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Abstract

In this thesis we study the heterotic string compactified on K3 with non-trivial gauge
bundles. We focus on two backgrounds, the well-known standard embedding and
abelian line bundles. Using a Kaluza-Klein reduction, the six-dimensional effective
action is computed up to terms of order o> with special attention on the hypermul-
tiplet sector. We compute the moduli dependent couplings of the matter fields and
analyze the geometry of the hyperscalar sigma model. Moreover, we prove the con-
sistency with six-dimensional supergravity and derive the appropriate D-term scalar
potential. For the line bundle backgrounds we show that the gauge flux stabilizes
some geometrical moduli and renders some abelian vector multiplets massive.

Zusammenfassung

In dieser Dissertation untersuchen wir die Kompaktifizierung des heterotischen Strings
auf K3 mit nicht-trivialen Eichbiindeln. Wir konzentrieren uns auf zwei Hintergriinde,
die wohlbekannte Standard-Einbettung und abelsche Linienbiindel. Durch Anwen-
dung einer Kaluza-Klein Reduktion wird die sechsdimensionale effektive Wirkung
bis zu Termen der Ordnung o'? berechnet, wobei besonderes Augenmerk auf den
Hypermultiplet Sektor gelegt wird. Wir berechnen die Moduli abhangigen Kopplun-
gen der Materiefelder and analysieren die Geometrie des Hyperskalaren Sigma Mod-
ells. Weiterhin beweisen wir die Konsistenz mit sechsdimensionaler Supergravita-
tion und leiten das entsprechende D-Term skalare Potential her. Beziiglich der Lin-
ienbiindelhintergriinde zeigen wir, dass der Eichfluss einige der geometrischen Moduli
stabilisiert und einige der abelschen Vektormultiplets massiv werden lasst.
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Chapter 1

Introduction

The reason why particle physics appears to us more fundamental than other
branches of physics is because it ¢s more fundamental.

- Steven Weinberg -

1.1 Road to the standard model

Over the course of the last century our understanding of the fundamental constituents
of the physical world has evolved dramatically. From the structure of atoms to sub-
nuclear particles and forces, nature has revealed its rich and beautiful microcosmic
structure. The ongoing adventure of theoretical physics is to cast the experimental
discoveries into a consistent picture and to predict future results. Understanding
of the microcosm was driven by two major achievements of the twentieth century,
relativity and quantum theory. Apart from well verified quantitative predictions,
both theories changed our view of the world radically. Relativity presents to us a
geometrized unified picture of space, time and gravitation [I]. At the same time,
it introduces an observer dependence of various notions which before were believed
to have objective meaning. Quantum theory, on the other hand, delivers a quasi-
picture of the microscopic world. The discreteness of physical quantities at small
scales solved many paradoxes of classical physics [2]. At the same time, the theory
introduces new notions that appear to be paradoxical from a classical point of view,
e.g. entanglement, non-separability and contextuality. The act of observation is so
intimately linked to the very basics of the theory, that its theoretical terms seem
to have only epistemological character or even that the notion of reality loses its
objective meaning [3], 4.

Unfortunately, only the special theory of relativity could successfully be uni-
fied with quantum theory. This amounts, at first, to incorporate the symmetry of
Minkowskian space-time into the quantum theory. Elementary (free) particles are

7



8 CHAPTER 1. INTRODUCTION

understood and classified as irreducible representations of the Poincaré symmetry
group [5]. To save the causal structure in the quantum regime, the interactions are
required to be local, leading to a description in terms of local fields [6l [7]. In these
fields the quantum non-commutative structure is realized, bearing the name quantum
field theory [8, [9]. It was soon realized that electromagnetic interactions of electrons
could be described in this framework and led to extraordinarily good predictions, e.g.
the electron’s magnetic moment. In particular, quantum field theory was, and is,
powerful in application to high energy particle collisions. However, it was troubled
by some technical issues. Calculations of scattering amplitudes were, and mostly are,
limited to an asymptotic series expansion in a small coupling parameter, which was
shown to be non-convergent. Even worse, also the individual series terms seemed to
give meaningless answers at first sight. The infrared divergencies of massless particles
could be solved heuristically by a redefinition of measurable asymptotic states and the
ultra-violet infinities could be solved from first principles by clarifying the mathemat-
ical structure of quantum field theory [10]. However, the latter inevitably introduces
an ambiguity of the scattering matrix encoded in undetermined parameters. If the
number of these parameters stays finite in higher orders in perturbation theory, they
can be eliminated by an (energy dependent) redefinition of the Lagrangian. Such
a theory is called renormalizable and from this perspective, renormalization inter-
polates between perturbative expansions at different energy and parameter Valuesf'_-]
Remarkably, a different approach to quantum field theory, coming from condensed
matter physics, led to a more intuitive interpretation of renormalization and changed
our view on the physical meaning of coupling constants. The concept of effective field
theory gives up the ambition of renormalizability and fundamental fields, but gains
applicability over a wide range of phenomena [11]. Such a theory has a finite range of
validity bounded from above by a ‘cutoff mass scale’ with additional massive degrees
of freedom appearing above this threshold ’| Conversely, the effects of a theory in its
low energy regime can be obtained by integrating out the massive degrees of freedom
in the (Euclidean) path integral. The (infinite parameter) extension of an effective
field theory to arbitrarily high mass scales is called an ultra-violet completion of the
theory. The value of a coupling constant generically depends on the given energy and
cutoff scale. Every theory that is not scale invariant contains renormalized running
couplings which are interpreted as physically changing their strength. Despite this
modern change of paradigm, the standard model of particle physics was originally
constructed to match the old premise of a renormalizable quantum field theory.

In the mid twentieth century the plethora of baryons and mesons discovered in
high energy collision experiments was a drawback for quantum field theory since a
description in terms of hundreds of elementary fields was very unconvincing. More-
over, the experiments revealed that the sub-nuclear interactions are strongly coupled,

Here the center-of-mass energy is meant which is a Lorentz-invariant quantity.
2Strictly speaking, a mass scale cutoff only works consistently in Euclidean momentum space
where it defines a compact region.
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rendering the coupling expansion series useless. Only at higher energies a weakly
coupled behavior was observed. Both of these issues remained obscure until some
ingenious symmetry arguments brought the chaotic particle zoo into order. With the
application of representation theory of Lie algebras the particles were collected into
multiplets. Their structure was deducible from the assumption of a set of elementary
fields called quarks [12]. The symmetry group SU(3) underlying the multiplets also
led to the identification of the correct interactions. They are encoded by a Yang-Mills
theory which is the natural non-abelian generalization of electromagnetism, consid-
ered as an abelian gauge theory. Classical Yang-Mills theory can be understood well in
terms of geometrical quantities, e.g. vector bundles and curved connections on them.
In this description there is even a strong similarity to gravity, considered as a gauge
theory with local gauge group SO(3,1). However, the quantized version of Yang-Mills
theory became a much tougher challenge and a rigorous treatment remains unsolved
to this day [13]. Nevertheless, its renormalizability could be proven and it was possi-
ble to derive the observed behavior of the running coupling of the strong interactions
from the renormalization group [14]. The weak coupling at high energies is referred
to as asymptotic freedom, whereas the strong coupling at low energies is referred
to as the confining phase. In a parallel development the electromagnetic and weak
interactions, e.g. governing the radioactive beta decay, were found to be governed by
a Yang-Mills theory with gauge group SU(2) x U(1). However, in contrast to the
strong interactions, the electro-weak sector exhibits properties which seemed quite
unfamiliar in the first place. Most importantly, the interactions depend on particle
helicities in such a way that observables are not invariant under spatial reflections,
i.e. the theory is said to be parity violating. Accordingly, different gauge quantum
numbers are assigned to left- and right-handed components of matter spinor fields,
which is the characteristic chiral structure of the electro-weak interaction [I5]. Sec-
ond, the short range of the weak force could only be understood as being generated
by massive gauge bosons. This phenomenon however seemed to be in conflict with
the gauge principle, renormalizability and unitarity of the theory. It took another
brilliant idea to realize that the masses could be dynamically generated by a non-
symmetric vacuum state of an additional electro-weakly charged scalar field. This
phenomenon is called the Higgs-effect, or spontaneous gauge symmetry breaking [16].
It guarantees renormalizability and generates masses for the weak gauge bosons, the
coupled matter fields and for the scalar itself. As of this writing, the very existence
of the massive Higgs boson has been verified at the Large Hadron Collider.

Despite of the great predictive success of the standard model of particle physics
there are good reasons to believe that it only presents an incomplete picture of nature.
It contains a number of about twenty dimensionless parameters which had to be de-
termined by experiment. The reductionist principle, also called unification principle
by physicists, suggests that one should search for a better theory that reduces this
number. Unification has ever been a guiding principle in physics, aiming to explain a
variety of phenomena as huge as possible via a number of parameters and equations
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as small as possible. Unfortunately, most modern unifying theories are not reduc-
tions but extensions of the standard model. In ‘grand unified theories’ the standard
model gauge group is taken to be a low energy phenomenon of a unified (simple)
gauge group at high energy scales. While the number of gauge couplings is reduced
to one at best, the field content and the number of non-gauge (Yukawa-)couplings is
larger than in the standard model. This is not a problem in principle since we do not
know how many heavy particles still hide from our current observations. From this
perspective, it is most natural to consider the standard model as an effective field
theory. Its cutoff is to be defined at some point above the current experimentally
accessible mass scale with an upper bound believed to be given by the Planck mass
mpr, ~ 10°GeV. At this mass scale, thought experiments suggest that quantum ef-
fects get affected by black hole formation marking the regime of (the yet unknown)
quantum gravity. In any case, the effective field theory philosophy brings in some
problems for the standard model. Numerical parameter values, like the Higgs mass,
are considered ‘unnatural’ as they receive quantum corrections which are large com-
pared to their measured values. One could argue that the asymptotic convergence of
the perturbative expansion simply fails in these cases. However, since no exact cal-
culations apart from perturbation theory are available, one searches for extensions of
the standard model which restore the power of perturbation theory[| Also, the large
mass gap between the scale of electro-weak symmetry breaking and the Planck scale
is often considered as an unnatural hierarchy.ﬁ The most popular standard model
extensions refer to supersymmetry [I7]. Supersymmetry is a conjectured extension
of the Poincaré group, in fact a unique one circumventing the Coleman-Mandula
theorem with fermionic symmetry generators [18, [19]. It follows that particles come
in supermultiplets with equal number of bosonic and fermionic degrees of freedom
and equal masses. This is empirically falsified but our world can still be realized
as a non-supersymmetric vacuum state of a supersymmetric theory. Supersymme-
try improves the power of perturbation theory due to loop cancellations of bosonic
and fermionic super-partners and thus stabilizing quantum corrections of the Higgs
mass to the moderate logarithmic behavior. Under the further assumption of the dis-
crete R-parity symmetry, it also provides candidates for dark matter particles whose
existence is suggested by astrophysical observations. Finally, supersymmetric grand
unified theories suggest that, via renormalization group running, the three gauge cou-
plings numerically merge at a mass scale of about 10°GeV. However, at the other
side of the coin, supersymmetric field theories introduce an additional large number
of fields and parameters.

3Note that this reasoning is opposite to the reductionist principle. One should be aware of the
danger of introducing a theory of epicycles to stay within possibly inappropriate calculative methods.

4The author does not share most concerns about naturalness of parameter values. They should
be considered as environmental parameters which do not ask for a fundamental explanation. In
a multiverse, as suggested by string theory and eternal inflation scenarios we can apply the weak
anthropic principle.
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The most serious handicap of the standard model of particle physics is the lack
of containing gravity. There are, to this date, no empirical indications of a quantum
theory of gravity, since the gravitational interaction strength is too small to influ-
ence particle scatterings at available energies. Even classical gravitational waves have
not been observed yet. Nevertheless, it is believed that the quantum structure is
a universal feature of our world, affecting gravity at the Planck scale as mentioned
above. There exists a generalization of quantum field theory on curved space-times
and some remarkable conclusions, e.g. Hawking radiation, Unruh radiation and black
hole entropy, could be drawn from that setting [20-22]. However, it was shown that
the coupling of classical gravity to quantum matter leads to inconsistencies, rendering
a quantum version of gravity inevitable. But the very construction of a dynamical
quantum gravity seems to be impossible in the canonical framework. From the parti-
cle physicist’s point of view, a canonically quantized gravity, containing the graviton
as an excitation of the linearized Einstein equations, yields a non-renormalizable
quantum field theory. Therefore, it is believed that also general relativity, defined by
the Einstein-Hilbert action, is an effective field theory which has to be supplemented
by additional interactions which render the scattering amplitudes renormalizable or
even finite]’] However, simple modifications of the gravity action either yield non-
renormalizability or non-unitarity. Hence, it was suggested that it may be incon-
sistent to consider gravity in isolation of matter. The problem of quantum gravity
may be solved by finding the correct unification with the (standard model) matter
fields. This unification is far from unique, however, if we again refer to symmetry
arguments, there exists a preferred class of theories called supergravities [17, 23].
These field theories exhibit a local version of supersymmetry and always contain a
graviton field together with a gravitino being the fermionic gauge field of the local
supersymmetry. On the technical side, theories with extended supersymmetry gained
interest because they are restrictive in the structure of couplings. The more super-
symmetries are present the more rigid is the theory’s interaction structure. For the
maximal supergravities the interaction structure and couplings are uniquely fixed and
scalar target spaces are symmetric (pseudo-)Riemannian manifoldsﬁ From the phe-
nomenological point of view, minimal supergravities (A = 1 in four dimensions) are
most relevant because only these allow chiral matter couplings. In this case, there
is an infinite set of supergravities specified by the gauge group, the matter spectrum
and couplings defined by a Kahler potential, a superpotential and a gauge kinetic
function. Considered as quantum theories, the supergravities are non-renormalizable
and hence have to be considered as effective field theories as WQH.E] Remarkably, their

5There exists an alternative theory stating that gravity may have an ultra-violet fixed point of
the renormalization group. It is called the ‘asymptotic safety scenario’.

6Maximal supersymmetry comes with 32 real supercharges. Its smallest massless supermultiplet
contains fields up to helicity two, which is the largest value for consistent gauge interactions.

"There are conjectures that maximal N = 8 supergravity in four dimensions yields finite loop
amplitudes at all orders in perturbation theory.
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ultra-violet completion was found to be related to a totally different set of ideas and
a more sophisticated framework called superstring theory.

1.2 String theory

The paradigm of string theory is the existence of one-dimensional extended objects
constituting the fundamental degrees of freedom of our world. Their characteris-
tic length [, is assumed to be so small that current experiments are not able to
resolve their extended structure directly. The classical dynamics of a string in a
background spacetime M, sweeping out a two-dimensional world-sheet 3, is defined
by the Polyakov action [24] 25]

S = / d*o/—hh®0, XM, XN G yn(X) . (1.2.1)
b
Here X : ¥ — M is the embedding of the world-sheet into M, G, is the background
metric of M and hgy, is the induced metric on Eﬂ For a closed string the world-sheet
has the topology of a cylinder and for an open string that of a strip. Classical so-
lutions which minimize S correspond to world-sheets being minimal surfaces. The
quantum structure of string theory is given by first quantizing the vibrational modes
of the world-sheet which can be considered as a generalization of the ‘first quanti-
zation’ of a relativistic point particle. In flat Minkowskian space this quantization
is straightforward but on a curved background describes a non-linear sigma
model. In the former case the spectrum of the system can be shown to consist of
an infinite tower of modes of increasing mass. Therefore, in contrast to the point
particle, a single string exhibits an unbounded number of degrees of freedom. Phe-
nomenologically most relevant are the states of zero mass, which are degenerate and
can be grouped into a finite number of irreducible representations of the ambient
Lorentz group. The corresponding wave functions consist, amongst others, of a scalar
®, the dilaton, an antisymmetric tensor field By, also called Kalb-Ramond field,
and a symmetric tensor field G ;. It is one of string theory’s celebrated results that
Gy can be identified with the graviton, the linearized Einstein equations arising
from conditions of conformal symmetry. It has become clear that a ‘realistic’ spec-
trum of massless states, including fermions, can only be achieved from superstrings,
i.e. supersymmetric extensions of the world-sheet field theory [26], 27]. However, the
supersymmetric extensions are not unique. Instead, one finds five (apparently differ-
ent) superstring theories, labeled type I, ITA, IIB and two heterotic superstrings [ZS]EI

8Sometimes one allows also singular maps X : ¥ — M which are no embeddings in the mathe-
matical sense.

9Interestingly, the construction of the two heterotic theories was guided by the idea to find
superstrings which reproduce the ten-dimensional N = 1 supergravities not connected to string
theory so far.
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Moreover, the quantum consistency of these theories forces the ambient spacetime to
be ten-dimensional. It can be shown that the spectra of massless states are also su-
persymmetric with respect to the ambient spacetime. The type ITA theory enjoys
N = (1,1) supersymmetry, the type IIB theory N' = (0,2) supersymmetry and the
heterotic and type I theories have N' = (0, 1) supersymmetry in ten dimensions.

A second quantized theory, i.e. string field theory, is not fully established to this
date [29]. Nevertheless, string scattering amplitudes have been constructed in a con-
sistent way from the path integral approach. The loop order of these amplitudes is
given by the topological genus of the world-sheet embedding X and every loop carries
one power of the string coupling constant g,. Together with the world-sheet sigma
model we have a string perturbation expansion in two small parameters, o/ = [2
and g,. o corrections encode the extended ‘stringiness’ and higher genus corrections
encode the quantum properties of string theory. Remarkably, loop diagrams of the
string perturbation theory are finite and it is believed that this holds for arbitrarily
high orders. Technically, the extended world-sheet acts as a natural smearing func-
tion for interactions, yielding finite loop integrals. Due to this behavior, it is believed
that string theory defines an ultra-violet complete scattering theory for gravitons,
i.e. a consistent quantum gravity[’y] From the amplitudes and their Feynman rules
not only the S-matrix can be calculated but also crucial information about classical
background solutions can be gained. This is achieved by applying the background
field method to the world-sheet theory, yielding the modified action

g =1 / o (VERI G + e B ) 0.X M0, XY + L / PovV=hR + ... |
% %

Tror

(1.2.2)
where €19 = —e9; = 1 is the antisymmetric tensor and R is the Ricci-scalar of the
world-sheet metric h. For a constant dilaton, the last term in is proportional
to a topological invariant, the Euler characteristic x of 3. As a consequence, for a
fixed world-sheet topology the path integral is weighted by a factor exp(—®x) such
that one can identify

gs = exp(P) . (1.2.3)

Thus, the string coupling is actually a dynamical field leaving I, to be the only
undetermined fundamental parameter of string theory.

The absence of conformal anomalies of the world-sheet theory and the vanishing
of tadpole amplitudes lead to constraints which turn out to be dynamical equations
for the massless background fields Gy, Byn, @, etc. The low energy string effective
action is defined as the field theory action reproducing these dynamical equations

10A common critics about string theory is the lack of background independence which should be
manifest in quantum gravity. Indeed, string quantization is usually accomplished only relative to
fixed backgrounds. However, from the string point of view, general relativity is just an emergent
low energy theory with (active) diffeomorphisms as an accidental gauge symmetry.
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[30, B1]. For all (closed) superstrings the string effective action contains a first sector
which reads

S =1 / oV =Ge (R + 40y 00" ® — 5 Hyp HYNT) (1.2.4)
Here R is the ten-dimensional Ricci-scalar and H is the field strength of the Kalb-
Ramond field. Depending on the type of superstring, additional bosonic and fermionic
fields appear in the effective action which can be interpreted as a point particle ap-
proximation of string theory. Remarkably, the effective action in each case describes a
supergravity theory in ten dimensions. In the type II superstrings all massless modes
fall into the N' = 2 gravity-supermultiplet. In the type I and heterotic superstring
the massless modes exhibit an N’ = 1 gravity-supermultiplet and a Yang-Mills su-
permultiplet. At first sight, it seemed that the latter superstrings were plagued by
gravitational and gauge anomalies which would render the theories inconsistent [32].
Amazingly, it could be shown that the anomalies disappear via the Green-Schwarz

mechanism only under a very specific restriction: The Yang-Mills gauge group must
be chosen to be either SO(32) or Eg x Eg [33] "]

In the mid nineties an amazing conjecture emerged, stating that the different
superstrings are connected by a net of duality relations [34-40]. A duality is not a
mere symmetry of one theory but rather a map between apparently different theories
which describe the same physics in (possibly) different parameter regimes by different
‘fundamental’” degrees of freedom. It extends the paradigm of effective field theory,
where the notion of fundamental and composite fields also depends on the parameter
regime. Examples of duality relations in field theory are the electro-magnetic duality
of electromagnetism (with magnetic monopoles) and its supersymmetric, non-Abelian
generalization called Seiberg duality. In string theory there exist strong-weak coupling
dualities (S-dualities), large-small scale dualities (T-dualities) and certain mixtures
called U-dualities. In string theory it can happen that the fundamental degrees of
freedom of one framework are solitonic objects of the dual framework, e.g. D-branes
[41]. Since the superstring theories are defined only perturbatively, the dualities
cannot be proven rigorously. However, there is strong evidence in form of identical
moduli spaces, global symmetry groups and BPS-spectra between the conjectured
dual theories. The hidden nonperturbative physics behind the net of string theories
is termed M-theory and its low energy approximation is known to be the unique
eleven-dimensional supergravity [37, 42].

Besides the quest for understanding the true nature of what string theory actually
is, there exists the branch of string phenomenology [45]. In this branch the connection
of string theory to the empirically known particle physics and cosmology is studied.
It is the ultimate goal to identify the (supersymmetric) standard model of particle
physics inside the framework of string theory. In contrast to the early expectations,

' The gauge group Eg x Eg is possible only for the heterotic superstring.
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this problem may not have a unique solution. In any case, it demands an explanation
why out of the necessary ten spacetime dimensions only four are visible. There are two
major possible scenarios: First, the visible world is embedded inside a ten-dimensional
large ambient space and our ways of interaction are constrained to be inside this
subspace [43], [44]. Second, the six invisible dimensions have taken a compact ‘curled-
up’ vacuum state with length scales so tiny that our ways of interaction cannot resolve
them. This idea was first taken up in the early twentieth century by Kaluza and Klein
[46, [47]. In this thesis we will be concerned with this latter possibility known under
the name string compactifications.

