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Abstract

We propose a mechanism to obtain the generation of matter in the standard model.
We start from the analysis of the 7?/Zy shifted orbifold with magnetic flux, which
imposes a Zy symmetry on torus. We also consider several orbifolds such as (72 x
T?) ) Zn, (T?* x T?* x T?))(Zn x Zyt) and (T? x T? x T?) /(Zn X Zn: X Zyn). On such
orbifolds, we study the behavior of fermions in two different means, one is the operator
formalism and the other is to analyze wave functions explicitly. For an interesting
result, it is found that the number of zero-mode fermions is related to N of the Zy
symmetry. In other words, the generation of matter relates to the type of orbifolds.
Moreover, we find that shifted orbifold models to realize three generations are, in
general, severely restricted. For example, the three-generation model on the type of
M* x (T? x T?)/Zy is unique. One can also construct other types of three-generation
orbifold models with rich flavor structure. Those results may bring us a realistic model
with desired Yukawa structure.
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1 Introduction

Extra dimensional field theories play an important role in particle physics and cos-
mology. In particular, string-derived higher dimensional models would be interesting.

It is a key issue how to realize a 4D chiral theory through a certain type of compact-
ification, when we start with a higher dimensional theory. For example, the toroidal
compactionfication is simple, but it does not lead to a 4D chiral theory without any
gauge background. More complicated geometrical backgrounds such as Calabi-Yau
compactifications can lead to a 4D chiral theory. In general, it is difficult to solve
zero-mode equations analytically on Calabi-Yau manifolds, although topological dis-
cussions are applicable.

The torus compactification with magnetic fluxes is of quite interesting backgrounds
as extra dimensional models [1]. Chiral massless spectra in a 4D theory can be realized.
One can solve zero-mode equations analytically and their zero-mode profiles are non-
trivially quasi-localized. Furthermore, such supersymmetric Yang-Mills models on the
torus with magnetic fluxes can be derived from the superstring theory with D-branes
[2]. Also, the general form of wave functions and the spectra have been derived in
arbitrary n-dimensional torus with magnetic flux [3].

The number of zero modes is determined by the magnitude of the magnetic flux.
Thus, one can realize the three generations of chiral matter fields by choosing a proper
pattern of magnetic fluxes.! In addition, non-trivial profiles of quasi-localized zero-
modes can lead to hierarchically small couplings when they are localized far away
from each other, although their couplings would be of O(1) for zero-modes localized
near places. Thus, these models are phenomenologically quite interesting. Indeed,
several studies have been carried out for various phenomenological aspects such as
explicit model building and computations of 4D low-energy effective field theories,
e.g. Yukawa couplings [1], realization of quark/lepton masses and their mixing angles
(6], higher order couplings [7], flavor symmetries [8, 9, 10], massive modes [11], etc.
(See also [12, 13, 14, 15].)

The orbifold compactifiction with magnetic flux is also interesting [16, 17]. The
(twisted) orbifold is constructed by dividing the torus by a discrete rotation [18]. On
the Zs orbifold with magnetic flux, zero-mode wave functions are classified into even
and odd functions under the Z, reflection. Either Z; even or odd zero modes are
projected out exclusively by the orbifold projection. Then, we can obtain that the
number of generations differs from one in the simple toroidal compactification with
the same magnetic flux. Hence, the flavor structure becomes rich.

In this paper, we study another type of orbifolds with magnetic flux. Instead of
the discrete rotation, we divide the simple toroidal compactification with magnetic
flux by some discrete shift symmetries such as Zy, i.e. the shifted orbifold.? We

1 On the other hand, there have been some bottom-up approaches realizing the three generations
of chiral matter fields, what is called the extra dimension models. For example, an attempt is
to derive the three generations of chiral matter fields on the basis of the relation between gauge
symmetry and boundary conditions on four dimensional spacetime added to S*'/Z, twisted orbifold
[4]. Another one is to derive the three generations of chiral matter fields by effect of geometry of
extra dimension with point interactions instead of magnetic flux [5].

2 For example, the shifted orbifolds have been studied within the framework of the heterotic string
theory [19, 20, 21], and also in the context of the torus-orbifold equivalence [22, 23].



can classify zero-mode wave functions by their behaviors under the shift symmetry
and project out some of them. Then, we derive a new type of models and flavor
structures. In particular, we consider T?/Zy, (T? x T?)/Zn, (T? x T?)/Zx x T?,
(T2 x T? x TQ)/(ZN X ZN/) and (T2 x T2 x TQ)/<ZN X ZN/ X ZN”) shifted orbifolds.
Then, we study the number of zero modes and their wave functions on the above
shifted orbifolds with magnetic fluxes. For an interesting result, it is found that the
number of zero-mode fermions is related to N of the Zy symmetry. In other words,
the generation of matter relates to the type of orbifolds. Moreover, we find that shifted
orbifold models to realize three generations are, in general, severely restricted. For
example, the three-generation model on the type of M* x (T? x T?)/Zy is unique.
One can also construct other types of three-generation orbifold models with rich flavor
structure. Those results may bring us a realistic model with desired Yukawa structure.

This paper is organized as follows. In section 2, we study the shifted orbifold
with magnetic fluxes in the operator formalism. In section 3, we study zero-mode
wave functions of spinor fields and flavor structure. Section 4 is devoted to conclusion
and discussion. In Appendix A, we discuss the general form of Z shifted orbifold
and basis transformation. In Appendix B, we discuss the degeneracy of spectrum on
(T? xT?* xT?)/(Zy x Zn' X Zyn). In Appendix C, we discuss Wilson line phases and
the redefinition of fields under the existence of magnetic flux.

2 Operator formalism on shifted orbifold with mag-
netic flux

First of all, we introduce a homogeneous magnetic flux along a U(1) gauge group,
which may be a subgroup in some non-Abelian gauge group, and concentrate only on
the U(1) gauge theory. In this section, we consider the quantum mechanical system of
the U(1) gauge theory on some shifted orbifold with homogeneous magnetic flux. The
shifted orbifold is defined by orbifolding with some discrete symmetries on torus, as we
will see below. For the analysis, we make use of a technique of operator formalism, in
which it is easy to understand the number of degeneracy as compared with the analysis
with the wave functions. We firstly investigate the quantum mechanical system with
a homogeneous magnetic field on 7%/Zy, and show that the energy spectrum of this
system has degeneracy due to the magnetic flux, which is well-known as Landau levels.
In this case, however, there is no reason to restrict the number of degeneracy. After
that, we also investigate the system on (T? x T?)/Zy. Differently from T?%/Zy, we
obtain the remarkable result that the number of degeneracy is restricted to a multiple
of N. This result implies that the three-generation structure could be derived from
some higher dimensional gauge theory. We also discuss the extension of this idea to
(T? x T?* x T?)/(Zn % Zy) as well as (T? x T? x T?)/(Zn X Zn+ X Zyn) in the latter
half of this section.



