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CHAPTER 1

Abstract

In this thesis Yukawa couplings from D-branes on non-factorisable tori are computed. In particular
intersecting D6-branes on the torus, generated by the S O(12) root lattice, is considered, where the
Yukawa couplings arise from worldsheet instantons. Thereby the classical part to the Yukawa couplings
are determined and known expressions for Yukawa couplings on factorisable tori are extended.

Further Yukawa couplings for the T-dual setup are computed. Therefor three directions of the S O(12)
torus are T-dualized and the boundary conditions of the D6-branes are translated to magnetic fluxes on the
torus. Wavefunctions for chiral matter are calculated, where the expressions, known from the factorisable
case, get modified in a non-trivial way. Integration of three wavefunctions over the non-factorisable
torus yields the Yukawa couplings. The result not only confirms the results from the computations on the
S O(12) torus, but also determines the quantum contribution to the couplings.

This thesis also contains a brief review to intersecting D6-branes on Z; X Z; orientifolds, with applications
to a non-factorisable orientifold, generated by the S O(12) root lattice.
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CHAPTER 2

Introduction

Motivation

Physics at the microscopic level is described with great accuracy by the Standard Model (SM) of particle
physics. The embedding space for particles of the SM is given by a four dimensional Minkowski space
with an

SUB)xSUR2)LxU(ly (2.1)

gauge symmetry. Elementary particles are treated as irreducible representations of their little group
and gauge groups and are described as fields of a quantum field theory [[IH3]]. To preserve the gauge
symmetry all fields must be apriori massless and the algebra for the little group of massless particles in
four dimensional Minkowski space is su(2) x su(2). It is distinguished between matter fields and gauge
fields, where the first ones have spin 1/2 and the second ones have spin 1. Matter fields occur in three
families of the following bifundamental representations of SU(3) x S U(2)

(L2).1p0@. e Dedye(3.1) , e3.1) . (2.2)

where the subscript denotes the U(1)y charge. The fields belonging to (1,2)_; » @ (3, 2); ¢ transform in
the chiral representation (%, 0) of su(2) x su(2) and the other fields in the antichiral representation (0, %).
Further matter fields charged under the S U(3) are identified with quarks, where fields not charged under
the S U(3) are called leptons. Gauge fields transform in the vector representation ( %, %) of their little
group and in the adjoint representation of the gauge groups. Hence the SM contains 12 gauge fields
belonging to the representation

1,1y 1,3) @ (8,1) (2.3)

of SUB3) x SU(2) x U(1). In order to allow the particles to gain mass, the S U(2); X U(1)y factor hast to
be spontaneously broken to a U(1)e] gauge symmetry. The symmetry breaking is triggered by a scalar
field, called the Higgs boson and which transforms in the representation

(1,2),, (2.4)

under the gauge symmetry. The Higgs acquiring a non-trivial vacuum expectation value (vev) [4] [5]
induces the symmetry breaking. The unbroken U(1) is the linear combination of U(1) ¢ SU((2).
and U(1)y under which the Higgs boson is uncharged. The gauge boson of the unbroken U(1)y is
identified with the photon, which is the transmitter of the electromagnetic force. The eight gluons, how
the gauge bosons of the S U(3) are called, confine the quarks, thus are responsible for the strong force,
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which is observed for example as the force binding atomic nuclei. The remaining three gauge bosons of
SUR2)L x U(1)y/U(1), mediate the weak force and become massive after symmetry breaking. Therefor
the weak force only becomes noticeable in quantum effects, such as S-decay.

However the force, which is probably the most experienced force in everyday life (except for life
in space), is not explained by the SM, namely gravity. Since gravity is to weak to measure its effects
at the quantum level, gravity is described in a classical field theory as spacetime curving, due to the
back reaction of the coupling to energy densities [[f]]. At macroscopic levels gravity, as described in
the framework of general relativity, has proven itself to describe the universe accurately. But trying to
incorporate gravity with quantum field theory fails. The mediator particle of gravity has the properties of
a spin 2 symmetric tensor field, called the graviton. Graviton interactions lead to divergences roughly at
the Planck scale (~ 10'” GeV'), which can not be handled with the know methods in quantum field theory
[7]. But in order to describe for example the early universe or black holes, quantum effects of gravity can
no longer be ignored and a quantum theory of gravity is needed. Further the disturbing circumstances as
the presence of dark matter and dark energy, which are needed to explain for example the rotation curves
of galaxies and the accelerated expansion of the universe, are confirmed by the PLANCK collaboration
in 2013 [8]l. Their results show that only 4% of the energy in the universe consists of the known particles,
where 25% is contained in dark matter and the remaining 70% of the energy has to be dark energy.

A main problem of the SM, besides incorporating gravity, is the inability to explain dark matter and
dark energy. Further, since neutrino oscillations have been observed [9]], it is clear that the SM particle
content needs to be extended in order to explain mass terms for neutrinos. The detection of the Higgs
particle at the LHC confronted the SM with another problem: Quantum corrections to the mass
of scalar fields push their mass scale towards the Planck scale and the mass of the Higgs field ~ 125 GeV
can be explained in the framework of the SM, only when strong tuning is admitted. These problems lead
to the conclusion, that even though the SM is successful to explain many phenomena, it can only be the
effective theory of a more fundamental theory.

A new ingredient, which brings promising new features with it, is supersymmetry [[2HI4]]. Supersym-
metry is the only possible extension to the Poincare algebra according to the Coleman-Mandula no-go
theorem [[I5]. It is a symmetry relating bosonic and fermionic degrees of freedom and introduces for
each SM particle a superpartner, which has the same quantum numbers, except the spin quantum number
differing by 1/2. Since no superpartner has been found yet, supersymmetry, if realized in nature, must be
broken at an energy scale not yet probed. The superpartners are possible candidates for dark matter and
their contribution to the quantum corrections might protect the Higgs mass. Further the gauge coupling
constants can get affected in such a way that the couplings unify at a scale ~ 10'° GeV and the SM
gauge symmetry gets enhanced to a bigger gauge group in a Grand Unified Theory (GUT) [I6]. Gauged
superymmetries, also called supergravity, brings a spin 2 particle with them which has the properties
of the graviton. Hence the theory of general relativity is incorporated in supergravity. However the
divergences of the quantum contributions from gravitons are not absent in supergravity theories, which
is the reason that a fundamental theory even beyond supergravity (if supergravity is realized in nature)
needs to exist.

String theory is a candidate for such a fundamental theory. In string theory fundamental particles
are considered to be strings, where different quantum numbers of particles are actually just different
oscillation modes of the string. Gravity is naturally included into string theory, because closed strings
contain states, which behave as expected from the graviton. However consistency requires the string to be
embedded into a ten dimensional spacetime, which might seem to be peculiar at first, but compactification
opens many possibilities to engineer structures in four dimensions. Further, spacetime supersymmetry is
a byproduct of consistency conditions. Actually five consistent descriptions of string theories exist in ten
dimensions, which where shown in to be dual to each other and to be ten dimensional limits of



an eleven dimensional theory, called M-theory. Effective theories of string theories in the limit of zero
string length become ten dimensional supergravity theories. String theories such as Eg X Eg and S O(32)
heterotic string theory or Type I string theory contain naturally gauge groups, big enough to contain the
SM gauge groups, but also Type IIA and IIB string theories are allowed to contain gauge symmetries by
including orientifolds.

Four dimensional theories, constructed by compactifying string theory, depend highly on the geometry
of the internal space [I9H21]]. The vast amount of possibilities to compactify string theories, allow them
to generate different kinds of four dimensions models, such as (hopefully) the SM among them. That
way the SM could by derived by compactifying string theory and the numerical values for parameters
of the SM, like masses or coupling strengths, can be derived by the string coupling and geometry of
the internal space. Further, desired features such as for example inflation of the early universe, can be
manufactured in the framework of string theory [22]]. Hence string theory is not only a good candidate
for a fundamental theory but also contemplable for a unified theory. As open questions, it still remains
to explain how and at which scale supersymmetry is broken and how the particular geometry for string
compactification leading to the SM looks like. Further a satisfactory explanation for the right amount of
dark energy is still awaited.

Outline

In this work at first Type IIA string theory compactified on orientifolds with intersecting D6-branes
and the resulting four dimensional features are reviewed, where special attention is given to a particular
non-factorisable geometry. Later Yukawa couplings on non-factorisable tori are computed.

After briefly introducing the basics to string theory with the main focus on Type II string theories and
D-branes in chapter [3] Type IIA compactification on orientifolds are discussed in chapter[d} Chapter
[is mainly a review of D6-branes on orientifolds, with the application to a specific non-factorisable
orientifold: In the first part of chapter [] the geometry of orientifolds is discussed. They are constructed
by projecting out worldsheet parity from orbifolds. The type of orbifolds considered here are given by
the quotient space of six dimensional tori divided by discrete subgroups of § U(3). A short insight into
the resolution of orbifold fixed points is presented and the geometries of 3-cycles for D6-branes are
studied. In the second part of chapter ] massless states from Type IIA closed strings and open strings
on D6-branes in Z; X Z; orientifolds are investigated and the resulting spectra are checked for possible
anomalies. In the third part of chapter [ the introduced concepts are applied to a non-factorisable Z, X Z,
orientifold, which is generated by the S O(12) root lattice, and differences to the factorisable case are
revealed.

In chapter [5] Yukawa couplings from intersecting branes are considered and extended to the non-
factorisable torus, generated by the S O(12) root lattice. Therefor, first Yukawa couplings from intersecting
branes on two dimensional tori are reviewed. In the second step the computations are generalized on
to the SO(12) torus. It turns out that the couplings involve intersection points labeled by vectors of
general three dimensional lattices and the worldsheet instantons, which generate the Yukawa couplings,
admit selection rules. A procedure to determine the lattices for labels of intersection points and the
selection rules for the instantons is described. Summing over worldsheet instantons yields the classical
contribution to the Yukawa couplings on the S O(12) torus.

In chapter [6] the SO(12) torus and the D-brane boundary conditions on it are T-dualized along
three directions. In the T-dual picture D9-branes with magnetic fluxes fill out the dual torus. The
non-factorisable structure of the torus is mirrored in Wilson lines of the fluxes. The discussion for
computing wavefunctions of chiral matter on the factorisable torus is first generalized for the case
with magnetic fluxes wrapping non-coprime wrapping numbers. In the next step the discussion is
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extended to the non-factorisable case by expressing the gauge indices of fields as vectors on general three
dimensional lattices. Wavefunctions for massless fields in bifundamental representations are determined
by computing zeromodes of the Dirac operator and solving boundary conditions occurring from the
Wilson lines. Yukawa couplings follow from calculating the overlap integral of three zeromodes over the
non-factorisable torus. The result not only confirms the result from the intersecting D6-brane picture in
chapter 5] but also yields the quantum corrections to the Yukawa couplings.
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CHAPTER 3

Overview to string theory

In this chapter a short introduction to string theory, especially Type II string theories, is given. For the
topics discussed in the present work Type II string theories furnish the necessary framework. In this
chapter after introducing the superstring it is explained how Type II string theories are constructed and
their relations via T-duality is illustrated by introducing circle compactification. It is also explained how
D-branes fit into the context of Type II strings. For that, [I9H21] [23H26]] are followed and for a more
detailed discussion, those references can be consulted.

3.1 Superstrings

3.1.1 Worldsheet and superstring action

Let X be a two dimensional Riemannian surface, with one timelike and one spatial direction, parametrized
by the coordinates o? e R and 0! € [0, £]. Let T be embedded into a D dimensional spacetime MP via
the maps X : £ — MP by

X: (0% 0") b X", ) e MP, (3.1)

where X* are coordinates in M, with u€{0,1,..., D—1} denoting spacetime directions. The Riemannian
surface T is a worldsheet of a superstring, propagating in M, when the integral

T ' —
S=-3 f d? %P3, XH X Ny — 4i f oy p 0y, (3:2)
s T Js

describes the action for X in superconformal gauge [27H29]. The indices a, 8 € {0, 1} denote worldsheet
coordinates, the parameter T = (2me’)! is the string tension, the operators p® are the two generators of
the Clifford algebra with a metric with Lorentzian signature. The functions ¥* are similar to X, maps
from the worldsheet to the spacetime, but they transform as Dirac spinors on the worldsheet , with :,.7/J its
Dirac conjugated. Hence ¢ has two components ¥/ in the spinor representation of S O(1, 1), where each
of them is a map from X to MP”

Y = (ﬁ) with 4 : (0%, 0" - MP. (3.3)

The action in (3.2) describes the surface of the worldsheet, spread out in M? while the string is propagat-
ing. Furthermore the expression in (3:2)) describes the action in superconformal gauge, which means
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local supersymmetry is imposed on X and the symmetries on the worldsheet, such as diffeomorphism
invariance, Weyl and Super-Weyl invariance, are used to eliminate the degrees of freedom of the world-
heet metric and the gravitino. Solutions to the equations of motion for the maps X* and y* take the
expressions

Xt (o0 o) = X o) + Xh(oT), Wi o) =y, (3.4)

where 0* = 0¥ + 0! are light cone coordinates on the worldsheet. Functions depending solely on o* are
named as left- and rightmovers, respectively. However satisfying the equations of motion is not enough
to extremize the action in (3.2)), but boundary conditions on the strings have to be imposed. The boundary
conditions lead to two kinds of strings, given by

0

e closed strings satisfying

Xto® o) = X0 ot + 0, Yol o) =l + 0), (3.5)
e open strings, with its end points satisfying Neumann (N) boundary conditions

01 X" |a-eO€ 0, (wﬁ 'Wﬂ)| (3.6)

U'EOE}

or Dirichlet (D) boundary conditions

aOX'uLJ"G{O,é’}:O’ (W ’WH)' . G.7)

1e{0,6)
The open string boundary conditions relate the left-and rightmovers at the end points as

"
X" {"' XR|
Lldeo,n =Y

The parameter 7 is allowed to take the values 1 € {+1}. The choice n = —1 leads to the Neveu-Schwarz
(NS) string and 7 = —1 to the Ramond (R) string [30}[3T]]. A Fourier expansion of the left-and rightmovers
is given by

1 na’ . /a’ 1 _ /277 -
XZ/R Ex“'i' 7 + 7 Z a/J 2rino* /f’ lel: Z i e 27r10' /€ (39)

nEZ\{O} nez

for N +n Wf|01€{0’€} for N

le(0,¢ =
o'€{0,6} ) "l/‘:'|0']€{0,[} - ‘
for D n WiLf‘e{O,K} forD

#| (3.8)
Rlo'e{0,t)

for closed strings and

1 na’ o - |27 i(n+r)o
X/Z/R_ 5x“+ - + 5 Z —a’” mino /€ Wt = Z /e eTin+r)o* /¢ (3.10)

nezZ\{0} nez

for open strings, where

% for NS sector,
r= (3.11)
0 for R sector.
Usually the set of Fourier modes in the left-and rightmoving sector are distinguished by {aﬁf , bH, b’Z 1 /Z}nez
for the rightmovers and {aﬁj , b, b’; " /2} for the leftmovers. However since open string boundary

conditions relate the oscillator modes from the leftmoving sector with the ones from the rightmoving
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sector, s.t. they are not independent and one set of oscillator modes {a’;, b}, b’; 1 /2}n€Z is sufficient to
describe oscillations on the open string worldsheet. In the closed string sector on the other hand the two
sets of oscillator modes are not independent. The parameters x* and p* denote position and momentum
of the center of mass of the string. For the left-and rightmovers to be real fields, the oscillator modes
need to behave under complex conjugation as

() =t (&) = () = () =T a0

—r

3.1.2 String quantization and D=10 string states

In order to quantize the string, the fields X’ and ¥/, become operators acting on a vacuum state, which
describes the ground state of the worldsheet. Therefor the Poisson brackets, satisfied by the fields at the
classical level, are replaced by (anti-) commutators. The non vanishing (anti-) commutator relations are
given by:

[xﬂ,p"] = inﬂv ’ [a/::l’az] = [dl':l’drl] = mém‘*’nn}w ’ {bz1+r’bz+r} = {Rﬁww%w} = 77}“/6m+rl+2r >
(3.13)

and the the algebra for oscillator modes reveal that the oscillators behave as creation and annihilation
operators acting on states of a Hilbert space. However the above algebra leads to negative norm states
[@]—@]. The reason is, that not all oscillators in (]31’5[) are independent, since the worldsheet contains a
remaining superconformal symmetry. Symmetry transformations of the superconformal algebra can be
used to gauge away oscillators in two directions, but in order to preserve spacetime Poincare invariance
the number of spacetime dimensions has to be fixed to D = 10. The procedure is called light cone
quantization (see for more details). The algebra for the oscillator modes in light cone gauge is given
by
[ p =i, | ah] = @ @] = mOmend . (BBl = B B} = 3 Sminiar

m+r> Yn+r m+r> Yn+r
(3.14)

with u, v € {2, ..., 9}, where the degrees of freedom in the O-th and 1st direction for x*, p* and oscillators
have been gauged away. Now a consistent quantum theory with states, corresponding to oscillations of
the string, can be constructed. Let the vacuum state |0)ns in the NS sector be defined by the state getting
annihilated by

a,|0)ns = B 12l0Ns =0, Vn=1, (3.15)

n—

where the vacuum state |0)gr in the R sector correspondingly is defined by getting annihilated
hlO)r = BLIO)R =0, Vn>1. (3.16)

The vacuum state corresponds to the unexcited worldsheet of NS and R strings and are eigenstates of
the center of mass momentum p‘ﬂ Acting with creation operators from the rightmoving sector on the

! To be more precise, for each value of p* it exists a vacuum state, with p* the eigenvalue to the center of mass momentum
operator.
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vacuum, the states are constructed, which belong to the Hilbert spaces given by

Fis = (@)% (¢ 0110)" s | K2 € Zoo S5 € 10,1

|

n+1/2
1

n

—- -
— 18

(aﬁn)Kﬁ(b“ 5 |0>R]1< € Zs0,5" €{0,1}} , (3.17)

Hr

=
Il
S}
S
1l

and contain the rightmoving states of the NS and R sector respectively, where by acting with creation
operators from the leftmoving sector on the vacuum, the states belonging to the Hilbert spaces

9 st
Fixs = [ T 1(@)" (#,10)"" 100ns | K € Z0. 8% € 10,13

9 = 1 p
Fe =3 [T (@)™ (2)" 0n | K € 22,85 € 10,1} (3.18)

which contain the leftmoving NS and R states respectively, are constructed. Those states correspond
to excitations of the worldsheet and can be interpreted as oscillations of the string. Open string states
are given by elements of Hys and Hg, where closed string states [st).;. are constructed by combining a
leftmoving state [st); € 7:(C, from the @ € {NS/R} sector with a rightmoving state [st)g € 7:(/3 from the
B € {NS/R} by the tensorproduct

Isther, = Ist), ® Ist)r € Ho ® Hp, (3.19)

s.t. one can construct four closed string sectors, given by the NS-NS, NS-R, R-NS and R-R sector. Using
reparametrization invariance of the worldsheet, the spacetime mass-shell condition can be derived and
the mass M of a string state is determined by its eigenvalue to the mass operator given by

oM = {2 (NB + Np + Ng + Ng + Za) for closed string, (3.20)

Ng+Nr+a for open string,

with the number operators defined by

Z Vg =y Y @, 3.21)
neZso

9
Z —n+r n ro NF = Z (n— r)l;/in+rlyrf—r >
neZsq

which count the level of excitation, and

1
o {_E NS sector, (3.22)

0 R sector,

10



3.1 Superstrings

denoting the vacuum energy. Only closed string states satisfying the level matching condition
Ng + Ng = Ng + Ve, (3.23)

are considered to be physical states, which means they satisfy the symmetries of the worldsheet on the
quantum level. Applying the mass operator to the NS ground state

1
o’ M*|0)ns = ~510)xs (3.24)

reveals that it has negative mass squared and is therefore tachyonic. The tachyonic state indicate an
unstable vacuum and needs to be projected out of the spectrum in consistent string theories (as will be
discussed in the following section). The algebra for the R zeromodes, given by {b’é . by} = 0", describes
the eight dimensional euclidean Clifford algebra up to a factor of 2. Hence the R zeromodes can be
related to the eight generators I'* of the Clifford algebra by b’éé%l“" and the operators

+ 1 2 -1 2a+1 RES 1 72 7 2a+1
S* = N (bg* 2 ibg™"), S%= @(bo" +ibp™!) . ae(l,..4}, (3.25)

satisfying the algebra {S 2 S;} = {5 =S ;} = d4p, describe lowering and raising operators of weight
states in the spinor representation of S O(8). Since acting with the zeromodes onto the groundstate leaves
the groundstate energy invariant, the R vacuum has to be degenerate. In particular the groundstate is
preserved by the action of S *. Hence the R groundstate consists of 16 states, which transform as a Dirac
spinor of S O(8). Denoting |0)r as the lowest weight state of the Dirac spinor, the ground states in the R
sector are given by

)k, SaSgl0r, STS3S3S1I0r, S0k, SGSESJI0R, a#B#y. (3.26)

The 75 matrix corresponding to the eight dimensional Clifford algebra is given by I'chira; = 16 szz b’é
and defining the chirality of |0)r to be given by ['chirallO)r = +|0)r, the eight states |O)g, S:;SZ;IO)R
and STS7S7S 110)r belong to the chiral representation of S O(8), where the other eight states S ;|0)r
and S}S Z;S ; |O)r belong to the antichiral representation. The group of isometries in ten dimensional
Minkowski space contains transformations of S O(1,9). Massless states in ten dimensions transform
under the subgroup S O(8), which is the little group of ten dimensional massless fields. Hence the R
ground states transform as massless spacetime fermions. The 16 states of the R ground state can be sorted

into the chiral and antichiral representation 85 and 8¢ of S O(8) by

4
8s for ¥, K, = even,
[TeH el > Lo Ka = even (3.27)
oel 8¢ for },K,=o0dd.

The massless states in the NS sector are given by the eight states b 1 /2|O>’ which form the eight states of
the vector representation 8y of S O(8)
B olO)Ns € 8y . (3.28)

Similar massive states in Hys transform as bosons in representations of S O(9) and massive states in Hg
transform as fermions of S O(9), where S O(9) is the little group for massive states in ten dimensions.

11



Chapter 3 Overview to string theory

3.2 Type Il strings

3.2.1 Modular invariance and GSO-projection

Type Il string theories are constructed as closed string theories in ten dimensions. The quantum corrections
to the spacetime vacuum, coming from one-loop amplitudes of closed string states, lead to a strong
condition on the closed string Hilbert spaces called modular invariance [36]]: The one-loop vacuum
corrections from closed strings arise from worldsheets with the topology of two dimensional tori, where
the worldsheet admits the following boundary conditions

X4, oM = X4, 0 + 0, X0 o) = X*(® +Imr,0' +Rer), T€C, (3.29)

s.t. a closed string state |st). propagate for a time 500 = Imr and returns to its initial state |st), with
a shift 6o! = Rer. A two dimensional torus is described by a real Kihler and a complex structure
modulus K € R and U € C (which will be explained in more detail in example (i) of section P:l_j'[) The
Kiher modulus plays no role, since the worldsheet can be rescaled by a Weyl transformation and absorb
the Kihler modulus that way. On the other hand the complex structure is given by U = 7. Tori with
complex structure moduli differing by S L(2, Z) describe physically equivalent worldsheets. Therefor,
transformations of the parameters Retr and Imr in the one-loop amplitude, corresponding to the S L(2,Z
transformations of U, must leave the one-loop amplitude invariant. The S L(2, Z) invariance is denoted
by modular invariance of the one-loop amplitude. Taking fermionic states on the worldsheet into account,
one has to consider that by parallel transporting a fermion on a non-contractible closed loop of a two
dimensional surface, the fermion can collect an additional sign unlike to the worldsheet bosonﬂ Hence
the boundary conditions for worldsheet fermions on a torus is given by

(0, o) = w0 ot + ), Yo, o) = 2yt + Imr, 0! + Rer). (3.30)

The different choices for the sign in the first boundary condition of (3.30) leads to the distinction of the
NS and R sector. The choice for the sign in the second boundary condition of (3.30) is implemented by
taking only states from (3-17) and (3.I8)) into account, which survive the GSO-projection, denoted by

|L)gso and |R)Gso, where

(1= (=DFfs) sty for [st) € Hns ,
IR)Gso = f( ) A NS (331)
L (12 Tenirar(= )% Isthr ~ for Ist) € Hr ,
L= (=P sty for [sty € Hns ,
ILYgso =14 7 7 ~
3 (1 % Tenira(=1D7®) sty for Ist) € Flg.,

with the fermion number operators defined by

9
Fns = Z Z b/in—l/ZblriH/Z’

;1—2 n€Z>0

Fxs _Z Z -n—1/2 n+1/2’

U=2 n€Zsg

| M\D Il M\O

Z (3.32)
neZso

2 See for more details

12



3.2 Type II strings

which count the number of fermionic excitations on the worldsheet. The GSO-projection ensures modular
invariance of the one-loop amplitude and projects out the tachyonic state together with half of the other
NS states. In the R sector, for each level of excitation only states with the same chirality are preserved
by the GSO-projection, where the chirality depends on the sign in front of I'cpira in the GSO-projection.
Closed string theories with states given by |L)gso ® |R)gso are modular invariant and hence consistent
at the quantum level. Depending on the choice of the sign for the R sector in the GSO-projection, two
inequivalent closed string theories can be constructed that way. String theories, with the same sign for the
GSO-projection in the R sector are labeled by Type IIB, where string theories, with opposite sign in the
GSO-projection in the R sector, are denoted by Type ITA. It turns out that the GSO-projection preserves
the same amount of fermionic and bosonic degrees of freedom in spacetime and the spectra of the two
theories exhibit an N = 2 spacetime supersymmetry. The corresponding two supersymmetry generators
Q" and QR are 16 dimensional Majorana-Weyl fermions. Their chirality is determined by

+Tchira OF  for Type 11B,

R . (3.33)
—Lenir @ for Type IIA,

I chiral QL = {

For low energy theories only the massless string states are assumed to play a role. The massless closed
string states, constructed from left-and rightmovers, which survive the GSO-projection, are given by

e the 8 X 8 NS-NS states
b, 12l0)Ns © b” | ;5l0)Ns (3.34)

which, decomposed into the trace, antisymmetric and symmetric part, contains a dilaton, antisym-
metric background field and a graviton,

e the 64 NS-R states A
B, l00Ns © n (S 10k . (3.35)

a=1

with K, € {0, 1} and }, K, = even, containing a dilatino and a gravitino,

e the 64 R-NS states A

[TGH* 0r@p”, ons. (3.36)

a=1

with ), K, = even for Type IIB and }’, K, = odd for Type IIA, containing a dilatino and gravitino,
with the same (opposite) chirality as in the NS-R sector for Type IIB (IIA) and

e the 64 R-R states A A
~ \Kq
]_[ (S 2) I0)r ® ]_[ (S5 o), (3.37)
a=1 a=1

with ), K, = even and }, L, = even for Type IIB or ), L, = odd for Type IIA, containing a
0-form, 2-form and 4-form gauge potential in Type IIB and a 1-form and 3-form gauge potential in
Type ITIA.

The massless NS-NS sector describes excitations of the spacetime and hence leads to a theory of gravity.

The NS-R and R-NS sector contain the fermionic superpartners in the supergravity multiplet, depending
on Type IIB or Type IIA. The R-R sector contains besides the g-form gauge potentials C, also further

13



Chapter 3 Overview to string theory

8 — p-form gauge potentials Cg_,, which are related via the electromagnetic duality
dCy = %dCg_,, . (3.38)

The existence of two gravitinos and two dilatinos indicate that the massless spectra for Type IIA and
Type 1IB fit into N = (1,1) and N = (2,0) supergravity multiplets and reflects the relation of the
supersymmetry generators in (3.33). The p-form gauge potential content from the R-R sector in the two
Type II theories are summarized in table 3.1]

] sector \p—form magn. dual

Type ITIA C 1 C7
Cs3 Cs

Type 1IB Co Cs
165) Ce
Cy self dual

Table 3.1: p-forms from R-R sector in Type IIA and IIB.

3.2.2 Open strings and D-branes

Since the NS-NS states describe deviations of the spacetime from the flat space, the coupling of a
worldsheet to spacetime is described by the coupling of a string to the NS-NS fields. Here the coupling
of open strings to the spacetime metric and a B-field is considered. Let X be the worldsheet of an open
strings with 0 its boundary at the string endpoints. Hence the boundary is tangent to the eigentime of
the string (the boundary normal to the worldsheet eigentime is considered to be at 0° = —co and 0 = o).
The corresponding action is given by [39]

1
S=- f &0 (guon™ + Bue™) 0a X" 9pX" — f do® A,d0X* (3.39)
dra’ M) o%

where g, and B, denote components of the spacetime metric and B-field. The boundary 6 needs
to couple to a vector field A = A,dx*, which admits a shift symmetry, in order to preserve the gauge
invariance of the B—ﬁekﬂ Introducing a gauge invariant field strength ¥ with the components

2na’Fpy = Byy + 21’ Fyy,  where  Fy, = 9,A, — 0,A,, (3.40)

the action (3.39) can be expressed by

1

S = -
dra’

1
f 420 gy ™P 0 XF 9 X" — 3 f do® Fp X 00 X" . (3.41)
> %
Extremizing the action (3.41)) lead to the boundary conditions at the string end points by

(9001X” + 270/ T, 00X") |(72 -0. (3.42)

3 The gauge transformation B — B + dA, with A a 1-form vector field, leads in the first term on the righthand side of (3.39)
to a boundary term for open strings. To cancel the boundary term, the gauge field A is introduced, which transforms as

A—> A+ ﬁA, s.t. the gauge symmetry for B is preserved for open strings.

14



3.2 Type II strings

The boundary 0% is determined by D boundary conditions, thus ¥, with non vanishing F, is restricted
on a submanifold £, € M 10 which purely admits N boundary conditions for the open string. X, are
worldvolumes spanned by Dp-branes, with ¢ = p + 1 [40]]. Dp-branes are p dimensional dynamical
objects, which extend in directions with N boundary conditions and are located at points in the directions
with D boundary conditions for open strings. The D boundary conditions for open strings in (3.7)
break Poincare invariance. To be more precise, directions in which string end points obey D boundary
conditions are no longer invariant under translations and momentum can flow out of string end points. In
order to restore momentum conservation, open strings have to be placed on Dp-branes, which exchange
momentum with the string, s.t. total momentum is conserved. D-branes interact with each other via
exchanging NS-NS and R-R closed strings [41]]. Their coupling to the NS-NS and R-R closed strings
can be extracted from the DBI action Spgy and Chern-Simons (CS) terms Scs in the effective action for

Dp-branes, given by [42] 43]]
Sett = Sper + Scs - (3.43)

The DBI-action is given by

Spg1 = Up f dPtlge® \/det (gij + B,‘j + 27TQ"FL'J') R (3.44)

2p+1

where u,, is the brane tension, g;;, B;; and F;; are the components of the induced metric, B-field and
fieldstrength F' on the branevolume, with i, j denoting directions along X1, and ¢ the dilaton. The
leading order terms with respect to @’ in the CS terms, for a vanishing spacetime curvature 2-form, are

given by (4], [43]
1
Scs =pp {f C[H.] + (Zﬂal)f Cp—l ANTrF + 5 (27ra")2f Cp_3 A TI'F2 + } . (3.45)
2,,.,.1 2p+1 z:p-i-l

The coupling to the fields C)1 in the CS terms reveal, that Dp-branes are sources for the R-R (p + 1)-
form potentials. Comparing the field content in the R-R sector of Type IIA and IIB from table[3.1] it
turns out that Type IIA admits Dp-branes, with p € {0, 2,4, 6}, where Type 1IB allows the presence of
Dp-branes with p € {1,3,5,7} and D(—1)-branes, which are pointlike instantons. Due to the open string
boundary conditions on the branes, the left-and rightmoving sectors get identified according to the N
and D conditions. The boundary conditions in (3.6) and reveal that each direction x admitting D
boundary conditions relates the left-and rightmovers with a sign and directions admitting N boundary
conditions are related without a sign. Hence the supersymmetry charges from the left-and rightmoving
sector Q; and Qg are related to each other, s.t. only a linear combination of both is preserved on the
branes, s.t. only half of the supersymmetry in the bulk remains on the branevolume [46]]. Therefore
Dp-branes are considered as BPS-states of the N' = 2 supersymmetry in Type II string theories. Since F
is further invariant under U(1) transformations of A, each D-brane contains a U(1) gauge symmetry on its
worldvolume. String end points attached to the brane are charged under the U(1), since they couple via
the boundary term in (3.39) to the gauge field A. By stacking D-branes on top of each other, the multiple
U(1)’s enhance to a non-abelian gauge group such as U(N), S O(N) or US p(N) as it will be encountered
for example in section f.2.2] [47]]. Due to the coupling of string end points to the gauge fields on the
branes, open string end points can be viewed as states transforming in the fundamental representation
Oy or antifundamental representation Oy of the gauge group on the branevolume, depending on the
orientation of the string. The Chan-Paton labels [ij) of an open string, is determined by the states in the
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Chapter 3 Overview to string theory

gauge representation of its two end points [48]]
lijy e Oy ®Opy, (3.46)

where the end point corresponding to i transforms in Oy and the end point corresponding to j transforms
in Oy. Open string states |st)op. from the NS or R sector are then given by

Ist.)op. = l@) ®ijy, with |a)€e H,, «€{NS/R}. (3.47)

Intersecting D-branes on C

Let the boundary conditions for an open string on a plane be given by by the D and N boundary conditions

491

do(ImZ)|,129 =0, o [Im (ei"z)]| =0, (3.48)

ol=t
91 ReD)yiog =0, 0 [Re (el’ez)” -0,

ol=t

where Z is the complexified solution to the string equations of motion on the complex plane
z: ('), with 2@ ") =Xx"0"c")+ix* (" 0"). (3.49)

The mode expansion for solutions to the boundary conditions in (3.48) is given by [49]

' 1 BN o
Zo*, o) =iy = D™ ) | with v=6/n. (3.50)
2 —\n—-v n+v

where the moddings for the complex oscillators a,—, and &, are shifted by a fractional value. Since D
boundary conditions require D-branes, two branes a and b, with their loci p, € C and p;, € C determined
by

Pa=1{Re@|z€C}, py={r=culuck}, (3.51)

have to be present in order to preserve momentum conservation. The two branes have the shape of straight
lines on the plane and intersect at the origin of C. The open string admitting the boundary conditions
is attached with its end point o' = 0 at the brane a and with the end point o! = ¢ at the brane b.
Hence the end point at o' = 0 transforms in the fundamental representation 0,0f the gauge group on a
and the end point at 0! = £ transforms in the antifundamental representation T,o0f the gauge group on
b. The Chan-Paton labels then belong to the bifundamental representation (0,4, 0p). Due to the string
tension the open string is localized at the intersection point. Hence chiral matter arises at intersection
points of intersecting branes.

3.2.3 Circle compactification and T-duality

The simplest approach to compactify a direction x* of the spacetime M'0, is to compactify it on a circle
with a radius R. Formally this means the space for x* is given after circle compactification by the quotient

space
R
1
= — 52
S 7 (3.52)
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3.2 Type II strings

and is to be understood as the identification of all points in the u-th direction, which differ by the distance
of multiples of 27R
o~ +27R, X eR. (3.53)

The boundary conditions in the compactified direction for closed strings have to admit the identification

in (3:33) and is given by
X* (o0, o) = X0, 0! + ) + 27RW (3.54)

with W € Z denoting the number of winding numbers around the S ', and analogous for the worldsheet
fermions. The mode expansions solving the boundary conditions in (3.54) is given by [50]

1 na’ % 1 . -
Xi = ¥ PR TN D e 6.55)
nezZ\{0}
with K WR
p*i/R =% + — (3.56)

where the center of mass momentum p* = p‘i + pf,‘e is quantized, with K € Z denoting Kaluza-Klein

excitations, in order to make the quantum mechanical wavefunction single valued. The mass operator
L . oo 2 2 .

for closed strings in (3.20) get an additional contribution of % + (‘Zﬁ) from the momentum in the u-th

direction and the level matching condition becomes

Ng — Ng + Ngp — Np = WK, (3.57)

s.t. one gets for each closed string state |[N)|. € G’:{NS/R ® Hns/r, with a definite excitation level N, where
(NB + Ng + Np + IVF) IN)c1. = NIN)c1, an infinite tower of new states |N, W, K), with different winding
numbers and Kaluza-Klein excitations

K? (WR)?

