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Abstract

In this thesis, we study the possibility of extending the well-established
construction of compact 7-manifolds carrying an irreducible torsion-free Ga-
structure, known as the Twisted Connected Sum, to the setting of 7-orbifolds,
spaces locally modeled on R7/T, quotients of R” by finite subgroups I' of
the group G2. Our work extends previous results by Alexei Kovalev ([44])
and Dominic Joyce ([34]) on the existence of torsion-free Ga-structures and
establishes a topological criterion for the irreducibility of such structures
in the case of orbifolds. The strategy for the existence part is to lift the
problem locally to a I'-invariant problem on a manifold. For irreducibility,
the strategy is to adapt a criterion due to Joyce by considering a topolog-
ical invariant for orbifolds called the orbifold fundamental group. We also
investigate the irreducibility of a number of examples found in the litera-
ture, prove that the irreducibility of a global quotient of a Go-manifolds is
equivalent to the irreducibility of the manifold, and construct a few dozen
examples by using weighted projective spaces as the building blocks of the
twisted connected sum.

Another result in the thesis is a classification of associative 3-folds in
product Go-manifolds of the form X x T3, and related G5 orbifolds of the
form (X x T3)/Z3 where X is a hyper-Kéhler K3 surface. The defining
condition for this class is that the derivative of the torus projection has
constant rank. We prove that under these assumptions, up to isometry of
the ambient Gy 7-fold, this class consists of associative 3-folds which are
given by the quotients of either products of the form ¥ x ~, where ¥ is a
complex curve in X and v is an appropriately chosen embedded circle in 72,
or by 3-tori, {zo} x T?, where zg € X.
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Introduction

The field of Go geometry can be approached from at least 2 different di-
rections: the study of the normed division algebras ([28]) and the study of
reduced holonomy groups of 7-manifolds ([10]). The classification of normed
division algebras (due to Hurwitz) tells us that there are, up to isomor-
phism, only 4 possibilities: the real numbers, the complex numbers, the
quaternions, and the octonions. If A & R" is a normed division algebra, we
can define its real part, Re(A) = {al|a € R}, i.e., the R-linear span of the
multiplicative identity and its imaginary part, Im(A) = Re(A)*, i.e., the
orthogonal complement of the real part with respect to the standard Eu-
clidean inner product. It turns out that the imaginary part of each normed
division algebra can be equipped with a “cross product”, a bilinear map
x : Im(A)? — Im(A) given by a x b = I'm(ab) and that normed division
algebras are in one-to-one correspondence with spaces admitting a “vector
cross-product”. Moreover, we can define a 3-form, ¢, on Im(A) by:

v(a,b,c) = (a xb,c) (1)

In the case of the octonions, this 3-form is called the associative 3-form,
or the standard Go 3-form. For our purposes, its most important property
is given by a result due to Bryant ([14]) which states that the subgroup
of GL(7;R) which stabilises ¢, is precisely the group G, and hence, any
stabiliser of ¢ also preserves the Euclidean metric and the standard volume
form on R”. One can then equip manifolds with 3-forms that are “given
pointwise” by the standard Gy form. Such a 3-form will induce the metric
and the orientation on the manifold and we aim to study the properties of
manifolds equipped with these structures.

Berger’s Theorem ([10]) on reduced holonomy states that the holonomy
group of a simply connected, irreducible and non-symmetric Riemannian
manifold must belong to one of 5 infinite series or to one of 2 exceptional
cases. Gg and Spin(7) are the exceptional cases in dimensions 7 and 8,



respectively. Due to the nature of the proof of Berger’s Theorem it is im-
possible to determine if there actually exist manifolds that carry Rieman-
nian metrics whose holonomy is one of the exceptional ones. Nonetheless,
examples of both 8-manifolds with holonomy Spin(7) and 7-manifolds with
holonomy Gy have since been found. All these examples have to carry a
G2 3-form as discussed above and the induced structures arising from it.
In the G4 case, there are two well-established constructions of compact Go-
manifolds due to Dominic Joyce ([33]) and Alexei Kovalev ([44]).

In recent years, there has been an increasing interest in singular spaces
carrying full Gy holonomy, in particular those carrying isolated conical sin-
gularities. There has been some progress in this direction due to Joyce and
Karigiannis ([37]), however, there still remain many unanswered questions.
Our aim is to construct 7-orbifolds, spaces locally modeled on quotients of R”
by finite groups, which have holonomy G2 and carry so-called “torsion-free”
Go-structures. Reidegeld has successfully constructed orbifolds carrying a
torsion-free Gia-structure in [55] by a few methods: Firstly, he considers quo-
tients of the form (X x T%)/T', where X is a K3 surface, T% is a flat 3-torus
and I is a finite group of isometries. To obtain orbifolds he either chooses X
to be an orbifold K3 surface or he chooses I' to not act freely. By this method
Reidegeld demonstrates how one might construct G2 orbifolds with varied
orbifold singularity types. His second construction was achieved by adapting
Joyce’s Kummer-type-construction. These examples are more restricted in
the singularity types that they can support, but nonetheless Reidegeld man-
ages to construct examples for all the possible singularity types. Finally, he
also briefly mentioned how Kovalev’s construction could be adapted to the
setting of orbifolds; we will discuss more about his contribution here when
we get to examples.

We adapt Kovalev’s construction in [44], the so-called Twisted Con-
nected Sum, to orbifolds. Reidegeld’s work does not include any computa-
tion of the holonomy group of the found orbifolds, his main focus being the
torsion-free Go-structure, so it could be the case that the holonomy group
of all his examples is a proper subgroup of G5. We find a general topological
criterion for when a compact orbifold carrying a torsion-free G5 has holon-
omy exactly equal to G5 inspired by a similar result for manifolds proved
by Joyce.

The thesis is organised into 5 chapters. The first chapter provides the
reader with all the necessary background results on G2 Geometry, orbifolds,
smooth K3 surfaces, orbifold K3 surfaces, and the Twisted Connected Sum.

The next chapter is concerned with generalising the backbone of the
construction; we prove an existence result for asymptotically cylindrical



manifolds (ACyl manifolds), which is closely related to an ACyl version
of the Calabi-Yau Theorem, by adapting the proof of Haskins, Hein, and
Nordstrom ([27]). The next result in this section concerns the existence of
torsion-free Ga-structures on glued pairs of ACyl manifolds times a circle;
the gluing here is done with respect to what is known as the “Donaldson
matching condition” (or, simply, the matching condition) on which we easily
get a closed Ga-structure. We get a torsion-free Ga-structure by solving a
certain PDE via an iterative approach as was done in [33] (or in [34] chapter
11). We investigate the matching problem for orbifolds and examine basic
topological invariants of our orbifold Twisted Connected Sums; we compute
their Betti numbers, their fundamental group, and their orbifold fundamen-
tal group by using the Seifert-van Kampen Theorem and the Mayer-Vietoris
sequence as was done in [45]. Lastly, we look in detail at Reidegeld’s exam-
ples ([55]) of so-called “non-symplectic type” orbifold Twisted Connected
Sums. The results in this chapter are mainly routine generalisations of their
smooth counterparts. Nonetheless, we go through the arguments found in
the literature for the smooth case so that we accurately state the orbifold
analogues and identify any differences; a particularly delicate part to extend
being the matching problem, as we shall see.

The third chapter is dedicated to proving a result about when a manifold
carrying a torsion-free Ga-structure has holonomy exactly Gg, rather than
a proper subgroup of Gs; in the smooth case Joyce ([34, Prop 10.2.2]) gives
a simple topological condition, namely the finiteness of the fundamental
group. This result is known to fail in the case of orbifolds: in Joyce’s
original construction ([33]), he considers the 7-torus, 77, equipped with
the flat Go-structure induced by the standard one on R”. He then chooses
a finite group of affine transformations of R”, T, and aims to resolve the
singularities on the quotient orbifold T7/T" to get Go-manifolds. For certain
choices of T', we have that T7/T is simply connected (see [33]), but the Go-
structure is the flat one so the holonomy is trivial. Our result uses a more
suitable invariant for orbifolds, namely the orbifold fundamental group, 7",
to detect if the holonomy is a proper subgroup of G5 or not; the finiteness
of the orbifold fundamental group is a necessary and sufficient condition for
the orbifold to have full G2 holonomy. Returning to Joyce’s examples, the
orbifold fundamental group fits into a short exact sequence:

1= m(T7) = 7T )T) - T = 1 (2)

so it is easy to see that in this case 7¢"*(T7/I') is in fact infinite. We
then apply our theorem to various G orbifolds found in the literature and



investigate their holonomy. We also apply our theorem to quotients, M/G,
of G2-manifolds, M, by finite groups of isometries, G, to prove that the
holonomy of the quotient is G2 if and only if the holonomy of the manifold
M is GQ.

The next chapter is concerned with examples. We first introduce back-
ground results on weighted projective spaces, which will constitute a basis
for new examples of orbifold Go-manifolds and then construct Go-manifolds
from pairs of weighted projective spaces as our ACyl parts and hypersur-
faces in them as the required K3 divisors. We use our matching theorem
to construct a few dozen examples. We also exploit a particular weighted
projective space for which the K3 divisor is smooth to construct examples
by gluing it to other known smooth families in the literature (particularly
those considered by Kovalev in [44]).

In chapter 5 we look at a particular class of Go orbifolds, namely those
of the form (X x T3)/Z3, where X is a hyper-Kihler K3 surface and Z3 is
generated by two commuting involutions of the non-symplectic type. Our
main concern here is to give a systematic description of a class of asso-
ciative 3-folds in the aforementioned G5 orbifolds, namely those for which
the derivative of the projection to the torus factor has constant rank. We
initially concern ourselves with the constant rank 1 case and prove that as-
sociative 3-folds satisfying this condition are always given by products > x
where ¥ C X is a complex curve with respect to some complex structure
in the S? family of complex structures on X induced by the hyper-Kéahler
structure and v C 72 is an embedded circle. We then investigate the other
constant rank possibilities and provide a full classification of the class of
constant rank associative 3-folds, ending with a couple of remarks on the
statement and proof of the main theorem.

We end the introduction by talking a bit about the applications of Ga-
manifolds and orbifolds in pure mathematics and beyond. G2 geometry is
interesting to study in its own right, due to the interplay between the Go-
structure and the Riemannian metric. 7-manifolds equipped with a torsion-
free Go-structure and holonomy exactly G are both examples proving that
one of the special cases in Berger’s Theorem is not just an artefact of the
proof, but does in fact arise “in the wild”, and examples of Ricci-flat real
manifolds in odd dimensions, of which we do not have many; most of our
examples of Ricci-flat manifolds come from Yau’s solution to the Calabi
conjecture and from manifolds carrying a hyper-Kéahler structure, both of
which exist in the realm of complex geometry.

Outside of pure mathematics, Go-manifolds and -orbifolds play a role
in high-energy physics, specifically in the so-called compactification of M-



theory [38]. This is a theory aiming to explain phenomena of quantum
gravity on an 11-dimensional manifold of the form:

MY =R x M7 (3)

where RY3 is Minkowski space and M7 is a compact Ricci-flat Riemannian
manifold with “small” enough total volume. We call a manifold of this
type a compactification of spacetime and the quantum physics we observe
on R'3 is called the low energy limit of M-theory compactified on MT. It
is commonly believed that M7 is in fact a Ga-manifold, however, if M7 is
a manifold, then this theory is not compatible with physical observations.
Nonetheless, if one allows M7 to have suitable singularities then M-theory
compactified on M7 does match observations. Such suitable singularities
are, for example, conical singularities; as of today, no explicit examples of
compact Ge-manifolds with isolated conical singularities are known. For a
good overview of the role of G2 orbifolds in high-energy physics one can
consult [2].



Chapter 1

Background Results

The aim of this chapter is to introduce the background results in the areas of
G2 geometry, orbifold theory, the Twisted Connected Sum, and K3 surfaces.
We also introduce notation and key ideas we will be using in the following
chapters. The material for this chapter is standard and the main references
will be [34], [31], [3], [17], [20] and [9]. We also mention [55] for the exposition
on lattice theory.

1.1 G, Geometry

G2 Geometry is a branch of Riemannian Geometry where we study the
properties of a special class of 7-folds carrying what is known as a Go-
structure. These have some remarkable properties and are connected to
other areas of mathematics such as normed division algebras, in particular
with the algebra of the octonions, @. In this section we introduce some of
the important properties of Ga-structures on 7-manifolds.

Consider R” equipped with the standard Euclidean metric gy. Denote
the standard orthonormal basis by {e1, ..., e7} and write e/¥ = e’ Aed A e,
then we can define the associative 3-form or the standard Go-structure on
R7, ¢o, to be (note that there are two sign conventions and we adopt the one
due to Bryant, [14, p. 539]; for more details one can check [40, p. 15 — 20]):

do = 123 | M5 4 Q16T | 246 _ 25T _ 34T _ 356 (1.1)

Now we can define the group G to be the group that stabilises the associa-
tive 3-form:

Gy ={A € GL(T,R)|Aho = o} (1.2)



One reason why Ga-geometry is interesting is the next result which es-
sentially says that Gg is a subgroup of SO(7) (by viewing SO(7) as the
subgroup of GL(7,R) which preserves both the standard inner product, go,
and the standard orientation, dVoly, associated to g).

Theorem 1.1 ([14, Theorem 2]). If A € Go, then A*gy = go and A*dVoly =
dVolg, where dVoly is the standard volume form on R7.

Moving to the setting of smooth manifolds, let M be a smooth 7-manifold.
We wish to equip each tangent space with an associative 3-form as in Equa-
tion (1.1) in a smooth way.

Definition 1.2. Let M be a smooth 7-manifold. A Gsy-structure on M is
a smooth 3-form, ¢, on M such that for all p € M, there exists a linear
isomorphism A, : T,M — RT which identifies ¢, € A3(TFM) with ¢ €
A3(R7)* via pullback, Ay (dp) = o

Since G C SO(7), then a Ga-structure on M will induce a metric, g4,
and a corresponding volume form dVolg, hence also a Hodge star, %4. For
tangent vectors u, v, these satisfy:

6(u, v)g,dVoly = (uap) A (vag) A ¢ (1.3)

Remark 1.3. A connected 7-manifold, M, admits a Ga-structure if and
only if it is orientable and spinnable ([15]); this is equivalent to the first two
Stiefel-Whitney classes of M vanishing.

Proposition 1.4 (Ferndndez and Gray, [23]). Consider a Ga-structure ¢ €
Q3(M). Then Hol(gs) C G2 if and only if V¢ = 0 if and only if dp = 0
and d x4 ¢ = 0, where Vy denotes the Levi-Civita connection of gs. In this
case we say that ¢ is a torsion-free Go-structure and we call (M,$) a
torsion-free Go-manifold.

Remark 1.5. If we denote the formal L2-adjoint of the exterior derivative
by d*, then dxg ¢ = — %4 d*¢ so if ¢ is torsion-free, then d¢ = 0 and d*¢ = 0
which says that ¢ is a harmonic 3-form.

Note that the second condition,
d *¢ qb =0 (1.4)

is not linear, since the Hodge star operator depends on the Ga-structure,
¢, and is the main difficulty to finding torsion-free Ga-structures. Another
important property of metrics induced from a torsion-free Ga-structure is
that they are Ricci-flat:



Theorem 1.6 ([58, Lemma 11.8]). Let (M, g) be a Riemannian 7-manifold.
If Hol(g) C Ga, then g is Ricci-flat.

Our best-understood examples of Ricci-flat metrics come from Yau’s
solution to the Calabi Conjecture (e.g. K3 surfaces carrying a hyper-Kdhler
structure), however, irreducible Gy-structures provide examples of Ricci-flat
metrics on manifolds which are real manifolds of odd dimension. If (M, ¢)
is a torsion-free Go-manifold, then Hol(gy) € G2. We say (M, ¢) is an
irreducible torsion-free Ga-manifold if Hol(gs) = Ga.

From now on we shall refer to compact manifolds carrying a torsion-free
Go-structure simply as Ga-manifolds. There are two well-known construc-
tions of irreducible Go-manifolds, one due to Joyce and one due to Kovalev.
Joyce’s construction involves starting with a flat 7-torus and taking a quo-
tient by a discrete group of isometries preserving the Go-structure ¢g. Then
he resolves the singularities of this quotient space to obtain a 7-manifold
with a closed Ga-structure (d¢ = 0) and “small” torsion. The idea is to find
a small 2-form, 7, such that x4d(¢ + dn) = 0 by using a carefully designed
iteration argument in perturbative analysis. Finally, for irreducibility, he
shows that the fundamental group must be finite.

We shall focus on the construction by Kovalev, commonly known as the
Twisted Connected Sum. Informally, the idea is to obtain non-compact,
asymptotically cylindrical Riemannian manifolds with holonomy SU(3) of
real dimension 6, such that a Riemannian product with a circle yields a
7-manifold with the same holonomy and with an end asymptotic to a half-
cylinder. The cross section of the cylindrical neck is a product of a K3
surface and 2 circles. Using a pair of these we can truncate the cylin-
drical end, cut off the cylindrical metric and identify the boundaries via
an orientation-reversing isometry to get a compact Riemannian 7-manifold.
The gluing map interchanges the S' factors and the complex structures on
the K3 surfaces such that the fundamental group remains finite and that
we get a well-defined Go-structure, which we view as “approximating” some
torsion-free Go-structure. Initial examples for the Twisted Connected Sum
were given in [44], with Corti and co-authors providing many more examples
in [18].

More recently, there have been new methods of obtaining new examples
of Ga-manifolds due to Joyce and Karigiannis ([37]), and due to Nordstrém
([53]). We will briefly review the construction in [37] in Section 3.2 below,
where we will also compute the holonomy groups of the Gs-orbifolds needed
in the construction. We also briefly outline the construction in [53] below.

Nordstrom generalises the Twisted Connected Sum, generalisation which



has become known as the extra-Twisted Connected Sum. The idea is that
in the Twisted Connected Sum, the cross-sections we get are products of a
torus and a K3 surface, where the torus is given by a product of two circles
of the same radius (this corresponds to viewing the torus as the quotient of
R? by the lattice generated by the standard basis vectors), however, there
is no reason for these two circles to have the same radius. In fact, he shows
that by considering circles of different radii, i.e., by considering different
lattices defining the 72 factor, one can obtain new Gg-manifolds. The main
difference in this case lies in the matching condition which becomes a rota-
tion by some angle 6 of the hyper-Kéhler structure on the K3 factors (the
regular Twisted Connected Sum corresponds to the case 6 = 7).

We will now introduce orbifolds and some of the foundational results
that will be useful for us, and then we review K3 surfaces and orbifold K3
surfaces, which are crucial ingredients for the Twisted Connected Sum and
its orbifold generalisation. We end this chapter with a review of the Twisted

Connected Sum.

1.2 Orbifolds

This section will introduce the simplest possible singular spaces on which
we can hope to generalise the Twisted Connected Sum, namely orbifolds.
These are spaces locally modeled on quotients of R™ by finite groups, and
a great deal of results from the theory of smooth manifolds apply (almost)
verbatim to orbifolds. Most of the material in the following subsections is
contained in [17], [3] and [20].

We begin with the definition of an orbifold which we will be using;:

Definition 1.7. Let M be a Hausdorff, second countable topological space.
We say that (U, T, ¢) is an orbifold chart for M if:

e U is a connected, open neighbourhood of 0 € R™,

e I' C GL(n,R) is a finite group such that Vv € ', v(U) C U and the
codimension of the fixed point set of =y is greater than or equal to 2,

e the map ¢ : U — U is continuous, Vy € I and = € U, ¢(x) = ¢(y.z)
and it induces a homeomorphism ¢r : U/T" — U, where Y C M is an
open subset.

Given two orbifold charts (U, T", ¢) and (V, A, ), we say that amap A : U —
V' is an injection of charts (sometimes we will also say a chart injection)



if it is smooth, linear, injective and it satisfies v o A = ¢. We say M is
an orbifold if there exists a family of orbifold charts {(U;, I';, ¢;)} such that
M = Uz(ﬁz(UZ) and V(Ui,l—‘i,(ﬁi) and (Uj,Fj,¢j) with pE ¢1(Uz) N ¢j(Uj),
there exists an orbifold chart (U, 'k, ¢x) with p € ¢ (Ux) and injections of
charts >\ki : Uk — U; and /\kj : Uk — Uj.

Note that given an orbifold chart, (U,T",¢), Vy € T', the map induced
by the GL(n,R) action, v : U — U, is an injection of charts. For a chart,
(U,T, ¢), the isotropy subgroup of T" at x € U is defined to be

I'y={yellyz=ux} (1.5)

and we say that x is a singular point if I';, is non-trivial. We say a point
p €U C M is a singularity if p = ¢(x) for a singular point x € U. The set of
all singularities will be denoted by Ming and points in Mg = M\ Ming
will be called regular. Sometimes, when there is no chance of confusion,
we will abuse the terminology and call p a singular point. We also note
that each connected component of the singular locus is a manifold without
boundary ([17]). Given this, it will be useful for us to define the dimension
of Msing, Nsing, to be

Nsing = maz{dimC|C' is a connected component of Ming} (1.6)

We will return to this point and expand a bit on it in Chapter 3. We
denote the set of all orbifold charts on an orbifold M by Fa and the set of
all injections of charts by L.

Definition 1.8. Let M and P be orbifolds. A collection {fv}wr ¢)er,,
such that for each (U,T', ¢) € Faq there exists an (V, A, 1) € Fp and a map
fu : U — V satisfying that for each injection of charts A\ : U — U’ € L
there exists an injection of charts 7 : V — V'’ € Lp such that the following

diagram commutes:

g N Ve

bl

U/ fU’ V/

will be called an orbifold map and we call the fy;’s local orbifold maps. Note
that this implies that we have a map of topological spaces f : M — P, such
that, for each chart (U,T', ¢) € Faq, fo ¢ = o fyy, which we also refer to as
an orbifold map. We say that an orbifold map, f, is of class C*, C™, etc.
if each fy is.
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The tangent space over a point p € M in an orbifold chart (U, T, ¢) is
defined to be:

M = Tpr () U (1.7)

and it comes equipped with an action of I'; induced from the action of I' on
U. We also define the tangent cone over p to be:

CyM = T, M/T, (1.8)

where Iy, is the isotropy group at p. If p is a smooth point, then the tangent
cone is, in fact, the regular tangent space. We can define the derivative
of a smooth map of orbifolds f : M — P at a point p € M to be the
unique linear map D, f : TpM — TP defined in terms of an orbifold
chart, (U, T, p), around p, as Dy f = D -1, fu. Note that this definition is
independent of the chosen orbifold chart. We also define the rank of D,f
to be the rank of D -1, fu. We also have a notion of vector bundles over
an orbifold, called orbibundles:

Definition 1.9. Let M be an orbifold and F ¢ the set of all orbifold charts
on M. An orbibundle of rank r over M consists of a rank r vector bun-
dle, By, over U;, for every orbifold chart (U;,I';,¢;) € Fpaq, with fibre a
r-dimensional vector space, V', independent of the orbifold chart, together
with a homomorphism hyy, : I'; — GL(r; V') satisfying:

e if b lies in the fibre over z; € Uj;, then for each v € I';, bhy, () lies in
1

the fibre over v~ x;

e if the map A\j; : U; — Uj; is a chart injection, then there is a bundle
map A7 Bu; |, — Bu, satisfying the condition that if v € I,
and 7' € I'; is the unique element of I'; such that A\j; oy = 4" o \ji,
then hy, (7)o A5, = A% 0 hy, (7). Moreover, if A : Uj — Uy, is another
injection of charts, then (Ag; o Aji)* = A%; 0 AL,

Remark 1.10. We can construct a tangent orbibundle, a cotangent orbi-
bundle and (r, s)-tensor orbibundles, which we shall denote in the usual way
(for example, T*M will denote the cotangent orbibundle), using the tan-
gent cones. We can also define other (vector) orbibundles where the general
fibres are quotients V/I',, of a vector space V, or principal G-orbibundles,
for G a Lie group, by slightly tweaking the definition above.

Remark 1.11. If £ — M is an orbibundle we shall denote its space of
smooth sections by C*(£)°"" and similarly for other spaces of sections of

11



different regularities. All such sections will be given as collections similar to
the case of orbifold maps. The ’ord’ superscript is superfluous here, in fact,
we could have easily denoted the space of smooth sections as C*°(E). We add
the ’ord’ superscript as a means to emphasise that we are considering sections
of orbibundles over orbifolds; however, when it is clear from the context that
we are working with orbifolds we shall omit the ’ord’ superscript. It is also
important to note that this distinction sometimes is very important, for
example, 71 (M) is the fundamental group of the orbifold which we obtain
by ignoring the orbifold structure on the underlying topological space, but
79" (M) denotes the orbifold fundamental group which takes into account
the orbifold structure. Whenever the distinction will be important we will
explicitly state this to avoid any confusion that may arise.

Example 1.12. Let (U,T',$) be a chart. Let Q¥(U)r C QF(U) denote
the subset of differential k-forms which are invariant under the action of T'.
Explicitly, QF(U)r consists of those differential k-forms satisfying:

we (X1, .., Xpp) = wya(T (V) (@) X1, -, T (7)(2) Xie) (1.9)
forall z € U, v € T and Xy,..., X € T,U, where J(v)(p) = (a””iw) is

oxd
the Jacobian of v at p. We say that w = {wy}r,, is an orbifold differential
k-form on M if for each chart (U,T,¢) the form wy is in QF(U)r and for

each injection of charts A\ : U — U’ the form wy satisfies:

(Wi )e (X155 X)) = (Wo)a@) (TN () X1, .., T (M) (p)Xk)  (1.10)
where, as before, J(\)(p) = (ag;j’A> is the Jacobian of A at p and 2"
are local coordinates on U’. We denote the space of orbifold differential
k-forms on M by QF(M)°™. Note in particular that any operation on dif-
ferential forms which preserves I'-invariance gives an analogous well-defined
operation on orbifold differential forms; of interest being the wedge prod-
uct, symmetrisation and anti-symmetrisation. Moreover the usual exterior
derivative d : QF(U) — QFF1(U) preserves I'-invariance and is compatible
with chart injections so it gives a well-defined exterior derivative for orbifold
differential forms which we shall also denote by d. Hence we get a cohomol-
ogy theory for Q*(M)°™, which we shall denote by Hjp(M). It has been
proven in [59] that Vk = 0,...,dim(M) we have H5 (M) = H¥(M;R),
that is, the deRham-type cohomology for Q*(M)°™ is isomorphic to the
usual cohomology with real coefficients.

Moreover, as previously noted, a lot of results concerning manifolds gen-
eralise to orbifolds. We mention just a few, which will prove to be important
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in this thesis: the existence and uniqueness of the Levi-Civita connection,
Stokes” Theorem, the Hodge Decomposition Theorem ([8]), the Calabi-Yau
Theorem; we will discuss the latter in more detail below.

It is rather easy to see, but important to note that the spaces of sections
of orbibundles are vector spaces. For example, given an oriented Riemannian
orbifold M, C*(M)°™ will be the space of bounded continuous functions
M — R which have k-times continuous bounded derivative. As for mani-
folds, it will be a vector space and we can equip it with the standard norm
I fllcr = Zf:o supp|Vif|, where V denotes the Levi-Civita connection on
M. Similarly, we can define Holder spaces, C**(M)°™, or Sobolev spaces
LP(M)°"® which will generalise to the spaces of sections of an orbifold vector
bundle in the same way they do for manifolds. If £ — M is an orbibundle
we shall denote, for example, the corresponding Sobolev space of sections
by LY(€ yere,

Since the corresponding spaces of sections are vector spaces plenty of
results related to the analysis of sections on orbifolds carry over from the
manifold case:

Example 1.13. As an example we shall show that if (M, g) is a compact
Riemannian orbifold (i.e., g is a Riemannian metric on M) and k > 0 then
C*(M)" is a Banach space. First note that it is a vector space under the
usual addition

f+g9={fv+av}r. (1.11)

and let f; = {(fi)u}ry be a Cauchy sequence in C*¥(M)°™®. For each
orbifold chart (U,T',¢), C*(U) is a Banach space so the sequence (fi)y
converges to a function fry € C*(U). For v € T the function ||(fi)v(z) —
(fi)u(y.x)||c is continuous in x so

fo (@) = fu(y.o)ller = limiseol|(fi)u(2) = (f)u(v-a)ller =0 (1.12)

so indeed fi; € C¥(U)r for each orbifold chart and each v € I' so indeed
f=A{fvYru € CHM)™.

