweo A (w = wa)]|l 2o lw ™ wal| L2 o)
< 26]ul| poqore 1w ™ (u — i) | p2ovey + 26]1u — wgl| po(onsy 1w ™ il L2 ore)
< 26]ullyre o lw ™ (u = w) || L2y + 26]1w — willwre o lw ™ i L2 o)
< 25||UHWD{»2(9Q3)HU - uiHW;’Q(gm) + 26]Ju — Ui||W§vz(m3)HUiHW;vZ(mS)
< 25”“”{4/;’2(9%3)”“ - “iHW;’Q(mB) + 26]ju — ui||W;’2(9R3)(||UHW,}/2(9%3) +1),

which converges to 0 as ¢ — oo, and therefore, 1.2.25 follows.

In order to prove (—, f) r2(x3) : Wa?(QH(R3,5u(2))) — R is continuous, note that this map
is linear, and since Wa2(QX (3, su(2))) is a Hilbert space, continuity is equivalent to being
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bounded.
(u, [)rz@e) < llull 2o [l L2y < lullyrzge 1 f 22 @),
and therefore, the operator norm
sup{(u, f) 2oy | w € Wo?, [lullyyaz =1} < ||l 2(9) < oo,
which proves the linear map is bounded and continuous. O

Lemma 20 (Step 3). Let f be a smooth, compactly supported, su(2)-valued 1-form on R3. Let
a€[-1,0).E: Wa(QX(9R3,5u(2))) — R is Gateaux-differentiable.

Proof. A direct computation shows
dyE(v) = /3<d’2‘u, dyv) p2voly — (v, f)r2m3)-
N
Note that for any u, v € Wa?,

5. 50) ool < gl o) < o
and

(0, Frzemsy < vl 2@ | £l L2 @3y < oo
UJ

Lemma 21 (Step 4). Suppose f is a smooth, compactly supported, su(2)-valued 1-form on R3.
Let o € [—3,0). There exists § > 0 such that if ||weo| 13(m3) < 0, then the functional

E:Wh2(Q' (3, 5u(2))) = R,  E(u) ::2/ |d5ulvoly — (u, f)r2me),  (1.2.26)
R3

is strictly convex.

Proof. Since (u, f) 23y is linear in u, we only need to show [djull3 . () 18 strictly convex.
Let u,v € Wa> (2 (%3, su(2))) where u; # uy. Let t € (0,1). We should prove

ld5(tur + (1 — t)ua)l[72 (o) < tlldiunll7zoms) + (1 — 1) |d3uz]|F2 g
In fact, we only need to check this for t = % The strict inequality

U1 + ug

. L, Lo
HdQ(T)||%2(m3) < §Hd2u1”%2(9ﬁ3) + §||d2’LL2”%2(§R3)’
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is equivalent to ||d5(u; — uQ)H%Q(W,) > 0. Let u = u; — ug. We should show
weWh? du=0 = wu=0. (1.2.27)

The property 1.2.27 implies ||d5 — || 2 is a norm on Wa?. The key fact to prove this is the
Gagliardo—Nirenberg-Sobolev inequality. Suppose ||d3u||r2(xs) = 0,

0= ||d§U\|%2(m3) = HVAO,U‘H%Q(ER?') + ||[¢0,U]||%2(m3) + (Ric(u), u) r2(ms)
+ (xleo A u], u) L2 (w3)-
Using Corollary 3, we have
(u, Ric(u)) r2 w3y = (wu, whRic(u)) r2msy < HwiluHLz(m:s)HwRic(u)HLQ(ms)

. 1
<5V agull 2 sy |w Ricl| s Jul| o msy < ZHVAOUH%Q(%3)7

for € small enough such that ||wRic||;s < ﬁ, which can be arranged when \ is sufficiently
large, since Ric(xz) = 0 outside of By(4e). Moreover, in the inequality

Hw_luHL2(m3) < CyallVagull L2 s

by taking ¢ > 0 small enough, we can take C, , < 5. In fact, when the metric g on R3 is flat,
this constant is 1/(1 + a)2. In our case, the metric on 2R3 coincide with the flat metric outside of
a small ball B4 (0). By taking the ¢ > 0 sufficiently small, we can take the constant Cj , to be
sufficiently close to 1/(a + 1)2, and therefore, less than 5.

Furthermore,

| (x[weo A u), w™ u) 20| < 2[|lwel| 3o |ull o) llw™ | L2

< 20 |[well L3 (o) IV Ul 72 (19 -
Pick § < g,

0 = ||d5ulZ2 o)

= IV aqullZ2 sy + [P0, wllZ2ous) + (Ric(u), u)p2sy + (xleo A ul, u) 2
1 1
2 ||VA0UH%2(9{3) + H@Oau]H%%mS) - ZHVAOUH%Z(‘)‘{S) - ZHVAOUH%Z(‘)‘{S)
1
= 5 IV agulFasy + N0 ul 20,

and therefore, V 4,u = 0 = [®g, u]. Therefore, u is a covariantly constant section in W&, hence,
u = 0. U

Lemma 22 (Step 5). Let f be a smooth, compactly supported, su(2)-valued 1-form on R3. Let
o € [—1,0). The action functional E : Wa2(QL(R?)) — R has a unique minimizer, and
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therefore, daodiu = f has a unique solution.

Proof. The proof of this lemma is based on the following fact.

Let £ : W — IR be a convex, continuous and real Gateaux-differentiable functional defined
on a real reflexive Banach space W such that d,, E'(u) > 0, for any u € W with ||u|lw > R > 0,
for a positive constant R. Then there exists an interior point ug of {u € W | ||u|lw < R} which
is the unique minimizer of E and d,,, X = 0.

Let W = Wa*(9R3) but equipped with the norm ||d* — || r2(s3) — it follows from the proof of
Lemma 21 that this is a norm. Moreover, similar to the Sobolev space W12, it is straightforward
to see Wa2(9R3) is reflexive too.

We should show there is a constant R > 0 such that we have d, E(u) > 0 for any u € W
with |lul|yr > R > 0. As in the proof of Lemma 21,

||d§U||%2(9%3) = ||VA0UH%2(9%3) + H[@OvU]H%Z(mB) + (wRic(u), w™ u) 23y + (x[eo Aul, ) 2(o)
. _ 1
> ||V aoulZ2 ey + [P0, ul|7 200y — sup Ric(@)||w™ ullFagsy — 1V aotllZ2 o)
zER3 4
1 1
> ||V agull 72y + [P0, w172 (na) — ZHVAOUH%Q(mS) - ZHVAOUH%Q(mS)
1 1
= IV agullza ) + [P0, w2y = 511V a0ull T2 o),
and therefore,
d5ulZa g > <1V a0l 2200
20N L2(M3) = o 0 IL2(R3)
This shows

duB(u) = ||dgull T2 ey — (s [) 2oy = [ld5ulT2mme) — (0w, wf) p2 )
= ||d§U||%2(m3) — ™ ul 2y 1w £l L2
> sulBaows) — I agtll 2o |22t
> HdEUH%‘Z(m?‘)) — V2C||d3ul p2v) || f || L2 (932
= ||d5ull 2 @) (ld5ull L2y — V20| £l 2(ov3))-
Let R=1+ \/§C||f||Lz(m3), and therefore, ||djul|2(x3) > R implies
ldsull p2msy — V2O fllL2rsy > 1,
hence

duE(U) > Hd;'LLHLQ(m3) >R>0,
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and therefore, ' has a unique minimizer in I/Voél’2 (9‘{3), inside
{u e WA(R®) | |ldsull 2oy < 14 V20| fll 2 }-
O

@y is non-zero outside of a large ball V' C %3, and therefore, it induces a decomposition of
the adjoint bundle to the longitudinal and transverse parts. Let v’ and u” denote the longitudinal
and transverse components, respectively. Note that since the metric g is flat on 233 \ V, we have
RNV =R3\V

Lemma 23 (Step 6). Let u be the unique solution of Lemma 22, and u” be its longitudinal
component with respect to the decomposition of the bundle over R? \ 'V induced by ®y. We have

for a constant C.

Proof. Since f is compactly supported, if necessary we can enlarge V' such that f‘R3\V =0, and

therefore, u” satisfies the equation
Aut =0,

on R? \ V, thus, u’ is a harmonic real-valued 1-form outside of a compact subset of R3. Let
ul = ulL dry + u% dzro + ué dxs on R3 \ V. With respect to the Euclidean metric, we have

Aut = (Aul)dzy + (Aub)dzy + (Auk)das,
and therefore, the 1-form u” is harmonic if and only if its coefficients are harmonic. This shows
Auf = Aul = Aul =0,

on R?\ V, and therefore, they are harmonic functions on the complement of a compact subset of
R3. Functions of this type have been studied in [2], which we burrow the following fact from.

Let v be a subharmonic function defined over {z € R™ | || > R} for a positive real number
R. Then there exist a non-constant subharmonic function s(x) defined over R", a real number
r > R, and a constant ¢ < 0 such that

v(z) = s(x) + clz|*™ when |z| > 7.

Letting v(z) = ul(x) fori € {1,2,3}, n = 3, and R large enough such that V' C By(R),
we get uF(z) = s;(z) + |(§TZ| when |z| > r for some r > R and constants ¢;. Furthermore, a
similar statement holds for superharmonic functions, and therefore, in our case s;(x) is harmonic
over entire R3.
ul(x) is a harmonic section in W2(R? \ V), and therefore, lim,|_, u () = 0, hence,
limy o0 8i(#) = 0. This shows s; () is a bounded harmonic function on R?; thus s; = 0. This
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implies uX(z) = ﬁ, and therefore,
3. ¢
ul = Z —dz;,
on R3 \ V, which proves the lemma. O
Lemma 24 (Step 7). u” = O(e™") as r — oo.

Proof. The argument is completely similar to the step 3 of the proof of lemma 7.10 in [32]. [

Lemma 25 (Step 8). Let f be a smooth, compactly supported, su(2)-valued 1-form on R3. Let
o € [—1,0). There exist sufficiently small § > 0 and eo > 0 such that if |fweo (Ao®o) || 3 sy < &
and e < €, then the unique solution u(x) of Lemma 22 satisfies

lullyr2 <ClIfllzz_,, (1.2.28)

2

for a constant C' independent of c.

Proof. If ||u ;1.2 = 0, then 1.2.28 is trivial. Suppose ||u||;;12 # 0. Then 1.2.28 is equivalent to

Jull 12 < Cllullyaell fllze - (1.2.29)
Wa o a

2

By the integration by parts we have

o

a4l a3 90—
g = 161z lz = b=+ Al Rl > [ w21 f o,

= / w2 Ndaydyu, u)vol, = / w2 |V agul? + |[@o, u]|*)vol,

N3 N3
+ / w2 N Ric(u), uyvol, + / w2 (x[eg A ul, u)voly — (1 + 2a)||ul|3, .

R3 )3 “

The previous two lemmas show u(z) = O(|z|™!) as |z| — oo, and therefore,
dyu(e)u(z) = O(|z| ),

hence, the asymptotic terms do not appear in the integration by parts.
Let

HVAOuH%ii1 = aHVAouHQLiil + b||VA0uH%§71 where a +b =1 and a,b > 0.

Using the Corollary 3,

a

Cg7a

IVagul?e = alVaullls +0IVaullls > =~ ul?; +b[Vagul?s
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Leta/Cy o = b. We get

Coa b L
Cga+ 1 Cga+1

For instance, when ¢ is flat and 33 = R3, we have Cyga=1/(a+ 1)2, and therefore,

1 (a+1)2

a+1)2+1’ (a4 12417
( )

Note that Cy o, — 1/(a + 1)*ase — 0.
For these specific choices for a and b, we get
IV agullZ: [l

> - 2
2 Gy w1

and therefore,

1l e > el 12—l + 200) [l 3

Cga+1

—i—/ w2a1<Ric(u),u)v0l9+/ w2 Hx[eg A ul, u)vol,,
03 N3

1
> <c+1 ~la(t+20)]) o
+/ w_QO‘_1<Ric(u),u)volg+/ w2 (x[eg A ul, u)vol,.
73 N3
Ase — 0,
1 (a+1)2
- 142 o = 1+ 2a). 1.2.30
Cg,a+1+a( +2a) = b (a+1)2+1—|—0z( + 2a) ( )

Let £1 > 0 be sufficiently small such that for any 0 < € < €1,

1

1
1+2a) ) —by| < ——.
|< +a(l+ a)) ST

Cya+1

The equation b, = 0 has no solutions. In fact, b, > 0.18 > 0. Moreover, for any € € (0,¢1), the
solutions to the equation ﬁ +a(142a) > 0. Moreover, for all @ € [—%, 0)and0 < € < €1,

L ia+20)) >
R U N §
Coa+1 10’

and therefore,

1 —2a-1/p; —2a-1
11z llullyre = EHUH?/VQM +/%3w @ <R’Lc(u),u)v0l9—|—/y\3w = (x[eo A u], u)vol,,.
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As mentioned, by scaling the metric on M and without loss of generality, we can assume
supgen|Ric(z)| < s, and therefore, by Corollary 3,

Cya Cya
—2a—1 ;

! <
/msw (Ric(u) upvoly < 100H Iz, = 100|| 172 = Tog =700

hence,

12‘

— 10
1 G
> (55 = Toluliga + [0 e nul ool

1fllzzlullyae = <ollul + /m w2 Ric(u), u)vol, + /m w2 ey A, vl

Moreover, 1/(a +1)? < 4 for a € [-3,0). Let £5 > 0 be sufficiently small such that

1 1
Coo— ——| < —
Cya (a+1)2’ ~ 10’
and therefore, Cj o < %. This implies

1 Cy,a 2 —20—1
1zl > (55 = oo+ [ w2 sleo Al e,

> %HUH?A@Q + /9{3 w2 xeg A ul, uyvoly.

Regarding the error term,

o ol
/3“’ 201 (x[eo A ul, u)vol, < lweoll s l[ull £z lw™ "2l s
R

—a—

1
< [lweol| psllullyp2llw™ 2 ull gs.

By the Sobolev inequality

—a— —a—

1 1
lw™"2ul| s < Csopllw™ 2ullyrz < C'Cyopllull 1.2,

for a uniform constant C’, and therefore,
/ w2 (x[eg A ul, u)voly < 5C'C’gob||u||‘2/vl 2
mB

Taking 6 small enough such that § < W’ we get

1
112z, lullyrz = 5 luall e,
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and therefore,

lullrz < Cllfllzz_,-

2

We are progressing towards proving

lullyze < Clfllgz .

The next lemma is a necessary estimation in this direction.

Lemma 26 (Step 9). Let (Ao, Po) be the constructed approximate monopole. Then we have the
following pointwise approximation

C

|FA0‘ = ’dAo¢0| < A2 f 12

Proof. The proof in the case )32 = R? can be found in [30, Proposition 4.14]. The essential
point is that this approximation holds everywhere on R?, where the pair (Ag, o) is equal to the
scaled BPS-monopole, where it is equal to the scaled Dirac monopole, and also over the region in
between.

Let g and go denote the Riemannian metrics on 233 and R3, respectively. Recall that for any
2-form S with valued in any vector bundle, we have

1Blg = 1Blgo = >_{Br: Bi) (g™ — g5) = —% > (Brs B) Ritimn B Bimn + O(|z)

k,l kl,m,n
< ClR|ﬁ|§0 |SU‘2’

where C'; > 0 is a constant and R is the maximum of the Riemann curvature tensor of g.
Therefore,

’5’9 < |5’go + CIR|5’§0’$|2a

Lets=F S,
IB n;(A;]ps)
1 |z|? 1 + Re? C
xg — %) F . <C <C < ,
(0 = %) n;(A;7PS)|~" - 2()\;2 +la2 AT+ \xP) - Z(Aj—2+ \:cP) A A
for a constant C', when J; is sufficiently large. O

The following lemma is the last step of proving Theorem 3.

Lemma 27 (Step 10). Let f be a smooth, compactly supported, 5u(2)-valued 1-form on R3. Let
o € [—1,0). There exists a sufficiently small § > 0 and o such that if |[weo(AoPo)|| L33y < 9
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and e < €, then the unique solution u(x) of Lemma 22 is an element of VVO%’2 and satisfies

lullyze < Clflzz .

2

for a constant C' independent of \.
Proof. We should find a uniform bound on
* * — 1 * — 1 *
IV ao(@d3u)l 2, + [P0, dsulll 2, = w2V a(d5u)l[72 + [lw™ "2 [@o, dyul| 7.,

in terms of ||f||L272.
Let (a, ¢) = D*(u,0) = d5u. By the monopole Weitzenbock formula we have

D*D(dbu) = DD*(dju) + 2(d a,Po, dsu)
= ViVal(dsu) — ad(®)?(dju) + (Ric(x), dyu) + [eo A diu] + 2{da,Po, dyu),

By multiplying the formula by w~2%"1d%v and integrating over 3, we get

IV adgu)lZs | + i, )2
< |ID(d3u)[2 , + sup |Ric(a)]d5ul
a2 pem3 a=2
+/ w2 feg] + 2| d 1y ol dzulvol,
R
+(~2a+1) / w22 [Vl [dul |V g (d3w)| + [ D(d5u)] oy, (12.31)
m3

where the last integral is the asymptotic term of the Stokes’ theorem.
We start by bounding || D(d%u) ||%i R First note that

D(dsu) = DD*(u,0) = (f, *[eo A *ul).
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By multiplying this formula by w™**3 and taking the L2-norm over J33, we get
ID(su)ll: =32+ fweo Aww ™ 2u]|3,
<IAIZ: , + llwelFsllw== 2wl
<NFI22 |, + 0% Coplw™ ulfns
= 1132, +*Cson (o= 2ulfa + [ Vay (™ F0)]13:)
< UFI22_, +0*Cson (IulZ + 11V ap (w3 w)]13:)

1
< CNfI2s , + 8 CsalIV ag (w20 25

1 a3
<CNfIZa | +5°Csa ((—a — 3Pl Vulul?, + ||vAou||ial>

= C"Hf”%gf? + 52CSob||VA0UHi§71

<COIfs -

for positive constants C's,p, C’, and C”.
Regarding the term

sup |Ric(z)||dzull?. < sup |Ric(x)||ld3ul?. |
TER3 a=2  geRs o=l

the Ricci curvature is bounded and ||d3ul|3, can be bounded uniformly by || f]|3, , as we
a—1 a—2

observed in the proof of Lemma 25.
Regarding the error term, using Lemma 12,

—2a+1 2 2 ; ;
/3w " leolldyulvol < elldzullz , < elldyullzy | < ClflLz

for positive constants ¢ and C.
Regarding the term,

/ \ w2t |da, Dol |d§u|2volg7
R

recall that following Lemma 26, the term |d 4,%Po| can be estimated,
2

c 2 cw ,
|da,Po| < 2.2 — w?lda,Po| < pecin <,
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for a uniform constant C’, and therefore,
/9%3 w2 d g By || d5ul*vol, < C' /9%3 w2 Hdyul*vol,
2 2
= C'ldsull2, < CIfI2; .
Therefore,

lullyz2 < Cllfll2

27

for a uniform constant C'. O

A key assumption in the Theorem 3 is that the error estimate [|weg(Ao®Po)||3(xs) < ¢ for a
sufficiently small §. The following theorem states ||weg(Ao®Po)|| 13(:s) can be made as small as
necessary by increasing the masses \;.

Theorem 4. For any § > 0, there exists a sufficiently large \; = E;Q > 0 such that the monopole
(Ao, @) defined in 1.2.22 with the parameters \;, satisfies

H’LUGQ(A(), @0)”[3(9{3) < 6. (1.2.32)
Proof. Foreach j € {1,...,k}, from the Lemma 12, we have

BPS
(ep )|B3ej(q]') <C.

and therefore,

BPS 3
lweg™ s (B, (45)) = /

lweEP5Bvol, < C’l/ lw|3vol,
B35]' (qj)

B3Ej (qj)
3
2

= C’l/ ()\;2 + |x\2)%volg < 025;’(/\;2 +e5)z.
B3Ej (qj)

for a positive uniform constants C'; and C', and therefore, it can be made as small as necessary.
O

1.2.7.4 The Linear Equation over M \ (U;Ba;(q;) U Sp)

In this section, we study the linearized equation dadu = f on M \ (U; B, (q;) U Sp), away
from the points where the scaled BPS-monopoles are located, and set the stage for solving this
linearized equation.

On this region the pair (Ag, @) is a reducible monopole with a non-zero Higgs field &,
and therefore, it induces a decomposition of the adjoint bundle as gp = R & L, where R is the
sub-bundle generated by the image of @y and L is the orthogonal sub-bundle. Corresponding
to the bundle decomposition gp = R @ L, a section or a gp-valued tensor f supported on this
region can be written as f = (f~, f7).
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This bundle decomposition is preserved by ds, d5, and d2d3. Hence the equation daodiu = f
on this region reduces to two equations for u” and u”". The equation for v/ is given by

Aut = fE, (1.2.33)
and the equation for u”" is
dodiu® = f7.

In the following section we will introduce the appropriate function spaces to solve these
equations.

1.2.7.5 Function Spaces on M \ (U;Ba;(g;) U Sp)

In this section, we set the stage to study the linearized equation over M \ (U;Bac,(q;) U Sp).
We start by defining the suitable weighted Sobolev spaces on su(2)-valued differential forms on
M \ (U;Bac;(q;) U Sp). These spaces can be used to solve the problem away from the points g;,
following [9, 30].

Let 6, be the injectivity radius at p;. For each point p; € S, let

4 <5y,
wi(x) = {I :f o (1.2.34)
) [ )

where r; is the geodesic distance from p;.

Definition 4. Let U = M \ (U;Boc,(q;) U Sp) and Ueyy = M \ (U;jBac,(q;) Ui Bog, (pi))- Let
a € R. For all smooth compactly supported su(2)-valued differential forms u € Q°(U,su(2)),
let

||UH%3(U) = H“”%Q(Uem) + z": ||UT||%2(BQEi(pi)) + zn: sz‘_a_%uLH%?(ngi(pi))'
i=1 i=1
Furthermore,
HUHI%V;,z(U) = |lullZz @y + HVAOUH%g_l(U)‘
Moreover,
122, = [z + Va3,
The spaces wk ’2(U ) are defined as the completion of C§°(U) with respect to the corresponding

norms for k € {0, 1,2}. Furthermore, one can define similar norms and weighted Sobolev spaces
WEP(U) for any p > 2 and k € {0,1,2}.
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1.2.7.6 The Longitudinal Component and the Lockhart-McOwen Theory

In this section, we study the weighted Sobolev spaces of the sections of the longitudinal com-
ponent, and set the necessary background to solve Au” = f7. The main goal of this section
is to show that these weighted Sobolev spaces on the longitudinal component are suitable for
studying elliptic operators, more specifically, the Laplacian. These spaces are closely related to
the Lockhart-McOwen Sobolev spaces on asymptotically cylindrical manifolds [65].

The following example gives a good picture of the real-valued sections in these weighted
Sobolev spaces.

Example 1. Let (M, g) be a closed, Riemannian, n-dimensional manifold. Let p € M. Let 6, be
the injectivity radius at p and r : M — R a smooth function such that

(2) geodesic distance from p on Bs(p),
r(x) =
1 on M\ Bays(p;).

Then r0 € L,(M) if and only if § > o

To understand the longitudinal part of these weighted Sobolev spaces, using a conformal
mapping, one can transform them into the weighted Sobolev spaces over asymptotically cylin-
drical manifolds. The punctured ball B.(0) \ {0} C R? can be identified with the cylinder
(—log(e), +00) x S2, using amap Lo : B-(0) \ {0} — (—log(e), +00) x S2, defined by

(t,0,¢) := Lo(r,0,0) = (—log(r),0,¢), (1.2.35)

where (7, 0, ) denotes the spherical coordinates on B (0) C R3.

Equip the punctured ball with the flat metric go = dx? + dy? + dz?, which in spherical
coordinates can be written as gg = dr? + r2gg2 = dr? + r?(df? + sin? dy?), and the cylinder
with the standard product metric goy = dt? + gs2. The map L takes the flat metric on the
punctured ball to e=?!(dt? + gg2) on (—log(¢), +00) x S?, which is conformally equivalent to
the cylindrical metric ge,; = dt* + gge.

The Riemannian metric g on each ball B,, (p;) using the exponential map and in geodesics
normal coordinates can be written as g = dr? +1(r, 6)gg2, where ¢ is a smooth positive function
such that lim, o 9(r, ) — 1. Let u(t,0) = r=2(r,0) = e~ ?*4p(e~*,#). One can define the
diffeomorphism L; : B, (p;) — (—log(e;), +00) x R, similar to 1.2.35, that takes the metric g
to e~ 24(dt? + u(t.0)gg2), which is conformally equivalent to

g =dt* + u(t, 0)gse,
where p(t,0) — 1 as t — oo. The metric g is asymptotically cylindrical

Definition 5 (Asymptotically Cylindrical Manifold). Let (X, gx ) be a non-compact, n-dimensional,
Riemannian manifold, and Xo C X a compact submanifold with boundary. Let (%, gs) be a
closed (n — 1)-dimensional manifold with | connected components, ¥ = 31 U ... U X, witha
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diffeomorphism
U X\ Xo— (1,00) x X. (1.2.36)

Let (1,00) x X be equipped with the cylindrical Riemannian metric gcy = dt? + gx, where t is
the coordinates on (1,00).
(X, gx) is called an asymptotically cylindrical manifold with rate 8 < 0 if

Ve (Balgx) — go)l = O(e™),  Vje{0,1,...},
where V., , is the Levi-Civita connection of the Riemannian metric gcyi.

By gluing the maps L; to the identity map on M \ U; Ba, (p;) and extend it smoothly to the
necks U;(Bae, (pi) \ Be,(pi)), we get a diffeomorphism

L: M\ S, = Mey = (M \ ULy B, (pi) | J(Ui(=log(e:), +00) x 5%),

where Mc,,; is equipped with an asymptotically cylindrical metric. Furthermore, L takes the
vector bundle of differential forms on M to asymptotically translation-invariant asymptotically
cylindrical bundles over M¢,,;.

Definition 6 (Asymptotically Cylindrical Vector Bundle). Let Ec,; — (1,00) x X be a vector
bundle invariant under translations in the (1, c0)-direction equipped with a translation-invariant
fiber metric hcoy and a translation-invariant connection V Ecyl compatible with hcy. Let
E — X be a vector bundle over asymptotically cylindrical Riemannian manifold (X, gx ), where
E is equipped with fiber metric h and a connection NV g compatible with h. The triple (E, h,V E)
is an asymptotically cylindrical vector bundle, asymptotic to (Ecyi, hoyi, V ECyl) with rate 8 < 0,
if there exists a bundle identification

U E\X\XO - Ecy”(l,oo)xz’
covering W in 1.2.36, such that
U, (h) = hey + O(e?),  W(Vg) = Vg, + O(e™).

In order to have the Fredholm property for the elliptic differential operators like Laplacian or
d + d* on asymptotically cylindrical manifolds, one should use suitable classes of Banach spaces
as domain and co-domain, as introduced by Lockhart and McOwen [65].

Definition 7 (Lockhart-McOwen Sobolev Spaces). Let (X, gx) be an n-dimensional asymp-
totically cylindrical Riemannian manifold. Let p : X — R be a smooth function such that on
X \ Xy it agrees with the geodesic distance from a point xo € X. Let (E,hg,VEg) — X be
an asymptotically cylindrical bundle. Let p > 1, k > 0, and 3 € R. For any smooth compactly
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supported section u € I'(E), let

k
a0 = 35 7Pl vl
Le =0

Let Wg’ypl 5(X, E) denote the completion of C5°(X, E) with respect to this norm.

These weighted Sobolev spaces over asymptotically cylindrical manifolds are closely related
to the weighted spaces defined in Definition 8.

Lemma 28. Let Lg be the map defined in 1.2.35. Let f be a section of a vector bundle above
B:(0) \ {0} C R3. We have

f e WEP(BL(0)) = (L") f € WP ((~log(c), +00) x S2).

Moreover,

HfHWle’p(BE(O)) = ”( ) fHWgPl (= log(e),4+00) x 52)*

—1 .
BP0\ S,) and ||(L, )*fHWgZﬁ.’_Q(MCyz) are equivalent norms.

Proof. Let Lléyl and Wg; denote the ordinary Sobolev spaces on the cylinder with respect to its
cylindrical Riemannian metric gc.;.
Let k£ = 0. By a change of variable we have

£l 2 (B.0)) = Heat(L(;l)*fHL’éyl((flog(s),+oo)><82) = H(Lal)*fHL’éylﬁa((f10g(€),+oo)><52)'

Let £ > 0. Let V be the Levi-Civita connection on B.(0) with respect to the standard
euclidean metric and V¢, be the Levi-Civita connection on (— log(e), +00) x S? with respect
to the cylindrical metric. We have the pointwise equality

e 'V f| = ‘chz )*f‘7
and therefore,
HTﬁaﬁﬂVJfHLP B:(0)) = ||€atvjcyl( DN f”LC ,((— log(e),+00) x 52)
= V4, (Lo ") Fllge,,, . (~108(e)+00)x52)-
By summing over 7,
_ at —1\* _ —1\*
||f||W§vp(B€(0)) - ||€ (LO ) fHWé;ﬁ((—log(e),—&-oo)xS?) - ||(L0 ) fHWg’;}’,a((—10g(€),+00)><52)'

O]

One can also transform the Laplacian and d + d* to the cylindrical space, on the more familiar
weighted spaces of Lockhart and McOwen. Let d* and A denote the corresponding differential
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operators over B, (p;), and déyl and Acy denote the corresponding differential operators over
the cylinder (— log(e), +00) x S2, with respect to the cylindrical metric.

Lemma 29. Let

d*: Q*(B&.(pi)) — Q*(Bsi(pi))v
oy s Q5 ((—log(e), +00) x §%) — Q*((—log(e), +00) x 5?).

Let o € QY (B, (p;)). We have
d*a = e* (= *cy (dt A xcy(Lota)) + d*&yl(Lala)) :
Let 3 € Q%(Be,(p;)). We have
d"B = € (xcu(dt Nxcy(Lg' B)) + dey(Lg ' B)) -
Let A : QY(B.,(pi)) — QY B, (p:)). We have
Aa=e* (Acu(Lyta) + F(a)),
where F : QY (B, (pi)) — QY B, (p:)) is a st order differential operator, given by

F(Oé) = —2dt A (*Cyl(dt A *Cyngl*(Oé))) — d(*Cyl(dt VAN *CylLal*(a)))
+ *cyl (dt VAN *CylLal*(da))'
Proof. Let +* and *’gyl be the Hodge star operator on differential k-forms on B.(0) \ {0} and

(—log(e), +00) x S2, respectively. These two Hodge star operators are related by the following
formulas,

WOf = =7y (LY)'f. forall f € Q°(B.(0)\ {0}),
o= et *1Cyl (L(;l)*a, for all o« € Ql(Be(O) \ {0}),
2B =—exy (Lg)" B, forall § € Q*(B:(0)\ {0}),
Sy == 3y (Lg')*y, for all v € 2°(B.(0) \ {0}).

Let (d*), and (dg,,,)x denote the formal adjoint of d on differential k-forms on B.(0) \ {0} and
(—log(e), +00) x S2, respectively.
Let o € QY(B.,(p;)). Then
(d)1a = $3d ' a = ¥3d (—eft *éyl Lal*(a))
= eit *3 (dt A *é’ylLal*(a) - d(*lelLal*(a))
= ¢ (= wy (A A sty Ly (@) + 53, Lg ()
= ' (= %y (dt A gy Lo (@) + (deg)1Ly (o)) -

54



Let 3 € Q?(B.,(pi)). Then
(d*)2p8 = «2d x> 8 = %2d (—et *QCyl (Lgl)*ﬁ)
= —¢t %2 (dt A *%ylLal*(ﬁ) + d(*QCylLal*(a))
= €% (s (dt A xZy Lo (B)) + 58y (A3 Lo (@)
= ¢ (s (dt A x2y Lo (B)) + (dgy)2(Lg T (B))) -
Let A : QY(B.,(p;)) — QY(Be,(pi)). Then
Aa =d(d") 1o+ (d*)eda =d (ezt (— *%yl (dt A *éylLal*(a)) + (déyl)lLo_l*(a)))
+ e (xyu(dt A sy Lo ' (da) + (diy)2(Lg * (da)))
= e?t(2dt A (— *%’yl (dt N *}Jyngl*(oz)))
= d(x¢y(dt A xgy Ly (@) + %Ey(dt A sty Lo ' (da)))
+ €2tAcleé = e2t(F(a) + Acyla),
where F : QY(B.,(p;)) — Q*(Be,(p;)) is a 1st order differential operator given by

F(a) = =2dt A (xoy(dt A xeyLy ' (a))) = d(scy(dt A xouly ' (@)
+ *Coyl (dt VAN *CylLal*(dOé)).
O
The key property of these weighted Sobolev spaces is described in the following lemma.

Lemma 30. On real-valued 1-forms, A : Wa2’2(Ql(M\Sp)) — L2_,(QY(M\S,)) is Fredholm,
for « outside of a discrete subset of R, denoted by D(A).

The lemma follows from Corollary 3.2.13, Lemma 3.3.4, Lemma 3.3.6 in [33].

Lemma 31. Let A : Wg’Q(Ql(M\Sp)) — L2 _,(QY(M\S,)), where M is a rational homology
3-sphere. Let o« ¢ D(A). Then

ker A = {0}.
The proof is similar to the lemma 4.4 in [11] and lemma 3.4.4 in [33].

Proof. To show A is Fredholm, one can construct an inverse for this operator, by taking the
inverse of the Laplacian away from the singular points M \ U; B, (p;) — which can be done
since H'(M \ U; B, (p;),R) = 0 — and glue it to the inverse of the Laplacian on the weighted
Sobolev spaces defined on the neighbourhood of the singular points. These local inverses close to
the singular points can be constructed by solving the Dirichlet problem, similar to the proposition
3.3.111n [33]. O
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1.2.7.7  Solving the Longitudinal Part over M \ (U;Bac;(g;) U Sp)

In this section, we solve the linear equation over M \ (U;Bac,(q;) U Sp). In the Theorem 5, we
solve the longitudinal component of the linear problem, and in the Theorem 6, the transverse one.

Theorem 5. Let —3 < o < 0 such that o, —a — 1 are not in D(A). Let f& € L2_,(M \ S,).
Then there exists a solution to the equation Au™ = fL, where uX € W2*(QY(M \ Sp)), and

I a2, < CF iz ons,)

for a constant C, independent of .

Proof. Pick o € [~3,0) \ D(A). Therefore, A : Wa?(QU(M \ Sp)) — L2_,(QY (M \ Sp)) is
Fredholm. We have

L2 5= A(W2?) @ ker Ao

—a—1

On the other hand,

ker Aoz = HY(M\ S,,R) =0,

—a—

and therefore, A : W2 (Q1(M \ S,)) = L2_o(QY(M \ S,)) is surjective. Furthermore, since
it is a Fredholm operator, there is a constant C' such that

L L
la lly2e < ClAu®|gs .

1.2.7.8 The Transverse Component

In this section, we solve the transverse part of the linear equation, away from the points where
the scaled BPS-monopoles are located. Recall that on the transverse component our norms agree
with the standard Sobolev norms W* on the transverse component on M \ (U; Bo. ;(g5) U Sp).
For all smooth compactly supported L-valued differential forms u” € Q*(U, su(2)), we have

w122 0y = e 172 0r),
T T T T
1 2 ) = ot 2y = 1 12wy + 1V a0 20
T T T T
1 3220 = 0" Iy ) o= I yro @y + 11V a0 (d5u" ) 120y

The main theorem of this section is the following. The essential assumption is that the
monopole has a very large mass.

Theorem 6. Let U = M \ (U;Bac (q;) U Sp). Let dods : W**(Q'(U, L)) — L*(QY(U, L)).
Let fT ¢ L2(QY(U; L)) such that fﬁ . = 0. For a sufficiently large average mass m,
2

5 (45)
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there exists a unique solution ¢T € WL2(QY(U, L)) to daé™ = fT of the form T = diu”, and

u" w22y < ClU 2w,

where the constant C' is independent of A\, which appears in the definition of the approximate
monopole (A, D).

The proof of this theorem is presented in a series of lemmas. Since the set of smooth
compactly supported 1-forms Q! (U, L) is dense in the subset of L?(Q' (U, L)) where the 1-forms
vanish on U; Bz (g;), we only to prove the lemma for the case where f7 is a smooth compactly
supported element in QL (U, L).

Lemma 32 (Step 1). Suppose f' is a smooth compactly supported L-valued 1-form on U. Let
E:Wh(QY(U, L)) — R,

1 *
E(ul) /U|d2uT|2volg — (uT, fT>L2(U)7

= 5
Then E(u™) is convergent for all ' € W12(QY(U, L)).

Proof. First we show ||d5u” H%2(U) is finite. Again, the key fact in proving this is the monopole
Weitzenbock formula. Note that on this region eg = 0.

ld5u” 720y = IV a0u" 122y + 10, u" T T2y + (u”, Ric(u”)) p2 o

<(1+ 2H¢0||%2(U) +sup |Ric($)|)”uTHI2/VL2(U) < 0.
x

Note that & is continuous and bounded on U,,;, and therefore, it has finite L?-norm on Ul;.
Moreover, on each By, (p;),

1
o2 < Cl/ —voly < Caey,
I ||L2(BQEj(pJ)) Boe, (pi) Y

and therefore, HQSOH%z(U) < 0.
By the Cauchy—Schwarz inequality we have

W, Y ey < I a1 2y < e w1 1 pew) < oo
and therefore, the action functional £(u”) is convergent for all u” € Q'(U, L). O
Lemma 33 (Step 2). The functional E : W12(QY(U, L)) — R is continuous.

