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1 Introduction

1.1 String Theory

At present Theoretical Physics consists of two fundamental theories, the Standard Model
of particle physics and General Relativity. Both theories have proven very successful in
the past and there have been no experimental results that are not in agreement with one
of the two models. A major unsolved problem is how the two theories can be united to
one consistent theory. The most promising candidate for such a unified theory is string
theory. Due to the complexity of string theory, we can only give a brief introduction to
the main concepts in the following. For a more detailed description see [1, 2, 3].

The fundamental objects of string theory are one-dimensional quantized objects -the
strings- which propagate in some d-dimensional background space-time. In other words,
the two-dimensional worldsheet of the string ¥ is embedded into space-time M, and
can be described by a map X : ¥ — My, where X M = 0,...,(d — 1), are space-
time coordinates. The starting point for considering string theory is the two-dimensional
worldsheet action, where the space-time coordinates are treated as d two-dimensional
bosonic fields X (7, ¢), with 7, 0 being the coordinates on the string worldsheet. As in
the case of point particles, the action equals the area of the worldsheet,

1 1
Vol(S) = =— | dodry/detd, X105 Xy, (1.1)
by

2o’ T

S

where o = 1,2 is the worldsheet index. The constant o’ of mass dimension -2 has to be
introduced to make the action dimensionless. The quantity T = 2730/ is the tension of
the string. The limit o’ — 0 is the point particle limit. The above action is called the

Nambu-Goto action. Classically, it is equivalent to the more convenient Polyakov action

1
S=—— [ dodrVhhP9, XM, X, (1.2)
b))
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where h*? is the worldsheet metric. The Polyakov action has three symmetries: it is
Poincaré invariant, it is invariant under reparametrizations of the worldsheet and it is
invariant under Weyl rescaling. Reparametrization and Weyl invariance can be used to
set h® = n*# where n® is the flat two-dimensional Minkowski metric. In this gauge, the
Polyakov action describes a free two-dimensional conformal field theory and the equation
of motion for XM is simply the free wave equation

(07 —oH) XM =o. (1.3)
The general solution to the equation of motion is
XM (z,2) = XM (2) + XM(3), (14)

where z = 7 — 0, Zz = 7+ 0 and XM(z), XM (2) describe the “left-moving” and “right-
moving” part of XM. For closed strings, that means for strings whose worldsheet is a
closed circle for constant 7 = 7, the worldsheet theory factorizes into an independent
left- and right-moving part. For open strings, which are strings whose ends do not meet



at fixed 7, the left- and right-moving part are not independent. For simplicity we consider
closed strings in the following.

So far, the string theory is purely classical. The quantum theory is obtained via first
quantization, that means the worldsheet scalars X are considered as operators fulfilling
the commutator relations of two-dimensional quantum mechanics. The quantized bosonic
string describes ordinary quantum mechanics on the worldsheet. As usual in quantum
mechanics, one can construct a vacuum state |0) and a Fock space of quantum mechanical
states by applying the raising operator to the vacuum.

The energy-momentum tensor 7" of the worldsheet theory is given by the variation of
the action with respect to the metric. The energy-momentum tensor splits into a left-
and a right-moving part T'(z,z) = T(z) + T'(2) and can be expanded in modes

d
1) = 3L Lo= § 5 T(G)
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_ _ - dz
T(2)=Y L,z 2 L,=¢ —z2""T(z 1.
() =S Le L= § 52 TG) (15)
where L,, and L,, are the Virasoro generators. The Virasoro generators fulfill the confor-
mal, or Virasoro, algebra

[Lin, Lp) = (m —n)Lpyn + 1—02m(m2 — 1)0m-tn, (1.6)

and the equivalent algebra for the right-moving part. The number c is the central charge
of the conformal algebra. Each boson of the worldsheet theory contributes one to the
central charge, thus the d worldsheet scalars X lead to ¢ = d. The important point
is that the physical states of the bosonic string theory are in one-to one correspondence
with the primary states of the conformal algebra. Primary states satisfy

L, |phys) = 0, m >0,

Lo|phys) = hlphys),
(Lo — Lo)|phys) = 0, (1.7)

and the equivalent equations for the right-moving part, where h is the conformal weight
of the physical state. It can be shown that the theory is consistent only if d = 26 and
h = 1. Thus the bosonic string lives in a 26-dimensional space-time and all physical
states have conformal weight h = 1. The space of physical states consists of a vacuum
and a discrete spectrum of infinitely many excitations with increasing mass. The masses
are quantized in units of 1/v/a’. A fundamental problem of bosonic string theory is
that the vacuum state is a tachyon, that means it has a negative mass square. Another
problem is that the bosonic string does not include fermions in the space-time. Thus,
the theory is not a good candidate for a realistic theory.

The tachyon vanishes from the string spectrum if one considers local supersymmetry
on the worldsheet. String theory with local N = (1, 1) worldsheet supersymmetry is called
superstring theory. Its spectrum is tachyon free and the worldsheet supersymmetry leads
to a spacetime theory that includes fermions. The worldsheet theory is

1 —
S=-5 / drdo (0° XM 0y Xar — iy 0athar) (1.8)
T Jx
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where ¢ are the worldsheet fermions and v* are the two-dimensional Dirac matrices

=(19) = (00), .

The above action is in superconformal gauge, that means the local symmetries of the
action are fixed such that the worldsheet metric is flat. Due to different boundary condi-
tions on the worldsheet, the worldsheet fermions give rise to space-time fermions as well
as space-time bosons. The former sector is called the R-sector (Ramond-sector) and the
latter one is called the NS-sector (Neveu-Schwarz-sector) of the theory.

In addition to the energy-momentum tensor (1.5), there is a second conserved current
Tp(z,2) = Tp(z) + Tr(Z) generating the N = (1,1) supersymmetry. The supercurrent
can be expanded as

Tp(z) = Y Gz G = d—z,w%TF(z). (1.10)
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The conformal algebra (1.7) is replaced by the superconformal algebra

Ly, Lyl = (n—m)Lyim + 1—6271(712 — 1)dpim
1
{Gr, GS} = 2Lr+s -+ % (T2 — Z) 57"-1—87
L., G] = (g - r> Goir. (1.11)

The central charge is ¢ = 3/2d, each worldsheet scalar contributes one and each world-
sheet fermion contributes 1/2. Physical states satisfy

G,|phys) = 0, r>0,
L, |phys) = 0, m >0,
Lolphys) = h|phys) (1.12)
in the NS-sector. In the R-sector the last equation gets modfied to
Lo|phys) = 0. (1.13)

It can be shown that the theory is consistent for d = 10 and h = 1/2 only. In the
R-sector, the above equation leads to a vacuum |0) with mass m? = 0, in the NS-sector,
one has m? = —1/2. Thus at first sight the superstring also contains a tachyon. This

inconsistency is removed by making a truncation of the theory, called the GSO-Projection.

The GSO projection does not only remove the tachyon from the spectrum, but also
guarantees an N = 1 space-time supersymmetry of the ten-dimensional theory for each
left- and right-moving part of the worldsheet theory. Also, the ten-dimensional theory
after the GSO projection is anomaly-free. Having N = 1 supersymmetry from both the
left- and the right-moving sector, one ends up with a theory in d = 10 with a total N = 2
supersymmetry. The spectrum of physical states after the GSO projection consists of
massless states plus infinitely many massive excitations. There are several possibilities
to do the GSO projection and obtain a consistent theory.

3



A consistent closed superstring theory is type IIA theory. The spectrum of closed
strings is obtained by tensoring the left- and right-moving states of the NS- and the
R-sector. After the GSO projection, the massless spectrum of the theory includes two
spin 1/2 fermions of opposite chirality and two spin 3/2 gravitinos of opposite chirality
originating from the (R, NS) and (NS, R)-sector. From the (NS, NS)-sector there are
one real scalar (the dilaton), an antisymmetric rank two tensor and the graviton. The
(R, R)-sector consists of a vector and an antisymmetric rank three tensor. The N = 2
supersymmetry is split in 16416’ supercharges of opposite chirality in ten dimensions.

The second consistent N = 2 space-time supersymmetric closed superstring theory is
called type IIB theory. The spectrum includes two spin 1/2 fermions and two spin 3/2
gravitinos of the same chirality from the (R, NS) and (NS, R)-sector. In the (NS, N.S)-
sector, the spectrum is identical to the ITA spectrum, there is one real scalar (the dilaton),
an antisymmetric rank two tensor and the graviton. The (R, R)-sector consists of a
scalar, an antisymmetric rank two and an antisymmetric rank four tensor. The ten-
dimensionsional N = 2 supersymmetry has 32 supercharges of the same chirality.

In addition to the type II thories, there is a third closed superstring theory which leads
to a consistent space-time supersymmetric theory in ten dimensions. This is the heterotic
string theory. The worldsheet theory of the heterotic string is a hybrid construction of
the bosonic string and the superstring. The left-moving part of the worldsheet theory is
the 26-dimensional bosonic string and the right-moving part is the ten-dimensional su-
perstring. To obtain a resulting ten-dimensional theory, one assumes that ten left-moving
bosonic fields XM (z), M = 1,...,10 live in the flat space-time and the remaining sixteen
scalars X!, I =1,...,16, live on a compact 16-dimensional torus. The spectrum of the
heterotic string is obtained by tensoring the left-moving ten plus sixteen internal scalars
with the right-moving NS- and R-sector of the 10-dimensional superstring. Again, there
is a tachyon in the spectrum, which gets projected out by the GSO projection. Tensoring
the ten-dimensional part of the left-moving bosonic string with the right moving spec-
trum of the NS sector leads to the ten-dimensional dilaton, the antisymmetric two-form
and the graviton. From the right-moving R-sector, there are one spin 3/2 gravitino and
one spin 1/2 fermion. In addition, there are the massless particles obtained from ten-
soring the sixteen internal bosons with the right-moving NS and R-sector. This leads to
additional vectors and spin 1/2 fermions, where the internal indices play the role of the
gauge indices. Anomaly freedom of the theory requires that these vectors and fermions
transform in the adjoint representation of Fg x Eg or SO(32). The anomalies of the het-
erotic string are explained in detail in appendix C. From the construction of the heterotic
string it is clear that the theory has ten-dimensional N = 1 space-time supersymmetry
originating in the right-moving part of the worldsheet theory.

So far we have been considering closed strings only. However, it is also possible to
construct a consistent string theory from open strings. For open strings, the left- and
right-moving modes of the spectrum are not independent. Apart from that, one can
construct the spectrum of the open superstring in an equivalent way as described above
for the closed superstring. The open superstring also has a critical dimension d = 10.
Due to the N = 1 worldsheet supersymmetry (which is half of the N = (1,1) worldsheet
supersymmetry of the closed string), the open superstring theory has ten-dimensional
N = 1 supersymmetry. The massless spectrum of the open string is just the right-moving
(or equivalently the left-moving) part of the fermionic string. For massive excitations the



spectra are identical up to a scaling factor in the mass. The spectrum contains a tachyon
from the NS-vacuum, which gets projected out by the GSO projection. This leaves a
massless vector from the NS sector and a massless spin 1/2 fermion from the R sector.
Open string theories however naturally contain closed strings, because closed strings are
open strings in the special situation that their ends meet. Thus to obtain a complete
theory, one should also consider the coupling of open strings to closed strings obtained by
open strings with meeting ends. Being constructed of open strings, these closed strings
are unoriented, which means the left- and right-moving worldsheet fermions are identified.
This distinguishes the closed strings of type I theory from the closed strings of type II
theory. The closed strings contribute some additional massles particles to the spectrum.
One has the dilaton and the graviton from the NS-NS sector, one spin 1/2 fermion and
a spin 3/2 gravitino from the NS-R and R-NS sector and one antisymmetric tensor of
rank two from the R-R sector. The spectrum is still N = 1 supersymmetric. This theory
is called type I theory. It can be shown that type I theory is anomaly-free only if the
vector and the fermion of the open string sector transform in the adjoint representation
of the gauge group SO(32).

These five theories, the ITIA, type IIB, the heterotic Fs X Fg, the heterotic SO(16)
and the type I theory are the five consistent superstring theories.

At this point, we make some remarks about the scattering amplitudes of string theory.
Scattering amplitudes of strings are given by the correlators of the conformal fields y
corresponding to the primary states |phys) defined in eqn. (1.12) of the superconformal
algebra. The correlation functions are derived using the path integral

(X1 Xn) = Z /DXDQ/} X1---Xn€ 2, (1.14)

topologies b2
where one takes into account the summation over all possible topologies of the string
worldsheet, i.e. the contributions of tree and loop diagrams. The action .S in the path
integral is the two-dimensional worldsheet action. One can show that the last equation
of (1.12), Lo|phys) = h|phys), leads to the mass-shell condition p?> = —m? for each
conformal field x; in the scattering amplitude. This means in particular that in string
theory, in contrast to quantum field theory, it is not possible to derive off-shell correlation
functions.

For low energies o/ — 0, the mass gap between the massless modes and the massive
excitation becomes large and the massless modes of the string give a good approximate
descritpion of the theory. From now on, we consider the massless modes of the superstring
theories only. Omne can construct a field theory whose action reproduces at classical
level the scattering amplitudes of string theory. Such a field theory is called the low
energy effective field theory. For the superstring theories described above, the low energy
effective theories are classical supergravity field theories [1, 3]. The low energy effective
theories of the IIA/IIB string theories with N = 2 supersymmetry are called type ITA
and type IIB supergravity. The low energy effective action of the heterotic string is ten-
dimensional N = 1 supergravity. The low energy effective action of type I theory also
has N = 1 supersymmetry and is called type I supergravity. In all cases, the expectation
value of the dilaton ¢ is related to the coupling constant g of the low energy effective
action, g ~ e?.



1.2 Calabi-Yau Compactifications

To obtain string theories which can in principle describe realistic scenarios, it is necessary
to compactify the ten-dimensional theories to four dimensions. This means the strings
propagate in a ten-dimensional space-time which is, in the simplest case, a direct prod-
uct of flat four-dimensional Minkowski space and some small six-dimensional compact
manifold, Mo = R13) x Mg '. Due to the product structure of the space-time, the
ten-dimensional metric decomposes as [1, 3]

guMN = ( U ) : (1.15)

0 YGab

where 1, , p = 0,...,3, is the Minkowski metric on R®3) and g, a = 4,...,9, is the
“internal” metric on the six-dimensional Calabi-Yau manifold. One can study compact-
ifications either from the point of view of the conformal worldsheet theory or from the
point of view of the low energy effective action.

From the low energy effective action point of view, preserving four-dimensional su-
persymmetry means that the expectation values of the supersymmetry variations of the
fermions have to vanish. Vanishing of the variation of the spin 3/2 gravitino requires the
existence of a covariantly constant spinor 7,

Dyn = 0. (1.16)

With the decomposition n = n474, this equation splits into a four-dimensional part
D,ny = 0, and an internal six-dimensional part, D,ns = 0. In the four-dimensional
Minkowski space, every constant spinor is covariantly constant. In the internal manifold
however, the above equation is a real constraint. It implies that

[Da, Do) =0 — Rapeal “n6 = 0. (1.17)

This restricts the holonomy group of the internal manifold to SU(3) or a subgroup thereof.
As explained in appendix A, six-dimensional manifolds with SU(3) holonomy are Calabi-
Yau manifolds. For the heterotic string and the type I string, there are further conditions
originating from the variation of the spin 1/2 fermions charged under the gauge groups.
The variation of these gauginos, most conveniently expressed in complex coordinates of
the Calabi-Yau manifold, requires the existence of stable holomorphic vector bundles,
that means the potential F' of the gauge field has to satisfy

Fp=F;=0 ¢%F;= (1.18)

in the Calabi-Yau manifold. This is not the only condition for the gauge bundle. As
explained in appendix C, the low energy effective action contains a field H = Hy — ws,
where Hy = dB is the field strength of the antisymmetric tensor of the NS-sector and w3
is the Chern-Simons term. The Chern Simons term fulfills the equation

dws ~ (tr(RANR) —Tr(F A F)), (1.19)

! According to recent developments, phenomenological string models might be in accord with large
extra dimensions in so-called brane world scenarios, but we do not consider these models here.




where the two terms are just the second Chern-classes of the tangent and the gauge
bundle. The second Chern-class of the tangent bundle as well as the background value
of dws are generically non-zero in the compactification manifold. Both equations (1.18)
and (1.19) impose non-trivial restrictions on the gauge bundle of the internal manifold.
Any class of solutions to these equations leads to a consistent compactification. The
most obvious one is to set dws = 0, this implies that the connection of the tangent and
the gauge bundle have to be identified such that tr(R A R) = Tr(F A F'). This is called
embedding the spin connection into the gauge connection. Thus if the internal manifold
has SU(3) holonomy, the gauge bundle must be an SU(3) bundle. The gauge group that
is preserved in the four-dimensional theory is given by the centralizer of the group of
the gauge bundle of the Calabi-Yau manifold 2. This leads to a gauge group Eg X Eg or
SO(26) in four dimensions. In chapter 3, we consider compactifications of the heterotic
string with several different gauge bundles. They all satisfy eqns. (1.18) and (1.19).

From the point of view of the two-dimensional conformal field theory, the compactifi-
cation implies that the target space of the map X : ¥ — R x Mj is not flat anymore.
The decomposition of the coordinate X = (X*, u?) leads to two conformal field theories
with maps X : ¥ — R®3) and u: ¥ — Mg. The internal metric gq; of eqn. (1.15) is not
flat but depends on the coordinates of the Calabi-Yau manifold. For the conformal field
theory (1.8), this implies that the action contains terms of the form

XM, Xy — 0°X 00 X, + gap(u) 0 u Dt (1.20)

The internal part describes an interacting theory, a non-linear sigma model. For a review
of strings on Calabi-Yau manifolds, see for example [4]. The compactification of the
N = (1, 1) supersymmetric conformal field theory of the type II strings (1.8) on a Calabi-
Yau manifold to four dimensions is explained in detail in appendix B.1. To ensure that
the target space Mg is a Calabi-Yau threefold, one needs to introduce an additional
global N = (2,2) supersymmetry on the worldsheet. In the case of the heterotic string,
the additional worldsheet supersymmetry is N = (0,2) and for the type I string it is
N = 2. Considering the compactification from the conformal field theory point of view
can be very instructive. In appendix B.1 we explain in detail that the analysis of the
N = (2,2) sigma model leads to the conclusion that type IIA theory compactified on
a Calabi-Yau threefold Y is identical to type IIB theory compactified on the so-called
mirror manifold Y*. This is called mirror symmetry and was first considered in [5].

1.3 Dualities

String theory as described in the last two sections is a purely perturbative theory. The
construction in terms of a superconformal field theory is sufficient for the derivation of
scattering amplitudes, but it does not allow the construction of non-perturbative objects
which are in general non-polynomial in the coupling constant. A description of non-
perturbative aspects became possible only after the discovery of dualities relating the
strong coupling limit of the five string theories to weakly coupled theories that are well
under control. These dualities are called non-perturbative dualities. In addition, the
strongly coupled theories imply the existence of an underlying eleven-dimensional theory,

2This is also explained in appendix A.4.2.



called M-theory. There are also dualities relating superstring theories in the perturbative
regime. The mirror symmetry between the type ITA and the type IIB string described at
the end of the last section is an example of a perturbative duality. It can be established at
a purely perturbative level as a symmetry of the conformal field theories. In the following
we summarize the dualities relating the five superstring theories and the low energy limit
of the M-theory. More details about dualities are given for example in [3, 6].

A very important tool for dualities is the existence of higher dimensional objects,
called D-branes, in addition to the fundamental strings. D-branes can be constructed
in terms of open string theory. Instead of moving freely, the open strings obey Dirich-
let boundary conditions, which means that their ends are fixed at points in the ten-
dimensional spacetime. It is possible to have open strings with mixed Dirichlet and free
(Neumann) boundary conditions. This means that the open strings are fixed on subplanes
in the ten-dimensional space-time. Open strings with Neumann boundary conditions in
(p+1) directions and Dirichlet boundary conditions in (9-p) directions have ends which
are fixed on (p+1)-dimensional planes. These planes are called Dp-branes. Similar as
strings, the D-branes have some tension. The particle spectrum of a D-brane is identified
with the spectrum of the open strings that begin and end on the D-brane. Dp-branes
are considered as dynamical objects in their own right. For a more detailed explanation
of D-branes, see [7].

In addition to the mirror symmetry described at the end of the last section, there is
a perturbative duality relating type ITA and type IIB theories called T-duality. Consider
type IIA theory compactified on a circle of radius R;;4 in the direction X?. It was
discovered that this theory is equivalent to the type IIB string compactified on a circle
with the inverse radius R;rp = 1/ R4 with Dirichlet boundary conditions in X 2. This is
called T-duality. The D9-brane of the type IIB theory obtained in this way has a tension
that is proportional to the inverse of the type IIB string coupling constant. It is possible
to T-dualize more than one direction. If one T-dualizes (d-p), with (d-p) odd, directions
in type ITA theory, one obtains the dual type IIB theory including Dp-branes (with p
odd). T-dualizing (d-p) directions in type ITA theory with (d-p) even leads back to type
ITA theory including Dp-branes, with p even. The antisymmetric tensors of rank (p+1)
of the R-R sector of the type II theories couple magnetically to the Dp-branes. It can
be shown that T-duality can be identified with mirror symmetry in the case of a torus
compactification of type II theories. Reviews of T-duality are given in [7, 8.

Another perturbative T-duality was found between the Eg x Eg and the SO(32)
heterotic string. One can compactify both theories on a circle with so called “Wilson
lines”, which are constant background values for the gauge fields on the circle. Choosing
the background fields such that both the Eg x Eg and the SO(32) gauge groups are
broken to SO(16) x SO(16), one finds that the spectra of the theories coincide if the
radius of the Fg x Eg — SO(16) x SO(16) compactification is the inverse of the radius
the SO(32) — SO(16) x SO(16) compactification. T-duality in the context of toroidal
compactifications of the heterotic string was first considered in [9, 10].

A non-perturbative duality is the relation between the SO(32) heterotic string and
the type I string [11]. Type I string theory contains an antisymmetric tensor of rank
two of the R-R sector which couples to a D1-brane. One can show that the massless
spectrum originating from open strings that begin and end on the D1 brane plus the
massless spectrum of strings that have one end on the D1 brane is identical to that of the



weakly coupled SO(32) heterotic string. The tension of the D1 brane is proportional to
the inverse of the string coupling constant. Increasing the coupling constant means that
the tension of the D1-brane decreases from infinity to finite values and finally becomes
smaller than the tension of the fundamental string. Finally, the D1-brane plays the role
of the fundamental object of the theory. Because the spectrum of this theory is identical
to that of the weakly coupled SO(32) heterotic string, one identifies the two theories.
Thus, the strong coupling limit of type I theory is related to the weak coupling limit of
the SO(32) heterotic string. This non-perturbative duality is called S-duality.

So far, we have considered dualities relating the perturbative superstring theories
respectively their strong coupling limits to other superstring theories. Duality however
implies also the existence of a sixth theory which is connected to the string theories
on the level of the low energy effective actions [12, 13, 14]. Consider type ITA string
theory including a D0O-brane. One can show that the structure of the spectrum of a
DO brane corresponds to the spectrum one typically obtains by compactifications on
one periodic dimension, where the radius of the compact dimension corresponds to the
inverse of the DO-brane tension. The DO-brane tension is inverse proportional to the
ITA coupling constant. Thus for a large coupling constant, the radius of the periodic
dimension becomes large and the theory looks like an additional eleventh dimension
appears. The eleven-dimensional theory cleary cannot be a superstring theory, because
these are consistent in ten dimension only. On the level of low energy effective field
theories, one can indeed find a theory which, compactified on a circle, reproduces type
ITA supergravity in ten dimensions. This theory is eleven-dimensional supergravity with
32 supercharges. Being a classical field theory, it is assumed that eleven-dimensional
supergravity is the low energy limit of an underlying eleven-dimensional theory. This
underlying theory is called M-theory. This picture implies that the superstring theories
are not only related by dualtities, but in addition the different limits of a single underlying
fundamental M-theory.

The Eg X Eg heterotic string is related to M-theory in a similar way [15]. The eleventh
dimension is not a circle as for the ITA string, but an interval. The length of the interval
is proportional to the heterotic string coupling. Again, one can verify this on the level of
low energy effective field theories. Eleven-dimensional supergravity compactified on an
interval reproduces the heterotic low energy effective action in the limit where the interval
approaches zero length. Anomaly cancellation requires an Eg X Eg gauge group in the
compactification from eleven to ten dimensions. Also, the compactification on an interval
breaks half of the 32 supersymmetries, leaving ten-dimensional N=1 supersymmetry.
This model is the subject of chapter 3, where we give a more detailed explanation.

Allin all, the picture is the following. It is assumed that there is an underlying eleven-
dimensional theory, called M-theory, whose fundamental formulation has not been found
yet. The six known limits of M-theory are the five consistent superstring theories and
eleven-dimensional supergravity.

As the last point of the introdution, we explain F-theory [16]. F-theory describes a
non-perturbative compactification of type IIB string theory, for a review see for example
[6]. In IIB string theory one can form the complex scalar

A = a+ ie?? (1.21)

containing the R-R scalar a and the dilaton ¢. In perturbative compactifications one



takes A to be constant. F-theory are compactifications of type II1B theory where \ varies
over the compact manifold. Consider some complex manifold B and the manifold M
obtained by erecting a copy of a torus at every point in B. Such a manifold is called an
elliptically fibered manifold, see appendix A.2.1 for an introduction to elliptically fibred
manifolds. The complex structure of the elliptic fibre is denoted by 7(s), where s are the
coordinates on the base B. F-theory on M is defined as IIB theory compactified on B
with the identification

A(s) = 7(s). (1.22)

As the coupling constant of the type IIB theory varies over the compactification manifold
B, F-theory cannot be described by some perturbation theory but is by definition a non-
perturbative theory. In contrast to M-theory, F-theory is usually not considered as an
underlying fundamental theory but rather as a tool to formulate non-perturbative aspects
of string theory that originate in M-theory. Because there is no fundamental formulation
of M-theory, F-theory has proven very uselful in the past to gain information abut the
non-perturbative behaviour of string theory.

For the discovery of the above dualities it was essential to consider string theory com-
pactified to other dimensions than four. Although these models cannot describe realistic
scenarios, they are important for gaining insight into the structure of string repectively
M-theory. Following this spirit, we consider type IIA and heterotic compactifications
on Calabi-Yau manifolds to different dimensions than four in the context of dualities in
this thesis. In appendix A, Calabi-Yau manifolds of complex dimensions one to four are
explained.

1.4 Topics and Organization of the Thesis

It is essential for the progress in finding a fundamental formulation of M-theory to ex-
plore the known limits of M-theory, the five superstring theories and eleven-dimensional
supergravity, in the context of the dualities relating the different limits. The thesis is
divided in two parts, both of which deal with different aspects of these dualities.

As mentioned above, of greatest interest are compactifications of string theory to four
dimensions. This implies that the superstring theories have to be compactified on com-
plex three-dimensional Calabi-Yau manifolds. To construct a formulation that includes
non-perturbative aspects, one can consider the dual formulation in terms of F-theory com-
pactified on complex four-dimensional Calabi-Yau manifolds, see for example [17]. Thus
Calabi-Yau fourfolds are important in that context. Calabi-Yau fourfolds have a more
complicated structure than Calabi-Yau threefolds. They do not admit [18, 20] for example
the special geometry explained in appendix A.4, which simplifies threefold compactifi-
cations significantly. In order to gain more information about F-theory on Calabi-Yau
fourfolds, it can be instructive to consider related theories compactified on fourfolds first
that are better under control than F-theory. F-theory compactified on a fourfold times a
circle for example is dual to M-theory compactified on the same Calabi-Yau fourfold [16].
These theories live in three dimensions. Taking the decompactification limit in which the
radius of the F-theory circle becomes large, eleven-dimensional supergravity compactified
on a fourfold can be uselful to gain some information about F-theory in four dimensions.
Compactifying further on another circle, one obtains F-theory on fourfold times a torus.
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This theory is dual to M-theory compactified on a Calabi-Yau fourfold times a circle,
which in turn is dual to type ITA theory compactified on the fourfold. Thus, type ITA
theory in two dimensions is a candidate for gaining some information about F-theory in
four dimensions. Type ITA theory compactified on Calabi-Yau fourfolds is also the topic
of the first part of the thesis, section 2. Type ITA theory compactified on Calabi-Yau
fourfolds has been also considered in [19, 20, 21, 22, 23, 24, 25, 26].

A generic four-fold compactification of the type ITA string requires switching on non-
vanishing background values for certain R-R field strengths in the fourfold [19]. The
R-R fields couple to D-branes as mentioned in the last section. Switching on constant
background values for R-R field strengths corresponds to wrapping the D-branes on
certain cycles in the Calabi-Yau fourfold. Thus consistent type ITA compactifications
on Calabi-Yau fourfolds generically include D-branes wrapped in the compactification
manifold. This is in contrast to type ITA compactifications on Calabi-Yau threefolds,
where it is possible, but not required for consistency to include branes or equivalently
background fluxes. The D-branes wrapped on the cycles in the Calabi-Yau fourfold
generate a potential in the low energy effective action of the theory. This was considered
in [24, 25]. The goal of section 2 is to derive this potential including “stringy corrections”,
which are non-perturbative in the world-sheet coupling constant o’. These corrections
are called worldsheet instantons, and they depend on the geometry of the fourfold.

The central task of the instanton calculation is to consider the special class of fourfolds
which are threefold fibrations. For an explanation of that, see appendix A.5. Taking the
large base limit one can show that the stringy corrections of the potential can be extracted
from the geometry of the threefold fibre alone [18, 20]. Thus the corrections are fixed by
the special geometry of the threefold fibre. This simplifies the calculations significantly
and we are able to give the full potential including all stringy corrections for the class of
fourfolds described above.

A possible application of the calculation can be found in string dualities. First, one can
consider the duality of type ITA theory on a Calabi-Yau fourfold and the heterotic string
on a Calabi-Yau threefold times a torus. If the duality between these theories is valid,
one would expect that the potential including the worldsheet instanton corrections of the
ITA theory should somehow also turn up in the dual heterotic theory. A similar analysis,
without taking into account worldsheet instanton corrections on the IIA side, was done
in four dimensions in [27]. Second, it turns out that, for a specific choice of background
fluxes, the potential coincides with a potential proposed in [28] for compactifications of
type IIB string theory on Calabi-Yau threefolds.

The first part of the thesis, section 2, is organized as follows. In 2.1 we give an
introduction to the compactification of type IIA string theory on Calabi-Yau fourfolds.
We explain the form of the potential generated by the background fluxes. The worldsheet
instanton corrections to the potential are derived in 2.2. The corrections are derived by
using mirror symmetry, which is explained in detail in appendix B. In section 2.3 we
consider the superpotential generated by four-form flux only and rederive the result of
the last section using the methods of topological field theory. We show that the results
are in agreement. Finally, we make some remarks about the potential in the context of
heterotic-type ITA duality in 2.4. The results of section 2 are published in [29].