We define a complez orbifold, (M, J), as a real 2n-dimensional orbifold
with an orbifold complex structure, J = {Jy}r,,, for which each local chart
(U,T, ¢) satisfies that U € C", I" € GL(n,C), the complex structure on U,
Ju7, is I-invariant and compatible with injections of charts, meaning that
Vx € U, X € T,U and all injections of charts X\ : U — U’ we have:

(J0)e(X) = (Jur)a@) (T (A)(2)X) (1.13)
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A Kdhler orbifold is a complex orbifold, (M, J), equipped with an orbifold
Kéhler form, w = {wy}r,,. Note that the existence of a Kéahler form on
(M, J) implies that for every orbifold chart (U,T, ¢), we have I' C U(n) C
GL(n,C). The Hodge Decomposition Theorem has been proven for orbifolds
in [8], from which it follows that the d9-Lemma extends to Kéhler orbifolds.
We state and prove the orbifold 99-Lemma below to showcase one of the
major tools we will use, namely “averaging over the local isotropy groups”.

Lemma 1.14. Let (M, J,w) be a compact Kdihler orbifold of complex di-
mension n and let w' be a smooth closed real (1,1)-form on M. Then for
every point p € M there exists a neighbourhood, U and f € C*®(U) such
that w'|y = =00 f

Proof. If p € M is a smooth point, then there exists a neighbourhood V C
M such that V is biholomorphic to C". Using the regular 9-Lemma yields
a neighbourhood W such that w'|yy = 5=00f. Set U =V NW, then w'ly =
5=00f. If p is singular, then there exists an orbifold chart (V,I',¢) and
W'y € QYY(V)p. Using the 99-Lemma on V, we have that there exists
alU CVand f € C®U) with |y = 5299f. Now w'ly is T-invariant
so it suffices to construct f! from f, such that fU is I' invariant (so it
gives a well-defined element of C*°(U)r) and d0f = 90f". This follows
immediately since w'|y = ﬁ@g f and «'|yy is T' invariant so that 99f is T
invariant. Now consider “averaging f over I'”:

/= |I{|Zv*f (1.14)

vyel

Note that f is I' invariant and we have that:

001" =90 | 5 o0 | = 1 0067 1) =
vel el (1.15)
= LS 001) = — S 001 = o0
T 4 T

where we have used I invariance of d0f in the second line. Hence we have

ﬁ@gfr = w/‘u O

Moreover, note that we can define the canonical orbibundle just as we
would for complex manifolds.
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Definition 1.15. Let M be a complex orbifold of dimension n. Then we
define the canonical orbibundle of M to be:

Ka = A"T* M0 (1.16)

where T* M1 is the holomorphic cotangent orbibundle. In general, this will
be an invertible sheaf ([34, Chapter 6.3]); however, if we have that Vp € M,
the isotropy group I'j is a subgroup of SL(n;C), then this is indeed a line
bundle in the sense of complex geometry ([3, Chapter 1.3]).

Remark 1.16. Invertible sheaves are the natural generalization of line bun-
dles over singular algebraic varieties; to see why note that if M is a complex
manifold, L is a line bundle over M, and O(L) is the sheaf of holomorphic
sections of L, then O(L) is an invertible sheaf. Conversely, if F is an invert-
ible sheaf, then it can be identified with the sheaf of holomorphic sections
of a line bundle L.

However, in this thesis we will not need invertible sheaves as can be seen
from the remark below.

Remark 1.17. What we mean by line bundle in the sense of complex ge-
ometry is the following;:

Note that K4 is a complex orbibundle so the fibre over each point, p,
is of the form C/I',. Now note that the fibres of the cotangent bundle can
be identified with C"/I', using the complex structure of M ([3, Chapter
1.3]). The action induced on the fibre C is the one obtained by taking the
determinant of the above representation so indeed if I, C SL(n;C) for all
p € M, then the fibre over every point will be a copy of C. This gives the
structure of a topological line bundle. Moreover, the transition functions for
this topological line bundle will be given by the determinants of transition
functions for T7* M0 which are indeed holomorphic maps so indeed K is
a complex line bundle.

For us, it will be the case that the canonical orbibundle will be a complex
line bundle. This is because we shall only consider complex orbifolds which
carry a metric with holonomy SU(n). For such a metric to exist we need,
for every point p of our complex orbifolds, the isotropy group at p to be a
finite subgroup of SU(n). As such, the canonical orbibundle is a complex
line bundle.

Definition 1.18 (see [13], section 4). Let (M, J) be a complex orbifold,
£ — M be a complex orbibundle and V a covariant derivative on £. We
define the orbifold first Chern class of V on £ to be:

1 (€, V)b = [;Wtr@(Fv)] e H*(M;R) (1.17)
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where Fy is the curvature corresponding to V. We define the orbifold first
Chern class of (M, J) to be ¢ (T M), It only depends on the complex
structure, .J, so we shall denote it as c1(J)°™ or ¢1(M)°".

Remark 1.19 (cf. [34], p. 135). If M is a complex orbifold such that
all orbifold groups lie in SL(n,C), then K is a genuine line bundle over
M. This is the case, for example, when our complex orbifold is equipped
with a metric with holonomy SU(n). In such an instance, the first Chern
class is a well-defined element of H?(M;Z) in the usual way. If not all the
isotropy groups are subgroups of SL(n,C), then in fact K is a genuine
orbibundle, with fibres C over smooth points and C/T" over singular points.
In this case, we have that c¢;(M)°"® € H?(M;Q). Either way, we have that
c1(M)° € H?(M;R). Moreover, in either case, ¢;(M)°™® = 0 implies that
K\ is trivial (either as a genuine line bundle or as an orbibundle).

We also mention that the Calabi-Yau Theorem holds for orbifolds. This
was known for some time (see for example [34, Section 6.5.1]), however, the
first detailed proof seems to be given in [48, Section 3.5]:

Theorem 1.20 (Calabi-Yau, [48, Theorem 3.5.1]). Let M be a compact
Kadhler orbifold with Kahler form w. Then there exists a unique Ricci-flat

Kdahler metric w in the same cohomology class as w if and only if the orbifold
first Chern class vanishes, i.e., c1(M)°® =0

We end this section by discussing the orbifold fundamental group. We
will first discuss why we need a separate notion of fundamental group for
orbifolds and then we will formally introduce it as is done in [17], sections
2.1 and 2.2. Let’s consider an example first:

Example 1.21. Consider the quotient of R? by the action of Zsz whose
generator acts as a rotation by %” about the origin. We denote by M =
R?/Z3 the resulting quotient space. The orbifold has singular locus given by
the origin Mg;ngy = {(0,0)}. Consider a loop 71 based at some y # [(0,0)] €
M that circles the origin once. This loop lifts to a path 7; in R? from,
say, 71 to U2, where {91,%2,73} C R? are the pre-images of y through the
quotient map. Note however, that keeping the end-points of 77 fixed, it can
not be homotoped to a constant loop in R%. The same is true for the loop,
Y2 in M, which loops twice about the origin. The loop, 3 which loops 3
times about the origin however, lifts to a concatenation of 3 paths in R?,
one from 77 to ¥o, another from 75 to y3 and finally a last piece from Y3
to ¥1; hence 73 forms a loop in R?, which we can homotope to a constant
loop. Note however, that M is in fact homeomorphic to R? so w1 (M) is
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trivial. Nonetheless, this doesn’t quite capture the notion that the loops ~;
for ¢ = 1,2, 3 should be seen as distinct.

The problem in the example is fixed by considering the orbifold funda-
mental group, 7"*(M). Our above example suggests 7¢"*(M) = Z3. In fact,
by similar arguments to those made in the example, we can find that for any
orbifold chart (U,T',$), where U is simply connected, we have n{"*(U) = T'
where U = ¢(U). Heuristically we can understand this by arguing that loops
in U lift to paths between pre-images of a non-singular base-point. For such
a base-point, we get |I'| pre-images. Each path connecting a different num-
ber of these pre-images will contribute a distinct loop in 7¢"*(U). So we
would expect m{"%() = T'. We make this precise as follows using what is

known as the pseudogroup of orbifolds:

Definition 1.22 (Pseudogroup of Orbifolds). Let M be an orbifold with
A ={(U;,T;, ¢;)} its atlas of charts. We define

Ua=||Ui (1.18)

=] | Ua— M (1.19)

so that if x € U;, then ¢(x) = ¢;(x). A change of charts of A is a diffeomor-
phism h : V. — W, where V,WW C U4 are open sets, such that ¢ o h = ¢|y.
In particular, notice how all chart injections in L4 and all elements v € T';
are changes of charts. The collection of all changes of charts generates what
is known as a pseudogroup H 4 of local diffeomorphisms of Uy ([17]) and we
have that ¢ induces a homeomorphism U4/H 4 — M We can use changes
of charts as an equivalent definition for the compatibility of charts in an
orbifold atlas. Taking the atlas A to be the maximal atlas of the orbifold
M, we obtain the pseudogroup of the orbifold M, denoted by Haq, and we
let Upq be the corresponding manifold on which this pseudogroup is defined
i.e., Up is the disjoint union of all the open sets in the charts contained by
the maximal atlas.

The pseudogroup of an orbifold consists of a manifold, Upq, and a col-
lection of local diffeomorphisms of Upas. Upyq will play the role of U above,
it is the space where we lift loops in our orbifold so that we can determine
their homotopy type, ¢ plays the role of the quotient map, and the change of
charts, roughly speaking, plays the role of the group elements in the previous
examples.
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Now we can use the pseudogroup of the orbifold, H 4, to define Hq-
loops and a notion of homotopy for them that will allow us to define the
orbifold fundamental group:

Definition 1.23. Let M be an orbifold and Ha be its pseudogroup. A
Ha-loop based at p € M consists of:

(i) A partition I ={0 =1ty <t; <--- <tp_1 <t, =1} of [0;1].

(ii) for each i =1,...,n a continuous path ¢; : [ti—1;t;] = Um

(iii) for each i = 1,...,n an element h; € H defined around ¢;(¢;), such
that for ¢ = 1,...,n — 1 we have h;c;(t;) = c;i41(t;) and ¢1(0) =
hncn(l) =P

A subdivision of an H q-loop is a new H-loop obtained by adding points
to our partition, taking restrictions of the ¢; on the new intervals formed
and taking h; = id at the new points. We say two H q-loops are equivalent
if they admit subdivisions (h;,¢;) and (R}, ¢}) such that for each i =1,...,n

there exists g; € Haq defined on a neighbourhood of ¢; such that:
(a) g1 =id and gic; = ¢}

(b) fori=1,...,n—1, hlg; and g;+1h; have the same germ at ¢;(¢;), and
h!,gn and h, have the same germ at ¢, (1)

A deformation of a H q-loop, (h4, ¢;) consists of deformations ¢; of the paths
¢; such that for all s € [0;1], (hi,¢}) is a H aq-loop.

We say that two H aq-loops are in the same homotopy class if they can be
obtained from each other by a finite sequence of subdivisions, equivalences
and deformations.

We define the orbifold fundamental group based at p, 7$"°(M,p), to be
the set of homotopy classes of H q-loops based at p, together with con-
catenation. If M is path-connected, then the orbifold fundamental groups
based at different points are isomorphic and we talk only about the orbifold
fundamental group and denote it by 7" (M).

We also have a surjective group homomorphism 7§"™(M) — w1 (M),
which “forgets the orbifold structure” ([17]). Moreover, using H rq-loops we
can easily see how to formalise our previous informal argument about “lifting
loops to U” which we used to argue that, for an orbifold chart (U, T, ¢), with
simply connected U, we should have 7¢"(U) = I", where U = ¢(U). For the
orbifold fundamental group, we have the following version of the Seifert-van
Kampen Theorem:
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Theorem 1.24. (Seifert-van Kampen Theorem for orbifold fundamental
groups, [17, Thm. 2.2.3]) Let M be a connected orbifold, U and V be open
connected subsets such that M =UUYV as topological spaces and W =UNYV
1s connected. Let iypg : U — M and tyag 0 V — M denote the inclusions of
U andV into M, and, 1, and 13,,, denote the induced homomorphisms on
the respective orbifold fundamental groups (for ezample, 1\, : 7 (U) —
79" (M)). Then we have:

7 (M) 2 7" (U) #ore oy 77 (V) (1.20)

where the right-hand side is the amalgamated product, i.e., the quotient
of the free product 71"”"1’(2/{) * Wfrb(V) by the normal subgroup generated by
{Go (e (MNy € T8OV}, where 3y, and iy, denote, as above, the
homomorphisms induced by the inclusions of the respective sets.

Similar to the fundamental group, one can also consider the orbifold
fundamental group as the group of deck transformations of the orbifold uni-
versal cover ([17]).

Definition 1.25. Let M be a connected orbifold. An orbifold covering of
M is a pair (M, p) where M is another orbifold and p : M — M is a
surjective smooth map such that:

(i) For every p € M, there is an orbifold chart (U,T, ¢) such that p~1(U)
is a disjoint union of open subsets V; C M,

(ii) Each V; admits an orbifold chart of the form (U,T';,¢;) with I'; a
subgroup of I and py is the identity.

The orbifold universal covering of M is an orbifold covering (./\/l p) such
that given any other orbifold covering, (M p), and points T € ./\/l ieM
mapping to the same point in M under the covermg ‘maps, p(Z) = p(z) =
T € M, then there exists a unique covering 7 : M — M such that pom=p
and 7(Z) = .

A deck transformation is a diffeomorphism f : M — M such that pof =

p. We denote the group of deck transformations by Aut(p).

We also mention that the orbifold universal cover always exists ([17,
Theorem 2.3.4]) and that it is unique up to covering isomorphism. Moreover,
we collect some of the important properties of the orbifold universal cover
in the proposition below:
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Proposition 1.26 ([17, Proposition 2.3.5]). Let M be a connected orbifold
and let p: M — M denote its orbifold universal cover. Then

(i) Aut(p) is isomorphic to 79"*(M).
(ii) p induces a diffeomorphism M\/Aut(p) =M
(1ii) Wfrb(ﬁ/l\) =1 i.e. M is orbifold simply connected

We note that item (iii) above implies that the orbifold universal cover
is also simply connected as a topological space, given the surjective group

o~

homomorphism 7¢"*(M) — 71 (M).

1.3 K3 Surfaces and Orbifold K3 Surfaces

In view of our goal of looking at the Twisted Connected Sum construction
in-depth, in this section, we shall review some important facts about K3 sur-
faces and their moduli spaces. Most of the results on smooth K3 surfaces are
taken from [9, Chapter VIII] and [55]. After that, we will introduce orbifold
K3 surfaces and present some of the differences and similarities from their
smooth cousins. Firstly, we note that a lot of results concerning K3 surfaces
are derived from considering the second cohomology, H?(K3;7Z), together
with the intersection form. For complex surfaces, the second cohomology
together with the intersection form is a lattice, and as such we will begin
with a reminder of the important lattice theory facts we will need before
defining what a K3 surface is:

A lattice is a free abelian group L of finite rank together with a symmetric
bilinear form (-,-) : L x L — Z. The rank of a lattice, rk(L), is the same
as the rank of the underlying group. We say L is even if 22 = (x,2) € 27
Vo € L. Let {x1,...,z,} be a basis for L, then the Gram matriz of L is
Gr = ((i,25))1<; j<n- We say L is unimodular if |det(Gr)| = 1 and non-
degenerate if det(Gp) # 0. Note that det(Gp) is independent of the chosen
basis. A sublattice of L is a subgroup N C L together with the restriction
of the bilinear form of L to N.

Given 2 lattices, (L, (-,-)r) and (M, (-, ) ar), a lattice morphism (or lattice
isometry) is a Z-linear map ¢ : L — M such that (z,y)r = (¢(z), d(y))m
for all z,y € L. We say a lattice morphism is a lattice embedding if it is
injective; if it is bijective we say it is a lattice isomorphism. The direct sum
of 2 lattices is the direct sum of the underlying groups, L@ M, together with
the bilinear form, ((x,y), (2, y"))e = (z,2") + (2, y')ps for all z, 2 € L and
v,y € M.
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Definition 1.27. Let (L, (-,-)1) be a lattice. A sublattice N C L is primi-
tive if the quotient group, L/N, has no torsion i.e., if there are no elements
(besides the zero element) that are of finite order. A lattice N is primitively
embedded in L, if there exists an embedding ¢ : N — L such that ¢(N)
is a primitive sublattice. An element, x € L, is primitive if the sublattice
generated by x, {kx|k € Z}, is primitive. Note that this is equivalent with
the requirement that Vn > 1 and y € L we have x # ny

The dual of a lattice L is given by L* = Homy(L,Z) = {¢ : L — Z|) is
Z-linear}. Suppose L is non-degenerate and let G, be the Gram matrix of L
with respect to a basis {z1,...,x,}. With respect to the dual basis we have
that G~ = Gzl. Note that in general the dual bilinear form, which has
matrix representation G+ takes values in QQ rather than Z; however, if L is
unimodular, then all the entries of G~ are integers so we get a well-defined
lattice. We also have the correlation map, ¢ : L — L* given by x +— (-, z)r.
The discriminant group of L is the quotient L*/¢(L).

Lemma 1.28 ([51]). Let L be a lattice and {x1,...,zn} a basis of L. The
discriminant group of L is a finite group of order |det(Gpr)|. Moreover,
the minimal number of generators of the discriminant group (L) satisfies
(L) <rk(L). In particular, if L is unimodular then the discriminant group
of L is trivial.

If L is a lattice, then the tensor product Lg = L ® R is a real vector
space and we extend the bilinear form on L to a R-bilinear form on Lg,
(-,-)r. The signature of the lattice is the signature of (-,-)g. Now we can
return to K3 surfaces.

Definition 1.29. A compact complex surface, S, is called a (smooth) K3
surface if it is simply connected and has topologically trivial canonical bun-
dle, Kg.

One could alternatively define a smooth K3 surface, S, as a smooth
compact complex surface with trivial canonical bundle and with vanishing
Hodge number h'%(S) = 0. The underlying real manifold of any K3 sur-
face is of a fixed diffeomorphism type so in particular, the intersection form
on the second cohomology and the Betti numbers are the same for all K3
surfaces. A great deal of information about a K3 surface can be obtained
purely algebraically by just considering the lattice H?(S;7Z) (see, for exam-
ple, the results below concerning various moduli spaces of K3 surfaces). The
isomorphism type of this lattice is fixed and we call it the K3 lattice; it is
given by:
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L =3H @ 2(—Ej) (1.21)

where H is the hyperbolic plane lattice with bilinear form

<(1) é) (1.22)

and —Fg is the root lattice of Eg together with the negative of the usual
bilinear form.

Theorem 1.30. If S is a K3 surface, then the Hodge numbers of S are
given by:

h20(8) = h*0(S) =1
ht0(S) =0 (1.23)
hb1(S) = 20

Moreover, the second integral cohomology, H?(S,Z) together with the in-
tersection form is an even unimodular lattice of signature (3,19). Up to
isometry, the only lattice having these properties is the K3 lattice, L.

Remark 1.31. Using the result concerning the Hodge numbers of a K3
surface from the previous theorem, together with complex conjugation and
Serre duality, we can fully determine the Hodge diamond of all K3 surfaces
and hence their Betti numbers:

1
b'(S) =0 (1.24)
2

with the remaining Betti numbers being given by Poincaré duality.

A K3 surface, S, together with a lattice isometry ¢ : H?(S,Z) — L is
called a marked K3 surface. We say two marked K3 surfaces, (S, ¢) and
(S’,¢), are isomorphic if there exists a biholomorphic map f : S — S’ such
that ¢ o f* = ¢/ where f*: H?(S',7Z) — H?(S,Z) denotes the pullback.

Example 1.32. Every smooth quartic, S, in CP? is a K3 surface. To
see this note that the canonical bundle of S is trivial by the adjunction
formula: if S € CP" is a smooth hypersurface, then the canonical bundle of
S is given by Kg = (Kcpr ® Lg)|s where Lg is the line bundle associated
to the divisor S. Moreover, Lefschetz’s Hyperplane Theorem tells us that
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any hypersurface with a positive associated line bundle in CP? is simply
connected. As a particular example, consider the Fermat quartic:

{lx:y:2z:w] € CP|zt + ¢y + 22+ w? =0} (1.25)

It can also be shown that, for example, the smooth intersection of a quadric
and a cubic in CP* is also a K3 surface, where we note that the adjunction
formula can be generalised to: if S C CP" is a transverse intersection of
divisors Dy, ..., D,, the canonical bundle is given by K¢ = (Kcpr ® Lp, ®
e ®L D'r) | s.

Another important concept for us will be that of a hyper-Kdhler mani-
fold, which we define below:

Definition 1.33. Let (M, g) be a 4m dimensional Riemannian manifold
and (I, J, K) a triple of integrable complex structures on M. We say that
(M;1,J,K) is a hyper-Kdhler manifold if IJ = K and g is Kéhler with
respect to each of the I, J and K. Such a manifold has holonomy contained
in Sp(m). Moreover, for any a = (a1, az,a3) € S?, g is a Kihler metric with
respect to any linear combination complex structure a1l + asJ + azK so
that (M, g) admits an S? family of complex structures.

We will also sometimes denote a hyper-Kéhler structure by the triple
of Kéhler forms associated to (I, J, K), (wr,ws,wk), since as proved in [35,
Section 10.1.2] we know that the triple (wr,ws,wk) determines a hyper-
Kahler structure.

Remark 1.34. All (smooth) K3 surfaces admit a Kéhler metric ([60]; more-
over, the same proof shows that this is also true for orbifold K3 surfaces)
and by Yau’s Theorem there exists a unique Ricci-Flat Kéahler metric in each
Kahler class. Given such a Ricci-Flat metric, one can define a hyper-Kéahler
structure on every K3 surface (|9, Chapter VIII, Section 13]). We will later
prove that the same is true for every K3 orbifold.

We are interested in the various moduli spaces whose points represent
K3 surfaces with some extra structure. The first one is the moduli space of
marked K3 surfaces M7, which is the set of all marked K3 surfaces modulo
isomorphism.

Now on any marked K3 surfaces, (5, ¢), we have a global holomorphic
(2,0)-form, = kj +ikk, where k; and ki are real 2-forms; they are also
Kahler forms with respect to the additional complex structures, J and K,
which make S hyper-Kéahler. The form is unique up to multiplication by a
complex constant. Let L be the K3 lattice, Lc = L®C and ¢¢ : H%(S,C) —
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L¢ be the C-linear extension of ¢. Moreover, let P(L¢) denote the projective
space of complex lines in L¢. Consider the complex line spanned by ¢¢([€2]);
this defines a point p(S, ¢) € Pc. We call p(S, ¢) the period point of (S, ).
This assignment defines a map p : M, — P(Lc) called the period map.

Since ky and ki are Kahler forms, then they are positive and we have
that ([, [Q]) = 0 and ([©2], [©2]) > 0 where (-,-) denotes the extension of the
intersection form to H2(S,C). Now we look for points in the complexified
K3 lattice, * € L¢, such that the complex lines they span, I, € P(Lc),
satisfy these properties:

D ={l, e P(L¢)|{x,z) =0, (x,Z) > 0} (1.26)

we call D, the period domain and reducing the target domain of the period
map so that it becomes a map p : M'%; — D we get an important result on
the structure of M7s:

Theorem 1.35. The period map p : M35 — D is surjective.

Another important ingredient when it comes to understanding M, are
the so-called Torelli Theorems, which are answers to the following question:
What does the period point of a marked K3 surface tell us about the complex
structure of S7 One of these theorems is the following:

Theorem 1.36 (Weak Torelli theorem). If (S, ¢) and (S’, ¢') are two marked
K3 surfaces with the same period point, then there exists a biholomorphic
map f: S — S’

Note that, this is not enough for us to conclude that (S, ¢) and (S’, ¢')
represent the same point in M;, since they need not be isomorphic; in
particular, the pullback induced by the biholomorphism need not send one
marking to the other. To get more information on this moduli space, we
need a few more definitions.

Definition 1.37. Let S and S’ be K3 surfaces. A lattice isometry 1 :
H?(S;7Z) — H*(S';7Z) is a Hodge-isometry if its C-linear extension preserves
the Hodge decomposition H?(S;C) = H*°(S) ® HY'(S) @ H2(S). We
say x € H?(S;7Z) is effective if there is an effective divisor D of S with
c1(Og(D)) = z. An effective class = is nodal if 2 = —2. The positive cone
of S is the connected component of {x € HY1(S)|x? > 0} which contains a
Kahler class. We say a Hodge-isometry is effective if it maps the positive
cone of S to the positive cone of S” and if it maps effective classes in H?(S; Z)
to effective classes in H?(S'; Z).
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Then we can refine the weak Torelli theorem to:

Theorem 1.38. Let S and S’ be two unmarked K3 surfaces. If there exists
a Hodge isometry v : H*(S,Z) — H?(S';7Z), then S and S’ are isomorphic.

Moreover, we get the global Torelli theorem:

Theorem 1.39 (Global Torelli Theorem, see [55]). Let S and S’ be two
unmarked K3 surfaces. If there exists an effective Hodge isometry, i :
H?(S;7Z) — H*(S';Z), then v is the pull-back of a unique biholomorphism
f S8 — 8. The converse also holds so that there is a bijection between
effective Hodge isometries and biholomorphisms.

Remark 1.40. The period map as defined above is a local isomorphism of
complex manifolds. In particular, this shows that M7, is locally a complex
manifold of dimension 20; however, it is not Hausdorff ([9], pp. 334 — 338).

Lastly, we think of two more closely related moduli spaces, which will
be useful later on when we talk about orbifold K3 surfaces.

A marked pair is a marked K3 surfaces (5, ¢) together with a Kéhler
class, y € HY'(S;R), which we write as (S,¢,y). Two marked pairs,
(S1,¢1,y1) and (S2, @2, y2) are isomorphic if there exists a biholomorphic
map f :S; — Sy such that ¢ o f* = ¢ and f*ps = ¢1. The moduli space
of marked pairs, denoted by M}X% is the set of all marked pairs modulo
isomorphisms. Then, if D denotes the period domain and L the K3 lattice
(as above), we can define the refined period map:

p M%g — D x Ly
(87 ¢7y) - (p(S7 ¢)7¢R(y))

where ¢r denotes the R-linear extension of the marking ¢.

(1.27)

Theorem 1.41. p’ as defined above is a bijection between M;?g and the
following subset of D X Ly:

D' = {(l,y) € D x Lg|{z,y) = 0,y* > 0,

o (1.28)
(y,d) #0,Vd € L with d* = —2,(z,d) = 0}
Moreover, M7% is a real analytic Hausdor[f manifold of dimension 60.

The last moduli space we look at is the space of hyper-Kéhler metrics
on K3 surfaces together with a marking, M};(k?). The following lemma shows
that M"% is closely related to MYh:
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Lemma 1.42. Let M be the real 4-manifold underlying a K3 surface. There
18 a one-to-one correspondence between marked pairs and hyper-Kdahler met-
rics on M together with a choice of parallel complex structure and a marking.