Proof. We should show the following functions are continuous,

Id5 = 720y : WHQNU, L) = R, (=[O oy : WH(QNU, L)) = R.
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To prove ||d5 — ||i2(U) is continuous we should show

a5 1220) = 450|220y, when ol —u® in WIAQU,L).

By the Weitzenbock formula we know

5T — uD) oy = IV a0 (6 — )2y + %0, (0 — T 2agey
+ (Ricl(a — 1), (7 — )20y
< (" = u ) Frzry + 1o. (u = ui)]| 72w,
+sup | Ric(z)) lu® = [l 2,
which goes to zero as 7 — oo.
In order to prove (—, f) 12y : W2(QY(U, L)) — R is continuous, note that this map is

linear, and since W12(Q!(U, L)) is a Hilbert space, continuity is equivalent to being bounded.
W, Y ey < I a1 2y < e w1 2w,
and therefore, the operator norm
sup{{u”, f7) 2y | uh € W2, lul [lwre = 1} < [Ifll 2y < oo,
which proves the linear map is bounded and continuous. O

Lemma 34 (Step 3). E: W12(QY(U, L)) — R is Gateaux-differentiable.

Proof. A direct computation shows

dTEWT) = /U (@5, d5o™) pavoly — (07 £T) o

Note that for any u”,vT € W12,

/U (@5, d5oT) pavoly < [[d5uT | 2oy 1507 |2 < oo,
and

W MYy < 0 a1 2y < oo

Lemma 35 (Step 4). The functional
1
BWRQUD) SR, BT = / dgueT [2ooly — (T £7) 2o
U
is strictly convex, when m is sufficiently large.
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Proof. (u®, fT) r2(v) is linear in v and we only need to show Hd§uTH%2(U) is strictly convex.
This reduces to showing that ||d5(uf — ug)H%Q(U) > 0 when u!,ul € WH2(QY(U, L)) and
ul' # ul. Letu? = u¥ — ul’. We should show

W e WH2(QNU L), du'=0 = u=0.

In fact, this shows ||d3 — || 72 is a norm on W12(QY(U, L)).

=2

% m
0= [|dgull72@sy > IV agu” |72y + (T

> ||VA0UT”%2(U) + ||uTH3;2(U)>

= sup | Ric(z) ) Ju" 220,

when m is large enough such that

2

mo_ sup |Ric(z)| > 1,
4 x

and therefore, u” = 0. O

Lemma 36 (Step 5). £ : WH2(QY(U, L)) — R has a unique minimizer, when m is sufficiently
large, and therefore, dgdguT = fT has a unique solution.

Proof. In order to prove this, we use the following fact.

Let £ : W — R be a convex, continuous, real-Gateaux-differentiable functional defined on
a real reflexive Banach space W such that d,, E(u) > 0 for any v € W with ||u||w > R > 0.
Then there exists an interior point ug of {u € W | ||u|lw < R} which is the unique minimizer of
Fandd,,F = 0.

Let W = W'2(Q!(U, L)) equipped with the norm L? defined by || — || .2(17). Then

ld5u" 2y = IV a0 720y + NP0, u |72y + (Ric(u®), u”) 2y
m
4
2 ||VA0UT||%2(U) + HUT”%%U),

> |V apu" 320 + (- — sgp!RiC(w)l)HuTHiz(U)

when

72
ULCE. sup |Ric(x)| > 1.
4 x
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Let R = 14 || /7|l 2y Then [|u”]| 25y > 1+ 1 f7 || 12()- Therefore,
dy E(u”) = ||dgu" | F2 0y — (", fT) 2
> HVAOU’TH%Q(U) + HUTH%Q(U) — " 2@ 1 2y

= IV aou 1F2 0y + " 2y (e N2y = 1F z2w)

> [ Vaou" [ Z2y + a2y > R >0,

when

7 owy > B =1+ /7|2y and 7> \/1 + dsup |Ric(z)|.

Therefore, E has a unique minimizer u? where ||u”|| 2wy <1+ Ve L2(U)- O

Lemma 37 (Step 6). For m sufficiently large, the unique solution u” of the previous lemma is in
WY2(U, L), and satisfies

u” lwr2@y < Cllf 2,
for a uniform constant C.
Proof. We have

m2

T T T
11122 = lldadzut Iz > IV au’ |72 + (=

sup [ Ricg|)[[u” 72,
assuming m is sufficiently large, we get
171172 = Clla"|[5e,
for a positive constant C'. O

Lemma 38 (Step 7). Suppose T is sufficiently large. Then the unique solution u” of Lemma 36
is in W%2(U, L), and satisfies

lu" w22y < CUF 2wy,
for a positive constant C.

Proof. We should find a uniform bound on ||V 4,d5u” || 2 in terms of || f7]| ;2. Let (aT, pT) =
D*(u”',0) = dju” in the Weitzenbock formula for D D*. By multiplying this formula by d5u”,
and integrating over U, we get
IVa(d5u)[72 < [Valdzu®)lI72 + [I[2, (d5u”)]]72
< | D(dzu") |32 + sup |Ric(a)|[[dsu” 3. (12.37)
x
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We start by bounding || D(d3u”)||2,. Recall that
D(d5u®) = DD*(u”,0) = (", #[eo A xu]) = (f7,0).
By taking the L?-norm over U, we get
ID(d5u")|[72 = [LF7 1122
The term ||d5u” ||3 ; can be bounded uniformly by || f7||%,, and therefore,
IV a0 (d3u") 1220y < ID(d5u") |72 + sup [Rie(z)|[|d5u” |72 < (1 + sup|Ric(z) )| /7|72
T T
hence,

u" lw22@y < CIF 2,

for a uniform constant C'. O

1.2.7.9 The Function Spaces over M \ S,

We start by setting up the suitable function spaces over M \ S), by gluing the weighted function
spaces defined over 2R and the function spaces defined for the longitudinal component and

transverse component over /. Then we use these spaces to solve the linearized problem on
M\ S,.
Let 0,4, and d;, be the injectivity radius at the points ¢; € S; and p; € S), respectively. For

each q; € S, let
AT 42 S <,
w;(x) = { i T TS % (1.2.38)

1, Tj Z 1,
and for each point p; € ), let

i, ri < Op,
wi(z) = {1 ne (1.2.39)

where r; and r; are the geodesic distance from the points ¢; and p;, respectively.

Definition 8. Let Ueyy = M \ (U; Bac, (pi) Uj Bae,(q;)). For any smooth compactly supported
differential form w € Q. (M \ S,su(2)), let

k
3
2 2 T2
HUHngg(M\sp) = llullze .,y + Z [Jw; 2UHH(BQE]. (a))

=1
n n o 3
T2 —Q2—35 12
Y M 2, oy + 2 Mws 20 e, o))
=1 =1

61



Furthermore,

2 _ 2 2
lllyaz, ons,) = ez, ans,) T 1VAulz | oans,)
k
2
#21l,n
-

Moreover,

IV g (@512

2 _ 2
”“”WS*Q (M\Sp) — ”“HWéﬁaQ(M\S Wor2 g ay—2(M\Sp)

1,02

k
* 2
* ; o, d3u] lwi2 6o, 0y

The spaces Wolffaz are defined as the completion of C§° with respect to the corresponding norms,
for k € {0,1,2}. Furthermore, one can define similar norms and weighted Sobolev spaces
Wéf;,aQ foranyp > 2.

1.2.7.10  Solving the Linear Equation over M \ S, and the Fixed Point Theorem

In this section, we solve the linear equation for an s1(2)-valued 1-form f on M \ S,,. This can be
done by patching Theorems 3, 5 and 6. The idea is writing f = xof + Z;?:l x; [, where x; is
a cut-off function which is equal to 1 on By, (g;), x; = 0 on M \ Bac;(q;), and xo + x;j = 1
forall j € {1,...,k}. Each equation dod5u; = x;f can be solved using Theorem 3, and the
equation dad5ug = xof, using Theorems 5 and 6.

Then we would glue these solutions to get an approximate solution for the linear equation on
M \ S,. Using an iteration argument one can see the linear equation has a solution. However,
in order to be able to use an iteration argument, we will need more subtle cut-off functions.
This is the 3-dimensional version of Lemma 7.2.10 in [19], which is about cut-off functions on
4-dimensional manifolds.

Lemma 39. There is a constant K and for any N and X there is a smooth function 3 = 3y ) on
R3 with 3(x) = 1 where |z| < N=I\2 and B(x) = 0 where |z| > N such that

K

VBl £ —-.
= gy

Proof. This lemma is clearer in cylindrical coordinates. We can transfer the problem to a
cylindrical space since the LP-norm on Q!(M) is conformally invariant if and only if p
dim(M). Therefore, L? is conformally invariant on 1-forms on R3. Let L : R3\ {0}
(—00, +00) x S?, be the identification defined by

L(Tv 97 90) = (_ 10g<7’), ‘97 (P),

i1

where (7, 0, ) denotes the spherical coordinates on R3.

62



Let (t,6, ¢) denotes the cylindrical coordinates on (—oo, +00) x S2. We are looking for a
cut-off function

B:RxS* R,

such that

1
B(t,0,0) =0, when t< —3 log(A) — log(N),

1
B(t,0,p) =1, when t> ) log(A) + log(N),

Moreover, we ask E to be only a function of ¢,

B/(tv 917 ()01) = g(t7927 902)7

for all (01, (,01), (92, (pg) €S2
One can take 3 to be a smooth function where

1
B(t,0,p) =0, when t< —3 log(A) — log(N),

1
B(t,0,p0) =1, when t> —ilog(z\) + log(N),

~ 1 1 1
~ - h — =1 — log(N —=1 log(N).
o S Toa ()’ when 5 og(A) —log(N) <t < 5 og(A) + log(N)
Then, we have
~ ~ K
IVBls = 108l 13 < ———5,
(log(IV))3
for a constant K.
O]

Theorem 7. Let

2

dy s Wy |y (N M\ Sy, 9p) & QUM \ Sp,gp)) = L2, _p.0,2(Q (M \ Sy, 9p)).

Forany a1 € [—%, 0) and oy outside of a discrete subset, and for sufficiently large T, the linear

equation da€ = f has a unique solution & € Wa1’12_1 as_1 Joreach f € LirQ an—2- Moreover,

HfHW;i{l,arl(M\sp) <Wfllez .. oons,):
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Proof. Let x; be the cut-off function, centered at g;,

)1 if dist(z,q;) < 2¢j,
X3 0 if dist(x,qj) > 3¢y,

x; for j € {1,...,k} such that |[Vy;| < %
Let xo be the cut-off function, centered away from the points {q1, ..., g},

)1 if dist(z,q;) > 3e;  forallj e {1,...,k}
xo= 0 if dist(x,q;) <2, forsomeje {1,... k},
such that xo + x; = 1, and |Vxo| < max;{2/¢;}.

Let f; = x;f. Foreach j € {1,...,k}, f; is supported close to a point ¢;, and as explained
before, we can localize the problem on B3, (q;), and transfer it to 2R3, Note that

1fillzz, _, < [1F1e2 < 00,

a1 —2,a9—2

and therefore, using theorem 3, there are u; € I/VO%’2 such that on Bgaj (qj) we have dadsu; = f;,
where

HujHng(mS) < CHfj”LglfQ,aTQ(m?J) <Ol fllz2 (M\Sp)

ay—2,a9—2

Let fo = xof. The section fy is supported on M \ (Uj=1Ba¢,(q;) U Sp), and is in L?

ag—2°
Moreover, it vanishes on J(U; Bac;(g;)). Using theorems 5 and 6, there is ug € W22 (U) such
that

dadiuo = fo.  Nuollwzzy < Cllfollzz,_ -
Let 3; be the cut-off function introduced in Lemma 39, centered at g,
By =1, it al < N7,
Bi(x) =0, if |z|>NAZ,

K
VBl < ———
T log(N))3

forall j € {1,...,k}, for a constant X' > 0, and any N > 0.
Let 3y the cut-off function supported away from the points g; such that 8y 4 3; = 1. Using
these cut-off functions we can transfer the solutions back to M and glue them together. Let

I

F: Lil—2,a2—2(Ql(M \ Spvgp)) — WLQ (QI(M \ Spvgp) S3) QO(M \ Spagp))u

a1—1las—1
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be the map defined by

k
F(f) =Y Bjdsu;.
=0

Note that F(f) € W? . In fact,

a1—1l,as—1

k k k
1EHNez = Zﬁjdé‘uy’HLgrl,aTl <M ld2usllzz . < cy lujllywee,
=0 =0

Jj=0

< (k+1C £z

a1 —2,a9—2 a1 —2,09— 2’

k
<Y Nl
§=0

Note that 8 f = 3;&;f = B;f;, when g; > 0 is sufficiently small. Moreover,

IVaoF(llez .., = HZVAO Bidzui)lr2

a1 —2,a9—2

(V8 - dsuils 18 Vao(ullis , )

—2,a9—2 —2,a9—2

S
= | P’jw
o

> IV Bill palldausl e + 1V 4o (daug) |l 2

a)—2,a9—2

)

1—2,a2—2

K + 1| ||d5u,|
a2 U 1,2
= \ (log(N))3 2%llwy?, o,

2 <ﬂ 2
Jz:% <(1Og(N))3 Ifillez ..

<Ok +1) ( ) (7R

<[ fllzsliglire

a1 —2,a9— 2

.
(=)

IN
|

IN
Q

wiN

(log(V))

where in the second inequality we have used

19l 22

a1 —2,09—2

which follows from the Holder’s inequality. Also in the third inequality we have used

171l s

a1 —2,a9—2

< HhHWL2 )
a1 —2,a9—2

which follows from the Sobolev inequality.
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Moreover, we have

a1 —1l,ag—1

k k
I, FMz .., < D I@dsuilliz, <D lldsujlyaa
j=0 7=0

k
}juw@ o SOk flle
1= 2= 1

—2,a9—2"

and therefore,

1P, <z,

a1 —2,a9—2

for a positive constant C”.
The map F' is close to being a right-inverse of ds.

If = dsF(f)l

a1 —2,a9 —1

k k
s =18 =Y IVBillaldausllpre |
j=0 j=0 ’

C
< 2
L

This shows, the map (Id — do o F') is a contraction on > a1—2.a9—2> When N is sufficiently large,
and therefore, by the method of iteration, we get a map which is the right-inverse of d.

a)—2,00— 2

O

The next step is to solve the full non-linear Bogomolny equation.

1.2.8 The Quadratic Term and the Fixed Point Theorem

In this section, we complete the construction of a family of solutions to the Bogomolny equation
by the use of a fixed point theorem. In the previous section, we saw that there is a solution to the
linearized equation. The remaining part of the equation is quadratic, which we will consider in
this section.

Let

Q W a1—1l,as—1 ( 1(M\Sp,gp) @QO(M\SZNQP)) - Lal —2,a9— 2( 1(M\Sp7gp)) )
be the map defined by the quadratic part of the Bogomolny equation, given by

22 ol

Qa, p) = *
The equation 1.1.1 can be written as

(d2 + Q)(a, ) = —ep.
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Following Theorem 7, let d5 ! be a right-inverse of ds.
Let f = da(a, ). Let £ be a solution to the equation d2& = f, and therefore, £ = (a, ). Let

a(f) = Qody'(f),

and therefore, we have

f+a(f) = —eo.

The proof of the existence of the solution to the Bogomolny equation is based on the following
lemma from [19].

Lemma 40 (Donaldson-Kronheimer). Let B be a Banach space and q : B — B a smooth map
such that for all f, f' € B,

la(f) = (I < KA+ 1F DS = 11, (1.2.40)
for a constant K. Then, if ||e]| < 10#}( there is a unique solution [ to the equation
fHa(f)=e
where || f|| < 2|e]|.
Following this lemma, let the Banach space B = Lirz,arQ(Ql(M \ Sp,gp)), and let
e = —ep. We should show the assumptions of Lemma 40 holds in our case.

Lemma 41. The error estimate |leol|2 _  can be made sufficiently small.
a]—2,a9—

Proof. Note that eg = 0 on M \ (U;jBac,(q;) U Sp). On each By, (g;), following Lemma 12,

—2a+41, |2 —2a+1 4
leollz2 ,(Bo.. (q)) :/ w; “eg*vol, < C w; “lyol, < Cej,
! ! Bae, (45) Bae(q5)
for a constant C' > 0, and therefore, it can be made as small as necessary. O

To complete the proof, we should show ¢(f) = Q o dy*(f) satisfies 1.2.40 for some K,
which is the content of the following lemma.

Lemma 42. There exists a constant K such that

la(h) = atz, oy <KIF+ Pz = ez,

Let

A5 1) = 5l + )~ alh) — ().

The proof of Lemma 42 is based on the following lemma.
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Lemma 43. The map

q: W, (Q M\ Sp)) x W2 (UM N\ 8p)) = L3, 2,0, 2(2 (M \ Sp)),

a1—1l,as—1 a1—1l,as—1

is continuous. Moreover

3G Mz, s SO W e, (12.41)

2,0 1

for a positive constant C.

Proof of Lemma 42 using 43. We have

lg(f) — Q(fI)HLirg,aTQ = a(f + 1 f = )z

a1 —2,a9—2

< CIf + fllyre 1f = f'lly2 :
a1 —1l,ag—1 a1 —1,a9—

1

Proof of Lemma 43. One only need to show

la(HIZz .., <CIfI

wl2

20— ap—1,ag—1

The Lemma 43 can be localized over different regions of A/ \ S,. Suppose f is supported on
Bae,(q;) for some j € {1,...,k}. Similar to the study of the linearized equation on this region,
we can transform the problem to S33. We should show

2 2

By the Holder’s inequality, when \; is sufficiently large,

||Q(f)||%2 R3) = wj_zo‘l“\q(f)\zvolg < 016J2m wj_4a1+1|f|4volg
a1—2( ) M3 M3

—ar+1

O‘l_% 2 £113
fllpzllw; fllze,

< C1es™|w;

for a positive constant C'.
By the Sobolev inequality we have

*a1+% *a1+%
lwj "2 fllze < Csopllw; 2 Fllwrz < Collfllypre | < Collfllyrz

for a positive constant C'y, and therefore,

2 201 4
0I5, o) < 1O s
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hence on this region, 1.2.41 holds with
C = C1Coes™,
Second, suppose f is supported on U = M \ (U;Bac,(q;) U Sp). Let f = fL + f7.
o(f) = a(f, 1) =a(" + 17+ 1) = a(fm oy +aet ) + at ) + art .
We have
(" 17 = a(ff) = Qo dy ' (f1).

The linear maps d2 and d, ! preserve the bundle decomposition induced by a Higgs fields &,
and therefore, (a], 7)) = dy '(f*) is a section of longitudinal part. However, the Lie bracket
vanishes when restricted to the longitudinal sub-bundle,

Qody'(f*) =0,
and therefore,
a(f) = @ 1)+ asm )+ at m,

where (G(f%, fT) + G(fT, f¥)) is the transverse component and G(f*, f7) is the longitudinal
one.
For the transverse component 1.2.41 becomes

1= P2y < Cl lwre an I Twre): (1.2.42)
By the Holder’s inequality, we have

- g1
la(f*s 2wy < CIF sl e < Cllw™272 f2)| sl £ w2

—ao—1
< Cllw™2 2 fE |y | fH e < CHfLHWi;lefTme,

where C' is a uniform constant.
For the longitudinal component 1.2.41 becomes

la( ez, @) < CUFT Iy 2wy- (1.2.43)

By the Holder’s and Sobolev inequalities we have

ot l otk
la( ez, @) = lw™*"2q(F D)2y < Cllw™*2 fH|pall S o

< CI sl f e < ClUF e

for a uniform constant C'.
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O]

This completes the gluing construction of irreducible SU (2)-monopoles with Dirac singulari-
ties on rational homology 3-spheres.

70



1.3 Monopoles on Asymptotically Cylindrical 3-Manifolds

In this section, we address the problem of the existence of monopoles, both smooth and singular,
on asymptotically cylindrical 3-manifolds. However, since the problem is very similar to the
compact case, we will be very brief.

Let (M, g) be an asymptotically cylindrical 3-manifold. Let (X, g5;) be the cross-section of
the 3-manifold at infinity, where ¥ = ¥y U ... U Y, and [ = by(X). Let t; : M — R be a radius
function on the ¢th end of the manifold.

There are two interesting classes of monopoles to consider on asymptotically cylindrical
3-manifolds.

* Singular Monopoles. Monopoles with Dirac singularities and asymptotic conditions
lim |da®| =0, lim |®| = M;, (1.3.1)
t;—00 t;—00

where M; > 0 is a constant, called the mass of the monopole on the 7th end.

* Smooth Monopoles. Smooth monopoles (without singularities) such that on each end of
the manifold

. K -1

where K; € N and M; > 0 are called the charge of the monopole and the mass of the
monopole on the ¢th end, respectively.

A natural condition to consider is to ask the monopole to have finite Yang-Mills-Higgs energy.
This would imply

Fq—0, dad — 0, |®| — M;, as t; — oc. (1.3.3)

This assumption implies the asymptotic conditions 1.3.1. Similar to the case of monopoles
on closed 3-manifolds, smooth monopoles on asymptotically cylindrical 3-manifolds with the
asymptotic condition 1.3.3 satisfy stronger conditions.

Lemma 44. Let (M, g) be a asymptotically cylindrical Riemannian 3-manifold. Let G be a
compact Lie group. Any smooth monopole (A, ) on a principal G-bundle P — M with the
asymptotic condition 1.3.3 satisfies the following equations,

*Fp=da® =0. (1.3.4)

Proof. Lett: M — (0, 00) denote the distance from a fixed point z € M. Let My = t=1(0,T]
for any 7' € R™. The Bogomolny equation implies

AP = dda® = xdaFa =0, (1.3.5)
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and therefore,

0= <AAQ5,Q5>MT = <dj1dA¢7@>MT = /

|da®|*vol, — / (xd s D)D.
Mt

OMr

As we take limit 7" — oo, the integrand (xd4@)® — 0, and the area of the slice OV converges
to a constant, and therefore,

0= (Aa®, D) rr = [|da®| 72 ap),
thus, *F4 = d 4P = 0. ]

Note that with the asymptotic conditions 1.3.1 the total charge of a singular monopole at the
Dirac singularities vanishes.

Lemma 45. Let (M, g) be a asymptotically cylindrical Riemannian 3-manifold. Let (A, ) be a
monopole with Dirac singularites on a principal U(1)-bundle P — M \ {p1,...,pn} with the
asymptotic condition

lim |®(z)| = M; + O(t; 1), (1.3.6)

t;—00

and Dirac singularities with charge k; € N at p; fori € {1,...,n}. Then
n
> ki=0. (1.3.7)
i=1
Proof. Lett: M — R denote the distance from a fixed point zg € M. Let My = t~1[0, T for
any T' € R™. The Bogomolny equation implies
AP = dda® = xdaFy =0, (1.3.8)

on M\ {p1,...,pn}, and therefore, by the Stokes’ theorem and for any 7" > 0, we have

0:/ (ApP)vol, = / *d@—/ *dd = 27 k‘i—/ *dD.
Mr\Ui{pi} ! ; 9B (py) -1(7) ; )

On the other hand, the asymptotic condition 1.3.6 on an asymptotically cylindrical manifold
implies

lim *dd = 0,
T—o00 t=1(T)

and therefore, > " | k; = 0. O

In fact, as mentioned earlier we can consider a more generalized asymptotic conditions 1.3.2.
The asymptotic conditions 1.3.3 imply K; = 0. With the asymptotic conditions 1.3.2 some of the
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charges can run into infinity. In this case, the sum of the charges at the singular points and at the
ends of the manifold vanishes, with the similar proof as the lemma above.

Singular Monopoles on Asymptotically Cylindrical 3-Manifolds. Let (1/, g) be an ori-
ented asymptotically cylindrical Riemannian 3-manifold with bo (M) = 0. For any k € N, there
exists an irreducible monopole with Dirac singularities with charge &£ and asymptotic conditions
1.3.1 on a principal SU(2)-bundle P — M \ {p1,...,pn}.

The proof of this statement follows the same line of thought as the existence theorem of
singular monopoles on closed 3-manifolds. Since the proof is similar to the closed case, we only
sketch the proof here without going into the details.

* The first step is to produce an Abelian Dirac monopole with singularities on (M, g), where

lim |&(z)] = M; +O(t; 1), (1.3.9)

t;(z)—o0
with Dirac singularities at points py, ..., p, with integer charges ki, ..., k, such that
>oi1 ki = 0 such that some of them are of charge +1. The proof is similar to the

construction of the Dirac monopoles on closed 3-manifolds, as we saw in section 1.2.2.

* The second step is to smooth out some of the singularities with charge +1 by gluing scaled
BPS SU (2)-monopoles and leave out the rest of the singular points not smoothed-out to
construct an approximate singular monopole similar to what we did in section 1.2.4 for
approximate monopoles over closed 3-manifolds.

* The third step is the deformation. The resulting configuration from the step two is an
approximate monopole and it does not necessarily satisfy the Bogomolny equation, but in
a suitable norm, it is close to a solution and should be deformed into a genuine monopole.
To solve the linear problem, we should combine the weighted Sobolev spaces we defined
earlier with the Lockhart-McOwen Sobolev spaces on asymptotically cylindrical manifolds.

Smooth Monopoles on Asymptotically Cylindrical 3-Manifolds. Let (), g) be an ori-
ented asymptotically cylindrical Riemannian 3-manifold with by(M) = 0. For any k& € N,
there exists a smooth irreducible monopole with charge k£ and asymptotic conditions 1.3.2 on a
principal SU(2)-bundle P — M.

The proof is similar to the previous gluing constructions we studied in this chapter. In order
to prove the existence of smooth monopoles,

* The first step is to produce an Abelian Dirac monopole with singularities on (M, g), where

. Kz’ -1
1 S|l = ————~t; + M; + O(t; 1.3.10
tl(:vl)rgoo’ ‘ VOl(Ez) it M ( ! ), ( )
with Dirac singularities at points p1, . . . , p, With charge +1 such that
bo(X)
n— Y K;=0
i=1



* The second step is to smooth out all of the singular points pq, .. ., p, with charge 41 by
gluing scaled BPS SU(2)-monopoles and construct an approximate monopole.

* The third step is deforming the approximate monopole to a genuine one.

1.3.1 Monopoles and Connected Sum

A relevant problem to our gluing argument is the construction of monopoles on connected sum
manifolds. Let (M7, g1) and (M, g2) be two compact oriented Riemannian 3-manifolds with
ba(M;) = 0 fori € {1,2}. Let P, — M; and P» — My be two principal SU (2)-bundles.
Let (A4;,?;) be a singular SU (2)-monopole on P; for i € {1,2}. In this section, very briefly,
we address the problem of constructing a monopole on the connected sum M;# M using the
monopoles (A, P1) and (Ag, P9).

Suppose (A1, P1) and (Asg, P2) are two monopoles with Dirac singularities and large mass,
similar to the ones we constructed in this chapter. Suppose p; € M; is a point which is a Dirac
singularity of (A4;,®;) fori € {1,2}. Moreover, assume these monopoles have a common signed
charge k at these points. By adding a constant, let’s assume the mass of (A, ?;) at p; is equal
to the mass of (Ay, P2) at p2, where this common value is denoted by m. One can construct a
monopole (A, ®) on a principal SU(2)-bundle P — M;# Ms which, up to gauge, is close to
(Au@z) on P, — M, fort € {1, 2}

Suppose an identification of a small ball around p; with a small ball around p- is fixed,

f: Be(p1) — Be(p2),

such that f(p1) = pa.
Moreover, suppose a bundle identification above these open balls is chosen such that it covers

f : Be(p1) — Be(p2). This can be used to construct a connected sum bundle P — M;#Ms. On
this small open ball, we have

(A1, P1) — (A2, P2)| = O(me™™"),

where r denotes the geodesic distance from the point p; = ps.
We can define the approximate connected sum monopole by letting

(A, @) = &1 (A1, D1) + £2(A2, D9),

where &; and &; are the functions where

€ = 1 on M\ B:(p)
' 5 on  B.s(pi),

and &; + & = 1.

This is an approximate connected sum monopole with Dirac singularities on M1# Ma. Let
eg = *xF4 — daP. By increasing the mass m, we can make e sufficiently small and satisfy the
assumption of our gluing method, which we used to construct monopoles on rational homology
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3-spheres, and therefore, this approximate singular monopole can be deformed to a genuine
singular monopole on the connected sum space.

The picture is clearer over asymptotically cylindrical manifolds. Let (A;, ®;) be a singular
SU (2)-monopole on an asymptotically cylindrical 3-manifold (M, g;) for i € {1, 2} with the
asymptotic conditions 1.3.1, with the common mass m at infinity. One can follow the same line
of thought to construct a monopole on the manifold with long neck constructed by gluing M; and
M. In this case, rather than increasing the mass m, one can extend the neck of the base manifold
to decrease the error term.

(Al,gpl) (A2;Q§2)

M, Mi# My My

Figure 1.2: Connected Sum Monopole

1.4 Monopoles with Singularities Along Knots

One can study solutions to the Bogomolny equation on 3-manifolds with other types of singulari-
ties. One interesting example has been studied by Sun [84], where he investigates monopoles
on R? with singularity along a knot K C R3. In this section, we investigate a framework to
generalize this idea to study monopoles with knot singularity on closed 3-manifolds.

Sun studied pairs (A, Px), defined on a principal SU(2)-bundle P — R?\ K, which
satisfy the Bogomolny equation, and the connection A has monodromy -y around K. Suppose an
arc length parametrization of the knot K is fixed, which by an abuse of notation, it is denoted by
K :[0,1] — R3, where [ = length(K). Let Nx be the normal bundle of the knot K in R3 and
e1, ez : [0,1] = Nk an orthonormal frame of Ng. The points on a tubular neighbourhood of the
knot K can be parametrized by

(5,,y) — K(s) + ze1(s) + yea(s) € R, (1.4.1)
On a tubular neighbourhood of the knot K, the model singular solution (A, @) is given by
(Ak,Px) = (yodf, mo), (1.4.2)

where o € su(2), df is only defined on an e-neighbourhood of the knot for sufficiently small &
by the equation e’ = 2 + iy, and m is a constant.

By the monopoles with singularity along a knot K, we refer to monopoles defined on the
complement of K, which on a small neighbourhood of K, they agree with the model solution
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1.4.2 up to higher order terms in r, where r denotes the geodesic distance from K.

Sun extends this monopole to the entire R? \ K with different charges by gluing some BPS-
monopoles to (Ax, P ). Moreover, he shows a neighbourhood of a solution to the Bogomolny
equations on R3 with this prescribed knot singularity in the moduli space of these monopoles has
an analytical structure.

Similar to Sun’s work, one would hope to study solutions to the Bogomolny equation on other
Riemannian 3-manifolds with singularity along a knot, or more generally, a link. An interesting
case is when this 3-manifold is closed. However, a monopole with a knot singularity on a closed
3-manifold has a vanishing curvature.

Theorem 8. Let (M, g) be a closed, oriented, Riemannian 3-manifold. Let G be a compact Lie
group. Let (A, @) be a monopole on a principal G-bundle P — M \ K with the model knot
singularity 1.4.2 along a knot K C M. Then on M \ K the pair (A, P ) satisfies the stronger
equations

*FAK = dAK@K =0.
Proof. On the complement of the knot A 4, @ = 0. We have
lim | P | = m,
r—0

where m is a positive constant and 7 is the geodesic distance from the knot, and therefore,

0= (Aac®x, Pr) 2\ () = 19 Prc T2 0 5. (1)) — / #(dagPr)Pr
OBk (¢)
where 0Nk (¢) is the boundary of the e-tubular neighbourhood of the knot.
However, as ¢ — 0, both the area of 0B (¢) and *(da, Pk )Pk converge to zero, and
therefore, by taking limit and letting € — 0, we have

0= (AacPx, Pr) 2 (i) = 1A Pl 220 i
hence, *Fa,, = da,,Px = 0. ]

This shows monopoles with knot singularity on closed 3-manifolds are essentially just flat
connections with singularity along a knot. Flat connections on knot complements can be used to
study knots and links. Using the SU (2)-flat connections on 3-manifolds with knot singularities,
Kronheimer and Mrowka defined an instanton Floer homology for knots in 3-manifolds [62].
In order to get monopoles on closed 3-manifolds with knot singularities and with non-flat
connections, one can consider monopoles with mixed singularities.

Definition 9 (Monopoles with Mixed Singularities). Let (M, g) be an oriented, closed, Rieman-
nian 3-manifold. Let p1, . . ., p, be n distinct points in M with corresponding positive charges
ki,...,kn. Let K C M be a knot. Let G be a Lie group. Let P — M \ (K U{p1,...,pn}) be
a principal G-bundle. Let A be a connection on P and @ a section of the adjoint bundle. We call
a pair (A, @) a monopole with mixed singularities if
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* (A, D) satisfies the Bogomolny equation on M \ (K U {p1,...,pn}).

* (A, ®) has a Dirac singularity with charge k; at p;.

* (A, D) has a knot singularity along K.

We expect to have monopoles with mixed singularities on closed 3-manifolds.

Conjecture 1 (Existence of Monopoles with Mixed Singularities). Let (M, g) be a closed,
oriented, Riemannian 3-manifold with b*>(M) = 0. Let py,...,pn be n points in M with
corresponding charges k1, ..., ky. Let K C M be a knot in M. We expect to have a irreducible
non-trivial monopole on a principal SU(2)-bundle P — M \ (K U{pu,...,pn}) with Dirac
singularities with charge k; at p; and knot singularity along K.

We expect it would be possible to solve this conjecture using a gluing construction. For
simplicity suppose there exists a small open ball B C M where the Riemannian metric g
restricted to B is flat and K C B. The analysis of the Bogomolny equation around the knot, is
similar to the Euclidean case, which is carried over by Sun. Let (Ax, Pk ) be the model solution
with singularity along K defined on B C M,

(AK,QsK) = (’yad@,ma).

Let p1, ..., p, be well-separated points in M away from the knot K with corresponding negative
integers charges —k1, ..., —k, and another set of points ¢1, . .., g; with charges equal to +1
suchthatk — > " k; = 0.

Let (Ap,®p) be a monopole with Dirac singularities at the points p; with corresponding
charges k;. Moreover, by adding a constant if necessary, we can assume the average mass of
this Dirac monopole on the small ball B is a sufficiently large number m. Let (A;, ®;) be the
appropriately scaled BPS-monopoles transformed to a neighbourhood of the points g;, similar to
what we did in the case of singular monopoles on closed 3-manifolds.

We can define the approximate monopole with mixed singularities by

k
(Ao, @0) = &0(Ap, ) + Y &i(Aj, ) + Ex(Ak, Pr), (1.4.3)
j=1
for suitable cut-off functions &y, {x and §; for j € {1,...,k}, where

So+& =1, So+éxk =1

This pair has the prescribed singularity on a neighbourhood of the knot and the singular
points, and it is a monopole on M \ (U; B, (qj) U B2o(K) U Sp) where S, = {p1,...,pn}.
However, similar to the previous gluing constructions we studied, this pair is not a monopole on a
neighbourhood of the points q1, . . ., q;, and more generally, when the metric on B is not flat, it is
also not necessarily a monopole on the neighbourhood of the knot K.

The next step is to deform this approximate monopole with mixed singularities to a genuine
one. To do this, we should define the appropriate Sobolev spaces to set up the deformation
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problem. We expect this would be possible by combining the function spaces we defined in
the previous sections, in the study of monopoles with Dirac singularities on closed 3-manifolds
and the function spaces Sun defined to study the deformation of monopoles on R? with knot
singularities.
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Chapter 2

Monopoles in Higher Dimensions

An interesting feature of the Bogomolny equation is that it can be generalized to certain higher-
dimensional spaces. The most interesting examples appear on Calabi-Yau 3-folds and G-
manifolds. It is proposed by Donaldson and Segal that one can define invariants of non-compact
Calabi-Yau 3-folds and Gs-manifolds with suitable ends, by a count of monopoles [21].

In this chapter, we study these higher-dimensional Bogomolny equations and show their
relevance to the 3-dimensional monopoles and Fueter operators which are non-linear generaliza-
tions of the Dirac operator. Furthermore, we introduce a monopole equation on U (1)-bundles
over 4-dimensional hyperkihler manifolds. Moreover, we introduce the complexification of
gauge-theoretic equations on manifolds with special holonomy group, and study their basic
properties.

2.1 Preliminaries:
Gauge Theory on Manifolds with Special Holonomy Groups

In this section, we recall the basic definitions and results about the geometry of manifolds with
special holonomy groups, more specifically, Calabi-Yau 3-folds, G- and Spin(7)-manifolds.
Moreover, we review the instanton and the Bogomolny equations on these manifolds. Our review
is quite brief. For a more detailed account on manifolds with special holonomy groups you can
consult with the book by Dominic Joyce [53]. This book mainly focuses on the construction of
Riemannian metrics with exceptional holonomy groups on compact manifolds. For more detailed
introduction to gauge theory on manifolds with special holonomy groups, you can see [22, 21,
98, 77].

2.1.1 Manifolds with Special Holonomy Groups

The classification of manifolds based on their holonomy groups has a long history, which goes
back to the works of Elie Cartan. In the case of symmetric Riemannian manifolds, the holonomy
groups can be classified completely using the theory of Lie groups, as done by Cartan in 1925 [13].
In the case of non-symmetric spaces, 30 years later, the celebrate theorem of Berger illustrated
the situation.
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Theorem 9 (Berger [8]). Suppose (M, g) is a simply-connected, irreducible, non-symmetric,
n-dimensional Riemannian manifold. Then exactly one of the following seven cases holds.

