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Abstract

In this thesis, we study the features of effective theories of type IIB superstring theory from the
perturbative and non-perturbative points of view. We mainly focus on coupling constants in
magnetized compactifications. The magnetized compactifications are constructed from super
Yang-Mill theory that is an effective theory of D-branes in type IIB superstring theory. In the
previous works, two features of the coupling constants have been shown in several magnetized
compactifications: the coupling constants are determined by the product property of the
space of the zero modes, higher order coupling constants are decomposed by the three-point
coupling constants. We revealed that these are common features to general compact spin
manifolds. This means that the origin of those features is not the property of just a specific
function but the property of a Dirac operator on such general manifolds. On the other hand,
the above is the result in the context of perturbative superstring theory. Hence, we also study
those features of the coupling constants based on the IKKT matrix model that is known as a
non-perturbative formulation of type IIB superstring theory. We show that those features are
essentially valid even if we consider magnetized noncommutative torus and magnetized fuzzy
sphere constructed based on the IKKT matrix model.
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Chapter 1

Introduction

The standard model (SM) is a successful model to explain the high-energy experiments.
However, the SM has several problems to be solved, e.g., the origin of the generations and the
chiral structure and the difficulties in incorporating gravity. Recent cosmological observations
also imply the existence of additional structures for the SM. These facts lead us to consider the
concept beyond the SM. As a possibility to overcome such problems, superstring theory has
energetically been studied. Traditional quantum field theory is constructed on the basis of a
point particle. On the other hand, superstring theory is constructed from an open string and
a closed string. According to the spectral analysis based on the canonical quantization, the
open string creates a gauge field and the closed string creates a gravitational field. Therefore,
superstring theory is regarded as a promising candidate of the unified theory of all forces in
nature.

In addition, superstring theory is rich in variety so called D-branes, which are various
dimensional objects. Classically, the D-branes are defined through a boundary condition to
consider the equation of motion with respect to an open string. For the open string, we
can select the Dirichlet boundary conditions with respect to the two endpoints of the open
string. The endpoints cannot move along the directions that are orthogonal to the directions
constrained by the Dirichlet boundary conditions. Therefore, it seems that the open string
can move only in a specific spatial area. The classical concept of the D-branes is such an
area. However, the modern interpretation of the D-branes is a various dimensional object
that couples naturally to a tensor fields defined in Type II superstring theory.

Type II superstring theory is constructed from a closed string. There are two types based
on the property of the supersymmetry: type IIA and type IIB. The physical states of a closed
string are classified as the left-mover and the right-mover, and the whole theory is defined by
combining them. As we mentioned, the spectrum of the closed string includes a gravitational
field. Actually, there are several massless tensor fields in the spectrum. The effective action
with respect to these massless fields is described by supergravity. In the type II supergravity
actions, the D-branes can be described as solutions of equations of motion. On the other
hand, an effective action of the D-branes is described by the super Yang-Mills action. As we
mentioned, the spectrum of the open string includes a gauge field. If we consider an open
string between several parallel D-branes, we have a degree of freedom to select which D-branes
the end points attach. If those D-branes coincide each other, the open string state can be a
massless state. Therefore, such a state can be identified as a non-Abelian gauge field. Because



of the supersymmetry, the effective action is described by super Yang-Mills theory.

On the other hand, a feature of superstring theory is the requirement of a ten-dimensional
spacetime because of the consistency, e.g., physical state conditions based on the Virasoro
algebra. Our world is four-dimensional spacetime on the basis of the experiments and the
observations so far. Therefore, the problem is how to do with an additional six-dimensional
space so called an extra dimensional space. We have several ways to consider an extra dimen-
sional space. In this thesis, we focus on compactifications. In general, the compactifications
is a method to construct a lower dimensional effective field theory (low-energy effective field
theory) from a higher dimensional field theory by assuming the space associated to such a
difference of the dimensions is very small. From the viewpoint of superstring theory, con-
sidering a ten-dimensional field theory is natural. However, in practice, we may consider
higher dimensions lower than ten dimensions (e.g., six dimensions) as effective field theories
of superstring theory. In this thesis, we refer to four dimensions as lower dimensions and
D > 4 spacetime dimensions as higher dimensions. In this case, the smallness is restricted
from the experiments and the observations. According to Ref. [1], extra dimensional spaces
wider than TeV-size are excluded. In general, low-energy effective field theories derived from
compactifications have moduli fields as degrees of freedom of an extra dimensional space and
topological information. In practice, analytical information that is mentioned later is also
necessary.

In compactifications of superstring theory, moduli fields appear as scalar fields in low-
energy effective field theories. In this context, moduli fields parameterize possible string
backgrounds. More precisely, expectation values of the moduli fields play roles of parameters
governing coupling constants (e.g., the string coupling) and the shape of an extra dimen-
sional space. Typical examples are complex structure moduli fields and Kéahler moduli fields
associated with the metric of an extra dimensional space. In general, coupling constants in
low-energy effective field theories depend on these moduli fields. From the viewpoint of phe-
nomenology, the value of a coupling constant should be fixed uniquely. To fix, we have to
understand the mechanism to obtain expectation values of moduli fields. The processes that
determine the expectation values of moduli fields through a certain mechanism are referred
to as the moduli stabilization. On the other hand, such moduli fields have shift symmetries.
The shift symmetry corresponds to the invariance of an action (up to total derivatives) under
a constant shift of the value of a field. In the context of superstring theory, such a field is
called a stringy axion. There are several works on applications of stringy axions to, e.g., dark
matters, inflations and the CP problem. In practice, the decay constants of stringy axions
are important. For example, the decay constant should be at around the Planck scale for the
natural inflation from the Planck data [2, 3], which is one of the typical inflation scenarios
within the framework of superstring theory.

On the other hand, typical topological information is the index based on the Index theo-
rem. The index counts the difference of the numbers of chiral and anti-chiral zero modes of the
Dirac operator on an extra dimensional space. In compactifications, we typically consider the
Kaluza-Klein expansion. This is the separation of varieties by eigenfunctions of an operator
on an extra dimensional space. In low-energy effective field theories applied the Kaluza-Klein
expansion, the eigenvalues play the role of mass parameters. In the SM, the fermions as the
matter fields are massless fields before the spontaneous symmetry breaking. Therefore, zero
modes in the Kaluza-Klein expansion based on a Dirac operator are identified with the mat-
ter fields in the SM. Hence, a non-zero index means a realization of the chiral structure in a



low-energy effective field theory. The chiral structure is required from the SM. Therefore, we
have to consider setups that can lead to a non-zero index.

The analytical information mean wavefunctions and the integral on an extra dimensional
space. Coupling constants in low-energy effective field theories are important to compare
the theory with the experiments and the observations. To compute such a coupling constant,
information of the wavefunctions and the integral on an extra dimensional space are necessary.
According to the Kaluza-Klein expansion, the fields in a higher dimensional field theory
are decomposed by the eigenfunctions in principle. Accordingly, each term in the action
is decomposed into two parts: the four-dimensional part and the extra dimensional part.
The four-dimensional part consists of an expected form from the SM, e.g., four-dimensional
kinetic terms and Yukawa interactions. Therefore, the extra dimensional parts play the role
of coupling constants because they are constants from the viewpoint of the four-dimensional
field theory. Such an extra dimensional part is constructed by a product of wavefunctions as
the eigenfunctions and the integral over the extra dimensional space. Therefore, the analytical
information is necessary to obtain explicit values of coupling constants in low-energy effective
field theories.

As we mentioned, coupling constants in low-energy effective field theories depend on mod-
uli fields in general. This is because they are determined by the wavefunctions and the integral
on an extra dimensional space. Typically, we perform the Kaluza-Klein expansion based on
the Dirac operator or the Laplacian on an extra dimensional space. Such an operator is de-
fined by the metric. The metric, in general, depends on moduli fields, e.g., complex structure
moduli mentioned above. Thus, the operators defined with the metric and their eigenfunc-
tions depend naturally on moduli fields. Therefore, moduli fields and matter fields cannot be
considered separately. In conclusion, we have to investigate the dependence of moduli fields
and topological and analytical information to obtain a low-energy effective field theory and
consider its phenomenological implications.

One of interesting string-inspired models is a magnetized compactification model. Typ-
ically, we start from super Yang-Mills theory as a low-energy effective field theory of the
D-branes. In particular, such a model can be realized in type IIB superstring theory. There-
fore, in this thesis, we mainly focus on low-energy effective field theories of type IIB superstring
theory. In magnetized compactification models, the magnetic flux obtained from a background
gauge field can induce the non-trivial index. Therefore, the chiral structure is ensured by the
magnetic flux. Although it is difficult generally to obtain the explicit forms of wavefunctions
and compute the integral on an extra dimensional space, there are several works that have
obtained and computed them.

In Ref. [4], the authors considered the magnetized toroidal compactifications and obtained
the explicit zero modes, which are given by the Jacobi-theta function. In addition, they proved
that the lightest mode of the Laplacian has the same functional form with the zero modes.
Moreover, they computed the Yukawa couplings constructed from those eigenfunctions. In
Ref. [4], it is shown that the product of two zero modes can be described by the linear combi-
nation of zero modes. Namely, the space of the zero modes is closed under the multiplication
in the sense of a standard function space. The Yukawa couplings are nothing but the co-
efficients of the linear combination. In Ref. [6], the authors showed an interesting feature
of the coupling constants in the magnetized toroidal compactifications by using the product
property of the Jacobi-theta function. According to Ref. [6], generic multi-point coupling
constants in the magnetized toroidal compactifications can be decomposed by the product of



the three-point coupling constants. In the decomposition, we can observe the structure that is
similar to the conformal blocks in conformal field theory. In Ref. [5], the authors generalized
the results of Refs. [4,6] to include the massive modes. In Ref. [75], the authors considered
the magnetized spherical compactifications and obtain the explicit zero modes of the Dirac
operator by rational functions whose numerators are monomials. In addition, they proved
that the lightest mode of the Laplacian has the same functional form with the zero modes.
It is obvious that the Yukawa couplings (three-point coupling constants) are important in
comparison with the SM. The generic multi-point coupling constants are also important to
consider higher dimensional operators, for example, the dimension 5 operator for the neutrino
masses from the viewpoint of models beyond the SM.

So far, we discussed the features of low-energy effective field theories based on superstring
theory, especially type IIB superstring theory. However, superstring theory is established
perturbatively at present. In the traditional quantum field theory, we first define an action at
the beginning, and the rule of the Feynman diagrams is derived on the basis of the action to
compute amplitudes perturbatively. On the other hand, in superstring theory, we have only
the rule of Feynman diagrams for string amplitudes based on superconformal field theory,
but the origin of the rule is indefinite. Because the discussions so far are based on the
perturbative superstring theory. There is a possibility that the above features, especially for
coupling constants, will be affected by non-perturbative effects. Hence, it is important to
reconsider the above discussion from the viewpoint of non-perturbative perspectives.

The purpose of this thesis is to investigate features of coupling constants in magnetized
compactifications models as effective theories of type IIB superstring from perturbative and
non-perturbative points of view.

As a perturbative point of view, we discuss the generalization of the features of the coupling
constants in the magnetized toroidal and spherical compacifications to magnetized compacifi-
cations of general compact spin manifolds. In the previous works, the features of the coupling
constants are derived from the product property of the Jacobi-theta function or the rational
functions. Actually, we will prove that the features of the coupling constants can be attributed
to two general reasons: the space of the eigenfunctions of the Dirac operator configures the
complete orthonormal system, and the action of the Dirac operator satisfies the Leibniz rule.

As a non-perturbative point of view, we consider matrix models as non-perturbative for-
mulations of superstring theory. In this thesis, we mainly consider Ishibashi-Kawai-Kitazawa-
Tsuchiya (IKKT) matrix model. There are two reasons why the IKKT matrix model is
considered as a non-perturbative formulations of superstring theory: we can define the action
of the IKKT matrix model without Feynman diagrams, and type IIB string field theory in
the light-cone gauge can be derived from the IKKT matrix model. The action of the IKKT
matrix model can be defined by super Yang-Mills action. As we mentioned, magnetized
compactification models are described by super Yang-Mills theory. Therefore, we are natu-
rally lead to consider magnetized compactifications in the IKKT matrix model to investigate
non-perturbative effects for the perturbative results.

The organization of this thesis is as follows. Chapter 1 contains the introduction and
the structure of this thesis. In Chapter 2, we introduce superstring theory, especially type
I1B superstring theory. In Chapter 3, we review the results of the magnetized toroidal and
spherical compactifications as low-energy effective field theories of type IIB superstring theory
on the basis of Refs. [4-6,75]. In Chapter 4, we review the IKKT matrix model. We define
the action of the IKKT matrix model from the matrix regularization of the Green-Schwarz



action and the large-N reduction of the super Yang-Mills action. Although the momentum
cut-off is introduced effectively by the matrix regularization or the large-N reduction, the
gauge symmetry is preserved. The noncommutative torus in the IKKT matrix model is
defined on the basis of the gauge symmetry. Therefore, we introduce the noncommutative
torus in this Chapter. In addition, we introduce a modified IKKT matrix model to describe
the fuzzy sphere. In Chapter 5, we discuss the generalization of the results reviewed in
Chapter 3 to the case with more general manifold. We will prove the results are hold on
magnetized compactifications of general compact spin manifolds. In Chapter 6, we reconsider
the result of Chapter 5 from a non-perturbative perspective. We will consider the magnetized
compactification models on the noncommutative torus and fuzzy sphere based on the IKKT
matrix model. The quantization condition of the magnetic flux on the noncommutative torus
is deformed by the noncommutative parameter. We will derive zero modes of the Dirac
operator. In addition, we compute Yukawa couplings as examples to confirm the features of
the coupling constants. We will observe that the result based on the IKKT matrix model
is almost the same with magnetized toroidal and spherical compactifications in Chapter 5.
Chapter 7 contains the summary of this thesis. We take the natural unit convention h = ¢ = 1,
where h is the Dirac constant and c is the speed of light. The Minkowski metric is set as

NN = dla‘g(_7 +7 e 7+)



Chapter 2

Type IIB superstring theory

In this thesis, we mainly focus on type IIB superstring theory and its low-energy effective field
theories. Hence, in this chapter, we survey superstring theory, especially type IIB superstring
theory on the basis of Refs. [8-11].

2.1 Superstring theory

There are two approaches to establish superstring theory: the Ramond-Neveu-Schwarz (RNS)
formalism, and the Green-Schwarz (GS) formalism. The RNS formalism is constructed on the
basis of the supersymmetry on the string world-sheet. On the other hand, the GS formalism
handles ten-dimensional Minkowski space-time with the supersymmetry. In this section, we
review superstring theory based on the RNS formalism.

2.1.1 RNS formalism

Let us start from the bosonic string theory. We consider a surface so called the world-
sheet since the trajectory of a string describes a surface. Therefore, we can characterize
the world-sheet by two-dimensional coordinates (7,0). We also use ¢ (¢ = 7,0! = 0).
The dynamics of the string in D dimensions can be described D functions X (7,0) (M =
0,...,D—1). In addition, we define the inner product of X as X - X := nyy XM X where
nun = diag(—,+, -+ ,+). The well-known action of the bosonic string is the Nambu-Goto

action [12,13]

1 . 2 .
Sna = — 4 \/(X-X’) —(X)2(X")2, 2.1
NG = —goy | 0 ()2(x7) (21)
where XM = dXM/dr, XM= dXM /do, and o/, which is called the Regge slope, has units
of length-squared. However, the square root is an obstacle when we consider quantization.
To perform quantization of the string, we introduce an auxiliary world-sheet metric hqg(7, o)
whose signature is (—, +). By using the metric h,g, we can define the action that is equivalent

to the Nambu-Goto action (2.1) as

1
v ge%

S =

/ 2o/ —hh*P 9, X - 95X, (2.2)



where h := dethos. The action (2.2) is called Brink-Di Cecchia-Howe-Deser-Zumino ac-
tion [14, 15] or Polyakov action [16].
The action (2.2) possesses the following symmetries:

1. Poincaré transformations (global)
SXM =My XN 0™ Shag =0,

where ay ny = —apnr is the Lorentz transformation parameter and b is the translation
parameter in D dimensions.

2. Diffeomorphisms (local)

Af7 Of°
o% foé(g,T) — 0/0‘7 ha6(7-70) — &%Tfﬁh’Ytg(Tlval)'

This is a reparameterization of the world-sheet coordinate.
3. Weyl transformations (local)
hag — €T hys, XM =0.
This local symmetry induces the vanishing of the energy-momentum tensor.

We can select a gauge of the auxiliary metric since diffeomorphisms and Weyl transformations
are local symmetries. On a two-dimensional space, the metric has three degrees of freedom
because of the symmetric condition. On the other hand, diffeomorphisms and Weyl transfor-
mations have two and one degrees of freedom, respectively. Therefore, we can fix a gauge of
the auxiliary metric completely. For convenience, we select the following gauge:

-1 0

Hence, the action (2.2) takes

g= 1 / Po (%) - (x'?). (2.3)

Yo%

In the following, we set the unit o/ = 1/2. To establish superstring action, we generalize
the action (2.3) to the action containing fermions on the world-sheet. The expected action is
obtained by

S = _2i / d*0 (0 Xp10“ XM + MT00 ) (2.4)
T

where I'“ is the two-dimensional Gamma matrix, e.g.,

o (0 —1 L (01
F_<10’F_10‘



The spinors in the action (2.4) must be Grassmann numbers classically. We will impose the
anti-commutation relation. We label the two components of the spinors 1™ as

YpM = (ﬁ;) : (2.5)

On the other hand, the Dirac conjugate is defined by

oM = yMic, ¢ .=iT".

Since the spinors included in the action (2.4) should be Majorana spinors and the Majorana
spinors are defined by ¢7C, the fermionic part of the action can be written as

7

Si= 1 [ o (@ 0riu + iAo v, (2.6)

where we introduce the light-cone coordinates, i.e.,

ot =1+0, 0i= %(&j:(%).