2.1 T?/Zy shifted orbifold

2.1.1 Operator formalism on 77

Let us start from an analysis of a quantum mechanical system in a homogeneous
magnetic field on T2?. We define the vector notation on 7% as y = (y1,y2)*. The
Schrodinger equation and the Hamiltonian we consider are written as

Hi(y) = Ev(y), H=(—iV+qA(y))’, (2.1)

where V = (9,,,0,,)", ¢ is a U(1) charge and A(y) provides a homogeneous magnetic
field on T? as

Aly) = 20y + ", (2:2)
2 q
or in the component
1 2
Aily) = — > iy + e (i=1,2). (2.3)
j=1

Here, a is a Wilson line phase which is composed of real constants. We emphasize
that only the antisymmetric part of €2 is physical and the symmetric part depends on
a choice of gauge. We will take a suitable gauge as we will see later. Introducing a
two-dimensional lattice

2
A= { Znaua
a=1

we define the two-dimensional torus as 7% = R?/A. Here u; and u, are the basis
vectors of torus. In other words, T2 is defined with the identification

na € Z}, (2.4)

2
y~y+ Znaua. (2.5)
a=1

For the Schrodinger equation to be compatible with this condition, the wave func-
tion ¥ (y) has to satisfy the pseudo-periodic boundary conditions

V(Y + ug) = €W a2y () fora=1,2. (2.6)

Here we made a constant phase appearing at the right-hand side of this equation
absorbed into a. Now, we require that the wave function must be single-valued on
the torus. The requirement leads to the magnetic flux quantization condition

quaTBub =27Quw, (2.7)

where B = %(Q — QT), which corresponds to a homogeneous magnetic field, and

Qab - _Qba € 2.

To move on the operator formalism, we introduce a momentum operator as p =
—1V, which is canonically conjugate to y. This operator satisfies the canonical com-
mutation relations

[y, k] = ik, the others =0,  (j,k=1,2). (2.8)

4



We rewrite the wave function (y) in the language of the operator formalism as
¥(y) = (y| ) and then the system is rewritten by

~ ~ . q... 2 .
AW) = EW),  H=(p— 309 +2ma) =p" (2.9)
This is restricted by the constraint conditions
iTy r 4T
eTey = oy, T, =ul (p - 59%) . (a=1,2). (2.10)

These conditions come from the pseudo-periodic boundary conditions (2.6) and we
have taken the suitable gauge in which the additional term in T, vanishes, i.e. ulQu, =
0. To investigate the eigenstates of this system and their energy eigenvalues, it is con-
venient to define new variables under a canonical transformation. Then we introduce
the new variables

V2,

Y = Up 2, P= \/515/17

2 1 4 A ~

Y=—""T, P=T, 2.11
27TM 2 1, ( )

where w = 2¢Bia = 2qb/|uy X us| 3 and M = Q5. They satisfy the canonical
commutation relations, i.e.

[V,P] =4, [Y,P]=1i, the others=0. (2.12)

The transformation {y;, p;;i = 1,2} — {Y, PY, 15} is a canonical one since it pre-
serves the canonical commutation relations. Moreover, under the new variables, the
system can be reformulated into effectively one-dimensional harmonic oscillator

N 1 - 2,
H =P %YQ, (2.13)

with the two constraint conditions

Py = 1), =MV ) = |p). (2.14)

These two constraint conditions are, however, independent of the energy spectrum of
the harmonic oscillator because H is constructed only from Y and P, but not from Y
and P. The constraint conditions (2.14) lead to the coordinate quantization as below.

We take the coordinate representation |7) which diagonalizes the operator Y as

—2m‘M§/|g>

e = e MMy, (2.15)

—i2n MY

Making e operate on emﬁ|j&> (a € R) and using eq.(2.12), we can obtain the

condition

P |g) = |j - a). (2.16)

3The b is the magnitude of magnetic flux and b = [, F' as eq.(3.2).
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Figure 2.1: Schematic figure of the quantization of § = j/|M]| .

From eqgs.(2.14) and (2.16), we can obtain the periodic condition

g —1)=19), (2.17)
with the coordinate quantization condition
- J .
= = =0,1,2,---,|M|—1). 2.18
j=L, (=012, M- 1) (218)

A schematic figure of the quantization condition is represented in Fig.2.1. These
results imply that the eigenstates of H and their energy eigenvalues are given by

J J 1
n, — =FE,|n,— , E,=wln+=), 2.19
M>T2 M>T2 ( 2) ( )

where n =0,1,2,--- and j =0,1,2,---,|M| — 1. Thus, there is | M|-fold degeneracy
at each energy level in this system, i.e.

~

H

the number of degeneracy = |M]|. (2.20)

Note that FE,, correspond to eigenvalues of two-dimensional Laplace operator with
magnetic flux (2.1), i.e. the mass squares of scalar fields m2 = w(n+1/2). The spinor
and two-dimensional vector have mass spectra as m? = wn and m? = w(n — 1/2),
respectively [1, 11].

2.1.2 7y shifted orbifolding

@From here, we investigate the quantum system on 7?/Zy shifted orbifold, which is
defined as the identification
1

ZN:y~y+N'u,1, (2.21)

where N is some positive integer. We should give some comments here that eq.(2.21)
is not the general form in the Zy shifted orbifolding, but we can always transform
the general form into such a special one as eq.(2.21) without any loss of generality.
We show the details in Appendix A. This identification can be translated into the
requirement for physical states on 7%/Zy in the operator formalism as?

UZNW>T2/ZN = V)27, Uy, = e/, (2.22)

. “We note that there is always a Zy-phase ambiguity to put €27/ (0 € Z) in the definition of
Uz, . Here we assume e2™9/N — 1 because it does not affect the analysis below. For the same reason,
we will apply this assumption to the cases of other orbifolds.
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where UZN is the operator which shifts the coordinate y by %ul as in eq.(2.21). The
Zx shift operator has to be consistent with the torus identification (2.10) and leads
to the consistency conditions

Uzl =eTl,,,  (a=1,2). (2.23)

From these conditions, we can obtain

€. (2.24)

==

In other words, we can write
M =tN, (2.25)

where ¢ is some integer. We can understand briefly what this result means physically.
Since the Zy shifted orbifolding reduces the fundamental region A of T? to A/N, the
magnetic flux quantization requires that M has to be a multiple of N.

Then we define the physical states on T?/Zy as

j 1 = j
n, — = — (UZ )—f n7_>
M>T2/ZN VN =0 " M/
N—1 .
1 Jj+ €t>
= — SN0, ) 2.26
Vi M) (2.26)

(=0

where j + ¢t is identical with an element of the set of j modulo |M|. Here we used
the fact that Uz, operate on the states on 7%, i.e.

) bhed)
"M/ "M N/
Finally, we mention the number of degeneracy in this system, which is given by

M
the number of degeneracy = % = |t|. (2.28)

M

n, j—”> . (2.27)
T2

We notice that we cannot obtain any constraint for the number of degeneracy on
T%/Zx.

2.2 (T? x T?)/Zy shifted orbifold

In this subsection, using the analysis in subsection 2.1, we analyze the quantum
mechanics on (T? x T?)/Zy shifted orbifold with a homogeneous magnetic field. The
extension of the previous analysis is straightforward but the result is nontrivial. In
this case, the number of degeneracy is restricted to a multiple of N.