(i) Generic. Hol(g) = SO(n).
(ii) Kéhler. n = 2m with m > 2 and Hol(g) = U(m) C SO(2m).
(iii) Calabi-Yau. n = 2m with m > 2 and Hol(g) = SU(m) C SO(2m).
(iv) Hyperkdhler. n = 4m with m > 2 and Hol(g) = Sp(m) C SO(4m).
(v) Quaternionic Kihler. n = 4m with m > 2 and Hol(g) = Sp(m)Sp(1) C SO(4m).
(vi) Go.n = Tand Hol(g) = G2 C SO(7).
(vii) Spin(7). n = 8 and Hol(g) = Spin(7) C SO(8).

It was recognized by Hitchin that all manifolds with covariantly constant spinors appear in
the list of Berger. More specifically, they are Calabi-Yau, hyperkihler, 7-dimensional Go— or
8-dimensional Spin(7)-manifolds [44].

Manifolds with special holonomy groups also play an important role in String Theory and
M-Theory. As observed by Candelas, Horowitz, Strominger and Witten, in the 10-dimensional
spacetime of String Theory, Calabi—Yau manifolds are the spaces that satisfy the requirement for
being the six unseen spatial dimensions. You can find more about this in the expository account
by S.T. Yau [100]. In M-theory, where the spacetime is 11-dimensional, (G2-manifolds can be the
hidden 7-dimensional space [6].

2.1.1.1 Calabi-Yau Manifolds
We start with the definition of Calabi—Yau manifold.

Definition 10 (Calabi-Yau n-Fold). A Calabi-Yau n-fold is a quadruple (M, g,w, Q) where
(M, g,w) is a 2n-dimensional Kdhler manifold with the compatible integrable almost complex
structure J and with a nonzero (n,0)-form Q2 on M, called the holomorphic volume form, which
satisfies

n(n—1)

=T yrean

There are a distinguished class of real n-dimensional submanifolds of Calabi-Yau n-folds,
called special Lagrangians. They are calibrated with respect to the real n-form Re(€2), in the
sense of Harvey and Lawson [40]. They are important in String Theory, and also play a key
role in the mathematical theory of Mirror Symmetry [35]. Moreover, they are closely related to
the gauge theory on Calabi-Yau manifolds. We will discuss calibrated submanifolds, and more
specially, special Lagrangians in much more detail in Chapter 4.

Definition 11 (Calibration). Let (M, g) be an n-dimensional Riemannian manifold. Let o €
QF (M) be a differential k-form for some 0 < k < n. The k-form o is called a calibration on M
if
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e «is closed: do = 0;

* for any x € M and any oriented k-dimensional subspace V' C T, M, we have
a), = Avoly  with A <1,

where voly is the volume form of V' defined with respect to the restriction of the Riemannian
metric gto'V.

A k-dimensional submanifold N C M is called a calibrated submanifold with respect to the
calibration «, if

ar,N = volr, N,

forallxz € N.

Definition 12 (Special Lagrangian). Let (M, g,w, ) be a Calabi-Yau n-fold. Re(Q) is a cali-
bration, and calibrated submanifolds with respect to Re(2) are called special Lagrangians.

The following lemma explains why these submanifolds are called special Lagrangians.

Lemma 46 (Special Lagrangian Equations [40]). Let L be a real n-dimensional submanifold of
a Calabi-Yau n-fold (M, g,w, Q). Then L admits an orientation making it a special Lagrangian
submanifold if and only if

w, =0, and Im(Q),k =0.

L L
The condition w|, = 0 states L is a Lagrangian submanifold and Im(Q)‘L = 0 asserts it is a
special one.
2.1.1.2 G2-Manifolds

(G2-manifolds provide another class of manifolds which one can study a Bogomolny type equation
on. What makes dimension 7 stand out is that it is the only dimension other than 3, where it can
be equipped with a cross product. Moreover, on R”, similar to R?, one can use the cross product
and the Riemannian metric to define a triple product.

Definition 13 (Associative Form). On R” one can use the cross and inner products to define a
map

$o:RT xR xRT = R: (u,v,w) = g(u X v,w).
¢o is an alternating 3—form, called the associative form, which can be written as

b = €123 4 o145 | Q16T | (246 _ 257 _ 347 _ 356

)
where €% = e' N el A eF, and €', ... € is the dual basis for ey, ..., er.

The exceptional group G2 can be defined as the stabilizer of this 3-form.
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Definition/Lemma 47 (Exceptional Group G3). Gy is the subgroup of GL(7,R) that preserves
b0,

Go:={g € GL(T,R) | g"¢o = do}-

G is a compact, connected, simply connected, 14-dimensional, simple Lie group. Moreover,
Gy C SO(7).

¢o is non-degenerate in the following sense.

Definition 14 (Non-Degenerate 3-Form). A 3—form ¢ on a T—dimensional vector space V is
called non-degenerate or positive if for each v € V '\ {0} the induced 2—form i,¢ on V/{v) is a
symplectic form.

A 3-form ¢ € Q3(M) is called a Go-structure if at each point x € M it looks like the model
(250 on R7.

Definition 15 (Go-Structure). Let M be a smooth 7-dimensional manifold. A Gs-structure on
M is a non-degenerate 3-form ¢ € Q3(M) such that at every p € M there exists a linear
isomorphism TyM = R with respect to which ¢ € A3(T, » M) corresponds to ¢o € A3(RT)*,
The 3-form ¢ induces a Riemannian metric and an orientation on M such that

Ly A by N § = —6gg4(u, v)voly.

We can define the coassociative 4-form by

zp:*g¢¢.

We suppress the subscript ¢ of the Riemannian metric, volume form and the Hodge star operator,
when there is no fear of confusion.

The following theorem shows there are many 7-dimensional manifolds which admit a Ga-
structure.

Lemma 48 (Existence of Ga-Structure [34]). A smooth 7-dimensional manifold M admits a
Glo-structure if and only if M is both orientable and spinnable, and therefore, if and only if the
first and second Stiefel-Whitney classes vanish.

A Ga-structure ¢ on M induces a Riemannian metric g, which uniquely determines a Levi-
Civita connection V on M. Using this connection one can define the torsion of the Ga-structure.

Definition 16 (G2-Manifold). A Ga-manifold (M, ¢) is a 7-dimensional manifold with a positive
G'a-structure ¢ such that the torsion of the Go-structure T'(¢) := V »@ = 0;i.e, ¢isparallel. By
a theorem of Ferndndez and Gray [27], a Ga-structure is torsion-free if and only if d¢p = 0 = da).
In this case, Hol(gg) € Go C SO(T).

On a 7-dimensional manifold M with a Ga-structure ¢, there are orthogonal decompositions
of the bundles AT M into irreducible representations of G, which induces decomposition of
the spaces of differential k-forms.
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Lemma 49. Let V be a 7-dimensional vector space equipped with a non-degenerate 3-form ¢.
Then A*V'* splits into irreducible representations of G as follows,

ANV = AL(V), A2(V) = A3(V) @ Afy(V)
A (V) = AJ(V) @ AZ(V) @ A3 (V) AHV) = A{(V) @ A7(V) @ Agr(V)
A (V) = A3(V) @ A4 (V), A%(V) = AR(V),

where the indices denote the rank of the bundles and

AN(V)={Be N (V)| = (dAB) =—28} = {x(aAp) |a € A'(V)}
= {tu® |u € T(V)} = AH(V),

4(V)
AF(V) = (9),
A(V)={x(an¢)|ae N (V)} ={wt|ueT(V)}=AyV),
A(V) = {y e A’(V) [7Ap=0=yA1},

and

AS(V) = ATR(V),  Vke{1,2,3}.

We denote the corresponding projection maps by mq : AF(V) — AS(V).
A proof can be found in [81, Theorem 8.5].

Definition 17 (Associative and Coassociative Submanifolds). Let (M, ¢) be a 7-dimensional
manifold with a positive Go-structure ¢. The associative form ¢ is a calibration, and the
3-dimensional submanifolds calibrated with respect to ¢ are called associative. Moreover,
the coassociative form 1 = x¢ is also a calibration on M, and 4-dimensional submanifolds

calibrated with respect to i) are called coassociative.

2.1.1.3 Spin(7)-Manifolds
We start with the linear model.

Definition 18 (Admissible 4-Form). A 4-form ) on an 8-dimensional vector space V' is called
admissible if there exists a basis of V' in which Q is identified with the 4-form Qy on RS, given by

QQ:61/\€2A65/\66+61/\62/\67/\68+63/\64/\65/\66
+e3Nnet AN A+l A A ne —et Aed NS Aed
—eZnet A neT+e2 At AP A —et Aet A’ A el
—elAet A ne" —eneE A A —e2ned neb AT

+etne?Aednet+ e AneSAe” AEd.
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Definition/Lemma 50 (Exceptional Group Spin(7)). Spin(7) is the subgroup of GL(8,R) that
preserves ),

Spin(7) = {g € GL(8,R) | g"Q = Q).
Spin(7) is a compact, connected, simply connected, 21-dimensional, simple Lie group. Moreover,
Spin(7) C SO(8).

Definition 19 (Almost Spin(7)-Manifold). A Spin(7)-structure on a smooth 8-dimensional
manifold M is an admissible 4-form Q € Q*(M). The pair (M, Q) is called an almost Spin(7)-
manifold.

Definition 20 (Spin(7)-manifold). Let (M, ) be an almost Spin(7)-manifold. (M, Q) is called
a Spin(7)-manifold if the Spin(7)-structure is torsion-free,

T(Q) := V,, Q2 =0,

where Vg, is the Levi-Civita connection of the Riemannian metric induced by the Spin(T7)-
structure Q.

Definition 21 (Cayley Submanifold). Let (M, Q) be a Spin(7)-manifold. ) is a calibration on
M. A 4-dimensional submanifold calibrated with respect to () is called a Cayley submanifold.

2.1.2 Donaldson-Thomas Program

Donaldson and Thomas, and later Donaldson and Segal, proposed studying manifolds with special
holonomy groups from the viewpoint of gauge theory. They proposed defining numerical, or
more ambitiously, homological invariants of manifolds with special holonomy groups by a count
of instantons, monopoles, and Calibrated submanifolds. In this section, we briefly review the
definition of instantons and monopoles on these manifolds.

2.1.2.1 Spin(7)-Instantons

We start with the Spin(7)-instantons on Spin(7)-manifolds.

Definition 22 (Spin(7)-Instanton). Let G be a compact Lie group. Let P — M be a principal
G-bundle above a Spin(7)-manifold (M, Y). A connection A on this bundle is called a Spin(7)-
instanton if it satisfies the following equation,

*(FA/\Q):—FA.

The following theorem of Walpuski gives a good picture of Spin(7)-instantons on certain
closed Spin(7)-manifolds.

Theorem 10 (Walpuski [96]). Let (M, Q) be a compact, irreducible, Spin(7)—manifold. Let
Q C M be a Cayley submanifold, diffeomorphic to the smooth 4-manifold underlying any
K 3-surface and with self-intersection number zero, whose induced metric is sufficiently close
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to a hyperkdhler metric. Moreover, suppose that the induced connection on the normal bundle
v(Q) — Q is almost flat. Then there exists a 5—dimensional family of Spin(7)—instantons on an
SU(2)-bundle P — M with co(P) = PDI[Q)|. Furthermore, let Q1, ..., Qy be k disjoint Cayley
submanifolds as above. Then there exists a (8k — 2)-dimensional family of Spin(7)-instantons
on an SU(2)-bundle P — M with co(P) = Zle PDI[Q;].

Dimensional reduction of Spin(7)-instantons leads to a theory of monopole on G2-manifolds.

2.1.2.2 G2-Monopoles
Here is the definition of Go-monopole.

Definition 23 (G2-Monopole). Let (M, ¢) be a Go-manifold and 1) = *¢, where x is the Hodge
star of 9. A pair (A, @) of a connection A on a principal G-bundle P — M and a section @ of
the adjoint bundle is called a Go-monopole if it satisfies the G2-Bogomolny equation,

*(FA VAN w) =dy®.

Example 2. Let M = R equipped with the standard Euclidean metric gy = Zzzl dz?, the
volume form volg = dx1 A ... A dxy, and the standard Go-structure on R7, given by

b = €123 _ 115 _ 16T _ (246 4 (25T _ 34T _ 356

o = 6T 2367 _ ;2845 _ (1357 | (1346 _ 1256 _ 1247

Let  : RT = R* x R3 — R3 be the projection on the last three components. Let P — R> be
a principal G-bundle and (A, ®) a monopole on P. The pair (7* A, 7*®) is a Ga-monopole on
7*P — R since

#7(F(ea) A tho) = #7(7"(Fa) A tho) = #7(7" (x3da®) A to),

where s7 and %3 are the Hodge star of the Euclidean metric on R™ and R3, respectively. More
generally, for any 2-form 3 € Q%(R3; V') with values in any vector bundle V — R, we have

x7(m*(B) Nbo) = 7" (x3),

and therefore, x7(Fr+ 4y N o) = #7(7* (%3da®) A tho) = T (daP) = dre(a)T* ().

G2-monopoles can be understood as a dimensional reduction of Spin(7)-instantons, similar
to the 3-dimensional monopoles, which are dimensional reduction of anti-self-dual instantons on
4-manifolds. The proof is also similar to the low-dimensional case.

Lemma 51 (Dimensional Reduction of Spin(7)-Instantons). Let (M, ¢) be a Ga-manifold. Let
N = M x R be an 8-dimensional manifold with the Spin(7)-structure S, given by

Q= dt A (¢) + 7 (),

where ™ : N — M is the obvious projection map and t is the coordinate on the R-factor.
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Let P — M be a principal G-bundle. Any t-translation-invariant connection A on m™*P — N,
in a translation-invariant gauge, can be written as

A=7"(A) +dt N7* (D),

for a connection A on P — M and a section @ on the adjoint bundle.
The connection A is an Spin(7)-instanton if and only if the pair (A, ®) is a Go-monopole.

G2-monopoles on closed Go-manifolds satisfy a stronger condition.

Lemma 52. Let (M, ¢) be a closed Go-manifold. Any smooth Go-monopole (A, ®) on a princi-
pal G-bundle, for a compact Lie group G, satisfies the equations

x(FaN) =da® =0. (2.1.1)
Proof. The proof is similar to the 3-dimensional case 2. The (G2-Bogomolny equation implies
Apd = dZquj = *dA(FA /\w) = *(dAFA /\@ZJ+FA/\d¢) =0,

where the last equality follows from the Bianchi identity and the fact that v is closed. Therefore,
@ is a harmonic section with respect to the connection A. Since G is a compact Lie group, there
is an adjoint-invariant inner product on its Lie algebra g, and therefore, on the adjoint bundle gp,
denoted by (—, —). With respect to this inner product, we have the following pointwise equations,

0= (A, ) = (dda®, P) = (AP, da®) = |daP|?,
and therefore, x(F'4 A ) = da® = 0. O

This lemma motivates the definition of Go-instantons.

2.1.2.3 Ga-Instantons
Here is the definition of GGo-instanton.

Definition 24 (Gs-Instanton). A connection A on a principal G-bundle P — M over a G-
manifold (M, ¢) is called a Gy-instanton if

Fany =0,
where 1 = x¢ or, equivalently,
*(FA/\¢) = —F}y.

Example 3. Ler 7 : R7 = R3 x R* — R* be the projection on the last 4-components. The
pullback of an anti-self-dual instanton over R* to R” is a Go—instanton. The proof is similar to
Example 2.

One can go one dimension lower.
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2.1.2.4 Calabi-Yau Monopoles

We start with the definition of complex monopole.

Definition 25 (Complex Monopole). Let (M, g, w,2) be a compact Calabi-Yau 3-fold. Let G be
a compact Lie group. Let P — M and Pg,. be a principal G-bundle and its complexification,
respectively. Let gp., and 9Ps, be the adjoint bundle of Pg and its complexification, respectively.
Let A be a connection on Pg and & = @1+ 1P+ a section of the complexified adjoint bundle 9Pg.-
The pair (A, ®) is called a complex monopole if it satisfies the complex Bogomolny equations,

*(Fa A Q) =204, AFAZQZ‘[@,EL

where A3 = x(BAw?) for any B € Q?(M, C) and * is the complex linear extension of the Hodge
star operator.

An interesting class of complex monopoles appears when @ = 0.

Definition 26 (Calabi-Yau Monopole). Let (M, g,w,2) be a Calabi-Yau 3-fold. Let P — M
be a principal G-bundle, where G is a compact Lie group. A pair (A, ®) of a connection A
on P and a section ® of the adjoint bundle is called a Calabi-Yau monopole if it satisfies the
Calabi-Yau Bogomolny equations,

*(FaN) = da?,
AFy =0,

where Q = Q1 + Q9 and A = *(B A w?) for any 2-form B.

Example 4. Let M = C> = RS with zj = xj +iy; for j € {1,2,3}, the standard Euclidean
metric go, the volume form voly = dz1 Adzo Adzs, the holomorphic volume form Q) = dzidzodzs
with the real part

Oy = dxidradrs — dyidyadxs — dyidradys — dzidyadys,

and the symplectic form w = dx1dys + dradys + drsdys.
Letm:R6 — ]Rg be the projection

(21,22, 23) = (y1, Y2, Y3)-
Note that the 3-plane
R = {(0,41,0,12,0,y3) | y1, 92,3 € R},
is a special Lagrangian subspace,
=0.

w = Ql
|IR‘Z IR;
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Let P — Rg be a principal G-bundle and (A, ®) a monopole on P. The pair (t*A, 7*®) is a
Calabi-Yau monopole on 7 P — RS since

*6(F(7r*A) AQq) = *6(7"(Fa) A Q1) = x(m™ (x3daP) A Qq),

where xg and *3 are the Hodge star of the Euclidean metric on R® and R3, respectively. More
generally, for any 2-form 3 € Q?(R3; V) with values in any vector bundle V — R3, we have

T (B) N = xe* (x30),

and therefore, Fi« gy N Q1 = #67"(da®) = *6dr-(a)T" (¢). Furthermore, it is straightforward
to see AF -4y = Am*(F4) = 0.

Similar to the 3-dimensional and G cases, smooth Calabi-Yau monopoles on closed Calabi-
Yau-manifolds satisfy a stronger equations.

Lemma 53. Let (M, g,w, Q) be a closed Calabi-Yau 3-fold. Any smooth Calabi-Yau monopole
(A, @) on a principal G-bundle, for a compact Lie group G, satisfies the stronger equations

FuAQp = +da® = 0. (2.1.2)

The proof is similar to the G2 case, which we saw in Lemma 52.
Calabi-Yau monopoles can be understood as dimensional reduction of GG2-instantons.

Lemma 54. Let (Z,g,w,Y) be a Calabi-Yau 3-fold. Let M = Z x R be the 7-dimensional
manifold equipped with the Ga-structure ¢, given by

¢ = dt Aw + Re(Q),

where t denotes the coordinate on the R-factor.
Let P — Z be a principal G-bundle. Any t-translation invariant connection A on P — M,
in a translation invariant gauge, can be written as

A=7"(A) +dt N7 (D),

for a connection A on P — Z and a section @ on the adjoint bundle.
The connection A is a Ga-instanton if and only if the pair (A, @) is a Calabi-Yau monopole.

The proof is similar to the lower-dimensional case 1.
One can consider the dimensional reduction of Calabi-Yau monopoles to 5-dimensional
spaces.

2.2 5-Dimensional Monopoles on U(1)-bundles over
Hyperkiahler Manifolds

Here is the definition of 5-dimensional monopole.
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Definition 27 (5-Dimensional Monopole). Let (X, gx,I,J, K) be a hyperkdiihler 4-manifold
with the triple of kiihler structures wy,wo and ws. Let (M, gy, o, 3, 01, 02) be the 5-dimensional

manifold, given as a U(1)-bundle above X equipped with the geometric structure given by
differential forms 01 € Q3(M), 05 € Q2(M), o € QY(M) and 5 € Q*(M), where

92 = W2, ﬁ = Wi. (2.2.1)
and in a local trivialization,
01 = dt N\ ws, o = dt,

for a local coordinate t on the fibers.
Let G be a compact Lie group. Let P — M be a principal G-bundle. The triple (A, ), ®) is
called a 5-dimensional monopole if

«(FaNbh) = [, 2], (2.2.2)
*(FA/\92 —dAw/\Gl) =ds®, (2.2.3)
FahaApB=—dsp A B2 (2.2.4)

5-dimensional monopoles can be seen as dimensional reduction of Calabi-Yau monopoles. In
the following example, we consider the linear case.

Example 5 (5-Dimensional Monopoles on R®). Let M = R® equipped with the Euclidean metric
go. Let 01 € Q3(R?), Oy € Q2(R?), a € QY(R?) and B € O%(R?) be differential forms, given by

01 = —dz1 Ndx3 N\ dry — dxy N dxo A dzs, 0y = dxo N dry — dxs N dxs,
o = dry, 8 =dxo A dxs+ dry N dxs.

Let C3 = RS = R; x R® equipped with the standard Calabi-Yau structure. Let 7 : R; x R® — R?
be the obvious projection map. Let P — R® be a principal G-bundle and 7P — RS the
pull-back bundle. Any t-translation-invariant pair (A, ®) on 7 P can be written as

A=7*A+ (7*¢)dt and & =7"d,

for a connection A on P and sections 1) and 9 of the adjoint bundle.

The pair (A, ®) is a Calabi-Yau monopole if and only if (A1, ®) is a 5-dimensional
monopole.

To see this, note that

Q=01 +dt A6,
where )y is the real part of the holomorphic volume form on C3, and therefore,

Fx Ay = (n*(Fa) + 7°(dat) A dt) A (61 + Odt)
=7 (Fa) N1+ (77°(Fa) Ay — 7*(dav) A 01) Adt,
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moreover,
s6d ;@ = T (x5daD) A dt + 7 (x5[1), B)),

where xg and x5 are the Hodge star operators on RS and R, respectively.
By equating the terms containing dt we can see that the equation xdzP = Fz N\ () is
equivalent to the following equations on P — R®,

Fy N0y =500, @], and Fyg Oy —dagp A0y = x5dxP.
Moreover, notice
w=dtN\a+ 8,
and therefore, AF'7 = 0 is equivalent to
FaNaAB+dap AB%=0, FanpB?=0.
More generally, we have the following lemma.

Lemma 55. Let M be a U(1)-bundle over a hyperkdiihler manifold (X, gx,1,J, K). Let Z =
Ry X M be a cylindrical Calabi-Yau manifold. Let w : Z — M be the projection map. Let
P — M be a principal G-bundle, and 7* P — RS the pull-back bundle. The pair (A, ®) is a
translation-invariant Calabi-Yau monopole if and only if (A, ), @) is a 5-dimensional monopole,
where

A=A+ (7*))dt and & =7*d.

The proof is similar to the linear case, we studied earlier.
Anti-self-dual instantons give rise to some examples of 5-dimensional monopoles.

Example 6. Let R® = R; x R? .Letm:R> —» R?

(x1,22,23,24) (z1,72,73,74)

Let P — R* be a principal G-bundle. Let A be an anti-self-dual connection on P. The triple
(7*(A),0,0) is a 5-dimensional monopole on 7P — R®.
To see this, note that

be the projection map.

01 = dt A (dxy A dxg + dzg A dzs) = dt A ws, 0> = dxq N dxg + dxy N\ dxo = wse,
o = dt, B = dx1 Ndxo + drs A\ dry = wq,

where (w1, wa,ws3) are self-dual 2-forms, forming a hyperkdihler structure on R*, and therefore,
Fﬁ*(A)/\Glz(), Fﬁ*(A)/\QQZO, Fw*(A)/\CM/\BZO.
We finish this section with a question and a conjecture.

Question 56. Is there any 5-dimensional monopole on R® which is not pull-back of an instanton
onR*?
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The positive answer to this question suggests that there is an interesting theory of monopoles
on — potentially singular — U (1)-bundles over hyperkihler 4-manifolds. Negative answer to
this question would imply that all translation-invariant Calabi-Yau monopoles on R come from
the instantons on R*. We expect the answer to the question 56 to be positive.

An interesting case occurs when in the 5-dimensional Bogomolny equations we have ¢ = 0.

Definition 28 (Pure 5-Dimensional Monopole). Let (X, gx, I, J, K) be a hyperkiihler 4-manifold.
Let (M, gnr, o, 3,601, 02) be a U(1)-bundle above X. Let P — M be a principal G-bundle. The
triple (A, ®) is called a pure 5-dimensional monopole if

Fano, =0, Fanang=0, *(FA/\HQ):dA@.
One can consider the case where @ = 1) = 0, to get an instanton theory on these 5-manifolds.

Definition 29 (5-Dimensional Instanton). Let (X, gx, I, J, K) be a hyperkihler 4-manifold. Let
(M, gnry v, B,01,02) be a U(1)-bundle above X. Let P — M be a principal G-bundle. A
connection A on P is called a 5-dimensional instanton if

Fano, =0, Fanang=0, FaNOy=0.

Example 7 (5-Dimensional Instanton). Let (X, gx, I, J, K) be a hyperkdhler 4-manifold. Let
M be a U(1)-bundle above X. Let P — X be a principal G-bundle. Let A be an anti-self-dual
connection on P. Then * A is a 5-dimensional instanton on w* P — M.

Conjecture 2. There are 5-dimensional instantons on M which are not pull-back of any instanton
on X.

2.3 Singular Monopoles in Higher Dimensions

As we saw in Lemmas 52 and 53, Go— and Calabi-Yau monopoles on closed manifolds satisfy
stronger conditions. Similar to the 3-dimensional case, in order to have monopoles in higher
dimensions which do not satisfy these conditions, one should allow singularities. In this direction,
Oliveira proposed the study of monopoles with singularities along certain calibrated submanifolds
[75]. In the Calabi-Yau case, one could study monopoles with Dirac singularities along special
Lagrangians.

Definition 30 (Singular Calabi-Yau Monopole [75]). Let (M, g,w, Q) be a Calabi-Yau 3-fold.
Let L = Ly U...U Ly, whereL; are disjoint, compact, connected, embedded special Lagrangian
submanifolds. A pair (A, ®) is called a Calabi-Yau monopole with Dirac singularity along L if

o It satisfies the Calabi-Yau-Bogomolny equations on M \ L.

e Foreachi € {1,...,k} there exists k; € Z* such that

lim 7;|®| = lim 72| Fa| = —
Y, 7| = lim ri|Fa| = 2,

91



where r; is the geodesic distance from L;, defined in a small tubular neighbourhood of L;.
k; is called the charge of the monopole along L;. In particular, when the structure group
G = U(1), one can define the signed charge k; € 7, where

—2 lim ;@ = k;.

r;—0
Similarly, one can consider (G2-monopoles with Dirac singularity along certain codimension
3, calibrated submanifolds.

Definition 31 (Singular Go-Monopole [75]). Let (M, ¢) be a closed Go-manifold. Let N =
Ny U. ..U Ng, whereN; are disjoint, compact, connected, embedded coassociative submanifolds.
A pair (A, ®) is called a Ga-monopole with Dirac singularity along N if

o It satisfies the Go-Bogomolny equation on M \ N.

s Foreachi € {1,... k} there exists k; € Z such that
2 rlill_{lo ri|®| =2 }ilglo ri|Fa| = ki

where 1; is the geodesic distance from N; in a small tubular neighbourhood of N;.

k; is called the charge of the monopole along N;. In particular, when the structure group
G = U(1), one can define the signed charge k; € 7, where

—2 lim T‘i¢ = k‘l

r;—0

There is a 5-dimensional version of this theory.

Lemma 57. Let (X, gx, 1, J, K) be a closed hyperkdiihler 4-manifold. Let (M, gy, «, 3,601, 02)
be a U(1)-bundle above X. Let G be a compact Lie group. Let P — M be a principal G-bundle.
Let (A, @) be a pure 5-dimensional monopole on P. Then ds® = 0 and A is a 5-dimensional
instanton.

Proof. The pull-back of the 5-dimensional monopole to the Calabi-Yau 3-fold M x S! is a
Calabi-Yau monopole, and Calabi-Yau monopoles on the closed Calabi-Yau manifolds satisfy the
following equations,

Fan (61 +dtNbOy) =0, da® = 0.
These equations imply
FaNnby =0, Fangp =0, da® = 0.
O

Similar to the Calabi-Yau and G cases, one can define 5-dimensional monopoles with
Dirac singularities on U(1)-bundles over a 4-dimensional hyperkihler manifolds. The Dirac
singularities of monopoles appear along certain calibrated submanifolds with codimension 3.
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Definition 32 (Singular 5-Dimensional Monopole). Let M be a U (1)-bundle over a hyperkdihler
manifold (X, gx,1,J,K). Let N = N1 U...U N, whereN; are disjoint, compact, connected,
embedded surfaces satisfying the equations

Bly, = b2|n; = 0. (2.3.1)
A pair (A4, D) is called a 5-dimensional monopole with Dirac singularity along N if

o It satisfies the 5-dimensional-Bogomolny equations on M \ N.

e Foreachi € {1,... k} there exists k; € 7 such that
2 lim 74|®| = lim r2(|Fa| + |dav|) = ki
r;—0 r;—0

where 1; is the geodesic distance from N; in a small tubular neighbourhood of N;.

Note that, in the product case M = X x U(1), the holomorphic curves ¥ x {z} C X x {z},
wij, = wz), =0,

satisfy the equations 2.3.1.

One hopes to prove the existence of singular monopoles on closed manifolds in higher
dimensions, similar to what we did in Chapter 1 over 3-manifolds. Under suitable topological
assumptions, Oliveira proved the existence of these singular (G3-monopoles when the structure
group G = U(1).

Lemma 58 (Oliveira [75]). Suppose (X, ¢) is a closed Go-manifold with full holonomy group
Gy and N = Ny U...U N, a union of disjoint, compact, connected, embedded, coassociative
submanifolds. For every o € H?*(X \ N,Z), there exists a line bundle L — X \ N with
c1(L) = a and a Dirac Gy-monopole (A, P) on L — X \ N. Moreover, the charge of (A, D)
along Nj, k; = evi(a), where ev; : H*(X \ N,7Z) — Z is defined by integrating a 2-form over
any fiber of the unit 2-sphere bundle of Nj in X \ N.

Furthermore, Oliveira found examples of non-Abelian singular Go-monopoles on the Bryant-
Salamon G>-manifolds; however, a systematic proof of the existence of irreducible non-Abelian
(G2-monopoles with Dirac singularities is still missing.

2.4 Adiabatic Limits and Fueter Sections

In this section, we see how monopoles in higher dimensions, in the adiabatic limit, are related to
the 3-dimensional monopoles on R3. Moreover, we will show how a non-linear generalization
of the Dirac operator, called the Fueter operator, appears in the study of these monopoles. This
section mainly serves as a motivating section to the next chapter, which we will study Fueter
sections on hyperkéhler bundles.

We consider the product case, where the picture is clearer.
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2.4.1 Monopoles in Higher Dimensions and Fueter Sections

Let (Y, ¢) be non-compact asymptotically conical G2-manifold. Let P — Y be a principal
SU(2)-bundle. To any pair (A, ®) of a connection A on P and section @ of the adjoint bundle,
one can assign an the intermediate energy, as defined by Oliveira in [77],

E(A, @) = / (Fa AP + [dad[2)vol,
Y

where g is the G>-metric and 1) = *4¢.

As mentioned by Donaldson and Segal [21], and proved by Fadel, Nagy and Oliveira [25],
to any Gio-monopole (A, @) on (Y, ¢) with finite intermediate energy, one can assign a mass at
infinity, which is defined by

m:= lim |®(z)].

|z| =00

Let {(A;, ®;)}2, be a sequence of G-monopoles on P — Y with finite intermediate energy
and masses {m;}>°, where m; — oo as i — oo. It is conjectured by Donaldson and Segal
that such sequence of Go-monopoles with large mass will concentrate along coassociatives
N=NU...UN, CY.

At each point ¢t € N, one can decompose the G2-Bogomolny equation into two equations.
Suppose tg, t1,t2, t3 denote local coordinates on N around ¢ € N and x1, x2, 3 the coordinates
on the normal direction. As mentioned in [21], the Bogomolny equations schematically can be
written as

V@ = Fyp + I, Vi® = Fiy. (2.4.1)

We call the first equation in 2.4.1, the transverse Bogomolny equation, and the second one,
the mixed Bogomolny equation. At each t € N, the leading terms of the G2-Bogomolny
equation, for pairs with large mass, in the direction normal to N att € N, define a 3-dimensional
Bogomolny equation on (73 N)+ 22 R3. Moreover, the mixed G2-Bogomolny equation is given
by a non-linear Dirac operator.

Let’s consider the linear model. Let Y = R} x R3. Let wy,ws, w3 be the anti-self-dual
2-forms on R}, given by

w; = dtg A dt; + dt]’ A dty,

for a cyclic permutation of ¢, j, k.
The Go-structure ¢ is given by

3
o= Zwi ANdx; — dxy A dxo N dxs,
=1
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with the induced G2-metric g = Z?:o dtf + 2?21 dx? and the orientation given by
volg = —dtg N dt1 A dty A\ dtg A dxy A dxo A dxs.
The coassociative 4-form is given by
3
P =x¢ = Zwi /\dl‘j Adxy + dtg A\ dty A dtg A dts.
i=1

Note that the submanifold N = {ty} x R3 C Y for any ¢y € R is a coassociative submanifold,
since we have ¢, = 0.
Foreach ¢ > 0, let T : R} x R3 — R} x R? be the diffeomorphism, given by

Ts(toa tla t27 t37 T1,T2, $3) = (6_1t07 g_ltla 5_1t27 €_1t3a X1, T2, .'L'3)-
For any € > 0, we can define the GGo-structure, given by
3
$e =Trdp =62 w; Adx; — day Adwy A das,
i=1

3
P = Te*w =2 Zwi VAN dl‘j Adxy + €_4dt0 A dt1 A dts A dts,
=1

3 3
ge =Trg= EiQZdt? +Zd:c?,
=0 =1
voly, = Trvol, = — *dtg A dty A dta A dtz A day A des A drs.

For any € > 0, the 3-form ¢. is a positive 3-form. However, the 3-form ¢, defined by letting
e = 0, is not a positive form, but we still can define the G2-Bogomolny equation with respect to
this structure. This can be thought of as an adiabatic limit for the G2-Bogomolny equation, as in
[21]. By setting ¢ = 0, we get the following.

Theorem 11. The adiabatic limit of the Ga-Bogomolny equation in the direction transverse to
N at eacht € N is the 3-dimensional Bogomolny equation on (TyN)* = R3,

Proof. We start by considering the linear case Y = R} x R3 equipped with the coassociative
4-form 1) = 1P 9 + 14 o Where
3
w272 = Zwi/\d:rj A dxy, w470 = dty N dt1 N\ dts N dts.
i=1

Let A = A, + A,, where A; = Z?:o B;dt; and A, = Z?:l Ajdx;. Schematically, let
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Fy=Fyy + Fyp o+ Fip, where

Fiy = Z (Or; Bi — O, By)dt; A dt,

0<i<y<3
Fm,x = Z (axJAz - ag;lA])dl’] A\ da;i,
1<i<j<3
Ft,x = Z (atiAj - axJBz)dtl VAN dxj.
0<i<3
1<5<3

Therefore

3
Fa Ao = (e Fpp Adto Adty Adby Adts + e 2Fy; A Z wi Adz; A dry,)
=1

3
+ (6_2Ft’x VAN Zwi VAN d.Tj VAN d$k)
i=1

Moreover,

3 3
da® = da,®+da,®=> (0,8 +[Bi, ®))dt; + > _(0a,® + [4;, 9))du;.
i=0 j=1

Let 4. and denote the Hodge star operator with respect to the metric g..
3 3
5. dA® =2 (0, + [Bi, ®))dt; + ¢4 (00, + [A}, D))da;,
=0 7j=1

where c?tl = dtodtsdzg . .. drs and c/lgl = dt1dtodtsdrodradxs, and the rest are defined with
cyclic permutations.
For any ¢ > 0, by multiplying the G2-Bogomolny equation for ¢. by ¢* we get

3
(Fpx Adto Adty Adty Adts + €2 Fyy A Z wi Adz; A dzy)
=1
3

+ (EQFM A Zwi Ndzx; A dzy)

=1

3 R 3 e
=& (04, + [Bi, P)dti + Y (02, @ + [A;, B])da;.
i=0 j=1
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Let’s let e = 0. We get

3
Fyo Ndto Adty ANty Adts =S (05, + [A;, §])daj,
=1

and therefore, by letting the coefficients of dtg A dt; A dta A dts equal on the both sides we get
the standard 3-dimensional Bogomolny equation on (7, N)*+ = R3,

The proof in the more general setting is similar, essentially because at each ¢ € N, in a
suitable coordinates 1) = 12 2 + 140 + O(|z|), where

3
1/1272 = Zwi VAN dtj A dty, 7#4,0 = dxg N dxy A dxo A dxs,
i=1
for coordinates tg, t1,t2,%t3 on IV around ¢ € N and x1, x2, x3 in the normal direction. ]

In the non-linear case, where there is no identification between monopoles with different
masses, the affect of scaling the metric the way we observed above is similar to changing the
mass of the monopole, and rather than sending € — 0, one can send mass m — oo, and still
(G2-monopoles will concentrate along coassociatives, and in the transverse directions at each
point along the coassociative submanifolds, a G-monopole with a large mass is approximately a
3-dimensional monopole.