The second part of the thesis deals with the strong coupling limit of the Eg x FEjg
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heterotic string, which is given by M-theory compactified on an interval. To be precise,
the interval is the one-dimensional orbifold S!/Z,, which is obtained by identifying the
coordinate © = —zx of the circle, where x € [—m, 7|. This model was first considered in
[15]. The identification of the strongly coupled heterotic string with M-theory compact-
ified on S'/Z, can be shown expicitly on the level of the low energy effective actions.
Anomaly cancellation requires a gauge group Eg X Fg on the M-theory side.

It is interesting to consider further compactifications to lower dimensions. The
strongly coupled heterotic string compactified on some manifold X should be given by
M-theory compactified on S*!/ZyxX. This does not lead to any particular difficulties un-
less X is an orbifold. Orbifolds are a generalization of the class of compactification spaces
from manifolds, which are smooth by definition, to spaces which may contain quotient
singularities. One example is the S!/Zy orbifold with the quotient group Z,, which is
singular at the fixed points x = 0, 7.

Recently, two groups [89, 90] have analyzed the case that X is the orbifold limit of a
K3 manifold, that is T%/Zy. The six-dimensional case is of particular interest, because
anomaly cancellation is particularly restrictive in six dimensions, as is explained in ap-
pendix C. This is of great importance because a formulation of the underlying theory,
M-theory on S'/Zy x T*/Zy, is not known and one has to extract the information about
the theory purely from consistency conditions such as anomaly cancellation. Anomaly
cancellation has lead the authors of [89, 90] to an interesting set of rules for the spec-
trum and the gauge group of the theory. These rules are highly non-intuitive. Some of
the rules have been justified recently in [91] by considering the compactification of type
ITA theory on S'/Z,, called type I’ theory. The six-dimensional rules of [90, 89] can be
generalized to describe orbifold compactifications to four dimensions [92].

We take another approach towards understanding the rules in six dimensions by con-
sidering the dual F-theory formulation of M-Theory on S!/Zy x T*/Zy. To obtain a
six-dimensional theory, F-theory has to be compactified on a Calabi-Yau threefold. The
hope is that the geometry of the correct threefold contains some information about the
non-perturbative sector of the dual M-theory. To switch off corrections which may com-
plicate the problem, we take the limit of a large K3 orbifold on the M-theory side. For
the F-theory threefold, this means that the manifold undergoes the stable degeneration
explained in appendix A.3.3. In this limit, we construct the F-theory threefold. We show
the threefold gives a good description of the dual M-theory locally around each fixed
point. It turns out that the F-theory formulation indeed gives some additional informa-
tion about the gauge group of the theory. Thus we are able to give a new understanding
to some of the rules developped in [89, 90] directly from F-theory.

The second part of the thesis, section 3, is organized as follows. In 3.1, we give an
introduction to M-theory compactified on S'/Z,. We explain the conditions for anomaly
cancellation in some detail. Compactifying the theory consistently further to six dimen-
sions on T /7, gives rise to some interesting rules arising from six-dimensional anomaly-
cancellation, this is reviewed in 3.2. In 3.3, we concentrate on the compactification with a
perturbative gauge group SO(16) x [E7 x SU(2)]. For this gauge group, we construct the
dual F-theory model in 3.4 explicitly. We show that some of the rules can be understood
directly from F-theory. Finally, in 3.5 we extend the results to six-dimensional models
with other gauge groups. The results of section 3 will be published in [93] shortly after
the submission of the thesis.
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2 Type IIA String Theory with Background Fluxes
in d=2

We consider compactifications of type ITA string theory on Calabi-Yau fourfolds. Consis-
tency of a generic compactification requires switching on a four-form flux in the Calabi-
Yau manifold [19]. Switching on background fluxes generates a superpotential in the low
energy effective action. The goal of this chapter is to derive the superpotential generated
by switching on all possible background fluxes [24, 25] including all “stringy corrections”,
i.e. including worldsheet instanton corrections. In 2.1 we review the compactification of
the type ITA string on Calabi-Yau fourfolds. The worldsheet instanton corrections to the
superpotential of the effective theory are derived in 2.2 using mirror symmetry [18, 20].
We consider the superpotential generated by four-form flux in 2.3 and rederive the result
of 2.2 using the topological field theory obtained by twisting the ITA worldsheet theory.
We conclude in 2.4 with a discussion of the impact of the results of 2.2 on the duality
between the IIA string and the heterotic string theory in two dimensions.

2.1 Type ITIA String Theory in d=2

We consider the low energy effective action of type IIA string theory compactified on a
Calabi-Yau fourfold. Ten-dimensional type ITA string theory has thirty-two supersym-
metries, sixteen of each chirality, and the bosonic spectrum contains the ten-dimensional
metric, the dilaton, the anti-symmetric NS-NS two-form and a vector and threeform
from the R-R sector of the worldsheet theory. The low-energy effective action is ten-
dimensional N = 2 type ITA supergravity and is to leading order [3]

S = /dlox\/—g [e_2¢ (%R+28M¢8M¢— i|H|2) — i (|FQ|2 + |F4|2)}
—i/B/\F4/\F4 (2.1)

where ¢ is the determinant of the ten-dimensional metric, ¢ is the dilaton, H = dB is
the field strength of the NS-NS twoform, Fy = dC is the field strength of the RR vector,
Fy = dCj5 is the field strength of the RR 3-form and F, = Fy, — C; A Hs.

Compactifying the ten-dimensional theory on a Calabi-Yau fourfold preserves 1/8 of
the supersymmetry leading to a two-dimensional theory with N = (2, 2) spacetime super-
symmetry. The spectrum depends on the hodge numbers of the compactification mani-
fold. Expanding the ten-dimensional metric in the harmonic forms of the fourfold leads
to h(bD real scalars g, A =1,..., A" and A3 complex scalars Z¢, o = 1,..., h(13),
Expanding the the NS-NS twoform results in (Y real scalars b, For simplicity we set
h(:2) = 0, that means the (1,2)-forms from the expansion of the R-R threeform do not
contribute to the spectrum. Vectors have no physical degrees of freedom in two dimen-
sions, thus the R-R oneform does not contribute to the spectrum either. All in all the
spectrum contains the two-dimensional Dilaton, h!) complex scalars t4 = (b + ig?),
these are the the complex Kahlermoduli, and A3 complex scalars Z¢, which are the
the complex structure moduli of the fourfold. The two-dimensional action is [29]
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9 (1 1 = 1 __
S = / dPay/—g@ =207 (§R<2> + 20,68 — éGAgﬁutAﬁ"tB - 5Gaﬁauzaaﬂzﬁ) (2.2)

where ¢? and gy are the two-dimensional dilaton and metric. G 45(t,t) and Gap(Z, Z)
are the metrics on the moduli space of the Kahler- and complex structure moduli

Gap(t,t) = 0403K,
Go3(Z,Z) = 0.03K, (2.3)

with the Kahler potential

K:—ln(/Q/\Q)—an. (2.4)

V is the volume of the fourfold and can be expressed in terms of the Kihler form J = g4ey,
where e4 denotes a basis of the (1,1)-forms, as

1 _ _ _
JNINTANJT = —dagep(t =t (A2 —12)(tY —19) (P —tP),  (2.5)

V=~
ar y, Al

where d4pcp are the classical intersection numbers d sgcp = fy4 eaNegNecNep.

Of special importance in fourfold compactifications is a ten-dimensional higher order
term not considered in (2.1). This term contains the NS-NS two form and the curvature
[19] #

S~ /B A Xs(R) (2.6)

with Xs(R) = 5 (;trR* — g5tr(R?)?). Integrating over the eight-dimensional compacti-
fication manifold Y}, leaves a one-point interaction of the two-form B proportional to
1
Xs(R) = =X, (2.7)
Y '
where y is the Euler number of the fourfold. Onepoint functions violate Lorenz invariance
of the theory and thus to obtain a consistent compactification this interaction has to be
to cancelled. Compactifying the last term in (2.1) leads to a onepoint function of the
two-form B proportional to

/ FiAFy. (2.8)
Yy

By giving the four-form field strength Fj; a non-vanishing background value in Yy it is
possible to cancel the above term. For integer §f cancellation is also possible by filling
the two-dimensional spacetime with N fundamental strings. The cancellation condition

is [19]
X 1
==N+— Fy N Fy. 2.
m +87T2 . 1N\ Fy (2.9)

3The eleven-dimensional M-theory version of this term also plays an important role in the discussion
of the strongly coupled heterotic string, see chapter 3
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For non-integer 75 comsistency requires switching on R-R background fourform fluxes.
This is in contrast to lower-dimensional compactifications such as K3 manifolds or Calabi-
Yau threefolds, where background fluxes can be turned on but are not required for con-

sistency.

In addition to the four-form field strength we turn on zero-, two-, six-, and eight form
fluxes Fy, Fy, Fs and Fg in Yy. In [24, 25] it was shown that by including the background
fluxes a non-trivial potential is switched on in the low energy effective action. If the
(1,2)-moduli are frozen, the potential can be expressed in terms of two superpotentials
W and W [26]

V =k (GMUBDLWDEW + G B D WDW — W2 — |W|?), 2.10
B

where W depends on the complex structure moduli Z* and W on the complex Kéhler
moduli t4. The Kihler covariant derivatives are defined as

DAW = OAW + WK, D W =8, W + Wa,K. (2.11)

The purpose of this chapter is to derive the superpotentials.

We are going to consider the background fluxes from the D-brane perspective. A
Dp-brane is a magnetic source of a R-R p+1-form potential located on the worldvolume
of the brane. Thus instead of considering R-R fluxes in the Calabi-Yau fourfold we can
consider the corresponding D-brane wrapped on some submanifold of the fourfold. These
submanifolds are the supersymmetric cycles in Y, such that the brane configurations are
BPS states preserving half of the supersymmetry on the worldvolume. These brane con-
figurations generate the potential (2.10). There are two different kinds of supersymmetric
cycles. A special Lagrangian cycle S is a cycle in the homology class H4(Yy,Z) (more
generally in Hy(Yy, Z) for a complex d-dimensional compactification manifold) and its
volume is given by

Vol(S):/SQ:/Y QAS. (2.12)

S is an element of the cohomology class H*(Yy,Z) which is dual to the cycle S in
Hy(Y4,Z). A holomorphic cycle C®) is a cycle in the homology class H,(Y3,Z), p =
0,2,4,6,8 (in Hy(Yy,Z), p = 0,...,2d for a complex d-dimensional compactification
manifold), and its volume is

Vol(C(p)):/ t/\.../\t:/ tA L ANEACEP) (2.13)
Cc(®) Ya

where the integrand contains p/2 komplex Kéhler forms t = t4e4 and C®~P) is an element
of H8P(Yy,7) and dual to the cycle C®. Note that the volume of a special Lagrangian
cycle depends on the complex structure moduli while the volume of a holomorphic cycle
depends on the Kahler moduli only.

A very useful observation in string theory is that brane configurations correspond to
solitons of the low energy effective action. A Dp- brane wrapped on some supersymmetric
cycle of real dimension p has one additional direction in the flat spacetime. As our theory
is 14+1-dimensional this configuration has codimension one in spacetime. In the low
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energy effictive action such a state is a domain wall. It is known from field theory that
the superpotential generated by a BPS domain wall is equal to the mass of the soliton,
see for example [64]. The mass of the soliton translated to the D-brane language is the
volume of the supersymmetric cycle the brane is wrapped on [24, 25]. This relation is only
true for BPS states, that is why we consider BPS branes and wrapped on supersymmetric
cycles only. The superpotentials are

W =Vol(S), W=> Vol(C"). (2.14)

Note that this formula is valid in any dimension for D-brane configurations with codi-
mension one in spacetime.

Wrapping a D4-brane on a four-dimensional special Lagrangian cycle generates the

superpotential

1

W= — QAF 2.15
om /3/4 b ( )

where F denotes the RR 4-form flux. There is a subtlety here that should be mentioned.
What was really shown in [24] is that the change of the superpotential when crossing the
domain wall in the two-dimensional space-time is equal to the volume of the four-cycle
CYW € H,(Yy,Z) wrapped by the D4-brane: AW = [, Q = - Jy, QAN AF,. Tt is the
change of the 4-form flux £ € H*(Y},Z) that is Poincaré dual to the four-cycle C'¥
rather than the flux itself. Note that in general not % but % — B does take values in
H*(Yy,Z), where p; is the first Pontryagin class [31]. There are no such subtleties for the
other fluxes however, but one might keep in mind that we consider only a subspace of

possible fourform fluxes if we assume that % is an element of the integral cohomology.

The second superpotential is generated by wrapping Dp-branes, p = 0,2,4,6,8, on
holomorphic cycles C®?) € H,(Y,,Z) with the same real dimension p [24, 25]

1
Wc1=2—/ EANEANEANL Fo+tNEANENFy +ENEANFy+ T A Fs + F) (2.16)
™ Ys

where 5—7’; € H?(Y,,7Z) is the RR p-form flux which is Poincaré dual to the (8 — p)-cycle
C®P € Hy ,(Yy,Z) (for p = 4 see the above remark).

The effective theory has a (2,2) supersymmetric vacuum in a Minkowskian back-
ground if

DAW|min = DaW|min = Ij/v|min = W|min =0 (217)

holds. Depending on the background fluxes this puts a severe constraint on the moduli
space and for some fluxes no supersymmetric vacuum exists at all. For example, for the
superpotential eq. (2.15) the supersymmetry condition (2.17) implies [30]

FOY —o=F" (2.18)

where the last equation arises from the fact that 9, takes values in H*° @ H*'. Since
the Hodge decomposition of H* depends on the complex structure, eq. (2.18) is a strong
constraint on the moduli space of the complex structure. It leaves only the subspace of
complex structure deformations which respect (2.18) as the physical moduli space.
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The superpotential W depends on the Kiahlermoduli and receives quantum corrections
on the worldsheet while W is exact. Mirror symmetry demands that once all quantum
corrections are properly taken into account the two superpotentials should obey [69, 23,
25]

W (Ys) = Wa(Y4) 4+ quantum corrections = W (Y}) , (2.19)
where Y," is the mirror fourfold of Y,. Mirror symmetry and worldsheet corrections are
explained in the appendix B. The quantum corrections can be derived by computing W
on the mirror manifold and performing the mirror map. This is done in the next section.

2.2 Worldsheet Corrections of the Superpotential

Our goal is to compute W(Kl) including the worldsheet corrections. To do this we have
to find the mirror manifold Y, evaluate the potential

1
W(Yy) = —/Y*Q/\FI, (2.20)

2T

and perform the mirror map. We denote the fourform flux by F} in order to distinguish
it from the fourform flux on Y,. Before we perform the calculation we make a few
simplifications.

The fourfold Yy is chosen to be a Clalabi-Yau threefold fibered over a base P! in
the large volume limit Vol(P!) — oo. This limit simplifies the quantum corrections of
the superpotential significantly. In addition we assume that the background fluxes F,
and F} are elements of the primary subspaces of the cohomologies H /2P/2)(Y}) and
H®=ER)(Y,) introduced in A.5, that is necessary for using mirror symmetry. The vertical
primary cohomology is the subspace of the vertical cohomology ®¢_, H**(Y,) obtained
by taking the wedge products of k£ (1,1)-forms. The horizontal primary cohomology
is the subspace of the horizontal cohomology @&¢_,H (d=kk)(Y;) generated by successive
derivatives D*Q of the holomorphic (d, 0)-form © [42, 18].

The elements of the horizontal primary subspace are mapped via mirror symmetry
to the elements the vertical primary subspace of the mirror manifold and vice versa
[18, 20, 98]. The (k, k)-forms in the vertical primary subspace are mapped to the (d—k, k)-
forms in the horizontal primary subspace.

Let us restrict to the class of fourfolds which are Y3-fibred over a base P! [20]. The
vertical primary subspace can be obtained by taking the wedge product of the elements
of the vertical primary subspace of Y3 with the zero- or (1,1)-forms on the P! base. This
leads to the following Hodge numbers of the vertical primary subspace of Y}

hOOYy) = 1 = h9(vy),
ROy, = rOO(Y3) +1 = hBA(Y,) , (2.21)
hG?(Ya) = 2n0(Y;)

where the subscript vp refers to the vertical primary subspace. Except for h%’Z) the Hodge
numbers of the vertical primary subspace coincide with those of the full vertical cohomol-
ogy. Thus we omit the subscript vp except for the (2,2)-forms. In the following we also
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use the formulation of the vertical primary subspace in terms of the dual homology. In
the homology the vertical primary subspace is obtained by joining the even-dimensional
cycles M™ n =0,2,4,6, of Y3 with the zero- or two-cycles of the base P'.

Mirror symmetry implies the following relations for the Hodge numbers of the hori-
zontal primary subspace of Y

HOO(YE) = MO (YG), ROy = hOOw), (222)
RED(YE) = RO (YL), RSP (Yy) = hEP(Va),

where the subscript hp refers to the horizontal primary subspace. The members of
the vertical respectively the horizontal primary cohomology are observables in the A-
respectively B-model. The A- and the B-model are two topological sigma-models with the
Calabi-Yau manifold Y, as a target space, which are obtained by twisting the worldsheet
sigma-model in two different ways [48]. The observables and correlation functions of the
A-model on Y} are related via mirror symmetry to those of the B-model on Y, and vice
versa.

The R-R fluxes F?) are mapped to elements of the horizontal primary subspace on
the mirror manifold Y. The dimension hj,(Y;) of the horizontal primary subspace can
be expressed in terms of the number of (1, 1)-forms of the fibre of Yy:

B, (V) = 2000 (Y7) + 2hBD (V) + Rz (Yy) = 4(hD(Ys) + 1). (2.23)

Thus it is possible to introduce a basis for the horizontal primary homology of Y, by
(AI,/L,BI,E[), where I = 0,...,hR0D(Y3). The (AI,/L) are those homology cycles
that correspond via mirror symmetry to the elements of the vertical primary subspace
of Y, which are obtained by joining the even-dimensional cycles of the threefold-fibre
with the zero-cycle of the base. Analogously, (B, él) are the cycles which are related
to the elements of the vertical primary subspace which are obtained by joining the even-
dimensional cycles of the threefold with the two-cycle of the base [20]. As noted in [20]
in the large base limit at leading order the cycles (A, A 1) all have vanishing intersections
with each other and the same is true for the (B, BI) cycles. The only non-vanishing
intersections are between A-cycles and B-cycles and the intersection form is given by
that of the Ys-fibre. For a certain choice of cycles and in terms of the Poincaré dual
forms (a?, ay, b’, l;[) this amounts to

/aIABJ:cS{,:—/ ay A b (2.24)
Y. Y.

with all other intersection pairings vanishing.

In order to evaluate the superpotential W (Y,") using eq. (2.15) we expand the 4-form
flux on Y} in this basis
Iy

o = pral — plag + vib — o'y, (g, il vr, ') € Z . (2.25)

The fluxes are not all independent but have to obey the consistency condition (2.9).

This implies
1 ~ .
a X(Y) =N+ (vi' — prv') . (2.26)
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Inserting (2.25) into (2.15) we arrive at

W:,uI/Q—ﬁI/Q+V1/Q—DI/Q. (2.27)
Al A BI B

In order to evaluate the period integrals [ € on Y} one has to note that they are mapped
via mirror symmetry to the periods on Yy, which give to leading order in the large volume
limit and in special coordinates the classical volumes of the corresponding cycles. These
leading terms in general get quantum corrections. In the large base limit the corrections
from the base are suppressed and the quantum corrections only arise from the threefold
fibre. Thus the periods on the fourfold are given by those of the threefold, multiplied by
the classical volume ¢V of the base for those cycles which contain the base [20]. More
specifically one has *

/Q = (Lt + 0@, /Q:tv(1,ti)+ (")) + O™, (2.28)
Aj By

/~ Q= (FuF)+OE"), / Q= tV(F, Fo) + O((t")) + O(™)
A; B
where i = 1,..., h(bD(Y;3). The vector

corresponds to the periods of the threefold with F; = 0, F and Fy = 2F — t'F;. The
N = 2 prepotential is given by [60]

1 - omi S tid;
F = Fpol - W Zn{di}L’lfS(e ) ) (230)
{di}
where
1 ;o1 AN
Fool = G lijit Itk 4+ bt + ¢ Lis(z) = ; = (2.31)

The polynomial part F,. contains the classical intersection numbers of the threefold d;;;
and the coefficients b;, ¢ are given in [60]. The non-polynomial part contains the contri-
bution of the worldsheet instantons. Worldsheet instantons arise if the compactification
manifold contains isolated holomorphic curves C around which fundamental strings are
wrapped. This effect is called worldsheet instanton because the corrections are propor-
tional to the inverse exponential of the worldsheet coupling constant. d; is the instanton
number of the i-th (1, 1)-form e;, d; = fc e;, and nyq,y is the number of isolated holo-
morphic curves C of multi-degree (dy,...,d,a1) in the threefold fibre. The sum over j
takes into account multiple coverings of a fundamental string wrapped on a given curve.
Worldsheet instanton corrections are explained in detail in the appendix.

Inserting (2.28) into (2.27) and assuming that the u; and i’ are large so that the
O((t)%) term can be neglected we get

W(Yy) = po + pt' — ' Fi — @i0F + vot¥ +vit't" — o' Fit" — " Fot" . (2.32)

4We thank P. Mayr for a clarifying discussion concerning the period integrals.
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The period integrals (2.28) have been used in [20] to derive the Kéhler potential in the
large base limit

K= —ln[/* ANQ = [tV = )RF - F)— (i —E)F+ F)] . (2.33)

4

The superpotential can be written in a more suggestive way by expressing it not in
terms of special coordinates t* but rather in terms of the homogeneous coordinates
X1 = (X9 X7%) [60]. These coordinates are commonly used in N = 2 supergravity and
are holomorphic functions of the special coordinates X (#'). Furthermore, one has a pre-
potential F'(X) which is a homogeneous function of the X! of degree two. The special co-
ordinates are just the particular coordinate choice t° = X9/ X% =1, = X'/ X" F(#') =
(X9 ~2F(X). In homogeneous coordinates the periods of the threefold are

= (X', Fr) = X°(1,t', i, Fo) (2.34)
and the Kéhler potential reads
K=—-I[t" —-t")X'F;, - X'F})] . (2.35)

This coincides with the Kéahler potential given in (2.33) up to a Kéhler transformation
that amounts to a different normalization of the (4, 0)-form €. Inserting (2.34) into (2.32)
finally yields

WY, =a; X' —p'F; | (2.36)

where we abbreviated a; = p; +tVv;, B = i +tV9! and discarded an X -factor by the
same Kahler transformation.

Curiously the superpotential (2.36) coincides with the superpotential derived in ref.
[28]. Tt arises in type IIB compactifications on a Calabi-Yau threefold with non-vanishing
RR- and NS 3-form fluxes studied in refs. [33, 28, 34]. In this case the type IIB dilaton
plays the role of ¢V in (2.36). It also is very closely related to the BPS-mass formula
studied in refs. [35, 36] and the entropy formula of N = 2 black holes [37]. This fortunate
coincidence saves us from a detailed analysis of the supersymmetric minima of (2.36) and
we can simply refer the reader to refs. [33, 28, 34, 39, 36]. One finds that for generic
fluxes no supersymmetric vacuum exists. However, if the a7, 37 are appropriately chosen
supersymmetric ground states can exists. This can happen if the fluxes are aligned
with cycles of the threefold which can degenerate at specific points in the moduli space
(32, 33, 28, 34, 39]. These points (or subspaces) then correspond to supersymmetric
ground states. They also coincide with the supersymmetric attractor points studied in
refs. [37]. Note that in ref. [28] the consistency of the compactification required v;ji! —
pr! = 0 while in our case this is replaced with the generalized condition given in eq.
(2.26).

Before we evaluate W (Y}) let us briefly discuss the symmetry properties of W (Y;*) as
obtained in eq. (2.36). In homogeneous coordinates the period vector II transforms as a
symplectic vector according to

(F)=(22)(%) (&5)esmmerran.  em
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This transformation leaves the symplectic product (X!F; — X?F}) invariant and via eq.
(2.35) also the Kéhler potential (in homogeneous coordinates). The fact that (Fj, X7T)
transform as a symplectic vector implies that also (a7, a’) and (Z~)1, b!) transform according
to (2.37). Indeed one verifies that the intersection matrix given in (2.24) is left invariant
if (a,a’) as well as (by,b’) transform as symplectic vectors. Since F has to be sym-
plectically invariant one infers from (2.25) that in turn the fluxes (uu7, @) and (g, 77)
have to transform as symplectic vectors, i.e. according to (2.37). Since ¢V is invariant
we conclude that (ay, 87) form a symplectic vector. Thus W of (2.36) is invariant under
symplectic tranformations.

Having derived the expression (2.32) for W (Y,) we can use eq. (2.19) to determine the
quantum corrections of W (Y}). By matching the classical terms of W (Y}) as given in eq.
(2.16) with the classical part of (2.32) using (2.30), (2.31) one is led to the identification

1
— P Fot” = or tAtANtAT Fy+ quantum corrections , (2.38)
T Jy,
. 1
—iPFy -0 FtV = — [ tANtAtAFy +qec., (2.39)
27T Ys
GV~ 1
vttt — @' F;=— | tAtAFy+q.c., (2.40)
27 Jy,
1% i 1
Vot —i—,uzt = — tA F6 s (241)
27 Jy,
1
o = — [ Fg = const. . (2.42)
2 Yy

The right hand sides of (2.41), (2.42) are two- and one-point functions in the topological
A-model explained in the appendix and therefore do not receive instanton corrections
[18, 62]. From eq. (2.40) using (2.30), (2.31) we learn that the term including F; has a
polynomial piece and instanton corrections while the second term v;t't" is purely classical.
This can also be understood by considering the corresponding correlation functions in
the A-model. Let us now go through this computation in more detail.

2.3 The Superpotential Generated by Four-Form Flux

We switch on only fourform flux and rederive the superpotential W(Y4) including quan-
tum corrections by evaluation correlation functions in the topological sigma model. The
topological sigma model is explained in appendix B.2. We denote the observables of the
A-model by Og\l;) € H*®(Y,), where the index takes the values M = 1,..., hg;,’k)(Yd).
The observables of the A-model are exactly the elements of the primary vertical subspace
of H*®(Yy). The two-point functions

k k d—k k d—k
i = (0§ = [ o) nof (2.3
d

receive no instanton corrections and define a flat metric on the vertical primary coho-
mology [62]. Note that this metric for & = 1 is not the metric on the moduli space of
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(1, 1)-forms, the Zamolodchikov metric G 45 = 1/V de ea N *xep, where xep is the Hodge
dual of eg. Although the Zamolodchikov metric contains also observables of the A-model
(because e4 = OS is an observable of the A-model) and looks similar as the topologi-
cal metric above, it depends on the Kéhlerpotential as G 45 = d405K and does receive
quantum corrections as can be seen from eq. (2.33). The relation between the metric of
the (1, 1)-moduli and the metric of the A-model was the subject of [63].

The threepoint functions
k 1) (k) A(d—k—1
Yty = (00,705 Y), (2.44)

do receive instanton corrections. Because of their factorization properties all other am-
plitudes can be expressed in terms of the two- and three-point functions n](\lf[)N,YI((kL)M

[18].
Choosing the 4-form flux as

hay

Fy 2

— =) "\op .

5 oy, (2.45)
N=1

ref. [23] proposed the following formula
040 W (Y3) =Y M0V 0T . (2.46)

N

In the following we evaluate this three-point function for a threefold-fibred fourfold in
the large base limit and show that (2.46) is consistent with (2.40).

Let us first consider the part of F, which has one component in the base

F hl’l(Yg) h(l,l)(YS)
4 N~ 2) _ Vi _
o = Nz::l Ao = z; Aiey Ae;, (2.47)

where A% is large. In the large base limit, there are no instanton corrections from the
base so that according to the classical intersection numbers ey occurs at most once in any
correlation function. The divisor which is dual to ey is the threefold-fibre and projects
the amplitude of the fourfold to the threefold. In particular, for the three-point function
with the 4-form flux as in (2.47), the three-point function on the fourfold is projected to
the three-point function on the threefold [20]

RO (v) RO (1)
@i@ﬁW(YZ;) _ Z )\N<(/)Z(1)(/)](1)(/)5\?))}/4 — Z )\Vk<oz(l)oj(1)ol(€1)>y3 — Z )\ka*ijk’
N k=1 k=1
(2.48)
where
05\?) =ey Neg s Ol(gl) = €ér . (249)

As explained in appendix A.4, in special coordinates the three-point function Y;;; on Y3
is the third derivative of a holomorphic prepotential [60]

Yz‘jk = Ejlm -Fijk = 8ti8tiatk-7: . (2-50)
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Inserting (2.50) in eq. (2.48) we learn that 0,:0,; W (Y,) can be integrated and indeed
coincides with the instanton corrected part of the expression (2.40).

In order to get the full superpotential, we still have to consider the part with the
4-form flux restricted to the threefold fibre, i.e.

F hl’l(Yg)

4 i) (2)

— = ANO7. 2.51
o ;:1 ; (2.51)

We have to distinguish two cases. First we consider the three-point function which
contains one observable O corresponding to the base. In this case the three-point
function of the fourfold is projected to the two-point function of the threefold fibre:

O W (V) = N(OP O 0Py, = N0V 0Py, = N, (2.52)

As already mentioned above, two-point functions receive no worldsheet instanton correc-
tions and the classical part of the amplitude is already the exact expression. Integrating
twice we obtain the term in (2.40) which does not contain instanton corrections.

Finally, the contribution to the superpotential which has no component in the base
is subleading in the limit where A\V? and t"" are large. To summarize, we confirmed
the expression given in eq. (2.40) by considering correlation functions in the topological
A-model, that is without using mirror symmetry. Altogether we thus have

W (Yy) = Nl vtV + AVE R, (2.53)

with the relations )\knﬁ) = v, \VF = —jik.

2.4 The Duality of ITA Theory and the Heterotic String Includ-
ing the Superpotential

In order to mention some applications of the above calculations, we finally make some
remarks about the superpotential in connection with type IIA-heterotic duality. This
chapter is very brief, for a longer discussion see [29, 65]. Type ITA string theory com-
pactified on a Calabi-Yau fourfold Y, is dual to the heterotic string compactified on
Y3 x T?. For simplicity, we assume that the fourfold Yj is a K3 fibration over a large
base F,,. The heterotic compactification manifold Y3 is an elliptic fibration fibration over
a large base F,. It is interesting to compare the Kahler potentials of the two theories
including the worldsheet corrections on the ITA side.