2.2.1 Operator formalism on 72 x T2

Let us start from a Hamiltonian of the quantum system on 72 xT"? with a homogeneous
magnetic field, which is given by

2
H=— Z(—N@ + qA(g)(y(g))> , (2.29)
g=1
where
(9) (4(9) L@@ 1 2T ()
Ag(yg):_éggyg+_ag’ (92172) (230)
q

Here we introduced an index g to be a label of each torus. The two two-dimensional
tori T? x T? are defined as

T? x T? =R/AMD x R/A®), (2.31)

where
) e Z} (g=1,2). (2.32)

{Zn ul?

In other words, T2 x T? can be defined with the identifications,

2
@~y 3 Dy (2.33)
a=1

On each torus, the wave function 1 (y"), y®) has to satisfy the pseudo-periodic
boundary conditions

ia(yMYTQM) 4 (D
¢(y(1) + u((ll)’ y(2)) = e q(y ) Q Uq /2¢(y(1)’ y(Q))’
i0(y@CNTQ2) 4,2
Dy, y® ) = 10T 2y (1)), (2.34)

for the Schrodinger equation to be compatible with eq.(2.33). The requirement that
the wave function is single-valued on each torus leads to the magnetic flux quantization
conditions

qui9T B9 = 27QY), (2.35)

where B = 1(QW) — Q@T) and Q((I%) = —Qéi) € Z.
Here we introduce momentum operators as pl9 = —iV9) which are canonically
conjugate to y@. These operators satisfy the canonical commutation relations

[yj(g),p,(f’ | = i0yq0k, the others =0, (2.36)

where g,¢ = 1,2 and j,k = 1,2. In the same way as the previous subsection,
the pseudo-periodic boundary conditions (2.34) can be regarded as the constraint



conditions for the physical states in the operator formalism. The system is rewritten

by

2
7=y @(g) _ %Q@)g(g) n 2m<g))2 =5 (p9)*, (2.37)

g=1 g=1

with the constraint conditions

G Z ), T 0T (15(9) _ gQ(g)TQ(Q)> ’ (2.38)

where @ = 1,2 and g = 1,2. In the above, we chose the gauge as u¥ QW4 = 0.
Under the system, we consider the canonical transformation

Yy = Wplgg)’ plo) = \/éplgg),

2 (9) 1 . 2(9) R
— _ (9) — 7(9)

Yy = 5@ 157, =1, (2.39)
where w9 = ZQBg) = 2qb(9)/|’u,§g) X u§9)| and M = g). These new variables
satisfy the relations

Y@, PO =ib,,, [Y@ PY)) =i, theothers=0. (2.40)
Then, we can rewrite the Hamiltonian as
R 1 . (w(g))2 R
i— 1 py V(932 2.41
> g+ L oy (2.41)
g=1
with the constraints
ey = [0), M) = [9)  (9=1,2). (242)

In a way similar to the previous subsection, H is constructed only from P9 and
V), so that the constraint conditions (2.42) do not affect the energy spectrum of
the system. His just the sum of the two one-dimensional harmonic oscillators, which
implies that the energy eigenvalues of H are given by

1

2
E,mne = Zw(g) (n(g) + 5) . (n9=0,1,2,--). (2.43)
g=1

Furthermore, the constraint conditions (2.42) lead to the quantization on the coordi-
nates 9,

_ J ,
y(g) :M—a’ (]92071727"' 7|M(g)| _1)7 (244)



where §9 is an eigenvalue of Y@ with the identification §@ ~ §©@ + 1. Thus the
eigenstates of this system are described by not only n(Y) and n® but also j; and j, as

W) @, J1 _J2 > (2.45)
n'*, n'?; , . .
MO M@/,

Since the eigenvalues of the Hamiltonian are independent of the value j,, there is

| MM M@ |-fold degeneracy at each energy level, i.e.

the number of degeneracy = |MM M|, (2.46)

2.2.2 7y shifted orbifolding

From here, we investigate the quantum system on (7% xT?)/Zy shifted orbifold, which
is defined by the identification

ZN : (y(1)7 y(2)) ~ (y(l) + _’u’gl)a y(2) + —qu)) ’ (247)

where each of N and d is some integer and d is relatively prime with N. As we
mentioned in the previous subsection, eq.(2.47) is not the general form in the Zy
shifted orbifolding. However, we can always transform the general form into such a
special one as eq.(2.47) without any loss of generality. We discuss it in Appendix A.
This identification can be translated into the requirement for physical states in the
operator formalism as

. . (1) a(2)
Uzy|0) @2 x12))280 = V) 02112y /28 Uzy = A A TT)/N, (2.48)

Since the Zy shift operator has to be compatible with eq.(2.38), we obtain the con-
sistency conditions

Ugpe™ =0, (a=1,29=12). (2.49)

These conditions lead to

dAMD @)
Z 2.50
NN & (2:50)
which imply that both M and M® must be multiples of N, i.e.
MY =4 N, M =N, (2.51)

where each of t; and ¢, is some integer. The physical states on (T? x T?)/Zy, which
are nothing but Zy-invariant states, can be constructed as

. . N—-1 . .
1 . J1  _J2 > — (Uz,) "D, @, Ji__J2 >
neo,mne ) = Z) no,mne )
MO M® [ 1o )7 A MO M® [y o
N—-1

1 . (2). jl + gdtl jg + etg
n>o,nes M(l) ) M(2) )
T2xT?



(2.52)

where each of j; +{dt, and js + (5 is identical with an element of the set of j, modulo
|M)|. Moreover, we can obtain the result that the number of degeneracy in this
system is a multiple of N, i.e.

|M(1)M(2)|
N

the number of degeneracy = = |t1t2| N. (2.53)
We would like to notice that the number of zero-mode fermions for (7% x T?)/Zy
is given by a multiple of N, while it can be an arbitrary integer for 72/Zy. This result
leads to an important conclusion that there is only one possibility to derive the three
generations of matter, i.e. (N; MM M®) = (3:3,3) on (T? x T?)/Zy. Moreover,
in a case of (T? x T?)/Zy x T?, we obtain only one condition delivering the three
generations of matter such as (N; MM M® MG)) = (3:3,3,1). We will show that
these results coincide with that of the analysis with wave functions in section 3.

2.3 (T*xT?*xT?*/(Zy x Zy') shifted orbifold

We can also apply the previous results to the system on (T? x T? x T?)/(Zx x Zy')
shifted orbifold. As in the previous model, the number of degeneracy is also restricted
in this case and can produce three-fold degeneracy. We do not present the analysis
by the quantum system on 7?2 x T? x T? in detail because it is just a simple extension
of the previous one. The energy spectrum of the system on 7% x T? x T? is labeled
by three quantum numbers, n, n(® and n®, and is given by

3
1
E, ), = Zw(g) (n(g) + 5) , (n(g) =0,1,2,--+), (2.54)
g=1

which is constructed of the three one-dimensional harmonic oscillators. Then the
physical states compatible with eq.(2.54) are labeled by not only n'9) but also the
quantum numbers j,, which come from the constraint conditions in each torus, i.e.

M @ @, J2 J3 > (
n'*), n'? n'; : , : 2.55)
MO MO MO ) o
where j, = 0,1,2,- -+ ,|M@| — 1.