’Aq2 _
oM |N,W,1<>_(ﬁ+ g

+2N+4a) IN,W,K) . (3.58)

Closed string spectra from circle compactification are invariant under transformations 7, called T-duality
transformation [51]|. T-duality transformations exchange Kaluza-Klein excitations with winding numbers
by inverting the radius R simultaneously

’

T:R—>%, WeoK, (3.59)

which leaves (3.38) invariant. At the level of the left- and rightmovers, the transformation in (3.59)
translates to giving the rightmovers a sign

T: (X0 = (X uh), (X, ot) = —(Xg,ut). (3.60)

Giving y" a sign implies that the u-th zeromode for the rightmovers in the R sector gets a sign and
hence flips the GSO-projection in the R sector for the rightmovers. That means performing a T-duality
transformation in Type ITA string theory, maps it to Type IIB and vice versa [52]]. The theories are said to
be T-dual to each other, which means that they actually describe the same physics, but from a different
perspective. T-duality transformation for the left-and rightmovers in (3.60) applied to open strings,
corresponds to flipping N boundary conditions to D boundary conditions and vice versa. Hence, when the
T-dualized direction x* is normal to a Dp-brane, in the dual picture the brane becomes a D(p + 1)-brane,
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Chapter 3 Overview to string theory

extending additionally in the u-th direction, where when x* is tangent to a Dp-brane, the brane in the
dual theory becomes a D(p — 1)-brane, localized at a point in the u-th direction [[53]]. This is consistent
with the brane contents for the Type II string theories, since the D-branes allowed for Type IIB differ by
+1 dimensions for Type IIA and vice versa.

From intersecting to magnetized D-branes on C

Circle compactifying the system of intersecting D-branes in section [3.2.2] for example the direction x?,

allows to construct a T-dual theory, by T-dualizing the x> direction and making the dual radius large.
Under the transformation (3.60) the boundaray conditions in (3.48) become for open stirng in the T-dual
picture

(91X2’01:0 =0, doX' - tan061X2|01:€ =0, (3.61)
80X’ '01:0 =0, &X' +tan™! GpartialonL}_l:[ =0.

Comparing with the boundary conditions in (3.42), the term 27e’ F,, can be identified with tan™! 6. Since
no B-field is considered the angle 6 between intersecting branes is related in the T-dual picture to a
non-vanishing fieldstrength F' on the whole C by

F = (2na’ tan6) "' dX' A dX?. (3.62)
For T-dualizing the direction x!, the flux on the dual theory is given by
F =2na’ tan@dX"' A dX?. (3.63)

The physical interpretation is, that in the T-dual picture the whole C is filled out with a D-brane, which
carries the magnetic flux F on it [49].
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CHAPTER 4

Type IIA compactification on orientifolds

In order for string theory to describe the SM of particle physics in a low energy limit, six of the ten
dimensions for the spacetime M'° need to be compactified on a six dimensional compact space X°,
leaving four dimensional Minkowski space R!* uncompact

MO S5 RSP xx°. 4.1

In this chapter it is described how to compactify Type IIA string theory on orientifolds with intersecting
D-branes. Orientifold compactification already leads in four dimensions to features, which are similar to
those described in the SM. Type IIA orientifolds are introduced in [55]], where intersecting branes
are discussed in [49)]). Since then many orientifold models with intersecting D-branes where constructed
where are just some examples. In section .| geometric properties of orientifolds are discussed
and for that [20] 23] is followed.

4.1 Geometry of orientifolds

4.1.1 Torus

.....

lattice A%, where A" is the set of all integer linear combinations of the generators @;

2n

A=Y n,-&,-|n,- € Z) = (@1, oo ). (4.2)
i=1

The quotient space

RZn
A2n’
describes a 2n-dimensional flat torus 72", where the quotient in (4.3) is to be understood as the identifica-
tion of points, which differ by translation of lattices vectors, as

T = (4.3)

x~x+/7, x€R?,  with de A, 4.4)
The neighbourhood in R?” containing all points, which are inequivalent according to the identification

@, is called the fundamental domain of the torus 7 (7*") c R*". A natural basis for a coordinate system
on the torus, besides the canonical basis, is given by the set of the generators {@;}. The basis is named in
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Chapter 4 Type IIA compactification on orientifolds

the following as the lattice basis and coordinates in the lattice basis are denoted by (y1, ..., y2,) € R*".
coordinates are denoted in the following as (xy, ..., Xp,) € R%". The fundamental domain of the torus can
then be defined by all points of R?* within a cell of A>" and can be expressed by

2n
Fay = {3 yidi| Vo' € 10,11}, 4.5)
i=1
s.t. the local geometry of the torus is described by the line element for R given by
2n
s = 3 dx?. (4.6)
i=1

The transformation matrix M € {xi =M/ Yj ’ M € GL(2n, R)} for a coordinate transformation, contains
the vielbein of a metric g on the torus and its components can be deduced by

g=M"-M, st 6 dx'dx =g;dy'dy’ . 4.7)

Global properties of the torus, such as lengths and relative angles of the generators @; are captured in g. If
g has a blockdiagonal form, consisting of # 2 X 2 dimensional matrices in the diagonal and the remaining
off-diagonal elements vanish, as

g(l) o
g . o (g g™
g= . , with ¢g® = ( }hl) };% ) (4.8)
. 12 922
g(”)

the torus is called factorisable. The generators of the underlying lattice of a factorisable torus can be

sorted to n pairs of vectors {(@2n—1, @2n)},e 1 s.t. each pair is mutually orthogonal to the other pairs,

2
(h)y
spanned by a pair (@_1,@). Thus the quotient space of R?" by a factorisable lattice, decomposes

likewise into a product of n two dimensional tori

..... n}>

which means the lattice is factorisable into » mutually orthogonal two dimensional lattices A7, |, each

RZn n RZ
™= —— =[|713, with 75 =—. 4.9)
Hh:l A(h) h=1 A(h)

When introducing complex coordinates (zp)ne1,..ny € C*, with z;, = X251 + ix2;, On R%", each T2 factor
can be placed on a complex plane, s.t. a coordinate z; denotes points on T(Zh). If the generators of
the underlying lattice of a torus cannot be sorted to mutually orthogonal pairs, the torus is called non-
factorisable. The hermitian metric 4, Kdhler 2-form w, and volume n-form Q,, for the torus is inherited
from its covering space R*" and given by
ne Ys aidsi+ Ls dsids _ s qi A dE _ )
=305 Zdz/ + 551;,"11 dz/, wy = Eéijdz Andz/, Q= /\lei, (4.10)
i=
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4.1 Geometry of orientifolds

where z; = xp;_1 + ixp; are complex coordinates. The Kihler 2-form and volume n-form are calibration
form{l on the torus. Parameters in the hermitian metric and Kihler form, called moduli, carry global
properties of the torus, such as shape and size.

The following two examples shall illustrate and deepen the above discussion:

(i) Two dimensional Torus 7°2:

Let a two dimensional torus 72 be given by

2 RZ . -
T = — with Ay =<{a,ay). “4.11)

A%’
By introducing the complex coordinates

w=y; + Uy, 4.12)

the torus is fully specified by a Kihler and complex structure modulus K €e R and U € C

J/det
K = det(g), and U = % +i%(g), (4.13)
11 11

where g is the metric on the 7 . Let the two generators of the lattice be given by
@ =R, @& =Rr, with ReR,7€C, (4.14)

in the complex plane. Then the metric takes the form

1 Re(1)
_p2
g=R (Re(r) (22 ) R 4.15)
and the moduli are
K =RIm(r), U=r. (4.16)

The complex structure modulus contains the information of the angle between @; and @,, where
the overall size of the torus is encoded in the Kihler structure modulus. Performing a coordinate
transformation in , using the vielbein of g, the hermitian metric for the T2 is expressed in the
lattice basis by

h = R*dwdw, (4.17)

where the Kéhler 2-form can be given by
wy = R’Im(7) Re(dw) A Im(dw), (4.18)
s.t. its components is given by the Kéihler modulus. The transformations

C_Z)2—>(_Z)2+d')1 and &1—)@”2+6_¥)1 (4.19)

! A calibration p-form ¢ for an n dimensional complex manifold M is defined by being a closed form d¢ = 0 and minimizing
the volume of p dimensional submanifolds N ¢ M. That means, if the volume of N is given by Vol(N) = .ﬂv ¢, then
Vol(N) < Vol(N’), YN’ in the same homology class. See [[6_0]] for more details.
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Chapter 4 Type IIA compactification on orientifolds

leave the lattice A, invariant. These transformations correspond to the transformations of the
complex structure given by

To>71t+1 and 7o

) 4.20
T+1 ( )

which are the generators of the modular group S L(2, Z). Hence two dimensional tori with complex
structure moduli differing by modular transformations are equivalent, since their underlying lattices
are equivalent.

.o 6 .
@i1) SO(12)-Torus TSO(12)'

The six simple roots of the Lie algebra S O(12)

a; =(1,-1,0,0,0,0)", @ =(0,1,-1,0,0,0)", @; =(0,0,1,-1,0,0)7,
dy =(0,0,0,1,-1,0)", @ =(0,0,0,0,1,-1)7, @ =(0,0,0,0,1,1)". (4.21)

are the generators of the S O(12) root lattice Aso(i2). The six dimensional torus resulting from the
quotient space RS divided by the S O(12) root lattice, is denoted in the following as T860(12):
Td RS

So(12) = (4.22)

Asoq12)
Since the generators cannot be sorted into three mutually orthogonal pairs the torus is non-
factorisable. By turning on moduli, the TS60(12) can be further deformed. In the following the
deformation parameters Rj, € R and 1, € C are turned on in each complex plane individually, s.t.
the hermitian metric and Kéhler 2-form is given by

3 3
h= ;hall ~ P dwpdy, ) = ;ha 11— 75, dwp A dwy,, (4.23)

with the complex coordinates wy, defined by

1+
T1Y2 Y2 + T2Y4 Y4 + 73

WE= gk T W2 =Y s W3 =Ys — Y6 - (4.24)

1-1 1-1 1_73 1_T3

Due to the diagonal form of the hermitian metric in (#.23)), one Kihler structure modulus K}, and
one complex structure modulus Uj, for each complex plane can be defined similar as for the 72 byEl

3
wy = Re(wh) + UhIm(wh) , Wy = Kh Re(dwh) A Im(dwh) . (4.25)
h=1
The moduli for the deformed TSO(12) depend on the deformation parameters accordingly by
Up=14h, Kin=Rp|l — 74> Im(zy). (4.26)
The deformation parameters capture the lengths and relative angles of the lattice vectors and at the
point (R, ) = (1, i), the undeformed Ts60(12) is reconstructed.

2 Turning on moduli in each plane individually ensures that D6-branes, wrapping the T§ remain supersymmetric. It is

0(12)
further explained in section[f.T.4]
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4.1 Geometry of orientifolds

4.1.2 Orientifolds for type IlIA compactification

In this section real six (or complex three) dimensional orientifolds, suitable for Type IIA string compacti-
fication are considered. It is required that the orientifolds lead at most to N = 1 supersymmetry in the
uncompact space, otherwise a chiral spectrum in four dimensions cannot be achieved. Such orientifold
arise, from six dimensional tori quotient out by an orientifold group Gq, with G containing a discrete
subgroup of § U(3) and a worldsheet parity. Let the orientifold group be composed of the discrete group
G and the operator QR as

Ga=GUQRG, (4.27)

where G is a discrete subgroup of S U(3) and acts on the internal space, where QR acts additionally as an
involution on the worldsheet. An orientifold is then defined by the quotient space

T()

0= ——.
G UQRG

(4.28)
As an intermediate step before considering the full orientifold projection, orbifolds are discussed in the
following. Orbifolds are given by the quotient space 7°/G and are discussed in the context of string

theory in 63]1.

Orbifold

The discrete group G is called the orbifolding group and its group elements g = (6,7) € G in general
consists of a rotation @ and a translation 7 . The action of g on a point x € T° is defined by

g: x> gx=0x+1 (4.29)

The rotations are called twists and the translations are called roto-translations. The subgroup of G
consisting only of the rotations is called the point group P and has to be an automorphism of the
underlying lattice of the torus. G is of order N, when ¢" acts trivially on the torus (but not necessarily
on the covering space R®). That implies, that the action of g" on a point x € T is trivial up to lattice
translations

g"x=x+1, with 1eA°. (4.30)

For orbifolding groups with no roto-translations, gV acts also trivially on the covering space. The group
containing the orbifolding group and all lattice translations A€ A% is called the space group S = {A®, G}
of the orbifold and the quotient space

RS TS

s G
is called an orbifold. In the following only orbifolding groups with trivial roto-translations are considered,
s.t. the orbifolding group is equivalent to its point group P and the space group is just the semidirect
product S = P = AS. The rotations of the point group can be expressed in representations of S O(6)
transformations. Denoting the three Cartan generators of S O(6) by Hy,, with h € {1, 2, 3}, a rotation 8 € P
is given by

(4.31)

3
0 = exp (27ri > vhHU) . 4.32)

h=1
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Chapter 4 Type IIA compactification on orientifolds

The vector & = (v1, v, v3)" is called the twist vector. Each Cartan generator acts on a complex plane, s.t.
the action of 6 on the complex coordinates in the compact space is given by

0: (z1,22,23) = (ez’”‘”zl,ez”ivzzz,ez”i”3z3) . (4.33)
On fermionic fields y, 8 acts as
0: |s1,52,83) — e LnS|g o 53y, with s, = +1/2, (4.34)

where |s1, 52, 53) denotes the state of ¢ in the spin representation of S O(6). For P to be of order N the
components of the twist vector must satisfy

NvyeZ, VYhe({l,2,3}. (4.35)

Further, in order to preserve a four dimensional N = 1 supersymmetry generator in the uncompact space
from a ten dimensional supersymmetry generator, P must preserve one Killing spinor on the orbifold.
For example the state I%, %, %) has to be invariant under the action of P. Applying (I4.34|) on the spinor, it
remains invariant only for twist vectors with components satisfying

vi+v2+v3=0 mod?2. (4.36)

Thus the rotations of P are traceless and hence P is given by a discrete subgroup of S U(3). Some space
group elements (6, 1) leave some points FIX(g) on the torus invariant, which are called fixed points. They
are determined by the fixed point equation

FIX(g)z{ng-x+Z xeTﬁ,geP,ZeAﬁ}. (4.37)

Excluding the fixed points from the orbifold, the local geometry of the remaining space is that of the
covering space R®. That means locally, infinitesimal distances are determined by the euclidean line

element .

_ T
s = 6,7d2"a", Yz € \FIX(g)lgep - (4.38)

However the fixed points contain singular curvature, as can be seen, when tangent vectors are parallel
transported around a fixed point: Let y be the path between two points x; and x; differing by a spacegroup
element

YO g =x1. Q)| _ =0-x1+d=x ce[0,1]. (4.39)

The tangent vector d—dcy|C:0 eT,M |x1 parallel transported along y to the point x, gets rotated, s.t. d—dcy|C:O
differs by a 6 transformation from the tangent vector d—dcy e €ETYM |x2. On the covering space R, this

would not lead to any consequences, but on the orbifold the tangent spaces T, M 'xl and T,M |x2 are
identified and the path vy is a closed loop on the orbifold. Hence the holonomy group of the orbifold has
to be given by the point group P C S U(3), because parallel transporting tangent vectors rotate them by
the action of P. However the remaining space, without the fixed points, is euclidean, as described in
([#.38), so the entire curvature of the orbifold has to be densed at the fixed points. Therefor the curvature
becomes singular at the fixed points. Due to the presence of the curvature singularities the orbifold is not
a manifold (but an almost manifold so to say).

Next a closer look at supersymmetry from orbifold compactifiaction is taken: Let the supersymmetry
charges be denoted by Q,, with a € {1, ..., 16}. They are the components of a spinor belonging to the

24



4.1 Geometry of orientifolds

Majorana-Weyl representation of S O(1,9). The 16 spin states are labeled by
Qo = |50, 51,82, 83), with s; = +1/2, . (4.40)

After compactification of the ten dimensional spacetime on the orbifold

T(J
MO0 5 RIS x - with Pc SUQ3), (4.41)

transformations of S O(1, 9) decompose into a S O(1, 3) and S O(6) part, where the S O(1, 3) is the Lorentz
group acting on the uncompact space and the S O(6) part is the rotation group acting on the compact
space. The values for s1, 52, 53 correspond to the eigenvalues of the three Cartan generators H; of the
rotation group in the compact space, as described in (#.34), and sy denotes the spin state in a Weyl
representation of the Lorentz group S O(1, 3). The holonomy group of the internal space ensures that all
states which transform non-trivially under (@.34) gets projected out. The only states of Q,, which are
covariantly constant on the orbifold, are

Qf = |S05 %’ %9%>5 and é{-‘ = |s07_%,_%7_%>’ (442)

with & & € {1,2} for 59 € {i%}. The states Q¢ serve as the four dimensional N' = 1 supersymmetry
generator and @5 its complex conjugated. Hence the orbifold preserves from each ten dimensional
supersymmetry generator Q, the generators of the four dimensional N' = 1 supersymmetry algebra.
For string theories with ' = 1 supersymmetry in ten dimension, such as heterotic string theories,
compactifying on an orbifold with § U(3) holonomy leads to N’ = 1 supersymmetry in four dimensions.
These kinds of models have been intensively studied for example in [[65H67]]. But for Type II string
theories, compactification on orbifolds with S U(3) holonomy leads to N' = 2 supersymmetry in four
dimensions and brings a non chiral spectrum in four dimensions with it.

Strings on orbifolds

Closed string states on the orbifold are inherited by string states on the torus, which survive the point
group projection. They are determined by the transformation behaviour of the states under the twist
operators. By expressing the twist operators in representations of S O(6) as in (@#.32)) the transformation
on left- and rightmoving string states under the point group can be determined. Closed string states
preserved by the point group are those, which transform trivially under all twist elements. Such string
states which are preserved from the spectrum on the torus are called untwisted states.

However the non-trivial structure of the orbifold fixed points mirrors in the spectrum from closed
strings on the orbifold. Open strings on the torus are closed on the orbifold, when their end points
are mapped by a rotation of g € P to each other. That way new closed string states, called twisted
closed strings and which did not exist on the torus, can arise on the orbifold. They wrap around orbifold
fixed points and hence are located at the fixed points. Twisted closed strings are determined by twisted
boundary conditions (similar to open strings at intersecting D-branes). A twisted closed string, which is
closed up to a rotation of g on the orbifold and therefore located at a g fixed point, is determined by the
g-twisted boundary conditions

X, o' + ) = gX*(o°, 0 + 27RW, Y (0, o + €) = xgut (00, o), (4.43)

where R is the compactification radius of the p-th direction and W € R is the winding number of the
closed string around the u-th direction. The necessity of twisted closed strings is realized, when taking a
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Chapter 4 Type IIA compactification on orientifolds

look at the one-loop vacuum corrections from closed strings. The one-loop amplitude is only modular
invariant for closed strings in orbifolds, when states from twisted closed strings are included [[63]]. As an
example, in section .2.T]and appendix [A] the massless Type IIA closed strings states in the untwisted
and twisted sector on a Z, X Z, orbifold are explicitly computed.

Orientifold

Type 1I string compactification on orbifolds lead to N = 2 supersymmetry in four dimensions. Hence
the supersymmetry charges need to be further halved. The two supersymmetry generators Q; and Qg
of Type II belong to the left- and rightmoving sector respectively. An operation relating the leftmoving
sector with the rightmoving sector and vice versa is given by worldsheet parity. Worldsheet parity is
defined by inverting the orientation of the string and by denoting the worldsheet parity operator by €, it
is acts on the worldsheet coordinates as

Q: )@ e-dh). (4.44)

The symmetry between the left- and rightmoving sector in Type IIB , allows to quotient out the action of
Q from Type IIB. That means only states invariant under Q are preserved, which means for O and Qg,
that only a linear combination of those two are preserved, leaving 16 of the 32 supersymmetry charges
remaining. Further compactification on an orbifold eliminates 12 degrees of freedom and leads to N =1
supersymmetry in four dimensions. Hence compactifying Type IIB on an orientifold, with Go = G U QG
in @.27), is a possible choice in order to receive a chiral spectrum in four dimensions. However this is
not the only possibility: T-dualiy exposes other possibilities for QR. Since Q exchanges the left- and
rightmoving sector, it acts on the pair of fields X* = (X*, X;) as

Q: (X, XE) - (X, X7). (4.45)

The pair (X4, Xg) has to belong to a theory S, which is invariant under Q, such as a ten dimensional Type
IIB. In order to determine the corresponding operator () in the theory S, with a direction x* T-dualized,
one has to transform the pair X = (X4, Xz) from S into § by using T-duality, given in (3.60), apply Q
and then T-dualize the transformed fields back to S. The computations

Q: (X, X4) > TQTX" = TQX}, -X%) = T(-X4, X9 = —(X4, X9, (4.46)

exposes that worldsheet parity for T-dualized directions, has to be afflicted with a spacetime reflection R
along the T-dualized directions

Q=0QR, with R: x*— —x*. (4.47)

By reflecting a spacetime direction the string oscillator modes for that direction also gets a sign. Since the
R zeromodes correspond to the eight dimensional Gamma matrices I'%, I'chira = 16 H2=2 I'* obtains for
each reflected direction x¢ a sign. For Q to respect the GSO-projection , the spacetime involution R
has to act on the chirality operator as

ehi for Type 1B,
R: Fchiral N chiral or lype ( 4. 48)
—Lchirat  for Type IIA,
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4.1 Geometry of orientifolds

and consequently R can be given by

_ even number of z; for Type IIB,
R:z —7z, for (4.49)
odd number of z;  for Type IIA.

Further QR has to map spacetime fermions from the leftmoving sector to spacetime fermions in the right-
moving sector and vice versa, s.t. a representation for QR in the spinor space is given by [, (I'I chiral)s
with x“ the directions on which R acts non-triviallyﬂ Hence the 16 supercharges of Q; from the leftmov-
ing sector get mapped to the 16 supercharges of Qg of the rightmoving sector and vice versa by QR, s.t.
quotienting out QR preserves only a linear combination Q of the two supersymmetry generators given by

0=0.+ l_[ T chirat OR » (4.50)

with a denoting the T-dualized directions, starting from ten dimensional Type IIB. Compactifying Type
II string theory on T%/ (G U QRG), with G c SU(3), QR cancels 16 of the 32 degrees of freedom of the
supersymmetry charges and G eliminates 3/4 of the supercharges, s.t. four supercharges remain and form
a Dirac spinor for the N' = 1 supersymmetry generator in four dimensions.

Besides fixed points, preserved by the orbifolding group, the orientifold preserves orientifold fixed
planes, also named O-planes. For a given group element QRg € G, where g € P, an O-plane preserved by
the group element is defined by the plane consisting of the set of points, which is left invariant under QRg

FIX(QRg) = {x =Rgx+1|xeT® e A6} . (4.51)

O-planes couple to R-R closed strings and therefore have non-trivial RR charge [69]. The
couplings to R-R strings can potentially lead to divergent terms in the vacuum energy called tadpoles. It
will be discussed in section[d.2.3|how tadpoles are cancelled by placing D-branes with the opposite R-R
charge. In the following of this chapter it will be focused on Type IIA compactified on orientifolds, with

R acting non-trivially on three directions X, x, 10, st O-planes are determined by

_ . - _ : —_ _ . - -2
(21,22, 23) = (€727, e 7227, &7 73) + A, (4.52)

for &' = (v1,v2,v3)7 the twist vectors of the point group elements. The O-planes are called O6-planes,
because they fill six spatial directions: three in the compact and three in the uncompact space.

4.1.3 Fixed point resolution

The orbifold itself is due to the presence of curvature singularities in the fixed points not a manifold.
However it exists a definite prescription to resolve the orbifold singularities. In this section it will be
briefly sketched how to find the right resolutions to orbifold singularities. For a more detailed decription
see for example [[70H72]]. Orbifolds with the point group given by Zy or Zys X Zy is considered in the
following. The resulting orbifold singularities are locally like C*/Zy singularities. First the following
objects have to be introduced:

Let N be a lattice isomorphic to Z". Let V = {v;}ie(1,... 4y, With d > n, be a collection of lattice vectors in

.....

3 Since Ty anticommutes with T9T gpiral, [T, T°T chirar flips its chirality of  for each direction x*. For more details see

68].
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N. A cone o spanned by a subset of lattice vectors {v;}ic1,...q) 1S given by

0 = (i v,y = { ) @i € Roo, i € (1, ., )} (4.53)

and is called convex if w € o — {0}, then —w ¢ o. If the cones constructed out of V are all convex and
their faces are again lower dimensional cones and furthermore the intersection of two cones are also
cones, then the collection of the cones or the set V is called a fan X. To a fan X a toric variety Xy can be
associated the following way: Let z; be a homogeneous coordinate in C¢, associated to a vector v; of the
fan. To each vector v; a codimension one divisor D; can be assigned by D; = {z; = 0}. The vectors v; need
to satisfy d — n linear equation

d
D=0, a=1,..d-n ["€Z (4.54)
i=1

The above linear equation defines a (C*)d_” action on the homogeneous coordinates

. [@ /@
C": @1 enza) ~ (g 215w Ad 2a). (4.55)

Let the exclusion set F be defined by the set of simultaneous zero loci of the homogeneous coordinates,
whose assosiated vectors do not spann a fan

F=|Jizi, =026, =0} (orpv) ¢ 3 (4.56)
i

The toric variety is then given by the quotient space

_C!-F
(C*)d—n '

s (4.57)

The space Xy is smooth if the set of vectors V cover all points in the lattice N. These tools can now be
used to resolve orbifold singularities. Let the orbifold action be generated by

3
0: (21,22,23) — (€"21, €20, €%z3), €=e*/", Z”i =0 mod n. (4.58)
p)

From the orbifold action it can be read of that three vectors belonging to the fan and which correspond to
the coordinates z; have to satisfy

nivy + novy + n3v3 =0 mod n. (4.59)

Due to the condition that the orbifold group is a subgroup of S U(3), the coordinates for the three v;’s can
always be set to one in one plane. When the orbifold contains singularities, the three v;’s are not enough
to reach all lattice points in N, indicating that the orbifold is not smooth. Next one adds the missing
vectors x;, s.t. the resulting space gets smooth. Adding new vectors x; means introducing new coordinates
w; corresponding to exceptional divisors at D; = {w; = 0}. The set of vectors {v;, w;} and a collection of
the cones, which they span, generates the fan of the resolved orbifold Res (C3 /Zn). The exclusion set F
contains all fixed points and are replaced by the exceptional divisors at D; = {w; = 0}. That way the fixed
points are removed and replaced by smooth manifolds, s.t. the resulting space is smooth.
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4.1.4 3-cycles on tori and orbifolds
Homology

In order to introduce cycles on compact manifolds arguments in [59] are followed. Let M be a
dimensional compact manifold and the set {NI’;}I,e 12, contain the p dimensional submanifolds N, C
M, with k < dim(M). They form a vectorspace C 1; of p-chains, where a p-chain is given by linear

combinations of the submanifolds

Ce(M) = {a,, = Z xiZ

1

xi€R, Z, M, dim(N}) = p < dim(M)} . (4.60)

Let the interior Int(N) of a p dimensional manifold N denotes the set of points in N, whose neighbourhood
is given by an open subset of R”. The boundary dN of N is then given by the complement of the interior
of N and maps p-chains to (p — 1)-chains

0:C,— Cp1, with ON = N\Int(N). (4.61)
A p-chain a, without a boundary is called a p-cycle of M and the set of p-cycles Z, are given by
Z,(M) ={a, € C,| da, = 0. a, € M . (4.62)

Since the boundary of a boundary is always zero a p-cycle a,, which is already the boundary of a
(p + 1)-chain is a trivial p-cycle. Let B, denote the set of trivial p-cycles

By(M) = {8ap:1 € Cp| aps1 € Cpat, apir € M}, (4.63)

then the space of the p-th homology H,(M) of M is given by

Z,(M)
By(M)”

H,(M) = (4.64)
and contains the set of non-trivial p-cycles on M. All p-cycles, which are related by trivial p-cycles
belong to the same homology class [ap]

|lap| ={ap = ay + 0bp11 | ay € Hy, 0bper € By} . (4.65)

The p-th homology has a vectorspace structure with the different homology classes serving as a basis and
the dimension of H, given by the number of homology classes.

For example, the first homology Hi(T?) of the two dimensional torus 77 is two dimensional. It is
spanned by the 1-cycles

a={¥=pd|pel0.1)] and b={=vd)|vel0,D)}. (4.66)

Due to the identification of the points O ~ @;, a has no boundaries and similar due to O ~ @, b has also
no boundaries. A cycle a’ parallel to a, belongs to the same homology class as a, because a and ¢’ form
the boundary of a segment of the torus, which is a trivial 2-chain. Since the difference of a and b is not a
segment of the 72, they lie in different homology classes.

In the following D6-branes are discussed intensively. They wrap volume minimizing 3-cycles in the
compact space which are given by special Lagrangian (sLag) cycles[[74]]. Hence the third homology of six
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dimensional tori and orientifolds H3(T°) and H3(0°) are particularly interesting for this work. First sLag
3-cycles on the torus are discussed. When the orientifold is considered, it is distinguished between two
kinds of 3-cycles: Bulk 3-cycles, which are inherited from the underlying torus, and fractional 3-cycles,
wrapping the exceptional divisors at orbifold fixed points.

Special Lagrangian cycles on the T°

A particular class of cycles, which are important in the context of D6-branes, are called special Lagrangian
(sLag) cycles. They have the important property of being volume minimizing in their homology class
[60]. An n dimensional submanifold N C M is volume minimizing, when it is calibrated by a calibration
n-form . That means, when J is a calibration n-form on M, then N is volume minimizing, when its
volume is given by

Vol(N) = f J. (4.67)
N

The sLag conditions for a p-cycle I1” in a compact manifold M with K&hler 2-form w, and volume

n-form Q,, are

e dim (Hk) 1d1m (M),
i w2|Hk =0,
. Im(eiﬂQn)’Hk =0,

with 9 € [0, 2] some phase called the calibration phase. On the T the sLag conditions are solved by
3-cycles IT3, which factorise into three mutually orthogonal 1-cycles: Let H(h) € H\(T%), forh e {1,2,3),

with TIj;) L T}, L 15 Then IT® € H5(T°), with

]_[ I, . (4.68)

is a sLag 3-cycle, when H(lh) has the shape of a straight line in the /-th complex plane. The relative angles
6, of 1'[(/) to the real axis are related to the calibration phase by 8; + 6, + 63 = @, s.t.

iarctan ”Im 1) -9, (4.69)

h=1 ”Re My H

with HRe (h) H and ||Im (h) H the length of the real and complex part of H(h) in the s-th complex plane

on the fundamental domain of the 7°. On the factorisable torus each 1-cycle H ) can be parametrized by

h

integers n, m" € Z, which denote the wrapping numbers around the a and b cycle in H(T h)) on each

T? factor. For the non-factorisable torus the notation can be adopted when it is possible to introducing
a factorlsable lattice A% _, where the underlying lattice of the T° is a sublattice A® ¢ A® . Then the

fact’ fact”
integers n”, m" parametrize wrappings numbers of H(,) along two basis vectors of A?act in the A-plane and

the whole 3-cycle is determined by six integers {n { } h € {1,2,3}} and its position on the covering
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space R® is determined by

3

n(n m" {Z n @it +m" @)

h=1

M1, H2, U3 € R} ; (4.70)

where @y,_1, @y, are the two generators of Af «» Which lie in the h-plane. Since the basis vectors of Af o
are in general shorter than the basis vectors of the non factorisable lattice, it can happen that multiple
wrappings on the factorisable lattice correspond to one wrapping number around the non factorisable
torus.

6 .
Example: sLag 3-cycles on T' so2)’
Here sLag cycles on the TSO(lz) shall be investigated. The Kdhler 2-form w; vanishes at a subspace N,
when each term dz;, A dz;, vanishes individually as it is the case for example for a straight line in the A-th
plane: The term dz;, A dzj, at

ih = {(nhggh_l + imhégh)u |M S R} . (4.71)

2 2
with n", m" integers, becomes ((nh) - (mh) )d,u A du and vanishes due to the antisymmetric properties
of the wedge product. Consequently the Kéhler 2-form vanishes at the subspace given by

3
Z= {Z (nhf?zh—l + imhgzh)#h | w1, 2, 3 € R} . 4.72)
=1

The integers n’, m" denote wrapping numbers around generators of the lattice Z® = (@i, ..., &). The

S 0(12) Lie root lattice is a sublattice of Z°, and sLag 3-cycles on Tsouz) can therefor be described

by where can be used to describe the 1-cycle factors of the sLag cycles. When )?| ol

1dent1ﬁed with )E’| by some S O(12) roots, the line gets compactified to a 1- cycle on TSO(]Z) However
h

not all integers integers n’, m" describe closed cycles on the torus. Only for n” + m" € 2Z, the points
atu=0 get identified with points at 4 = 1 for . 71)), which means for example a cycle with wrapping
numbers (n", m") = (2,0) wraps the T? only once, even though it wraps Afd . twice. For wrapping
numbers satisfying

S0(12)

n"+m €2z, Vhe{l,2,3), (4.73)

the corresponding 3-cycle is closed on 50(12) |.| If the condition 1b is not fulfilled, then {7} in

covers for Vg1 2 3} Up € [0, 1) only half of a closed 3-cycle on T o 12 . By doubling the the
wrapping numbers 1", m" of such a half cycle in a plane h, for which ( i is Vlolated one receives
a closed cycle on the Tsoaz) For the case, where is violated in only one plane, doubling the
wrapping numbers in that plane, satisfies (@.73) clearly or the cases where [@.73) is violated for two or

three planes, it is more subtle, that only one factor of 2 is enough to close the 3-cycle on the Tsoaz) As
an example a closer look at
3 3
[ |, m = {Z(n%h_] + im 2y |1, 10,5 € 10, 1)} : (4.74)
h=1 h=1
with
n' +n' =o0dd, n?+n*=o0dd, n’+n’=even, (4.75)
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is taken. The cycle does not satisfy 1b and therefor only wraps half of a 3-cycle on TSO( 12)- However
2 HZ:] (n", m") can be expressed by ||
3
2 l_l(nh, mhy = (4.76)
{(nlé’l +m'e, + n’es + m*e)vy + ('@ + m'ey + n*es — m*e) v, + (s + m3é’6)/x3} ,
with v, v2, 3 € [0, 1), which is indeed closed on the S O(12) lattice, since the vectors (n1 ,m',n2,m?,0, 0),

(n',m',n?,—m?,0,0) and (0,0,0,0,n3, m*) are S O(12) roots. For wrapping numbers violating (4.73)) in
all three planes, the doubled 3-cycle can also be expressed by S O(12) lattice vectors in a similar way by

3
h=1
(nl, ml, nz, mz, 0, O)T,u1 + (nl, ml, nz, —mz, 0, O)T/,lz + (0,0, nz, mz, n3, m3)T,u3 s

with g1, g2, 3 € [0, 1). Turning on deformation parameters Ry, and 7, as described in sectionf.1.1} the
position of the 3-cycles is given by

3
(n" ") = Z Ry ((n" + Re(mym") 21 + ilm(zy)m"ex,) 4.77)
h=1 h=1

-

and the calibration phase of the cycle is given by

: Tm(z))m"
Zarcta ( " h) =9. (4.78)
— n'* + Re(t,)m
That way, sLag 3-cycles on the Tsouz) remain sLag after turning on deformations. It also means that the

factorisable lattice Ay, containing Aso(i2), has to be deformed as well and is actually spanned by

K1 (1,0,0,0,0,0)" , K (Re(ty),Im(1),0,0,0,0)7 ,
K(0,0,1,0,0,0)" , K (0,0,Re(t2), Im(13),0,0)” , (4.79)
K3(0,0,0,0,1,0)" , K3(0,0,0,0,Re(r3), Im(3))T ,

when deformations are turned on and Z° = Ay, holds for the point (R, 7) = (1,0).

Bulk- and fractional cycles on the orbifold

By quotienting the point group out of the torus, only cycles, which are invariant under the point group,
remain on the orbifold. A superposition of a torus 3-cycle with all its images under the point group is
called a bulk cycle HB K || Therefore it is naturally invariant under the point group action and for an
orbifold with the point group P given by
I, = Z g 1P € H; (T®/P) . (4.80)
geP
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4.1 Geometry of orientifolds

The exceptional divisors may also contain 3-cycles, so called twisted cycles waist, and when they are
preserved by the point group they can be used to construct fractional cycles [79]. A fractional cycle
consists of a torus cycle IT°, whose images under the point group action are collapsed to twisted cycles at
the fixed points, which intersect with IT>. A fractional cycle IT> __is then given by

frac

frac = Z tw1stg (4'81)

geP
where « denote the fixed points, which lie on IT? and €2 encodes the orientation of H3 Fractional
cycles are preserved by the orbifold projection, when discrete torsion is turned on [[78] @]} Discrete

torsion denotes the non trivial choice of a phase €(g, /) in the orbifold partition function

Z D elg. WZ(h,g). (4.82)

heP geP

The term Z(g, h) denotes the sums over the closed string states from the twisted sector g, forming
invariant states under the action of hﬂ Let 7 and S denote the generators of the modular group S L(2,2Z)
transforming the complex structure modulus 7 of a 72 by

T:t->7t+1, S:7->-1/1. (4.83)

Applying T and S transformations on the closed string partition function, the terms in the partition
transform as
T:Z(g.h)— Z(g,hg), S : Z(g,h) > Z(h,g"1). (4.84)

The phase €(g, h) has to be choosen, s.t. the partition function respects modular invariance. When
modular invariance allows €(1, 1) # e(g, h) for some g, h € P, then the choice for the phase €(g, h) is
called discrete torsion and determines the action of /# on the exceptional divisors at the fixed point of g.