The equations of motion are

0, 0_ XM =0, (2.7)
o = 0. (2.8)

We have to select the boundary conditions. For the bosonic part, there are three types of
boundary conditions: the Dirichlet boundary condition, the Neumann boundary condition,
and closed string. The first two conditions are for the open string.

e Neumann boundary condition

XM, _or=0. (2.9)

e Dirichlet boundary condition
XM, =x, XM|,_ = XM, (2.10)

Actually, we can consider mixed boundary conditions, e.g., X! (I =1,...,D —p —1)
Dirichlet boundary condition and X~ (J = D —p,...,D — 1) Neumann boundary
condition. We will consider such a case in the context of D-branes.

e Closed string

XM(r,0) = XM(7,0 + 7). (2.11)

10



For the fermionic part, there are two types of boundary conditions if we fix the overall sign
between 1/1% and 1™: the Ramond boundary condition, and the Neveu-Schwarz boundary
condition.

e Ramond boundary condition

VY |oer = M|y for open string, (2.12)

¥ (r,0) = ¥ (1,0 + 1) for closed string (2.13)
e Neveu-Schwarz boundary condition

M )o—r = —pM|,—  for open string, (2.14)

V¥ (1,0) = =M (7,0 + ) for closed string (2.15)

To consider canonical quantization, the harmonic oscillator representation is convenient. In
this thesis, we are interested in type IIB superstring theory, and type IIB superstring theory
is defined by the closed string only. Hence, we obtain only the closed string solution in the
harmonic oscillator representation.

e Bosonic closed string

1 1 ) 1 ;
X}%‘[ = —gM 4 ,pM(T —0)+ % Z 50471‘{1@_2’”(7_”) for right movers,

2 2
n#0
XM _ lxM + lpM(T +0)+ E Z ldMe_%"(T'H’) for left movers
L 79 2 24 n '
n

e Fermionic closed string: Ramond sector (R-sector)

oM = Z dMe=2n(7=0) " for right movers,
nez

qpﬁ‘f — Z J%€_2m(7+0) for left movers.
nez

e Fermionic closed string: Neveu-Schwarz sector (NS-sector)

YpM = Z bMe=2m(m=9)  for right movers,
reZ+1/2

P = Z bMe=2r(7+0)  for left movers.
reZ+1/2

For canonical quantization, we introduce the canonical commutation relations and the

canonical anti-commutation relations for the bosonic part and the fermionic part, respectively.
We define the canonical momentum by

11



JRYS

=t (2.16)
Hence,
[PM(T, o), PN(T’, U')] = [XM(T, o), XN(T', a')] =0, (2.17)
[PM(T, o), XN (', o)) = —inMN5(0 — o), (2.18)
{¢%(T, U),d)g(T',a')} :7T77MN5AB5(U—J'), (2.19)

where A, B = +. The conditions (2.17), (2.18), (2.19) induce the following relations of each
mode operators defined through the Fourier coefficients

[ai\njv O‘rjﬁ = [d%7 dr]:[] = mnMN6m+n=0> [a%7 077]1\[] =0, (2.20)
{b,M, bév} = {Ei\/l? Ei’\f} = UMN5T+8=03 {d%,dﬁ[} = {d~%7 dz:[ = nMN5m+n:0- (2'21)

In the harmonic oscillator representation, we can introduce annihilation operators and creation
operators. From the relations (2.20) and (2.21), we can identify o, &M, aM aM pM oM (m,r >

) m m m>-r 2 Er
0) as the annihilation operators. Therefore, the ground state is defined by

ap [0) = a, 0) = dyy! 0) = d)y! [0) =0,
or
an 10) = ap |0) = b} 0) = b |0) = 0.

The ground state with respect to the R-sector is degenerate since there is dfj. The number
operator with respect to the R-sector is defined by

Np = i m (d_m oy + e - cim) (2.22)

m=1

The number operator (2.22) commutes with the operator dfj and Jg . This induces the degen-
eracy of the ground state of the R-sector. On the other hand, the operator dfj satisfies

{dg" . dg"} = ™™ (2.23)
If we set \/ﬁd% = I'M | the relation (2.23) is nothing but the Dirac algebra. Hence, the

degenerated ground states can be labeled by the spinor index. Namely,

dy" |a) =T |b),

12



where a,b are the D-dimensional spinor indices. Therefore, all states of the R-sector are
spece-time fermions.

We note that the set of the states include negative-norm states since the space-time metric
appears in the right-hand side in egs. (2.20) and (2.21). To exclude the negative-norm states,
we introduce the Virasoro algebra. Let us start from the bosonic part as a demonstration.

The energy-momentum tensor 7T,z is defined by the variation of the action with respect
to the metric

_op L 95
V/—h heB’

On the other hand, eq. (2.24) is nothing but the equation of motion with respect to the world-
sheet metric. Therefore, the energy-momentum tensor must vanish, i.e., 7,3 = 0. By using
the light-cone coordinates of the world-sheet, the vanishing of the energy-momentum tensor
can be written by

T = (2.24)

T++ - a+XM8+XM - O,
T _=0_XMo, X =0.

while obviously 74— = T_4 = 0. For example, we obtain the energy-momentum tensor based
on the closed string by

T =9 Z I/Tn/6727,'77’7,(7'7()')7 T++ =9 Z 'Z‘/m6727,'m(7'+0')7
meZ mez

where the coefficients

1 ~ 1 - -
Ly, = ) § Am—n * Qn, Ly = 2 Am—n * Qn
neL nez

are called the Virasoro generators. Therefore, the vanishing the energy-momentum tensor in
the classical sense is identified by the vanishing of the Virasoro generators, i.e.,

Lp=Lyn=0 for m=0,+1,...

Let us go back to the superstring case. The energy-momentum tensor derived from the
superstring action also vanished. This means that

1
Ty =0, XMy X + §¢ya+¢+M =0,
T =9 XM, Xy + %zw O_th_ps = 0.

In addition, we have other currents called the supercurrents since the action possesses the
supersymmetry, i.e.,

13



Jr=9Mo Xy, Jo =M Xy

We can also introduce the Virasoro generators, which is called the super Virasoro generators
in this case. They are defined by the integration of the above currents along the space-like
direction of the world-sheet. Namely,

1 /™ }
Lm = 77/ doTy ™ =L + L,

—T

1
Lgf) = 52 Qo Qmyn : M E Z,
neL

1 1
LGNS == 3 4+ ) tborbmir . or LW =23 4+ T i dondinrn: mEL
reZ+1/2 neL

We introduce the normal ordering to consider quantization. There is an ambiguity according
to this ordering. We will discuss the resolution of this ambiguity. On the other hand, the
supercurrents are obtained by

VI |
G, = - _WdUJ+eW :Za,n-bﬂrn T€Z+§,
nez
2 [T .
Fo = Y2 " gogeimo — S ay-dpin meL.
T Jer nez

From the general discussion, the algebraic structure of the super Virasoro algebra is obtained
as follows,

D
[Lm7 Ln] = (m - n)Lm—i—n + §m35m+n:07
[Lm7 Fn] - <% - n) Fm—l—na
D 2
{meFn} = 2Lm+n + Em 5m+n:07

for the NS-sector, and
D 2
{Lma Ln] = (m - n)Lm—i-n + gm(m - 1)5m+n:0a
m

[Lma Gr] = (5 - 7’) Gm-H”v

D 1
{GT’) Gs} = 2Lm+n + 5 <7’2 - 4> 67"-‘1—8:07
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for the R-sector. In addition, the physical states must satisfy the following conditions to avoid
the negative-norm states

Grlp)=0 r>0,
Lnl¢)=0 m=>0,
(Lo —ans) [¢) =0

in the NS-sector, and

Ln|d) =0 m>0,
(Lo —ar)l¢) =0

in the R-sector. The constants ar and ang are introduced from the normal-ordering ambiguity
as we mentioned.

The constant ag must be zero because of the super Virasoro algebra with respect to Lg
and Fp. On the other hand, we can determine the constant ang by the following way.

Let us start from the NS-sector physical state

) == G—1/2 1)

where the state |x) satisfies

1
Gry2 1) = Gopa 0 = (Lo —axs + 3 ) 10 =0

From the definition of the states |¢)) and |x), ans = 1/2 since

0= G1/2 W}> = (QGNS - 1) |X> :

We can determine the space-time dimension D on the basis of the similar way for the deter-
mination of ang. To confirm, we define the Neveu-Schwarz physical state

V) == (G_3/2 + A\G_1/2L-1)[x),

where the state |x) satisfies

Gi2lx) = G32|x) = (Lo + 1) [x) = 0.

We have already derived the result, ang = 1/2. Therefore, we can obtain the following
equations
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0=Gipalv) =2—-ANL-1]x),
0==Gzpalt) =(D—=2-4N)|x).

From the conditions, the space-time dimension D must be 10 as we mentioned in the Chapter 1
since the parameter A is 2. We can obtain the same result on the basis of the R-sector.

Before proceeding to the discussion about the supergravity action, we mention the classical
notion of the D-branes. Let us consider open strings with the Dirichlet boundary condition.
For simplicity, we assume that we have two options (k,l = 1,2) for the boundary condition.
Namely,

XMomo = )9, Xomr =], (2.25)
where I =1,...,D—p—1 and X,go and XZI7r are constants.
Comparing with the Neumann boundary condition, the solution is given by

1 .
X' =X+ (Xix Xk’O)w + ;0 —ape” " sinno (2.26)
n

We have already defined the canonical momentum by eq. (2.16). The mass-squared operator
M? is defined as M? = —P?. In this case, the mass-squared operator has (XIIJr - X/lio)2
that is similar to the potential energy of a spring. In other words, all states of open strings
described by eq. (2.26) have the masses depending on the square of the distance | X/ —af .
From the set, all states have two labels to distinguish two options at the endpoin‘és. If two
labels are different from each other, such a state has the masses depending on the square
of the distance. However, such a state can be a massless state if two D-branes coincide. In
that case, the massless states have the two types of the label: the spacetime vector, and the
coincident D-branes. Therefore, we can identify these states as a U(2) non-Abelian gauge
field. Obviously, we can consider N coincident D-branes. Hence, the effective field theory can
be described by U(N) super Yang-Mills theory, and we will discuss it below.

2.2 Type IIB superstring theory and supergravity action

In the following, we introduce the physical states in superstring theory by imposing the
Virasoro condition. According to Section 2.1, we can select the boundary conditions for each
left- and right-mover of the fermionic part: the NS-sector, the R-sector. Therefore, we have
four types of physical states: the NS-NS sector, the NS-R sector, the R-NS sector, the R-R
sector. Actually, the whole states are described by the combinations of the states from the
bosonic and the fermionic parts.

Let us start from the NS-NS sector. The massless states of the NS-NS sector can be
described by

10) () ® b 1510}, @ b{m 0) (2.27)
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where |0) gy, |0),and [0)  are the ground states of the bosonic part and the left-movers and
right-movers of the fermionic part. These states (2.27) have two indices corresponding to
the spacetime vector after the light-cone gauge, hence, ¢ = 1,2,...,8. In other words, we
can identify these states as the 2-rank tensor field. More precisely, the rank-2 tensor can be
decomposed into the symmetric traceless part, the trace part and the anti-symmetric part.
They correspond to the gravitational field, and the dilaton field and the Kalb-Ramond field.

Next, we consider the NS-R sector and the R-NS sector. As we mentioned, the R-sector has
the label of the spacetime fermion. Hence, both of the sectors have the labels: the spacetime
fermion, the spacetime vector. Namely,

10) () @5 10), @ |a) (2.28)
0) gy @ la), ®bLq/5|0) - (2.29)

Let us consider a Dirac fermion in a ten-dimensional spacetime. Originally, such a fermion
has 32 components. However, due to the equation of motion, the number of the physical
degree of freedom is 16. This equals to that of the spinor in an eight-dimensional spacetime.
Additionally, the massless states (2.28) and (2.29) have the index of the spacetime vector.
Hence, the massless states can be identified as a Rarita-Schwinger field and a Majorana
fermion.

Next, we consider the R-R sector. The massless states of the R-R sector can be described
by

0)(py ®la), @ [b)p . (2.30)

In general, the field with two spinor indices can be decomposed by the Gamma matrices and
their anti-symmetric combinations. In other words,

: 1 o
(@w:C+Q@%V%~+§QPMW“MW (2.31)

where the slash means the Feynman slash and I'? (i = 1,...,8) is the Gamma matrix in eight
dimensions. Hence, we can obtain anti-symmetric tensors from O-rank to 8-rank.

From the above, the number of the bosonic fields is 320. On the other hand, we can
find 256 fermionic fields. This means that the ten-dimensional field theory of these massless
fields does not have supersymmetry. Actually, we have to consider the restricted Fock spaces
because of the modular invariance. They can be realized by the GSO projection [17]. The
GSO projection is described by the action of the fermionic number operator (—1)t and
(—1)F®r. The action of these operators for the ground states is defined as

(=1 10), = —10),,
(_1)FL la), = —vab€ ), 5 (2.32)
(_1)FR |O>R == ‘0>Ra
(=D |a) g = —vab€ [b) & » 2.33)



where ¢,€ = +1. The ambiguity of the sign assignment corresponds to the existence of two
supersymmetric theories: type ITA superstring theory, and type IIB superstring theory. The
difference lies in the R-R sector. The GSO projection imposes the chirality condition with
respect to the R-R sector. It induces that type IIA superstring theory and type IIB superstring
theory can have the anti-symmetric tensor fields with even number indices and odd number
indices, respectively. In addition, the fifth-rank anti-symmetric tensor field must satisfy the
anti-self-dual condition. In the following, we focus on type IIB superstring theory.

The effective action of these massless fields is described by supergravity so called type
IIB supergravity. In type IIB supergravity, the contents are dilaton ®, graviton Gjysn, Kalb-
Ramond field B; (field strength H3), R-R scalar field Cy, R-R 2-form field Cy and R-R 4-form
field C4. We denote the field strength of p-form fields by Fj,.1. The action is given by

St = Sns + Srr + Scss

1
Sns = /dlox(—G)l/%_m <R + 400 POM ® — 2|H3‘2> )
1 - AET
SRR = _5 /dlox(_G)1/2e 2% <|F12 + ‘F3|2 + 2’F5|2> ’
1
sCS:—2/O4AH3AF3,

where

F3 = I3 — Cy N\ Hs,

- 1 1
Fs:=F5 — 502 AN Hs + §B2 A F3.
In addition, we have to impose the anti-self dual condition to F5 = *F5, where x is the Hodge

dual in a ten-dimensional spacetime.

2.3 D-branes

Classically, the D-branes are various dimensional objects where the endpoints of the open
strings attach. As we discussed, type IIB superstring theory is constructed on the basis of
the closed strings. Therefore, it seems that type IIB superstring theory does not contain the
D-branes. However, the massless spectrum of type IIB superstring theory contains the higher
form anti-symmetric tensor fields like the Maxwell gauge field. This fact implies the existence
of the D-branes in type IIB superstring theory.

Let us consider the Maxwell equations in four dimensions with electric and magnetic
sources

dF = *Jinag, (2.35)
d* F = *Jgec. (2.36)

The point-like electric charge density is described by the delta function such that
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p=ed® () (2.37)

For the point-like magnetic charge density is described in a similar way by replacing e to e,.
The electric and magnetic charges are defined by the integration of the field strength

e:/ *xF, en = F (2.38)
S2 52

The magnetic field depending on the magnetic charge, for example

B="np (2.39)

can satisfy the Maxwell equation (2.36). This magnetic field induces a gauge potential de-
pending on the magnetic charge, for example

Ay = em(1 —cosb) (2.40)

in the polar coordinate. On the other hand, the existence of the gauge field induces the
covariant derivatives in the Schrodinger equations. The covariant derivatives have the gauge
field dependence such that eA,,. Therefore, the gauge transformations carry both of charges.
Hence, if we consider the wavefunctions of an electrically charged particle in a magnetic
monopole background, the electric charge e and the magnetic charge e, satisfy Dirac’s quan-
tization condition [18]

eem € 27Z. (2.41)

We can generalize the above result to the (p+1)-form gauge fields in D dimensions [19,20].
The interaction with (p + 1)-form fields can be described by

1 9z M OaxMpr+1
— p+1 .
/ A = ) / @AM My T (242)
where ¢, ---  oP are the coordinates of (p 4+ 1) dimensions. The electric charge ep is also

defined by the integration of the field strength on the sphere SP~P~2

ep = / *Fpyo. (2.43)
SD—p—2

We can interpret eq. (2.42) as the coupling between the anti-symmetric tensor field and an
extended charged object. Let us consider the following source in (p + 1) dimensions

oM OxMr+1
doY OoP

JMl"'MP+1 _ ep/dp+1o_5(D)(y - IE)
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Then, eq. (2.42) can be

1
‘//%+1:(p+l)t/dm40AMyﬂ@Hth”MHP

On the other hand, the magnetic charge e, ,, is also defined by the integration of the field
strength on the sphere SP*+2

%mz/ Fpya. (2.44)
Sp+2

For the Maxwell gauge field (the 1-form gauge field), we consider the integral on a loop
S1. For the (p + 1)-form gauge field in D dimensions, we have to consider the integral on
a sphere SP*!. By the Stokes’ theorem, the integral converts to the integration of the field
strength on a (p + 2)-dimensional hypersurface in D dimensions. If we consider two (p + 2)-
dimensional hypersurfaces, the difference is topologically the sphere SP?~P~2. Originally, the
(p + 1)-form gauge fields carry the charge e,. Therefore, we come to the generalization of
Dirac’s quantization condition

epem,6—p € 2L (2.45)

if D =10. In Ref. [21], the author derived the condition (2.45) by comparing the amplitude
of the closed string channel and the effective potential of the higher form gauge fields.
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Chapter 3

Magnetized extra dimensions

3.1 Super Yang-Mills theory

We discussed the D-branes in type IIB superstring theory. In addition, the world-volume
theory of N coincident supersymmetric D-branes is described by super Yang-Mills theory
as we mentioned in Section 2.1. In this section, we consider super Yang-Mills theory as an
effective field theory of type IIB superstring theory.

We consider the N’ = 1 super Yang-Mills action of the group G in D dimensions. The
action is given by

S = /f[—ﬁwmﬂmﬂ;ﬂmemM, (3.1)
g
where M, N = 0,. — 1. The action has the gauge symmetry. The infinitesimal gauge

transformations are descrlbed by

Ayt — Ay + 00 + 1[0, Angl, (3.2)
Ao A+i[0, ], (3.3)

where 6 is a G-valued arbitrary function as a gauge transformation parameter. In the fol-
lowing, we consider the group G = U(N) for concreteness. In this case, the bases of the Lie
algebra can be (Ug)k = dak0a; and (eqp)kr = dakOp. Hence, we can expand the gauge field and
the fermions in terms of the bases, i.e.,

Apn = B Uy + Weny, A= XU, + T4, (3.4)

By inserting these, the Lagrangian can be rewritten as
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L=Lg+LF (3'5)

Lp = —2192 Tr [DyWNDYWN — Dy Wy DVWM —iGrn WY, W]
+ 4;2Tr [Wag, Wy [W M, W]
:i;ﬁ(DMWN—DMMNMMQWﬁ—;thGMV, (3.6)
= 37 — Tr (UM 0y — 10T M [ By, 0))
L?Tr( M [Wyy, ¥])
— Tr (XD Onrx — ixT [Wag, U] — i0TM Wy, 9]) . (3.7)

where

GMN = 8MBN - 8NBM7
DyWyn = aMWN — i[BM, WN].