1.3 Calabi-Yau compactifications

Conformal invariance of the string world-sheet theory (to lowest order in o) restricts
the compactified dimensions to constitute a Ricci-flat manifold Y. Additionally, su-
persymmetry of the world-sheet theory requires Y to be a complex Kahler manifold
[49]. A necessary condition for the existence of a Kéhler metric is that the holonomy
group is reduced to U(n) and Ricci-flatness further requires that the holonomy group
is at least reduced to SU(n), where n is the complex dimension of Y. These con-
ditions together define the so-called Calabi-Yau manifolds [48]. Hence, the simplest
space-time vacuum solutions are direct product manifolds of the form

MO~EL Y (1.3.1)

For the heterotic string which is not fully supersymmetric on the world-sheet an ana-
logue conclusion can be drawn by considering (spacetime-)supersymmetric solutions
of the supergravity approximation [49]. In particular, the compactification ((1.3.1])
should be a solution of the gravitational equations of motion. Such background so-
lutions are generically not invariant under the supersymmetry transformations of
the theory. In this case, supersymmetry is spontaneously broken similar to the Higgs
mechanism. A solution is (partially) supersymmetric if there exist (some set of ) super-
symmetry parameters which leave the solution invariant. There are phenomenological
and technical reasons to consider compactifications which leave some supersymme-
try unbroken at the TeV scale. For example, it can explain the existence of rather
light scalar fields (like the Higgs boson) by protecting their mass from large quantum
corrections.m Technically, the equations for unbroken supersymmetry are usually
first order differential equations and hence, easier to solve than the full equations of
motion.

2From a top down string theoretic point of view, field theory states are called light, if they have
a mass much smaller than the Planck-scale or the compactification scale. Perturbatively, they arise
from the massless string excitations.
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A solution is invariant under supersymmetry if the infinitesimal transformations
of the background fields vanish. They generically take the form

5(B) ~ (F)e,  0.F) =~ (B)e, (1.3.2)

where B stands for the bosonic fields, F' for the fermionic fields of the theory and € is
a supersymmetry parameter spinor. Fermionic background solutions (F') # 0 are not
allowed, since coherent quantum states of fermionic degrees of freedom do not exist.
Hence, the left equation in gives no obstruction to supersymmetric solutions.
The variation of the fermionic fields vanish only under specific conditions which, in
particular, determine the shape of the compact manifold. For example, the variation
of the gravitino generically reads

Scthur = Ve + Y Fige (1.3.3)

where Fj, are certain gamma matrix contractions of the tensor field strengths F* of
the theory. In the type II theories these are the Kalb-Ramond field H and the various
Ramond-Ramond fields. In the heterotic theories only the Kalb-Ramond field appears
at this place. Clearly, Lorentz symmetry of the lower dimensional theory on M9—¢
requires that non-zero tensor fields only exist along the compactified dimensions or are
proportional to the volume form of the extended spacetime. In the simplest case where
(H) = (F*) = 0 along Y'? (1.3.3) requires the existence of a covariantly constant spinor
on Y¢. This requires the holonomy group of the compact manifold to be maximally
SU(d/2), which corresponds to Calabi-Yau manifolds. If the holonomy group is even
smaller, several constant spinors exist and, roughly speaking, each spinor gives rise
to an unbroken supersymmetry on M~ Maximal unbroken supersymmetry can
always be achieved by compactifications on tori.

In this thesis, we consider compactifications of the heterotic string which has
historically been the first possibility to connect string theory with particle physics [49-
52]. In contrast to the type II case, the perturbative heterotic string has an intrinsic
gauge symmetry involving the gauge groups SO(32) or Eg X Egﬁ The unbroken
gauge group in four dimensions is a subgroup thereof determined by the choice of a
principal G-bundle over the compactified space. An N = 1 supersymmetric theory
with a chiral massless spectrum in four dimensions is obtained by compactifying
on Calabi-Yau threefolds Y, appropriate Zy orbifolds [55] or more abstractly, two-
dimensional (0,2) superconformal field theories. The relation between orbifolds and
smooth Calabi-Yau compactifications (with line bundles) has been studied in refs. [56-
63]. Focusing on the smooth Calabi-Yau case, string phenomenological conclusions
are derivable most reliably under the following assumptions: Characteristic radii of
the Calabi-Yau be much larger than the string length [, and the curvature of Y be

13In the type II theories non-abelian gauge symmetries are only realized at localized solitonic
objects as D-branes or at geometrical singularities of the compactified space [53] [54].
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small compared to the string scale. In this case, a Kaluza-Klein reduction can be
applied to the ten-dimensional heterotic supergravity approximation. Let ¥ be some
ten-dimensional field satisfying the (free) equation of motion

DoV =0, (1.3.4)

where Djg is some ten-dimensional differential operator. In the simplest case, this
operator splits as Dy = D+ Dg with Dg being a differential operator on Y. Solutions
are given by a product ansatz ¥(z,y) = ¥(2) ® f(y), where x are coordinates of M!*?
and y are coordinates on Y. Since Y is compact, the spectrum of Dg is discrete with
eigenfunctions f,, satisfying

De fu(y) = A fuly) - (1.3.5)

Expanding ¥ in these eigenfunctions, V(z,y) = > n(z) ® fu(y), it follows that
the eigenvalues A\, = m? appear as mass terms in the four-dimensional equations of
motion

(Da + A)tbn(z) = 0 . (1.3.6)

Hence, there exist massless fields in four dimensions if Dg has zero-eigenvalues (with
some multiplicity). For the Laplace operator Dg = Ag and a simple circle com-
pactification the eigenvalues scale like m? = n?/R? where R is the circle radius.
Experimental bounds imply that the characteristic radii are so small that even the
lightest non-zero mass fields are out of current reach of observation. Therefore, in
string phenomenology the Kaluza-Klein spectrum is truncated to the massless modes
only. It turns out that in many cases the massless modes can be interpreted as de-
formations of a background structure, preserving some special condition. The four
dimensional effective action then generically depends on topological invariants of Y
and coupling functions which may depend on the geometric moduli [64H70]. The chi-
ral spectrum, for example, is determined by the geometry of the chosen gauge bundle
over the Calabi-Yau. In the simplest construction (the standard embedding) the net
number of chiral families is given by an index theorem to be half of the Euler charac-
teristic x(Y"). Hence, the solution of connecting string theory with particle physics is
the problem of finding the correct vacuum solution of an a priori unique theory. The
highly degenerate set of vacua is called the ‘string landscape’ and its full classification
in terms of topological data of the Calabi-Yau, the gauge bundle and possibly flux
parameters remains to be completed "]

Besides the above discrete degeneracy, it is well known that compact Calabi-Yau
manifolds come in smooth families in which the metric varies, while preserving Ricci-
flatness. As a consequence, these metric deformations show up in the lower dimen-
sional theory as massless free scalar fields, the so called geometrical moduli. Though
explicit metrics of compact Calabi-Yau manifolds are not known, the metric on the
space of metric deformations can be determined (at least locally). For Calabi-Yau

14Gee for example [71] for a recent review.
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manifolds the space of Ricci-flat metrics can be expressed, via algebraic geometry,
as the space of complex structure deformations times the space of deformations of
the Kahler class [72]. Phenomenologically the moduli are highly problematic since
their number can be rather large. They would mediate fifth forces which are em-
pirically strongly disfavored. Moreover, most coupling functions of other light fields
depend on these moduli, in particular the overall volume modulus, spoiling the phe-
nomenological predictions. To make contact with the empirical particle physics it is
of great importance to find mechanisms which give mass to these moduli via gener-
ating a non-trivial scalar potential. This program is termed moduli stabilization. It
was early on realized that quantum corrections of the (supersymmetrically broken)
effective theory can in principle give mass to the moduli. However, these corrections
are either trustful but insufficient or they are sufficiently big but lead away from the
perturbative regime [73]. Therefore, most research has concentrated on tree-level and
non-perturbative contributions to the scalar potential. In fact, it has been found
that the geometrical moduli can partly be stabilized already at the classical level by
so-called flux compactifications["”| These are vacuum solutions where (some of) the
tensor fields strengths H, F' take non-zero values along Y?. The equations of mo-
tion restrict the tensor fields to be harmonic, and hence, they can be described by
cohomology classes

F, € H"(Y,Z) , / FE,=m', m'eZ. (1.3.7)
1

The fluxes F, are quantized, i.e. taking integer values when integrated over integral
p-cycles I'Y. Whereas in type II theories the Ramond-Ramond fields offer a variety of
flux configurations, in the heterotic theories only the Kalb-Ramond field is available.
If there is a U(1) gauge bundle involved, we can also speak of a gauge flux. In the
general non-Abelian case, however, the Yang-Mills field strength plays a role quite
different from the other tensor fields, as we will explain later. Unfortunately, most
flux compactifications exclude Calabi-Yau manifolds as a base space due to the non-
trivial back-reaction onto the metric. From ((1.3.3) it follows that supersymmetry
requires a global spinor constant with respect to a generalized, torsionful connec-
tion V = V + %;F%. Hence, the frame bundle of Y¢ has reduced structure group
SU(d/2). However, the almost complex structure, constructed from spinor bilinears,
is no longer V-constant and hence not compatible with the metric. Depending on the
torsion class of the generalized connection one looses the Kahler property or even the
complex structure of the compactified space. In the heterotic case this back-reaction
is particularly strong and given by the Strominger equations [76]. On the other hand,
it became clear recently that for heterotic compactifications the naive counting of
geometrical moduli has to be replaced by a more sophisticated analysis taking into
account the gauge bundle. Roughly speaking, the equations of the gauge bundle de-
pend on the complex structure in such a way that the moduli space of the latter is

15See for example [74] and [75).
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smaller than expected and the Kéahler moduli space gets bounded by domain walls
[, [78).

1.4 The heterotic string on K3

This thesis was partly motivated by the analysis of heterotic T°/Zg orbifolds which
can be considered as (anisotropic) two-step compactifications, first on T*/Zs and
then extending to (T*/Z3 x T?)/Zy [87THO0]. In the intermediate step, T*/Zs3 can be
identified with a singular orbifold limit of the four-dimensional Calabi-Yau manifold
K3, i.e. a special point in the geometric moduli space of K3. While on the (flat)
orbifold the massless spectrum and effective action can be derived from the string
world-sheet theory, on the smooth Calabi-Yau we use the supergravity approximation
from the beginning. Focusing on this intermediate step, we consider in this thesis the
heterotic string theory compactified on

M =M"'x K3, (1.4.1)

where M>! is the six-dimensional Minkowski spacetime and K3 is the four-dimensional
Calabi-Yau. The resulting six-dimensional theory has the minimal amount of eight
supercharges, corresponding to minimal A" = 1 supersymmetry['f| The main goal is
to derive the effective action via a Kaluza-Klein reduction and to focus on the hy-
permultiplet sector, where the matter fields reside. For this purpose, we pay special
attention to the non-trivial gauge bundle, forced upon us by the heterotic Bianchi
identity to have a consistent background. In particular, we derive in detail the
matter fields and bundle moduli from deformations of the gauge connection, which
has, to our knowledge, not been discussed in the physics literature. Since the effec-
tive action sensitively depends on the discrete choice of the gauge bundle topology
we cannot give a model-independent answer. Instead, we focus on two prominent
sub-classes of gauge bundles embedded in Fg x Eg: We discuss the well-known stan-
dard embedding of the gauge bundle into the tangent bundle and backgrounds with
U(1) line bundles. The dimensional reduction of the heterotic string effective action
has been studied for Calabi-Yau three-folds in [65, OT], 92] and as truncations of torus
compactifications in [93] 94]. The dimensional reduction on K3 respectively K3 x T
was performed only at leading order in o and excluding the matter fields in [79-85].
In this thesis we extend their analysis to terms up to order o’? including the mat-
ter couplings descending from the Chern-Simons three-forms. It is well known that
the hypermultiplet sector stays unchanged when the theory compactified on K3 is
further compactified on K3 x T2, yielding an N/ = 2 supersymmetric theory in four

16Tn some references the minimal supersymmetry in six dimensions is denoted as A" = (1,0) to
emphasize its chiral structure, or even as A’ = 2 due to its similarity to the corresponding extended
supersymmetry in four dimensions.
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dimensions.E] Therefore, our results can be seen as a step to better understand the
hypermultiplet sector of four-dimensional A' = 2 compactifications. Despite they are
not ultimately relevant for phenomenology, N = 2 supergravities have been inves-
tigated intensely in the last decade due to their rich mathematical structureF_g] A
crucial feature are their moduli spaces, i.e. the target spaces of scalar fields. They
exhibit an interesting geometrical structure, not as rigid as for > 16 supercharges and
not as arbitrary as for four supercharges. For N' = 2 theories in four dimensions the
moduli space factorizes as

M = MV X MH , (1.4.2)

where My, is the moduli space of vector multiplets and My is the moduli space of
hypermultiplets. The vector multiplet moduli space of heterotic compactifications on
K3 x T? is known to be (at leading order in g,) [96]

SU@1) SO(2,ny — 1)
My ="Ta7 % 50@) x 800y —1)

(1.4.3)

where the first factor is spanned by the axion-dilaton. We will solely be concerned
in this thesis with My which is governed by quaternionic-Kéhler geometry [97]. At
order o’ the space Mg of neutral moduli is known to be [98]

SO(4, 20)

M = SO(4) x SO(20)

(1.4.4)

spanned by the K3 moduli and B-field moduli. The moduli spaces are of central
importance in establishing the duality relations of string theory. Since the string
effective actions are modified if higher genus (i.e. g5) and higher order o’ corrections
are taken into account, also the compactified theory’s moduli spaces are subject to
these ‘quantum corrections’. It is well known that we have the following perturbative
quantum corrections

| Mv | My
ITA on CY; o Js
IIB on CY5 || exact | o and g,
Het on K3 x T? Js o

Table 1.4.1: Quantum corrections of moduli spaces

This can be made plausible as g, corrections only apply to the sector where the
dilaton resides and o' corrections apply to the sector involving the Kéahler moduli
which incorporate sizes of radii. In particular, the moduli space My is extended at

17See for example the review [86].
18See [95] for a comprehensive review.
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higher order in o by the deformations of the gauge bundle and is unknown in general
(see however [99HI0T], 03], [104]). The classically exact moduli space of type IIB vector
multiplets can be taken as a reference point for possible dualities. In the type ITA case,
the hyperscalar metric enjoys another special property, that is, for g, — 0 it is in the
image of the c-map [105]. It describes a fibre bundle over a special-Kéhler submanifold
and can be characterized by a prepotential of this submanifold. This sigma model
metric, including the Ramond-Ramond scalars, is known as the ‘Ferrara-Sabharwal
metric’ [I06]. In the heterotic case no such special condition holds. In this thesis we
derive o/ corrections to the heterotic hypermultiplet sector and it is our goal to prove
the quaternionic-Kahler geometry for the case of included matter fields.

1.5 Outline of the thesis

In this thesis, we study the perturbative heterotic string compactified on K3 with
nontrivial gauge bundles, e.g. the standard embedding and U(1) line bundles. The ef-
fective action in six dimensions is derived via a Kaluza-Klein reduction up to terms of
order o’?, extending the analysis of [T9HR5]. In chapter , we set the stage and collect
all necessary ingredients. We recall the heterotic supergravity in ten dimensions and
the conditions for unbroken supersymmetry in section [2.1] i.e. the Calabi-Yau con-
dition and the hermitean Yang-Mills equations for the gauge bundle. In section [2.2]
some basic geometrical properties of K3 such as hyperkahlerity and anti-selfduality
are presented. Subsequently, we describe the moduli space of Ricci-flat metrics on
K3 as well as the moduli space metric. As a reference for the later results, we recall
in section the generic six-dimensional action of minimal supergravity coupled to
vector-multiplets, hypermultiplets and one tensor-multiplet. We pay special atten-
tion to the hypermultiplets which lie in the focus of this thesis. In section [2.4] we
study in more detail the supersymmetric gauge bundle and its (massless) deforma-
tions. We apply the deformation theory of gauge connections and derive differential
equations on K3 which, to our knowledge, have not been discussed in the literature.
In particular, we derive the properties of zero modes relevant for the Kaluza-Klein
reduction.

In chapter [3] we apply the Kaluza-Klein reduction to the gauge bundle back-
ground known as the standard embedding. We focus on the gauge sector and derive
the six-dimensional effective action including the nontrivial moduli dependent matter
field couplings which arise from the Chern-Simons couplings in ten dimensions. In
section our main result is presented where we pay special attention to the hy-
perscalar sigma model and the scalar potential. The latter is shown to be consistent
with supergravity by applying a topological vanishing argument. The only surviving
contribution is the D-term scalar potential involving the charged matter fields. We
analyze the moduli space of the hyperscalar sigma model in more detail in section [3.4]
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Due to the invariance of the hypermultiplet sector under a further compactification
on T? our results can be interpreted as o’ corrections to the (charged) moduli space
of N' = 2 locally supersymmetric theories in four dimensions. Their kinetic couplings
are governed by quaternionic-Kahler geometry which however we cannot prove in
full generality. Subsequently, we focus on submanifolds like the charged scalar fibre
and a certain truncation where the complex structure moduli are frozen. Finally, we
compare a further truncation of our results to a known orbifold limit of K3.

In chapter [ we consider abelian gauge bundles which are equivalent to quantized
two-form fluxes. We derive the effective action and show its consistency with super-
gravity. However, most coupling functions are only given as abstract integrals such
that the moduli dependence is hidden. Due to the rigidity of the fluxes some geomet-
rical moduli get stabilized which we describe in section [4.3.1] The U(1) subgroups
defined by the line bundles first appear in the unbroken gauge group but their gauge
bosons may acquire non-zero masses due to the Stiickelberg mechanism involving the
flux parameters, as we show in section [4.3.2]

In appendix [A] we provide additional mathematical details and calculations. In
particular, we prove in appendix a Weitzenbock formula which is central for the
derivation of zero mode properties in section 2.4} In appendix [B]we present a detailed
derivation of the moduli dependent coupling functions in the standard embedding as
well as kinetic terms from the proposed Kahler potential in section [3.4.3|



Chapter 2

Preliminaries

2.1 Heterotic supergravity

The string effective action governing the massless modes of the heterotic string in ten
dimensions is given by the N' = 1 supergravity coupled to a super-Yang-Mills theory
with gauge group SO(32) or Eg X Eg; in this thesis we will only consider Eg x Fg.
The corresponding supermultiplets have the following field content

H bosonic ‘ fermionic
gravity multiplet | Gy, Byn, ® Vs, A
Yang-Mills multiplet A396 Y496

Table 2.1.1: Massless fields of the heterotic string in ten dimensions

Here G,y is the graviton, Bj,y is the Kalb-Ramond two-form potential, ® is the
dilaton, v,; is the Majorana-Weyl gravitino and A is the Majorana-Weyl dilatino.
Furthermore, A%%6 is the Yang-Mills gauge potential and x4%6 is the gaugino, both
valued in the adjoint representation of Eg x Fg. We will restrict our analysis to the
bosonic part of the theory. The ten-dimensional bosonic Lagrangian, up to a/?>-terms,
is given by [24]

L=1e2® (R* 1+ 4d® A +d® — LH A <H + o (tr FA*F —tr R A *R)) . (2.1.1)

Throughout this thesis we use the space-time metric signature (—, 4+, +,+,...) and
anti-hermitean gauge generators with negative definite Killing form. FF = dA+ AN A
is the Yang-Mills field strength and H is the field strength of the Kalb-Ramond field
B defined as

H =dB + o/ (" — ™) | (2.1.2)

23
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where w?, wYM are the Lorentz- and Yang-Mills Chern-Simons three-forms

WM =tr(FAA) - Lr(ANANA),

(2.1.3)
w' =tr(RAO) - r(OAOAO).

A is the gauge connection, R is the Riemann curvature two-form and © is the spin
Connection.[] As a consequence, H satisfies the Bianchi identity (also called tadpole
condition)

dH =d'(tr RAR—tr FAF). (2.1.4)

Finally, the last term in (2.1.1]) is the Gauss-Bonnet combination [107]
trR A %R = RynpoRMVP? — 4Ry NyRMY + R? (2.1.5)

Besides (2.1.1)) the ten-dimensional action contains the Green-Schwarz counter-term
which is crucial for the anomaly freedom of the theory. We will however neglect this
term in our analysis since it is a higher derivative term.

2.1.1 Supersymmetric string vacua

In the search for consistent string vacua one has to solve the equations of motion
and certain constraint equations. For the heterotic string the crucial constraint arises
from the integrated Bianchi identity (2.1.4))

%/Ytr(F/\F):%/Ytr(R/\R), (2.1.6)

which is a topological equation enforcing a non-trivial gauge bundle H over Y. In-
stead of solving the equations of motion in full generality, one usually looks, for
phenomenological and technical reasons, for compactifications which preserve some
of the supersymmetries of the ten-dimensional theory. A heterotic compactification
on MP>! x Y is supersymmetric (at tree level) if there exist nonzero supersymmetry
parameters € such that the variations of all fermionic fields vanish

56)\ = FM(VM(I))E + ﬁfHMNpFMNPE s
Ot = Ve — %ﬂ'lMNPFNP6 ) (2-1-7)
(SEX = ]:MNFMNE .

Here we denote the background tensor fields by calligraphic letters, i.e. (H) = H
and (F) = F. The supersymmetry parameter in ten dimensions is a Majorana-
Weyl spinor € in the representation 16 of SO(9,1). To preserve isotropy and Lorentz

!The trace trR A R is evaluated in the vector representation 10 of SO(9,1) and trF A F =
%TrF A F' is defined as % of the trace in the adjoint representation of Fg x Fg.
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symmetry in M>! all background spinor fields must vanish and the tensor fields are
allowed to take nontrivial values only along YE|

We consider in this thesis the standard background ansatz given byE|
H=0, &=const. (2.1.8)

Then the variation of the dilatino in (2.1.7)) vanishes explicitly and the variation of the
gravitino requires that there exists at least one covariantly constant spinor section,
Ve = 0. This is a topological constraint which requires the holonomy group of Y to
be some proper subgroup of SO(4). The simplest example is a four-torus, Y = T,
where the holonomy group is trivial. In this case, the local decomposition of the
supersymmetry spinor

16 — (4,2) ® (4',2) (2.1.9)

can be globally extended, i.e. both internal spinors 2 and 2’ exist as global covariantly
constant sections. One arrives at two six-dimensional spinors 4 and 4’ corresponding
to N = 2 supersymmetry. The minimal number of spinors can be obtained from
Y having SU(2) holonomy, which is one definition of a four-dimensional Calabi-Yau
manifold. In this case there exists only one covariantly constant spinor, 2 or 2’, and
one arrives at AN/ = 1 supersymmetry (eight real supercharges) in six dimensions.ﬁ

Finally, the vanishing of the gaugino variation restricts the gauge bundle to satisfy
Fasg=Faz =0, ¢F;=0, (2.1.10)

where the indices correspond to (anti-)holomorphic coordinates 2%, 2* and g, is the
Kéahler metric on Y. are called Hermitean Yang-Mills (HYM) equations. The
nontrivial gauge bundle is realized by switching on curvature in a sub-bundle of the
Eg x FEg principal bundle over Y. Let H be the subgroup of Eg x Fg in which the
curvature resides. Then, analogous to a Higgs mechanism, the gauge group breaks
according to

Es x Eg — G x (H) , (2.1.11)

where G is the maximal commutant of H. Summarizing, a minimally supersymmetric
vacuum of the heterotic string consists of a Calabi-Yau manifold ¥ = K3 and a
nontrivial H-bundle over Y satisfying the hermitean Yang-Mills equations and the
topological constraint . For K3 the integral % JtrR A R is known to be equal
to the Euler characteristic x = 24. Hence, the gauge bundle is often said to be an
instanton of charge 24. We will analyze K3 and the gauge bundle in more detail in
the following sections.