For a proof of the lemma one can check [55, Chapter 3.3]. Lastly to
describe the moduli space M’}(kg in terms of lattice data, note that it is
diffeomorphic to the so-called hyper-Kdhler period domain:

D" = {(z,y,2) € Lij|2® = y* = 2* > 0,(z,y) = (2,2) = (y,2) = 0,

#d € L with d> = —2 and (z,d,) = (y,d) = (z,d) = 0} (1.29)

We now define what we mean by an orbifold K3 surface and a crepant(or
minimal) resolution of singularities:

Definition 1.43. We say that X is an orbifold K3 surface, if it is a complex
2-orbifold that is simply connected and has trivial canonical orbibundle K y.
A surjective map, m: X — X is called a resolution of singularities if X is a
smooth surface, and, away from w_l(Xsing), m is an isomorphism of complex
surfaces. A resolution of singularities 7 : X — X is called a crepant (or
minimal) resolution of singularities if Kx = 7*Kx.

Various examples of orbifold K3 surfaces can be found; some of the
most readily available are those arising as hypersurfaces in certain weighted
projective spaces (section 4.1 below). In the case of K3 surfaces crepant
resolutions should be thought of as finite sequences of blow-ups ([55] and
[34, Section 6.4.1]); this gives us a way to construct orbifold K3 surfaces
with any prescribed singular locus, which we will explain towards the end of
this section after introducing ADE singularities. We also note the following
important property of resolutions:

Theorem 1.44 ([43, Thm. 7.8]). Let X be an orbifold and let 7 : X — X

be a resolution of singularities. Then m(X) = m(X) i.e., X and X, as
topological spaces, have isomorphic fundamental groups.

Remark 1.45. Note first that any orbifold surface admits a unique crepant
resolution ([34, Chapter 6.4.1]). If X' is an orbifold K3 surface consider
its crepant resolution w# : X — X. Then by Theorem 1.44 we know
that X is simply connected. Moreover, Ky is trivial so Kx is trivial since
the resolution is crepant. Hence, the crepant resolution of an orbifold K3
surface is a (smooth) K3 surface. This will turn out to be very important
when considering generalisations of results about K3 surfaces to equivalent
statements about orbifold K3 surfaces.
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As we shall see, one of the crucial ingredients for the Twisted Connected
Sum construction is a pair of K3 surfaces satisfying what is known as the
Donaldson matching condition, or simply, the matching condition. We shall
discuss the generalisation of the matching condition to orbifolds in section
2.3 below; nonetheless, we will include in this section the background re-
sults on orbifold K3 surfaces which we need to make sense of “the orbifold
matching condition”, in particular the existence of orbifold hyper-Kéahler
structures on orbifolds K3 surfaces and the orbifold global Torelli Theorem.
We will now prove that every orbifold K3 surface admits a hyper-Kéhler
structure:

Proposition 1.46. Let X be a K3 orbifold. Then there exists a hyper-
Kabhler structure, (I,J,K), on X

Proof. The argument is due to Hitchin and can be found in [9]; we adapt it
to orbifolds below:

Recall that any K3 orbifold admits a Ké&hler metric (cf. Remark 1.34).
Moreover, by Yau’s Theorem for orbifolds, there exists a unique Ricci-flat
Kahler metric in each Kahler class. Given such a Ricci-flat Kéhler metric,
say g, with respect to the underlying complex structure I, and associated
global holomorphic (2, 0)-form, €2, define, for all p € X,¢q, J1 : T X — T, X
by g(Jiv,w) = ReQ(v,w), Yv,w € T,X. If p € Xgpng, let (U,T',¢) be an
orbifold chart about p and define J; : ToU — ToU by g(Ji¢sv, pw) =
ReQ(¢,v, pyw), Vo,w € ToU. Since ¢, g, and Q are I'-invariant, this is well-
defined and it induces a well-defined map J; : T, — T,X. Then we have
that

g(IJiv,w) = —g(Jiv, Iw) = —ReQ(v, Iw) = —ReQ(Iv,w) = —g(J11v,w)

(1.30)
so that IJ; = —J1I. Furthermore, J; is skew-adjoint so J12 is self-adjoint
with non-positive eigenvalues and there is at least one non-zero eigenvalue,
say —A?. Let V be the eigenspace of this eigenvalue and set J = \Ji so
that J? = —id on V. Now J? and I commute so I also preserves V. This
implies that dimgrV > 4 so V = T,&X. Hence J is a well-defined almost
complex structure so that {I,J, I.J} is an almost hyper-Kéhler structure.
Furthermore, g(Jv, Jw) = —g(v, J?w) = g(v,w) and J is parallel so that it
is, in particular, integrable and {I,.J,[J} gives a well-defined hyper-Kéahler
structure on X', which we denote by (I, J, K). We denote by x; the Kédhler
form and kj + tkx the holomorphic volume form of this metric, where ky,
ky and kg are real 2-forms on X. ]
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We now introduce the root lattice and the singularity number for orbifold
K3 surfaces and then discuss ADFE singularities:

Definition 1.47. Let X be an orbifold K3 surface and 7 : X — X its
minimal resolution. Let &y,...,6, € HYY(X) N H?(X;Z) be the classes of
all the (—2)-curves contracted by 7 ((§;,0;) = =2 for alli =1,...,k). The
root system of X is:

k
R(X) = {5 = aib; € H*(X;Z)

i=1

a; € Z,(8,6) = —2} (1.31)

We also set I2(X) to be the set of all classes in H?(X;Z) which are
orthogonal to R(X), i.e., those classes « for which we have (a,d) = 0,
Vo € R(X). We call the sublattice generated by R(X) the root lattice,
R(X)E. We call the rank of the root lattice the singularity number of X
and we denote it by sing(X):

sing(X) = rk(R(X)F) (1.32)

We now turn our attention to ADE singularities. John McKay pointed
out that there is a 1 — 1 correspondence between quotient singularities of
the form C2/T, for ' a finite subgroup of SU(2), and Dynkin diagrams of
type An, n > 1, Dy, n > 4, Eg, By and Eg. These diagrams appear in
the classification of Lie groups, each corresponding to a simple, compact Lie
group, and the above ones are precisely the diagrams containing no double
or triple edges. This correspondence is summarised in the table below:

ADE Correspondence
Subgroup of SU(2), T ‘ Presentation ‘ Dynkin Diagram
Cyclic group, order n+1 | (z|z™ = 1) Ap,n>1
Binary dihedral group | (z,y|z?" =1,2" = ¢? D,,n>4
with 4(n — 2) elements | ,y lzy =27 1)
Binary tetrahedral (z,y|(zy)? = 2% = y3) Es
group
Binary octahedral (z,y|(zy)? = 2% = y*) Er
group
Binary icosahedral (z,y|(xy)? = 2% = ¢°) Es
group

When we want to talk about the type of an orbifold singularity of a complex
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surface we will be referring to it by the Dynkin diagram, rather than by the
corresponding subgroup of SU(2) (e.g. if we consider a singularity given
by the quotient of C? by an action induced by the cyclic group of order 2,
we will call such a singularity an A; singularity) and we will use Dynkin
diagrams to compute the root lattices for orbifold K3 surfaces (see the next
paragraph). For more details on Dynkin diagrams and their correspondence
to ADF singularities, one can check [55, Chapter 2] or [34, Chapter 6.4.1].

If we consider the unique crepant resolution of C?/T', then the pre-image
of the singular locus, 7~1(0), consists precisely of a union of finitely many
rational curves of self-intersection —2, which correspond to the vertices of
the Dynkin diagram associated to G; any two such rational curves intersect
transversely at a point whenever there is an edge between the corresponding
vertices of the Dynkin diagram. In fact, if we denote by M the crepant
resolution of C2/T, then the rational curves above form a basis for the
homology group Ha(M;Z) and the negative of the Cartan matrix of the
associated Dynkin diagram represents the intersection form (i.e., a square
matrix, whose size is given by the number of vertices, with entries a;;, where
a; = —2and a;; = 1 = aj; if and only if there is an edge between vertex i and
vertex j) [34, Chapter 6.4.1]. Below is a table of the relevant diagrams from
which we can derive the Cartan matrix as explained for ADFE singularities:

Singularities and Dynkin Diagrams
Singularity type ‘ Dynkin Diagram
A1 L2 3 1
n—1
T S S
Dy, n >4 .
4
1 2 5 6
Es 3
4
1 2 o 6 7
E; 3
4
1 2 5 6 7 8
FEy 3
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Hence if we consider a complex orbifold, X, with I',, a subgroup of SU(2)
for all p in X then the singular locus consists of isolated points and the
above shows that the unique crepant resolution of X, w : X — X satisfies
that 771 (Xysing) = U(rational — 2-curves). We also note that we can view
this process in reverse, starting with a complex surface X we blowdown
rational curves to obtain an orbifold; i.e., locally if M is the unique crepant
resolution of C?/T", then we can find rational —2-curves on M which we can
blowdown to a point to obtain an orbifold singularity C2/T". This will form
our basis for how we will construct orbifold K3 surfaces, but first we need
to introduce some notation:

Remark 1.48. We shall use the following notation to denote the root lattice
of an orbifold K3:

R(X)" = é kiQi (1.33)
i=1

where n denotes the number of distinct types of singular points, ); denotes
the different types of singular points, and k; denotes the number of singular
points of type @;. In this notation we have that > ;" | k; is equal to the total
number of singular points. We shall say that if X7 and &5 are orbifold K3
surfaces, they have the same singular locus if R(X))" = R(X2)* Now note
that for an orbifold K3 surface, X', with singularities of type {Qp, }, where
Q= A, D, or E we have:

WP (X) =20 "n; (1.34)

or equivalently, in terms of the root lattice, R(X)L = @7, k;Q;, we have:
n

W) =20 ik (1.35)
i=1

which tells us that sing(X) = >, ik; < 19.

Now, if we are given R(X)Y = @I, kiQ; such that 7  ik; < 19 and
Qi € {An, Dy, Egln > 1,m > 4,k = 6,7,8}, then we can find an orbifold
K3 surface whose root lattice is exactly R(X)" in the following way:

Suppose, for simplicity, that we want an orbifold K3 surface whose sin-
gular locus consists of a single point with a singularity of type Q:

Start with a smooth K3 surface, X, whose Picard number (the rank
over Z of HY'(X) N H%*(X;Z)) is at least equal to the number of ver-
tices of the Dynkin diagram associated to () and let the number of vertices
be n. Further suppose that we can choose lattice elements, vy,...,v, in
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HY(X)N H?(X;Z), the Picard lattice, such that v? = —2 and (v;,v;) = 1
whenever there is an edge in the Dynkin diagram between vertex i and j
and 0 otherwise. Now consider 7 : X — X to be the blowdown map which
contracts the —2-curves associated to the v; to a unique point i.e., if e; are
the chosen —2-curves, then 7=(0) = Uje;. We get an orbifold K3, whose
singular locus consists precisely of a single point of type Q.

Now, if we associate to the root lattice the union of Dynkin diagrams
corresponding to each desired singularity, and we choose a K3 surface with
Picard number greater than or equal to y ;- | ik; = N labeling all the vertices
with numbers from 1 to N, and for which we can choose N vectors in the
Picard lattice, vy, ..., vy such that v? = —2 and (vi,vj,) = 1 if there is an
edge between vertex ¢ and vertex j and 0 otherwise. Then let 7 : X — X
be the map contracting —2-curves associated to the v;, e;, to Y ;" | k; points
such that curves e; and e; are contracted to the same point if and only if
eiNej # 0. Then we get an orbifold K3 surface, X such that Tr_I(Xsmg) =
UNe; and which has the desired singular locus.

The condition sing(X) < 19 ensures that we can find enough —2-curves
on our K3 surface since the Picard number for a K3 surface is at most 19
([32, p. 16, equation (3.3)]). The surjectivity of the period map guarantees
that we can find a smooth K3 surface that satisfies all our requirements
above; in particular, the Picard lattice contains the required root lattice
([32, Chapter 13, Section 1]). Hence, we can produce orbifold K3 surfaces of
any prescribed singular locus whose singularity number is less than or equal
to 19, provided that we start with a suitable smooth K3 surface initially.

Remark 1.49. Note that if 7 : X — X is a crepant resolution of the
orbifold K3 X, then it induces an injective homomorphism 7* : H?(X;Z) —
H?(X;7Z) with H?(X;Z)/m*H*(X;Z) torsion-free, since the cell complex
underlying X is the same as that of X in dimensions different from 2, while
in dimension 2, some of the cells of X, corresponding to —2-curves, are
contracted to a point by 7. Hence we can identify I?(X), which we think of
as the image of H%(X;Z) in H?(X;Z) through a marking, with a primitive
sublattice of L, the K3 lattice.

Theorem 1.50. (Global Torelli Theorem for orbifold K3 surfaces, [50, p.
319/) Let (X,k) and (X' k') be two orbifold K3 surfaces with k and K’
respective Kahler classes. Moreover, let m : X — X and 7’ : X' — X' be
their minimal resolutions. Suppose that h : I*(X') — I*(X) is an isometry
such that hc(H*°(X")) = H*>%(X), hg(x') = K and h extends to an isometry
h: H*(X";Z) — H?*(X;Z). Then there is a unique isomorphism ¢ : X — X'
such that ¢* = h.
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Now suppose that we have an orbifold K3 surface X with a crepant
resolution m : X — X such that X is a K3 surface. Then the resolution
map, 7, induces a map 7* : H%(X;Z) — H*(X;Z) and hence any marking
¢: H*(X;7Z) — L induces an embedding:

o HX(X;Z) — L (1.36)

we call this a marking for an orbifold K3 surface. Let (kj, Ky, kK) de-
note the Kéhler classes associated to a hyper-Kéhler structure on X and
let @ = (z,y,2) = (¢mr (K1), dTR(KJ), dTR(KK)) Where ¢mr denotes the R-
linear extension of ¢m. We then know from [55] that the set

Dy ={d € L|d* = -2,{d,z) = (d,y) = (d,z) = 0} (1.37)

can be used to describe the singular locus of X. The set D, is a subset of
R(X) consisting precisely of the classes of all the (—2)-curves contracted by
7. Moreover, denote the sublattices generated by R(&X') and D, by:

DL={6= ) aidila; € Z,6; € Do} (1.38)
finite

RX)" ={6= )" aibila; € Z,6; € pR(X)} (1.39)
finite

where we denoted by ¢R(X) the image of the root system under the marking
#. Then we can easily see that DL = R(X)” so that I?(X) can be taken to
be the orthogonal complement of the sublattice DL. This has the advantage
of making it clear what a basis for the root lattice is, namely D,,.

Example 1.51. Consider an orbifold K3 surface with 3 ordinary double
points. The root lattice is a rank 3 lattice with bilinear form given by
(.,.) = —2I3, where I3 denotes the 3 x 3 identity matrix. We write R(X)¥ =
3A;.

Now consider an orbifold K3 surface whose singular locus consists of a
single point at which we have an A3 singularity. The root lattice in this case
is a rank 3 lattice with bilinear form given by:

We write R(X)F = A3
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Lastly, consider a K3 surface whose singular locus consists of 2 ordinary
double points and another singular point which is an A3 singularity. In this
case, the root lattice is a rank 5 lattice with bilinear form given by:

-2 1 0 0 O
1 -2 1 0 0
0 1 -2 0 O
0 0 0 -2 0
0O 0 0 0 =2

We write R(X)L =24, P A3

1.4 Twisted Connected Sum

We review, largely following [44], the Twisted Connected Sum construction
which we shall generalise to orbifolds in the following chapter. The idea is
to construct 6-manifolds X; for ¢ = 1,2 carrying asymptotically cylindrical
metrics with holonomy SU(3) such that we can define a Ga-structure on
X; x S1. Then as long as they satisfy some appropriate “matching condi-
tion”, the X; x S! can be “glued” to give a compact 7-fold M, admitting
a family of “glued” Ga-structures ¢ which have “exponentially decaying”
torsion (in some appropriate Banach norms) as T' — oo, where T represents
the diameter of M; this allows us to exploit some perturbative analysis to
get a torsion-free Go-structure on M. For us, the manifolds X; will be
asymptotically cylindrical Calabi- Yau 3-folds:

Definition 1.52. A complete Riemannian manifold (W, g) is called asymp-
totically cylindrical if there exists a compact manifold with boundary U C
W, a closed Riemannian manifold (R, h), a diffcomorphism ¢ : R — 0U
and a diffeomorphism ® : R x [0;00) — W \ U such that if V denotes the
Levi-Civita connection of the cylindrical metric goo = dt? + h, where ¢ is the
cylindrical coordinate on R x [0; 00), then [|[V*(Q2*g — goo)|| = O(e™%) for all
k € Ny and for some 6 > 0. We call the connected components of R x [0; c0)
the cylindrical ends and (R, h) is called the cross section.

We shall be interested in the case where R is the product of a K3 surface,
S, with a circle S'. Then, using the notation of the previous sections a
product Ricci-flat Kéhler metric on the half-cylinder S x S x [0;00) has
Kahler form given by:

wo :dt/\deJrK,[ (140)
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and holomorphic volume form
Qo = (dt +id) A (kg + ikK) (1.41)

where t is the standard coordinate on [0; co) and 6 is the standard coordinate
on S!. Then it can be shown ([44, Theorems 2.4 and 2.7]) that if W is a
smooth compact simply connected Kihler 3-fold such that H'(W;R) = 0,
and a K3 surface S in W is an anticanonical divisor with holomorphically
trivial normal bundle Ngy,, then W = W\ S admits an asymptotically
cylindrical Ricci-flat Kahler metric g, such that near S, the Kahler form of
g and the holomorphic volume form are asymptotic to the product ones in
Equations (1.40) and (1.41). Moreover, the metric g will have holonomy
SU(3). We shall expand on this in Chapter 2.

Now a Riemannian product of a manifold W as above and S* yields a real
7-dimensional manifold with holonomy SU(3). “Cutting off” the cylindrical
end we obtain a compact 7-manifold with boundary given by the Riemannian
product S! x S! x S, where S is the manifold underlying the Ricci-flat Kihler
K3 surface above. We take the union of two such manifolds and identify
their boundaries via an isometry to obtain a closed compact 7-fold carrying
a Gao-structure with arbitrarily small torsion. The “twist” is that to avoid
infinite fundamental group the isometry above needs to interchange the S*
factors and the Kéahler classes on the two K3 surfaces. Explicitly we have:

Definition 1.53. Let S; and S2 be K3 surfaces with a hyper-Kéhler metric.
We say S1 and S2 satisfy the Donaldson matching condition, or simply the
matching condition, if there exists a Z-linear map h : H?(S9;Z) — H?(S1;Z)
that preserves the intersection form and its R-linear extension satisfies:

h([x7) = [5],
h([x3)) = [s1], (1.42)
h([w%k]) = —lrk]

where the complex structures on §; are given by I;, J;, K; and the cor-
responding Kéhler forms are 7, x’, and k.. Moreover, the holomorphic
volume form for I; is given by &7, + ix],.

It has been shown in [44] that if two K3 surfaces S; and Ss satisfy the
matching condition, then there exists an isomorphism of complex surfaces
f:S15 — S (here S1; denotes the complex K3 surfaces defined by consid-
ering on S; the complex structure J; rather than I;) such that f* = h and
moreover, f is an isometry of hyper-Kéhler manifolds such that its action
on Kéhler forms by pullback is given by:
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e = kY,
IRy = K, (1.43)
frric = —Ki

Note that the C-linear extension of h above converts the Hodge decom-
position for S5 into one for Sy ;.

Now if we have two asymptotically cylindrical manifolds W7 and W5 as
above with the K3 surfaces S; and Ss satisfying the matching condition,
the boundaries admit a product decomposition for the cylindrical end given
by ¢ : S; x St x [0;00) — W; and we set for i = 1,2

Mir = Wi\ (S x S* x (T +1,00))) x S* (1.44)

and use the following isometry to identify their boundaries:

F:8 xS"x S'x (T, T +1) = Sy x S' x S* x (T,T +1)

(1.45)
(y7917923T+t) = (f(y)?927917T+ 11— t)

Let
My = My 1 Up Ma 1 (1.46)

which we call the Twisted Connected Sum of W1 xS* and Wy x S'. Note that,
since the diffeomorphism class of My is independent of T', the subscript T’
indicates only that we equip M with the Ga-structure obtained after “cutting
off the cylindrical end at 7”. In the above setup, it is shown in [44] that there
exists a parallel Ga-structure on M as T — oo and moreover, that M has
finite fundamental group if W7 and W5 both have finite fundamental groups.
In practice most examples of Go-manifolds constructed this way are simply-
connected. We say that a Ga-manifold, M, is constructed from the pairs
(W1,81) and (W, S3). Examples of suitable pairs include those coming
from Fano 3-folds which always admit a smooth K3 divisor. A further
important class of examples, [45] arise from products S x CP!/(p x 1)) where
1) : CP! — CP! is any holomorphic involution with two distinct fixed points,
and S is a K3 surface admitting a holomorphic non-symplectic involution,
p. Non-symplectic involutions will be quite important at various points
throughout the thesis, and as such we record their definition below:
Definition 1.54. Let S be a K3 surface and p : S — S be a holomorphic
involution of S. We say that p is non-symplectic if for all [w] € H*(S),
then

pilw] = —[w] (1.47)



Chapter 2

Orbifold Twisted Connected
Sum

The main purpose of this chapter is to generalise the Twisted Connected
Sum construction to orbifolds. We will look at the key theorems in the
smooth setting and find generalisations to orbifolds. We also discuss the
matching problem for orbifolds, the basic topology of the resulting G5 orb-
ifolds, as it was done in [45], and present a strategy for building examples
of the non-symplectic type suggested and discussed in detail by Reidegeld
in [55]. Most of the results are routine generalisations of the smooth equiv-
alents; however, we will need to be more careful concerning results in the
later half of the chapter, particularly when discussing the matching problem
for orbifolds and their basic topological invariants.

2.1 Asymptotically Cylindrical Orbifolds

The main building blocks of the Twisted Connected Sum are Asymptoti-
cally Cylindrical (ACyl) 6-folds equipped with holonomy SU(3) metrics and
whose cross-section is given by a product of a K3 surface and a circle. Hence
we need to obtain orbifold equivalents to glue together. The purpose of this
section is to obtain a set of conditions on compact Kahler 3-orbifolds under
which we get ACyl orbifolds after removing an orbifold K3 divisor. This
is Theorem 2.7 below, which is our main theorem for this section. To
prove Theorem 2.7 we will follow the proof of the analogous theorem in
the smooth setting ([44, Theorem 2.4]). For this, we will need to prove an
ACyl version of the Calabi Conjecture for orbifolds. To do this, we define
weighted Sobolev and Holder spaces in the context of ACyl orbifolds, W.
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Definition 2.1. Let § > 0, t € C®°(W)°™® coincide along the cylindrical
end with the coordinate on the Ry factor. Let £ — VW be an orbibundle.
For u € C§°(£)°"" we define

=
HUHC(I;,&(E)OTI, = He tuHCk,a(g)o'rb (21)

and we let C’f’a(é')‘”b = {u c oka(g)ert . HuHCZ;,Q(g

C’f’a (£)° consists of sections whose derivatives of order < k are exponen-
tially decaying.

We set C$°(€)° = ﬂCZ;’a(E)Wb. Similarly, the weighted Sobolev space,
e ' LP(£)°" is defined as the space of all functions e~'v with v € LY (£)°".
We also denote the LP(W)°"*-norm of u € C§°(W)°™ by ||ull, -

Theorem 2.2 (ACyl Calabi Conjecture for orbifolds). Let (W, g,J) be an
ACyl Kdhler orbifold of complex dimension n with Kdhler form w. 0 < A <
1 and if f € CSP(W)°® satisfies

/ (ef — 1w =0 (2.2)
w

then there exists a unique u € CW)°rt such that w + 5=00u > 0 and
(w+ 5=00u)™ = efw"

yorb is ﬁnite} so that

The proof of Theorem 2.2, will also closely follow the smooth version

([27, Theorem 4.1]). Now the proof will require proving a global Sobolev
inequality on W, which we prove using the following orbifolds version of the
Holder, Sobolev, and Poincaré inequalities:
Theorem 2.3 (Poincaré-Sobolev Inequality, [22]). Let (M,g) be a closed
orientable Riemannian orbifold and suppose that u € C’l(./\/l)g”b, i.e., u is
continuously differentiable with compact support. Then for 1 < p < dim(M)
there is a constant C depending only on dim(M) and p such that

[l Lox (agyore < ClIVU[ Lo (ag)ors (2.3)

1

1 _1_1
where > 5

n

Theorem 2.4 (Poincaré Inequality, [22]). Let (M, g) be a closed orientable
Riemannian orbifold and suppose that 1 < p < oco. Let U be a bounded
connected open subset of M. Then there exists a constant C, depending
only on U and p such that for every u in the Sobolev space WP (U)™ we
have:

Hu - uuHLp(Z/{)o'rb < C‘ |VUHLp(u)orb (24)

where uy = ﬁ(u) Jy; udVol and vol(U) = [, dV ol
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Theorem 2.5 (Holder Inequality). Let (M, g) be a Riemannian orbifold
and suppose that 1 < q,p < oo with % + % = 1. Then for all f € LP(M)°

and g € LY (M) we have:

FallLravyers < 1 F 1o rgyore 19l Lo agyore (2.5)

We note that the Holder Inequality is valid for any measure space and
hence the version presented here follows from the standard Holder Inequality
one might meet in an undergraduate analysis course (e.g. [62, Theorem 8.6]).

Proposition 2.6. Let W be an ACyl orbifold as above. Then for all u >
0 there exists a piecewise constant positive function 1, = O(e™ ") with
fW YdVol =1 such that

lle™ (u = tp)l20 < C||Vull2 (2.6)

holds for all o € [1, #} and all u € C*° (W)™ where 1, = Sy wibudVol,
dV ol is the volume form associated with the ACyl metric on W and C is a
constant which depends only on W, p and o.

Proof. The proof in the smooth case ([27]) requires the use of the Sobolev
and Poincaré inequalities to bound the norm of the difference between u and
uy,, the “asymptotic average of u”, by the norm of the gradient of u, Vu.
Since both of these inequalities hold for orbifolds, then so will the bounds
and the proof will follow without any additional work. O

Proof (of Theorem 2.2). The proof follows from the proof of a similar re-
sult for smooth ACyl manifolds in [27, Theorem 4.1]. We will capture the
main ideas and note where there are additional steps due to moving to the
orbifolds setting.

The idea is to show there exists a solution u € C’I;H’a for any £ € N and
a € (0;1). For this we consider 0 < A < /A1(X) where A\1(&X) is the first
eigenvalue of the Laplacian on the cross-section X and define

X = {U c C§+27Q(W)Orb|(k}u =w + 2L8gu > 0} (27)
T

Y = {f e P w)er| /W(ef — D" = 0} (2.8)

Note that X is open and consider the Monge-Ampere operator F' given
by (w+5-00u)" = eF®yn  In the smooth case, the operator induces a map
F : X — Y in the orbifold case we need to check this map is well-defined:
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Now, for any orbifold chart (U,T,¢), uly € C§+2’Q(U)p and wly are
[-invariant so the Monge-Ampere holds if and only if F'(u) is I-invariant,
meaning that F(u) € Cf’a(U )r. Moreover, F'(u) will also be compatible
with chart injections since both u and w are. Thus F' is indeed a well-
defined map.