Let us consider the compactifications by a D —4 dimensional manifold with expectation values
of the components of the gauge fields since we are interested in magnetized compactifications.
We use indices p for 0,...,3 and ¢ for 4,..., D —1. To preserve the four-dimensional Poincaré
invariance, we introduce the non-vanishing expectation values for B{* and Wl-“b only

B (w) =< Bf > (y) + C}(w), W(w) =< Wi > (y) + @*(w), (3.8)

M is the coordinate of the whole spacetime, 3 is that of the extra dimensional space

and x* is that of the four-dimensional Minkowski spacetime. For simplicity, we consider
< Wi‘lb >= 0. Inserting the expansions around the above expectation values, we can rewrite
the action as

where w

£=rc? + £ 1Ly + L, (3.9)

£ = 5oz (63— G) (@)@l — (@) ®l) -

+(Di®j0) (D'®7,) — (D@ pa) (D'WH) — (Di® 1) (D’ ‘I’Zb)} ,

(D ®i )" (DD,

i 7 - .~
Eg) = TQQ\IIbaF'U’D“\I/ab + ngqlbaFZDi\Ilabv

P e
Ly = 2¢2 (TapT" i pa Vo — Vbl ®i caVie) ,

where D; = 0; —ig < B; >, and D;®; o = 0;®jap — i < B¢ > Wjap +i < B! > W 4. The
part £ contains the irrelevant terms for the following discussions.
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Let us remark on the gauge-fixing. The quadratic bosonic part L’g) contains the term

—(Du®; ) (D'WH). By integration by parts, this term becomes (D'®; j,)(D, W ). Hence, it
is convenient to consider the gauge-fixing condition b"@LbQ = 0 since we can avoid complicated
mass terms.

We can read the Dirac operator and the Laplacian from the action (3.9)

ilDD—Alwab,n = iribi¢ab,na (310)
AD—4¢i,ab,n = _Dijd)i,ab,n- (311)

Then, the Kaluza-Klein expansions with respect to these operators are given as

\I’ab(w) = Z Xab,n(x) ® @Z}ab,n(y)

q)i,ab(w) = Z SOZ7 aba TL(ZE) ® gbab,i,n (y)a

where 4 (y) and ¢apin(y) are eigenfunctions of the Dirac operator (3.10) and the Lapla-
cian (3.11), respectively. In the following parts, we will focus on coupling constants in four-
dimensional effective field theories. Based on the action (3.9), The Yukawa couplings can be
described by

1
53@2

{ / dP _4ywlb,l¢i,bd,Jri¢da,K:| / A X ab, 14 50,7, Xda, K
ILIK

- |:/ dD_4ywlb’[¢i,ca,Jriwbc,K:| /d4x>2ab,l¢i,ca,JXbc,K-
(3.12)

The integration of the type

/dD_A‘Z/wle(ﬁi,ca,JF%bc,K

is called an overlap integral.

3.2 Magnetized toroidal compactifications

From eq. (3.12), we have to derive the lightest modes of the operators (3.10) and (3.11)to
compute the product of those modes and perform the integration on the extra dimensional
space. For concreteness, let us consider magnetized toroidal compactifications on the basis
of Refs. [4,7]. For simplicity, we consider a two-dimensional torus as an extra dimensional
space. Hence, we ignore the directions from y% to y?~1.

For convenience, we adopt the real-coordinate description. Let us denote vy = (27 Ry, 0)
and vy = (0,2mR5) as vectors of R2. We define the lattice space A ~ Z? generated by
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v; (i = 4,5). The torus can be defined as the quotient space such that 72 ~ R2?/A. The
metric! is obtained from the line element

d52T2 = dy*dy* + dydy’.

We are interested in magnetized compactifications. Hence, we introduce an Abelian gauge
field on T2. Let us recall the gauge transformations of the gauge field and its field strength.
Their gauge transformations are given by

A; — A; + 9, Fij — F,‘j,

where 2 is an arbitrary function corresponding to a degree of freedom of the gauge transfor-
mations. The field strength must be well-defined on the torus because of the gauge invariance.
On the other hand, the gauge field should be well-defined up to gauge transformations, i.e.,

Aily + vj) = Aily) + 0, (y), (3.13)

where §2;(y) is an arbitrary function on 7 corresponding to a degree of freedom of the gauge
transformations that are associated with the translation along the v;-direction. This induces
the transformation of the wavefunctions on the torus such that

Py +v;) = B Wy(y). (3.14)

If the gauge transformation function €;(y) is zero, the gauge transformation (3.14) is nothing
but the periodic boundary condition. Therefore, eq. (3.14) is interpreted as a kind of boundary
condition. The boundary condition (3.14) is called the twisted boundary condition.

The torus has the loop that goes around the fundamental domain along the edges. We
evaluate at the same point before and after the parallel transport along the loop. Since
the wavefunctions must be single-valued functions, the gauge transformation functions must
satisfy the following equation

Qi(y +vj) — Qy) — Q(y +vi) + Q(y) € 2nZ. (3.15)

For concreteness, we consider the axial gauge defined by

A4:07 A5:Fy47

The gauge transformation functions in eq. (3.13) can be obtained by

Qi(y) = 2 R4Fy°5; + const., (3.16)

"We can introduce the complex structure modulus at this level. However, the dependence of the modulus
is irrelevant to the following discussions. Hence, we consider the real coordinate of the torus for simplicity as
mentioned.
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where the constant is called the Wilson line, which we ignore, because it is irrelevant to the
following discussion. The magnetic flux F'in eq. (3.16) must satisfy the following quantization
condition

A 2
F-—¢e¢Z—+F=—N 1
o €Z— TV, (3.17)

where A = (27)?R4R5, N € N, and v = +1.
Let us start from a fermion in the fundamental representation. The zero mode equation
is obtained by

_ 0 01 — 105 — Z Nvy* N\
Dy = <84 +i05 + 2T Nvy? 0 v ) 0 (3.18)

According to Refs. [4,7], the zero modes can be described by the Jacobi-theta function

—1/2 I-sv
s _ s 1 4\2 N N-s-voy . 5 1
Y] = <27rR5‘/|F|> exp[ 2F s(y™) ]19{ 0 } < ikt (y" +isy ),zRSN s-v,
(3.19)

where s = £ is the label of the chirality, I = 0,..., N — 1 is the label of the degeneracy, and
the Jacobi-theta function is defined by

a L mi(a41)274+2mi(a+1) (54D
19[6] (5,7) '_ée ( (aH)(5+b),

where Im 7 must satisfy Im 7 > 0. Because of the normalization condition and the requirement
from the definition of the Jacobi-theta function, the chirality s and the sign of the magnetic
flux v must satisfy s - v = +1. In addition, we can confirm the orthogonality of them. The
zero modes can be written as

—-1/2 T
s _ T _1 452 N N 4, . 5§ ~&
wf—<27rR5,/‘F‘) exp[ 2\F|<y>}ﬁ[0] <2W;R5<y i), (320

where s - v = +1, which has already been incorporated.

Consequently, the chirality is determined by the sign of the magnetic flux and the gen-
erations as the degeneracy is determined by the absolute value of the magnetic flux. This
means the realization of the chiral structure and the generations in the low energy effective
field theory.

On the other hand, we are interested in a bifundamental fermion. For simplicity, we
consider the U(2) adjoint representation and the gauge background such that

Fy* 0
Ay =0, A5:< w F2y4>7 (3.21)
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where F,,, = 20Ny, v, /A (m = 1,2). The magnetic flux (3.21) breaks U(2) down to U(1) x
U(1). Then, we can realize the bifundamental fermions from the off-diagonal component of
adjoint fermions, i.e.,

+ +
le 77b22

From the above, the zero mode equation for each chirality is obtained by

. i @) < 0 (Fl—Fz>y4wfz>_ _
(84—}—1585)( 5 E) sl m - Ry 0 =0 (s==). (3.23)

The diagonal components are not affected by the magnetic fluxes. Therefore, the boundary
condition becomes the double periodic boundary condition. Then, the zero mode must be a
constant function. On the other hand, the off-diagonal components are affected by the mag-
netic fluxes. However, the net effect is the same as the fundamental representation case (3.18).
Therefore, when Fio = F} —Fy > 0 (N12 := N1— N2 > 0), the zero modes can be also described
by the Jacobi-theta function

¢+ (onp L -1/2 1F(4)219NL12 N12(4+. 5) &N (324)
2.0 = \ 2T R IR 0 | \omirs W TV g 2]

where I =0,..., Nyjg — 1.

Comparing with the Yukawa couplings (3.12), we have to consider the Kaluza-Klein expan-
sion with respect to the Laplacian (3.11). To obtain the eigenfunctions of the Laplacian (3.11),
let us compute the commutation relation of the Dirac operators, i.e.,

D=0y —i0; —i[Ay —iAs5,- |, D' =04+1i05 —i[Ay +i4s5, ], (3.25)
[D, D'] = 2F1a, (3.26)

Therefore, we can identify D and D’ as an annihilation operator and a creation operator,
respectively. If sign(Fi2) = —1, it is enough to interchange the role of the annihilation and
the creation operators each other. On the other hand, the Laplacian (3.11) can be rewritten
as

2 —F12 0
D —A+< 0 Fm)'

Therefore, the zero modes of the Dirac operator are the lightest modes of the Laplacian.
The generalization to U(N) gauge group is straightforward. Consequently, it is enough to
compute the product of the Jacobi-theta functions for the Yukawa couplings (3.12). According
to Ref. [22], the Jacobi-theta functions satisfy the following product property
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1 L I+J+N1 K
Y [1\61] (Zl,TNl) - |:A62:| (ZQ,TNQ) = Z ) |: NlE]FNQ ] (21 +Z2,T(N1 +N2))

KEZN1+N2

Nol—N1J+Ni1NoK
x 1 NINQ(](\]fl*N?) (21N2 — 2oN1, TN1 N2 (N1 + Na)).

(3.27)

It is important that the product of the Jacobi-theta functions is written by the linear com-
bination of the Jacobi-theta functions. This indicates that the zero mode space is closed
under the multiplicity in the sense of the usual multiplication of functions. Therefore, we
can compute the Yukawa couplings from the coefficients of the linear combinations (3.27). To
compute eq. (3.12), we need to apply the formula (3.27) to ¥/, - 17 . The result is

(2Npa)"/*(2Naa) "
(2Npq) /4

Mg I—MpgJ+MpgMgq K
E Yoo, 1+ I+ Nyg K X U [ MbdMOd“Mb“ (0, i MpaMgq Myq)-

KEZNba

Uod,1 - Vda,J =

Consequently, the Yukawa coupling constants are obtained by

v (2Npg) Y 4(2N g0 V4 {Mdaf—MbduMbdeaK
1JL =

(2Nba)1/4 MbdjwéiaMba :| (0, iMbdeaMba)a (3.28)

where L = I + J 4+ Ny K.

We showed that the Yukawa couplings in magnetized toroidal compactifications can be
computed from the product property of the Jacobi-theta function. The Yukawa couplings are
three-point coupling constants. According to Ref. [6], we generalize from three-point coupling
constants to higher order coupling constants in magnetized toroidal compactifications.

e Four-point coupling constants

Because of the Lorentz invariance, the number of the fermions in general higher order coupling
constants must be even. Therefore, it is enough to consider just boson-boson-boson-boson
and boson-boson-fermion-fermion for four-point coupling constants. On the other hand, the
lightest modes of the Laplacian are the same as the zero modes of the Dirac operator. There-
fore, the computations for the two cases are essentially the same. This is similar for general
higher order coupling constants in magnetized toroidal compactifications. Hence, it is enough
to consider the following four-point coupling constants

Yo = /deTZwal?ﬂ%l/J%g( 2/[4) : (3.29)

where we denote the magnetic flux by M, for simplicity. From the gauge symmetry, M; +
My + M3 = My. In addition, we assume ged (M, M, M3) = 1 for simplicity. We have shown
the product property of the Jacobi-theta functions. Therefore, we can evaluate the four-point
coupling constants (3.29) by using the product property (3.27). The result is obtained by
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Mol—MyJ+M; My P Mz L—MyK+MsMyP'
Yykp= ». 9 AL (0,3M My M) x o AT (0,iM3M4M),

PEZM1+M2

(3.30)

where M = My + My = —M3+ My and [ +J + K + M1 P+ (My + Ms)P" = L+ My P’ for the
constraint of P”. On the other hand, according to Ref. [6], the result (3.30) can be interpreted
as the insertion of the completeness relation. It is well-known that the eigensystem of the
Dirac operator on a compact manifold forms the complete orthonormal system. Therefore, the
entire eigenfunctions satisfy the completeness relation with respect to an appropriate inner
product. In this case, we define the inner product by

(@,\I/)::/TQTr<<I>T-\I!),

where the dot - means the product with respect to the gauge group and the spinors if ® and
U are spinors. If we consider the splitting of eq. (3.29) by the delta function, we can insert
the completeness relation. Namely,

YKL = / d*yd®y' " (y) 02 ()0 (y — v ) () (wﬁﬂ (y’))*- (3.31)

The contributions including the massive modes vanish because of the orthogonality between
the massless modes and the massive modes. Hence, each of the two separated integrals is
a three-point coupling constant (3.28), and the result is the same with the direct computa-
tion (3.30).

On the other hand, we can consider other decomposition of eq. (3.29). In egs. (3.30) and
(3.31), we first contracted ¢?/[1 and ¢§VIQ Actually, we can contract 1/)?41 and 1/)%3 or w(]]\/h and

1/}%3 at first. In that case, the decomposition process is as follows

YiskL = / Py 52" )0 )8 (g — )R ) (020 (3.32)

Yiske = / aydy " () (01 0)) 6Dy — 3" (e ). (3.33)

In general, we have to consider the spin statistics for the interchange of the positions. However,
we ignore the extra minus sign since it is irrelevant to the following discussion. The left-
hand sides of egs. (3.32) and (3.33) are the same as that of eq. (3.31). Therefore, these
decomposition must be the same with each other. This structure is similar to the conformal
block in conformal field theory.

e n-point coupling constants
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The generalization to n-point coupling constants is straightforward. The n-point coupling
constants are described as

Vi, = [ @y ][0l ) (3:34)
j=1

Because of the Lorentz invariance and the gauge invariance, we have a selection rule

> M =o.

=1

By the insertion of the completeness relation, we can obtain a decomposition as an example,
M, <0

n—2
Vi, = [ @) [] 01 052 - )0l Wi )
j=1

= Z Y 1, 21Y11, 41, (3.35)
T

3.3 Magnetized spherical compactifications

We have shown the product property of the zero modes in magnetized toroidal compactifica-
tions. In this section, we confirm that magnetized spherical compactifications have the same
structure with respect to the zero modes.

In spherical compactifications, the difference from toroidal compactifications is the contri-
bution of the curvature. Therefore, we have to derive the zweibein. Let us consider a complex
projective space P! as a complexified Riemann sphere. The metric, the Fubini-Study metric,
is given by

ot
(1+ 2%

where R is the radius of the sphere. The zweibein is defined as an object that connects a
curved space and the flat space since several mathematical objects are defined only on a flat
space, e.g., the Gamma matrix. The explicit definition of the zweibein e®; (o« = 1,2,i = z, 2)
is

ds® := g.zdzdz = AR? dzdz, (3.36)

9ij = Nape®ie’;,

where 7,4 is the Euclidean metric on a flat space. The metric (3.36) implies the following

R iR
1 1 2 2 )
CxTC 1+ |22 = ©z 1+ |22
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To define the Dirac operator, we have to introduce a spin connection. We can define the spin
connection w®?; by the zweibein

1 . . ,
waﬁi = 5 |:eaj (@eﬂj - 83‘651') - 661 (8i€aj — 8j€ai) - ejaekﬁ (8jekp — 8k6jp) epl} .

In this case, its non-zero components are

NP 1422

We define the gamma matrix as follows

Z .__ % o zZ._ z o
I'*:=e, % I*:=e, I°

where I'* is the gamma matrix on a flat space

L (01 s (0 —i
v=( o) =0 Y)

In Section 3.2, we introduced the background gauge field that induced the chirality and
the degeneracy of the zero modes. In this case, we also introduce a background gauge field

Mz —M oz
A — - A— = —_— 337
zZ 2 1+ ‘Z|2’ z 2 1+ |Z|2’ ( )

where M € Z. The field strength satisfies [¢, F' = =27 M.
The Dirac operator and the zero mode equation are defined by

. 1
D=1 [82 + Zwmﬁraﬁ — iA,‘:| , lbw =0.

Explicitly,

1 ( 0 <1+|z|2>az—z(%“)) (#) ~o.

RA\(1+ [2[)0: — 2 (=55H) 0 ¥

We can easily set the following ansatz

W = FEE A+ PR g = ()1 [T,

where f* and f~ are arbitrary anti-holomorphic and holomorphic functions, respectively. The
concrete forms of f* are determined by the normalization condition. Since we have to consider
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normalizable zero modes on P!, the normalization condition is the square integrability on P!,
ie.,

Al dzz\/gdﬂ : ¢7

where g = det(g;;). In magnetized toroidal compactifications, the chirality and the degener-
acy are determined completely by the magnetic flux. The square-integrable condition only
determines the normalization condition. On the other hand, in magnetized spherical com-
pactifications, we have to consider the square-integrable condition to determine the explicit
form of the zero modes. By inserting the ansatz, we have, for example,

2 b 2 @)
/Pldz\/ﬁw ¢_2/191d2(1+]z\2)(M+1)'

The complex projective space P! is the one-point compactification of the complex plane.
Therefore, if we convert from the complex coordinates to the polar coordinates, the conver-
gence at the infinity is important. Obviously, the convergence is determined by the sign of M
and the polynomial power of f. Actually, if M < 0, there is no normalizable solution. On
the other hand, if M > 0, the power of f* can be M —1 or less. Similarly, 1/~ is normalizable
if M < 0 and the polynomial power of f~ can be |[M| — 1 or less.

Comparing with the Yukawa couplings (3.12), we have to consider the Kaluza-Klein ex-
pansion with respect to the Laplacian (3.11). We discuss the spectrum of scalar fields and
vector fields separately since there is a curvature contribution.