Now we consider the mixed Bogomolny equations. Let (Y, ¢) be an asymptotically conical
Go-manifold. Let N C Y be a coassociative submanifold. Let (A4, ®) be a G2-monopole on
P — Y with a large mass. Considering the dominant part of the Go-Bogomolny equation in the
transverse direction, at each point ¢ € N we have an approximate 3-dimensional monopole on
(TN )J-, and therefore, in the adiabatic limit, there is a 4-dimensional family of 3-dimensional
monopoles, parametrized by the points of N. This can be understood as a section of a bundle
above IV, with fibers modeled on the moduli spaces of centered monopoles on R3. The mixed G-
Bogomolny equation asserts that this section satisfies a non-linear Dirac operator on a hyperkihler
bundle.

Again for simplicity, consider the linear case Y = T x R* with the Gy-structure ¢.. Let
N =T* x {z0} forazg € R* Let f : T* x {xg} — M}, where M, denotes the moduli space
of centered k-monopoles on R34, Let f(z) = (As(x),®s(z)). Moreover, for any k, we have

AF(T* x RY) = @y =k (APT* @ AIRY).

Corresponding to this decomposition, for any k-form o we can write v = ) |
the (G2-Bogomolny equation reads as

p+q—k Op,g- Then

3
0= (da,Br)10 — *(Fy; Ataz) = dby — > T(0;,)d(Ap)i,
=1

*For detailed description of the moduli spaces of monopoles on R? see Section 3.4.1.
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where the expression on the right-hand side is a non-linear Dirac operator applied to f. In
the non-linear case, the map f is a section of the centered monopole bundle on an oriented
Riemannian 4-manifold NV, studied in more details in the next chapter.

Over the Calabi-Yau manifolds, the Calabi-Yau monopoles with large mass concentrate along
special Lagrangians. Similar to the G5 case, the Calabi-Yau monopole equation, in the adiabatic
limit, reduces to the 3-dimensional Bogomolny equation in the transverse directions to the special
Lagrangian. The mixed equations read as a Fueter equation on 3-manifolds. These equations will
be studied in more detail in the next chapter.

2.5 Complex Gauge Theory in Higher Dimensions

We can complexify gauge theories, and they turn out to be quite interesting. For instance, it
is conjectured by Witten that a certain complexification of the instantons can be used to give
a gauge-theoretic definition of the Jones polynomial and Khovanov homology of knots and
links in 3-manifolds [99, 70]. There exists a different complexification of instantons, introduced
by Haydys [41]. Same thing can be done for the Bogomolny equation on 3-manifolds. These
complex Bogomolny equations have been introduced and studies by Nagy and Oliveira [73, 74].
In this section, we do the same for gauge-theoretic equations defined on manifolds with special
holonomy groups.

2.5.1 Preliminaries

We start by introducing the basic framework of the complexified gauge theories.

2.5.1.1 Complexification

The first step of defining these complexified gauge theories is to complexify the Lie groups and
Lie algebras.

Definition 33 (Complex Lie Group). A complex Lie group G is a Lie group and a complex
manifold where the group multiplication m : G X G — G and the inverse map i : G — G, given
by

m(g, h) = gh, i(9) =9,

are holomorphic. There is a natural induced complex structure on the Lie algebra g of a complex
Lie group, with a complex bilinear Lie bracket [—,—] : g X g — g.

Definition 34 (Complexification of Lie Groups: Definition by the Universal Property). A complex
Lie group G is a complexification of a Lie group G if there exists a continuous injective group
homomorphism v : G — G¢ such that for any complex Lie group H and any continuous group
homomorphism f : G — H there is a unique unique holomorphic homomorphism fc : Gc — H,
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such the following diagram is commutative,

G%GC

N glfc

Remark 4. In the definition above, although it is asked for the existence of fc for any continuous
group homomorphism f, it should noted that any continuous group homomorphism between Lie
groups is, in fact, (real) analytic.

Example 8. GL(n,C), SL(n,C) and PSL(n,C) are complex Lie groups for any n € N. In
fact,

(U(n))c = GL(n,C), (SU(n))c = SL(n,C), (PU(n))c = PSL(n,C).

Theorem 12 (Existence and Uniqueness). Every compact Lie group admits a complexification.
Furthermore, the complexification is unique up to isomorphism.

A proof of this theorem can be found in [38, Section 7.1].
Remark 5. There are non-compact Lie groups which do not admit a complexification.

One can also complexify a Lie algebra simply by letting gc = g ® C. Lie algebra of the
complexification of a Lie group is the same as complexification of the Lie algebra of the Lie
group.

One important difference between the complex Lie groups and the non-complex ones in
example 8 is that the non-complex ones are compact, whereas the complex ones are non-compact.

Theorem 13. Every connected complex Lie group, which is not a complex torus, is non-compact.

The main difficulty for studying gauge theory, when the structure group is non-compact,
is the compactness problems. For instance, the Uhlenbeck compactness theorem applies to
connections on bundles with compact structure group. There are different forms of generalizations
of Uhlenbeck compactness theorem to the principal SL(2, C)- and PSL(2, C)-bundles, due to
Taubes [88, 91, 87].

The key fact about compact Lie groups, which is essential in the Uhlenbeck compactness
theorem, is that the Lie algebra of a compact Lie group admits an adjoint invariant inner product,
which here it means the Yang-Mills functional is invariant under the action of gauge group.
However, that is not necessarily the case for non-compact Lie groups, including the examples
appearing in 8.

The next step is to complexify bundles.

Definition 35 (Complexification of Bundles). Let P — M be a principal G-bundle for a Lie
group G, with complexification G'c. This bundle induces a principal Gc-bundle Pg. = PoxqGc
over M, which is called the complexified principal bundle. The associated adjoint bundle of Pg.
is the complexification of the adjoint bundle of Pg; i.e., gp @ C = gp ® igp.

This sets the stage to study the complex gauge theories.
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2.5.2 Complex Gauge Theories in Low Dimensions

In this section, we briefly review the complex gauge theories on 3- and 4-manifolds, including
complex instantons and monopoles. There are two ways to complexify the gauge-theoretic
equations, we call one of the Haydys type and the other of the Kapustin-Witten type.

2.5.2.1 Complex Flat Connections

Haydys studied the moduli space of stable flat PSL(2,C)-connections on Riemannian 3-
manifolds. These connections are related to the non-compactness phenomenon in the study
of the higher rank Seiberg-Witten equations.

Definition 36. Let Pq. be a complexified principal bundle. A connection A on this bundle can be
written as A1 + 1A, where A1 is a connection on a principal G-bundle P and As is a 1-forms
with values in the adjoint bundle gp.

1 .
Fy = (Fy, — i[AQ N AQ]) +ida, As.
A is a flat connection if and only if

Fy [Ag VAN AQ] =0, dAlAQ =0. 2.5.1)

1
1y

These equations are under-determined. One can get an elliptic system of equation by introducing
a new condition. A flat PSL(2,C) connection A = Ay + i As is called stable if

dy, Az = 0. (2.5.2)
A section D of the adjoint bundle g Pg,. can be written as ® = 91 + P9, and
dA¢ - (dA1¢1 - [A27¢2]) + Z(dAl@Q + [A27¢1])7
and therefore, @ is parallel with respect to A if
dA1¢1 — [AQ, @2] = O, dAl@Q =+ [AQ, @1] = 0. (253)
The point about the equations 2.5.1 and 2.5.3 is that they are written on a bundles with a real
structure group.
2.5.2.2 Complex Instantons

In order to complexify the monopole and instanton equations, both in low- and also higher
dimensions, one should extend the Hodge star operator to complex-valued differential forms.
This basically boils down to deciding what the constant ¢ should be in the equation *i = cix.

%(1) = #(—i%) = ci* (=) = =%+ (1) = 2 x (1),
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and therefore, ¢ = 1 or —1. The first case, ¢ = 1 corresponds to the linear extension of the
Hodge star operator to the complex-valued differential forms. We denote this operator by *¢. The
second case, ¢ = —1, corresponds to the conjugate linear (anti-linear) extension of the Hodge
star operator. We denote this operator by *c.

xc and *¢ : Qk(M, ngC) — Qn_k(M, ngC).

Haydys introduced complex instantons with respect to the complex linear Hodge star operator
[41], Kapustin and Witten introduced complex instantons with respect to the conjugate linear
Hodge star [58], and Nagy and Oliveira studied the dimensional reduction of both of these
equations on 3-manifolds [73, 74]. We review these works and then generalize them to the
higher-dimensional gauge theories.

Definition 37 (Haydys Instanton). Let Pg. be a complexified principal bundle over an oriented
Riemannian 4-manifold (M, g). Let A be a connection on Pg,.. A is called a complex anti-self-
dual connection if it is anti-self-dual with respect to the complex linear Hodge star operator

*(C)
*(CFA = —FA.

The complex anti-self-duality equation for A = Ay + i Ay reduces to the real equations,

(F(A1) — =[A2 A Ag])T =0, (da, A2)T =0. (2.5.4)

1

2
The equations 2.5.4 with the symmetry breaking condition delAg = 0, modulo real gauge group
G, form an elliptic system of equations,

(F(Ay) — =[As A Ag])T =0, (da, A2)T =0, &y, As = 0. (2.5.5)

1
2
The solutions to these equations are called Haydys instantons.

The complex equation xc Fj + F = 0 is invariant under the action of the complex gauge
group, Ge = Aut(Pg, ), and therefore, the real equations 2.5.4, although they are written on a
G-bundle, they are invariant under G¢. These equations, even modulo the real gauge group G, are
underdetermined and not elliptic. One hopes to get an elliptic system, modulo G, by adding an
extra equation. This equation should be invariant under the action of G, but not G¢. The equation
d’y, A2 = 0 s such. This is a gauge symmetry breaking, similar to the stability condition in the
study of complex flat connections.

The space of complex connections is an infinite-dimensional flat Kéhler manifold with a
Hamiltonian action of the real gauge group G. The equation d’; | Az = 0 describes the zero-set of
the moment map.

Theorem 14 (Haydys [41]). Let (M, g) be a closed oriented Riemannian 4-dimensional manifold.
Denote the moduli space of Haydys instantons on Pg. and the moduli space of (real) instantons
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on Pg by Mc and M, respectively. We have
virdimMc = 2virdimM.

Assuming M and M ¢ are smooth manifolds of expected dimensions, M is Kahler. Furthermore,
suppose (M, Jar,war) is a 4-dimensional Kéhler manifold. Then Mc is hyperkihler and M is
a complex Lagrangian submanifold of Mc.

Complex instantons, with respect to conjugate linear Hodge star operator, have quite different
behaviours. The prototype of these equations are the Kapustin-Witten equations.

Definition 38 (Kapustin-Witten Instanton). Let (M, g) be an oriented Riemannian 4-manifold.
Let Pg. — M be a complexified principal bundle. Let A be a connection on Pg.. We call A a
complex conjugate anti-self-dual instanton if it satisfies the following equation,

*cFa = —Fa,

where *¢ is the complex conjugate extension of the Hodge star operator.
For gp-valued pair (A1, A2) where A = Ay + i Ay, this equation reduces to

(F(A1) = S[A2 AN A)T =0, (da,A2)” =0. (2.5.6)

1
2
A connection A = A1 + iAs is called a stable complex conjugate anti-self-dual instanton if

1
(F(Ap) — 5[Ag A As])T =0, (da, A2)~ =0, dy, Ay = 0. (2.5.7)

One interesting feature of these equations is that they fit into a larger family of equations. The
Kapustin-Witten equations, with phase %, are

(cos(0)(F(Ay) [Ag A As]) —sin(0)d a4, A2)T =0,

1
2
(sin(0)(F' (A1) [Aa A Asg]) + cos(0)da, A2)” =0,

0%, Ay =0,

1
2
The Kapustin-Witten connections are the Kapustin-Witten instantons with 6 = 7,

F(Al) [AQ AN AQ] = *dAlAQ, dzlAg =0.

1

2

Smooth Kapustin-Witten instantons on closed 4-manifolds satisfy a stronger condition. We
have the following theorem, from Gagliardo and Uhlenbeck [36].

Theorem 15 (The Vanishing Theorem). The Kapustin-Witten instantons with 0 # 0, 5, on

compact 4-manifolds, potentially with boundary, are complex flat connections,

1
F(Ay) — 5[142 N Ag) = *da, A =0, diy, As = 0.
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2.5.2.3 Complexification of Monopoles

Nagy and Oliveira introduced complex monopoles on oriented Riemannian 3-manifolds [73,
73], as dimensional reduction of Haydys and Kapustin-Witten instantons. We start with the
definitions.

Definition 39 (Haydys Monopole [73]). Let Pg. be a complexified principal bundle over an
oriented Riemannian 3-manifold (M, g). Let (A, ) be a pair of a connection A on Pg. and a
section T of the complexified adjoint bundle. Let xc be the complex Hodge star operator. The
complex Bogomolny equation for a pair (A, Y) is

xcFy = dp Y.

Let A = Ay +iAy and T = &1 + i®. The complex Bogomolny equation for A1, Ao, @1 and Pqy
reduces to

1
*(FAl — i[AQ A AQ]) - dAl@Q + [AQ,QSQ] =0, (2.5.8)
xda, Ag — da, P — [A27@]_] =0. (2.5.9)

The complex Bogomolny equations are invariant under the action of the complex gauge group
Gc. This shows the complex Bogomolny equations for quadruplet (Ay, Az, @1, P2), even modulo
real gauge group G, are not elliptic. The equations can be made elliptic by introducing a new
equation

'y, Ay + [@1, Do) = 0. (2.5.10)

The quadruplets satisfying the complex Bogomolny equations and 2.5.10 are called Haydys
monopoles.

These equations can be understood as dimensional reduction of Haydys instantons.

Lemma 59. Let (M, g) be an oriented Riemannian 3-manifold. Let N = M x Ry, or N =
M x S}, equipped with the product metric h = g + dt*> where t is the variable in the R-
direction. Let m : N — M be the projection map. Let P — M be a principal G-bundle and
7 Pg — N the pull-back bundle. A pair of translation-invariant connections (111, 12[2) ina
translation-invariant gauge, can be written as

A; = 7 (4;) + 7 (®;)dt,

for a connection A; on Pg, a section ®; of the adjoint bundle, and i € {1,2}.
A pair (A1, As) is a Haydys instanton if and only if the quadruplet (A1, As, P1,P9) is a
Haydys monopole.

The proof is similar to the proof of Lemma 1.

Assuming maximal symmetry breaking, Nagy and Oliveira showed that the moduli space of
finite energy Haydys monopoles on R3 is a hyperkihler manifold in 3-different ways and contains
the ordinary Bogomolny moduli space as a complex Lagrangian submanifold.
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Theorem 16 (Nagy-Oliveira [73]). Let M = R3 equipped with the Euclidean metric go. Let G be
a compact Lie group. Let M and M the moduli spaces of Bogomolny and Haydys monopoles.
M embedds naturally into Mc by letting Ay = 0 = .

* There are finite energy Haydys monopoles that are not Bogomolny monopoles.

» Mg carries an Cl(4)-structure, which means there are 3 different hyperkdhler structures,
denoted by (I, I3, I3), (J1, J2, J3),and(K1, Ko, K3), all compatible with the L?-metric
on the moduli space. Furthermore, I\ = J, = K; and I2, Jo and Ky pairwise anti-
commute. Moreover, ey = I1,e0 = Iy, e3 = Jo, and eq = Ky are algebraically inde-
pendent, anti-commuting complex structures, and therefore, giving the tangent bundle the
structure of a Cl(4)-module.

*» M is a complex Lagrangian submanifold of Mc with respect to the either of the 3
hyperkdhler structures. Moreover; it is complex with respect to complex structures 1o, Jo
and Ko. Furthermore, it is Lagrangian with respect to the Kdhler structures induced by
the other complex structures.

Similar to the case of instantons, one can extend the Hodge star to the complex-valued forms
by letting *¢i = —i%¢. These monopoles are called the Kapustin-Witten monopoles.

Definition 40 (Kapustin-Witten Monopole [74]). Let Fg. be a complexified principal bundle
over an oriented Riemannian 3-manifold (M, g). Let (A, Y) be a pair of a connection A on Pg,.
and a section Y of the complexified adjoint bundle. Let xc be the complex conjugate Hodge star
operator. The complex conjugate Bogomolny equation for a pair (A, Y) is

xcFp =dp Y.

Let A = Ay +iAs and T = &1 +id. The complex conjugate Bogomolny equation for Ay, As, @1
and @4 reduces to

1
*(FA1 —5[142/\142]) —dAl@Q—F[AQ,@Q] =0, (2.5.11)
kd g, Ag + da, Do + [Ag, P1] = 0. (2.5.12)

The complex conjugate Bogomolny equations are invariant under the action of the complex
gauge group Ge. This shows the complex conjugate Bogomolny equations for quadruplets
(A1, Ag, @1, D9), even modulo real gauge group G, are not elliptic. The equations can be made
elliptic by introducing the equation

'y, Ay + [D1, Do) = 0. (2.5.13)

The quadruplet satisfying the complex conjugate Bogomolny equations and 2.5.13 are called
Kapustin-Witten monopoles.

Nagy and Oliveira showed the Kapustin-Witten monopoles satisfy a vanishing theorem.
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Theorem 17 (Nagy-Oliveira [74]). Let M = R3 equipped with the Euclidean metric go. Let
(A1, Ag, &1, P9) be a Kapustin-Witten monopole on Psy@) — R3 with finite energy. Then
(A1, D) is a finite energy monopole and (Az, P2) = (0,0).

In the following section, we will see a higher-dimensional generalizations of this theory.

2.5.3 Complex Gauge Theory and Manifolds with Special Holonomy Groups

In this section, we introduce the complexified gauge-theoretic equations, instantons and monopoles,
over manifolds with special holonomy groups.

Similar to the low dimensional case, one can consider the complex linear extension of the
Hodge star operator or the complex conjugate one. We call the equations defined with respect to
xc of the Haydys type, and the equations defined with respect to *¢ of the Kapustin-Witten type.

We start by complexifying the Spin(7)-instanton equation on Spin(7)-manifolds.
2.5.3.1 Complex Spin(7)-Instantons

In this section, we introduce the stable complex Spin(7)-instantons, and show they form a Kahler
space, similar to the lower-dimensional case.

Definition 41 (Stable Complex Spin(7)-Instanton). Let (M, 2) be a Spin(7)-manifold. Let
Fg. — M be a complexified principal bundle. A connection A on Pg. is called a complex
Spin(7)-instanton if satisfies the Spin(7)-instanton equation with respect to the complex linear

*C
*(C(FA A Q) = —Fj.

The complex Spin(7)-instanton equations for A = Ay + i As reduces to the real equations,

1 1
* <(FA1 — 5[142 /\AQ]) A Q) + FA1 — 5{142 A Ag] =0, (2.5.14)
«((da, A2) A Q) + da, As = 0, (2.5.15)

where x is the Hodge star operator associated to the Spin(7)-metric on M.
We call solutions to the complex Spin(7)-instanton equations with the symmetry breaking
condition

i, Ay =0, (2.5.16)
the stable complex Spin(7)-instantons.

Lemma 60. The complex Spin(7)-instanton equations with the symmetry breaking condition
2.5.16 form an elliptic system. Moreover,

virdimMc = 2virdimM,
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where M and Mc are the moduli space of Spin(7)-instantons and moduli space of stable
complex Spin(7)-instantons, respectively.

Proof. The linearized equations at A = A; + i A5 are given by the operator

Ly = (L%Al,Az)vL%Al,AQ)’L:())Al,A2)) L QN (M, gp) x Q' (M, gp)
- Q%(MagP) X Q%(M,gp) X QO(M79P)7

where L%A17A2)7 L%AI’AQ) and Li())AhAQ) are
Li 4, apy(a1,a2) = % ((da,ar — [Ag Aag]) A Q) + da,a1 — [A2 A ag),

L%Al’Az)(al,aQ) = x* ((dAlaz + [a1 VAN AQ]) AN Q) +da, a2 + [al VAN AQ],

L?Al,AQ)(al,ag) = dy, a2 + *[ar A xAy].

Note the image of the linear maps L%Al,Ag) and L%A17A2) are subset of Q2(M, gp). Let

diar,an (M gp) — Q' (M,gp) x Q' (M, gp),  diayan(€) = (—da,§ —das8).
We get the following deformation complex,

d(ay,A9)

0— Q(M,gp) QY (M, gp) x Q' (M, gp)

Liay,ag)
A 02(M, gp) x Q2(M, gp) x 2°(M, gp) — 0.
Note that

’l“a?’Lk'(QO(M, gP)) + TCL?’Lk‘(Qg(M, QP) X Q%(Ma gP) X QO(Ma gP)) =16
= Tank(QI(Mv gP) X Ql(Ma gP)),

and the operator

Dy, 45) = Lay,45) @ dzﬁAhAz) QN (M) x QH(M)
— Q2(M) x Q3(M) x Q°(M) x Q°(M).

is elliptic.
Moreover,

TAMC = keTD(Al,Ag)-
Note that by setting Ay = 0 we get a natural embedding of M into M¢. Moreover,

D(Al’o)(al, ag) = (*((dal) A Q) + daq, *((dal) A Q) + dao, 2d*a1,d*a2),
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and therefore
kerDa, 0y = {(a1,a2) | * ((da1) A Q)+ day +d*a; =0
and * ((dag) A Q) + dag + d*ag = 0} X Ty, M & Ty, M,
which implies virdimMc = 2virdimM at (A1, 0). O
The following lemma is similar to the case of Haydys instantons in dimension four.
Theorem 18. Suppose M and M are smooth manifolds of expected dimensions. Mc is Kdhler:

Proof. The space of complex connections Ac form a flat infinite-dimensional Kihler manifold,
with almost complex structure given by

I(a1 + iag) = —ag + tay,

g(a1 + tas9, b1 + lbg) = / tr(al A xb1 + ag A *bg),
M

w(ay +iag, by +iby) = / tr(a; A xbg — ag A xby).
M

The action of the real gauge group is Hamiltonian with the moment map p : Ac — Lie(G) @ R*,
given by

M(Al + ZAQ) = d*AlAQ.
‘We have,

M = Stable complex Spin(7)-instantons /G
= (Complex Spin(7)-instantons /G) N (1~ (0)/G).

Assuming transversality, 2 ~1(0)/G is a Kéhler manifold with the virtue of infinite-dimensional
Kihler reduction. Furthermore, we have

L(1A17A2)(J(a1,a2)) = L%Al,AQ)(—ag, a1) = * ((—dayaz — [Aa AN a1]) AN Q) —da, a2 — [A2 A aq]
= —L%Al’Az)(al,ag).

L(2A17A2)(J(a1,a2)) = L%A17A2)(—a2, a1) = * ((da,a1 — [aa A A2]) AQ) 4+ da,a1 — [az A As]
= L%AI,AZ)(CH’@)

This shows the map L% Ay4g) @ L% Ay, Ag) is J-holomorphic, and therefore, the space complex

Spin(7)-instantons is a complex subvariety of A, thus it is Kéhler. Furthermore, G preserves
the Kahler structure, hence assuming transversal intersection, M is Kéhler. O

Similar statements hold for complex Gs-instantons on Go-manifolds. We mention them very
briefly.
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2.5.3.2 Complex G3-Instantons

Definition 42 (Stable Complex Go-Instanton). Let (M, ¢) be a Go-manifold. Let A be a connec-
tion on a complexified principal bundle Pg. — M. We call a connection A on Pg. a complex
Go-instanton if

*c(Fa N @) = —Fy,

where x¢ is the complex linear extension of the Hodge star operator.
For g-valued pair (A1, As), this equation reduces to

* ((FAl — ;[AQ/\AQ])/\(ZS) = —Fy, +%[A2/\A2], (2.5.17)
* ((da, A2) N @) = —da, Aa. (2.5.18)

A connection A = A1 + iAo, is called a stable complex Go-instanton if

) <(FA1 _ %[AQ A Ag]) A ¢) — P+ %[AQ A Ay, (2.5.19)
* ((da, A2) N @) = —da, As, (2.5.20)
&y Ay = 0. 2.521)

Theorem 19. The stable complex Go-instanton equations, modulo the real gauge group G, form a
an elliptic system of equations. Furthermore, assuming the transversality, dim M% = 2dim M,
where MZC and M7 are the moduli spaces of stable complex Gy-instantons and Go-instantons,
respectively. MZ: has a Kdahler structure and M7 embeds into M<7C as a Lagrangian submanifold.

The proof is similar to the Spin(7) case.

2.5.3.3 Kapustin-Witten Spin(7) and G2-Instantons

In this section, we consider the complex Spin(7) and G-instantons with respect to the complex
conjugate Hodge star.

Definition 43 (Kapustin-Witten Spin(7)-Instanton). Let (M, Q) be a Spin(7)-manifold. Let
Fg. — M be a complexified principal bundle. A connection A on Pg. is called a complex
conjugate Spin(7)-instanton if

?@(FA A Q) = —Fy,

where *¢ is the complex conjugate Hodge star operator.
The complex conjugate Spin(7)-instanton equation for A = Ay + iAs reduces to

* ((FAI — é[Ag A AQ]) VAN Q) =—F4, + %[Ag VAN AQ], (2.5.22)

x ((da, Ag) AQ) = da, As. (2.5.23)

108



We call the solutions to these equations the stable complex-conjugate Spin(7)-instantons if they
also satisfy the symmetry breaking condition,

d%, Ay = 0, (2.5.24)
These equations, fit into a larger class of equations,
) ((cos(@)(FAl - %[Ag A As)) — sin(6)(da, As)) A Q)
= —cos(0) (Fa, — 5lAa A Ao]) +sin0) (da, A2),
; <(sin(9)(FA1 _ %[AQ A As)) + cos(6)(d.a, Az)) A Q>

. 1
= sin(0)(Fa, — 5[ A2 A Az]) + cos(0)(da, A2),
d%, Ay = 0,

We call solutions to the equations above, when 0 = %, the Kapustin-Witten Spin(7)-instantons,
1 1
(0, = 5lda £ 4a]) = (s A2) A) = ~(Fa, = 52 1 Aa) + (da, )

1 1
* <(FA1 - §[A2 N Az]) + (da, A2) A Q) = (Fa, — §[A2 A Ag]) + (da, Az),
&y, Ay = 0.

Similarly one can define the Kapustin-Witten Ga-instantons, which on a complexified principal
bundle Pg. — N, over a Ga-manifolds (N, ¢) are given by

(0 = 52 A Aa)) = (@a, ) A 0) = ~(Fa, = 510 A a]) + (dy ).

1 1
(0 = 52 A Aa) + (02, A0) A 6) = (Fay = 3l A Aa) + (day o),
dy, Az = 0.
We have the following conjecture.

Conjecture 3 (Vanishing Properties). The Spin(7)-Kapustin-Witten-instantons with 0 # 0, 7,
on compact Spin(7)-manifolds, potentially with boundary, satisfy

1
(F(A1) - 5[142 N Ag] — xda, A2) NQ =0, dy, Az = 0.

We expect the similar statement holds in the G2-case too.
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2.5.3.4 Complex Monopoles on Manifolds with Special Holonomy

Definition 44 (Complex Go-Monopole). Let (M, ¢) be a Ga-manifold with a complexified
principal bundle P, — M. Let (A, Y) be a connection A = A1+iAs on Pg. and T = $1+iPo
a section of the complexified adjoint bundle. We call (A, Y) a complex Go-monopole if it satisfies
the Go-Bogomolny equation with respect to the complex linear Hodge star operator, which for a
quadruple (Ay, Ag, @1, P2) reduces to

1
* <(FA1 — 5[142 AN Ag]) N ¢) = dAlfpl — [AQ,QSQ], (2.5.25)
# ((da, A2) ANY) = da, P2 + [Az, 91]. (2.5.26)

Similar to the case of complex instantons, these equations, even modulo the real gauge group, are
not elliptic. We impose the symmetry breaking equation

d', Ay — [y, 8] = 0.

We call quadruples (A1, Ay, @1, D2) satisfying the complex Ga-monopole equations with the
symmetry breaking equation the stable complex Go-monopoles.

Theorem 20. The complex Ga-monopoles are dimensional reduction of complex Spin(7)-
instantons. The complex Ga-monopole equations,modulo the real gauge group G, are elliptic.
Furthermore, assuming the transversality, dim MZC = 2dim M7, where ./\/l(7c and M7 are the
moduli spaces of stable complex Go-monopoles and Ga-monopoles, respectively. M(E has a
Kéihler structure and M" embeds into MZ: as a complex Lagrangian submanifold.

The proof is similar to the case of Spin(7)-instantons.

Definition 45 (Kapustin-Witten G's-monopole). Let (M, ¢) be a Ga-manifold with a complexified
principal bundle P, — M. Let (A, Y) be a connection A = A1+iAs on Pg. and ¥ = @1+iPo
a section of the complexified adjoint bundle. We call (A, Y) a complex conjugate Go-monopole if
it satisfies Go-Bogomolny equation with respect to the conjugate complex Hodge star operator,
which for the quadruple (A1, Aa, @1, D2) reduces to

" <(FA1 — 5[4 A Ag]) A qp) — A, By — [As, D), 25.27)
% ((da, A2) A1) = —da, P2 — [Az, 1] (2.5.28)
We have the symmetry breaking equation
dy, Az — [P1,92] = 0.

We call quadruples (A1, Az, @1, Do) satisfying the complex conjugate Go-monopole equations
with the symmetry breaking condition the Kapustin-Witten Go-monopoles.

Theorem 21. The Kapustin-Witten Go-monopoles are dimensional reduction of Kapustin-Witten
Spin(7)-instantons. Moreover, the Kapustin-Witten Go-monopole equations form an elliptic
system.
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The proof is similar to the case of Spin(7)-instantons.
On closed Go-manifolds, we expect the Kapustin-Witten Go-monopoles satisfy stronger
conditions.

Conjecture 4. Suppose (A1, Ag, P1,D2) is a Kapustin-Witten Ga-monopole quadruple on a
closed Gy-manifold (M, ¢). Then we have

o ((Fa — JlAa A ) A ) = i — A2, ] =0,

* ((dAlAQ) A w) = dA1@2 — [AQ,@l] =0.
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Chapter 3

Fueter Sections and Monopoles

The Fueter operator is a non-linear generalization of the Dirac operator defined over orientable
Riemannian 3- and 4-manifolds, where the spinor bundle is replaced by a hyperkéhler bundle
with fibers modeled on a non-linear hyperkihler manifold. In this section, we study the regularity
and singularities of Fueter sections, i.e., harmonic spinors with respect to this non-linear Dirac
operator, and show how singularities of these sections are related to the existence of certain
minimal spheres in the hyperkihler manifolds. Using this, we will prove a compactness theorem
for the spaces of Fueter sections of the bundles whose fibers are modeled on the moduli spaces of
monopoles on R3,

3.1 Preliminaries

We start by defining the Fueter sections on 3-manifolds.

3.1.1 Fueter Sections on 3-manifolds

Let (M, g) be an oriented Riemannian 3-manifold. Let 7 : X — M be a fiber bundle with
fibers modeled on a (compact or non-compact) hyperkéhler manifold (X, gx, I, J, K) with an
isometric bundle identification

T:STM — b(X),

where ST M is the unit tangent bundle of M and b(X) is the sphere bundle of the complex
structures of the fibers of X. We call 7 : X — M a hyperkihler bundle.

Definition 46 (3D Fueter Section). Let m : X — M be a hyperkdihler bundle. Let V be a
connection on this bundle. A section f € I'(X) is called a Fueter section if

IV (f) == 1(021)Vou, [ + 1(022)Vou, [ + 1(023)Vou, [ = 0 € Q°M, f*VX),
where VX := ker(dm) : TX — TM is the vertical bundle and (0x1,0x2,0x3) is a local

orthonormal frame on M. The operator §v is called a Fueter operator.

112



Lemma 61. The Fueter operators on 3-manifolds are well-defined.

Proof. One can see this by a direct computation. Let (Ox1, 0x2, 0x3) and (0y1, Oy2, Dy3) be
two oriented orthogonal basis at a point x € M, related by an orthogonal matrix A € SO(T, M );
ie., dr; = Z;’:l A, ;0y;. Then

3 3
ST 1@m) - df 0w = " I(Y Aisdu) - df(Y Aisdys) =
j=1 k=1

3
Zj,k:l ;(Ai,jAz‘,k)f(ayj) ~df (Oyr) = Z;I(@yi) - df (9y;).

It can also be seen by expressing the Fueter operator in a coordinate-free way. The isometric
bundle identification Z and the Riemannian metric g induce a bundle homomorphism, which by
an abuse of notation, we still denote it by Z,

IT:T"MeVX—VX.

This map is a generalization of the Clifford multiplication of the spinor bundles to the non-linear
case. The Fueter operator can be written as

which is independent of the chosen local frame on M. O

Example 9. If the bundle X is trivial, X = X x M, with trivial connection V = d, we can think
of a Fueter section of this bundle as a map f : M — X such that

3

i=1
We call f a Fueter map.

Example 10. The Fueter operator is a non-linear generalization of Dirac operator. Let s be a
spin structure on M and X be the corresponding spinor bundle. Let A\ be the induced Levi-Civita
connection and T the Clifford multiplication. The corresponding Fueter operator is the Dirac
operator associated with the spin structure s. This non-linear generalization has been introduced

in [89] and [3].

There is a 4-dimensional version of this theory.

3.1.2 Fueter Sections on 4-manifolds

Let V be a 4-dimensional vector space equipped with an inner product. Using the metric, we
can identify 2-forms on V with skew-symmetric endomorphisms of V. Let ¢ : ATV* — s0(V).
Let (N, h) be an oriented Riemannian 4-manifold. Let 7 : X — NV be a fiber bundle, with fibers
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modeled on a hyperkihler manifold (X, gx, I, J, K), together with a fixed isometric bundle
identification

J : SAT(T*N) — b(%),

where SAT(T*N) is the unit length sphere bundle of the self-dual 2-forms on N and b(X) is the
sphere bundle of the complex structures of the fibers of X.

Definition 47 (4D Fueter Section). A section f € I'(X) is called a Fueter section if

Sv(f) =Vf— ijz (Vf)ou(w;) =0 € D(f*Hom(7*TN, VX)),

=1

for some local orthonormal frame (w1, w2, ws3) of AT (T*N) and a connection V on X. Similar
to the 3-dimensional case, it is independent of the chosen orthonormal frame.

Lemma 62. Fueter operators on 4-manifolds are well-defined.

Proof. Similar to the 3-dimensional case, one can see this by a direct computation. Let
(0x1, 0xg, 0x3, Oxy) and (Oy1, Aya, Oys, Dy4) be two oriented orthogonal basis at a point z € N,
related by an orthogonal matrix A € SO(T,N). Let w; = dxy A dx; + dxj A dxy, and
w; = dy1 A dy; + dy;j A dyg, where {3, j, k} = {1,2, 3} are cyclic. Since the matrix A preserves
the metric, it induces a linear map A* € SO(A} N). We have

3 3
> T(wi) o (V) ou(w; —Z ZA <Vf>OL<ZAz:kak>=
i=1 i=1 _

2

3 3 3
Z ZA* AL T (@) o (V) o u(wr) ZJ o (Vf)ouwj).
7j=1

J,k=11=1

g

Remark 6. Let N = Ry x M for some Riemannian 3-manifold (M, g) equipped with a Rieman-
nian metric h = dt® + g, where t denotes the coordinates on R. Let m : N — M be the obvious
projection map. Let X — M be a hyperkdhler fiber bundle and m*X — N the pull-back bundle.
Moreover; suppose the identification J : SAT(T*N) — b(X) is induced by an identification
Z:STM — b(X), and the connection on 7*X is the pullback of a connection on X. Then the
4-dimensional Fueter equation can be written as

Oyu — gu = 0,

with § denoting the 3-dimensional Fueter operator and O the derivative in the R-direction.
This 4-dimensional Fueter operator appears in [46], in order to define the differentials of a
hyperkdhler Floer theory.
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3.1.3 Group Actions on Hyperkiihler Manifolds

With motivations coming from higher-dimensional gauge theory, generalized Seiberg-Witten
theory and a new — potentially — invariant of 3- and 4-manifolds, an interesting case to consider
is when we have a hyperkéhler bundle with a certain G-action on the fibers, which is defined
below.

Note that on hyperkihler manifolds there exists an S2-family of complex and Kihler structures.
For any ¢ = (17 + (17 + Gk € §% C R?, we have corresponding complex structure and Kihler
form, defined by

Ir =Gl +GJ+GK, we = Qwi + Gwa + (ws.
Letw € sp(1)* ® Q2(X) be the hyperkihler form, defined by
(w, () =w¢  forany (= (ii+ Gj+ Gk €sp(l) = Im(H).

A certain type of group actions, which appears naturally in the study of hyperkihler manifolds,
is the permuting hyperkihler action.

Definition 48 (Permuting Hyperkihler Action). Let (X, gx, I, J, K) be a hyperkiihler manifold
with an SO(3)-action. This actions is called permuting if

* SO(3) acts isometrically.

* The induced action of SO(3) on the 2-sphere of complex structures — or, equivalently, on
Kiihler structures — is the standard action of SO(3) on S? C R,

Similarly, an isometric action of SU(2) on M is called permuting, if the induced action on the
2-sphere of complex structures is the standard action of SU (2) factoring through SO(3) on
S C RS,

Example 11. SO(3) acts on R3, and therefore, on the moduli spaces of solution to the Bogomolny
equation on R3. These actions are permuting.

There is a strong obstruction for a hyperkéhler manifold to have a permuting hyperkihler
action.

Lemma 63. [12, Proposition 1.1] Let (M, g, I, J, K) be a hyperkdiihler manifold with a permuting
SO(3) action. Then every symplectic form w; in the two-sphere family of symplectic structures is
exact, and therefore, M is non-compact.

Permuting actions can be used to construct hyperkéhler bundles.

3.1.4 Hyperkihler Bundles

In this section, we define the main bundles where our Fueter sections are defined on.