The Kéhler potential of the ITA string on the K3 fibred fourfold in the limit of a large
P! base of F,, that is t¥ — oo, is given by eq. (2.33). We denote the Kihler modulus

of the P! fibre of F,, by tV. In the limit tY — oo the worldsheet instanton corrections
—itV

~ e are suppressed and the Kahlerpotential reads
K=tV —t")2F - F) = (' = ') (Fi + F))] (2.54)
with o ) .
F =ttt + FOE) + 0™, (2.55)
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where t* denote the moduli of the K 3-fibre and 7 is the intersection matrix of K3

0 1/2
-1

FO(#) contains the world-sheet instanton corrections of the K3 fibre

A 1 . i i d.
F(1)<tl> = —W Zn{di}L23<€2 2t dl). (257)
{dy

On the heterotic side we denote the complex Kahler moduli of the F,, base of the
threefold by u and v. The Kahler modulus of the torus T2 of Y3 x T? is called 7 and
the Kahler modulus of the elliptic fibre of Y3 is called p. Finally there are complex
scalars n?, a = 1, ...l charged under the gauge group (U(1))". They have their origin in
the compactification of the ten-dimensional gauge vectors charged under the Eg x Eg or
SO(32) gauge group on the torus. We keep the number [ of U(1) gauge groups arbitrary.
The Kahlerpotential in the large base limit u, v — oo is

K = —In[(u—a)(v = 0)((r = 7)(p = p) — (n* = 7")?)]. (2.58)
The duality map relates the moduli of the two theories as

{t} « {rpn"},
{t". 1"}« {uv}. (2.59)

Note that the number of U(1) gauge groups [ is related to the number of (1, 1)-forms
of the ITA K3 fibre. The two Kéahlerpotentials are mapped to each other using these
relations. Switching off the worldsheet instantons in (2.54) this can be verified easily. In
addition the duality suggests that the world-sheet instantons of the ITA Kéhlerpotential
are mapped to some corrections of the heterotic Kéahlerpotential that have not been taken
into account above. This is a standard procedure that has been also studied in detail in
four-dimensional compactifications [38], where world-sheet instanton corrections on the
ITA side are mapped to loop-corrections in the heterotic theory.

We can also make a statement about the superpotential. Inserting (2.55) into (2.32)
one obtains the superpotential for K 3-fibred fourfolds in the large IF,, limit. If one assumes
that the duality map given in (2.59) continues to hold in the presence of background fluxes
one can use it to derive a heterotic superpotential Wy (7, p, n*, u, v). For a discussion of
this, see [29].

2.5 Summary and Outlook
In contrast to higher dimensional compactifications, type ITA string theory compacti-
fied to two dimensions on a Calabi-Yau fourfold Y, generically contains non-vanishing

background R-R fourform fluxes in the compactification manifold [19]. R-R background
fluxes generate a potential in the low energy effective action of the theory. We consider

24



the potential generated by switching on all possible R-R background fluxes [24, 25]. For
a large worldsheet coupling constant ', the potential receives quantum corrections of the
worldsheet theory containing worldsheet instantons. The goal of chapter 2 is to derive
these worldsheet corrections. Worldsheet instanton corrections generally can be derived
using mirror symmetry. Mirror symmetry states that a classical potential derived on
the mirror manifold Y, can be mapped to the potential on Y, including the worldsheet
quantum corrections. We restrict the Calabi-Yau fourfold Y}, to the special class of three-
fold fibred fourfolds in the large base limit. This implies that the worldsheet instanton
corrections are given completely in terms of the threefold fibre [20]. In particular, it is
possible to use the the special geometry of the threefold fibre, which simplifies the mirror
symmetry calculations significantly. As a result, we are able to give the general form of
the full superpotential including all worldsheet corrections for the class of threefold fibred
fourfolds in the large base limit in section 2.2. In section 2.3, we rederive a part of the
result of section 2.2 in terms of scattering amplitudes of a topological field theory, called
the A-model, obtained by twisting the worldsheet theory. We show that the results of
section 2.2 and section 2.3 agree.

The results of the calculations are interesting in the context of string dualities. Firstly,
the potential including the quantum corrections coincides with the potential obtained in
28] for compactifications of type IIB string theory on Calabi-Yau threefolds including
threeform fluxes from the R-R and the NS-NS sector. An explanation for this phe-
nomenon has not been given yet as far as we are aware. One possible direction for
finding an explanation might be to examine in detail the T-duality between the type
ITA and the type IIB string 5. This remains to be done in the future. Also, a dual
four-dimensional formulation in terms of type IIB theory could provide a useful link for
constructing a non-perturbative formulation in terms of F-theory.

Another aspect is the duality between ITA theory compactified on a fourfold and the
heterotic string compactified on a Calabi-Yau threefold times a torus. If the duality is
expected to hold including the potential of the ITA theory, one would expect mechanisms
in the heterotic theory which generate the corresponding potential. In particular, the
worldsheet corrections of the IIA theory should have their counterpart in the heterotic
theory. This also remains a task for future investigations.

5We thank P. Mayr for a discussion of that issue.
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3 F-Theory Duals of M-Theory on S'/Z, x T*/Zy

We consider the strong coupling limit of the heterotic string [15] compactified on an
orbifold to six dimensions [89, 90]. The strongly coupled heterotic string is described by
M-theory compactified on an interval, where the length of the interval corresponds to
the heterotic dilaton. Compactifying the theory to six dimensions on certain orbifolds,
anomaly cancellation dictates some rules for the gauge group and the massless spectrum
of the theory that are highly non-intuitive. The goal of this chapter is to find explanations
for some of these rules by considering the F-theory formulation of the strongly coupled
heterotic string. In 3.1, we review the strong coupling limit of the heterotic string in ten
dimensions. In 3.2, we consider the compactification to six dimensions on an orbifold.
We review the rules given in [89, 90| for the gauge group and the massless spectrum
that follow from anomaly cancellation. As an instructive example, we consider the gauge
group SO(16) x [E7 x SU(2)] in detail in 3.3. The main part of this chapter is 3.4, where
we construct the F-theory formulation of the six-dimensional model. We show that F-
theory contains some additional information about the gauge group of the theory. This
enables us give an explanation of some of the rules that have been established in [89, 90].
In the last section, we generalize the results to other gauge groups.

3.1 M-Theory on S'/Z,

The strong coupling limit of the ten-dimensional Eg x Eg heterotic string is M-theory
compactified on a one-dimensional orbifold R x S'/Z, = R x I [15], where I is
the unit interval. To be precise, it was shown that the low-energy limit of M-theory
eleven-dimensional supergravity compactified on R'® x I describes the low energy limit
of the strongly coupled heterotic Fg x Fg string. The bosonic part of eleven-dimensional
supergravity to lowest order in the coupling constant is [73]

1 1 1 1
Su = — [ d" ——R — —G GHP* —/ CANGNG 3.1
11 KQ/ 37\/5{ 5 96~ 1P + 1262 Jym o (31)
where = 0,...,10. The action contains the curvature scalar R, the field strength

G = dC ( the fourform is defined as G = 1/410,,C, xdz* Adz” Adz? Adx*), the determinant
of the metric g and the eleven-dimensional gravitational coupling constant .

The one-dimensional compactification manifold I is given by the identification x ! =
—x!! of the eleventh coordinate z!'' € [—n, 7] parametrizing the circle S*. The Chern-
Simons term [ C'A G A G is invariant under the projection if

Cupe(z™) = —Cupe(—2"), a,b,c=1...10,
Cab711(l’11) = Cale(_:L,ll). (32)

Thus Cgpe is projected out and Cgp 11 is kept on the ten-planes. For the field strength
this means that Ggpeq is kept and Ggpe 11 is projected out. The orbifold breaks half of
the thirty-two supersymmetries of eleven-dimensional supergravity resulting in a ten-
dimensional theory with one chiral supersymmetry.

Consistency requires anomaly-freedom of the compactified theory. A detailed knowl-
edge of M-theory is not necessary for deriving the anomalies, because anomalies arise in
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the infrared sector of the theory. As anomalies occur only in chiral theories there are no
anomalies in the eleven-dimensional bulk. But the inflow of the eleven-dimensional fields
on the boundaries gives rise to ten-dimensional chiral anomalies [15, 74].

The action of the theory is eleven-dimensional supergravity in the bulk plus a ten-
dimensional gauge theory on the ten-dimensional fixed planes. The bulk action is just the
supergravity action (3.1), but anomaly cancellation on the ten-dimensional boundaries
requires including a higher order term

. 22
Shlgher order —- / GAX+(R 3.3
11 (471'/43)2 i 7( )7 ( )
with a seven-form X7 given by dX7; = Xg, Xg(R) = m (§trR* — 55(trR?)?) and the

gauge coupling A. The notation as well as the relation between the gauge coupling A
and the gravitational coupling x will be explained later. In the early literature such as
[15], the term C' A Xg was used alternatively for (3.3). A careful analysis in reference [75]
however showed that the terms are not equivalent and that only for the higher order term
G N X7 the anomalies cancel. The necessity of such a term was known before Horava-
Witten theory from string dualities and also from cancellation of the M-theory five-brane

anomaly [76, 77, 78].

The ten-dimensional action on the boundaries is obtained by compactifying the eleven-
dimensional action (3.1)4(3.3) on a circle S! and projecting onto the modes which are
invariant under Z,. Using equation (3.2), the Chern-Simons and the higher order term
lead to the ten-dimensional action

Sw/ GAXs+BAGAG, (3.4)
M10

where Xg is a six-form and related to the gauge variation of X; as dXg = 0X; and
By = Cg,11- This expression will be explained in detail later and it turns out that
it plays the role of a Green-Schwarz term in the anomaly cancellation. For details of
anomaly cancellation see appendix C.

It was shown in [15] that compactifying (3.1)+(3.3) on I to ten dimensions in a gauge
invariant way breaks the ten-dimensional N = 1 supersymmetry. Restoring the super-
symmetry requires a modified Bianchi-identity of the four-form field strength, dG # 0.
This leads to a modification of the field strength G = dC' + (additional terms) and de-
stroys the gauge invariance of the ten-dimensional action. A violation of gauge invariance
gives rise to anomalies which have to be cancelled in a consistent theory.

To cancel these anomalies it is necessary to include additional ten-dimensional gauge
fields on the two fixed planes. The explicit calculation shows that the theory is anomaly-
free only if the gauge fields transform in the adjoint representation of the gauge group
Eg on each fixed plane. Additional states located at the fixed points in orbifold com-
pactifications are familiar from string theory as twisted states. The Fg gauge fields are
equivalent to the string theory twisted states. Due to a lack of understanding the un-
derlying M-theory, there has been no direct way to explain the existence of these fields.
The ten-dimensional action is

1

1
510 = 4—)\2 dlol‘\/glo {TTF2 - étTRQ} s (35)
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with the Eg field-strength F'. Note that we have two of these actions, one on each fixed
plane.

Let us review the anomalies of the theory in greater detail. In ten dimensions there
are gauge as well as gravitational and mixed anomalies [79, 80]. The one-loop anomalies
on the ten-planes, excluding the inflow of G A X7(R) and C' AG A G, are almost identical
to those of the ten-dimensional Eg x Eg heterotic string. As explained in appendix C.1,
the heterotic one-loop anomaly polynomial is

15
I, = —————Y4Z 3.6
2 2(2m)56! 7 (3:6)
where Y, and Zg are four- and eight forms defined in C.1. The factorization of the
anomaly polynomial into a four- and an eight-form is necessary for cancellation of the
anomaly by the Green-Schwarz mechanism, for the details see the appendix.

The anomalies in M-theory compactified on R'°x I are localized on the two ten-planes
at the end of the interval with an Ey gauge group each. The ten-planes are separated by
a finite distance. The anomaly polynomial is the sum of two polynomials, one on each
ten-plane as denoted by the indices 1,2

hy = Il + I, (3.7)

and takes the form, as explained in appendix C.2,
N T /A1 3 Al
he = 3 (Vi (RR)) +Xs(R)Y) (R, FY)
) 3 52
+ 3 (W) + X(RYS (R, F), (3.8)

where X is the polynomial defined below equation (3.3). The two terms ~ (Y;"?)® are
cancelled by projection of the eleven-dimensional Chern-Simons term [ C'AG AG to the
ten-planes and the terms ~ Xg(R)YA}’Q are cancelled by the projection of [ G A X7. The
anomaly calculation is explained in detail in appendix C.2.

Because there are no scalars in the theory, one might wonder how the heterotic dilaton
arises in the M-theory picture. The answer is that the length [ of the compact eleventh
dimension is related to the ten-dimensional heterotic dilaton [15]

I = G- (3.9)

The situation is similar to the duality of type ITA string theory and M-theory compactified
on S, where the type ITA dilaton is identified with the radius of the circle S* [88]. As the
heterotic string coupling constant is determined by the dilaton, the length of the interval
is related to the heterotic string coupling. If the two fixed planes are pushed together
by letting the length of the interval approach zero, the heterotic coupling becomes small.
This limit becomes ten-dimensional and describes the weakly coupled heterotic string.
If the planes are far away from each other, which means [ and ¢y, are large, the theory
describes the strong coupling limit of the heterotic string.
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Figure 1: R!Y x I with the length [ = ¢i/e‘:’ of the interval and an Eg gauge group on each
ten-plane

3.2 M-Theory on S'/Zy x T*/Z,

Consider the strong coupling limit of the heterotic string compactified to six dimensions
on an orbifold T*/Z, with gauge group G = G x G’ C Fg x Fg. This has been studied in
(89, 90, 94, 95, 96, 97, 100]. The strong coupling limit of the heterotic string compactified
on orbifolds to four dimensions has been considered in [92]. For a review on heterotic
M-theory compactifications see [101]. The starting point is M-theory compactified on
two orbifolds T /Zy x S1/Z, with the gauge group Eg broken to G on one ten-plane and
Eg broken to G’ on the other ten-plane. There are two Z, projections in that model, one
acts on the coordinate of S* and one on the four coordinates of T*. The combined action
of both Zs’s defines the fixed planes of the theory. The theory has eight supercharges
which is N = 1 supersymmetry in six dimensions. The orbifold projection acting on S'*
leaves two fixed ten-planes already considered above. The action of the second Zs leaves
sixteen fixed seven-planes. The combined action of both orbifolds results in thirty-two
fixed six-planes, which are the intersections of the fixed ten-planes and the fixed seven-
planes. Consistency of the theory requires anomaly cancellation on all the fixed ten-,
seven- and six-planes. Anomaly cancellation on the ten-planes was already considered
above, so the requirements of anomaly cancellation on the seven- and six-planes remain
to be examined. Anomaly cancellation can be useful to gain information about the
spectrum and the gauge group of an unknown theory as was done successfully in the
ten-dimensional compactification on R!® x I. There are no chiral anomalies in odd
dimensions though, so the seven-planes are anomaly-free anyway and at first sight there
is no direct way of determining the gauge group on the seven-planes. The anomalies on
the six-planes however are not blind to the spectrum on the seven planes which intersect
them. It is indeed possible to determine the gauge group on the seven-planes and the
twisted spectrum on the six-planes by demanding anomaly cancellation on the six-planes.
Demanding anomaly cancellation in six dimensions is a powerful tool as there are gauge
as well as gravitational and mixed anomalies.

Consider the seven-dimensional compactification of M-theory on T'*/Z,. The theory
has sixteen supercharges and the only multiplets in seven dimensions are supergravity and
vector-multiplets. Compactifying further on S!/Z, breaks half of the supersymmetry and
decomposes the seven-dimensional vector-multiplet into a six-dimensional hypermultiplet
and a six-dimensional vector multiplet. The six-dimensional multiplets are chiral and
contribute to the anomaly on the six-planes. The vector multiplet contains vectors C, .,
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uw=1...,6,y,2=7,...,10 arising from the eleven-dimensional three-form C" with one
space-time index p and two internal indices (y, z) of T*/Z,. There are no vectors with one
index in the eleventh direction. If the internal five-dimensional space is a direct product
T*/Zy x S'/Zs, the vector changes sign under the z'' — —z!' projection (see (3.2))
and is projected out. It turns out that this is not consistent with anomaly cancellation
[89, 90]. Instead it is assumed that the compactification manifold is not really a direct
product but a “twisted” product which allows the vector components to survive the
orbifold projection in certain cases. We follow the literature [89, 90] in dealing with this
by using the “twisted” product structure of the geometry without specifying how the
geometry gets distorted. The twisted product is defined by obtaining a spectrum such
that anomaly cancellation works. There has been no direct formulation of this problem
in terms of the proper geometry.

The effect of the twisted product structure can be summarized as follows [89, 90]. It
should be stressed again that there has been no derivation of the following rules from
first principles, it is only possible to show that the anomalies cancel using this receipe.

If the gauge group on the seven-plane does not coincide with the perturbative gauge
group on the ten-plane, the six-dimensional vector multiplet survives the projection while
the six-dimensional hypermultiplet is projected out [90]. In this case the gauginos in the
chiral vector multiplet contribute to the anomaly. But as the fields are localized on
the seven-planes and not on the six-planes the anomaly is half of the standard anomaly
resulting from six-dimensional gauginos charged under the same gauge group.

If the seven-plane gauge group coincides with a factor of the perturbative gauge
group, the six-dimensional hypermultiplet survives the projection and contributes to the
anomaly while the six-dimensional vector multiplet is projected out. The contribution of
the hyperinos in the hypermultiplet to the anomaly is again half the standard anomaly
given by six-dimensional hyperinos charged under the same gauge group.

Another equivalent way of describing the twisting of the internal manifold is to im-
pose different boundary conditions on the six-dimensional N = 1 vector and hypermulti-
plets [89]. Free (Neumann) boundary conditions on one six-plane imply fixed (Dirichlet)
boundary conditions on the six-plane which is connected to the first one by a seven-
plane for the same multiplet. Neumann boundary conditions on the vector component
implies Dirichlet boundary conditions on the hyper components on the same six-plane
and vice versa. Imposing Dirichlet boundary conditions on a six-plane means that the
corresponding multiplet is invisible on that plane and projected out by the Z 5 symmetry.

If the seven-plane gauge group does not coincide with the perturbative gauge group
Neumann boundary conditions are imposed on the six-plane on the vector multiplets and
Dirichlet boundary conditions on the hypermultiplets.

If the gauge group on the seven-plane coincides with a factor of the perturbative gauge
group Dirichlet boundary conditions are imposed on the vector multiplets and Neumann
boundary conditions on the hypermultiplets. Again, there has been no derivation of these
boundary conditions from first principles but one has to us the above receipe to obtain
anomaly freedom of the theory.

If the gauge group on the seven-plane is broken to some subgroup by the action of the
orbifold projection T*/Z,, the seven-dimensional fields decompose into six-dimensional
fields according to representations determined by the breaking of the gauge group. The
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case that has been considered explicitly so far is a gauge group SU(N) broken to its
Cartan subgroup (U(1))V~!. There are (N —1) six-dimensional vector multiplets charged
under (U(1))N =1 surviving the projection. The projection of the (N2 —1) six-dimensional
hypermultiplets charged under SU(N) has to be determined by anomaly cancellation
again with the result that 2(/N—1) six-dimensional hypermultiplets survive the projection.

3.3 The Gauge Group SO(16) x [E; x SU(2)]

As an example consider the gauge group G x G’ = SO(16) x [E; x SU(2)], which was
analyzed in detail both in [89] and [90]. The breaking of the gauge group Fg — SO(16)
leads to a decomposition (248) — (120) & (128). There are 120 vector multiplets trans-
forming in the adjoint representation and 128 hypermultiplets transforming in the spinor
representation of SO(16). The breaking of the gauge group Fgs — [E; x SU(2)] on the
other ten-plane leads to a decomposition (248) — (133,1) @ (1,3) @ (56,2). The first
factor are 133 vector multiplets in the adjoint representation of E7, the second factor
are three vector multiplets in the adjoint representation of SU(2) and the third one are
112 hypermultiplets in the bifundamental representation. In addition the compactifi-
cation leads to four moduli which are hypermultiplets and gauge singlets and there is
one universal tensor multiplet which includes the dilaton. This spectrum is just the
untwisted massless spectrum of the weakly coupled heterotic theory. For the construc-
tion of heterotic spectra see [102, 103]. Thus the untwisted spectrum can be reproduced
successfully in the M-theory formulation by taking eleven-dimensional supergravity on
R!Y x S1/Z, including the decomposition of the “twisted” Fyg gauge fields and compact-
ifying the flat ten-dimensional space on T to six dimensions projecting onto the modes
which are invariant under Z, acting on the coordinates of the torus.

The twisted states of the T*/Zy orbifold are less straight forward. The twisted states
of the heterotic theory are sixteen half hypermultiplets ¢ transforming as (16,1, 2) of
SO(16) x [E; x SU(2)]. The problem is that they transform under the gauge groups
on both ten-planes. It is not clear at first sight how to reproduce these states in M-
theory. The twisted states are located at the fixed points of the theory, either on the
sixteen fixed points on one ten-plane or on the sixteen fixed points on the other ten-
plane. As the ten-planes are separated by the interval of length [, the twisted states
should be charged under only one of the gauge groups of the ten-planes, never under
both. This problem has been resolved in [89],[90]. Both references come to the con-
clusion that it is necessary to include a non-perturbative SU(2) gauge group on each
of the sixteen fixed seven-planes such that the gauge groups on the fixed six-planes are
SO(16)Pert x SU(2)mon~Pert and [E7 x SU(2)|Pet x SU(2)"°" P, Let us analyze the effect
of the additional sixteen non-perturbative SU(2) gauge groups. On the six-plane with a
perturbative [E7; x SU(2)] gauge group there is a non-perturbative gauge group SU(2)
as well as a perturbative SU(2). According to the above prescription there are SU(2)
hypermultiplets surviving the z! — —2z! projection on these six-planes. The anomalies
on the six-planes including the contributions of the hypermultiplets indeed cancel. On
the six-planes with the perturbative SO(16) gauge group it is the the vector multiplets
that survive the projection and contribute to the anomalies. To cancel the anomalies one

6 A half hypermultiplets contains exactly half the massless spectrum of a hypermultiplet
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indeed has to include additional sixteen half hypermultiplets transforming as (16, 2) of
the gauge group SO(16)P x SU(2)ron-pert,

The anomaly calculation was done explicitly in [89],[90], we summarize the calculation
in appendix C.4. There are several contributions to the one-loop anomaly on the six-
planes resulting from the chiral projection of fields which live in the seven-dimensional
bulk and on the fixed ten-, seven- and six-planes. Adding up all contributions on the
six-planes with gauge group [E; x SU(2)] leads to the resulting anomaly

1 1 1 3 3
resulting o g1 4 g g1 n 2\2
Ly (Erxsu() = (27r)34!( 32 §)tTR + <128 T 32 + 16 ZWTR )
3 3¢ 37 21 31 3p  3ny
+ (5 + TS rRMrFy + (- BTt T Rt Fgp o)
3 391 2 \2 21 391 3P 2 2
+ (- 6~ T)(tTFE7> + <1_6 4 7)(”FSU(2))
9 691 3p
+ (g - 7)trF§7trF§U(2) (3.10)

on each six-plane and the resulting anomaly on the six-planes with gauge group SO(16)
is

. 1 1 g 33 92 392 3n
Iresultmg _ — — L=V R4 = — == — )t R2 2
12, SO(16) (27341 (32 8 ) + (384 + 32 16 4 ) )
9 392 31 3 3p
+ ( — @ + T — 7)t7‘R2tTF§0(16) + ( - Z + Z)tTRQtTFgU(Q)
3 390 2 2 4 2 2
+ (35— )W Féoue)’ + (= 14 DirFsoug + (= 1+ 1)(trFiy)
3 3p
+ (5 - 7)tTF520(16)tTF§U(2)7 (3.11)

where g; and g¢o are the magnetic charges on the six-planes with [F; x SU(2)] and
SO(16) gauge group and 7 and p parametrize the coupling of the thereeform C' to seven-
dimensional fields as explained in appendix C.4. Vanishing of both anomalies fixes

g1=—1/4, go=1/4, n=1/16 and p=1. (3.12)
The charges ¢, g2 arise in the anomaly via the inflow of the eleven-dimensional Chern-
Simons term [ C'A G A G and the higher order term [ G A X7 on each six-plane, see
eqn. (C.64) of the appendix. To be precise, the four-form field strength G fulfills a
modified Bianchi-identity dG # 0 with source terms on the fixed planes of the theory.
The contributions of the S1/Z, fixed ten-planes are explained in the appendix, see eqn.

(C.35). Embedded into each ten-plane are the 16 fixed six-planes of the T*/Z, orbifold,
which give rise to a source term

dG = Zgla((g’ — (3.13)

where ¢ ((6 " plane

includes the gauge field F' and the curvature term R with indices on T/Z, only,

gi— /T o ((F AF) — %(R A R)i) (3.14)

) is a five-form with support on the i-th fixed six-plane. The charge g;
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on the i-th fixed six-plane. The sum of the sixteen charges embedded into the same
ten-plane is the second Chern class of the gauge bundle co = 2;6:1 S /ZQ(F A F); and

the curvature co = 2}21 S /ZQ(R A R);, where the index j counts the fixed six-planes in
one ten-plane (the index ¢ counts all fixed six-planes).

The curvature term can be determined by using the fact that the Euler number of
a K3 manifold is” y = fK3 R A R = 24. The K3-orbifold T*/Z, is smooth everywhere
except at the orbifold points. Thus the curvature term is concentrated at the sixteen

fixed-points of T*/Z, and we get (R A R); = & = 3/2 and

3
T4/Zg 4

In the case of a gauge group SO(16) x [E7 x SU(2)] the charge was determined in the last
section in eqn. (3.12) as g; = £1/4. From this one can easily determine the instanton
number ¢; = [(F A F);,

SO(16)10-ptane) X SUR)—pianey © =1, 4 14 su@  (3.16)
SO(16)
E7 x SU(2)(10—piane) X SU(2)(7—plane) : € = %, g=—1/4 sue) (3.17)
ExSU(2)

Pointlike instantons are explained in appendix A.4.2. The point-like instantons located
at the Z, fixed points of the theory and thus have non-trivial holonomy. This will turn
out to be crucial for the construction of the dual F-theory compactification in the next
chapter.Note that the sum of the magnetic charges of one SO(16) and one E7; vertex
vanishes. This means in particular that in the limit of a weak coupling constant, or
small eleventh direction, the magnetic source vanishes on each fixed point of K3 as
expected from string theory. After glueing together sixteen pairs (3.16) and (3.17) we
have an overall vanishing magnetic charge, which is a necessary condition for anomaly
cancellation.

The main result of the analysis of [90, 89] reviewed above is the existence of additional
SU(2) gauge groups on the seven-planes. It is not clear however how to extract the single
heterotic SU(2)"** gauge group from the seventeen SU(2) gauge groups, one perturbative
SU(2) on the ten-plane and sixteen non-perturbative SU(2)’s on the seven-planes, of M-
theory 8. Reference [89] suggests that the heterotic gauge group is the diagonal subgroup

SU(2)' = diag[SU(2)P** x (SU(2)men—rert)16] (3.18)

"The second Chern class of a two-fold is equal to the Euler number of the manifold, see appendix
A2.2

8The gauge groups on the seven-planes are called non-perturbative because the seven-planes, and
thus the additional gauge groups do not exist in the perturbative weakly coupled heterotic string. The
gauge groups on the ten-planes do exist in the weakly coupled theory, thus they are called perturbative.
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10—plane 10—plane

non—pert
SU2)

non—pert
SU2)

SU( 2)non—pert

—>

ExSU(2) : x!1 SO(16)

Figure 2: First possibility: The diagonal subgroup of sixteen non-perturbative
SU(2)rn—Pert gauge groups and the perturbative SU(2) is identified with the heterotic
SU(2)het

10—plane 10—plane

SUQ2)*

—

ExSUQ2)* : x!1 SO(16)

Figure 3: Second possibility: The gauge group SU(2)* = SU(2)™" with non-perturbative
and perturbative contributions

and each of the sixteen twisted states transforms as (16,2) of SO(16) x SU(2)mor—pert,
This is sketched in figure 2.

Reference [90] makes another suggestion, which is to identify the perturbative SU(2)
and the sixteen non-perturbative SU(2)"" P'’g to form a single gauge group

SU(2)M = SU(2)* (3.19)

as is sketched in figure 3.

The question of the correct identification of the heterotic SU(2) has not been con-
sidered so far and this is the central point of this chapter. To address this problem we
construct the dual F-theory formulation in the following.

3.4 The Dual F-Theory Formulation

As explained in the introduction, F-theory has been a useful tool in the past for gaining
insight into the non-perturbative behaviour of string theories. Following this idea, we
consider the F-theory formulation of the strongly coupled heterotic string and find out
that F-theory indeed resolves the puzzle about the heterotic SU(2) gauge group.
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F-theory compactified on an elliptically fibred manifold M with base B is defined as
IIB theory compactified on B, where the complex structure of the elliptic fibre of M is
identified with the complex dilaton of type IIB theory. From the duality (IIA theory
<> M-theory on S'), one obtains via compactification on a circle and T-duality in one
direction the duality (IIB on S! <+ M-theory on T?) of type IIB theory on a circle S*
and M-theory on a torus. The non-perturbative formulation of this duality in terms of
F-theory is

F — theory on N <> M — theory on T2, (3.20)

where N is an elliptic fibration over S'. This duality can be used to construct the F-
theory formulation of the strongly coupled heterotic string. In the case that is relevant
in this section, M-theory is compactified on K3 x [ in the the orbifold limit of the K3
manifold. Note that the orbifold limit is a singular limit of an elliptically fibered K3
manifold. Thus it is justified to consider an elliptically fibred K3. We have to take the
fibration of (3.20) over a P! and in addition include the extra dimension of the interval
I of the M-theory side. This duality was studied in [104]. It was found that the dual
F-theory is compactified on an elliptically fibred threefold Y3 which is also a K3 fibration
over P!, This manifold is an elliptic fibration over a Hirzebruch surface, which is a P!
fibred over P!. Tt was shown in [104] the manifold obtained by squeezing the fibre P*
of the threefold to an interval I can be identified with the M-theory compactification
manifold. Thus one has the duality

F — theory on Y3 <+ M — theory on K3 x I. (3.21)

We use this duality in the orbifold limit T'%/Z, of the K3. The duality between F-theory
and M-theory in the context of the heterotic string has also been studied for example in

97, 99, 100].

We consider the F-theory formulation of the strongly coupled heterotic string with
gauge group SO(16) x [E; x SU(2)]. The goal is to find an answer to the question of the
correct identification of the heterotic SU(2) gauge group discussed at the end of section
3.3.