Now given f as in the statement of the theorem, the idea is to consider
for 7 € [0;1] the family of equations F(u,;) = f; for u; € X and f; =
In(1+ 7(ef — 1)) € Y and to apply the continuity method by showing the
set of all 7 for which a solution wu, exists is both open and closed, since we
know the trivial solution ug = 0 exists. The proof involves using the Moser
iteration trick along regions of the neck of the form {¢t < T'} and {t > T}
for some fixed T' > 0, together with the Poincaré and Holder inequalities
and Proposition (2.6) to show this. The crucial difference to note in the
case of orbifolds is that the cylindrical end is of the form X X [0;00) and
hence the singular locus is of the form Xj;,4 % [0;00). Now to apply the
Moser iteration trick we want smoothing functions along the neck regions
{t < T} and {t > T'} which are I, invariant around every p € Xging x [0;7")
and every p € Xying X (T;00) respectively. We obtain these by choosing
smoothing functions, which may not be locally I', invariant, say p;<7 and
pt>1. Now for every orbifold chart, (U xUg1 x [0;T), ¢ x 0 x t,T"), we replace
the local expression of pr with an average of the form:

_ 1
pt<T(‘T’ 95 t) = m Z pt<T(’Y°xa 07 t) (29)
yel’

where (Ug1, 0) is a coordinate chart on S* and ([0; T), ) is a coordinate chart
on [0; 00). We can then use a partition of unity to glue the local expressions
together in a way which will be compatible with chart injections. Similarly,
we can obtain the required smoothing functions on the {t > T} region.
Hence, the rest of the details of the proof follow. O

We now state the main theorem of this section:

Theorem 2.7. Let W be a compact complex Kdihler 3-orbifold with ' the
Kihler form on W. Suppose that an orbifold K3 surface X in W is an
anticanonical Weil divisor which has holomorphically trivial normal orbi-
bundle Ny . Suppose further that W is simply connected (m1(W) = 1)

and that W = W\ X has finite fundamental group, w1 (W). Then W ad-
mits a Ricci-flat Kdhler metric, g, with holonomy SU(3) and a nowhere
vanishing holomorphic (3,0)-form. Moreover, the Kdhler form of g and the
holomorphic volume form can be written near X as:
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Wylunx = wo + di (2.10)
QQ‘L{\X = QO + dU (211)

where we identify wy and Qo with the product Ricci-flat Kdahler metric on
the half cylinder X x S x [0;00) via z = e~ for 0 the standard coor-
dinate on S' and t the standard coordinate on [0;00) and the Kdihler class
[k1] € HYY(X) is [W'|x]. The 1-form, 1, and the 2-form, ¥, are smooth and
satisfy ||VFp|| = O(e™™M) and ||VFU|| = O(e=™) where V is the Levi-Civita
connection of the metric corresponding to the Kdahler form wg, k € Ny and
A is any positive real number satisfying A < min{l, \/A1(X)} where A\ (X)

1s the first positive eigenvalue of the Laplacian on X.

This result is similar to the corresponding result in [44] and [45]. The
differences between the orbifold case and the smooth case are once again
minimal, with the orbifold proof being a routine generalisation. We will
include the relevant details below, noting that with Theorem 2.2 proven,
the contents of Theorem 2.7 that require proof are the statements on
the asymptotic behaviour of the Ricci-flat Kéhler form and the holomor-
phic volume form we obtain and the statement on the existence of an ACyl
structure on W. On top of this, the setup of the theorem gives us some
restrictions on the singular locus of X and W which we capture below:

Remark 2.8. Note that the holomorphic triviality of the normal bundle,
implies that if p € X is a singular point with isotropy group F;( L X =W

is the embedding of X into W and F%) is the isotropy group of ¢(p) (which

we can think of as the isotropy group of p in W), then in fact we have that
F;( ~ FZ/(\;). In general F;( is only a subgroup of I‘Z/(\;) so that W can be
“more singular” over ¢(X) (for example, X could be a smooth manifold, but

Wsmg Nu(X) # 0). This motivates the following definition.

Definition 2.9. Let X be a suborbifold of the orbifold JW. We say that X

shares its singularities with W if for all p € Xsing We have that F;f ~ Fl/(\;).

Note that if we view a manifold M as an orbifold with Mg;,, = 0, we let
X be an embedded submanifold of M which we also view as a suborbifold
with Xgng = 0, then X vacuously shares its singularities with M.

Proof (of Theorem 2.7). Let s denote the defining section for the divisor
X. Then by the orbifold adjunction formula ([13, Section 4]), the anticanoni-
cal orbibundle of W restricts to a holomorphically trivial bundle on X'. More-
over, the section s defines a holomorphic function on U, 7, with 77(0) = X.
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Since 71 (W) = 1, then the Dolbeault cohomology H%!(W) = 0, as a conse-
quence of the Hodge Decomposition for orbifolds [8]. Hence, we can extend
% to a meromorphic function on W with only a pole of order 1 along X.
Hence 7 extends to a K3 fibration of W, denoted by 7 : W — CP!, such
that X is the fibre over 0. Moreover, the anticanonical orbibundle of W
is the pullback via 7 of a holomorphic line bundle of degree 1 over CP' so
that there is a section s; with s = s1 o 7. Now note that by the Tubu-
lar Neighbourhood Theorem for orbifolds ([17]), there is a neighbourhood
U of X in W such that Y = N X Moreover, since the normal bundle
is holomorphically trivial we get a diffeomorphism of the underlying real
orbifolds:

Fol—{z] <1} x X (2.12)

such that F~1({0} x X) corresponds to X C U so we can set & = Fly v :
U\NX — {0 < |z] <1} x X as the required diffeomorphism.

Moreover, note that via a change of coordinates z = e '~ we can
identify {0 < |z| < 1} x X with S! x [0;00) x X. With this change of
coordinates, the metric with Kéhler form:

wo = dt AdO + Ky (2.13)

where k; denotes the Kéahler form of X, is holomorphic with respect to the
complex structure on {|z| < 1} x X.

Let ug be a smooth function with supp(ug) C U such that (w’ + %aéuo)
is the Calabi-Yau metric in the Kéhler class [w]. Using a smooth cutoff
function, 8 : W — [0;1] with X C supp(8) C U, then we may choose ug
such that (w’ + %85110) is positive on any fibre of 7 in W. Again, note that
this is possible using a similar argument to the one related to applying the
Moser iteration trick to orbifolds.

Now we can apply Theorem 2.2 to conclude that there exists a unique
exponentially decaying solution, u, for the complex Monge-Ampere equa-
tion. We set:

i
= — 2.14
wy =W+ 5o d0u (2.14)

and then we can show using a routine generalisation of the arguments in
[44] that w, and its corresponding holomorphic volume form, €4, have the
required asymptotic behaviour.

O
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2.2 Existence Theorem

Just as in the case of the regular Twisted Connected Sum, given two orb-
ifold 3-folds satisfying the conditions of Theorem 2.7, W; and W, their
boundaries admit a product decomposition of their cylindrical ends, ¢; :
X; x S x [0;00) — W;, where &; is the anti-canonical orbifold K3 surface.
We set:

Mir = Wi\ ti(X x ST x (T +1;00))) x S* (2.15)

for ¢ = 1,2. Moreover, if X7 and X5 satisfy the orbifold matching condition,
then by Proposition 2.18, we can consider the following isometry to glue
the boundaries of M7 and Maj:

F:X xSt xS x (T, T+1) = X x St xSt x (T, T+1)

(2.16)
(y) 01,02, T + t) = (f(y)’e%elaT +1- t)
where f: X} — Xy is the isometry from Proposition 2.18. We set:
My = ./\/lle U MQ’T (2.17)

We call My, the orbifold Twisted Connected Sum of Wi x S' and
Wy x S'. Note that, just as with the smooth Twisted Connected Sum,
the subscript T, indicates only the resulting orbifold Gs-structure equipped
to M, since the diffeomorphism class of M7 is independent of 7T'.

Just as in the smooth case, the Ga-structure on W x S is given by the
3-form ¢ € O3 (W x S'), expressed as:

¢ =wAdd + Im(Q) (2.18)
where w and Q2 are the Kéhler form and holomorphic volume form, respec-
tively, on W and @’ is the coordinate on the S' factor. The Hodge dual of
¢ can be expressed as:

1
*pP = v Aw — Re(2) A dbf (2.19)

Now let o : R — [0; 1] be a cutoff function such that «(t) = 0 for ¢ < 0 and
a(t)=1for t > 1, ¢ and ¥ be as in Theorem 2.7, and set

wr =w+d(a(t —T+ 1)) (2.20)
Qr=Q+d(at—T+1)D) (2.21)



Then, since ¥ and ¥ are exponentially decaying to 0, we have that
o = wr A ao’ + Im(QT) (2.22)

gives a well-defined Ga-structure on W x S* for every T > Ty > 1, for some
large enough Tp, for which we have d¢r = 0 by construction, but in general
we do have torsion, *4,.¢7 # 0. We measure the torsion of ¢7 using the
4-form:

~ 1
@(¢T) = *¢T¢T — §wT N wp — RG(QT) A db (2.23)

so that dO(¢r) = d(*¢p¢1). Since the cutoff function, «, is fixed, from
Theorem 2.7 we get the following:

Lemma 2.10. For any € > 0,
187l Lpowxstyors < Cppee” AT (2.24)

where Cy 1 ¢ is a constant independent of T', p > 1, k € Ny, the exponent
A > 0 for a given W is defined as in Theorem 2.7 and the norms are taken
in the metric induced by ¢ on W x S1

Note that near the boundary of M; 7, the Ga-structure is equivalent to
the torsion-free Go-structure on the cylinder &; x St x St x Rs, ¢x,, given
by

bx, = Ky AdOy + Ky A dfy + Kb A dt 4 dfy A dba A dt (2.25)

where (/ﬁ, mf,, /#K) is the hyper-Kahler structure on Aj;, 01 is the coordinate
on the first circle factor, arising from the asymptotically cylindrical structure
on W;, 65 is the coordinate on the second circle factor, the one we take a
global product with to get M; 7 and ¢ is the standard coordinate on Rq.
Now we have equipped M with a family of closed Ga-structures ¢r
having arbitrarily small x4,.¢7 as T' — co. We wish to solve the system:

dp =0 (2.26)

dxsdp =0 (2.27)

for which we will search for solutions of the form ¢ + dn, where 1 is some
unknown 2-form. It is also useful to define a map © : Q% (M)°* — Q*(M)°r®
taking a Ga-structure ¢ to its Hodge dual with respect to the metric it
induces on M, ©(¢) = *4¢. In [34, Section 10.3], the torsion-free condition
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dO(¢+ dn) = 0 has been reduced to an elliptic equation in 7 using the local
expression:

O(¢ +dn) = O(¢) + (dO)(¢)dn + R(dn) (2.28)

where the second order remainder R(dn) satisfies the estimate:

ldR(&1) — dR(&2)|zr < (C1 4 Col|dO(dr)[2) (|16l + |12l L) [I€1 — &2llLr

(2.29)
for p > 7, C1, Cs constants independent of ¢ or the manifold. The result
requires Stokes” Theorem, which holds for orbifolds, and a few direct calcu-
lations, which can be rewritten verbatim for orbifolds to give the following
generalisation:

Proposition 2.11 (cf. [34, Theorem 10.3.7]). Let M’ be a compact Rieman-
nian T-orbifold whose metric comes from a closed Go-structure, ¢'. Then
there exist constants p > 0 and p > 0 independent of M’ and ¢’ such that
if a 4-form, ©, on M’ satisfies dO = dO(¢') and ||O||co < p, then for any
2-form m on M’ with ||n||c1 < p the equation:

(dd* + d*d)n + xd((1 + %(dn, $)0) — xdR(dn) =0 (2.30)

implies that dO(¢" + dn) = 0, where (.,.) denotes the inner product induced
on the fibres of the tangent bundle and any other associated bundles. Hence
@' + dn gives a well-defined torsion-free Ga-structure on M’

Given our previous estimate in Lemma 2.10, the condition on the sup-
norm of ©(¢r) is satisfied for sufficiently large 7" so that we can solve Equa-
tion (2.30) for an unknown 7, by putting ¢’ = ¢ and © = O(¢7) on the
compact T-orbifold M’ = Myp. In fact, we will generalise a result due to
Joyce ([34, Theorem 11.6.1]) to conclude the existence of torsion-free Ga-
structures on M:

Theorem 2.12. Let A\, u,v be positive constants. Then there exist positive
constants Ty and C' such that whenever T > Ty the following is true:

Let Mt be a compact T-orbifold and ¢ a closed Ga-structure on M.
Let yr be a 3-form on My such that d*y = d*¢ and
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[9llz2 < Ae™*"

[¥llco < Ae™/?

|l pra < A

the injectivity radius, of the induced metric, gr, 6(gr), satisfies (gr) >
-T
e

e the Riemann curvature R(gr) satisfies R(gr) < ve?T

Then there exists a torsion-free Ga-structure on Mr, gg, such that
| — b||co < Ce=T/2 for some positive constant C.

Note that by Lemma 2.10, the form *¢Té(¢T) satisfies the norm es-
timates above. Moreover, in the case of the Twisted Connected Sum the
curvature and injectivity radius are determined by those of the W; since the
singular locus of the “neck”, &; x S x S! x [0;277, can be expressed as a
direct product of the singular locus of the cross-section and [0; 27]. Hence,
they are constant along the “neck”, where the gluing is performed. Away
from the “neck”, on the W; \ U; part, they are trivially independent of the
“neck” coordinates, in particular of T'. As such, we can use Theorem 2.12
to obtain a torsion-free Gao-structure on M. All that is left is to prove The-
orem 2.12 in the case of orbifolds as stated. This is done by following the
arguments in [34, Sections 11.7 and 11.8] without any significant differences
from the smooth case. We will record the main steps of the proof below.
To start, we will need a few results from analysis that routinely generalise
to orbifolds, the first of which is the Sobolev Embedding Theorem and a
version of Schauder estimates we will need (a proof in the smooth case can
be found in [34, Theorem 6.4.8, p. 251].

Theorem 2.13 (Sobolev Embedding Theorem). Suppose M is a compact
Riemannian n-orbifold, k, | integers with k > 1> 0, q, r, real numbers with
g,r > 1 and a € (0;1). If

+— (2.31)

then LT (M)°™ is continuously embedded in L}(M)°™ by inclusion. If
1 _k-l-a

q n

then LT (M)°™ is continuously embedded in C*(M)°™ by inclusion.

IN

(2.32)
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Theorem 2.14 (Schauder Estimates). Suppose M is a compact Rieman-
nian orbifold, V, VW vector orbibundles over M of the same dimension and P
a linear, elliptic differential operator of order k fromV to W. Let a € (0;1)
and 1 > 0 be an integer. Suppose that the coefficients of P are in (CH®)or®
and let P(v) = w for some v € C**(V)™" and w € CH*(W)°™. Then
v e Crktbe(Vyorb gng:

llgria < C[|wllcra +[|v]lco) (2.33)

for some constant independent of v and w.

We also require the following result about linear elliptic operators, the
proof of which can be found in [34] in the smooth case:

Proposition 2.15. Let V, W be vector orbibundles over a compact Rie-
mannian orbifold M equipped with metrics in the fibres and let P be a lin-
ear, elliptic differential operator of order k from V to W. Letl > 0 and
a € (0;1). Then there is a constant D > 0 such that if v € CFL¥(V)°r® gnd
v L ker(P), then

lollgria < DI[P()l|cra (2.34)

Similarly, if p > 1 and | > 0 is an integer, then there exists a constant
D > 0 such that v € Li_H(V)m’b and v L ker(P), then:

lollzg, < DIP@)Ilge (2.35)
The first thing we will prove is the following;:

Theorem 2.16. Let pu, v and T be positive constants, and suppose M
is a complete Riemannian T-orbifold, whose injectivity radius, §(g), and
Riemann curvature, R(g) satisfy 5(g) > pe™" and R(g) < ve?’. Then
there exist constants Cy and Co, depending only on pu and v, such that if
X € LI*(A3T* M) N L2(A3T* M), then the following hold:

IVl z1s < Cr(lldx|pas + [1d" x| 1a + € [[x]]2) (2.36)
_1 T
[Ixlleo < Ca(e™ 2| Vx| g1 + €27 |x|L2) (2.37)

Proof. Using Theorem 2.13 we note that L}* embeds in C? in dimension
7, so we can follow the proofs in [7, Lemma 2.22] and [4, Theorem 10.3] to
get the following “Euclidean” inequality:
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If By and Bs denote Euclidean balls of radius 2 and 3 respectively about
the origin in R7/I", then there exists Fy, Fp, F3 > 0 such that if g is a
Riemannian metric on Bs, ||g — gEuclHCL% < Fy, and x € LI*(A3T*B3)
then the following hold:

[Ix[B.llco < Fa(lIVxllprs +[Ix]lL2) (2.38)

7
[y < [ i+ e av, + (/ Mdvg) (2.39)
BQ 33 B.S

where dV;; denotes the volume form associated to g and gg,. denotes the
standard metric on R”.

Moreover, following [39, p. 124] we can conclude that there exist coor-
dinates on all balls of a given radius such that for each a € (0;1), the C%®
norm of the metric is bounded in terms of «.. Firstly, note that rescaling the
metric to €27 g we can, without loss of generality, assume that 7' = 0. Since
d(g) > p and R(g) < v, about every point p € M, we can find a coordinate
system W, : B3 — M such that ||L_2\I/;;g - gEuclHCl,% < Fi, where F} is
as above and L > 0 is a constant depending only on u,v and F;. Hence,
following the argument in [34, Proposition 11.7.2 and Theorem G;] we can
find the desired constants.

O

By noting that standard results from Hodge Theory and the Cauchy-
Schwarz inequality generalise to orbifolds, we can obtain the following the-
orem, which is an orbifold analogue of [34, Theorem G2]:

Theorem 2.17 (cf. [34, Theorem G2]). Let A\, Cy and Cs be positive con-
stants, then there exist constants k, K such that whenever 0 < e~1 < k the
following is true:

Let M be a T-orbifold and ¢ the Go form associated to a closed Go-
structure on M. Suppose ¥ is a 3-form on M with d*y = d*¢ and

o [[9llre < Ae?T

[%llco < Ae™/?

.
o [[¥llpu < A

o IVxllze < Crlldxllpie + [l e + €T lIx]|2)
o Ixlloo < Cole 2T Vxl|zas + €37 [|x|2)
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Then if R is as in Proposition 2.11, we h(lwe that there exists a smooth 2
form n € C®°(A2T* M) with ||dn||co < Ke™ 2T and f € C®(M) such that:

(dd* + d*d)ny = d* + d*(f) + dR(dn) (2.40)
£ = 2m(dn) (241)

where m : Q3(M) — Q3(M), the space of forms which are a “function-
multiple” of the Go form, ¢, defined by

(M) = {fo|f € CF(M)} (2.42)
Hence now the proof of Theorem 2.12 follows straightforwardly:

Proof (of Theorem 2.12). Using Theorem 2.16 and Theorem 2.17, we
can define ¢ = ¢ + dn, which gives a well-defined torsion-free Ga-structure

on M, exponentially close in the C° norm to ¢.
O

2.3 Matching Orbifold K3 Surfaces

In this section we will deal with the matching problem for orbifold K3
surfaces. The singularity number of a K3 orbifold (see Section 1.3) plays
a crucial role in the matching theorem we prove. Suppose that (X, k) is an
orbifold Ricci-flat Kahler K3 surface. Then, by analogy with the smooth
story, X is hyper-Kéahler with two complex structures J and K, with k;
and ki the corresponding Kéhler forms. Denote by (X, k) the orbifold
K3 surface we obtain by considering X equipped with the complex structure
J as above.

Definition 2.18. Let (X, x;) and (X’, k) be two orbifold Ricci-flat Kéhler
K3 surfaces with minimal resolutions 7 : X — X and 7’ : X' — X’. We say
that these satisfy the matching condition if there is a choice of holomorphic
(2,0)-forms ry + ikk, K + ik} and an isometry h : I2(X') — I*(X),
extending to an isometry h : H*(X’;Z) — H?*(X;Z) such that hg([x}]) =
[k, her([K)]) = [k1] and he([x]) = —[kK]

For hyper-Kahler K3 orbifolds, X', X/, satisfying the matching condition,
the lattice isometry above is in fact induced by an isometry of hyper-Kéhler
orbifolds f : Xy — X’. This is the content of the next proposition which is an
orbifold analogue of [44, Proposition 4.20]; the proof will also be analogous
to the smooth one.
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Proposition 2.19. Suppose that (X; kr, k7, ki) and (X'; &), &), K ) satisfy
the matching condition. Then there is an isomorphism of complex orbifolds
f: X5y — X' such that f* = h. Moreover, f is an isometry of hyper-Kdhler
orbifolds, with the pullback action on Kdhler forms given by:

e =k,
s = Ky, (2.43)
[l = —kK

Proof. Note that we have:

HA (') = €l + ). o

H**(Xy) = Clr — irK] '
so hc(H?%(Xx')) = H*°(X). By the matching condition h maps [r}] to
[ks] and it extends to an isometry h : H*(X';Z) — H?(X;;Z) so that by
Theorem 1.50, h arises as the pullback of a unique isomorphism f : Xy —
X'. To see the last part we note that a Kéhler class uniquely determines a
Ricci-flat Kéhler metric on orbifold K3 surfaces so that the image f* has
to be the Ricci-flat k5 on Ay and hence f is an isometry with the required
pullback action. O

Because for two orbifold K3 surfaces to satisfy the matching condition we
require the lattice isometry to extend to a lattice isometry of the resolutions,
we can view the problem of matching orbifold K3 surfaces as a problem of
matching their resolutions, as long as we are careful with how the root lattice
is embedded into the K3 lattice. We can informally view this as follows:

We first primitively embed the root lattice into the K3 lattice and per-
form the matching of the two smooth resolutions in the orthogonal comple-
ment of the root lattice. This defines a smooth hyper-Kahler K3 surface for
which we know how the root lattice embeds into L. We then blowdown the
—2-curves corresponding to the generators of the root lattice and we have
2 orbifold K3’s with the correct singular locus which satisfy the matching
condition.

Theorem 2.20 ([51]). A primitive embedding of an even unimodular lat-
tice N of signature (t4,t_) into an even unimodular lattice E of signature
(I+,1-) exists provided t+ < I, t_ < I_ and at least one of the following
conditions holds:
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o 2rk(N) <rk(E)

o rk(N)+I(N) < rk(E), where [(N) is the minimum number of gener-
ators of the discriminant group N*/N.

If moreover ty < ly, t— < l_ and one of the following two inequalities
holds, rk(N) + I(N) < rk(E) — 2 or 2rk(N) < rk(E) — 2, then a primitive
embedding N — E is unique, up to isometry of E.

Now due to the embedding result of Nikulin we can deduce that if
sing(X) < 9, then R(X)% primitively embeds into the even unimodular
lattice, (—Es) @(—Es) @ H, of signature (1,17). On the other hand, if
sing(X) < 5 then we can primitively embed R(X)" into ~Es@ H. In
each case, the orthogonal complement, I2(X), primitively embeds into L
as a rank 22 — sing(X) sublattice and contains at least two copies of the
hyperbolic lattice, H. We now wish to investigate the main class of exam-
ples considered in this thesis, namely, K3 surfaces arising as anticanonical
divisors in Fano 3-folds. For this we make the following definition:

Definition 2.21. Let V be a compact complex n-dimensional orbifold. We
say that V is a Fano n-fold if the orbifold first Chern class is positive:

a(V)r’ >0 (2.45)
This is equivalent to the orbifold anticanonical bundle K7, ! being ample.

Hence we let V be a Fano 3-orbifold. This case will follow in analogy with
[45, Section 5] which we will refer to throughout the coming discussion and
proof as the smooth case. Suppose that X arises as an anticanonical divisor
on a Fano 3-orbifold V and let ¢ : X — V denote the inclusion map. Then
¢ induces a primitive embedding H%(V;Z) — H?*(X;Z), by the Lefschetz
Hyperplane Theorem ([47]) and since V, up to homotopy equivalence, is
obtained from X by adding cells of real dimension at least 3. Choose a
marking, ¢, for X the crepant resolution of X. We then have primitive
embeddings:

LWV)cI*(X)CL (2.46)

where L(V) = ¢(1*H?(V;Z)). In analogy with the smooth case, we call
orbifold K3 surfaces which contain a primitively embedded non-degenerate
lattice L()) containing a Kéhler class ample L(V)-polarised K3 orbifolds.
In fact, the matching problem for orbifolds in this case is equivalent to the
matching problem of “ample L(V), I?(X)-polarised (smooth) K3 surfaces”
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meaning that the K3 surfaces we are interested in are ample I?(X)-polarised
and I?(X) also contains a primitively embedded lattice, L(}), which itself
contains a Kahler class, as in Equation (2.46).

Theorem 2.22. Suppose that we have two pairs (Vj, X;j) such that X1 and X,
have the same singular locus and are anticanonical orbifold K3 divisors of
the Fano 3-folds Vi and V. Let L; denote the image of t*H?*(V;;Z) in the
K3 lattice. Moreover, suppose that for each j, the K3 orbifolds arising from
deformations of the pair (V;, X;) form a Zariski open set in the moduli space
of Lj-polarised K3 orbifolds. Suppose further that one of the following holds:

o sing(X;) <9 and rkL; =1 for each j
o sing(X;) <4, rkLy <5 and rkLy = 1.
Then X1 and Xy satisfy the matching condition.

Proof. Most of the details of the proof are the same as those in ([45, The-
orem 5.3]), since, as mentioned before, we try to primitively embed the
polarising lattices into the orthogonal complement of the root lattice to ob-
tain markings for the K3 surfaces which we can use to define the matching.
The relevant distinction is that we need to embed both the L; and the root
lattices, R(?C'j)L , into L. Denote the direct sum decomposition of L as

L= (~Eg)1 ®(~FEs)2® Hi ® Hy © H (2.47)

so that we can distinguish the different factors of —Fg and H.

For the first case, we embed the root lattice into (—Eg); @(—FEs)2 P Hs
and then we have primitive embeddings of L; into H;, j =1, 2.

For the second case we embed R(X;)L into (—FEs); @ Hi, L into Hs,
and L into (—FEg)2 @ Ha. In each case, we get the required primitive em-
beddings from Theorem 2.20 and the setup has the required orthogonality
properties needed for similar arguments to those in [45, Section 5] to go
through. O

Remark 2.23. The first case of the theorem above covers all examples where
the Fano variety is a weighted projective space and the K3 is a hypersurface
in that weighted projective space, such that the K3 has “small” singularity
number. To be a little bit more quantitative, this case covers matchings
between 35 of the 95 families of K3 orbifolds which arise as hypersurfaces
in weighted projective spaces (|20, Section 13.3]).

The second case is designed to cover examples where we match a hyper-
surface in a weighted projective space with a codimension 2 K3 orbifold in
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weighted CP* with appropriately chosen weights. Note that such matchings
are possible if and only if both K3 divisors have the same singular locus.
Nonetheless, the restriction on the singular number of the K3 factors and
the rank of the polarizing lattice make it quite difficult to find examples as
designed for this case.

For more details see Chapter 4 below.

2.4 Topology of orbifold Twisted Connected Sums

We wish to find the orbifold fundamental group of M7, based on the orbifold
fundamental groups of W and W, just as in the case of the smooth Twisted
Connected Sum. This will be useful for us later, once we have established
a theorem linking the holonomy of an orbifold to its orbifold fundamental
group (see Chapter 3, Theorem 3.2 below). We also want similar results
for the Betti numbers of the constructed orbifold. Towards this end, we
first note that the Mayer-Vietoris exact sequence applies directly to M (as
it is valid for all topological spaces) to allow the computation of its first
Betti number, just as in the smooth case and secondly that the de Rham
theorem (the fact that the de Rham cohomology is isomorphic to the singular
cohomology with real coefficients) also holds for orbifolds ([17, Theorem
3.4.4]). Hence we get the following:

Theorem 2.24. Let My, Wi and W5 be as above. Then we have:

bl (Mz) = b*(Wy) + bt (W) (2.48)
7T1(MT) =m (W) x m(Wa) (2.49)
T (Mp) = 7 (W) x wT (W) (2.50)

Proof. For the first part, note that applying the Mayer-Vietoris exact se-
quence to the decomposition M7 = M1 UM, r gives the result. Similarly,
applying the regular Seifert-van Kampen Theorem and its orbifold version,
Theorem 1.24, to the same decomposition yields the last part. O

Remark 2.25. In view of Theorem 2.24, we note that as long as 7" (W)
and 7¢"°(Wy) are finite, then so will 7¢"°(Mr). This observation will be
useful in helping us conclude that the holonomy of the induced metric is
exactly G2 once we prove Theorem 3.2 in the coming chapter.