115



Definition 49 (Permuting Hyperkidhler SO(3)-Bundle over a 3-Manifold). Let (M, g) be an
oriented Riemannian 3-manifold with the oriented orthonormal frame bundle Frgo3) — M.
Let (X, gx,1,J, K) be a hyperkdihler manifold with a permuting SO(3)-action. The permuting
hyperkdiihler SO(3)-bundle X — M is defined by

X := FTSO(?;) XSO(S) X l> M.

Example 12. In particular, when X = Monj, is the moduli space of centered k-monopoles with
the natural induced SO(3)-action, we get a permuting hyperkdhler bundle, called the monopole
bundle, denoted by Mony, — M.

An interesting aspect of permuting hyperkéhler bundles is that, unlike the general case, these
bundles come with a natural identification Z : STM — b(X) and the induced Levi-Civita
connection, which can be used to define the Fueter operator.

Definition 50 (Permuting Hyperkidhler SU(2)-Bundle over a 3-Manifold). Let (M, g) be an
oriented Riemannian 3-manifold with a spin structure and a corresponding SU (2)-bundle
Frsy@y — M. Let (X, gx, I, J, K) be a hyperkéhler manifold with a permuting SU (2)-action.
Let X — M be the permuting hyperkdhler SU(2)-bundle, defined by

X:= FTSU(Q) XSU(?) X 1} M.

Similar to the SO(3) case, there is a natural isomorphism between the unit sphere bundle
and the complex structures on X, and we can use the Levi-Citiva connection to define the Fueter
operator.

Definition 51 (Auxiliary Hyperkihler Bundle over a 3-Manifold). Let (M, g) be an oriented
Riemannian 3-manifold with the oriented orthonormal frame bundle Frgoz) — M. Let
(X, 9x,1,J, K) be a hyperkdhler manifold with a permuting SO(3)-action. Furthermore, sup-
pose G is a Lie group with a hyperkihler action on X, and therefore, X is equipped with
an action of G x SO(3). Moreover, let Q — M be a principal G-bundle. The auxiliary
G x SO(3)-hyperkdhler bundle X — M is defined by

X = (Q X FT’) XGXSO(S)X l} M.

Similarly we can define an auxiliary G x SU (2)-hyperkdhler bundle by replacing Fr o3y by
a SU(2)-bundle corresponding to a spin structure and replacing X with a hyperkdhler manifold
with a permuting SU (2)-action.

Similar constructions exist over Riemannian 4-manifolds. Let (N, i) be an oriented Rieman-
nian 4-manifold. The Hodge star of the Riemannian metric * : A?(T*N) — A?(T*N) induces a
bundle decomposition

A(T*N) = A2(T*N) @ A% (T*N).

The self dual and anti-self dual 2-forms form vector bundles over N with structure group SO(3),
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with the following associated frame bundles

Fri

s0@3) N.

Definition 52 (Permuting Hyperkihler SO(3)-Bundles over 4-Manifolds). Let (N, h) be an
oriented Riemannian 4-manifold with frame bundles FT?O(?)) — N. Let (X,g,1,J,K) be

a hyperkdiihler manifold with a permuting SO(3)-action. The permuting hyperkdiihler SO(3)-
bundles X* — N are defined by

+ . + 7"
X+ = FTSO(S) XSO(?;) X — N.

In the following section, we study the basic analysis of the Fueter sections.

3.2 The Fredholm Theory

A key property governing the analytical properties of Fueter sections is an energy identity.

3.2.1 The Energy Identity

In the Floer theory introduced by Hohloch, Noetzel and Salamon [46], the crucial role is played
by the hypersymplectic action functional, defined by

3
A:Map(M,X) >R,  A(f):=— ai A frwi,
/>

where (M, g) is a quotient of S3 by a finite subgroup of SU(2), (a1, az, a3) is a global frame
of the cotangent bundle dual to the Reeb vector fields, and (X, gx, I, J, K) is a hyperkéhler
manifold.

Here, the framing is fixed globally on the manifold, and therefore, there is no question of
well-definedness. However, the same action functional can be defined in the gauge-theoretic
setting and is well-defined.

Lemma 64. Let X — M be a hyperkdihler bundle over an oriented Riemannian 3-manifold
(M, g) with an isometric bundle identification T : STM — b(X) and a connection on X — M
with covariant derivative V. The gauged hypersymplectic action functional, defined by

3
A:T(X) - R, A(f) = — /M de A frOL(@a,)s
i=1

— where (0x1, 0x2, Ox3) is a local oriented orthonormal frame, (dx1, dzo, dxs) is the dual frame
is well-defined, where [*wz(p.,) is defined with the use of the connection.

Note that wz(,,) is not a differential form on X. Let z € M. Let B, () be a sufficiently
small open neighbourhood of = in M, with a fixed unit vector field dz;. wz(a,,) defines a
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fiber-wise 2-form on fibers above points in B (¢), and f*wz(g,,) a 2-form on B, (¢). However,
Z‘E‘:l dz; \ [*wz(as,) 1s a global well-defined 2-form on M, as we will see below.

Proof. Similar to the proof of well-definedness of the Fueter operator, let (01, 0x2, x3) and
(Oy1, Oy2, Dys) be two local orthogonal frames at a point x € M, related by a matrix A € SO(3);
ie., 0z, = Z?Zl A, ;0y;, and therefore, dz; = Z?Zl A, idy;. Then

3 3
i=1 i:1 =
3 3
Z Z A] ZA’L k:dy] A f WZ(oyy)
7,k=11i=1
3

== dy; A frwriay,):

J

O

Hohloch, Noetzel and Salamon’s energy identity holds in the gauge-theoretic setting too, with
a similar proof.

Lemma 65. Let (M, g) be an oriented Riemannian 3-manifold. We have the following energy
identity,

3
/ IV f[2voly = / 1§ (F)Pvolps — / Zd:r,-/\ Frwr(om)- (3.2.1)
M M M 5

Proof. Let (0x1,0x2,0x3) be alocal orthonormal frame,

3
/M|Vf|2volg— /M\S(f)l%olg - /M;Wf(am?volg— /MS(f)IQUolg

= /M(I(aws)vf (821), V £ (9x2)) + (Z(821)V f(Dx2), V f(D3))
+ ((Z(022)V f(9z3), V f(O1)))vol,

=- /M(f*wz(axl)(a27 33) + [ WI(924)(03,01) + f*W1(92y) (01, 02))v0ly
= / (dz1 A frwz(owy) + dTa A frW1(02y) + dT3 A f*WI(924)) (021, 02, O3)v0l,
M

- /M(dﬂfl A [rWz(0my) + dra N frWi(am,) + dr3 A f*W1(92,)) = A(S)-
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There exists a 4-dimensional version of the action functional defined above, which we call
hyperkéhler action functional.

Lemma 66. Let X — M be a hyperkdhler bundle over an oriented Riemannian 4-manifold
(N, h) with an isometric bundle identification J : SAT(T*N) — b(X) and a connection on
X — N with covariant derivative V. The gauged hyperkdihler action functional, defined by

A:T(X) - R, A(f) = —/NZQZ A fr(wg@)s

— where (21, Q2,Q3,Q4) is a local oriented orthonormal frame for AT (N) corresponding to a
local frame (0x1, 02, 0x3) and Q; = dxy A dx; + dxj A dxy, — is well-defined.

The proof is similar to the 3-dimensional case.
There exists a 4-dimensional version of the energy identity 67. This is the gauged version of
proposition 2.7. in [42].

Lemma 67. Let (N, h) be an oriented Riemannian 4-manifold. We have the following energy
identity,

/N IV f2voly = /N IF(F)Pvoln — /N ZQ/\ Fwr@) (3.2.2)

for some local orthonormal frame (Q1,Q2,Q3) of AT(T*N).

The proof is essentially the same as proposition 2.7. in [42].

There is a major different between the hypersymplectic — and hyperkihler — action func-
tional for maps and sections in the gauge-theoretic setting. For maps, in the hypercontact setting,
the energy identity 67 shows that the energy of a Fueter map is a topological invariant, which
only depends on the homotopy class of the map. As mentioned in [97] it is rarely the case in the
gauge-theoretic setting. We can let

3
- Z dz; A frwr(oe,) = f7(A),
i=1

for a 3-form A € Q3(X), which is not necessarily closed. If it is the case that this form is closed
we would get

[ 1V aPuoly = [ 1507 voly - 2], £°4), 623
M M

Note that if A is closed and f is a Fueter map, then 3.2.3 gives a bound on ||V |7, which is
crucial in the study of compactness problems of Fueter sections. However, this might not be true
in general for Fueter sections.
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3.2.2 The Elliptic Theory

The Fueter operators are non-linear generalizations of Dirac operators. One crucial property of
the Dirac operators is that they are elliptic. The Fueter operators are non-linear elliptic operators.
A non-linear differential operator is elliptic at a section f if its linearization at f is elliptic in the
usual sense.

Lemma 68. The 3-dimensional Fueter operator is elliptic.

Proof. Let f € I'(X). Let £; denote the linearization of the Fueter operator along the section f.
The operator &5 : WY2(M, f*VX) — L?(M, f*VX) is given by

3
8= T(0x:) VoS,

i=1

which shows Symbol(&;),(h,v) = iZ(v)(h) forall z € M,v € T, M and h € f*VX,, and
therefore, § is an Elliptic operator. O

The similar statement is correct in the 4-dimensional case.
Lemma 69. The 4-dimensional Fueter operator is elliptic.

The proof is similar to the proof of the previous lemma.
The regularity theory of the Fueter sections is very similar to the case of Fueter maps, studied
in [46], with almost an identical proof.

Lemma 70. If p > 3 every Fueter section over a 3-dimensional manifold which belongs to WP
is smooth. If p > 4 every Fueter section over a 4-dimensional manifold which belongs to WP is
smooth.

Recall that elliptic operators on compact manifolds are Fredholm.
Corollary 4. If the base manifold is compact then the Fueter operator is Fredholm.

Since the Fueter operators are Fredholm, we can consider their Fredholm index. Note that the
index of a non-linear elliptic operator is the index of its linearization at each section f € I'(X).

Lemma 71. Let X — M be a permuting hyperkdhler bundle over a closed oriented Riemannian
3-manifold (M, g). The linearization of Fueter operators over 3-manifolds at each section
f € I'(X) is self-adjoint.

Proof. Let&1,& € QO(M, f*VX),

3 3
(L5(&1) &) e = D (T(02i)Vor,b1,6) 12 = = Y _(Vou, &1, T(0i)E2) 12
i=1 i=1
3 3
= (€1, Vor, Z(07:)&) 12 = > (61, Z(02:) Vor,E2) 2 = (61, L5 (62)) 2.
i=1 i=1
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Note that in the case of permuting hyperkéhler bundles, there is a natural isometric identification
7T, which is covariantly constant. O

Elliptic operators over closed odd-dimensional manifolds have index zero.

Corollary 5. Let X — M be a permuting hyperkdhler bundle over a closed oriented Riemannian
3-manifold (M, g). Then

Ind(3) = 0.

In this setting, since we are dealing with index zero Fredholm operators, one can hope to
count solutions to the equation F(f) = 0.

Definition 53. Let X — M be a permuting hyperkihler bundle, with fibers modeled on a
hyperkdhler manifold (X, gx, I, J, K), over a closed oriented Riemannian 3-manifold (M, g).
Let Fuet(X) be the space of Fueter sections,

Suet(X) = {f € I(X) | 3(f) = 0}

Optimistically, we assume for a generic Riemannian metric g on M — or potentially larger set of
perturbations — Fuet(X) is a zero-dimensional manifold. If Fuet(X) is compact — or can be
compactified — we can count the number of Fueter sections.

n(M, X) := #Fuet(X).

This count can be understood as a Zo-count, or more ambitiously one can hope to define a signed
count,

n(M,X%X) = Z sign(f).

FETuet(X)

This number a priori depends on the Riemannian metric g — although we drop it from the notation
— and might not be necessarily an invariant of the 3-manifold M.

Let X = Mony, be the moduli space of centered k-monopoles on R3. Ignoring technical
difficulties to define these counts, let

mong (M) == n(M,Mong) = Y sign(f). (3.2.4)
fEFuet(Mony)

We call mony (M) the kth monopole number of (M, g).

Conjecture 5. For a generic g, mong (M) is a topological invariant of the 3-manifold M. More
ambitiously, one can think of Fuet(IMony,) as the generators of a Floer theory — where the
differential is defined by counting the solutions to the 4-dimensional Fueter operator on R x M.

The main difficulty in defining these invariants come from the compactness problems.
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3.3 Compactness

In this section, we study the compactness properties of Fueter sections over 3- and 4-dimensional
manifolds. We start with the case where the hyperkéhler manifold X is compact or more generally,
the case where the image of Fueter sections fall inside a fixed compact subset of the bundle X.
The following lemma is the gauged version of Theorem 3.2 in [46] with a similar proof.

Theorem 22. Let X — M be a hyperkdhler bundle over a closed oriented Riemannian 3-manifold
(M, g). Let p > 3. Let { f;}5°, be sequence of Fueter sections of X such that U2, f;(M) C C,
where C'is a compact subset of X. Furthermore, suppose sup;{||V fi||1»} < oc. The sequence
{fi}52, has a subsequent which converges in CpX.(M).

Let X — N be a hyperkdiihler bundle over an oriented Riemannian 4-manifold (N, h). Let
p > 4. Let { f;}52, be sequence of Fueter sections of X such that U2, f;(N) C C, where C'is a
compact subset of X. Furthermore, suppose sup;{||V fi||1»} < co. The sequence {f;}°, has a

subsequent which converges in Co.(N).

There are different assumption in this theorem which result in the compactness, but they
are rather strong conditions. If we remove the assumption about the norm of the derivative of
the sections, the sections might blow up, bubble and form singularities. Also, if we remove the
assumption that the images of the sections stay in a compact subset, we can have a sequence of
Fueter section which their image diverge to infinity.

The first step in the direction of removing these assumptions is taken by Walpuski [97].
Walpuski proves a sequence of Fueter sections { f; }3°; of a hyperkihler bundle X with compact
fibers over a closed oriented Riemannian 3-manifold (M, g), with bounded energy, after passing to
a subsequence, converges outside of a closed rectifiable subset S C M, called the blow-up locus,
with Hausdorff dimension dim(S) < 1. Furthermore, Walpuski shows the non-compactness
along S has two different sources. First, bubbling of holomorphic spheres. This non-compactness
has a codimension two nature. Second, codimension three non-removable singularities.

The following example demonstrates the emergence of the bubbling phenomenon .

Example 13 ([97]). Let (X, gx, I, J, K) be a hyperkiihler manifold such that for some complex
structure I in the S2-family of complex structures on X, there is a non-trivial I:-holomorphic
2-sphere in X,

f:8% = X suchthat 51Cf20.

Let M = S® equipped with the standard round metric. Furthermore, let X = 5% x X — S> be
the trivial hyperkdihler bundle above S® equipped with the trivial connection d. Let 7 : S — S?
be the Hopf map and - : S*> — S? the complex conjugation map. Since the bundle is trivial, the
sections can be identified with maps from S® to X. Let

u=fo-om:8 = X,

u is Fueter.
Let sy : C — C be the scaling map, defined by s)(z) = Az for all \ € R, This map extends
to the one point compactification of C, i.e., CP' = S2, by letting s\(c0) = 0o. By an abuse of
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notation, we still denote this map by sy : S? — S?. We can define a 1-parameter family of Fueter
maps
uy = fo-osyom:S® — X.

Sending \ | 0, the family of Fueter maps uy blows up along 7~ '(c0) = S' and converges
to the constant map on the complement of this circle. Note that,the energy of these maps, i.e.,
E(wy) =3 [ss |V ux|? is independent of \ and bounded.

The following theorem is due to Walpuski. In the original statement X is assumed to be
compact; however, with no difficulty one can replace this assumption with a slightly weaker one,
where X is not necessarily compact but

U;.ilfz(M) C Cv

where C'is a compact subset of X.

Theorem 23 (Walpuski). Let (M, g) be a closed oriented Riemannian 3-manifold. Let X — M
be a hyperkdiihler bundle with fibers modeled on a hyperkdihler manifold (X, gx, I, J, K). Suppose
the bundle is equipped with a connection NV and an isomorphism I : STM — b(X). Let { fi}32,
be a sequence of Fueter sections on this bundle such that f;(M) C C, where C' is a compact
subset of X for every i € N. Moreover, let c be a positive constant such that

£() = ¢ /M Vi <e

Then after passing to a subsequence the following holds:

» Convergence away from the blow-up locus. There exists a closed subset S with finite
1-dimensional Hausdorff measure H'(S) < oo and a Fueter section f € Q°(M \ S, X)
such that f;|yp g converges to f in Cp5,(M).

loc

* Decomposition of the blow-up locus. There exist a constant €y > 0 and an upper semi-
continuous function © : S — [eg, 00) such that the sequence of measures ji; := |V f;|*H>
converges weakly to i = |V f|*H? + OH!|s.

S decomposes as

S =TUsing(f),

with

I := supp(OHL)
and

r—0 T

1
sing(f) = {:UEM:limsup/ IVf> > 0},
B, (z)
T is H!-rectifiable and H'(sing(f)) = 0.
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* Bubbling-off of holomorphic spheres For each smooth point x € 1 there exists a non-
trivial —I (v)-holomorphic sphere

fo: 8?2 = X,

with v the unit tangent vector in T, 1.

Four dimensional version of this theorem is as following:

Theorem 24 (Walpuski). Let (N, h) be an oriented Riemannian 4-manifold. Let X — M be
a hyperkdhler bundle with fibers modeled on a hyperkdihler manifold (X, gx, I, J, K) over N.
Suppose the bundle is equipped with a connection ¥V, an isomorphism T : SAT(T*N) — b(X)
and the standard identification v : A (T*N) — so(T'N). Let {fi}5°, be a sequence of (4-
dimensional) Fueter sections on this bundle such that f;(M) C C, where C'is a compact subset
of X, for every i € N. Moreover, let c be a positive constant such that

&)= | VAP <e

Then after passing to a subsequence the following holds:

* Convergence away from the blow-up locus. There exists a closed subset S which H*(S) <
oo and a Fueter section f € Q°(M \ S, X) such that fi|yp s converges to f in Ci2.(N).

* Decomposition of the blow-up locus. There exist a constant €y > 0 and an upper semi-
continuous function © : S — [eg, 00) such that the sequence of measures ji; := |V f;|*H*
converges weakly to ju = |V f|*H* + OH?|s.

S decomposes as
S =T Using(f),

with

I := supp(OHZ)

and

1
sing(f) :={x € M : limsupr_mrz/ | IV£]? > 0},

r(T

T is H2-rectifiable and H?(sing(f)) = 0.

* Bubbling-off of holomorphic spheres. For each smooth point x € I there exists a non-
trivial —1I («v)-holomorphic sphere

fo: 5% = X,

which « is unit self-dual 2—form on T, M.
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In the direction of defining the monopole invariant mon (1), and also in the direction of
addressing the Donaldson-Segal conjecture, we investigate the compactness properties, in the
case where X is the moduli space of centered k-monopoles.

3.4 Fueter Sections of Monopole Bundles

In this section, we mainly consider the case where the hyperkihler manifold X is a moduli space
of centered k-monopoles. We start by reviewing the basic facts about the geometry of the moduli
spaces of monopoles on R? with the structure group SU(2). Our treatment is brief. For more
detailed account consult with [4].

3.4.1 Geometry of the Moduli Spaces of Monopoles on R3

In this subsection we review the basic results about the geometry of the moduli spaces of
monopoles on R,

Let P — R3 be a principal SU(2)-bundle over R?. Let (A, ®) be a pair of a connection A
on P and a section @ of the adjoint bundle. The Yang-Mills-Higgs action functional of this pair
is defined by

1
YMH(A, @) = - /3(|FA|2 + |da®|?)dzdyd:z.
R

Here the norms are taken with respect to the adjoint-invariant inner product on su(2).

Let A denote the space of connections on P and I'(gp) the space of sections of the adjoint
bundle gp. Let G = Aut(Pg) be the space of bounded gauge transformations. G acts on
A xT(gp) by

g (A, @) = (gAg~" —dgg™ ', gPg ).

The Yang-Mills-Higgs action functional is invariant under the action of the gauge group, and
therefore, it induces an action functional on the space of equivalent classes of pairs (A, P).

Let (A, @) be a pair with finite energy. To any such pair we can assign mass and charge. The
Yang-Mills-Higgs functional can be rewritten as

YMH(A, &) = 1/ | % Fg — da®|*dadydz + / d(®, Fy).
2 R3 R3
For any pair with finite energy we have |®(z)| — m as |z| — oo, for a non-negative constant m.
We let m = 1 as a normalizing assumption.
Let R >> 0 be a sufficiently large number such that Br(0) contains all the zeros of . We
would have a map from a large sphere in R? to the unit 2-sphere in su(2),

é : 5%(0) — S2(0) C su(2).
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For a pair (A, @) with finite energy we have

] 1
—k=deg(—)=——1i D F 7.
eg(|@|) Ar Rll;l(l)o Sg(R)< ) A> €

In this section, we are concerned with the moduli spaces of SU (2)-monopoles on R? with
charge k € Z.

Definition 54 (Moduli Spaces of Monopoles on R3). Let P — R? be a principal SU(2)-bundle.
Let k € Z. The moduli space of k monopoles, denoted by Ny, is defined by

N, ={(A,®) | * FA =da®, YMH(A,P) < oo, |®| — 1, charge(A,P) =k}/G.

For the most purposes it is better to enlarge the moduli spaces of k-monopoles by a circle
phase factor, to get moduli spaces of framed monopoles.

Definition/Lemma 72 (Moduli Spaces of Framed Monopoles on R? [4]). A pair (A, ) with
finite energy is framed in a direction — say — x1 if

lim ¢(z1,0,0) = <6 0.>.

T1—00 —1

A gauge transformation g € G is called x1-diagonal if lim,, ,~ g(x1,0,0) is diagonal.
These gauge transformations preserve the x1-framed monopoles. Furthermore, every monopole
can be transformed to an xi-framed monopole using a suitable gauge transformation, and
therefore,

Solutions to Bogomolnyi equation _, x1 — framed solutions to Bogomolnyi equation

gauge transformations x1 — diagonal gauge transformations

An x1-framed gauge transformation g € G is defined to be an x1-diagonal gauge transformation
where

lim ¢g(z1,0,0) = 1.

T1—r00
The moduli space of framed k-monopoles over R3, denoted by My, is defined by

x1 — framed k-monopoles

My, =

x1 — framed gauge transformations’
My, is a U(1)-bundle over Ny, which can be seen by noticing

x1 — framed k-monopoles x1 — framed k-monopoles

UuQl)—

x1 — framed gauge transformations x1 — diagonal gauge transformations’

The Bogomolny equation is invariant under the gauge transformations. Moreover, the
translation group of R? acts naturally on the moduli spaces of monopoles and framed monopoles
on R3.
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Definition 55 (Moduli Spaces of Centered Monopoles on R?). The moduli spaces of centered
k-monopoles on R3 are defined by

Ny

MOI’[Z = @

The deformation theory of these spaces has been studied by Atiyah and Hitchin [4]. In
particular, we have the following lemma.

Lemma 73. The moduli spaces of monopoles, framed monopoles and centered monopoles are
smooth finite dimensional manifolds with dimensions 4|k| — 1, 4|k| and 4|k| — 4, respectively.

There is a natural hyperkéhler structure on the moduli spaces of framed and centered
monopoles on R,

3.4.2 Hyperkihler Structure on the Moduli Spaces of Monopoles

In this section, we study the hyperkihler structure on the moduli spaces of monopoles on R3.
There are different ways to see the hyperkihler structure on the moduli spaces of monopoles.
Here we review two closely related approaches.

* By studying the linearized equations.

* By the virtue of the hyperkihler reduction.

3.4.2.1 The Linear Theory

Let C,, C A x I'(gp) be the space of smooth pairs (A, ®) on a principal SU(2)-bundle on R?
defined by

Cr ={(A, D) | YMH(A,P) < oo, charge(A,P) =k, lim |P|=1}.

|z| =00

The linearization of the action of the gauge group at on the tangent space of C, at (A, @) is given
by

dy : QO (R3 5u(2)) — QO(R?, su(2)) @ Q' (R3,5u(2)),  dig = —([®,g],dag).
Let G be the gauge group, more specifically, defined by
G = {g € Aut(P) | gis bounded, (dig)g~ ' € L*(R?)},

and Gy the space of framed gauge transformations.
The linearization of the Bogomolny equation at (A, ®) is given by

do - Q°(R?, 5u(2)) @ Q' (R3, 5u(2)) — QY(R?,5u(2)),  dola,v) = xdaa — darp + [®, a).
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The equation dj(a, ) = 0 is a gauge fixing condition. d} and d3 can be coupled to produce an
elliptic operator, as we saw in Chapter 1,

D =di +dy : Q°(R?,5u(2)) @ QY (R3, 5u(2)) — Q°(R?, su(2)) @ Q' (R3, su(2)).

The tangent space of the space of monopoles at (A, ) can be identified with the ker D. Quater-
nions act on Q°(R3, su(2)) ® Q' (R?, 5u(2)) induced by the identification

(aldxl + asdzrs + azdxs, QJZ)) — Y+ arl +asd + azK.

Moreover, the linearized Bogomolny equations are invariant under the H-action. This induces an
action of H on the moduli spaces of solutions.

With the suitable boundary conditions, where the infinitesimal deformations are L?-integrable,
the L2-inner product restricted to the ker D defines a Riemannian metric on the moduli spaces of
monopoles. It can be seen this metric together with the almost complex structures introduced by
the action of H forms a hyperkihler manifold on the moduli spaces of monopoles. The details
can be found in the chapter 4 of [4].

3.4.2.2 The Hyperkihler Reduction

The second approach is to understand the moduli spaces of monopoles as a hyperkéhler quotient.
The hyperkihler quotient construction first arose in the context of mathematical physics, and
more specifically, in supersymmetry [45]. One can consider two cases, the finite-dimensional
construction, and the infinite-dimensional construction. In the infinite-dimensional case, one
might have an infinite dimensional hyperkéihler manifold with an infinite-dimensional hyperkihler
action on it; however, the quotient space might be a finite-dimensional manifold. Among the
most interesting cases are the quotient construction of the hyperkéhler metrics on the moduli
spaces of instantons and monopoles.

Definition 56 (Tri-Hamiltonian Action). A smooth action of a Lie group G on a hyperkdhler
manifold (X, gx, 1, J, K) is called a tri-Hamiltonian action, if

* G acts isometrically; i.e., for any h € G we have L}y gx = gx, where Ly, : X — X is the
action of the element h € G on X.

* G preserves the hyperkdhler structure; i.e., for any h € G, we have L;w = w. The induced
hyperkiihler G-action on T'X commutes with the complex structures; i.e., Lyols = Ico Ly,
for any h € G. In particular, the hyperkdhler action is symplectic with respect to w1, ws
and ws.

o It admits a hyperkihler moment map, which is a smooth map p : X — sp(1)* ® g* such
that d{p, &) = —tx.w for any § € g, where X¢ is the vector field on X generated by the
infinitesimal action of €.

* wis G-equivariant, where G acts on g by the co-adjoint action and trivially on sp(1)*.
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In particular, this action is Hamiltonian with respect to wi,ws and ws with moment maps
pa = (1, 9), p2 = (p, j) and p3 = (p, k), respectively.

The tri-Hamiltonian actions can be used to construct new hyperkdhler manifolds, through a
process called hyperkihler reduction.

Definition 57 (Hyperkihler Reduction [45]). Let (X, gx, I, J, K) be a hyperkdiihler manifold
with a tri-Hamiltonian action of a Lie group G and a moment map i : M — sp(1)* ® g*. Let
€= &0+ &j + &k € sp(1)* ® g* be a regular value of ji. Then =1 (¢)/G is a hyperkdihler
manifold, called a hyperkdhler reduction.

One can realize the moduli spaces of framed and centered monopoles as hyperkihler quotients.
Let P be the trivial principal G-bundle over R? with the adjoint vector bundle gp. Let

V=AxQR3 gp).

The space V is a flat infinite-dimensional affine space. This space can be equipped with a
quaternionic structure. The tangent space at each (A, @) € V is given by

TagyM = Q' (R?,gp) x Q°(R?, gp).
The quaternionic structure can be seen by the correspondence we saw earlier,
(ald:pl + aodxs + azdzrs, 1[)) — Y +arl +asd + azK.

The action of the gauge group G preserves this quaternionic structure. Moreover, it is a tri-
hamiltonian action with a moment map 1 = (u1, 2, u3) : M — G* = QY(R3 gp), given
by

Ml(Aqu) = [¢>A1] + [AQ, ASL

p2(A, @) = [P, Ag] + [As, Au],
N3(Av@) = [QS’ A3] + [Ala Ag},
where A = Z?:1 A;dx;.
The components of the moment maps are given by the components of the Bogomolny
equation, and therefore, the hyperkihler reduction M; ., 1(O) /G, defines the moduli space of
monopoles, which appears as the union of the disjoint connected components of the moduli

spaces of monopoles with different charges.
More examples of this construction can be found in [45].

3.5 The Fueter Sections of the Moduli Spaces of Monopoles and the
Compactness Problems

In this section, we prove a partial compactness theorem for Fueter sections of monopole bundles.

129



The theorems of Walpuski show that the non-compactness of Fueter sections of a bundle with
compact fibers has two sources, Bubbling-off of holomorphic spheres in the fibers of X, and the
formation of non-removable singularities. Non-compactness of the moduli spaces of monopoles
introduces a new source of non-compactness, divergence to infinity. In this section, we prove a
partial compactness theorem for the sequences of Fueter sections of the monopole bundles when
they do not go to infinity.

3.5.1 Bubbling

Depending on the geometry of X, one might be able to rule out some sources of the non-
compactness and potentially reduce the dimension of the singular set. For instance, the bubbling
does not occur if X does not contain any holomorphic sphere, and this can reduce the dimension
of the singular set.

An important case appears when there is a permuting SO(3)-action on the fibers, for instance
the case of the moduli spaces of monopoles on R3. The existence of the permuting SO(3)-action
rules out the existence of bubbles.

Theorem 25. Let (M, g) be an oriented closed Riemannian 3-manifold. Let X — M be a
hyperkdiihler bundle with fibers modeled on a hyperkdiihler manifold (X, gx,I,J, K) with a
permuting SO(3)-action — or a permuting SU (2)-action. Let { f;}?°, be a sequence of Fueter
sections on this bundle such that f;(M) C C for everyi € N, where C'is a compact subset of X.
Moreover, let c be a positive constant such that

1
&)=y [ IVHP <e
M
Then after passing to a subsequence the following holds:

» Convergence away from the blow-up locus. There exists a closed rectifiable subset S with
Hausdorff dimension strictly less than 1, and a Fueter section f € Q°(M \ S, X) such that

filar\s converges to f in Ciy,.(M).

* Description of the blow-up locus. There exist a constant €9 > 0 and an upper semi-
continuous function © : S — [gg, 00) such that the sequence of measures yi; := |V f;|*H3
converges weakly to p = |V f|*H?3, where

S—sing(f)—{xeM:limsupl/ IVf2 > 0}.
r—0 T

By (x)

Let Uspoorn C T denote the set of smooth points of I' — which the tangent space can be
defined there — then

I‘smnoth =g.

In particular, assuming the singular locus is smooth, the bubbling locus vanishes, I' =
. AssumingthatthesingularlocusisanembeddedgraphinM, thesingularlocuswouldreducetoaseto fisolated
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Proof. Using Walpuski’s theorem, the proof reduces to showing I'smooth = . Recall that for
each smooth point x € T, there exists a non-trivial holomorphic sphere in X, with respect to
the holomorphic structure on X, associated to the tangent direction 7;.I'; however, hyperkéhler
manifolds with a permuting SO(3)-action do not contain any holomorphic sphere.

To see this recall that every symplectic form w¢ in the two-sphere family of symplectic
structures of hyperkéhler manifolds with a permuting SO(3) action is exact 63. Moreover, there
is no J-holomorphic sphere in an exact symplectic manifold (X, w) for any J compatible with w.
Note that if f : S? — X is a non-trivial .J-holomorphic sphere,

o ffw :/ (8f of ——)dzr1dxs = /52 w(— Jﬁ of ——)dz1dxs

Oz’ Oxg 8:52 0z
0
:/ (8;2 Jaf )dxydry —/ | =— H dzridxs > 0,

for a local orthonormal frame (Ox1, 0z2).
But on the other hand since w is exact w = df,

/SQf*w:/Szf*de:o

which the last equality follows from the Stokes’ theorem. This is a contradiction; hence I is a
rectifiable set with no smooth point, and therefore, I'snootn = &. This shows the singular set is a
closed subset of M, with Hausdorff dimension less than 1. ]

The 4-dimensional version of this theorem also follows similarly.

Theorem 26. Let (N, h) be a closed oriented Riemannian 4-manifold. Let X — N be a
hyperkdhler bundle with fibers modeled on a hyperkihler manifold (X, gx, I, J, K) with a
permuting SO(3)-action — or a permuting SU (2)-action. Let { f;}?°, be a sequence of Fueter
sections on this bundle such that f;(N) C C for every i € N, where C'is a compact subset of X.
Moreover, let ¢ be a positive constant such that

1
1) = / |VfZ|2 S C.
2 /N

Then after passing to a subsequence the following holds:

» Convergence away from the blow-up locus. There exists a closed subset S with Hausdorff
dimension strictly less than 2, and a Fueter section f € Q°(N \ S, X) such that fi|n\g
converges to f in C;2 (N).

* Description of the blow-up locus. There exist a constant €9 > 0 and an upper semi-
continuous function © : S — [gg, 00) such that the sequence of measures pi; == |V f;|>H*
converges weakly to i = |V f|*H*, where

1
S =sing(f) ={zx e N: limsupr_mﬂ/ IV£* > 0}.

r(z
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In other words I 00 = 2.

The proof is similar to the proof of the previous theorem.
We have the following immediate corollary.

Corollary 6. Let {f;}5°, be a sequence of Fueter sections on a bundle X over a closed oriented
Riemannian 3- or 4-manifold, with fibers isomorphic to the moduli space of centered monopoles
9)‘(0112, or the moduli space of monopoles framed monopoles My, where f;(N) C C for every
i € N, where C' is a compact subset of X, and with an energy bound

&)= | VAP <e

Then assuming the bubbling locus is an immersed submanifold, we get U o0 = &, and therefore,
the Hausdorff dimension of the blow-up locus on 3-manifolds is zero, and on 4-manifolds is at
most one.

To completely rule-out the bubbling phenomenon, one should show the bubbling locus can’t
be very irregular. For instance, in the 3-dimensional case, one can hope to show the bubbling locus
is a finite graph inside the 3-manifold. A difficulty in showing this is that potential existence of a
bubbling locus which is a graph with infinitely many edges, where the length of a sequence the
edges converges to zero, such that the total length of the edges of the graph is still finite. However,
ruling out the existence of such a bubbling locus seems crucial for proving the compactness
theorem, but We will not follow this direction any further in this thesis.

3.5.2 Non-Removable Singularities of Fueter Sections

In this section, we study the non-removable singularities of the Fueter sections. We will see
the tangent map of a Fueter section at a singular point satisfies a certain Cauchy-Riemann type
condition. Using this property, and under certain analytic assumptions, we will rule out the
existence of non-removable singular points for Fueter sections on certain bundles, in particular,
the monopole bundles, and we will prove a partial compactness theorem.

3.5.2.1 Non-Removable Singularities and Tri-Holomorphic-Maps

The tri-holomorphic maps are in the heart of the study of the singularities of Fueter sections. In
fact, they appear as the tangent map of the Fueter sections at the non-removable singular points.

Definition 58 (Tri-Holomorphic Map). Let (X, gx, I, J, K) be a hyperkdiihler manifold. Let
T : S? — b(X) be an identification between S* and the 2-sphere of the complex structures on X.
Amap f:S? = X is called a Z-tri-holomorphic map if

alqb + I(x)62¢ = 07

where 01, D is a local orthogonal frame at each point € S>.
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This means at each point x € S?, the map d, f is complex linear with respect to the complex
structure on X associated to the point © € S%. Moreover, note that the definition is independent
of the chosen local orthogonal frame 01, Os.

In the study of the singularities of the energy minimizing maps, the tangent maps play a
crucial role. Let f : (M™, g) — (N™, h) be an energy minimizing map with a singular point
y € M;. Schoen and Uhlenbeck proved that for every sequence r; of positive numbers converging
to zero, there exists a subsequence of the maps

z = fly +riz),
which converges weakly to a map
g R™\ {0} — N.

Moreover, they showed this map ¢,,, which is not necessarily unique and potentially depends on
the choice of r; and the chosen subsequence, is radially invariant. This map is called the tangent
map.

The following theorem shows the relationship between the tri-holomorphic maps, the non-
removable singularities, and the tangent maps.

Theorem 27. Let (M, g) be a closed oriented Riemannian 3-manifold. Let { f;}3°, a sequence
of smooth Fueter sections of a hyperkdhler bundle X — M, where f;(M) C C for a compact
subset C C X. Let [ be the section where f; — f in Cy%.(M \ S) for a singular set S. Suppose
f has a radially invariant tangent map aty € M. Let

@y S\ S — Xy,

be the restriction of the radially invariant tangent map of f at y to the unit sphere S*> C R3. Py
is a —Z-tri-holomorphic map. In other words,

Aoy — 1(z)02p = 0.

Proof. The limiting section f satisfies the Fueter equation at each point y € M where f is
smooth, and therefore, the re-scaled sections are Fueter too. By taking limit one can see that
every tangent map ¢, satisfies the Fueter equation.