To obtain the six-dimensional theories, we assume that F-theory is compactified on
an elliptically fibered Calabi-Yau threefold with a section (see appendix A.2.2) and the
heterotic string is compactified on an elliptically fibred K3. We will explain at the
end of this section that this assumption is not quite correct. However, it simplifies the
problem significantly and gives a good description of the theory locally around each fixed
point. It turns out that this is enough to understand the SU(2) gauge groups. We keep
the problem as simple as possible and restrict ourselves to the classical geometry of the
heterotic K3 manifold, which means that both the base P! and the elliptic fibre are large.

To understand the effect of the large volume limit of the base P! in the dual F-theory,
we consider the dual pair ITA string theory compactified on a threefold and the heterotic
string on K3xT?. The Kihler modulus of the base of the heterotic K3 is mapped
to the ITA dilaton. Thus in the large area limit of the base of the heterotic K3 the
spacetime instanton corrections in the dual ITA theory are suppressed. Decompactifying
the heterotic T2 leads to the duality between F-theory on a Calabi-Yau three-fold and
the heterotic string on K3.
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To understand the effect large volume limit of the elliptic fibre, we consider eight-
dimensional F-theory on a K3 manifold and the heterotic string on 72 in the large volume
limit of the heterotic torus. Below, we are going to fibre both manifolds over a P! to
regain the six-dimensional theories. The elliptically fibred F-Theory K3 manifold can be
written in Weierstrass form (see appendix A.2.1)

y? =2 +a(s)x + b(s), (3.22)

where s is a coordinate on the projective space P? describing the elliptic fibre and a(s)
and b(s) are polynomials of degree 8 and 12 in s. As explained in appendix A.3.2 , the
elliptic fibre is singular if § = 24(b(s))? 4+ 4(a(s))® = 0. This is a polynomial of degree
24 and thus 0 = 0 has generically 24 solutions. As explained in appendix A.3.2, several
singular fibres located at the same point s lead to non-trivial gauge groups. The singular
fibres can be classified due to the order O(a), O(b) and O(9) of which the polynomials
a,b and ¢ vanish at the point s of the singular fibre, see table A.3.2. From table A.3.2
we see that in order to obtain a gauge group SO(16) x [E7 x SU(2)], we have to put one
I} fibre at s = 0 and one /I* plus one I, fibre at s = co. The remaining three singular
fibres are I; fibres and located at finite points s.

Taking the large volume limit of the heterotic torus means pushing two I singularities
to s — 0 and the other I; singularity to s — co. These are the same points at which the
singular fibres generating the gauge groups are located. This results in two singularities
of degree 12 at s = 0 and s = 0o. As explained in A.3.2, singularities of degree 12 are not
possible for Calabi-Yau manifolds. Thus the points s = 0 and s = oo require a blow-up.
This blow up is explained in detail in appendix A.3.3 and leads to the stable degeneration
of the F-theory threefold, as was first shown in [106] and explained in detail in [107]. The
base P! degenerates into two P'’s intersecting at a point C,. One P* has one I} fibre and
two I; fibres and the other P! has one I11*, one I, and one I; fibre. The important point
for the heterotic/F-theory duality is now that the fibre at the intersection point C' has
to be identified with the heterotic torus 7°2.

The next step is to compactify further to six dimensions by taking the fibration of
both the heterotic torus and the degenerated F-theory K3 over a base P!. The F-theory
threefold is an elliptic fibration over a Hirzebruch surface F,,, which has degenerated to
two intersecting [F,,. The intersection locus is now a curve instead of a point. This curve
together with the fibres along that curve form the K3 manifold which is to be identified
with the heterotic K3 in the large volume limit of the fibre.

In the language of divisors, F,, (before the stable degeneration) is described by the
exceptional section Cy with self intersection number Cy-Cy = —n and the class of divisors
f of the P! fibre of F,, with self-intersection number f - f = 0. The section C| intersects
each fibre once, f - Cy = 1. We denote the divisor associated to the conormal bundle of
the elliptic fibre by L, as explained in appendix A.2.2. L is related to the canonical class
Ky, of the base F,, by L = —Kp,. This follows from the fact that the canonical class of
the Calabi-Yau threefold X is zero and from the adjunction formula (see appendix A.2.2)

where m : X — [, is the elliptic fibration of X. As explained in appendix A.2.2 the
divisor L is given by

L=2C,+ (n+2)f. (3.24)

36



We denote by A, B, and A the divisors associated to the polynomials a = 0, b = 0 and
0 = 0 of the Weierstrass form. These divisors are fixed by the above line bundle,

A=4L, B=6L, A=12L. (3.25)

The SO(16) and E7 singularities are put along the sections Cy and C, = Cy+nf. They
do not intersect each other. Before we go into the details of our model we take the stable
degeneration limit. Instead of one we have two intersecting IF,, ; and [, 5, which have a
section Cy and C, = Cy + nf each. F,; and I, , intersect along C,. The line bundle L
of each of the intersecting threefolds is given by (3.24) minus the intersection curve —C,
(see appendix A.3.3),

L =Cy+2f. (3.26)

This implies that the divisors defined by the polynomials a =0, b =0 and § = 0 are

A = 4C,+ 8],
B = 60+ 12f,
A = 120, +24f (3.27)

in the stable degeneration limit. Note that we consider only one of the two intersecting
manifolds. This tells us that in the stable degeneration limit each of the intersecting
threefolds can be described in Weierstrass form

y* =2 +a(s, t)x + b(s, t), (3.28)

where s,t parametrize the base P! and the fibre P!, the curve a(s,t) = 0 is the above
divisor A = 4C, + 8f and the curve b(s,t) = 0 is the divisor B = 6Cy + 12f. Thus we
know for example from (3.27) that a is a polynomial of degree 4 in s and b is a polynomial
of degree 6 in s.

The next step is to find the explicit form of the polynomials a and b of (3.28) which
describe that model. Reproducing the correct gauge group restricts the possible form
of the polynomials. In addition we know from the last section that the dual M-theory
has non-vanishing instanton numbers on each orbifold fixed point. Being located at the
fixed points means that the instantons have a discrete Zy holonomy. Thus we are looking
for an F-theory compactification manifold which also has instantons with a discrete Z,
holonomy. This class of models, i.e. F-theory compactifications on orbifolds including
instantons with discrete holonomy, were considered in [110]. For the sake of clarity and
compactness, we do not give an explanation of the rather involved calculations done in
[110] but use the results only. The stable degeneration of the F-theory threefold including
instantons with Z, holonomy has the Weierstrass form

1
(I(S,t) = a4(S,t)—§CL2<S,t>2,

b(s,t) = %ag(s,t)@ag(s,tf—9a4(s,t)),
8(s,t) = ag(s,t)*(4ay(s,t) — as(s,t)?), (3.29)

37



where s, t parametrize the base F,, and the subscripts denote the degree of the polynomials
a,b under rescaling (z,y) — (A?z, \3y) of the Weierstrass equation (3.22). As expected
for the manifold after the stable degeneration, a(s,t) is of degree 4 and b(s, t) is of degree
6.

The curves of the SO(16) and E7 singularities after the stable degeneration are located
along Cj of IF,, ; and [F,, 5. Let us build the model which includes the fractional instantons
with Zs, holonomy considered in (3.29). SO(16) and E; x SU(2) are indeed the only
possible gauge groups for models with a discrete Zs holonomy, because they commute
with the holonomy group of the instantons. This is explained in appendix A.4.2 in greater
detail. Placing the perturbative gauge groups SO(16) and E; along the curves s = 0 and
s = oo fixes the shape of the remaining SU(2) curve as we show in the following. We
denote by ¢y the polynomial associated to Cy. In other words Cj is defined by the curve
Co = 0.

Let us first consider the half-plane F,, ; with gauge group SO(16). The polynomials
a,b and ¢ vanish to orders 2,3 and 10 on Cy. To reproduce this in the Weierstrass model,
the polynomials as and a4 have to be of the form

as(s,t) = cols,t)g(s )
as(s,t) = co(s,t)*h(s,1), (3.30)

where g = 0 is a divisor in the class Cy +4f and h = 0 is a curve in the class 8f. As the
curves in the class 8 f generically split into eight distinct fibres the polynomial is of the
form h = f; ... fs. Thus the Weierstrass model (3.29) is

lsvt) = st (auls, 0 Alsn0) . st = oot

bst) = ol 1%9(s,1) (2005, 1)7 — Oca(s, 12 Fi(s,1) - fs(s. 1),

8(s,t) = cols, 1) fi(s,1)* ... fs(s,1)? (deo(s, t)* fi(s,t) ... fs(s,t) — g(s,t)?) (3.31)

In addition to the perturbative gauge group SO(16), there are eight curves f; = 0 that
vanish of degree O(a) = 0, O(b) = 0 and O(J) = 2. Comparison with table A.3.2 tells
us that we have eight I fibres which lead to eight additional SU(2) gauge groups. The
remaining discriminant

&' =0(s,t)/ (co(s,t)" fi(s,t)%. .. fs(s,1)%) = dco(s,t)? fi(s,t) ... fs(s, ) — g(s,1)*(3.32)

describes a curve of I fibres and does not lead to any further gauge symmetry. The
discriminant curve " = 0 is a divisor in the class 2C, + 8. Intersection theory tells us
that the discriminant curve intersects Cy exactly (2Cy +8f) - Cyp = (8 —2n) times. From
(3.32) we see that at ¢g = 0 (on Cp), f7...f2 =constant the discriminant §’ vanishes
quadratically. Thus the discriminant curve has really (4 — n) intersections with C of
degree 2. Each fibre intersects the discriminant curve (2Cy + 8f) - f = 2 times, but from
(3.32) we see that there is really one intersection of degree 2 at each curve f; = 0, ¢ finite.
Finally the discriminant curve has (2Cy + 8f) - (2Cy + nf) = 8 transversal intersections
with C,. This is illustrated in figure 4.
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Figure 4: F, ; with a perturbative gauge group SO(16) and instantons with Zs holonomy
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The half-plane F,, , with gauge group E7 has vanishing polynomials O(a) = 3,0(b) =
5 and O(9) = 9. The polynomials take the form

as(s,t) = co(s,t)*g(s, 1)
as(s,t) = co(s,t)%h(s, 1), (3.33)

where g = 0 is a curve in the class 4f and h = 0 is a curve in the class (Co + 8f). In the
Weierstrass formulation we have

(s ) = cols,t)® (h(s,t)—%co(s,t)g(s,t)Q)

1

b(s,t) = 2—700(3,t)5g(s,t) (2co(s,t)g(s, 1) — 9h(s, 1)),

8(s,t) = co(s,t)’h(s,t)* (4h(s,t) — cols, t)g(s,1)?). (3.34)

In addition to the F; gauge symmetry on the curve ¢q = 0, there are I5 fibres and thus an
SU(2) gauge group along the curve h(s,t) = 0. The curve h = 0 is in the class (Cy+8f).
The remaining discriminant is

§ = d(s,t)/co(s,t)°h(s,1)* = 4h(s,t) — co(s,t)g(s, 1) (3.35)

and ¢’ = 0 describes a curve of I; fibres in the class (Cy + 8f), see figure 5. The curve
d = 0 has (Cy + 8f) - Cy = (8 — n) transversal intersections with Cy. The number of
intersections of Cyy with the curve h = 0 with I fibres is (Cy + 8f) - Cy = (8 — n). The
curve ¢’ = 0 with I fibres intersects the curve h = 0 with I at (Co+8f) - (Co+8f) =8
points. Each intersection point is of degree 2 as for h = 0, ¢y =constant the discriminant
0’ vanishes quadratically. Thus we have really four intersection of degree 4. Both curves
with the I; and the I fibres intersect C, eight times transversally.

To regain the complete degenerated threefold, we have to glue the two half planes
together along C such that each intersection of the SU(2) curve on the E; half-plane
with C, is also an intersection point of an SU(2) curve on the SO(16) half-plane with
C,. The same is true for the I; curves. C, has 24 singular fibres as is necessary for the
P! base of a K3 manifold.

Let us first analyze the SU(2) gauge groups. We see that the F; half-plane has just one
SU(2) gauge group, whereas the SO(16) half-plane has eight separate non-perturbative
SU(2)’s. After glueing together the half-planes as described above the SU(2) curves
are connected and the manifold has only one SU(2) curve with components both in
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x(8-n)

Figure 5: F,, o with perturbative gauge group E; and instantons with Z, holonomy

the fibre and the base direction of (IF,,; V F,2). The same should be true for the dual
M-theory formulation: To take the M-theory limit of the F-theory model we have to
shrink all two-cycles in the fibre P! to one-cycles to create a one-dimensional interval.
Such a compactification manifold is often called squeezed manifold in the literature [104,
105]. This leaves us with a five-dimensional compactification manifold and the interval
is identified with the M-theory interval S!/Z,. Note that this shrinking process includes
the stable degeneration limit. In the stable degeneration limit a one-cycle in the fibre P!
is shrunk to zero size and we have two intersecting P!’s. If we shrink all one-cycles in
the same class to zero size instead of just one, we squeeze the P! to the one-dimensional
interval which is identified with the M-theory S*/Z,.

- o
stable M-theory S 1/ 22

degeneration limit

Figure 6: The stable degeneration and M-theory limit of the P! fibre of F,,

The result we get from considering the dual F-theory is that we really have only
one SU(2) gauge group in M-theory. This seems to be in agreement with the picture
suggested by [90] and the heterotic gauge group is really SU(2)b = SU(2)*.

Let us analyze the above F-theory model in greater detail. We can count the instanton
numbers at the fixed points in the following way: The half planes have a total instanton
number of ¢ = 12 —n each, where n characterizes the base F,,. On the SO(16) half-plane
the Iy curve intersects Cy (4 — n) times, these points are (4 — n) pointlike instantons of
charge 1. The remaining fractional instantons with discrete holonomy are located at the
fixed points of the dual heterotic theory [110]. Every intersection of the Iy curve with
C, is such a Z, fixed point. There are eight fixed points in our case. Thus to get a
resulting instanton number of ¢ = 12 —n we need to have eight fractional instantons with
charge ¢ = 1 each. This is locally consistent with the M-theory model close to a fixed
point as anomaly cancellation requires an instanton number F'A F' = ¢ = 1 at each fixed
point as sketched in (3.16). The counting works equivalently on the other half plane with
gauge group E7. There are (8 —n) pointlike instantons of charge one and eight fractional
instantons at the fixed points with charge ¢ = 1/2 each. This is consistent again with
the M-theory formulation in (3.17).

Although the instanton numbers are locally correct, they do not describe the model
we want globally. The total fractional instanton number on the SO(16) plane in the
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M-theory formulation is ¢ = 16, whereas the F-theory model has a total ¢ = 8. The
total fractional instanton number on the E7; plane is ¢ = 8 in M-theory but ¢ = 4 in our
F-theory model.

To put it another way the heterotic theory dual to our F-theory model has only
eight fixed points. As T/Z, has sixteen fixed points, our model is clearly not dual to
the heterotic string compactified on T%/Zy or to its strong coupling limit M-theory on
T*/Zsy x I, but describes a different model. To resolve that problem we take the limit in
which two intersection points of curves with I, fibres with C, and two intersection points
of curves with I; fibres with C, are pushed to the same point. We take the same limit
Cy, two curves with Iy fibres and two curves with I fibres intersect C at the same point.
This is possible only if we fix n = 4 on the E'; half-plane and n = —4 on the SO(16) plane.
Before the stable degeneration, this corresponds to choosing the base of the threefold to
be [F,, with n = 4. The four intersection points along C', now have singularities of type Dy
and give an SO(8) gauge group each. Every fixed-point contributes an instanton number
¢ = 4 on the SO(16) half-plane and ¢ = 2 on the E; half-plane. Each singularity along
C, can now be blown up resulting in four SU(2) singularities. There is no Weierstrass
formulation of that model, but we can see that we end up with four Z, singularities
at four points in C,. Thus the heterotic K3 manifold we construct from C, after the
blow-up and the fibres along that curve has sixteen Z, singularities, this is the T /Z,
orbifold we wanted. The instanton numbers at the fixed points are correct both locally
and globally, we have ¢ = 1 for each of the sixteen fixed points on the SO(16) half plane
and ¢ = 1/2 for each of the sixteen fixed points on the F; half plane. We have found the
F-theory formulation of the strong coupling limit of the heterotic string compactified on
T*/Zy with gauge group SO(16) x [E; x SU(2)].

3.5 Other Gauge Groups

In this section we apply the above procedure to models with other gauge groups. M-
theory compactified on T*/Zy x S1/Zy with many different gauge groups is considered
in [89],[90].

3.5.1 M-Theory on S'/Z, x T*/Zy with other Gauge Groups

To construct a consistent M-Theory compactification on S'/Zy x T*/7Z,, it is necessary
to fulfill the local anomaly cancellation conditions on each six-plane, as was explained for
gauge group SO(16) x[F7xSU(2)]. The anomaly cancellation conditions fix the magnetic
charge g; and thus the instanton number on each six-plane and one can construct vertices
of the form (3.16) and (3.17). Starting with the perturbative gauge group one can derive
the seven-plane gauge group from six-dimensional anomaly cancellation. To obtain a
model which is also globally consistent, that is with a vanishing overall magnetic charge,
one has to glue together the vertices such that the total magnetic charge vanishes. This
is not always possible in perturbative compactifications and in some cases five-branes
have to be included. Apart from the two consistent vertices (3.16) and (3.17) there are
additional ones with gauge groups EE™" x U(1)"" Pt and magnetic charge g; = —3/4
and [E7; x SU(2)|Pt x U(1)™ Pt with g; = 3/4 on each six-plane, where the U(1)
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gauge group in both cases can be either an SU(2) broken to U(1) or a U(1) from the
beginning?.

Consider the compactification with a perturbative gauge group Eg x Fg [90, 89]. The
untwisted spectrum includes the vector multiplets transforming as (248, 1) and (1, 248)
of the unbroken gauge group, four neutral supergravity moduli and the universal tensor
multiplet. Anomaly cancellation determines the gauge group on the seven-planes to
be (U(1))' which can be either sixteen SU(2) gauge groups broken to U(1) or sixteen
U(1) gauge groups from the start. Both theories are consistent and equivalent from the
point of view of anomaly cancellation. The spectrum consists of sixteen neutral vector
multiplets surviving the projection on the seven-plane and of thirty-two neutral twisted
hypermultiplets on the six-planes. The fixed six-planes have zero instanton number and
thus a magnetic charge of g; = —3/2 each. To cancel this charge it is necessary to
include additional 24 five-branes with magnetic charge g = 1 each. The five-branes are
generically located away from the fixed-planes and lead to additional 24 tensor multiplets
in the spectrum. This model is an example of a non-perturbative compactification due
to the presence of the five-branes.

Another perturbative example is the strong coupling limit of the standard embedding
of the heterotic string with a perturbative gauge group Eg x [E7 x SU(2)] [90, 89]. The
untwisted spectrum consists of vector multiplets transforming as (248,1,1) from the
unbroken FEg and of vector and hypermultiplets transforming as (1,133,1) @ (1,1,3) ®
(1,56,2) from the other ten-plane with gauge group EFg — [F7; x SU(2)]. The non-
perturbative gauge group on the seven-planes can be derived again locally on each fixed
six-plane first. For the [E; x SU(2)] vertices we get either the picture (3.17) with a
non-perturbative SU(2) gauge group on the seven-plane or a U(1) which can be either
an SU(2) gauge group broken to U(1) or a U(1) from the start. The Eg vertex has either
a U(1) gauge group on the seven-plane or an SU(2) broken to U(1) as mentioned in the
last example with unbroken Fg x Eg gauge group. If one Eg and one [E7; x SU(2)] vertex
are glued together, there has to be the same gauge group on the seven-plane which
connects the two vertices. This rules out the gauge group U(1) on each seven-plane,
which can possibly be an SU(2) broken to U(1). If one restricts to the case of a U(1)
gauge group on the seven-planes from the start, the spectrum contains in addition sixteen
neutral vector multiplets, sixteen twisted neutral hypermultiplets on the E'g six-plane and
sixteen hypermultiplets transforming as [$(1,56,1) ©2(1,1,2)] on the [E7 x SU(2)] six-
planes. The case where the seven-plane gauge group is SU(2) — U(1) has not been
considered explicitly but has the same spectrum as the case with the U(1) gauge group
on the seven-planes and does lead to the same results.

None of the last two examples has twisted states which are charged under both ten-
plane gauge groups. These states only exist in the first example with gauge group
SO(16) x [E7 x SU(2)]. To be more general, this kind of twisted states only exist if
the non-perturbative gauge group coincides with one factor in the perturbative gauge
groups on the ten-planes, in this case there is a non-perturbative as well as a pertur-
bative SU(2). This can be verified also in compactifications on higher-order orbifolds.
One example is the compactification of M-theory on the orbifold R x T%/Z3 x S!/Z,

9For each vertex mentioned so far there is another one with the same gauge group but a magnetic
charge g; + 1, these are also considered in [90]. These vertices have an additional point-like instanton
with charge one pushed into the six-plane.
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(89, 90, 110] with gauge group SU(9) x [Es x SU(3)]. The orbifold T*/Zs x S*/Z,
has eighteen fixed six-planes which are the intersections of the nine fixed seven-planes
of the Zs orbifold and the two fixed ten-planes of the Zs orbifold. In addition to the
perturbative gauge group there are nine non-perturbative SU(3) gauge groups on the
seven-planes. The untwisted spectrum on the ten-plane with gauge group Eg — SU(9)
has vector multiplets transforming as (80) and hypermultiplets transforming as (84).
On the other ten-plane the vector multiplets transform as (78,1) @ (1, 8) and the hyper-
multiplets transform as (27,3) of [E7 x SU(2)]. The untwisted spectrum also includes
the universal tensor multiplet and two neutral moduli which are hypermultiplets. The
twisted states are localized on the six-planes with the perturbative SU(9) gauge group
and are charged under SU(9)P* x SU(3)"°»~Pet| The situation is similar to that of the Z
orbifold with gauge group SO(16) x [Eg x SU(3)]. It is not obvious again to determine
whether there is a single gauge group SU(3) on the five-dimensional compactification
manifold or whether there are seventeen SU(3)’s whose diagonal subgroup is identified

with the heterotic SU(3).

Finally we briefly mention a model which was considered in [94, 95, 96] and in [97]
in the context of the duality between M-theory on R x T%/Zy x S1/Z, and F-theory
compactified on T /(Zq X Zs). The gauge group is (SO(8))®, four of which are perturba-
tive and four are non-perturbative and put along the seven-planes. We come back to this
model at the end end of the next section and show how this model is connected to the
compactifications with sixteen non-perturbative SU(2) gauge groups considered above.

In the next section we consider F-theory compactifications on Calabi-Yau threefolds
dual M-theory models described above.

3.5.2 The Dual F-Theory Formulation with other Gauge Groups

Let us first consider the the strong coupling limit of the heterotic string on T'*/Z3 with a
gauge group [Eg x SU(3)] x SU(9) mentioned above. In the M-theory picture, anomaly
cancellation requires a non-perturbative SU(3) gauge group on each fixed seven-plane.
Thus the non-perturbative gauge group coincides with a factor of the perturbative gauge
group. The twisted states of the heterotic theory transform as (1,3,9) and are located
at the nine six-planes which are the intersection of the SU(9) ten-plane with the seven-
planes. The i-th fixed six-plane carries a magnetic charge

gi= (FAF— %R/\R)i _(FAF)—4/3 (3.36)

due to the nine fixed points of T%/Zs.

Again one can ask the question whether there is one single SU(3) or ten SU(3)’s
whose diagonal subgroup is identified with the heterotic SU(3). The methods used in 3.4
easily extend to this case. We consider F-theory compactified on a threefold including
fractional instantons, this time with a discrete Zj holonomy. As mentioned in [97], due
to the holonomy group, the only possible perturbative gauge groups are Eg x SU(3) and
SU(9). The polynomials a, b and ¢ are of the form

0 = ai(st) (%ag(s,t)—j—Sm(S’t)B)
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1 1 1
b = 1@3(57t)2 + @%(57 t)° — ﬁCLl(Sa t)’as(s,t)

5 = %ag(s,t)?’@?ag(s,t)—al(s,t)3) (3.37)

Again the variables s,t parametrize the base F,, of the threefold and the subscripts
denote the degree of the coefficients under rescaling (z,y) — (A%z, A\3y) of the Weierstrass
equation.

On the half-plane with a perturbative gauge group FEg along Cj the polynomials a,
b and § vanish to order O(a) = 3, O(b) = 4 and O(9) = 8. The polynomials a(s,t),

az(s,t) are of the form

ar(s,t) = cols,t)g(s, 1)
az(s,t) = co(s,t)*h(s,t), (3.38)

where g = 0 is a curve in the class 2f and A = 0 is a curve in the class (Cy + 6f). The
Weierstrass equation (3.37) is 1°

a = CO(S,t)gg(S,t) (%h(s,t) - 4_1800(57t)g(57t)3>

b = co(s,t)? <ih(s, t)? + ﬁco(s, t)%g(s,t)® — Q—Zco(s,t)g(s,t)?’h(s,to

5 = 1—1600(s,t)8h(s,t)3 (27h(s, £) — cols, )g(s, 1)°) (3.39)

We have one curve with I3 fibres at A = 0 in the class (Cy + 6f) which leads to an
additional SU(3) gauge group. From the discriminant

§ = 5/1—16co(s,t)8h(s,t)3 = 27h(s,t) — co(s,t)g(s, t)? (3.40)

we extract that the curves with [; fibres are in the class (Cy + 6f) and intersect Cj
(Co+6f)-Co= (6—n) times. Also a curve with I3 fibres intersects Cy (Co+ 6f) - Co =
(6 —n) times. The I; intersects the I3 curve twice of degree 3 as (Co+6f)-(Co+6f) =6
and the discriminant ¢’ vanishes to order 3 at h = 0, ¢y constant. Both the I; and I3
curves intersect C, six times. We have (6 — n) pointlike instantons and in order to get
total instanton number ¢ = 12 — n the six fractional instantons need to have charge one
each.

Considering the other plane with gauge group SU(9) we have
a1(87 t) = 9(87 t)
as(s,t) = co(s,t)%h(s,t), (3.41)

where g = 0 is a curve in the class (Cy + 2f) and h = 0 is a curve in the class 6f and
thus splits as h(s,t) = fi(s,t)... fe(s,t), where each f; = 0 is a curve in the class f. The

10The polynomial g really splits into two factors g = f; fo but as this is of no importance in this case
we use the function g
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Weierstrass equation is

0 - g@i)(%m@ifﬁ@i%-ia&ﬂ-—iywif)

48
b= Seols O fuls, )2 fols, )% + ——g(s,6)° — —cols, )95, 1 fa(5,8) . fuls.1)
4 864 24
o = %600(5, 2 f1(s, )% ... fe(s, 1) (2700(5, 2 fi(s,t) ... fs(s,t) — g(s, t)g) (3.42)
There are six curves with I3 fibres along f; = 0 and one I; curve along along 0’ = 0 with
§ = 5/%600(3, £ fi(s, 1) ... fo(s,1)® = 2Tco(s, ) fis,t) ... fo(s,t) — g(s, 1), (3.43)

The I; curves are in the class (3Cy + 6f). The curve with the I3 fibres intersect curves
in C, six times and the I; curves have (2 — n) intersections with Cy. Thus we have six
fractional instantons with charge ¢ = 5/3.

Glueing together the two half-planes along C, leads to a vanishing magnetic charge
g= Zilil g; as required by anomaly cancellation. Again we have to take the blow-up of
the correct limit of the base-manifold to obtain the model which is dual to the heterotic
theory we started with. The limit is to push two intersections of the I3 curve and two
intersections of the I; curve with C, to the same point. We push the pointlike instantons
to intersection points of I3 with Cy and fix n = 3 on the Eg half-plane and n = —3 on the
SU(9) half-plane. There are three points with Eg singularities along C, with instanton
number ¢ = 3 on the Fg plane and ¢ = 5 on the SU(9) plane. The points in C, with Ejg
singularities are blown up to three exceptional divisors with an I3 singularity each. This
leads to the correct manifold 7%/Z3 with nine fixed points in the dual heterotic theory
and instanton number ¢ = 1 and ¢ = 5/3 on the fixed points.

Let us finally apply the same methods to the model with gauge group (SO(8))® consid-
ered in [97]. Four SO(8)’s are perturbative gauge groups and four are non-perturbative.
The compactification manifold of the F-theory model is the threefold T°¢/(Zy x Zs).
The base of the manifold is T?%/Zy x T?/Zs which is a singular limit of Fy = P! x P!
and the base should be invariant under exchanging the two P!’s. This means that the
theory should be invariant under exchanging the perturbative and the non-perturbative
gauge groups, which is indeed the case. This model is dual to M-theory compactified on
T*/Zy x S'/Zy and to the heterotic string compactified on T*/Z, with the same gauge
group. Again there are fractional instantons at the fixed points of the theory. Com-
parison with [110] tells us indeed that for F-theory compactified on a manifold including
instanton with a discrete (Zy X Zs) symmetry the only possible perturbative gauge groups
are SO(8) x SO(8) and SO(12) x SO(4). The polynomials a,b and § are of the form

a = %(bz(sat)cz(sat)—b2(57t)2_c2<57t)2)

b = —%(bg(s,t) + o8, 1)) (ba(s,t) — 2¢a(s,t))(2b9(s, 1) — ca(s, 1))
§ = —bo(s,t)%ca(s,t)*(ba(s, 1) — ca(s, 1)) (3.44)

The instanton-number of each half-plane after the stable degeneration is ¢ = 12 as
the base of the threefold is T%/Zy x T?/Zy which is a singular limit of F,, with n = 0.
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We consider a perturbative gauge group SO(8) x SO(8) on each half-plane, which means
that a, b and § vanish as O(a) =2-2, O(b) =2 -3 and O(d) = 2 - 6. This determines

ba(s,t) = co(s,t)?g(s,t)
ca(s,t) = cols,t)*h(s,t), (3.45)

where g(s,t) = 0 is in the class 4f and thus factorizes as g(s,t) = fi(s,t)... fa(s,t). The
same is true for h(s,t) and we get h(s,t) = fi... fs. The Weierstrass equation is

a = %(C()(S, t)?)? <f1(5, t). .. fa(s, t)fl . f4 — fi(s, )% .. fuls, t)? — ff . f42>

b=~ leals. ) (filsst) o falsi )+ Foo B) (Rls0)o fulst) =21 o)
(2f1(s,t) o fals ) — ..f4) (3.46)

5= —(cols, )% (s, 1)2... fuls,1)?) (ff...fj) (fl(s,t)...f4(s,t) i ;)2.