For the rest of this section we ignore orbifold structures and view orb-
ifolds purely as topological spaces. This allows us to compute various Betti
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and Hodge numbers of our orbifolds by applying the techniques of [45, sec-
tion 2|. The only difference from the smooth case will be the appearance of
correction terms due to the singularities on the K3 factors. We first present
a result on the Hodge numbers of W:

Proposition 2.26. Let W be a 3-fold satisfying the hypothesis of Theorem
2.7. Then we have

RHOOW) = h2O(OW) = R3O (W) =0 (2.51)

Proof. Follows exactly as the proof of a similar result in [45, Proposition
2.2 O

We now aim to compute some topological invariants of G5 orbifolds, M,
constructed via the orbifold Twisted Connected Sum from pairs (W;, &;),

i = 1,2, as was done in [45, Section 2]. The embeddings ¢; : X; — W; induce
homomorphisms:

v H*OWi;R) — H*(X;R) (2.52)

where we note that X is viewed as part of the cross-section of W;. Set

X = (H2 W13 R)) N frip(H*(Wa3 R)) (2.53)
d; = dim(ker;) (2.54)

n = dim(X) (2.55)

m = dim(H?*(Xy;R)) = dim(H?*(Xa;R)) (2.56)

where f* is the pullback action via the orbifold hyper-Kéhler isometry we
get from Proposition 2.19. Note in fact that if X7 and AXs satisfy the
matching condition, then we must have dim(H?(X1;R)) = dim(H?*(X;R))
so the definition of m makes sense. Moreover, we see that the restriction of
the intersection form on H?(X1;R) to t1(H2(W1;R)) and f*io(H?(Ws; R))
is non-degenerate with positive index 1. Just like in [45], X is negative-
definite and we have uniquely defined subspaces X; such that we get direct
sum decompositions:

u(H*WiR) =X @ X, (2.57)
Fr(H*WyR) = X @ X, (2.58)
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Lemma 2.27. Let W;, W;, X;, M, d;, X;, X, n and m be as above. Then
we have:

V(M) =n+dy + dy (2.59)
Moreover, if b>(Wy) — di + b*(Ws) — da < m and X1 is orthogonal to Xo
with respect to the intersection form on H?(Xy;R) then

b (M) = B3(OWV;) + P (Wa) + b2(M) —2n+ 1 +m (2.60)

Proof. Since the normal bundle of X; is trivial, it has a tubular neighbour-
hood, U; in W; such that f; is homotopy equivalent to X; x S' so that using
the Mayer-Vietoris sequence and the Kiinneth formula we get:

(W) =*(W;) + 1 (2.61)
B(W;) = BPOW;) — b2 (W) +m — d; (2.62)

Just like in [45], to get b?(M) we use the Mayer-Vietoris sequence for
M= (W x S up Wy x S (2.63)

where F is the gluing isometry defined in Section 2.2 above. The rest of
the proof follows just like in [45], the only difference being that we replace
instances of H?(K3; R) which has dim = 22 with H?(X;; R) which has dim =
m < 22 leading to “orbifold corrections” in the formula for b3(M) which
amount to adding m — 22 to the corresponding formula in [45].

O

Remark 2.28. In fact, as remarked in section 1.3, m = 22 — sing(&X}) =
22 — sing(Xsy) so we can rewrite the above as:

V(M) = BB OV;) + 03 (Wo) + V(M) — 2n + 1 + 22 — sing(Xy)  (2.64)

which is similar to the expression in [45], the difference being the correction
term, sing(X}), arising due to the singularities on the orbifold K3 factors.

2.5 Examples of non-symplectic type

We end this section by describing a class of examples initially described by
Kovalev and Lee in [45]. These rely on K3 surfaces with non-symplectic
involutions. We recall that a holomorphic involution, p, of a K3 sur-
face X, is called non-symplectic when p*(w) = —w for all w € H?(X).
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Non-symplectic involutions have been studied and completely classified by
Nikulin in [51]. We will review his work for completeness:

Denote by L” the set of classes in the K3 lattice, L, which is fixed by
p*. LP is a primitive sublattice of the Picard lattice, H!(X) N H?(X;Z).
We call L? the invariant lattice of p and it is a primitive non-degenerate
sublattice of L of signature (1,¢) and rank » = 1 + ¢t. The orthogonal
complement of L” is the —1-eigenspace of p* and moreover, we see that the
discriminant group of L”, (L”)* /L is isomorphic to (Z2)® so if [(L”) denotes
the minimal number of generators of the discriminant group of L, then we
have [(L”) = a. Lastly, we define:

(2.65)

5(LP) = 0, t2€Z, Vtec (LP)*
B 1, otherwise

where the quadratic form on (L”)* is the one taking values in Q induced by
the bilinear form of L. We then have:

Proposition 2.29 ([51]). The triple of (r,a,d) defined above determine p*
and L? uniquely, up to isometries of L.

We shall denote by L(r,a,d) the invariant lattice defined by the triple
(r,a,d). Nikulin classified all the possible triples which can appear; there
are 75 possibilities and the ranges of values are 1 <7 <20 and 0 < a < 11.
Moreover, any triple satisfies r — a > 0. Now given a triple, we can use the
global Torelli theorem and the surjectivity of the period map to obtain a
smooth K3 surface X with a non-symplectic involution p such that Lf =
L(r,a,d). Denote by X” the fixed locus of p. Then we have the following
proposition:

Proposition 2.30 ([51]). Let X be a smooth K3 surface and p a non-
symplectic involution whose invariant lattice has triple of invariants (r,a,d).
Denote by X? the fized locus of p, then we have:

o XP =0 if (r,a,6) = (10,10,0)
o XP? is a disjoint union of elliptic curves if (r,a,d) = (10,8,0)

e otherwise,
XP =cy+er+---+ e all disjoint (2.66)

22—r—a _r—a
2 ’ k= 2

— y ~ 1
where g = cg s a curve of genus g and e; = CP~.
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Now the suitable 3-folds are constructed from quotients of the form (X x
CPY/(p x 1), where ¢ : CP' — CP! is an involution fixing two distinct
points, by resolving the singularities.

We wish to use orbifold K3 surfaces with non-symplectic holomorphic
involutions, (X, p), to obtain suitable 3-folds obtained in a similar fashion to
the smooth case i.e., from quotients of (X x CP')/(p x ¢), with v as above.
One way to do this, as pointed out by Frank Reidegeld in his Habilitation
thesis, [55, Chapter 5.2. p. 71 — 74], is by using an orbifold K3 surface, X,
such that Xgng N X = (), where, as before, X” denotes the fixed point set
of p, a non-symplectic holomorphic involution of X'. The condition that the
singular locus of X is not fixed by p allows us to resolve the singularities of
(X x CPY)/(p x 1) which arise due to the fixed locus of p x 1, while leaving
those that X started with unchanged. We want to resolve the singularities
arising from taking the quotient by p x . This is because the resulting K3
divisors have a singular locus of complex dimension 1 while the matching
results we have apply only for K3 orbifolds with 0-dimensional singular
locus.

An initial observation we can derive from this set up, is that any orbifold
K3 surface which admits a non-symplectic involution has singular locus
given by:

R(X)F = é 2k Qi (2.67)
=1

where, as before, n denotes the number of distinct types of singularities, @;
denotes the different types of singular points, and k; denotes the number of
singular points of type @);. This is because p needs to map a singular point
of a certain type to a distinct singular point of the same type. Otherwise,
either p maps singular points of one type to singular points of a different
type, in which case p will not be holomorphic, or it fixes singular points;
both cases are situations we want to avoid. Hence, the number of singular
points of a given type on our orbifold K3 surface has to be even.

We now describe in some detail Reidegeld’s work towards obtaining non-
symplectic examples and then complete the examples by computing the orb-
ifold fundamental group in Section 3.2. In Section 1.3, we outlined how
one might obtain orbifold K3 surfaces with a prescribed singular locus start-
ing from a smooth K3 surface with a large enough Picard number. We can
slightly modify this procedure by starting with an orbifold K3 surface with
a high singularity number, resolving its singularities to obtain a smooth K3
surface that has a high Picard number and then blowing down —2-curves as
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appropriate to obtain our desired singularities. Moreover, Reidegeld proved
in [55, Chapter 5.2] that if we start with a smooth or an orbifold K3 surface
which admits a pair of commuting involutions, then we can obtain two K3
surfaces (smooth or not, respectively) which satisfy the matching condition
and can be used to construct suitable 3-folds.

To see how this is done, suppose that X is a hyper-Kahler K3 surface,
p; for i = 1,2 are a pair of commuting holomorphic involutions with invari-
ant lattices L;, ¢; : H*(X;Z) — L for i = 1,2 are two markings for the
K3 surfaces such that ¢1(L1) L ¢a(L2) and ¢1(L1) & ¢p2(L2) is primitively
embedded into L. Let the hyper-Kéahler structure of X be given by Kéhler
forms, w; with j = 1,2,3, and denote their classes by x; = ¢1]w;]. We want
p1 to be non-symplectic with respect to [wi] and ps to be non-symplectic
with respect to [we] so that we have:

plT1 = X1, pITy = —T2, P1T3 = —T3 (2.68)
paTL = —T1, Py = T, Pya3 = —T3 (2.69)

Then we can define another hyper-Kéahler K3 surface X', for which we have
¢2([W}]) = y;, where the images of the Kahler classes, y;, are given by:

Yy = T2
Y2 =11 (2.70)
Ys = —x3

which admits p’ = py as a holomorphic non-symplectic involution, and the
matching can be defined using the two initial markings we started with;
explicitly, the matching map is h : H?>(X';Z) — H?*(X;Z) defined by h =
qﬁl_l o ¢9. Hence, we have produced two hyper-Kéahler K3 surfaces, X and
X', both equipped with a non-symplectic involution, p and p’ respectively,
and satisfying the matching condition.

Hence, we can use X and X’ to obtain suitable 3-folds for the Twisted
Connected Sum and then glue together those 3-folds to obtain a Ga-orbifold.
All that we need now is an orbifold K3 surface with large singularity number
and two non-commuting involutions. Reidegeld has managed to find such
an orbifold K3 surface through lattice considerations; i.e. by appropriately
choosing the classes x; in L. He constructs an orbifold K3 surface, X with 2
FEs singularities, where the two commuting involutions are given by v;, and
act on the K3 lattice, L = H1 @& Hy & H3 & (—Eg)1 & (—E3g)2, as follows:
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e ; acts as the identity on H;
e 1), acts as —1 on H3y_; ® Hj

e ; interchanges (—Fjg); with (—FEg)2

The invariants, (r;,a;,0;), for the fixed lattices of these involutions are
(ri,a:,0;) = (10,8,0). Reidegeld then proves that the fixed locus of the
non-symplectic involutions does not intersect the two Eg singularities of X'
Hence X is suitable for the Twisted Connected Sum. This produces a Go
orbifold, M, with singular locus given by 2 $%’s and isotropy given by Ex.
In fact, this method always produces a Gy orbifold whose singular locus is
given along some copies of S, with various isotropies. All in all, this gives
the following proposition:

Proposition 2.31. Let X be the orbifold K3 surface constructed by Rei-
degeld in [55]. Then we can produce a K3 orbifold, X, starting from X
via an appropriate finite sequence of blowups and blowdowns whose singular
locus s given by:

R(X)F = éQkiQi (2.71)
i=1

as long as the Q; and k; are chosen such that sing(X) < 18. Furthermore,
X admits two involutions ¥; for i = 1,2, as above, such that we can use X
to construct a Go orbifold M, for which Hol(M)°™® = Gy and which has
singular locus given by Y-, 2k;Q; copies of S3, with isotropies given by the
Qi’s.

Remark 2.32. Computing the orbifold fundamental group in the following
section will complete the statement related to the holonomy group of the
constructed orbifold, M.
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Chapter 3

Orbifold G2 Holonomy

In the smooth setting, one can easily tell if a compact Ga-manifold has
holonomy group Go by computing the fundamental group. In this chapter,
we prove that, for compact orbifolds, a similar result holds under mild as-
sumptions on the codimension of the singular locus, as long as one computes
the orbifold fundamental group. We use our theorem to compute the holon-
omy of various global quotients found in the literature. We also show that
if M is a Go-manifold and I is a finite non-trivial group of isometries, then
the holonomy of the quotient M/T" is G5 if and only if the holonomy of M
is GQ.

3.1 Main Result

In the case of compact manifolds, we can exploit a result due to Joyce,
which is commonly referred to as Joyce’s Lemma, to determine whether the
holonomy group of a torsion-free Go metric on a 7-manifold, M, is exactly
G9. We record this result below:

Lemma 3.1 (Joyce, [34], Proposition 10.2.2). Let M be compact and ¢ €
Q3(M) a torsion-free Ga-structure on M. Then Hol(gy) = G2 if and only
if the fundamental group, 71 (M), is finite.

Note first that if we have a Riemannian orbifold (M, g), then we define
the holonomy of the orbifold metric Hol(g)°"® = Hol(M)°™ = Hol(M,eq) =
Hol(g|m,.,). Now, if M is a compact orbifold, then M,y = M\ Mging
will no longer be compact, but it is important to note that to apply Berger’s
Theorem we only require M,.; to be simply connected.
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Moreover, to expand on the previous discussion in Section 1.2 related
to the dimension of the singular locus of an orbifold, M, Mg, is a finite
disjoint union of connected components of strata ¥r = {p € M|, = T'}
([17]). Hence we can define its codimension to be:

codim(Ming) = min{codim((Xr);)|(Xr); is a connected components

of the non-empty stratum Xr}

Note that this is in fact just n—ng;pg, where n is the dimension of the orbifold
M and nging is the dimension of the singular locus, as defined previously
by Equation (1.6). Hence, we can prove the following generalisation to
orbifolds:

Theorem 3.2. Let M be a compact orbifold with codim(Mging) > 3 and
¢ € Q(M)°™ a torsion-free Go-structure on M. Then Hol(gs) = Go if
and only if the orbifold fundamental group, T"(M), is finite.

Towards this goal, we have the following important results:

Theorem 3.3 ([46, Theorem 6.26]). Let X, N be smooth manifolds and
f: N — X be a continuous map. Then f is homotopic to a smooth map
F:N— X.

Theorem 3.4 ([46, Thm 6.34]). Let X, N be smooth manifolds, V.C X an
embedded submanifold. Every smooth map g : N — X is homotopic to a
smooth map g : N — X transverse to V. If N is a manifold with boundary,
then g and g can be chosen to be homotopic relative to the ON.

Theorem 3.5 ([46, Theorem 6.29]). Let X, N be smooth manifolds, F,G :
N — X smooth maps. If F and G are homotopic, then they are smoothly
homotopic, meaning that the homotopy H : N x [0;1] — X can be taken to
be a smooth map. If ' and G are homotopic relative to some closed subset
A C N, then they are smoothly homotopic relative to A.

Proposition 3.6 ([25, Theorem 2.3, p. 146]). Let X be a smooth, connected
real manifold without boundary, V C X a closed submanifold, x a point of
X\Vand.: X \V — X is the inclusion map and the codimension of V is
at least 3, then the map induced by v:

L rm (X \V,z) = m(X,x) (3.1)

1 an tsomorphism.
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Proof. Let g : S' — X be a continuous map. Then by Theorem 3.3,
g is homotopic to a smooth map S' — X, which we shall also denote by
g. Now by Theorem 3.4, g is also homotopic to a smooth map S' — X
that is transverse to V, which we shall also denote by g. Then we have
Vp € g~ 1(V):

Im(ng) + Tg(p)V = Tg(p)X (3.2)

Now, since Codim/(V) > 3 and Codim(g(S')) = n — 1, then clearly
V N g(SY) = 0 so in particular any loop v C X is homotopic to a loop,
v € X\ V so indeed the map induced by the inclusion is surjective.

Now suppose go,g1 : S' — X are continuous and homotopic via G :
St x [0;1] = X with G(—,0) = go and G(—,1) = g;. Just as above we may
assume that gg and g; are smooth maps and, moreover, by Theorem 3.5 we
may assume that G is smooth. By the previous part we can find (smooth)
homotopies such that g NV = @ and gt NV = (). Then using Theorem
3.4 we know that G is homotopic to a smooth map S* x [0;1] — X that
is transverse to V' and which we shall denote also by G. Hence as before
we have Codim(g(S* x [0;1])) = n — 2 and Codim(V) > 3 so we must have
g(St x [0;1]) NV = § so indeed we have that gg and g; are homotopic in
X \ 'V hence if 71 and 2 are loops in X \ V such that t*[y;] = ¢*[72], then
71 =~ 2 in X \ V, hence the map induced by the inclusion is injective. [

We can generalise Proposition 3.6 to orbifolds to obtain:

Proposition 3.7. Let M be a n-dimensional real orbifold. If the codimen-
sion of Mging is at least 3 then, w1 (Myeq) = 11 (M) as topological spaces.

Proof. Follows directly from repeated application of Proposition 3.6 on
each connected component of Mg,y that we have mj(M;ey) = m (M) O

Remark 3.8. If M is a complex orbifold, then M;,, has complex codimen-
sion at least 2, so it has real codimension at least 4, so 71 (Myeg) = w1 (M)
Before we go on to prove Theorem 3.2, we also note the following

theorem:

Theorem 3.9 ([12]). Let M be a compact Riemannian orbifold with non-
negative Ricct curvature and let M denote its universal orbifold cover. Then
M = N xR where N is a compact orbifold and | > 0. Also, there is a short
exact sequence:

1 F ™M)= C—1 (3.3)
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where F is a finite group and C is a discrete cocompact group of isometries
acting on R, that is C is a crystallographic group.

Recall from our previous discussion in Section 1.2 that the orbifold
universal cover is orbifold simply connected (Wfrb(ﬂ) = {1}) and so it is
also simply connected as a topological space (M\) = {1}. Moreover, as
mentioned in [12], we have that the isometry group of M splits:

Isom(/(/l\) = Isom(N) x Isom(R') (3.4)
so that we have the following corollary:

Corollary 3.9.1. Let (M, g) be a compact Riemannian orbifold. If g is
Ricci-flat, then M admits a finite cover isometric to N x T, where N is a
compact Riemannian orbifold that is orbifold simply connected and T is a
flat torus.

Hence we can now prove Theorem 3.2:

Proof (of Theorem 3.2). M is a compact Gy orbifold so g4 is Ricci-flat
so by Theorem 3.9 and Corollary 3.9.1, there is a finite cover isometric
to N x T%, where T is a flat torus and N is a compact orbifold simply
connected Riemannian orbifold, so that

(M) = F x 7 (3.5)

where F is a finite group so indeed 7¢"*(M) is finite if and only if I = 0.
Now since ¢ is a torsion-free Ga-structure and N is orbifold simply
connected (and hence simply connected as a topological space), the met-
ric, g, induced on N, satisfies Hol(N)°"® C Ga. Therefore Hol®(N)°™
is either {1}, SU(2), SU(3), or Ga. Moreover, since Ny, is simply con-
nected by Proposition 3.7, then by Berger’s Theorem we have that [ =7
when Hol’(N)"* = {1}, I = 3 when Hol’(N)°"® = SU(2), | = 1 when
Hol°(N)°™* = SU(3) and | = 0 when Hol®(N)°"® = G5. Thus, overall we
get that Hol(g,)°™® = Gy if and only if 7§"°(M) is finite. O

Remark 3.10. For orbifolds constructed via a Twisted Connected Sum, we
can see that the singular locus will consist of disjoint copies of S, S x
{Complex Curve}, or St x St x [-T;T).

To see this, denote by (W, X) the pair of an ACyl 3-dimensional complex
orbifold, W, and an orbifold K3 surface, X', so that the cylindrical end of W
is given by X x S! x [0;00). Then the singular locus of W can only consist
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of isolated points away from the cylindrical end, complex curves away from
the cylindrical end, or shared singularities with X, which are isolated points
of X; hence in W, the isolated orbifold singularities of X become orbifold
singularities along {p} x St x [0;00) for p € Xsing. The Twisted Connected
Sum glues together 7-orbifold of the form W x S! so that the obtained Ga-
orbifolds will have the claimed singular locus, by noting that along the neck
region components of the singular locus of one pair are glued to components
of the singular locus of the other with the same isotropy.

This then shows that the singular locus has codimension > 3 so Theo-
rem 3.2 applies. Recalling the observation in Remark 2.25, that Theo-
rem 2.24 implies that, for the constructed orbifold M, the orbifold fun-
damental group m{"®(Mr) is finite if and only if the orbifold fundamental
groups of the two ACyl complex 3-orbifold, Wi and W, are finite. Hence,
similarly to the smooth construction, we can reduce the question of irre-
ducibility of orbifold Twisted Connected Sums to a question about the sizes
the orbifold fundamental groups of the “building blocks”.

3.2 Global Quotients and Non-Symplectic Exam-
ples

We first note that by a global quotient, we mean an orbifold of the form
M = M/T', where M is a Riemannian manifold and I' is a finite group of
isometries. We begin this section by applying Theorem 3.2 to a few cases
in the literature.

Example 3.11. The construction of compact Ge-manifolds, due to Joyce
and Karigiannis [37], starts with a compact 7-manifold, M, admitting a
torsion-free G-structure and an involution ¢ preserving the Ga-structure,
but whose holonomy group can be a proper subgroup of G2. They then con-
sider the quotient of this manifold by the group generated by the involution,
M = M/(1), which will be a Gy orbifold, whose singular locus Mg;yq is an
associative submanifold of M and the singular points are locally modeled on
R3 x (R*/(#£1)) (in fact, whenever we quotient a Go-manifold by an involu-
tion preserving the G9 3-form, the result will be an orbifold whose singular
locus will be a closed embedded 3-fold in M, [35, Prop. 12.3.7]). They
then resolve the singularities by gluing families of Eguchi-Hanson spaces
parametrised by a non-zero, closed, and coclosed 1-form on the singular
locus to obtain new examples of Go-manifolds.

In fact, their construction also works if we consider more general orb-
ifolds, M, (i.e., not global quotients), as long as the singular locus of M
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is locally modeled on R? x (R*/T") where I is a finite group of isometries
preserving the Gy 3-form.

We will be interested in M, the intermediate orbifold they obtain and in
the cases where M = M/T", with I' 2 Z§, n = 1,2, is a group of involutions
preserving the Gy 3-form and M is a torsion-free Ga-manifold such that
the singular locus has the above local model. Note that this orbifold is a
quotient orbifold so we have a short exact sequence of groups ([3, p. 27]):

1= m(M) = a(M) -T =1 (3.6)
There are two main types of examples considered in [37]:

(a) M = T3 x X where the 3-torus, T3, carries a flat metric, X is a K3
surface and ' = 72

(b) M =Y x S!, where Y is a Calabi-Yau 3-fold admitting an anti-
holomorphic involution 7, S1 = {z € C| |z| = 1} is the unit circle, and
I' = (1) 2 Zy, wheret : Y xS' — Y xSt is given by (y, 2) = (17(y), —2)

For the examples in (a), note that m (M) = Z3 so 7¢"*(M) is infinite by
the above exact sequence; moreover, note that Hol(M) = SU(2), since M is
equipped with the product metric and the 3-torus is flat. Similarly, for the
examples in (b) we have that m (M) = Z so that 7{"*(M) is also infinite,
and Hol(M) = SU(3).

Theorem 3.2 tells us that in both cases, Hol(M)° is not Go. We can
also see this directly by looking at the generators or the fundamental group.
We see that for (b) we have, in fact, 7{"°(Y x S') = Z x Z,. Similarly, we
could compute the orbifold fundamental group of the examples in (a), if we
are given the action of Z3 on T3 x X.

Now suppose that we have a compact manifold M and a group, T,
of isometries preserving the Go 3-form on M and such that the fixed lo-
cus consists only of a 3-dimensional submanifold and set M = M/I". If
Hol(M) = G4, then we know that 71 (M) is finite, and therefore by viewing
m1(M) as a normal subgroup of 7¢"*(M), we have 7{"°(M)/my(M) = T.
Thus, we see that 7¢"*(M) is finite and hence Hol(M) = Gs.

We can thus ask, for what kinds of finite groups is a global quotient
a full holonomy orbifold. To answer this question, we need to investigate
what kind of singular loci we can obtain when quotienting a Gs-manifold by
a finite group of diffeomorphisms preserving the Go 3-form; more concretely
we only need to find out what are the possible codimensions we get for
various finite subgroups of Gy. Toward this, note that Joyce proved the
following proposition:
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Proposition 3.12 ([34], Prop. 11.1.3). Let ' C G2 be a finite subgroup and
let
VI = {v e R"|y(v) = v, for all y €T} (3.7)

be the subspace of T -invariant vectors in R7. Then V' is one of the following:
a) VI =R7
b) dim(V') =3 and R7/T = R3 x (C%/T")
c¢) dim(V') =1 and R"/T =R x (C3/T)
d) vt = {0}

The above proposition implies that if v # idgr7 € G4, then the subspace
of vectors fixed by v has codimension > 3. Now suppose that M is a
Go-manifold with full holonomy and let I" # {idys} be a finite group of
diffeomorphisms of M such that v*¢ = ¢ for all v € I', where ¢ is the G4
3-form of M and denote by M the quotient of M by I', M = M/T". Firstly,
since all the diffeomorphisms in I' preserve ¢, then M is a Go orbifold.
Secondly, note that 71 (M) is finite so by the previous discussion 7¢"™*(M) is
also finite. Finally, note that, by the previous proposition, if My, = {p €
M|y(p) = p, for all v € T'}, then codim(Mg;,) = codim(Msing) > 3. Hence
we can apply Theorem 3.7 to conclude that M is an orbifold with full
holonomy.

Conversely, if Hol(M) # G2, then we have that m (M) is infinite, so by
the short exact sequence for a global quotient ([3, p. 27]):

1= m (M) = a0(M) T —1 (3.8)

we have that 7¢"°(M) is also infinite; in fact, it is an extension of (M)
by I'. Hence, again by Theorem 3.7, Hol(M)°™ # G5. All in all, we have
proved the following;:

Corollary 3.12.1. Let M be a compact Gy-manifold. Let T' # {idp} be
a finite group of diffeomorphisms of M, such that for all g € T', g*¢p = ¢,
where ¢ is the G 3-form of M. Then M = M/T is a Ga-orbifold and we
have that Hol(M)°™ = Gy if and only if Hol(M) = Gy

This shows that in terms of global quotients of Ga-manifolds with full
G4 holonomy, then we will always get an orbifold with full G holonomy (as
the resulting singular locus will have codimension > 3), as long as the group
we are quotienting by is not trivial, hence answering our initial question.
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Example 3.13. In [35, Section 12.3.3], Joyce considers a compact Ga-
manifold with full holonomy obtained by resolving the torus quotient 77 /T,
where T is a group of involutions of 77 generated by

oz, ..., x7) = (1,22, T3, —T4, —T5, —T6, —T7) (3.9)

5(331, ce 71'7) = (xl, —x9, —X3,T4,T5, % — Tg, —.737) (3.10)

’Y(xlv cee 7$7) = (_;Ula €2, —I3,T4, % — I5,T6, % - $7) (311)

where (1, ..., x,) denote the standard coordinates on 77. He then considers

the involution ¢ : T7 — T7 defined by
O'(LU]_, o v ,337) — ($17 T2,T3, % — T4, —T5, —Tg, _$7) (312)

and notes that ¢ commutes with I' so it gives a well-defined involution of
T7/T, to be denoted by o still. He then argues that the resolution of 77 /T,
can be done in such a way that we get a compact Ge-manifold M, with G4
3-form ¢, such that Hol(M) = G2 and o lifts to an involution & : M — M
with 5*(¢) = ¢. The fixed points of & are two disjoint copies of T3. Hence
we conclude by Proposition 3.12.1 that M = M/(a) is a Ga-orbifold with
Hol(M)°™ = Gs.