Let us start from the scalar fields. In this case, there is no contribution of the curvature.
Hence, it is sufficient to consider the Laplacian (3.11) without the curvature contribution.
Namely,

4" D;D;¢ = —(g7*D. Dz + g7 D:D,)p = —m>¢, (3.38)
where D, and D; are the gauge covariant derivatives

) M Z
Dz::az_ZAz:az"i_?l_’_’Z‘Q’
Mz
D. = 0, —iAs — 0, — — .
z z — 1Az 9 1+’2‘2

In magnetized toroidal compactifications, we confirmed that the lightest modes of the Lapla-
cian are the same functions as the zero modes of the Dirac operator. In this case, we can
observe the same situation. To see it, we arrange the Laplacian (3.38) as follows,

~9"DiDj¢ = —29**D:D.¢ — ¢**[D-, D:]¢

] M
— 90" D.D.é+ —
g ot om?
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Since the spectrum of the operator —2¢*?D; D, is positive semi-definite, the lightest modes are
the solutions of D,¢ = 0. On the other hand, the operator D, is nothing but the component
of the Dirac operator for 1. Therefore, the solution of D,¢ = 0 has the same function as the
zero modes of ). Accordingly, the condition of the magnetic flux for normalizable solutions
is M > 0, and it induces M + 1 degeneracies of the solution.

Similarly, it is sufficient to consider the Laplacian (3.11) for the vector fields. For the
sphere with the metric (3.36), the curvature contribution is given by

Vi, Vjl¢"® = g7V 5, V)92 = <25

R2
Similarly, we can consider the case of ¢2°. More precisely, according to Ref. [75], the lightest
modes are the tachyonic, but the zero modes can exist if |[M| > 2 due to the normalizability.
Consequently, it is sufficient for these bosonic fields to consider the equation, D,¢ = 0.

In the following, we assume that the magnetic flux is positive, i.e., M > 0. The eigenfunc-
tions are given by,

1/}{\1/{“)[: j\14 ) & M_1> wé\{%)lz ]\1/[ ) a M (3.39)
TN (1) TN (et

where /\Q% 7 and /\/'(]\g) ; are the normalization constants such that

I+ 1)I(M — I)

I+1)0(M+1—1)
(M +1) '

I'(M +2)

r T
N 1|* = 4 R? ( . N * = 4nR? (

In magnetized toroidal compactifications, the zero mode fermions cannot be distinguished
from the lightest mode bosons. On the other hand, we can distinguish them in this case.
Therefore, we have to consider three types of the products based on the spin statistics,

/

w%)vl ' wg\g)vJ N N ]M+]\/I/ = N ) j\—;}\]/p %gﬂ‘{],
(B).1 V() (1+ Iz! 2 (B) M+M/
w%),f ' wg\l/*{l)J NM 1/\/ 7 e MM 1 NNF) ;}\]J/ ) w%x%—;’
(7). (L+1]22) 2 B)Z\;—i-M’
d]é\f/[’),f ' wg\l/[?I)J NM 1/\/ ]+1{4+Muz N’N L I)\_[JM’ ) w%IKJQ
J(L+1]22) 2 (B).I “V(B),J

(B )

Since Yukawa couplings contain two fermions and single boson and one of the fermions is
Hermitian conjugate, the Yukawa coupling constants can be obtained by

M+M'
N(F I+J

Yok =  ar
Ny Nis)a
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where I + J = K.
We can easily extend the results of the three-point couplings to higher order coupling
constants. For example, the four-boson coupling constant can be obtained by

o My  Ma M My \*
Yiskr = /d 21 B1 Iw(BZ),Jw 83 K (w(BLl)vL)
M1+ M- M+ Mo+ M:
B NB%?JR? N(Bl IJK
- M. M7+ M-
N( 'N ; ) N ) I+j NB) K

M1+M2+M‘s
N(B J+J+K

- M. M
N Nsts - Nish e

(3.40)

where My + My + Mg = My and I + J + K = L. We mentioned that there are other
decompositions, for example,

M1+Ms3 My +Ma+Ms
N ) I+K N ), J+J+K

Visks = [ ooty W55 (015,) = 0L
(B), (B), (B), ( (B), > A/'(B;’I.NBSK N 1‘~I‘+I?;v N

My +Ma+Ms
N ), I+J+K

pr— M .
N(l NB)J NB)K

(3.41)

As we expected, eq. (3.40) is the same as eq. (3.41).

In conclusion, we can find two features of the coupling constants in the magnetized toroidal
compactifications: the three-point coupling constants are determined by the expansion coeffi-
cients of the zero mode product, and any higher order coupling constants can be decomposed
by the three-point coupling constants. In addition, the gauge symmetry constrains the value
of the expansion coefficients, equivalently the coupling constants. For example, the gauge
symmetry implies the vanishing of the coefficients of the terms violating the gauge symmetry.
Moreover, it can be seen that a hierarchical structure of the three-point coupling constants is
inherited to a higher order coupling constants. In Ref. [23], the hierarchical structure of the
quark masses is realized in the magnetized toroidal compactifications.

On the other hand, it seems that the reason of the existence of the product property is the
Jacobi-theta functions or the rational functions have a good property under a usual multipli-
cation for functions. However, we can obtain strong suggestions for model buildings from a
top-down approach if the similar result can be proved for general magnetized compactifications
models. We will discuss this point in Chapter 5
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Chapter 4

Matrix Model

4.1 Ishibashi-Kawai-Kitazawa-Tsuchiya matrix model

Matrix models are proposed as nonperturbative formulations of superstring theory. In this
thesis, we focus on Ishibashi-Kawai-Kitazawa-Tsuchiya (IKKT) matrix model [24].

4.1.1 Green-Schwarz action in Schild gauge

The action of the IKKT matrix model is derived in two ways: the matrix regularization of
Green-Schwarz action [25], and the large-n reduction of super Yang-Mills theory [27,31,41-43].
In the following, we show both derivations.

The Green-Schwarz action is the action of a worldsheet theory for type 1IB superstring
theory. To derive the action of the IKKT matrix model, let us start from the covariant form
of the Green-Schwarz action

1 _ _ _ _
S=-T / d*o (w /—522 +ie 0, XM (6T 11050" + 0°T11056%) + eaﬂelrMaa9102rM8592> :

where o, 8 = 1,2, M = 0,...,9, T is the string tension, ' and #? are ten-dimensional
Majorana spinors, and I'™ are Gamma matrices in 10 dimensions. ™" and ITM, are defined
by

SMN = ey,

M =9, xM —ig'1M9,0' + i6°TM0,0%.

This action has N' = 2 SUSY of a target space and k-symmetry as the gauge symmetry
on the worldsheet.

e N = 2 supersymmetry

56° = €2,

SXM — jelr Mgl _ ;21 Mp2
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e k-symmetry

where
ol = (1+TD)x!,
o? = (1-T)kK2,
~ 1
D= ———=5yn"",
2/~ 1(2)
where MY = [’ T'N]/2 and &' (i = 1,2) are local Majorana spinors. The x-symmetry

implies that a half of the degrees of freedom of #' and 62 are redundant because of I = 1.
We fix the k-symmetry by imposing ' = 62 = 1. Then, the gauge-fixed action is given by

S = —T/dQJ\/—;JMNUMN + 2i€*P 90 XMT 11051 (4.1)

where oMV = EQBGQXM(?/;XN. The action (4.1) still has N/ = 2 SUSY, which is provided by
mixing the original N’ =2 SUSY and the s-symmetry under the gauge fixing condition.

To obtain the Schild gauge action, we have to consider the Euclidean action. We consider
the Wick rotation of the target space and the worldsheet. Such a Wick rotation can be
obtained by the following replacements

X0 —z‘X?E),

o’ — —iJ?E),

I — —il{p,

- —ie?%).

We will omit the subscript (E). We note that the Dirac conjugation is defined by ¢ := !C,
where C'is the charge conjugate matrix.

The Schild gauge action is defined by introducing a scalar density as an independent
variable. We introduce the scalar density of the worldsheet /g and define the action as

1 ' -
§=3 / d’c (; det(Da XM X 1r) + ,0\/§> +¢ / d2U%ea68aXM1/}FM8/31/1, (4.2)
g
where ¢ and p are arbitrary constants. The action (4.2) is equivalent to the action (4.1) by
eliminating the scalar density /g and setting T" = /& - p.
To consider the matrix regularization, the symmetry with respect to the worldsheet should
be kept as only the area preserving diffeomorphism. To realize it, let us consider a gauge fixing
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of \/g. The diffeomorphism of the worldsheet has two degrees of freedom. By using one of
these degrees of freedom, we can fix /g as

V9 = nw(o),

where 7 is an arbitrary constant and w(o) is a fixed scalar density. Then the action (4.2) can
be rewritten as

Seana =€ [ ona(o) (XXM 4 LTl 0)) 4 5 [ Ponelo). (43

where the Poisson bracket is defined by

{f.9}:= €700 f039.

nw(o)

4.1.2 IKKT matrix model action from matrix regularization

We cannot assure that the path integral

7 = / D\/gDX DipeSschita

has no divergence or defines a controllable quantum theory. The principle of matrix models
is to obtain a controllable action by the matrix regularization. The matrix regularization is
an approximation of a Poisson algebra on a manifold by a Hermitian matrix algebra. In this
case, we consider the matrix regularization with respect to a worldsheet . More precisely,
the matrix regularization is defined by the following conditions (c.f., Ref. [26]) with respect to
linear maps {7, }22, from f,g € C*°(X,R) to n x n Hermitian matrices with the parameter
h, such that lim, ., nh, < occ:

Tim [[T,(£)1] < oo,
nh_fgo [T (fg) — Tu(f)Tn(9)|| = 0,

nh—>Holo Hav{l T 87]:l (Tn(f)) - Tn(afl e afzf)” =0,
lim 27h, Te(Th(f)) = / f
n—00 b))

where 01 (f) := {f1, f} and 05 (T (f)) = [T(f), Tu(f1)) /b

The key concept of the matrix regularization is to replace Poisson brackets by commuta-
tors. This is similar to the relationship between analytical mechanics and quantum mechanics.
In addition, the degree of freedom is no longer infinite, and the theory becomes statistical me-
chanics. This fact opens the possibility to obtain a controllable quantum theory of superstring
theory.
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The prescription of the matrix regularization is

()= _ig[" 1 /z: N 4—ﬁTr. (4.4)

n

We can apply the prescription to the action (4.3), which becomes

S =¢ Tr (—jl[XM,XN]Q + ;wFM[XMM) + p/ Tr(1), (4.5)

where n = n/2, ¢ = 27¢, and p’ = 7p. The dimension of matrices is n x n. On the other
hand, according to Ref. [24], the IKKT (type IIB) matrix model is defined by

5= (=LY XV 4 g x o)) (1.6

The matrices in the action (4.6) have a block matrix structure. By considering the integral
out of the off-diagonal part, the term that is proportional to Tr1 in the action (4.5) can be
derived. Therefore, we can identify the action (4.6) as the fundamental action of the IKKT
matrix model.

4.1.3 IKKT matrix model from Large-n reduction

In the previous section, we derived the action of the IKKT matrix model from the Green-
Schwarz action. Hence, the connection with type IIB superstring theory is natural. On the
other hand, we have to discover some non-perturbative aspects like D-branes. In Section 3.1,
we considered super Yang-Mills theory as an effective theory for D-branes. The large-n re-
duction connects super Yang-Mills theory to the IKKT matrix model.

Large-n reduction in lattice gauge theory

Originally, the large-n reduction is proposed in the context of lattice field theory by Eguchi
and Kawai [27]. Let us start from the partition function of U(n) gauge theory in lattice field
theory, e.g.,

D
Z = / M, DUz e, S=8> > <1 - %Re Tr (U:E,MUHM,NUT e N u U N)> :
r M#N

(4.7)

where Uy p is a link variable in D-dimensional spacetime and 5 = 2n/ ¢? is the normalization
factor. This is the standard action of U(n) gauge theory in lattice field theory. According
to Ref. [27], U(n) gauge theory described by eq. (4.7) can be replaced effectively in the limit
n — oo with fixed \ := ng? by
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D
7 = /HMDUMe_S, s=8Y (1 - %Tr (UMUNUTMUTN)> : (4.8)
M#N
where we impose the periodic boundary condition to define the path integral. The action (4.8)
does not contain the information of spacetime points, c.f., the label = in the action (4.7).
Therefore, we can identify the theory described by the action (4.8) as a 0-dimensional field
theory. In the following, we call a theory describe by eq. (4.8) the reduced model.
To prove the equivalence, we focus on Wilson loop amplitudes since we are interested in
gauge invariant quantities. Based on the action (4.7), a standard Wilson loop amplitude along
a contour C' is written by

< W(C) >=<Tr (Ux,MlUx+M1,M2 cee UCC—Ms,Ms) >, (4.9)

where the bracket < - > means the expectation value defined by the partition function (4.7).
We can write the corresponding Wilson loop amplitude in the reduced model

< WT(C) >=<Tr (UMlUM2 s UM3) >, (4.10)

where the bracket < - > means the expectation value defined by the partition function (4.8).
In Ref. [27], the authors proved the equivalence by confirming that the Wilson loop am-
plitudes (4.9),(4.10) obey the same Schwinger-Dyson equations in the limit n — oo.
Let us consider the loop C' includes the link variable U, »s, which is only encountered once
in this loop. We denote C” as the contour without the link (z,2 + M) in C. Hence, we can
write the Wilson loop amplitude W (C) as

<W(C) >=<Tr(Uc) >=< Tr (UcrUyp, 1) >,

where Uc means the appropriate combination of the link variable along the contour C'.

In the following, we derive the Schwinger-Dyson equation of < Tr (Ucr7U, ar) > as an
example, where 7¢ is the generator of the U(n) gauge group. The Schwinger-Dyson equation
can be derived by imposing the invariance of the expectation value under the infinitesimal
transformation of U, ps. Namely,

Upvt = (1 +iem®) Uy 1,

where € is a real-valued infinitesimal parameter. If we collect the first order corrections with
respect to €, we can obtain the identity

<Tr(Ucrt®Ug,ir) >

= % <Tr (UC/TaULM) X

Z (Tl“ [Ux,NUerN,MUTerM,NUTx,M} + Tr [UTx—N,NUa:—N,MUJ:+M7N,NUT:L‘,MTG}
NAM

—Tr [TGUJ;,MU:c+M,NUT:c+N,MUTx,N] —Tr |:7'aU:c,MUTz+M—N,NUTx—N,MUm—N,N]) >
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By applying the formula

N2
1
ZTikal = §5¢l5jk7
a=1
we can obtain the Schwinger-Dyson equation as

<W(C) >= % 3 (K W(Dig) >+ <W(Di2) > — < W(Day) > — < W(Da ) >),

N#M

where the contours are defined by

=(,...,e,c+N,x+N+Mz+M,...y),

Dy_=(y,...,x,x— N,o— N+ M,x+ M,...y),
=(y,...,x,c+M,x+ N+ M,z + N,x,x+ M,...,y),
(y,...,z,x+ M,z — N+ M,x — N,x,z+ M,... y).

Let us consider the corresponding computation in the reduced model. We can identify
the contour C, in the reduced model from the contour C' = (z,x + M,z + My + Ma, ...,z +
M + My + - -+ 4+ Ms) in the original theory, i.e., C,. = (My, Ms, ..., M3).

The difference in the Schwinger-Dyson equations is the contribution of the contour C,
corresponding to C = (x,...,y,y + M,...,z,z+ M, ... x), where y # z. Consequently, we
have to consider the contribution < W (L1 ,)W (La,) >, where L1 = (y,y + M,...,z) and
Ly =(z,z+ M,...,y) are the open contours in the original theory.

Originally, the large-n limit induces the simplification of the perturbative expansion of
the theory [28]. In other words, only planar diagrams survive in the limit. In addition, the
following factorization is proved at large-n [29,30]

By considering this factorization, the different contribution can be written as

1
<W(L1y)W(Lay) >=< W(L1,) >< W(Lay) > +ﬁ'

On the other hand, the action (4.8) has the global symmetry called the center symmetry
such that

2(N = 1)m

. 2
UM—>€ZOUM, QE{O,I,-“,
n n

.

Therefore,
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< W(Li,) >=< W(Ly,) >=0,

if we impose that the center symmetry is not broken spontaneously. Consequently, all different
contributions vanish at the limit n — oo, and the equivalence is proved.

We have to remark about the center symmetry. Actually, the center symmetry is sponta-
neously broken at high 8 for D > 2. This can be seen in the Monte Carlo simulations [31-33]
and in perturbative computations [31,34]. Hence, there are several works to care about the
center symmetry, e.g., twisted Eguchi-Kawai model [35-40)].

Large-n reduction in gauge theory

In the previous subsection, we introduced large-n reduction in lattice field theory. Actually,
this reduction holdsin continuous field theory. To describe large-n reduction in continuous
field theory, the following prescription for a matrix field ¢(x) is proposed in Refs [41-43],

¢(x) N eiP‘Ct(ﬁefPiE,

Z@M — P M,
where (Par)ap := P 0ap is a set of diagonal matrices of quenched momenta. We assume that
the quenched momenta lie in the hypercube whose edges have the length A. We can confirm

that the length A corresponds to the ultraviolet cutoff.
Let us consider pure U(n) gauge theory with a Euclidean action

1
S = 4/de Tr(Fun)?,  Fun = O An — OnAn +i[Ayr, Ax].

By applying the above prescription, we can obtain the 0-dimensional U(n) gauge theory as

2\ " 1 RN
S = <A> T (FMN) , (4.11)
FMN:i[DM,DN], DM:PM+AM.

In the definition of the Dy, Aj; can be absorbed into Py by the redefinition. Therefore, the
action (4.11) becomes

o\ " 1 )
S=- <A> ZTr([PM,PN]) .
This is nothing but the bosonic part of the action of the IKKT matrix model (4.6). More
precisely, we can obtain the action (4.6) from super Yang-Mills action by applying the above
prescription.
In summary, the IKKT matrix model is defined by the matrix regularization of the Green-
Schwarz action or the large-n reduction of super Yang-Mills theory. The action is given by
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1 1 1-
§= T <—4[XM,XN]2 + 2wrM[XM,w]) : (4.12)

where we introduced ¢ as a scale factor for convenience. This factor is not essential since the
factor g can be absorbed into X and 1. In the following, we consider the action (4.12).