2Hence, the SUSY variations of the bosonic fields automatically vanish and we are justified to
leave out additional fermionic terms on the right hand sides of .

3Kalb-Ramond flux is not possible on K3 due to H*>(K3,Z) = 0. However away from the standard
embedding we have H # 0 and the back-reaction to the geometry is mentioned in chapter

4The details of the spinor decompositions are a bit more intricate than presented here due to the
Majorana condition. They can be found in appendix
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2.2 K3 surfaces

We would like to collect here some geometrical properties of K3 which we will need for
our later analysis|] A K3 surface is a compact four-dimensional Calabi Yau manifold.
As such, it is a Kéhler manifold with vanishing first Chern class, ¢;(K3) = 0. By Yau’s
theorem, there exists a unique Ricci-flat Kahler metric for every chosen Kahler class.
In the following we will always refer to Ricci-flat K3’s, since only these constitute
consistent backgrounds for the string world sheet, preserving the conformal symmetry.
K3 surfaces are not only Calabi-Yau but also hyper-Kahler manifolds, a property
which will affect the structure of the lower-dimensional theory.

A crucial observation is that in four dimensions the structure group of orthonormal
frames is non-simple and decomposes as

SO(4) = SU2)* x SU@2)™ (2.2.1)

in the sense of complex Lie groups. This is related to the existence of the Weyl-spinor
bundles ST and S~ which are linked to the (complexified) tangent bundle as

T, 2STes . (2.2.2)

ST and S8~ are both complex two-dimensional bundles transforming irreducibly under
the corresponding factors in . As a Calabi-Yau manifold, K3 has a reduced
structure and holonomy group G = SU(2) which can be identified with, say, the
second factor in . As a consequence, there exist two non-vanishing and covari-
antly constant spinor sections. The Dirac-spinor S = St & S~ decomposes under the
reduced structure group as

4=2"92" — 10142, (2.2.3)

where the two singlets are non-vanishing spinors of the same chirality. Accordingly,
vectors of the tangent bundle decompose under the reduced structure group as

4=2"2" —- (112 =2" 62 . (2.2.4)
As a Calabi-Yau manifold, there exists a complex structure I € End(Tk3) satisfying
I’ =—-idp.,, VI=0, (2.2.5)

where V is the Levi-Civita connection of the Kahler metric g. Under this com-
plex structure the complexified tangent bundle splits into the holomorphic and anti-
holomorphic tangent bundle

Ty = Ts ® T ks (2.2.6)

5 . .
°For a comprehensive review see for example [108].
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where I(Txs) = iTxs and I(T k3) = —iTxs, understood as acting on elements. Com-
paring to ([2.2.4]) we can identify the elements as the 27 @ 27. The reduced structure
group SU(2)~ preserves the complex structure and acts irreducibly on each of the
two terms. On the other hand, the first factor SU(2)" rotates the two singlet spinors
and, accordingly, the tuple (Txs, T g3) transforms as a doublet. In fact, it will turn
out that SU(2)" becomes the R-symmetry group of the compactified theory.

Let us now deduce the hyperkéhler structure from the fact that also the holon-
omy is reduced to SU(2)~ due to the Kéhler property and Ricci-flatness. Since the
curvature of K3 takes values in the Lie algebra of the holonomy group, SU(2)" must
be a flat sub-bundle of the frame bundle. Thus, it can be spanned by three global
covariantly constant sections Iy, I5, I3, satisfying the su(2) algebra. From VI = 0 it
follows that the complex structure must be a linear combination of I, 5, I3, which
therefore square to —1, separately. These two conditions can be summarized in the
quaternionic algebra

I1s = —idp,,0rs + €rstly - (2.2.7)

Hence, the chosen Kahler metric is compatible not only with the complex structure
I, but for every complex structure constructed as

I=al, +bl,+cls  with a*+b0+c7=1. (2.2.8)

That is, K3 carries an integrable hypercomplex structure, i.e. it is a hyper-Kahler
manifold.lﬂ The metric is hermitean with respect to all I,

g(LX,LY) = g(X,Y) . (2.2.9)

Moreover, we have a basis of three associated fundamental two-forms J, = g(Z-, -),
satisfying
VIig=dJ; =0, J. NJg=20.4vol. (2.2.10)

It can be shown that the above differential conditions define K3 as a topologically
unique manifold with the Hodge numbers

ho0 1
hl,O hO,l 0 0
R0 pbt o %2 =1 20 1 . (2.2.11)
h¥t o pb? 0 0
h?? 1

Here h?9 are the dimensions of the Dolbeault cohomology groups

ker 0 : AP — APt

pP,q —
HP(K3,R) = im 9 Apa—1 5 Apa

(2.2.12)

6This is consistent with the holonomy being SU(2) = Sp(1), according to Berger’s classification
[109).
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Let us consider the set of two-forms A?(K3) which carries an action of the Hodge star
operator x. There exists a positive scalar product on A*(K3) given by

(M, m2) = / m A, (2.2.13)
K3

which is volume independent. Since x*> = idy2 on a four-dimensional Riemannian
manifold, the two-forms decompose locally into two three-dimensional eigenspaces,
A? = A2 ® A2, orthogonal with respect to (2.2.13)). Moreover, x maps harmonic two-
forms to harmonic two-forms, thus the middle cohomology group decomposes into

the eigenspaces
H*(K3,R)=H, ® H_, (2.2.14)

such that xH, = H, and xH_ = —H_ (understood as acting on elements). Clearly,
this decomposition is metric dependent, but the dimensions are fixed by the signature
index of K3 to be [108§]

dimH, =3, dimH_=19. (2.2.15)

By Poincaré duality, there is a bilinear form on the (integral) middle cohomology
p: H*(K3,7) x H*(K3,7) — 27 , (1, m2) = / mAn . (2.2.16)
K3

of signature (3, 19)[| Clearly, selfdual two-forms have positive norm and anti-selfdual
two-forms have negative norm with respect to p. For a given basis n;, [ = 1,...,22
of H*(K3,R) the bilinear form p is represented by the ‘intersection’ matrix ]

pry = / nrAng . (2.2.17)
K3

Using that the three fundamental two-forms J, square to the positive volume form

(2.2.10)), it follows that they must be a basis of H,,
H+ = span(Jl, JQ, Jg) . (2218)

From this basis not only the Kahler-form but also the holomorphic volume form €2
can be constructed. A convenient choice will be

J=VVJs, Q=5(h+ih), (2.2.19)

"It can be shown that the bilinear form p promotes H?(K3,Z) to an even unimodular lattice.
However we will only be concerned with the R-valued cohomology as a vector space in the following.

8Strictly speaking, the term ‘intersection matrix’ refers only to an integral (co-)homology basis
and contains information about the geometry of the Poincaré dual two-cycles. For K3 the integral
intersection matrix takes the form p = o' @ o' @ o' & (Eg) @ (Fg), where o! is the first Pauli matrix
and (Eg) is the Cartan matrix of the Lie algebra of Es.
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where the basis elements are now normalized as (J,., Js) = 2d,,. With respect to the
complex structure corresponding to J, €2 is a holomorphic (2,0)-form and J is a real
(1,1)-form. They are normalized as

/J/\J:2V, /Q/\Q:Q, 1Q? = $Q,50° =V (2.2.20)

It follows from the Hodge diamond that H_ is the subspace of H"'(K3,R)
orthogonal to J (with respect to p). By Yau’s theorem [110] every embedding H, C
H?(K3,R) defines a Ricci-flat Kahler metric, since it specifies the complex structure
and the Kéhler class, up to SO(3) rotations. From it follows that every
selfdual two-form 7, there exists a representative in the same cohomology class which
is d-closed and covariantly constant with the following expansion

Ny = Z(/ Js Any)ds . (2.2.21)

S

In the rest of this thesis we will often identify representatives of the same cohomology
class.

Finally, let us show that the curvature two-form R of K3 takes values in
R e su(2) ® A* (K3) , (2.2.22)

i.e. it is anti-selfdual itself (we follow [111]). On a four-dimensional manifold the
Riemann curvature tensor R acts as an endomorphism on two-forms

R:A*(M)— A*(M) , R(dz™ A dax™) = 3R™, daP A da? . (2.2.23)

Moreover, if M is Ricci-flat, R acts block-diagonally on the decomposition A2 & A?
of two-forms

R(n) = Ro(ny) + R_(n) , (2.2.24)

where R, and R_ are related to the Weyl-tensor. On the other hand, using the
metric, the local two-forms can be identified with skew-adjoint endomorphisms of the
tangent bundle, A*(K3) = End(Tks3), T™, = ¢""np,. Under this isomorphism the
selfdual and anti-selfdual two-forms give rise to the decomposition

s0(4) =s0(3)" ®so(3)” (2.2.25)

which can be identified with the Lie algebra of the holonomy group decomposition
(2.2.1). However, we know from ([2.2.10]), (2.2.18) that the bundle of selfdual two-
forms is flat, that is, R, vanishes on K3. Hence, A% is a non-trivial eigenspace of R
and of the Hodge star operator, which therefore commute on this domain

R(xn_) = *R(n_) . (2.2.26)

This implies anti-selfduality of the curvature tensor, %Rmnpqepqrs =—RM .
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2.2.1 Moduli space of K3

In contrast to Calabi-Yau three-folds the moduli space of K3 does not factorize into a
moduli space of the complex structure and the Kahler class. Instead, its global form
is known. As shown above, a Ricci-flat Kéhler metric is determined by the vector
space embedding

H, C H*(K3,R) < R CR»Y. (2.2.27)
The space of all such embeddings is given by the Grassmannian manifold
SO(3,19
Grs 19 = (3, 19) (2.2.28)

SO(3) x SO(19) ’

where SO(3) corresponds to basis rotations inside H, and SO(19) corresponds to
basis rotations in the orthogonal complement H i The overall volume of K3 is an
additional independent parameter, such that the local moduli space of K3 takes the
form{’

MKg = GI‘3719 X ]R+ . (2.2.29)

It has a dimension of 58. In the following we will use a particular parametrization
of Grsg, taken from [I13]. Let n;, I = 1,...,22 be a basis of H*(K3,R) and
Js,s = 1,2,3 be an orthogonal basis of H,, as in . Then we have the following
expansion and normalization

Jo=tln . prstit! =26, , (2.2.30)

where ¢! are the vector components, i.e. 66 parameters subject to six normalization
equations and to the equivalence relation

th~t!=R"t,, Re€SO(3). (2.2.31)

These parameters will be used in the rest of this thesis to describe the moduli de-
pendence of certain coupling functions which appear in the six-dimensional effective
action. As a first example, let us state the metric on the moduli space itself.
Starting from the canonical line element [72]

083 = — 1 / 9" 9" 0 GmpOGng (2.2.32)
K3

it was shown in [I13] that the metric deformations can be expressed as deforma-
tions of the three fundamental two-forms, 3¢, = — >, (Is),," (8Js)pn- Projecting out
deformations which leave the three-plane H, invariant, one arrives at

9For the global moduli space of K3, orientation changes of the vector spaces are included and
the automorphisms of the H2(K3,Z) lattice have to be modded out additionally. This detail will
not be relevant for our analysis.
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where summation over r, s is understood. It is well known that the geometrical moduli
space is enhanced by the internal components of the Kalb-Ramond field [72]

i 9" 9P Bpd By - (2.2.34)
3

2 _ 1
dspy = ™

The massless deformations are given by harmonic two-forms, so there arise 22 real
moduli scalars. We will see in the following chapter that, due to the Chern-Simons

couplings (2.1.2)), the metric (2.2.34)) gets mixed with the gauge bundle moduli space

at higher order in . If these corrections are neglected, the geometrical moduli space
with torsion is locally isomorphic to
~ SO(4,20)
K37 80(4) x SO(20)

(2.2.35)

which is a quaternionic-Kahler manifold of real dimension 80. For a parametrization
in terms of coset space matrices, see for example [114].

2.3 N =1 supergravity in six dimensions

In this section we review the generic form of N' = 1 locally supersymmetric field
theories in six dimensions. This will be the reference for our later results on the
compactified effective action. As shown in appendix [A.I], the supercharges form
a doublet of two Weyl spinors Q4 with the same chirality, satisfying a symplectic
Majorana condition

Qa=eapQ" . (2.3.1)
Their supersymmetry algebra (without central charges) reads

{Qua, QF} = 65(0,)apP", AB=1,2, (2.3.2)

which implies that the R-symmetry, i.e. the automorphism group of the algebra
(2.3.2)), is Sp(1) = SU(2) with the supercharges in the fundamental representation.
The component fields of the massless supermultiplets are given by [115]

H bosonic ‘ fermionic

gravity multiplet | g,., B, N
tensor multiplet | B, ¢ el
vector multiplet Vi X~

hypermultiplet 4q 22T

Table 2.3.1: Supermultiplets of N' = 1 supergravity in six dimensions
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Here g, is the graviton of the six-dimensional space-time, B;:, is an antisymmetric
tensor with selfdual field strength and ¢, is the negative chirality gravitino. The
tensor multiplet contains a tensor B, with anti-selfdual field strength, the dilaton
¢ and the the dilatino x~. The vector multiplet contains a gauge boson V,, and the
gaugino x*. Finally, the hypermultiplet features four real scalars ¢ and the hyperino
At
Clearly, the vector multiplet takes values in the adjoint representation of the
gauge group GG while the hypermultiplets take either values in some representation
R of G or are neutral singlets. Note that all scalars, except the dilaton, reside in
hypermultiplets. The absence of local anomalies constrains the massless spectrum to
obey [116], 117]
29ny +ny —ny =273, (2.3.3)

where nr denotes the number of tensor multiplets, ny the number of hypermultiplets
and ny the number of vector multiplets. This condition is automatically satisfied in
any K3 compactifications with supersymmetric bundle . In this paper we only
consider perturbative K 3-compactifications where ny = 1, such that ngy — ny = 244

holds.

For gauge groups of the form
G=][GCex[[U@)m . (2.3.4)

where GG, denotes any simple factor and U(1),, any abelian factor, the generic bosonic
Lagrangian is given by [118] [119]

L= ZtR* 1-— %6_2¢H/\>I<H—|— %dgb/\*dgb

+ L(cae™® + Ca€?)trF9 A xF% — G, B A trF% A Fo 2.35)
2.3.5
+ Hemn €% + Gy €)F™ AXF™ — &1y BAF™ N F™
1
2

— 59w(Q)Dg* ANxDq" =V x 1|

where the non-abelian Yang-Mills field strengths are labeled as F'% and the abelian
field strengths as F*. Due to supersymmetry, the gauge kinetic functions only depend
on the six-dimensional dilaton ¢, with numerical factors cu, ¢a, Crn, 5mn-|E For the
abelian factors kinetic mixing, parametrized by the off-diagonal part of ¢,,,, G 18
possible [121]. B is the sum of BT and B~, and it is coupled to the vector multiplets

via Chern-Simons forms appearing in its field strength H = dB + w’ — cawgya M _

0Note that x* and y~ are each doublets of SU(2)r while 2AT are two singlets. The number of
on-shell degrees of freedom is always four.

1Tt was shown recently that these numerical factors are constrained to take values in a selfdual
lattice [120].
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CrinWo', where w® and w) ™ are standard Chern-Simons forms while the ‘mixed’

abelian Chern-Simons form is given by
WM — qym AV (2.3.6)

The real hypermultiplet scalars are denoted by ¢“,u = 1,...,4ny and their kinetic
terms are governed by the tensor g¢,,(¢) defining a metric on the scalar field space.
They are possibly charged under the gauge group, encoded in the covariant derivatives

Dq" = dq" — V*K"(q) , (2.3.7)

where a denotes the adjoint index of the gauge group and K"*(q) is a Killing vector
on the hyperscalar field space. Gauging of hypermultiplets necessarily leads to a
non-trivial scalar potential which takes the form of D-terms

DU,SDG,S DmSD'rLS
v=1y_ 22 .1 , 9.3.8
2 Z Cal™? + Coe? T2 Z Crnn€ ™ ? + Cmpe? ( )

a,s m,n,s

where s = 1,2, 3 is an adjoint SU(2)g-index. Moreover, we have
(D™ =TipK™™, A B=12, (2.3.9)

with ', being a composite su(2)z-valued connection on the hyperscalar field space
[118, 119]. Our main interest in the following will be to derive the six-dimensional
couplings, i.e. the hyperscalar metric g,,(¢q) and the explicit form of the D-term.

2.3.1 Hypermultiplet sector

In this section we collect some basic facts about hypermultiplets which are important
for the rest of this thesis. When constructing the smallest supermultiplet of N'= 1 in
six dimensions (or N' = 2 in four dimensions) one encounters the half-hypermultiplet
containing the following helicity degrees of freedom?

half-hypermultiplet : {—%, 0,0, %} ) (2.3.10)

It has the same helicity content as a chiral multiplet in four dimensions, however, it
is generically not CPT-complete. All states in (2.3.10)) have the same gauge quantum
numbers, hence, for non-zero charge ¢ the CPT-conjugate antiparticle states have to

be added

hypermultiplet :  {—3,0,0,3} + {—3,0,0,3} . (2.3.11)
— —
q —q

12Note that in six dimensions the notion of helicity is different from the four-dimensional one.
The massless little group SO(4) = SU(2) x SU(2)_ has rank two such that there are two helicity
quantum numbers. The values £1 in refer to the Cartan generator of SU(2) corresponding
to a chiral fermion A
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Thus, chiral fermions of a full hypermultiplet always occur in pairs of charge +¢ or
in vector-like representations R @ R in the non-abelian case. This is the reason why
the chiral gauge spectrum of the standard model cannot be realized in an N = 2
theory in four dimensions. For a neutral singlet half-hypermultiplet one might think
that can be its own anti-multiplet. However, this is impossible due to the
following reason: Neutral spin-zero particles are described by real-valued scalar fields.
On the other hand, the two spin-zero states form a doublet of SU(2)g which cannot
be realized with two real scalar fields. Therefore, the CPT-conjugate states have
to be added even in the case of zero charge. The full hypermultiplet contains an
SU(2)g-doublet of complex scalar fields & = (C, D) or more generally

PR = (gi) (2.3.12)

in the charged case. Finally, a half-hypermultiplet can be its own anti-multiplet
only if its gauge representation R is pseudoreal. Its spin-zero degrees of freedom are
described by the scalar fields of a full hypermultiplet, subject to the reality conditions
C, = ey DY and D, = —e4,CY. A solution is easily found to be [122]

. _ [ CF
half-hyperscalar : &% = (igwéy) : (2.3.13)

where ¢, is the (antisymmetric) intertwiner between R and R.

In a supersymmetric field theory the kinetic terms of the hyperscalars
define a non-linear sigma model. The coupling function g,,(q) defines a (pseudo-)
Riemannian metric on the scalar target space M. Characteristically, supersymmetry
restricts the geometry of M in the following way. By general arguments the super-
symmetry parameter spinors have to be seen as a bundle over M and the algebra
holds at every point in M. This implies that there exists a covariantly con-
stant tensor field 642 such that the holonomy of the spinor bundle is reduced to the
R-symmetry group Sp(1) = SU(2). Furthermore, the supersymmetry variation of
the hyperscalars reads

Seqt = Vi L a=1,... 2ng, A=1,2 (2.3.14)

where e are the two supersymmetry spinors, A\*" are the hyperinos and V% is a

vielbein on M. Non-degeneracy of the vielbein implies that the tangent bundle of
the target space factorizes (at least locally) as

TM=HQE , (2.3.15)

into a two-dimensional vector bundle H and a 2ng-dimensional vector bundle £ which
are both assumed to be pseudoreal. Covariant constancy of the vielbein further
implies that the holonomy group of M is contained in SU(2) x Sp(ng). In local
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supersymmetry the SU(2) curvature is necessarily non-zero, hence the target space
is a quaternionic-Kahler manifold. Moreover, the total scalar curvature is fixed by
supersymmetry to the specific value [97]

R=—8ng(ng +2) . (2.3.16)

Quaternionic-Kahler manifolds are generically not analytic in the quaternionic
numbers, i.e. they cannot be covered by quaternionic coordinates. Nevertheless, the
four scalars of one hypermultiplet can be formally grouped into a quaternion repre-
sented by a complex two-by-two matrix of the form [123]

Q= (_% l@)) . (2.3.17)

Then SU(2)g acts by multiplication from the right and can be interpreted as multi-
plication with quaternion of unit norm. Clearly, our previous description in terms of
the doublet ® = (C, D) corresponds to the first row of Q). A half-hypermultiplet then
can be written as a quaternion which is further constrained to the form

c® 40
Q= (ﬂpexyCy c. y) . (2.3.18)

In both cases, the first and second row transforms in R and R, respectively.
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2.4 The gauge bundle and its deformations

In this chapter we set the stage for the dimensional reduction in the main part. As we
saw in section a heterotic compactification M = M!'® x Y consists of an internal
manifold Y and a gauge bundle (i.e. a principal H-bundle) over Y. Group theoretically
the gauge bundle is defined by an embedding G x H C Eg x Ejg, where the unbroken
gauge group G is the commutant of H. For simplicity we assume that H is embedded
inside one Fjy factor. For the dimensional reduction we have to study the properties of
the background solution as well as its space of deformations. In particular, all bosonic
matter fields arise from massless deformations of the background gauge connection.
It is well known that the spectrum of matter fields can be derived from the chiral
index of the appropriate Dirac operator and Dolbeault cohomology [79]. However,
for the bosonic effective action the multiplicities are not sufficient, one also needs the
precise properties of Kaluza-Klein zero modes. For a K3 compactification these zero
modes have, to our knowledge, not been discussed in the literature. We therefore
apply the local deformation theory of gauge connections, see for example chapter 4
of [112].