Atapoint z € S? \ S, we choose an orthonormal frame (3,., 91, 32) for R? where (91, d2) is
a local frame for S2. We get

I(ar)8r¢ + 1(81)81¢ + 1(62)82525 =0.
On the other hand, assuming the tangent map is radially invariant we get 0, = 0, and therefore,

I(01)01p + 1(02) 020 = 0.
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By multiplying this equation by —I(0;) we get
6 — 1(0,)026) = 0.
Moreover, we have I(9,) = I(x) at each point x € S? \ S, and therefore,
06 — I(x)D26) = 0.
O

Remark 7. This is similar to equation for J-holomorphic curves; however, here the complex
structure on the target manifold is not fixed. The complex structure depends on the point x in
the domain, In fact, at each point x € S?, the map ¢ is a —I(x)-holomorphic map — and not
I(x)-holomorphic. It is true that for any almost complex structure I(x), its negative, —I(x) is
also a complex structure, but interestingly enough, this negative sign can affect the behaviour of
these maps extensively.

3.5.2.2 The Almost Monotonicity Formula

The behaviour of Fueter sections near the singular points is controlled by an important property
of Fueter sections, called the almost monotonicity, due to Walpuski [97]. This is quite similar to
almost monotonicity inequalities for harmonic maps.

Lemma 74 (Walpuski). Let f be a smooth Fueter section over an oriented Riemannian 3-
manifold (M, g). Let x € M and p := d(x,.). Take 0 < s < r < 1o, where rq is injectivity
radius of (M, g) at x. We have

eCT eCS 1
/'|w?—/ \WVZ/ L f1? = e - ),
T JB(z) 8 JBs(z) By (z)\Bs(z) P

where c is a constant depending the geometry and independent of the section f. In particular, if
the base manifold is flat and the bundle is trivial with the trivial connection,

1 1 1
/ !#P—/ |#P—2/ Lo, f12.
T JBn(z) S JBs(2) Br(2)\Bs(z) P

Similarly one can prove the almost monotonicity formula for Feuter sections on 4-manifolds.

Lemma 75. Let f be a smooth Fueter section over an oriented Riemannian 4-manifold (N, h).
Then for every x € M and 0 < s < r < ro, where 1 is injectivity radius of (N, h), and
p:=d(z,.), we have

eCT‘ eCS

1
— VfQ—/ Vf2>/ |V, f2 = e(r? — s
2 )\ " -2 Bs(x)l | S p2| " — )

B, (x

for a constant c. In the case that the base manifold is flat and the bundle is trivial with trivial
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connection,

1 1 1
S N Nt Y S 10nf1.
" JBr(x) S% JBs(x) By (x)\Bs(z) P

To rule out the existence of non-removable singularities for the limiting Fueter sections, one
should extend the almost monotonicity formula, which holds for smooth Fueter sections, to the
limiting Fueter sections, which are potentially singular.

Assumption 1. Let (M, g) be an oriented Riemannian 3-manifold. Let X — M be a hyperkdhler
bundle, where the fibers are modeled on a hyperkdhler manifold (X, gx, I, J, K) which does not
contain any holomorphic sphere. Let { f;}5°, be a sequence of Fueter section on this bundle,
where fi — f € QU (M \ S, X). We assume the almost monotonicity formula holds for f

6C7’ eCS 1
< / v - / V> / L9, f12 — e — ),
T JB(z) § JBs(2) Br(z)\Bs(z) P

where c is a constant.

This assumption will be used to show the existence of the tangent maps for the limiting Fueter
sections at the singular points.
3.5.2.3 Fueter Sections and the Tangent Maps

An important technique in the study the singular points of harmonic maps over Riemannian
manifolds is blowing-up the harmonic map at the singular point, and produce tangent maps. The
same technique can be used in the study of Fueter sections. In this section, we see how the almost
monotonicity formula can be used to produce the tangent maps of Fueter sections at the singular
points.

Theorem 28. Ler (M, g) be an oriented Riemannian 3-manifold. Let { f;}5°, a sequence of
smooth Fueter sections of a hyperkdhler bundle X — M, where f;(M) C C for a compact
subset C C X. Let f be the section where f; — f in C°.(M \ S) for a singular set S. Let
y e M. Let

fy,sj : BO(Ty) - R3 — X, fy,Sj (l‘) = f(y + ij)v

. ‘ . oo
be a sequence of re-scaled sections, where s; — 0. Then, assuming 1, the sequence {f, s} 21
converges to a map,

@y RP\ S, — Xy, (3.5.1)
for a closed rectifiable subset S, C R3 with Hausdorff dimension 1. We call
py :RP\ S, — Xy, (3.5.2)

a tangent map of the section f at the point y € M.
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Proof. Lety € M, and r, the injectivity radius at y. Let f, s : Bo(r,) C M — X be the scaled
map given by fy () = f(y + sx). The expression y + sz is defined using the exponential map
of the Riemannian metric g. Moreover, one can pull back the bundle and the connection over the
domain of f, ;.

The Fueter property of f implies that f, , is also a Fueter section,

S(fys)(x) =r§(f)(y + sz) = 0.

Let s; — 0 be a positive increasing sequence. Let r < r,/s;. Each f, s is a Fueter section, and
therefore, by the assumption 1,

1 1 1
/ IV fys; | = — IVFI2 < / V£ < oo, (3.5.3)
r BO(T) rs BQ(T'y)

J J Bo(rs;) Ty
when s; — and thus, ¢ — is sufficiently small, and therefore,

1

E(fys;) = 2/3 . IV fys,1> < Ce, (3.5.4)
o(r

for a constant Cg¢.
Moreover, for each j € {1,2,...}, we have

Jys; (M) C f(M) CC, (3.5.5)

which is a compact subset of X.
The conditions 3.5.4 and 3.5.5 allow up to apply the Theorem 23 to the sequence { fi, }?11
Therefore, there exists a closed rectifiable subset S, C R? with finite 1-dimensional Hausdorff

measure and a Fueter map
py RIS, — Xy, (3.5.6)
such that f, ,, — ¢, in C72 (R?\ S,). O

Definition 59 (The Density Function). Let f be a section of a bundle over an oriented Riemannian
3-manifold (M, g). The density function O : M — R; > 0U {400} is defined by

. K 1 2
@f(y)—;gq); ) IV fI%.

In the case of 4-manifolds, let f be a section of a bundle over an oriented Riemannian 4-manifold

N, h). The density function © ¢ : N — R is defined by
f

In both 3- and 4-dimensional cases, if y is a smooth point, then © ¢(y) = 0. From Walpuski’s
theorem, recall that 0 < ©(y) < oo implies y is a non-removable singularity. Moreover, if
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Oy, (y) — oo, for a sequence f; — fin C°°(M \ {y}), then y is a bubbling point.

Lemma 76. Let (M, g) be an oriented Riemannian 3-manifold. Let { f; }3°, a sequence of smooth
Fueter sections of a hyperkdhler bundle X — M. Let f be the map where f; — f in C22.(M\ S)

loc
for a singular set S. Then the density function Oy : M — R=Y is upper semi-continuous.

The proof is similar to the case of harmonic maps, since the proof only uses the almost
monotonicity formula.

Proof. Lety; — yin M. We should show

yi—~y = Op(y) >limsupOy(y;).

1—00
By letting s — 0 in the almost monotonicity formula, for each y;,
e 1
S v = [ v
" JBr(y:) Br(ys)

and therefore,

cr

&
O¢(y) < / V£
r BT(yi)

Let £ > 0 be a sufficiently small number. Let NV > 0 be sufficiently large such that for? > N,
we have B, (y;) C By+<(y), and therefore,

nmw@mge/ V2.
r Byrye (y)

1—00

Lete — 0,

1—00

hmw@@ﬁe/ V2.
r By (y)

Let » — 0, and therefore, ¢ — 0,

limsup Oy (y;) < Of(y).

i—00
]

Theorem 29. Let (M, g) be an oriented Riemannian 3-manifold. Let { f;}°, a sequence of
smooth Fueter sections of a hyperkdhler bundle X — M with bounded energy, where f;(M) C C
for a compact subset C C X. Let f be the section where f; — f in C:°(M \ S) for a singular

loc

set S. Suppose the almost monotonicity formula holds for f at y. Any tangent map of f at y,
gpy:R?’\Sy—)%y,

is radially invariant.
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The proof is similar to the case of energy-minimizing maps.

Proof. The crucial fact is that & [ Br(y) |Vipy|?, for 0 < r < 1y, is independent of 7. To see this
note that

1 1 1
! / Vfpul? = - / vir< L / VP < oo,
T JBo(r) TS JBy(rs) Ty JBo(ry)

Lets — 0,

1
1 / Vo2 = 0;(y).
T JBo(r)

where the right-hand side, and therefore the left-hand side, is independent of r. Thus,

1
0r) =0,0) =1 [ |7l

Inserting this into the monotonicity formula for ¢ : R3\ S — Xy, we get

1 1 1
0=1 / Vg2 - L / Vgf? = / L)
T JB(0) $ JB;(0) Br(z)\Bs(z) P

and therefore, almost everywhere
V,p = 0.
By integration along the rays originating from the 0 € R3, we get
o(Ar) = p(x), forall A > 0.

O]

This shows a non-constant tangent map ¢ has a cone singularity at the origin 0 € R3. We can
consider the restriction of the map ¢ to the unit sphere in R? \ .S, by an abuse of notation we still
denote this map with . We get

p:S*\ S — X,

This map satisfies a very specific equation.
We get a stronger result when X does not contain any holomorphic sphere.

Corollary 7. Let (M, g) be an oriented Riemannian 3-manifold. Let { f;}5°, a sequence of
smooth Fueter sections of a hyperkdhler bundle X — M with bounded energy, where X does
not contain any holomorphic sphere, and f;(M) C C for a compact subset C C X. Let f be the
section where f; — f in Cpo.(M \ S) for a singular set S. Let p,, denote the tangent map of f
at y. Then the singular set associated to p, is either empty or has one isolated non-removable
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singularity at the origin,
Py R3 — Xy,
with a —Z-tri-holomorphic map
Pylgo S? Xy.

Proof. Suppose there exists 0 # y € S. Since ¢ is radially invariant, all points, Ay € S for all
A € R. Therefore, we get a ray of singular points with Hausdorff dimension at least 1. However,
since I' = &, this is not possible. O

This gives a nice characterization of regular points, similar to the case of harmonic maps,
y € reg(f) < Every tangent map at y is constant.

The following compactness result is immediate.

Corollary 8. Let (M, g) be an oriented Riemannian 3-manifold. Let { f;}5°, a sequence of
smooth Fueter sections of a hyperkdhler bundle X — M with bounded energy, where X does not
contain any holomorphic or —Z-tri-holomorphic sphere. Let f;(M) C C for a compact subset
C C X. There exists a section f, which after passing to a subsequence, f; — f in C°.(M).

loc

Holomorphic maps between kéhler manifolds are harmonic. There is an analogous statement
for I-triholomorphic maps.

Theorem 30. Z-tr-holomorphic maps — and —Z-tr-holomorphic maps — are harmonic.

Proof. For a point z € S? and complex structure I(z) on X, we have
Vdf(X, I(x)Y) = Vxdf(I(z)Y) — df Vx (I(@)Y),
but since at the point z € S2, f is I(z)-holomorphic,
Vdf(X,jY)=1(z)Vdf(X,Y),
where j is the complex structure on S2. Moreover, since Vdf is a symmetric tensor we have
Vdf(jX,jY) = —-Vdf(X,Y).

Let Oz and Oy = jOx be a local orthonormal frame at 2 € S2. Let 7(f) denote the tension field
of f atx,

7(f) = trace(Vdf) = Vdf (0x,0x) + Vdf (0y, 0y) = Vdf (0z,0zx) + Vdf (jox,djx) = 0,
and therefore, f is harmonic. U

Theorem 31. The image of a Z-tri-holomorphic sphere — and a —ZL-tri-holomorphic sphere —
inside a hyperkdhler manifold X is a minimal sphere.
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Proof. Any harmonic map f : CP' — X is conformal, and therefore, Z-tri-holomorphic spheres
are conformal too. The image of such a harmonic, conformal map is a minimal surface. O

This shows the existence of non-removable singularities in the singular locus of the limiting
Fueter section implies the existence of minimal spheres in the target hyperkidhler manifold. This
motivates the study of minimal spheres in hyperkéhler manifolds.

3.5.3 Minimal Spheres in Hyperkihler Manifolds

The previous section gives us a motivation to study minimal spheres in hyperkdhler manifolds —
especially in the moduli spaces of monopoles — which are not image of a holomorphic curve,
since the Z-tri-holomorphic maps are not holomorphic. We collect some of the basics facts
about these spheres here, which we will use in the next section, to rule out the existence of
non-removable singularities in certain cases.

Lemma 77. Let (X, gx,I,J, K) be a hyperkihler manifold. Let f : S* — X be a I-tri-
holomorphic map. Furthermore, suppose f : S?> — X is holomorphic with respect to a complex
structure Iy on X. Then f is a constant map.

Proof. Let j be the complex structure on S2. At each points = € S? we have
dof +Z(z)odofoj=0,  dof +Tpod,foj=0,
and therefore,
(Z(z) — Ip) odf o j =0 € Q°(S?, f*TX),
which implies df = 0 everywhere on S?, and therefore, f is constant. O

There is no closed minimal surface in the model hyperkihler manifolds H*. However, one
can study closed minimal surfaces in T** equipped with the hyperkihler structure induced from
HF. There is the following result of Micallef in this direction [72].

Theorem 32 (Micallef). Any area minimizing surface in a flat T* is holomorphic with respect to
a complex structure compatible with the given flat metric on T*.

The following theorem follows from the theorem above and the Lemma 77.
Corollary 9. There is no non-trivial Z-tri-holomorphic map f : S — T4

Remark 8. The Corollary 9 is compatible with the compactness theorem of [46] for Fueter maps
on a hyperkdihler bundle where the fiberes on modeled on a hyperkdiihler manifold (X, gx, I, J, K)
where X is compact and gx is flat, over an oriented Riemannian 3-manifold (M, g) which is a
quotient of S® by a finite subgroup of SU(2)

The case of K3 surfaces is different. Michallef and Wolfson, and later Foscolo showed
there exist hyperkihler metrics on the K 3-surfaces that admit a strictly stable minimal sphere
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which is not holomorphic with respect to any complex structure compatible with the metric. The
counterexamples of Foscolo are the images of Z-tri-holomorphic maps.

Another family of manifolds to consider are the ones constructed by Gibbons-Hawking
Ansatz. We will study these manifolds in more detail in Section 4.1.1.3. As we will see, all
compact minimal spheres in the multi-Eguchi-Hanson and multi-Taub-NUT are holomorphic.
This implies the following lemma.

Lemma 78. Let (X, gx, I, J, K) be a multi-Eguchi-Hanson or multi-Taub-NUT space. There is
no non-trivial I-tri-holomorphic map f : S* — X.

3.5.4 Minimal Surfaces in the Moduli Spaces of Monopoles

In this section, we study minimal surfaces in the moduli spaces of monopoles on R?, which
potentially can be a source of non-compactness of the spaces of Fueter sections on monopole
bundles. There are certain minimal spheres, called the axi-symmetric ones, in these moduli
spaces; however, we will show, because of topological reasons, these spheres cannot be a source
of non-compactness. Furthermore, we state a conjecture about the minimal surfaces in the moduli
spaces of monopoles on R? which, if true, will result in a compactness theorem.

One way of constructing minimal submanifolds in the moduli spaces of solutions to a gauge-
theoretic equation is to consider the solutions which are invariant under some group action and
have certain symmetries.

Example 14. For any given direction in R3, we can consider the solutions invariant under
rotation around this axis. These solutions are called axi-symmetric solutions. The space of
axi-symmetric solutions with charge k to the Bogomolny equation is a minimal RP? in the moduli
space of k-monopoles, or a minimal sphere in the universal cover of this space. In fact, as we
will see, this minimal sphere in the universal cover is image of a —Z-tri-holomorphic map.

In the case charge k = 2, it is proven by Tsai and Wang that this minimal sphere is the only
compact minimal surface inside the Atiyah-Hitchin space [93].

3.5.4.1 The Unique Minimal Sphere in the Atiyah-Hitchin Space

The moduli space of reduced 2-monopoles Mon) is the first non-trivial example of the moduli
spaces of reduced monopoles. About this 4-dimensional manifold we have 7; (MonJ) = Zs. Let

—~

Mong be the double cover of this space, called the Atiyh-Hitchin manifold. Any minimal surface

—~—

¥ C Mon) would lift to a minimal surface — potentially disconnected — S C Mon).

As shown by Atiyah and Hitchin this space has a minimal 2-sphere at its core [4]. In this
section, we review a theorem of Tsai and Wang which states this is the only minimal submanifold
of the Atiyah-Hitchin space.

Theorem 33 ([93]). Let X denote the minimal sphere of axi-symmetric solutions in the Atiyah-
Hitchin space. Then

* X is the only compact minimal surface in Mong.
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* Y is a calibrated, and therefore, it minimizes the area within its homology class.

* There is no compact, three-dimensional, minimal submanifold in Mong.

Sketch of the proof. A four dimensional manifold is hyperkéhler if and only if it is anti self-dual
Einstein. The group SO(3) acts on R3, and therefore, on the moduli spaces of monopoles. This
action preserves the L?-metric of the moduli space, and therefore, the Riemannian metric of the
Atiyah-Hitchin space. The Atiyah-Hitchin metric is an SO(3)-invariant anti self-dual Einstein
metric. Because of this SO(3) symmetry the partial differential equation for the metric reduces
to an ordinary differential equation.

By a theorem of Gibbons and Pope such a metric can be written as

d52 — er +a2(01)2+b2(02)2 _{_02(0_3)2‘

—_~—

The function r : Mon — R=Z? can be understood as a radius function on the Atiyah-Hithin
space. The minimal sphere ¥ is the zero section, ¥ = r~1(0). In fact, » measures the geodesic
distance from this minimal sphere.

Consider the map 72 : Mon) — R=Y. The restriction of this map to any minimal submanifold
N is subharmonic,

An(r) = tr(Hess(rﬁN)) >0,

Iv

and therefore, by the maximal principle, r? is constant on N. In particular, the Hessian of 72,
restricted to IV, vanishes, which implies r» = 0. L]

The following corollary is immediate.

Corollary 10. The minimal RP? of axi-symmetric solutions is the only minimal surface in Mon.

3.5.4.2 Minimal Spheres in the Moduli Spaces of Monopoles with Higher Charges

In this section, we state a conjecture regarding the minimal submanifolds of the moduli spaces
reduced k-monopoles, which generalizes the case of k = 2.

Theorem 34 (Atiyah-Hitchin [4]). For every charge k, the moduli space of axi-symmetric
solutions is a minimal RP? in Mong. It will pull back to copies of minimal S* or RP? in the
universal cover, depending on whether k is even or odd.

It is natural to ask the following question.

Question 79. Is there any compact minimal submanifold in the moduli spaces of centered
k-monopoles for k > 2?

The main difficulty in answering this question is the absence of radius function r, unlike the
case of charge 2-monopoles.
A slightly different approach to study these spheres stems from the twistorial description.
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3.5.5 A Twistorial Description of —Z-Tri-Holomorphic Maps

A standard method to study hyperkéhler manifolds is to use the twistororial description, introduced
by Roger Penrose [79], and more relevant to our setup in [45]. As we mentioned earlier, if
(X,9x,1,J,K) is a hyperkdhler manifold, then any (al + bJ + cK) is also a covariantly
constant complex structure, where a® + b? + ¢ = 1.

The twistor space Z associated to a 4k-dimensional hyperkihler manifold X is defined to be
- topologically - the product manifold X x S? with the almost complex structure

J1 = (al +bJ + cK, j),

at the point (z,a,b,c) € X x S2, where j is the standard complex structure on S2. We call this
complex structure, the standard complex structure of the twistor space. This complex structure is
integrable.

Theorem 35 (Atiyah-Hitchin-Singer). (Z, J1) is a complex manifold.

Proof can be found in [45, 5]
However, there is a non-standard almost complex structure defined on Z, introduced by Eells
and Salamon [23]. This almost complex structure on the twistor space is defined by

Jo = (—al —bJ — cK, I),

at each point (z, a, b, c) € X x S2. This almost complex structure is called the Eells-Salamon
complex structure [23]. These two complex structures are quite different. For instance, we have
the following theorem.

Theorem 36 (Eells-Salamon [23]). The almost complex structure Jo is never integrable.

As observed by Eells and Salamon, the twistor space equipped with this non-integrable
complex structure is quite suitable for studying the harmonic maps into the hyperkédhler manifold
X. It turns out the Eells-Salamon twistor space (Z, J2) gives a amenable description of —Z-
holomorphic maps into X, by considering their Gauss lift to Z.

Definition 60. Let (X, gx, I, J, K) be a 4k-dimensional hyperkihler manifold. Let Z = S? x X
be the Twistor space. Let g : S*> — X. Then the map § : S*> — Z defined by

9(x) := (z,9(x)),

is called the Gauss lift of g to the twistor space Z, which can be understood as a section of the
bundle Z — S?, or simply the graph of g.

The following theorem shows the relevance of the Eells-Salamon almost complex structure to
—Z-tri-holomorphic maps.

Theorem 37. Let (X, gx,1,J,K) be a hyperkihler manifold. The map g : S*> — X is a
—Z-tri-holomorphic map if and only if g is a Jo-holomorphic section of the twistor space Z.
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Proof. Lety = (a,b,c) € S? C R3. The theorem follows from
207,§ = dg + Jrodjoj = (0,dg —Todgoj)= (0,20 19).
U

Example 15. The theorem above can be used to construct Ja-holomorphic sections of Z — S2.
Letg:S?— Mon$ be the —I-holomorphic parametrization of the axi-symmetric solutions. § is
a Ja-holomorphic section of the twistor space Z = S? x Mon9 — S

The twistor space can be defined for any oriented Riemannian 4-manifold X. The Grassmann
bundle of 2-planes Z = Gr2(TX) over X is a vector bundle whose fiber at the point z € X is

the space of real oriented two dimensional subspaces in 7, X, denoted by G'ro(7,, X ), which is
the double cover of Gry (T, X ). Note that w1 (Gra(T X)) = Zo.
The Hodge star operator * : A2T'X — A?T X give rise to a decomposition

NTX = N2TX © A’ TX.
Let
Si = S(AITX),
be the corresponding unit 2-sphere bundles over X. We have the following bundle isomorphism
Gro(TX) =25, x S_.

The bundle S_ generalizes the twistor bundle Z we constructed above for hyperkéhler 4-manifolds
to general oriented Riemannian 4-manifolds. The almost complex structure 7> can be generalized
to S_ [23]. We have projection maps

T+ @ é\;“g(TX) — S:t.

For any map g : S — X, let§: S? — @‘2 (T'X) be the corresponding Gauss lift. We can
define subsidiary Gauss lifts g4 : S? — Sy,

g+ =T+ 0Qg.

Theorem 38. [Eells-Salamon [23]] Let (X, gx ) be an oriented Riemannian 4-manifold. The
correspondences

g—9, g—9,

are bijective correspondences between non-constant conformal harmonic maps g : S*> — X and
non-trivial Ja-holomorphic spheres gy : S* — S4.

This theorem gives another argument for the following fact, which we can encountered before.

144



Corollary 11. Ler (X, gx, 1, J, K) be a 4k-dimensional hyperkdhler manifold. The image of a
—TI-tri-holomorphic map g : S* — X is minimal sphere.

Proof. Let f : S? — X be a —Z-tri-holomorphic map. Its Gauss lift § is a J>-holomorphic
section of S_ — S2, and by the theorem above, g itself is a conformal harmonic map, and
therefore, its image in X is a minimal sphere. 0

3.5.5.1 Non-Removable Singularities and the Topology of the Moduli Spaces of Monopoles

In order to completely rule out the existence of the non-removable singularities for a sequence
of Fueter sections of a bundle with fiber MonJ, we should show the minimal sphere of the
axi-symmetric solutions, which is in fact an RP? Mon), wouldn’t appear as the image of a
tangent map of a Fueter section at any point.

Theorem 39. Ler (M, g) be an oriented Riemannian 3-manifold. Let { f;}5°, be a sequence of
smooth Fueter sections of a monopole bundle X — M, with fibers modeled on Mon%. Moreover,
suppose f; — fin C2°(M \ {y}), where f has a non-removable singularity aty € M. The

loc
minimal RP? Mon% of the axi-symmetric k-monopoles cannot appear as the image of a tangent
map of the section f at the point y.

Proof. Let{s;}°, be a sequence of positive numbers, where s; — 0. Let
jIi=1 q p J

fy,Sj : BO(Ty) CR’— X, fy,sj (l‘) = f(y + S]'x)’

be a sequence of re-scalings of f. Then the sequence { f; s, };";1, assuming the Assumption 1,
converges to a radially invariant map (,,, which can be restricted to .S 2 C R3to get

0y R3\ S, — X, (3.5.7)

for a closed rectifiable subset S; , C R? with Hausdorff dimension less than 1.
For each smooth Fueter section f;, let

fi,y,Sj : BO(ry) C R? — X, f’i,y,Sj (33) = fz(y + Sjl')y

be a sequence of re-scaled sections. Then for each i the sequence { f; ;s };";1 converges to a map
¢i,y>» which is radially invariant, and therefore, we can define

Giy  RP\ S;y — Xy (3.5.8)

for a closed rectifiable subset .S; , C R3 with Hausdorff dimension less than 1.
For each j, the sequence {f;y s, }521 — fy,s;, in Cpn(M \ Sy s;) for a closed rectifiable

loc
subset Sy s ; C M with Hausdorff dimension less than 1, and therefore,

Yiy = @y, In CZ%OC(RB \ 9),

for a closed rectifiable subset S C R? with Hausdorff dimension less than 1.
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The maps ¢; , and ¢, are —Z-tri-holomorphic spheres in Mon,%. However, since each map
fi, and therefore, fi,wj is smooth and the image of @i,y(B?’) is contractible in Mong. Since
Yiy — py in CR2(R3\ S), the subset ¢, (B?) is also contractible in Mon{. However, the
minimal RP? of axi-symmetric solutions is non-trivial in second homology, and therefore, it can’t
be the image of the map . O

Corollary 12. The minimal spheres of axi-symmetric solutions is not a source of non-compactness.

In fact, we expect there would not be any minimal sphere in the moduli spaces of centered
monopoles which can be a source of non-compactness.

Conjecture 6. There is no minimal sphere % in the universal cover of the moduli space of
centered k-monopoles which is trivial in the second homology.

Conjecture 7. Let (M, g) be an oriented Riemannian 3- or 4-manifold. Let { f; }2° be a sequence
of smooth Fueter sections of a monopole hyperkdhler bundle X — M, with fibers modeled on
the moduli space of centered k-monopoles on R3, such that f;(M) C C for a compact subset
C C X, and with bounded energy E(f;) < C., for a constant C.. Then there exists a Fueter
section f € I'(M, X), such that f;; — f in C>°(M), for a subsequence { f; }.

We finish this section with another conjecture. Throughout this section we assumed there is
bound on the energy of the Fueter sections, since it is not a topological quantity in the case of
Fueter sections. However, we expect that this assumption is not necessary.

Conjecture 8. There exists a uniform bound on the energy of a sequence of Fueter sections of
the monopole bundles, when their images are in a compact subset of the bundle.

3.6 Divergence to Infinity

Another source of the non-compactness, which we mostly ignored in this writing, is the potential
divergence of the Fueter sections to infinity. The moduli spaces of centered charge 2 SU(2)-
monopoles is asymptotically (R? x S')/Zs. We can start by considering the Fueter sections to
(R3 x S1) /74 as the model space at infinity. Motivated by the study of monopoles on Calabi-Yau
3-folds, we would consider the case where the hyperkéhler bundle is defined by

X=T*MxU(1) = M,

where (M, g) is an oriented Riemannian 3-manifold, X equipped with the connection obtained
from both the Levi-Civita connection on 7 M and the trivial connection on the trivial U(1)-
bundle above M.

Let f = (a,¢) € I'(X) is Fueter section of this bundle, where a is a 1-form on M and ¢ a
function ¢ : M — U(1). The Fueter equation reads as

xda = do,

which is a U(1)-Bogomolny equation on M.
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As we have observed before, assuming (a, ¢) is a smooth monopole, we have ¢ = ¢ for
a constant ¢ € R and a is a closed 1-form. In particular, in the case where M is a homology
3-sphere a = df, and therefore, up to gauge this equation has only a trivial solution.

The study of the singular cases, and the case of monopoles with higher charges is necessary
for resolving the compactness problems completely; however, we will not follow this direction
any further here.
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Chapter 4

On the Donaldson-Scaduto Calibrated
Submanifolds

Donaldson proposed the possibility of studying Ga-manifolds from the viewpoint of coassociative
fibrations and the adiabatic limit, where the diameters of the fibers shrink to zero [14]. In particular,
it is expected that this approach would be helpful in the study of the following two fundamental
problems:

* determining when a compact oriented smooth 7-dimensional manifold admits an integrable
Go-structure;

* understanding the formation of singularities and corresponding failure of compactness
in the counting problems in order to define invariants of (Go-manifolds, using instantons,
monopoles, associative and coassociative submanifolds.

The adiabatic picture led Donaldson and Scaduto to conjecture the existence of certain associative
submanifolds in G9-manifolds with a coassociative K 3-fibration near the adiabatic limit [20].

Conjecture 9 (Donaldson-Scaduto). Let X be the smooth 4-manifold underlying any complex
K3-surface. Let oy, as and az be —2 classes on X such that oy + ag + a3 = 0. Let
H C H*(X,R) = R3' be a maximal positive subspace H = R3. Let v; be the projection of
«; to H. Then there is an associative submanifold P C X x R3 with three ends asymptotic to
cylinders ¥; x R w;, where X; is a 2-sphere representing o; with respect to the complex structure
defined by v;. The associative submanifold P is unique up to translations in R>,

As explained in [20], one can consider the non-compact manifold obtained as resolution of
the As-singularity, which can be emebedded in the K 3-manifold. This non-compact hyperkahler
4-manifold can be described using the Gibbons-Hawking Ansatz. This results in a similar
conjecture involving the multi-Eguchi-Hanson spaces.

In this chapter, we propose a strategy to prove the Donaldson-Scaduto conjecture and take
several steps in that direction.
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4.1 The Preliminaries

In the this section, we set up the basics to explain, motivate and study this conjecture. We start by
reviewing the basics of the geometry of calibrated submanifolds and their deformation. For more
detailed introduction to the subject consult with [40, 71, 69, 56, 66].

4.1.1 Calibrated Geometry

A classical topic in Riemannian geometry is the study of minimal submanifolds in a given
Riemannian manifold. For instance geodesics on Riemann surfaces, minimal surfaces in 3-
dimensional Riemannian manifolds, and complex curves in Kéhler manifolds are among the most
well-studied ones. Information about minimal submanifolds of a Riemannian manifold can help
us in understanding the geometry of the ambient manifold.

Motivated by complex submanifolds in Kidhler manifolds, Harvey and Lawson introduced a
special class of minimal submanifolds, called the calibrated submanifolds [40]. These minimal
submanifolds are defined by a first order partial differential equation, which is easier to analyze
that a general minimal submanifold, which is described by a second order partial differential
equation.

Calibrated geometry is closely related to the theory of manifolds with special holonomy
groups. In fact, there are natural classes of calibrations and calibrated submanifolds in manifold
with special holonomy groups. Moreover, these submanifolds play an important role in the study
of gauge theories over manifolds with special holonomy groups.

Definition 61 (Calibrated Submanifold). Let (M, g) be a Riemannian manifold. Let ¢ € QF(M)
be a closed k-form. ¢ is called a calibration on M if for every x € M and every oriented
k-dimensional vector subspace V' C T, M equipped with the induced Euclidean metric gy, we
have

where voly is the induced volume form on 'V associated to gy .
Let N C M be an oriented k-dimensional submanifold. N is called a calibrated submanifold
if for every x € N

¢‘TIN = UOleN.
In other words, for each x € N, T, N is a calibrated k-plane with respect to ¢.

Calibrated submanifolds are minimal. Recall that minimal submanifolds are critical points
of the volume functional, and they are not necessarily volume minimizers. The minimal sub-
manifolds can even be the maximizers of the volume functional; however, compact calibrated
submanifold are the volume minimizers in their homology class.

The prototypical and motivating examples of calibrated submanifolds appear in Kihler
manifolds.
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Example 16. Let (M, g,w) be a Kihler manifold. 2k-form w* /! is a calibration on M and
calibrated submanifolds with respect to this form are the complex k-dimensional submanifolds,
and therefore, compact complex submanifolds of Kdhler manifolds are volume minimizing in
their homology class.

4.1.1.1 Special Lagrangians

The relevance of calibrated geometry to the geometry of Calabi-Yau manifolds follows from the
following.

Definition 62 (Special Lagrangian). Let (Z, g,w, ) be a Calabi-Yau n-fold. Real-valued differ-
ential n-forms

Re (€”Q)) = cos § Re(Q) — sin § Im(9),

are calibrations on Z, where € is called the phase of the calibration. Let L. C Z be an

n-dimensional oriented submanifold. L is called a special Lagrangian with phase €' if L is
calibrated with respect to the form Re (er). If we do not explicitly state the phase of the special
Lagrangian, it is assumed that § = 0.

There is a different characterization of the special Lagrangians which is quite useful, and also
explains the etymology of the denomination of the special Lagrangian submanifolds.

Lemma 80. Let (Z, g,w, Q) be a Calabi-Yau n-fold. Let L C Z be an n-dimensional oriented
submanifold. L is a special Lagrangian if and only if

w,=0 and ImQ, =0. 4.1.1)

The first condition asserts that L is a Lagrangian submanifold, and the second condition implies
L is a special one.

We start by considering the linear model.

4.1.1.2 Special Lagrangians in C2
Let Z = C™ with the Calabi-Yau structure

g:\d21\2+...+|dzn|2, w:%(dzl/\dil—l-...—i—dznAdEn) and Q=dxn A...Ndz,.

The Calabi-Yau structure on C2 in real coordinates (x1,y1,22,y2) on R* = C2, where z; =
x1 + 4y1 and zo = xo + 1Yo, takes the form

g :dx% + dy% + d:c% + dy%, w =dx1 A dy; + dza A dya,
Re(Q) =dxy ANdxe —dyy ANdys and  Im(Q) = dxy A dys + dyi A dxs.
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A 2-dimensional submanifold L. C C? is special Lagrangian if and only if

(w—iIm(Q2))), = 0.

L

Following Joyce [55], if we introduce the complex variables
wy =1 +ix2, w2 =y — Y2,
we can see
w —1ImQ = dwy A dws,
and therefore, the condition of being special Lagrangian translates into
(dwy A dwz), = 0.

However, this is equivalent to L being holomorphic with respect to the integrable almost complex
structure .J, defined by

0 0 0 0

) =g G =

J Iy 2
( oy )

This is called a hyperkihler rotation. Note that C? = H can be understood as a Calabi-Yau 2-fold
and also as a hyperkidhler 4-manifold. In fact, since the calibrated condition consists of equations
in the linear algebra level, this observation extends to all hyperkéhler 4-manifolds.

C?2 can be considered as a special case of a more general family of hyperkihler 4-manifolds
with a U (1)-symmetry, discovered by Gibbons and Hawking [37], which we also saw earlier in
chapter 3.

4.1.1.3 The Gibbons-Hawking Ansatz

The Gibbons-Hawking Ansatz describes a system of coordinates on a family of hyperkéhler

4-manifolds with a U (1)-symmetry, in terms of a positive harmonic function defined on an open
subset of R3.

Definition 63 (The Gibbons—Hawking Ansatz). Let U C R? be an open subset with coordinates
uy,u2 and us. Let py,...,p, be n distinct points in U. Letm : X — U\ {p1,...,pn} bea
principal U (1)-bundle. Let t be the coordinate along the fibers, normalized to have period 2,
with Ot the corresponding vector field of the S'-action, § a connection 1-form on X such that
0(0t) = 1. Let 0y = 2i Let [3 be the curvature 2-form defined by df = 7* () and V : U — R

"
a positive harmonic real-valued function such that

1
dV = —0.
¥ 2mﬂ
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X can be equipped with a hyperkdhler structure, given by the Riemannian metric

3
gx =V > _dui + V65,

i=1
the Kdhler forms wi,ws,ws, and corresponding integrable almost complex structures I, J and
K given by
w1 = duq A0y + Vdug A dug, wo = dug A b0y+ Vdug A duq,
w3 = dug N 0y + Vduq N dus,

I(d’u,g) = —dU3, I(dul) = —%d@g, J(du?,) = —dul, J(dUQ) = —%d@o,
K(dul) = —dUQ, K(dU3) = —%d@o.

Furthermore, the U(1)-action is symplectic and Hamiltonian with respect to each symplectic
form, with the moment maps w1, us and u3. The map p : X — R> defined by i = (u1, uz, u3) is
the hyperkdiihler moment map of the U (1)-action on X.

The Calabi-Yau structure on this space is given by the metrig gx mentioned above, holomor-
phic volume form ) and the kiihler 2-form w,

Q= w; —iwy = (0 +iVdus) A (duy — idug), W = ws.
Note that
QAQ =203
Example 17 (Multi-Eguchi-Hanson Spaces). Let U = R3\ {0}. Let V : U — R be the function

defined by

1

V(z) = W

Then X = R*\ {0} with the Euclidean metric g which can be extended over the origin 0 € R*
to get X = R4
Let U = R3\ {p, q}, where p # q. Let V : U — R be the function given by

1 1

Vv = .
@)= e —a T Il =4

This metric on X extends smoothly to the points 1~ (p) and m='(q). The resulting hyperkihler
manifold X is called the Eguchi-Hanson space, which is in fact T*S?. The Eguchi—Hanson
metric is ALE (asymptotically locally Euclidean), asymptotic to the flat metric on R* /7.