4.2 Symmetry and equations of motion

In the above, we defined the action of IKKT matrix model (4.12). Clearly, the action (4.12)
has the 10D Lorentz invariance if XM and 1 transform as 10D vectors and 10D spinors,
respectively. Additionally, the action (4.12) has three symmetries:

1. Translations

SXM=cM.1, syp=0, (4.13)
2. Gauge transformations
SXM — N\, XM, 5p =i\ )], (4.14)
3. N'=2SUSY
sWVXy =ieTarp, Wy = %FMN[XM,XN]el, (4.15)
§PXy =0, 6@y =el. (4.16)

If the eigenvalues of X* can be interpreted as space-time points, we can obtain “A = 2 SUSY
on 10D space-time” by mixing the N' =2 SUSY (4.15),

QW =W +Q®, Q¥ = iQW — @),
where QM) and Q) are the generators of the supersymmetry (4.15). In addition, we denote
Py as the generator of the translations (4.13). Then
[ElQ(i)/, EQQ(j)I] = —2(5ij€1PM€2PM.
where 4,7 = 1,2. On the other hand, eq. (4.14) is infinitesimal form of the gauge transfor-
mation. More precisely, finite forms can be written as unitary transformations by a unitary
matrix U

XM L uxMut, ¢ — UUT, (4.17)

if the trace in the action (4.12) satisfies the cyclic property. In general, the trace should be
well-defined in the definition of the IKKT matrix model action (4.12). However, we have
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to confirm it when we consider a concrete model. We will discuss this point for the case of
noncommutative torus in Chapter 6.

On the other hand, “equations of motion” in the IKKT matrix model mean variational
problems since the IKKT matrix model has no space-time by definition as mentioned above.
By considering the variations of X™ and 1, the equations of motion are given by

DXV, X] = 5 (0T, 90} = 0,
T [Xas, 9" = 0.

Let us consider ¢ = 0 to discuss classical solutions. The simplest solution is given by a
completely simultaneously diagonalizable case, i.e.,

(XM XNl =0 forall M,N=0,---9.

In this case, however, there is an attractive force between the eigenvalues from the one-loop
potential. Then, the eigenvalues cannot have enough spread, and the correspondence to an
original theory will not be valid.

The second simplest solution is

(XM XN = igMN, (4.18)

where @MY is an arbitrary constant. We omitted the identity matrix in the right-hand side
of eq. (4.18). This solution is interpreted as a D-brane (BPS) configuration as follows. The
transformation 81 can be canceled by the other transformation §(2) since the transformation
6 is proportional to the identity due to the solution (4.18). More precisely, by setting
€ = ﬂ:%@MNFMNq, then

(M £ xM =0, (M £y =0.

Therefore, the solution (4.18) preserves N/ = 1 SUSY. In addition, the 1-loop potential around
the solution (4.18) reproduces the D-brane interactions through closed strings [24].

On the other hand, the bosonic matrices may have degree of freedom of space-time. There-
fore, the solution (4.18) may represent the noncommutativity of space-time. For example,
super Yang-Mills theory with the star-product can be derived from IKKT matrix model [44].

4.3 Noncommutative torus

We considered magnetized toroidal compactifications in Section 3.2. In that case, the torus
is defined by the identifications. The twisted boundary condition assures the compatibility
between the gauge transformations and such identifications. It is important that the shifts
to define the torus are interpreted as the gauge transformations since there is no change in
physics.

In the IKKT matrix model, we can consider the similar concept by combining the transla-
tions (4.13) and the unitary transformations (4.17). According to Ref [45], noncommutative
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torus is realized by this unitary transformation. To define noncommutative torus, we restrict
ourselves to the subspace of contents (X, ) belonging to the same gauge class before and
after the shifts of (XM 1), i.e.,

UY*U; ' =Y* 4 21Ry, UsYSU;' =Y + 21R;,

UYIU7 b =Y if i#j§ (i,§ =4,5),

UxMust=xM it xM Ayl

UnpU; b =9, (4.19)

where Y (i = 4,5) denotes as the direction of the noncommutative torus. The above condi-
tions are compatible with the equations of motions (4.18). Then, in the remaining part of this
chapter and Chapter 6, we adopt the solutions of (4.18) when we consider noncommutative
torus. On the other hand, the conditions (4.19) cannot be satisfied by any finite dimensional
representations since the trace on both hands are not equal. Therefore, we should interpret
XM and 1 as operators on an infinite dimensional Hilbert space. From this fact, the cyclic
property of the trace in the action (4.12) is not ensured as mentioned above. We will construct
the trace satisfying the cyclic property in Chapter 6.

The conditions (4.19) imply that UyUsU,; 'U; ! commutes with X™ and 1. Therefore, we
can assume that U4U5U4*1U5*1 is a scalar operator, i.e.,

U4U5 = 62m9U5U4, (4.20)

where 6 is a real number that is called a noncommutative parameter since Uy and Us can
correspond to the basis of the Fourier expansion, which are usual functions and commutative
with each other, for double periodic functions. This real num as a noncommutative parameter.
More precisely, the parameter 6 can be restricted to 6 € [0,1/2) because of some isomorphisms.
Equation (4.20) is called the algebra of noncommutative torus.

The mathematical structure of the algebra of noncommutative torus depends on whether
the parameter 6 is a rational number or irrational number. When the parameter 6 is a rational
number § = p/N, where p and N are natural numbers, the concrete representation matrices
can be obtained by the following N x N matrices

0 1 0 1
0 1 ... w
Venie = . . 1 s Velock = N . > (421)
1 --- .. 0 w%il

where wy = ¢2™/N_ The above matrices are called the shift matrix and clock matrix, respec-
tively. By considering the determinant on both hands of eq. (4.20), the selection § = p/N is
compatible. On the other hand, the case of irrational parameter § € R\Q cannot be realized
by any finite dimensional representation since the trace on both hands of eq. (4.20) are not
equal. In such a case, the trace, which is restricted to X, does not have the cyclic property.
Then, the algebra of noncommutative torus is consistent.
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In the remaining part of this chapter and Chapter 6, we consider the algebra of noncom-
mutative torus with irrational parameter § € R\Q. We use a “hat” to indicate an operator.
A concrete infinite dimensional representation can be realized as follows. Let us start from
the Hilbert space H = L*(R) ® C™, where m € N (m corresponds to Z,, in the constructions
of Refs. [45-47]). We define Uy and Us as operators on H

Uyl : ) = x—£+¢9:j—1>, U5|x:j>:exp[—27rz'<x—n]>} |z :j),
m m

where n is some integer. For simplicity, we set m and n are positive and co-prime or m = 1
and n = 0. From the above, we define Y4 and Y as

N 2mm R ~ .
4= Rii ®1y,, Y5 :=Rsp@1,,
n —mé

where & and p are the position and the momentum operators in one-dimensional quantum
mechanics (where & =1). We can confirm that the above operators satisfy the conditions (4.19)
and (4.20) with 6% = 2% R, Rs. In the following, we omit the identity on C™. From an
analogy of quantum mechanics,

45
(VYO = %exp [zyejﬂ A= (27)2RuRs,
where V4 }Y5> =Y* ‘Y4> and Y5 ‘Y5> =Y? ‘Y5>. We can restrict spectra of Y4 and Y5 to
0<Y*<2rRy and 0 < Y? < 27 Rj since the periods correspond to the unitary equivalence
by Uy and Us.

We introduced noncommutative torus as a classical solution of the IKKT matrix model.
To compare with the result of Section 5, we have to introduce the notion of gauge fields. We
will discuss this point in Chapter 6.

4.4 Modified IKKT matrix model

In the previous section, we derived the action of the IKKT matrix model by applying the ma-
trix regularization or the large-n reduction. These methods can be applied to other theories.
Actually, the authors of Ref. [48] proposed the modified IKKT matrix model by applying the
above methods to super Yang-Mills theory on three dimensions with the Chern-Simons and
Majorana mass terms,

1 1 2 1 _
S = 72 Tr (—4[Xm, X"? + 5melr,leXmX” + SPTm[X™, Y] + aw¢> : (4.22)

where [,m,n = 1,2,3 and « is a real-valued parameter. The action (4.22) is proposed to
introduce various noncommutative or fuzzy geometry!. In this thesis, we consider three of

"We use noncommutative to describe infinite dimensional representations or operator algebras and fuzzy to
describe finite dimensional representations or approximations.
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the ten dimensions described by the IKKT matrix model (4.12) to be replaced by the modified
action (4.22).
The action (4.22) possesses SO(3) symmetry and the following symmetries:

1. Translations

XM"M=C"-1, 6 =0, (4.23)
2. Gauge transformations
IX™ =4[\, X™], oY =i[\ ], (4.24)
3. N =1SUSY
0Xp = i€lp, 6 = %Fm”[Xm, Xy ]e. (4.25)

Compared with the action (4.6), the action (4.22) does not possess the translation symmetry

of 1.

4.4.1 Fuzzy sphere

Let us consider the equation of motion based on the action (4.22) with ¢ = 0,

[va [Xm, Xn]] = *Z’aenkl [Xka Xl] . (426)

The simplest solution is again given by completely simultaneously diagonalizable one. We are
interested in the following solution

(X, Xn] = ia€mmX. (4.27)

This solution is called the algebra of fuzzy sphere. If we define X,, = aL,,, the algebra (4.27)
becomes

[Lm> Ln] = Z'EmnlLl~ (428)

Therefore, we can identify L,, as the generator of su(2) algebra. Hence, we can consider the
quadratic Casimir operator

Z(Xi)Q =a®) (Li)> = ®L(L +1). (4.29)

In this case, the dimension of the representation is controlled by L in eq. (4.29). Therefore,
we are interested in a finite L in the sense of the matrix regularization.
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Let us consider the limit L — oo with p := oL is fixed. To fix the value of p, the parameter
a should be a — 0. Accordingly, the algebra of fuzzy sphere (4.27) becomes trivial, i.e.,

[Xma Xm] = 0.

Therefore, we can identify X,, as a c-number satisfying

3
> (Xm)® =" (4.30)

m=1

Eq. (4.30) is the defining equation of the sphere in three-dimensional Euclidean space. Hence,
the degree of freedom described by the set {X,,,}2,_; at a finite L is called fuzzy sphere (more
precisely, the coordinate of the fuzzy sphere). The fuzzy sphere is studied in several context:
membrane theory in M(atrix)-theory (c.f., Refs. [49-55]), noncommutative gauge theory in
superstring theory (c.f., Refs. [56-66]).

On the other hand, the su(2) algebra (4.28) holdseven if the algebra (4.28) is induced
from the algebra of fuzzy sphere (4.27). At the limit L — oo, the generator L., should be in
the infinite representation, especially the differential representation. Actually, the generator
of the su(2) algebra in the differential representation is

— 1€ Op. (4.31)

In the algebra of fuzzy sphere,

[Li, Xi] = a[Li, L] = —i€mpXm,

then the representation (4.31) can be recovered by [L;, -] at the limit L — occ.

Consequently, we can introduce noncommutative torus and fuzzy sphere as the solutions
of the equations of motion derived from the IKKT matrix model and the modified IKKT
matrix model, respectively. This means that such a solution is realized dynamically. In this
thesis, we will consider these geometries by hands. However, it is believed that the IKKT
matrix model contains a mechanism called emergent geometry that determines the spacetime
structure dynamically without a spacetime structure at the beginning of the theory. Several
approaches imply the existence of such a structure, c.f., Refs. [67-73].
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Chapter 5

Higher order coupling constants in
magnetized compactifications

In this chapter, we discuss the structure of higher order coupling constants in 4D effective
theories. In 4D effective theories, matter contents and their coupling constants are important
for phenomenological applications. In type IIB effective theory, magnetized compactifications
are promising models. Such models are described by super Yang-Mills theory with a back-
ground gauge field. Advantages of magnetized compactifications are seen in the realization
of

1. Chiral structure, and
2. Generations.

These advantages are consequences of the Index theorem. Moreover, we showed the two
features of the coupling constants in magnetized toroidal and spherical compactifications
in Chapter 3. In this chapter, we generalize the two features of coupling constants to d-
dimensional manifolds and its magnetized compactifications on the basis of Ref. [74].

5.1 Setup

In this section, we consider D = (4 + d)-dimensional field theories with an arbitrary gauge
group. As an extra dimensional space, we admit an arbitrary d-dimensional compact spin
manifold My. From the viewpoint of extra dimensional models, the Kaluza-Klein expansion

is important. For a fermion ¥ and a scalar ®, the formal Kaluza-Klein expansions can be
written as

an ) @ ¥n(y),
Zson ) ® dn(y),

where the fields v, (y) and ¢, (y) satisfy the following eigenvalue problems with respect to a
Dirac operator and a Laplacian on My
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Z¢d¢n = MpPn,
Ad(lsn = Ms(ﬁn (5.1)

D-dimensilnal Lorentz invariance is broken by the compactifications. As we mentioned, the
lightest modes of the eigenvalue problems (5.1) are important since they are identified with
the SM matter contents. We will omit the subscript n = 0 since we often consider the lightest
modes labeled by n = 0.

In this section, we assume that the eigenvalue problem for the scalar can be written as

g9 DDy, = M2y, (5.2)

where i,j = 4,...,(4+d) — 1, g is the inverse of the metric on My, and D; = V; —i[A;, ] is
a gauge covariant derivative, c.f., Subsection 3.1. Generally, the difference between —g% D;D;
and the Laplacian is a factor depending on the field strength. In magnetized compactifications,
such a contribution is a constant factor in the previous works. Actually, such a situation
is realized on the torus [4], complex projective spaces [75], and internal four-cycle in the
conifold [76]. Therefore, we assume that the difference between —g* D; D; and the Laplacian
is a constant factor. Hence, it is sufficient to consider D;¢ = 0 for the lightest modes since
—¢“ D;D; is semi-positive definite.

In addition, we assume that the equation of motion of an internal vector field is essentially
the same as that of a scalar field. According to Refs. [4,75], the equation of motion of an
internal vector field CID?b is given by

D;D'® + 2i " 05t — [V, V|05 = —m2ed.

If the contribution from 2iF;b’i<I>§‘b — [V, Vﬂ@gb is a constant, the eigenvalue problem reduces
to the part DiDi@?b. This part is nothing but the eigenvalue problem of a scalar field. We
assume the realization of this situation. Actually, such a situation is also realized on the
torus [4], complex projective spaces [75], and internal four-cycle in the conifold [76]. More
generally, if we can introduce the magnetic flux along the symplectic form of the compactifi-
cation manifold (c.f., the symplectic gauge), our expected situation will be realized since the
background gauge potential plays a role like the spin connection. As a consequence, we will
focus mainly on scalar fields and fermions in the remaining of this chapter.

5.2 Product property of the zero modes

We denote flat indices and curved indices by Roman characters and Greek characters, respec-
tively. Let us start from two Dirac-type equations of adjoint fields in magnetized compactifi-
cations of My

DN =i | (04 Juns™ ) 0 = il4i 0] =0, (53)

DM ¢ = 86— i[Ai, ¢] = 0, (5.4)
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where T'® is a Gamma matrix in d dimensions, T®% := [I'® T'%]/2, and wiaﬁ is a spin connection.
The superscript (A) describes the symbol of the background gauge field, c.f., Section 3. The
fields 1 and ¢ are N x N matrices since they are in the adjoint representations of a gauge
group whose dimension is N. We call the solutions of eqs (5.3) and (5.4) zero modes although
the solutions of eq. (5.4) correspond to the lightest modes of the Laplacian.

We denote degenerated solutions of eq. (5.3) by ng) and ¢(IA), where I denotes the label
of the degeneracy. For example, we have shown such a degenerated chiral zero mode in
magnetized toroidal compactifications in Subsection 3.2. We apply the same notation for
solutions of eq. (5.4). In addition, we assume that the solutions satisfy the appropriate
boundary conditions and the orthogonality with each other.

We have to mention the normalization of the zero modes. The normalization condition is
defined as

5= [ dlyTr [QSY‘)- ff‘”} =Tr [Bf,ﬂ : (5.5)
Mgy

51y = / d%y T [W‘) -z/;ff‘”} =Tr [ng‘})} (5.6)
My

where Bg) and F%) are matrix-valued constants

B = [t o
Mgy

Ry = [ e
Ma

In general, the eigenfunctions of a Dirac-type operator on a compact manifold form the
complete orthonormal system since the Dirac-type operator is an elliptic essentially self-adjoint
operator. Therefore, we have the completeness relations

(A
Z w’n I)Lb s n I)cd ;8! ( /) = 5ad5b0538/5d(y - y/)7
(A
Z¢n I)tub ’ nch( )= 5ad5b05d(y —y),
where a, b, ¢, d describe the matrix indices and s describes the spinor indices. We note that the

Kronecker deltas in the right-hand sides transform under gauge transformations appropriately.
From the completeness relations, we can confirm B%) = stg) = N7y - 1. In fact,

A A A
3 / dyd"y 6 (1) B\ () - 08 a0 B (0) = 815 (B )avar,
n,l,a,b,d

/ dlydly/ 8, (1)Saadid(y — 1)U () = N - (Bus)war
a,b,d
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where we have used the orthogonality among different and degenerate modes. Therefore,
the normalization conditions (5.5) and (5.6) can be realized by the following redefinition:
(;SgA) — d)gA) /V/N, and ng) — ¥ /v/N. In the following, we use ¢§A) and ¢§A) as degenerated
solutions after the redefinition.

To investigate the structure of higher order coupling constants, the products of the zero
modes are important. Let us start from the product of ¢§A) and gﬁSA). Actually, this quantity

is a zero mode of ilﬁ(A),

i DI (i - )

A 1 .
- Ka"* 4“iaﬂFaﬂ> =il - ofY it - |9ig — il4i 0]
=0.

Therefore, the product 1/J§A) . QSE,A) can be written by a linear combination of the zero mode
solutions of eq. (5.3) since they constitute a complete orthonormal system. The expansion is

A A A A
7ol =S s i, (5.7)
K

where S%)K is a matrix-valued constant coefficient.
Similarly, the product (bf : gb‘j‘ can be expanded by qﬁ’;} since the product gb? . gb‘j‘ satisfies

eq. (5.4). Namely,

AR S 53)
K

)

A . . .
where tg JK s a matrix-valued constant coefficient.