To end this section, we compute the orbifold fundamental group of the
examples constructed by Reidegeld in [55], as promised in Section 2.5.
In the notation of Proposition 2.31, let X be an orbifold K3 surface
with singular locus R(X)Y = @I, 2k;Q;, ¥ : X — X a holomorphic non-
symplectic involution of X and p : CP! — CP' a holomorphic involution of
CP! fixing two distinct points p; and pa. Let Z = (X x CP')/(1) x p). The
fixed locus of ¢ is given by X¥ = ¢ +---+¢;, with ¢; a complex curve for all
i=1,...,0 and write P;; = ¢; x {p;} C X x CP'. Denote by W the blow-up
of X x CP! along the P;;’s and note that the involution 9 x p of X' x CP!
induces an involution ¢ X p on W. If we denote by m: X x CP! — Z the
quotient map and we define P/, = m(P;;) and W the blow up of Z along

i
the PZ’], then we get that W is isomorphic (this time as complex orbifolds)

to the quotient of w by 1 X p, just as in [45, Section 4, p. 11]. Lastly,
let GG; denote the group associated to @); by the ADFE correspondence as in
Section 1.3. We prove the following:

Lemma 3.14. We have that ©¢™°(W) = Zy x| 2k;G; and 7$"™°(W) =
Zo X1, 2k;G;, where W =W\ D, D is the inverse image of D' in W, and
D' is the image of X x {p} in Z for p € CP! a point which is not fized by p.

66



Proof. Note that by repeatedly applying Seifert-van Kampen Theorem to
X, we get
7T (X) = X2k G, (3.13)
so that m§"°(X x CP') = xI,2k;G;.
Note that the arguments in [45, Lemma 4.2] still apply, and show that VNV,
W, W, and D are simply connected. Moreover, ¢ (W) = 79"0(X x CPY).
Hence, by considering the generators of Wf’”b(VN\/), we see that

7O OW) 22 Zy x 7P (N) (3.14)

giving the stated result.

If v is a Hyz-loop in W around D, then there exists an element of the
form (g()7 91,155 91,2k1s- -+ ,gmgkn) € Zo X?:l 2k;G; such that the ’HW—loop
obtained by the induced action on 7 is contractible since W is simply con-
nected. This shows 77" (W) = 1"(W) giving the second result. O

Corollary 3.14.1. If M is the Go orbifold constructed using K3 orbifolds
with non-symplectic involutions, as in Section 2.5, then Hol(M)°™" = Gs.

Proof. Note that by Lemma 3.14, the building blocks obtained by Rei-
degeld, W;, have finite fundamental group. We then have 7r‘1’rb(./\/l) =
T (Wy) x 79" (Wy) by Theorem 2.24 and hence is finite. Thus by The-
orem 3.2, Hol(M)?"" = Gs. O
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Chapter 4

New Examples of
(Go-orbifolds

In this chapter, we exploit the orbifold Twisted Connected Sum to construct
new examples of G orbifolds by using weighted projective spaces. We find
two classes of examples: those that have orbifold singularities along the neck
of the Twisted Connected Sum, and those for which the singular locus is
away from the neck region. We find 35 examples of G5 orbifolds of the
first class and 26 examples of the second kind. Note that, this doesn’t
exhaust all the possible examples that could, in principle, be constructed
from weighted projective spaces, by investigating the matching problem for
orbifolds in more detail.

4.1 Weighted Projective Spaces

This section will be dedicated to providing foundational results on weighted
projective spaces, which will be an important class of examples for our orb-
ifold Twisted Connected Sums. Most of the content of this section can be
found in [24] and was originally introduced and proved in [20]. We denote
by CP"(ao,...,a,) the weighted projective space with weights (ag, ..., an),
for some positive integers ag, ..., ay; that is the quotient C"*!/C*, where
C* acts via:

Aoy ooy xn) = (N2, ..., N2y (4.1)

In this setting affine pieces, z; # 0, are isomorphic to C"/Z,,, with the
action given by:
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zj = €z (4.2)

where € is a primitive a;-th root of unity and j # i. One important aspect of
weighted projective spaces is that not all tuples (ao, ..., a,) give us distinct
spaces:

Lemma 4.1 ([20], 1.3.1). CP"(ayg,...,an) =~ CP"(by,...,by,) for some tuple
{bo,...,bn} such that

hef (bo, ... biy. .. bp) =1 (4.3)
for each i.

For example, CP3(2,5,5) ~ CP3(2,1,1). We shall say that a weighted
projective space, CP"(aq, ..., ay) is well-formed if and only if the following
holds hcf(ag, ..., @, ... a,) =1 for all 7.

Definition 4.2. Let r > 0, a1,...,a, € Z and x1, ..., x, be coordinates on
C™. Suppose Z, acts on C™ via:

x; > €Yy (4.4)

for all 7, where € is a fixed r-th root of unity. If X is a variety, we say that
Q € X is a (quotient) singularity of type %(al, ..., ap) if a neighbourhood

of @ in X is analytically isomorphic to a neighbourhood of 0 in C"/Z,.

Let P, = [0,...,1,...,0] € CP"(ag,...,a,) where the 1 is in the i-th
position and M = CP"(ay,...,ay,) is well-formed. We call P, a vertex and
the union of all the coordinate hyperplanes F .. ]3@ ... P, the fundamen-
tal simplex. All singularities of CP"(ay, ..., a,) occur on the fundamental
simplex; the vertices are singularities of type a%_(ag, ey @y ... ay), which
are not necessarily isolated. The generic point P on the edge P;P; has
an analytic neighbourhood P € U which is isomorphic to (0,Q) € C x Y
where () € Y is a singularity of type %j(ao, ooy @iy ..., G, ..., ay), Where
hi; = hcf(ai,a;). Similar results hold for points on higher dimensional
strata. Note that codim(Ming) > 2.

Definition 4.3. Let fi,..., fo be homogeneous polynomials in the graded
polynomial ring S(ag, ..., a,) = Cxo, ..., z,] with deg(z;) = a; and having
degrees deg(f;) = d;. We say that

X = {P|fi(P) = 0} C CP"(aq, ..., an) (4.5)
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is a weighted complete intersection of multidegree {d;|i = 1,...,c}.
In this case, we denote X = Xy, 4.. We have dimX = n — c. We say that
X4 € CP*(ay,...,ay) is a linear cone if d = a; for some i and in this case
we have that Xy ~ CP" (ag,...,a;,...,ay).

We adopt the convention that we write general polynomials of a given
weighted homogeneous degree without the nonzero coefficients. For example
the defining polynomial of X3 in CP?(1,1,1) will be written as:

f=23 4+ + B3+ 22y + 222+ v’ + P2 + 2o+ 22y 4 ayz (4.6)

All weighted projective spaces and weighted complete intersections are
orbifolds, possibly without singular points. Now, let M = CP"(ay,...,a,)
be well-formed. We say that the weighted complete intersection Xg, . g4, is
well-formed if and only if for all © € {1,...,c}, the highest common factor
of any (n—1—c+p) of the {a;} divides at least p of the {d;}. For example,
if we have a hypersurface of degree d, Xy C M, then X, is well-formed if
and only if hef(ao,...,a;,...,a;,...,an)|d. We note ([24, Section 6]) that
well-formedness means that if X = X4, 4., then

codimx (X N (CP"(ag, ..., an))sing) > 2 (4.7)

In particular if X is a well-formed curve in CP"(ay, . . ., a,) and X is smooth,
then X N ((CIP’"(aO, . ,an))smg = 0.

Definition 4.4. Let X be a subvariety of CP"(aq,...,a,), p: C*™1\ 0 —
CP"(ag, ..., an) be the canonical projection. The affine cone, Cx, over X is
the completion of p~(X) in C**!. We say X is quasismooth of codimension
c if and only if its affine cone is smooth of codimension ¢ — 1 outside its
vertex 0.

We note that for curves in CP"(ao,...,a,) we have the following theo-
rem:

Theorem 4.5 ([24, Theorem 12.1]). A curve in CP"(ao, ..., ay) is smooth
if and only if it is quasismooth.

Theorem 4.6 (Adjunction Formula, [20, Theorem 3.3.4]). Let Xg, 4. C
CP"(ag,...,an) be well-formed and quasismooth. Define the amplitude, «,
tobea=> d; — ) aj, then Kx ~ Ox(«).

We have that if X is a well-formed quasismooth weighted projective
complete intersection of dimension 2, then the following are equivalent ([20,
Section 3.4.3]):
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e X is an orbifold K3 surface
(] le-’OX
ea=>)di—Y a;=0

In particular, if X is a well-formed, quasismooth hypersurface of degree d in
CP3(ag, a1, as, a3), then X is a K3 orbifold if and only if d = Z?:o a;. These
have been classified by Reid into 95 distinct families ([54, Section 4.5]).

Consider M = CP*(ag, ay,as,a3) be well-formed, then M ~ X; C
CP°(ag, a1, as,as,1) so by the adjunction formula K4 ~ Opq(— Z?:o a;).
Hence every weighted projective space of dimension 3 is Fano. For hyper-
surfaces we have the following result:

Theorem 4.7 ([20, Section 4)). Let X4 C CP"(aq,...,an) be a well-formed
quasismooth weighted projective hypersurface with defining equation f and
amplitude « = d — > a;. Then the Hodge structure is given by:

0 ifi+j#n—1andi#j
N 1 ifi+j#n—1andi=j
W)= dime (Slegal) ifitj=n—1andi#j (48
Jd+a
. S(ao,...,an) p . .
dimg <79f Jdrast ifi+j=n—1andi=j

where 05 = (0f/0x;)i—o,....n 1s the Jacobian ideal of f.
When X is a well-formed quasismooth weighted hypersurface of dimen-

sion 3, the Euler number is given by:

e(X) =2(1 — A (X)) (4.9)

4.2 Suitable Fano 3-folds from CP*(qy, ..., as3)

In this section we use the ideas in [44] and [45] to construct Go orbifolds
from pairs of Fano 3-folds obtained from weighted projective spaces. We
first illustrate the principles via an explicit example and then discuss the
general class of examples and we finish with a discussion of the examples
that can be produced by this method.

Example 4.8. Consider the weighted projective space V = CP3(2,2,1,1).
This is a Fano 3-fold with singular locus:

Viing = {[1 : ©2: 0: 0]|[z1 : 22] € CP'} (4.10)
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with I'), & Zy for all p € Viing. On V' an algebraic hypersurface of weighted
degree d = 6 has vanishing first Chern class and it is simply connected so it
will be a K3 surface (as previously discussed). Moreover, any such hyper-
surface will share its singularities with V' as long as the defining polynomial
is transverse (this is equivalent to the hypersurface being well-formed and
quasismooth [34, Section 6.7.2]).

For example, let fi(z1,22,91,v2) = 23 + 23 + g(y1,v2) and let Xy, =
V(f+) be the vanishing locus of fi, where the weighted homogeneous co-
ordinates on V are [z : x2 : y1 : y2| and g is any polynomial of degree
6 such that ¢(0,0) = 0 and if (y1,y2) # (0,0) we have that g(y1,y2) = 0
and dg(y1,y2) = 0 share no solutions (for example g(y1,32) = 3% + 9§ so
dg(y1,y2) = 6yjdys + 6y5dy2 = 0 if and only if (y1,32) = (0,0)). Then

(Xf, )sing = {[1;&]|¢&5 is a third root of — 1} with I‘;{f+ = Zy for all p €
(X7, )sing- We also have that (Xf_ )sing = {[1;&5]|&5 is a third root of 1}

with F;( I= >~ 7, for all P € (Xf_)sing. Hence Xy, are orbifold K3 surfaces
whose singular locus consists of 3 points of type A;.

Now let C = Xy, N Xy, so that C is a connected smooth curve. Let
Xy =VAfy +pfo), for [N:p e CP! so that Xy.0 = Xy, and Xp. = Xf_.
Let W = Blo(V) be the blow up of V at C and o : W — V denote the
blow up map. Then we have Wyjng = {07 1(p)|p € Vsing}, all points having
isotropy groups Zs, since ¢ is an isomorphism away from C. Now if ?/\:u
is the proper transform of &).,, then it has holomorphically trivial normal
bundle in W and satisfies all the requirements of Theorem 2.7 so that
W= W\f,\:u admits an asymptotically cylindrical Ricci-flat Kéhler metric
whose Kéhler form and holomorphic volume form can be expressed as in
Equations (2.10) and (2.11) near X,,. We denote the pair (W, X).

Moreover, we can consider two pairs (W;, X;), j = 1,2. Since sing(X;) =
3 and rkH?(Wj;;Z) = 1 we can apply Theorem 2.22 to conclude that we
can obtain a Gao-orbifold from the pairs (Wj,yj) whose singular locus is
topologically given by two copies of CP! x S1\ {3 points} with isotropy Z,
along the compact pieces, and three copies of S* x S1 x [0; 1] with isotropy Za,
along the neck so codim(Ming) = 4. Moreover, by the Seifert-van Kampen
Theorem for the orbifold fundamental group we see that 7$"*(W;) = Z3 so
in fact by Theorem 2.24 7§"’(M) is finite so by Theorem 3.2 we have
obtained a Gy orbifold with Hol(M) = Ga.

Now with this example in mind, let’s consider how this can be generalised
to obtain further examples of Gs-orbifolds. First note that we shall consider
generic choices of hypersurfaces in CP"(ag, ..., a,), which means that if X;
is an algebraic hyper surface defined by the vanishing of some homogeneous
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weighted degree d polynomial, f, then the coefficients of f can be chosen
outside of a set of measure zero.

In [54] we have a list of K3 surfaces which arise as hypersurfaces of
certain algebraic degrees, d, in certain weighted projective spaces, V =
CP3(ay, .. .,as), call these X;. Note that d = Z?:o a; so once we chose a
weighted projective space, the degree of the corresponding hypersurface K3
is fixed by the orbifold adjunction formula.

A generic Xy will share their singularities with the weighted projective
space, and two generic choices will have the same singular locus. Moreover,
their intersection will be a smooth connected curve which will not pass
through the singular locus of X;. Hence we can consider a pencil of orbifold
K3 surfaces defined by our initial K3 surfaces; explicitly if X3 = V(f)
and X, = V(f) are our initial generic choices, then they define the pencil
X = V(Nf + uf), for [\;u] € CPL. Let C = X;N X, and we consider the
blow-up of V at C, W = Bl¢(V). If X, denotes the proper transform of the
pencil, then a generic element of this pencil will have the same singular locus
as X, which are shared with W, and holomorphically trivial normal bundle.
As such, if we denote the generic element of the pencil by X, then the pair
(W, X) satisfies the hypothesis of Theorem 2.7. The singular locus of W =
W\ X will depend on the singular locus of V' and & and will topologically
be given as ST X (Viing \ {p1,---,pn}) and {p1,...,pn} x St x [0; 00) where
P1, - - -, Pn denotes the singular locus of X;. Moreover, the isotropy at each
point of the singular locus is inherited by the isotropy on V or on Aj.

We now have 95 distinct families of pairs (W, X) which correspond to
the families of hypersurface orbifold K3’s found by Reid in [54]. Any two
such families satisfy that rkH2(W;Z) = 1. If moreover, the K3 factor
X, has sing(X) < 9, and we find two families (not necessarily distinct),
such that the K3 factors have the same singular locus, then by applying
Theorem 2.22 the two families can be used to construct a compact Go
orbifold. Moreover, these will always have finite orbifold fundamental group,
which can be computed using Seifert-van Kampen for orbifolds. The orbifold
fundamental group will depend on the isotropy groups of the various singular
points of V, but it will be in general a finite direct product of the isotropy
groups. So the G9 orbifolds we can construct in all have full holonomy.

Of the 95 families not all satisfy sing(X) < 9. In fact, only 35 satisfy
this condition. We summarise in the table below these 35 families:
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Suitable Pairs with sing(Xy) <9

Nr \ X, C CP3(ay, ..., as3) Singular locus of K3
1. X5 C CP3(1,1,1,2) Ay

2. Xs C CP3(1,1,1,3) Smooth

3. Xs C CP3(1,1,2,2) 3x A

4. X; c CP3(1,1,2,3) Aq, Ay

5. Xy C CP3(1,1,2,4) 2 x Ay

6. Xy C CP3(1,2,2,3) 4x Ay, Ay
7. Xy C CP3(1,1,3,4) Az

8. Xy C CP3(1,2,3,3) Ai, 3 x Ay
9. Xo € CP3(1,1,3,5) Ay

10. X9 C CP3(1,2,2,5) 5x Ay

11. Xyo € CP3(1,2,3,4) 2x Ay, Ay, As
12. X1 € CP3(1,2,3,5) Ay, Ay, Ay
13. X C CP3(1,1,4,6) Ay

14. X2 € CP3(1,2,3,6) 2x Ay, 2 x Ay
15. X C CP3(1,2,4,5) 3x Ay, Ay
16. X C CP3(1,3,4,4) 3 x Az

17. X3 C (CP?’(l 3,4, 5) AQ, Ag, Ay
18. Xy C CP3(1,2,4,7) 3 x Ay, Az
19. X, C CP3(2,2,3,7) 7 x Ay, Ag
20. Xis C CIP’3(1,2,5 7) Ay, Ag

21. X5 C CP3(1,3,4,7) Az, Ag

22. X5 C CP3(1,3,5,6) 2 x As, As
23. X6 C CP3(1,2,5,8) 2 x Ay, Ay
24. X6 € CP3(1,3,4,8) Ay, 2 x As
25. X C CP3(1,2,6,9) 3 x Ay, Ay
26. X5 C CP3(1,3,5,9) 2 x Ag, Ay
27. Aoy C CP3(1,4,5,10) Ap, 2 x Ay
28. Ay € CP3(1,3,7,10) Ag

29. Ao C CP3(1,3,7,11) Ag, Ag

30. Xog C (CP3(1 4,6, 11) Aq, Az, As
31. Xyy € CP3(1,3,8,12) 2 x Ag, A3
32. Xpg C CP3(1,4,9,14) Ay, Ag

33. X3 C CP3(1,4,10,15) Ay, As, Ay
34. Az C CP3(1,5,12,18) Ay, As

35. Xy C CP3(1,6,14,21) Ay, Ay, Ag
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If we want to get a Go orbifold from any of these families we need the
K3 factors to have the same singular locus. Hence, for any ¢ = 1,...,35 we
can glue together two copies of the family i to get 35 distinct G2 orbifolds.
In fact, if 7,5 = 1,...,35 we will denote by M, ; the G2 orbifold obtained
from gluing pair number ¢ with pair number j. We can easily see these are
distinct by considering the singular locus:

First, we consider the singular locus of the K3 factors which determines
the singular locus along the neck region of the constructed orbifold. Then,
if two constructed orbifolds have the same singular locus along the neck
regions (for example, both M1 ; and M3 13 have singular locus along the
neck region, topologically given by S' x S' x [0;1] with isotropy Zs), we
examine the singular locus of the compact pieces. Since each family uses a
different weighted projective space as the 3-fold, even if the K3 divisors have
the same singular locus, they will have distinct singular loci outside of the
K3 factors and hence will give distinct G2 orbifolds. M 1 is smooth outside
of the neck region, while M;3 13 is not, its singular locus is topologically
given by 2 copies of S* x (CP3(1, 1,4, 6)sing \ {p1}) showing the constructed
Gig-orbifolds are distinct.

So far we have 35 distinct examples given as M, ; for ¢t =1,...,35. Fur-
ther examining the singular locus of the orbifold K3 factors we can identify
one further G orbifold we can construct, namely M 13, giving a total of
36 distinct families which can be constructed. We summarise this in the
following result:

Proposition 4.9. With the notation above, for any i = 1,...,35 we can
construct a Ga orbifold with full holonomy of the form M;;. For anyi,j =
1,...,35 distinct, the two orbifolds M;; and M, ; are distinct as they have
distinct singular loci. Moreover, we can construct an additional G orbifold
with full holonomy, My 13, distinct from all the other constructed so far
giving a total of 36 distinct Go orbifolds of the form M, ;

An interesting case is family number 2, where the K3 factor is smooth.
This family can be glued to any smooth pair, (W, X) where W is an ACyl
3-fold and X is an anticanonical K3 divisor, to give an orbifold K3 whose
singular locus is topologically given by a copy of S* with isotropy Zsz. This is
a consequence of [45, Theorems 5.3 and 5.7] applied in our case. The two
theorems together, roughly, say that we can find a matching between the
smooth K3 divisors, if the ranks 1 = rkH?(Vy;Z) and ro = rkH?(Va; Z)
satisfy r1 + r9 < 11, where V; are the Fano 3-folds underlying the pairs
(Wi, X;) used in the Twisted Connected Sum. For us, 71 = 1 and smooth
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Fano 3-fold, Vs, satisfies dim(H?(Va;7Z)) < 10, so in this case we are guar-
anteed that a matching between the smooth K3 divisors exists.

These examples can not be distinguished purely by considering their
singular locus; one needs to examine other topological invariants, e.g. Betti
numbers, to distinguish examples of this type. Nonetheless, these examples
rely on the theory of matching smooth K3 surfaces and only require the
use of Theorem 2.12 to conclude that a Gs-orbifold can be constructed,
denoted as My, x). Moreover, their orbifold fundamental group will be
given as "0 (Moy v x)) = Zs x T (W).

Note that if V' = CP"(ao, ..., an), then we have ([24]):

(ao+ -+ an)"

—Kn/:
v ap...0an

(4.11)

so that if V' = CP3(1,1,1,3), then K3 = 72. Moreover, we have b*(V) = 1
so that we can apply results from [44] to conclude the following:

Proposition 4.10. In the notation above, let Vo be a smooth Fano 3-fold
producing a pair (W, X) and consider the constructed Gy orbifold Mo (w, x)-
Then

b* (Mo, w,x)) =0 (4.12)
b} (Mo, wx)) = b° (Vo) — K¢, + 99 (4.13)

Proof. Note that b*(V) = 1, b*(V) = 0 and —K}, = 72 and we have that
([44, Theorem 8.57]):

b} (Mo arx)) =0 (V) — Ky +b*(V2) — Ky, + 27 (4.14)

Note that for the proof of the above equality we only need to view our
orbifolds as topological spaces, and since the K3 factor is smooth, then we
get the same equality for b3 (Mo, w,x)) as in the smooth case. O

A complete classification of non-singular Fano 3-folds into 105 distinct
families is given in [49]. The table below (reproduced from [45, Appendix])
shows the possible values of b*(V), b*(V) — Ki and b*(My (w,x)) where
(W, X) is the suitable pair we obtain from one of the Fano 3-fold families.
Note that there are less than 105 entries in the second or third columns
below, as some of the families have the same value of b*(V') — K7.. Moreover,
note that all the entries in the third column are odd; this is a feature of the
chosen matching isometry between the K3 divisors in [44, 45] The dots
denote consecutive integers of the same parity:
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[ P*(V) | (V) - Ky (M, w.x))

) 22, 24, 26, 30, 34, 36, | 121, 123, 125, 129, 133, 135
40, 46, 50, 54, 64, 104 | 139, 145, 149, 153, 163, 203

) 22,..., 34, 38, 40, 42, | 121,..., 133, 137, 139, 141,

46, 48, 54, 56, 62 145, 147, 153, 155, 161

3 20,..., 52 119,..., 151

1 26, 30,..., 46 125, 129,..., 145

5 28, 36 127, 135

6 30 129

7 24 123

8 18 117

9 12 111

10 6 105

Now by inspecting the third column above we can summarise the dis-
cussion in the following proposition:

Proposition 4.11. With the notation above, if (W, X) is a suitable pair ob-
tained from a smooth Fano 3-fold, V', then we can obtain at least 25 distinct
Jamilies of G orbifolds, My (w, x), with full holonomy, whose singular locus
is topologically given by S' with pointwise isotropy Zs and which satisfy:

b*(Maw,x)) =0 (4.15)

105 < b* (Mo ,x)) < 203 (4.16)

Remark 4.12. The number of families of the form My . x, where (W, X)
comes from a smooth Fano 3-fold is greater than 25. This is because of the
choice in matching in [44, 45] as previously mentioned. Moreover, if (W7, X1)
is the family produced by a smooth Fano 3-fold, Vi, with ?(V1) = 1 and
() — K‘S/1 = 22 and (W3, X3) is the family produced by a smooth Fano
3-fold, Va, with b*(V2) = 2 and b3(V2) — K, = 22, then b*(My (w; x,)) =
b3(M2’(W2, X»)) 80 we can not distinguish these families by their Betti num-
bers. We would need to look at different topological invariants to help
distinguish these 2 Gs-orbifolds.

The issue with the remaining 60 families comes from matching the orb-
ifold K3 factors, since their singularity numbers are too large so we can not
use Theorem 2.22. These families should be treated on a case-by-case to
see if they are suitable for the construction of G5 orbifolds.
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Chapter 5

Associative 3-folds

In this chapter, we will investigate associative 3-folds in product Go-manifolds
of the form X x T3, where X is a hyper-Kéhler K3 surface. We will also
investigate associative suborbifolds in a class of global quotients of the form
(X x T3)/Z3. Our main focus will be on classifying, up to isometry of the
ambient Ga-manifold/orbifold, a special class of associative 3-folds, possi-
bly admitting orbifold singularities. The defining condition for this class
of associatives is that the derivative of the projection to the torus factor
has constant rank. We will require results related to hyper-Kéahler struc-
tures, and Nikulin’s results on non-symplectic involutions of K3 surfaces as
discussed in Chapters 1 and 2, respectively.

5.1 Gs-orbifolds of the (K3 x T%)/7Z3 type

In this section we consider global quotient orbifolds of the type (X x T3)/T,
where X is a K3 surface carrying a hyper-Kéhler structure, (1, J, K), T is a
flat 3-torus where we denote the standard coordinates on it by (z1, z2,x3) +
73, where (x1,2,23) € R?, and I is a group isomorphic to a product of two
cyclic groups, I' = Z%, generated by two isometries o, : X x T3 — X x T3.
The action of o and S is as follows.

If we denote by (wi,ws,ws) the Kéahler triple on X corresponding to
the complex structures (I,.J, K), and by (dz!,dz?,dz?) the standard basis
of one-forms on T3, induced via T3 = R3/Z3, then we want the action of
a on X to be holomorphic non-symplectic with respect to I, the action
of 8 on X to be holomorphic non-symplectic with respect to K, and we
extend them to T3 to act as a((x1,z2,73) + Z3) = (21, —2, —23) + Z3,
B((x1,z2,23) + Z3) = (=21, —x2, x3) + Z3. Note that the action on the 73

78



factor corresponds to the following action on 1-forms on 73:

. dr® =1
afdet =" (5.1)
—dx*, 1=2,3
, dz’ i=3
*da' = T 5.2
b {—dwz, 1=1,2 (5:2)

K3 surfaces admitting such a pair of isometries have been studied by Rei-
degeld in [56] and used to construct G orbifolds of the non-symplectic type
in [55]. Reidegeld found 320 examples of pairs of commuting non-symplectic
involutions on hyper-Kéhler K3 surfaces, which can all be extended diago-
nally to commuting involutions on X x 73. Our main interest is in finding
and classifying a special class of associative suborbifolds in (X x T3)/T.
Throughout this section we will refer to the isometries o and § as non-
symplectic, although this is a slight misnomer, as only their action on the
K3 factor can be seen as non-symplectic.