4.1.5 Example: (Zy X Zy X QR)

SO(IZ)/

To illustrate the previous discussion, the orientifold, given by

6
6 Isoa

= >">= 4.
Zy X Zoy X QR ( 85)

shall be investigated in this section. The point group Z, X Z, is generated by two generators, which are
denoted by 6 and w. They act on the complex coordinates of the compact space as

0: (z1,22,3) = (=21,-22,3), w: (21,22,23) = (21, —22,—23), (4.86)

and the spacetime involution R reflects the directions along all three imaginary axis
R: (21,22,23) = (21,22, 23) - (4.87)

In order to safely quotient out the discrete group Z; X Z; X QR, it has to be an automorphism of the
underlying lattice. This could possibly constrain the deformation parameters R, and 7, for TSO(12)‘
Invariance of the lattice under the spacetime involution R demands that the real part of the complex

4 For more details see
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Chapter 4 Type IIA compactification on orientifolds

strucutre moduli need to be integer Re(7;,) € Z, since otherwise the lattice vector 1 + 7, in the A-th
complex plane gets projected away by the involutimﬂ

Fixed points and exceptional divisors

The fixed point equation for fixed points under 6, given by
(X1, X2, X3, X4, X5, X6) = (—X1, X2, —X3, —X4, X5, X6) + A, A € Aso(12) (4.90)

is solved by

ny np n3 Ny
FIX(6) = {(? 505 ?,xs,xs)

4
niEZ,Zni:O mod 2, xs,xﬁeR}. (4.91)
i=1

The solutions given in (#.91)) show that, because 6 acts trivially on the last plane, the coordinates xs, x¢
are unconstrained and taking the action of the S O(12) roots on the last plane into account, the last plane
for the fixed loci FIX(g) are compactified on two dimensional tori, which has the S O(4) Lie lattice

underlying
2

T

= . with  Asow) = (1, )T, (1,-D7). (4.92)
Asow@)

That means the fixed loci are given by fixed tori T2X, each located at fixed points in the first two planes.
Identifying all fixed tori differing by lattice vectors, one finds that there are eight inequivalent fixed tori

on Tgouz)/ (Zy X Z»), whose loci are given by
5 11 5 1 1 .5 11 ..,
FIX(®) =(0,0,0,0,72,) U (5, 30,0, Tﬁx) U (5, 0,3,0, Tﬁx) U (0, 350 Tﬁx) (4.93)
A 12)(112)(11112)
U(090727 Z,Tﬁx) U (25090’ 25Tﬁx U 0’ 2’09 2’Tﬁx U 27 2a 2’ 2’TﬁX
Each of those fixed tori gets twisted by w
T2
w: Ti — % : (4.94)

In a similar fashion the other two twist operators w and 6w preserve each eight fixed tori. They are
located on fixed points in the second and last plane or in the first and third plane respectively, as listed in
table .11

In order to find the exceptional divisors hidden in the orbifold fixed points, one has to resolve the

singularities as explained in section The neighbourhood of a fixed torus Tgx in T§0(12) has locally

3 The action of R on 1 + 7 is given by
R:l+71,->1+7,. (488)

In order for R to be a lattice automorphism, the lattice has to contain lattice vectors, which compensate the transformation of
the involution. Therefore it needs to be found an S O(12) vector, which satisfies

l+1,=1+7,+u +15u, (4.89)

where u;, u, are components of S O(12) roots in the A-th plane. The solutions are given by u, = 2 and u; + 2Re(7},). Since
uy, up have to satisfy u; + u, = 0 mod 2 (otherwise they do not form an S O(12) root), the real part of 7, needs to be integer
Re(r),) € Z.
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4.1 Geometry of orientifolds

] FIX(6) \ FIX(w) | FIX(bw) |
(0,0,0,0,77) | (%.0,0,0,0) | (0,0,7% ,0,0)

(5,0,3.0.T3) | (T3,5.0.3,0) | (5,073 5,0)
0.5,5.0.T3) | (T3,0,5.5,0) | (0,3, T35,0)
0.5,0,5.T3) | (T3,0,5.0.3) | (0,5, T3,0.5)
(,0,0,5.T3) | (T565,0.0.3) | (3,0, T3,0.5)
(5:3:0.0.T4) | (¥1.32,3,5,0.0) | (5,3, T3, 0,0)
0.0.5,3.T4) | (T5.0,0.5.3) | (0.0.Tj.5.3)
Go2302 i) | Tiei303:3) | God Ty 30)

Table 4.1: Fixed tori of TSO(IZ)/ZZ X Zs..

the geometry of Tgx sitting at a C?/Z, singularity. A Z; action on C? is given by
(z1,22) = (=21, —22) (4.95)

s.t. the vectors of the fan satisfy
vp+v2=0 mod 2. (4.96)

This is the case for v; = (1, 1) and v, = (1, —1). Notice that the point (1, 0) cannot be reached by v; and
vy revealing that the space contains singularities. To resolve the singularity, the lattice vector w = (1, 0) is
included into the fan, which corresponds to a coordinate x. The fan consists of the two cones spanned by
{v1, w} and {v, w}. The set {v1, v2} does not spann a cone, in a way that the criteria for a fan are satisfied.
Therefore the exclusion set is F = {z; = z, = 0}. This is precisely the C2/Z, singularity, which is cut out.
The scaling relation for the toric variety can be extracted by the coefficients of the equation

v+ —2w =0. 4.97)
The (C)* action on the homogeneous coordinates are then given by
(©)" & (21,22, %) ~ (Az1, Az2, A2x).. (4.98)

At D; = {x # 0}, x can be scaled away by A = ++/x, s.t. at D; one has (+ +/xz|, + \/xz2, 1), which is the
Z, orbifold. At the point E = {x = 0}, from the scaling relation (z;, z2) ~ (4z;, Az2) it can be recognized,
that a CP' is hidden at the fixed point. Each fixed torus in the TS60(12) therefore is actually CP! x T gx.
Taking the action of the other point group elements, the orbifold group preserves

2

p! @ X 4.
CP' ® Z (4.99)

at the fixed points.
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Chapter 4 Type IIA compactification on orientifolds

O6-planes

The spacetime reflections contained in the group Z, X Z; X QR are given by the set {R, R, Rw, ROw}.
Their action on the complex coordinates is given by

R :(z1,22,23) — (21,22, 23)s

RO :(z1,22,23) = (=21, —22,23), (4.100)
Rw :(z1,22,23) = (21, —22, —23),
ROw :(z1,22,23) = (=21,22, —23)-

Solving the fixed loci equation for O-planes (4.51)), the O6-plane loci on the covering space RS are given
by

3

T
n; € Z,Zni € 27, x4, X6, X3 € R
i=1
3

FIX(R) =

i=1
T 3
FIX(Rw) =

n; €7, n; € 27, x4,x7,%X9 € Rp,

{
—
{

n; € 27, X5, X7, X8 € R} , (4101)

i=1

(I’l] ny I’l4)T c7
X5, —,X7,X ) nl ’
) 5 2 75> X8

T 3
FIX(ROw) ={ il , X5, X6, Q, r&,xg) n; € Z,Zni € 27, x5, Xg, X9 € R}.
i=1

=

Identifying the O-planes, which differ by S O(12) lattice translations, the inequivalent O-planes on the
torus are given by

FIX(R) = (x5 =0,x7 =0,x9 =0) U ()Cs = %,x7 = %,x = ()) (4.102)
O S
FIX(RO) = (x4 = 0,x6 = 0,x9 = 0) U (x4 = %,Xcs = %,X9 = 0)
U()C4=%,x6=0,xQ=%)U(x4:O,x6=%,XQ:%)’
FIX(Rw) = (x5 = 0,x6 = 0,x3 = 0) U (XS = %7356 = %’XS = 0)
U(x5:%J%ZO,XSI%)U()%:O,)%—%,XSI%),
FIX(R6w) = (i = 0,07 = 0,3 = 0) U (s = L7 = 1,25 = 0)
RS o T

The fixed planes in {#.102)), preserved by the action of Ry, with g € {6, w, bw}, wrap four sLag 3-cycles

of the same homology class on the TS60(12) [H3] 06
Rg

FIX(Rg) = 4 [IT°] 0600 (4.103)
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4.1 Geometry of orientifolds

where the cycles in the homology class [H3] o6, Are specified according to (4.70) by the wrapping

Rg

numbers

[IP]os, = (2,0) % (1,0) x (1,0), [I1]o6g, = (0, 1) X (0, —1) x (2,0), (4.104)
[ 1osg, = (2,0) % (0,1) x (0, 1), [T°1064, = (0, 1) X (2,0) x (0, ~1).

The O6-planes preserved by the whole orientifold group are therefor given by
AT = 4([o6, + 1 losg, + [T loeg, + [ 1064, ) - (4.105)

According to the calibration phase of 1'1(3.)6 is given by ¢ = 0.

sLag bulk 3-cycles

In sectlon sLag 3-cycles on the Tso(m where introduced. They can be used to construct bulk

3-cycles on the orbifold, which are wrapped by D6-branes. The 1-cycles H(h) (n", m") of the sLag
3-cycle on the A-th plane transforms under the point group elements as

Zy: (" m"y > -, m"), (4.106)

when the group elements have a non-trivial action in that plane. Since each point group element acts
non-trivially on two planes, the two signs from the transformations of the two 1-cycles cancel in the
product HZ l(nh m') and the corresponding 3-cycle transforms trivially and is mapped to itself. From

4.80), it can be deduced that a bulk 3-cycle on the orbifold HB € H3 ( S0(12) [(Zy X Zz)) is given by

I3, = 1P + 611 + I + I’ = 411, (4.107)

where IT° € H; (T

S0 12)) denotes a sLag 3-cycle on the torus. Let two 3-cycles on the torus be denoted

by I} and Hi and the corresponding bulk cycles on the orbifold by H%ulka = 4113 and H%ulk b= 41'[2.

The intersection number I(Z’Zbi of the two bulk cycles on the orbifold is related to the intersection number
1, of the two cycles Hg’l and HZ on the torus by

]
Bulk [ b |Bulk

o= [H3] —4 3] - 4[] = 41 . (4.108)
with I, = [Hfl] . [Hi], where the prefactor of 1/4 after the first equal sign arises from the identification
of intersection points by the point group. According to that the intersection numbers of bulk cycles are
always multiples of four and therefore it seems that on Z, X Z, orbifolds, there are possibly smaller cycles,
given by half of a bulk cycle. But in order not to get projected out by the orbifold projection, they must
go through fixed points. The spacetime reflection R maps cycles to their orientfold image, or to be more
precisely a cycle with wrapplng numbers I = []3 P 1(n m'") is mapped to IT3" = ]‘[Z l(nh -m"). An

invariant 3-cycle I} € Hj ( S0(12) [(Zy X Zy X QR)) on the orientifold is then given by a superposition

mv
of orbifold invariant 3-cycles with their orientifold images

= %(nglk +T3) =2(IP + 1), with R: TP TP/, TP € H3(Ty,) .  (4.109)

mv
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Chapter 4 Type IIA compactification on orientifolds

In section f.2.3]it is explained that D6-branes share the same supersymmetry, when they are wrapped on
cycles with the same calibration phase. The O6-planes fix the calibration phase to ¥ = 0. Therefor, in
order to preserve N = 1 supersymmetry, the calibration phase of the D6-branes have to be ¢ = 0 and
inserting it into (#.69), one gets the supersymmetry condition

3

I

Z] m(ry)m" ~0, Re(ry) €Z,Im(t)) €R, (4.110)
— n + Re(Th)mh

for wrapping numbers of D6-brane cycles on the deformed TSO(12)

Fractional 3-cycles

The fixed point resolution exposes that the fixed loci of the point group are CP' @ ( SO) /Zz) s. A CP!
is topologically isomorphic to a 2-sphere S 2, which means each CP' contains a non-trivial 2-cycle, the
S? itself. The 2-cycles belonging to the exceptional divisors of the orbifold, are denoted by eigj, where
g € {0, w, 0w} denotes the generator of the twisted sector and (ij), with i, j € {1,2, 3,4}, denote the
position of the fixed point in the two planes, on which g acts non-trivially. The fixed loci are placed on

the points (0, 0), (2, 0), (0, 2) (2, 2) on each plane and when they are labeled by

0,01, GO-2, 0,5)-3, G5 —4 (4.111)

for example the 2 from the resolution of FIX(6) = (0, & 3 2, 0, lenv) is wrapped by the 2- cycle which is
denoted by e21 The transformation rules for the terms in the orbifold partition functlon 2)) under the

modular transformations, allows different phases € for the two sets

{za,m} v {291,902, 2(91,91 - 92). Z(g2, 90,
Z2(92,91 - 92), Z(g91 - 92, 92), Z(g1 'gz,gl)}\{Z(ﬂ, ]l)},

with Vg1, g2 € {1, 0, w, Bw}. That means one can choose two different phases e: One for Z(1, 1) and one
for all other terms, s.t. the action of the orbifold on the S2’s at the fixed points can be given by

S? > eS?%, with €= +1. (4.112)

The choice € = —1 is called “with discrete torsion” and implies that the orbifold action on the collapsed
2-cycles is given by

eigj - —e?j. (4.113)

Together with a 1-cycle wrapping the fixed torus of the corresponding twisted sector, e?. forms a 3-cycle
which is called a twisted cycle and is invariant under the orbifold action [8T]]. Therefore the orbifold with
discrete torsion contains at each twisted sector, a two dimensional homology of twisted 3-cycles, spanned
by the following two homology classes

(o], =2le]1®[al, [a],]1=2[¢]]1®]b], (4.114)
with a and b denoting 1-cycles of the T defined as in . Twisted 3-cycle can then be expressed by
0. =nla?, 1+mla, 1, nmeZ (4.115)

1.9 1n ij,m
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4.1 Geometry of orientifolds

with n, m as the wrapping numbers around the @ and b cycle of the Téx. For the self-intersection number
leij] - [ex] = =200 , intersection numbers with twisted 3-cycles are given by

[IT Uf}]a [Hklh] = _45ik5jl5gh (ngmp — mgnp) (4.116)

Then by [@8T) the whole fraction cycle is given by

3 3 3
Hfrac - 1_[Bulk + 4 Z Z g]HUq P (4.117)

{9 w,0w} ([ j)exﬁ

where 6] = +1 defines the charge of the collapsed brane, wrapping H?j g and determines the orientation

of the cycle around the S? at the fixed point labeled by (ij). The charges of the collapsed cycles are
not independent from each other but need to satisfy certain relation due to consistency reasonsﬂ The
fractional cycle in describes a cycle on the torus, whose orbifold images are collapsed at fixed
loci and wrap twisted cycles.

In the following however orientifolds without discrete torsion are considered and therefor the D6-branes
do not wrap fractional cycles. They where introduced for the sake of completeness and to mention the
further possibilities there are for string compactification.

Factorisable vs. non-factorisable

In order to compare orientifolds, their Hodge numbers are a good quantity to look at. The 1-forms dz; and
dz; correspond via deRham duality to 1-cycles, wrapping the 78 in the i-th plane, hence belonging to

SO(12)
the cohomology groups H'-* (Ts60(12)) and H%! ( ) By wedging the 1-forms, the (p, g)-forms

SO(12)

Az, A o Adzi, ATy A ATy, With i i g € {1 dime (TS ) (4.118)

span a basis for the (p, g)-th cohomology group H?4 (Tgouz)

wedge product, from straight combinatorics it follows that dim (H”7) = (2)(; ) The cohomology groups
HP9, H®P H3~P3~9 and H3~937P are dual to each other via the combination of deRham-, Hodge-, and
Poincare duality ﬂ Hence for a complex three dimensional manifold it is sufficient to look at cohomology
groups H L0 gl g20 g2l [30 and H33. On the orbifold only (p, g)-forms invariant under the point
group are preserved. The action of a twist element g € P on the cohomology group elements from @.T18)
is given by

). Using the antisymmetric behaviour of the

e’ idz;, A ... Ae™indz; A e FVindZ; AL Ade iz, (4.119)
Due to the condition {@.36) for the twist vectors,the (2, 0)- and (1, 0)-forms are always projected away
and the (3, 0)- and (3, 3)-form are always preserved. Hence W0 = p20 = 0 and K30 = K33 = 1 for all

orbifolds (with the holonomy given by a discrete subgroup of S U(3)), where h”*¢ = dim (H” 4 (Zsfjg; ))

are the Hodge numbers on the orbifold. Therefor it is sufficient to investigate the Hodge numbers /'-!
and h>!. The (1, 1)- and (2, 1)-forms preserved by the Z, X Z, point group are

dzi Adz;, dziAdxjAdz, for i#j#k, i jke{l,23}. (4.120)

% For more details see
7 For more details, see appendix B of .
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Chapter 4 Type IIA compactification on orientifolds

Therefor the Hodge numbers on the orbifold, which are inherited from the torus, are given by
WY =m0 =1, hyl =hy =3, (4.121)

from the invariant forms of {.120). But the orbifold further contains exceptional divisors at fixed loci.
Each fixed locus is topologically isomorphic to S x T2, where the sphere contains one (1, 1)-form. The
contribution to the Hodge numbers from the exceptional divisors depend on the choice of discrete torsion
€ = x1. For the case without discrete torsion € = +1 the point group acts trivially on the sphere and the
(1, 1)-form on the S? is preserved. For the case with discrete torsion € = —1 the (1, 1)-form gets a sign,
but together with the 1-form on the fixed torus, which also gets a sign, the (2, 1)-form on the §2 x 72 is

preserved by the point group. Hence the 24 exceptional divisors on TS60(12) / (Zy X Z,) contribute
htlv’vl =24 without discrete torsion htzv’v1 =24 with discrete torsion, (4.122)
s.t. the the Hodge numbers of TSO(]Z) [ (Zy X Z) are given by
27,3), = +1
(R 121) = 7.3), e . (4.123)
3,27, e=-1

The features resulting from the non-factorisable structure of the orbifold are turned off in the factorisable
orbifold T8, / (Zo X Zp), with TS = R®/AS . where Asoz) C A%, is defined in section[t.1.4] The

Hodge numbers of the factorisabel orbifold are discussed in [[78]] and given by

51,3), e=+1
(R 121) = (61,3, e=+1 (4.124)
3,51), e=-1

The spacetime reflection R, acting as complex conjugation, maps (p, g)-forms to (g, p)-forms, hence the
(p, @)-th cohomology group gets mapped to the (g, p)-th cohomology group

R: H — H?P | (4.125)

and forms in H'! and linear combinations of forms in H>! @ H'? are preserved on the orientifold. Hence
by comparison of Hodge numbers of the factorisable orientifold with the non-factorisable orientifold it
seems evident that the non-factorisable orientifold has less structrure than the factorisable orientifold
and hence compactification on the non-factorisable orientifold is more restrictive. Further the number of
O6-planes on the non-factorisable orientifold is also reduced to half of the number of O6-planes on the
factorisable orientifold. For D6-branes on the non-factorisable orientifold that means, their wrapping
numbers are more restricted than on the factorisable orientofold, as will be seen in the following of this
chapter.

4.2 Intersecting D-branes on 7Z; X Z; x QR-Orientifolds

In this section Type IIA string theory compactified on Z, X Z, X QR-orientifolds

T6
Type A : M"Y S RWPx — — 4.126
ype - 7o X Zy X OR (4.126)
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4.2 Intersecting D-branes on Zy X Zy X QR-Orientifolds

is discussed and the resulting massless spectra in four dimensions is analyzed. The generators of the
orientifolding group are given by {@.86)) and (@.87). Since the spacetime reflections preserve O6-planes,
D6-branes have to be included in order to cancel the total R-R charge [#41]]. Open string on the D6-branes
lead to a chiral spectrum in four dimensions [49]. Models arising from these kind of orientifolds have been
discussed mostly for factorisabel tori, for example in [S§TH83]|. But also for non-factorisable orientifolds
there has been attempts to construct realistic intersecting D-brane models for example in [[77]].

4.2.1 Massless states from type IIA closed strings

Compactifying the ten dimensional spacetime according to [@.126) on the orientifold, decomposes
the group of spacetime isometries S O(1, 9) into the Lorentz group S O(1, 3) acting on the uncompact
space R'* and an S O(6) part, acting on the internal space. The point group elements g € {6, w, 6w} are
expressed in an S O(6) representation by

3 ’ -
. ) 5(1,-1,0)" for @4,
= exp | 2mi E onHy |, with §=1{2 4.127
’ P[ h=1 ' h) {%(0,1,—1)7 for w, ( )

and H, the three Cartan generators of S O(6). The transformation behaviour of the string states under the
S O(1, 3) factor of S O(1,9) determines what kind of field the states correspond to in four dimensions.
In appendix [A] the transformation of the massless Type IIA closed string states under the algebra
su(2) ® su(2), which is the little group of massless particles in four dimensions, is investigated. Further
their transformation under the Z; X Z, point group and the orientifold projection by 2R has been
coomputed and that way the invariant states on Z; X Z, X QR orientifolds are determined.

The dimensional reduction of the eight massless NS states lead to a massless vector field and six scalars.
The decomposition of the eight chiral and eight antichiral states in the left- and rightmoving R sector,
leads to four chiral and four antichiral spinors in four dimensions. Combining the left- and rightmoving
states to closed string states, 64 states in each of the NS-NS, NS-R, R-Ns and R-R sector arise. Their
representation under the algebra s1(2) ® su(2) for the uncompact space is deduced by decomposing the
products of left-and rightmoving states into irreducible representations. The trace, antisymmetric and
symmetric part of the product of the four dimensional vectors from the left- and rightmoving NS sector,
form a dilaton, B-field and graviton in the uncompact space, where the combinations of the vectors
with the six scalars and the scalars with each other in the NS-NS sector provide the four dimensional
spectrum with 12 graviphotons and 36 scalars. In the NS-R sector the decomposition of the vector with
the four fermions gives four dilatinos and four gravitinos and the combination of the six scalars with the
four fermions lead to 24 fermions. The R-NS sector contains also four dilatinos, four gravitinos and
24 fermions, but each has the opposite chirality as in the fields in the NS-R sector. The product of a
chiral an antichiral fermion in four dimensions, decompose for the massless case into two scalars and a
vector field. Hence the combination of four chiral and four antichiral fermions in the R-R sector lead
to 16 vector potentials and 32 scalars. The massless spectrum achieved that way by the dimensional
reduction of the massless Type IIA closed string states fit into a N = (4,4) supergravity multiplet. The
trivial holonomy in the compact space, which was assumed by the decompostion of the states, leaves all
supercharges unbroken and hence the 32 supercharges of Type IIA form eight supersymmetry generators
in four dimensions.
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Untwisted sector

The states from the initial closed string states in ten dimensions, which are invariant under the Z, X Z;
projection, form the set of untwisted massless states on the orbifold. The 12 graviphotons and 24 scalars
from the NS-NS sector are projected out. Further one gravitino, dilatino and six fermions are preserved in
each of the NS-R and R-NS sector. In the R-R sector 1/4 of the states survive the point group projection,
s.t. four vector potentials and eight scalars remain. As explained in section[#.1.2]only eight of the 32
supercharges in Type IIA are preserved by the point group. The field content formed by the untwisted
states, fit into a griviton multiplet three vector and four hyper multiplets of N = (1, 1) supersymmetry in
four dimensions. By the orientifold projection Q2R half of those states get further projected out, s.t. in
the NS-NS sector ten scalars, including the dilaton, and the graviton are preserved, the NS-R and R-NS
sector form invariant linear combinations, s.t. one dilatino, one gravitino and six other fermions remain
and in the R-R sector the symmetric part in the tensor product of the antichiral and chiral fermion are
projected out, leaving in total three scalars. The orientifold action reduces the supersymmetry further to
N = 1in four dimensions and the states remaining from the massless Type IIA closed string states on the
Zy X Zyp x QR orientifold form a graviton multiplet and seven chiral multiplets. It seems that QR preserves
from each of the N = (1, 1) vector multiplet and hyper multiplet a N = 1 chiral multiplet. Comparing
the number of multiplets with the Hodge numbers of a Z, X Z; orbifold (as in section m) the vector
multiplets in the untwisted states correspond to the number of non-tivially closed (1, 1)-forms in the
bulk Al (as in ), where the number of hyper multiplets is related to the number of non-trivially
closed (2, 1)-forms in the bulk by hﬁ;ll +1 . Since the (1, 1)-form get mapped to themselves by
the orientifold projection their eigenvalue to QR be +1. Since only chiral multiplets remain from each
vector multiplet, by the correspondence of the differential forms and the supersymmetry multipletsﬂ it
seems that the (1, 1)-forms from the bulk transform with a sign under QR.

Twisted sector

According to {#-43), twisted states from closed strings, which arise due to the non-trivial structure of
the orbifold fixed points can arise. Applying the twisted boundary conditions in (@#.43) to the Z, X Z;
orbifold, the moddings of the bosonic and fermionic oscillators from twisted strings at a g fixed point get
shifted by 1/2 in the direction on which the g acts non-trivially. For example 6 from ([@.86) acts on the
directions x, with i € {4, ..., 7}, non-trivally, thus the bosonic and fermionic oscillators modes in those
directions are given by

a/fl_ 12 for bos. sector
i€f4,.., 7} b, for NS sector , neZ, (4.128)
b j, for R sector

where for the remaining directions the moddings of the oscillators do not change. The oscillator moddings
for the other twisted sectors are determined analogously. The ground state energies EE)W for the twisted
NS and R sector get modified due to the different moddings of the oscillators. The ground state energies
are determined by normal ordering constants arising from commuting oscillator modes in the quantized
theory. Therefor the ground state energy gets the contribution Z, from oscillator modes for each directions

by 1 |
Zﬂ:EZw—E D+, (4.129)

w>0 w+r>0

8 for more details see .
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4.2 Intersecting D-branes on Zy X Zy X QR-Orientifolds

with r € {0,1/2} for the R/NS sector and w the moddings of the oscillators. The first term is the
contribution from the bosonic oscillators and the second term the contricbution from the fermionic
oscillators. For a g € Z, twisted sectors, w € Z for the directions in which g acts trivially and w € Z + %
for directions in which g acts non-trivially and the ground state energies are given by then given by

9
Ey' =37,=0, (4.130)
u=2

for the NS and R sector. Hence the twisted NS and R ground states are massless and because the both
twisted sectors contain each four zeromodes, which satisfy the four dimensional Clifford algebra, the
ground states are four fold degenerate. A GSO-projection, which is consistent with the choice for QR,
preserves in the left-and rightmoving sector the same two massless states in the twisted NS sector, where
in the twisted R sector the opposite states are preserved in the left- and rightmoving sector. From the four
dimensional point of view, the twisted NS states transform as scalars, where in each of the twisted left-
and rightmoving R sector the two states transform as a fermion, but with opposite chiralities. Each Z,
fixed locus contains four scalars from the NS-NS sector, four fermions from the NS-R and R-NS sector
and a vector field and two scalars in the R-R sector. They fit into a N = (2, 2) vector multiplet. However
the second Z; of the point group breaks the N = (2, 2) supersymmetry to N = (1, 1) by projecting out
half of the twisted states. The N = (2, 2) vector multiplet decomposes into an N = (1, 1) vector multiplet
and a N = (1, 1) hyper multiplet. Which of those multiplets are preserved depends on the choice of
discrete torsion. For the case without discrete torsion the vector multiplet is preserved, where for the case
with discrete torsion the hyper multiplet is preserved. Comparing the number of multiplets in the twisted
sector with the Hodge numbers from the exceptional divisors of Z, X Z; orbifolds, the vector multiplets
can be associated to the (1, 1)-forms, where the hyper multiplets correspond to (2, 1)-forms, which is
consistent with the behaviour under discrete torsion.

4.2.2 Massless spectrum from intersecting D6-branes
Supersymmetric D6-branes

D6-branes are six dimensional dynamical objects spreading out a seven dimensional worldvolume 7 in
spacetime. Their loci are determined by Neumann boundary conditions along the directions tangent to
brane volume and Dirichlet boundary conditions along directions normal to the brane volume. D6-branes
are spacetimefilling in the uncompact space and wrap 3-cycles in the compact space X°

Y =R XIP cRYP x X%, with I e H3(X®). (4.131)

. . . "n=7/2
A D6-brane carries a brane tension given by pe = (‘22; 5

Hence the D6-brane has to wrap a volume minimizing 3-cycle, which means IT° has to be a sLag cycle
. According to the discussion in section D6-branes on a T° have in each complex plane the
shape of straight lines. Generalizing the case for intersecting branes in section [3.2.2]to three complex
dimensions, D6-branes intersect at points on the 7° and unlike to the uncompact example on C, the
identification of points differing by lattice vector leads possibly to more than one intersection point.
Chan-Paton labels of open string states attached to a single stack of D6-branes form states of the adjoint
representation adj C O ® O of the gauge group on that stack. String states from open strings attached
to two different stacks of D6-branes a and b are located at the intersection points of @ and b on the T°
and their Chan-Paton labels transform in the bifundamental representation (O,, 0,) of the gauge groups

and therefor X7 tends to minimize its volume.
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Chapter 4 Type IIA compactification on orientifolds

on a and b. From the four dimensional point of view the string states on a single stack of D6-branes
lead to gauge fields of the corresponding gauge symmetry and strings states on two different stacks of
D6-branes behave like chiral matter. Since the D6-branes fill out the whole uncompact space, open
strings on D6-branes enjoy N boundary conditions in the uncompact space and can propagate there freely.
The mass of an open string state on two D6-banes a and b is given by [49] [OT]

G,’IMZ -

Ia +Ng+Ng+r Ugp = T 1 (4.132)

y? S _ {0 R sector
= 5 NS sector

where UZb = Oyph 7> With ng the relative angles of the branes a and b on the h-th complex plane and Y

measuring the distance stretched by the string. The lightest states at intersection points are given by [92]]

B Gt TS LR w1
oM _—+Z§|uab|(1—|uab|)—§, (4.133)

2 h=1

where 7 = (0,0}, .02 v3)T and 7 = (ro, r1, 3, 74)7, with r; € Z for NS states and r; € Z + 1 for R states,
where rg = 0 denotes a scalar, ry = i% a chiral, antichiral Weyl spinor and r¢y = +1 vector fields in four
dimensions. The four dimensional spectrum of light states in four dimensions is listed in table .2]for the

case where 9}11;’ Hﬁb > 0 and sz <0 . At the intersection points there is always a massless fermion in

’ sector \ F— U \ o M? \ 4d field

NS: (O, -1+ U;b, ”21;’ vzh) % (—U;b + vib — vgb) scalar

(0 ol 1+ 03,07 ) Ll — 2 =3 scalar

> “ab’ ab’ “ab 2 \Vab ab ab
1 .2 3 1(,1 2 3
(0, Vs Vo 1+ vab) 5 Vg U5 U, scalar
_ 1 _ 2 3 1.1 2 _ .3

(O, 1+ U 1+ U 1+ vab) 1 3 (vab +0, vab) scalar

. I S T S R :
R: ( 5= 53U, =5 F U5+ vab) 0 Weyl spinor

Table 4.2: Light open string states at intersection points of D6-branes and their representation in the uncompact
space.

four dimensions and for

3

Z 0, =0, (4.134)

h=1
the NS sector provides the four dimensional spectrum with a massless scalar, s.t. an N = 1 chiral
multiplet in four dimensions is formed at each intersection point. The condition (#.134) is satisfied, when
both D-branes a and b wrap 3-cycles with the same calibration phase. The calibration phase determines
which subset of supercharges from the bulk is preserved on the brane [8§]], since the D6-branes are BPS
states in Type ITA [46]]. When both branes share the same calibration phase it means they preserve the
same supercharges on their volume. Further the condition (@.134) is similar to the condition (@.36)) for
twist vectors for orbifolds preserving one killing spinor. The killing spinors preserved on the D-branes a
and b are related by a S U(3) transformation according to @.134), which is the supersymmetry condition
on orbifolds.
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4.2 Intersecting D-branes on Zy X Zy X QR-Orientifolds

Zn X Zp % QR-projection

In section[.1.5]it was discussed that Z, X Z; invariant cycles wrap twice a torus cycle, which passes
through Z, x Z, fixed points. That means a D6-brane a wrapping N, times a cycle IT on the torus,
becomes under the Z, X Z; action a brane wrapping % times an orbifold cycle. Under the action of the
spacetime involution R, a gets mapped to an image brane @', which wraps the image cycle HZ ,» where
R: I — Hi/. On the level of the gauge groups this means, that a U(N,) x U(N}) gauge group on the
torus, with U(N)) the gauge symmetry on the image branes to the stack generating U(N,), gets broken by
the point group to a U(N,/2) x U(N}/2) gauge symmetry and the spacetime refelection further reduces

the gauge symmetry to U(N,/2) [81]:
ZoXZy R
U(Ny) X U(Ny) —— U(Ny4/2) X U(N4/2) = U(Ny/2). (4.135)

However if the stacks a and a’ lie on top of an O-plane, they can be viewed as a single stack with 2N,
branes getting mapped by R to themselves. The gauge symmetry of D-branes on top of O-planes are
determined by the effect of worldsheet parity on the Chan-Paton labels: Open string states on a stack on
top of an O-plane have to form invariant states under worldsheet parity. Worldsheet parity interchanges
the two open string endpoints and therefore Q acts on the Chan-Paton labels as transposing them

Q: ijy - yljiyy™, (4.136)

with y containing the action of Q on the gauge indices. Acting twice with Q has to give back initial state
.. o -1\ - ..
Q% ijy =y (i) v =lij) (4.137)

0 1
NI2) for
Inp O

the minus sign. Recalling the open string boundary conditions (3-6), (3.7) and inserting the open string
mode expansions into them, one receives for N boundary conditions on both end points

leading to y = +y”. The condition is solved by y = 1 for the plus sign and by y = i(

2ra’ 1 )

X0 ol = X + %p%'o +iV2a Z —a",fe"””"o/[ cos (er'l/f) , (4.138)
n

neZ\0}

and for D boundary conditions on both end points
0 1 1 1 1 —inna® /€ 1
X0 o) =t 4 St + 2o/ Z —de sin (no! /€) . (4.139)
nézvo) "
Using the fact that worldsheet partity acts on the strings as

X0, -0l  forN

, 4.140
—X#(oY, ¢ - o) forD ( )

QR : X0, o) = {

it can be deduced that the oscillators transform as QR : o/, — /,. Analogous the fermionic oscillators

transform as QR : b, — e™™™)p.  The massless open string states then transform as

QR : V| ,0)Ns ® [ij) — imnst | ) Ons ®Yif)y™ s BylO)R ®ij) = nrbjI0R @iy, (4.141)
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with nns/r capturing the transformation behavior of the ground states QR : |0)nsr — 1ns/RI0)Ns/R. For
nR = —inNs =: 17, the massless open string states stay invariant, when the Chan-Paton factors transform as

lijy = mylijyy ™" . (4.142)

Since € is an involution on the worldsheet = +1. For those two choices, the Chan-Paton factors
belonging to fundamental representations of

(4.143)

ih e SO(N)  for |ijy = ylijyy™!
USp(N) for lij) = —ylijyy™

preserve the massless NS and R open string states. The choice for 7 has to be specified in accord with
tadpole cancellation condition. As going to be explained in section[d.2.3] the total R-R charge needs to
vanish. That means the amplitudes for interaction of O-planes and D-branes via R-R closed strings among
each other needs to interfere destructively [41]]. Therefore the amplitude of the interactions between
O-planes with D-branes need to have the opposite sign as O-planes with O-planes and D-branes with
D-branes. For Type IIA strings on a Z; X Z; X QR orientifold this is the case for the Chan-Paton factors
belonging to US p(N) [81]].