In addition to the perturbative SO(8) x SO(8) gauge group, there are 12 curves with I,
fibres. Taking the limit f; = jf; with 7 = constant leads to

a = %(CO(S,t)Q)Qfl(Sat)Q o Jal(s, 1) (5 — 1= 57)

b= = lals, 0P+ D)1 - HE - )
5 = —(als PV Al 0P fils, 050 - ) (3.47)

and gives the desired additional four curves f; = 0 with D, singularities leading to
four SO(8) gauge groups. Glueing together two half-planes leads to the total gauge
group (SO(8))®. As the discriminant after dividing by the perturbative gauge group is
8 = fi(s,1)%... fi(s,t)® there are no pointlike instantons but four fractional instantons
with charge ¢ = 3 each. Again the four intersections of the D, singularities with C, have
to be blown up to get the correct heterotic compactification manifold with sixteen Z o
fixed points. Each fixed point has instanton number ¢ = 3/4 and the magnetic charge
vanishes. Note that [97] does not quite describe the dual F-, M- and heterotic theories
but their Weierstrass formulation which includes the four non-perturbative SO(8) gauge
groups. After the blow-up, the dual heterotic theory has sixteen Zs singularities as
required by the orbifold compactification. At this point, the theory has a perturbative
gauge group (SO(8))* and a non-perturbative gauge group (SU(2))'®. If we want to keep
invariance under exchanging the perturbative and the non-perturbative gauge groups the
perturbative SO(8) gauge groups have to be broken to SU(2) as well. The model has
a gauge group (SU(2))?? in this case, sixteen of which are perturbative and sixteen are
non-perturbative.

As a last remark note that the methods of this section do not apply to models which
include U(1) gauge groups, for example M-theory on T*/Z, x S'/Z, with gauge group
Eg x Eg x (U(1)1®). There is no way in the dual F-theory picture to include geometric
singularities into the compactification manifold which produce U(1) gauge groups as
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can be seen in table A.3.2. Thus we are not able to give a geometric explanation from
the F-theory picture for the sixteen non-perturbative U(1) gauge groups on the fixed
seven-planes of the M-theory compactification. The problem of U(1) gauge groups was
considered in [118] and it was shown that the U(1) gauge groups can be explained in
terms of string junctions.

3.6 Summary and Outlook

The strong coupling limit of the Fg x Eg heterotic string is given by M-theory compactified
on the one-dimensional orbifold S!/Z, [15]. Due to the lack of an underlying formulation
of M-theory, one has to rely on physical consistency conditions in constructing the theory.
In particular, anomaly cancellation has proven essential for fixing the spectrum and the
gauge group of the theory. The spectrum and the gauge group are completely in accord
with ten-dimensional heterotic string theory in the limit of a small compact eleventh
dimension. This limit just provides the weak coupling limit. However, compactifying
M-theory on S'/Z further on a four-dimensional orbifold T*/Zy to six dimensions, one
obtains highly non-intuitive rules for the spectrum and the gauge group of the theory
from anomaly cancellation [89, 90]. A complete understanding of these rules from physical
principles has not been achieved yet. The target of chapter 3 is to investigate the rules
closely in order to contribute to the progress in finding an explanation for them. We
address the problem by considering the dual formulation in terms of F-theory. To build
an explicit model, we consider the example of an orbifold T%/Z, and a perturbative
gauge group E; x [SO(16) x SU(2)]. In section 3.4, we explicitly construct the F-theory
compactification manifold which, locally around the fixed points of the orbifold, gives the
correct description of the model. We show that the F-theory formulation indeed contains
new information about the non-perturbative behaviour. This allows to understand some
of the rules developed by anomaly cancellation directly from F-theory. In section 3.5, we
use the methods developed in section 3.4 to generalize the results to models on different
orbifolds and with other gauge groups.

As mentioned above, the F-theory compactification manifold describes the dual M-
theory model correctly locally around each fixed point. Technically spoken, this is the
case because we construct the F-theory manifold as a Weierstrass model, which means
a restriction on the class of possible manifolds. The compactification manifold which
produces the correct picture also globally is more complicated and does not belong to
this class of manifolds. However, one might expect that the precise dual F-theory for-
mulation contains more information than the locally correct one. Thus a task for future
investigations is to extend the dual local F-theory description to a picture which is also
globally valid.

Another aspect for future investigations is to extend the methods developed in chapter
3 to four-dimensional models. We expect that these theories are more complicated than
the six-dimensional ones. Having a four-dimensional space-time however, they are of
great relevance due to their closer link to realistic scenarios. Four-dimensional models of
the strongly coupled heterotic string compactified on orbifolds have been considered in
[92]. It would be interesting to construct the dual non-perturbative F-theory formulation
of these models.
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Appendix

A Calabi-Yau Manifolds

In this appendix we explain some aspects of Calabi-Yau manifolds. Due to the restricted
length of the thesis, the general introduction A.1 is kept very brief and rather a summary
of facts than a self-contained introduction. We mainly concentrate on the aspects that are
relevant for the calculations in the chapters 2 and 3 and explain some important concepts
in greater detail. For a general, non-specialized overview of Calabi-Yau manifolds see for
example [1, 3, 4] and also [65].

A.1 General Introduction
A.1.1 (Co)Homology

The exterior derivative d takes a p-form to a (p + 1)-form

e dxt AN dxtt AL dxtr. (A.1)

1

dA, = 5!8“14
The exterior derivative is nilpotent, that is d*> = 0. A p-form A, is closed if the exterior
derivative vanishes, dA, = 0, and exact if it is the exterior derivative of some (p—1)-form
A, = dBg_1y. From d* = 0 it follows that an exact form is always closed, that means it
fulfills dA, = 0 trivially. The p-forms that provide non-trivial solutions to the equation
dA, = 0 are obtained by taking the quotient of the closed p-forms and the exact p-forms
forms. This defines the p*® de Rham cohomology on some manifold M,

{Ap‘dAp = 0}
HP(M) = . (A.2)
{BylBy = dCp1)}
The dimension of the de Rham Cohomology is called the Betti number,
(M) = dimH?(M). (A.3)

The Euler-number of the manifold M is

X(M) = (=1)%b,(M), (A.4)

p=0
where d is the dimension of M.

The Poincare dual of a p-form is defined by

1 eHLbp A

*(A4p) = W Vipa1)--va L.

pp A" A da (A.5)

which is a (d — p)-form. The operator A = dd' + d'd is the Laplace operator in M (to
be precise it reduces to the Laplace operator in flat space), with dT = (—1)%+a+! x dx.
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A p-form is called harmonic if AA, = 0. It can be shown that the harmonic forms of M
are in one-to-one correspondence with the de Rham cohomology. Every harmonic form
corresponds to one equivalence class of the cohomology.

The Hodge decomposition theorem states that every p-form can be uniquely written
as

Ap = dB(p_l) + dTC(p_H) + A; (A6)
If A, is closed, C(,41) vanishes and the decomposition reads A, = dBg,_1) + A;.
It can be shown that the Poincare dual #(A,) is harmonic if and only if A,, is harmonic.
This implies
V(M) = b'P)(M). (A7)
The integrals over p-dimensional submanifolds N, of M, | N, form a vector space. The
linear combinations of these integrals

n, = zl:cl /N (A.8)

where ¢; are constants, are called chains. The boundaries of the submanifolds N, are
defined by a nilpotent boundary operator §. Just as for the exterior derivative one can
define closed and and exact chains with respect to 6. The closed chains are called cycles.
From 62 = 0 it is clear that exact chains are closed trivially, in other words the boundary
dN, of some submanifold IV, has no boundaries. The p-dimensional submanifolds of M
which are closed but not the boundary of some other submanifold form the p*™ simplicial
homology

=Sl N =0)
{op =2 di fog) 0, = 5P(lp+1)}.

The de Rham cohomology HP(M) and the simplicial homology H,(M) are isomorphic,
that is for any p-form A, there is a (d — p)-cycle N(4_p such that

/ Ap AN B(d,p) = / B(d,p) (AlO)
M Na-p)

for any closed (d — p)-form B—_p). Usually, the integrals in (A.9) are omitted and one
refers to the cycles as elements of the homology.

H,(M)

(A.9)

Depending on whether the coefficients ¢; in (A.8) are real, complex or integer, the ho-
mology is called the real, complex or integer homology H,(M,R), H,(M,C) or H,(M,Z).

For two cycles N € H,(M), M € H,(M), with p + ¢ = d, one may define an inner
product given by

N-M = #(Nn M), (A.11)

where #(N N M) counts the number of intersections of the cycles N and M in M.
Transverse intersections with positive orientation contribute one and intersections with
negative orientation contribute with minus one to the total intersection number. If the
dimensions p,q of the cycles N, M do not add up to the complex dimension of the

manifold, the intersections define not points but d — p — g-dimensional submanifolds of
M.
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A.1.2 Complex Manifolds

A complex manifold is a manifold of even dimension 2d with local complex coordinates
2* on patches in M and local complex coordinates 2" on different patches in M such that
the transition functions 2(2?) are holomorphic. A complex manifold admits a complex
structure J. A complex structure is an integrable almost complex structure, that means
it is an integrable tensor field J on M with one covariant and one contravariant index
that obeys J2 = —1. It can be shown that an almost complex structure is integrable if
and only if the Nijenhuis tensor

Nf = Jj(00% = 0,7%) = J' (0T = 0,T%) (A.12)

vanishes. The existence of a complex structure on some manifold M can be used in-
deed to define a complex manifold. The complex structure of a complex manifold does
not necessarily have to be unique. That means two manifolds which are topologically
equivalent can have inequivalent complex structures and thus be inequivalent as complex
manifolds.

On a complex manifold it is always possible to choose local holomorphic coordinates
2, 7, i,7=1,...d, such that the complex structure takes the form

J;t=1id}, JJJ — _2’5],?, (A.13)

J

all other components zero. In these coordinates one can define (p, ¢)-forms as p+ g-forms
with p holomorphic and ¢ anti-holomorphic indices,

1 A S _
Ay = Ay d2” A dzdz A dZ (A.14)

The exterior derivative in terms of the complex coordinates is d = 9+ 0 with 9> = 9> = 0,
such that 0 = dz'0; takes a (p, q)-form to a (p + 1, ¢)-form and 0 = dz'0; takes a (p, q)-
form to a (p,q + 1)-form. The de Rham Cohomology (A.2) splits into the cohomology
H (gp ) (M) of the d-closed (p, q)-forms on M and the cohomology H g’ ) (M) of the O-closed
(p, q)-forms on M, they are called the Dolbeaut Cohomology groups. The dimensions of
the Dolbeaut Cohomology groups are the Hodge numbers h®9. The Ay = 00 4+ 970
resp. Ag = 00" + 9'0 harmonic (p, q)-forms of M are in one-to one correspondence with

Hép’q)(M) resp. Hg”Q)(M). Note that one can also define the Laplace operator A, with
d = 0+ 0, thus there are three different Laplace operators on complex manifolds.

Every complex manifold admits a Hermitian metric, that is a metric which satisfies
9ij = 97 =0, (A.15)
only the components g;; are non-vanishing. A Hermitian metric satisfies the equation
9i; = J; "“legk; and multiplying with J;/ leads to Jim = —Jmi, where Jim = J, *gem = igim
and Jp; = J,;/gi7 = igm;. Thus one naturally gets a (1, 1)-form
J = Jyd2' AN dZ =iggd2' A dY (A.16)

on a complex manifold.
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A.1.3 Kahler Manifolds

A Kahler manifold is a complex manifold with a Hermitian metric g;; such that the
natural two-form (A.16) is closed,

dJ = 0. (A.17)
An equivalent definition is that the Hermitian metric is locally of the form
giz = 0;0;K (2, %), (A.18)
where K (z, 2) is the Kéhlerpotential. The metric is invariant under transformations
K'(2,2) = K(z,2) + f(2) + f(2). (A.19)
For Kéhler manifolds the three Laplace operators are related as
Ay =205 = 2A;. (A.20)
This in turn relates the Dolbeaut cohomologies

H(gpm(M) — Hép’q)<M) (A.21)

and the Betti numbers with the Hodge numbers

b= > Ko, (A.22)

(pt+q)=r

Furthermore, complex conjugation gives hP9 = h@P) and Hodge * gives h(*Pd-9) —
h(pa)

A.1.4 Holonomy

Upon parallel transport around a closed curve in M, tangent vectors are transformed
by an orthogonal matrix. These matrices form a group, the Holonomy group. For a
Riemannian manifold the Holonomy group is SO(d). For manifolds of even dimension,
one can show that

U(d) Holonomy <« M is a Kéhler manifold,

this can indeed be used next to (A.17) and (A.18) as a third alternative definition for
Kéhler manifolds. Another important statement is that

SU(d) Holonomy <+ M is a Kéhler manifold and Ricci-flat,

where Ricci-flatness means that the Ricci-tensor R;; = Rkkij obtained from the Rie-
mann tensor 1 ;= —0(¢™ Og;m) vanishes. The Ricci-form R = R;dz' A d2 is closed,
dR = 0, but in general not exact because it can be written as the derivative of a term
locally but not necessarily globally. Therefore the Ricci-form defines an equivalence class
in Y (M). This equivalence class is the first Chern class, ¢; (M) = [££]. A manifold
that admits an exact Ricci-form has vanishing first Chern class.
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A.1.5 Calabi-Yau Manifolds

Calabi-Yau manifolds are Kéhler manifolds with ¢; = 0. It was conjectured by Calabi
and proven by Yau that that for a Kahler manifold with vanishing first Chern class
there exists a unique Ricci-flat metric for any given Kéahler form and complex structure.
Using the statements of the last section, it is clear that Calabi-Yau manifolds of complex
dimension d have a holonomy group SU(d).

It can be shown that a Kahler manifold has ¢; = 0 if and only if there exists a unique
nowhere vanishing holomorphic (d,0)-form 2. The holomorphic (d, 0)-form is covariant
constant with respect to the Ricci-flat metric. For the Hodge numbers the existence of a
unique (d, 0)-form implies the relation

RO (M) = hed=P)(Af). (A.23)

For a complex d-dimensional Calabi-Yau manifold with Holonomy SU(d) (not a subgroup
of SU(d)) it can be shown that

hOP) =0, p+£0,d. (A.24)

A.1.6 Algebraic Calabi-Yau Manifolds

Of great importance are algebraic Calabi-Yau manifolds, i.e. Calabi-Yau manifolds that
can be expressed as complex hypersurfaces embedded in the complex projective space
PV for some N. The complex projective space PV is parametrized by complex variables
xg, k =1,...,xn41, such that for any complex number A the family {z} is identified
with the family {Az;} ''. These coordinates are called homogeneous coordinates. The
projective space is a complex, compact manifold. To describe the embedded hypersurface
consider a polynomial f(zq,...xyy1) which is homogeneous of degree n, that means
f(Azy, ... Axyp1) = A" f(21,...,2n51). The equation f = 0 defines a compact surface of
complex dimension d = N —1 and degree n. In order to construct a Calabi-Yau manifold,
the hypersurface must have vanishing first Chern class. It can be shown that ¢; = 0 if
and only if

n=N+1 (A.25)

An algebraic Calabi-Yau manifold is called singular at some point (y1,...,yy41) € PN*!
if

f(xlu cee xN+1)|(y17---7yN+1) = df(l’l, e 7xN+1>|(y1,---,yN+1) = 0. (A26>

More generally, algebraic Calabi-Yau manifolds can be expressed as hypersurfaces

in weighted complex projective spaces. Weighted projective spaces IP’fX}l ] AT€ PrO-

jective spaces with A(z1,...,2y41) = A"y, ..., Ay ). A hypersurface in the

weighted projective space is given by the zero locus f = 0 of a quasi-homogeneous poly-

nomial f of some degree n, i.e. a polynomial that satisfies f(A“'zy,..., A*N+lxyy) =

A" f(xq,...,2zn+1). The hypersurface has vanishing first Chern-class if and only if

n= Z w', (A.27)
=1

Tt is assumed that the coordinates {x;} are not all zero.
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For (wy,...,wny1) = (1,...,1) one recovers ordinary projective space and n = N + 1.
Omitting the weights always implies (w1, ..., wyy1) = (1,...,1).

To construct additional examples one can consider m polynomials f1,..., f,, m <
N, of degrees ky, ..., k, in PV (or more generally in weighted projective spaces). The
equations f; = ... = f, = 0 define a N — m-dimensional complex submanifold of

PV these are called complete intersection hypersurfaces. The existence of a nowhere
vanishing holomorphic (N — m, 0)-form, or ¢; = 0, is guaranteed if and only if

> ka=N+1. (A.28)
a=1

A.2 The Torus

The torus is the simplest, and lowest-dimensional, Calabi-Yau manifold. The Hodge
numbers of the torus are

R0 = ptD) = 10 = p O — 4 (A.29)

It follows that the Euler number of a torus is zero, x(7?) = 0. For a complex d-
dimensional manifold the integral of the d-th Chern class is equal to the Euler number,
thus for a torus one has x(7?) = [ ¢1(7z2), where Tr2 is the tangent bundle of the torus.
This leads to ¢; = 0, as required for Calabi-Yau manifolds.

A torus as an algebraic manifold can be described in terms of the zero locus of a third
order polynomial f = 0 in the projective space P2

f=a2"—y’z +ax2® +b2° =0, (A.30)

where x,y, 2 are the coordinates on P? and a,b are constant parameters. The above
equation is called Weierstrass equation. Note that for z # 0 the coordinates on the
projective space can be rescaled as © — z/z, y — y/z, 2 — 1 leading to the Weierstrass
equation

y* =2 +ax +b. (A.31)

The new coordinates are called affine coordinates. It can be shown that the complex
structure of the torus depends only on the modular parameter of the torus, usually
called 7. In terms of the constants a and b of the Weierstrass equation the modular
parameter 7 is given by

4(24a)3
(7)) = ——— A.32
where j(7) is the unique modular invariant function with a pole at 7 = ico and zeros
at 7 = €3, The normalization is chosen such that j(i) = (24)3. The denominator

§ = 27b* + 4a? is called the discriminant of (A.31). For vanishing discriminant § = 0, the
torus becomes singular. This can be verified easily solving the equations (A.26), i.e. by
solving f = 23 —y?> + ax + b =0, df = (32% + a)dz — 2ydy = 0.

The complex structure of the torus is invariant under transformations of the modular

parameter 7 of the torus
AT —iB A B
= ——— L(2,7). A.
C 1D or <CD>ES(,) (A.33)
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A.2.1 Elliptic Fibrations

Starting from the torus one can construct higher-dimensional elliptically fibred algebraic
Calabi-Yau manifolds. Consider some complex manifold B. Elliptically fibered Calabi-
Yau manifolds Y are Calabi-Yau manifolds obtained by erecting a torus at every point
in the base B. Elliptic fibrations can be described by a map 7 : ¥ — B. We only
consider elliptic fibrations that have in addition a global section ¢ : B — Y such that
moo =idpg. If a section o exists at every point in B, the manifold is a direct product of B
and the torus. Elliptically fibered Calabi-Yau manifolds with a section can be described
by the Weierstrass equation (A.31), with the parameters of the torus depending on the
coordinates {s} of the base B, a = a({s}) and b = b({s}). This leads to the equation

y? = 2 + a({s})z + b({s}). (A.34)

Such a Calabi-Yau manifold is a hypersurface in some projective space of complex dimen-
sion N = (dim(B)+2) and is parametrized by the coordinates (z,y, {s}). In holomorphic
coordinates (x,y, z), one can see that (0,1,0) always lies in the hypersurface. This gives
rise to the global section mentioned above. There are of course elliptic fibrations that do
not admit this global section and thus cannot be written in Weierstrass form.

A.2.2 Some Algebraic Geometry

In this section, we review some useful concepts of algebraic geometry in the context
of elliptically fibred Calabi-Yau manifolds. A mathematical introduction to algebraic
geometry is given in [121], ref. [120] emphasizes the applications in string theory.

Line Bundles
Line bundles are bundles of rank one, their fibre is isomorphic to C. The tensor products
of line bundles of a Calabi-Yau manifold Y form the Picard group Pic(X). The Picard
group of a complex manifold is isomorphic to the space of divisors on Y, Pic(Y) <«
Div(Y'). More precisely, a divisor D is the zero-set p = 0 of a section p of a holomorphic
line bundle £. Taking the tensor product of line bundles £, ® L, corresponds to adding
divisors, D1+ Dy. The fibres of a holomorphic vector bundle M of rank k are isomorphic
to C*. Given a holomorphic vector bundle M over some complex manifold Y with
a holomorphic sub-bundle N one can always define a quotient bundle M /N which is
spanned by the elements of M that differ by an element of A. Instead of dealing
with vector bundles it is often more convenient to consider the line bundle defined by
the determinant of the vector bundle, detM, with the the relation detM = detN ®
det(M/N) for the holomorphic vector bundle M and a holomorphic sub-bundle N.
Considering the determinant of a vector bundle instead of the vector bundle itself is very
useful because of the correspondence between line bundles and divisors mentioned above.

The (Co)Tangent Bundle
The tangent bundle of a complex manifold Y is the union of the tangent spaces at all
points p € Y, Ty = U,eyT,(Y), where the tangent space T,(Y') is the vector space
spanned by the tangents to the curves through p. The cotangent bundle 7y is the
holomorphic complex dual of the tangent bundle. Any complex n-dimensional manifold
Y has a canonical line bundle Ky which is the determinant of the cotangent bundle of
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The cotangent bundle is identified with the bundle of holomorphic one-forms on Y and
the canonical line bundle is the bundle of holomorphic n-forms, the volume forms of the
manifold. Associated to the canonical bundle is the canonical divisor Ky. The canonical
divisor is given by the first Chern-class of the manifold, Ky = —c¢;(7y). This relation is
often used as the definition for the canonical class, as for example in [108].

The (Co)Normal Bundle
Consider a Calabi-Yau manifold Y with an elliptic fibration 7 : Y — B with at least one
global section ¢ : B — Y which maps the base into Y such that 7 o ¢ =id. The normal
bundle of ¢ is the quotient bundle of the holomorphic tangent bundles over Y restricted
to B and the tangent bundle over B,

No ={Tv|s/Ts}. (A.36)

The divisor associated with the determinant of the conormal bundle of o, detN 7, is
denoted by L.

The Conormal Bundle of Elliptically Fibred Manifolds

Let £ be a holomorphic bundle over Y and ¢ a holomorphic section of £ such that B
is the zero locus of the section, ¢~1(0) = B. A tangent vector Z € Ty at some point
in Y can be represented by Z'V; with the covariant derivative V; = 9, + I'; containing
some connection I';. The covariant gradient of the section is V¢ = Z%(9;¢ + I';¢). If the
points in Y at which the tangent vectors Z are taken are restricted to B, that means if
we restrict to ¢ : Ty |p — &|p, then ¢ = 0 and I';¢ = 0. The gradient does not depend on
the connection in this case. Moreover as ¢ vanishes on B so does the gradient along the
tangent directions of B, in other words ker(V¢) = Tg. This together with the condition
that the gradient V¢ : Ty|p — £|p covers all of £|p defines the short exact sequence of
vector bundles

0= Ts > Tyls 2 E|p — 0. (A.37)
Using the above definition of the normal bundle of ¢, this allows to identify
Elp =Ns, (A.38)
this is the Adjunction Formula I in [121]. For the line bundles this implies
detTy|p = detTp @ detN,, (A.39)

this is the Adjunction Formula II of [121]. In terms of the divisors associated to the line
bundles this reads

Ky = m(Kp + L). (A.40)

For Calabi-Yau manifolds the canonical class (or equivalently the first Chern class) van-
ishes, Ky = 0. Thus for Calabi-Yau threefolds which are elliptically fibered over the base
B the determinant of conormal bundle of the section ¢ is given by the canonical class of
the base of the fibration,

Kp=—L. (A.41)

This result is needed in 3.4 as well as in the following sections.
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A.3 K3 Manifolds

A K3 manifold is a complex two-dimensional Calabi-Yau manifold. It can be shown
that all K3 manifolds are diffeomorphic, that means they all have the same topological
invariants. K3 manifolds have been considered in detail in [108]. The Hodge numbers of
a K3 manifold are

L (0,0) 1
h(l,O) h(O,l) 0 0
B(2:0) AL RO — 1 20 1. (A42)
h(2,1) h(1’2) 0 0
R22) 1

The Euler number of K3 manifolds is
2

X(K3) =) (=1)h, = 24. (A.43)

p=0

Using x(K3) = [ c2(Tks), where Tk is the tangent bundle of the manifold, one obtains
for the integral of the second Chern-class [ ¢o(Txs) = 24.

A.3.1 Elliptically Fibred K3 Manifolds

An elliptically fibred K3 manifold can be constructed by taking B = P! as the base of
the elliptic fibration described at the end of A.2. For algebraic manifolds, the K3 can be
analyzed in terms of algebraic curves within the manifold, that is curves which are holo-
morphically embedded into the K3 manifold. These curves are elements of Hy(K3,7Z),
which implies the existence of a dual two-form in H?(K3,Z). Because the curve is holo-
morphically embedded, the dual two-form must also be an element of H "V(K3). This
defines the Picard group of the manifold,

Pic(K3) = H*(K3,Z)n HYD(K3), (A.44)

and the Picard number is defined by the dimension of the Picard group. The Picard
number of an elliptically fibred K3 manifold is at least two, one from the generic fibre
and one from the global section. The homology cycles that are dual to the elements of
the Picard group are called divisors.

An elliptically fibred K3 manifold with a global section can be expressed in Weierstrass
form as

y? =2 +a(s)x + b(s), (A.45)

where s parametrizes the base P!. One can show that in order to obtain vanishing first
Chern-class, the polynomials a(s) and b(s) have to be of degree 8 and 12.

A.3.2 Singular Fibres

For an elliptically fibred K3 with base P!, the zero locus of the discriminant of eqn. (A.34),
§ = 27b%*(s)+4a?(s) = 0, describes points in the base. Because ¢ is a polynomial of degree
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24, there are generically 24 of these points. As already mentioned in A.2, the vanishing
locus of the discriminant gives rise to singularities of the torus. These degenerated fibres
are are usually called singular or “bad” fibres. We explain the degeneration of elliptic
fibres in greater detail.

There are only a few different kinds of singular fibres which are compatible with a
vanishing first Chern-class. A classification of singular fibres was first given by Kodaira,
therefore singular fibres are often called Kodaira fibres. For a Calabi-Yau manifold that
can be written in Weierstrass form, the classification was given for example in [122]. We
explain some examples here.

Given some explicit Weierstrass form of a K3, let s = 0 be the location of a singular
fibre, i.e. at s = 0 one has § = 0 and in general also @ = 0 and b = 0. Denote by O(a),
O(b) and O(6) the leading order of the polynomials at s = 0. The singular fibre can be
classified in terms of the integers O(a), O(b) and O(9). In general, the higher the orders
are the more singular the fibre gets. If for example O(a) = 0, O(b) = 0 and O(d) = 1,
the polynomials are of the form

a(s) = ag+ sai(s),
b(s) = b+ sbi(s),
5(s) = 2T6%(s) + 4a®(s) = S5 + s201(s), (A.46)

with ag, by, dp constant and some polynomials aq, (s),b1(s),d1(s). The Weierstrass equa-
tion at s = 0 to leading order is simply

y® =2 + apz + bo. (A.A4T)

The above form of §(s) requires that 27b% + a3 = 0, and thus

4 3
bp = F——=+v—ag . A 48
0 :F3\/§ 0 ( )

The location of the singularity on the torus is given by setting the derivative of the
Weierstrass form to zero, —ydy + (32 + ag)dx = 0, leading to y = 0 and 2% = —ay/3.
Let us take small coordinates €, €, in the neighborhood of this point, i.e. y = 0+¢, and
x = ++/—ap/3+€,. Inserting these coordinates and (A.48) into the Weierstrass equation
(A.47), one gets to leading order

3 3 3
e, = (i,/%‘“ 13,/%% ex>iao(,/%%+ex>:p4,/%%
3

= e, (3 = +a0>. (A.49)

Thus the manifold locally looks like y? = 2%-constant close to the singularity. Such a
fibre is called an I fibre.

Let us consider some more complicated, higher order singularity. If for example
O(a) =4, O(b) = 5 and O(J) = 10, the polynomials are of the form

a(s) = s'ag(s),
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O(a) O(b) 0(9) Kodaira fibre | singularity gauge algebra
>0 >0 0 Iy — —
0 0 1 I — —
0 0 2n > 2 I, Aoy su(2n) or sp(2n)
0 0 2n+1>3 Iop i1 Ay, su(2n + 1) or so(2n + 1)
>1 1 2 17 — —
1 > 2 3 I1I Ay su(2)
>2 2 4 1A% Ay su(3) or su(2)
>2 >3 6 I D, s0(8) or so(7) or go
2 3 n+6>7 Ix Dii4 so(2n + 8) or so(2n +7)
>3 1 8 V> Eg €g O fy
3 >5 9 11T Er er
>4 S 10 I1rr Eg es
>4 >6 > 12 non — minimal

Table A.3.2: Orders of vanishing, fibres, singularities and gauge algebra

b(s) = s°by(s),
§(s) = 27s"003(s) + 4s2aj(s) = s'°(27b3(s) + 4saj(s)) = s%00(s),  (A.50)

where ag(s), by(s) and dy(s) are nonzero at s = 0. Thus the Weierstrass form reads
y? = 2® 4 s'wag(s) + s°by(s). (A.51)

Such a singular fibre is called I7* fibre. The degenerated torus is of the form of a
connected union of ten P!’s intersecting at several points. The intersection points where
two or more P!’s meet are the singular points on the torus. Drawing a diagram of the
torus, symbolizing the the P!’s as lines that intersect at the singular points, one obtains
a diagram which has exactly the form the root lattice of the gauge group Ejg [108]. It can
be shown that a [T* fibre indeed induces an Fg gauge group in type IIA compactifications
on elliptically fibered K3’s. For a more detailed explanation of this, see [108]. One can
generate several other gauge groups in this way. The generation of gauge groups in
type ITA compactifications by singularites in the compactification manifolds is obviously
of great importance in the construction of dual heterotic-type II string models. It is
possible to construct ITA compactifications with gauge groups Eg x Eg, SO(32), etc. The
complete classification of singular fibres is given in table A.3.2. It should be stressed
that this classification is valid only if the base of the elliptic fibration is not singular at
the locus of the degenerated fibre. These “exotic” singularities also occur in Calabi-Yau
manifolds, but they cannot be classified as in table A.3.2.

The classification includes singular fibres up to the orders O(a) = 4, O(b) = 5 and
O(9) = 10 only. It can be shown that all higher order singularities are not compatible
with vanishing first Chern-class (or canonical class) of the manifold, leading to a so-
called non-minimal manifold which is not Calabi-Yau. However, if such higher degree
fibres occur in a manifold, one can preserve the Calabi-Yau conditions by “blowing up”
the singularities. In the next section we explain this and we give an example.
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A.3.3 Blowing Up Singularities

We explain blowing up singularities by considering an example that gives the reader
an idea of the procedure of blowing up singularities as well as explaining a situation
that is important in section 3.4. This example explains the “stable degeneration” of K3
manifolds, which was first considered in [106] and explained in detail in [107].