Next we analyze the quantum system on (72 x T2 x T?)/(Zx x Zn+). We define
the Zn and Zy. shifted orbifoldings as the identifications,

d 1
Zn: (yD,y?, y®) ~ (y(” + Nug), y? + Nuf), y(?’)) :

/

1 d
Zyno: (yW, y®, y®) ~ (y(”, y? + ﬁ(sluf) +spul)), y® + ﬁu§3)> . (2.56)

where each of N, N’, d and d’ is some positive integer and each of s; and s, is some
integer. Here we require that d(d’) is relatively prime with N(N') and when we define
s’ as the greatest common divisor (g.c.d.) of s; and so, the g.c.d. of s’ and d' is

11



relatively prime with N’. As in Appendix A, we can always transform the general
forms of the Zy and Zy- shifted orbifoldings into such special ones as eq.(2.56) without
any loss of generality. In the operator formalism, we define the operators generating
the identifications (2.56) as

Uy = @ +TEIN (2.57)

(2) /N 7(2) P(2)  grp(3) ’
UZN/ = emslng /N el(slTl +s52T5" +d' T} ) /N ) (258)

We note that the phase factor gims1s2M@/N' 4 eq.(2.58) is necessary to be consistent
with (Uz,,)Y = 1. The identifications (2.56) lead to the requirement for physical
states on (T? x T? x T?)/(Zn x Zn1) as

Uz (V) (212 xT2) ) (2 x Zar) = | 0) (02X T2xT2) ) (Zoy % Zr)

UZN/ V) (T2 xT2xT2))(Zn x Zpr) = VN T2XT2XT2) /(2 x Z ) (2.59)

Since these conditions have to be compatible with the torus conditions

STy . ) T <ﬁ<g> _ g Q(Q)TIQ(Q)> , (2.60)

where g = 1,2,3 and a = 1,2, we obtain the consistency conditions

T(g) T(g)

~ (g) (9) ~
UZNelTaq UZN, UZN/ T ! UZN’ (2.61)

Moreover, the compatibility between the Zx and Z - shift operators leads to the extra
consistency condition

UzUsz, = Uz, Uy, (2.62)
From eq.(2.61), we obtain the conditions

NN’

MY =N, M@ =4 ,
dy

M®) =N, (2.63)

where each of ¢, t, and ¢} is some integer and ds is the g.c.d. of N and N'. From
eq.(2.62), we obtain the additional constraint

So M
NN’

€Z. (2.64)

Using eq.(2.63), we can rewrite this constraint as

Sato

4. 2.65
e (2.65)

When we define the g.c.d. of s and dy as «,” we obtain

So = 52’)/, dg = Ci’)/, tz = .EQJ, (266)

®In the case of sy = 0, we define the g.c.d. of 0 and dy as ds.

12



where each of §, and f, is some integer and d is some positive integer. In the case of
(T?xT?xT?)/(Zyn x Zn:), the form of M® | which is compatible with the consistency
conditions, can be rewritten as
- NN’
M® =, : (2.67)
Y
The physical states on (T? x T? x T?) /(Zn X Zx+), which are nothing but Zy- and
Z-invariant states, can be constructed as

W @ . J1  J2 s >
77, 7n ,n bl ) )
ML A2 pAfB3) (T2xT2XT2)/(ZNn % Z 1)
N-1 N'—1 j j Jj
_ Nt el @) 3). J1 2 3
_N;WZN) ;)(UZN/) nenLnen ’M(l)’M(Q)’M(3)>T2xT2XT2
N—1N'—1
—NY Y N )N
=0 £'=0
o @, b g+ 0 + syt j3+£ld/tg>
MO M®) M®) T2XT2XT2

(2.68)

where A is the normalization factor, t), = t,N'/v and t§ = t,N/7.
Then we obtain the result that the number of degeneracy in this system is given
by

\M(1>M(2)M(3>| _ NN/
= |t1tat}] ;

the number of degeneracy = NN
v

(2.69)

which is a multiple of NN’/v. Hence, as a conclusion similar to (T? x T?)/Zy, we
would like to notice that the number of zero-mode fermions for (7% x T? x T?) /(Zy x
Zn+) is given by a multiple of N and N’. This result leads to an important conclu-
sion that there is only one possibility to derive the three generations of matter, i.e.
(N, N"; MO M@ MGy =(3,3;3,3,3) on (T? x T? x T?)/(Zx x Zn+). We will show
that this result coincides with that of the analysis with wave functions.

In a similar way, we can consider the case of (T% X T? x T?)/(Zx X Zn: X Znn).
For example, we assume three discrete symmetries as

1 1
Zy: (D, y® y D) ~ (0 4 5oy ),

N N
1 1
Zy+ (g y? g ) ~ (y 0y + oy ),
1 1
Zo+ (g oy y®) ~ (v + vy ). (2.70)

where each of N, N/ and N” is some integer. Then we obtain the result that the
number of degeneracy in this system is given by (see Appendix B)
|M(1)M(2)M(3)|

NN/N//

the number of degeneracy =
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N N/ N//

= |t1tot
|123|d1d2d37

(2.71)

where d; is the g.c.d. of N and N, dy is the g.c.d. of N’ and N”, and d3 is the
g.c.d. of N” and N. We would also like to notice that there are only two possi-
bilities to derive the three generations of matter, i.e. (N, N’, N"; MM M@ M©G)) =
(3,9,3;3,9,9), (3,9,9;9,9,9), up to the permutation of parameters for the magnitude
of fluxes and the shift symmetries. We will also show that this result coincides with
that of the analysis with wave functions.

3 Wave function on shifted orbifold with magnetic
flux

In section 2, we considered the fields on shifted orbifolds with magnetic flux by the
operator formalism. Here we re-consider it by analyzing wave functions explicitly
because it is necessary to calculate some physical quantities, e.g. Yukawa couplings
and higher order couplings [1, 7]. We will see below that the results of the analysis
with wave functions coincide with ones by the operator formalism.

3.1 Review of the U(1) gauge theory on T?
3.1.1 Magnetic flux quantization

First, we review the U(1) gauge theory on the two-dimensional torus with magnetic
flux.% Here, it is convenient to use the complex coordinate z = y; +iys, Z = Y1 — iy
instead of the vector notation y = (y1, y2)" in order to write wave functions explicitly.
They satisfy the identification z ~ 2z + 1 ~ z + 7 (7 € C,Im7 > 0) on T2.7 Similarly,
we make use of the complex basis for the vector potential as

1 1
A, = §(Ay1 - Z.Ayz)a A = §(Ay1 + Z.Ayz)- (3-1)

For the non-zero magnetic flux b on 7%, we can write that b = [, F by the field
strength

b b

~ 2ImrT

dz Ndz. (3.2)

For F = dA, the vector potential A can be written as
b

Im7

Az, 2) = Im[(z + a)dz] = A,(z,2)dz + As(z, 2)dZ, (3.3)

where a(€ C) is a Wilson line phase. From eq.(3.3), we obtain

b
A(z+1,2+1):A(z,z)+2I

mTImdz = A(z,2) + dxi(z, 2),

6This subsection is based on Ref.[1].
"For convenience, we choose (1,7) as two circumferences of the two-dimensional torus.
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Alz+1,24+7)=A(z,2) + Im(7dz) = A(z, 2) + dxa(z, 2), (3.4)

Im7

where®

Im(z+a), xoz,2) = Im(7(z + a)). (3.5)

xi(z2) = 2ImTt 2Imr

Moreover, let us consider a field ®(z, z) with the U(1) charge g on T?. We require the
Lagrangian density £ to be single-valued as