The massless spectrum in four dimensions received from intersection D6-branes a and b on a Z; X
Z, x QR orientifold is listed in table 3] [8T]). I, is the intersection number of the cycles, wrapped by a
and b, and G, € {U(Ny), S O(N,), US p(Ny)}, with a € {a, b}, the gauge symmetry on the branes. When
branes intersect with their orientifold images one gets beside bifundamental matter also chiral matter
in the symmetric and antisymmetric irreducible representations Sym, C 0, ® O, and Anti, C O, ® O,.
Their multiplicity depend on the number of O-planes Nog.

sector multiplicity | rep. Go X Gy |

p | (adj,, 1)

b 1 (1,adj,)
anb+ad Nb’ L (Da,ﬁb)
anb +a Nb Ly (Tq, Op)
and +a Na % (Iaa’ - NO6Ia’06) (Syma, 1)

% (Iaa/ + NO6Ia,06) (Antia, 1)

Table 4.3: Gauge representation of massless open strings states on intersecting branes and their number of families
in four dimensions.
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4.2.3 Consistency conditions and anomaly cancellation for D6-branes

O6-planes, as well as D6-branes, are charged under the RR 7-form gauge fields C7 [#1]]. From Maxwells
theory for higher dimensions the equations of motion for RR 7-forms are given by

d*dC7 o« J, (4.144)

where J is the R-R charge density and * the Hodge star. Integrating (4.144) over a compact space, the
left-hand side of (#@.144) has to vanish due to Gauss law. Hence the right-hand side must also vanish, s.t.
the total R-R charge in the compact space has sum up to zero. Otherwise the interactions of O6-planes
and D6-branes via R-R closed strings lead to divergent amplitudes, called tadpoles. The R-R charge of an
O6-plane is -4 times the RR charge of a D6-brane and to cancel the charge of an O-plane four D-branes,
wrapping cycles from the same homology class as the O-plane cycle, has to be inserted [54] [55] [83].
Hence the tadpole cancelation condition is given by

DN ]+ > Na |8 | - 4Nos 11| = 0. (4.145)

Due to the presence of chiral matter in the four dimensional spectrum, anomalies in the four dimensional
theory are possible. In such anomalies are discussed also for orientifold compactifica-
tions, where some of the arguments are repeated in the following of this section. The possible four
dimensional anomalies are S U(N)? cubic anomalies, mixed U(1) — a — S U(N,)? anomalies and mixed
U(1)-gravitational anomalies, arising from the U(1) and S U(N) factors in the U(N) gauge groups on the
brane Volumesﬂ The cubic anomalies A%, coming from the current Yoy with y a chiral fermion in the
fundamental representation O, of S U(N,), are proportional to the trace

AL = Te (T{T, T%) (4.146)

for each generators 7¢ of S U(N,), where the trace is taken over indices in the gauge representation.
Using the relations El

Trsym F> = (N + DTrg,,  Trant,F> = (Na — DTrg, (4.147)

with F the fieldstrength of S U(N,) and Tr, the trace taken over the gauge indices in the a representation,
the anomalies coming from chiral fermions in the antifundamental, symmetric and antisymmetric
representations O,, Sym,, and Anti, are related to the anomaly from fundamental fields by

ﬂ%‘:“ = AL, ‘S“;fna = (Ng + H AT, Z‘fﬁﬂ = (Ny —HAZ". (4.148)
For an intersecting D6-brane setup with O6-planes, the total cubic S U(N,)* anomaly A, for coming
from all chiral fields with the corresponding multiplicity from table[d.3]is given by

N,+4
2

N, —4
Argtal = {Z Ny Uy = Lap) + aT (Iaar + No61a,06) +

(Law - Noﬁla,%)} AL (4.149)
b+#a

® U(N) ~ (SUW) x U(1)) /Zy as will be explained in sectionm
10" Given in appendix B of

47



Chapter 4 Type IIA compactification on orientifolds

and using I, = [Hg] . [HZ] one can factor out IT2, s.t the total cubic anomaly is proportional to
2N (|13 + 13 ]) ~ 406 [T (4.150)
b

and hence vanishes, when tadpole cancelation is satisfied. The mixed U(1), - SU (Np)? anomalies are
given by
AP = Tr(Q,T'T?) (4.151)

where Q, is the U(1), generator. Again using the relations (4.147), the mixed U(1),—S U(N,)? anomalies
are proportional to

A o " Ny Ly = lars) (4.152)
b

and hence non zero. However they can get canceled by a four dimensional Green-Schwarz mechanism
(92, 98]l. In the following the anomaly cancellation is illustrated by using the arguments in [20]]. The
terms f27 Cs ATrF and f27 C3 A TrF? in the Chern-Simons action in 3.45|) express how the gauge groups

on the brane volumes couple to the 5-form and 3-form gauge potentials. First a basis for the H3(X°) is

introduced by {[ak] , /Bk]}ke{l 4y where [ay] are dual to [ﬁk] in the sense that [ay] - [/31] = 62. Now let

the stack a wrap a cycle in the internal space from the homology class [ax] and the stack b a cycle [ﬁl].
Then integrating the 5-form Cs on the stack a and the 3-form C3 on the stack b over the internal space
leads to a 2-form B, and scalar 6 in four dimensions

B’;:f Cs, 9,:f Cs. (4.153)
[ax] (8]

Remembering that the Cs5 gauge potential is the magnetic dual of C3 in ten dimensions and they are
related via dCs = *dC3, the four dimensional relation 6; and B’; followsE|

OuBS, = €uypc076) . (4.155)

Let the brane a containing the U(1), wrap the cycle IT? and the brane b, containing the S U(N}) factor wrap
the cycle Hz. Then integrating out the internal space from the Chern-Simons term N, meXm Cs NTrF,

from the brane a and meXm C3 A TrF}? from the brane b the four dimensional couplings of the U(1), to
b
B’; and S U(N,) to 6, is given by

NaSak f BSATIF,, 4 f 01 A TrF,? (4.156)
Rlﬁ RI,3

where sgx = [Hf’l] - [ax] and qlb = [HZ] . [,81] contain the overlap of the brane cycles with the cycle wrapped

by the gauge potentials. The field B'; couples to the U(1), gauge boson and the field &' to two S U(Np)
gauge bosons and due to the relation {#.154) the U(1), can couple to two S U(N;)’s via the exchange

! Integrating the equation dCs = *dC3 over the compact space one receives
6}1 CS = eyvpa'au- f C3 5 (4 154)
[ox] (7]

where Cs fills out the directions v and p in the uncompact space. Inserting the definitions of B! and 6, the relation in four
dimensions 8B} = €,,,,076; follows.
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of the scalar field ¢, generating four dimensional Green-Schwarz terms. The Green-Schwarz terms
interfere destructively with the U(1), - S U (Np)? anomaly terms and therefor the mixed U(1),—S U (Np)?
anomalies are canceled. Similar the mixed gravitational anomalies also VanisPEl However the coupling
of the U(1) gauge boson to the field B'; breaks the U(1) symmetry through a Stiickelberg mechanism,
where #' behaves as an axion with a shift symmetryEl The broken U(1) remains as a discrete symmetry
[99]. The non-anomalous U(1), is a linear combination of the other U(1) and its generator Qy is given by
a linear combination of the other U(1) generators Q by

Or= > cala) (4.157)

aefU(1)}

where the coefficients ¢, are determined by the conditons

ZNa (Sak — Sark)ca =0, Vke({l1,2,3,4}. (4.158)

4.3 Model building on Tg [(Zy X 7y X QR)

0(12)

4.3.1 Towards realistic four dimensional particle physics

| sector | U4 xUQR)xUQ) |
ab + ab’ 3x(4,2,1)
ac + ac’ 3% (Z, 1, 2)
bc+b'c | (pe +Iye)x(1,2,2)

Table 4.4: Pati-Salam from intersecting branes.

The results achieved in 102] are just some examples for the progress in constructing
realistic four dimensional particle physics models with intersecting D-branes on orientifolds. There has

been also some attempts to construct intersecting brane models on non-factorisable orientifolds as in
[TO3HIO3]l. The term "realistic" in the context of string compactifiaction is used for the following six
criteria:

(1) The maximal supersymmetry in the massless four dimensional spectrum should be N' = 1.
Otherwise one receives a non chiral spectrum.

(i) The gauge group of the theory should be either S U(3) X S U(2) x U(1), where the U(1) has the
properties of hypercharge, or a GUT group of the SM, s.t. it is possible to break the gauge group to
the SM.

(iii)) The massless chiral spectrum should contain at least three families of quarks and leptons.

12 For more details see .

13 The four dimensional coupling of B, and the U(1) gauge bosonis given by c¢B, A F in the Lagrangian, with F the U(1)
fieldstrength. Substituting the field B, by its magnetic dual scalar 6 by using the relation @I33)), the corresponding term
in the Lagrangian becomes 2 (cA + d6)?, which indicate massterms for the gauge bosons. The term is symmetric under
A — A + dA, when the scalar 6 admits the simultaneous shift symmetry of § — 6 — cA, s.t. only a subset of the U(1)
symmetry is preserved.
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sector | UQBBxUR) [ 08| O] Q| Q| Q| Field |
arb +ab’ 3%(3,2) rlof-1t]o] o] o
wb + arb’ 3% (1,2) 1 |-1] 010 L
e 3x(3.1) 1[0 [0|1]0]| u
e 3x(3.1) d1lofo|o]| 1] 4
dycy 3x(1,1) 0O |-1]0 /| 110 w
dc 3x(1,1) 0O |-1]0| 01 er
bCl + b’Cl (Ibc + Ibfc) X (2, 1) 0 0 1 1 0 H,
bcy + b'Cz (Ipe + L) X (2, 1) 0 0 -1 0 1 H,

Table 4.5: Pati-Salam to SUB) x SUQ2) x U(1).

(iv) It should be possible to construct Yukawa couplings between chiral fermions and a scalar field, in
order for the quarks and leptons to gain masses via a Higgs mechanism. It is further desired that
the couplings allow mass hierachies.

(v) Vector-like exotics should be absent in the massless spectrum.

(vi) Absence of anomalies and tadpoles.

The first criterion is satisfied, when the extra dimensions are compactfied on an orientifold described as
described in section[d.1.2]and D-branes are placed, which share the same calibration phase. The gauge
group and particle spectrum is controlled by the number of branes on a stack and the intersection numbers
of the branes. There are two types of models, which can be constructed: In the first type the S U(2) factor
comes from a stack of branes with a U(2) symmetry on them and in the second type the S U(2) factor
comes from a stack of branes on top of O-planes with a US p(2) symmetry on them. Both choices are
possible since SU(2) c U(2) and SU(2) ~ US p(2). The amount and wrapping numbers of D6-branes
are restricted by the tadpole cancellation condition. Further, anomaly cancellation leads to the U(1)
charges of the fields. In order to allow Yukawa couplings, the D-brane configuration must obey a certain
geometry: A Yukawa coupling between three fields accrues from worldsheet instantons connecting the
three fields [106]]. This is only possible, when the branes on which the three fields sit, form the boundary
for worldsheet instantons. When three stacks of branes intersect non trivially and no stack is parallel
to the other two stacks, worldsheet instantons can stretch between the D-branes and the fields, sitting
at their intersection points, couple via the instanton and allow Yukawa couplings. Since the instanton
strength is supressed by its area spread out in the internal space, mass hierachies can naturally arise in
intersecting D-brane models and different masses in the low energy mass spectrum can be explained by
the global geometry of the internal space. A simple GUT model containing the correct Yukawas is given
by U(4) x U(2) x U(2) Pati-Salam, for example discussed in [[T07]]. In order to realize Pati-Salam from
intersecting branes, one needs at least three stacks of branes. Let the three stacks be denoted by a, b and
c. All three stacks are placed apart from O-planes, s.t. orientifold images a’, b’, ¢’ need to be included to
the setup. The number N, of D-branes on the stacks a € {a, b, c} are

N,=4, N,=N.=2. (4.159)
Their intersection numbers have to be

Lo+ Ly =3, ILie=-3, Lpe=0, I+l #0. (4.160)
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Then one gets three generations of bifundamentals in S U(4) X S U(2) and a non vanishing amount of
bifundamentals in S U(2)*:

3x(4,2),3x (Z, 2) eSUDXSUQ), Upe+Iy)x(2,2) e SUR)XSU?2). 4.161)

By splittint the stack a into two stacks a = a; + aa, with N;, = 3 and N,, = 1, the group U(4) breaks to

a—a)+ay

U4) —— U@ xU)L (4.162)

and the fields (4, 2) and (Z, 2) decompose into

42— (32012, (42)-3.2e12). (4.163)

By further splitting the stack c into ¢ = ¢ + ¢, with N, = N, = 1, the second U(2) gauge group breaks
to
c—oc1+e)

UQ2) —— U, xU(1)y, (4.164)
and the fields (2,2) and (5, 2) ® (1,2) decompose into

(3, 2) o1,2) — (5, 1) ® (3, 1) e, e, 22)->2DheR1). (4.165)

The total number of chiral fields and its representation under the gauge groups, before and after the
Higgsinﬂ, are listed in table@and where Op and Qj, are the generators of the U(1)’s in U(3)p
and U(2). When the remaining massless U(1)y is generated by the following linear combination

_1 QL+Q11_Q12

(4.166)
U(1)y serves as the SM-like hypercharge and the fields listed in table [d.3] are indeed SM-like chiral
matter. In order not to overshoot the tadpole cancellation condition, the cycles IT2, wrapped by the branes
a € {a, b, c}, need to satisfy

DT NI+ > Nall3] < 4Nos[ITgl. (4.167)

a€fa,b,c} aela’ b’ '}

If more branes are needed to saturate the tadpole cancellation, additional fields on the extra branes
arise. In order not to spoil the SM-like particle content in low energies, the new fields should not form
vector-like exotics and a mechanism, to give them high masses and decouple them from the low energy
spectrum, needs to be implemented. In Pati-Salam models arising from intersecting branes, as in {@.3), it
is possible to construct the trilinear couplings

(QLHu) , (QLHud), (LH,vg) and (QrHgeg) , (4.168)

which gives the quarks and leptons masses, proportional to the coupling strength, when vev’s for H, and
H, are turned on.

14 The seperation of branes from a stack is denoted as Higgsing, since massless states, from strings attached to both stacks,
become massive and the process can be viewed as a Higgs mechanism.
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4.3.2 Supersymmetric toy model on T°__ /(Z, x Z, x QR)

S0(12)

Let six stacks of D6-branes a € {a, b, c, h1, hy, h3} wrap N, times the 3-cycles Hg on the TS60(12)’ with
wrapping numbers given in table f.6] The stacks a and ¢ are oblique to the O-planes, where the

|

’ stack ‘ I = Hf’l:](ng,mfl,) ‘
a (2,0)x (1,1) x (1,-1)
b (0,1) x(2,0) x (0,-1)
c (L1 x(1,-1)x(2,0)
h (2,0) x (0,1) x (0,-1)
h (0,1) x (0,-1) x (2,0)
h3 (0,1)x (2,0) x (0,-1)

- N

Table 4.6: Intersecting D6-branes on Tgoaz)

stacks b, hy, hy and h3 are on top of O-planes. The stacks b and A3 are parallel but separated from
each other. In order for the D-branes to wrap calibrated cycles with the calibration phase ¢ = 0, the
deformation parameters of the torus have to be chosen to be Im(7;) = Im(1;) = Im(r3) = 1 and
Re(t1) = Re(r2) = Re(r3) = 0. The tadpole cancellation condition {#.143) is satisfied and therefore
non-abelian and mixed anomalies are absent from the resulting model. The gauge symmetry arising from
the D-branes is U(3) X S U(2)> x US p(6)?, where the S U(2) factors are generated by the stacks b and ;.
The non-vanishing intersection numbers for the intersecting branes ar

Ly, =2, Iloe=-4, Ip=2, Iahg =-2, (4169)
Iah3 = 2’ ICh] = 2$ ICh3 =-2.

The four dimensional spectrum of chiral matter resulting from string states at the intersection points is
listed in table .7] Two families of lefthanded quark-like fields, four families of righthanded quark-like

| sector | UB)a X SUQ)p X SUQ)p, X US p(6)5, X US p(6), | U(1)a | U(). | Field |

anb 2x(3,2,1,1,1) +1 0 0
anc 4x(3,1,1,1,1) -1 +1 q
bnc 2x(1,2,1,1,1) 0 -1 H
anhy 2x(3.1,1,6.1) -1 0 b1
anhs 2x(3.1,1,1,6) +1 0 ¢
cnhy 2x(1,1,2,1,1) 0 +1 h
¢y 2x(1,1,1,1,6) 0 -1 ¢

Table 4.7: Four dimensional spectrum of chiral matter.

fields and two Higgs-like fields are contained in the toy model. The remaining fields are exotic chiral
matter, because, due to their charge under the US p(6) gage groups, they cannot even remotely be
associated to any SM particle. Both U(1) factors are anomaly free as can be seen from the vanishing of
the total U(1) charges of the chiral fields. However non of the U(1)’s have the properties to be the SM
hypercharge U(1). Even though the above model is just a toy model, several aspects of model building on

5 Remember that the intersection number on the T, ,,, is given by I, = § [Ty, (nlm} — nitm!).
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the Tgouz) [ (Zy x Zy x QR) orientifold can be elucidated. As already pointed out in || it is not possible
to have models with an odd number of families, which is why one has to construct models with at least
four generations and find a mechanism to make the extra families massive in such a way that only three
families remain in the low energy limit. However the tadpole cancellation condition is more restrictive
for the non-factorisable orientifold that for the factorisable orientifold, since the number of O-planes
is reduced to half of the number as possible on factorisable orientifolds, which consequently reduces
the possible number of wrappings for the D-branes. In order not to overshoot the tadpole cancellation
condition the wrapping numbers for the stack carrying the S U(3) color symmetry have to be minimized.
This was tried for the stack a in table@ The electroweak S U(2) factor can be generated from branes
on top of O-planes. That allows to spare half of the amount of branes, which are needed when the S U(2)
factor comes from a U(2) gauge group. However at least one further stack is needed, which intersects
non-trivially with the stacks containing the S U(3) and S U(2) gauge groups. Otherwise massterms cannot
be constructed. If the third stack had a U(2) symmetry on it, by seperating the stack to two stacks and
breaking the U(2) to U(1) x U(1), up- and down-like quarks and two Higgs fields, connecting the left-and
righthanded quarks, could be realized. However tadpole cancellation only allowed for the stack c in table
B.6la U(1) gauge symmetry. The only realistic feature the above model realizes is allowing Yukawa
couplings for the fields O, H and ¢g. Let the Yukawa coupling of the fields {Q;}ie(1,2), {H}jej1,2) and
{qi}kein.... 4y be given by o

Ly = YipQ'H'q", (4.170)

with i, j, k labeling the families of the three fields. The factor Y;j. gives the coupling strength of the
trilinear coupling. The term Ly can be expressed as the product 3® 1 ® 3inthe SU(3) representation
and as 2® 2 ® 1 in the S U(2) representation. The antisymmetric part of both tensor products contain a
singlet, hence Ly is invariant under the S U(3) X S U(2) factor of the model. Since the U(1) charges add
up to zero in Ly and the fields Q, H and g are not charged under the remaining gauge groups, Lyuk iS
indeed a gauge invariant coupling in the model and the fields Q and g acquire mass by giving the fields
H/ vev’s through a Higgs mechanism.

It is difficult to get a spectrum with four families and simultaneously gauge groups, which are big
enough to reproduce the whole SM gauge group with the SM field content from the particular orientifold.
As can already be seen in table[d.7)only the field g has four generations, where for the other fields there
are just two families. However turning on discrete torsion might relieve the constraints on the D-brane
wrapping numbers. In order to fully turn away from the T8 has to investigate, whether discrete

SO(12
torsion does not bring along more structure for model building
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CHAPTER 5

: i 6
Yukawa couplings from D6-branes on TS o012

As discussed in section #.3.T] there is the hope that realistic four dimensional particle physics models
can be realised in orientifold models with intersecting branes on them. It is then necessary that one can
compute Yukawa couplings in for the models. The couplings in orientifolds are inherited by the couplings
in the underlying torus, which is why it is necessary to be able to compute Yukawa couplings on the
torus as an intermediat step. In [I06] Yukawa couplings from intersecting branes on factorisable tori
where already computed. In this chapter the generalization to Yukawa couplings on a non-factorisable is
presented. It is based on the discussion in [I09].

5.1 Yukawa couplings from D6-branes

5.1.1 Yukawa couplings from worldsheet instantons

A worldsheet instanton is a worldsheet with the topology of a disc embedded into the inernal space, s.t. it
is localized at a point in the uncompact space and can be viewed as an instanton in four dimensions. They
are discussed in [52} [76 [TTOHI12]. Since boundaries of worldsheets are attached to D-branes, worldsheet
instantons are stretched between D-branes. Let D be a worldsheet with the topology of a disc and 9D = d
its boundary. Let the 3-cycles IT3 € H3(X%) in the internal space X°, be wrapped by the D6-branes a.
The embedding f of D into X° has to be given by the following properties

fid— fld) e UIL,, D — f(D) e Hy (X0, U,IL}) , (5.1

where H; (Xﬁ, UaHS’Y) is the space of two dimensional surfaces in X°, with their boundaries on UaHg.
Further f(D) has to satisfy the classical equations of motion, which for worldsheets translates to the
condition that the area, streched out by the worldsheet, has to be minimized. Hence f(D) has to be
calibrated by the Kéhler 2-form, s.t. its volume is given by

Vol (f(D)) = f wy, (5.2)
f(D)

which means f(D) wraps holomorphic 2-cycles. Since the worldsheet also couple to the U(1) gauge field
on the branes, it can collect phases, due to Wilson lines 6, on the branes, which is given by

et _ e 59
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where A, is the U(1) gauge field on the brane a. The coupling strength [ of the instanton is exponentially
supressed by the worldsheet area and proportional to the U(1) phases [T113]]

1
I o< exp ——,f wy + 27 ) f Aot - (5.4)
2ne’ J o) o @

Since on a compact space cycles can be wrapped multiple times, f(D) is specified by its wrapping
number 7 around the 2-cycle X? € H, (X 6, UQH?I). A Yukawa coupling describes the interaction of three
chiral fields. As already discussed, in intersecting D-brane setups, chiral fields are located at intersection
points of two D6-branes. Let the three chiral fields, denoted by ¢', ¢/ and ¢*, belong to the following
bifundamental representations

¢i = (Daaab) 9 ¢j = (DCan) b ¢k = (Db’ E(,) 9 (55)
for example in a U(N,) X U(Np) X U(N.) gauge theory. Then they sit at the intersection points

iellNI, jellNIL, kell;nIL, (5.6)

where I3, @ € {a, b, ¢}, are the 3-cycles wrapped by the branes a, which carry the gauge group U(N,).

The Yukawa coupling between the fields ¢, ¢/ and ¢k is denoted by Y; . At the CFT level, tree level
contributions to Y, are described by correlation functions of three Vertex operators Vi, V/iand V¥ on a
worldsheet with the topology of a disc D

Yig = (V' VIVE,. (5.7

The vertex operators Vi, V/, VK create the CFT states, which correspond to the fields ¢, ¢/, ¢* in
spacetime. That means, from the spacetime point of view, tree level constributions to the Yukawa
coupling Y arise from worldsheet instantons, where the embedding f of D into X9 has to satisfy the
conditions:

o f: D f(D) € Hy (X®, UnelapalL2).
o f:d— f(d) € UpetapeTT2,
e (i, )k} € f(d) and

o Jypyw2 = Vol(f(D)).

The sum over all instantons satisfying the above four conditions lead to the tree level contribution of Y;

[106] X
Yiji o Z exp{ e ff(D) wy + 2mi EZ j;(d) A(,}. (5.8)

f(D)€H2(Xﬁvuae(a,b,z:}ng) @ {a’b’c}

5.1.2 Yukawa couplings on the torus

Since the Kihler 2-form on a flat torus is given by the sum w, = % > dzy A dzp, with zj, = xop-1 + ixop,
the condition for f(D) to wrap holomorphic 2-cycles in 72" becomes

% ff > dz A dzy = Vol(f(D)), (5.9

(D) h=1
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which shows that worldsheet instantons on a torus are given by a sum over n two dimensional surfaces,
each spreading out in a complex plane. Further the boundary of the instanton has to be placed on
D6-branes. As explained in section f.1.4] D6-branes in tori span in each complex plane a straight line and
therefor, to connect three different intersection points, the instantons have the shape of triangles in each
complex plane. The edges of the triangle lie on D6-branes and the corners of the triangles are intersection
points of the branes. The strategy to compute Yukawa couplings consists of the following steps:

1. Parametrizing the three D6-branes a, b, ¢ on the covering space R,

2. Calculating the loci of intersection points of the D-branes and finding a labeling i, j, k for the
inequivalent intersection points on the torus.

3. Computing all triangles which connect three intersection points, labeled by the same triplet (i, j, k).

4. Inserting the areas of the triangles into (5.8) and adding Wilson lines if necessary.

5.2 Yukawa couplings on T*>

5.2.1 Computing Yukawa couplings on T*>

Yukawa couplings on factorisable T'¢ have been discussed intensively in . For Yukawa couplings in
factorisable tori, one computes Yukawa couplings on each two dimensional T2 factor and considers the
product of the two dimensional couplings. In the following it will first be revised how Yukawa couplings
on a T2 are computed and some arguments in are repeated, in order to adjust them to the more
general case when the non-factorisable torus is discussed. In the following the two dimensional torus
T? = R?/A? is considered, whose underlying lattice A? is spanned by the basis vectors

& = R(l (5.10)

5 Rer
O) and @ = R( ) ,

Imt

where R’Im(7) € R and 7 € C are the Kihler and complex structure modulus. Let the three branes,
which are denoted by a, b and c, be placed into the torus. Each brane « € {a, b, ¢} wraps a sLag 1-cycle
1! € H,(T?) on the torus. The wrapping numbers of a around the cycle, generated by @, is denoted by
n, and the cycle, generated by @, by m,:

! = (ng,my). (5.11)
In order to calculate the Yukawa couplings, the four steps described in section [5.1.2]are followed :

1. Parametrizing the D-branes in R?: The brane « is parametrized in R? by the set of points {Z,},
which satisfy the equation

ny, + mgRert

> -
Xy =8, +R
@ e ( myImt

),ua + /_im /_ia € sz Mo € R, (512)
with 5
. R( —myImt ) €, Vol(T )’ 1= R(pl + poRet

S = ng +mgRet) |12 palmt )’ P1- P2 €ZL. (5.13)

The vector §, is a displacement vector, where ¢, is the shortest distance of the brane to the origin,
measured in units of Vol(72)/||TT}||. Vol(T?) is the the volume of the torus and ||TT} || is the lenght
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of the cycle I}

Vol(T?) = R’Imt,  ||IIL|| = Rvng? + 2ny ,meRet + |72my2 . (5.14)

The displacement vector parametrizes the displacement of the brane to the origin. The lattice
vectors A, generate the images of a, generated by lattice translations, in R?.

. Intersection points on R?: In [[106] inequivalent intersection points on a 7> were labeled by an

integer i € {0, 1, ..., [Izp| — 1}, where I, = n,my, — npm, is the intersection number of the cycles HL]Z
and H}? on the torus. The notation can be adopted for general tori, but since the aim is to generalize
the concepts to non factorisable tori, one needs to keep track of how the lattice vectors /_l)a depend
on the intersection points. The loci (ab) of intersection points of the brane a with b is found by
solving the equation X, = Xj. The solutions are given by

2 — np + I’I’leeT 2
(ab): R?| , =8+ R( iy I )m, + b, (5.15)
with m n €, Vabh€p
W= —p)——(q—p) —+— - ————— (5.16)
1 Iy 1 Ly Lo IO (I
where

ngnp + Rer(ngmyp + npmy,) + Ilemamb

Uap = (5.17)

Lap
One gets an infinit amount of intersection points in R%, where each intersection point is generated
by the images under lattice translation of a and b. However all intersection points, which differ by
lattice vectors, are identified on the torus and only those, which cannot be identified, are inequivalent
intersection points on the torus. Taking a closer look at (5.16) one finds for g.c.d.(n,, m,) = 1, that
the parameter u; can be expressed by a label i as
€a Vab€p

i .
w=—+—-—""H7—, (€7, (5.18)
AT | v e R
where the intersection points with i € {0, 1, ..., |I5| — 1} form the set of inequivalent intersection
points on T2. The index i is used to label the intersection points on the torus and the inequivalent
intersection points on the torus are determined by

R ny + mpRet\[ i €, Uab€p
ab): T*|  =35,+R — L 5.19
(ab) |“”b ’ ( mplmt )(Iab Lap  ||TL]| - (ITT, G419
with Z
i€ —, (q1—poma—(q2—p2ng=1i mod Iy . (5.20)
LpZ

It will turn out for six dimensional tori, the intersection points can be denoted by labels, which
belong to more general three dimensional lattices. Including the brane ¢ one further gets the
intersection points between a and ¢, given by

(5.21)

my,Imt

(ac) : R?| L= §a+R(na+maReT)( Lz %)-F L.
cNa Ica Ica ”Hg” : ||Ha||
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and intersection points between b and ¢

R ne+mRet\( k & Uch€c 5
(bC) R’bﬂc_sc-'-R( m.Imt )(I—'FI——ﬁ)-F/lC, (522)
c be  dbe  |ITICI - I
with

€ —, ke
IeoZ Iy Z

The labels j and k depend on lattice vectors analogous to (5.20).

j and A, A€ A2, (5.23)

. Closed triangles in R?: When the branes a, b and ¢ form closed triangles, the edges of the
triangles lie on the branes and the corners of the triangle are intersection points. The edges Z,,
7y and Z,. of a triangle A"/, whose corners are labeld by i, j and k, are computed by subtracting
the corresponding intersection points (ab), (bc) and (ca) from each other. That way one gets the
expressions

7 = o+ R(”” N m“ReT)(l + - %) (5.24)
maImT Ica Ica ||Ha” : ”Ha”
R (nb + mbReT) i (pl —q1+(p2— QZ)RGT)
— — +R >
mpImt 1L (p2 — q@2)Imt
R .
7 = 17,,+R(nb+mb er) i, & lvabeb :
mpImt Ip  Iap  |ITT || - |ITT)|
ne. + mRet\ k g1 —ti +(q2 — 12)Ret
R ~ +R ,
mJdmr | I, (g2 — t2)Imt
k
P R(nc + mCReT) (_ N & IUcbfc 1 )
m.Imt I Ipe [ITL ] - [T

_R(na + maReT) J R(fl -p1+(r— Pz)ReT) ’

mJmr | 1., (f2 — po)Imt

with p1,¢2, 91,92, 11,12 € Z and

i - _R(nb+mbReT)(2 _ &]7”2_%’ (5.25)
mplmt Lop  ||TL]| - (1T

G = _R (nc + mcReT) (i _ UpeEe ) i 55
mcImt Ipe ||| - [ITIL))

5 = _R(na+maReT)(i_ Vuc€a ) Py
mgImz g ||TI3]I - ITTG]|

The edges 7, have to be parallel to the brane «, since the corners connected by Z, lie both on that
brane. Hence the scalar product of Z, with the directional vector orthogonal to @ has to vanish

N —mglmt |
Zo (na N m(,Re-r) =0. (5.26)
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This is only the case if the parameters pi, p», ..., 7 satisfy the three Diophantine equations

—i = (p1 —q)mq — (P2 — @2)Ng, (5.27)
—k = (q1 — t1)my, — (g2 — tr)ny,
—j=(t - pyme—(t = p2)ne.

In order to solve (5.27) it is helpful to relabel the intersection points by

ilac . ]ch klbtl
) J— ’ k— )
d, d, dp

(5.28)

where d, = g.c.d.(I,p, 104), dp = g.c.d.(Ipc, 1p) and d. = g.c.d.(I.4, Ip.). After relabeling one can
find infinitly many solutions to (5.27), which are given by

P1—q1 i [ne ng
= — + " Z 5.29
(pZ_‘D) d (mc) Sa (ma) Sa € ( )
- k

o n) = al)eoln) wee

q2 — I dp \my mp

nh=p1\ _ J[m ne

(o2) - 2lae). e

The intersection numbers satisfy the relation

ne Ng ng _
o )2 -

and for g.c.d.(ny, my) = 1 it can be seen, that if for a pair of intersection numbers have d, # 1, then
the other intersection number contains a factor of d,, s.t. d = d, = dp = d. = g.c.d.(Lp, Ipc, Ic4)-
For some cases, the relabeling defined in (5.28) labels two inequivalent intersection points by the
same label. An example is given by the case with the intersection numbers /,, = 4 and I, = 6.
The six labels j € {0, 1, ..., 5} are asigned to the new labels j/ = 2j mod 6

Q

S

0—-0, 1-2, 2—-4 3-50, 452, 5-4, (5.31)

leaving only three ineqivalent labels ;' € {0, 2, 4}, where the "old’ labels i € {1, 3, 5} are lost. The
fact that after relabeling some intersection points have no “new’ labels, leads to the problem that
triangles connected to those intersection points cannot be computed. However it will turn out that
for the case d # 1, for each triangle there are further d congruent triangels, from couplings fields
with different labels i, j, k, and each triangle, whose “new” label vanishes, can be calculated by
a congruente triangle, of a coupling, whose involved fields have “new” labels. Continuing the
computations, one finds the vector &, is parallel to a, since the scalar product with (—m,Imt, n, +
mgRet)T vanishes. Therefore &, can also be expressed by the projection onto the directional vector
of a by
R (na + maRe‘r)
Ug -
5 5 (na + maReT) mgImt
U, =R

myImt

(5.32)
TGl - [T

60



5.2 Yukawa couplings on T

Inserting the results into (5.24) and using the relations (5.30),
Iep

bab + ea = |51 - TG (5.33)
Iablca
and 5 )
I I 1
Ulab ab] 1 ab 1 - (5.34)
1100 V0 | 118 I 18 G 7 AP 23
the edges Z, can be expressed
2 - R(na + maReT) cb( J N i N Ipc€q + Log€p + Lupe, N &)’
maImT dclca dalab Icalablbc ch
5 (nb + mbRe‘r) ( i k Ipc€q + Ieq€p + Lape; Sh )
b = I, + + -— >
mplmt dolyy — dplpe LeadypIpe Ieq
2 - R(nC + mcReT) ab( Jj N k N Inc€y + Log€p + Lpe, N i) ‘
mCImT dclca dblbc Icalablbc Iab
(5.35)
For A¥ to be closed, the edges need to satisfy the Diophantine equation
Za++Z2.=0, (5.36)
which is solved by
k Ihc ] Ica I Iab
=——+—{+1y), =—=+ —(C+ 1), =——+—({+1), 5.37
Sa=-g g (& +1b), sp ot (C+1b), sc " (& + 1) (5.37)

withd =d, = d, = d. and € € Z. |y is a function mapping the labels i, j, k to numbers in Z,;

1 d-1
lo: G,k 0,—y.ce —— 5.38
0: (k) = { p 7 } (5.38)
and is needed to ensure that in (5.29) the lefthand side is indeed integer and thus correspond
to integer lattice shifts. Further the condition that the lefthand side of (5.29) is integer leads to
selection rules for i, j and k, which were postulated in [[106]], and unveils that not all combinations
of labels belong to closed triangles, when d # 1.