Let us focus on the hermitean Yang-Mills equations (2.1.10]) which on K3 can be

written in the more concise way
FAJ=0, F e H"(K3,h), (2.4.1)

where f denotes the adjoint H-bundle. The first equation in states that F is a
primitive two-form. The second equation in implies that the gauge bundle is a
hermitean, holomorphic bundle with F being its curvature. The hermitean metric h
is locally given by the Killing form of the Lie algebra h and the hermitean connection
dy = d + A is compatible with the metric

dh(1,2) = h(d a1, ¥a) + h(Y1, darhs) , (2.4.2)
where 11,1 are local sections of the h-bundle. The curvature is given by
F=d%=dA+1i[AA. (2.4.3)

Acting on differential forms, we always understand d 4 as the exterior gauge-covariant
derivative. The holomorphic structure is given by the split d4 = 94 + 04, with the
Dolbeault operator 94 = 0 + A%! satisfying

=F"=0. (2.4.4)

Hence, on a holomorphic bundle there exists a (twisted) d4-Dolbeault complex and
corresponding cohomology groups HP4(K3, E), where E is the adjoint bundle or any
associated vector bundle. Let us note that both Hermitean Yang-Mills equations in
together are equivalent to the anti-selfduality (ASD) condition [124]

*F =—F. (2.4.5)
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In fact, we know from section that the anti-selfdual two-forms are in the or-
thogonal complement of J inside H'(K3,R). There is a topological obstruction to
the existence of a gauge bundle satisfying . In addition to the holomorphic
structué"% the bundle F must be slope-stable, i.e. every sub-bundle £/ C F
satisfie

W(E) = /K AT <o, (2.4.6)

Conversely, the Donaldson-Uhlenbeck-Yau theorem [125], [126] ensures that given a
slope-stable bundle , there exists a unique solution of the hermitean Yang-Mills
equations . In particular, implies that there are no trivial line bundles
(with ¢ (L) = 0) inside E. It also implies that the bundle is irreducible, that is, the
H-connection cannot be reduced to any proper subgroup H' C H. Let us note that
slope-stability condition depends on the Kahler-class of the compact manifold
and therefore p(E’") can vary over the Kahler moduli space. As shown recently (for
Calabi-Yau three-folds), this effect leads to domain walls in the K&hler moduli space
of heterotic compactifications [77].

There is an alternative perspective towards supersymmetric vacuum solutions. By
general arguments, solutions with unbroken supersymmetry in Minkowski space are
necessarily located at the zero locus of the effective scalar potential. A first approx-
imation of the six-dimensional scalar potential can easily be found from integrating
(2.1.1) over K3 with inserted background fields

V6~—§/ tr(]—“/\*}")%—%/ tr(RAR)
K3 K3
:—%/ tr(}"/\*}")—%/ tr(F A F) (2.4.7)
K3 K3
:—/ tr(f+/\*f+),
K3

where we used the integrated tadpole condition . F. denotes selfdual fields,
*F, = F,. Obviously, the zero locus of Vg is just given by an anti-selfdual Yang-
Mills background . Note that defines a positive semidefinite scalar
potential, because the trace is the negative definite Killing form of the Lie algebra
(using antihermitean generators). In the following, we want to study the massless
deformations of a background solution (2.4.5)). First, there are deformations which
strictly preserve , analogous to the geometrical Calabi-Yau moduli preserving
Ricci-flatness. Second, there are deformations which violate but nevertheless
are massless.

BFor simplicity we avoid the notion of sub-sheaves here.



38 CHAPTER 2. PRELIMINARIES

2.4.1 Massless deformations

It is known that on a hermitean, holomorphic bundle there exists a unique connection
compatible with both structures, called the Chern-connection. The physical fields
arise from deformations of the connection which preserve the hermitean structure of
the eg-bundle but change its holomorphic structure. It is known that these form an
affine space which can be parametrized by [112]

A=A+a, aceg® A (M), (2.4.8)
with A a background solution of . Then the field strength deforms as
F=F+f, f=daa+3aq]. (2.4.9)
Gauge equivalent deformations are modded out by fixing the Lorenz gauge
dya=0. (2.4.10)

For a compactification M = M>! x K3 we decompose a = a; + aj, where a; denotes
an external one-form on M>! and a; denotes an internal one-form on K3. They
deform the flat G- and the curved H-connection, respectively. In six dimensions,
gauge bosons will arise from a; and (matter) scalars will arise from aj. Working with
complex coordinates on K3 the internal one-form decomposes as a; = a®! +a'°. The
hermitean structure is preserved if aj satisfies the reality condition

(@) = —a®", (2.4.11)

with respect to the hermitean metric.

Let us consider the ten-dimensional Yang-Mills Lagrangian
Ly ~ tr(F A xF) . (2.4.12)

Inserting (2.4.9) the six-dimensional effective mass terms are given by

L5 ay] ~ / tr(daay A xdqay) , (2.4.13)
K3

L5 (as] N/ tr(daas A xdaaz) +/ tr(ag A %[F, a1]) . (24.14)
K3 K3

From (2.4.13)) it follows that massless gauge bosons V; in six dimensions arise from
the deformations a;. The Kaluza-Klein expansion reads

ay = ‘/; ' 77Z}Z ) d.A¢Z =0 ) (2415)
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i.e. the zero modes in this case are covariantly constant functions (sections), and the
multiplicity of gauge bosons depends on the number of independent sections ;. In
fact, for sections of a HYM-bundle we have the identitylﬂ

d*d4 = 20504 , (2.4.16)

It follows that ker(d4) = ker(d4), such that the zero modes of (2.4.15) are counted by

the appropriate Dolbeault cohomology. The mass operator for the scalars is identified

from (2.4.14)) as

Ayprar = dyd ga1 + *[Fa, aq] (2.4.17)

Since this is not a usual Laplacian, the zero modes are unknown and their connection
to Dolbeault cohomology is obscure at first sight. (2.4.17)) only implies that being

d_4-closed is a sufficient condition
ker(dA) C ker(AYM) . (2418)

We will now show that one-form zero modes of Ay, are in one-to-one correspondence
with zero modes of the ordinary Laplacian Ay, = 5}5 A+0 Agji- In other words, there
exists a Weitzenbock formula between the two Laplacians. We find the following
operator identity on one—formﬁ

dydaar = QAgAai —dadiyag +iJ - [F,aq] , (2.4.19)

which we prove in the appendix [A.3] Here - denotes the contraction of differential
forms using the metric. The second term on the right hand side clearly vanishes in the
Lorenz gauge d*%aj = 0. Moreover, on a complex Kahler surface with HYM-bundle
we have the second identity

*x [F,ai] = —iJ - [F,ai] , (2.4.20)

proved in appendix (A.3) as well. Inserting both identities into the mass operator
(2.4.17)), we are left with the (gauge fixed) identity on one-forms

Ayy =205, =205, . (2.4.21)
Hence, we arrive at
ker(Ay ) = (ker(94) Uker(04)) C ker(da) , (2.4.22)

which together with (2.4.18]) implies the equality

ker(Ayar) = ker(d4) . (2.4.23)

14 A proof can be found, for example, in appendix E of [128].
5There is an equivalent identity with A, instead of Aj x
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On the one hand, establishes the link to Dolbeault cohomology, i.e. the zero
modes are harmonic representatives of H*!(K3, E). On the other hand, by
the zero modes are gauge-covariantly constant. This fact will be crucial for the
derivation of the effective action, where it gives rise to a vanishing theorem. Finally,
massless scalars C; in six dimensions arise from the deformations a;. The Kaluza-
Klein expansion reads

ai = Cj CWj, dACdj = AgA(JJj = Aaij =0. (2424)

2.4.2 Matter fields and bundle moduli

In the previous section we studied the general properties of local massless defor-
mations of the gauge connection (of one Eg factor), parametrized by the one-form
a € eg® A'(M). However, taking into account the nontrivial background solution
(2.4.1)) valued in a subgroup H, the gauge group is broken to the maximal commutant
G. This is equivalent to the usual Higgs mechanism sourced by the gauge field itself.
Due to the breaking, the deformations a are grouped into multiplets according to the
decomposition of the adjoint representation eg = 248

Es—»GxH : 248 R, S) @ (g, 1)@ (1,h) (2.4.25)

where g and b denote the adjoint representations of G' and H, respectively. The
1 is the trivial representation and (R;,S;) are group-specific representations. The
right entries of define vector bundles Fg, with fibers RS or C5, depending
on the representation. They are associated with the principal H-bundle, i.e. they
have the same topology and are HYM. The left entries define the representations
of the six dimensional fields under the unbroken gauge group G. It is known from
supersymmetry that in six dimensions massless hypermultiplets with representations
R, occur with multiplicities given by the chiral index"¥] [79]

x(Es,) = h"°(K3, Es,) — h*' (K3, Es,) + h"*(K3, Es,) , (2.4.26)

In fact, h®°(K3, E) and h®?(K3, F) vanish on every HYM-bundle E. This can be
seen as follows: H??(K3, E) is the space of global sections of E, which are closed
with respect to the Dolbeault operator 94 on K3. Due to the identity any
such section is also covariantly constant. However, no constant sections exist, because
F is nontrivial and irreducible. The vanishing of H%?(K3, E) then follows by Serre
duality [129]

H>(K3,E) =~ H2~4(K3, E*) . (2.4.27)

16y is called chiral index due to the equivalent definition x(E) = n} — nj, where n% count the

chiral zero modes of the Dirac operator. On K3 one has x(F) = x(E*), so complex conjugate
representations always occur with equal multiplicities. Due to the definite chiralities in the vector-
and hypermultiplets, x(E) counts the difference of them.
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Let us return to the different terms in , and ask which representations
occur with gauge bosons and scalars in six dimensions. Gauge bosons only arise from
the term (g, 1), because non-vanishing zero modes only exist in the trivial
bundle F;. The multiplicity is given by Dolbeault cohomology

ROO(K3, Ey) = h*°(K3) =1, (2.4.28)

yielding one gauge boson in the adjoint representation of the unbroken gauge group.
In contrast, no scalars can occur in the adjoint representation g, because their zero
modes take values in

H'(K3,Ey) = H* (K3) =0 . (2.4.29)

Generically, one gets scalars from representations (R, S) with some multiplicity given
by h}(K3, Es). Here three cases can arise: First, if R and S are both real represen-
tations, the Kaluza-Klein expansion ([2.4.24) yields real scalars

ai = B @ wf . (2.4.30)

Second, if (R, S) is a real representation but R and S are each pseudoreal, we are
forced to use a real combination of complex scalars CJR and complex one-forms in the
Kaluza-Klein expansion

a=a® +a¥ = CR@wd +o(CRe&S) . (2.4.31)

Here o is the intertwiner which maps R to R and S to S. The complex scalars CJR
align in half-hypermultiplets in six dimensions. Third, if (R,S) is a complex repre-
sentation, also restricts the Kaluza-Klein expansion to be a real combination
of complex scalars. But a complex representation always occurs pairwise with its
complex conjugate, (R,S) @ (R, S), because eg is real. This yields a pair of complex
scalars CJY, D]R

a1 =CR@uwS +0(CR0aS)+ DR & + o (DR @ =) . (2.4.32)

From ([2.4.24) it follows that the zero modes are harmonic representatives of the
cohomology groups

wE € Ho’l(K?),Es) , Wi € Hl’o(Kg, Eg) , ( )
2.4.33
o, € H(K3,Es), @, € H" (K3, Eg) .

Here Eg = (Eg)* is the dual vector bundle. On K3 the multiplicities of the scalars
C'JR, D;{ are the same due to Serre duality

HOY(K3, Bs) = H*' (K3, Eg) (2.4.34)
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and can be computed via the chiral index 2.4.26E Thus, in six dimensions the

scalars align in hypermultiplets with scalar components CIDkREBE = (C,?,ﬁ?).

Finally, there may arise scalar fields from the term (1,8) in , which play
a special role. Applying the analysis of section to this multiplet, there exist
massless deformations if the cohomology group H%'(K3,h) is nontrivial. Let us now
show that any such deformation is not only massless but a true modulus, i.e. a flat
direction of the scalar potential

Ve ~ — /tr(f+ A*FL) . (2.4.35)

It is clear from that flat deformations must preserve the anti-selfduality (or
equivalently the HYM property) of the gauge bundle. In fact, it is known that the
moduli space of ASD connections modulo gauge transformations is equivalent to the
moduli space of holomorphic structures on the bundle (see for example [124]). A
holomorphic structure is defined by a Dolbeault operator satisfying 04 = F%% = 0
and a deformation A = A + a, with a € A'(K3,h) defines another holomorphic
structure if 742 =0, i.c.

daa”" + 1a"', a™'] =0 . (2.4.36)

Infinitesimally this yields a®! € ker(94). However, a € ker(04) contains directions
which lead to gauge-equivalent holomorphic structures which have to be modded out.
The gauge-equivalent Dolbeault operators are related by conjugation in H

O = htOuh =~ 04+ Oudh (2.4.37)

where h € A°(K3,H) and h ~ 1+ 6h, 6h € A°(K3,h). Modding out the term

O46h € Im(04), infinitesimal deformations of the holomorphic structure are given by

o1 ker O4: A% (h) — A%2%(p)

’ _ 170,
@€ Im 6/11 A(h) — A%1(p) = H"(K3,b), (2.4.38)

which is the same cohomology group as from the mass operator. By uniqueness, all
massless deformations in the multiplet (1,h) are actually complex structure moduli
of the H-bundle. The Kaluza-Klein expansion yields complex singlet scalars & in six
dimensions, which are termed bundle moduli

=& @+ G @a,, o€ HY(K3,h) . (2.4.39)

170n a Calabi Yau three-fold the scalars C® and D™ occur with different multiplicities, yielding
the four-dimensional chiral spectrum.



Chapter 3

Effective action from the standard
embedding

In this chapter we will apply the local deformation theory of gauge connections from
section [2.4] to a specific background solution. We derive the effective six-dimensional
action with explicit moduli dependent coupling functions of the charged matter fields.
Let us recall that heterotic compactifications are subject to the topological constraint

%/Kstr(}"/\]:):%/}(3‘51“(72/\73):)(1(3:24, (3.0.1)
where x k3 is the Euler characteristic of K3. This holds in the absence of branes and
for vanishing H-flux, which is the only possibility on K3 due to H3(K3,R) = 0[] The
standard embedding is defined as the solution of with the integrands identified,
ie. F=R and H =0 in (2.1.4) [49]. This is a valid solution of the hermitean Yang-
Mills equations because R is anti-selfdual. Since the curvature two-form takes values
in the Lie algebra of the holonomy group SU(2), also the Yang-Mills field strength
takes non-zero values in a SU(2) sub-bundle inside one Eg. Hence, in the standard
embedding we have the breaking pattern

FEg x Bg — Eg X E7 X <SU(2)> , (302)

where E7 is the maximal commutant of SU(2). Moreover, SU(2) can be identified
with structure group of the (anti-)holomorphic tangent bundle Txs3, such that the Lie
algebra can be identified as

5u(2) = End TKS s (303)

i.e. with the bundle of linear transition functions acting on 7Txs. The hermitean
Yang-Mills equations can be written as

FeH"(End Trz), FAJ=0. (3.0.4)

!Solutions H # 0 are briefly discussed in chapter

43
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The relation (3.0.3) will enable us to express the deformations of the gauge bundle in
a particular simple way and to find the explicit moduli dependence of their coupling
functions. This seems to be only possible in the standard embedding.

3.1 Yang-Mills sector

We now apply the analysis of section to the standard embedding and derive
the Kaluza-Klein expansion of the Yang-Mills field. The deformations a now come
in multiplets determined by decomposition of the adjoint representation of Eg under

the breaking ([3.0.2)
248 — (133,1) ® (1,3) @ (56,2) ,
TA — (TnaTsaTJ:a) .

In the second line we labeled the corresponding generators. The second Eg factor can
be neglected. The right entries in (3.1.1)) can be identified with the following vector
bundles

(3.1.1)

Ey, = @ ’
Ey = Tks (3.1.2)
E3 = 511(2) = End TK3 y

where O is the trivial line bundle over K3. As explained in (2.4.28) the term (133,1)
yields one gauge field in the adjoint of the unbroken gauge group E7 in six dimensions

e (3.1.3)
The term (1, 3) corresponds to the bundle moduli as specified in (2.4.39))
oV =G @al+&®a} =Gl + &apT, (3.1.4)

and the zero modes are harmonic representatives o, € H%'(End Tx3). Note that the
up-type and down-type notation for the adjoint indices n and s is unnecessary but
convenient when combined with the generators T,,. The multiplicity of the bundle
moduli (indexed by k) cannot be related to the Hodge numbers of K3 but can be
computed via the chiral index ([2.4.26))

hO’I(EHd TK3) = —X(End TKg) . (315)

The chiral index can be expressed with known characteristic classes via the Hirzebruch-
Riemann-Roch theorem?

\(Bs) = /K TA(KS) A ch(s) = 20K(Fs) + cha( ) (3.1.6)

2See for example chapter 5.1 of [112].
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Here Td(K3) is the Todd-class of K3, rk(F) is the rank of the vector bundle and
che(Eg) = —% [ trsF A F is the second Chern-character known from the tadpole

condition (3.0.1]). Using rk(End Tx3) = 3 and the fact that the trace in the adjoint
of SU(2) is four times the trace in the fundamental representation we get

hO,l(End TKg) = -6+ % /tl"3<.F/\ JT")

_ _6+g/tr2<fAF> (3.1.7)

— —6+4-24
=90 .

Since (56, 2) is a product of two pseudoreal representations, its massless Kaluza-Klein
components are given according to (2.4.31]) by

al®? = €% @ w? + 0(CF @ @2) = CF (W) Tua + ™%y (@) Toa - (3.1.8)

Here C7 are the massless charged matter scalars of the six-dimensional theory. The
zero modes are harmonic representatives w]z € H%'(Tgs3). The intertwiner o :
(56,2) — (56,2) is given by the antisymmetric invariant tensors * and g% of
E; and SU(2), respectively. Note that a,b = 1,2 are flat tangent indices of Tx3 as
well as @, b are flat tangent indices of T x3. Moreover, we use up-type and down-type
indices to distinguish 7x3 from its dual 7, and to distinguish the 56 representation
from its complex conjugate 56.

Due to the standard embedding the zero modes wjz can be related to the usual

harmonic (1, 1)-forms 7; on K3 via the isomorphism

HO’I(TK:;) ~ HI,I(K3) ,
o (3.1.9)
HY(Tgs) =2 HY(K3) .

From the Hodge diamond ([2.2.11) we see that the multiplicity (indexed by j) is
20. The isomorphisms are realized by first converting into curved indices, (w;)* =
e® (w;)®, via vielbeins and then using the holomorphic two-form

(wj)&ﬁ = HQIH2Qaﬁ<nj)aa 5

(‘Dj)aﬁ = HQIWQ&B(W)&@ )

(3.1.10)

Here we wrote also the one-form index explicitly. The prefactor ||Q|| =2 ensures that
the zero mode is independent of the K3 volume. Interestingly, there exists an alter-
native isomorphism

HOY(Ties) = Q) @ HYY(K3)\[J] (3.1.11)
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that is, the zero modes are mapped to the anti-holomorphic two-form and the (1, 1)-
forms with the Kahler form excluded. This isomorphism is realized as

’ = 9% (tap) +taz) = 97 (D (a5 + Q) (3.1.12)

where t53 and t55 i1s a symmetric and antisymmetric tensor, respectlvely The
Kahler form is excluded due to the vanishing symmetrized contraction Q s/ = 0.
Both isomorphies are related by the rotation of the hypercomplex structure of K3
which rotates the triple (Jy, Ja, J3). We see here that the zero modes of the charged
matter fields are not independent of the geometric K3 moduli. They clearly depend
on the very definition of Tx3 which involves the metric and the complex structure
of K3. Equivalently, the subspace H"!(K3) C H?(K3) is only defined by specifying
), i.e. the complex structure of K3. As a consequence, the coupling functions of the
charged matter fields will be given by integrals which are not topological invariants
but rather depend on the geometric K3 moduli. For definiteness we will use the first

isomorphism ([3.1.10)) in the rest of this thesis.

3.1.1 Expansion of the field strength

We now insert the deformations of the gauge connection into the field strength. Recall
that we generically have

F=F+f, f=daa+ La,q] (3.1.13)

We split the ten-dimensional derivative d 4 into a derivative d along M>! which is just
the exterior differential and a derivative d 4 (by abuse of notation) along K3. Clearly,
the generators in the representations (133,1) and (1, 3) commute and [133,56] = 56
is the action of E; in the fundamental representation. Together, we arrive at the
following terms

= f (133,1) +f(13 +f15162 f(13 +fg(133’1) +f2(56,2) . (3.1.14)

Here we again denote by fr g a tensor with R indices along M?! and S indices along
K3. The first term in (3.1.14)) is the field strength (fluctuation) of the unbroken gauge
group Fy
f2(133,1) — dv133 + l[v133 V133] (3 1 15)
5 , . 1.