L(A(z,2),8(2,2)) = L(AGz + 1,2+ 1), (= + 1,2 + 1))
=L(A(z4+T1,247),P(z+T1,24+7)). (3.6)
Then this field ®(z, Z) should satisfy the pseudo-periodic boundary conditions
Bz +1,2+1) = CAP(2,2), B(z+7,2+7) =P (2, 7). (3.7)

From these, the consistency of the contractible loops, e.g. 2z - 2+1—=2+1+7 —
z 4+ T — z, requires the magnetic flux quantization condition

qb
— =M € Z. )
5 € (3.8)

3.1.2 Zero-mode solutions of a fermion

Here we consider zero-mode solutions of a fermion (2, z) on T? with magnetic flux,
which satisfy the equation

> T(0, — iqAa)i(z,2) =0, (3.9)

a=z,z

where

1 1
0. = _(ayl - ia@n)a 0z = 5(8311 +2.8312)’

2
z 1l 2 1 - 2 0 2

I*=1"+.r _a+w—<0 A
FZ:Fl—iF2:al—i02:((2) 8). (3.10)

Then we can write 1(z, Z) as a two-component spinor

W(z,2) = ( Z*Ei 3 ) , (3.11)

8For b # 0, the general functions of x1(z,2) and x2(z, Z) can be written as

Tm(7(2 + a)) + %

B b T _
x1(z,2) = mlm(z +a)+ T, x2(z,2) = STmr

where a; and as are real numbers. We can always make «; absorbed into the Wilson line phase a
by the redefinition of fields. (see Appendix C.)
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and eq.(3.9) can be decomposed as

(oo ol o)) st =0, (.- 7

2ImT 2Im7

(Z + a)) Y_(z,2)=0. (3.12)
The fields ¢4 (2, z) should obey the conditions (3.7), i.e.

Yo(z+ 1,24+ 1) = Ay (2,2), ie(z 47,2+ 7) =2y, (2,7).  (3.13)

From eqs.(3.12) and (3.13), we find that for M > 0 (M < 0) only ¢4 (¢_) has
solutions. Their zero-mode wave functions are given by

J

W (2,7) = N ™M (z+a) B [ g ] (M(z+a),Mt)  for M >0, (3.14)

. N — — m(z+a i
Y (2, %) — Nem™MGEa) ™2 [ Z‘g } (M(z+a),M7) for M <0, (3.15)

where j = 0,1,---,|M|—1 and N is the normalization factor. Here the ¥-function
is defined by

a _ im(a+1)27 2mi(a+1)(v+b)
19[ b} (V,T)—lzze e : (3.16)
S

with the properties
9]¢ (v +n,71) = ™y “ (v, 7T),
b b
a __—imn?r—2min(v+b) a
19[6}(1/+m',7')—e ﬁlb}(yﬂ'), (3.17)
where a and b are real numbers, v and 7 are complex numbers and Im7 > 0.

3.2 U(1) gauge theory on T?/Zy

Next, we investigate the U(1) gauge theory on T?/Zy with magnetic flux, in which
the Zy shifted orbifolding satisfies the identification z ~ z 4 e (ef™ = (m +
nt)/N;m,n € Z). Here we consider a general Zy shift e}i" for convenience of prac-
tical computations, although we could take, say, (m,n) = (1,0) without any loss of
generality as in eq.(2.21). From eq.(3.3), we obtain

M
Az + emm, 5 4+ &™) = Az, 2) + ;mlm(éxnd@ = A(z,2) + dxn(z, 7). (3.18)

Then we define the physical state ®(z, z) which is consistent with eqgs.(3.7) and (3.18)
as

(24 e,z + enn) = ' VEAP( 2, 7), (3.19)
xv(,2) = e 2) + (e 2) + 5 (3.20)
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where ay is some real number and is determined below. For eq.(3.19) to be consistent
with eq.(3.7), we find the relation

einXN(z,E) _ eiq(m)a (z,2)+nxg(z,2))ei7rmnM. (321)

It follows that ay can be determined as ay = mnM/N. Then the consistency of the
contractible loops, e.g. 2z =+ z+1 = z+14+e{" = 2+ 14+7+ef" = 2+ 7+ —
z + e — z, requires the additional conditions such as’

mM nM

—, — € Z. 3.22
NN (3.22)

Since N has to be relatively prime with the g.c.d. of m and n for el to represent

a Zy shift symmetry, the conditions (3.22) lead to the magnetic flux quantization

condition

M =tN, (3.23)

where ¢ is some integer. We note that this result agrees with eq.(2.25), even though
in subsection 2.1.2 the magnetic flux quantization condition was derived for a special
case of the identification (2.21), which may correspond to (m,n) = (1,0).

Furthermore, we consider zero-mode fermions 17, (z, z). Tt follows from egs.(3.14)
and (3.15) that v (z, 2) satisfy the equations

W (2 4 Le, 7 + (eR) = eiatxn (2:2) gintm2j=(N=Ont) [N it () (3.24)

where / is any integer and xn(z + ",z 4+ &) = xn(2, 2). Since ¥, (z,%) do not,
in general, satisfy the physical state condition (3.19) on T?/Zy, we may need to take

appropriate linear combinations of them. For example, when (m,n) = (0,1), we
obtain
Tl Tl gl (2,2), 0+ [ =
1%( + N zZ+ N> =€ 7 w:t (Z,Z), (325)

so the physical states W/, (2, Z) are given by

Vs = S e T o LS s @)
+\~ \/N pr + N’ N \/— - ) ) .

where j = 0,1,---,|t| — 1. We can check that these ¥/, (z, Z) indeed satisfy eq.(3.19).
When (m,n) = (1,0), we obtain
j e ¢ iqbxn (2,2) 2mijt/N 17 (. =
wi<z+ﬁaz+ﬁ):€qxjv e ™ %:(Z’Z)a (327)

9 Actually, we find the consistency conditions

ein(%Jr%) _ e—z‘wM(%Jr%) _ eiﬂ'l\/[(%f%) _ eme(%fﬁ)7

which lead to eq.(3.22).
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so the physical states W/ (2, Z) are given by

N-1

. 1 , I V4 14
J ) — _§ ' —iglxN (2,2) ), = s
1 == Wi(z,2) (j=0mod N)
— 2mijl/N 1. J 5) — +\< =
€ Vi(z, 2) { 0 (j 20 mod N) - (3.28)

~
I

0

We can check that these W, (z, 2) satisfy eq.(3.19). ‘
For a general Zy shift ef¥", we can obtain the physical states W7 (z, z), which
satisfy eq.(3.19), as

N—-1
Wh(2,2) = N3 e A (2 4 Ly, 2 + ey
£=0
N-1
= N! Z eiwﬁm(zj—(N_z)"t)/N¢i+£7Lt(Z’ 2)’ (329)

=0

where N is the normalization factor. We notice that we cannot obtain any constraint
on the number of zero-mode fermions, i.e. the generation of matter in the standard
model, because the number of degeneracy t is a free parameter.