4. Computing Yukawa couplings: After inserting into , the edges Z, for designated
labels i, j, k, depend only on the free parameter £. ¢ corresponds to the winding number of the
triangle around the torus and hence denotes the winding number of the instanton. The area Vol(A¥¥)
of the triangles are calculated via

. 1
Vol(ak) = 3 \/ P12 — Za - 2)° (5.39)
and is given by the expression
Vol(Aifk)—lAu InelLdl I B +g+l°+€2 (5.40)
B 2 abTbetea dalab dclca debc d d ’ '
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with A = Vol (Tz) and € = (Ipc€,+1cq6p+1p€) [ 1oalpIpe. Substituting A by —iK, where K = By+iA
is the complexified Kéhler structure modulus, the instanton is allowed to couple to a B-field B.
Wilson lines on the branes can be further turned on, as in [[I06]], s.t. the instanton collects the U(1)
phases e @0  27lat% and e?*r%  when going around the branes. Inserting the instantons into the
sum in (5.8}, the Yukawa couplings on the T2 are given by

J/ijk o« Z e%(6+€/d)2/<62m'(6+f/d)¢ (5.41)
teZ
with
. . X lo(i. 7.k
! + J + +Zc+0(lj),
dalab dclca debc d
¢) = Igp0c + 1cqOp + Ipcby,

(5.42)

1
K = 3 ,llablbclcal-
T

5.2.2 Example: Branes with non coprime intersection numbers in 7

To illustrate the discussion in section[5.2.1] the following toy model will be investigated: Let the three
branes a, b, ¢ wrap cycles, with the following wrapping numbers

(na,mg) = (1,0),  (ng,mq) =(1,2),  (ng,mg) = (1,-4). (5.43)
The intersection numbers for the setup are
Ipb =2, Ipe=-6, I,=4. (5.44)
By relabeling i, j, k under the prescription (5.28)) one gets the “new” labels
i: (0,1)>@©,-), j:(0,1,2,3) —(0,3,2,1), k:(0,1,2,3,4,5)— (0,5,4,3,2,1), (5.45)

and oberves that the “old” label i = 1 has no “new” label. But for d = 2, couplings with the "old" label
i = 1 can be expressed by a coupling, which are congruent to couplings with the "old" label i = 0. But
first one has to determine the selection rules for the labels i, j, k. Demanding the lefthand side of @) to
be integer for the case at hand, for i = 0 the conditions are given by

k
((1))(5—310) e 77 (5.46)
j k
[5)(d+20)-(o)5 < =
(o-f < =

The function ly(i, j, k) can take the values {0, %}. For Iy = 0, k and j have to be even, where for [y = %, k
and j have to be odd. The selection rules are hence

k+j=0 mod?2 (5.47)
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5.2 Yukawa couplings on T

and an explicit choice for the function [y is for example [y = % Then the quantity xp = ﬁ + f + é + Iy
becomes 3k
J
== ——. 5.48
Xn=7,"¢ (5.48)

For the triangles with a corner labeled by the “old” label i = 1, one needs to find a congruent triangle

2,4 51

0,0 3, I, - 1,3
0,0 2,2
0,0

Figure 5.1: Three intersecting branes on a T?: The blue, green and red line indicate the position of the branes a, b
and ¢ on the fundamental domain of the 72, where the blue, brown and red integers, label the intersection points i,
Jj and k. The primed labels, are labels after relabeling and the unprimed labels are the “old” labels.

with a corner denoted by the “old” label i = 0. This can be achieved by taking the triplet of “old” labels
(i, j, k) and shifting them by

. .. 1
(l> Js k) - (l’ Js k) + E(labvlcaalbc) (549)

to receive the intersection points of the congruent triangle. Afterwards one needs to relabel the intersection
points and inserts them into xy. For example, the intersection points with the old labels (0, 3, 1) and
(1, 1,4) each form three corners of two congruent triangles, as can be seen in ﬁgure@ Since (1, 1,4) has
no i label after relabeling, one has to shift the triplet by

(1,1,4) — (1,1,4)+%(2,4,—6) =(0,3,1) (5.50)

and sees that the shift indeed mapped the triplet of labels to labels, corresponding to the congruent
triangle.
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: 6
5.3 Yukawa couplings on Tsoaz)

5.3.1 Labeling inequivalent intersections

In this section the notation used in , for labeling intersection points on a 7%, is extended. Already
in the two dimensional case one could observe the relevance of finding a convenient labeling for the
intersection points in order to compute the Yukawa couplings. In [106] the intersection points of 3-cycles
on a factorisable T° are labeled by a triplet of integers j = (j(, j?, ), where each j* corresponds to
the label of the intersection point on the T2 factor lying in the 4-th plane. Since the three T factors are
independent from each other the label j belongs to the factorisable lattice

je ® e (5.51)
On the non factorisable torus TSO(12)’ it is not possible to subdivide the torus into independent 72 factors,
but since the brane cycles factorise into mutually orthogonal lines, it is possible to adopt the notation of
labeling the intersection points by triplets of integers. However it will be shown that j belongs to a more

general three dimensional lattice

JjeA,. (5.52)

Let a brane a wrap a 3-cycle I3 = (nl, ml) x (n2, m2) x (n}, m?). Taking all images under S O(12) lattice
translations into account the brane position %, on the covering space R° is given by

> 1 1 2 (2 2 2 3 3 3
%o = (ot mplD 2@ 2@ @Y+ 1, (5.53)

with 1 € Aso(12) generating the images under the compactification lattice and uV, u®, u® € R, denoting
the points on each 1-cycles. For now it is implied that @ goes trough the origin and a displacement vector
is not needed. Since the intersection number is a topological quantity, displacements of the brane do not
change the intersection numbers or the labeling of intersection points. The intersection points of two
branes a and b are given by the solutions to the equation X, = X5, which are

T
6 .
R |mb = { (Aabna,Aabm Babn Babm Cabn Cabm ) . with (5.54)
tlm,—tzn, tgm —t4n t5m3—lf,n3
Aab = 11(1) ], By = %’ Cab = ;<3) h,
h
1( ) = = (n'm nbmb) 7= (t1,t2, 13, 14, 15, 1) € ASO(lZ)}

The parameters Ay, By and Cyp, are the same as in @ for the two dimensional case, with the
displacements ¢, and ¢, set to zero. That means, by introducing labels j* for the intersections in the
h-th plane, that they can be defined analogous to the factorisable case by (5.20). The crucial difference
is however that the components #; of the lattice vectors in (5.20) are no longer independent of the
components in the other planes and therefor the labels j are also not independent of labels from other

planes. Thus the triplet j can in general not be factorlsed The intersection number on Tso<12) is half of
the intersection number on the factorisable torus
13
h
=3 [ 14 (5.55)
h=1
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5.3 Yukawa couplings on TSO(12)

Hence the index of the lattice Azh has to be |A2b| = % szl I;’Z)). The following example illustrates how
the lattice for the labels is constructed: Let the wrapping numbers of a and b be given by

Vie(123) Yactas) (1 +mh =0 mod 2, gcd.(nl,ml)=1). (5.56)
Then the inequivalent labels belong to
j€ {(tlm}? - tzn}?, t3m% - t4n,27, t5ml37 - tbng) |7€ Asoa2)} - (5.57)
The projections of j onto the A-th plane are computed via
JM = topomll — tynll € Z, (5.58)
with

i {even for  ty,1 + 12 = even (5.59)

thn— 1m — Iypn .
b b odd for b1 + ty = odd

When the labels j(h) are composed to the triplet j, one has to take into account that 22:1 thu_1 + toy, has
to be even for 'to be an S O(12) root. Then j® can only be odd for an even number of planes, where
it can be even for an odd number of planes. The generators of the S O(6) Lie lattice, @; = (1,-1, 0)7,
@ =(0,1,-DT and @z = (0,1, )T, spann a lattice satisfying the criteria for j and hence j belongs to the
S 0(6) Lie lattice Ago). Since Ig;) are all even the following shifts

j(h) N j(h) + Ic(jl? (5.60)

in ((5.54)) can be absorbed by a lattice vector A, s.t. jand j+ (..., 1 (h) ...) labels equivalent intersection

points on the torus. Therefor the labels for inequivalent intersection on the torus belong to the lattice

_ Asoe)
(h) (5.61)
®h 1 Z
The index of the lattice is computed by the quotient
A %z
SO(63 ‘ S 7 (5.62)
®h 1 I( ﬂZ Ensow

with E, the volume of the fundamental cell of A. The volumes for a fundamental cell of a lattice is
determined by the determinant of the dreibein of the lattices. Hence

1 -1 O
Epgoey =det0 1 -1 =2, (5.63)
0 1 1
(1)
Iab 0 0 3

_ (2) _ | | (h)
E®’3’ Il(l/;)Z =det| O Iub 0 = Iab s
0 0 1) k=l
a
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_Asoe)
(h)
Qe )7

Various cases for Azb are discussed and it is concluded that the index of I',;, is always in accordance

with (533).

=5 L1713 et Loy ™ is indeed the expected intersection number on 78

and the index SO(12)*

In appendix

. - 6
5.3.2 Computing Yukawa couplings on Tso(lz)

In the above section the intersection points on TSO(12) where investigated and a labeling for them where
introduced. The next step is to compute the triangles formed by three intersecting branes. Let the branes
be parametrized as in (.72)), but this time the branes do not need to intersect the origin necessarily The
displacement of the brane « from the origin is captured in the displacement vector §, similar to (5.13)) in

the the two dimensional case, s.t. the cycle IT2 is shifted by
M, = IT; + 8, (5.64)

in ( , where the displacement vector fot the six dimensional case is given by

T

(1) 1 2 2 3 3
> 1 € 1 € 2 €& 2 €& 3 & 3 &
§o = (—ma 1y, ,—m, , 1y, ,—m, , 1y, , (5.65)
TR TG ITIZ12 I3 TP 17

with ||Hh I = (ny)* + (mgy)?* the length of the cycle in the A-th plane. Since the worldsheet instantons are
given by a sum of three triangles, each located on a different plane, one has to investigate the projections
of the branes on each plane, because they form the triangles. The projections of the intersection points on
the A-th plane are corners for the triangles in those planes and are given by

() h m;myg + nhnh el
i €
(h)()[ +_a_(b b)b+

b h h h
a I( ) 1(1) ((n'b)2 + (mb)Z) I;b)

h el
(—mh) € +(P2h 1)
2+ miy? \ pw )’
. n hoph o phoh ch
=)L 2 (mtm + nen) i 566
ac .
ma\1e L (0l + ml?) 1)
(Fler (3]
)y + 2\ aon )
h,h\ _h
. ( )[k(h)+g_g_ (m mll+ nl nb)e )
be h
C I(h) Il()}é) ((nc)2 + (mh)Z) 1(/1)

()2
nt ) (Y2 + (mh)y?2 by )’
with i, j, k labels for the inequivalent intersection points of the branes a, b, c, as explained in section
| and p(h) the projection of the intersection point p,;, =: R | onto the A-th plane. In the following
trlangles which are located in the A-th plane and whose corners are labeld by i, j, k, are denoted by

A% The edges z(h), z(h) and z(h) of A% are obtained by subtracting the intersection points with the
Ay 88 25 3 (h) y g p
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corresponding labels. The edges for the triangles are then expressed by

() 1(h) hoh o phoh) ch
Z(h) _ lj,h (HZ)[J ICb i _ (mamc +nanc) €a ]
a T Va h h) ;(h h h
M\ dP1 1 ()2 + (ml)?) I
(h) y(h)
_(n/é) i1 N ((12h—1 —ch—l) ’ (5.67)
m, dgh)lb(l’;) q2n — P2h
A\ (g eh (mZmZ +”Z”Z) €
Z(h) _ 172 + l;; ac Sa
b= h) h h
AN (A

h) y()
_ n k(l)lba + [P = D2h-1
m)! dP Y pah—tn )’

(h) (h) h h,.h h,h\ _h
g (n%’)[ki & (mcmb+ncnb)ec]
c c AIVoro h h
m\dPnY Y (2 + ml)?) 1Y
i(h) 7 ()
_ (”Z) S, (tzh—1 - 6]2h—1)
ml dm bh=qu )’

with the two dimensional vectors

" (nZ) eh (miml +nln)e (_mz) e
Y = T = N
’ ) LI (2 + o) 1)\ 7 ] (00)? + (o
- Y
h (ni? 6 _ (mpme +nim)e ) (—m !
Uy = 0l ~ W ——L—
me 1B (a2 + ) 1) 7\ ] )+ )2
i e
) 2 + ()2
” (nZ) e (mlmb + nlinl)el (-mg) e
U = - h _ = i
) ma) L (ot + ml2) 18) T\ ] e+ me?
) 2 + ()2

(5.68)

where the components iV, j® and kK’ where already relabeled by the prescription li The edges zg')
have to be parallel to brane « in the /-th plane, yielding the following three Diophantine equations for
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each plane
i1
- dh
a
(h) y(h)
Kb
d;
(h) 7(h)
ch

J
dy

n(qan — pan) — mqan-1 — pan-1)

B

, (5.69)

h h
n(tan — pan) — my(tan-1 — P2n-1)

h h
ne(pan — top) — m(pan-1 — tan-1) = —

’

which are equivalent to (5.27) in the two dimensional case in section[5.2.1} The solutions are given by
(5.29) for each plane. But in contrast to the factorisable case it is not enough to impose

'(ﬂ) h h
1 n n q -1 = p —

a

d® \m¢ a 921 = P2h
k) (h h b1 — ~
= (Ma) e s M) = (P TP e 2 ez, (5.70)
d,(,) my m, 2h = D2h
(h) (h h
! .
_]_h(nl;l)+s£h)(ncl1)=(p2hl 2 1) e 72, Wez,
d? \my my Pan =t

but the information, that the pairs (p2n—1, p2n), (@2n—-1,q2n) and (top—1, trp) are components of S O(12)
lattice vectors, needs to be implemented. That leads to the following additional conditions

3 i(h) (1h h
(g +m
Z (—sgh)(nz +ml) + %) =0 mod 2,
d
h=1 a
3
KDl + mh
> [—s(b’”(ng +ml) + % =0 mod 2, (5.71)
h=1 db
3 ) (ph o
JP(nl + mj})
Z [—sg’)(nicZ +m) + #] =0 mod 2.
d
h=1 4
Applying the relations (IS.3OI), (IS.33I) and (15.34|) and inserting the results into zE,h), zg” and Zih) one gets
h (h (h (h)
A= (n‘;)l(’ﬂ i . j® 4+ g 4 Sa_
a i) “he | () 4G h) 1(h h |’
R V) 10
h () () *)
P = (”I;,) ] A e i (5.72)
m (h) y(h) (h) y(h) (DN e )
b do 1, dy 1, lea
h (h (h (h)
Z(h) = (nclil) I(h) ]( i + J( : + g.(h) + SL
¢ b | k) (h h) 1(h h |’
mlt) b | gy " Gy 1
o 10 e ) g y
with &/ = - E“;h)l(hf’;:;) ©%  For AE;S to close
ab “bc “ca
P+ P =0, vhe(1,2,3), (5.73)
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6
S0(12)

has to be satisfied. Inserting the expressions from 1|5.72

into 1} the parameters s

allowed to depend on a single independent parameter £ given by

kM

(h)
sy = ——
(h)
db
«(h
w_ 1",
b dg‘h)
w _ i

) (phy 4 40
I (f( Y+ )
am ’

14 (€7 + 1Y)
dm ’

) (pthy 4 1)
19 (e + 17)
4™ ’

h h
2),SE,>

(h

and s, ) are

(5.74)

where lg’) is a function of i”, j(h) and k™ as explained in li and makes sure that sflh), sg’) and

sgh) lead to integer lattice shifts in 1' Composing the parameters £ from each plane to a triplet
L= (W, 6@ £3), ¢ can be expressed as an element from a three dimensional lattice. For the factorisable

torus, € is given by [[106]]

tez?.

(5.75)

For the present case however, inserting (5.74)) into (5.70) and (5.71)) leads to selection rules for ¢, s.t. £
belongs in general to a generic three dimensional lattice A3, possibly with a label dependend off-set

0= (5<1>,£<2>,5<3>) €A;.

The lattice A3 is determined by the selection rules

i (nh) Lk (ng
Y h A h
a0 \t) ™ g\

&M ( "Z) . i ( !
- W+ =
dlgh) ml) " g\
j» (n’,j) s i (nlc’
el B Il
a® \my) " 40 \m
and
3 i kB
2| N N
|0 d
3 .
Z(_ﬂ a4 I o
(' a b
h=1 db c
3 . .
Z _J(h) N j» N
g T
/’l:l c a

") ( p(h (h)
I (f( )+
1@ (6™ + 13

(
Ia

) (pth) 4 1D
19 (€™ + 1) nl
ma

PO h) €z,

S

h
b

WW”W(
————|.%
n,

2
A ) €7,
) ( p(hy . 10
Ia; (f( )+ lO ) n}cl c ZQ
d® h ’

m

0

70 )Néh)] =0 mod 2,

o) i)
y) Nb J—O mod 2,
h) (€(h) + l(h))
b 0 (] _
7 N, ]—0 mod 2,

(5.76)

S.77)

(5.78)

where Néh) is defined as N((,h) =: n!" + m!. The surface of the instanton, connecting the intersection points
i, j, k and wrapping number £ around the torus, is denoted by A;x(£). The area of A;;x(£) in each plane is
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then computed by inserting (5.72)) into (5.40) and therefore the whole area spread out by the instanton is
given by the sum

3 .
. 1 i O kM Q)
ARy = N D [ ) + e | (5.79)
2 ; Elh) Igl;) d(h) I(h) dzh) 11(7? d®

By turning on the deformation parameter R, and 7 in each plane, as explained in example (ii) in section
| the T So(12) ets deformed. By complexifying the Kihler structure modulus as

K;, = R Im(t),) = By, + iRy Im(7y), (5.80)

in the h-th plane, the worldsheet instanton is allowed to couple to a B-field, with the components B, in
the A-th plane. Using the result for the two dimensional case in section[5.2.1] it can be deduce that the
volume of each triangle A( ) is scaled by —iK}j,. The Yukawa coupling for fields, sitting at the intersection
points i, j,k, is given, according to (5.8), by the sum of all instantons connecting the corresponding
intersection points

Aijk(0)
Yijk = hqu E exp (— vl B (5.81)
LeN3
with
= i(h) i(h) 0] (h)
o ny oy y, | J iy, L

Aije(0) = == Y KW M M + e | . (5.82)

! 2 ; ab “be a1 dg’) 19 4" a®

The factor hq, contains the quantum contribution to the Yukawa couplings.

5.3.3 Example

Here an illustrative example on the 7' 50(12) with three branes a, b, ¢, whose wrapping numbers are listed
in table[5.1] is discussed. Investigating the wrapping numbers, one observes that only the brane a satisfies

| [h=1[h=2]h=3
@lomh) [ (1,-3) [ (LD | (LD)
@m?) || (1,0) | 2,0) | (1,-2)
mhmh) || 23) | @6) | (1-])

i 3 2 3
a}lz)

" 9 2 2
1”1) 3 12

d(h) 3 2

Table 5.1: Example

the condition ( ui which is why g.c.d. (nb, mb) =2and g.c.d. (n mg) = 2. First one has to compute the
labels for the intersection points. Following (5.54), the intersection points p,;, of a and b are

=3t -1t 3—ty  ts—1tg _t5—1Ig
pabz{( 0270052 2 )|teAso(12)} (5.83)
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and their labels are given by
i=(=3t1 —tr, 13 — 4,14 — t6) . (5.84)

For ¢; being components of § O(12) lattice vectors, the labels i belongs to the S O(6) root lattice. Inserting
the labels into (5.83) and shifting them by

i—i+(0,2,0), i—>i+@3,1,0), i—>i+(0,1,3) (5.85)
lead to equivalent intersection poiints on the torus. Hence the inequivalent labels belong the lattice

A
c SO(6)
Fab

0 3 0
I’l,‘EZ,é)lz 2,322 1 ,332 1 } (587)
0 0 3

The lattice for the labels i correspond to case 7 in appendix [B] with the first and second plane permuted.
Relabeling the intersection points according to (5.28), the mapping of the “old” labels to the “new” labels
is given by

, (5.86)

with

3
Loy = {ana

i=1

(D, i1y - 3iD,i®,-2i%) mod Ty . (5.88)

In tabel [5.2) the "old" and "new" labels are listed together with the coordinates of the corresponding
intersections of a and b. When inequivalent labels get mapped to equivalent labels by relabeling, the

’ old label i ‘ new label i ‘ coordinates ‘

(0,0,0) (0,0,00 [(0,0,0,0,0,0)
(1,0,1) - (-1.0,0,0,1,-2)
(2,0,0) - (—- 0,0, 0 0, 0)
(0,0,2) 0,02) | (0,0,0,0,%,-%)
(2,0,2) - (- §,o 0,0,%,-%)
(1,1,0) - (-1,0,1,0,0, 0)
2,1,1) 0,0,1) | (0, 0 1 0,4,-2)
(2,1,1) - (-3,0,1,0, 1, —%)
(1,1,2) - (- ;,0 )

Table 5.2: Intersection points a and b

corresponding intersection point is not assigned by a "new" label. For example the intersection point
with the "old" label i = (1,0, 1) gets mapped to i = (3,0, —2). Shifting the "new" label by the lattice
vector (-3, 0, 3) € I',p,0ne receives (0,0, 1). But the intersection point with the "old" label (2,1, 1) gets
also mapped to the "new" label i = (0,0, 1). Therefor intersection points with the "old" label (1,0, 1)
lose their label after relabeling. Similar, intersection points initially labeled by (2, 0, 0), (2,0, 2), (1, 1, 0),
(2,1,1) and (1, 1, 2) also lose their labels after relabeling and only three new labels remain (see table @)
Next the "old" and "new" labels for the intersections between b and ¢ and intersections between a and ¢
are computed. The intersection points p,. between a and ¢ are given by

31, -20, 31 -2t 63 —4ty 6ty — 4ty 15+l 15+
pacz{( 2 2 6 G b bt 6)|t€A50(12)} (5.89)
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and are labeled by

j =3t —2t,6t3 — 4t4,—1t5s — 1g) . (5.90)

For '€ Aso12) the labels j belong to the lattice Z ® 2Z ® Z. Shifts in j which map points in (5.89) to
points differing by S O(12) lattice vectors are given by

s.t. the space of labels for inequivalent intersection points p,,,. is
ZR2ZLOL
i il 5.92
' 72702z (592)

The lattice for j corresponds to case 6 in appendix [B]and the prescription for relabeling of j is given by

G, 72, 1) - (=j1,-6j?, - i) mod 9Z®2Z®2Z. (5.93)
On the torus the intersection points p,. of b and ¢ are given by the set
_ t th 2ta 2y N
Phe = {(25,35,45,65,23 + tg, =215 — tﬁ) | 7€ Asoan). (5.94)
with the corresponding labels
k = (tp, 214,215 + tg) (5.95)

take values on the lattice Z ® 2Z ® Z. Intersection points p,,. are mapped to equivalent intersection points
on the torus by

k—k+(0,0,1), k—>k+(0,12,0), k—k+(3,6,0). (5.96)
Hence the set of inequivalent labels belong to the quotient lattice
ZQR2LRZ
ke ——, (5.97)
rbc
with
3 0 0 3
Fbcz{Znié}niGZ,é’lz 0l.& =|12],2 = 6}, (5.98)
i=1 1 0 0

which corresponds to case 8 in appendix [B] The set of inequvialent labels before and after relabeling
as well as the coordinates of the intersection points p,, and py, are listed in the tables [5.3] and [5.4}
All the information needed to compute Yukawa couplings arising for the setup in table[5.1]is contained
in the tables 5.2} [5.3]and[5.4} As an illustrative example, the Yukawa couplings of the field sitting at
the intersection point i = (0, 0,0) is computed. Applying and (5.71)), the selection rules for the
couplingstake the form

72

35D Jied R 350
@ @ @ > o
ng) ; zsb_@ 2 4Sc6j(—2)1( : € Aso(12) (5.99)
3
| e | e
s ) =25 k@) (=D 42/
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’ old label j ‘ new label j’ ‘ coordinates ‘

(0,0,0) (0,0,0) (0,0,0,0,0,0)
(1,0,0) (8,0,0) (3,-%.0,0,0,0)
(2,0,0) (7,0,0) (3,-%,0,0,0,0)
(3,0,0) (6,0,0) (3,-1,0,0,0,0)
(4,0,0) (5,0,0) (3.-%.0,0,0,0)
(5,0,0) (4,0,0) (3,-32,0,0,0,0)
(6,0,0) (3,0,0) (3,-2,0,0,0,0)
(7,0,0) (2,0,0) (3,-1,0,0,0,0)
(8,0,0) (1,0,0) (8,-£,0,0,0,0)
(0,0,1) (0,0,1) (0,0,0,0,%, 1)

(1,0,1) (8,0,1) (3,-%,0,0,5, 1)
(2,0,1) (7,0,1) (3,-%,0,0,%,3)
(3,0,1) (6,0,1) (3,-1,0,0,3,3)
(4,0,1) (5,0,1) (3,-%,0,0,%,3)
(5,0,1) 4,0,1) (3,-3,0,0,1, 1)
(6,0,1) (3,0,1) (3,-2,0,0,1,%)
(7,0,1) (2,0,1) (3,-%,0,0,%,5)
(8,0,1) (1,0,1) (3,-%.0,0,3,5)

Table 5.3: Intersection points ¢ and a

and for the triangles to close, the parameters s, have to be the following functions of instanton winding
numbers ¢:
(1) L (2 _ k2 2 (3) NN 6))
Sg :TH . osq =560, ) =k 4+ 0,
i
M _J a0
s, = 3 36,
{0 = 0,

s = %2’ — (@, §V = [ 4203, (5.100)

s =@, D =309,

Inserting (5.100) into (5.99) yields conditions on k and j as well as on €. For the vectors in (5.99) to be
vectors with integer components, one receives from the selection rules the following conditions

J16)
W = -5+ 1V, with Mez,
i )
?Zp'l'T, with pEZ, (5101)
e
A - with ez,
=19 with P eZ.
Further imposing (5.99) to be S O(12) lattice vectors yield the condition
V4@ 4p+=0 mod?2. (5.102)
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’ old label k ‘ new label &’/ ‘ coordinates ‘

(0,0,0) (0,0,0) (0, 0 0,0,0,0)

(1,0,0) (-1,0,0)0 | (- § -1,0,0,0,0)
(2,0,0) (-2,0,0) | (-3%,-2,0,0,0,0)
(0,2,0) (0,2,0) (0,0,2,-1,0,0)
(1,2,0) -12,0) | (-3,-1, %,—1,0,0)
(2,2,0) (22,00 | (- g‘ -2, -1,0,0)
(0,4,0) (0,4,0) (0,0,-%, 2 0,0)
(1,4,0) (-1,4,0) g,—l, 2,-2,0,0)
(2,4,0) (-2,4,0) -3,-2,-3,-2,0,0)
(0,6,0) (0,6,0) (0,0,-2,-3,0,0)
(1,6,0) (-1,6,0) | (-3,-1,-2,-3,0,0)
(2,6,0) (-2,6,0) | (-3,-2,-2,-3,0,0)
(0,8,0) (0,8,0) (0,0,-%,-4,0,0)
(1,8,0) (-1,8,0) (—%,—1,—%,—4,0,0)
(2,6,0) (-2,6,0) | (- ‘3‘,—2, —4,0,0)
(0,10,0) (0,10,0) | (0,0, - 5 0,0)
(1,10,0) (-1,10,0) | (-3, —1,—? -5,0,0)
(2,10,0) (-2,10,0) —g‘,—z,—?o -5,0,0)

Table 5.4: Intersection points b and ¢

The selection rules in (5.102) obliges the winding numbers of the instanton to belong to the lattice
Asow ®Z = span ((1,1,0)", (1,-1,0)", (0,0, 1)) , (5.103)

with an offset depending on j® + p. For example, the fields sitting at the intersection points with the
“new” labels i = (0,0,0), j = (8,0,0) and k = (—1, 0, 0) have a non trivial Yukawa coupling, since j(l) and
kD indeed satisfy the second condition in (5.101) with p = 3. The Yukawa coupling for them is given by

2
—h Y. exp (—1 [9A(1) (8+31M)" + 124217 4 6A(3)l(3)2]) (5.104)
16(1,0,0)+A50(4)®Z @

The boundaries of the worldsheet instanton, which are attached to the branes, are parametrized by the
vectors

—§ +1D 2% =31 1 + 21D
a C
| _ 31 ?2) _ -l @l _ —21
2q 1(3) Zp 213 Ze —3/®
3 —4]3) 313

The leading contribution to the Yukawa coupling has either the winding number / = (1,0,0) or [ = (0, 1, 0)
depending on the value for the moduli A’V and A®.

Not all intersection points between a and b have “new” labels. To compute Yukawa couplings of fields
sitting at those intersection points, one proceeds as in the two dimensional case in section[5.2.2} Let the
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N
SOANNNNNN — l )
NN
NNy
NARRAN
AN
NN

7777,
/7.

8

&
000

Figure 5.2: Worldsheet Instanton from intersecting branes: The three square bases, depict the three planes and
the blue, green and red lines indicate the position of the branes a, b and c in the planes. The area spread out
by the leading order worldsheet instanton, coupling to the intersection points with the "new" labesl i = (0, 0, 0),
Jj=(=1,0,0) and k£ — (8, 0, 0) is highlighted by the color pink.

b

“old” labels, of the coupling considered, be denoted by iy, j; and k;, where for example i; has no “new’
label. The label i is shifted by a fraction of an equivalence shift and mapped to another label i, which is
not removed by relabeling, by

0~ -
i =i — E/lab’ with 6€{l,...,d—1}, Awp€eTlw. (5.106)

The integer d is the greatest common divisor of the three intersection numbers. Next the other two
“old* labels j; and k, belonging to the coupling, are shifted by the same fraction of the corresponding
equivlanece shifts

b 5+ - B,

Ji = J2=]1— Z/lca, ky = ko = ki — E/lbc‘y Aca € Teas Ape € Dpe - (5.107)
The shifts in (3.106) and (5.107) have to be chosen, s.t. the labels i», j, and k; exist and the instanton
connecting the corresponding intersection points is congruent to the instanton connecting the points
labeled by i1, j; and k;. On the other hand, if the “new* labels of i», j, and k> do not satisfy the selection
rules, the corresponding Yukawa coupling is zero. That way for example the coupling with the ~old*
labels i; = (2,0,0), j; = (4,0,0), k; = (2,6,0) can be computed, even though relabeling leads to the loss
of i1’s label. To compute the coupling, the labels are shifted by

1 1 1
=i 5(6,0,0), J= - 5(9,0,0), k— k- 5(3, 18,0), (5.108)

s.t. one receives the shifted labels i, = (0,0,0), j» = (1,0,0) and k> = (1,0, 0). As one can see in figure
|’:15[, the leading order instanton connecting the labels i1, j; and k; is indeed congruent to the instanton
connecting i, jo» and k». Relabeling i», j» and k, shows that the corresponding Yukawa coupling is given

by 109).
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NN
NN

[N
206 200

Figure 5.3: Worldsheet instanton coupling to intersection points with no label: The area spread out by worldsheet
instanton coupling to the intersection points, labeled by the "old" labels i = (2,0,0), j = (4,0,0) and k = (2,6, 0),
is highlighted by the color yellow. However after relabeling the intersection points are labeled by j = (5,0, 0) and
k = (=2,6,0), but i has no new label. Comparing the area with the worldsheet instanton from figure @ both
instantons clearly spread out areas with the same volume.
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CHAPTER 6

Yukawa couplings from D9-branes on the dual
6
S0(12)

In this chapter the T-dual of intersecting D6-branes on Tgom)’ with three T-dualized directions, is
considered and the Yukawa couplings from a T-dual setup to the one in chapter [5.3]is computed. Besides
of serving as a consistency check, the computations lead to the quantum contribution of the Yukawa

couplings on the TSO(IZ)‘ The discussion is based on the work || and extends the results of ||

6 6
6.1 From Tso<12) to the dual Tso(m

6.1.1 Buscher rules

In this section T-duality on more general spaces than discussed in section[3.2.3]is introduced and therefore
the results of || are revised in order to approach a T-dual torus of T560(12)' Consider a manifold with
metric g,,, and a background field By,,.. For open strings on the manifold, the action (3.39) describes the

coupling of the open strings to the spacetime. Let the action be invariant under
X* — X" +2nR (6.1)

for one spatial direction 4 = . Invariance under (6.1) implies circle compactification of the direction 6
on a S! with radius R. The remaining directions are left uncompact. Decomposing in components
of uncompact directions i € {u}\{6} and circle compactified direction 6, the open string action can be
expressed as

1 . , .
S = - deO' [ (gggé)“%ﬁé’ + 2g9,-c')(,0('3ﬁXJ + g,-,-aaX’(?ﬁXJ) T]aﬂ (62)
dra’ Js '

+(2Big0a X050 + B;j0aX 9pX") | - f do¥ (400X + Agdod) .
0x

Let the isometry in (6.1) be generated by the infenitesimal translations § — 6 + €. The symmetry
can be implemented into the action (6.2) by making it in a covariant. Therefor a covariant derivative
040 — Dy0 = 0,0 + V, needs to be introduced, where V, transforms as V, — V, — d,€. By gauge fixing
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6 = 0, one recives

y 1 2 j j j
S = —47(“/ fzd o [ (gggvaVﬁ + 2gg,-Vao'?ﬁXJ + g,-jaaX’éﬁXJ) naﬁ (63)

+ (2BigaaXiVﬁ + BijaaXiaBXj) Edﬂ + 296‘%8& V'g]
. 1 .
—f dO’O (A,'(?UOXI + AgVo + —OVO) s
95 2na’

where the information 9,0 = V,, is kept in by introducing a Lagrange multiplier #. The equations of
motion for @ lead to the constraint 9, Vﬁe"ﬁ = 0 and inserting the the solutions into returns to .
The Lagrange mulitplier 6 corresponds to the T-dual direction of 6. By integrating out the field V,, in
one receives the T-dual action Sto . The equations of motion for V,, are

(gggVﬁ + ggiaﬂxj) T]aﬂ + BgiaﬁX'iEa‘B = —(9/;960’5 . (64)

with the additional constraint

Ag + 6=0 (6.5)

2na’
coming from the boundary term. Inserting the equations of motion back into (6.3) leads to
~ 1
S

- _ 2 > 00,0 G000 1. i '\ %8
= j; &0 [ (0000050 + 256i0aB0pX” + Gij0uX'9pX') (6.6)

+(2Bi90a X050 + B;j0. X' 9pX") €| - f do® A;0,0 X,
(D))

with

Joo = geo s Goi = geo 'Beis  Boi = geo  goi s (6.7)

Gij = gij — geo” (geigej - BeiBej) , Bij=Bi—ge " (geiBej - Beigej) .

The relations (6.7) for the metric and B-field components between the dual theories are called the Buscher
rules. Notice that in (6.6) the gauge field A lost its component in the T-dualized direction and in order
to perserve the gauge symmetry of the B-field, open string have no longer N boundary conditions in
that direction. This consequently means that a Dp-brane containing the gauge field A on its volume
and extending in the direction 6 becomes, by T-dualizing 6, a D(p — 1)-brane, localised at a point in the
direction 6. On the other hand, since T-dualizing twice the same direction is a trivival transformation,
T-dualizing a transverse direction of a Dp-brane, needs to lead in the dual picture to a D(p + 1)-brane,
which fills out the T-dualized direction. In section [3.2.3] T-duality for circle compactification was
introduces. T-duality exchanges N with D boundary conditions and vice versa while inverting the radius.
In general the flipping of open string boundary holds in T-duality holds due to (6.5). For the case where
the direction u = 9 of the ten dimensional Minkowski space R is compactified on a S ! with radius R,
the corresponding metric is given by g, = diag(-1, 1, ...,2nR). Applying the Buscher rule ggo = gggl one
receives the metric g, = diag(-1,,1, ..., 27‘[%), with @’ = (271)‘2, which leads in the dual theory to an S 1
with radius %. Hence the Buscher rules are indeed a more general formulation for what was encountered

in section3.2.3

78



6 6
6.1 From TSO(]Z) to the dual TSO(]Z)

== 6 -
6.1.2 T-dualizing Tsouz) with D6-branes

6
Dual of Tsoaz)

In section deformations of Ts60(12)’ where described by turning on the deformation parameters 7,
and Rj,. The deformations where chosen, in such a way that the hermitian metric remained diagonal and
line element is given by

3
s = 3" Ry = 7lduwy (6.8)
h=1
with the complex coordinates
T1Y2 2 T2Y4 4 1 + 73
wi= g - 2 B B Y - (6.9)
1—T1 1—‘1’2 1—‘1'2 1—T3 1—‘1’3

Now a B-field is included, which contains non vanishing components for each complex plane individually,
s.t. it is given byEl

. 3
B=+ DR - 1P Byduwy, A i (6.10)
2 h=1

The Kihler 2-from, deduced from (4.10) and expressed in the lattice basis is given by

3 3

Wy = Z Ry = P dwy A dwy, = Z Ry — 74 Tm(t;) Re(dwy) A Tm(dwy,) 6.11)
h=1 h=1

s.t. the complexified Kéhler from becomes

3
Wy = Z {Rh2|1 — 42 By + iR - Th|21m(‘1'h)} Re(dwy,) A Im(dwy,). 6.12)
h=1

A T-duality transformation in each plane individually is performed, by T-dualizing the 1-cycles, which
are generated by
y1—>y1+1, y3—>y3+1, and y5—>y5+1. (613)

That way each T-duality transformation does not affect the other planes. The line element obtained by
applying the Buscher rules is

2 (dwyl?
d2s = § . (6.14)
h=1 Rh2|1 - Th|2

and the B-field becomes

i Re(7)) — |‘I'1|2 dw; A dw; i 1 —Re(%) dwy A dw;

2 [1-5P Im@EF) 2 [1-HP In@E)
i1- Re(7"'3) dw3 A dw3
2 [1-%2  Im(#)

(6.15)

—dyz A dys — dys A dys ,

! Expressing the B-field in orthonormal coordinates (xi, .., x), it takes the simple form B = 33_, Bydxy,_; A dxy.
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50(12)
for the dual torus Ts60(12)’ where the complex coordinates are defined by
wy =y +Tiy2, wr2=y3+T2Wa—y2), w3=ys+732ys—ys), (6.16)
with the complex structure moduli 7, defined by
%, = By, + iRy’ Im(1y,) . (6.17)
Comparing the moduli of TS60(12) with Tgouzy one observes, that the components of the hermitian metric

have been inverted and the complex structure moduli has been exchanged by the complexified Kéhler
moduli. In the following of this chapter let the six dimensional torus 7' be described by the line element

3
d2s = ZAh2|dwh|2, (6.18)
h=1

with the complex coordinates defined by

wy =y +Kyyz, wr=ys+Ko(ys —y2), w3z =ys+K32ys—yas). (6.19)

Choosing the deformation parameters by Ai = R, 2|l = 74|72 and K, = By, + iR,*Im(},) one receives the

6 .
dual torus of TSO(12) in (6.14).