The second term in (3.1.14) reads

A5 = dg n o} + dé A (3.1.16)

with no contribution from the commutator. The third term reads

f1(562 _da (56 2 [a(1133,1)’a§56,2)]
L (3.1.17)
— (56 A2 ~56 A 2
=DC?® Awj + o(DCY®° ANW5)
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where we introduced the F; gauge covariant derivative D defined by
DCY = dCj + V"™ (1,,)",C5 . (3.1.18)

Here (7,)%, is the E; generator in the 56 representation. Since 56 is pseudoreal the
complex conjugate generators obey the reality condition

(Tn)s? = Eawe®” (1) (3.1.19)

with € being the antisymmetric invariant tensor of F; and e, its inverse. Let
us now turn to the last two terms in (3.1.14)). First recall from that all
zero modes are closed under the differential operator d4 along K3. Hence, the f5
terms only arise from the commutator in (3.1.13)). The relevant antisymmetric tensor
products of representations are

(1,3) ®4 (1,3) =(1,3) ,
(56,2) ®4 (56,2) = (1,3) & (133,1) , (3.1.20)
(1,3) ®4 (56,2) = (56,2) .
These are realized in terms of generators as
1., T = &,/ Ti
(Tas Typ) = €ay(0%)abTs + (T")zy€at T (3.1.21)
[Ts, Tra] = (03), Top

where €, ! = €, are the structure constants of SU(2) and (o,), are the Pauli ma-
trices. We now put the terms together and use the zero mode properties. For the
bundle moduli zero modes we not only know that they are d 4-closed (infinitesimally)
but also that they satisfy the nonlinear equation (and its complex conjugate).
This eliminates part of the commutator and we are left with

1 = [, Gaf] + 3[CF%7 +0(CFGP), CF%] + o(CF°7)]
= G&og A ajeru T, + +3 (eay CFClw Awi RSy + e CinCryl A RES) T,
(3.1.22)
where we abbreviated the tensor R4 = eaaeﬁb(as)ab. Note that the mixed C'C-terms
cancel out and that all terms in are harmonic two-forms with values in the
endomorphism bundle
Y € H*(K3,End Tis) . (3.1.23)

This shows that (3.1.22)) can be interpreted as a deformation of the background field
strength /. For the bundle moduli we know that they preserve the hermitean Yang-
Mills equations, hence the first term in (3.1.22)) is a (1, 1)-form, i.e. a deformation
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0F along a flat direction of the scalar potential by construction. The second term
involving the matter fields is a (2,0)- and (0, 2)-form, i.e. a deformation 6F which
clearly violates the hermitean Yang-Mills equations. Returning to (3.1.14)), we have
the next term

2(56,2) _ [§ka2 + &ad, %W + U(C_'?GCD?)}

_ - (3.1.24)
= (&ap +&a7) A (CFwi(o,),” + e™Ciy@ie(0),") Tos

which clearly belongs to the cohomology group

£330 ¢ H(K3, Tis) - (3.1.25)
Finally, we have the term
FIY = L[0%02 4 0(Cw7), O%w? + o(C50w?)]
= %(Cf(T")xyC’Jy)Tn wi A wfeaaeﬁbeab

_ (3.1.26)

+ 5(Cal )V C3y) T @ A @] el s sean
+ 3 (CH ™) Y Cyy — CFH(T™)Y,Cy) Ty w0 ANide e beb o
2 t xz JY i 3y )+tn Py jYa ©B < pCab -

Here we converted again to curved tangent indices for the zero modes w;. We can
now identify the products of vielbeins and Levi-Civita symbols to be global tensors
on K3

e “eﬁj’eaagbgsab = Qa5 , (3.1.27)

eaaeﬁbsb,—)eab = Goj -
Here, since we take 4, to be a constant tensor with respect to the spin connection, the
converted tensor is constant with respect to the Levi-Civita connection, Ve,s = 0.
Hence, it must be equal to the holomorphic two-form 2,4, up to a constant which we
omit. Clearly, g,z is the Kdhler metric on K3 by construction. It will be convenient
to write the terms in (3.1.26) as a quadratic (hermitean) form

~ T [ & B —aA~BoO . Yy
1331) 1 [ Cu Wi AWy Gag Wi ANWj Qaﬁ n\z < CL' )
5 =z 2 T T, . (3.1.28
f2 2 (gxzczz) (w-‘“ AN (.L)/'j Q CL)? VAN _f 3 ( ) Y 6yijz ( )
Due to the contractions these terms are harmonic two-forms on K3
FIBD ¢ H2(K3,R) . (3.1.29)

This completes the Kaluza-Klein reduction of the Yang-Mills sector. We now turn to
the Kalb-Ramond field.
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3.2 Kalb-Ramond sector

In the heterotic string theory the B-field is not a usual two-form potential [102] [103].
In particular, it is not Yang-Mills gauge invariant, instead under an infinitesimal
gauge transformation parametrized by A we have

SaA=dA+[A,A],  6zB = tr(AdA) . (3.2.1)

The gauge invariant field strength contains the Yang-Mills and Lorentzian Chern-
Simons three-forms [24]
H =dB + o (w" — "My . (3.2.2)

The Chern-Simons forms are local potential three-forms of the second Chern-characters
d*™ =trF AN F do* =trRAR . (3.2.3)

Since the gauge bundle and the tangent bundle of K3 are identified in the standard
embedding with background values satisfying F = R, also the background values of
the Chern-Simons forms can be taken to be equal, (w¥M) = (wl). However, it is clear
that deformations of the K3 metric and of the gauge bundle are independent degrees
of freedom, yielding non-trivial contributions to a Kaluza-Klein reduction of
at order o/. Starting from the ten-dimensional kinetic term

EKR ~ HANxH s (324)

the equation motion d*H = 0 and Bianchi identity dH = 0 imply that solutions
are harmonic. Since we consider the trivial background solution H = 0, massless
(and in fact flat) deformations are given by an expansion into the harmonic zero- and
two-forms on K3

H=Hs;+H, 5 . (3.2.5)

The first term is simply the six-dimensional field strength, analog of (3.2.2)). On the
other hand, H; 3 will yield non-trivial couplings of the six-dimensional scalar fields.

3.2.1 Kaluza-Klein expansion

Let us start by considering the Yang-Mills Chern-Simons form in ten dimensions
which is defined by
WM =tr(FAA) - Hr(ANANA) . (3.2.6)

Using our previous results from the Yang-Mills sector the tangent indices of wlyéw
allow the following combination of terms

wféw =tr(fit NA7) +tr(Fs Aar) —tr(A1 A AT Aa) (3.2.7)
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where A7 = A+ a7 and F5 = F + f5 contain background plus fluctuations. Under the
trace only terms in the same representations survive such that the only nonvanishing
terms are

W37 =tr(f55 A al) + (Y A (0 + 4)) (3.2.8)

)

The traces of the corresponding (antihermitean) generators read
tr(TsT;f) - _5st )
(3.2.9)
tr(Toayp) = —ExyCab -

where €,, and ¢, are the antisymmetric invariant tensors of E; and SU(2), respec-
tively. Inserting the results of the previous section we obtain

tr(fl“I D NP = £,,CoDCY W AW Qs + e Ci, DC;y OF _anB

+ (CiwDCT — CIDC) W A @f 9aj »

- _<D@x ) of A gap O A Qg ( i )
eDOY) \wf Al Qus f A& go5 ) \7Ci)
(3.2.10)

where in the last line the term is written as a quadratic (hermitean) form, similar to
(3.1.28). The second term in (3.2.8) reads

w(f5Y A @ + A)) = - Gd&aq A of — déia; Ao — (§d& — &d&)aj A6
— (d{kaz + dgk@i) A A®

- <d§k)T (a; Aaf @y A af) (g,)
o \d& as Nap s ANag ) \&
— (d{kaz + dfkdz) VAN AS .
(3.2.11)

Here the appearance of the background gauge connection A seems problematic since
a Kaluza-Klein expansion requires globally defined harmonic forms on K3. However,
the corresponding term is a total derivative in six dimensions which can be removed
by a redefinition of the B-field

By = By + tr((&af + &ag) N A) . (3.2.12)

In fact, it is this combination which is invariant under SU(2) gauge transformations
of the curved Yang-Mills connection over K3. Writing a = &,a8 +&,a3, the two terms
transform in the opposite way (up to a total derivative)

0aB; = tr(Ad(A + a)) = —tr(dA A (A + a)) + d-exact |

oatr(a A A) = tr((dA + [a, A)) A A) —tr(a A (dA + [A A])) = tr(dA A (A+a))
(3.2.13)
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where d is the exterior derivative on K3. Therefore, B; can be expanded into globally
defined, harmonic two-forms

Bs =bln;, nre HY(K3,R), (3.2.14)

where b/, I =1,...,22 are scalars in six dimensions.

3.2.2 Lorentz Chern-Simons form

We now turn to the Lorentzian Chern-Simons form. Recall that the background con-
tribution is canceled exactly by the Yang-Mills Chern-Simons form, (w¥™) = (wF).
However, fluctuations of the K3 metric yield fluctuations of the Levi-Civita connec-
tion, preserving Ricci-flatness and anti-selfduality of the Riemann tensor. Let us
consider deformations of the Levi-Civita connection coming from the metric defor-
mations of K3. Whereas in the Yang-Mills case the deformations were defined to
preserve the hermitean metric of the Eg bundle, here the deformations clearly change
the metric on the tangent bundle. Since K3 has no isometries the ten-dimensional
metric is decomposed as

(Gun) = (G(’)” G +Ogmn(t>) : (3.2.15)

where G,,,, is the background K3 metric and g¢,,,(f) are fluctuations which can be
parametrized by the K3 moduli ¢. They are constrained to preserve the Ricci-flatness
of K3, i.e. they satisfy the Lichnerowicz equations

ALgmn = vkvkgmn + 2,R’mpnquq =0 )

(3.2.16)
Vmgmn =0 ; gmngmn =0.

In ten dimensions we have an orthonormal frame field e{;dz* and the compatible
Levi-Civita connection © locally given by

(On)5da™ = efoney + eneb TV, € AY M, 50(9,1)) . (3.2.17)
The deformation of the Christoffel symbol to linear order in g reads
STy = 2GP9(Vargng + Vg — Vogun) - (3.2.18)
Restricting to internal deformations ¢,,,(t) we get a deformation 6,
01 = enepoldat

(3.2.19)
= Le2 eGP0, gnpdat € AN(M*!) @ End(Tks3) -

2
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However, it cannot be considered as a deformation of the external flat connection
which would be valued in End(7js.1). In contrast to the background connection, this
tensor need not be valued in s0(4). Using we only know that it is in the
traceless part of End(7Tk3), i.e. can be an arbitrary traceless matrix. Also, in contrast
to the Yang-Mills case, this one-form need not be a global section of the End(Ts3)
bundle, because g,,, may be a deformation with zeros. Second, we get a deformation
of the curved internal connection ©7; — O1 + 07

01 = eneyoly, da™

(3.2.20)
= %eiegg"q(vmgpq + Vg = Vagmp)dz™ € A (K3, End(Tk3)) -
The curvature deforms accordingly
Ryi9 =Ry +VO+1[0,0], (3.2.21)

such that we group the contributions according to external and internal spacetime
indices.

0R1 1 = dibr + V16 + [01,01] (3.2.22)
0R5; = V107 + %[91, 1] . (3.2.23)

Taking all possible combinations the deformation of the Lorentz Chern-Simons form
wlLQ, with one external and two internal spacetime indices, reads

wfé =tr(0R; 1 ANb1) +tr((R+6Rs5) ANbh) —tr(61 A (O1+61) A (O1 +07)) , (3.2.24)
and contains up to cubic terms in g,,,.

wks (linear) = tr(R A6, — O1 AO1 A 6))
’ (3.2.25)
= tr(dIGj A 91) ,

wlL’Q (quadratic) = tr(@j A[01,07]+ (d107) NO; + (Vi61) N0+ (Vi67) A 91) , (3.2.26)
o.zlLé (qubic) = tr([@l, 01 N 07 + %[91, O1] NGy — 01 N O7 A 91)

(3.2.27)
= tr([&l, 01] A 91) .

The linear term is a total derivative in six dimensions, however the others may give
non-trivial contributions to the geometrical moduli space metric. Unfortunately, we
cannot translate the Lichnerowicz equations into a simple (first order) differential
equation for #; and 67 as we could do for the gauge connection . Therefore,

the relevance of the Lorentz Chern-Simons forms for the six-dimensional effective
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action remains obscure and we leave this issue for future studies. As the final Kaluza-
Klein expansion of H; 3 we take the result from the previous section

=\ T
dé apNaj agNajy (€
o T / k k l k l >l
Hyiz=db" ANnr+a <d§k) <az ANai i A df) <§l>
= T —& 154 — & -8 z
€y DC; w;' AW Qag W' A 71‘6 9ap 05
3.3 6D Effective action

Using the results from the previous sections we now derive the six-dimensional effec-
tive action up to order o>, This involves nontrivial integrals over K3 which yield
moduli-dependent coupling functions. These have not been determined explicitly be-
fore. We here present the results and refer the reader to appendix [B] for a detailed
computation. The effective action of the gravity-dilaton sector has been determined
in ref. [113] and we include their result in the following. For the Einstein frame in six
dimensions the dilaton has to be redefined as

6=y, (3.3.1)

where ® is the ten-dimensional dilaton and V is the K3 volume. The Einstein-frame
metric is given by g, = € °G,,. From this redefinition a factor of V~! appears in
front of all terms in the Lagrangian with nontrivial K3 integral. Altogether we arrive
at the bosonic Lagrangian

L= %R x1 — %6_2¢H AxH + %/e_¢trF133 A xF133

+ %dqﬁ/\*dgb + L, — V1.

The first line contains the Einstein-Hilbert term, and kinetic terms of the Kalb-
Ramond field H (including Chern-Simons couplings) and the Yang-Mills field strength
F133 with gauge group E;. The second line contains all scalars of the six-dimensional
theory. L, contains kinetic terms of the scalars which belong to hypermultiplets and
defines a non-linear sigma model. V' is the corresponding scalar potential. The kinetic
term of the dilaton is written separately because it belongs to the tensor multiplet.
Note that we do not derive the six-dimensional Green-Schwarz counter-term since
we only considered the ten-dimensional tree level action . In the following we
concentrate on £, and V.

(3.3.2)

3.3.1 Kinetic terms

As explained in section[2.3|minimal local supersymmetry in six dimensions (equivalent
to N/ = 2 supersymmetry in four dimensions) puts severe constraints on the geome-
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try of the non-linear sigma model of hypermultiplet scalars. Their target space is a
quaternionic-Kéhler manifold, consisting of a (pseudo-)Riemannian metric, three al-
most complex structures and a certain compatibility between them. The sigma model
containing the scalar fields belonging to hypermultiplets is given by the Lagrangian

Lo = Yhpydth Axdt] — GzdV A*dV

- O/gijpém A *DC;'C — %gkldfk A xd&; (3.3.3)
— ég;tﬂ)gb[ A\ *chJ .

In the first line we have the kinetic terms defining the metric on the geometric K3
moduli space M g3 with

hry = pry— %PIKPJLtftﬁ ; (3.3.4)
(see and (2.2.33))). In the second line of there are the kinetic terms
of the scalars from the Yang-Mills sector, i.e. the matter fields C and the bundle
moduli &. The matter fields are charged under the unbroken gauge group E; and
exhibit multiplets in the 56 representation. Their covariant derivatives are given by

DC? = dC? + V" (7,)",CY (3.3.5)

Yy

where V" 'n = 1,...,133 are the gauge bosons. From (3.3.5) we easily read off the
linear Killing vectors

(Kn)f = (12)%,CY (3.3.6)
The leading kinetic metric of the matter fields is derived in (B.1.7)) and reads
gij = / i /\*’I]j , (337)
K3
where n; ,i = 3,...,22 is a basis of harmonic two-forms spanning H"'(K3,R). g¢;;

depends on the K3 moduli as it is a projection of g;; defined below. If we fix
HY'(K3,R) by fixing a complex structure on K3 via Q = \%(Jl +iJ2), the moduli
t1,t4 are frozen. Then g;; only depends on the remaining Kihler moduli ¢} according
to

9ij = —pij + pikpjitsty - (3.3.8)
We see here already that the couplings of the charged matter fields require the moduli
space of K3 to be considered as a fibre bundle of Kéhler moduli over the base of
complex structure moduli. This division certainly spoils the hypercomplex structure
and hence, the manifest SU(2) g symmetry of the effective action. The bundle moduli
& are complex fields which are singlets under the gauge group F;. Their leading
kinetic metric of the bundle moduli is given by

le = / 642 /\*Ozls . (339)
K3
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It certainly depends on the A3 moduli but we cannot derive the explicit form.E| In
the third line of (3.3.3) we find the kinetic term of the B-field scalars coupled to
the Yang-Mills scalars at order o/. The leading kinetic metric in front is derived in

(B.1.5) and reads

gr7 = —prs + prpartitl . (3.3.10)
The further couplings are encoded in the expression
Db = db' + o/ M (CIDCy, — Ci DCY) + o (N6, CDCY + Nie™Ciy DCyy)
+ o My (&ed€y — §dE) + o (N &ed€s + Ni€ed&)
(3.3.11)
Here the coupling functions M} and N}; are derived in appendix and read

Nj; = Jpijlty — ity) .

(3.3.12)

Both, M/, and N/}, depend on the K3 moduli but for a fixed complex structure we
have the following simplification. In a basis (1, 72, 7;) of H*(K3,R), where 7y, 7, span
the complex structure two-plane, we have (J; 2,1;) = 0 for I =i and (J3,n;) = 0 for
I =1,2. This implies

N{j;«éo only for I =1,2,

; (3.3.13)
M;; #0 only for [ =3,...,22.
Moreover, since ¢!, are frozen, we have
Ni1j72 = 21’2:01']' ’ ZLQ = %((tb - Z<té>) ) (3314>

with two fixed complex numbers z'2. In this case the couplings (3.3.11]) factorize as

chl _ (db1’2 + a’pkl(zl’QexyC,fDCf’ + 21’25”@@2)6_'@) + .. )

db + o/ Miy (CoaDCF — CFDCly) + ... (3:3.15)

where the dots stand for the £d¢ terms. Since pij is symmetric and 2"? is constant,
the matter couplings in the first line of (3.3.15)) are total derivatives and they can be
absorbed by a redefinition of b', b2

B2 = 512 1 gy (o126, CECY + 72 Coy) (3.3.16)

Finally, the coupling functions M, and N}, of the bundle moduli can only be
given as integrals

,fl:p”/ ap Nag Any Mil:pl‘]/ ag Nag Any . (3.3.17)
K3 K3

3Tt would be helpful to find out how the Hodge star operator acts on the bundle valued one-forms

s
oy
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whose moduli dependence is implicit but is expected to be non-trivial. Summarizing,
we see from the results that at order o the charged matter fields and bundle moduli
have non-trivial coupling functions and kinetically mix with the B-field scalars.

3.3.2 The scalar potential

We now turn to the scalar potential which consists of the terms descending from
(2.1.1) with all space-time indices tangent to K3. A priori, we should expect that the
geometric moduli preserving the Ricci-flatness of K3, as well as the bundle moduli
preserving the ASD condition of the Yang-Mills field strength, are flat directions of
the scalar potential, i.e. V' should be independent of them. Conversely, the charged
matter fields are massless but we saw in that they correspond to deformations
of the Yang-Mills field strength which violate the hermitean Yang-Mills equations.
Therefore the scalar potential should depend on them in a non-trivial way. From
we also know that only selfdual components of the Yang-Mills field strength
can appear in the scalar potential. This reasoning is generalized here to the relevant
fluctuations in ((3.1.14]).

Recall from (2.4.7) that the scalar potential in six dimensions arises from dimen-
sional reduction of the Yang-Mills and Gauss-Bonnet term in (2.1.1]). Including the
numerical factors, the scalar potential in the Einstein frame reads

where F, is the selfdual component of the Yang-Mills field strength with all indices
tangent to K3[] Instead of F we include here all relevant fluctuations F' = F + f
which were derived in section [3.1.1} Terms like F'; can arise in two different ways.
First, the K3 metric deforms in such a way that a previously ASD background solu-
tion F acquires selfdual components. If the Yang-Mills bundle is not able to adjust
accordingly to another ASD solution, the corresponding K3 moduli are stabilized.
From the functional dependence of the projector it follows that a quadratic
mass term of the corresponding K3 moduli is generated.

V> —%e¢/ tr(F A PLF)
. (3.3.19)

— —%6¢PJLtft§/ tr(y' nr Ank)
K3

where we locally expanded the background field strength as F = ¢! ® n; with local
sections ¢! € T'(End Tg3). Second, for a fixed K3 metric, the charged matter fields,

4For brevity we leave out the label 2 in the expressions Fj, f5, etc. which indicated that two
space-time indices are tangent to K3.
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despite being massless, correspond to deformations of the Yang-Mills field strength
which violate the hermitean Yang-Mills equations according to (13.1.22)). Therefore,
the scalar potential should explicitly depend on the charged matter fields. In the
standard embedding the first mechanism does not apply because, due to F = R, one
always has an ASD curvature at each point in the K3 moduli space. In any case,
we consider continuous deformations of the gauge bundle curvature f, resulting from
the restricted set of deformations of the connection a as described in section 2.4.1]
By assumption, these do not change the topology of the bundle, especially its second
Chern character

o= [ wtran = [ wttnro+ [ wtrar. (3.3.20)

Due to the signature (3, 19) of the K3 intersection matrix, the two terms are actually
of opposite sign. For consistency the deformations either satisfy (in cohomology)

f+=f-=0 or fe#0, f-#£0. (3.3.21)

For a non-trivial scalar potential it is necessary to have the second case.
In the following we will show that the above conditions, together with a vanishing
theorem, rule out all terms except one from the list to appear in the scalar
potential. Let us check the conditions for the bundle moduli (and vanishing

matter fields) where we know a priori that no potential exists. The only contribution

then comes from (3.1.22)) and reads
fE3©E) = §&as Naje,s T, € HY(K3,End Ts) - (3.3.22)

This is a non-zero deformation of the background, which can possess selfdual and anti-
selfdual components. We now show by contradiction that the selfdual component is
trivial in cohomology. Any two-form in H?(End Tx3) can be locally trivialized as

f3% = figw e I'(End Tks) @ A%(K3) , (3.3.23)

where w;, ¢ = 1,...,6, is a local basis of two-forms (on a four-dimensional space).
Since the zero modes in o, are d4-closed so is their product, daf (1,3) — 0. This is a
local property which implies

0=ds(f' ®@w) = (daf) ANw; + f(dw;) . (3.3.24)

Assume now that there exists a non-trivial selfdual component ff’S) € H3(End Tgs).
Then (3.3.24) is satisfied for some selfdual two-forms w;. In fact, A2 (K3) is a three-
dimensional vector space and we know from section that there is a basis consisting
of Ji, Jo, J3. These two-forms ar d-closed and exist globally, hence, (3.3.24]) implies

0=daf" = (daf) Awis . (3.3.25)
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That is, there exists at least one global covariantly constant section f; € I'(End Tgs3).
However, since End Tg3 is a nontrivial, irreducible bundle, no such section (except
the zero section) exists. Equivalently, global sections are counted by the cohomology
group H°(End Tx3) which we showed to be zero in section m This argument can
be generalized to all terms f5 in which take values in a non-trivial bundle.

[ = e =0, (3.3.26)

where all terms with the bundle moduli and/or the charged matter fields are included.
It follows that fJ(r133’1) is the only contribution to the scalar potential. This is con-
sistent with the constraints of supergravity in six dimensions, where only a D-term

potential exists containing the Killing vectors of the corresponding charged fields. We
compute the selfdual component of (3.1.28)) in appendix . The result reads

~ T . 1 y
(183.1) _ & _Zgij:] EpijQ n\x Cj_ 3.3.27

In six-dimensional supergravity the D-term is valued in su(2) g as shown in ([2.3.9)).
Therefore, from the matrix in (3.3.27) we can deduce that the R-symmetry of the
six-dimensional theory is just given by the SU(2) = SO(3) group which rotates the
three complex structures (Jy, Jo, J3) on K3. In fact, the D-term with values in the
Pauli matrices 0(*) can be derived by taking the projection integrals

fr=D"9J, D& =11 fra,. (3.3.28)
K3

Inserting this into (3.3.18]) the full scalar potential takes the formﬂ

V= _%‘ed)Dn(S)Dm(t)tr(TnTm) / Jo N\ Jy
K3 (3.3.29)

_ & P )
The actual D-term is then identified by including the volume factor as

n(s) _ 1 n
b= [ sin

1)

(3.3.30)

=L

@ (\/%pij(f ) _Z'\/%T/Pija(?)a _Qigijaw)) (7")% 95 -

where we abbreviated the half-hypermultiplet doublet as ®% = (C¥,e™(C;,)T. Hence,
our result for the scalar potential is consistent with the generic six-dimensional su-
pergravity (2.4.35)). It is a quartic potential for the charged matter fields which may

contain flat directions (which depend on the K3 moduli). In these directions the
moduli space of vacua has a Higgs branch, where the gauge group is broken further.