On the other hand, the product 1/)§A) . @ZJSA) cannot be expanded by qﬁg?) in general since
eq. (5.4) does not include the Gamma matrix. Hence, eq. (5.4) is not satisfied. As a special
case, we can expand the product ng) ~1/15A> by qb&?) if we consider a two-dimensional manifold
and chiral or anti-chiral zero mode 1/1}4. To investigate higher order coupling constants, only
s and £ are important

1K 1JK portant.
Let us remark about the case of a fundamental representation. In this case, the Dirac-type

equations are defined by

- 1
ipWyp = i1 Kai T 4w,-a5raﬁ> b — z’Aiw] —0, (5.9)
(Ao a0 A b
D, ¢=0,0—14;¢ =0. (5.10)
Although the commutator satisfies the Leibniz rule, the gauge interaction parts of egs. (5.9)

and (5.10) do not have such a property. This induces the modification of the product property

of zero modes. Actually, the product of ¢§A) and d)gA) is not a zero mode of z']ﬁA but ilﬁ(m),
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ZTZ-DZ@A)(%(TA) _ ¢SA)>
. 1 ,
=it | (8 st ) ofY = il o il [0 - il
—0. (5.11)

In general, the product of ng) and gbgAl) is a zero mode of ilD(AJrA/) and that of qbgA) and
(;SgAl) is a zero mode of D§A+Al). However, we have to replace the positions of A; and ¢§A) or
»4) e.g., from the first line to the second line in eq. (5.11). Therefore, the product property

for a fundamental representation is valid on U(1) gauge theory only.

5.3 Generic n-point coupling constants

5.3.1 Three-point coupling constants

In this subsection, we consider three-point coupling constants constructed from the zero
mode fermions and bosons. In the following, we compute boson-boson-boson and boson-
fermion-fermion couplings since the four-dimensional Lorentz symmetry requires even number
of fermions.

e boson-boson-boson

b7 = / dyTr [¢§A)(y) 65 (y) - ¢§?)’T(y)]

Mgy

= / dyTr Zt%}'é(LA)(y)'qﬁﬁf)’T(y)]
Md L
A A
= Z Tr [t}& : B(u%}

=Tr [tk ] (5.12)
e boson-fermion-fermion

o= [ty (60w v ) )]

My

= / dyTr ) S%)L%b(LA)(y)-wg?)’T(y)]
Mg
A
= E Tr [SUL F( )}
o [
—Tr [suk} . (5.13)

In both cases, the coupling constants are obtained by the expansion coefficients in egs. (5.7)
and (5.8).
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5.3.2 Four-point coupling constants

In this subsection, we compute four-point coupling constants and will show the decomposition
by the three-point coupling constants (5.12) and (5.13). There are three kinds of four-point
coupling constants because of the four-dimensional Lorentz symmetry: boson-boson-boson-
boson, boson-boson-fermion-fermion and fermion-fermion-fermion-fermion.

e boson-boson-boson-boson

(4)
buryi

= [ ar o w) o -0 ) )]
:/ d'y 37 [#fan®) - o) - 05 (w) - S w)]

a,b,c,d

/Mddd /Mddd' > dudud(y = y) [Sn(v) - 65w) - 50w - S )]

a,b,c,d,s,t

- ddy/ d'y ot )0,
/Md N0 VD S XU

a,b,c,d,s,t n=0,5=1

x (850, w) - S w) - 650u(2) - St (2)]
> [ /M d'yTr (¢S§”<y>-¢§A’<y>-¢£ﬁ%’*(y))]
n=0,5=1 d
| e (65606 w) - o)

= Tr [ %41)3} x Tr [tg}ﬂ , (5.14)
S

The insertion of the completeness relation is important for the above decomposition. However,
we can alter the decomposition (5.14) since the representation of the completeness relation is
not unique. For example,

e boson-boson-boson-boson

A /M dy /M ay Y Saoud(y — o) [6V0) - 0w) - S5 ) - 6 ()
d d

a,b,c,d,s,t

= > (o] < T 670 (5.15)
T

where we contracted gbgA) and d)f,A) first by inserting the completeness relation.
Needless to say, eq. (5.14) must be equal to eq. (5.15), i.e

HIJK = Z Tr it [ H]S} {tg})K} = Z Tr [t%)T] x Tr [tgfi)“K}
T
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This structure is similar to the conformal block or degenerations of Riemann surfaces in
conformal field theory. In the language of scattering processes, this alteration can be identi-
fied, for example, with the crossing symmetry between s-channel and t-channel. In scattering
theory, we have another channel called u-channel. In a fundamental representation, we can ob-
tain another decomposition (i.e., first contraction ¢§A) and ¢g?ﬁ) corresponding to u-channel.
However, in the adjoint representation, the non-Abelian structure is an obstacle to alter to
u-channel.

e boson-boson-fermion-fermion
A A A A A),
it = [ e [of - o) 06 -0 )

= [ @ X [elit - o v - vl

a,b,c,d

A A A A),
iy /M D besdad™y — o) D) - Oany) - 05w - AN W]
d

a,b,c,d,s,t

L,
/ / dy' Y ¢nsca nSts(y/)
R

a,b,c,d,s,t n=0,S=1
x [l @) - o) - w5 ) - i )]

Tr |t [ H]S} x Tr [SSJK] (5.16)

In this case, we can also find other decomposition

yHIJK —/ d%y /M dy' SatObudss 0% (y — o)
d

abcdss,t,u

(4)

x [¢>é}“.2u< ok mc( ) o) e )]

“Ju L™ U8 s I 0
T D SR S SO

a,b,c,d,s,s’ ;t,un=0,T=1
A A),
X |:¢g{,21u (y/) "V bc( ) w] sed; s( ) g(;l)f(j;s’ (y/)}

=> T [S%)T} x Tr {S%%K} : (5.17)
T

53



e fermion-fermion-fermion-fermion

Tiithi = /M alyTe [(wi @) - o w) - (250w - o W)

d

:/Md a'y 3 [(who®) - o W) - (s - i w)]

a,b,c,d
= /Md ddy /Md ddy/ mb;d@t 5305at6d(y - y/)
(#5200 - 42T w) - (450 - 6 )]
/ ddyTr () - }A”(y) ' ¢f:})’T(y)}

n=0,L=1

<[ty o) - @) )
' (5.18)

As we proved, the product of 1/)}’4) and d)f]A) is in the space spanned by {ng)} 7- In general,

however, the product of the zero mode ng) and a fixed excited mode qﬁff‘} in not in the specific

space but the whole space of the eigenmodes of the Dirac operator lﬁ(A). For convenience, by
introducing the three-point coupling constants including higher mode scalars

= [y [ol )0 ) i 0] w0 (5.19)

d

then

fHIJK = Z Tr [SLIHn T] x Tr [Sg}I)K}
n,L

In magnetized toroidal compactifications, the concrete form of three-point coupling con-
stants (5.19) are studied in Ref. [5].
5.3.3 n-point coupling constants

An n-point coupling is given by

ARy A (A ) TT [#600) (3 )| IR

k=1 =1

where n =i 4 2j. By the similar computations as above, the n-point coupling (5.20) can be
reduced to —1 + ¢ + 2j-point coupling, e.g.,
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v
Ml...MiNl...Nij+1...N2j

_ / A6 ()95 )

X/Md A"y 6es0atd(y — ¥ [H (o5 w ))H[w W) (5w )>]L

k=3 1=

- / dyTr |64 (w)o') sl (v)]

n=0,L=1

—

k=3 =1

(A)
- Z N |: M1M2L:| ’ YL,Ms‘..MiNl...NijJrl.‘.NQj. (521)

We can obtain other decomposition that must be the same as the coupling constant (5.21).
In addition, we can continue the decomposition process, e.g., for the —1 4 i + 2j-coupling
YL(’L]‘\)J3 MNy .. NjNj1...No, into a —2 4 ¢ + 2j-coupling constant.

As a summary, we "define the selection rule for higher-order coupling constants among
the zero modes: Higher-order coupling constants can be decomposed into three-point coupling
constants determined by the product property of the zero modes. We note that an actual n-
point coupling constant is obtained by the multiplication of the above computations and a

coupling constant of a gauge group and a sign coming from spin statistics.
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Chapter 6

Higher order coupling constants in
IKKT matrix model

In this chapter, we reconsider the results of Section 5 from the viewpoint of the IKKT matrix
model.

6.1 Conjecture

Let us fix a classical solution X}/ satisfying eq. (4.18), and we consider fluctuation fields Ay,
ie.,

XM = x4 9MN Ay (6.1)

On the other hand, the fermionic part of the IKKT matrix model is

1 _
Sp =5 T (PTa[XM, v]) . (6.2)
By substituting the eq. (6.1) into the eq. (6.2), the fermionic part of the IKKT matrix model
is written by
1 _
Sp=5Tr (VT m [ X3 + 60MN Ay, 4)) (6.3)

Therefore, if the fluctuation fields have an expectation value as a background, < Ay >, we
can define a Dirac operator in the IKKT matrix model as

D = —irM(G_l)MN [Xév -+ N L < Ajp >, ] . (6.4)
This Dirac operator is similar to the gauge interaction part of the Dirac operator (5.3). The

essence of the selection rule obtained in Chapter 5 is that Dirac-type operators satisfy the
Leibniz rule. From this point, the same result with the Chapter 5 will be achieved since the
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Dirac operator (6.4) satisfy the Leibniz rule. However, there is no guarantee for the existence
of the complete orthonormal system on the noncommutative or fuzzy manifold. In the case
of a compact manifold, it is guaranteed by the general result with respect to essentially self-
adjoint operators on compact manifolds. Therefore, at this level, we conjecture that the
selection rule proposed in Chapter 5 is valid even if we consider a noncommutative or fuzzy
manifold.

In the following, we confirm our conjecture by considering the magnetized noncommutative
torus and the magnetized fuzzy sphere on the basis of Ref. [77,78].

6.2 Magnetized noncommutative torus

6.2.1 Dirac operator on noncommutative torus

In Subsection 4.3, noncommutative torus is defined by the algebraic structure. Therefore,
differential operators on noncommutative torus are defined as linear maps on an algebra.

Let us denote a C*-algebra over C as A. A map d: A — A is called a derivation on A if
d satisfies the Leibniz rule

d(ab) = (da)b+ a(db), d(Aa) = A(da),

for all a,b € A, X\ € C.

In this thesis, noncommutative torus is defined as a C*-algebra generated by Uy and Us
as we mentioned in Section 4.3'. Therefore, derivations can be defined by the action to each
generator. We define the derivations 5 (1 = 4,5), which are called the basic derivations, as

) i . i ) .
04Uy i = — ) == 1) =94 =
14Uy R4U4’ 5Us R5U5’ 4Us = 05U4 = 0,

and extend them to satisfy the linearity and the Leibniz rule. The factors R%; and R% are
convenient factors for the commutative torus whose periods are 2w R4 and 27 R5.
The Dirac operator on noncommutative torus is defined by the basic derivations

pe=iY I, (6.5)

i=4,5

where I'* and I'® are the Pauli matrices o1 and o9, respectively?.

In this thesis, we consider noncommutative torus based on the IKKT matrix model. There-
fore, the above differential operators should be realized in the framework of the IKKT matrix
model. In addition, we are interested in a magnetized model. Hence, we have to construct,
for example, a gauge covariant derivative. For this purpose, let us start from noncommutative
super Yang-Mills theory based on the IKKT matrix model.

'In the following, we consider the infinite dimensional representation of the noncommutative torus. Hence,
we use “hat” for operators to distinguish them from finite dimensional matrices.

2We keep in mind that the noncommutative torus corresponds to an extra dimensional space. Hence, the
notation is unified as before.
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To obtain noncommutative super Yang-Mills theory, we expand the action (4.6) around
the classical solution, i.e., eq. (6.1). Then, the bosonic part of the action (4.6) is written as

Sy = “i7 Tr (nIKnJL[X({ + 0™ Ap, X+ 0TM AN X+ 08N Ay, X§+ 67LNAN]) . (6.6)

In the following, we consider a U(N) gauge group since we focus on the type IIB effective
theory. The basic expansion process is the same as the reductionof super Yang-Mills theory in
Section 3.1. The difference is whether the degrees of freedom are fields or matrices. Therefore,
we can follow the same process as in Section 3.1 by replacing fields by matrices if the cyclic
property of the trace is valid. More precisely, we have to define four following items.

e Partial derivatives
On = —i(0~ ) an (X3 ],
e Field strength of the U(1) gauge group
Fyn o= Ov By — OnBar — i[Bur, By]

The commutation relation does not vanish because of the noncommutativity of the
matrix algebra.

e Covariant derivatives with respect to the U(1) gauge group
DMWN = 8MWN — ’L[BM, WN]

e Effective metric

GMN _ HMNHNJ?][J
By inserting these items, the action (6.6) can be written as

1

S,
b 152

T ((Faax = 07 Daaw ) (BN = (079N = (ar, Wl 1))

55T (DMWNDMWN ~ Dy WNDYWM By — (07 Y) 0w WM, WN])> . (6.7)
g
where the indices are contracted by the effective metric GMY.
We are interested in a magnetic flux. We introduce an Abelian magnetic flux on the extra

dimensional space. By arranging on the basis of the prescription in Subsection 3.1, we can
obtain the action after turning on the magnetic flux

1 A n N o~ o~
Sy = =55 Tr (9:D, D" + &, D,D'%7) - o
g

292 (<75 > = < B >) 8000 4 5y e,

(6.8)
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where

Did% = 0;99" —i < B > &% +id" < BY >,

and Sp other 1s irrelevant part to the following discussion.
Similarly, the fermionic part of the IKKT matrix model after turning on the magnetic flux
becomes

1 T~ ~ T a o~ A T~ A A
Sp=—5.2T (mrﬂpﬂ L UT Db+ UT D, m]) + S others (6.9)

where the indices are contracted by the Minkowski metric and M .= gMNT N, and Sy other 18
also an irrelevant part.
From the action (6.8), we can define the Dirac operator and the Laplacian

D :=ilM[Xy, ], (6.10)

A= —-GMNDyDy = [Xp, [XM, ], (6.11)
where XM has the same expression as eq. (6.1). In this thesis, we are interested in the noncom-
mutative torus in an infinite dimensional representation. Therefore, the Dirac operator (6.10)
and the Laplacian (6.11) are operators act on operators written by Y4 and Y.

In the following, we consider the gauge background on noncommutative torus correspond-
ing to Section 3.2, i.e.,

Ay =0, As=FY*, (6.12)

where the field strength is F45 = F.
We have to consider a boundary condition corresponding to the twisted boundary condition
in Section 3.2. Because of the noncommutativity, the gauge transformation is obtained by

AM — A/]M = QAMQ_l + iQ@MQ_l, (6.13)
where Q is a unitary operator. From the construction of noncommutative torus, the back-

ground gauge field translates as

A4(Y4 + 2w Ry, Y5) = A4(Y4, y? + 27TR5) =0,
As(Y* 4+ 27Ry, Y®) = As(Y*4, Y®) + 2nRs F,
As(Y4Y® 4 27Rs) = A5 (Y4, Y9). (6.14)

We require that the above translations can be realized as gauge transformations. In fact, the
unitary operator €2 in eq. (6.14) can be constructed by

59



2mi Ry
T 007
where o represents an action on C™ part. This part is not important for the following
discussion since the C™ part of Y and Y? is the identity matrix. Therefore, in the following,
we assume this part is the identity matrix and omit it.
In addition, we have to consider the consistency condition, i.e.,

Q75 o exp [ -]—“YE’] (T o i, (6.15)

Qs(Y* 4 20R,, Y)Y (YA V) = Qu (VA V0 + 20 R5)Q5 (Y4, VP). (6.16)

Consequently, eq. (6.16) requires that the magnetic flux F must be quantized in such a way
that

F A
1+012F 27
We have to note about the gauge choice. The choice (6.12) is called the axial gauge. The
following discussion in this chapter, e.g., explicit derivation of zero modes, depends on this
gauge choice. Therefore, we should confirm the gauge invariance of our discussion.
In the commutative case, another gauge commonly used is the symmetric gauge

=NeLZ. (6.17)

1 1
Ay =—-Fy°, As=-Fy
4 2y, 5 2y

More generally, we can consider the following gauge

Ay = —tFy°, As=(1-t)Fy, (6.18)
where t € [0,1]. We can realize the gauge transformations from t; to Yt by the unitary
element U = exp[iF(ta — t1)y*y°].

Let us consider an analogy in the noncommutative case. We can introduce the similar
background gauge field

Ay = —tFY®, As=(1-t)Fy*
We expect that we can find the gauge transformations from "¢; to "to. To find a unitary
element, let us consider a unitary element U= exp [ia(ff‘lff‘r’ + Y5SA/4) , where a € R. This

unitary element is the analogy of U = exp[iF'(t — t1)y'y?]. Based on the transformation by
U, we can find the following identity,

(1—=t08F) 1+ (1 — 1)PF) = (1 — t20PF)(1 + (to — 1)0¥F). (6.19)

Eq. (6.19) is a quadratic equation with respect to ta, and its solution are ¢; and 1 —¢;. In
other words, non-trivial gauge transformation is uniquely determined as ¢ty — 1 — ¢;. This
may impose an additional condition to the gauge space compared to the commutative case.
However, we restricted ourselves to U in the above discussion. Therefore, it may be possible
that the gauge space recovers by other unitary elements.
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6.2.2 Zero modes of the Dirac operator

In the previous subsection, we introduced the gauge background (6.12). In the following, we
obtain the explicit Dirac operator and derive zero modes.

As a first step, let us consider a zero mode equation for a fundamental representation for
convenience. We can define the covariant derivative for the fundamental representation

Dy =0y —iAy (6.20)
By replacing the basic derivations to the covariant derivative (6.20), a zero mode equation for
each chirality is given by
(04 + 1505 + sFY)* =0 (s = +1). (6.21)
with the twisted boundary condition
2mi Ry

L+ 0%F
P (Y4 Y? + 27Rs) = 05 (V4 VD).

G5 1 2Ry, ¥) = exp { . n%] 57 99

We expect that the zero modes of eq. (6.21) can be constructed from those of the commutative
case since eq. (6.21) is similar to the commutative case.

Here, we consider the viewpoint of Fourier transformation. The Fourier transformation of
the whole zero mode of the commutative case is written as

dk k> 1kn N g
/ Z Cexp [ 2\F| R F] exp [zk:y ] exp [sty ] , (6.22)
n=|N|p+q€Z
where p € Z, ¢ = 0,...,|N| — 1, C is the normalization constant, and the magnetic flux

F' satisfies the quantization condition (3.17). We expect that the whole zero mode of the
eq. (6.21) is obtained by

dk k> tkn i N s
/ Z Cexp [ S| R5F} exp [zk:Y } exp [ZR5Y ] (6.23)
n=|N|p+q€Z

However, this is not a zero mode solution because of the difference in the quantization condi-
tion with respect to the magnetic flux.