; 56
Magnetic flux on Tsoaz)

In this section the T-duality transformations along the directions, given in (6.13)), and its effect on the
open string sector are investigated. A D6-brane wrapping a sLag cycle IT° on Tgo( 1) with the wrapping
numbers

I = (n',m")y x (n*, m*) x (0, m*), (6.20)

is included. The cycle is parametrized in the covering space R® by the equations

mh

Xon =~ Xon-1 5 he({l,2,3} (6.21)

and by performing a change of basis into the lattice basis, one gets

! m2 "2 m3 W3 —md

Y6 » (6.22)

where we defined N7 = n” + m". The parametrizations describe N boundary conditions for open strings,
because the lines describe the loci in R® on which open strirngs can propagat freely. As described in
section[6.I.T]N and D boundary conditions are exchanged and the T-dualized directions yi, y3 and ys,
correspond in the dual picture to gauge field components. The gauge field corresponding to the boundary

conditions in (6.22) is according to (6.5) given by

1

Ap=-2 n—)yz, Az = -2n

m3ys + (> — m*)ys
7TN(1

NG

2 2
m-ys + n-y4

NO , As=-2m

, (6.23)
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6.1 From TSO(]Z) to the dual TSO(]Z)

where o/ = (27)72 was set. A 1-form gauge field with the components given in (6.23)) can be deduced
from a 2-form field strength given by

i n! in m?
= dwy A D)+ e duwy A A 6.24
Im(a) NO T Iy N@ T2 02 (29
; 3

T dws A dips + 21dys A dys + 27dys A dye -

+
Im(73) N®

Together with the B-field, the gauge invariant fieldstrength defined in (3.40) can be computed:

i (Re(@) -m> nl _
dw; A d 6.25
Rl T e O ©2
in (1-Re(fy) m? _
dwy A d
Im(?z)( 1—5np  N@)2he
im (1—Re(t3) m’ _
+ dws; A dws .
Im(?g)( 1—zp N )3

The terms proportional to dysz A dy4 and dys A dye in F and B drop out in ¥, which means that a
simulataneous gauge transformation on B and F can be performed, which brings the field strength tensor
into the holomorphic form

F _ n' dw Adw N m? dw, A dw, . m® dws A dws
im NO Im#) N® Im(F)  NO Im(%)

(6.26)

The absence of (2, 0)- and (0, 2)-forms in F confirms that the D9-brane, dual to the D6-brane, wrapping
the cycle (6.20)), preserves superymmetry and wraps calibrated cycles on the torus [116]]. The sLag
condition w2|H3 = 0 for D6-brane cycles is translated to the condition that F>0 = F©02 = ( for
DO9-brane fluxes. The gauge symmetry living on the D9-branes is a U(Npg) symmetry, with Npg denoting
the wrapping number of the D9-brane around the torus. It is consitent to asume that Npg is equal to
the intersections of the corresponding D6-brane in the dual theory with the T-dualized cycle. Let the
D6-brane wrap the cycle IT? Npg times, which means the gauge symmetry on the D6-brane volume is
U(Nps). Then, incorporating the multiplicity from IT? wrapping the cycle (1, —1) x (1,—1) x (1, —I)El
the wrapping number Npg is related to the wrapping number Npg by

NDONDNG)

2 Npg =: NNpg , (6.27)

Npg =

which implies that the gauge symmetry on thr D9-brane is U(NNpg). At first sight this seems like a
different gauge symmetry arises on the dual theory, but Wilson lines break the gauge symmetry to

U(Npg) — U(Npe) , (6.28)

as will be explained in the following.

? Remember that the intersection number I, of two cycles IT} = [Tj_, (nl, m!) and TI; = prod;_ (n}, m}) on TSy, is given by

1173
Ly =3 Hh=1(n2mﬁ - nzmﬁ)
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. 6
6.2 Magnetic fluxes on the dual T50(12)

6.2.1 Symmetry breaking via magnetic fluxes

In this section it is explained how magnetic fluxes break the gauge symmetry on the D9-branes. Here
the notation in appendix A of [[T15] is partly followed. Let a U(P) gauge theory be described by the
Lagrangian

1 .

L= —@TI' {FUFI']'} , (629)
where Fj; is the corresponding field strength tensor and the trace is taken over the gauge indices. A basis
for matrices in the adjoint representation is given by the set of P matrices U, = 6,40,; and eq, = 64i0p,
where U, form a basis for the diagonal elements and e,, = 0,;0p;, form a basis for the off diagonal
elements. A field A in the adjoint representation of U(P) can then be expanded by

A =BU, + We,,. (6.30)

Magnetic fluxes considered here, arise from giving the B components a vev’s, s.t. the corresponding
fieldstrength is constant. The vev breaks the initial gauge group U(P) to a subgroup of U(P), which is
generated by elements, commuting with the flux. Let the wrapping number of the [ [, NoNps D9-branes
on the torus be P = Y c(ap.c..) NaNDs,- A vev is turned on, which is given by

(Ao) = diag(mg, mg, ..., Mg, Mp, ..oy Mp , Mgy ooy Me 5.0 . (6.31)
—— e N

NyNpg,, times NyNps,, times NcNpe,. times

Identifying the generators of U(P), which commute with (Ag), one finds that the gauge symmetry is

broken to |
vu(P) 2 ] UaNos,). (6.32)
[0

In the following discussions, the wrapping number Npg is set to Npg = 1, that means, only U(1)’s
symmetries on the T-dual side are considered. As described in section [6.1.2] D6-branes with angles lead
to the constant fluxes of the form

3

F =" Fuyp,dw, A diy, (6.33)
h=1
with
1
I\r,l(an 1y,
in ‘ nl
wiw = Im(f'l) Wbl)]lNh . and (634)
mh
v LN,
a _ in mg
Foo = (@) WﬂNk , he{2,3}.
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The corresponding adjoint field is

AW) = diag(Ag, ..., Ag, Ap, ..., Ap, ...), (6.35)
——— N ———
N, times Nj times
with
1 2 3
a = il n—aIm(wl dwl) + &Im(wgdwz) + &Im(w:‘ﬁdwfﬁ) . (636)
Im(zp) D Im(7) N @ Im(%;) NO

Since A has the same diagonal form as in (6.31)), it breaks the U(P) symmetry analogous to (6.32). The
unbroken gauge group in the presence of the flux (6.33) is [], U(N,) € U(P).

6.2.2 Wilson loops and quantization condition

Next the effect of the compactification lattice on the gauge theory is investigated. D9-branes are placed
into 7° wrapping the torus P times. Thus the T° contains a U(P) gauge symmetry arising from the gauge
symmetry on the spacetimefilling branes. By turning on magnetic fluxes, given in (6.33)), the gauge
symmetry on the branes is broken to [], U(N,) as explained in the above section. In the following the
isomorphismEl

SU@m)x U(1)

is used to decompose U (N, ) elements into S U(V,) elements and a U(1) factor. Let ¢, be a field living
on the torus and transforming in the fundamental representation of U(Ny)

$o: TO — CNe (6.38)

Under translations along the torus, ¢, transforms in the gauge representation as

’

$o“(x) = ¢o“(x") = exp (iq f Ao(X) - HNQ] (Wadab $a” (%), (6.39)

where W, € SU(N,) and a,b € {1, ..., N,} are gauge indiceﬂ Since the transformations w; — w; + 1
generate isometries on 7°, six independent Wilson loops naturally arise on the T°. ¢ transforms under
the isometries as:

Gl i+ 1,.) = W CVmd )@ (g L), (6.40)

3Let M € SU(n) and e € U(1). Then K = e¥M € U(n). But M = e'» M € SU(n), for % € Z, because det(eifM) =

et det(M). Then also e/“ "] = K. Since (e'+)", the factors e can be seen as Z, elements and hence U(1) x S U(n)
—_———

=1
contains a Z, factor. Quotienting the Z, factor out lead to the isomorphism
4 In the language of gauge bundles, (6.39) describes the transformation in the fibre, when moved along the base space.
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with
V@) = nnfl Im(w) @) = nnfy Im(K wy) B 7rm§ Im(K,w) ’ 6.41)
N Im(Ky) NV Im(K) NP Im(K>)
o) o 7mZ Im(wy) o) aAmZIm(Kow,)  m) Im(K3ws)
X3@) = —F——, Xy (@) = — -~
N Im(K>) NY Im(Ky)  ND Im(K3)
X2(i@) = my Im(ws) XE(@) = 2mmg Tm(K3ws)

N In(K3) ND Im(K3)

The S U(N,) factors w; are yet undetermined, but the Dirac quantization condition provide constraints on
them[[T15]]. Let y be a closed loop wrapping a trivial 1-cycle on a non trivial 2-cycle of the torus, s.t. the
2-cycle is seperated into two surfaces and vy is the boundary of both surfaces. The quantization condition
demands that the gauge transformations of ¢, after its moved along v, is trivial [TI7]]. Non trivial 2-cycles
on the torus are generated by two lattice vectors: Let Hl.zj € H,(T®) be the 2-cycle generated by the two

generators of the underlying lattice @; and @;. Then a closed contractible loop on Hl.zj is generated by the
following translation

N
—@;

'H?i +a; —-a;
v (yi,yj) e (yi,+lyj) —j> (yi + l,yj + 1) e (yiayj + 1) —]) (yi,yj). (642)

Moving the field ¢ along 7, leads to a gauge transformation, which has to be trivial according to the
quantization condition. That means the parameters for the Wilson lines need to satisfy

L -1 -1
CW)(,'_,' (CL);I) (CL)?/) w?w?gﬁ(u_}) = ¢(u_))) R (643)
with
1 2 2
n m m
Xip = _2ﬂNz) C X: = 2”1\/(;) . X3 =2y ©44)
a a a
3 3
o _ m _ my,

a

and all other )(j.*j =0.

Solving the quantization condition

The solutions to (6.43)) lead to expressions for w;’s in the Wilson lines. It turns out that the solutions to
the following two dimensional problem is helpful: Let w;, wy € SU(N), with N € Z and

(@) (W) wawy = 2N 1y, (6.45)

with
M=k modN, MeZ. (6.46)

Solutions to w; and w, are given by [[113]

w=0", w,=P (6.47)
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with
1 1
e27ri/N 1
Q= . , P= |- (6.48)

e271'1'(N—1)/N 1

Reminding that N, = % ]—[f’l:1 Néh), 1) can be rewritten into a similar form as in (6.45)

-1 -1 L
()" (o) fr = 0y, 649
with
ny 2) A/3) mg (M A/3)
kip = ?aNa N;” mod Ny, k3= —T“Na N;” mod N,, (6.50)

mg (D) A7(3) my, OIN)
ks = = No'No~ mod No,  kss =——"Ng Ny~ mod No,

kss = moNSPN?  mod N, .

The values for k;; have to be integer. That means if Nc(,h) = 0 mod 2 is not satisfied for all planes

h € {1,2,3}, one needs to double Ném in one plane. This is exactly the condition for 3-cycles to
be closed on the Ts60(12)’ which should not be a surprise, because the magnetic flux was derived from
D-branes wrapping closed 3-cycles on the TSO(]Z). The two dimensional solutions can be used to
construct S U(N,) factors solving (6.43): Let the w’s for the Wilson loops be given by

1
w =0 ®lyo®lw, w=PHePyelwe, (6.51)
2
w3 = Ilell) ® QZ‘; ® ﬂfo) , W4 = ]le,” ®P2® P(_gl) s

3
ws = ILNE,') ® ]lN((YZ) (29 Qg‘; , Wg= ILN((,I) ® ILN{(IZ) ® P(23) s

where the subscript (4) of the matrices P and Q denote that they are Nc(,h) X N((,h) dimensional. The
solutions in (6.51) solve the conditions in (6.49), but the matrices w; are 2N, X 2N, dimensional, hence
to big. A similar problem was already encountered, when the intersection points of two 3-cycles on the

TS60(12) where counted. There the number of projections of the intersection points onto the A-th plane

is given by I;Z) and the product szl Ig;)) leads to two times the intersection number on Tgoaz)' It was
necessary to place the labels for the intersection points on a general three dimensional lattices. Applying
the concept to the solutions in (6.51)), the “tensoring* of the matrices has to be defined in a more general

way: The components of w;’s given by
1

—_ ' _ -1

(w1);j = Qi(l)j(l)5,-<2>j<2>5,-<3)j<3> s (w2)ij = P,-u)j(l)Pi<z>j<z)5i<3>j<3> , (6.52)
— m, _ -1

(w3)ij - 6i<1>j(1)Qi(z)j(2)55(3)j(3> 5 (w4),'j = 6i(l)j(l)Pi(2)j(2)Pl‘(3)]’(3) .
_ m, _ 2

(w3)ij = 60 jm ;0 j@ Qi(3)j<3> » (we)ij = 61'(”4/'(”5"(2)/(2)Pi<3>j(3) )

are labeled by two triplets i = iV, i@, i) and j = (U, j@, /)T, which belong to a general three

dimensional lattice A>. As already observed for the 3-cycles on TSO(]Z)’ the wrapping numbers Nc(yh) can
be
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(i) even for all planes, with g.c.d.(nﬁ, mg) =1,

(ii) even for all planes, with g.c.d.(n",m") = 2 for one exactly one & and in the other two planes
g.cdnt,mh) =1,

(iii) odd in exactly one plane and g.c.d.(nf,, mg) = 2 in exactly one plane, in which N((,h) is even. In the
other planes g.c.d.(nﬁ‘,mg) =1 and

(iv) even for exactly one plane, where g.c.d.(nfi‘ ,ml) = 2 in that plane. In the other two planes N((lh) is

odd and g.c.d.(n?, m") = 1.

It will turn out to be consistent to choose AZ as the following: For the Ngl)’s given in (i) and (ii), AZ is
given by

A
A = =, (6.53)
®h:1 Noz Z
where for cases (iii) and (iv) it will have the more general form
A
A= 2O (6.54)
[y

where the lattice I', depends on the wrapping numbers: Without loss of generality N((lz) =1 mod 2 and
g.c.d.(n},m}) = 2 for case (i) and N’ = 0 mod 2 and g.c.d.(n}, m.) = 2 for case (iv) is set. Then I,
is spanned by the basis vectors

Ny o) ! N o ! 3\

(2 N ,0) : (7, -N; ,0] . (0.0, N5) (6.55)
for case (iii) and

N r N ) r ) T

(?‘, N, 0] : (T -Ng, 0] . (0 N2 N (6.56)

for case (iv). For other cases of (iii) and (iv) the basis vectors has to be adjusted accordingly.

The Wilson lines break each U(N,) gauge group to a U(1) (or U(N,Npg) to U(Npg) for Npe # 1). To
see that, one needs to observe how a gauge field transforms under the action of the Wilson lines: Let
A € adj(U(N,)) be a gauge field of U(N,). Translations along a lattice vectors @;, transforms A in the
gauge representation as

A - wiA(w)™!, (6.57)

but due to the compactification A has to be identified with w;A(w;)~!, which projects N, — 1 degrees of
freedom out of A, leaving only one degree of freedom left.

6.2.3 Boundary conditions for bifundamentals

In this section it is investigated how to deduce the boundary conditions from Wilson lines for bifunda-
mental fields. Let ¢ € (O,,0p) be a field on the torus, transforming in the bifundamental representation
of U(N,) X U(Np):

¢: TO — CNxNo (6.58)

In the gauge representation ¢ is a N, X N} matrix and its components are denote by ¢y, x,, where k, and
ky, are triplets of integers belonging to A> and Ai as defined in (6.53) and (6.54). Shifting ¢ on the torus
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along the lattice vectors @;, the components of ¢ transform due to the Wilson lines as the following:

| al

ORI
m‘(l)im(;q) 2m(ka Nﬁ)_kh N(i)]

¢ku,kb(y1 + 1, ) = e e ImEpDg ¢

a

ko, Y15 1) 5 (6.59)
in{ 1) Sk T )
¢>ka,kb(...,y2 +1,...) = e ‘@ ™K ab ImA2 ¢k;,k;(...,y2,...),
2 2
Iy —Zm'(ki” Ve "1’23)
¢kuskb(“"y3 +1, ) = e abImKye Ny Ny

. I~(2) Im(Kpwy) 3 Im(K3w3)
T\ lab Tm(ky) ab Tm(K3)

Pheyoky (s Y35 -2) 5

¢ka,kb(-“’ Yaq + 1, ) = )¢k[,’,k;7’(---a Y4, ) ,

3 3
L my (3 "M
l.ﬂ'iG) Im(w3) 2ni kh YE)

(kg) 3) )

Gy Ccsys +1,..) = e @ Imke Na b Pl sy oo Y55 -0
1~(3) Im(f3 w3)

b KD g (.., Y6) »

2in
€

¢ka,kb(“" Yo + 1)

where 1% = [ NPN® Kk, = ko + (1, 1,007, k! = ko + (0, 1,=1)T and K’ = ky + (0,0,2)”. One can

> a
observe that the Wilson lines shift the indices &, and k; by S O(6) root vectors and since there are in total
N, inequivalent indices for k, and N, inequivalent indices for kj, the assumption
ko€ A2, kpeA;, (6.60)

with A2 and Ai defined in (6.53)) and (6.54) is consistent.

In bifundamentals of U(N,) X U(Ny), with g.c.d.(N,, Ny) = 1 on a factorisbale T% where
discussed and the components of the bifundamentals where labeled by an single index /. In the following
it is shown that bifundamentals on non factorisable 7° can be labeled in a similar way by two labels,
which are denoted by / and ¢ and belonging to general three dimensional lattices.

Labeling bifundamental states with non coprime (N,, N;) on a T>

Before investigating bifundamentals on a T°, they are examined on a 72. A bifundamental field
¢ € (O,,0p) on a T? has in the gauge representation N, X Nj, components ¢y, 1, , where the indices &, and
kp are given by

ke €{0,1,..,N, -1}, and k,€{0,1,...,N,—1}. (6.61)

In , each component was labeled by one index [/, where
1e€{0,1,..,N;N, — 1}, with k=[] mod N,, «c¢€/{a,b}, (6.62)
s.t. @k, k, ~ ¢11. This works as long as g.c.d.(N,, Np) = 1. Let g.c.d.(N,, Np) = d. Then the equation
kyo+ sN, =k, +tN, =1, with s,t€Z, (6.63)
can only be solved when k, — k, =0 mod d. For
ko —kp =06 modd, (6.64)
with 6 € {1, ...,d — 1}, however (6.63) can be modified by

kqo+ SN, =k, +06+tNy, =1, (6.65)
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which is solvable for any given pair of indices (k,, k») and they can be assigned to two indices (6, [) by

k,=1 modN,, ky+6=1 modN,, for k,—ky=0 modd, (6.66)
with NN
le{O,l,..., ad b} , 0€{0,1,...,d-1}. (6.67)
Wilson lines on the 72 lead, similar to (6.59), to the boundary conditions for bifundamentals given by
.7 Im(w) i M_"hkb
busw e 1) = BRI (6.68)

Im(Tw)

™™ Bpy1 g41(w)

Gr1-s(w + 1)

where w = y; + Ty, with 7 the complex structure modulus for T2. Since I is a multiple of d EI, the
following translation leads to a trivial phase for ¢:

P51 Y2+ NalNo/d) = ¢ variy | 5, 2ty (Y1, 2) - (6.69)

Notice that the boundary conditions in (6.68)) relates only components with the same value for 6. That
motivates to view ¢y x,’s with different §’s as independent and decompose ¢ into d "irreducible subsets"
#° C ¢, where each subset contains the set of states @k, ky» With the same 6. Each ¢° therefore contains
% components and for d = 1, one returns to ¢° = ¢. The boundary condition for y; — y; + 1 in (6.68)
can then be expressed in terms of / and § by
il ) il T 1472

bu-sw) = B ) ) (6.70)
Unlike the case where N,, N, are coprime, the boundary conditions involve an additional phase depending
on d.

- = 6
Labeling bifundamental states on a the Tso (12)

Now the above discussion is generalized in order to label all components of ¢ given in (6.58)), which are
related by the boundary conditions in (6.59). The gauge indices k, and k;, of ¢ belong to the lattices

Aso(6) i e Asos)
a

k, € s ,
“ T, T

with A, Ay € ASO(6) . (6.71)

Let I'; and I';, be spanned by three generators a; and b; repsectively:
A =span(aj,az,a3) , B =span(by,by,b3), (6.72)

and let I', and I';, be sublattices of I'y, s.t. all other lattices which contain I';, and I';, are sublattices of I',.
Then the following equation is only solvable for k, — k; € I’y

ko+As=k,+Br=1, steZ’, (6.73)

with
A =(ay, ar, a3), B=(by, by, b3), (6.74)

5 Rewriting 1, = n,N, — n,Np, 1,5, one can see that [,b is always a multiple of g.c.d.(N,, N;) = d.
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6.2 Magnetic fluxes on the dual TSO(]Z)

where A and B are 3 X 3 matrices, with the columns given by the components of the corresponding basis
vectors. Similar to the non coprime case in two dimensions, by introducing another label

A
5e =20 (6.75)
Ly
where k, — k, = 6 mod Iy, the equation (6.73) can be modified by
ko+As=k,+6+Bt=1, s,t€Z’, (6.76)

s.t. it can be solved for any pair (k4 k), similar to (6.63) in the two dimensional case. The label / in
(6.76) has to belong to the S O(6) lattice, because kg, kp,, As, Bt are S O(6) vectors for any s, € Z3. For

ZESf%, (6.77)
any pair (kg, kp), with k, — k, = 6 mod Iy, obeys the relation
ko=1 modIl,, ky+6=I1 modI},. (6.78)
The number of states #(k, kp) of ¢ satisfies the relatiOIﬂ
k) = [F320|Bs00) | Bsow) | B0 | (6.79)

hence there is indeed a one to one relation between the pairs (I, 0) and (kp, k). The boundary conditions

in (6.39) reveal, that, analogous to the two dimensional case, only states with the same ¢ are related by

SO(6)

lattice shifts of the ¢ and therefor ¢ can be decomposed into independent (or irreducible) subsets

#° C ¢, with each ¢° containing |1"Src\)i?)‘ components. Each component in an irreducible subset ¢° is

labeled by a different [. Using the labels § and /, the boundary conditions, generated by z; — z; + 1,
7o — 22 + 1l and z3 — z3 + 1, can be expressed as

5D
7 Imy) Zm(i“)l“u b(l) )

lﬂ'
Sri-s +1,...,) = e @mkoe bri-sW1,...) (6.80)
(2)
i m) 2ﬂl(i( )1(2)+n”(()2) ]
GLi-sConyz +1,..,) = e @mRie Gr1-5(.s Y3, ..) 5
53
73)13). b
g 2o{ 120 %
Gri-sC..ys+1,..,) = e Ve 11-5(..s Y5, ...)

6 See appendixfor a proof.
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Chapter 6 Yukawa couplings from D9-branes on the dual TSO(]Z)

6.3 Wavefunctions for chiral matter on the 7°

6.3.1 Massless chiral fermions

Let a U(N, + N, + N..) gauge symmetry on the 7° be broken by the magnetic flux F = 22:1 Fy,m, dwpdwy,
with

N 1w,
. a
174 n!
F,= 2o 1y 6.81)
wiwy Im(Kl) Nl(;) b 1 5
I’lC ]]_
T LN
N((v) c
2
m
N(g) ]]'Na
. a >
178 m
Fum = & 1y,
wrwz Im(KQ) N;) b i )
mc :[L
2) LN,
N((;) ¢
my
. NO Na .
178 m;
Fymy = 5 1w,
(3) b
T Im(Ks) -
3) LN,
N e

to a U(N,) x U(Np) X U(N,) symmetry. The Lagrangian for the gauge theory is given in (6.29). The
corresponding Lagrangian containing the superpartners ¥ to the bosonic fields A is given by [[115]]

i _ .
L= 70 {(¥riow} (6.82)
with I the six Gamma matrices forming the six dimensional Clifford algebra and D; the covariant
derivative. The fields ¥ are fermions on the torus and since they are the superpartners to A, they

transforms in the adjoint representation adj(U (N, + Np + N.)). In six dimensions a Dirac spinor contains
eight spin states, which are denoted by

wg : T6 — C(Na"'Nh"'Nc)z s (683)

where ¥ is a state of ¥ in the eight dimensional Dirac spinor respresentation of SO(6), and € =
(e(l) , €9, 6(3)), with € = +1 /2, denote the eigenvalues under the three Cartan generators of S O(6). The
equations of motion from (6.82)) for massless spinors ¥ leads to the Dirac equation

3
i > (T Dy, =T Dg, ) ¥R = 0. (6.84)
h=1

From the Dirac equation (6.84), three differential equations for each of the eight spin states ¥ can be
deduced:
Dppe() =0, for e® =+

! > 6.85
Diy() =0, for € =-— (6.85)

Vhell,2,3) {
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6.3 Wavefunctions for chiral matter on the T°

where the covariant derivative acts on the fermionic fields as
Dire = e + [Am, e (6.86)

with the components for Az, deduced from the flux (6.81)) and are given by

W ]lNa
Twq n!
Ay = ——— -1 ,
o 2Im(K1) Ny
nl
N LN
2
LN,
Twy m?
A = - —=1 ,
w2 2Im(K2) N}(’Z) Np
mg
N ILNL-
3
Ar,n(g) ]lNa
w3 m
9A7 = - _b]]'
w3 2Im(K3) N,(f) Np .
n,
N L
By expressing iz in the gauge representation as
A B C
Yy=|D E F (6.87)
G H 1

with A, B, ..., I being N, X Ny- , Ny X Np- ..., No X N-dimensional block matrices. Inserting (6.87) into
(6-86), we recive
MmA=0, OE=0, dI=0, for "=+, (6.88)
A =0, OE=0, 0l=0, for e?=—,

s.t. the components of A, B and C are holomorphic or antiholomprphic in the variables w;. They
correspond to the gaugeginos of U(N,), U(N}) and U(N,) respectively. The off-diagonal blocks have to

satsify

F(h) 7(h)
o + "ap wp|B=0, |6,- ﬂ—“bwh D=0, (6.89)
2Im(K),) 2Im(K),)
_ ™ _ ™
O + — G=0, |d-—%"—uw,|C=0,
T A " 2m(kn) "
7(h) 7(h)
5h+ﬂ[¢wh F=0, E/I—Lwh H=0,
2Im(K),) 2Im(K),)
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50(12)
for € = + and
0 ﬂi‘(l};) wp|B=0 0 —ﬂi‘(l? D=0 6.90
— — , + = . .
" o m(K,) " o m(K,) 6.90)
7(h) 7(h)
nl nl
on — = wp|G =0, o+ ——wp|C =0,
" mcky) " o Im(k,) "
0 ﬂigg) wp|F =0 0 ﬂi’(’ﬁ) H=0
— = S + - — ,
" o m(K,) " o m(K,)
for €™ = —. The following Ansatz for B can be made:
I
[ iy 2nlm(wp) h
e Im(Kp) ) for 6( ) — +,
B« 0 (6.91)
ei%whlm(wh) . for e = _ ,
but B diverges for
: _ ) — _ o (h)
Im(u%}llgl&mB =00, for € =-sign (Iab) . (6.92)
That means the block B in ¢z can only be non vanishing for
5 . . 2 . SN
€= (szgn (I((IZ)) , sign (Ifzb)) , sign (Ifzb))) . (6.93)
Similar the following ansatz for D can be made
A1
otk whIm(w) . for €M =4,
D « o (6.94)
e—i%iﬁlm(wh) . for el — _ ,
with D only non vanishing for
T
€= (—sign (127)) , —Sign (IL%)) , —Sign (16(37))) . (6.95)
Without loss of generality it will be focused from now on, on the case where
>0, Vhe{1,2,3}, (6.96)
and the non vanishing B and D are contained in ¢, ., and ¥___ respectively. They are given by
3. M
B = exp [in hZ:; Imz;(h) thm(wh)) f’“b(wl, wy, w3), (6.97)
3 i
D = exp [—iﬂ hZ:; Imz;(h)whlm(wh)] (@), . w3),

where &/« and £’ are N, x Nj, and N, X N, matrices respectively. Taking a closer look at the fields B and
D, one can see that they are related by complex conjugation to each other and by defining the chirality
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6.3 Wavefunctions for chiral matter on the T°

of 2 by the sign of €'€?€®, B and D have opposite chiralities. They can be interpret as the field B as
a bifundamental field (04, 0p) of U(N,) X U(Np) and D being its conjugate (O,, Op). The intersection
numbers satisfy the relation

W+ + 10 =0, Vhe(1,2,3) (6.98)

and without loss of generality it will be focused from now on, on the case

D 1B =), 1P <0, Vhe(1,2,3). (6.99)

C

Having fixed the signs for the intersection numbers the remaining equations in (6.89) and (6.90) can be
solved analogous to B and D and one receives expressions for the other blocks in ¢z. Defining

3 fM
Yl (wy, wo, w3) = exp [iﬂ'; Imz;;h)whlm(wh)] EP (wy, wo, w3) (6.100)
the fields C, F, G and H are given by
G=C" =y, wyw3), H=F"=y"wy,wy,ws), (6.101)

with G and H (C and F) being chiral (antichiral) fermions in the bifundamental representation of
U(N¢) x U(N,) and U(N,) x U(Ny) respectively. For the choice, made in (6.99), only the two spin states

{A o ] Ao ()
Vo= 0 E 0|, and gy =|(yl)' gt (yl) ] (6.102)
o E @) e )

have non vanishing off diagonal blocks. For a different choice of signs in (6.99), the off diagonal blocks
of two other spin states ¢z, would have non vanishing entries, where € depends on the signs of the
intersection numbers similar to (6.93).

6.3.2 Light chiral scalars

Here a closer look a the bosonic fields in (6.29) is taken in order to determine the wavefunctions for chiral
scalars. As already mentioned, the states commuting with the vev, belong to the adjoint representation of
the unbroken gauge group. The remaining degrees of freedom, remain as bifundamental scalars, which
correspond to the superpartners of the chiral fermions /e, ey« and their conjugates. To be more
precise, when decomposing the (N, + Np + N.)? states of an adjoint field adj € U(N, + Np + N,) into
N4 X Ny, Ny X N, etc. blocks similar to (6.87)

A B C
o =D E F|. (6.103)

G H I

the gauge field A; of the unbroken gauge group takes in that representation the form

Af
A; = AP , (6.104)
AC
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where AY has N, X N, components for each a € {a,b,c}. A; indeed commutes with the flux given in
(6-8T). The action of A; on @; is given by the commutator

|[a2,A]  A¢B-BAY  AIC - CAS
|4 ;] =|AlD - D¢ [ALE|  APF-FA|. (6.105)
ASG - GAY  ASH - HAY  |AS,1

From (6.103)), one can deduce that A, E and [ transform in the adjoint of U(N,), U(N;) and U(N,)
respectively. But one can further see that the fields B, F' and G transform in the bifundamental represent-
ation of U(N,) X U(Np), U(Np) X U(N;) and U(N,) X U(N,) respectively, where C, D and H transform
in the conjugate representations. That means in order to find wavefunctions for the bifundamentals in @,
eigenfunctions of the Laplace operator D? = Z D,~2 have to be found, with D; the covariant derivative.
The square of the Dirac operator is related to the Labplace operator as

1, . . 1. .
(iD)* = E{F’,FJ}DiDj+EF’F][Di,Dj] (6.106)
N—— N—_——
29 =Fj

1.
= D2 + —FIF]FI']‘.
2
The Clifford algebra, in the basis chosen for (6.81)), is given by

4 _
o Tt} = — g, (6.107)
Ap

with A, defined in (6.18)). Inserting the flux components from (6.81)) into (6.106), one receives

3
Fw Wy,
(i)’ = D> +2 )y (6.108)

Since the eigenfunctions for the Dirac operator where already found by ilDys. = 0, the eigenfunctions for
the Laplace operator are also known, where their eigenvalues are given by

2ni(h)

3
ylos | 6.109
; A 2Im(Kh) ( )

s.t. ! are not only solutions to bifundamental fermionic fields, but serves as wavefunctions for
bifundamental scalar fields with a mass given by

3 Zﬂi(h)
Z A 2Im(Kh)

h=1

(6.110)

The mass in for the scalars can be related to the masses of the light NS open strings at intersection
points of D6-branes [[61]]. Since the components of F,,z;, where derived by the boundary conditions
(6.21), the right term in (6.T08) is related to the angles in the complex planes of intersecting D6-branes of
the T-dual theory. In order for the two branes to share the same supersymmetry charges on their volume
they need to be calibrated by the same calibration phase and due to the condition (#.134) one would
expect the right term in (6.108)) to vanish for supersymmetric theories [T19]]. Hence the scalar with
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6.3 Wavefunctions for chiral matter on the T°

vanishing mass for (6.110) corresponds in the intersecting branes picture to the massless NS open string
state at intersection points. Analogous to the factorisable torus, the two polarization states of the massless

field @; are given by [[115]]
Oy =yiyry O_=y___ (6.111)

with ¢4, and y___ defined in (6.102).

6.3.3 Massless chiral fields and Wilson lines

Up to now turning on magnetic flux of the form (6.8T)) in (6.29) and (6.82)), led to chiral matter from
gauge fields of the unbroken gauge group. The wave functions for the massless (or light) bifundmantals
are

3 )
Wl (wy, wy, w3) = exp (i” Z I Iu% ZhIm(wh)] E (wy, wy, w3), (6.112)
£ Im(Kp)

with &l e CNe*Ms | and the complex conjugate of y/». In section the discussed showed how
bifundamentals transform under Wilson lines, which occur from the compactification lattice. For
the wavefunction in (6.112)) to be consistent with the compactification, it has to satisfy the boundary
conditions (6.59). Applying (6.59) to !« boundary conditions for £/« can be deduced and are given by:

, ol ).,
a
& s i+ Lwyws) = e g (), (6.113)
oA fD Dy
g + Koy —tywy) = e QoK Q) el (i) (6.114)
2m'(i(fj @4 sz) ]
1, a 1,
GiLs Wi wr + 1w = e NE (@), (6.115)
) i
£ (i wy + Kyyws —13) = ¢ U Gtk T5CuK)) el (i) (6.116)
. 1)
a 3
& swrw,w3+1) = e N g (@), (6.117)
I —4ril® (w3 +K3) £,
& 5w, wy, w3 +2K3) = e e WtRgm (@), (6.118)

with / = (1,-1,0)7, I” = (0,1,-1)T and I'”” = (0,0, 2)”. The following ansatz solves (6.113)), (6.115)
and (61T7)

3
61171_5(13) = Z exp (Zﬂ'i Z (n(h) + f((l?l(h) + (P(h)) wh]pﬁ o, (6.119)
iez3 h=1
with -
X % , forh=1
oM =3 (6.120)

_W’ for h e {2.3)

and pj(1) a factor independent of the variables w. To determine p;([), the remaining boundary conditions

(6.1T14), (6-116) and (6.118)) are imposed on (6.119). After inserting & from (6.119) into the boundary
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conditions, comparing the coefficients with equal 77, one finds the following conditions for pj;

(2)
pal+(1,-1,007) 62”1{["“)+1*”(l“)+1)+ bb ]Kn [n<2>+ﬂ2)(l<2> })-- (2) ]Kz}

pi(D)
pall + (0. 1,=1)7) 2”4(“”+f”<””+ o e -- ﬁf]Ké}
piD) ’
)ﬂ 3)
~(1+(0,0,2 T 2m[n(%)+113)(l<3) 1)- JK3
pil+(0,0,2)") —e 2 ) (6.121)
pi(D)
The above boundary conditions are solved by
3 2 Ky,
oi(D) = Nyexp [in Z (n® + I10 + ™) %] , (6.122)
h=1 ab

where N is a normalization factor.