5The sign in V changes here because for anti-hermitean generators we have (T Thn) = —0nm.
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3.4 Geometry of the hyperscalar sigma model

In this section we interpret the hyperscalar sector of our derived six-dimensional
Lagrangian £, as a non-linear sigma model. The scalar fields take values in a target
space M whose metric is determined by their kinetic terms. Since compactification
on a further torus, i.e. on K3 x T2, leaves the hypermultiplet sector unchanged, we
can interpret the results as part of an N' = 2 locally supersymmetric theory in four
dimensions. In both cases, supersymmetry restricts the target space of hyperscalars to
be a quaternionic-Kéahler (QK) manifold with a constant negative scalar curvatureE]

The simplest non-trivial QK sigma models are given by the quaternionic projective
space HIP" and its pseudo-Riemannian analogues. Using homogeneous quaternionic
coordinates as in ([2.3.17)), the quaternionic Fubini-Study metric on HIP" for example
reads [132]

g2 — HAQT-dQ) _ wr(Q-dQ) tr(dQT- Q) (3.4.1)

tr(QT - Q) tr(Q - Q)

where Qf - Q = Yoo Q*'Q%. Further examples are given by ‘quaternionic-Kahler
quotients’ thereof [123], 131] or symmetric coset spaces of the form G/K with holon-
omy group K D SU(2) x Sp(ng). Symmetric QK manifolds (with positive scalar
curvature) are classified as the Wolf spaces [133]. They have non-compact analogues
with indefinite metric signature. The other homogeneous non-symmetric spaces have
been classified by Alekseevskii [I34]. Further examples (of dimension 4n) are given
by a certain reduction, the ‘superconformal quotient’, of hyperkéhler cones (of di-
mension 4n + 4) [135]. From the type II string theory compactified on Calabi-Yau
threefolds, another class of QK manifolds is known as ‘special QK’ or as QK man-
ifolds in the image of the c-map [I05]. These have the special property that there
exists a special-Kahler submanifold inside, such that the full QK geometry is gov-
erned by the Kahler prepotential of the submanifold. The explicit c-map metric is
also known under the name 'Ferrara-Sabharwal metric’ [106]. It describes a fibre
bundle of Ramond-Ramond scalars over the special-Kahler base space of complex
structure deformations.

Our results for the kinetic terms in section suggest that the scalar target
space should also be viewed as certain fibre bundle. All coupling functions only
depend on the geometric K3 moduli which therefore should span the base manifold.
The union of the K3 moduli and B-field moduli, encoded in the moduli space My
in , is divided by the Yang-Mills scalars which only mix with the B-scalars.
However, as mentioned before, the very definition of the matter fields requires the
specification of HY(K3,R), i.e. a choice of specific complex structure on K3. This
formally breaks the SU(2)g symmetry of the hypercomplex structure and hence, the
common moduli space M g3 gets divided into complex structure and Kahler moduli.

6We refer to the review [130] for the mathematical definition of a quaternionic-Kéhler manifold.
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However, unlike for Calabi-Yau threefolds this factorization can only be locally defined
at each point in the moduli space, and is somewhat arbitrary. It would be helpful
to restore manifest SU(2)r symmetry in our final expressions. Hence, we consider as
the base manifold the space of complex structures on K3 which is known to be the
Grassmannian manifold [I0§]

S0(3,19)

Ma = SO(2) x SO(1,19) ’

(3.4.2)

of dimension 40| For every fixed complex structure the Kihler form can be chosen as
a positive vector in HY1(K3,R) = RY9. The volume modulus is counted separately.
Hence, over each point in Mg, there is a fibre M ; of Kahler moduli. Next, over each
point in M ; (and fixed gauge bundle topology) there is the fibre of charged matter
fields M, an independent fibre of bundle moduli M, and the fibre of B-scalars M.
This fibration can be summarized by the projections

(MC X Mg) X MB — MJ — MQ . (343)

The basis for the analysis of the sigma model target M space is its metric defined
by the kinetic terms of section [3.3.1] Since this turns out to be quite involved we
will consider in the following certain submanifolds of M. As a first simplification
we truncate the bundle moduli out off the theory because their coupling functions
are only known in terms of abstract integrals. Second, we neglect the gauging of the
matter fields under E7, i.e. we replace the covariant derivatives by normal differentials.
The remaining sigma model metric is then given by

ds® = Thpdtldt] — GzdVdV — g;;dCidCY
— g (A + ML (CFdCy, — CrpdCF) + Nhe,, 02dCY + NLe™CrdCy,))
(3.4.4)
This metric should still be quaternionic-Kahler since we truncated a number of full
hypermultiplets.

Let us collect some facts about the parametrization of the geometrical moduli
space Mys which we used so far. The 66 fields t!, defined in (2.2.30)), are not
independent but subject to six normalization conditions and three equivalence
equations . Therefore, we first introduce a reference point p € M3 which is
defined by the background values

(t1,t3,t5) = (01,05,03) , (V) €RT, (3.4.5)

and which satisfy the normalization (2.2.30]). That is, p defines a fixed (but arbitrary)
background metric on K3 where we choose the three-plane H, C H?*(K3,R) to be

"Here we neglect modding out Mg by the discrete automorphism group of H?(K3,7Z).
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spanned by the first three basis elements 7,79, 73. Infinitesimal metric fluctuations
are then orthogonal to H, and satisfy the linear equation

pritit! =0. (3.4.6)

Choosing a (non-integral) basis such that p o« diag(1,1,1,—1,—1,...), the fluctua-
tions can be parametrized by V and

th s, A=4,...,22, (3.4.7)

which are 57 independent and unconstrained fields. They define the tangent directions
in T, M k3. Using these fields the only natural hypermultiplet pairings of M3 are

given byf
O = vt e ey, A=4,...,22

0 = {V, b1, 5%, 1%} .

Note however that these scalars do not build complex doublets of SU(2)g as described
in section [2.3.1) but rather (#{,#5,¢5) and (b, 62, b3) are triplets whereas b4 and V
are singlets.

(3.4.8)

3.4.1 Charged scalar fibre

Before considering the total space let us study the charged matter fibre for fixed
geometrical moduli and B-field. First, the charged matter fields occur as half-
hypermultiplets, consistent with their pseudoreal gauge representation 56 of F;. In
contrast to the geometric moduli of M g3, the matter fields arise naturally as doublets
of the SU(2)r symmetry, as we already manifestly used in the formulas above. Let
us see how the SU(2)g acts on these fields. Recall from that the Kaluza-Klein
expansion is

56,2 T a Ty _a M — \b
a% ) — (C’j (wj)* +e"e Bij(wj)b)Tm ; (3.4.9)

where (w;)* € HY' (K3, Tx3) and €% (w;)® € HY(K3, Tks). We know from section

that the tuple (7Txs, 7T x3) and hence also (T4, T g3), i-e. the tuple of (1,0)- and
(0, 1)-forms, transforms as a doublet under SU(2)g. Therefore the coefficients of the
one-forms in (3.4.9) also transform as the (dual) doublets

Cc _ C;
T — 1 .= J
(PJ (ga:yojy> ’ cbja: <€ccycjy) ) (3410)

where we recognize the generic half-hypermultiplet structure (2.3.13)). This is in fact
the reason why we expressed all couplings as quadratic forms involving the doublets

in (3.4.10).

8There is an analog statement in [98] due to conformal field theory methods.
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Let us consider the sigma model metric (3.4.4]) restricted to the charged fibre
directions

dst = —gi;dCLACT* — & g1y (M} (CECh, —CrodCF )+ Nie 1 C2ACY+ NL™Cd Ty )

(3.4.11)
This metric resembles a Fubini-Study metric on the quaternionic projective space,
written in homogeneous coordinates [I31]. For a complete match with the Fubini-
Study metric, the coupling functions should combine to a form which can be expressed
entirely in terms of g;;. This is however not the case and we rather find

graNLNT = 4pripmn
QIJN;QN = QIJN;QN

J N
mn mn

=0,

917 My Ny, = Z'\/g(Puka + oo 5 (8 = it3) poan
graMEM? = =2V G110 — 2Vtsitaitamtan
-V [(tlk + dtor) (t1m — itom ) tartan + (t1 + itay) (t1n — itan)tsktam

+ (t1g + itog) (t1n — itan)taitsm + (tu + ito) (T — itzm)t:skt?m] .
(3.4.12)
We will see in the next section that these expressions simplify if we consider the limit
of frozen complex structure moduli.

3.4.2 Fixed complex structure limit

Since the quaternionic geometry of the full sigma model is hard to handle, we study
in this section truncations of the geometry which resemble the more familiar N' = 1
case in four dimensions. In particular, we search for Kéhler submanifolds of the full
target space. We saw in section that the matter fields in the standard embedding
require the specification of Txs3 which requires a specific complex structure on K3.
Therefore, we formally divided the geometric moduli space Mgz into the moduli
space of complex structures and the moduli space of the Kéahler class. This division
is unnatural from the global point of view but can be done at least locally, in a
neighborhood of each point in M 3. Clearly, the hypermultiplet structure is broken
by this division. Recall from section that a Ricci-flat metric on K3 is given by the
orthonormalized triple (Ji, J2, Jo) € H*(K3,R) modulo SO(3) rotations. We define
the Kéahler form J and the holomorphic two-form by

J=VVJs, Q=5(i+il). (3.4.13)

The corresponding moduli fields ¢, ¢ 2 showed up in the coupling functions ({3.3.12))

already in a distinguished manner. We take the complex structure moduli space Mg
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in (3.4.2) as the base which is parametrized globally by a set of 44 homogeneous
coordinates t!, t subject to the conditions

pritit] =6, t~tE=RM , RecSO2). (3.4.14)
Locally, it can be parametrized by choosing a reference point ¢ € Mg via the back-

ground values, say
((t1), (t5)) = (61,83 - (3.4.15)

Here we take the two-plane Q € H?(K3,R) to be spanned by the first two basis
elements 71,7m2. Infinitesimal deformations are then orthogonal to 2. Choosing a
basis of H?(K3,R) such that p = diag(1,1,1,—1,—1,...) the deformations can be
parametrized by a set of 40 independent fields

£ty i=3,...,22. (3.4.16)

For every fixed complex structure, the Kéhler form can be chosen as a positive vector
in HY(K3,R) @ RYY, yielding twenty Kéhler moduli ¢ (with the volume modulus
included). They are related to the previous moduli t; by

th =Vt pytit =2V . (3.4.17)

Together, two unphysical moduli are included for the time being, which can be elim-
inated by taking the full hypercomplex symmetry SO(3) into account.

We now show that, given a fixed complex structure, the remaining (complexified)
Kahler moduli span a Kahler submanifold. Let us choose the reference point ¢ from
(3.4.19) and freeze the complex structure deformations ¢{, = dt{, = 0. The sigma
model metric of M g5 in this case reduces to

ASfred 5. = Thidtidt] — s>dVdV = — L g;dt'dt’ (3.4.18)
where g;; is the coupling function (3.3.8)) ﬂ This metric can also be written explicitly
in a Fubini-Study-like form (with homogeneous coordinates)

dt-dt  (t-dt)(t-dt)

ds; = - 4.1
Sfixed c.s. o -t (t . t)g ) (3 9)

where we abbreviated ¢ -t = p;;t't/. From (3.4.18) we see that in this limit, the
leading coupling functions of ¢ and b’ coincide to be g;;. Hence, if we additionally
freeze b' and b? the remaining fields combine to complexified Kihler moduli whose
metric reads

ds2omplk. = — B 0idt'dt) — & gydbidy = Ky;dT'dT7 . (3.4.20)

9Note that the background values from ([3.4.15]) disappear from the metric expression due to the
orthogonality condition prs(t] o)t5 = 0 = pry(t] )dty.
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The Kahler potential given by
K =log(pi(T" + TV)(T" + T7)) , T'=3t'+ b . (3.4.21)

This is just the standard Kéhler potential of the Kahler moduli, i.e. K = log(2V).
The submanifold of Mg; described by is the fibre of complexified Kahler
moduli over the base of complex structure moduli. This result is invariant under
the hypercomplex symmetry SO(3) because for any other choice of the Kéhler form,

different from (3.4.13)), an equivalent submanifold exists.

3.4.3 Inclusion of the matter fields

Starting from the fixed complex structure limit, described in the previous section,
we now include the charged matter fields. The truncation of the sigma model metric

(3.4.4) takes the form

— o593 (V' + M, (CrdCiy — CipdCR)) (db 4 M, (CrdCry — Cldeéf)) )

3.4.22

Recall that the terms involving N}, were absorbed by the redefinition of b! and

b? which then are frozen. All couplings now only depend on #!, hence we can interpret

the matter fields as fibred over the (complexified) Kdhler moduli space. Moreover, in

the fixed complex structure limit we have the following algebraic equation between
coupling functionﬂ

9ij = — 55 P M;t" (3.4.23)

which is similar to a relation in the Calabi-Yau three-fold case [91]. The charged
scalar fibre metric now takes the form

dé%v = —gde’deJw + %(gklgmn + tgktgltgmtgn)(ckxdélm - C’lIdC’,f) (Cgldény - C’nydC’ﬁ{l) .

(3.4.24)
which resembles the metric on the quaternionic projective space [123]. Note that the
metric is diagonal in the 56-index such that the charged fibre has the structure C®5
for some manifold C. It is tempting to expect that the full metric can be
described by the standard modification of the Kahler potential

K =log(2V) = log(ps (T" + T + 2iM};,Crou C7)(T7 + T7 + 2iM;,CuCF)) , (3.4.25)
where the complexified Kéhler moduli are now defined by [92, 03]

T' = gt' + J5b' — My (1) CrC7 (3.4.26)

1OWe did not find a simple generalization of this equation (including the functions NY;) in the
non-fixed complex structure case. Regarding only the complex structure moduli, we have the similar
relation p;; = ipKLNiI;(t{( + itk).
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However, we find that the metric derived from (|3.4.25) not only reproduces the terms
in but also additional terms, most importantly mixing terms between matter
and geometric moduli ~ CdCdt + c.c.. We derive them in appendix . Clearly,
they arise due to the moduli dependence of the coupling function Mj},(¢). One may
conjecture that the unexpected mixing terms also occur in the dimensional reduction
if the Lorenz-Chern-Simons forms are properly taken into account.

3.4.4 Isometries

For the identification of the full quaternionic-Kéhler space it might be useful to find
the isometries of the metric (3.4.22)). For example, it is known that 4n-dimensional
QK manifolds with n + 1 abelian isometries are in the image of the superconformal
quotient and can be classified by a homogeneous function. In this case, the (neutral)
hypermultiplets are dual to superconformal tensor multiplets [135-H137].

Considering the standard embedding on K3 (and neglecting the bundle mod-
uli) we have a spectrum of twenty moduli-hypermultiplets and 20 - 56 matter half-
hypermultiplets, spanning a target space of real dimension 2320. Let us consider the
isometries of the hyperscalar sigma model which can be read off from the coordi-
nate expression of the metric . As already mentioned, the charged fibre has
the structure C®% such that we clearly have SO(56) as part of the isometry group,
containing 28 abelian isometries. Additionally, there are circular translations inside
each C

C* s 90" (3.4.27)
constituting 56 further abelian isometries. From the charged fibre metric (3.4.24)
we see that the couplings are not diagonal in the generation indices 7,5 = 1, ..., 20.

Therefore, the isometries ((3.4.27)) only act simultaneously on all generations. Isome-
tries mixing the generations are only given by the combined action of O(1,19)

=0, V=0, C"—0,C%. (3.4.28)

This corresponds to base transformations in H*'(K3,R) for a fixed complex struc-
ture and contains ten abelian isometries. We also expect the full metric to
be invariant under SO(3) rotations of the hyperkdhler structure of K3, i.e. under
t! — Rt/ which is however not manifest in our formulation. Together, the low
number of abelian isometries and the fact that we are dealing with charged hypermul-
tiplets seems to make a description in terms of the dual tensor multiplets impossible.

3.4.5 Orbifold limit

In this section we perform a further truncation of the hyperscalar sigma model and
compare it to a known orbifold limit of the heterotic string compactified on T*/Zs.
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An orbifold of K3 is a singular deformation limit of its metric such that the non-zero
curvature gets asymptotically concentrated at separate discrete points. Apart from
these points the manifold is flat such that the string world-sheet can be quantized
rigorously on this background. The singular geometry can be described by a flat
torus 7% acted upon by some discrete symmetry operation Zy. The symmetry ac-
tion typically has fixed points with non-trivial holonomy, therefore these fixed points
can be identified with the singular points of infinite curvature. The massless string
excitations on an orbifold are divided into the ‘twisted’ and ‘untwisted’ states. The
former are states located at the fixed points while the latter are states propagating in
the ‘bulk’; i.e. the flat region in between. The supergravity approximation of string
theory assumes that [y < L where L is any characteristic length scale of the com-
pactified space. For orbifold limits of K3 it is known that certain two-cycles shrink
to zero at the fixed points which clearly violates this assumption. As a consequence,
to compare the supergravity approximation to orbifold string calculations it is more
reliable to consider only the untwisted state sector.

There exists an orbifold construction which mimics the standard embedding on
K3, realized by a non-trivial gauge shift vector [117]E-] In this case the unbroken
gauge group in six dimensions is F; X Eg and the massless spectrum of the standard
embedding is reproduced

(56, 1)™ @ 2(1,1)™" & 9(56,1)™ @ 45(1,1)™ & 18(1,1)"™ . (3.4.29)

In the untwisted sector there are two hypermultiplets of geometrical moduli and one
matter hypermultiplet. Furthermore, it is known that the hyperscalar sigma model
of the untwisted orbifold spectrum is described by the coset space

SU(2,2 + 56)

Mo = U(1) x SU(2) x SU(2+ 56)

(3.4.30)

obtained by a compactifying the heterotic string on the torus 7% and then performing
a suitable truncation [94]. The manifold (3.4.30)) is known to be quaternionic-Kéhler
and Kahler, with a metric determined by the Kahler potential

K = —logdet(T +T" — 20°®]) . (3.4.31)

Here &% = (&7, @) is a doublet of complex fields constituting one hypermultiplet as
in (2.3.12)) and 7" is a 2 X 2 complex matrix given by

(Ty;) = ( 11 +1iBi1 + (1)1(?1 12 +1B12 + @1@2 )
1] - .

~ } . 3.4.32
J12 + 1812 + ©2P4 G253 + 1Bog + PP ( )

It contains the real g1, g3 and the complex g2 metric elements and the the cor-
responding components of the B-field. Here the 56-index was omitted such that

" The shift vector corresponds to a vector in the Cartan subalgebra of Eg x Eg which partly defines
a non-trivial line bundle.
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(IMI)]- = @f@jm includes a summation over the 56 components. In the following we
compare the orbifold result with the fixed complex structure limit of our smooth com-
pactification. On the orbifold side, the fixed complex structure limit can be realized

by setting g1o = 0. In this limit, the Kahler potential (3.4.31]) yields the kinetic terms
Ko, 1,,dTyd Ty = - dTndTin+ g dToadTos + -~ (dTh2dTio +dTodTh:) , (3.4.33)

35 4911923

Kpp,dP;d0; = (1 + 2222 4 %)d@ldél +(ch+ g o)1) (D, , (3.4.34)

911 911922 911922 955

1Ty dd

2011905 2102
(3.4.35)

Inserting (3.4.32) we get the kinetic terms in terms of the Kaluza-Klein modes [93, [94].
The leading term for the charged scalars reads

> Ldddd; . (3.4.36)

i=1,2

KTij@de’ijdék - —%dTlld(i)l - %dngdéQ - Lo dled(T)l -

2911923

The terms for the two complexified Kahler moduli read

> o |dgi; + idBj; + ®;d®; — B,d®,[* . (3.4.37)
i=1,2
The terms for the off-diagonal fields in T" read
tyas; ([{dBio + @1d®y — ©2d®: [* + [id By + ©2d®y — ©1dPs[*) . (3.4.38)

We now compare the above kinetic couplings with our results coming from
the smooth K3. To make contact with the ones just derived, we have to take the
orbifold limit and identify the K3 moduli related to g;. The T?/Zj limit of K3
corresponds to taking the three-plane H, orthogonal to 18 two-cycles with intersection

matrix -
ago— (201 (3.4.39)
2 1 _2 9 . .

which corresponds to a vector space of signature (0, 18). The remaining geometrical
moduli space is given by the embedding H, C R*' C H,(K3,7Z). The basis elements
of R*! correspond to the two complex two-tori (that we call 1y, 7,) spanned by the
coordinates 2, plus two two-cycles (called n3,7,) with positive self-intersection and
that are not of type (1,1). In the following we denote by 7; the two-cycles as well as
their Poincaré dual two-forms. They have the following intersection matrix:

0 3

30 (3.4.40)

12The statements about intersection matrices of singular limits of K3 have been computed by
Roberto Valandro.
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The complex structure is fixed by restricting €2 to live in the positive definite subspace
spanned by {ns,n,4}. Then the remaining Kahler moduli are given by the expansion

J=t"n +t*n (3.4.41)

and can be identified as g; ¢ t'. The volume modulus is given by V = 6t't2.
Similarly, we consider the Kalb-Ramond field restricted to 7, e such that

B = b'n; + b*np (3.4.42)
and we can identify B; < b’

The coupling function in front of (3.4.37) matches with our formula (up to a
numerical constant) as the truncation of the smooth result reads

2 1
$9i = %/ N A X1 = o (t1 tl) = (6“1)2 . > (3.4.43)
K3 2 6(t2)2

The truncation of our leading coupling of the charged matter fields reads

2
gij = / i /\*T]j = (tl tl) y (3444)
K3 2
which does not match with (3.4.36|) but suggests the correspondence

&, =VE2C,, By =VilC, . (3.4.45)

The same redefinition also works for the match of the coupling function M}, which is
linear in the Kahler moduli. The truncation of our smooth result reads

M112:M122:M121:M212:07

M, = 6it* | M3, = 6it" .
However, the redefinition (3.4.45)) is problematic since then the Kéhler potential
(3.4.31)) leads to additional kinetic terms as ~ C,C,dt*dt?* which are unexpected.
This problem may be connected to the similar undesired kinetic terms mentioned in
the previous section. A possible way out is a refinement of the isomorphism (3.1.10))
at the very first steps of the calculation according to

(W) = ”ggﬁﬁo‘ﬁ(m)aa ; (3.4.47)

where we added a moduli dependent function

b — (/KBJA%)’% _ (3.4.48)

If the zero modes w; are treated as constant over six-dimensional spacetime, the results
from the Kéhler potential are reproduced in the orbifold limit. However, the
general sigma model gets complicated dramatically by this change as the simple linear
moduli dependence of M}, is modified to include square root dependences. Also it
should be noted that there is no reason from first principles to include the function
7; in the isomorphism of zero modes.