Consider an elliptically fibred K3 manifold with an Fg x Eg gauge group generated
by two I1* fibres. In addition to the IT* fibres, there have to be four more singular fibres
as we explain in the following. The Euler number of a K3 manifold is x(K3) = 24. The
base of the elliptic fibration is a P!, which has Euler number x(P!) = 2. If the fibres are
all smooth, the Euler number of each fibre is x(7?) = 0, leading to a total Euler number
given by the product of the Euler numbers of base and fibre, x = 0. This is clearly not
a K3 manifold. Thus there have to be some singular fibres in the K3 manifold. The
difference between the actual Euler number x(K3) = 24 and the Euler number of the
smooth version of a torus fibred over P! counts the number of singular fibres one has
to include [120]. Thus for a K3 we need 24 singular fibres in total. Because O(J) = 10
for I1* fibres, the Fg x Eg gauge group counts 20 singular fibres. The remaining four
singular fibres should have O(0) = 1 each and not lead to any further gauge group, thus
one has to include four I; fibres.

Putting the I7* fibres along s = 0 and s = oo leads to the Weierstrass form
y? = 2 + aystx + (bss® + bes® + brs), (A.52)
with a4, b5, bg, by constant. The discriminant is
§(s) = s'4als® + 27(bs + bgs + brs?)?). (A.53)

For generic coefficients the four I; fibres are at distinct finite points in the base P!. If
we push two I; fibres to s = 0 and two to s = oo, the manifold contains two fibres of
degree 12 at these points. To obtain a consistent Calabi-Yau manifold, the singularities
have to be blown-up. This was done explicitly in [107], in the context of the F-theory
formulation of the heterotic string. This is also what we consider in chapter 3.4. For
simplicity we consider the singularity at s = 0 only. Close to s = 0, the lowest orders in
s are the leading terms in the Weiertrass form, leading to

y? = 2° + g8’z + bss®, (A.54)

and § = s'%(4a3s? +27b%). The two I, fibres are located at 4a3s® 4+ 27b% = 0. To describe
the what happens when two I; fibres are pushed to s = 0, it is useful to introduce a new
parameter, t, which parametrizes the distance of the I; fibres to s = 0. For simplicity we
set ay = b5 = 1. In a neighborhood of s = 0 the model looks like

y* =23 + stz + s, (A.55)

and the discriminant locus is § = s1°(4s® + 27t?). The I; fibres are located at

9
t=4+—" s A.56
3\/35 (A.56)
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Thus for ¢ = 0 the I; fibres are pushed into the I1* fibre and the point s = 0 requires
a blow-up. Away from ¢ = 0, the distance of the I; fibres to s = 0 grows linearly
and the manifold is consistent. Formally the manifold parametrized by x,y, s,t can be
considered as an elliptically fibred threefold, which is a K3 fibration over a complex disk
parametrized by t. The point s =t = 0 can be blown up by substituting

s—st, t—t. (A.57)
The Weierstrass form (A.55) becomes
y? =23 + s*tr + 70, (A.58)

leading to a = s, b = s°t5 and § = s'912(s®> +1). At t = 0 there is a new singular fibre
with O(a) =4, O(b) = 6 and O(d) = 12. The curve t = 0 is called exceptional divisor E.
Changing the coordinates as x — t?z and y — t3y, one obtains

y? =2 + st + 85, (A.59)

and a = s*, b= s°, § = s'9(s? + 1). This singularity gives rise to a minimal model. The
manifold has undergone an important change though. At the point ¢ = 0, which was the
point of interest from the start, the base of the elliptically fibred manifold consists of two
P!’s intersecting at a point. The new P! is just the exceptional divisor E produced by
the blow up. Note that there are no singular fibres located on E.

The blow up of the manifold does not lead to a modification of the canonical class
of the manifold. The blow up adds the exceptional divisor E to the canonical class of
the base. The change of coordinates however modifies L as L — E, and using Ky =
7 (Kpr + E+ L — F) it becomes clear that the canonical class of the blown up manifold
Y does not change.

Remember that we have considered only one half of the whole manifold so far. Per-
forming the same blow-up at the point s = oo leads to an elliptically fibred manifold
with a base that is a chain of three P!’s. The middle P! is produced by the blow ups
and does not have any singular fibres. This implies that § =const. and nonzero and the
modular invariant function j(7) of the elliptic fibre is constant. Thus one is free to shrink
the middle P! of the base manifold to zero size. The base manifold is becomes a product
of two intersecting P!’s, with one IT* and two I; fibres each. The new manifold is called
the stable degeneration of the former K3 manifold.

To summarize, pushing the 24 singular fibres of a K3 manifold to two points with 12
singular fibres each leads to a non-minimal model and requires a blow-up of these two
points. After the blow up the K3 manifold degenerates such that the base of the manifold
consists of two intersecting P!’s. This process is called stable degeneration.
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A.4 Calabi-Yau Threefolds

Complex three dimensional Calabi-Yau manifolds have two independent non-trivial hodge
numbers, h'Y and A2, The Hodge numbers are

h(0:0) 1
h(l,O) h(O,l) 0 0
h(2,0) h(l’l) h(O’Q) 0 h(l,l) 0
h(3’0) h(2,1) h(1’2) h(0,3) — 1 h(2,1) h(2,1) 1.
h(3,1) h(2’2) h(1,3) 0 h(l,l) 0
h(3,2) h(2’3) 0 0
h(3:3) 1

The Euler number of a Calabi-Yau threefold Y is
X(Y) = 2(Y — p2), (A.60)

where negative values are allowed.

Calabi-Yau threefolds have the very useful property of special geometry, see for ex-
ample [40, 41, 42, 43, 44|, which means that the integrals of the holomorphic threeform
can be expressed in terms of a single holomorphic function F. We give a summary of
special geometry in the following.

The threefold has a unique holomorphic (3, 0)-form € that depends on the complex
structure of the threefold. The integrals of the holomorphic threeform over the closed
threecycles S € Hs(Y,Z), a = 1,...,2(h®Y + 1), of the threefold are called period
integrals,

I, = / Q. (A.61)

One can expand the periods in terms of a basis A’ and By, I = 0,...,h2Y, of
H;(Y,Z) with intersection numbers A? - A7 = B;- B; = 0, A’ - B; = ¢}. The dual basis
of the cohomology is a;, b’ with fA, ay = fY ay ANbl = — fBJ b" = §%. The holomorphic
threeform can be expanded as

Q = zla;— Fpb’ (A.62)

with 2! = f qland Fr = f B, Q). The complex coordinates z! are local coordinates on the
moduli space of complex structures [72, 42], they are called local projective coordinates.
The full set of projective coordinates is given by 2z and the complex conjugates z!, and
the (3,0)-form Q depends only on z! and the (0,3)-form Q depends only on z/. This
implies that F; = F;(z) depends on the coordinates z' only. The periods are

(z) = (2, Fy). (A.63)
The derivative of the holomorphic threeform, 522, has components in H®% ¢ HD . Tt
follows that [ QA 52 = 0. Inserting (A.62) it follows that F; = 22 F with F = 12/ F;

and F(az') = a®F(2'). As z! are projective coordinates we are free to change the
coordinates as A = %2/, F(\) = ﬁF(Z’), in other words we make a transformation
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Q — 5Q). Expressed in the new coordinates A’ = (1,A%), o = 1,...,hA(!? (Y, Z), the
periods are

I(A) = (1, A\, F,, 2F — \°F,), (A.64)

with F, = %F . The function F' is usually called prepotential. As mentioned above,
because the integrals depend on the complex structure of the threefold, the prepotential
describes the moduli space of complex structures. For Calabi-Yau threefolds, the moduli
space of the complex structures is a special Kéahler manifold, that means the Kahler

potentials can be given in terms of the prepotential,

K=—-In]2(F - F)— (\* = \*)(F, + F,)]. (A.65)

Special geometry also implies that the moduli space of (1,1)-forms of a Calabi-
Yau threefold, called the Kéahler moduli space, can be expressed in terms of a holo-
morphic prepotential F. The prepotential F depends on the Kahler moduli t¢, i =
1,...,h3D(Y, Z).The Kéhler moduli space is a special Kéhler manifold,

K = —n)2(F — F) — (£ = 8)(F + F). (A.66)

The moduli space of Calabi-Yau threefolds is indeed a direct product of the moduli spaces
of complex structures and Kéhler moduli. This follows from hZ9 = 0.

A.4.1 Elliptically Fibred Calabi-Yau Threefolds

An elliptically fibred Calabi-Yau threefold can be constructed by fibering an elliptically
fibered K3 over another P!. This manifold is an elliptic fibration over a Hirzebruch surface
[F,,, where [, are the possible fibrations of P! over P!. Considering such a manifold, it is
clear that all statements of the last section about singularities etc. in elliptically fibred
K3 manifolds are still valid in this section. The base P! of the K3 manifold of the last
section is the fibre of the base F,, of the threefold . Thus whenever we considered points

in the P! base of the fibration in the last section, we now have to consider curves in the
P! base F,,.

This manifold has at least Picard number three, one from the elliptic fibre, one from
the P! fibre and one from the P! base. The divisors associated with the base and the
fibre of F,, are usually called C' and f. The self-intersection within F,, of the the divisor
associated to the base P! depends on the nature of the fibration, C'-C' = —n. For n = 0,
the Hirzebruch surface is just the product of two P!’s. The other intersection numbers

are f-f=0and C - f=1.

For Calabi-Yau threefolds that are elliptically fibered over IF,, and that admit a global
section, the line bundle given by the determinant of conormal bundle of the section is
equal to the canonical class of the base of the fibration, see (A.41),

Ky, = —L. (A.67)

n

Because the base [, itself is a fibration with a section, the canonical class of F,, can be
derived from the adjunction formula II. One has to replace X in (A.39) by F,, and B by
the divisors G = {Cy, f} of F,,

detTr, |¢ = detTg @ detN,, (A.68)
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where o : P! — F, is now the section that maps P! to the Hirzebruch surface. The
divisor associated with the conormal bundle is just G in this case. The canonical class
K = detT™ of a complex manifold is equal to the first Chern class K = —c1(7T). The
Euler number of a complex n-dimensional manifold E' is related to the n-th Chern class
as X(E) = [,ca(Tg), thus for the complex one-dimensional submanifold G we have
X(G) = [,c1(Te) . Integrating the canonical class of G leads to [ K = —x(G) and
to the adjunction formula [108]

X(G) = -G - (G + Kg,). (A.69)

The curves G = {Cy, f} are topologically spheres, thus they both have Euler-number
x = 2. Using the self-intersection numbers Cy - Cy = —n and f - f = 0 we get

2 = n—Co'KFn, fOI'G:CO
2 = —f-Kyp,, forG-=/f. (A.70)

Inserting this into the ansatz Kp, = mCy+nf, with m and n constant, leads to m = —2
and n = —(n + 2) and thus to the canonical class Ky, = —2Cy — (n +2)f. Using (A.41)

this gives the divisor associated to the conormal bundle of the section o of an elliptically
fibred threefold

L=2C,+ (n+2)f. (A.71)

Using the above formulas we are able to give the divisors associated to the zero loci
of the polynomials a(s,t) = 0 and b(s,t) = 0 of the Weierstrass from (A.34). The affine
coordinates y and z are sections of the line bundle (detN)? and (detA)?. Tt follows

that a and b are sections of (detNF)* and (detAN)®. Using eqn. (A.71), the divisors A
and B associated to the zero loci of a(s,t) = 0 and b(s,t) =0 are ,

A = 4L =8C,+4(n+2)f,
B = 6L=12Cy+6(n+2)f. (A.72)

From ¢ = 27b({s}) + 4a®({s}) it follows that
A =121 = 24Cy + 12(n + 2) , (A.73)

where A is the divisor associated to the zero locus ¢ = 0.

A.4.2 Point-like Instantons

In this chapter we consider a special aspect of heterotic string compactifiactions, the
point-like instantons [109]. They play an important role for constructing dual het-
erotic/type IIA pairs with non-trivial gauge groups [99, 100]. For a review, see [108].
In heterotic string compactifications, one needs to specify the compactification manifold
Y and also a gauge bundle F'. This gauge bundle is in general not flat but has some

12Note that we use the same notation c¢;(7¢g) for the divisor as well as for the dual (1,1)-form. This
notation common in the physics literature.
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nonzero second Chern-class cy(F), called instanton number. A point-like instanton is the
limit where all the curvature of the gauge bundle is concentrated at points in the main-
fold Y. These points are the locations of the point-like instantons. If several instantons
coalesce at the same point, the instanton numbers add. Each point-like instanton con-
tributes ¢, = 1 if the holonomy around the point-like instanton is trivial, that means if Y
is smooth. Aspects of point-like instantons in ehterotic string theory are also discussed in
[104, 111, 112, 113]. Point-like istantons at orbifold singularities have non-trivial holon-
omy. They have in general fractional instanton numbers. Point-like instantons with

non-trivial holonomy in the context of type II/heterotic duality have been disussed in
(107, 110] .

Consider the Fg x Eg string compactified on a K3 manifold, i.e. with co(F) = 24
[108]. The gauge group of the compactified theory depends on the holonomy of the
gauge bundle F. The subgroup of Eg x Eg that commutes with the holonomy group H is
the observed gauge group G. If all 24 instantons are point-like instantons, the curvature
of the gauge bundle F' is zero everywhere else. Thus by shrinking all instantons to zero
size one preserves the full Fg x Eg gauge group. If the instantons are large however, F' has
some curvature which gives rise to a non-trivial holonomy group H. A holonomy group
H = FEg x Fy for example breaks the gauge group G of the heterotic string completely.

Consider type ITA theory compactified on an elliptically fibred threefold Y. The base
of the threefold is a Hirzebruch surface [F,,. The dual heterotic theory is compactified on
K3xT?, where the K3 is elliptically fibred. If the theories are dual, the type IIA theory
should contain 24 instantons, just as the heterotic theory. Consider the elliptically fibred
threefold of the ITA theory. Using again the letters A, B and A to denote the divisors
associated to the zero loci of the polynomials in the Weierstrass form a = 0, b = 0 and
0 =0, we have

A = 4L =8C)+4(n+2)f,
B = 6L=12C, +6(n+2)f,
A = 120 =24Cy + 12(n +2)f. (A.74)

The Ejy fibres are located on curves in the base F,,, the curves should be disjoint. Thus
one Fy is put along Cy and the other along C, = Cy + nf. Substracting the part from
A, B and A which is due to the IT* fibres one gets

B = 12C)+6(n+2)f —5Cy —5(Co +nf) =2Cy + (12+n)f,

A = 24Cy 4+ 12(n+2)f — 10Cy) — 10(Cy + nf) = 4Co + (244 2n) f.  (A.75)
The remaining discriminant curve A’ collides with Cj exactly A’ - Cy = 2(12 — n) times
and with C, there are A’ - Cy, = 2(12 + n) collisions. Because of A’ = 2B’, each time
that B’ collides with C or C, the discriminant A’ hits Cy or C, twice at the same

point. Thus A’ has (12 —n) intersection of degree two with Cyy and (12 + n) intersections
of degree 2 with C..

13 A discussion of instantons in terms of D-branes on singular spaces can be found in [114, 115, 116, 117].
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These intersection points of the IT* and the two I; curves produce singular fibres of
degree O(9) = 12 and thus should be blown-up to obtain a smooth model. Note that
locally at each intersection point, the singularity looks like the one described in A.3.3.
The blow up introduces a new exceptional divisor E for each intersection point. The
blow-up is explained in A.3.3. Blowing up all intersection points leads to 24 exceptional
divisors in the base. As in the example of the last section, the blow up does not change
the canonical class of the threefold Y. The canonical class of the Hirzebruch surface gets
modified as Ky, — I/ and the line bundle as L + E, which leads to an unaltered canonical
class Kx = 0. Thus the blown up manifold is still Calabi-Yau.

After the blow-up one has a smooth Calabi-Yau manifold with singularities that
produce a gauge group Eg x Eg. Not blowing up the singularities would imply, in order
to keep the manifold smooth, that the gauge group Fg has to be broken to some subgroup.
This would produce lower order singularities at the intersection points. This reminds of
the situation that occurs in the dual heterotic theory if the point-like instantons become
large, as mentioned at the beginning of the chapter. The above compactification of
the type IIA string theory indeed corresponds to the heterotic string on K3xT? with
gauge group Fg X Eg, and thus with 24 pointlike instantons. The point-like instantons
correspond to the blown up singularities at the intersection of the I7* and the I' curve
in the dual ITA theory. The gauge bundle of the heterotic string F' is a sum of two Fg
bundles, F' = F; @ Fy such that ¢;(F}) = 12—n and ¢;(Fy) = 12+ n. The dual ITA theory
the 12 4+ n and 12 — n blow ups along Cp and C,, at the intersections of the I7* with
the I' curve. Making some of the instantons of the heterotic theory large corresponds to
the disappearance of some of the blow ups in the F,, of the dual IIA theory.

To obtain a total instanton number 24 there is still the freedom of choosing how
to distribute the instantons between the two Fg bundles. Fixing the integer n on the
heterotic side corresponds to fixing the Hirzebruch surface F,, on the ITA side. Choosing
a symmetric embedding with ¢;(F}) = co(F») = 12 for example implies that the dual ITA
theory is compactified on a threefold with a base Fy = P! x P!.

A.5 Calabi-Yau Fourfolds

Complex four-dimensional Calabi-Yau manifolds [18, 20] have three independent non-
trivial Hodge numbers. The Hodge numbers are

1
0 0
0 R(LD 0
0 h(2,1) h(1’2) 0
1 RG:D h(22) R(1:3) 1, (A.76)
0 h(3,2) h(2’3) 0
0 h(3:3) 0
0 0
1

where A1) = pG33) and h(12) = pD = p(32) = B3 Counting the number of indepen-
dent Hodge numbers one arrives at A1, A2 h(13) and A2 and thus four independent
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numbers. There is an additional relation between the Hodge numbers of a fourfold [98],
R = 2(22 + 2p(D 4 2p (13 _ p12)y, (A.77)

This leaves only three independent Hodge numbers.

The moduli space of a fourfold is a direct product of complex structure moduli and
Kihler moduli only if (%2 = 0. Also the moduli spaces do not have the special geometry
structure of Calabi-Yau threefolds and are therefore much more difficult to handle.

The cohomology H (*?)

decomposition

plays a special role in Calabi-Yau fourfolds. One can make a

2,2
H(272) — H512772) @ Hf(Lp )’ (A78)

where the subscripts denote the vertical and horizontal primary subspaces of the (2, 2)
cohomology. The vertical primary cohomology of a Calabi-Yau d-fold is the subspace of
the vertical cohomology ®¢_, H**)(Y,) obtained by taking the wedge products of & (1,1)-
forms. The horizontal primary cohomology is the subspace of the horizontal homology
@i_ H ="k (Y,) generated by successive derivatives D¥Q of the holomorphic (d, 0)-form
2 [42, 18]. The connection in D = 0+ w is chosen such that the covariant derivative of a
(d—k,k)-formis a (d —k — 1, k+ 1)-form. The ordinary derivative 0 of a (d — k, k)-form
is an element of H(@~%k)(Y) @ H@-*F=Lk+1)(Y,) and the connection is chosen such that it
cancels the part in H@="*) (Yy).

Note that for Calabi-Yau threefolds, each cohomology is either purely vertical (these
are HO0 [ {22 [HG3)) or horizontal (H®3 HG2 HED [FG0)  The primary
subspaces are equal to the full cohomologies. One can get cohomologies with both hori-
zontal and vertical elements only for Calabi-Yau manifolds of even complex dimensions
d, because otherwise d — k = k is not possible. For K3 manifolds, it is the (1, 1)-forms
that can be elements of either the vertical or the horizontal cohomology.

For Calabi-Yau fourfolds, there are two independent non-trivial members of the pri-
mary vertical cohomology, H Y and Héf;”. We omit the subscript vp for the (1,1)-
forms, because the vertical primary subspace is equal to the full vertical cohomology,
H{Y = HAD| The horizontal primary cohomology also has two independent non-trivial
elements.

Finally some remarks about elliptically fibred fourfolds. One can construct an ellip-
tically fibred fourfold by fibering an elliptically fibred threefold over another P!. This
fourfold is at the same time an elliptic fibration over a base consisting of three P!’s, a
K3 fibration over a Hirzebruch surface F,, and a threefold fibration over a base P'. The
Picard number of such a fourfold is at least four.
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B Mirror Symmetry

B.1 Conformal Field Theory

Type II string theory is described in terms of a two-dimensional N = (1,1) supersym-
metric conformal field theory on the worldsheet ¥ of the strings. The scalars XM,
M =0,...,9, of the two-dimensional field theory are the coordinates of the target space
R19) and map the string worldsheet to the ten-dimensional target space, X : ¥ — R(19)
[1, 2]. In superconformal gauge the action reads

1 _
S = —— [ &0 (0° XM X — My Outbnr) - (B.1)

2m Js

The conformal field theory contains only kinetic terms.

Compactifying the theory on a complex d-dimensional Calabi-Yau manifold Y; means
that the target space is not flat but a product R929 x Y. It is in principle possible
to consider more general compactifications such that the target space is not a direct
product of the internal and the flat space, but we consider only the simple case with
the direct product structure. The worldsheet action splits into two parts, one with the
(10 — 2d)-dimensional flat space as a target space and another one with the Calabi-Yau
manifold as a target space. The first part has the same action as (B.1), just with a lower
range of the coordinates X™ — X* 1 =0,...,(9—2d). The worldsheet action has local
N = (1,1) supersymmetry. The action with the compact target space is more interesting.
The target space is chosen such that the worldsheet theory has some global worldsheet
supersymmetry in addition to the local supersymmetry. In type II compactifications to
four dimensions this is an N = (2, 2) supersymmetry. This is necessary in order to have
N = 2 space-time supersymmetry in four dimensions [45] 4. The internal conformal
field theory is an interacting theory with in general unknown interactions. Strings in
general backgrounds are described in [46, 47]. The assumption of a global N = (2,2)
supersymmetry makes it possible to handle the conformal field theory to some extent and
make general statements about the interaction terms. The action is a non-linear sigma
model in left- and right-moving worldsheet coordinates z, z is (see for example [48])

S =T / dzdZ (Gma (Ou™OU™ + Ou™OU™) — by (Ou™Ou™ — Ou™Ou™)
>

. m 7 . M )+, 1 1 m.,m n n
= igmnp" DX" = igmap" DX" = 5 Bmna X" X" 0" ) (B.2)
where v™ and v™, m,m = 1,...,3, are complex coordinates on Yz, x™, p™, x™, p"™ are
the worldsheet fermions of the N = (2,2) supersymmetry and the covariant derivative
is Dx™ = ox™ + I'" Ou"x°. To provide a consistent string background the sigma model

has to be conformally invariant [46, 47].

As the Calabi-Yau manifold is not flat, the metric g,,,(u) depends on the coordinates
of the target space. The coupling of the worldsheet bosons u™ to the metric contains
interaction terms of generically all orders. The metric can be treated as a background

14To be precise, it was shown in [45] that four-dimensional heterotic string compactifications with
N=1 space-time supersymmetry require an additional global N = (2,0) worldsheet supersymmetry.
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field of the worldsheet theory. In addition to the metric the above action includes the
antisymmetric tensor b,,; of the NS-NS sector as a background field. The terms describing
the coupling of the worldsheet fields to the background fields are identical to the vertex
operators of the corresponding background field at vanishing momentum '

Vy ~ G (O™ OU™ + du™0u™) e 4 O(k),
Vi ~ by (Ou™0u™ — Ou™Ou™)e™* ™ + O(k). (B.3)

Including background fields from the R-R sector in this way is not possible because the
vertex operators have branch cuts 1°. Background fields from the R-R sector are usually
not considered in non-linear sigma models.

The superconformal algebra of the sigma-model has four generators: the energy-
momentum tensor T', two fermionic super-currents T and a U(1) current .J. We consider
only the left-moving part of the worldsheet algebra, the right-moving part is obtained by
z — Z. Expanding the generators as

2mi
e dz .1
Tiﬁ[(z) = ZG%Z 3/2, Gri = j{ %Z +2T§(z)
J . —n—1 . dZ n
(2) = Z Jpz V0 = 507° J(2), (B.4)

with 7 € Z in the Ramond sector and r € Z + 1/2 in the Neveu-Schwarz sector, the
algebra is

[Lma Ln] = (’I’L - m)Ln-l—m + (TL3 - n)5n+m,0

<
12

1
{G;!:7 G;F} = 2Lr+s + (T - S>Jr+s + § <T2 - Z) 57’+s,07 {va G;t} = O

n

1G] = (5 )G ] = s

[, J] = §n5m+n,0, [, GF] = £G2,.. (B.5)
The number c is the central charge of the algebra. Consistency requires ¢ = %d for a d—
dimensional conformal field theory, ¢ = 1 for each worldsheet boson and ¢ = 1/2 for each
worldsheet fermion. The conformal fields (z) of the worldsheet theory are in one-to-one
correspondence to the states of the conformal algebra, |¢) = lim._,01(2)]0).

An isomorphic algebra can be obtained by transforming the above algebra under the
spectral flow [49] generated by Ug

UoLolls' = Ln+@Jn+%@25n,0

15To describe physical couplings the vertex operators must not have any explicit dependence on the
unphysical ghost sector of the conformal field theory, that is they are in the ghost number zero picture
[2].
16Tn terms of the vertex operators they have half-integer ghost number and cannot be transformed to
vertex operators with ghost number zero via picture changing [2].
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UoJUs' = %+§®%@
UsGEUS' = GFe. (B.6)

From the last equation it is clear that spectral flow with © = Z + 1/2 maps the R sector
to the NS sector and vice versa, while © = Z maps the NS to the NS and the R to the
R sector. States transform as [1)) — Ug|1)).

We denote by |¢) a primary state with U(1) charge q, Jo|¢) = ¢|¢), and with conformal
weight h, Lo|p) = h|¢). Primary states are annihilated by the positive modes of the
generators, (L,,G=,J,)|¢) = 0, n,r > 0. Let us consider the ground states of the
Ramond sector |0) g. Ground states are primary states that fulfill the additional condition

GF|0)g = 0. (B.7)
Using (B.5) we get

c
R01{GE,GEHO) = 20— 5 =0 (B.5)
and thus h = ¢/24 for R ground states. Via spectral flow with © = F1/2 the ground
states of the R sector are mapped to the chiral and anti-chiral primary fields of the NS
sector |i) ys. The chiral and anti-chiral primary fields satisfy

GE pli)ns =0 (B.9)
and using again (B.5)
NS (G, 1 GT oM ibvs = 2h F g = 0. (B.10)

The chiral primary states have h = ¢/2 and the anti-chiral primary states have h = —¢q/2
[50].

The conformal fields ¢; associated to the chiral and anti-chiral states |i)ys form a
ring under multiplication [50]

Gip; = Cijk¢ka (B.11)

with the structure constants cl-jk. This ring is called the (anti-) chiral primary ring a

respectively c¢. Considering both the left- and right-moving sector we get the rings (c, ¢),
(c,a) and their conjugates (a,a) and (a, c).

Let us consider the compactification of type II theories on a Calabi-Yau threefold
Y;. The conformal charge of the interacting conformal field theory is ¢ = ¢ = 9. The
important point is that in the large radius limit of the threefold there is a one-to-one
correspondence between the elements of the cohomology of the threefold and the primary
states of the superconformal algebra [51]. In the R-sector the zero modes of the super-
currents are identified formally with the exterior holomorphic differentials, Gg ~ 9. Via
spectral flow to the NS-sector, the zero modes of the supercurrents are identified with the
exterior differential as ijl o ™ 0. Tt was shown in [50] that each state in the NS sector
has a decomposition |x) = |i) + Gj_tl/2|i1> + Gf/2|z'2> with |é) an (anti-) chiral primary.
For primary states |x) the last term vanishes of course. This decomposition corresponds
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to the hodge decomposition of the differential forms. In the NS-sector (r,s)-forms are
mapped to the (anti-) chiral primary states of the superconformal N = (2,2) algebra
with (h, k) = (3r,1s). Glueing together left- and right-movers, there are obviously two
distinct ways of realizing this map, one can either identify the (c,a) ring with the ele-
ments of the cohomology (G’le/2 ~ 0, 6:1/2 ~ 0) or one can identify the (c, ¢) rings with
the elements of the cohomology (G¥, 12~ 0, Gt 2 ™ 0 ). 7 The first possibility results
in a type IIA and the second possibility in a type IIB compactification.

11
—r,—s
2”3
11
2" 9%

ovs € HUY.Z) 0 (B = (3r35) (0.0) = (. =5) for type I1A

ons € H™(Y,Z) & (h,ﬁ):( ),(q,q):(r,s) for type IIB. (B.12)

It was shown in [52, 70, 71] that the moduli of the superconformal field theory are mapped
to the (anti-) chiral primary states with (h, k) = (3, 3).

Let us consider the NS-NS sector of Type ITA theory on a threefold. The decompo-
sition of the 10-d metric is

= (9w Y B.13
9gMN (O gab)’ (B.13)

where g, is the metric on the threefold. Expanding the metric around the background
expectation value as g = g% +dgap, one obtains the Laplace equation for the fluctuation,
Adg. = 0. The solutions to Laplace equation are the massless modes of the spectrum. In
complex coordinates m, m = 1,2, 3, one obtains decoupled equations for the components
d9mn and 0¢,, . The first part, 6gm,q, can be expanded into harmonic (1, 1)-forms and
gives K1) zero modes. The indices of 0Gm.n are not antisymmetrized, thus it is not
a (2,0)-form. However, one can construct a (1,2)-form as Gmap = 09m.ng%slonp, thus
the number of zero modes of 0¢,,, is h(:2) The equivalent procedure can be done
for the complex conjugate component dg;5 7, leading to another h31Y zero modes. The
Laplace equation of the antisymmetric NS-NS two-form by, = b%, +dby;, leads to decoupled
equations for the components db,,; and db,,,, in complex coordinates. The first term 0b,,5
can be expanded in (1, 1)-forms the second one, 0b,,,, in (2,0)-forms. The number of
(2,0)-forms however vanishes on Calabi-Yau threefolds, h(3>% = 0, thus db,,, does not
contribute any zero-modes. All in all, from the NS-NS sector one obtains 2V zero
modes from the metric and the antisymmetric two-form and another 2h (12 zero modes
from the antisymmetric two-form.