To obtain zero mode solutions of eq. (6.21), let us focus on the decomposition of the label
of the summation. In eq.(6.22), the label of the summation n is restricted as n = |N|p + q.
However, p and ¢ do not appear in eq. (6.22). Therefore, we can consider other decomposition
like n = [N|p + ¢, where p € Z and ¢ = 0,...,|N| — 1. In addition, the magnetic flux F’
should be replaced by the magnetic flux F satisfying eq. (6.17). From these manipulations,
the zero mode solution of eq. (6.21) is obtained by
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e dk = +
%(Y4,Y5)—/ ZC p[ Nl Rf(lNlerq)] exp [zkYﬂ eXp{wYﬂ,

(6.24)

where I =0,..., N —1. Actually, we can confirm that eq. (6.24) satisfies eq. (6.21) if Fs > 0.
We postpone the computation of the normalization constant to the next section.

In Section 3.2, the zero mode solutions are written by the Jacobi-theta function. To

discuss the property of the zero mode space, the Jacobi-theta function is useful. We can write
eq. (6.24) by operator-valued Jacobi-theta function

P v5y _ v | T [ F 54 TN ( 8INT 54 :
5(YHY?) =C o P [—Q(Y )2}0[ 0 ] <2mR5(Y +isY®), stN>

If we consider the eigenstate of Y4 +isY?, the factor s\ should be positive because of the
convergence. Therefore, in the following, we require sA" > 0°. Accordingly, |[N| = sN and

P (VYR =C |2];|exp [-'?(Y‘*)ﬂ 9 [I/‘OM] (277%5 (V* +isY?), i|/\/]>

Let us go back to the zero mode equation of a bifundamental fermion. As a demonstration,
we consider the magnetic fluxes that break the gauge group U(2) — U(1) x U(1). Such a
symmetry breaking can be realized by the following gauge background

. o4
495y = FY 0 ).
0  FRY
where F; (i = 1,2) satisfies the quantization condition (6.17).
A fermion in U(2) adjoint representation is described as a 2 x 2 matrix such that

A: IZ:JJF) e (1/}11 QéfQ) .
v <¢_ VS V31 Y3y (s )

The zero mode equation for each chirality is obtained by

.
=
~
. N
k!
I

=
>
=

. 0 @252) ( FiY4 ] f1?4@@f2—f2@@fg?5>
04 + 180! <A -« + s NP~ SN NPT =0 (s=4).
OntisDs) s, s, FoV M5y — Fraps, V4 FolV4, 5] (5= )
(6.25)

Because of the noncommutativity, we must maintain the ordering in eq. (6.25).
First, let us start from the diagonal components. The zero mode equation of the diagonal
component is written as

3The condition 27 — 6% - N > 0 is necessary for both sF > 0 and s\ > 0 to be compatible.
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(04 +i505)05, + sF[Y,45,] = 0. (6.26)

A unitary operator representing a gauge transformation is also described by a 2 x 2 matrix
and act on a fermion in U(2) adjoint representation such that

3y Q(]:l) 0 s NS OT
0= ("0 o) ¥ -0

Therefore, the twisted boundary condition of the diagonal component is obtained by

I . 2miR I 2miR .

4 5\ _ 4 5 4 -5 4 5
U5 (Y4 4+ 21 Ry, V) = exp [1+045f1 ~]-"1Y]1/)f1(Y ,Y%) exp T PF FY?|,
OS5 (VLYY + 27Ry) = 05, (Y, YP). (6.27)

In this case, the right hand side of the first condition induces the shift of Y4 such that

S %. This shift induces the contradiction: % = 1. Therefore, ¥, must be

a scalar operator, i.e., z/?fl = const. x 1.
Next, we consider the top right component. The zero mode equation is

(01 + 1505 )3y + s(F1Y 43y — FobipV*) = 0 (6.28)
with the twisted boundary condition
2miRy

1+ 6% F,
12)52()%7 Vo4 2TR5) = Qﬁﬁ(}ﬂa ?5)

5 (Y 4+ 27 Ry, V) = exp : ]—“1}75] D5 (YA,Y5) exp [—

The third and fourth terms of eq. (6.28) represent the noncommutativity as we mentioned.

In the case of the fundamental representation, the factor exp {—]]—" |(Y4)?/ 2] comes from

the term FY*4 in eq. (6.21). Therefore, we expect that zero mode solutions can be written by
the operator-valued Jacobi-theta function. Actually, the zero mode solutions are obtained by

- TR F sF1 o
¢f2,I(Y4aY5) =Ch2 1o] exp [_21(Y4)2]

27
o [Tl (Sl 4 is ). gt Nl ) exo | 272
(6.29)

where Fio = Fi — Fo, Nio = N1 — Ns, and I = 0,...,Ni3 — 1. In addition, we restrict
ourselves to sN3 > 0. We can confirm that eq. (6.29) satisfies the zero mode equation (6.28)
and the periodic boundary conditions if sFjg > 0*.

Obviously, the above result can be generalized to U(N) gauge group and symmetry break-
ing by magnetic fluxes.

4The condition 2 — 0% - Aj2 > 0 is necessary for both sFi2 > 0 and sAi2 > 0 to be compatible.
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6.2.3 Laplacian in the IKKT matrix model

In Chapter 5, we discussed the product of a scalar field and a fermion field. Therefore, to
compare with Chapter 5, we have to consider the Laplacian and its eigenvalue problem.

We have already defined the Laplacian in the IKKT matrix model in eq. (6.11). The
Laplacian has the relationship with the square of the Dirac operator even if we consider the
noncommutative case. To see this relationship, let us denote the Dirac operator as

o-(5 7)

The square of I) can be arranged as

po (DD 0\, ~ D, D 0 .30
N 0 _pp)==F 0 _w[pl D]) (6.30)
2 )

If we consider a fermion in an adjoint representation, the action of the operator (6.30) on the
(1,2) component of the fermion can be written as

lDQUA)ﬁ = Ai&i - 5(945)2]:121%2 (6.31)

The relation (6.31) indicates that the zero modes of D (D’) are also the lightest mode solutions
of the Laplacian.

In addition, we can construct the eigenmodes of the Laplacian by the similar way in
Section 3.2. Actually, the commutation relation between D and D’ is

[D, D'Jip5y = 2(0%%)2 Fra9)5,.

If we set the magnetic flux Fio > 0, the operators D and —D’ can be interpreted as a creation
operator and an annihilation operator, respectively. If we set the magnetic flux Fij2 < 0, it is
sufficient to exchange the roles of D and —D’. This interpretation allows us to consider the
analogy of the harmonic oscillator. Namely,

N :=—-DD', A=N+(6%)%Fp,

Therefore, the eigenmodes of the Laplacian can be obtained by

A" = Ngis iy,
Af-z,n — Dniﬁé, /\945771 _ (945)2.7:12(2n +1).

The difference from the commutative case lies in the factor (#*%)2. In addition, it seems that
all eigenvalues Agss ,, vanish in the limit 6* — 0. Let us consider the mass dimension. Based

on the principle of the IKKT matrix model, we assume the mass dimensions [Xé\/[ ] =M1t
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A~

and [A;] = M. This assumption implies that the mass dimension of the scale factor g is -2. In
addition, the noncommutative parameter 45 and the field strength have the mass dimensions
-2 and +2, respectively. Therefore, the combination Ags ,,/ g? has the mass dimension +2.
On the other hand, the trace is dimensionless. We expect that the trace with respect to four
dimensions becomes the integral on a four-dimensional space at an appropriate limit. From
the dimensionless of the trace, the expected correspondence is Tryp ~ [ d*z/ det(@M N ), and
det(9MN) includes the factor (#4°)2. Therefore, the factor (#*°)? is natural.

6.2.4 Normalizations

In this subsection, we define the trace and compute the normalization constant of the zero
mode solutions. We have to assure the cyclic property with respect to a gauge transformation
realized by a unitary operator. In addition, we should define the trace without facing an
inconsistency with the translations along Y4 and Y® directions.

We define the trace by

27 Ry
Tr(-) = / ay* (Y- [y,
0
First, let us confirm the equivalence with the case of Y* and that of Y
27 Ry o R 2Ry 27 Rs5 o N
/ dY* (Y f(Y4Y®) [v?) :/ dY4/ dY® (Y f(Y4Y?) [Yo) (Y? | v?)
0 0 0

27 R4 27 R5
= / ay* / dY® (Y° | Y*) (v*
0 0

27 Rs o N
:/ dY* (Y°| f(Y*1,Y?) [v?)
0

f(Y4, YE)) {Y5>

= (707479)

where we have used

27 R4 27 Rs5
1:/ ay* |y*) (v?, 1:/ dy”® |Y®) (Y|
0 0

on the Hilbert space defined in Section 4.3. Next, we confirm the consistency with the
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compactification condition.

4R 2R
/ Ay (Y| f(yYP)|Y?t) = / "ayt (Y*+2nRy| f(Y*,YP) [Y* + 27Ry)
21 Ry 0

27 Ry
:/ ay* (Y Uy f (Y4, Y20 Y
OQﬂR4
:/ dY* (Y4 Quf (Y4 Y20t Y
0
27 R5
:/ Ay (Y°| Quf(Y, Y20 [v°)
0
=T (fF79)
47 R5 o N 27 R5 o R
/ dY® (Y| f(Y*,Y?) [v?) :/ dY® (Y? + 2 Rs| f(Y*,Y?)|Y® + 27 Rs)
2T R, 0
’ 27 Rs
:/ Ay (Y5 Us f(Y*, Y2 U Y®)
0
27 R5 A ~
:/ Y5 (Y| f(V4,V° + 27Rs) [Y7)
027rR5 . .
:/ Y (Y| f(Y4YP) [v®)
0

- ( A(W,W)) .

where we used the equivalence between Y4 and Y? in the fourth line.

For general gauge transformations, we can show the equivalence of the trace between
before and after transformations if we assume the existence of the completeness relation of
the unitary operator as a gauge transformation. This ensures the cyclic property with respect
to the whole gauge transformations, and this is physically sufficient.

Then, we can compute the normalization constant with the above definition of the trace,

2m Ry ~ N ~ .
1 ="Tr ( 12 1(Y4 Y5)¢12 J(Y4 Y5)) = /0 dy* <Y4‘ %2 I Y47 Y5)1/1f2,J(Y47 Y5) ‘Y5>

R L 4 5y 45
A/ dy / ay %Z)u [(Y 7Y )¢i§2,J(Y ’Y )

0
Rs5|F
= 51J|C12’25|Am| . 112(945)
where
. M(HG“B)—F?WM 9
112(‘9 ) = Z Wi2lpt+a P [_’}—12‘:6 ] o

PEZ” “R5F12 (1+64572)
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If We take the limit #* — 0, the integral becomes the Gaussian integral and its value is
I15(0) = /7 /| Fi2|. However, for 0*° # 0, we need to use numerical approach.
Therefore the normalization constant C1o is obtained by

Rs|F —1/2
Cro — ( 5|Alz| ‘112(945)> '

Then, the zero modes can be written by

N a4 - 2R, —1/2 sF1 -~
¢192,1(Y47Y5) = ( 1 : '112(945)> exp {—1(Y4)2}

2
ﬂ[I//()\/lQ'] <2’7Q/]1§5|(Y4+ s79), i|/\/'12|> exp [35( )}

If we consider the limit #* — 0, there is the difference in the overall factor, explicitly A—1/2
between the commutative case in Section 3.2 and the noncommutative case. However, this
difference is due to the normalization of the integral on the torus. Hence, the same result can
be obtained if the normalization is unified.

6.2.5 Three-point and higher order coupling constants

In Subsection 6.2.4, we defined the trace and showed the orthogonality of the zero modes.
The purpose of this section is to compare the product property with Section 3.2.

Let us consider a product of zero modes (6.29). A key observation is that the Jacobi-theta
function part can be arranged as a c-number if two zero modes have the same chirality and
we consider their product. Based on these observations, the product of two zero modes (6.29)
is obtained as follows.

@Zjba,l : @Z)ac,J

_ 27T|]:ba]:ac| CpaCac
Ve Che
. WaclI=|Noa| J+Noa | [Nac K Ry
X Z wbc,I+J+\Nba|K X ( WoaNbeNacl ) <O,Z&)|A/'ba-/\/’bc-/\/'ac|> :

0
KeZny, 1+ |Nael

(6.32)

We have used the formula for the Jacobi-theta function as we showed in Section 3.2. Equa-
tion (6.32) indicates that our conjecture mentioned at the beginning of this chapter is realized
and this is the same result as in Chapter 5.

Based on eq. (6.32), we compute Yukawa Couplings As a demonstration, we consider the
U(N) gauge group and its breaking U(N) — [[>_, U(N,), where 3>22_ N, = N. To realized
such a symmetry breaking, we introduce the background gauge field as
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FiY41y, 0 0
A (YLY?) =0, As(Y'YP) = 0 FY'ly, 0 :
0 0 F3Y 4y,

We have to consider a sign assignment with respect to the magnetic fluxes. Obviously, the
following identity is valid

Fio+Faz+F31 =0

This identity implies that only one of the three has a different sign. In the following, we select
Faz > 0 and Fi9, F31 < 0 to compare the following result with Section 3.2. This selection
also implies Nog > 0, N2, N31 < 0.

A fermion has a 3 x 3 block matrix structure since we consider U(N) gauge group and its
breaking U(N) — [[>_, U(N,). Base on Subsection 6.2.2, the component of the zero mode
fermion can be written as

¢+ const. 0 @E I
w g </lz)_> s 1/}+ = w;—l,g} COnSt. w;é,K ) wi - T/J+’T7
0 0 const.

where const. = 1 and I, J, K denote the degeneracies. The lightest mode scalars have the
same matrix structure as the zero mode fermion. In addition, we showed that the lightest
mode scalars have the same functional form as the zero mode fermions. Therefore, we denote
d to describe both the lightest scalars and the zero mode fermions.

Let us denote by @y, ; (a,b = 1,2,3) the (a,b) block component. Based on the action (6.8),
the Yukawa couplings are obtained by

Y]JL =Tr (‘i);&L . (i>217[ . (13137J> . (633)

The ordering in the Yukawa couplings (6.33) is important since the factor exp {%(?4)2} of
@)2171 can be cancelled by the factor exp {—%(Y‘L)Q} of @137(]. In addition, F21, F > 0 from

our sign assignment. This situation is the same as that in eq. (6.32). Therefore, we can
rewrite it by the linear combination of the Jacobi-theta function, and the result is as,

Doy 7 P13,

2w FarFis] CaiCis
| Fas| Cas
[Ni3|I=|Na1 | J+[No1 [N | K

. R
X Z o3 147+ Noy [K XV ( W21 N2 N 13| > (0,11%;1!/\/21/\/23/\/'130 )

0
KEZ|nyy | +IN13]
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On the other hand, we have already proved the orthogonality. Consequently, the Yukawa
coupling (6.33) is obtained by

21 A [23 1 ( L ) ( .R4
Y, _ /20 9 | WVai| \ [Va23] N3] O’Z—j\f Noa N , 6.34
1L Re Tl ( ; R5‘ 21N23 13| (6.34)

where we assume 7K € ZiNyy | 4Nys| SUch that L= T4 J + [Ny |K.

The difference from the commutative case is the presence of an overall factor if we fix
each generation number N, to the same value with the commutative case. The Yukawa
coupling (6.34) goes back to the commutative case in the limit #*> — 0 since the normalization
constant I, and the generation number A, go back to the commutative case completely.

On the other hand, the product property of the zero modes is preserved (c.f., eq. (6.32))
even if the completeness relation is obscure since there is no assurance that the Dirac opera-
tor (6.25) has the complete orthonormal system as we mentioned. Hence, we cannot admit the
interpretation as an insertion of the delta function (e.g., eq. (5.14)) at this level. However, the
product property is the most important for the decomposition. Therefore, we can conclude
that the selection rule that we proposed in Section 3.2 is completed. In other words, we can
obtain the decomposition of higher order coupling constants in the IKKT matrix model by
the three-point coupling constants (6.34).

6.3 Magnetized fuzzy sphere

6.3.1 Ginsparg-Wilson algebra and Dirac operator

In the previous section, we defined the Dirac operator on the basis of the fermionic part of
the action of the IKKT matrix model (4.6). We are interested in the magnetized fuzzy sphere
to compare the product property with the result in Section 3.3. However, the Dirac operator
for magnetized fuzzy sphere cannot be defined by the fermionic part of the action (4.22)
straightforwardly. On the other hand, in Ref. [79], the authors proposed a method to construct
a Dirac operator on any fuzzy manifolds on the basis of the Ginsparg-Wilson (GW) algebra.
Therefore, we introduce the GW algebra in this subsection and define the Dirac operator for
magnetized fuzzy sphere in the next subsection.

The GW algebra Agw is defined as a unital *-algebra over C generated by I' and I such
as

Acw = <F,F’ T2—T2 1,7 =T, T = r’> , (6.35)

where * is a conjugate, typically the Hermitian conjugate. We will define I and I as matrices
since the fuzzy sphere is constructed from the finite dimensional representation of the su(2)
algebra.

In general, a GW Dirac operator Dgw is defined as an element of Agw [79] such that

f(a,T)Dgw =1 —TT", (6.36)

where a is a parameter which corresponds to a lattice spacing and f(a,I') is an arbitrary
function depending on a and I'. In addition, we assume that f(a,I") has an inverse element.
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Since the GW Dirac operator satisfies
I'Daw + Dawl’ =0, (6.37)

we can prove the index theorem
1 /
Index (Dgw) = 5 Tr (F 4T ) .

Originally, the relation (6.37), which is a kind of the GW relation, is introduced to avoid the
fermion doubling problem in lattice field theory. Therefore, we do not suffer from the fermion
doubling problem if we consider zero modes of the GW Dirac operator.

In the following, we consider

Daw = é (F - F’) . S =Tr(¥Dew?).

6.3.2 Dirac operator of magnetized fuzzy sphere

In Section 3.3, the magnetic flux is introduced as the 't Hooft-Polyakov monopole background
that is a geometrical object. However, the fuzzy sphere is defined as an algebraic object.
Therefore, we have to introduce the concept of the vector bundle as an algebraic object.

To define a vector bundle as an algebraic object, the Serre-Swan theorem or Swan’s theo-
rem [80,81] are important. These theorems argue that the algebraic meaning of vector bundles
can be defined as projective modules.