Let U = R3\ {p1,...,pn} for distinct points py,...,pn. Let V : U — R be the function
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defined by

n

1
Viz) = Z At|lw — pi|

i=1

This metric on X, similar to the previous cases, extends smoothly to the points w1 (p;). The re-
sulting hyperkdhler manifold X is called a multi-Eguchi-Hanson space. A multi-Eguchi—Hanson
metric is ALE, asymptotic to the Euclidean metric on R*/Z,,.

Example 18 (Multi-Taub-NUT Spaces). Let m > 0. Let U = R3\ {0}. Let V : U — R be the
function defined by

1

dr|x|

V(z)=m+

The metric g on X extends smoothly over m=*(0). The resulting space is topologically R*, but
with a different metric, called the Taub-NUT metric. The Taub-NUT metric is ALF (asymptotically
locally flat), asymptotic to the product metric on R3 x S*.

Letm > 0. Let U = R3\ {p1, ..., pn} for distinct points p1, . .. ,pn. Let V : U — R be the
function defined by

- 1
i=1

—pil
This metric on X extends smoothly over the isolated points =1 (p;). The resulting hyperkdihler
manifold X is called a multi-Taub-NUT space. Multi-Taub—-NUT metrics are ALF.
4.1.1.4 Special Lagrangians in the Gibbons-Hawking Spaces

We start by considering closed special Lagrangians in the Gibbons-Hawking spaces. By the
maximal principle there is no closed minimal submanifold in R™, and therefore, there is no closed
special Lagrangian in R*. A similar result holds for the Taub-NUT space. For a proof of the
following lemma consult with [67].

Lemma 81. There is no closed minimal submanifold in the Taub-NUT space.

There are compact holomorphic spheres, and therefore, special Lagrangians, in the multi-
Eguchi Hanson and the multi-Taub-NUT spaces.

Lemma 82. We have the following,

o The zero section S? inside the Eguchi-Hanson space T*S? is a minimal surface, a holo-
morphic sphere with respect to the complex structure specified by the direction of the vector
connecting q to p in the Gibbons-Hawking construction.
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s The 2-sphere w=([p;, p;]) in the multi-Eguchi-Hanson or the multi-Taub-NUT spaces,
where [p;, pj] is the line segment connecting p; to p; in R3, is a minimal sphere, holomor-
phic with respect to the complex structure specified by the direction of the vector connecting

p; to Dj-
The proofs are straightforward.
One can consider the special Lagrangians in the Gibbons-Hawking spaces which are in-
variant under the U (1)-action. The following theorem shows the significance of these special
Lagrangians.

Theorem 40 (Trinca [92]). Let (X, g) be a multi-Eguchi-Hanson or a multi-Taub-NUT space
with a harmonic function with two singular points. Then, compact minimal submanifolds are
U (1)-invariant or are contained in the unique U (1)-invariant compact minimal surface.

There are also complete non-compact U (1)-invariant special Lagrangians in the Gibbons-
Hawking spaces.

Lemma 83. U(1)-invariant special Lagrangian fibrations with singularities of the Gibbons-
Hawking spaces, with respect to w1, are given by the following equations,

uyp = ¢,

Uz = €2,
for constants ¢y and cs.
Proof. The U(1)-action on X is symplectic with respect to w;. In fact, it is Hamiltonian, with
the moment map p; : X — u(1)* = R,

M1 = Uz.

The U (1)-invariant special Lagrangians are in the level sets of the moment map; i.e., for any
U (1)-invariant special Lagrangian L, there exists ¢; € R such that L C ufl(cl),

M1 = U1 = Cq.

Let v be the vector field associated to the infinitesimal action of 1 € R. L is a U(1)-invariant
special submanifold, and therefore, ¢, Im(£2, ) = 0.

20, Im (82, ) = dug = 0,

and therefore, ug = co, for a constant cs.
Sending each of these special Lagrangians to (c1, ¢2), we get a U(1)-invariant special La-
grangian fibration with singularities of a Gibbons-Hawking space over R?. O

In the Taub-NUT case, these special Lagrangians are asymptotically conical. If (¢1, c2) #
(0,0) they are topologically cylinder S' x R, and if (c1, o) = (0,0), it is cone on S'. More
generally, in the multi-Taub-NUT case, these special Lagrangians are topologically cylinders
with some meridians each to a point.
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4.1.1.5 U(1)-Invariant Special Lagrangians in C3

Relevant to Donaldson-Scaduto’s conjecture are U (1)-invariant special Lagrangian submanifolds
in certain Calabi-Yau 3-folds. One can first consider the linear case. U(1)-invariant special
Lagrangians in C? have been studied by Joyce [50, 52, 51].

Let U(1) act on C3 by

0

e . (21,20, 23) = (€¥21,e7 ¥ 2y, 23) fore? € U(1).

Let L C C3 be a U(1)-invariant special Lagrangian. Locally L can be written as
L= {(z1,2,23) € C3| Im(23) = u(Re(z3),Im(2122)),
Re(z122) = v(Re(z3),Im(2122)), |21]* — | 20| = 2a},
where a € R and u, v : R? — R satisfy a non-linear Cauchy-Riemann equation,

8“ 81) 8'1) 2 2 2 1
_— = — — =2
or Oy’ Ox (v Fy"+a%)?

du
oy’

Joyce studied the existence, uniqueness and regularity properties of these special Lagrangians.
The Donaldson-Scaduto special Lagrangians, which we will study in this chapter, can be under-

stood as a non-linear generalization of this problem, where C? in C3 = C2? x C is replaced by a
non-linear hyperkéhler 4-manifold with a U (1)-action.

4.1.1.6 Deformation of Compact Special Lagrangian Submanifolds

Let L be a compact special Lagrangian submanifold of a Calabi-Yau n-fold M. McLean showed
that the moduli space of nearby special Lagrangians is a smooth manifold with dimension b' (L)
[71].

In McLean’s theorem, the Calabi-Yau structure of the ambient Calabi-Yau manifold M is
fixed. One can consider the case where the Calabi-Yau structure can change too. The detailed
proof can be found in Marshal’s thesis [69]. We sketch an almost identical but slightly different
proof here, in the case n = 3, which is more suitable for our needs.

Theorem 41 (McLean [71, 69]). Let M be a smooth 2n-dimensional manifold and (g(p),w(p), 2(p))
a smooth family of Calabi-Yau structures on M, parameterised by p € R™. Let L C M be

a closed submanifold which is special Lagrangian with respect to the Calabi-Yau structure
(9(0),w(0),£(0)) on M. Moreover, suppose [w(p), ] = 0 = [Q(p), ] in Hjr(L,R) for all

p € R™. Then there exist an open subset W C R™ containing 0, and a family of smooth
manifolds M, for all p € W, each with dimension b* (L) such that for each p € W, the smooth
manifold M, is the moduli space of smooth submanifolds near L which are special Lagrangian
with respect to (g(p),w(p), Q(p)). Moreover, the parametrized moduli space

Mp =UpewMyp, ={(p,L¢) | p € W and Lg is a smooth special Lagrangian submanifold
with respect to (g(p),w(p), 2(p)) near L},
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is a smooth manifold with dimension b* (L) + m.
For simplicity, here we only prove the case where the Calabi-Yau structure is fixed and n = 3.
Proof. Let f : L — M be an embedding of a compact special Lagrangian L. We have
ffIm(Q) =0 = frw.

Let by : T'L — T™L be the bundle isomorphism between vector fields and 1-forms on L,
defined using the pull-back of the Riemannian metric g to L. Let v(L) — L be the normal
bundle of L in M. Let U be a small tubular neighbourhoods of L in M, identified with a small
neighbourhood of the zero section in the normal bundle, still denoted by U. Let

URP = {€ e WFP(u(L)) | &(z) € U forall z € L},

fork > 0andp > 1.
Note that since L is a special Lagrangian we have the bundle isomorphisms

J:v(L)—=TL, bgoJ:v(L)— T*L.
Let U = b, 0 J(U) and
URP = {n e WEP(T*L) | n(z) € U forall z € L},

fork > 0andp > 1.
For any n € U, let f;, : L — M be the deformation map defined by

Fa(2) = expp() ((bg 0 J) 7 (112)).-

fn(L) is an embedding of L homotopic to f(L), when 7 is sufficiently small. Moreover, any
nearby submanifold homotopic to L can be presented in such a way.
Let G : U — Q°(L) ® Q?(L) be the map defined by

G(n) = =f, () + f(w).

fn(L) is a special Lagrangian if and only if G(n) = 0. In order to show that the zero set of G
forms a manifold, we should use the inverse function theorem, and therefore, we should set up
the map G between the suitable Banach spaces. Let

G : UM 5 WEP(ANT L)) @ WHP(A*(T*L)),  G(n) = #f5(Q) + f(w).
However, note that
doG : WFTLP(AY(T*L)) — WRP(AY(T*L)) @ WHP(A%(T*L)),

is not elliptic, and therefore, not Fredholm. This can be seen by looking at the rank of the domain
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and target spaces, which are not equal,
rank(WFTSP(AYT* L)) =3,  rank(WPP(AYT*L)) @ WHP(A2(T*L))) =1 + 3 = 4.

To resolve this problem, let

F UM @ WHLP(A3(T* L)) — WRP(AY(T* L)) @ WrEP(A%(T*L)),
be the map defined by
F(n,x) = G(n) +d"x.

Note that if F'(n, x) = G(n) + d*x = 0, then

X172 = (d*x, d*x) 2 = —(G(n), d*X) 2 = —(dG(n), X) 2 = —(dfy; (@), X) > = 0.

This shows F'(n,x) = 0 implies d*x = 0, and therefore, x = Cvoly, for a constant C' € R,
which shows

F710) = G7Y0) x H3(L,R).
The linearized map
doo)F - WHLP(A(T L)) & WP (AT L)) - WHP(AY(T* L)) & WP (AX(T* L)),
is given by
do,0)F (1, x) = (d +d*)(n+ X),

which is elliptic, and since L is compact, it is Fredholm.
Let

V= (d+d)WHP(ANTL)) @ WHIP(ANTL))) € WEP(AY(T*L)) & WHP(AX(T*L)).
By the Hodge decomposition theorem,
WHEP(AYT*L)) @ WHP(A2(T*L)) =V @ H(L) @ H*(L),

where H°(L) and H?(L) are constant functions and harmonic 2-forms on L, respectively. In
fact, by the Hodge decomposition theorem, V is the Banach subspace of W*P(A°(T*L)) &
WHP(A2(T*L)) which is L?-orthogonal to H°(L) & H2(L).

The next step is to show Image(F') C V, which is proposition 3.18 in [69]. To see this, note
that = f (Q) and I (w) are co-closed and closed, respectively. Moreover, since the maps f and
[r are homotopic, we have

[fa(W)] =[f(@)]=0 and [f()] = [F()] =0,
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and therefore,
#fp(Q) =d*a; and  fp(w) = da,
for some a1, ap € Q(L). Moreover, since d* a1, day € WETLP(AL(T*L)), we can take
a1, ap € WHHLP(AL(T*L)).
Furthermore, we have
d.0)F(WFHP(AN(T*L)) & WHHIP(A3(T*L))) = V.
This means there is a solutions p € W*+1P(AL(T*L)) to the equation
(d* + d)np = d*oq + das,

for a1, g € WHTLP(AY(T* L)), which is theorem 3.15 in [69].
Moreover,

(n,x) € ker(d)F) <= d'n=0 and dn+d*x =0.
Note that if dn + d*x =0
1" X172 = ("X, d*X) 2 = —{dn, d*X) 12 = 0,

and therefore, dn = d*n = d*x = 0, which since L is compact, n and x are harmonic 1-form
and 3-form, respectively.

ker(dooF) =H' (L) & H*(L),

and therefore, dim ker(d(g 0 F') = b* (L) +b*(L) = b'(L) + 1. Moreover, To M, = ker(doG),
thus dim To M, = bY(L). O

This can be used to compute the index of the operator F'.

Corollary 13. Let (M, g,w,Q) be a Calabi-Yau 3-fold and L. C M a compact special La-
grangian submanifold. Let

F UMY @ WHLP(A3(T* L)) — WRP(AY(T*L)) @ WrEP(A%(T*L)),
F(n,x) = =f,() + f(w) + d"x.

we have index o) F = 0.
Proof. We have the linearized map

d,o)F : WFHYP(ANT*L)) & WHEP(A3(T*L)) — WHP(AY(T*L)) & WHP(A*(T*L)).

158



The cokernel can be identified with the L?-orthogonal complement of the image, and therefore,
ker(d o F) =H' ®H?,  coker(doF) =H’ & H>.

Therefore, dim ker(d(g 0)F) = b*(L) + b*(L) and dim coker(d g o) F') = b°(L) + b*(L), and
therefore, by the Poincaré duality,

index do o) F = (b"(L) + b*(L)) — (0°(L) + b*(L)) = 0.

4.2 Donaldson-Scaduto Calibrated Submanifolds

In this section, we give the definition of the asymptotically cylindrical calibrated submanifolds,
which their existence has been conjectured by Donaldson and Scaduto.

4.2.0.1 Donaldson-Scaduto Special Lagrangians

There exists a Calabi-Yau version of the Donaldson-Scaduto conjecture for special Lagrangians
in X x C for a hyperkihler 4-manifold X. We start by setting up the basics to define the
asymptotically cylindrical special Lagrangians, which appear in this version of the Donaldson-
Scaduto conjecture.

Let (X, gx, I, J, K) be a 4-dimensional hyperkihler manifold with Kéhler structures wi, wo
and w3, corresponding to the complex structures I, J and K, respectively. Let Z = X x C =
X x R? be the 6-dimensional manifold equipped with the Calabi-Yau-structure given by

gz = gx +dr @ dr + dy ® dy, w=ws+drAdy
Q= (w1 — iw2) A (dz + idy), 4.2.1)
where 2 and y denotes the coordinates on R2.
Suppose there is a non-trivial U(1)-action on X. We extend this action to Z by letting
U(1) act trivially on R2. In this section, we are interested in asymptotically cylindrical special
submanifolds in Z which are invariant under this U (1)-action. Here, we assume (X, gx, I, J, K)

is given by the Gibbons-Hawking construction, for instance X can be a multi-Taub-NUT or a
multi-Eguchi-Hanson space, with the harmonic function given by

1

V(u) =m+ ; prp—

for points {p1,...,pn} C R3, n >3 and m > 0. For simplicity assume
{p1,...,pn} C R? x {0} C R®. 4.2.2)

In this section, of special interest is the case n = 3. In this case, the condition 4.2.2 holds for a
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suitable choice of R? inside R3.

Consider the n minimal 2-spheres ¥; ;11 = 7 [p;, pi+1] C X, which generate Ha(X).
The sphere Y; ; = 7 pi, pjl, @ # j, is holomorphic with respect to the complex structure
al 4+ bJ 4 cK where

(a,b,c) = Pi7 DB ¢ g2 RS,
lpi — pjl

Let the vectors v 2,v233, ..., vp1 € R? be defined by
vi; = (pi — pj) € R? x {0} C R%.
Let vf ; be the straight line defined by vf ; = ¢ + Ru; ; forany c € R? x {0} C R3. Let
L§; =5 x (vf;) C X xR,

fori # j.

Lemma 84. The cylindrical submanifolds L; ; C Z are U (1)-invariant special Lagrangians in
X x C with respect to the Calabi-Yau structure defined in 4.2.1.

Proof. Any set of the form 7~1(A), including 7~ *[p;, p;], is invariant under the U(1)-action on
X, and therefore, L7 ; is invariant under the U (1)-action on Z.

First we show L7 ; is a Lagrangian submanifold. Let (z,t) € ¥; j x (Rv; ;). Let w; ; be the
unique lift of the vector p; —p; € R? to the point z € X such that dr. (w; ;) = p; —p; € Tr()R3.

T(z,t)ng,j = <6t, ’U)Z‘J’, Ui,j>-
Recall that w = dug A 6y + Vduy A dus + dz A dy. We have w(v; j,w; ;) = 0. Moreover,
w(0t, w; j) = —duz(w; ;) =0, and w(0t,v;;) = —dug(vij;) =0,

since p; and p; are in R? x {0}, and therefore, L7 ; is a Lagrangian submanifold.
Second we show L7 ; is a special submanifold. We have

1
Im(Q2) = 59 A (—durdy + dugdz) — mVduz A (durdx + duady).
Let v; j = (a,b,0), and therefore, w; j; = (u1, u2,u3,0t) = (a,b,0,0),
1 1
Im(Q)(9¢, wij, vij) = 5 (=dur(wij)dy(vis) + dur(wi)dy(vis)) = 5(~ab+ab) =0,

and therefore, it is a special Lagrangian. 0

More generally, we are interested in the asymptotically cylindrical special Lagrangians
in X x C. Asymptotically cylindrical special Lagrangians can be defined in asymptotically

160



cylindrical Calabi-Yau manifolds; however, here we consider the case where the ambient Calabi-
Yau manifold is cylindrical in certain directions. Our definition is different from the usual one,
since in the common definition the ambient manifold is asymptotically cylindrical, for instance
asymptotic to the Calabi-Yau 3-fold K3 x S! x R, and the asymptotes of the special Lagrangian
submanifolds are assumed to be in the same direction, whereas here different ends of the special
Lagrangian can go towards infinity in different directions.

Definition 64 (Asymptotically Cylindrical Special Lagrangian in X x C). Let (X, gx, w1, w2, w3)
be a hyperkiihler 4-manifold. Let (Z, g,w, Y) be the Calabi-Yau 3-fold where Z = X X R%y and

gz = gx +dx @ dr + dy ® dy, w=uws+drANdy 4.2.3)
Q= (w1 —iw2) A (dx + idy). 4.2.4)

Let lf be any half-line in Riy. Let 3; C X be a complex curve in X, holomorphic with
respec to the complex structure on X specified by the unit vector in the direction of lj. Let
L; =% X lj C X x C be the resulting cylindrical special Lagrangian in Z. Moreover, let
t; : Ly — R be a radius function which measure the distance on L; from a fixed point. Let
Ly,..., L, be a number of two by two disjoint special Lagrangians of the form described above.

A connected, complete special Lagrangian L C Z is called asymptotically cylindrical special
Lagrangian, asymptotic to L1, . .., L, in directions lf‘, <., [T with decay rate B, . . ., B, <0,
if there exists a compact subset L' C L, normal vectors field vy, ...,v, on Ly, ..., L, where
t; > R for a sufficiently large R > 0 and all i € {1,...,n}, and a diffeomorphism

®: (LNt (R, +00))U...U(Ly Nt (R, +00))) = L\ L',

such that the following diagram commutes,

(L1 N 7Y (R, +00)) U... U (L, N, (R, 4+00))) —2— L\ L

\Lexpv1 @...Pexp,,, l

X xC rd X xC

where for each i,
[VEvi| = O(e),

on (L;Nt; Y (R, +00)) forall k € {0,1,2,...}.

As we go towards infinity in different directions in X x C, we would see different geometries;
however, we are only interested in the cylindrical ends of X' x C. For any line vf ; C R?, let R“f’,j
be rectangular open neighbourhood of this line in R?. Let X’ C X be a compact subset of X.
The ambient space for the asymptotically special Lagrangians we are interested in are union of
finitely many subspaces of Z of the form X’ x va_c’j, which are cylindrical Calabi-Yau manifolds
with boundary. Moreover, the special Lagrangians we will study are away from the boundary of
these manifolds, and therefore, the boundary does not introduce any complications.
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Let X be a multi-Eguchi-Hanson space, constructed over R3 \ {p1, p2, p3}, where p1, ps
and ps are not collinear. Let’s let ¢ = (0,0) € R2. We would have three cylindrical special
Lagrangians L?’Z, Lg73 and Lg,l' Note that these special Lagrangians, two by two, intersect only
in one point,

L[I),Q N L8,3 = (7" (p2), ),
Lg,?. N Lg,l = (7" (ps),c),
Lg,l N L(1),2 = (7" H(p1),0).

)

)

The points p1, p2 and p3 form a triangle in R? x {0} C R?, and there is a natural direction on
each Lagrangian, given by the positive direction of R™ ... (p; — p;).
In this situation, Donaldson-Scaduto conjecture asserts the following.

Conjecture 10 (Donaldson-Scaduto Special Lagrangian). Let X be a multi-Eguchi-Hanson space,
constructed via the Gibbons-Hawking construction over R3 \ {p1, p2, p3}, where p1, ps and p3
are not collinear. There exists an asymptotically cylindrical special Lagrangian L C X x C,
homeomorphic to S 3 minus three 3-dimensional balls, where L has three ends Ly, Ly and L+
which in the positive directions are asymptotic to L?’Q, L(2)73 and Lg,l’ respectively. We call L a
Donaldson-Scaduto special Lagrangian 4.11.

P3-p2

N N

i z p2-p1 .
conjecture
pg M 0 >
p1— p?/ /

Figure 4.1: Donaldson-Scaduto Conjecture

n

In the conjecture, we set the vector ¢ = 0 € R2. More generally, one can consider the
asymptotically cylindrical special Lagrangians . C X x C with three ends L1, Lo and Ls
which in the positive directions are asymptotic to Lf2, L§?3 and Lg‘?’l, respectively, for three
vectors ¢, c2, c3 € R?. The existence of the Donaldson-Scaduto special Lagrangian would imply
c1, C2, €3 must intersect in a point.

Lemma 85. Let X be a multi-Eguchi-Hanson space, constructed via the Gibbons-Hawking
construction over R®\ {p1, p2, p3} where p1, p2 and p3 are not collinear. Let c1, co, c3 € R?. Let
L C X x C be an asymprotically cylindrical special Lagrangian with three ends L1, Lo and Ls
which in the positive directions are asymptotic to sz, Lgfg and Lg?l, respectively. Then three
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lines 1y, lo and l3 defined by

—>
ll—{tj_}‘CleRZX{O}‘teR}

lp2 — p1|
—>
lQ—{tj+02€R2X{O}|tER}
Ips — p2|
4)
l3—{t:*+c GRZX{O}‘tER}
Ip1 — p3|

are concurrent. In other words, they intersect at a point.

Proof. We have

Im(Q) = w1 Ady —wa2 Adz = dA,

where A = —zwsy + ywi.
Let r : Z — R be a radius function, denoting the distance from a fixed point on L. Let
Ly = LNr~Y0,t. Lett >> 1. The boundary of L; consists of three 2-spheres, which we

denote them by 33} 5, 3% 5 and X5 ;. Let ¢ = (21,91), c2 = (22, 92), c3 = (3, ¥3). Let

R

P2 —p1 1 (a1, b1, 0)
—_— ) ) )
lp2 —p1|  ai+b?
—
P3—p2 1 (as, bs, 0)
% - ) )
lps —p2| /a3 + b3
P1 — D3 1

= (as, b3,0).

—
lp1 —p3| a3+ b3
‘We have

V12 +v23+v31 = (a1 + a2 + az, by + by + b3,0)
= (p1 —p2) + (p2 — p3) + (p3s — p1) = (0,0,0).

By the Stokes theorem,

/Im(Q):/ /\:/ )\+/ A+/ A
2 o, m e, s,

Ast — +oo, we have

r—at+z, y—bit+y along Ly,
T — agt +x9, y—bot+ys along Lo,
x—ast+x3, y—bst+ys along Ls.
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Therefore, for large ¢

o [ o= [

1,2

(xwo — ywr) —I-/

t
Z2,3

(xwe — ywr) + / (xwe — ywr)
25

— ((l’l + alt)wg — (y1 + blt)wl) + / ((xg + agt)wQ — (ygt + bg)wl)

t t
Yo X33

+ /Z ((z3 + agt)ws — (y3 + bst)wr).

t
3,1

The integral of symplectic forms over the holomorphic spheres in the multi-Eguchi-Hanson
and the multi-Taub-NUT spaces can be computed explicitly. More generally, suppose (X, gx, I, J, K)
is a multi-Eguchi-Hanson or a multi-Taub-NUT space, constructed above R3 \{p1,.-.,0n}-

Let w¢ be a symplectic form in the S2-family of symplectic structures on X. Let ¥ =
7 Ypi, p;]. Then

/ we = Qﬁlengthg([pzap]])a
P

where lengthc([p“ p;]) denotes the signed length of the projection of [p;, p;] onto the direction
specified by x¢ in R2. Applying that to our previous computations, we get

/Lt Im(2) — + (z1 + ait)lengthy([p2, p1]) — (y1 + bit)length, ([p2, p1])

+ (22 + ast)lengthy([ps, p2]) — (y2 + bat)length, ([ps, p2])
+ (23 + ast)lengthy([p1, ps]) — (y3 + bst)length, ([p1, ps])
= t(a1by — biay + agby — beag + aszbs — bsas)

+ (w12 — y1a1 + x2b2 — y2az + x3b3 — yzas),
as t — 400, and therefore,
z1by — y1a1 + x2by — ya2as + x3b3 — y3az = 0,
which is the equation of /1, ls and /3 being concurrent. O

There exists a similar conjecture for associative submanifolds in G-manifolds.
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4.2.0.2 Donaldson-Scaduto Associative Submanifolds

Let (X, gx,w1,ws,ws) be a 4-dimensional hyperkihler manifold. Let Y = X x R3 be the
7-dimensional manifold equipped with the integrable G»-structure given by

3
gy =V duf + V703 + de @ dz + dy ® dy + dz @ dz,
i=1
¢ = volgs—dx N duy A g — Vdx A dus A\ dus
—dy N dus A Oy — Vdy N dug A du
—dz Ndug AN Oy — Vdz N duy N dus,

where z, y and z denotes the coordinates on R3.

Suppose there is a U (1)-action on X . We extend this action to Y by letting U (1) act trivially
on R3. In this section, we are interested in asymptotically cylindrical associative submanifolds in
Y which are invariant under this U (1)-action. Moreover, similar to the previous section, suppose
X is given via the Gibbons-Hawking construction, for instance X can be a multi-Taub-NUT or a
multi-Eguchi-Hanson space, constructed over R? \ {p1,...,p,}, where n > 3 and m > 0.

Recall that the 2-spheres ¥; ;41 = n 1 [pi, Pi+1] € X are minimal and holomorphic with
respect to the complex structure al + bJ + cK where

(a,b,c) = Pi7 P ¢ g2 RS,
lpi — pjl

Let the vectors v 2,v233, ..., vn1 € R? be defined by
vij = (pi — pj) € R®.
Let vf ; be the straight line defined by vf ; = ¢+ R...v; ; forany c € R3. Let
Nij=3;x (vf;) C X x R®.

Lemma 86. The cylindrical submanifolds Ni; C Y are U(1)-invariant associative submani-
folds.

Proof. The proof of invariance under the U (1)-action is similar to the special Lagrangian case
84.

In the special case where the points p; € R% x {0} C R?, we have Nf; C X x RZx {0} C Y.
As we saw in 84, N, is a special Lagrangian in X X R? x {0}, and therefore, an associative
submanifold in Y.

For a general configuration of points, let w; ; be the unique lift of the vector p; — p; € R to
the point z € X. Let v; j = (a,b, c) and w; ; = (a, b, c,0),

T(z,t)szj = <8t, wi,j7 U@j).
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Note that

P =x%x¢ =du; ANdug ANdug N0 — Vdy Ndz Adug A dus —dy ANdz AN dup A\ 0
—VdzNdzx Ndus Nduy —dz ANdx A dus A6
— Vdzx Ady A duy A dug — dx Ady A dusg A 6.

Recall that N7 ; is associative if and only if at each point p € N7, and for each basis (e1,€2,€3)
of T, N{ ; we have Y(e1, ez, e3,...) = 0. In fact, we only need to show (0t v; ;, w; j,v) = 0
for any vector v € T},Y. We have

@b(ﬁt, wm-, UZ‘J', U)
= (dy A dz)(vi j,v)dui (w; ;) + (dz A dz)(v; 5, v)duz(w; ;) + (dz A dy)(v; 5, v)dus(w; ;)
= (bdz(v) — dy(v)c)a + (cdz(v) — adz(v))b + (ady(v) — bdz(v))e = 0.

O]

More generally, we are interested in the asymptotically cylindrical associatives in X x R3.

Conjecture 11 (Donaldson-Scaduto Associative Submanifold). Let X be a multi-Eguchi-Hanson
space, constructed via the Gibbons-Hawking construction over R3 \ {p1,...,pn}, where no
three of the points p1, . ..,py, are collinear. There exists an asymptotically cylindrical asso-
ciative submanifold N C X x R3, homeomorphic to S® minus n 3-dimensional balls which
has n cylindrical ends Ny, ..., N,_1, N, which in the positive directions are asymptotic to

N 82, ces Nfl)fl’n, N271, respectively. We call N a Donaldson-Scaduto associative submanifold.

D3 —p2
P4 Pa-ps3
p3
b5 P2 — P1 Conj
_ onjecture
N T2 P Cones
p1 b2 & \%

P5— ps
P1—DP5

Figure 4.2: Donaldson-Scaduto Associative for 5 Points

4.3 The Method of Continuity and the Donaldson-Scaduto
Conjecture

In this section, we propose a strategy to approach the Donaldson-Scaduto conjecture by the

method of continuity. Moreover, we take first steps in that direction.

Let P = {p1,...,pn} be the set of distinct points in R where no three of them are collinear.
Let (Xp,gp,Ip, Jp, Kp) be the multi-Eguchi-Hanson space, constructed via the Gibbons-
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Hawking construction over R3 \ P. One can move the points py, ..., py, in R3. As one moves
these points around the hyperkédhler manifold X p, and therefore, the Calabi-Yau manifold
Zp = Xp x C (or the Go-manifold Yp := Xp x R?) changes too. In order to show the
Donaldson-Scaduto conjecture holds for any of these manifolds for any generic configuration of
points P, we propose to use the method of continuity.

Let A be the set of n-tuples of points in R?, which contains three collinear points,

A={(q,...,qn) € R)" | g, q; and gy, are collinear for some distinct ¢, j, k € {1,...,n}}.

(R3)™\ A is the parameter space. Let A C (R?)™\ A be the set n points P, where the Donaldson-
Scaduto conjecture holds for Zp. In order to apply the method of continuity one should prove
three claims,

* A is an open subset of (R3)" \ A,
s Ais aclosed subset of (R?)"\ A,
* A is non-empty.

In the following section, we prove the first claim in the case special Lagrangians.

4.3.1 A is an open subset

In this section, we focus on the case of special Lagrangians. However, we consider the slightly
more general case of special Lagrangians with n ends, rather that just 3.

Definition 65 (Donaldson-Scaduto Special Lagrangian). Let X be a multi-Eguchi-Hanson space,
constructed via the Gibbons-Hawking construction over R® \ {p1, ..., p3}, where no three of
these points are collinear. Let 3; ; = 7 pi, pjl, where m : X — R3 is the bundle map used
in the Gibbons-Hawking construction. Let ng =3 ; x (R...(pj — pi)). The asymptotically
cylindrical special Lagrangian L C X x C, homeomorphic to S® minus n 3-dimensional balls,
where L has n ends L1, . .., L, which in the positive directions are asymptotic to L(IJ,Z, cey L%l,
respectively, is called a Donaldson-Scaduto special Lagrangian.

In order to show that the subset A C (R®)™ \ A is an open subset, we should prove that if
there is a special Lagrangian submanifold Lp C Xp x C which satisfies the Donaldson-Scaduto
conjecture, then after sufficiently small deformation of the points P = {p1,...,p,} to the points
P ={py,...,pl} itis still possible to find a special Lagrangian Lp C X pr x C which satisfies
the conjecture.

Theorem 42. Let P = {py, ..., pn} be the set of distinct points in R? x {0} C R3 where no three
of them are collinear. Let (Xp,gp,Ip, Jp, Kp) be the multi-Eguchi-Hanson space, constructed
via the Gibbons-Hawking construction over R3 \ P. The existence of the special Lagrangians in
Xp x C predicted by the Donaldson-Scaduto conjecture is an open condition with respect to the
deformation of the points P = {p1,...,pn}-
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This theorem is based on the infinite-dimensional inverse function theorem. There are many
similar theorems in the literature where one deforms the geometric structure of the background
ambient space and then deforms the calibrated submanifold accordingly so it stays calibrated
[69]. However, here one major difference is that when we moves the points P = {p1,...,p,} in
R? x {0} C R3, it is the manifold X p which is changing — and therefore, X p x C — and not
just its hyperkihler — or the Calabi-Yau — structure on the fixed ambient manifold.

4.3.1.1 Geometric Deformation of the Ambient Spaces

Let (Xp,gp, Ip, Jp, Kp) be a multi-Eguchi-Hanson or multi-Taub-NUT space constructed via
the Gibbons-Hawking construction over R® \ P where P = {p1,...,p,}. If we move the
position of the points P = {p1,...,p,} to get a new set of disjoint points P’ = {p/,...,p}},
the resulting hyperkihler manifold X p-, as a hyperkdhler manifold, is not necessarily isomorphic
to Xp. In fact, Xp and X pr are not necessarily isometric. Therefore, as we move the points P, it
is the Calabi-Yau manifold Zp which is changing, and not only its Calabi-Yau structure.

Although Xp and X ps are not isometric as hyperkihler manifolds, they are diffeomorphic,
and therefore, Zp and Zp/ are diffeomorphic. Using an appropriate diffeomorphism, one can
pull-back the Calabi-Yau structure of Zps to Zp. This helps us to fix an ambient manifold
Z = Zp, and only change its Calabi-Yau structure as we are deforming the configuration of
points P. The idea of studying the deformation problem of special Lagrangians in Zp = Xp x C
while deforming P is to transform the problem to a fixed 6-dimensional manifold Z where it is
the Calabi-Yau structure is changing. This is the topic of the rest of this section.

Fix a set of distinct points P = {py,...,p,} in R? x {0} C R3 where no three of them
are collinear as a reference set of points. Suppose they are ordered in a way that the open
segments connecting the consecutive points (p1,p2), ..., (Pn—1,Pn), (Pn, p1) are disjoint. We
see an example below 4.3.1.1.

Figure 4.3: A Non-Intersecting Cycle.

The following lemma states we can always find such a non-intersecting cycle which connects
all the points.

Lemma 87. Letn > 3. Let q1, . . ., qn be a set of n distinct points in R? where no three of them
are collinear. We can order them as p, . ..,p, where {p1,...,pn} = {q1,...,qn}, and the
segments connecting the consecutive points (p1,p2), . - ., (Pn—1,Pn), (Pn, p1) are disjoint.
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Proof. Consider the convex hull of these points. Let p; be a point among {q1, ..., ¢y} on the
convex hull. By connecting p; to all the other points, we get n — 1 oriented rays. Order them
based on their slope in the counter clockwise order. We name these n — 1 points such that these
ordered rays are p1p2, p1P3, - - -, P1Pn. The cycle we look for is p1ps . . . pn.

Figure 4.4: Finding a Non-Intersecting Cycle

O]

Remark 9. For a given set of n points, which no three of them are collinear, there can be
different ways of ordering them to construct non-intersecting cycles. Each different order, and
therefore, different cycle will result in a different asymptotic condition for the Donaldson-Scaduto
conjecture, and therefore, conjecturally there would be different special Lagrangians assigned to
a set of n points, as shown in figure 9.

+m - 2=
|

Figure 4.5: Two Different Special Lagrangians for the Same Set of Points
Let B.(p;) C R3 be a sufficiently small open ball around p; such that
Byc(pi) N B45(pj) = g, forall distinct i, j € {1, R ,n}. 4.3.1)

Let P/ = {p}, ..., pl,} be another configuration of points where p; € (R? x {0}) N B:(p;). Let
the diffeomorphism f,s : R® — R3 be a map such that on U?_, B.(p;) it is defined by

fo(x) =z + (p; — pi), whenz € B.(p;).

The assumption 4.3.1 assures that one can extend f,, to get a diffeomorphism on R? such that
f(pi) = pj and
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e The map f : Be(p1) X ... x Be(py) — Diff(R3) defined by f(p),...,pl,) = fp:, where
P ={py,...,p,}, is smooth.

* fP’([pivpi+1]) = [p;,p;+1]-
o f(p1,...,pn) = fp=1Id:R3 = R3.

Note that this extension is not unique and there are many ways to define f; however, we can pick
any of them which satisfies the conditions above.

Let fpr : Xp — Xp/ be any U(1)-equivariant diffeomorphism which covers fp  R® = R,
Locally, in a U(1)-invariant gauge, this can be written as

fP{(ul’UQ’unQHt) = (fp;(u17u27u3)at)- (432)

Using this map we can pull back the hyperkéhler structure of Xps to Xp. For any set of
points P’ = {p,...,p)}, we define the hyperkihler structure (gpr, Ip, Ip/, Ips) on Xp by
pulling-back the hyperkéhler structure of X pr via f pr.

The following lemma states a key property of these maps.

Lemma 88. The map fp/ : Xp — Xpr induces a bi-holomorphism
fP,|Ei,i+1 : Ei7i+1 — E;iJrl.

Proof. First note that the map fp: takes ¥; ;11 to 3} i1 1- since the map fpr takes [p;, pit1] to
[}, ! +1], and therefore, the diffeomorphism f pr which covers fps induces a diffeomorphism
from the 2-sphere 7! ([p;, pit1]) = Sijiy1 to Wﬁl([ngpéﬂ]) = Eé,i—i—l'

For points x and 2" = fp/(z) in 3; ;41 and X}, |, respectively, we have

TpX 41 = (wiiy1,0t), Ty X g1 = (Wi 4 q,01),

where w; ;1 and w; ;, | are the vectors covering v; ;+1 and v; ;, |, respectively.
The linearized map d,, f pr takes w; ;41 to a multiple of w;l 41> and since it is equivariant it
takes Ot to a multiple of ¢, and therefore, it is complex linear. O

The next step is to extend this diffeomorphism to the Calabi-Yau manifolds Zp = Xp x C.
One can simply define a diffeomorphism by taking the identity map on the C component; however,
this is not suitable for the deformation problem, as we will explain below.