Here, we give a brief comment on couplings on 7%/Zy. On the two-dimensional
torus, a generic L-point coupling C7® 9% in a 4D low-energy effective field theory is
given by the overlap integral of zero-mode functions [1, 7],

CIay i) = &y i) / d2z i i), (3.30)

T2

where ¢/©7) denotes the coupling in a higher dimensional field theory. Similarly,

on the orbifold T?/Zy, a generic L-point coupling Cgﬁj)i'f;{é” is given as

Clluiy = oo [z wio i, (3.31)
T2/Z N

Since the zero-mode wave functions \I” are written by linear combinations of 17, as
shown in eq.(3.29), the coupling C’gﬁ))i'f;ﬁm is written by a proper linear combination of
Cimiw , Tts extension to other orbifolds such as (T2 x T?)/Zy, (T?* x T? x T?) /(Zy x
Zy) and (T? x T? x T?)/(Zn x Zni x Zyn) is also straightforward.

Although we have constructed the Zy-invariant wave functions W/, (z,%) as in
eq.(3.29), it is also worthwhile to consider wave functions ®,(z, zZ) with a Zy charge

k, which is defined as
Dz + e z4 ) = wre N @A, (2, 7), (3.32)

where r is some integer and w = e?™/N " Then, in a way similar to eq.(3.29), the
wave functions W% (z, Z) satisfying eq.(3.32) can be constructed from 97 (z,2) and
are given by
N-1
\I/i,n(z, zZ) =N’ Z w_g"e_quXN(z’E)@/)i(z + e, Z + tel)
=0
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=z

-1
= N7 gimtm @i (N=Ont) [N o =2mils [Ny Jbnt 2y (3.33)
4

Il
o

3.3 U(1) gauge theory on (17 x T?)/Zx

In a similar way, we consider the U(1) gauge theory on (1% x T?)/Zy with magnetic
flux. Let us define 2 and 2® as the complex coordinates for each torus with the

identifications 29 ~ 209 + 1 ~ 209 4+ 79 When there are non-zero magnetic fluxes
b and b@ on T? x T?, we can write that b9 = fTQ(g) F) by the field strengths

@ ib@)

For F9) = dA9 the vector potentials AY can be written as'

blg)

A9 (Z(g)) — T

Im[(29) + a9)dz)] = A%)(Z(g))dz(g) + A9 (29)dz®), (3.35)

z(9)

where a(9)(€ C) are Wilson line phases. From eq.(3.35), we obtain
blg)

2Im7 ()

A (29 4 1) = AW () 4 Imdz® = AW (29) + @y |9 (2@),

h9)
AD (D 4 70) = AD (D) oI (7D =) = A9 () + dx(219), (3.36)
mT
where
@0y = P [0 a@) @O0y = P [ @60 4 @), (337
xi (29) = g —yIm( +a¥), " (2) = o 5 Im(T9(2 + @), (3.37)

Let us next consider a field ®(2M), 2?) with the U(1) charge ¢ on T? x T?. For the
Lagrangian density to be single-valued on 7% x T2, we require that the field ®(2(1, 2(2)
satisfies the pseudo-periodic boundary conditions

Bz 4 1,20) = 0P 20 Pz 470 @) = gioc ()

B(z, 2@ 4 1) = g0 MNP0 @) B2V 2@ 4 7)) = i (M L))
(3.38)

(2))

Y

The compatibility of the conditions (3.38) with any contractible loops requires the
magnetic flux quantization conditions

b b2
QQT = MW, ‘JQ—W = M® ¢ 7. (3.39)

Moreover, we consider (T%xT?)/Zx to impose a Zy shift symmetry on T?%xT? with
the additional identification (2™, 22)) ~ (2(M4-e71™  2() 17272 For the Lagrangian

19From here we omit z(9) such as AW (2(9)), ®(2(9)) and ¥ (z(9)).
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density to be single-valued on (T2 x T?)/Zy, we define ®(2M), 2(?)) following eq.(3.38)
as

B2V 4 em 2@ 4 emany = il GO (0 ) (3.40)

(9)( ( )) (g )( ( )) (9)( ( )) 7”15\?) ( )

X g Iy I+ Ly (29  —2 3.41
N1 N2 q

where ozg\g,') are some real numbers. For eq.(3.40) to be consistent with eq.(3.38), we

find the relation

ein(ngl)(Z(l))+X§\2;)(2(2))) _ H ez‘q(mgxgg)(Z(g)Hngxég)(Z(g)))eimngngz\/[(g)7 (3.42)

g=1,2

which determines the values of a%’) to be a%’) = mgyny,M9 /N. Then the consistency

of the contractible loops requires the additional magnetic flux quantization conditions

miMY MO M@ M

N N N N € 7. (3.43)

In the same way as 12/Zy, each of M turns out to be a multiple of N, i.e.
MY =4 N, M =N, (3.44)

where each of ¢; and ¢y is some integer. We note that this result also agrees with
eq.(2.51) and the number of degeneracy is given by eq.(2.53).

Next, we consider zero-mode solutions of a fermion (2™, 2)) on (T2 x T?)/Zy,
which satisfies the equation

2

> 10, — igAD) (2D, 2 =0, (3.45)

9=1 q=z(9) z(9)

Fz(l):(g (2))@)0'0, Fz(l):(g 8)@0’07
2 0 2 (2 0 0
Fz():0'3®(00>,rz()20'3®(2 0) (346)

Then we can write (z(l z(2 ) as a four-component spinor

J1 et J2 ~(2)
( i o ) (WEEZ@); ) = (%(z(”,z@)) ) (3.47)

where P = (&, 4), (&, F) and J = (i, j2). In the same reason as T2, depending on

M® < 0 and M (2 < 0, only one of ¥p is well-defined, while the others cannot be

normalizable. '
Furthermore, the zero-mode fermions ¥4 (2", 2(2)) are constructed of 1% (2(9)) on

where

cach torus, and from egs.(3.14) and (3.15), 1% (2(9)) satisfy the equations

( )y Petoms) = Zqzx@(z(g)) eiﬂfmg(ng—(N—f)ngtg)/N¢ig+gngt9( Z(g))’ (3.48)
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where ¢ is any integer and ¢ (2@ 4 27") = {9 (29). Then, since ¢ (2, 2®) do
not, in general, satisfy the physical state condition (3.40) on (T? x T?)/Zx, we may
need to take appropriate linear combinations of them in order to obtain the physical
states W (2, 2?). For example, when (mq,n;, my,ny) = (0,1,0,1), the physical
states W (2, 2?) are given by

Wy (zW, 2 Z PR (W, 22), (3.49)

where J + (T = (j; + lt1,jo + lts) and the number of degeneracy of Wi (21, 2()
is |[tito| N. When (mq,ny,ma,n2) = (1,0,1,0), the physical states W (z(V) 2(2)) are
given by

N—1
1
J L 2mil(ii2) [N ] (1) (2)
(21 _Nzge g (2 23)
:{ %(Z ) ((jl+j2)50mOdN) (3_50)
0 ((J1 +J2) Z0mod N) ~

where the number of degeneracy of W (21, 22)) is [t,t,| N.
In the same way, for a general Zy shift e3’" the physical states W (2(), 2(?),
which satisfy eq.(3.40), are given by

B0, o) = N7 S [ et OO s (00 (35)

/=0 g=1,2

where N is the normalization factor and J + ¢T},,,,, = (j1 + ¢nity, jo + Inots).