6.3.4 Counting numbers of independent zeromodes

In the previous section the zeromodes for of the Dirac and Laplace operator (when the D9-branes wrap
cycles with the same calibration phase) we determined. The zeromodes are given by (6.112)

3
www—w% Z
h=

with the components for & given by

thm(wh)} Elav () (6.123)

2
iy, ((n<">+i(h>l(”)+¢(h))wh+ (n(’1)+i(/7)l(">+ (H>) K,ﬁ’)]
= I

Eis= ) Ny i (6.124)
iez3
and ¢ defined in (6.120)). First notice that, since the label / admits the identification
I~1+2, with AeT,NT}, (6.125)

a transformation of / of the form (6.125) must leave the wavefunction invariant. Comparing the coefficients
of &;;_s with the coeflients of &;,,+4,, one finds the relation for the normalization factors are not all
independent, but obey the relation

Nit = Nigyg, - with gy = (140, 1922, mm) (6.126)

Inserting the generators of I'; N I'p, which are given in appendix one finds that vectors ¢, belong to
the following lattice:

3 I(h)
=) 2 ~irZ (6.127)
h=1 ab

for the cases (a)-(c) in appendix [D}
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m )
Inb la 0
24D 24D
& 13) 0
Ap=span|| Ly || _L |- ] o (6.128)
Fe) e 1
ab ab 3)
0 O dab
for the cases (d) and (e) in appendix [D]
[ )
L (8 (0
(1) (1) (2)
M| | e | |
An=span | Ly |, | Ly |, @ (6.129)
( )
dab dab Iub
0 0 a2

ab

for the cases (e) in appendix [D}

The identification (6.126) implies that the summation index 7 of independent normalization factors
belong to the lattice

Z3
ite—. (6.130)
n

. . 3.
Hence 1//5";’_ s 0 (6.112) can be decomposed into |%| independend zero modes:

7
— iy lab_ p1 -
lpllibl_é(w) = Z leelﬂZh:I (i) WhIm(wn) Z Yokss(@) (6.131)
IEE[ZTi Aap€l Ny
with
3
- . h) 4(h h
Xn,k,l,6(w) =exp [27-” Z (Ic(;b)/lgh) + it(zb)l(h) + k(h) + SD(h)) wh]
h=1
2 K
- exp {m’ (15290 + TOI® + k™ + ™) %—,’1)) : (6.132)
1
ab

Notice that wavefunctions with different values for ¢ are also independent, because they cannot be
related by lattice translations. The total number of independent wavefunctions for a bifundamental
(04, 0p) € U(N,) x U(Np) is therefore given by the product of the amount of wavefunctions with
independent normalization factors with the number of irreducible subsets

3

_ 1 )
=3 g ", (6.133)

Z3

Ap

Aso(e)
Iy

#(0g, 0p) = ‘

which is exactly the number of families, for chiral matter on the Tgomz)' Since I';, and I';, are sublattices
of I'y, the matrices A, B from (6.74) can be decomposed into

A=DM,, B=DM,, (6.134)
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where D = (dy, d», d3), with d; the generators of I';, and M, and M;, both being integral 3 X 3 matrices.
The following Diophantine equation
13 = M,P - M,Q, (6.135)

can be solved by integral matrices P, Q € Z>* ﬂ The phase ¢ can be manipulated by adding a zero,
the following way

h h
o = o™+ [P, PP — P (M, P5)" (6.136)
(M, P8)®+nl (M, 05)"
SRR - (MaP) Y  forh=1
= h M,PS W L (M, 05) P ’
7 MaPd) NE,fj‘b( O (M PSP, for h e (2,3)
h h h h
where the relation I = Lo _ D= _ M 4 ™ hag been used.The term (M,P5)M is an integer and
ab Nc(; ) N;h) N{(lh) N;h)

can be absorbed in £ in Xnki1s(@). The vectors M, P and M, Q6 are not necessary S O(6) vectors, but
since 6 = M, P — M Q6 € Asos), the components of M, P56 and M;, Q¢ satisfy the relation

3
Z (M,PS)® + (M,06)" =0 mod 2. (6.137)
h=1

Therefor the six dimensional vector given by
((MaPOV, (M, 060", (M, PS)® , (M, 06) . (M, PS)™ , (M,05)V) (6.138)

can be identified with S O(12) lattice vectors. Combining the labels k € /Z\—i with the ¢’s in the exponents
of xnx1s One gets

nl (k=M P&) ™ +nlt (k— M, 05)®

B , for h=1
K0 4 o = N

h
ml (k=M PSP +m! (k— M, 05)™ :
_ oL POy @M for h e {2,3)
Nb

(6.139)

Comparing the expression in (6.139) with (5.57), the numerator on the righthandside of (6.139) can

be identified, with components of the label j, which where used to label intersection points on T560(12)’

where the components of the corresponding lattice shift '€ Ago(12) in (5.57) can be identified with

=k —MPS)V 1 =kD - M08V 13 =k® - (M.PO)?
ts =k = (Mp00)7 , 15 =kV = (M PO)Y , 15 =k — (M 06)7 .
(6.140)

An independent zeromode for chiral matter can therefor be expressed by the label j, used for intersection
points on the dual theory. On the other hand, if § and [ in (6.78)), where defined by

ks—06=1 modIl,, ky=[ modIy,, (6.141)

7 A proof is given in appendix
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6.3 Wavefunctions for chiral matter on the T°

s.t. kg — kp, = 8 = T’y still holds, but the & correction in (6.76), was shifted into k,, the phases ¢ would
be given by
a5
- > forh=1
) _ ) N,

o = I N (6.142)
Mo for he (2,3)

and the components of the labels j’, denoting independent zeromodes, are related to the label j in (6.139)
by
NP j O = N (6.143)

The wavefunction for independent zeromodes are given by
3 7(h)

Jlab ¢y Afilab ; ab
) =N exp{m;Im(Kh)

thm(wh)} .

10400 ¢ 70 <>) [,(h) A0 0y S i
N
b

2 Z31: [( ab “a ab “a ) ]
Z e h b “ab b ““ab (h) i(h) (6‘ 144)

Aap€lyNTy

6.3.5 Normalization factor for chiral wavefunctions

In order to get canonical kinetic terms, the zeromodes need to be orthogonal in the way 115]]

g—z f d6xTr {l//i,lab . (l//jalab)T} — 6i,j , (6.145)

76

with g a coupling constant. The integral over 7% can be expressed by integrations over the generators of

T by
3 1 1 1 1 1 1
f d6x:2]_[Ah21m(Kh) f dy; f dy» f dys f dys f dys f dys . (6.146)
76 h=l 0 0 0 0 0 0

A
The trace over the gauge indices can be expressed by a sum over the index as / € Soifi
iy . ( ./Jab) — i,lap ]lab i,ap . ( Jilab )
Tr {‘ﬁ v = 'ﬁka,kb Y, k,, oo ¥, Wiils,) - (6.147)
As0©) As0©) As0(6)
kae T, J%e T, le Tarl,

In section [6.2.3] boundary conditions relating different gauge indices / via Wilson lines where faced.

Applying those boundary conditions to the combined wavefunction 1//2’{1%1 . ( {’ff’;z) , one finds that

wavefunctions with different / can be identified through the Wilson lines as:
ilap s \F _ida il \T
i (i ) G+ Loy =gt (e ) o),
ivlab i\ ik (e \T
lpl,l—§1 : (le_‘SZ) (y4 + 1 '-') _'701// I — (51 (wl",l”—éz) (y4, ) ) (6148)
ivlap Jilab i\
wl,l—él . (wl,l—(Sz) ( Y6 + 2) 'ﬁl”’ =8 ( l”’,l’”—ﬁz) (yﬁ) ,

with” = (1,-1,0)", 1 =(0,1,-1)T and I’ = (0,0,2)". The boundary conditions in (6.148)) can be used
to relate terms with different / in the integral of the trace (6.147), by shifting the domain of integration
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the following way:

2
: ¥ il g
f dy2yilse o - (it s) @) = j; dyp it - (it ) () (6.149)

and similar for the directions y4 and ye. By using the relation (6.149), the sum over / can be completely
absorbed into the integration by enlarging the domain of integration. For the three types of lattices of
I, N T, considered in appendix [D] one finds that the enlarged domain of integration is given by the unit
cell C of the lattice spanned by

5 =(1,0,00", #=(0,1,0", #=(0,01", (6.150)
and
@ OO
NN, 0 0
K,
S | d® L | NoN® S
U = 0 , U4= d<—z)bK2 , Ug= N(3)1\23) , (6.151)
0 0 “dm” K;

for the cases (a)-(c) forI'; NI in appendix

®) (1) A/ (D) (1) <1>
N, N K] N, N 0
%231(])(2) ‘5()1) (2)
R B NN | s = 0 , (6.152)
d<2> 2 d(z) 2 NOND
e K
0 0 40 3

for the cases (d)-(e) forI'; N T, in appendix and

(C) N(l)N(l) N(l)N(l) 0
22 (])(z) K % ()1) (Z)KI NQ)N(Z)
U = N, , Us=|_NoN, , U = 6.153
ekl BTk %(2(» (159
0 0 —o5- K3
for the case (f) for I'; N ', in appendix [D}
Hence the integral in (6.145]) can be reduces to an integration of the term with [/ = 0 over C
. . T 3
f ) dSx Tr {W”ab : (lpf”ah) } =2 l_[Ahzlm(Kh) f d%y F(ij), (6.154)
T h=l ¢
with
0
. . . . ] 2
F(B) =65, 5, %Jib& r (d/{)’lgféz)T = Nidab Nfidap g =27 St Im(Kh)(Im(wh)) Z Z (6.155)

/labera Ny, pabera mrb

53 [ 7y W OO 53 || 7y i Kh F(h) _(h) 1“1)
2mi Zh:l([ ab /lab Ol ) W= Ly Popy + (h) Wn 70 Dt Lap Aap + % 1<h) lahpab+N(h) 1<h>
i~ - € .
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When integrating over y, y3 and ys in (6.143)), the integrals given by

1 [ _ )
. =
f dyon-1 exp {Zm (ifl’;) (2% - ) + T’{] yZh_l} , Vhe(1,2,3), (6.156)
0
b

need to be computed. From the definition of the labels i, j in (6.139), it can be deduced that the non

integer part in the term
i _ j(h)

T (A% — g 4 (6.157)

Pap h)
N,

. (h)— & . . .

is INT)Z and taking the Kronecker delta d5, 5, from the trace (|6.147 into account, the non integer part

b
vanishes and the term in is integer. Hence the integration over y1, y3 and ys leads to Kronecker
deltas implying the conditions

o (% — p® B0 o, vhe2s 6.158
ab( pah)+ (h) - {1,2,3}. (6. )
Nb
The integral in (6.154) simplifies to
i ’ _agy3_ |10 i Im(wy) 2753 [0 4 () lm(Kh)
(Ni,lgb)2 f dyzdy4dy6 e Zh 1 Im(Kh)(Im(wh)) Z e h=1{"ab "ab (h) e h=1{1ab tab é) Iff;)
¢ Aap€l NIy
() 2
il 2 -2 Zh | 1;111(K,)(Im(w)+lm(Kh)/1ab+ ((hh)) [mi}’l()lz)]
= (N Aa ) dy,dy4dye Z e (6.159)
¢

Aap€l NIy

Notice that the terms Im(Kh)/l(h) in the exponent are actually components of lattice vectors of the lattice
spanned by , #iy and ¥ in (6.151)), (6.152) and (6.153)), as can be seen by inserting the generators of
I, N T, which are presented in appendix [D] The sum over A4, can be absorbed into the integration by
enlarging the domain of integration similar to the method,which was used to get rid of the sum over /:

Im(wy,)
dy,d 1
K2 wive 3, - [ s 3 2]_[ [ s w0

ab€laNlp
where in the last step a change of basis is performed. The change of basis makes the following
computations simpler, since the function in (6.159) depends on Im(wy,). The remaining integral in (6.159)
are just Gaussian integrals and one receives

ab€laNlp

Im(w ) - y3 Ly (Im(w)++ i Im(’(h)]z 1 3
h h=1 Im(Kh) IOREO) =(h)

== 21 | . 6.161
5 l_l f K ° : ﬂ m(wy))” (6.161)
Inserting the results into (6.143)), the normalization factors need to satisfy

3
22 ( asisdas n sl |2 »  [Im(Kp)
(Ve N )T ] A —n =0 (6.162)
a.
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S0(12)
which leads to the normalization constant
1
3 h) %
) 1 21
Nilab = _ | Zab . 6.163
glhzll A [Im(Kh) (6.163)

6.4 Yukawa couplings from overlapping wavefunctions

6.4.1 Yukawa couplings from magnetic fluxes

In the previous sections it was discussed how magnetic fluxes on a torus break the gauge symmetry and
lead to chiral matter on the 7. In this section some results of appendix A in are repeated in order
to explain how compactifying a ten dimensional spacetime on a 7°, with magnetic fluxes on it leads to
four dimensional Yukawa couplings. The magnetic fluxes can only be turned on in the internal space in
order to preserve Poincare invariance in the uncompact directions. By giving the gauge fields vev’s in the
internal space, they only break translation invariance in the 7% and correspond to D boundary conditions
in the T-dual theory.

Six dimensions of a 10 dimensional spacetime M'? with a U(P) gauge symmetry shall be compactified
on a torus
M"Y — M*xTC. (6.164)

The field content shall be given by gauge vector fields A and gauginos ¥
A MO PPy, PP (6.165)

which are described by the Lagrangians given in (6.29) and (6.82) for 10 dimenisions

_ 1 1] I ol
L= —WTr{F Fijf+ 2—g2Tr (¥r'D, v} . (6.166)
Here I,J € {0, 1, ...,9} denote the spacetime indices of M 10°and Fy; are the components of the field
strength tensor. The fermionic part in (6.166) contains the term

LD %Tr {@r’ [A,,\I‘]} , (6.167)
29
which leads to Yukawa couplings after turning on vev’s in the diagonal elements of A;. As already
discussed in section[6.3.1] the gauge fields A; and ¥, decompose into gauge fields of the unbroken gauge
group and scalars and fermions in bifundamental representations. Let A and ¥ be expanded in the basis
U4, ey as in (@) The off-diagonal elements of A and ¥ are denoted by W,;, and y 5. Then the term
containing the off-diagonal elements in (6.167) is given by

35T (Tl W van] < £ (6.168)

and describes triliner couplings of chiral fields. Decomposing Wé ,» and xp into eigenmodes of the Dirac
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and Laplace operator g = I''D; and Ag = D;D' of the internal space, such as

XPeh = n e @ v, (6.169)
WP =Y 0 @ ),
with
Doy = mu®, (6.170)

b 2 b
A6¢n,1a = Mn¢n,1a 5

where m,, and M? are the corresponding masses for the Kaluza-Klein modes. Only zeromodes are
considered, because the compactification radii of the torus are assumed to be very small and the Kaluza-
Klein momenta therefor to be very high. It is further imposed that the magnetic flux is contained on
D9-branes, wrapping calibrated cycles on the torus, s.t. a massless scalar is contained in the chiral
spectrum. Therefore, for the low energy spectrum in M*, only the terms containing the zeromodes in

are relevant and by integrating over the internal space, one gets the Yukawa couplings Y of the

form (21} [115]
1 T
Yij = pa fT . d®x () T"¢b, W fuve - (6.171)

Jave = Te{Tq, [Ty, T,]} are the structure constants with {7 }ee(a.p.c) the generators of the gauge group and
i, j,k denote indepenendent zeromodes. In sections[6.3.1]and [6.3.2] the wavefunctions for the zeromodes
Yo and ¢g where computed, and in sectionl@, the zeromodes where decomposed into 1,5 indepenedent
zeromodes. Inserting for ¥ and A in (6.167) the results from [6.3.T]and [6.3.2] for the spin and polarization
states Yz and @, and integrating over the internal space, one gets the corresponding terms to (6.168)),
which are

12 ASXTr {(Ygrs [O, Wiis]) (6.172)
g- Jre

and its CPT conjugate. The state ¢, and ®_ contain the normalizable wavefunctions for the choice of

signs made in for L, Ipe, Lq. By inserting the results for v, and ®_ into (6.172)), one gets for
the Yukawa couplings the following integral over overlapping wavefunctions :

1 .
Yij = — f dxTr {t/f”’” -yl (t//"”f”)f}, (6.173)
‘ g° Jrs

where i, j, k denote independent zeromodes.

6.4.2 Computing Yukawa couplings

In this section the expressions from (6.144) are inserted into and the integral is computed. The
result gives the Yukawa couplings Y for the three chiral fields Ylea and yhle,

Domain of integration

First the domain of integration in (6.173) has to be specified. The fundamental domain of the 7° can be
deduced from the moduli, specified in (6.18) and is given by the fundamental cell C of a lattice spanned
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by the vectors

% =(1,0,007, % =(K;,—-K2,0)", & =(0,1,0), (6.174)
0y =(0,K2,—K3)",  ¥5=(0,0,1)T, & =(0,0,2K3)".

The integration in (6.173) can be expressed by

3 1 1 1
f dfx = (A1A2A3)? f d6x:2nAhZIm(Kh) f dy; f dy, ... f dys , (6.175)
6 C =l 0 0 0

where the factor 2 szl A’ Im(K},) is the determinant of the Jacobi-matrix from the change of basis. The

trace in (6.173), taken over the gauge indices, can be expressed by the sum over a single summation
Aso(6)
LNyl

B A F LD YD VRN W+ R R Uid)

50(6) As0(6) As0(6)
kq€ kp€ T, k€ T,

index I, where [ belongs to the lattice < as

Jleca . Jlab
Z 66ah+6m’6“b lpl’l_(sm wl_dwsl_é('a—(sab

As0(6)

leg, A, Ale

U s i ab)T (6.176)

The relations between the labels i, j, k and the parameters for the phases §up, dcq, Ocp are given by (6.139).

Notice that for the wavefunction ;.//: 1;{” , the parameter k. — kp = O.p 1s shifted into the first index of the

matrix elements of ¢X/ as in ll s.t. ¢k I”” ¢1 o, With

ke—0p =1 modI., ky=[ modI,, with k.—k,=0, mod chb . (6.177)

Q)
This corresponds to relabeling k by the components %k(h) as mentioned in ;!6.143 . The choice of

(6:T77) will later turn out to be useful. Applying the boundary conditions from to the overlapping

lea l/,fv’ah ) (,/,’/;If)T (), ¥ | with definite i, j, k, get identified on the torus

wavefunction, one finds that z,//] e

Mea pidas (o kde |

lﬁ ca lpk "’kb/ (wkbff;(c,) (, Y2, ) .
.,,1, Jolav k.1, f

$k ,C/akn”"bkaﬁ,kb” (wkb o (‘ ) (---, y4, ...) s
oL Jilab

¢k /(/{Il k ,’,wkagl’kb,” (wk ”r k /II) ( .9 yG)

Jlea y idan (kden \

Vi kaVik (wk,,,k(.) (yp+1,.00)
/Ica /Iab k’lcb T

,70 wk Ky (wkb,kc) ("" Ya + 1,)

J’Icu jslah kalcb )1
Vi ki (‘/’kb,kc (pe+1)

(6.178)

where k, = ko + (1,—1,0)7, k7 = ko + (0, 1,-1)T and k" = k, + (0,0,2)” and the relation has
been used. These boundary conditions can be used to simplify the integral in (6.173)), by shifting the
domain of integration in (6.173) for each term in the trace, in such a way that each [ for the terms in
(6.170) is shifted to [ = 0. That way it only needs to be integrated one term of (6.176) over an enlarged
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domain of integration

6 j’Ica . ,jalal7 ( k,ICb )T
‘L d Yy Z 65ab+5¢-u,5cb¢’[’[_§m 1=6egd—6ca—6ap v =S ea—0Ba+O ey l—Oca—Oap
le AS0(6)
TNl e
6
= f d°Y 8546060 Fijk @) » (6.179)
C
with T
.. —. g hlea . Jolab ( k,1.p )
Fl’j’k(g)) - gbo’_ém w_(scus_éca_éab lr//_(sab_6¢'a+6cb»_6z?a_6ab (6180)

where C is now a bigger domain of integration and depends on the lattice I, N\ T, N T. In appendix
three types of lattices for I', N T, N T, are discussed. The enlarged domain of integration C is given by

the unit cells of the lattice spanned by the vectors 71, vs3, vs as in (6.174) and

MK, : :
h=| 0 |. %=|NK|, G=| O |, (6.181)
0 0 NOKs
for I, N T, N T, given in (D:12),
Ny K1 Ny Ki 0
2 2
U =|N®? K| =Nk, |, U= 0 , (6.182)
abc abc 3)
0 0 Nach3
forI'; NI, N T given in (D.I3) and
NypeKi Ny K 0
- (2% > (2% - (2)
=Nk |, Us=|ND K|, U6=|N,Kal, (6.183)
abc abc ?é’
N7 K3
abc
. ay _ NPNPNE . . N
forI'; NI, NI given in (D.14), where N, = % was defined. The integration over the directions
abc
of #, U4, Us is then given by
L= NY N2 =0, NO NS )T 15 =0,0, N9 /)7, (6.184)
for C given by (6.181),
Nop/2 Nop/2 0
h=| NQ2+ND | b= NO2-N2 | =] 0 |, (6.185)
( ( ( ( 3)
Nabc/4 + Nahc/2 Nabc/4 - Nahc/2 Nabc/z
for C given by (6.182) and
N2 N2 0
L= ND2eN® | =] NV N | = i Nﬁl3 : (6.186)
( ( ( ( (2) (3)
Nabc/4 + Nabc/2 Nabc/4 - Nabc/2 Nabc + Nabc/2
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for C given by (6.183)). It can be verified that the components of /; are indeed integer and the integration
of F; jx over C indeed covers all terms in (6.176)), by determining whether Ny, is even or odd for Nc(,h)
even or odd and g.c.d.(N", m") 1 or 2 from the definitions in appendix

Integrating overlapping wavefunctions

In this section the integration given in (6.179) is computed. Inserting the expressions for the wavefunctions
and using the relation (6.98)), one gets the following expression for F; jx:

Jlea pida ( kdep )T >
(//03_5(:1 l//_fscu’_(sca_(sab l//O,_écb (w) -
3 7(h)

Nilas Npidea Nkl exy |0 Z % (Im(wy))* Z Z Z
h=1 !

Aap€laNlp Aeq€l Ny Acp€l Ny

.3 F) () _ (), 7 4y D 7 (4 () _ o)) k) |—
27 Zhl{(lub (A0 -0l )+1% Aea+ L5+ Jon| T (2585~ )+N(h) o
e b a b

2 2 2
o3 Y ey, i | Ky (w0, S K[ty m iy, k® | K
mzh:l{(lab (A —0c )+ N | 7 e dea+ vy | i | e (15 04 —06a )+ N | T
-e b ab a ca b cb .

(6.187)
Taking a closer look at the following term
i(h) i(h) kM
h) [ 4(h h h) §(h h) (4(h h h ! J
I (2% — 6%)) + 10 A% - 15 (a%) - o8 - o) + (6.188)

(h) hy A’
N, N’ N,

which is a factor in the exponent of the term depending on y;, y3 and ys, one finds that, when the
Kronecker delta ds,,+5,,.5,, from (6.176)) is taken into account, the expression in (6.188) is integer

Yhe{l,?273} El Therefor the integrals over y;, y3 and ys can be replaced by the following Kronecker
deltas

{500 (3 _ S\, 70 3 _ (kY () _ (W) (W), B j
1 znl(lab (/lab _6"" )+IC" /lC“ _ch (/lcb _611[7 _6“1 )+ 1:,(/1) + N(h) _W Y2n-1
dyzp-1e b e N

(6.190)
=0 ) (h .
F (A _ (W)Y, 70 A0 _ 700 ( (0 _ U _ s\, i) j b
L (/lab ~Oca )+Iw Aea =1y (/lcb ~Oca —Oy )+ Néh) + @ - @
They lead to the conditions
i(h) i(h) kM
7(h) ( () _ (h)) 7(h) y(h) _ §(h) 5(h) ! S —
I () - o) + 1A% = TR0 + —5 + S5 = —5 =0, Yhe{l,2,3), (6.191)
NP NP NS
8 The terms fff/;)/lfz; are integers YA,5 € I', NI'g, with @, 8 € {a, b, c} as can be seen by inserting the generators of I', N I'g, which
are listed in appendixJEl for A,3. According to and (6.177) the non integer part of the term % + % - % is given
P p ¢
ahs™ ahs® "f (h) . o . .
by ]’\’/f,‘,‘f + ]]’:]f,jf - Nf,jf . By applying the condition ., + 0,5 = 9., from the Kronecker delta in (6.176), the potentially non
b p ¢
integer term in (B.188) vanishes
n(h) n(h) n@
—IWe" 4 L") 4 g — 50 4 [Bs" =0, Vhe{l,2,3}. (6.189)

ab “ca Néh) ab N((zh) ca Nﬁh) cb cb “ch
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6.4 Yukawa couplings from overlapping wavefunctions

which are three Diophantine equations, similar to those ee already encountered in section[5.3.2} There the
Diophantine equations contained the conditions for D6-branes to wrap 3-cycles forming closed triangles.
Apparently the condition for open string instantons wrapping triangles on the Tsouz)’ corresponds to in
the dual theory to the trace over the zero modes. In order to solve (6.191), the following relabeling of the
indices i, j, k is performed, similar to (5.28)),

i(h)

() a0
(O B () N A (O B () BN () (6.192)

NN j
d(h) ch d(h) ba ° d(h) ac -

Solutions to the Diophantine equations in (6.191)) can be given by

I
AP = N ) 4 NN g g0 T TEND 600,
d,

kM
/12}1) N(Z) (h) + N(h) M(h) N(h) (h) _ N(h) , (6193)
abeP d(h)

i

(h)y _ Af(h) _(h) (h) A7() A7 (h) () (h)
/ch - Nabcp + Ma Nb Nc q -+ d(h)N + 0ca + Oab »

where p and g belong to three dimensional lattices A;’, c 73 and AZ C 73, which allow the components

of Aap, Aca and Ag in (6.193)) to be in accordance with the lattices I, NIy, T N T, and I'e N T,. Inserting
the solutions into the overlapping wavefunctions in (6.187), one receives

I(.ll Ia k!IC T .5 ai -5 ca sLc
[ R S e KU R

4;,) (h) (h)
. i Ly ) 1) ) Im(Ky)

“2 ) [Im(wh>+1v Im(Kmp(’>+(l(h)M“’>q<”> f*%—*hw) - ]
Z Z 1(,) V4N ) (6.194)
peA qu}

3( aw ) h) 2
i k J (h) (h) () gy | _. >
- expim E [ (h)l(h) (h)l(h) + 0 +2q Kl 1cq 1, |y =2 Hijp(Im(w)) .
ch a “ca

As already mentioned the summation indices p and ¢ must be chosen s.t. the components /l(h) /l(h) nd

/lg? from (6 ) belong to vectors of the Agge) lattice. First the lattice A?, shall be determined: When
the components of p satisfy

Z N® p® =0 mod 2. (6.195)
it is guaranteed that the terms ins depending on p do not spoil the S O(6) structure of the A’s.

From 1i it follows that as long as N, i . Is even, which means at least N(h) N(h) or N(h) is even, the
component p® is independent from the components of p of the other planes. But when thh)c is odd,
either p™ has to be even or Nggc) p") in a different plane 4’ has to be odd too. Hence the lattice for AZ

depends on I'y, I', and I';, and for the cases considered in appendix |§|, one finds that Af, is spanned by
the following generators

(i) p1 = (1,0,0)7, p2 = (0, 1,007, p3 = (0,0, 1)” when T, N T, N T, is given by (D.12),
(i) p1 = (1/2, 1,07, ps = (1/2,-1,0)T, p3 = (0,0, 1) when T, N T, N T is given by and
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Chapter 6 Yukawa couplings from D9-branes on the dual TSO(]Z)

(iii) p1 = (1/2,1,0), pp = (1/2,~-1,0)7, p3 = (0,1, 1)” when T, N T, N T, is given by (D.14) .

Notice that the vectors given by the components N;b)c D with i € {1,2,3}, are exactly the lattice vectors

i, U4 and ¥ spanning the lattice of C, which are presented in (6.181)), (6.182) and (6.183). Therefore, the
shift p — p + p; in the term

3 i(h)
f dy,dyadye exp{ 271'2 m(Ky) (Im(wh) + N[(JZ)Cp(h) +¢; k(q)) (6.196)

with

(6.197)

w B gy i) g
h) 4 i a | Im(Kp)
cﬁk(q) = [Igb)Mé g™ + -

) () h) h
N()d() Né)dg) i(cb)
can be replaced by a shifting the domain of integration by #»; to the neighbouring unit cell C + ; just

next to C. That way the whole sum over p € Ag can be absrobed into the integration, by enlarging the
domain of integration of y», y4, ys to R?

3 "(h)
2
Z f dy>dyadys exp{ Z = (K ) (Im(wp) + N9 p™® + () } (6.198)
peA
3 ”‘(h) . )
= jl; . dy,dy4dye exp{ Z Im(wh) + N;b)c ™ 4 Cgk(‘I)) } (0)
’ h= p=(0
0,

Since after the integration over y, y3 and ys, the integrand in (6.194) only depends on Im(wy,) it will be
helpful to rewrite the remaining integration as

3
1 Im(dwp)
f dyadyadys = 5 D f (K (6.199)

After having absorbed the sum over p into the integration, as in (6.198)), the integral in (6.176) becomes

1 1 1
f f f dyadyadys Hiju(Im(@) = NN gtk "
0 JOo JO

3
qeN;

ORI 0
i J
eXpyin Z[ PO e IR oy

= Im(duwy) S .
2 D ~[R3 Im(Kh) { Z Im(wh) + Ci,k(CI))

=1

ca “cp

2

2
3 o3 ) () i ) () 70r) 4(h)
; i L= 1( <;1>,<h>+ RN 24" | Killy T Ty

= %Nl',laijJme,ch 1_[ (ziEZ)Im(Kh))_i Z e D ¢ ¢ |
h=1 pre
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6.4 Yukawa couplings from overlapping wavefunctions

where in the last step the Gaussian integrals where computed. After having evaluated the integration in
(6.173) and inserting the normalization factors, the Yukawa couplings are given by the expression

2

Uk—gn

o
Im(Kh) m

) . B . i
h) ,(h h) (h h),(h
0 0

2
+2q(h)] Khll(h)l(h)l(h)l
(6.200)

1/4
mZh l(
2.
qu?l

Selection rules for summation index

The Yukawa couplings from (|6.200
has not been specified. By taking li
made independent of p®:

contain the sum over the summation index g € A}, where A} still
inear combinations of the equations (6.193), the equations can be

A _ /1(’“ 5<h> I(h) N(h) 1 4 j FANENVONN @ N (6.201)
ab B ("o (' :
a C
() _ () _ o(h) _ () n(h) s(h) _ W a1
A = Ay =65 =1, "N —gNa” = 5N
d
¢ b
() _ py _ s s g pg(h iy i* (h) _ J"
Acb _Aab _6cb +6C“ - N ! (h)N (h) Nb ’
d, d

where 2¢g™ = ”I™ was defined. Since the vectors gy, Aca, Aeh, 6cq and A, belong to the S O(6) lattice,
the sum of their components must always be even. Therefor [ has to satisfy the conditions

3 N O (O
I( )N( )l(h) N( ) N(l) =0 mod 2,
Zh_l d(h) BORE
3 .
1) )
> IPNDI® - ZoND - NP =0 mod 2, (6.202)
L' o) o
E DN 4 N(h) - J—N(’” =0 mod?2,
L d(h) PN
= b

and comparing (6.202) with the selection rules from
(6.202) and the instanton winding number from (5.78

§. 75]; reveals that the the summation index / from
both belong to the same lattice A>.

6.4.3 Quantum contribution to Yukawa couplings

The Yukawa couplings are given by

3 7(h) ) \ /4
2 ) hIca Aijk(l)
Yk :g]—[ A bt Zexp - (6.203)
h=1 Im(K}) i(cb) len? 2ma
with X
;3 i Q) ()
- ! J (h) () (k) 7(h)
Aig(D) = — + 1M KPP, (6.204)
1 ; d(”) ,(h) d(h) ,(h) dff') ™ abeach
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Chapter 6 Yukawa couplings from D9-branes on the dual TSO(]Z)

and A3 satisfying the selection rules from (6.202) with o’ set to o’ = (27)~2. The coupling constant
g is given by g = e?10/ 2032 where ¢ is the ten dimensional dilaton || Decomposing the ten
dimensional dilaton into a four dimensional dilaton ¢4 and the part for the internal space as in [[I15]] one
gets

3
ef10 = e ﬂ Im (J,,)'/? , (6.205)
h=1

where Jj, is the Kihler modulus in the A-plane and the volume for the T is given by Vol (T6) =
Hfl: . Im (J},). For the moduli of 7% defined in (6.18)), the geometry part in the Kéhler moduli are

Im(J;) = 4n’a’ A*Im (K) (6.206)
Inserting the definitions into (6.203), the expression for the Yukawa couplings become

D exp (—Az%l)) . (6.207)

leA3

3 _ fF® 174
Yijx = Qm)¥4a et /? ]—[ [471 (A7/a) « ]

j(h)
h=1 Y

The quantities imﬂ can be related to the slope of the D6-branes in the T-dual picture as mentioned in
section by introducing the angles

"

6 = an af . (6.208)
(Ar*Im (Kp)) /e

Expressing (6.207)) with the angles Gg’ﬂ) and o’ = 1/(4n?%), the Yukawa couplings take the form

3 exp (—%) , (6.209)

len3

() oy (114

Yab Vca
(h)
cb

et 3

= o | [

which allows it to compare with the Yukawa couplings from intersecting D6-branes on the T 50(12).
Comparing (6.209) with @) the quantum contribution /g, for the intersecting branes picture can be
extracted from the expression (6.209) to be given by

e¢4/2 3 0(};) H(h)
hay = Im (K;,)"/* |- (6.210)
" Qo 1_[ 2

Since according to (6.17) the complex structure moduli K, become after T-duality transformations the

complexified Kidhler moduli for the deformed TSO(12)’ the factor szl Im(K},) describes the volume of

the TSO(12) Hence e?/? Hfl: | Im(K},)!/# describes the string coupling constant § = e%10/2 o the Type

1A side with e?0 = %+ HZ:l Im(K})!/? and the quantum corrections on the Type IIA side are given by

3 (h) o(h)
P A (6.211)
qu — 9/4 h :
CEE S
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CHAPTER [

Conlusion

In the present work Type IIA string compactification to four dimensions with particularly non-factorisable
tori has been investigated. The main goal to extend the expressions of Yukawa couplings on non-
factorisable tori has been achieved and demonstrated by performing the computations with intersecting
D6-branes on the six dimensional torus, which is generated by the S O(12) root lattice. The procedure
can be applied straight forward to other non-factorisable tori, whose underlying lattice consist of S O(2N)
Lie lattices, but it can also be adopted for other non-factorisable tori, whenever it is possible to find
a factorisable lattice, which contains the underlying lattice of the torus as a sublattice. Intersection
points of D6-branes on the non-factorisable torus where described by their position on three mutually
orthogonal planes, s.t. the notation for the factorisable torus in [106] could be adopted. Due to the
non-factorisable structure of the torus, labels for the intersection points belong to more general three
dimensional lattice than for the factorisable torus. The worldsheet instantons generating the Yukawa
couplings spread out triangles on the planes like on the factorisable torus. However the worldsheet
instantons on the non-factorisable torus underly selection rules, s.t. their winding numbers, similar to
the intersection points, belong to general three dimensional lattices. A recipe is given to identify the
lattices for labels of the intersection points and how to determine the selection rules for the worldsheet
instantons. Additionally the computations revealed a straight forward method to determine selection
rules for Yukawa couplings when the branes have non-coprime wrapping numbers, which were merely
conjectured in [[T06]]. That way the classical part of the Yukawa couplings from intersecting D6-branes
on the non-factorisable torus were computed.

The quantum contributions to the Yukawa couplings were determined by studying the T-dual torus
with magnetic fluxes and hence extended the known discussions for Yukawa couplings from magnetized
branes. Therefor three directions of the S O(12) torus where T-dualized and the the boundary conditions
of the D6-branes where translated into magnetic fluxes of D9-branes. The notation of [[IT5]] for the
factorisable torus was adopted, but the non-factorisable structure of the torus manifested itself in a
non-trivial way on the Wilson lines of the fluxes. Consequently gauge indices had to be expressed as
lattice vectors of general three dimensional lattices. As an intermediate step wavefunctions of chiral
matter on the factorisable torus had to be derived, which solve boundary conditions arising from fluxes
with non-coprime wrapping numbers. It was discovered that unlike to the coprime case, not all states
of bifundamentals can be related via Wilson lines to each other. Comparing the number of independent
zeromodes for the Dirac operator with the number of independent intersection points of D6-branes
on the corresponding T-dual torus, it turned out that in general independent zeromodes are not only
determined by boundary conditions on their normalization constants but also on additional phases, which
depend on the greatest common divisor of the wrapping numbers for the fluxes. In the second step the
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Chapter 7 Conlusion

wavefunctons for zeromodes on the non-factorisable torus were calculated and manipulations of the
arguments in the wavefunctions showed that labels for independent zeromodes are indeed related to the
labels of intersection points on the T-dual torus. Yukawa couplings were finally computed by integrating
three overlapping wavefunctions over the fundamental domain of the non-factorisable torus. The same
selection rules as for the worldsheet instantons, generating Yukawa couplings on the corresponding
T-dual torus, accrued. The final result showed that the couplings for the three overlapping wavefunctions
are proportional to the Yukawa couplings on the intersecting branes picture. The proportionality factor
was identified as the quantum contribution. The quantum contribution is the same as for the factorisable
torus, which was somehow expected since quantum corrections are considered to be local effects.

The discussion of the Z, X Z, X R orientifold, showed that orientifolds constructed from the torus,
which is generated by the S O(12) lattice, put stronger restrictions on the wrapping numbers of intersecting
D6-branes as on factorisable orientifolds. More precisely speaking, the amount of O-planes is reduced and
therefore the R-R charge, needed to cancel the O-plane charges, is less than on factorisable orientifolds.
The same arguments hold for orientifolds constructed from non-factorisable tori, whose underlying lattice
contains S O(2N) Lie lattices. As the toy model in chapter 4] showed, the conditions are actually too
restrictive to construct realistic models. Therefore from phenomenological point of view, tori, generated
by S O(2N) lattices, seem to be uninteresting for model building, at least when discrete torsion is turned
off. However this does not mean that non-factorisable tori in general are not good for phenomenological
aspects. The computations in show that with discrete torsion, non-factorisable orientifolds of the
type discussed in this work might be attractive for model building. Further the work in [[T03HI05]] prove
that orientifolds with intersecting D-branes on non-factorisable tori are worth to look at and for that
reason the computations of Yukawa couplings, presented in this work, might be a necessary step for
being able to derive mass hierarchies.

To finalize the discussion of Yukawa couplings from D-branes, it is still left remained to determine the
Yukawa couplings, which are inherited on orientifolds, after the point group and orientifold projection
is quotiented out of non-factorisable tori. Further the effect of discrete torsion needs to be studied with
respect to Yukawa couplings arising from fractional D-branes.
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APPENDIX A

Massless type llIA closed string states on
Ly X 7y X QR-orientifolds

The representation of massless closed string states from Type IIA under the four dimensional Lorentz
group and the resulting fields in four dimensions is investigated here. Further it is described, how the
Zy X Zy x QR projection is taken over the massless states and how the four dimensional spectrum is
affected.