(3.4.46)



Chapter 4

Effective action from line bundles

In this chapter we consider heterotic compactifications on K3 different from the stan-
dard embedding, i.e. F # R, which satisfy the integrated tadpole condition ([2.1.6]).
Although no Kalb-Ramond flux exists on K3 due to H3(K3,R) = 0, we generically
have H # 0 such that

dH =d'(tr RAR —tr FAF) (4.0.1)

is satisfied locally. The back-reaction onto the internal geometry is well known and
supersymmetric solutions satisfy the Strominger equations [70]

d*J =i(0—0)n|Q| ,
H==L0-0)J, (4.0.2)

HQH2 — o 4(@+20)

Y

where J is the fundamental two-form of a complex structure and €2 is a holomorphic
volume form. In particular, H # 0 implies that J is not closed, thus Kéhler man-
ifolds (and hence Calabi-Yau manifolds) are excluded. In the case of four compact
dimensions, it is known that the Strominger equations can be solved by a conformal
deformation of the Ricci-flat K3 metric

Jmn = e%gﬁﬁ , (4.0.3)

yielding a ‘conformal Calabi-Yau’ [76]. The hermitean Yang-Mills equations, relating
F and J, are conformally invariant and hence unaffected. Therefore, the analysis of
section can be applied to the conformal K3 without changes. The simplest gauge
bundles, apart from the standard embedding, are given by principal bundles with
structure group U(1). These backgrounds have been studied intensely [56] [79] [84) 5]
138H143] for being able to yield smaller unbroken gauge groups, including unbroken

69



70 CHAPTER 4. EFFECTIVE ACTION FROM LINE BUNDLES

U(1) factors, and standard model like particle spectraﬂ All irreducible associated
vector bundles are one-dimensional, hence these backgrounds are also denoted as
complex line bundles.

In the present chapter we consider K3 compactifications with line bundles, where
the tadpole condition is solved by assigning F to be the curvature of one (or several)
principal U(1) bundle(s) . Let us, for simplicity, describe a background with one U (1)
bundle L inside one Ey factor. The gauge group is then broken according to

By — G x (UQ1)) | (4.0.4)

where G is the commutant of U(1) inside Fg. Since the Lie algebra of U(1) is iR, its
field strength is a usual differential two-form. Moreover, U(1) bundles are completely
characterized by their first Chern class ¢, (L) given by

ci(L) =itrF € H*(K3,Z) . (4.0.5)

Therefore, line bundles are equivalent to integrally quantized, two-form fluxes| A line
bundle is specified by a vector X in the Cartan subalgebra Eg X Fg and an integral
linear combination of the two-cycles of K 3E| X determines the group theoretical
embedding and the unbroken gauge group while the two-cycles determine the location
of the flux. It can be expanded as

iF=X@mln, I=1,..22, (4.0.6)

with 7; being an integral basis of H%(K3,7). Note that in our convention JF is anti-
hermitean, i.e. imaginary in the Abelian case, such that i¢F is a real valued two-form.
The flux satisfies the quantization condition

@/ trF = —||X|| m! €7Z, (4.0.7)
I

for all integral two-cycles I'y € Hy(K3,7Z). Here || X]|| is the Euclidean norm in the
Cartan subalgebra of Eg. If there are several line bundles we label their field strengths
by F* , n=1,...,N

iF" = X"@m!™y; . (4.0.8)

In the standard embedding further gauge symmetry breaking of E7 (or Eg for Calabi-Yau three-
folds) to the standard model gauge group is problematic due to the absence of adjoint scalar multi-
plets. Non-simply connected Calabi-Yau manifolds and discrete Wilson lines have to be applied in
this case.

2There exist no abelian local instantons on K3 because in four dimensions these are characterized
by the winding number of the map S3 — U(1) which is trivial, i.e. 73(U(1)) = 0.

3The specific choice of two-cycles can be motivated by making contact with heterotic orbifold
models which arise as singular limits of K3 with shrinking two-cycles [56] [57].
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Since Fg X FEg has rank 16, there are at most 16 independent line bundles available.
The integrated tadpole condition then takes the form

24 = %/ tr(FAF) =—LX" X)) m"m "p;; . (4.0.9)
K3

Here - is the Euclidean scalar product in the Cartan subalgebra and p;; is the two-
cycle intersection matrix of K3. The hermitean Yang-Mills equations for line
bundles take a particular simple form. If we denote by F € Hy(K3,7Z) the two-
cycle combination Poincaré dual to the flux and by H, € Hy(K3,R) the positive
three-plane defining the K3 metric, the bundle is hermitean Yang-Mills if

FLH,. (4.0.10)

Here orthogonality is defined with respect to the bilinear intersection form p;;. Due
to the quantization condition (4.0.7)), the gauge flux is rigid and cannot be deformed
continuously. According to the general argument in section [3.3.2] this stabilizes some
of the geometrical moduli, as we will show in section [4.3.1]

In the following sections we derive the six-dimensional effective action. However,
in contrast to the standard embedding, our result involves abstract integrals which
we cannot solve explicitly such that the moduli dependence is hidden. Hence, we can
only show here that the effective action is consistent with six-dimensional supergravity
without knowing the details of the hypermultiplet sigma model. Instead we focus on
two aspects which are peculiar for line bundle compactifications: moduli stabilization
via Fayet-Iliopoulos terms and the occurrence of Stiickelberg masses for (some of) the
unbroken U(1) gauge bosons.

4.1 Yang-Mills sector

For simplicity, let us assume that the background is given by a single U(1) bundle over
K3 asin (4.0.4). The massless matter spectrum is determined by the decomposition
of the adjoint representation

248 — (g,10) ® (1, 1) P (R, 1,) @ (Ri, 1)) , (4.1.1)

where g is the adjoint representation of G while the second term includes 1 as the
adjoint representation of U(1). The R; are model dependent representations of G
and 1,, are representations of U(1) with charge ¢;. The right entries define associated
vector bundles Ey, which are tensor products of the line bundle L with charge ¢:

Fi,=L"=L®..®L. (4.1.2)
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Negative charges correspond to the dual bundle, L=' = L*, and L° = O is the trivial
bundle. Since 1, is a complex representation for ¢ # 0, the matter fields occur as full
hypermultiplets in vector-like representations. Applying the deformation theory of
gauge connections to this setup yields the multiplicities of the corresponding massless
fields. Specifically, one finds via the chiral index theorem

RO (LY) = —2 — ¢*chy(L) , (4.1.3)

where chy(L) = —% [ trF A F is the second Chern-character. Moreover, no bundle
moduli exist, as u(1) = F4, is the trivial line bundle. In other words, the endomor-

phism bundle is End L = L® L* = L° such that all transition functions can be chosen
to be the identity. According to (2.4.39) the multiplicity of bundle moduli is given by

H%'(End L) = H*'(K3,R) =0 . (4.1.4)

Applying the analysis from section [2.4.2] the Kaluza-Klein expansion of the gauge
potential reads

a=Vi+ vV,
o R; i ~R,; -—q; AR _ —q; R; i (415)
ai = Z (O @uwp + O @ w0, ") + (D @@ + Dy @ @y

1

Here V9 is the six-dimensional gauge potential in the adjoint representation of G.
Additionally, there is the abelian gauge potential V!, hence, the U(1) defined by the
line bundle is (possibly) part of the unbroken gauge group in six dimensions. We will
see in section however that generically the gauge fluxes generate Stiickelberg
masses for the abelian gauge bosons. For ¢; # 0 the representations in are
complex and always occur pairwise, with corresponding charged scalars Cy,, and Dy,
respectively. Their four real degrees of freedom align in one hypermultiplet in the
representation R; @ R;. The zero modes belong to

wip € HY (L% | w0, e HY(L™%) |
(4.1.6)
wi € HY (L% | @, "€ HO (L%

with multiplicities k; = 1, ..., h%1(L9). Moreover, according to (2.4.24]) the zero modes
are annihilated by the operators d4, Ay, and Ap,. The scalars are grouped into a
hypermultiplet as a doublet of SU(2)g

oy = (Ci', D) - (4.1.7)

The Kaluza-Klein expansion of the field strength is performed analog to (3.1.13])
such that we only give the result here

F=RB+B+Y N+ i+ 1 (4.1.8)
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Here f3 = dV' is the abelian field strength and f§ = dV9 + [V V9] is the non-
abelian field strength in six dimensions. The terms with one external and one internal
tangent index give rise to gauge covariant derivatives of the charged scalars,

=DV Awli, DO = ddR — g,V OR — V7, 0)R (4.1.9)

Finally, the term f5 contains possible contributions to the scalar potential. By the
same reasoning as in all terms with values in non-trivial internal bundles
have vanishing selfdual components such that the only relevant terms for the scalar
potential read

\T
R =4 % % Qi R;
(0,10) C W AWE OTE ANw C
L= Z (DRi> (@—qi Awli g d /\wa) (") (DRZ ’ (4.1.10)

C’Rz O N WwE o A ol CRi
fg(l’lo Zq’ ( > (@—qi Awl @ %A w‘h) (H) (DRz) ) (4‘1‘11)

where we suppressed the multiplicity indices. Here 7% are the g-generators in the
appropriate representation R;. The products of zero modes belong to H?(L% QL™ %) =
H?(K3,R).

4.2 Kalb-Ramond sector

The Kaluza-Klein reduction of the Kalb-Ramond field is essentially the same as in
section |3.2] so we only present the new features. The coupling between the b-scalars
and the charged scalars again arises from the wYM component of the Chern-Simons
three-form. But due to the abelian character of the flux the non-vanishing terms are

wy. 2 Ztr(f1 3 SR“ “ 4 c.c.) + tr (.7—"1 A a}) . (4.2.1)

Compared to the standard embedding result we see that the second term
in is new here since in the present case there exists a six-dimensional gauge
boson in the same representation as the b(a_c)kground field strength F. The first term
in generates the skew-symmetric ® D ® couplings and the second term affinely
gauges the b-scalars under the unbroken U(1). Using the expansion F = —iX @ m!n;
we get

5. <2
dBy s + oWl = (db — o/ VY| X|2m) 771+a’2tr<(1>RiD(I>Ri> L (4292)
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where the skew-symmetric derivatives (including the zero modes) are given by

w4 CRi ! W AWE oAl DCRi

~R,; — —ai 4 =i ai R,
Dy Wy AWy @ ANy, DDy,
~R.; T —a. . — . . R
DC,* oAl o ANl (CFF
1 ki ki li ki li lﬁ
2 ~R; — —qi i =G i i :
DD, Wy, ANwy @y, ANy, Dy

4.3 6D Effective action

[\

(4.2.3)

Combining the previous results, the effective action in six dimensions takes the form
Lo=3iRx1 — e HAxH + Le MrFIAKFY — L | X|PFT A «F?

+2dd A xddp + Thpydtl Axdt] — GzdV AxdV

- Z Giitr (Dékﬁii A*DOM) — & gDV AXDY —V 1.

(4.3.1)
F9 is the Yang-Mills field strength of the semi-simple part of the unbroken gauge
group and F' is the field strength of the unbroken U(1) corresponding to the line
bundle. The derivatives of the scalars read

DOR: — dOR — gV IBR — V(1 B
- R (4.3.2)
Dbl = dbl _ Q//V1||X||2ml + a,pljtr<q)kRii(N%eili) D @}j@) )

We see that the scalars quRj = (C,f:i, D,ii) are linearly gauged under the entire un-
broken gauge group. The b-scalars are affinely gauged under the unbroken U(1) due
to the flux of the line bundle, with charges given by the flux vector m!. The Killing
vectors are easily identified as

K;?i = (Taq)ki)Ri )

Ky = g (4.3.3)
K™ = X]|*m",

The coupling matrix (N7, ;) is given by

. o, PAWE o, Al
Vi) = [ m/\( o Al @, ) (13.4)
K3

= —q; i = —q; i
Wy, ANw) @ ANy

This integral is expected to depend on the geometrical moduli, however we cannot find
an explicit expression. The leading kinetic metrics of the hyperscalars were already
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given for hy; and g7y in (3.3.4) and (B.1.5), respectively. The leading kinetic metric
for the matter fields is given by

Ri\ _ y—1 Wit A xiy @ 0
(Gli,) =V /K 3( 0 =0 Aw) (4.3.5)

which is diagonal in the C® and D® fields. Unfortunately, we cannot compute the
moduli dependence of this coupling function either. Therefore it is not possible to
analyze the hyperscalar sigma model in more detail for the line bundle background.

We now turn to the scalar potential. As shown in (3.3.18]), only the selfdual
components of the field strength fluctuations f5 contribute to the scalar potential.
Applying the vanishing argument (|3.3.26)), the only non-trivial contributions arising

from (4.1.10) and (4.1.11]) read
£, = Zcﬁﬁi (Upts) (7@

(4.3.6)
fay = Z‘b Uk )4 @1

where the coupling matrix is given by
inCl J  ter,Q
(Ura,) = i_ S (4.3.7)

Note that a is used for the adjoint g index and that the matrix (U, depends on
the representation R;. As in the standard embedding we find on the diagonal the
scalar metrics G, and Gp, which are the two matrix elements of (4.3.5). In the
off-diagonal entries we find a generalized ‘intersection matrix’

%h:/)%%Aw%AQ, (4.3.8)
K3 '

which we cannot compute explicitly. The terms (4.3.6), (4.3.7) are proportional to
the first two Killing vectors in (4.3.3), hence they are consistent with the generic
D-term scalar potential in six dimensions. Together, the scalar potential reads

V= —%&/ tr ((f2, + Fo) A3, + Fu)) — %e¢/ tr(f3, Axf3,) - (43.9)
K3 K3

Here the selfdual component of the gauge flux appears as a Fayet-Iliopoulos term.
Equivalently to (3.3.29) the single D-terms can be extracted from (4.3.9) by the

integrals
Da(S):L/ oA
W [

(4.3.10)
D) — %/ (for + Fo) A Js
K3
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The generalization of the above results to several line bundles is straightforward.
The b-scalars are then gauged under all abelian factors U(1),, with charges propor-
tional to the flux vectors m!™. For line bundles which are not orthogonal in the Cartan
subalgebra, X™- X™ = 0, kinetic mixing of the different abelian field strengths occurs

Egmx _ _%’e—qb Z(Xm . Xn)Flm A *FI" ] (43]_1)

m,n

In this case also the six-dimensional Kalb-Ramond field contains mixed abelian Chern-
Simons couplings of the form (2.3.6). The scalar potential contains similar mixing
terms

V= Zef(X"X™) /Kg( o)A 21;"+J-“_T)—%’e¢/[(3tr (f8, Axf) . (43.12)

Here fili is the direct generalization of (4.1.11]) containing all charged matter fields
charged under U(1),. The explicit form of the scalar potential reads

V= Xm)/ <Z Oy (Ve )@ p + }iﬁ) A *(Z By (Upt )" Oy + ff)

K3
g Z /K 3 (Z R (U, ) (@) ) A *<Z D (Ura) (@)} ) |

where ¢ is the charge of the field ®®¢ under the group U(1),.

+

(4.3.13)

4.3.1 Moduli stabilization

Recalling the general argument in section the rigid gauge flux of a line bundle
background stabilizes some of the K3 moduli. The hermitean Yang-Mills equations,
or equivalently the anti-selfduality condition, takes the simple form

FLH,, (4.3.14)

in terms of two-cycles and the bilinear intersection form p. Since F is discretely quan-
tized and H, is determined by the K3 metric there exist metric deformations which
violate . If F does not satisfy it contains a selfdual component which
appears as the Fayet-Iliopoulos term in the scalar potential . This is equivalent
to a quadratic mass term for geometrical moduli as we saw in . Hence, truly
massless deformations of the K3 metric are given by all motions of H,, preserving
. Obviously, the more gauge fluxes are present, independent in Hy(K3,7),
the more constrained is this motion and the remaining moduli space is reduced. Let
us consider N line bundles characterized by the flux vectors {m!,...,m~}. If all N
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flux vector are linearly independent, the remaining moduli space is described by the
Grassmannian manifold

- 0(3,19—- N
MK3: ( )

03) x 0o ) <’

(4.3.15)
so there are 3N moduli stabilized and dim(M Kk3) = 58 — 3N. For Eg x Eg we
have N,,.. = 16, which stabilizes all but ten moduli and leaves the gauge group
U(1)' unbroken. For a GUT group to survive at the compactification scale a larger
number of moduli necessarily stays unfixed. Finally, let us mention that the moduli
space of vacua also contains all D-flat directions of non-zero charged matter fields,
satisfying D® = D! = (0. These non-trivial vacua define the Higgs branch of the
six-dimensional theory where the gauge group is broken further and the spectrum of
massless hypermultiplets is reduced [144].

4.3.2 Stiickelberg mechanism and massive U(1)’s

We close this thesis by analyzing the effect of the affinely gauged scalars b’ (cf. (4.3.2))).
Let us first focus on one line bundle for simplicity. In this case the U(1) gauge
symmetry acts according to

Vi— V' 4dy, b — b +a'mlx . (4.3.16)

This implies that one combination of b’ can be gauged to zero with V! becoming

massive which is known as the Stiickelberg mechanismf_r] The mass term (in the
Einstein frame) is found from (4.3.2)) to be

X [PV A *Vl/ tr(F A *F) = =S X[V A «VE ppmlm? (4.3.17)
K3

where we used the ASD condition xF = —F. To identify the physical mass we need
to absorb a factor v/o/|| X|| into V! in order to get a canonical kinetic term as can be
seen from (4.3.1)). Using the tadpole condition (4.0.9)) the physical mass reads

m=44/5 . (4.3.18)
Note that the physical mass only depends on the K3 volume.

If there are N line bundles with flux parameters m!® = (m’!,...,m), the b are
coupled to all of them and generically all U(1)’s become massive. However, if some

flux vectors are linearly dependent, dim span{m!, ..., m"} = K < N, the rank of the
mass matrix is reduced and there remain N — K massless U(1)’s in the spectrum.

4In six dimensions this effect is independent of possible abelian anomalies [85].
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Let us show which combination of b;-scalars is eaten by which combination of U(1)’s.
In an integral basis of H?(K3,Z) we define ¢/® = || X"||m!™ € Z and look for the
orthogonalization

Ls ~ grs(db’ — ¢V 1? = ﬁu(di)[ - )\I”f/nl)Q ) (4.3.19)

For K linear independent flux vectors the 22 x N matrix ¢’* has rank K and hence
can be be brought to the following form (e.g. N =3, K = 2)

A0 0 .
¢" = O "mU =" =10 XA 0 . , (4.3.20)
0 0 0 .
where O € O(22) and U € O(N). This determines the preferred basis
Vi=Urvyt, V=0, (4.3.21)

in which the first K b scalars are the Goldstone bosons of the first K gauge poten-
tials. More precisely, one goes to a basis of H?(K3,Z) where the flux hyperplane
span(m!, ..., m") is spanned by the first K harmonic 2-forms 7, ...7x. The special
form of A" however does not tell us if this basis is orthogonal with respect to the
intersection matrix pr;. Since we have xF" = —F" for each gauge flux, the mass
terms read

LAV / FUAKF™ = =L VI AV prgAmA™ (4.3.22)
where pr; = 050 Fpgr. In general pr; will not be diagonal and hence the mass term
will not be diagonal in n,m. Therefore, the mass eigenbasis is generically different
from the ‘Goldstone eigenbasis’. Note that again the mass matrix only depends on the
volume modulus and the topological flux configuration. The trace of the (squared)
mass matrix is fixed by the tadpole condition

tr(M?) = (=3%pA"A") =169 . (4.3.23)

n



Chapter 5

Conclusions

In this thesis we derive the six dimensional low energy effective action of the heterotic
string compactified on K3 up to terms of order o/?. Consistent backgrounds require
the existence of a non-trivial gauge bundle on K3 with instanton number 24. We
choose to study two classes of backgrounds, the well-known standard embedding of
the tangent bundle into the gauge bundle and U(1) line bundles. On K3 the hermitean
Yang-Mills equations preserving supersymmetry are equivalent to the anti-selfduality
of the gauge curvature. For the Kaluza-Klein reduction of the gauge sector we study
the local deformation theory of gauge connections. The effective mass operators are
studied in detail and the relevant properties of the zero modes, corresponding to
massless matter fields and bundle moduli in six dimensions, are derived. For K3
this has, to our knowledge, not been discussed in the literature before. We focus
on the hypermultiplet sector such that our results, due to invariance under further
compactification on K3 x T2, can be interpreted as o’ corrections to the (charged)
hypermultiplet moduli space of an N/ = 2 locally supersymmetric theory in four
dimensions.

For the standard embedding we compute the couplings of the charged matter fields
with explicit dependence on the geometrical moduli. The non-trivial couplings arise
from the Kaluza-Klein reduction of the Chern-Simons three-forms in ten dimensions.
While we can give explicit results for the Yang-Mills Chern-Simons form, the reduction
of the Lorentz Chern-Simons form is obscure and we have to leave it for future studies.
Using a topological vanishing argument we show that the scalar potential only consists
of D-terms, consistent with six-dimensional supergravity. We focus on the non-linear
sigma model of the hyperscalars defined by their kinetic terms. By general arguments
of supersymmetry it is governed by quaternionic-Kéhler geometry. Our result implies
that the target space is a fibre bundle of the matter fields and bundle moduli over the
base of geometrical and B-field moduli. Hence, we expect that the target space is not
contained in the set of symmetric quaternionic-Kéahler manifolds but rather has some
similarities to the Ferrara-Sabharwal metric. The metric on the charged scalar fibre
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has resemblance to the quaternionic projective space, however a full match seems to
be not possible. Subsequently, we consider submanifolds which correspond to the
more familiar case of N' = 1 Kéhler manifolds. The very definition of the matter
fields suggest to consider a fibration of the Kéahler moduli over the base of complex
structure moduli. For a fixed point in the base the remaining Kahler moduli and
B-field moduli are shown to span a Kéahler manifold. The canonical inclusion of
the matter fields, known from Calabi-Yau threefold compactifications, however does
not reproduce our results due to the moduli dependence of some coupling functions.
Finally, the Kéhler submanifold known from an orbifold limit of K3 can only be
discovered via a truncation and unnatural field redefinition of our results.