We would like to notice that the number of zero-mode fermions for (7% x T?)/Zy
is given by a multiple of N, while it can be an arbitrary integer for 72%/Zy. This
result coincides with that of the operator formalism and leads to an important con-
clusion that there is only one possibility to derive the three generations of matter, i.e.
(N; MM M@ = (3;3,3) on (T?xT?)/Zy. Moreover, in a case of (T2 xT?)/Zyx xT?,
we obtain only one condition delivering the three generations of matter such as
(N; MO, M@ M®) = (3;3,3,1).

Furthermore, it is also worthwhile to consider wave functions ®, (2, 2?)) with a
Z N charge k, which is defined by

O, (20 4 emm @) | gmanz) — reiaOd CORF ENG (LD @), (3.52)

where £ is some integer and w = €>*/N. Then the wave functions \If%ﬁ(z(l),z(z))

satisfying eq.(3.52) can be constructed from i (219)) and are given by

Wy (2, 2%)

N—-1
:N—/Z H eiwfmg(ng—(N—E)ngtg)/Ne—ZwiZH/Nw;+ZTn1n2 (2(1)’2(2)). (3.53)
(=0 g=1,2
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3.4 U(1) gauge theory on (17 x T? x T?)/(Zn X Zy')

In a way similar to the case of (T?% x T?)/Zy, we consider the U(1) gauge theory
on (T? x T? x T?)/(Zy x Zx+) with magnetic flux. Here we leave the full analysis
out and discuss some points. We impose the Zy shift symmetry on the first and
second tori, which relates the first torus with the second one as (2, 22 2(3)) ~
(2 e 22 4 en2™ 23)) On the other hand, we impose the Zy» shift symmetry
on the second and third tori, which relates the second torus with the third one as
(20,22 23)) ~ (2,22 ¢ em2n2 PSS em3n3). In this case, for the Lagrangian
density to be single-valued, the pseudo periodic boundary conditions of the physical
states ®(z(V), 2?) 20)) with the U(1) charge ¢ are given by

B2V 4 emm @) 4 emam L(3)) = a0 BT N0 L@ L6y (3.54)
(9)

@) (,(9)) — Mg (9) (g Ng (9)( (9) TN

% =—x1 Y9)+ =x3 (zY) + ——, 3.55

W) = T ) + 0 ) + (3.55)

Bz, 20 4 e ) 4 n@ng)::euxxﬁhz@»+xﬁhz@n>@(zu»,Z@>’Z@>% (3.56)

/ / 1(g")
(9" ! My 19" ! g 19 (g T’y
X ) = )+ )+ (3.57)
with the relations

PN O GO (@) I]:eunmgx¥Nz@w+ng$Rz@h>éwnmnwwwg (3.58)
g=1,2

g () B ) _ II emon;xﬂfhafn+n;xéfkafn>gwm;ngﬂﬂf>’ (3.59)
g'=2,3

where g = 1,2, ¢’ = 2,3, O‘Ev) = myn,M9 /N and ozN, =m ,n;,M(g')/N’. Then the
consistency of the contractible loops requires the magnetic flux quantization conditions
mgM@ MO ml, M) n, M)
N '~ N N N’
From these conditions, each of M™, M@ and M® turns out to be a multiple of N
and/or N'| i.e.

e 7. (3.60)

MWD =N, M® =N =t,N', M® =N, (3.61)

where each of ¢, and t], is some integer. Defining d as the g.c.d. of N and N, we
obtain N = nd and N’ = n'd, where each of n and 7’ is some positive integer and
n is relatively prime with 7/. Since 2N = t,N’, we obtain the relation ton = t)n’
When |#] is defined as the g.c.d. of t, and t}, we can rewrite ¢; and ¢, as t, = 7't and
t,, = fit, respectively. Namely, we obtain

NN’
M® =i .
d

(3.62)

If d is defined as the g.c.d. of £ and d, we obtain the same equation as eq.(2.67),

!
we _ g, NN
gl

(3.63)

22



where each of #, and 7 is some positive integer, = f»d and d = vd. We note that this
result also agrees with eq.(2.67) and the number of degeneracy is given by eq.(2.69).

In a way similar to the case of (T2 x T?)/Zy, we also consider zero-mode solutions
of a fermion ¢(2(V), 22 2®)) on (T?xT?xT?)/(Zx x Zn+), which satisfies the equation

3
Z Z I'%(0, —igAYW (21, 22 268y =0, (3.64)

a= z(g) z(g)

where

Fzm:(O 2>®00®00’ qu):(O 0)®00®00’

0 0 20
22 3 0 2 0 pz® _ 3 00 0
r —a®(00>®a,F —0’®(20 ®ao,
23 _ 3 3 0 2 23 _ 3 3 00
r _a®a®(00>,F _a®a®<20 . (3.65)

Then we can write ¥(z1, 22, 23) as an eight-component spinor

Ji( (1) J2 ( .(2) 73 (. (3)
P(zW, 2 20) = ( w;gz 1 ; ) ® ( @Z)ng@)i ) ® ( Z?@Ez(?)); )
= ( P (zW, 23 20)) ) (3.66)

where P = (+, 4+, %), (£, +, F), (£, F, 1), (F, £, %) and J = (j1, Jo, J3). In the same
reason as 12, depending on MM < 0, M® < 0 and M® < 0, only one of eight fields
of Yp is well-defined, while the others cannot be normalizable.

Furthermore, the zero-mode fermions ¥ (21, 2 2?) are also constructed of
P (29)) on each torus, and from eqgs.(3.14) and (3.15), ¢ (2) satisfy eq.(3.48).
Then, since (2, 22 23)) do not, in general, satisfy the physical state conditions
(3.54) and (3.56) on (T2 x T? x T?)/(Zy x Zn+), we may need to take appropriate
linear combinations of them in order to obtain the physical states W5 (21, 23 2(3)),
Thus, the physical states are given by

N—-1
TR0, 2@ 0y = N7 ST T eirtmaiom (V-Omata)/
(=0 g=1,2
N'—1
% 2 : H il'm ’,(2jg (N'— ﬁ’)n t’ ,)/N’
—0 ¢'=2,3
JH Ty + Ty,

: (3.67)
where N is the normalization factor, T;,,n, = (n1t1, nats, 0) and T = (0, niyth, njty).

As a conclusion similar to (T2 x T?)/Zx, we would like to notice that the num-
ber of zero-mode fermions for (7% x T? x T?)/(Zx x Zy+) is given by a multiple
of N and N’. This result leads to an important conclusion that there is only one
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possibility to derive the three generations of matter, i.e. (N, N'; MM M® M) =
(3,3;3,3,3) on (1% x T? x T?)/(Zx X Zy+). Furthermore, we consider the case of
(T? x T? x T?)/(Zn X Zn+ X Zyn), which also imposes the additional Zy» shift sym-
metry on the first and third tori, which relates the first torus with the third one as
(2, 22 23)) ~ (z(l)—l—eﬁ%n/l/, 22 2(3)—1-6?%”;’/). Then, we obtain an important conclu-
sion that there are only two possibilities to derive the three generations of matter, i.e.
(N,N',N"; M® M M) =(3,9,3;3,9,9), (3,9,9;9,9,9), up to the permutation
of parameters for the magnitude of fluxes and the shift symmetries. (See Appendix
B.) These results coincide with that of the operator formalism.