Before stating and proving our main result we review the G5 geometry
of the quotient (X x T®)/Z3, we introduce associative submanifolds and
associative suborbifolds, and briefly discuss an example of associative sub-
orbifolds found in [1] which will motivate our main result.

Let M = X x T3 and M = M/T where I' = (o, 8) = Z3. We equip M
with the torsion-free product Ga-structure:

3
p= Zwi Adzt — dzt A da? A da? (5.3)
i=1

Note that by the conditions imposed on « and 3, their action on the
hyper-Kéhler triple (w1, wa,ws) is:

) =1
afw; = {w“ Z (5.4)

—w;, 1=2,3
% Wi, 1=23
w; = 9.9
e {—wi, i=1,2 (55)

such that we clearly have a*p = *p = ¢ so that the Ga-structure descends
to a well-defined torsion-free Ga-structure on the quotient making M into
a torsion-free Go orbifold. We shall denote by

o M — T3 (5.6)
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and
Tx M — X (5.7)

the standard projections onto the 7% and K3 factors respectively. We shall
further denote by
7r: M —T3)T (5.8)

and
Tx: M— X/T (5.9)

the maps induced on the quotient.

Noting Nikulin’s classification of non-symplectic involutions, [51], in
terms of lattice invariants (r,a,d) we know that, if (r,a,0) # (10,10,0),
then the singular locus of M is non-empty and has codimension 4 > 3, since
the fixed loci of o and [ consist of products of complex curves on the K3
factors and circles on the T factor. Thus we can investigate the holonomy
by computing the orbifold fundamental group and using Theorem 3.2. To
do this, note that for a global quotient we have a short exact sequence:

1= m(M) = (M) =T =1 (5.10)

where 71 (M) = Z3 and T' = 72 so we have 7¢"°(M) = Z3 x Z2. This is
infinite so we know that the holonomy of M is a proper subgroup of Gs; in
fact, due to Berger’s Theorem and the proof of Theorem 3.2 we see that
the holonomy of M is exactly SU(2).

We now turn our attention to a special class of suborbifolds called asso-
ciative, which we recall here:

Definition 5.1. Let M be a torsion-free Go orbifold with G5 3-form . Let
A C M be a 3-dimensional suborbifold and ¢ : A — M denote the inclusion
map. We say that A is associative if 1*p = dVol4 where dVol 4 is the
volume form of A equipped with the pull-back metric. Such a suborbifold
is volume minimising in its homology class.

We are now ready to state our main result:

Main Theorem. Let (X;1,J,K) be a hyper-Kdhler K3 surface admitting
two commuting involutions o and 3. Let a be holomorphic non-symplectic
for the complex structure I and B holomorphic non-symplectic for the com-
plex structure K. Moreover, suppose that the invariants of o and [ sat-
isfy (o, aa,0a), (18, a8,08) # (10,10,0), (10,8,0). Extend o and B to M =
X x T3 to involutions acting on the product such that on T they act as
in Equations (5.1) and (5.2). Equip M with the standard product G
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3-form, defined in Equation (5.3), and let M = M/{«, ) denote the re-
sulting G orbifold.

Then the singular locus of M contains an associative suborbifold of the
form (% x v)/{a, B), where ¥ C X is a complex curve and v C T? is an
embedded circle.

Conwversely, suppose that A is a compact connected associative suborbifold
in M such that the derivative of the projection map 7 : M — T3/{a, B)
restricted to A, dmp|a, has constant rank 1. Then there exists a surface
> C X holomorphic with respect to some complex structure in the sphere
of complex structures generated by (I,J, K) on X, and an embedded circle
v C T3 such that A is isometric to (X x v)/G, where G is a subgroup of
(a, B).  Moreover, the isometry A — (X X v)/G is the restriction of an
isometry M — M induced from an isometry of T3.

We end this section by briefly commenting on the increasing interest
in associative submanifolds/suborbifolds, both in pure mathematics and
high-energy physics. In pure mathematics, authors such as Joyce ([36]),
Doan and Walpuski ([19]) are trying to build “counting invariants” of Ga-
manifolds/orbifolds based on weighted counts of associatives similar to the
Gromov-Witten invariants in symplectic geometry. In high energy physics,
calibrated submanifolds/suborbifolds are known as “supersymmetric cycles”,
and the interest stems from a link between counting associative 3-folds and
“M-theory compactifications”, especially in the orbifold case ([1]).

In the following section we review some elements of the work of Acharya
et al. in [1]. This will serve to motivate our main results; however, the
details will not be particularly useful for our work.

5.2 An example of Acharya et al.

In this section we discuss one particular example treated in detail by Acharya
et al. in [1]. Their motivation was to choose two specific involutions as above
on an elliptically fibred K3 surface so that they can exhibit infinitely many,
homologically distinct, associative suborbifolds in a prescribed quotient of
the form (X x T3)/T as in the previous section. For us, this example helps
motivate the main result, although our interest will be in exhibiting asso-
ciative suborbifolds in G5 orbifolds of this type and classifying them. We
will adopt the notation of the previous section.

In [1], Acharya and co-authors choose a specific family of elliptically
fibred hyper-Kéhler K3 surfaces, (X;I,J, K). These K3 surfaces are given

by a complete intersection in the product of a weighted projective space
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with a regular CP?, namely CP%(3,2,1) x CP%. If we denote by [u : 21 : 29]
homogeneous coordinates in CP? and by [y : = : w] weighted homogeneous
coordinates on C]P’2(3, 2,1), then the family of K3 surfaces they consider is
given by:

(5.11)

y? = 23 + awh f4(z1, 22) + wCge(21, 22)
,UQ = Z122

where f4 and gg are homogeneous polynomials in z; and z3 of degrees 4 and 6,
respectively. Following in the footsteps of Acharya et al., we will tacitly use
Poincaré duality to switch between the homology and cohomology lattices
of the K3 surfaces we consider.

Moreover, this family of K3 surfaces admits a pair of commuting non-
symplectic involutions, «, 8, with invariants (r, a,d) = (10,8, 0), which they
give as restrictions to X of explicit involutions of the ambient product space,
CP?%(3,2,1) x CP% Then they show that if

L= (-Es)®(~E3) © Hi & Hy @ Hj (5.12)

denotes the K3 lattice, then o interchanges the two FEg factors, acts as
the identity on Hy and —id on Hs, and Hs, and * acts as the identity on
Hj, —id on Hy, and Hy and 8* = —a* on the (—Eg) & (—E%) factors. For
involutions with (7, a,d) = (10,8, 0), their fixed locus consists of two elliptic
curves. The product, af, of the chosen involutions is then shown to have
invariants (r,a,d) = (2,0,0) so its fixed locus consists of a surface of genus
10 and one rational curve. The authors then find that the singular locus of
M consists of 16 disjoint copies of T3, 4 disjoint copies of S2, and 4 disjoint
copies of 3-orbifolds (219 x S')/a where Xyg is a surface of genus 10 fixed
by ag.

Denoting by (=Ef) = {y + /|y € (—Es),y¥ = a*y € (=FE})} the
two diagonals in (—Eg) @ (—FE}), and {e!, e} the standard basis of H;, the
authors identify the homology class of the zero section of the elliptic fibration
for (X,I), a distinguished section picking a point serving as the origin of
each fibre, by o} = el — e} and the homology class of a generic fibre F'! = el.
Then for every element v € (—Eg) they define

ai =op+2nF 4 +a*y (5.13)
where 42 = —2n, n € N. They then show (cr%)2 = —2 and <F1,a%> =1

which implies the existence of a rational curve 2}7 C X which is a section of
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the elliptic fibration. Moreover, E,ly is preserved by I' so that it descends to
a well-defined suborbifold of M, namely

Cl = (2! x SH/T (5.14)

where Si1 denote the three circle factors in 7, whose volume form is dx’.
They then prove that C, is homeomorphic to S® and remark that Z,ly is
calibrated by w; so C’% is associative. The authors then argue that (X, K)
is also elliptically fibred so that by interchanging o with 8 and swapping 1
with 3 above they construct another family of associatives,

C3 = (33 x 83)/T (5.15)
where now Ei are calibrated by w3 and are sections of the elliptic fibration

for (X, K). Lastly, they argue that (X, J) is also elliptically fibred so that
there is another associative,

C=(x8Hr (5.16)

where ¥ is calibrated by ws and is a section of an elliptic fibration whose
fibre is given by e3. This is how Acharya et al. construct infinitely many
associatives representing distinct homology classes in H3(M;Z). Thus, their
findings, which motivate our work, can be summarised in the following the-

orem:

Theorem 5.2 (cf. Acharya et al., [1]). Let M = (X xT3)/T be the compact
Go orbifold described above, where X is a generic K3 surface in the family
defined by Equations (5.11). Then there exist two infinite families of
associative suborbifolds, C’é with i = 1,3 and a distinguished associative

suborbifold 57, all representing distinct homology classes in Hs(M;Z).

One thing to note here is that if 7p : M — T2 denotes the standard
projection on the 3-torus factor, p : M — M the quotient map, and pr :
T3 — T3/T its restriction to the T° factor, then w7 descends to a well-
defined map 7 : M — T3/T satisfying pr o 7 = 7 o p. Moreover, d7ArT|C§
for i = 1,3 and d7p|s have constant rank 1 for all v, since dmy; g1 for
i = 1,3 and dﬁig xS have constant rank 1 for all 4. This motivates the

following definition:

Definition 5.3. If A is a compact connected associative submanifold of
X x T3 such that dmr| 4 has constant rank we shall say that A is a constant
rank associative submanifold. Similarly, we define constant rank associa-
tive suborbifolds of (X x T%)/{a, ) to be compact connected associative
suborbifolds, A, such that d7r|4 has constant rank.
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5.3 Constant Rank 1 Associatives

Motivated by the work of Acharya et al., we are naturally led to ask if any
associative suborbifold for which the derivative of the torus projection has
constant rank 1 splits as a product of a complex curve in the K3 factor and
a circle in the torus, or is a quotient of such a product. The answer turns out
to be that this is indeed the case; in fact, this is true even at the level of the
covering manifolds, which we capture in Proposition 5.8 below. Before
we present the proposition, we include the statements of the Constant Rank
Theorem and a couple of other auxiliary results we will need.

Theorem 5.4 (Constant Rank Theorem, [46, Theorem 4.12]). Let M™ and
N™ be smooth manifolds and f : M — N a smooth map such that D f, has
constant rank r. Then for every p € M, there exists a chart (¢,U) around
p and a chart (¢, V) around f(p) such that f is given locally by projection
onto the first r coordinates i.e.,

Yo fodp Nuy,... ,um)=(us,..., u,0,...,0) (5.17)

Theorem 5.5 ( [46, Theorem 10.35]). Let E and E' be vector bundles over
a smooth manifold M and let F : E — E’ be a smooth bundle homomor-
phism over M. Define ker(F) = Upenrker(F|g,). Then ker(F) is a smooth
subbundle of E if and only if F' has constant rank.

The last result we will need is the following theorem which we will use
immediately to prove an auxiliary lemma that will help us factor 7r|4 into
a submersion of A onto S and an immersion of S* into 7.

Theorem 5.6 ( [46, Theorem 4.30]). Let M and N be smooth manifolds,
and f: M — N a smooth surjective submersion. If P is a smooth manifold
with or without boundary and F' : M — P is a smooth map that is constant

on the fibres of f, then there exists a unique smooth map, F:N — P such
that F o f =F.

The following “factorisation” result seems to be a fairly straightforward
exercise in differential topology, however we have not been able to find an
appropriate reference for it and hence decided to include a proof:

Lemma 5.7. Let M be a compact connected m-dimensional manifold, N a
n-dimensional manifold, and f : M — N a smooth map such that D,f has
constant rank r for all p € M. Then there exists a compact r-dimensional
smooth manifold Y, a submersionp: M — Y, and an immersiont:Y — N
such that f = 1o p.
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Proof. We begin by considering the quotient map p : M — M/ ~, where ~ is
the equivalence relation on M defined by z ~ z if and only if f(z) = f(z) =y
and , z belong to the same connected component of f~1(y). The quotient
map here is clearly surjective and the quotient space is clearly locally Eu-
clidean of dimension r as a consequence of the Constant Rank Theorem and
the fact that different connected components of the pre-image correspond to
different points in M/ ~. We need to show that the quotient space is Haus-
dorff, then we know that it is a compact and connected r-manifold without
boundary, Y. By noting that the quotient map is a submersion, due to the
Constant Rank Theorem, and that, by definition, f is constant on the fibres
of p, we can apply Theorem 5.6, to get a unique smooth map ¢ : Y — N
such that f = ¢ op. Using the chain rule, we conclude that d¢ is injective so
it is an immersion of Y into N.

The only thing left to do is to check that M/ ~ is indeed Hausdorff, and,
hence, a smooth r-manifold. We do this by showing that the equivalence
relation

R={(x,z) € M x M|z ~ z} (5.18)

is closed in M x M. First note that M is metrizable as a compact connected
manifold and we pick a metric d on M. Let (K, dg) be the set of non-empty
compact subsets of M equipped with the Hausdorff metric

dg(K,K') = max{sup d(z, K'), sup d(K,z")} (5.19)
zeK a'eK’

Note that, since M is compact, then (K, dfr) is also compact ([6, Proposition
2.2]). Now take a convergent sequence (z,z,) — (x,z) € M x M with
(Tn,2n) € R for all n € N. We write y, = f(zn) = f(2n) € N and note
that by continuity of f we have that y, — y = f(x) = f(z). For each n,
since (7, 2,) € R, let C,, be the connected component of the fibre f~(y,),
containing x,, and z, so that C, is a non-empty, compact, connected subset
of M.

By compactness of (K, dy) (so that we pass to a subsequence if neces-
sary), we have that C,, — K in the Hausdorff metric, for some non-empty,
compact K C M. Moreover, since the subspace of connected, compact sub-
sets of M is closed in (K, dfr), we know that K is also connected. Let p € K.
Since dg(Cy, K) — 0, there exists p, € C), such that d(p,,p) — 0. Now,
for all n, p, € f~(yn) so that by continuity of f we see that f(p) = y. This
shows that K C f~1(y), and since K is connected, this means that K is a
subset of a connected component of f~!(y). Lastly, note that z,, z, € Cp,
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so that, since d(zy,x),d(zp,2) — 0 and dg(Cy, K) — 0, we see z,z € K.
Hence, z and z are in the same connected component of f~!(y) showing
that R is indeed closed in M x M and thus M/ ~ is indeed Hausdorff, thus

completing the proof.
O

Before proving an immediate corollary of the above lemma, we quickly
review the relevant notation. Let M = X x T3 be a product of a hyper-
Kéahler K3 surface with associated complex structures (I, J, K) and associ-
ated Kéhler forms (w1,ws,ws), and a flat 3-torus with standard basis of 1-
forms, induced via 7% = R3/Z3, denoted by (dz', dz?, dz?). Let , B be two
commuting involutions of X such that « is holomorphic non-symplectic with
respect to I and 3 is holomorphic non-symplectic with respect to K and we
extend them as in Section 5.1 to isometric involutions of M. We equip M
with the standard product torsion-free Ga-structure, ¢. Let M = M/{(a, B)
and 7 and 77 be as in Section 5.2. We will further use the Constant Rank
Theorem to understand the local picture of mp(A), and Theorem 5.5 will
be used when we prove Proposition 5.8 in the following setting M = A,
E=TA, E' = (17]|A)*TT? and F = drr|a.

Corollary 5.7.1. Let A be a compact connected associative submanifold of
M such that the derivative of the projection onto the torus factor, dmp|a
has constant rank 1. Then there exists a submersion p : A — S' and an
immersion  : St — T3 such that 1o p = 7p|a

Proof. By Lemma 5.7 we know that there exists a compact connected
smooth 1-manifold, Y, a submersion p : A — Y and an immersion ¢ :
Y — T3. Note that by the classification of 1-manifolds, we know that Y is
diffeomorphic to a circle, S, hence giving the result O

We are finally ready to state and prove the final auxiliary result we need
for our main theorem, which is a smooth analogue of our main theorem. In
fact, the following proposition is best understood as a kind of converse to
the fact that if we choose a complex curve in X, ¥, and an appropriate circle
v in T3, then the product ¥ x v will be a compact connected associative
submanifold of M. The surface ¥ is a complex curve in X with respect to
a complex structure in the S2-family of complex structures defined by the
hyper-Kéhler structure on X. We will identify a complex structure on X
with its Kéhler form in what follows, noting that the metric is fixed.

Proposition 5.8. Let A be a compact connected associative submanifold
of M such that the derivative of the projection map onto the torus factor,
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drr|a, has constant rank equal to 1. Then A is isometric to a product
3 X 7y, where % is a surface in X holomorphic with respect to some complex
structure w, in the sphere of complex structures on X, and v is a circle in
T3. Moreover, this isometry is the restriction of an isometry M — M of
the form idx x f where f : T® — T3 is an isometry.

Remark 5.9. At this point, it would be natural to ask if one can find an
example of a compact connected submanifold A C M such that dmp|4 has
constant rank 1, but such that A is not a product ¥ x 4?. The answer is
yes, which shows that the associativity hypothesis on A is crucial and can
not be omitted, since in light of Proposition 5.8, if drp|4 has constant
rank 1 and is not a product, then A will not be associative.

We let (X, w1, ws,w3) be a generic elliptically fibred hyper-Kéhler K3
surface from the family considered by Acharya et al. as in Section 5.2. In
particular, this means that there exists a holomorphic fibration 7 : X — §2,
whose generic fibre, is an wi-holomorphic copy of T2. Let A C S? be the
finite set of points over which the fibres degenerate, so that over S%\ A, the
fibration is a smooth T2-bundle, and note that A, generically, consists of 12
points.

Now, pick a loop 7 : S* — S2, such that v avoids the discriminant locus,
v(SY) N A = (), and v has winding number +1 around a point of A. Let
(71,22, 23) + Z3 denote standard local coordinates on T with (x1, z2,23) €
R3, and for fixed 29,z define

A={(t, (20, 29,20 +Z3) |20 +Z € S, t € 77 (y(22+Z))} € X xT3 (5.20)

Note that for each w3, topologically, the fibre 7= (y(z2 + Z)) is a 2-torus,
smoothly varying with x5 so that A — S! is a smooth fibre bundle. In fact,
we see that A is the total space of the pullback of the fibration along ~.
Hence, we see that A is homeomorphic to a mapping torus (T2 x [0;1])/ ~,
where ~ is the equivalence relation given by (x,0) ~ (f(z),1) for some
homeomorphism f : T? — T2. Moreover, note that for all p € A,

drp|a(TpA) = Span(0y, ) (5.21)

so indeed dmp|4 has constant rank 1. Compactness and connectedness are
clear, and we can see by our choice of v that f is not homotopic to the
identity, since for a loop around a singular fibre, the homotopy class of f
depends on the Kodaira classification of the singularity, and is not the class
of the identity map ([42]). This shows that A is a non-trivial fibre bundle
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so A is clearly not homeomorphic to a product T2 x «; in fact, since f is
not homotopic to the identity, we know that A is not homotopy equivalent
to T? x v. We can easily see this using the long exact sequence of a fibre
bundle, for which we have a short exact sequence:

1 — m(T?) = 7 (A) = 7 (SH) = 1 (5.22

~

so that the fundamental group of A is a semidirect product, m(A)
m1(T?) x ¢, Z. This is a product, i.e. Z3 if and only if f, : m(T?) — m (T?)
is the identity map, i.e., f is homotopic to the identity of T?2.

We can also see directly that A is not associative. Note that if we denote
by {dz',dz? dz3} the standard basis of 1-forms on 73, then the pullbacks
of dz' and dz® to A vanish. Moreover, the fibres, F,,) = 7~ (y(22)) are
wi-holomorphic curves so we have that for all ¢ € F,),

waln k() = wslnr g, =0 (5.23)
Hence the pullback of ¢ to A is given by
ola = (wa Adz?)[4 =0 (5.24)
but the volume form of A is clearly non-zero.

Proof (of Proposition 5.8). Note that, since dnr|4 has constant rank 1
then ker(dmr|A) C T A is a rank 2 subbundle of the tangent bundle of A, by
Theorem 5.5. We show that if 7x|4 : A — X denotes the restriction to A
of the projection onto the K3 factor, then ker(dmx|4) is a rank 1 subbundle
of T A such that TA = ker(drx|a) ® ker(dmr|a). To do this we exploit the
cross-product structure induced from the Go 3-form.

Since A is associative, the cross-product induced by the Go 3-form,

Go(u x v,w) = @(u,v,w) (5.25)

where g,, is the metric induced by ¢ and u, v, w € T(p ) (X X T3) > T,X &
T,T3, (p,x) € X x T3 is such that if u,v € T, A, then u x v € T, A for all
q € A. Moreover, we note that, by direct computation using ¢ given by
Equation (5.3), for all (p,z) € X x T?, if v = vx + vp € T X x T?
with vx € T,X and vr € 1,73, and w = wx + wr € T(p,a:)X x T3 with
wx € T, X and wr € T,T? then:

vx X wWx € TxT?’
vr X wy € T,T3 (5.26)
vx X wr € TpX
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Now if u = ur + ux € ker(dnr|a)pa), then ur = 0 so if {u,v} €
ker(dmr|a)pe) is an orthonormal basis, then w = u X v = ux x vx #
0 € T,7° so {u,v,w} is an orthonormal basis of Tp)A and moreover,
drx|a(w) = 0 so w € ker(dmx|A) ). Since ker(dmx|a) N ker(dnr|a) =
{0} this shows that dmx|4 also has constant rank equal to 2 and hence
ker(dmx|a) C TA is a rank 1 subbundle of TA and we get the claimed
splitting

TA = ker(dnx|a) ® ker(dmr|a) (5.27)

Moreover, U,V are vector fields on A taking values in ker(dnr|4), if and
only if for any f € C°°(T3) we have that

U(fomrla) =0=V(fomr|a) (5.28)

since the pullback, f o mp|4, is constant along the fibres of 7p|4. This
implies that for any function f € C*°(T3), by expanding the definition of
the bracket, we have

U, V] (f omrla) = 0 (5.29)

so [U,V] € ker(dmr|a). Hence ker(dmrr|a) is integrable and by Frobenius’s
Integrability Theorem there exists a foliation of A whose leaves are surfaces
tangent to ker(dmr|a). We also see that A admits a foliation by 1 manifolds
by noting that ker(dmx|4) is trivially locally integrable as a real line bundle.
Furthermore, the leaves of the two foliations are transverse since the tangent
bundle splits as a direct sum.

Now, our goal is to move from this “local product structure” to a global
one. We do this by investigating the two local foliations in more detail
and exploiting the associativity of A. In fact, we will immediately see that
only the foliations arising from ker(dmr|4) needs to be investigated, since
the local foliations arising from the kernel of dmx|4 can be taken to be
restrictions of a global foliation of A. In what follows, we will denote

W = ker(drr|a)

V =ker(drx|a) (530)

We now apply Corollary 5.7.1 to conclude that we can factor mp|a
into a submersion p : A — S! and an immersion ¢ : S' — T3 such that
1|4 = ¢ o p. We know that an injective immersion of a compact space, S L
into a Hausdorff space, T, is an embedding, so that the only obstruction
to mr(A) = 1(S') being an embedded circle is the injectivity of t. We will
show a bit later that ¢ is injective.
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One immediate consequence of this factorisation, is the fact that V is
orientable and hence trivial. This is because for all a € A, since di, is
injective, we have that:

ker(dp)e = ker(dmr|a)a (5.31)

so that its restriction to V, dp|y : V — p*T'S! is a fibrewise injective map
between real line bundles so it is a vector bundle isomorphism, noting that p
is a submersion. We know T'S! is orientable and trivial so then the same is
true for V. This means that V' admits a global section; since A is compact,
this means that the resulting vector field admits integral curves defined for
all time ([5, Chapter 5, Section 35]), so indeed the local foliations arising
from V can be taken to be the restrictions of the integral curves of the
trivialising section, i.e. V is globally integrable over A.

Let y € m7(A) C T3 be a point and define ¥, = AN (X x {y}). This is
a submanifold of A; to see this note that since dmp|4 has rank 1, we know
from the Constant Rank Theorem that there exist charts about every point
pof A, ¢:UCA—R3and ¢ : U C T3 — R3, about its image 77 (p), such
that we have

Yomp|aod t(ur,um,uz) = (0,0,u3) (5.32)

In these coordinates we have X, N U = (r7|a) *(y) NU = ¢ ({us =
constant}), giving that ¥, is indeed a (compact) 2 dimensional submanifold
of A. Moreover, we see that the tangent space of ¥, at a point p is precisely
given by the fibre of W over p, W,,.

In a trivialization around y, we have that W admits pointwise orthonor-
mal local sections {e1,es}, which we complete to a pointwise orthonormal
local frame of T'A, {e1,e2,e3} with e3 = €1 X eg, where x denotes the cross
product structure induced from the G 3-form ¢ and we note that e3 is a
local section of V', and hence, up to a sign choice, it is globally defined since
V' is a trivial real line bundle. To see this, note that the induced cross prod-
uct on the tangent spaces of A satisfies that if e1, ex # 0 are tangent vectors
to X, then their cross-product, e; x ey # 0, is tangent to T3. Pointwise, we
let

vy = (dz'(e3), dz*(e3), dz3(e3)) € S C R? (5.33)
Moreover, we define, for i = 1, 2, 3,
v, = dx'(e3)
5. . (5.34)
Wy, = v;wi

y
i=1
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so that we have the following;:

3
p(es,e1,e2) = Z dz'(e3)wi(er, e2) = wy, (€1, €2) (5.35)
i=1
which together with the calibration condition for A, ¢|pa = dVoly gives us
that
Wy, (e1,e2) =1 (5.36)

Now, let Y be any vector field tangent to ¥, so Y is a section of W and
note that in the Levi-Civita connection on A, which is the restriction of the
Levi-Civita product connection on X x T to A, we have that:

Vdz' =0 (5.37)

since T2 is flat. From the Leibniz rule for the induced Levi-Civita on 1-forms,
we then have:

Y (v}) =Y (da'(e3)) = (Vyda')(es) + (da')(Vyes) = (dz')(Vyes) (5.38)
and then using metric compatibility of the Levi-Civita connection we see

that:

(Vyes,es) = 5V (es,es)) = 0 (5.39)

since eg is a unit vector field. Thus Vyes € W and hence dz*(Vyes) = 0.
Hence, this gives us that for any vector field, Y, on ¥, we have Y(’U;) =0
so that vy are constant on 3.