For the line bundle background we compute the effective action and show its con-
sistency with six-dimensional supergravity. However, most coupling functions can
only be given as abstract integrals whose moduli dependence is implicit. The line
bundle curvature is equivalent to two-form gauge fluxes which, due to their rigidity,
stabilize those geometrical moduli which violate the hermitean Yang-Mills equations.
In the six-dimensional theory these are stabilized via Fayet-Iliopoulos terms contain-
ing the gauge flux parameters. The U(1) gauge bosons, first appearing in the unbroken
gauge group, gauge the axionic B-field moduli in an affine way such that they gener-
ically acquire masses via the Stiickelberg mechanism. For several gauge fluxes some
of which are linearly dependent in cohomology, some abelian gauge bosons may stay
massless. These two mechanisms occur simultaneously and combine hypermultiplets
and vector-multiplets to massive vector multiplets.



Appendix A

Mathematical supplementary

A.1 Spinor reduction

In this section we derive the six-dimensional supersymmetry parameter spinor arising
from the heterotic compactification on K3. We first consider the decomposition of the
rotation group yielding a factorization of the spinor bundle. In the ten-dimensional
heterotic string theory the supersymmetry parameter is a Majorana-Weyl spinor € €
16 of the local rotation group SO(9,1). For a four-dimensional compactification the
rotation group factorizes as SO(9,1) — SO(5,1) x SO(4). Since there is a subtlety in
spinor reality conditions in six dimensions, let us first consider a Weyl-spinor é € 16¢
which decomposes as [20]

16@-}(4@,2@)@( /,2/),
e (A.1.1)
€E = 0Ny +e_®@n_ .

Now, imposing the Majorana reality condition ¢ = B¢ in ten dimensions, it descends
with B = Bg ® B, to the lower dimensional spinors as

€L Ny +e. Q@n_ = Bgéy @ Byfjy + Bge_ @ Byij_ . (A.1.2)

Here no reality conditions like e, = Bgé, and n, = Bsn, can be set, because the
single spinor factors transform in pseudoreal representations and BgBg = B4B, = —1.
In other words, in six-dimensional Minkowski space as well as in four-dimensional Rie-
mannian space the Weyl-condition is incompatible with a further Majorana-condition.
However, the product of two pseudoreal representations is real, so there exists a reality
condition only for the whole products

€+ @ny = Beéy ® Bally (A13)
€_®7]_:BGE_®B4’F]_ . o
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This reduces the complex degrees of freedom of each product to four, so we have for
SO(9,1) = SO(5,1)
16 — 4¢c B 4 . (A.1.4)

Hence, the ten-dimensional Majorana-Weyl spinor reduces to N' = (1,1) supersym-
metry in six dimensions, considering just the rotation groups. For a compactification
on the flat torus 7% (A.1.4) would be the complete answer.

Let us now impose the restrictions coming from the nontrivial topology of K3.
From only those spinors which have a global non-vanishing section on K3
give rise to supersymmetry spinors in six dimensions. On K3 the rotation group
is reducible, SO(4) = SU(2) x SU(2)g, and the spinor representations in

actually are
(4¢,1,2¢) @ (4¢,2¢,1) . (A.1.5)

A non-vanishing spinor section can only exist in the (associated) trivial SU(2)g bun-
dle, i.e. is a singlet of the holonomy group. Thus, only the first term in (A.1.5)
globally exists on K3, yielding the dimensional reduction

We now again impose the Majorana condition such that
€. ®ny = Bgéyr @ Byijy . (A.1.7)

Therefore, the number of real supercharges is reduced to eight and we arrive at the
chiral N' = (1,0) supergravity in six dimensions. (A.1.7) is explicitly solved by the
spinor superposition

er ®Ny + € 1S (A.18)
where €| = Bgéy and n{ = Byé;. It defines a real eight-dimensional subspace inside
the vector space defined by (4c, 2¢). Alternatively, (4¢, 2¢) can be considered as two
six-dimensional Weyl-spinors (of the same chirality) transforming as a doublet under
SU(2)g due to (A.1.5). The Majorana condition can then be solved by setting a

symplectic Majorana condition

(i) with @) = (—il) : (A.1.9)

The components are related to the previous solution by

el=1le+¢€), €= —¢€). (A.1.10)
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A.2 Lie algebra valued forms

Throughout this thesis we deal with Lie algebra valued differential forms which are
the zero modes of the (matter) fields in the Yang-Mills sector. We want to collect
here some symmetry properties of wedge products of these forms which differ from
wedge products of usual differential forms. Let G be a Lie group and g its Lie algebra
and M a manifold of Euclidean signature. A g-valued p-form o € g ® A?(M) then
can be expanded in the generators

a=ao'T,, T,€9, (A.2.1)
where o, a =1,...,dim(G) is a set of usual p-forms
at = Z%azl_._upda:m A A dxtr (A.2.2)

The natural product of Lie algebra valued p-forms is given by
[, B] = a® A BY[T,, Th) = a® A 8O, T, (A.2.3)

where f€¢, are the structure constants of the Lie algebra. It follows that, for a €
g® AP(M) and € g ® AY(M) we have the symmetry property

o, B8] = (=178, a] . (A.2.4)

If G is defined as a matrix Lie group also its generators have a matrix representation
and a second product can be defined

aAfB=a"ABT,T,. (A.2.5)

This product is generically not g-valued but is used in the construction of character-
istic classes such as
tr(FAF) = F* A Ftre(T,Tp) (A.2.6)

where F' € g ® A?(M) is the Yang-Mills field strength. The first product (A.2.3) can
be written in terms of the second product (A.2.5)), and for two odd forms we have the
unusual symmetry relation

[, fl=anB+[FANa. (A.2.7)

In particular, for a one-form A € g® A'(M) we have
[A,A] =2ANA (A.2.8)
which is the reason for the two equivalent notations for the Yang-Mills field strength

F=dA+L1A A =dA+ANA. (A.2.9)
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Moreover, in the Kaluza-Klein reduction of the Chern-Simons three-form we encoun-
tered in section double and triple products. For ay, 3,, etc. Lie algebra valued
p- and ¢-forms we have the following symmetry properties

tI'(Oé2 A B1> = tr(ﬁl A 042) s
tr(aqg A By Am) =tr(Bi Ay Aag) =tr(yr Aag A Br) (A.2.10)
tr([on, Bi] Ayi) = tr(aq A [Br,m]) = tr(Bi A [y, aa]) -

A.3 Identities on a HYM-bundle

The Kaluza-Klein reduction of the Yang-Mills sector is based on the mass operators
(2.4.13) and . Massless fields in six dimensions arise from their corresponding
zero modes. Since the mass operators are not usual Laplacians the properties of the
zero modes are only recognizable using some operator identities (2.4.16)), (A.3.5) and
which we prove in this appendix. For sections 1 of a HYM-bundle we have

d*dy = 20404 . (A.3.1)

PROOF: B _
dyday = (0 + 93) (04 + 0a)

= (=i[0a, J-] + i[04, J-]) (04 + Oa)0
= (J-0a—iJ-0a)(0a + 0a)¥
=iJ - (0404 — 0404) (A.3.2)
=iJ - (F —20404)
=iJ - F —2i[J-,04]04
=iJ - F+20404 .
Here J- is the contraction with the Kahler form and follows after using the

HYM property J - F = 0. In the second and the last line of (A.3.2)) we made use of
the well-known Kahler identities

Oy = —il0a, J] . Ty =1i[0a,J], (A.3.3)
In the fifth line we identified the field strength as
‘/—":di:éAaA—l—aAéA . (A.3.4)

For one-forms with values in the HYM-bundle we find that the mass operator
Ay in (2.4.17) can be simplified using the second identity

dedAai = ZAéAai — dAdfalai +1J - [.F, ai] . (A.3.5)
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PROOF: We expand the gauge covariant derivatives for a € A'(K3, E)
d*daqa = (0404 + 0404)a + (0404 + 9% 04)a (A.3.6)
The first term can be written as
(0404 + 0404)a = i([04, J-|04 = [04, J-]0.4)a
= i(04J - 04 — OaJ - 04)a — iJ - (04040 — D404a) (A.3.7)
= (040% + 040%)a+iJ - [F,a] — 2iJ - (0404a) ,

Here we used the Kéahler identities (A.3.3) as well as J-04a = [J-, d4]a since J-a = 0.
We now write the last term in (A.3.7)) as

2iJ - (8A5Aa) = 2@'([J-,0A] + 8AJ-)5Aa

= —20%04a + 2i04[J-, Dla (A.3.8)
= —20%04a + 204070 .
With this we arrive at
(0404 + 0%04)a = (040 — O40%)a +1iJ - [F,a] + 2050 4a . (A.3.9)
Now we consider the second term in
(0504 + 050.0)a = (040 + 0407 a = dad’ya — (040% + 040 )a ,  (A.3.10)

where we used {94,9%} = 0 (which follows from the Kéhler identities). Together we
end up with the claimed result (A.3.5))

Finally, on a complex Kahler surface with HY M-bundle we have the third identity
* [F,ai] = —iJ - [F,ai] , (A.3.11)
PROOF: The left hand side reads in complex components

K[ F,a1] = [Fag, ay] % (2% A dZ° N d27) + [ F,

o

5, 8y) % (dz N dZP A dZT)

=g aafg_]-"a*,a A2 + gl % F. 5. a-]dz°
9715 5 ap 0] 97155 ap 03] (A.3.12)

= —g"[Fss,a,)d2" — g7 [ Fs,, a5)dz°
= —iJ - [F,ai]

In the third line we used the ASD condition 5‘%&5 sFap = —F55 and in the last line

we used the vanishing of the contraction JQE}"QB. Together with the Lorenz-gauge
d*ya; = 0 this proves the crucial relation

Ayy =205, =20, . (A.3.13)



Appendix B

Coupling functions in the standard
embedding

In this appendix we derive the coupling functions of the effective action. First we
consider the kinetic terms in (3.3.3) and in particular the couplings of the charged
scalars. Due to the correspondence of their zero-modes to harmonic (1,1)-forms
these functions exhibit a characteristic dependence on the K3 moduliE] The
very definition of Tx3 in the standard embedding defines the charged scalar zero
modes only with respect to a chosen complex structure. Hence, the discussion of
their couplings implicitly requires a formal breaking of the Hyperkahler structure of
K3. In the end, we argue that all results are invariant under SU(2)g which rotates
the hypercomplex structure. Defining the complex structure via the (periods of the)
holomorphic two-form {2 = \%(Jl +1iJs), the harmonic (1, 1)-forms are defined by the
projection

P H(K3,R) — HY(K3,R), (PY), =6/ = > pixtit] (B.0.1)

s Vs
s=1,2

where py; is the intersection form on K3. They depend on the complex structure
moduli #/,#]. Hence, it is natural to (arbitrarily) fix the complex structure of K3
and discuss the dependence of the charged scalar couplings on the remaining Kéahler
moduli 4. As in (3.1.10) we denote with a lower case index, 1, ,i = 3,...22, a basis
of HM(K3,R) with respect to the fixed complex structure. The remaining Kihler
moduli are denoted by t4 ;i =3,...,22.

'Recall that on K3 the embedding H1(K3,R) C H?(K3,R) is a moduli dependent subspace.
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B.1 Kinetic terms

The metric on the geometrical moduli space of K3 was already presented in section
2.2.29, which we repeat here for completeness

dsks = 3 (prs — pixpsrtitl)atldt] — L-dvdy . (B.1.1)

Here the variations § in (2.2.33) are converted to spacetime derivatives d in MP!.
Turning to the Kalb-Ramond field, the leading kinetic term for the B-field scalars (in
the six-dimensional Einstein frame) is obtained by the integrals

— & | HisANHz=—2%gdb" Axdb’ + ..., (B.1.2)
K3

where we first neglected the Chern-Simons couplings. The Hodge star operator acts
on H*(K3,R) as x|y, =idy, and x|y = —idy_. Using the projector

P, : H*(K3,R) = H. , (P); =3pixtit] (B.1.3)
the Hodge star operator can be explicitly written as
(%) = (Py) - ((5}7 — (Py); ) —07 + prxt{t] . (B.1.4)

Hence, the leading coupling function takes the form

grjg = / nr A *xny = (*)JKPIK = —prJ+ PIKPJLtftsL : (B.1.5)
K3

It depends on the geometrical moduli of K3 but is clearly independent of SU(2)g
rotations of the hypercomplex structure.

Let us turn to the charged matter scalars whose leading kinetic term (in the
six-dimensional Einstein frame) reads

5[ (5P Axf5Y) = —gi; DCF A+DC, (B.1.6)
K3

where the coupling functions is given by the integral
=1 Yoo BaBe o Ja dt
9ij =y Kg(%)& (Wj)ﬁ g gaﬁ\/g x

= Doyt / O (0)26 07 (1)) 559 gag/9 '
" (B.L.7)

- /K (1)) 2677975 d'

:/ 7]Z‘/\*7]j .
K3
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Here we used in the second line the isomorphism (3.1.10)) and in the third line the

Calabi-Yau relations

Qap = f(2)eas . |f17 =127V - (B.1.8)

In the last line we used the normalization ||©2[|* = V! from (2.2.30)). Interestingly, the
coupling function is the restriction of to the subspace H"'(K3,R) C
H?*(K3,R). Since the charged matter fields are only defined with respect to a fixed
complex structure, actually only depends on the remaining Kahler moduli
ti=3,...,22

We turn to the Chern-Simons couplings between the B-field scalars and the scalars
from the gauge bundle. Recall from (3.2.28]) that the Kaluza-Klein expansion of Hj 3
reads

T
d&k ap Naj o g &
H. 5 — db’ +a ‘ :
12 =db Ay (dfk) (O‘Z Aaj O‘k /\ ) (&)

= T [ & B —~a n ~B O x
—i—o/( DC’my) Wi AW gap Wi Aw; sz ( xgj* ) .
€4y DC; wt A wf Qup WA (Df Gop e”Cj,
Considering first the matter fields, we compute the products of zero modes. The
off-diagonal terms read

(B.1.9)

Nij = Qaﬁw@q /\(JJ}B

= s a2 QP (0:)15(n) 5527 A dZ°

27
= 2 (i Ay) (B.1.10)
= pi;Q2

= \/iipij(Jl —iJs) .

In the fourth line we used that n; A n; = p;;vol; is a constant four-form and that the
contraction {2 - vol; = Vﬁlﬁ.ﬂ On the other off-diagonal entry in (B.1.9)) we have the
complex conjugate

Nij = Qg A& = Lpiy (S +idy) . (B.1.11)

The second diagonal term reads

MZ] = gagwl-a /\(I)JB

= map9as2’ P (1) 55(0))5d2" A dz (B.1.12)

- |91|\29ﬁ6<7h)6w(m)75d27 A dzY

“Note that in (B.1.19) products like n; A n; are independent of the K3 metric whereas every
contraction - involves an inverse metric and hence, volume dependence.
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Identifying the components of the Kéhler form as g,5 = —iJ,5 and gag = iJag We
can express M;; as the special contraction

Mij ==V (J - (i Any) — (J-mi)n; — (T - 05)m;)
= — ZV(VilpZ]J - V71<J, 77z>77j — V71<J, 77]>77@) (B].].?))
= — V2 (pyyJs — (Js,mi)my — (Ja,mj)ms) -

Here we used that .J - vol; = V~1J and that the contraction J - 7; is a constant scalar
function along K3 satisfying

(J-m)Vg d'y=TAn . (B.1.14)

From the last line in (B.1.13]) we see that that M;; is proportional to the square root
of the volume modulus V. The second diagonal element in (B.1.9) reads

9ap@ Aw] = —Mj; . (B.1.15)

From the results (B.1.19) and (B.1.12)) it is clear that N;;, M;; € H*(K3,R) i.e. the

traced products of matter zero modes exhibit the cohomology ring
HY(K3,Tis) @ HY(K3,T gs3) = HX(K3,R) . (B.1.16)
The products are d-closed
dtr(w? A &%) = tr(daw? A©F) — tr(w? A daw?) =0, (B.1.17)

due to the zero mode property d w? = 0, and also d-co-closed by the analog argument.
Hence, M;; and N;; are harmonic two-forms which can be expanded into n;
N;; = Né’?] . My = ]\/[ém , (B.1.18)

1,

The coefficients are given by the integrals

Nin = PU/ Nij A
K3

= \/LipiijJ“JlanJ) —i(J2, 1)) (B.1.19)
= J5pi(t] — it3) |
M;; = p" /KS Mij A1y
(B.1.20)

= —iV%pIJ(pij<J37nJ> — (Js,mi)(nj,n0) — (Js.0;)(mi )

= —iVE (pyth — 01 prith — 6l prcith) -
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We see here explicitly that these integrals are not topological but depend on the K3
moduli.

For the bundle moduli term in (B.1.9) we similarly define the functions
N = tr(ad Aaf) € H*?(K3,R) ,

(B.1.21)
My = tr(ap AnaP) € HYY(K3,R)

where summation over s = 1,2, 3 is understood. They are two-forms which are d-
closed
dtr(ap A aP) = tr(daap A ad) —tr(af Adaa?) =0, (B.1.22)

due to the (linearized) zero mode property d a2 = 0, and also d-co-closed by the ana-
log argument. Hence, Mj; and Np; are harmonic two-forms which can be expanded
as

Nk;l = nglnj ) Mkl = Méml 5 (B.1.23)
The coefficients are given by the integrals
kll = pIJ NuAny, Mil = ,OIJ M Any . (B.1.24)
K3 K3

These integrals are expected to depend on the K3 moduli as well. However due
to the lack of an analog isomorphism (3.1.9)) for the bundle moduli zero modes, we
cannot find this dependence explicitly. Using the above results we can express the

Chern-Simons couplings (B.1.9) as
Ho= (dbf + o' M (CyDCy, — Ciu DCT) + o (Ne0y CF DCY + NJje™ Ci DCyy)

+ 0 My (Edgs — Gde) + o (Nigedsy + NLEud&) ) A
(B.1.25)

B.2 Scalar potential

In this appendix we compute the selfdual component of f§133’1) which is the only term

in ([3.1.14)) surviving the vanishing theorem of section m Recall from (3.1.28]) that

we have

~ T [ -an,B —a A 8 O
(133,1) _ 1( Ci ) Wit AWj gag W A@; Qag () ( cr )Tn (B.2.1)
2 2 5szzZ wia/\wf Qaﬁ U)ia/\ 7? 3 Y gyzcjz ’

N,

First note that the matrix elements are the same two-forms M;;, N;;,

R
countered in the Chern-Simons couplings (B.1.9)

~ T _
(133,1) 1 Cz _MZ] Nzg . Cz
£ T2 (gxzoiz) ( N, Mi'> (7")% (ayZsz T, . (B.2.2)

N;j as we en-
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The elements on the off-diagonal are already selfdual because N;; o Q and N;; o< Q.
The diagonal elements are harmonic (1, 1)-forms so their selfdual projection is given

by
Mij+ = % (/MZJ /\Jg) Jg

= —iVz (pyj — (J3,m:) (T3, m3)) 5 (B.2.3)
= V3 (pij — pirpirthts) Js

Here we identified the leading kinetic coupling function g¢;; known from (3.3.8) for a
fixed complex structure. Finally, we arrive at

o ) ,
(133,1) _ C; —ig;J 3Py . Cj_
o _(smC;) (%pijQ igijJ ()% w20, T - (B.2.4)

B.3 Details of the fixed complex structure limit

When including the charged matter fields into the sigma model of the fixed complex
structure limit, the resulting target space metric (3.4.22)) strongly resembles known
expressions from N = 1 compactifications in four dimensions. It therefore seems
likely that its geometry can be described by a Kahler potential of standard type

K =1og(2V) = log(py(T" + T" — iMyC*C")(T? + T’ — iM;,,C™C™)) , (B.3.1)
where the Kahler coordinates are defined by
T' = gt'+ b’ + S My, (1) C*C! (B.3.2)

Here we omitted the 56 index of the matter fields for brevity. Note that the C-
dependent shift in (B.3.2)) belongs to the real part of T%. We know from (3.3.12)) that
the coupling function M}, (t) is linear in the Kahler moduli #', hence we introduce the
notation

J

Furthermore, we write the Kahler coordinates as

Ti=1yiy 4 Vigbi , Yi =68+ X5,CrCh (B.3.4)

We can easily solve this equation for ¢*, yielding

th= (YT +T7) . (B.3.5)
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The second derivatives of the Kahler potential then read
Krit :lgkl(y_l)ki(y_l)lj )
Keici = ngz(Y_ am) (Y= aca) e — vp ltlaga (Y= gg@ YThHE T
Krici == 3ot (Y ) prant ™ (Y1 - 250" 7

ot (YT 2y (YR BT

(
Koirs == 55pat™ (Y ™) prant™ (Y ™1 220" 17
(

otV G YT+ (VDO ) )

(B.3.6)
To make contact with our results from the dimensional reduction the Kahler metric
has to be restricted to terms up to order C?. We have to take into account that the
differential dT', written in the original variables, already contains terms of order C'

dT" = JY5dt + 5t/ X5y (CPdC! + C1dC) + Jodb’ . (B.3.7)
We also have the approximation for small matter fields
Y1, =6 - X, CrC (B.3.8)
Using the above formulas we arrive at the following metric (up to C*-terms)
KpigidT'dT? = & gdt'dt? + 595db'db — &5 (giuX o, 4 g1 XLy ) O C"db db
— 59i; My (C*dC + C'dC*) M}, (C™dC™ + C™dC™)

+ b gy M dE (CTdC™ + CMdC™)
(B.3.9)

KeigsdC'dCY = 2g,,dCdCY + gy M, C™dC* M, C"dCY
— Lpu(ME M, + MEM! + MEM!. 4+ MEML)CPCUdCaCy

KpydT'dCT =+ £ ga ME(C1ACT) M, (C™dC™ + CdC™) (B.3.10)
+ Lprithdt g C'dCT + L pu XL, (tFdt' + dt*t)CmdC?
oot XLy X t7(CTAC™ + CMdC™) C1dCY (B.3.11)
+ #égiqukjdblchCj + #gﬂklthfmdszpdCﬂ

Together, the Kéhler potential reproduces our derived kinetic terms (3.4.22), however
also additional terms ~ tC'dC'dt+ c.c. appear which we did not find in the dimensional
reduction.
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