The 20D + 2h(12) zero modes correspond to (anti-) chiral primary states with con-
formal charge (h,h) = (3,3). Thus the (1,1)-form 6b,,, corresponds to the conformal
state in the (c, a) ring with (h, h) = (3, 3) and (¢,¢) = (1, —1) (one can equivalently start
with the (1, 1)-form dg,,5). In addition the spectrum contains the (¢, c), (a,c) and (a, a)
rings with (¢,q) = (1,1), (¢,¢) = (—1,1) and (¢,q) = (—1,—1). Which elements of the
cohomology the last three states correspond to can be found out by taking the spectral
flow of the states by ©® = 0, &1 such that the states transformed via spectral flow are in

some (¢, a) ring. From (B.6) it is clear that a state in (¢) is transformed into a state in

17Taking the conjugate, i.e. the (a,c) and the (a,a) ring is equivalent of course

70



(a) by spectral flow © = —1 and an (a) state is transformed into a (c) state by spectral
flow with © = 1:

he = h+@q+g@2, go = q+ 30. (B.14)

From the (c,a) states with new conformal weights and charges (he,he), (go,qe) We
read off that the states are (p, k)-forms with p = 2he and k = 2hg. The state with
(¢,@) = (1,1) is mapped via spectral flow with © = —1 to the (c, a) state (ho, h—1) = (3, 1)
and (qo,q-1) = (1,—2), which is a (1,2) form. For the state (¢,q) = (—1,1) taking the
spectral flow leads to (hi,h_1) = (1,1) and (¢1,-1) = (2, —2) and thus to a (2, 2)-form.
Finally from the state with (¢, q) = (-1, —1) we get (h1, ho) = (1,3) and (q1, @) = (2, —1)
which is a (2, 1)-form. Thus the moduli of the type IIA theory are identified with the
conformal fields as

- 11
Y zero — modes with = (h, h) = (5, 5), (¢,q9) = (1,-1)
(1,2) : 7 11 -
h'*?) zero — modes with : (h,h) = (5, 5), (q,q) = (1,1)
(2,1) : 7 11 .
h'*" zero — modes with : (h,h) = (5, 5), (q,9) = (—1,-1)
- 11
h%?D = B gero — modes with @ (h, h) = (5, 5), (¢,9) =(—1,1).  (B.15)

An obvious question to ask is what changes if we do not identify the elements of the
cohomology with the (c,a) rings but with the (c,c) rings. In this case one has 2k
moduli with (h, h) = (3, 3) and (¢,¢) = (1,1), (¢,q) = (=1, —1) and 2A"'» moduli with
(h,h) = (3,3) and (¢,9) = (1,-1),(¢,q) = (—=1,1). It is obvious that the theory is
invariant if we in addition interchange A1 « p(12)

This is just the statement of mirror symmetry [50, 52, 53, 54]: The conformal field

theory is invariant under simultaneously exchanging
(¢,a) < (c,¢)
ALY o p12), (B.16)

For general Calabi-Yau d-folds this reads (c,a) <+ (c,c), h®P) <3 h®4=P)  The elements
of the (¢, a) rings are (p, p)-forms and the elements of the (¢, ¢) rings are (p, d — p)-forms
that form just the primary subspaces of the vertical cohomology H ®P)(Y,, Z) and the
horizontal cohomology H ®¢~P)(Y,, Z) introduced in A.5.

For Calabi-Yau threefolds it is sufficient to consider only p = 1 because h(>? = p(L)
and h33) = pB0) = p(03) = p(0.9) = 1 and the primary cohomologies coincide with the full
cohomologies H ") (Y3, 7Z) and HP4=P)(Y3 7). For Calabi-Yau fourfolds the (2, 2)-forms
are independent from the (1, 1)-forms and the vertical and horizontal primary subspaces
of H?2)(Y},7Z) do not coincide with the full cohomology.

From the point of view of the conformal field theory mirror symmetry is a very
simple observation, but geometrically it has highly non-trivial implications. For a Calabi-
Yau threefold for example correlation functions of three Kéahler moduli, usually called
Yukawa couplings, are of great importance. They are determined by the cohomology
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ring of the compactification manifold only in the large radius limit. Taking into account
stringy corrections the Yukawa couplings are determined by the deformed cohomology,
sometimes also called quantum cohomology. It is really this deformed cohomology that
coincides with the (anti-) chiral rings of the superconformal algebra. The calculation
for determining the Yukawa couplings using mirror symmetry is reviewed in section B.3.
The first application of mirror symmetry was given in [5]. Other examples can be found
for example in [55, 56, 57, 58, 59].

By identifying elements of the cohomology with (¢, a)/(c, ¢)-states we consider type
ITA /type 1IB compactifications. This implies that type ITA theory compactified on a
Calabi-Yau threefold Y3 is identical to type IIB theory compactified on the “mirror man-
ifold” Y. The hodge numbers of the manifolds are h(»9(Y3) = h(P3-9(Y}). Note that
the mirror manifold of a given Calabi-Yau manifold is not necessarily a Calabi-Yau man-
ifold. A Calabi-Yau threefold with h(1?)(Y3) = 0 for example has a mirror manifold with
RV (Yy) = 0, this is not a Calabi-Yau manifold because it has no Kihler structure.

B.2 Topological Field Theory

The main application of mirror symmetry in Calabi-Yau threefold compactifications is
to derive the Yukawa couplings (¢;¢;¢x) of (1, 1)-forms including all stringy corrections.
The correlation functions of the (¢, a) and (a, ¢) primary fields on the threefold Y can be
derived in terms of the simpler correlation functions of the (¢, ¢) and (a,a) fields on the
mirror manifold Y*.

Consider the correlation functions
o = (bididi) = / DuDYDpiics; e 500, (B.17)

where S(u, x, p) is the sigma-model action with target space Y3 with a field content
consisting of the worldsheet bosons u and the fermions of the N = (2, 2) supersymmetry.
The threepoint functions are fixed by the structure “constants” (B.11), which are not
constant but an infinite series in the Kahlermoduli £. The correlation functions are not
evaluated using the above sigma model action but the “twisted” topological sigma model
[48, 62, 63, 67] obtained from the original action by twisting the worldsheet fermions.
The important point is that the threepoint functions containing the (anti-) chiral primary
fields are invariant under the twisting, but can be derived explicitly in the twisted model.

There are two possible ways of twisting the sigma-model to obtain a topological field
theory, these are called the A- and B-model. The observables of the A-model are the
(c,a) rings and the observables of the B-model are the (c,c) rings. Mirror symmetry
can be understood naturally in terms of the topological field theories, the correlation
functions of the A-model with target space Y are mapped to the correlation functions of
the B-model with target space Y* via mirror symmetry.

Let us describe the twisting of the sigma-model. We follow the discussion of [67]. The
starting point is the worldsheet action in complex coordinates of the target manifold Y3
and left- and right-moving coordinates on the worldsheet (z, 2)

S = T/ d2dZ (Gomn (u) (Ou™OU™ + Ou™Ou™) — i By () (Ou™Ou™ — du™0u™)|B.18)
>
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The action can be written in the form
S = QT/ dzdZG i (u)Ou™ Ou™ — iT/(u*t), (B.19)
b b

where t = B + G is a complex Kahlerform and
(u*t) = (Gomn (w) + iGmn(u)) (Ou™OU™ — Ou™Ou™) (B.20)

is the pullback of ¢ from Y3 to the worldsheet X. Including the fermions x and p of the
N = 2 supersymmetry the action reads [67]

i o o o . o
S = 2T / dzdz <gmn6‘um8u" - %gmﬁmeXn — %gmﬁmeXn - ZRmmnnxmxmp"p")
by

- iT/E(u*t). (B.21)

The term in the second line depends only on the cohomology class of ¢ and on the
homology class of u(X) in Y3. The other part in the first line contains fermionic as well
as bosonic degrees of freedom. This is the part that undergoes the twisting.

The twisting consists of transforming the world-sheet spinors x™, x™, p™, p™ into
bosonic fields with spin one and spin zero. The twisted theory is not supersymmetric
anymore as it contains no fermions. However, after the transformation, the supersymme-
try is transformed into another symmetry, a BRST symmetry. The BRST symmetry is
generated by the modified supercurrents G*, which are bosonic and have spin 3/241/2
after the twisting. Also, the twisted theory is BRST exact, that means the theory is the
BRST variation of something. Being BRST invariant and exact is just the definition of
a topological theory. Thus the twisting of the worldsheet theory generates a topological
field theory. There are two inequivalent ways of doing the twisting: first, one assumes
that the spinors x and p™ are transformed to spin zero fields and the conjugates x™ and
p™ are transformed to spin one fields on the worldsheet. This is the A-model. Second,
one can do the twisting such that x™ and x™ are transformed into spin one fields and
p™, p™ are transformed into spin zero fields. This is the B-model.

Being topological theories, the correlation functions of the A- and B-model are con-
stant. The other part, containing [ u*(¢), contributes moduli-dependend terms to the
correlation functions but has no additional degrees of freedom. We denote the action for
the topological A- and B-model by S4 and Sg in the following.

For the three-point function in the A-model we get
e = €TI0 / DuDXDpdipjdre 4. (B.22)

The correlation functions are invariant under changing continuous parameters of the
topological A-model. Thus we are free to choose the limit 7" — oo, which means that
the A-model action only contributes by leading order S, = 0 to the path integral.

From the equation of motion of the sigma model action (B.21), it follows that du’ = 0.
This implies that that the maps u are n—fold covers of algebraic curves in Y. In other
words, the worldsheet instantons are due to fundamental strings wrapped n times on
holomorphic curves in the Calabi-Yau manifold.
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We expand the Kihlerform as ¢ = t'e;, where ¢; are a base of the (1,1)-forms, and
denote the integers of the homology class of u by d; = fz (u*e;) = % f¢> e;. The numbers
d; are also called instanton numbers or the degree of the holomorphic curves. Thus the
second line of action (B.21) is

S = —2mil )y td;. (B.23)

Wrapping a fundamental string n = 0 times on the holomorphic curves means that u(X)
is topologically trivial. In this case all d; vanish, leaving no instanton contribution.

For evaluating the correlation functions one expands them in classes
i = Yl (B.24)
9

where the sum over g = (dy, . .., d,) takes into account all curves of multi-degree (d1, ..., d,).
Thus the path integral takes the form

(9)
Cz(‘jg‘i)c = 65(9)/ DuDpDx dipjdre . (B.25)

Using ¢; = e*™" we finally have an expansion

Cijk = NZ.(]Q,;“"O) + NZ.(;,;O"“’O)ql + NZ,(]Q,;LO"“’O)QQ +...+ Ni(fél’o“"o)qqu +..., (B.26)

where the numbers N, are

(9)
Ni(]glz - / DuDpDx ¢idjpre” . (B.27)

The correlation functions are an infinite series in g% with integer coefficients given by the
constant threepoint functions of the topological A-model. To lowest order g = (0,...,0)
the correlation function is given by the classical intersection numbers of three (1,1)-
forms d;j, = fy3 e; A\ ej A eg. In principle all higher-order terms can be derived explicitly
for any given threefold Y3;. But as there are infinitely many terms this is impossible
in practice. Mirror symmetry can solve this problem. We know that the correlation
functions of the A-model on Y3 are identical with those of the B-model on the mirror
manifold Y;". The correlation functions of the B-model are purely classical and do not
have any instanton corrections. The calculation of the instanton corrections to the A-
model threepoint function is subject of the next section.

Let us first consider other correlation functions of the topological A-model [18, 20,
62, 63], for example the two-point functions

Nij = (i) (B.28)

For a Calabi-Yau threefold this is the correlator of the i-th (1,1)-form and the j-th
(2,2)-form in the (c,a), (a,c) rings. As h(%1) = h(22) it is correct to use the same index
i,5=1,..., A for both observables.

For general Calabi-Yau d-folds, the twopoint functions are the correlators of a (p, p)-
form and a (d — p,d — p)-form, p < d, these two-point functions are usually called ng’ ),
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It was shown in [62] that the derivatives of all twopoint functions with respect to all
Kahlermoduli ¢* vanish,

0

Thus the two-point functions are constant and receive no worldsheet corrections.

For a Calabi-Yau threefold, the two- and three-point functions are the only correlation
functions. A four-point function in the A-model is at least a (4, 4)- form, which exists only
for Calabi-Yau d-folds with d > 4. However, for Calabi-Yau d-folds of any dimension, the
factorization properties of the topological field theory allow to compute all correlation
functions in terms of the two- and the threepoint functions [18].

Let us call (9](\1;), N =1,...,h®P(Y,), a (p, p)-form and observable in the A-model

with target space Yy (for d = 3 we have just the one element (’)2(1) = ¢; considered above).
As explained for example in [18], the observables of the A-model are not all of the (p, p)-
forms of Y; with p < d, but only those that are the wedge product of p (1, 1)-forms. Thus
the observables of the A-model are exactly the elements of the vertical primary subspace
of HPP)(Y,) introduced in A.5. The observables of the B-model are the elements of the
horizontal primary subspace of H(@PP)(Y,). One can generalize (B.11) and introduce
operator product coefficients ¢ for arbitrary dimensions d as

O(P)Og\qd)_ MN O(P-i-q (B.30)

Thus any three-point function is of the form

clivo = (O ON 05 ™) = i) Pnigs® = 5" T (B.31)

The case p = ¢ = 1, d = 3 reproduces cz(jk) = ¢, of (B.22).

Using the above relation, the fourpoint functions on a Calabi-Yau fourfold (d = 4 and
all fields O are (1, 1)-forms) are

1 1 1 1 1,1 R (3 1,1) Q (2 1,1) R
(OWONOPOR) = il %3 M = il el (B

For the metric we can use 7 = nM7T to express the fourpoint function as [18, 20]

1,1) @ R (1 1,1) Q (2 1,1) R
SR O Pt = i) el " B33)

Interesting conditions for correlation functions follow form the associativity of the oper-
ator products, for the fourpoint function we get for example

L) Q (2 Q (2 R
chin “gneor’ " = cvio “gneno " (B.:34)

From (B.31) we know that cgw\g Q'r](QZ()) = cgvo) Qng\?@ and inserting this in the above
equation leads to the relation

1,1 1,2) R (1,1
chiv “con " = chio “eng (B.35)

which is highly non-trivial if one includes the worldsheet corrections.
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B.3 Worldsheet Instantons

In this section, we review the derivation of the three-point function (B.26) of the topo-
logical A-model by using mirror symmetry. A more detailed review can be found in
[60]. Special geometry, introduced in A.4, implies that the threepoint function ¢,y is the
derivative of a holomorphic prepotential F

Cz’jk = 828]8k.7:, (B36)

where 0; = 0/0t;. Mirror symmetry implies that the prepotential F is mapped to the
prepotential F' of the B-model on the mirror manifold Y;. The prepotential F' of the
B-model depends on the (1, 2)-forms of Y3 only and thus receives no worldsheet instanton
corrections. Thus F' can be derived explicitly. The mirror map gives the prepotential of
the A-model on Y3 including all instanton corrections.

Let us consider the mirror manifold Y5. The threefold has a unique holomorphic
(3,0)-form €2 that depends on the complex structure moduli. The derivatives of Q with
respect to the complex structure moduli have components in H®9 @ @Y ¢ H12) g
H©O3) More precisely, the first derivative is in H®% @ H®Y the second derivative is
in HG9 ¢ HZD @ H12 and the third derivative in H®9 @ HGY ¢ HO2) g H03),
Since the number of 3-forms b% = 2(h(*Y + 1) is finite there must be some linear relation
between the derivatives, £ = dn where L is some differential operator with moduli
dependent coefficients. Integrating this equation over a closed threecycle S* € Hs (Y5, Z),
a=1,...,2(h®Y 4 1), we get a differential equation

LI, =0, (B.37)

where II, = | ga §2 are the period integrals of €. These equations are called the Picard-
Fuchs equations. For a given threefold Y5 one can construct the differential operator £
which fulfills the Picard-Fuchs equation and write down the explicit form of the period
integrals II,. We do not perform such a calculation here but refer to [60] and to [5, 55,
56, 57, 58, 59].

Given an explicit expression for the periods one can write down the period integrals
in a more convenient form for the mirror map. As explained in A.4, one can express the

periods in terms of the special coordinates A, i = 1,..., h1?(Y*, Z), the periods are
II(\) = (1, X', F;,2F — X'F;) (B.38)
: _ 0
with F; = 55 F.

Mirror symmetry maps the prepotential F'(\) of the complex structure moduli space
of Y5 to the prepotential F(t) of the Ké&hlermoduli space of V3. After the mirror map
the above period vector is

() = (1,t', Fi, 2F — t'F)) (B.39)

with F; = %}". The index 4 labels the (1,1)-forms on Y3, i = 1,..., h(M)(Ys, Z). The
mirror map is A’ = t* for the first two components, they do not contain worldsheet
corrections on Y3. For the last two components the mirror map is log(\*) = 2mit' + O(t?).

To perform the mirror map explicitly one keeps only the linear term in ¢°. This leads
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to corrections in terms of the variables ¢ = > defined in (B.27) '®. The coordinates

parametrizing the first two and the last two components of II are called t-type and ¢-type
coordinates in [18]. Let us stress again that the prepotential F'(z) on Y, does not have
worldsheet corrections of any kind and can be derived exactly. After the mirror map one
obtains the full prepotential F(¢) on Y3 including all worldsheet corrections. F is of the
form [5]*

F o= gttt +att +bit’ + 5o — L ;ng,ng(e2 Sty (B.40)
where
. —
Lisz(z) = Z —- (B.41)
— J
j
d; is again the instanton number of the i-th (1,1)-form e;, d; = fc e, and n, is the
number of isolated holomorphic curves C of multi-degree g = (dy,...,d,a1). The sum

over j takes into account multiple coverings of a fundamental string wrapped on a given
curve.

The mirror symmetry result contains more information than the correlation function
of the topological sigma model of the last section in the sense that one derives the full
holomorphic prepotential, whereas the correlation functions are the third derivatives of
the prepotential. The complex constants a;;,b; and ¢ do not appear in the threepoint
function (B.36).

The constants a;;,b; and ¢ are determined in [59, 60]. The real parts of the constants
are considered as being irrelevant because they neither contribute to the correlation
functions ¢;;; nor to the Kéhlerpotential K = — In[2(F — F) — (¢! — t*)(F; + F;)] and thus
have no impact on the theory. The Kahlerpotential without the instanton corrections has
a continuous Peccei-Quinn symmetry ¢* — ¢* + n’ [61]. This implies that the imaginary
parts of a;; and b; are zero. Thus the only relevant contribution is the imaginary constant
)

= L X)), (B.42)

(271)
where x(Y3) is the Euler number of Y5 and ((3) is a constant. This term can be identified
with a loop correction of the worldsheet theory.

B.4 Mirror Symmetry and D-branes

For completeness we consider type II theories including D-brane configurations on Calabi-
Yau manifolds. D-branes wrapped on curved spaces have been studied first in [68] and in
in the context of mirror symmetry in [69]. We follow the discussion of [69]. The question
is whether mirror symmetry is applicable to D-branes in Calabi-Yau manifolds, or in

BFor simplicity, the dependence of o/ or equivalently the tension T is omitted
Yn [5] models with h}'}) = 1 were considered. The generalization to arbitrary h(}!) can be found
for example in [59]
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other words which kind of cycles the D-branes can be wrapped on. We only consider
BPS states, which means that in the presence of D-branes half of the N = (2,2) sigma
model supersymmetry is broken. Non-BPS branes break the whole supersymmetry.

The equations of motion from the sigma-model action for the worldsheet bosons and
fermions give rise to Neumann and Dirichlet boundary conditions [3] for the worldsheet

fields
Ou® = R%0u’,  (x.p)f = £RY (. Pk, a=1,...2d, (B.43)

where (x, p); are the two left-moving spinors, (x,p)g are the right-moving spinors of
(B.2) and the matrix R% satisfies gabR“cRbd = gpq- Note that we use real coordinates on
the Calabi-Yau d-fold. The =+ signs for the fermions are due to the NS- and R- sector.
Dirichlet boundary conditions for u are given by the eigenvector of R with eigenvalue
—1 and Neumann boundary conditions are given by eigenvalue +1. Dirichlet boundary
conditions imply that a D-brane is located in the Calabi-Yau manifold perpendicular
to the directions with the Dirichlet boundary conditions. As we want to consider D-
branes wrapped on submanifolds of some Calabi-Yau manifold, we generically have mixed
boundary conditions and the matrix R is not symmetric.

As half of the supersymmetry is broken on the boundaries, the boundary states de-
scribing the D-branes are invariant under a linear combination of the generators of the
N = (2,2) superconformal algebra. It was shown in [69] that there are two ways of
obtaining consistent boundary conditions breaking half of the supersymmetry, these are
called A-type and B-type boundary conditions:

A—type: Tp=+iTh, Tp =+iT,, J=-J
B—type: Tif ==4ily, Tp =+l J=1J
(B.44)

Both boundary conditions preserve the N = (1,1) superconformal algebra generated by
the energy momentum tensor 7' and the supercurrent Tr. The N = 1 supercurrent is
related to the N = 2 supercurrents as Tr = T} + T . The generators of the N = (1,1)
algebra satisfy the relations 7' = T and Ty = +iTy for both a A-and B-type boundary
conditions as well as the boundary conditions (B.43). Note that T}/ <> T, and J <
—.J interchanges A- and B-type boundary conditions and also defines the mirror map
(c,c) <> (c,a) of B.1.

The N = (2,2) U(1) currents (B.4) (in complex coordinates) are of the form J =

gisX'p’, J = —gizp'x?. Together with (B.43) this implies the following formulas for the
Kahlerform g, for B-type boundary conditions:

9RO Ry = —gea. (B.45)

Denote by %, A = 1,...,p, the coordinates in the directions with Neumann boundary
conditions (tangential to the worldvolume of the brane) and by y*, o = 1,...,(2d —
p), the coordinates in the directions with Dirichlet boundary conditions (normal to the
worldvolume of the brane). With only Neumann indices the R is symmetric and has
eigenvalues +1 only, and the above equation implies that

9opRGYR = gopdy6's = —gap — gap =0 (B.46)
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With only Dirichlet indices R is symmetric and has eigenvalues —1 only, thus the above
equation implies that also g,s vanishes

975RVaR6ﬁ = 975(_)5704(_)566 = —0op — Yap =0. (B.47)

Only the components of the Kéhlerform with mixed components ¢ 4, are non-vanishing.
This implies that the number of directions with Dirichlet boundary conditions (2d — p)
is equal to the number of Neumann boundary conditions p, thus we have p = d. That
means the brane is wrapped on a d-dimensional submanifold of the Calabi-Yau manifold.
It was shown in [69] that this submanifold is a middle-dimensional cycle S € H 4(Yy, Z)
(a 3- cycle for a Calabi-Yau threefold) with volume

Vol(S) = /5 Q, (B.48)

where () is the holomorphic d-form of Y.
The A-type boundary conditions imply that R satisfies

g RR) = geq. (B.49)

This implies that the Kahlerform with one index in the directions with Neumann bound-
ary conditions and one index in the directions with Dirichlet boundary conditions vanishes

ko RV, RE) = kyo(—)87,0% = —kaa — kaa = 0. (B.50)

The Kahlerform is bock diagonal with non-vanishing components gap and gng. It was
shown in [69] that the p-dimensional submanifold in the Neumann directions is an even-
dimensional holomorphic submanifold of the Calabi-Yau d-fold. This means that the D-
branes are wrapped on holomorphic p-cycles C'?) € H,(Y4,Z) with p even. The volume
of a holomorphic p-cycle is

Vol(CP) = / tA. AT (B.51)
c
where the integral contains p/2 complex Kéhlerforms t.

It was mentioned above that the boundary states with A- and B-type boundary
conditions (B.44) interchange right-moving (¢) and (a) fields. If we denote the boundary
states corresponding to the wrapped D-branes by | D), B-type boundary conditions imply

(T# FiTF)|D) =0, (Tp Fily)|D) =0, (J—J)|D)=0, (B.52)
and A-type boundary conditions imply
(T F4iT#)|D) =0, (Ty FiTp)|D) =0, (J+J)|D)=0. (B.53)

The boundary states have U(1) charge ¢ = +¢. It was shown in [69] that the A-type
boundary states can indeed be expanded in terms of the (c,a) rings of the N = (2,2)
superconformal algebra,

|D>A—type = Z Cslds), ¢ € (¢, a), (B.54)

S
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where s = 1,. .. ,dim(zzzo H®P)). The coefficients depend on the Kihlermoduli only
and are given by the volumes of the p-cycles the branes are wrapped on,

Cs = / t A...At+ stringy corrections. (B.55)

The cycles {C*} = Zp C@r) p < d, are the 2p-dimensional holomorphic cycles of the
Calabi-Yau manifold. The B-type boundary states can be expanded in terms of the (c, )
rings,

ID)Btype = > dilr), o € (c,0), (B.56)
l

withl=1,... ,dim(zzzo H®=P)) and the coefficients depending on the complex struc-
ture moduli only,

dy = / Q, (B.57)
Sl

where S! are the middle-dimensional cycles in HZ:O H®4=p)  Mirror symmetry demands
that the coefficients ¢y evaluated on a Calabi-Yau manifold Y, are mapped to the co-
efficients d; evaluated on the mirror manifold Y. Thus the volumes of the middle-
dimensional and the holomorphic cycles are related by mirror symmetry. If we denote
by S the sum of the middle-dimensional cycles S, we get the formula

Z (/ t A ... At+ stringy corrections) = (/ Q) ) (B.58)
» c() Y, S Y

d

This equation is of great importance in chapter 2.

80



C Anomalies

Anomalies are the breakdown of classical conservation laws due to quantum corrections
[1]. In the context of symmetry breaking one has to distinguish between local and global
symmetries. A global symmetry broken by anomalies changes the physical content of
a theory, but does not lead to inconsistencies. Local symmetries on the other hand
must not be broken by anomalies because they make the theory inconsistent. Broken
gauge symmetries for example lead to non-unitary theories. The unphysical longitudinal
modes of the gauge fields no longer decouple from the physical states. On the level
of scattering amplitudes, anomalies are caused by one-loop diagrams which cannot be
cancelled by adding local counter terms to the theory. Only diagrams with massless
particles circulating in the loop contribute to anomalies. Thus, it is sufficient in string
or M-theory to derive the anomalies on the level of the low-energy effective theory. The
infinitely many massive excitations of strings do not have to be taken into account. For
a detailed review of anomalies see [1].

Anomalies occur in parity-violating loop diagrams only. Parity conserving amplitudes
can be regularized in a covariant and gauge invariant way and do not lead to inconsisten-
cies. Parity violating amplitudes require the existence of chiral, that means Weyl, spinors.
Weyl spinors do not exist in odd dimensions, which implies that odd dimensional theories
are always anomaly-free.

Anomalies are classified due to the external legs of the loop amplitudes. Anomalies
from loop diagrams with external gauge fields only are called gauge anomalies, they are
due to the breakdown of classical gauge invariance. Anomalies in loop diagrams with
external gravitons are called gravitational anomalies and are due to a breakdown of
general covariance. Parity violating gravitational interactions however are not possible
for any even dimension. Chiral amplitudes exist only if the particles are in a complex
representation of SO(d), which possible for d = 4k + 2 for any integer k. These are the
only dimensions with gravitational anomalies. Anomalies in loop diagrams with both
gauge fields and gravitons as external legs are called mixed anomalies. They also exist in
dimensions d = 4k + 2 only. As we consider theories in ten and six dimensions, we have
to include gauge as well as gravitational and mixed anomalies in our considerations.

Anomalies in d dimensions can be expressed in a compact way in terms of a gauge
invariant (d+ 2)-form 14,9, which is called the anomaly polynomial. The gauge variation
of the effective action I' obtained by integrating out all fields except the gauge field and
the graviton is given by the d-form Iy,

oT = /[d(F, R), (C.1)

where F', R are the gauge field strength and the Riemann curvature two-form. The
anomaly polynomial can be extracted from the variation of I' via

d_[d = 5Id+1, Id+2 = d[d+1. (02)

Anomaly cancellation means I, = 0.
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C.1 Anomalies in d = 10

In this section, we consider the anomalies of ten-dimensional supergravity [1]. After a few
remarks about N=2 type ITA and IIB supergravity, we concentrate on N=1 supergravity.
This being the low energy effective theory of the heterotic string.

The massless spectrum of type ITA supergravity consists of two spin 1/2 fermions
transforming as 8 and 8 of SO(8) and of two gravitinos transforming as 56 and 56’
of SO(8). Thus the theory is non-chiral. The anomalies caused by the two spin 1/2
fermions cancel as well as those caused by the two gravitinos. This means that Type ITA
supergravity is anomaly-free.

Type IIB supergravity has a massless chiral spectrum that contains two spin 1/2
spinors transforming as 8', two gravitinos transforming as 56 and one self-dual five-
form field strength. Each chiral field gives rise to an anomaly. However, the sum of all
anomalies vanishes and the theory is anomaly free.

The theory of interest is the strongly coupled heterotic string, thus we consider the
low energy theory in greater detail. The ten-dimensional supergravity theory has N =1
supersymmetry and a gauge group G = FEg x Eg or SO(32). The massless spectrum is
chiral and contains a neutral fermion (neutral under the gauge group G) transforming as
8 of SO(8), one gravitino transforming as 56 of SO(8) and a gaugino transforming as

(8,496) of SO(8) x G.

The gauge anomaly arises in a one-loop diagram with six external gauge fields F' and
chiral fermions circulating in the loop, this diagram is called the hexagon diagram. It is
sufficient to use the linearized approximation of the Yang-Mills field strength F' = dA,
because we want to keep only the lowest number of external gauge fields for the hexagon
diagram. The theory has a gauge anomaly if the effective action is not gauge invariant,
i.e. 05" # 0 for a gauge transformation 6y Ay = Iy A for M =0, ...,9. For the hexagon
diagram, the variation of the effective action is

oAl = /dwx[clTT(AFE’) + e TrFTr(AF) + csTr(AF)(TrF?)3, (C.3)

with wedge products assumed and constants c; 23 which depend on the gauge quantum
numbers of the particles circulating in the loop.

The relation between the variation of the effective action and the anomaly polynomial
I449 is given in (C.1) and (C.2). Inserting d = 10 leads to
Iy = [aTr(AF®) 4 cyTrF*Tr(AF) + csTr(AF(TrF?)?)), (C.4)
and from this one can extract the anomaly polynomial I,

L, = [C1TTF6 + e TrFTrF? + C3TT(TTF2)3]- (C.5)

The gauge anomaly of the heterotic string arises from the chiral gaugino circulating in

the loop and the explicit calculation fixes the constants 2° ¢; = 1 co =0,c3=0

1
2 (2m)%6!”
[1]. The first factor % in ¢, is due to the fact that we have chiral Majorana-Weyl fermions

20Chiral fermions contribute to anomalies with a positive sign, anti-chiral fermions contribute with a
negative sign.
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in d = 10 which have half the degrees of freedom of complex chiral Weyl fermions. Thus
the gauge anomaly polynomial of the heterotic string is

1
2(27)56!
The index 1/2 indicates that a spin 1/2 fermion, the gaugino, circulating in the loop
gives rise to the anomaly.