A.1 Four dimensional fields from massless type IIA strings

Massless states in ten dimensions transform in representations of S O(8), which is their corresponding
little group. The massless Type IIA states in the rightmoving sector are given by the eight NS states

b Hl0Ns,  with M€ {2,..,9}, (A1)

which transform in the vector representation 8y of S O(8) and the eight R states

3 4
[]ED% 10k, > Ke=0 mod2, K,e{0,1}, (A2)
a=1

a=1

which transform in the chiral representation 85 of S O(8), where S are the ladder operators for the
spinorial states of S O(8) as defined in (3.23). The leftmoving massless states are given by the eight NS
states

b_M1/2|0>Ns , (A.3)

which also transform in the vector representation 8y of S O(8) and the eight R states

4 4
]_[(ST;)K“ Or, > Ke=1 mod2, K,e€{0,1}, (A.4)

a=1 a=1

which belong to the antichiral representation 8¢ of S O(8). Compactifying the six directions x*,x°....,.x°

of the ten dimensional spacetime M'°, the SO(1,9) acting on M'°, decomposes into S O(6), which
acts on the directions x*,...,x°, and S O(1, 3), which acts on the uncompact directions O, xh 32,3 In
the following of this chapter the uncompact directions are denoted by u € {2,3} and the compact

directions by i € {4, ..., 9}. The four dimensional spectrum from Type IIA strings is determined by the
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Appendix A Massless type 1IA closed string states on Zy X Z X QR-orientifolds

transformation of the string states under the S O(1, 3) factor. Massless states in four dimensions transform
in representations of the algebra su(2) ® su(2), which is the algebra of the little group for massless
particles in four dimensions. The two NS states

P pl0Ns s pEe{2,3), (A.5)
then transform in the representation (1, 1) of s1(2) ® s1(2) and hence describe the two polarization states

2°2
of a massless vector field in four dimensions. The six states

by l0Ns, i€ {4,...,9}, (A.6)

transforms as a vector field in the compact space, but as six scalars in the uncompact space. The

. ~ \Kao
operators S are raising and lowering operators of Jr(2). Hence the two statesf[i:l (S j;) |O)r and

~ \1-K, . . .
i:l (S ;) |O)r, for fixed K, can be viewed as the basis for the fundamental representation of the

algebra su(2). Hence the correspond to the two spin states of a Weyl fermion in four dimensions, where
>« Ko = even/odd determines, whether they belong to the chiral/antichiral representation of s1(2) ® s1(2)

3 = \Ka 3 = \1-Ka (4,0) for Y, K, = even
[T65 0. [](5%) |0>R}€{ 01 for K —odd (A7)

a=1 a=1
It is convenient to use the notation

3
~ \Ko . -
Isisasasay = | [(S2) 10, with sq = 31!, (AB)

a=1

to denote the spinor states. Then one can define four Weyl spinors

+lal), yr=lxlxlFiFl), yl=lelFiFlal), yislxlFlials

Yp=lxl+

(S]]
=
1=
(N7

in the chiral representation (%, O) and four Weyl spinors

—1 — —4
Y=l 2 2 1F ), Ye=lE 2 F 120, Ye=lE F 150, Ype=|£iF FIF]

in the antichiral representation (0, %), where & = sign(s) denotes the spin state.

A.1.1 Type IIA compactified on a T°

The torus compactification leaves all Type IIA string states invariant. The contribution of the massless
Type IIA states to the four dimensional spectrum is computed by tensoring the left-and rightmoving
states together and decomposing them into irreducible representations of su(2) ® su(2).

NS-NS states

Massless NS-NS states are given by the states 15]_”1 /sz_v 1 /2|O)NS. Decomposing the 8y into representations
of su(2) ® su(2), the NS-NS states
ZAYN S OIS (A.11)
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A.1 Four dimensional fields from massless type IIA strings

belong to the product (1, 1) ® (4, 1), where the 12 graviphotons
Eﬁl/zbi—l/2|O>NS ) Ei1/zb‘il/2|0>NS (A.12)
belong to the vector representation (1, 1) and the 36 states
Bl ob” 100N (A.13)

transform as scalars in four dimensions. The product (1, 1) ® (1, 1) decomposes into its trace, antisym-
metric and symmetric part and is given by the irreducible representations (0,0) ® (1,0) ® (0, 1) ® (1, 1).
Trace (0, 0) corresponds to a dilaton in four dimensions, where the antisymmetric part (1,0) ® (0, 1) is
a B-field b, and the symmetric part (1, 1) is a graviton g, in four dimensions. In four dimensions a
B-field is magnetically dual to an axion 6 and hence carries only a scalar dof. The dilaton, B-field and
gravition therfore have together four on-shell dof, which fits with the four dof of 5" 1 /szl /2|O>NS. T he
36 scalars correspond to moduli of the compact space.

NS-R states

Massless NS-R states are given by the product 13{41 /2|0>Ns ® |s1525384), with 3, 5o € Z. Decomposing
the 8y and 85 into representations of su(2) ® su(2) the NS-R states are given by the four states

P I0) @y, (A.14)
which belong to the representation (%, %) ® (%, 0), and the 24 states
B, 510y @y (A.15)

which transform as chiral fermions in four dimensions. Decomposing the product (%, %) ® (%, 0) into
irreducible representation, the states &' ! /2|O) ® 1,//2’, for each a € {1,...,4} the product is given by

(0, %) ® (1, %), which corresponds to a dilatino EZ and gravitino @Z £ in the antichiral representation.
Hence the NS-R sector provides the massless four dimensional spectrum with four antichiral gravitinos,

four antichiral dilatinos and 24 chiral fermions.

R-NS states

The R-NS sector is similar to the NS-R sector, except, that the chiralities are flipped. Massless NS-R
states are given by the product |s;525354) ® bfll /2|0>NS, with )}, 5o € Z + % Decomposing the 8y and 8¢
into representations of su(2) ® su(2) the R-NS states are given by the four states

Ve @b ,l0), (A.16)

which belong to the representation (0, %) ® ( %, %), and the 24 states

Yo bl ,l0), (A.17)
1 1

77)
into irreducible representation, the states ¢g ® b 1 /2|0>, for each a € {1, ...,4} the product is given by

which transform asantichiral fermions in four dimensions. Decomposing the product (0, %) ® (

(%, 0)® (%, 1), which corresponds to a dilatino /1? and gravitino ‘PZ ¢ with opposite chirality as in the
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Appendix A Massless type 1IA closed string states on Zy X Z X QR-orientifolds

NS-R sector. Hence the R-NS sector also provides the massless four dimensional spectrum with four
gravitinos, four dilatinos and 24 spinors, but each with the opposite chirality as in the NS-R sector.

R-R states

Decomposing the R-R states into products of su(2) ® su(2), they are given by 16 times the states
Ve @ YL, (A.18)

which transform in the product representation (0, %) ® (%, 0) and decomposing it into irreducible repres-

entation one gets a vector representation (%, %). However massless vector fields in four dimension have

only two dof and hence the other two dof in Z? ® ;b? contribute as two scalars, In other words the two
states % (Ji . (//’}r) and %Fz (g?i a ) are the polarization states of a vector potential, where the symmetric

and antisymetric states % (EZ Ve v?, : Wj) are the states of two scalar fields. Hence the R-R sector
provides the four dimensional spectrum with 16 1-form gauge potentials and 32 scalar fields.

SUSY multiplet

In total the massless Type IIA states contain a graviton g,,,, four chiral and four antichiral gravitinos ‘PZ &
a

@# ¢» 28 vector fields, 28 chiral and 28 antichiral spinors and 70 scalar fields in four dimensions. The field

content fills out an N = (4, 4) supergravity multiplet. Hence the massless spectrum unveils that the ten
dimensional N = (1, 1) susy is decomposed to N = (4,4) susy in four dimensions, for compactification
on a six dimensional compact space with trivial holonomy.

A.2 7, x Zy-orbfiold projection

A.2.1 Untwisted states

The action of the generators 6, w of Z, X Z; on the compact space is given by @ 127)

3
g = exp {2771’2 v,-H,-} , (A.19)

i=1

with H; the three Cartan generators of S O(6) and v; the components of the twist vectors of g. The
eigenvalues of the NS and R states to the operators 6 and w are given by

R states NSstates 6 w
VLU ons + o+
viue  bONs -
3 E}‘ b?’/72|0>NS - -
V20 B0ms + -
Only closed string states are preserved by the Z, X Z; projection, whose left-and rightmovers have the

same eigenvalues under 6 and w. Those states are called untwisted states and are inherited from the initial
Type IIA closed string sates (before the point group projection).
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A.2 Zy X Z,-orbfiold projection

Untwisted NS-NS states

The four dimensional dilaton, B-field and graviton are preserved by the point group, because the twist
elements act trivially in the uncompact space. However all 12 graviphotons transform non-trivally and
therefor get projected out. Further only half of the scalars, given by the states

745 145 76,7 16,7 789 189
b—1/2b—1/2|0> ’ b—l/zb—1/2|0> > b_1/2b_1/2|0> > (A.20)

survive the point group projection and therefore only 12 scalars are preserved from the 36 moduli fields.

Untwisted NS-R states

Combining leftmovinf NS states with rightmoving R states, which have the same eigenvalues under the
Zy X Z — 2 generators, the invariant NS-R states are given by

P aons@ug, B I0ns @y}, B L0ns@yt, B ,I0ns @y, (A21)

e Tl o =l . .
so only one gravitino ¥, ., one dilatino A, and six other fermions are preserved.

Untwisted R-NS states

Similar to the NS-R sector the invariant R-NS states are given by

) —1 —4 —3
Ue @ HIONs, U ® b ,0Ns, U ®@b% Hl0Ns, ¥ ® b ,l00Ns (A.22)

so again only one gravitino ‘I’}l g one dilatino /lsl and six other fermions are preserved. However they
belong to the opposite chiralities as in the untwisted NS-R sector.

Untwisted R-R sector

In the R-R sector the combination of the left- and rightmoving R states with the same transformation
behaviour under the point group are

Ve®UE. Ur®Ul. Ui®ul. U®ul, (A.23)

where the other R-R states are projected out. It remains therefor four 1-form gauge potentials and eight
scalar from the R-R sector.

SUSY multiplets

The four dimensional spectrum contains after the Z, X Z; projection one graviton, one chiral and one
antichiral gravitino, four vector fields, seven chiral and seven antichiral fermions and 22, which fits into
an N = (1, 1) graviton multiplet, three N' = (1, 1) vector multiplets and eight N' = (1, 1) half-hyper
muliplets (or four hyper multiplets). As discussed in section[d.1.2]the point group preserves only one four
dimensional susy generator from each ten dimensional susy generator. That can indeed by confirmed at
the level of the four dimensional massless spectrum for the discussed Z; X Z, projection.
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Appendix A Massless type 1IA closed string states on Zy X Z X QR-orientifolds

A.2.2 Twisted states

The g twisted boundary conditions, with g € {6, w, 6w}, shift the oscillator moddings by % in the directions,
on which g acts non-trivially. Therefore the oscillators for the g twisted NS sector contains zeromodes bf)

/

in the directions x' on which g acts non-trivially. They are related by %bé = I' to the Gamma matrices

of the four dimensional Clifford algebra. They act on the spinor representation of S O(4), which is the
rotation group in the four directions x’. The twisted NS ground state |0)N§ is massless and therefore also
bélO);‘}Vs. Similar to the untwisted R ground state being a spinor of the S O(8), the twisted NS ground
state transforms as a spinor of § O(4) and can be given by four states |s;, 51, }\‘I’Vs, with §; € J_r%. Since x lie
entirely in the compact space the S O(4) has no factor in common with the four dimensional Lorentz group
and hence the four states |s;, 51, );‘;VS are scalar fields in the uncompact space. On the other hand the twisted
R states contains only four zeromodes, two in the uncompact space and two in the directions x*, on which
g acts trivially. They also form a four dimensional Clifford algebra. Therefor the twisted R ground state
is given by a spinor |s; sk>§” of SO(4), but since s; is the eigenvalue to the spin in four dimensions, the
twisted R ground state transforms as a fermion in the uncompact space. The GSO-projection acting on
the left-and right moving sector for twisted NS states have, unlike for the untwisted states, an additional
factor of 4 H?Zl bé, which is the chirality operators for the spinor representation of S O(4). Under the
action of the orientifold projection QR, the zeromodes bé in the imaginary directions of the compact
space get a sign which cancels in the combination for the chirality operator. Therefore the GSO projection
preserves in the twisted NS sector the same two states |5y, 57, )ES for the left-and rightmovers, with either

DaSi, €Zor Y, s, €Z+ % The GSO-projection for the twisted R sector has a factor of 4b(2)b(3) [1; bé
and since QR only flips the sign of &/ in the imaginary direction, the GSO-projection differs by a sign in
the left- and rightmoving twisted R sector, thus preserves fermions with different chiralities in the twisted
left-and rightmoving R sectors. The massless twisted states preserved by the GSO-projection are chosen
in the rightmoving sector to be given by

1 1\tw 1 1\tw
[£3+8s, [£5E3R% (A.24)

with |+ 1 + g)gvs two scalars and | £ | + %);{V two spin states of chiral spinor from the four dimensional
point of view, and in the leftmoving sector by

1 1\tw 1+ 1\tw
EEEE VN EE Ot (A.25)

with | + 4 ¥ 4)p two spin states of an antichiral spinor. That way each fixed point FIX(g) contains 16
massless NS and R states arising from twisted closed strings, by combining the four scalars with the two
spinors. The action of another twist element & # g on FIX(g), acts on the twisted NS and R states as

B lsiosins = € alsi siONg s IsispR — € lsis )y (A.26)

where A acts on the i,-th and j-th plane non-trivially. In order for the twisted closed string states to remain
the whole orbifold projection they need to form invariant states also under the other twist elements 4 € P.
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A.2 Zy X Z,-orbfiold projection

Twisted NS-NS states

The massless NS-NS states in the twisted sector is given by combining the states | + | + | E\V]VS from the
left-and rightmoving sector. It gives the four states

[+ 2+ DNs®IH 1+ D%s> I+ 2+ DRs®l= 1= DNs> =2 = DNs®l+ 1+ DNss 1= 1= DNs®I— 1= DXs »

(A.27)
which are four scalars under the four dimensional Lorentz group. The effect of the other Z, action on the
twisted states preserve only the two states | + | + 2)”’ ®|F1F 1)

Twisted NS-R states

The massless NS-R states in the twisted sector is given by combining the states | + | + 2) from the
leftmoving sector with the | + 4 + 1)i" in the rightmoving sector. They form two fermlons

t t t t
[ +3+ s @5 DR, |I—3- s @5+, (A.28)

which transform in the (é, 0) representation in the uncompact space The second Z; preserves only the
two states | + 4 + 1 ® |—1— 1)“” and | — 1 — ') |+1+1 which can be put to one Weyl spinor in

R 9
four dimensions together.
Twisted R-NS states
The massless R-NS states in the twisted sector is given by combining the states | + | F 1>tW from the
leftmoving sector with the | £ | + | NS in the rightmoving sector. Analogous to the tw1sted NS-R sector,
they form two fermions
|i%i%>t ®|+ +1>NS’ Ii > I_%_ >NS’ (A.29)

each transforming in the (0, %) representation. As in the NS-R sector, the other twist elements project out
two states and preserve one Weyl spinor.

Twisted R-R states

The twisted R-R states are given by the product of the chiral and antichiral fermion. Decomposing
the product into irreducible representations of su(2) ® su(2), they provide two dof belonging to the
(%, %) representation and two scalar dof in four dimensions. That means each twisted R-R sector
contains a vector field and two scalars. The invariant states under the second Z, action are given by
|+ 1+ %)3" ®|+1- %)g’ and |- 1 — %)ﬁ” ® | — 1 + 1YW, which are the two polarization states of a spin 1
vector field. Hence the orbifold action on the twisted R-R sector projects out the two scalars.

Discrete torsion

Turning on discrete torsion gives an additional sign to the g twisted states by the action of other twist
elements i € P with 1 # g. Hence the action of 4 on a massless twisted states is given by

ﬂi(sb+sd)|sa

h: |Sasb>;\\;vs/R ® Iscsd>§VS/R — —¢ Sb>;\v]vS/R ® |Scsd>{\\;vs/R > (A.30)
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where & acts non trivially on the b-th and d-th plane. Therefor the states which are preserved are those
which are projected out in the case without discrete torsion. Each fixed point contributes two scalars from
the NS-NS sector, two scalars from the R-R sector and two fermions from the NS-R and R-NS sector.

SUSY multiplets

Each fixed point contains six scalars, four spinors and one vector field. They fit into an N' = (1, 1)
half-hyper multiplet and an N = (1, 1) vector multiplet. However the action of the other Z; projection
breaks the susy to N = 1, projecting out half of the twisted states. For the case without discrete torsion
two scalars, two spinors and one vector field is preserved, which fit into an N = 1 vector multiplet.
However for the case with discrete torsion four scalars and two fermions are preserved, which form an
N =1 chiral multiplet.

A.3 Orientifold projection

The orientifold action QR on the string transforms the left- and rightmovers from as

+X5 ), We(o™) A €{2,3,4,6,8
QR : XZ/R(O_i)’ w;(o_i) N 5/[4(0—_) W—:(O—_) or u { } (A31)
—XR/L(0'+), Yhi(o™) for ue{5,7,9}
Inserting the mode expansions from (3.9) the oscillator modes transform as
ah, b,
QR : o, b, SR A.32
n n+r {—&Z, _bg_‘—r ( )

In order to preserve the graviton in s { /2b‘:1 /2|O)NS, the orientifold action acts on the NS ground state
as QR : |[O)ns — —|0)ns. On the R sector the orientifold projection acts on the operators S as
QR: S ;33, 4O S ;’,3’ 4 and ST & ST. Itis therefore consistent to define the transformation of the lowest
weight state of the R ground state by QR : | - % - % - % - %)R o |- % + % + % - %}R. Then the R states

transform under QR as
—4 -3 —1 —2
Yo, Yo, Yol Yol (A33)

A.3.1 Untwisted states

The orientifold projection preserves the states from the untwisted NS-NS sector which are symmetric
under the exchange of the spacetime indices ¢ and i. That means the states

1,. -
S (B2 267 5lONs + B2 557 l0)Ns) - (A34)

72 2 73 3
b_l/zb_1/2|0>NS > b_l/zb_1/2|O>NS > )

correspinding to the dilaton and graviton dof, and the three scalars

1

7:2i+1 12i+1 720 2i
b_ll/zb_ll/zl())NS > b_ll/zb_ll/zl(»NS )

(B2 507, 50Ns + B, ), b7 hl0)Ns) (A35)

for each plane i € {1,2,3} in the compact space, remain after the action of QR. Since the NS-R and
R-NS sector are not left-right symmetric only linear combinations of both sectors survive the orientifold
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projection. The states
1/~ —1
3 (B plOns ® 0t + B 0 8, l0s ) (A36)

corresponding to one dilatino and one gravitino, and the two fermions
1 7200041 —a 22+
5 (P27 10ns ® g + g ® b7 ) ) (A.37)

for each plane i, are preserved by QR. Since spacetime fermions anticommute the action of QR on R-R
states is given by

—a —b _—a —a
QR: Y @YL = Y, @Yy = —Y QY. (A.38)
That means only the antisymmetric states in the untwisted R-R sector are left invariant by QR and the
four scalar states

L A% B (AR ) I (/A ATA) L (A AR B
(A.39)
remain on the orientifold. In total the untwisted sector of Type IIA contributes to the four dimensional
spectrum, after the whole Z, X Z; x QR projection, a graviton, a gravitino, seven fermions and 14 scalar
fields, which fit into an N = 1 graviton multiplet and seven N = 1 chiral multiplets.

A.3.2 Twisted states

The zeromodes in the twisted sector transform under QR as

" 234,68
QR : by — 5579 , (A.40)
and vice versa, so that
QR: ST o S+, Sj<—>§j., (A.41)
for the twisted R sector and
QR: ST o 87, (A.42)
for the twisted NS sector. Defining the twisted ground states to transform under QR as
QR: = 1= DR > 1= 1+ D, - 1= D% = 1-1- D, (A43)
the transformation of the twisted states under the orientifold can be deduced to be given by
QR : Isi si,)ng = 150 Si)Ns»  IS18)R = Is1 = s)p. - (A.44)

Then the stalltes preserved by QR in the twisted NS-NS sector are the two states | + % + % ;VIVS ®|+ % + % ;‘;VS
tw

and | — % —3Ns ®l— % - %){\VIVS Since they are only preserved for the case with discrete torsion, the twisted

NS-NS states are only present when discrete torsion is turned on. Similar the twisted R-R states which are
A ot 1,1 1_1 1_1 1,1

invariant under QR are the two polarization states | tat E?gv ®| t373 R ar'ld |- 3= 3% ® —7t IR
for a vector field. They are preserved on the orbifold withou discrete torsion, hence the twisted R-R
sector contributes only for the case when discrete torsion is turned off. The twisted NS-R and twisted

R-NS sector form two linear combinations, which are invariant states under Q2R and provide the four
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Appendix A Massless type 1IA closed string states on Zy X Z X QR-orientifolds

dimensional spectrum with a fermion. That means at each fixed point the states remaining after the
Zy X Zy x AR projection, are either two scalars and a fermion for the case with discrete torsion or a vector
field and a fermion for the case without discrete torsion. The orientifold projection breaks the N = (1, 1)
susy at the twisted sectors to N = 1. The invariant states form a N = 1 chiral multiplet in the presence of
discrete torsion or a N = 1 vector multiplet when no discrete torsion is not turned on.
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APPENDIX B

. . . 6
Labels for intersection points on Tso 1)

Some of the lattices for labels of inequivalent intersection points of D6-branes on TSO(]Z) are discussed

here. The lattice for a label j depends in the following way on the wrapping numbers of the two cycles,
which the Branes are wrapping,

T
. 1 1 2 2 3 3\ |2
JjE€ {(tlmb — tony,, t3my, — 4Ny, tsmy, — t6nb) |t € ASO(12)} R (B.1)

with the identification

@y Ta sy N2y Tagy Ty e k) '
ab ab ab ab ab ab
(1) (1) i(2) i(2) i(3) i(3)
1J 1J 2J 2J 3J 3J } 2 2
Ny =, My ==, Ny, My, N, —, my;— |+ 4, A€ Aso12)
(1) a4(1)” 4 4(2) a41(2)° 4 403) a4(3)
[ Iab Iah Iah Iab Iab Iah
Case 1
Here the following configuration is considered
Viet1.2.3)V aeta b (nfi + mﬁ =0 mod?2, g.c.d.(nﬁ,mg) = 1) . (B.3)

The only way for the term #p)_ lmZ - tzhng to be odd is that the lattice vector components satisfy
hhn-1 + Hp =1 mod 2. But, because the sum of all six lattice vector components has to be even, the
label j can only have either zero or two components, which are odd. On the other hand it is possible to
make tzh_lmg - chng even for each plane individually. This is the case for the S O(6) Lie lattice. Hence j
belongs to the S O(6) lattice. From the relation

mh h_ o h

h
m_Ma =My oy Ty g
Iib) = — 3 (”b + mb) i (Ng +my), (B.4)

one sees that II(IZ) is even and therefor a shift of the components of j by j® — j® + Ig;), can be performed
independently from the components of the other planes. Further, since 1" + m is even, the shift of j
leads to a S O(12) lattice shift in the term in @), which is can be absorbed by the identification. For the
labels j that means that the inequivlanet labels are given by the quotienting out the shifts from the S O(6)
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Appendix B Labels for intersection points on TSO(]Z)

lattice A
— . (B.5)
® net LnZ
Case 2
Here the following configuration is considered
Vien2s (nh+ml=0 mod2, gcd(lml)=1), (B.6)
Viea) (nf +m) =0 mod 2, ged(nfm))=1),
ny+m, =0 mod?2, g.cd(ny,m)=2
1
In this case the brane b wraps the first plane twice and since zb += =1 mod 2, with 2t 35 21” €Z,itis

possible for 5 (tlmb — tznb) to take any integer value, independently from the values of the other two
- i . .

components of j. Further, it is possible to find lattice vectors t € Ago(12), S.t. (J—) ](2) (3)) takes any

value in Z°. Hence the labels j belong to the lattlce 27 ® Z® Z. Analogous to case 1, (B.4) reveals that

Ig;) ,Yh € {1,2,3}, is even, and because na + ma is even, the inequivalent labels j belong to the quotient
lattice V7 @7
JjE€ =3 o B.7)
® et L Z

Case 3

Here the following configuration is considered

Vienos (nh+m) =0 mod2, g.cd(nfm))=1), (B.8)
Vhe2,3) (na + ma =0 mod 2, g.c.d.(nZ,mZ) = l) ,
ni+ml=0 mod2, gcdnlmh)=2
Inserting the wrapping numbers of the brane b into (BI)), one sees analogous to case 1, that j belongs to

the S O(6) lattice. Since I ) and na + ma are even Yh € {1, 2, 3}, the labels for inequivalent intersections
are given by the quotient lattlce in (B.3) as in case 1.

Case 4

Here the following configuration is considered

Vieom (nh+ml=0 mod2, gcd(lml)=1), (B.9)
ny +m,
2

Y he(2,3) (g.c.d.(nZ,mZ) = 1) , g.c.d.(n,i,m},) =2

_ 2 2 _ 3 3 _
=odd, ny+m;=o0dd, n,+m, =even,

Similar to case 2, it is possible to for j to take values of the lattice 2Z ® Z ® Z and since n* + m/ is even,
shifting j by Ifjl? in each plane individually, leads to S O(12) lattice shifts in @) Hence inequivalent j’s
belongs to the quotient lattice given in (B.7).
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Case 5

Here the following configuration is considered

Vien2s (nh+m) =0 mod2, g.cd(nf,m))=1), (B.10)
1 1
+
Ba ™ Ma 2m“ =odd, n2+m2=odd, nd+m =even,

Vies) (g.c.d.(lml) =1) . ged(nj.m)) =2

Similar to case 1 j belong to the S O(6) lattice. But this time Iﬁ) is not necessarily even and since n2 + m?2

is odd, the shift j — j+ (0, Iﬁ), 0) does not lead to a lattice shift in lb Instead, shifting j by the
following three vectors

(1,0,0) . (19/2,12,0

e @0, (0.0.15), B.11)

leads to equivalent intersection points on the torus, by (B.Z). Hence the inequivalent labels belong to the

lattice "
Y () (0

A 2
e =229 " 1 =spanl|| 0 [.|;2].] 0] (B.12)
Lup 0 617 &)
ab

Case 6

Here the following configuration is considered

Vier23) (nh +mli =0 mod 2, ged(nhml)=1), (B.13)

1 1

I’lb + mb
2

Y he(2,3) (g.c.d.(nz,mﬁ) = 1) , g.c.d.(n;,mll)) =2

— 2 2 _ 3 3 _
=odd, ny+my=o0dd, ny+m,=odd,

Similar to case 4, the inequivlanet labels j belong to the lattice 2Z ® Z ® Z and the labels, denoting
inequivlanet intersection points on the torus, belong the quotient lattice given in (B.7).

Case 7

Here the following configuration is considered

Vhe(1.2,3) (”Z + mz =0 mod 2, g.c.d.(nZ,mZ) = 1) , (B.14)
nb +m}

2
Y he(2,3) (g.c.d.(nZ,mZ) = 1) , g.c.d.(né,m},) =2

=odd, n2+m2=o0dd, nd+m =odd,
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Appendix B Labels for intersection points on T so(12)

Similar to case 5, the labels j belong to the S O(6) lattice. Unlike to case 5, this time IS)) and n} + m> are
also odd. The lattice for inequivalent labels j for this case is given by

A ab
e 2299 " 1 =spanl|| 0 |, ,(2) 1™ (B.15)
Cap 0 0 57)
Case 8
Here the following configuration is considered
ng g 2, 2 3, .3
=odd, n,+m;=o0dd, n,+m, =even,
Yaelab) |, W Y (B.16)
Y he(2,3) (g.c.d.(na,ma) = 1) , gcd(ngmy) =2

Similar to case 2, j belongs to the lattice 2Z ® Z ® Z. This time I(l)

be shifted by

0 mod 4 and therefore allows j to

(19,0,0)" . (19/2.12,0

b @0, (0.019)", (B.17)

which generate the quotientent lattice I, for the inequivalent labels

2ZQZRZ
a

Case 9

Here the following configuration is considered

1 1
na+ma 3 3

S =odd, n2+m?=odd, nl+m =even, (B.19)
Vier2.3) (g.c.d.(nZ,mZ) = 1) s g.c.d.(ncll,mfll) =2
nl +m!

% =odd, nj+m;=odd, n}+m; =odd,
Ve (g-cd.(mpm)) =1) . g.cd.(ny,m)) =2

Again, similar to case 8, the inequivlanet labels j belong to the quotient lattice given in (B.I8)) with the
generators in (B:I7) for T's.

Case 10

Here the following configuration is considered

1 1
n, +m
% =odd, nj+mj;=o0dd, n+m; =even, (B.20)
Y he(2,3) (g.c.d.(nZ,mZ) = 1) , g.c.d.(n[l),m}]) =2
1 1
g +m 2, .2 3, .3
%:odd, n,+m,; =odd, n,+m,=odd,

Yhe(2.3) (g.c.d.(nZ,mZ) = 1) . gcd(nlml)y=2
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This time the ineqivalent labels belong to the quotient lattice

1) L)
Iab < 0

2RZZ )
jehes®s b pan|| 0 |, 1 11711 (B.21)
Cap ab %
0 0 1

Here the following configuration is considered

nl+m! 2 2 3 3
@ @ — Odd, n< +m- = Odd, n. +m. = Odd,
Vacton {—2 o+ g oty (B.22)

Yhe(2,3) (g.c.d.(ng,mg) = 1) , gcd(nl,ml)=2.

The inegivalent labels for this case is also belongs to the quotient lattice given in (B-2I).
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APPENDIX C

Quotient lattices and integral matrices

6
On the dual of TSO(]Z),

by k € @, where I'; is a sublattice of Aso() spanned by three generators with integer components.
Denoting the three generators by a, a; and asz, a 3 X 3 integral matrix A can be associated to I',, where
the components for the i-th column is given by a;

the gauge indices k for fields in representations of U(N,) gauge groups, are given

A=(ay,az,a3) . (C.1H

Let A and B be two integral 3 X 3 matrices, associated to the lattices I'; C Aso) and I', € Asoe)- Let
I'4 be a three dimensional sublattice of Asos), s.t. I'; and I', are sublattices of I'y and all other lattices,
containing I', and I', as sublattices, are sublattices of I';. Let I’y N I’ be the contained in I', and [, as
a sublattice, s.t. all other common sublattices of I';, and I';, are sublattices of I', N I',. Let D and M be
the associated 3 x 3 matrices of I'; and I'; N I, respectively. D is called a left divisor of A and B, which
means A and B can be expressed by

A=DM,, B=DM,, (C.2)

where M, and M), are integral 3 X 3 matrices. Further D is the greatest common left divisor, since from
the definition of Iy, it follows, that all other left divisors of A and B are also left divisors of D. Since the
the representation of the generators of the lattices should not have an effect, the greatest common left
divisor of A and B is unique up to unimodular transformations (see e.g.[120]]). Then for the following
Diophantine equations

D =AP-BQ, (C.3)

solutions exist, where P and Q are integral 3 X 3 matrices (see proof of Proposition 3.4 in [[121]]). Because
M can be expressed by
M =AN, and M = BN,, (C4

with N, and N, being integral 3 X 3 matrices, M is called a right multiple of A and B. Since from the
definition of I', N I', there does not exist any further common right multiple, which is not a right multiple
of M, M is called the lowest common right multiple of A and B. The matrices D and M can be related by
(see theorem 5 of [122].)

M =AD'B. (C.5)
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Appendix C Quotient lattices and integral matrices

Using 1i the volume of the fundamental cell of the quotient lattice % is given by

det(A)det(B)
det(D) ’

Aso(e)
I,nIy

1
2

det(M)‘ _
2

from which it follows

% |det(M)det(D)| = % |det(A)det(B)|

Asos)
[y

Aso(6)
I',nIy

3 ‘ Asoe) ‘ ‘ASO(ﬁ)
I, r, |
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APPENDIX D

Lattices for gauge indices and irreducible
subsets

The lattices Ty, with @ € {a, b}, where already classified in (6.53) and (6.54): There are three different
cases, occurring from, whether N,(Ih) =1 mod 2 for one or two planes (remember that at least in one
plane Néh) =0 mod 2, with g.c.d.(n", m") = 2). Here the cases are investigated, in which T, and T, are
given by
)
NDY (0 0
Il =spanf| 0 |, |N?|,| O ||, (D.1)
0 0 ) \n&®

where N = 0 mod 2 and g.c.d.(n", m") = 1,¥V h € {1,2,3},

(i1)
2 _ 2 2
Iy =span|| N@ |, [ -NP |, (23) , (D.2)
0 0 Ny

where N% =1 mod 2, N’ =0 mod 2 for h € {1,3}, but g.c.d.(n}, ml) = 2 and g.c.d.(n, m") =
1 forh e {2,3},

(iii)
N\ (N 0
3 2 2 o))
I;, = span Nc(yz) , _N((XZ) L ING T (D.3)
0 o ) WY

where N = 1 mod 2 and g.c.d.(n, m") = 1forh € {2,3}, but N’ =0 mod 2and g.c.d.(n}, m}) =
2.

Since the volume of the fundamental cells of T, is always Vol (l";) = [I3_, N, Vi € {1,2,3), the

. Asos) -
number of gauge indices k, € =2 is
a

NDND NG
= (D.4)

Aso(e)
Iy

#ko) =|
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Appendix D Lattices for gauge indices and irreducible subsets

The smallest common sublattice I', N I', of I'; and I';, and the greatest lattice I'y, for which I';, and I, are
sublattices are given for the following different cases by

(a)

for T’} and Fé,

(b)

forI'}, I and T3, T},

(©)

(d)

for 2 and Flzj,

(e

2 13 3 2
forI'Z, [yorly, I,

140

ranrb=®

1 13 3 Tl
forI'y, Fb orT,, '),

2 NN
btz
am

span

span

span

span

3 N[(f‘) N

ramrbz(g)

3
b h
—g % Tu=Qdvz,
h=1
d d
2 2
, I'g= span d(2) _d(z) ,
0 0
4D D
2 2
[y =span||d? |, |-d?|,
0 0
(1) af(1) (1) A7(1)
NN NN 0
o) D
1\2151 N | fo’iN,ﬂ” 0
70 7@ NN
0 0 9
a0 o 0
2 2
—dD|, |d?], ( 0 ] ,
0 0 d®
M) n (D) M) D)
NN NN 0
o) o)
1\%,2 W | Nfz N O
TTa® do NONY
0 0 PiE)
4O dD 0
2 2
—dD|, |d?], [d(z)] ,
0 0) \a?

D.5)

(D.6)

D.7)

(D.8)

(D.9)



()

N((ll)Nél) N((ll)Nél) 0
2%(1) 22d<1) NOND
I,NT, = span|| NONP | |NOND L ==, (D.10)

(2) (2) 3 3

6 dO NON®

ao
a9\ (42 (0
20 5 )
[y, = span||-d®|,|d?]|,|d ,
0 0 ) Wd?®

3 3
forI'y or I},

where d® = g.c.d. (N?, N,gh)) was defined. For all cases (a)-(f) the volumes of I’y and ', N T, are

3 (h) n7(h) 3
Vol (T, NT}) = ]_[ % . Vol@y) = [ [a® (D.11)
h=1 h=1

and the relation (6.79) is indeed satisfied.
The function of three overlapping wavefunctions in section [6.4.2] involves the smallest common
sublattice I', N T, N T.. T, is considered to be given by '}, T2 or I'2. Then T, N T}, N T is given by

® 3 (1) ar(h) A7(h)
NPNPN
r,NT,NT, = (X) 2b < 7 (D.12)
‘ ‘ h=1 d(,[l))
abc

for T, = T} for at least one « € {a, b, c},

®) (1) A1) pr(D) D) A1) A
NPNVN NPNVN 0
2d') 2d)
@) 05) (2) @@ 0
I',NnIp,NTI: = span Ng N, N, Ng"N,”N, (D.13)
a b c — b > b * | NONOND ||
Fe) Fe) o Ny N¢
abc abc - 3
0 0 dab('
forT, # 1"(11 forall @ € {a,b,c} and ', = 1"(21 for at least one «,
© (1) A1) Ar(D) (1) A1) A1)
NYNUN NNUN 0
M 0) 2) ) A2
(%d“?f) @ (2)2 df’f’)" ®) M
Fa N Fb N FC = Span _Na NN, | NNy NS d‘%)ﬁ , (D14)
(2) (2) 3 3
dabc dahc Nc(l )Nb Nc( )
0 0 a®

abc

forI', = I3 forall @ € {a, b, c},

where dg}?c =g.c.d. (N, N}()h), N was defined.
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