Let us start from the case of the sphere. Each point of a vector bundle is composed of a
point of the manifold and an element of a vector space. Based on the Serre-Swam theorem or
Swan’s theorem, any vector bundles are direct summands of trivial bundles. In other words,
we can construct a non-trivial vector bundle by considering of a projection on a trivial bundle.
The projection for the 't Hooft-Polyakov monopole bundle with the charge =N on the sphere
can be defined by

N .
1+50 .7
+N __ -
PEN _ ,Hl — (6.38)
=10 @i 0l (6.39)
N

where n; (i = 1,2,3) is a unit vector on the sphere.
From the projection (6.38), we expect naturally that the following operator is an appro-
priate projection for the 't Hooft-Polyakov monopole with the charge +1 on the fuzzy sphere,

, (6.40)

1+6-n
p(ﬂﬂ):T

where 71; (i = 1,2, 3) is the normalized generator of the su(2) algebra satisfying Z?zl (n;)? = 1.
In the following, we use the hat to describe the representation matrix of the su(2) algebra.
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However, the operator (6.40) cannot play a role of a projection operator because of the
noncommutativity of n;. To define a projective operator, it is necessary to introduce another
generator 7; of the su(2) algebra with the Casimir operator eigenvalue T'(T + 1) [82, 83].
Namely,

- A1
5 X T+1/2 (6.41)

This is an idempotent operator, which is remarked in Refs. [60,61], hence we can admit
this idempotent operator as a projection operator. On the other hand, the projection op-
erator (6.41) can be also interpreted as the projection operator of the angular momentum

KT =T+ $0; with the Casimir operator eigenvalue K (K +1), (K = T+3) into K = T+

K]
subspace,

S (KDY (12T +1/2)
(T + 1/2)(T + 3/2) — (T — 1)2)(T + 1)2)°

Hence, based on this interpretation, we can define the projection operator for the 't Hooft-
Polyakov monopole with the charge /N on the fuzzy sphere as

P =

3 +M\?2
(+N) . HK;AKmax[Zizl (KZ ) K(K +1)]
HK#Kmax [KmaX(Kmax + 1) — K(K 4+ 1)]

p

where K§+N) = T; + Zf\il %O',L-(i) and Kpa.x = K + % Similarly, the projection operator for
the monopole charge —IN can be constructed from the minimum value K, =T — %

As a result, according to Refs. [82,83], the GW algebra for magnetized fuzzy sphere can
be defined as

Fi'_E(I:L—i—T)—|—1/2 ;o —F-LR412 1

LxT+1/2 '~ L+i2z T i@ ET+1/2)

where T; with the Casimir operator spectrum T'(T 4 1) corresponds to the extra angular
momentum operator. The superscripts L and R mean the left-action and the right-action,
respectively. The IKKT matrix model is constructed by the commutator. Hence, we have
to consider the left-action and the right-action naturally. In addition, we have to restrict
ourselves into LY + T; with the Casimir operator eigenvalue (L + T)(L 4+ T 4 1). From the
definition, the square of Dgw is given by

- . . 2
(Dew)? = <ﬁL iRt ;a) il
If we define the generator J; = ﬁlL — I:ﬁ +T; + %O‘i with the Casimir operator eigenvalue
J(J+1), then J =T — % corresponds to the zero mode states with the degeneracy 27. On
the other hand, the topological charge or the index of this monopole background is 27", and
this value is the same as the continuous limit [83]. Therefore, this result is consistent with
Section 3.3.
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6.3.3 Laplacian of magnetized fuzzy sphere

As we discussed in Section 3.3, the zero mode fermions are distinguished from the lightest
mode bosons because of the curvature contribution. Therefore, we have to consider the
lightest modes of the Laplacian on magnetized fuzzy sphere. In the following, we focus on
states corresponding to the scalar fields since the eigenvalue problem of the vector fields is
essentially the same as that of the scalar fields.

Let us start from the standard action of the scalar sector on the fuzzy sphere without the
monopole,

S=Tr ([ﬁi, (L, @]) =Tt (-@[ﬁi, L, <1>]]) " (—cp(ﬁi)%b) :

where ® is a Hermitian matrix and £; = [L;,] = L* — L is the su(2) generator with the
Casimir operator eigenvalue L(£ + 1), £ € {0,...,2L}.

As we discussed, the 't Hooft-Polyakov monopole can be introduced as an extra angular
momentum. Therefore, the action of the scalar sector on the fuzzy sphere with the 't Hooft-
Polyakov monopole is defined naturally

S="Tr (-@(1@)2@) = Tr (—K(K +1)00) ,

where l@l = ﬁ, + T,

As we mentioned in Subsection 6.3.2, we need to consider the projection into I:lL +T;
whose Casimir operator eigenvalue is (L & T")(L = T 4 1). This implies that the Casimir
operator eigenvalue of K; is K(K + 1), where K runs from T to 2L + T. Hence, the lightest
eigenvalue is 72 + T. However, the lightest eigenvalue we expect is T if the corresponding
radius is R = 1. Therefore, the natural extension of the standard action of the scalar sector
is not an appropriate action.

To construct an appropriate action, we consider the correspondence between wavefunctions
and states by using the coherent spin state. The coherent spin state is introduced as an analogy
of the coherent state of the harmonic oscillator in quantum mechanics [84].

Let us start from the generator S; of the su(2) algebra with the Casimir operator eigenvalue
S(S +1). The ground state is the highest spin state,

S.15,8) =518, 5).

The other states can be constructed by acting the lowering operator, i.e.,

. 1/2
(5-)"18.8) = (M) 1S, —1) (0<1<28S),

where S_ := S, —iS,. In Ref. [84], the coherent spin state is defined by

1 @2s) \Y*,
|2) = Nl/Qexp( )|ss N1/2Z as—mi) 155D, (6.42)
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where N is a normalization factor. Since the inner product of the spin coherent state should
be finite, i.e.,

25
1 25)! 1
W= ¥ 3 s e = PP <o (6.43)

then N should be proportional to (1 + |z|?)°.
On the other hand, the coherent spin state satisfies the overcompleteness relation since
the set {|S : S — I)}%3 satisfies the completeness relation. In other words,

28

/sz m(#2) 12) (ol = 318,86 — 1) (5,8 — 1] =1 (6.44)

I1=0

25+1 1

determines the integral measure m(|z[?) o 22 e The proportionality constant de-

pends on the normalization condition (6.43).

Let us consider the coherent spin state for the zero modes of the Dirac operator. The set
of the zero mode states is {|T— 1/2: T — 1/2 — I)}3L . Therefore, the coherent spin state is
defined by

o@er-1r Y2
— I
N1/22<I'2T T )> AT —1/2,T-1/2-1).

We require the normalization factor N satisfies

2

1
2 2)27-1 —

(2l2) =

since there are 27" zero mode states in the area 4mR2. We can confirm the consistency of
this requirement from the integral measure. This requirement implies that the integral of the
overcompleteness relation must be the following form

1
AR? | d?2—— . 6.45
w AT PP (6.45)

Equation (6.45) is nothing but the integral over the sphere with the metric (3.36).
The normalized state is written as

2T—-1 1/2
1 1 (27)! ;
= ) ' T—1/2,T—1/2—1).
D T & <4wR2 I!(ZT—I—l)!> T =1/2,T=1/2-1)

Then, we can derive the wavefunctions (c.f., Ref. [75], Section 3.3) as the inner product.
Namely,

1 (27)! 1/2 2!
(T—1/2,T—1/2—I|z) = (47TR2 == 1)'> TS (6.46)
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The right-hand side of eq. (6.46) is the same as the zero mode fermions 11)(2}%7 I

On the other hand, the lightest mode bosons can be written as zero-mode fermions with
the shift of the magnetic flux (3.39). Since the magnetic flux for fermions is 27", the lightest-
mode bosons should have the magnetic flux 27+ 1 and the corresponding states can be written
as {|T,T — I)}3L,. This difference comes from the curvature contribution. We can expect
that an appropriate Laplacian can be constructed on the basis of the GW algebra without
the contribution of the curvature.

Let us consider

pe o LE+T o —LF 1

i T pxr - ¢ L(L+T)

where we also restrict ourselves into i}ZL +1; with the Casimir operator eigenvalue (L+T)(L+
T +1). These are I'* and I'" without the spinor and the curvature contributions (¢; and 1/2
factor, respectively). Based on the spectral analysis, we can confirm that the following R?Agw
can be an appropriate Laplacian

)1
\
|
I

3

1 /
R*Acw =Y _(Daw)®, Daw.i = . (Fit - Fi) :
=1

6.3.4 Three-point and higher order coupling constants

We obtained the zero modes of the Dirac operator and the lightest modes of the Laplacian on
the magnetized fuzzy sphere. Those modes are states in a representation of the su(2) algebra.
We summarize the results as follows,

T —-1/2,T—-1/2—1) (I =0,...,2T'—1) zero modes of the Dirac operator
T, T—1I) (I=0,...,2T) the lightest modes of the Laplacian

In Section 3.3, we computed the products of wavefunctions corresponding to these modes.
On the other hand, we confirmed that these modes correspond to the wavefunctions in Sub-
section 6.3.3. Therefore, we expect naturally that we can obtain the product property in
Section 3.3 in the language of the states.

To confirm our expectation, let us consider the tensor product and Racah’s formula. The
zero modes and the lightest modes are the eigenstates of the angular momenta. Therefore,
the Clebsch-Gordan coefficients appear in the tensor product. Hence, we have to compute the
Clebsch-Gordan coefficients explicitly. The Racah’s formula [85] is the formula to compute
the general Clebsch-Gordan coefficients. The explicit form of Racah’s formula is
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(41, m1 : Jo,ma | j,m)

= Oma+ma,m [(27 + D01 452 = 3)!01 =2 + D) (=g1 + 72 +9)! i
’ (14 jo+ 5+ 1)
% [(j1 +ma)! (1 — m1)!(jz + ma)!(ja — ma)l(G + m)I(j — m)1]'/>?
> (=1 [ — : . ! — — -
" nl(j1 + j2 — j — )Gy — m1 — n)!(j2 + ma — n)!(j — j2 + m1 4+ n)!(j — j1 — m2 — n)!

(6.47)

where n is an integer, and the sum over n is taken as long as the factorial numbers are not

negative.
Let us start from the tensor product of the lightest-mode bosons. These states are written

as the coherent spin states such that

2T, 1/2 o7y
- - T, T — 1)) = LT T - T

o) (1+\z|2)2§1;]<4m2 nen—-ony) ° mhoh IZOI/’(BMJ L= 1),

1= =

275 ]_/2 275

1 1 (2T3)! I o,
|22)(B) == ( : 22Ty, Ty — Iz) = Vg, | T2, To — I2) .
(B) (14_‘2,‘2)? IQZ:O 47‘(’R2 IQ!(QTQ—IQ)! 122:0 (B).I2

Since we need to consider the projection to the maximum or minimum spin state, we have
to compute the Clebsch-Gordan coefficient (17,7T) — I1; T, Ty — Iy | 13,13 — I3), where T3 =
Ty + 15 and I1 + I = I3. According to Racah’s formula, the Clebsch-Gordan coefficient is

(I, Ty — I : T, Ty — Iy | T3, T3 — I3)
(271 + 1) (2T; + 1) D27 — Is + I (I5 + 1)

ren—n+ L +1) T'Rh - L+ +1) (273 +1)

In addition, we have to adjust the normalization factor. We are interested in the tensor
product [23) gy o |21) () ® [22) (). The normalization condition of each states is

2T + 1

(zi|2i) = IR (i=1,2,3).

Therefore, we can read the product property in Section 3.3 from

1/2

47 R? ATR? 2Ty +1
|21) () @ [22) By -

1#3)(3) = OT  +1 2To+1 4rR2

Actually,
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|23>(B)

Y 1 I'(2T} + 1) 1 (275 + 1) 2Ty + 1712

A 4 RPTRT - L+ DI(L +1) 4nRPT(R%G — L+ DI +1)  4nR?

17

[1+[2

X Tt ) B T, Ty — I : 15,15 — Iy)
=) lb(BTl;ffl)Q T, Ty — I : 15,15 — Iy)

I, I
y [ (271 + 1) , (2T; + 1) TQT— L+ D5 +1)]"?

r@en—n+ L +1) I'ERh-L+1D)I(+1) (273 +1)

= >l T = I Ty, T — L) (T, Ty = Iy 2 Ty, Ty — I | T, T — I) |ry=y 475 55— 1, 41y
I, Iy
2(T1+T2) . .
= > Vs T, Ty — I : 1o, T — o) (T1, Ty — I« To, T — I | 15,15 — I3) Iny=1y 413
I, 1,13
2Ty +T:
> 7#(](3)?;; DTy, Ts — I)
I, 1,13
where we used the completeness relation in the fourth line since the Kronecker delta d7,47,—r1,

is included naturally in the Clebsch-Gordan coefficient.
Therefore, we can find the product property

-1

(T, Th — I : Tp, To — I | T1 + T3, I3) 1/}(2(1)“1;2:@)

¢2T1 o _ 47 R? _ 47 R? '2T3+1
B)L V(B T 2Ty +1 2T+ 1 4nR?

2(T1 +T2)
(B).1s 2(T1+12)

N2T1 I A/‘(gz ; B) I3 bl
2

then the result in Section 3.3 is recovered completely.
Similarly, we can confirm for the remaining combinations. The tensor products should be
123) () ¢ [21) () @ |22) gy and |z3) () o |21) (pry @ |22) ), Where

1

2T, —1 1/2
! 1 (213! .
7 = —_— . ZT’i-lQ,Ti—]_Q_Ii
2T;—1
2T;
= Y W LT - 1/2.T - 1/2 - ),
I,=0
o 1/2
1 1 (2T3)! .
. : Ty, Ty — I
=) (1+ |z )TQ Z::O <4TrR2 L!(2T, — I)! 22 |1, Ty = 1)

275

=> ngb T, T — I)
=0
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where i = 1,2. The necessary Clebsch-Gordan coefficients are obtained by

(T —1/2,T1 —=1/2 = Iy : T, T — Io| T3, T3 — I3) | 1y—1, —1 /24T ;ma=mi1 +mo

_‘ I(271) r(2T; + 1) L(2Ts — Is + DI (I3 + 1))/
@D - +1) TR - L+ DI(Lh+1) L(215 + 1) ] ’

(Th —1/2,Ty —=1/2 =11 : Ty = 1/2,T5 = 1/2 = I | T3, T3 — I3) |1y—1y —1/24To—1/2,m3=m1+me
_ I(271) I(2T3) (273 — I; + I (I; + 1)1/

~|T@D - n)I(L+1) TG — LM +1) (275 + 1) ] '

In addition, the normalization conditions of each states are

2T; 2T, + 1

(2i | 2i) () = InR2 (1=1,2,3), (zlz)p = IR (J=2,3).

Then, the adjustments for |23) p) and |z3) g are

125) ArR?  4AnR? 273+ 1
z — . .

3/(F) oy 2T, +1 4nR2?
125) ATR? AnR? 2Ty + 1
z — . .
3/(B) oT, 2Ty,  4nR2

1/2
] o1y ® |22) s

1/2
} 121) (p) ® |22) ()

If we require

(Ty+T: 2(T1+T2—1)
|Z3 (F) — Zw F)lj—g 2) |T3>T3 - I3>> ’Z3 (B) — Zw ( 1+ 2T ‘Tg,Tg — Ig),

we can find the product property

2(T1+T2)
o1 2Ty _ (F)Lh+l  2(Ti+T)
w(F),Il ¢(B),12 N(zFTlh Y ¢(F),13 ;
2(T1+T2—1)
2Ty 2T, (B),11+12 C2(Ti+T2-1)
VR N A vo e vo T VA

In conclusion, the product property in Section 3.3 can be recovered completely from magne-
tized fuzzy sphere. By similar computations, we can obtain the same result for higher order
coupling constants as the result we derived in Section 3.3.

Let us remark about the product property. In Section 6.2, we considered the Dirac operator
like eq. (6.4). Equation (6.4) is essentially the same as the case of the adjoint representation
in Chapter 5. In Chapter 5, we mentioned the case of the fundamental representation, and
we proved that the product property is valid for U(1) gauge theory only. In the case of
noncommutative torus, even U(1) gauge theory does not hold the product property because
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the degrees of freedom are described as operators. Normally, this situation is the same as
for the case of fuzzy sphere in the IKKT matrix model. However, we converted the Dirac
operator from the type like eq. (6.4) to the Ginsparg-Wilson type. Accordingly, the product
of the zero modes was defined by the tensor product. Therefore, the commutativity between
the gauge field and the zero mode recovers, and the product property holds as we proved.
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Chapter 7

Summary

In this thesis, we studied type IIB effective theories from the perturbative and non-perturbative
points of view. In Chapter 3, we discussed the features of coupling constants in magnetized
toroidal and spherical compactifications. The framework of magnetized compactifications are
given by super Yang-Mills theory that is an effective theory of D-branes in type I1IB pertur-
bative superstring theory. The coupling constants can be obtained by the overlap integrals.
We confirmed that higher order coupling constants can be decomposed by the three-point
coupling constants due to the product property of the eigenfunctions.

In Chapter 5, we generalized the features of the coupling constants in Chapter 3 to any
compact spin manifolds and its magnetized compactifications. We proved that the origin
of the features of coupling constants resides in the fact that the Dirac-type operator has the
complete orthonormal system. We confirmed the product property of the zero modes by direct
computations. In magnetized toroidal and spherical compactifications, the decomposition of
higher order coupling constants has the variations like s-channel and t-channel in the language
of scattering theory. We found that the two of them are allowed in general magnetized
compactifications because of the non-Abelian structure.

In Chapter 6, we reconsider the features of coupling constants based on the IKKT ma-
trix model as a non-perturbative formulation of superstring theory. We conjectured that the
product property of the zero modes holds since the Dirac operator in the IKKT model has
the same action structure as Dirac-type operators (c.f., eqs (5.3) and (5.4).). We confirmed
this conjecture by considering magnetized noncommutative toroidal and fuzzy spherical com-
pactifications of the IKKT matrix model. In magnetized noncommutative toroidal compact-
ifications, we found that the quantization condition of the magnetic flux is deformed by the
noncommutative parameter . However, the zero modes can also be obtained by the (operator-
valued) Jacobi-theta function, and the product property of the zero modes is essentially the
same as the formula we showed in Chapter 3. In magnetized fuzzy spherical compactifica-
tions, the product feature in Section 3.3 can be reproduced as the Clebsch-Gordan coefficients.
Therefore, we concluded that the selection rule we proposed in Chapter 5 holds even if we
consider non-perturbative formulation in the range of our discussion.

The coupling constants are fundamental objects since we can observe them through several
experiments and observations. The features of coupling constants we found are important for
top-down approaches since we discussed in general set-ups. In addition, we open the possibility
to compute physical quantity like coupling constants from the IKKT matrix model. We
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expect future progress of the IKKT matrix model as it provides a promising non-perturbative
formulation of superstring theory and investigations of its phenomenological aspects are just
getting started.
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