Hence we see that 3 is a wy, -holomorphic curve in X. In other words, we
have a well-defined map taking a point y € mr(A) to a complex structure
in the sphere of complex structures on X. We now show that this map
is constant so that the Go 3-form and A determine a preferred complex
structure on X, in which the fibre over every point, 3, is a holomorphic
curve in X. Let

ai(y) = / wj (5.40)
By
and let I C mr(A) be the image of a small closed interval parametrised by

ug as above, centered on y with endpoints y1,y2, and set By = AN (X x I).
Note that by a similar application of the Constant Rank Theorem as above,
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we see that B, is a submanifold with boundary, 0B = ¥, UX,,. Then by
Stokes’s theorem we have:

0= /Bdwl = /aB Ww; = ai(yg) - ai(yl) (541)

so that, by connectedness of A, a; are constant on mp(A). Writing v; for
the ¢ — th coordinate of v, we see that

wiler,e2) = p(0y,, €1, €2) = (Oy,, €3) = da'(e3) = v; = v;wvy (e1,e2) (5.42)

which we can summarise as wi|Tgy = v;wvy\Tgy. Hence, integrating along
Yy, and noting that v, is constant along >, and that X, is calibrated by
Wy, , we see that:

a :/ Vywy, = Vol(Zy)vy (5.43)
EC’J
where a = (a1, as, az). Noting that ||v,|| = 1 and taking norms above, we see
that Vol(X,) is constant, and so vy is also constant as a map w7 (A4) — S2.
This shows that indeed, the map taking a point of 77 (A) to the sphere of
complex structures on X is constant.
Recall that since the line bundle V' is trivial, e3 is a globally defined
section of V. We identify 772 = T3 x R3 and consider the vector field

y€T? = (y,v,) € T> x R (5.44)

which we will also denote by v, and note that, it is constant in each fibre
under the product identification of TT2. Hence, since T° is flat we have that
VTsvy = 0 where VZ” denotes the Levi-Civita connection on T3. Pulling
back the tangent bundle of T3 to A, we get a bundle

7[R TT? — A (5.45)

for which we can identify dmr|a(es) with the pullback of vy, v, o 77|a.
Hence drr|4(es) is covariantly constant as a section of 7|4 TT3. Moreover,
once we establish the injectivity of ¢, we have that along the image curve
v =mr(A) C T3
T3
Vi vy, =0 (5.46)

i.e. the constant vector field v, € I'(T'T®) is tangent to m7(A).
We now argue by contradiction that ¢ : S* — T3, with «(S!) = np(4), is
injective. Suppose that there exist two distinct points x,z’ € S' such that
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t(x) = 1(a’) = yo. This implies that there are at least two distinct points
q,q¢" € A such that 77(q) = n7(¢') = yo, since the submersion p : A — S*
is surjective, so we can choose ¢ and ¢’ to be in the pre-images of z and a2’
respectively, and we have that 77 (q) = top(q) = top(q’) = mr(q"). Moreover,
note that ¢ and ¢’ lie in distinct connected components of WT‘Zl(yo). Hence,
by the Constant Rank Theorem we can choose small enough neighbourhoods
of g and ¢’ in A, U, and Uy respectively, such that 77 (Uy) = {(0,0,u3)} =
Cq C T3, WT(Uq/) = {(0,0,ué)} = Cq/ C T3, Cq =+ Cq/.

Note that yg € C; N Cy and moreover, that in this parametrisation we
have that the tangent spaces to the embedded arcs C; and Cy are spanned
by vy(q) and vy(q’) as previously defined. In particular, at yo, since v, is a
constant map, we have that:

Ty, Cq = Span(vy(q)) = Span(vy(q')) = Ty, Cy (5.47)

which means that at yg, the intersection of the two arcs has to be tangential.

Denote C,; and Cy by Cy and C, respectively. Let 7; : (—e;e) — T2 be
arc-length parametrisations of C; with +;(0) = yo, so that we have that ~;
satisfy the first-order differential equations:

Fi(s) = vy(i(s))

24(0) = 4o (5:48)

for s € (—¢€;€) the arc-length parameter. Now note that v, is constant so
then both v, and o satisfy the same differential equation and, hence, by
Picard-Lindel6f we know that the solution of the above differential equation
is unique so we have in fact 41 = 7. This means that two arcs Cy and Cy
are in fact the same, C1 = Cbs, thus giving a contradiction. Hence, indeed
7r(A) is an embedded circle in T% so let v = 77 (A), and note that 7|4 is
a proper surjective submersion of A onto ~.

Fix yo € 7, and set ¥ = X, then ¥ is holomorphic with respect to w,
where v = v, as above. Hence by the Ehresmann fibration theorem ([21]),
since 7|4 is a proper surjective submersion, we see that mp|4 : A — v is
a smooth fibre bundle over the circle v, with fibre ¥. To show triviality of
this fibre bundle we look at the flow of the unit vector field trivialising 7'y:

Let h : S' — 5 be a diffeomorphism such that h(0) = yo. For 6 €
R (mod 27) define the rotation by # map, Ry(e™) = !+9) and set

g=hoRgoh™t:iy—xy (5.49)

Let 0; be the unit speed tangent vector field on S' and denote by 9y
its pushforward under h, 99 = dh(d;) at t = h~'(y) and note that 7y is
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the time 0 flow of Jy. As previously discussed, v is tangent to the constant
vector field on T, v, so we take h such that 0y is the restriction of v to
~; this means that rotations in the angular parameter on + correspond to
translations by v in the 7.

Since ker(dmr|a) = W and TA = W @V and rank(drr|a) = 1, the
restriction dmr|y : V. — (7mr|a)*Ty is a vector bundle isomorphism so that
there is a unique smooth vector field £ on A with values in V such that

drr|a(§) = Oy (5.50)

As previously discussed, since A is compact, the flow of £ is complete ([5,

Chapter 5, Section 35]). Let ®p : A — A denote the time 0 flow of £&. We

now show that this flow projects to rotation by 6 in « and that it preserves

the projection onto the K3 factor, X, so that its integral curves are circles.
Because, £ € V = ker(drx|a) we have that for all 6 € R:

mx o Py =Ty (5.51)

Now define the map Fy : A — + by Fy = mp o ®y and differentiate in 6 and
use the chain rule:

d

@Fe(p) = dnr(§(Pe(p))) = 9 (Fa(p)) (5.52)

and note that we also have Fy = mp. By uniqueness of flows of vector fields
on S', we see that Fy = 19 o 7y giving us for all € R:

o Py =T90TI (5.53)

From the above we see that if p € A, then we have that ®o, preserves every
fibre setwise since for all § € R:

(mx (®o(p)), 77 (Pa(p))) = (7x(p), T0(77(p))) (5.54)

hence we conclude that ®or(p) = p for all p € A so that the monodromy
of the fibre bundle is trivial. We now construct the global trivialization as
follows:

Let F: ¥ x S' — A be the map defined by F(p,8) = ®y(p). This has a
smooth inverse given by F~!(p) = (®_4(p),0) where § = h=! (7 (p)) so that
F is a diffeomorphism. Composing with the map ids, x h: ¥ x St — ¥ x v
we get the desired diffeomorphism F:¥x v — A.

All that remains is to identify F with the restriction of an isometry of
M. To do this we let Y = (0,v) be the constant vector field on M = X x T3.
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Along A, this lies in ker(dmx) = V and satisfies dnp(Y) = v. By our choice
of diffeomorphism h : S — ~, we have Jy = v along 7 so that Y|4 and
& are both horizontal lifts of the same vector field living in the same line
subbundle, V. Hence, by the linear isomorphism dmr|y they must coincide:

£=Yla (5.55)

Now, let ¥y = idx X Ry be the isometric flow in M whose integral curves
are circles in T2 parallel to 7. Then we must have that ®y = Uy|4 and hence

F(p,0) = Yy(p) (5.56)

for (p,§) € ¥ x S so that the global trivialization, f, is the restriction
of the global isometry Wy of M to A (up to composing with the chosen
diffeomorphism h). O

Now armed with the above proposition, we are ready to prove our main
theorem, which we restate below:

Theorem 5.10. Let (X;1,J,K) be a hyper-Kdhler K3 surface admitting
two commuting involutions « and B. Let o be holomorphic non-symplectic
for the complex structure I and 3 holomorphic non-symplectic for the com-
plex structure K. Moreover, suppose that the invariants of o and 5 sat-
isfy (Ta, @a,0a), (g, ap,08) # (10,10,0), (10,8,0). Extend o and B to M =
X x T3 to involutions acting on the product such that on T3 they act as
in Equations (5.1) and (5.2). Equip M with the standard product G
3-form, defined in Equation (5.3), and let M = M/{«, 3) denote the re-
sulting Go orbifold.

Then the singular locus of M contains an associative suborbifold of the
form (% x v)/{a, B), where > C X is a complex curve and v C T3 is an
embedded circle.

Moreover, suppose that A is a compact connected associative suborbifold
in M such that the derivative of the projection map 7p : M — T3/{a, 5)
restricted to A, dmr|a, has constant rank 1. Then there exists a surface
3. C X holomorphic with respect to some complex structure in the sphere
of complex structures generated by (I,J, K) on X, and an embedded circle
v C T3 such that A is isometric to (X x 7v)/G, where G is a subgroup of
(a, B).  Moreover, the isometry A — (X x v)/G is the restriction of an
isometry M — M induced from an isometry of T3.

Proof. First note that if o, denotes the fixed point set of «, then 5(0,) = 04
since a and 8 commute so that 8 is a homeomorphism of the fixed point
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set of . Moreover, 8 is a homeomorphism of each connected component
of the fixed point set of o onto another connected component. Now due to
Nikulin’s results ([51]) we know the fixed point set of « consists of a surface
of genus g = 1(22—7r4—aa), ¥4, and k = 1(rq —aq) disjoint rational curves.
Suppose first that ro + ao # 22, so that ¢ > 0. This means that
B(Xy) = X4. Moreover, ¥, is a holomorphic surface with respect to the
complex structure I so that wy calibrates ¥,. Hence, if 71 denotes the circle
corresponding to the z1 coordinate and ¢ : ¥y x v1 — M then

Fo=w Adz! = dVols, x~, (5.57)

Hence ¥, x 71 is associative in M. Moreover, it is fixed setwise by 8 and «
(in fact, pointwise by «) so it descends to a well-defined associative, (3, x
~v1)/{c, B) in the quotient, M.

If ro, +ao = 22, then the fixed locus of « consists of k+ 1 rational curves.
If £ = 0, so that the only possible invariants of « are (11,11,1), then the
above proof also works, since § fixes g setwise. If £ > 0, then 8 may
swap % with another rational curve, Fy. In such a case, we consider the
associative submanifold given by (X9 U E7) X 1. This then descends to a
well-defined associative ((Xo U Eq) % 71)/{a, ).

Now suppose that A is a compact associative suborbifold of M such that
dmr|a has constant rank 1. Let p : M — M denote the projection and let
A be a connected component of the pre-image of A through the quotient
projection, A C p~1(A). Since a and 3 preserve the Gy 3-form ¢, then A is
also an associative submanifold. Note that by definition dmp|4 has constant
rank 1 so that Proposition 5.8 implies that A is a product of ¥ C X, a
holomorphic curve with respect to some complex structure in the sphere of
complex structures on X, and a circle v C 7.

Now let

G ={ge{apf)lg(A) = A} (5.58)

be the stabilizer of A. Since every g € GG acts by isometries on M and pre-
serves ¢ and the diffeomorphism A — X x «y is the restriction of an isometry
of M, it follows that (X x )/G is a well-defined associative suborbifold of
M and we have that

A2 A/G= (2 x7v)/G (5.59)

O
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5.4 Classifying Constant Rank Associative 3-folds

In light of Theorem 5.10 we are naturally led to ask about which other
constant rank associatives can occur. To make this more precise, suppose
that rank(drr|a) = r is constant. We have shown in the previous section
that for » = 1, there exist associative 3-folds and that any such 3-fold is
diffeomorphic to a product ¥ x v where ¥ is a surface in X and ~ is an
embedded circle in 72. Our question then becomes, for the other possibilities
of r, namely r = 0,2, or 3 can we find associative 3-folds, A, such that
rank(drp|a) = r is constant? Moreover, if we can find such associative
3-folds, what can we say about them? The answer to these questions is
presented in the following proposition:

Proposition 5.11. Let M = X x T3 and A C M be a compact connected
associative such that rank(dmr|a) = r is constant. Then r is either 1 or 3.
Moreover, if r = 3, then A = {xo} x T® for some xog € X, and so 7|4 is a
diffeomorphism.

Remark 5.12. Note that, as previously mentioned, the case r = 1 is al-
ready covered by Proposition 5.8 so that Proposition 5.11 together
with Proposition 5.8 provide a full description of the class of associative
submanifolds such that rank(drr|4) is constant.

Proof (of Proposition 5.11). We need to show that for r = 0, 2 there exist
no compact connected constant rank associative submanifolds and we need
to show that for r = 3, we have that 7mp|4 is a diffecomorphism. For this, we
recall Equations 5.26 which we summarise as follows:

TX xTX — TT?
TX xTT? - TX (5.60)
TT? x TT3 — TT?

Let p € A and consider first the case 7 = 0. In this case T,A =
ker(dmr|a)p soif e1, ex are two distinct non-zero vectors in T, A, then eq, ex €
T,X so that ey x ez € TT3, but T,A is stable under x so we have that
e1 X eo = 0. Since both e; and ey are non-zero this is a contradiction.

Similarly, if » = 2 we have that dim(ker(dmr|a)) = 1. Let Span{e} =
ker(dmr|a). Since the rank is 2 we can choose ej,es € T,A such that
t1 = dmp|a(er) and to = dmp|a(e2) are linearly independent. Then we have
that for i =1, 2:
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e; = a;e +t; (561)

where a; € R. Computing the cross-product we see:

e1 X e = (a16 + tl) X (CL2€ + tg) =aje X tg+asgt; X e+ 11 X g (562)

Note that e x t; € TX so that

dT['T|A(61 X 62) =11 X tg (563)

Since t; and ty are linearly independent in dnp|4(TpA) we have that t3 =
t1 X tg # 0 and that {t1,t2,t3} is a linearly independent set, contradicting
that rank(dmrr|a) = 2.

The last case to consider is the case where r = 3. In this case 7|4
is a local diffeomorphism. Since A is compact, then 7|4 is a proper map.
Moreover, 7|4 is surjective and a local homeomorphism, and T3 is compact
so that [30, Lemma 2] tells us that 7|4 is a covering map. The only thing
left to understand, in this case, is what possibilities exist for the degree of
mr|a. It turns out that, by exploiting the cross product once again, the
only possibility for the degree is 1, so that 7p| 4 is a diffeomorphism and the
associative is given by {zg} x T3. To see this, let p € A and note that if
U= Ty +ly, V=0y+1t, € Tﬂx(p)X @ T,TT(p)T?’, then we have that

drr|a(u x v) =ty X ty + A2y, T0) (5.64)

where A is the linear map characterised by
(A(u,v), s) = p(u, v, s) (5.65)

for all s € TWT(p)TS, u,v € Ty () X. Note that if we choose an orthonormal
basis, {E1, Ea, E3}, of T,TT(p)T?’, then we have that

3
A(u,v) = Zwi(u, v)E; (5.66)
i=1

Now, let {e1,e2,e3} be an oriented orthonormal basis of T,A and we
decompose for all ¢+ = 1,2, 3:

e, =x;+1t; (5.67)
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where x; € T,rx(p)T3 and t; € TWT(p)T‘rS. Moreover, note that because A is
associative, then we have e3 = e; X eg. This gives us that

t3 = d?TT’A(eg) =11 Xta + A($1,$2) (5.68)

Now, by definition of the cross product, for any w = x,, + t,, € TpA, we
have that

(es, w) = (e1 X ez, w) = @(eq, ez, w) (5.69)
We now compute both sides independently. The left-hand side gives us that

<€3,’w> = <t37tw> + <5173,117w> (570)
while the right-hand side is equivalent to

80(61,62,w) = <A(l‘1,$2),tw> + <t1 X tQ,tw> = <t3,tw> (5.71)

where for the first equality we plugged in the expression for ¢ and for the
last equality we used Equation 5.68.

This means that for all w € T, A, we have that (x3, z,,) = 0, so for w = es,
we have ||z3||? = 0 which gives us that 3 = 0. Repeating the argument
above by cyclically permuting the indices {1,2,3} we get that x; = x9 =
x3 = 0. This shows that drx|4 = 0 which means that wx|4 is locally
constant. Since A is connected, this implies that mx|4 is a constant map,
so there exists xp € X such that mx(A) = {zo}. This shows that indeed, if
rank(dnr|a) = 3, then A = {xg} x T3 and 7|4 is a diffeomorphism.

O

We end this section with a few remarks on the statement and the proof
of Theorem 5.10

Remark 5.13. In the first part of the proof of Theorem 5.10, namely the
one on the singular locus of M, the roles of @ and 8 can be interchanged.
In other words, our proof doesn’t depend on having chosen a: we could
just as well have used 8 or af, provided we also select the circle factor
in T2 corresponding to the complex structure on X for which the fixed
locus is holomorphic. This substitution would yield a topologically distinct
associative suborbifold, due to Nikulin’s classification ([51]), as long as

ra + ao # 13 + ag (5.72)

Then the genus, g, of the fixed surface for a and the genus, gg, of the fixed
surface for § will be distinct giving us topologically distinct associatives.
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Another immediate consequence of this is that the 3-dimensional con-
nected components of the singular locus of M which satisfy the “constant
rank 1 torus projection” condition will be quotients of X x ~y, where Y is a
complex curve with genus at most 10 and v an embedded circle, by investi-
gating the possibilities for g, given Nikulin’s classification.

Remark 5.14. Our final remark is on the exclusion of the cases (r,a,d) =
(10,10,0) and (r,a,0) = (10,8,0), the cases where the fixed loci of o and
B are either empty or consist of two elliptic curves respectively. Excluding
the case (r,a,d) = (10,10,0) is genuinely needed to get a well-defined G2
orbifold. If for « (r,a,d) = (10,10,0) then the quotient of X by a would be
an Enriques surface, £. We know that such a complex surface does not have
trivial canonical bundle, ¢;(E) # 0, and thus can not admit a hyper-Kéhler
structure ([9, Chapter VIII, Section 15]). Hence its quotient by 3, E/S will
also not admit a hyper-Kéhler structure. Now X/(«, ) is isomorphic to
E/f so that it does not admit a hyper-Kéhler structure. Hence the quotient
of the product, M = (X x T3)/(a, B) will not be a Gy orbifold. Hence
we need to exclude the possibility of any of the two involutions being fixed
point free.

We omit full details for the (r,a,d) = (10,8,0) case, for brevity, as the
existence of the relevant associative suborbifolds has already been estab-
lished by Acharya et al.. Our arguments would go through with additional
casework which we briefly outline below; without loss of generality suppose
that the invariants for a are (10,8, 0).

Let E1UE5 be the two elliptic curves fixed by «. Since o and 8 commute,
B fixes 1 U Fs, and we have two cases:

1) § fixes Fj setwise; in this case we can consider Fj X 71, just as in the
proof of Theorem 5.10, and the same computation as before shows
FEh x 71 is associative.

2) B swaps E; and Ejy; in this case we need to consider (E; U Eg) X 7.
The rest of the proof still follows in this case giving us an associative
suborbifold.

Concerning local isotropy groups of the singularities in M for the constant
rank 1 associative connected components, the second case above together
with the case where the invariants of one of the involutions satisfy r+a = 22
and r — a > 0 are rather special since we have that the isotropy group is
Zs at every point of ((F1 U E3) x v1)/{«, 8). This is because 8 doesn’t fix
any points of Fy U Fy. However, in the first case, and all the other cases
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considered in the proof of Theorem 5.10, 8 can also have fixed points
when restricted to the fixed locus of a. At such fixed points of 3, the local
isotropy in M will be Z3.
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Concluding Remarks and
Open Questions

Prior to this thesis, the construction of compact Gs-orbifolds via Twisted
Connected Sum was not analysed in detail. While the possibility of extend-
ing the construction to orbifolds has been considered in the literature by
Frank Reidegeld in [55], various details remained unchecked; Chapter 2
above addresses this issue.

Moreover, the problem of irreducibility for G2 orbifolds remained largely
ignored. The work we have done helps bridge this gap by providing a cri-
terion similar to that introduced by Dominic Joyce in [33]. We have also
checked the irreducibility of many examples of compact Go-orbifolds found
in the literature. Nonetheless, one particular aspect of Theorem 3.2 re-
mains rather unsatisfactory, namely, that the holonomy of the orbifold is
defined in terms of the smooth locus.

Recall, the holonomy group of the orbifold M is defined to be the holon-
omy of the smooth locus of M:

Hol(M) = Hol(M \ Mging) (5.73)

However, all of the other machinery used in this thesis for orbifolds did not
require restricting to the smooth locus. It would be desirable to have a
notion of holonomy which does not ignore the singular locus. Section 1.3
above contains one possible avenue to do this using H-loops. We have
already used Hq-loops to define the orbifold fundamental group, and it
would be quite natural to use them to define holonomy. We sketch how such
a construction would work:

Let g be a Riemannian metric on M. Consider an Hq-loop, (hs,¢;).
We say (h;,¢;) is smooth if each ¢; is in fact a smooth path. For each
i=1,...,n, we have parallel transport maps ,, sending v € T¢.,;, Ui —
si(1) € T,u,)Ui, where s; : [0;1] — TU; is the unique section satisfying
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Si(O) =0 € Tci(ti,l)Ui and (Vz)cls =0.
Now each diffeomorphism h; satisfies h;c;(t;) = ¢;41(t;) so that its dif-
ferential maps isomorphically (dhi)e, ) @ T, Ui — Teyy 0 Uis1. Hence

Ci+1

we get a well-defined linear map, Py, .,y : TpUo — TpUp, where, p = ¢1(0),
given by

P(hi,ci) = (dhn)cn(tn)Pcn (dhn—l)cn,l(tn,l) s Pcz (dhl)cl(tl)Pq (5'74)

which we shall call the parallel transport map for an Haq-loop.

Definition 5.15. We define the orbifold Riemannian holonomy group based
at p, to be

Holgrb(g) = {P(h;.c)|(hi, ;) is an Hpq — loop based at p} (5.75)
and the restricted orbifold Riemannian holonomy group based at p to be

Holzrb’o(g) = {Ph,,c;)| (hi, ¢;) is an H g — loop based at p,
(hi, c;) is homotopic to a trivial loop,

(1,¢p), where ¢ is a constant loop}

In order for this definition to make sense, we need to show that H olg”b (9)
is indeed a group:

Proposition 5.16. Holffb(g) forms a group under composition of linear
maps.

Proof. Let Cy : [0;1] — Uaq be the constant loop based at p, Cy(t) = p,Vt €
[0;1]. Then the identity element of H oll‘)""b(g) is given by, P(; ¢,) (where we
write 1 for the identity map of some neighbourhood of p) since:

P1,cy)(v) = Pey(v) = v (5.76)

for all v € T, Uy.

Note that since an H a4-loop is made of various paths glued together, it
suffices to consider an H aq-loop of the form (h,c), with ¢ : [0;1] — U and
he(1) = ¢(0) = p. This makes everything notationally cleaner and what
happens with inverses will be more transparent. For such a Hs-loop we
have that the parallel transport map takes the rather easy form:

Pine) = (dh)cyPe (5.77)

which has inverse given by:
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(h,c) c (
= P-1(d(h™1)) (o) (5.78)
= Poa(d(h),

where ¢71(t) = ¢(1 —t). Now if we can find a Hp-loop (h, ;) for which
P ety = P(;’lc) we are done.

The problem with Equation (5.78) is that it first maps a tangent vector
in T,,U to one in T (1)U and then transports it back to 7,,U, which is exactly
the reverse of what our definition of parallel transport should do. However,
this can be fixed; slightly abusing notation and allowing the sequence in the
definition of an H x4-loop to “start” at —1, consider the following H a-loop:

e The sequence willbet_ 1 =-1<tr=0<t;1=1<ty=2

o ¢, :=Cp:[-1;0] = U, such that co(t) = p, Vt € [-1;0]

o ¢ :=c71:[0;1] = U, such that ¢} (t) = c(1 —t)

e hy=h"tand b} =1

Note that with the above data we have that hoc((0) = ¢;(0) and hicj (1) =

(1) = p = cp(—1). Moreover, the parallel transport map for (b, ') takes
the form:

Py ey = (dhi) e 1y Per (dh) e 0)Pey
= (d1)pPe1 (d(h™1))pidr,u (5.79)
= Pei(d(h™1))y

which is exactly the same as Equation (5.78).
O

Moreover, note that for any two H a-loops, (hi,¢;) and (b, ;) we have

that P(hi,ci)P(h;,c;) = P(hi,ci)*(h’i,c;)’ where (h;, ¢;)*(hL, ;) is the H r4-loop ob-

1)1
tained by concatenating the two loops. We also have the following property,

which is analogous to how holonomy behaves for manifolds:

Proposition 5.17. Holzrb’o(g) is a normal subgroup of Holgrb(g). More-
over, there exists a surjective group homomorphism:

w27 (M,p) = Holy™(g)/Holy™(g) (5.80)
In particular, if M is orbifold simply-connected (i.e T{"°(M) = {1}), then
Holy(g) = Holy™™(g)
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Proof. To see that H olzrb’O (g) is a normal subgroup, it suffices to note that
for any contractible (i.e. homotopic to the trivial loop (1,¢p), where ¢y is
a constant loop) H-loop, say (hi,c;), and any other other H as-loop, say
(gi, i), we have that (g;, ;) * (hi, ¢;) % (gi, ;) 1 is also contractible, where *
denotes loop concatenation and (g;, ;)" denotes the inverse loop to (g;, ;)
as defined in the proof of Proposition 5.16, proving the first part of the
claim and moreover the quotient H olg’”b(g) /H olgrb’o(g) is well-defined. Now
we define the following map:

T 37T‘1)Tb(_/\/l,p) — HOlsz(g)/Holgrb’o(g)
[(hi, ci)] = (i, i) Holg™™(g)

Now this is clearly surjective, and to see that it is a group homomorphism,
note that we have

([(hiy e))-[(h, €;)]) = 7 ([(hi, i) * (i, ¢5)])
= Pl eyt Holy ™" (9)
= (Pnycoy Pt ey Holg™ (g)
= (P, ey Holg™°(9)).(Piur 1y Hold ™ (g))
= 7([(hi c)])-m([(B, ¢)])

Now the last part of the claim follows trivially from the above. O

We expect that this notion of holonomy to be an extension of the usual
one for manifolds; moreover, we expect orbifold holonomy, as defined above,
to also satisfy a classification similar to Berger’s list. We record this in the
following conjecture:

Conjecture 1. Let (M,g) be a smooth Riemannian manifold, which we
view as a Riemannian orbifold for which all local isotropy groups are trivial.
Letp e M, then

Holgrb(g) = Holy(g) (5.81)

where the right hand side above refers to the usual holonomy group of a
Riemannian metric. We expect HolgTb(g) to satisfy a Berger-type classifi-
cation; moreover, if Hol(M) denotes the holonomy as defined before in this

thesis (as the holonomy of the smooth part), we expect it to be a subgroup of
H olg”’(g).

We also constructed examples by exploiting weighted projective spaces.
There are quite a few avenues to explore in this direction. The first one is to
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expand on the found matching criterion so that further families of weighted
projective spaces can be used in the construction. In fact, we conjecture the
following;:

Conjecture 2. All of the 95 families of weighted projective spaces admitting
a K3 hypersurface, found by Reid in [54], can be used to construct orbifold
Twisted Connected Sums.

A further class of examples that we can get from weighted projective
spaces are those where the orbifold K3 is given by the intersection of two
hypersurfaces in CP*(a, . . ., a4). Most of these examples are also not suited
for the use of Theorem 2.22 and have to be treated on a case-by-case basis,
or require sophisticated analysis of lattice embeddings to obtain the required
matching. We expect a reasonable supply of such examples; in particular, if
it were possible to refine Theorem 2.22 to allow the case sing(&X;) < 9 and
rkL; <5, then we would expect to see at least 20 more families of examples.

Finally we investigated compact connected associative 3-folds in the
product Go-manifold, X x T3, with X a hyper-Kihler K3 surface. We
found that such 3-folds satisfying an additional hypothesis, namely that the
derivative of the restriction of the torus projection, mp : X x T3 — T3,
has constant rank, fall into exactly two classes; those which are given by a
product of a complex curve, ¥ C X, and an appropriately chosen embedded
circle, ¥ C T3, and those which are given by {zo} x T2 for 2o € X.
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