Let Ly, posbpspss - -+ s bpn—1.pms lpn.py © R? be the half-lines through origin which are in
the positive direction of the vectors ps — p1,p3 — P2,...,Pn — Pn—1,P1 — Pn, respectively.
Let the rectangles Rm,pz’ Rp%m, . ,an_l,pn, ]N%pmpl C R? = C be tubular neighbourhood
of Uy, poslpopss -+ lpn_1.pns lpn,pr» Which are half-infinite rectangles with infinite length and
e-width for a sufficiently small €.

Let 7 : R? — [0, 00) be the distance from the origin in R?. Let

D -1
Rpmpiﬂ = Rpi’pi+1 Nr=(T,00),
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for a sufficiently large 7" >> 1 such that the half-infinite rectangles R,
disjoint.
Let 0(1,, Ly .. ) be the angle from [, ;. | to by, - Letgpr R? — R? be the map

i ; Pit17 ;7i,.pi_~_1 3
which in polar coordinates on each R is defined by

:pip1 Are two-by-two

isPit1
gp(0,71) = (0 + Q(ZPz',PiH’lpg,p;H)’r)’ for (6,r) € Ry, pisi-

The map gp: takes each half-rectangle R, ;. ., to Rpg Pl by simply rotating it. Moreover, it
takes each half-line Iy, ., N7~ (T,00) to Ly, N7~ (T,00). We can extend gp- to get a

diffeomorphism gps : R? — R? such that

e The map g : B-(p1) X ... x Bz(pn) — Diff(R?) defined by g(p}, .. .,p},) = gp/, where
P ={p,...,p,}, is smooth.

s g(p1,...,pn) = gp = Id: R? = R2,

Let the diffeomorphism hpr : Xp x C — Xpr x C be the map defined by

hp(x,z) = (fp' (z), gp:(2))-

We can pull back the Calabi-Yau structure (gps, Qpr,wpr) of Zpr = Xpr x Cto Zp = Xp x C
via the map hps. By an abuse of notation, we still denote this pulled-back Calabi-Yau structure
on Zp by (gp/, Qp/, wp/).

With this understanding, for any set of distinct points P’ = {p/, ..., p],} we have a Calabi-
Yau structure on the fixed smooth manifold Z = Zp. Let W be the space parametrizing the
Calabi-Yau structure on Z close to the reference Calabi-Yau structure (gp, Q2p, wp). In the Calabi-
Yau case — as opposed to the G5 case — we only move the points p; inside B.(p;) C R? x {0}.
Let 7’ : R3 — R? be the projection on the first two coordinates. The parameter space is given by

Q =7 (Be(p1)) X ... x 7' (Be(pn)),

and therefore, dim QQ = 2n.
The following lemma explains the reason behind the specific choice of the maps gp-.

Lemma 89. The map hp: : Zp — Zp: induces a diffeomorphism between the special La-
grangians L?,i+1 =Y i+1 X (U?,i—i-l) and (L?7Z-+1)’ =341 X (v2i+1)’ in Zy and Zp, respec-
tively, sufficiently away from the origin,

hPl ) : L?yiJrl N T_l(Tv OO) — (L?,iJrl)/ N r_l(T7 OO)?

‘Lzo,i+lnT71 [T, 00

for a sufficiently large T.

Proof. As we observed in the Lemma 88, fpr takes X ;41 to ¥} ;+1- On the other hand, gp takes

the half-line [, ,,, N7~ (T,00) to 1}, .. N7~ (T, 00), and therefore, the diffeomorphism ps
takes ;i1 X (I, pipy N7 (T, 00)) to Bf ;X (i pssa N r~ (T, 00)). O
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This means as we move the point P’ in the parameter space () and change the Calabi-Yau
structure, these topologically cylindrical special Lagrangians, in the positive direction as induced
by the vectors p;+1 — p; and outside of a compact subset, do not change. In particular, as we
deform the Calabi-Yau structure, the asymptotic condition for the Donaldson-Scaduto special
Lagrangians — which are asymptotic to these cylindrical special Lagrangians in the positive
directions — do not change, and the deformation problem of these special Lagrangians fit into the
framework of the deformation of the asymptotically cylindrical special Lagrangians with fixed
asymptotic ends, which has been studied previously in the literature, for instance in [82].

The case of the deformation of the Gy-manifolds of the form Yp = Xp x R? is quite
similar. In the GG case the points p1, . . ., p, can move inside R3. Similar to the Calabi-Yau case,
we can construct diffeomorphisms gps : R3 — R3 such that gp/ takes half-infinite cylindrical
neighbourhood of each half-line /), , , , Nr~Y(T, 00) to the half-infinite cylindrical neighbourhood

l;ivpi-kl n T_l(T, o0) such that

e Themapg : B, (p1) X ... % Be, (pn) — Diff(R?) defined by g(p}, . ..,p),) = gp/, where
P ={p,...,p,}, is smooth.

s g(p1,...,pn) =gp = Id : R?® — R3.

The parameter space is given by

Q = Be(pl) X ... X Ba(pn)v

and therefore, dim ) = 3n. 3
Let the diffeomorphismhps : XpxR3 — Xp/ xR3 defined by hp: (z,w) = (fp(z), gp (w))
forany € Xp and w € R3.

Lemma 90. The map hp : Yp — Yps induces a diffeomorphism between the associatives
0 _ 0 0 I __ 3V 0 /> :
N1 = Biig1 X (V741) and (N 1) =30 11 X (v;;11)" in Yp and Yp, respectively,

N'?iJrl Nr~ (T, 00) — (N9i+1)/ N7~ (T, 00),

hps i i

‘N,L.D’i+lﬁ'r*1 [T,00)

for a sufficiently large T.

The proof is similar to 89.

4.3.1.2 Deformation of the Asymptotically Cylindrical Special Lagrangians in X x C

Let Py = (p1,...,pn) be an ordered set of n distinct points in (R? x {0})" C (R3)", where no
three of them are collinear. Let B.(p1), .. ., B:(p,) C R? be sufficiently small and disjoint open
neighbourhoods of py, .. ., p,, respectively. Let 7/ : R3 — R? be the projection on the first two
components. Let () be the parameter space, QQ = 7/(B:(p1)) X ... X 7' (B:(pn))-

Let X be the smooth 4-manifold underlying a multi-Eguchi-Hanson or a multi-Taub-NUT
hyperkihler manifold. Let Z = X x C. Let P denote a configuration of points in the parameter
space (. For each P, we have a hyperkihler structure on X, denoted by (X, gx,p, Ip, Jp, Kp),
and therefore, a Calabi-Yau structure on Z, denoted by (Z, gz p,wp,2p).
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The open property of A C (R?)"™ \ A follows from the following theorem, which is the main
theorem of this subsection.

Theorem 43. Let Lp, be a Donaldson-Scaduto special Lagrangian in Z = X x C with respect
to the Calabi-Yau structure associated to Py = (p1,...,pn) € W with a decay rate o« < 0,
where || is sufficiently small. The moduli space M, Py of asymptotically cylindrical special
Lagrangian submanifolds in (Z, gz p,, Ip,, Jp,, Kp,) with rate 3 < 0, where oo < 3 < 0, near
and homotopic to L p, — which are necessarily of the type predicted by the Donaldson-Scaduto
conjecture — is a smooth 0-dimensional manifold, and therefore, Lp, is isolated. Moreover, the
parametrized moduli space

M Lp, = {(P,L) | P € Q and L is an asymptotically cylindrical special Lagrangian with decay rate

3 near and homotopic to L p, with respect to the Calabi-Yau structure (§z p,wp,wp)},

is a 2n-dimensional smooth manifold, where 2n = dim(Q). Furthermore, for any P € Q) there
exists a unique Lp where

(P,Lp) € MVLPO.

The rest of this subsection is devoted to proving this theorem. We present the proof in a
sequence of lemmas. The proof follows the same line of thought as in [82, 57, 57, 69].

Let Lo denote the smooth 3-dimensional manifold underlying the special Lagrangian Lp,.
Let f : Lo — Z be an embedding of the special Lagrangian Lp, in Z. We have

f* Im(on) = f*wpo =0.

Let by, : T'Lo — T™ Lg be the bundle isomorphism between vector fields and 1-forms on Ly,
defined using the pull-back of the Riemannian metric gz p, to Lo. Let v(Lp,) — Lp, be the

normal bundle of Lp, in Z. Let U be a small tubular neighbourhoods of Lp, in Z with a fixed
radius at different points of L p,, identified with a small neighbourhood of the zero section of the
normal bundle, by an abuse of notation still denoted by U. Let

Us? = {¢€ € WiP(v(Lp,)) | €(x) € U forallw € Lp,},

fork>0,p>1and a < 0.
Note that since L p, is a special Lagrangian we have the bundle isomorphisms

Jo : V(LPU) — TLyg, bgo © Jo : V(Lpo) — T*Ly.
Let U = by, o Jo(U) and
URP = {n e WEP(T*Lo) | n(z) € U forall z € Lo},

fork>0,p>1and a < 0.
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For any n € Ug’p ,let f, : Lp, — Z be the deformation map defined by

fo(@) = exppa) ((bg © J0) ™ (1))

fn(Lp,) is an embedding of Lo homotopic to Lp, = f(Lg), when 7 is sufficiently small.
Moreover, any nearby submanifold homotopic to L p, can be presented in this manner.

For a moment let’s assume the Calabi-Yau structure on Z, associated to Py € @), is fixed. Let
G :U — Q%Lo) ® Q%(Lo) be the map defined by

G("?) = *Pof;(lm(gpo)) + f;(wPo)a

where *p, is the Hodge star operator, defined using the pull-back of the Riemannian metric gz, p,
to Lg.

fn(Lo) is a special Lagrangian in (Z, gz p,, wp,, {2p,) if and only if G(n) = 0. In order to
show that the zero set of G forms a smooth manifold, we should use the inverse function theorem,
and therefore, we should set up the map GG between the appropriate Banach spaces. Let

GEFLP L UNTP — WP (A(T*Lo)) ® WHP(AX(TLo)),  G&FYP(n) = +p, [y (Qp,) + £ (wh,)-
However, note that similar to the compact case, the linearized map
doGg P - WP (AN (T Lp,)) — WaP (A(T* Lo)) & WEP(AX(T* Lo)),

is not elliptic, and therefore, not Fredholm. This can be seen by looking at the rank of the domain
and the target space, which are not equal,

rank(WHLSP(AYT* Lo))) =3,  rank(WFP(AY(T*Lo)) @ WEP(AX(T*Lg))) =1+ 3 =4.
To resolve this problem, let

FEFLP ghtle @ WP (AY(T* L)) — WEP(AX(T* Lo)) & WEP(AX(T" Ly)),

defined by
Fy 2 (n,x) = GEFHP () + diyx,
where dp x = — *p, d *p, X-

Lemma 91. The map Fi TP : USTYP@WETIP(A3(T*Lo)) — WEP(AY(T*Lo))@WEP (A2(T* Ly)),
is elliptic, where the linearization is given by

d(o0) FET1P  WETLP(AU(T*Lo)) — WEP(A®"(T* L)), dooyFit P (n,x) = (d* + d)(n + X).

The proof is similar to the compact case, 41.
More generally, we want to allow the Calabi-Yau structure of the ambient space to change.
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Lemma 92. Let
FEFI2 . Q x UEH® @ WEH2(AY(T* L)) — WEP(AY(T* Lo)) © WA (AX(T" L)),
be the map defined by
FIYP (P, x) = «pf(Im(Qp)) + f5(wp) + dpX.

where xp and d}, are defined with respect to the Riemannian metric gz p, pulled-back to L. The
k+1,p . ..
map Fy, is elliptic.
Let

(d2) Py 0,0) PP - WETLP(AN(T* Ly)) @ WETYP(AP(T* Lo))
— WEP(AY(T*Lg)) & WP (A*(T* L)),

denote the derivative of Fo P at (Py, 0,0) in the direction of W T P (AL (T* Lo) )W P (A3(T* Ly)).
We have

(d2) (po0.0)Fa TP (1, %) = (i, + d) (7 + X).
The lemma follows from 91.
Lemma 93. Forany k > 0,p > 1 and o € R, we have

GEXLP(UETIP) € dpy (WETLP(AN(T* Lo)))@d(WETHP (AN(T* L))
C WEP(A(T" Ly)) @ WP (AX(T* L)),

Proof. First note that * /7 (Q2p,) and Iy (wp,) are co-closed and closed, respectively.

;0(*f;(QP0)) = *Pof:;(dQPo) =0, d(f;(wP())) = f;(deo) =0.

Moreover, f;(€p,) and f;(wp,) are exact. To see this note that f, is homotopic to f, and
therefore, it is enough to show f*(Qp,) and f*(wp,) are exact; however, since Lp, is a special
Lagrangian in (Z, gz p,,wp,, 2R, ), we have f*(Qp,) = f*(wp,) =0,

[f;]k(QPO)] = [f*(QPO)] =0, [f;(wPo)] = [f*(wPo)] =0,

and therefore,

*#fp(Q2py) = d6h, fn(wpr,) = dba,
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for 1-forms 61 and 65 on L. Moreover,
1
T01 = 2£3(0n) = 455 (r) = wdl [ £ 1unr)d5)

1
a6y = [2(wpy) — f§(wpy) = d /0 F2 (Lo, )ds),

and we can take

0, = */01 f;n(banPo)dsa O = /01 f:W(LsanO)dS’
Therefore,
61 = O(e™), and By = O(e™),
which proves the lemma. =

This lemma implies
FEFLD (ORI 5 WP (AY(T" o))
C dp, (WP (AT Lo))) @ d(WEHHP(AY(T™ Lo))) @ dip, (WP (A%(T* L))
Lemma 94. Forany k > 0,p > 1 and o € R, we have
Fy P (Q x USH?)
C dp, (Wa ™ P(AN(T" L)@ d(WETHP(AY(T™ Lo))) @ dip, (WP (A% (T* Lo))).-

Proof. First note that x f;(Q2p) and f,(wp) are co-closed and closed, respectively.

dp(xfy(Qp)) = *pf(dQp) =0, d(fy(wp)) = f,(dwp) = 0.

Moreover, f;(2p) and f;(wp) are exact, since f; is homotopic to f, and therefore, we should
only show f*(Qp) and f*(wp) are exact. This is true because of the types of deformations which
we are considering. As we saw in the Lemma 85, when ¢ = 0, [f*(Q2p)] = [f*(wp)] = 0. The
negative decay rate shows all deformations f,(Lo) still have ¢ = 0. If we were considering
the deformations where the ends were moving too, this assumption would not have been valid
anymore. Therefore,

o Fy(QP) = diyr,  fior) = db,

for 1-forms 67 and 65 on L.

6, = O(e™), and 65 = O(e™),
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which proves the lemma. O
Let
C 1= (d + dp ) (Wa ™M (AN(T" Lo)) & Wt (A (T" Lo))) € WP (AT Lo)) @ WaP (A*(T" Lo)).
Let D be the L?-orthogonal complement of C
Q @ WrHLP(AY(T*L)) @ WEHLP(A2(T*L)) = C & D.
The following lemma characterizes D.
Lemma 95. We have D = {(P,0) | P € Q and 6 € Dp}, where
Dp = ker(d + dp : WETPU(AY (Lo)) — WFEHI(A(Ly))),
where % + % =1

Proof. Dp can be identified with the co-kernel of (d+d%) : Wa TP (AU (Lg)) — WattP(Aven(Ly)),
which itself can be identified with the kernel of (d+d3) : WFELa(Aeven(1)) — whELa(podd( 0y,
O

Lemma 96. We have

Fyt2(Q x Ui x Wit P(AY(T*Lp,)))) € € C WEP(AY(T*Lp,)) ® Wi (A*(T*Lp,)).

Proof. Let (P,n,x) € W x UST'? x WETP(A3(T*Lp,))). We should show
(EXTYP(Pn,X), Dp) 12(1) = 0

Let @ = h + B € Dp, for a constant O-form A and a closed and co-closed 2-form 3. For each
PeqQ,

(EXTVP(Pin,x), b+ Br2rpy = (xpfr(Im(Qp)) + f(wp) + dpx; h + B) r2(1p)

= (kp [ (Im(Qp)), ) 12(1py + (f5(WP), B) L2(Lp) + {dpXs B) L2(Lp)
= (dpb1,h) L2(1py + (dO2, B) 2(1 ) + (dpX B) 12(Lp)

= (01,dh) p2(1p) + (02, dpB) L2(rp) + (X, dB) r2(1p) = 0.

Note that the boundary terms lim;_, (01, h) L2(LL) and limy_, o (02, ) L2(Lt) vanish, since 6
and Ay decay exponentially, and h and 3 are bounded. O

Lemma 97. For each P € Q, let Gl;jroél’p L UFTY? s WEP(N(T*Lp)) & WEP(A2(T*Lp)) be
the map defined by

GEIP () = *p [ (Qp) + fi(wp),
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and FHP - UNTYP @ WETYP(AY(T* Lp)) — WEP(AY(T*Lp)) & Wa (AX(T* Lp)) the map
defined by

FELMP(0,x) = #p £ (Qp) + fr(wp) + dpx.
Then (Fp i MP)7H(0) = (GHE)71(0) x {0},
Proof. Ttis clear that

(G H0) x {0} € (FpE)7(0).

Suppose (1, x) € (ﬁggl’p)_l(O). Let r : Lp, — R be a radius function on L p which measures
distance from a fixed point 7y € Lp. Let LE = Lp N771[0, R]. Note that if ﬁ}’f;l’p(n, X) =
GkH’p + d*x = 0, then

* * k+1, *
Hd XHLQ LR) = < PX> dPX>L2(Lg) = _<GP—}_alp(n)7 PX>L2(Lg‘)

= G g + [ (GH W)

OLE

@ sap [ @00 = [ @00

k+1,p(

By taking limit R — oo and since x and G 1) are exponentially decaying, we get

522 = 0.

and therefore, dx = 0, which implies x = Cwvolp for a constant C' € R. However, since X is in
a certain Sobolev space, x = 0. O

With this setup, for each P € @, the linearized map
doo) FEL" : WA (AN Lp)) & WS P (AT  Lp)) — €
is surjective.

Lemma 98. Ttp, M Lp, = ker d(p, 0,0) F§+1»P, and therefore, dim M Lp, = 21
k+1,p _ * _
Proof. Let (P,n, x) € kerd(p, o0 Fa" . Weknow x = 0 and (d + dp, )n = 0. Let
Y kerd(popjo)FZf"'l’p — QX HI(LPO,R),
be the map given by

(P,m,x) — (P, [n])-
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The map 1 : ker d( p0,070)F£+17p — @Q x HY(Lp,,R) is injective. This follows from the fact that
when « < 0 is sufficiently small such that [0, a?] does not include any eigenvalue of Laplacian
on functions on L p,

ker(d +d")§"1P = ker(d + d")§™2 € ker(d + )5

Suppose (Pi, [n1]) = (P2, [n2]), and therefore, P; = P», and [] = 0, where n = n; — 172. We
have ) = dk for some k € Wé€+2’p(AO(T*Lp)), thus

0= d*n = Ak,

and therefore, &k = 0.
For each P € @, let ¥p(n,x) = ¥(P,n, x). We have image(v)p) = image(¢p), which is
the natural inclusion tp : H}(Lp) — H*'(Lp), appearing in the following exact sequence,

0— H°(Lp) — HY(0Lp) — H}(Lp) & HY(Lp) — H'(OLp) — H*(Lp)
— H*(Lp) — H*(0Lp) — H3(Lp) — 0.

Note that H*(Lp,R) =2 H)(Lp,R) = 0, since L is simply connected. The exact sequence
shows

dim image tp = b*(L) — b°(OL) + b°(L) = (n —1) —n+1 =0,
and therefore,

dim image ¢ = 2n + 0 = 2n.

4.3.1.3 The Index Problem

The map
do,0)FETP WP (ANT*Lp,)) @ WETP(AY(T*Lp,)) — C,
is surjective and has O-dimensional kernel, and therefore,
index dg o) F TP = 0.
The map

d(o.0)FETYP - WEFSP(AY(T* L)) @ WP (AY(T* Lp,))
— WEP(AY(T*Lp,)) ® WEP(A(T*Lp,)),
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18 Fredholm, has O-dimensional kernel, and moreover,
coker d(g o) FF TP = D = ker(d + d* : WFEHI(A%) — wEITI(A)),

For o sufficiently small, ker(d + d* : WFTha(Aeven) _y yy/FHha( Noddy) congists the vector space
of smooth closed and co-closed O-forms and 2-forms, which consists only of constant functions,
and therefore, is 1-dimensional. With this setup,

index d(O,O)F§+17p =—1.

4.4 Dimensional Reduction of the Donaldson-Scaduto Conjecture

It is expected that the Donaldson-Scaduto calibrated submanifolds are U(1)-invariant. This
symmetry can be helpful in finding these conjectured submanifolds. More generally, in the
presence of a suitable group action G on a manifold Z, the problem of finding a certain G-
invariant submanifold L in the ambient space Z can be dimensionally reduced to the problem of
finding some submanifold L /G C Z/G; however, the latter problem might be a singular one, and
the study of singular spaces can be difficult. In the case of G-invariant Lagrangians in symplectic
manifolds, if the action is Hamiltonian, one can do better and dimensionally reduce the problem
to the symplectic quotient space.

In this section, by studying the problem in the level of the symplectic quotient, we will
show that the Donaldson-Scaduto special Lagrangians in X x C will correspond to certain
non-compact J-holomorphic curves with boundary in R* with respect to a non-standard singular
almost complex structure J. Moreover, we will show that these J-holomorphic curves are
described by a real Monge-Ampere equation. This approach might be useful in proving that
A C (R3)™\ A is a closed subspace. Finally we address the non-generic case where the points
p1, p2 and p3, used in the Gibbons-Hawking construction of X, are collinear. This case can be
understood as the special case used in the continuity method.

4.4.1 Dimensional Reduction of Special Lagrangians

The main theorem of this subsection is the following.

Theorem 44. Let (X, gx,1,J, K) be a 4-dimensional hyperkdihler manifold given by the
Gibbons-Hawking Ansatz, specified by a positive harmonic map V. : U C R3> — R. There
is a one-to-one correspondence between U (1)-invariant special Lagrangians in Z = X x C
and J-holomorphic curves in the symplectic quotient for some non-integrable almost complex
structure J, given by

1 1
J(duy) = Wdfﬁa, J(duz) = —Wdys-

where w1, us, x3,y3 denote the standard Euclidean coordinates on R*.

4.4.1)

Inthacase V=m+ ), lej_' for m > 0, one can complete X by adding some isolated

points to get a multi-Eguchi-Hanson or a multi-Taub-NUT space — still denoted by X — which
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correspondingly results in completing the symplectic quotient to get R*. Then the one-to-one
correspondence extends to the U (1)-invariant special Lagrangians in X x C and the non-compact
J-holomorphic curves with boundary in R*, with respect to a non-standard, singular, non-
integrable almost complex structure J.

Proof. Let m : X — R3? be the bundle map which appears in the definition of the Gibbons-
Hawking construction, 7w(x) = (ui(x), ua(z), ug(z)). The U(1)-action on X x C, equipped with
the symplectic form w = w3 + dx3 A dys, is Hamiltonian with the moment map p : X x C — R,
given by p(z, z) = us(x), and therefore, any U (1)-invariant Lagrangian L will be in a level set
of the moment map, 1, = c for a constant ¢ € R. Let

Ze:=pYe)/UQ) and L:=L/UQ)C Z.

On the reduction space ug is constant; moreover, as we take quotient by the U (1)-action,
there is no t-coordinate. Therefore, the remaining variables are w1, u2, 3, y3. This is a global
. . . . . o 4
coordinate systen.l on the symplectic guotlent, which is .ZC = Ry, uo,2s,3° . '
The symplectic structure w on Z induces a symplectic structure w on the symplectic quotient
Z., given by

Wred = Vduy A dug 4 dxs N dys.

Note that V : U C R® — R induces a real-valued positive function on the symplectic quotient,
which by an abuse of notation we still denote it with V' : Z, — R.

On the other hand the holomorphic volume form €2 induces a holomorphic volume 2.4 form
on the reduction space, which is a holomorphic 2-form, given by

Qred = (duy — idug) A (dzsg + idys).
The holomorphic volume form {24 determines a complex structure I.q on Z., given by
Liea(duy) = dus, Teq(dxs) = —dys.
The Riemannian metric g on Z induces a Riemannian metric gg On Z., given by
Gred = Vdu1 @ duy + Vdug ® dug + drs @ drs + dys ® dys.

The equations Im(Q)‘L = w|, = 0imply Im(Qred)|L = wred|, = 0, which are special Lagrangian
type conditions for L in Z.; however, note that (Z, , Ored, wredTQred) is not a Calabi-Yau manifold.
Let u = uy + tug and 23 = x3 + iy3. We have

Wiy = —%du/\dﬂ/\dz;;/\dfg, Qred A Qred = du A du A dzs A dzs,

and as we can see, unlike Z, on the reduction space the differential forms wfed and Qreq A Qred
do not agree up to a constant. It is more pleasant to work with structures which satisfy this
formal relation. This can be resolved with the help of introducing a new singular symplectic form,
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denoted by w, given by

2
W= Vwre(h

moreover, let g = greq and 2 = (dreq. Then
2w? =duNduNdzs Ndz3 = —QAQ,

and therefore, (Z,, g,w, Q) satisfies a formal property similar to Calabi-Yau manifolds. Note that
this space is not a genuine singular Calabi-Yau manifold, since dw # 0.
Let

0 = V2w +ilm (Q).

We have

In real coordinates

2
Vow = 2V Vdui A dug + ——=das A dys, Im(Q) = duy A dys — dug A dzs,
A /V
and therefore,
2 .
0 = (2vVduy A dug + —=dz3 A dys) + i(duy A dys — dug A dxs)
VV
. )
= 2(\/ Vdu, + deg) VAN (dUQ — \TdeS)

This means L is pseudo-holomorphic curve with respect to the almost complex structure J, given
by

1 1
J(duy) = —=dx3, J(dup) = ——=

dys. 4.4.2
iz N Y3 ( )

O

Remark 10. As mentioned in the proof of the lemma above, (Z, = R*, g,w, ) is not a Calabi-

Yau manifold. Let Z5™8 denote the points in Z. where V' is singular. In the multi-Eguchi-Hanson
and the multi-Taub-NUT cases, the singular set

Zging = {(u1,ug,$3,y3) | V(Ul,UQ,O) = O} = {p17p27p3} X RQ’

which is a 2-dimensional subset of R* — of codimension 2. At each point p = (u1,uz, x3,y3) €
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758 et
T(ul,ug,x3,y3)R4 = <au1 (p)’ 8“2(p)> S5 (83:3(27)7 ay3(P)>

. sing .
The metric g blows up.along Z, - More speczﬁcallyf Q(p)\<au1(p>,au2(p)> blows up, cm.dg(p)Ram?)(p)’ayg(p)>
is the standard Euclidean metric. The 2-form w is not closed; moreover, it is singular along
sing o
Ze °. In fact, g(p)kaul(p)ﬁw(p)) blows up, and @(p)lwxg,(p),ay?,(p)) = 0. Furthermore, ) and 1
are smooth, and in fact, the standard ones on C2. The almost complex structure J is also singular
along Z:"®,

J(du) =0, J,(dup) = 0. (4.43)

The cylindrical special Lagrangians L?, ; C Z would map into bands L?, ; inside the symplectic
reduction space,
LY = [pi,ps] x ((pi —pj) ... R) CR* x R* = R*.
The Donaldson-Scaduto conjecture reduces to the existence of J-holomorphic curves asymptotic
to these bands.

Conjecture 12 (Dimensionally Reduced Donaldson-Scaduto Conjecture). Let X be a multi-
Eguchi-Hanson space, constructed via the Gibbons-Hawking construction over R3 \ {p1, p2, p3},
where p1, pa2 and ps are not collinear. There exists L C R* a non-compact J-holomorphic curve
with non-compact boundary with three ends Ly, L, and Ly which in the positive directions are
asymptotic to the J-holomorphic bands L%Q, Lg’g, and Lgl, respectively. We call L a Donaldson-
Scaduto holomorphic curve.

We see an schematic drawing of such J-holomorphic band.

s
mi

e

Figure 4.6: Dimensionally Reduced Donaldson-Scaduto Conjecture in R? x R?

o ‘v P
p2
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This approach can be helpful in the direction of proving the closed property of the existence
of the Donaldson-Scaduto special Lagrangians. In the dimensionally reduced picture, we would
have a sequence of singular almost complex structures J, and a corresponding sequence of
J;-holomorphic curves with boundary L,, and one hopes to show as J, — J,, we would get
L; — L.

An important step in that direction would be to show there is no J-holomorphic sphere in
R* for a J of the form mentioned in 4.4.1. It seems quite plausible; however, here we would not
follow that any further.

4.4.2 Special Lagrangians and the Monge-Ampere Equation

In this section, we show that the existence of the Donaldson-Scaduto submanifolds are described
by a Monge-Ampere equation.

. o4 2 . Tod 2 : t

Letmy : R(ulm’m’yg) — R(ul’w) and 7o : R(ul’%m’yg) — R(%w) be the prOJecthn maps

on the first two components and the last two components, respectively. The expected projections

Zfla1 Donaldson-Scaduto J-holomorphic curve on IR{%MM) and R%xa’%) are presented in the figure

The triangle in R%

i uz) is the triangle we used in the Gibbons-Hawking construction in
R? x {0}. The projection map 71 projects each asymptotic band ng = [pi, pj] x ((pi —pj) -R)
to the segment [p;, p;] C R2. Moreover, the map 71 sends the non-compact boundaries of each
band L?J to a vertex of this triangle.

The projection map 7o projects each asymptotic band L?’j = [pi,pj] X ((pi —pj) - R)
to the line (p; — p;) - R C R2. It is expected that the image of L under the projection map
o 1S an amoeba, which in three directions converges to the positive direction of the vectors
(p1 —p2) "R, (p2 —p3) -Rand (p3 — p1) - R.

Conjecture 13. Let T}, ,,, ,, be the region in R?ul up) bounded with the triangle with vertices

1, P2, p3. Let L be the Donaldson-Scaduto J-holomorphic curve. We expect

m (L) = Ty p2,ps-

In other words, the projection of L would fill the triangle, and also does not go outside of this
region.
Moreover, the image of w2(0(L)) would consists of three curves, bounding an amoeba, which

is filled by 7o(L).

Motivated by the figure 4.11, we would think about the Donaldson-Scaduto J-holomorphic
curve L as a graphof amap F : A C R%xs,w) — T C R%Ul,UZ) orG:T C R%uhuz) — AC
R%xg ys) for two sets A and T In fact, Conjecture 13 states T'is the triangle T}, p, p; and A is
an amoeba. The condition |, would translate to a partial differential equation for F', which is

investigated in the following theorem.

Theorem 45. The existence of the Donaldson-Scaduto J-holomorphic curves are described by a
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map
b ACR? )~ R,

(23,43

such that
det (Hess(¢)) =1/V,

where T = 71 (L) is a subset of R?, conjecturally Ty, ,, ps, as presented in the figure 4.4.2.

Figure 4.7: Map F" describing L

In this equation, ¢ is a function of x5 and y3, and V : ]R%ul up) R is a function of u; and

ug, where u; and uy are the derivatives of ¢ with respect to y3 and x3, respectively,
6y3d):u17 6x3¢:u2-
Proof. Let
— . T2 2
F=(F,F): R(x&ys) — R(umul)’
and therefore,

T s uruz) (GTaph(F)) = (1,0, 0y F1, 03, F2), (0,1, 8y, F1, 0y F2)) C Ty s ur um) R

The graph of F'is a Lagrangian if w (Graph(Fy) = 0. We only need to check

g((lu 07 8x3Flyam3F2)7(07 17 a11131717 ay5F2))
= (VdU1 A dus + dzsy N dyg)((l, 0, 8z3F1, a;%Fg), (0, 1, 8y3F1, 8y3F2))
= V(8x3F18y3F2 — 8m3F28y3F1) +1=Vdet (dF) +1=0,

and therefore,
det (dF) = —1/V.
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The special condition Im(£2)|7(Grapn(r)) = 0 can be written as

Im(Q)((1,0, 0y, Fi1, 023 F1), (0,1, Oyy F1, Oyy F))
= (duy A dys + dug N dl’g)((l, 0, 0z, F1, 8553F2>, (0, 1, ay3F1, 8y3F2))
= 0y Fy — 0y Fy = 0,

and therefore,
Opy 1 = Oy, Fo.
The special Lagrangian equations for the graph of F' are

det (dF) = —1/7V,  0p,Fy = 0,,Fy.

Let F' = (Fl,ﬁg) = (Fy, Fy) : R%xg,yg) — R%umu)‘ The equation 8$3F2 = 8y3F2 shows that
one can define a function ¢ : R? — R such that

(w3,y3)
ay3¢:F1a 83;3¢:FQ,

and therefore, det(dF) = —det(dE") = det(Hess(¢)). By rewriting the special Lagrangian
equations in terms of ¢ we get

det (Hess(¢)) =1/V,
which is a real Monge—Ampere equation. O

One could consider the Donaldson-Scaduto J-holomorphic curves as a graph of a map above
the triangular region T' C R?

(u1,u2)’
G =(G1,Gy): T C R? —>AcR%

(u1,u2) x3,Y3)"

The same type of calculations as the one in the proof of Theorem 45 shows there exists a map
) 2
VT CRy, ug) — R,

such that

det(Hess(y)) = V.
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Figure 4.8: Map G describing L

Assuming T' = T}, 1, »5, the boundary conditions of ¢ are described by the following,
|dip(ur, ug)| = |G(u1,u2)| — oo as & — [p1,p2] U [p2, p3] U [p3, pal.

4.4.3 The Degenerate Case

In the study of the existence problem, in the analysis of the deformation of Donaldson-Scaduto
special Lagrangians and also in writing down the Mongeé Ampere equation describing the
Donaldson-Scaduto J-holomoprhic curves, we considered a generic case where the points p1, p2
and ps are not collinear. In this section, we consider the non-degenerate case, where p1, p2 and
ps are collinear. The material in this section, are rather speculative.

The triangle T, p, p,, When p1, p2 and p3 are collinear, would be degenerate and is just a line
segment. Without loss of generality, let’s assume p1, p2 and ps lie on the z-axis and p- lies on
the segment [ps3, p1]. Let e; be the vector in the positive direction of the xz-axis. We would have
two parallel special Lagrangians in X x C, namely,

LY 5 =7 p1, po] X (e1), L33 =7 "[p2, p3] x (e1).

Let 1 : X x C — R? be the map defined by 71 (x, z) = m(z), where 7 : X — R? = R?2x {0} C
R3. Let 73 : X x C — R? = C be the map defined by 72 (z, z) = 2. We would get the following
degenerate figure.
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Figure 4.9: Singular Special Lagrangian

In fact, we expect there would be no smooth Donaldson-Scaduto special Lagrangian in this
0 . . . . . . .

degenerate case. Let Lsin&pl’m’p3 be the singular special Lagrangian, illustrated in 4.4.3, which is
the union of L(l),2 and L(z),?)- This special Lagrangian is singular along a line, which is {p2} x (e1).
Note that the intersection

L0 NI = {pa} x (e1)

p1.p2 ' Ppaps T P2 1/

is not a transversal intersection.

For each t € (0,1), let p}, p}, p, be three points which are not collinear, but they converge
to the collinear ones py,pa, p3 as t — 0. In fact, by a affine transformation of R?, we can
assume pt1 and pg are fixed and pt2 is getting closer to the segment connecting p’j and pg. As
one moves p4 closer and closer to this line segment, we would expect to get a family of smooth
Donaldson-Scaduto special Lagrangians Lgt , . converging to the singular special Lagrangian

1 3

P3P
0
L sing,p1,p2,p3°
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Figure 4.10: Formation of Singular Special Lagrangian

. . . . . . . 0
The main deformation problem here is to start with the singular special Lagrangian L, o.p1p2.p3’

and show that this special Lagrangian can be disingularized as we move the point po slightly
off the segment connecting p; and p3. This is also motivated by the method of continuity for
proving the Donaldson-Scaduto conjecture, since we can consider this singular case as the spe-
cial case of the method of continuity. In fact, proving this would show the space of smooth
Donaldson-Scaduto special Lagrangians is non-empty.

s=!

p1 p3
/ n P p"/ / P2 /

Figure 4.11: Disingularization

The picture in the symplectic reduction space is clearer. Let 7y : R‘(Luhu%xg’%) — R(UhuQ)
and o : R‘(Lul,u%x&m) — R%x37y3) be the projection maps on the first two components and the
last two components, respectively. In the degenerate case, we would have two J-holomorphic
bands Lgl po and L22 ps+ The J-holomorphic curve conjectured by the dimensionally reduced
Donaldson-Scaduto conjecture is simply their union, which unlike the special Lagrangian case, is

a smooth object [p1, p3] x (e1); however with boundary.
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e

Figure 4.12: The Limiting Band

The deformation problem in this case is to start with the smooth band [p1, p3] x (e1), and
prove as we move the point ps slightly off the segment connecting p; and p3, we would get a
smooth Donaldson-Scaduto J-holomorphic curve with three ends.

| m]%

/ p1 P2 p3 / / p1 — P/
D2

Figure 4.13: Deformation of the Limiting Case
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