1/2
Jeauee,
12

TrFS. (C.6)

The gravitational anomaly arises from the hexagonal diagram with only gravitons as
external legs and spin 1/2 as well as spin 3/2 fermions in the loop. To emphasize the
similarities with the calculations of the gauge anomaly above, we treat gravitation as a
gauge theory with the tangent space group SO(10) as a gauge group. The curvature
Ryrnag is a two-form with two space-time indices M, M and two tangent space indices
a, 3. Just as we restricted our considerations to the linear part of the field strength
F = dA for the gauge anomalies we take the linearized curvature tensor Ry = (dw)yn
for deriving the gravitational anomalies. The spin connection w,; plays the role of an
SO(10) gauge vector.

Gravitational anomalies occur if the action is not invariant under general infinitesimal
diffeomorphisms

oM M M (V). (C.7)

The variation of the effective action of the hexagon diagram is
6T ~ / d"z[ditr(OR®) + daotr R*r(OR) + dstr(OR)(tr R*)?], (C.8)

with ©yn = Dy — Dy and three constants dy 2 3 which have to be derived explicitly
for the theory under consideration. Note that the variation of the action is of the same
form as (C.3) with the curvature R interchanged with the gauge field strength F' and ©
interchanged with the gauge parameter A.

The anomaly polynomial is
Iy = ditr R® + dytr R*tr R? + dstr(tr R?)®. (C.9)

Similar as in the case of the gauge anomaly, a part of the gravitational anomaly can
be cancelled by the anomalous Feynman diagram which describes the exchange of the
massless field B between two gravitons on one side and four gravitons on the other side.
The calculations are in principal similar to those of the gauge anomaly. The gravitational
anomaly has three different contributions though. The charged chiral spin 1/2 fermion
(the gaugino), the neutral spin 1/2 fermion (the dilatino) and the chiral spin 3/2 gravitino
all contribute to the anomaly.

Performing the calculation of dy, dy and d3 for the gravitino, gaugino and dilatino and
adding the contributions leads to the gravitational anomaly of the heterotic string [1],

[1g;av. _ [1g;av.,3/2 + (n B 1)[1g;av.,1/2’ (ClO)
where n is the dimension of the gauge group G and

1 55 7 35
Igrav.,3/2 _ b R6 _ 1y R4t R2 7 (¢ R2 3
12 2@mye \s6 1~ eI 4 g r i)

1 1 1 5
R S -y - —— S ¢ cp— oy - L C.11
12 2@mpel \soal T eI = gagg i) (C11)
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The contribution lg;av.,?)/ ? arises from the spin 3/2 gravitino and (n — 1)1 lg;av"l/ * are the
contributions of the gaugino and the dilatino. The opposite signs are due to the chirality
of the gaugino and the antichirality of the dilatino. We keep n unspecified for the moment
in order to show later that the total anomaly cancels for n = 496 only.

The mixed anomaly comes from the one-loop hexagon diagram with both gravitons
and gauge fields as external legs and spin 1/2 fermions in the loop. The variation of the
effective action is of the same form as those of the pure gauge and pure gravitational
anomalies. According to the possible distribution of the total six external gauge fields
and gravitons in the hexagon diagram there are four contributions:

or = /dm:p [exTr(AF)trR* + esTrF*tr(OR) + estr(OR)(TrF?)’

+esTr(AF)(trR?)?] . (C.12)

There are additional terms with different combinations of F' and R in the hexagon di-
agram, but these terms can be cancelled by adding local counter terms [1] and do not
contribute to the anomaly. The anomaly polynomial is

Ly = ey TrF*r R + e, Tr FYtr R? + estr R*(TrF?)? + e, Tr F? (tr R?)?. (C.13)

The mixed anomaly polynomial of the heterotic string is produced by the gaugino circu-
lating in the loop. This leads to the anomaly polynomial [1]

. 1 1 5 3
Imlxed,l/? _ ¢ R4T F2 —(t R2 2T F2 — —t RQT F4 . (C.14
12 samyel \a6" TTE gy U R E = b R ) (C14)

Adding the contributions of the gauge anomaly (C.6), the gravitational anomaly (C.10)
and the mixed anomaly (C.14) leads to the total anomaly

]—12 _ ]—lg;iuge,l/2 + [lg;av.,3/2 + (n i 1)]—1g;av.,1/2 + [lnsixed,l/Q
1 496 —n 224 +n 5(64 —n)
= trRS — ————trRYrR* + ————L(trR??
2(27)56! < 504 sgp R+ =g (rk)
1 4 2 3 2\2 2 ) 2 4 6
+ 1—6trR TrF*+ 6—4(trR VTrF* — gtrR TrF* +TrF® . (C.15)

This anomaly must be cancelled in order to keep the theory consistent. This can be done
for a gauge group G = Eg X Eg or SO(32) via the Green-Schwarz mechanism [83] as we
explain in the following. For simplicity we concentrate on the gauge anomaly first and
assume an anomaly polynomial of the general form (C.5).

In order to cancel the gauge anomaly, the theory must contain another anomalous
Feynman diagram with six external gauge bosons. Such a diagram indeed exists for the
heterotic string. It consists of two vertices that are glued together. One is a three-point
vertex with two gauge bosons and the antisymmetric NS two-form B,y and the second
one has five legs, four gauge bosons and one two-form B,;y. The vertices are glued
together such that Bj,y is the internal field exchanged between the gauge bosons. The
action which contains both vertices is

S = /dl%\/g(Tr|H\2+B(Tr|F\4+(Tr\F|2)2)), (C.16)
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again with wedge products assumed. The three-form field strength H = Hg — w3 =
dB —Tr(AdA+2/3A3) includes the Yang-Mills Chern-Simons term ws. Only the part of
S of lowest order in the gauge field A contributes to the anomalous Feynman diagram,

Sy = / d"x\/g (HiTrAdA + B(TrF* + (TrF?)?)), (C.17)

where F' = dA is now the linearized field strength. This first term describes the coupling
of B to two gauge bosons and the second one to four gauge bosons. The equation of
motion for B is

DMHynr = exrp,...p(TrFP P pEsbs pFsb pPibs ooy (Pl pPsPay (PP plrbsyy
(C.18)

The gauge variation of the interaction term Sy is
5/\50 = —/leIE\/ETT(AFMN)DRHMNR, (019)

where 0y Ay = Oy A is again the linearized variation. Inserting the equation of motion
(C.18) in (C.19) in the variation leaves

orSo = — / d"x\/g (Tr(AF)(TrF* + (TrF?)?)). (C.20)
This leads to an anomaly polynomial

Ly ~ —TrF*TrF* — (TrF?)?, (C.21)

which has exactly the correct form to cancel the second and third term of the anomaly

(C.5).

The first term ~ ¢rF% in (C.5) however, which is relevant in the heterotic gauge
anomaly, cannot be cancelled in this way. The anomaly polynomial (C.5) needs to have
some factorization property I = TrF?*TrF*+ (TrF?)3 to be cancelled by an additional
interaction of the form [ B(TrF*+ (TrF?)?). It is exactly for the gauge groups Fs X Eg
and SO(32) that the gauge field strength has the factorization property?!

1 1
TrF% = 4—8TTF4TTF2 - m(ﬂzﬂ)?. (C.22)
Using this relation the anomaly polynomial (C.5) factorizes into the product of a four-
form and an eight-form and can be cancelled. This statement is indeed true not only for
the gauge anomaly. Anomalies can be cancelled in general by a Green-Schwarz mechanism
if the anomaly poynomial factorizes into a four-form and an eight-form (for d=10).The
contributions of the mixed and the gravitational anomaly to the total anomaly (C.15),
except the term ~ RS, have the required factorization and can be cancelled by the Green-
Schwarz mechanism. The term ~ R has to vanish, this fixes n = 496 as expected. Using

21Such a factorization also works for just one Eg of course, but cancellation of the gravitational
anomaly considered in the following determines the dimension n of the representation of the gauge
group as n = 496 and thus leads to Fg x Fg and SO(32).
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equation (C.22), the remaining contributions of the total anomaly can be brought to the
form

Iy = —%mz& (C.23)
with
Zy = LRty i(RQ)2 ~ LR ¢ Loept - L(TTFQ)Q,
8 32 240 24 7200
Y, = trR*— %TTFQ. (C.24)

At this point we make a final remark. The operation ¢rF used in the literature [1, 89, 90]
and also in chapter 3 is defined by TrF? = 30trF?. This notation originates from the
gauge group SO(32) where the trace in the adjoint representation is usually denoted by
TrF and the trace in the fundamental representation by trF with a relation TrF =
30tr F'. The same relation is used to define the operation tr for the gauge group Eg x Eg.

C.2 Anomaly Cancellation in M-Theory Compactified on [ =
St /7, with Gauge Group FEg x Ejg

In this section, we consider the anomalies of eleven-dimensional supergravity compactified
on the interval I = S'/Z, [15] as described in section (3.1). The anomalies are also
explained in detail in the first ref. of [90] and [75]. Being an odd-dimensional theory,
the eleven-dimensional supergravity in the bulk is anomaly-free. The anomalies arise
on the two fixed ten-planes of the S!'/Z, orbifold. They have two origins. First, there
are gravitational anomalies due to the projection of the eleven-dimensional gravitino to
the ten-planes. Second, there are gravitational, gauge and mixed anomalies from the
“twisted” gauge field and gaugino introduced on each ten-plane. We explain this in more
detail in the following and review how the anomalies can be cancelled.

The compactification of the eleven-dimensional gravitino to ten dimensions results
in a ten-dimensional chiral gravitino plus a ten-dimensional antichiral spin 1/2 fermion
on each ten-plane. Both femions give rise to gravitational anomalies. To find out how
these anomalies look like, it is instructive to consider the limit in which the length of the
interval I approaches zero and the two ten-planes are pushed together. In this limit, the
theory describes the weakly coupled heterotic string, or its low energy limit to be precise,
considered in the last section. Thus, the gravitational anomaly in this limit is

[12 _ [1g£av,3/2 B [1g;av.,1/2’ (CQ5)
where Ilggav’g/ 2,11%‘”"1/ ? are the anomaly polynomials of the dilatino and the gravitino
of the heterotic string given in eqn. (C.11). Increasing the length of the interval and

separating the two ten-planes leads to two separated anomalies, Iy, — I}, 4 1%, where
the subscripts 1,2 label the ten-planes??. It is intuitive to assume that the anomalies are

22We use 11 for the anomaly polynomials on the ten-planes in order to distinguish them from those
of the weakly coupled heterotic string denoted by I in the last section.
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distributed evenly over the two ten-planes. Thus the anomaly on each ten-plane is equal
to that of eqn. (C.25), multiplied by a factor 1/2. This leads to the anomaly

7 1 rav.,3/2 rav.,1/2
Ly = B <[1g2 2y ) : (C.26)

As mentioned above, the spectrum contains one gaugino on each ten-plane, which
originates in ten dimensions rather than being the projection of some eleven-dimensional
field. The gaugino couples to the ten-dimensional graviton as well as to the gauge field
strength and thus gives rise to gauge, gravitational and mixed anomalies. Due to the
ten-dimensional origin of the gaugino, the anomalies are identical to those of the heterotic
string described in the last section. These are given by eqn. (C.6), the second equation
of (C.11) and (C.14) and lead to

~

I%éQ — Ilg;\uge,l/Z(FLQ) +n17211g;av,1/2(R) + I:ILI;iXed71/2(R’ FLQ)’ (027)

where F} 5 are the gauge field strengths on the two ten-planes and n'? are the dimensions
of the gauge groups on the two ten-planes. Adding the two anomalies (C.26) and (C.27)
gives the total anomaly

7 1 rav.,3/2 rav.,1/2
0= 5 (1w - i )

+ (IIg;uge,1/2<F172) + nl,QIIg;av.,l/2<R> + [lngixed,l/2<R’ F172)>

1 248 — n'? 5(32 — n'?)

112 + n'?
2(27)56] ( 504 381 rRUR A —— g ()
1 4 2 5 2\2 2 5 2 4 6

The term ~ R® has to vanish, which fixes n! = n? = 248. Also, to get rid of the term
~ F 16,2’ we need some factorization property for the gauge field strengths. Both conditions
are fulfilled by the gauge goup FEg. The factorization is

1 1
TrFy, = ﬂTT‘FiQTTFﬁQ - ﬁ(TrFﬁQ)?’. (C.29)

In addition, Fy has the property TrF* = ﬁ(TrFQ)z. Using these equations the anomaly
polynomial factorizes as

Ip = I+ Iy = (VIR F)XUR F) + VAR B)XAR B)) . (C.30)

with
X = W (%m# b (R = R + i(trFﬁz)Z) (C.31)

and
v, = ; (217T>2 (trFﬁQ - %trRQ) . (C.32)

87



Note that we have used trF = 1/307rF. The anomaly polynomial factorizes into a
four- and an eight-form and can thus can be cancelled by the Green-Schwarz mechanism.
Before we explain the cancellation in detail, we simplify the anomaly polynomial further.
Using the eight-form introduced in (3.3),

1 1o 1 2\2
Xs = o)l (StrR % (trR?) ) , (C.33)
the anomaly reads
“ T /A1 3 A1
he = 5 (Vi (R R)) +Xs(R)Y) (R, 1Y)
~ 3 A
v g (Yf(R, F2)> + Xy(R)Yi (R, ). (C.34)

The two terms ~ ()741’2)3 and ~ XSY41’2 can be cancelled seperately. The first term
~ (3741’2)3 gets cancelled by the projection of the eleven-dimensional Chern-Simons term
JC NG A G on the ten-planes and the second one ~ X8Y41’2 gets cancelled by the
projection of the higher order term [ G A X7 introduced in chapter 3.1. In the following,
we review the calculation along the line of [75].

We first consider the cancellation of Iy = Z(Y])? + Z(Y2)? by the projection of the
eleven-dimensional Chern-Simons term. The modified Bianchi-identity of the four-form
field strength G as required by supersymmetry is related to the four-form Y, as

(47k)?

dG = -,

(5(x11)dx11 AYi (R, ) + 8(z" — m)det AV (R, Fg)) . (C.35)

where the length of the interval is set [ = 7, or in other words the radius of S! is equal
to unity. The Bianchi-Identity is fulfilled if G is of the form

G = dC - (47;’5)2 [(b—1) (§(z")dz" Awh(R, Fy) + 6(a*t — m)da' A wi(R, F))
o (™ (R B + e —m)V (R, )
—%dwn A (wi(R, F1) + w3 (R, FQ))] ; (C.36)

as can be easily seen by taking the derivative. We have introduced the three-form
dws = Y,. The “integration constant” b is not fixed by the Bianchi-identity and will
be determined later. The zero-form e(z) is defined by €(x) = sign(z) — z/m and its
derivative is de(x) = (26(x) — m)dx'. The reason for using the function €(z) instead of
the step function sign(x) only is that the step function alone is not periodic on the circle
parametrized by z!'! with z'' € [—m, 7]. The additional linear term makes the function
well defined on the circle. This was realized in [75] and the result obtained by including
the linear term in e differs from those of earlier publications by the last term in (C.36).
The periodicity of €(x) was also taken into account correctly in [81] in a different context.

The next step is to find out the variation of C' under gauge transformations. The
four-form field strength G is invariant under gauge transformations, which means that
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C transforms as. 23

6C = Mfﬂ[w—1Mﬂf5m“Awaan+6@“—wmf%xwﬁﬁﬁw>
—%daz” A (wh(R, Fy) + wi(R, F»)} (C.37)

with w, defined by dw, = dws. The third term in (C.36) ~ Y, does not contribute
because it is gauge invariant.

The variation of the Chern-Simons term under gauge transformations is

1 1
5(—12/{2/0/\GAG):—12K2/5(C)AGAG (C.38)

and inserting (C.37) and (C.36) gives

1 (47k)8 B2

1962 A6 4 [(b —1) (5(x11)dx11 A w%(R, Fy)

12/{2/5 JAGAG = —

+5(z" — m)da™ A w3 (R, F)) — zidx“ A (w3 (R, Fy) + w3(R, Fy))
T
11y 1 11 52
A @™V (R, B + @™ = m)Y3 (R, F2)|

A [e(xﬂml(R, F) +e(@ — 1)V (R, Fg))] .

Only the terms which to not contain x!' contribute to G as Gapeq1 = 0. To perform the
integral in the compact eleventh direction we use the identities

/ dee(z)e(z" — 1) = —g, / dele(zM)e(z1) = 7 (C.39)

and after a regularization

S(x)e(xMe(z™ — 1) ~ %5@11). (C.40)

For a detailed explanation of this see [75]. The factor 1/3 differs from earlier publications
in the literature and was also noticed in [82]. Performing the integration in the eleventh
direction we get

1
12k2

b?(4m)8 /@_4
144 A6

/5(0)/\G/\G _ /m(w;(R,FIHu}g(R,FQ)) (C.41)

41
(') + (VW m) o+ ('R )Y (R )
Using dwy = dws, dws = Y, and the formulas (C.2) leads to an anomaly polynomial of

the form
he =1 <b2(142 ™)’ k A‘;) ((y4 (R, Fl))?’ + (%R, F2)>3) (C.42)

23By gauge transformation we always mean local Lorentz transformations acting on R and local gauge
transformations acting on F'.
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The anomalies (3.8) and (C.42) cancel if

b (Am)° Kt
12 N6

(C.43)

We see that anomaly cancellation alone does not fix the constant b but leads to a
quadratic equation. The fact that there is a one-parameter family of solutions to the
Bianchi-identity has also been studied in [82, 84, 85, 86, 87, 90] ?4. Requiring the correct
quantization condition of G' [31] fixes b = 1 as was shown in [75]. The gauge and the

gravitational coupling are related as ’;—2 = & (4m)°.

The same analysis applies for the higher order term [ G A X7, which cancels the
anomaly ~ X3V} + XgV2 of (C.34). The variation of the interaction Jo(G N X7) =

A2 A2 P
——— | GANIX7) =—F7— | GNdXs = — [ dG N X, C.44
(47k)? / (X7) (47 k)2 / 07 (4mk)? / o (C44)
with dX7 = dXg. Inserting the modified Bianchi-identity (C.35) and performing the
integral over the eleventh dimension we get

2
(42)2 /dG AXg = —/ (8(e")da™ AY: (R, Fy) + (2™ = m)da' AV (R, ) A X
m

= —/ . (Y;(R, F1)+Y42(R, F2)) N Xs. (C.45)

Using again the formulas (C.2) and the relation dX7 = Xs defined below equation (3.3),
the anomaly polynomial is

A1 52
Iy = — <Y4 (R, 1) +Yy (R, F2)> N Xg (C.46)

This anomaly cancels exactly the remaining term in (C.34).

C.3 Anomalies in d =6

We consider the heterotic string compactified on a K3 manifold. For anomaly cancel-
lation in six-dimensions, see [102, 119] and in the context of Horava-Witten theory the
appendices of [89] and the first ref. of [90]. The low-energy effective action of the heterotic
string on K3 is N = 1 supergravity in d = 6. In six dimensions there are gravitational
as well as gauge anomalies and mixed anomalies. The N = 1 supergravity multiplet con-
tains a sechsbein, a self-dual two-form and a chiral spin 3/2 gravitino. In addition there
is a vector multiplet which contains a charged gauge vector and chiral spin 1/2 gaug-
ino, a hypermultiplet which contains four real scalars and an antichiral spin 1/2 fermion
and a tensor multiplet which contains a real scalar, an anti self-dual two-form and an
antichiral spin 1/2 fermion. The spin chiral 3/2 gravitino, the chiral spin 1/2 gaugino
and the antichiral spin 1/2 fermions of the hyper- and tensor multiplet as well as the

24The calculation not taking into account the additional term in (C.36) leads to a cubic equation for
b and to a different result
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anti self-dual two-form contribute to the total anomaly. The anomaly can be expressed
in terms of the eight-form anomaly polynomial /.

The number ny of vector multiplets, the number n g of hypermultiplets and the num-
ber ny of tensor multiplets depend on the compactification manifold and the choice of
the gauge bundle. Perturbative compactifications have one universal tensor multiplet.
We keep these numbers arbitrary at this point and include non-perturbative compacti-
fications, ny > 1. The vector multiplet transforms in the adjoint representation of the
gauge group and the tensor multiplets are gauge singlets. The representation of the
hypermultiplets is not fixed.

Anomalies in six dimensions arise from one-loop diagrams with external gauge fields
and gravitons, similar as in ten dimensions. In six dimensions the diagrams have only
four external legs while the anomalous diagrams have six external legs in ten dimensions.
To cancel the anomalies by a six-dimensional Green-Schwarz mechanism, the eight-form
anomaly polynomial has to factorize as Is = I4Ij. This leaves some constraints on the
compactification manifold as we shall see below.

Consider the gauge anomaly first. The antichiral spin 1/2 fermion in the hypermul-
tiplet and the chiral spin 1/2 fermion in the vector multiplet contribute to the gauge
anomaly. As the representation of the hypermultiplet is not specified we call Tr g the
trace in the corresponding representation of the gauge group. The anomaly polynomial
is

-1

EEe/? FEHE (TrF* —TryF*). (C.47)
The gravitational anomaly of the one-loop diagram with four external gravitons has
contributions from the spin 3/2 gravitino as well as from the chiral and anti-chiral spin
1/2 fermions of the vector, tensor and hypermultiplets. In addition the field strengths
of the self-dual two-form field of the supergravity multiplet and the anti self-dual two-
form of the tensor multiplet give rise to anomalies. As in the ten-dimensionsional case
of the last chapter, the Riemann tensor is regarded as a two-form in spacetime and as
a matrix of the tangent space group, in this case SO(6). The trace in ¢rR is taken over
the tangent space indices. The chiral spin 1/2 fermion of the vector multiplet and the
anti-chiral fermions of the tensor and hypermultiplet give a contribution

1 1 1
Igrav.,l/Q _ o o _ t 4 t R2 2 . C4
8 4!(27r)3<nv ni =) | gt = g5 () (C.48)
The gravitino gives rise to the anomaly polynomial
1 49 43
[ — ——trR'+ = (trR*?) . .49
s e s i) (C49)

The contribution of the three-form field strengths of the supergravity and the tensor
multiplets is

1 7 1
Igrav.,3—form _ 1— ¢ 4 —(t 2\2 ) )
: 74!(27r)3( nr) ( 0 rR* + 24( rR?) ) (C.50)

Finally the mixed anomaly arising from the one-loop diagram with two external gravitons
and two external gauge fields has contributions from the chiral and antichiral spin 1/2
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fermions of the vector- and the hypermultiplets is

- 1 1 1
mixed,1/2 - 2 2 - 2 2
I3 = T2y (4trR TrF 4trR Tryl ) . (C.51)
Adding all the contributions gives the resulting anomaly polynomial
1 1 1
Iy = ——==(ng— 290y — 273)trR* + — — Tnr + 51)(tr R?)*
8 @) <240(nH ny + 29n7 JtrR* + 192(nH—|—nV np + 51)(trR7)
1
+ Z(t'r’RzTTFz —trR*TryF?) — TrF* + TrHF4) : (C.52)

Cancelling the anomaly by a Green-Schwarz mechanism requires a factorization property
of the anomaly polynomial Is = I,I;. As the term ~ R* cannot possibly factorize in this
way, the factor of that term has to vanish,

ny — ny + 290 — 273 = 0. (C.53)

This equation has to be satisfied for every consistent heterotic K3 compactification. The
terms ~ F* have to cancel or factorize as TrF?TrF? and TryF*Try F?.

C.4 Anomaly Cancellation in M-Theory Compactified on T*/Z; x
St/Z, with Gauge Group SO(16) x [E; x SU(2)]

In this section we review the anomalies of M-theory compactified on T*/Zq x S /Zy with
gauge group SO(16) x [E; x SU(2)][90, 89]. The field content of the theory is explained
in chapter 3.3. The spectrum contains in total 500 hypermultiplets, 256 vector multiplets
and one tensor multiplet, thus eqn. (C.53) is fulfilled. The anomalies arise on the fixed
six-planes of the compactification manifold. We follow the discussion of [89] and use the
notation

1

he = A (C:54)
to express the anomalies in terms of A and keep the formulas simple. There are sev-
eral contributions to the one-loop anomaly on the six-planes resulting from the chiral
projection of fields which live in the bulk, on the fixed ten-planes of S!/Z, and on the
fixed seven-planes of T%/Z, and from fields which live on the six-planes. We classify
the contributions according to the planes on which the chiral fields contributing to the
anomaly have their origin.

The supergravity multiplet, the tensor multiplet and the four moduli hypermultiplets
give rise to a gravitational anomaly which is distributed over the thirty-two fixed planes.
The supergravity, tensor and hypermultiplets live in the bulk and thus contribute to the
six-dimensional anomaly via projection on the thirty-two six-planes. Thus the result is
1/32 times the six-dimensional standard anomaly derived by the corresponding anomaly
calculation taking into account the same spectrum. Adding the contributions of the
supergravity, tensor and hypermultiplets of the last chapter leads to the bulk anomaly
Ibulk _ Iggrav.,3/2 i 5]8grav.,1/2 and to

1 1
— R4 (4rR2)? '
Abuik 39 rR* + 128( rR%) (C.55)
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on each fixed six-plane.

The other multiplets give rise to gravitational as well as mixed and gauge anomalies.
The decomposition of the gauge fields is

1
(TrissFr, — 2Trs6Fp, + TraFgy ) — 56Tr2F3y ) ,(C.56)

1
_TT248F§8 = 30

t'rFés =35

where the negative signs of the hypermultiplets are due to the anti-chirality of the hy-
perinos, and

1 1
tng'S = %TT248F§8 = % (TT12OF§O(16) — TT128F§O(16)) . <C57)
We follow the notation of [89] by introducing the operation trF? = > F*F® and

normalizing the long roots to length one?. If Trp denotes the trace in the representation
R the relations are are

TT2FSU = 1/2tTFSU(2) TT2FSU = 1/8tT(F5U(2)) :
TrsFiym = 2rFiye),  TrsFsye = 2trFyw)”,
Tri20F3006 = 14trFéoae,  Tri20Fs0as) = 3(trFione)’ + 12trF*,
TriasFioa6 = 16trFone,  TrizsFsons) = 6(trFione)* — 8trE™,
TrissFg = 18trFg.,  TrissFa = 6(trFg.)’

TrseFp. =6trFy.,  TrseFy =3/2(trFp )° (C.58)
The untwisted vector and hypermultiplets on the ten-planes charged under the per-
turbative gauge groups SO(16) and [F; x SU(2)] contribute 1/16 of the six-dimensional
standard anomaly result on each of the six-planes which are embedded into the same

ten-plane. According to the two different perturbative gauge groups on the ten-planes
we have

1 13

1 3
10—plane
AE7>E)SU(2)] = —ﬁtTRél — @(tTR2)2 + tTR2<3—2tTF§v7 — @tTFgU(Q))
3 3 2 2 9 2 2

and

Alopiane L g L(t R?)? — T I i(t F2006)>

S0(16) T 480 r 334 r 39 ritrligo(ie) 16 F'50(16)
trFSO(lG) <C60>

on the six-planes with the corresponding perturbative gauge group.

The fields on the fixed seven-planes charged under the non-perturbative SU(2) con-
tribute to the anomaly by a hypermultiplet on the intersection six-planes with the pertur-
bative [F; x SU(2)] gauge group and by a vector multiplet on each intersection six-plane

25[90] have a different notation and express all traces in terms of the fundamental representation.
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with a perturbative SO(16). As the fields are localized on the seven-planes the con-
tribution on each of the two six-planes is 1/2 of that of the six-dimensional standard
result.

1 1 1
7 lane 4 2 2 2 2 2
1 1 1
7— lane 4 2\2 2 2 2 2

Another contribution to the anomaly comes from the twisted states living on the six-
planes. Only the six-planes with the gauge group SO(16) have twisted states. There is
no contribution on the other intersection six-planes.

1 1 1
6—plane 4 2 2 2
A SOP(IG)XSU( )] — BtTR 12 (tTR ) - tTR (tTFSU(Q) 4trFso(16))
3
+ trFsone + (trFape)® + §tTF§U(2)t7’F§O(16)a (C.63)

where the SU(2) gauge group is the non-perturbative gauge group on the seven-plane
intersecting the six-plane.

All contributions so far are one-loop anomalies. Just as on the ten-plane in the
compactification of M-theory on R'® x I there are additional contributions via inflow of
the Chern-Simons term [ C'A G A G and the higher order term [ G A X7 on the six-
planes. These contributions are referred to as inflow anomalies in [89] and depend on the
perturbative gauge groups on the ten-planes.

inflow 1 3g1 1
A su@ = —gl(8trR — 3—2(75 rR?)%) + M == (trFg, +trF3y ) — 5757«32)2((:.64)
mriiow 1 3g
Ay = —o(gtrR' = T2 (trR?)?) + =2 (trFioqs) — tr32)2, (C.65)

where the numbers g; and g9 are the magnetic charges on the six-planes.

The last contributions are called intersection anomalies and have their origin in a
coupling of the seven-plane fields to the three-form C'. The coupling has the form of a
Chern Simons term [ C' ATy with Iy = 3/2(ntrR* — ptr Fg; ). The label SU(2) refers the
seven-plane gauge group and p and 7 are free parameters so far and will be determined
by the vanishing of the resulting anomaly. The contribution of the intersection anomaly
is

intersection 1

[EP7><S[}(2)} = (tTFé7 —+ tTF,gU(Q) — §tTR2>[4, <C66>
intersection 1

55(16)t = (tTFb%O(w) - étTR2)14 (C.67)

Adding up all contributions on the planes with perturbative gauge [F7 x SU(2)] leads
to

1 1 3 3
resultlng _ - 2 4 2 g1 _ _77 212
3  3g1  3n 21 391 3p 3nm
+ (32 +T Tty “OtrRMtrFy + (- LT T T Jtr R*trF g,

94



2 \2 2 2
+ (- 6 1 )(trFg,)” + <1_6 i 7)(’5 Fsu@)
9 6g1 3p
+ <§ - ?)tngtngU@). (C.68)

The anomalies on the six-planes which are the intersection of seven-planes and the
SO(16) ten-planes are

. 1 33 3 3
resulting 92 4 92 92 N 2)2
= (a0 — 2)rR 2 " e
ASO(IG) <32 8 JirB + <384 + 32 16 4 Jirk)
9 3¢, 3n 3 3p
+ ( — @ ~|» T — 7)t7ﬂR2t7‘Fgo(16) + ( - Z + 4 )tTR2tTF§U(2)
3 392 9 2 4 2 2
+ (1_6 B T)(tTFSO(m)) + (=14 DirFsoue) + (= 1+ D) (trFsy)
3 3p
+ (5 — 7)tTF§O(16)tTF§U(2)' (C.69)

Vanishing of both anomalies fixes

g1=-—1/4, go=1/4, n=1/16 and p=1. (C.70)
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