In the same way, the wave functions with Zy and Zys charges, k and &', are given
by

N-—-1
\Ila])HR,(Z(l)’ 2(2)’ 2(3)) = N\’ Z H eiﬂ'émg(ng—(N—ﬁ)ngtg)/Ne—Zﬂ'iZn/N

(=0 g=1,2
N'—1
) ST € i N i
=0 ¢'=2,3
T+ g +OT"
M3 1 2 3
X 1y (21,22, 26)),(3.68)

where each of k and &’ is some integer.

3.5 Flavor structure

Here we study the flavor structure in shifted orbifold models with magnetic fluxes.
First we give a brief review on the torus models [8]. As seen in subsection 3.1, if
M > 0, the number of zero-modes is equal to M on T2, and those wave functions
are written by @Z)i (j=0,---,M —1) in eq.(3.14). Each mode has the Z,,; charge 7j,

which corresponds to the quantized coordinate or momentum in terms of ¥ and P.
Such Z,; transformation is represented on

wO
1
Yo = w : (3.69)
wl‘/}_l
by
1
P
Z = p’ : (3.70)
. prl

where p = e*™/M They also have another symmetry under the cyclic permutation,
P — It (3.71)
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)

where ™ = ¢°. This cyclic permutation ZJ(WC is represented on the multiplet (3.69)

by
010 0
00 1 0
C = . (3.72)
00 0 1
100 0

These generators, Z and C', are not commutable, but satisfy the following algebraic
relation,!!

CZ=pZC. (3.73)
Hence, the flavor symmetry including Z and C' is a non-Abelian symmetry. Its diag-
onal elements are written by Z™(Z")" with m,n =0,--- , M — 1, where
p
7' = , (3.74)
p

on the multiplet (3.69). Then, this flavor symmetry would correspond to (Zys x Z,)

Z{) on T? (see for review on non-Abelian discrete flavor symmetries [25]).12
Suppose that each of three tori has the magnetic flux corresponding to M9 (g =

1,2,3), where M9 > 0. Then, there are M9 zero-modes on the g-th torus. Their

symmetry is the direct product of H2:1(Z M@ X L) X Zz(\j()g). In order to realize

the three-generation models, we choose the magnetic fluxes as (MM, M@ MGy =
(3,1,1) or their permutations. In this model, only one torus, e.g. the first torus
for (MM, M@ M®G)) = (3,1,1) is important to the flavor structure. That is, the
three generations of fermions are quasi-localized at places different from each other
on the first torus, while those sit at the same places on the other tori. Thus, the zero-
mode profiles on the first torus are important to realize the mass ratios between three
generations, while the zero-mode profiles on the other tori are relevant to the overall
strength of Yukawa couplings. This model has the flavor symmetry (Z5 x Z3) x Z?(,C)
isomorphic to A(27).

It would be obvious that the 7?%/Zy model has a flavor structure similar to the
above. However, the (T? x T?)/Zx model as well as the (T2 x T?)/Zy x T? model has
a different flavor structure. As an illustrating model, we consider the (7% x T?)/Zs
model, which leads to the three generations by choosing M) = M® = 3. Before the
Z3 shifted orbifolding, there appear the three zero modes z/Jjg(z(g)) with ¢ = 1,2 and
Jg = 0,1,2 on each torus, and totally nine zero modes. They have the flavor symmetry
(Z3 x Z4) Z:gc) on each torus and the total symmetry is their direct product.

By Zj3 shift orbifolding with (mq, ny, ms, ns) = (1,0, 1,0) corresponding to eq.(3.50),
only the three zero-modes 1’ () ®1*=7(2?)) with j = 0, 1,2 remain, but the others

HThe symmetry, which is called the magnetic translational group, has been discussed in Ref.[3, 24].
12 Gimilar flavor symmetries are obtained, e.g. within the framework of heterotic orbifold models
[26].
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P (M) @ 72 (22)) with j; 4 j, # 0 (mod 3) are projected out. Through orbifolding,
the Zy;0)_5 and Zy;e) _5 symmetries (3.70) on the first and second tori, respectively,
are broken into the diagonal Z3 one. The other symmetries such as 7 ,, and Z](\%,) are
also broken into the diagonal ones. Then, totally the flavor symmetry A(27) x A(27)
is broken into the diagonal one A(27). The flavor symmetry itself is the same as one
in the three-generation model on T2 x T? x T? without shifted orbifolding. However,
in the three-generation model on (T2 x T?)/Zs, the zero-mode profiles of the three
generations are localized at places different from each other on both the first and
second tori. That is, both tori are relevant to the flavor structure and mass ratios
depend on geometrical aspects of both tori such as complex structure moduli.

We have studied quite simple models so far. Furthermore, the flavor structure
of shifted orbifold models can become richer in slightly extended models. Suppose
that there is an additional U(1) gauge symmetry. We do not introduce the magnetic
flux background for the additional U(1), but we embed Z3 shift orbifolding into this
additional U(1). That is, the fermion with the additional U(1) charge ¢/, which is
integer, has the phase ¢>™/3. In this case, the zero-modes, ¢ (z) ® ¢377(2) with
j =0,1,2, do not survive in the above model, but the zero-modes 17(21) ® 3777 (z,)
with 7 = 0,1,2 and k = —¢, survive through the Z3 shift orbifolding. The surviving
number, i.e. 3, does not change, but the combinations of surviving wave functions
depend on the U(1) charge ¢’. Hence, the flavor structure becomes rich. For example,
when this charge ¢’ corresponds to the hypercharge, the three generations of quarks
and leptons would have quite interesting flavor structure. We will study such model
building and its flavor structure elsewhere.

4 Conclusions

We have studied the U(1) gauge theory on some shifted orbifolds with magnetic
flux and proposed a mechanism to obtain the generation of matter in the standard
model. On the space, we consider the behavior of fermions in two different means.
One is the operator formalism for the quantum mechanical system and the other
is the wave functions for the field theory. The operator formalism turns out to be
useful to analyze the general structure of the spectrum. On the other hand, the
wave function approach becomes important on computing the 4D Yukawa coupling of
phenomenological models on the shifted orbifolds that we consider in this paper. We
investigated the relations between the magnetic fluxes and the number of degeneracy
of zero-mode fermions in both approaches and showed the results to be consistent
with each other.

Then we found that the number of degeneracy of zero-mode fermions is related
to N of Zy, that is, the geometry of space such as (T? x T?)/Zy. Actually, while
there existed no constraint for the degeneracy of zero-mode fermions on T?/Zy, we
obtained the constraint on the degeneracy of zero-mode fermions on (7% x T?)/Zy,
that is to say, the number of degeneracy of zero-mode fermions is always a multiple
of N. This result is phenomenologically very important, because we have a unique
choice of (N; My, My) = (3;3,3) if we want to construct a model deriving the three
generations of matter on M* x (T? x T?)/Zy with the magnetic fluxes (MM, M ). In
a similar way, we found some candidates for the models to derive the three generations
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of matter in cases of (7% x T? x T?)/(Zyn x Zy/) and (T? x T? x T?)/(Zn x Zn' X
Zyn). In the case of (T? x T? x T?)/(Zx x Zx+), the candidate to derive the three
generations of matter is that (N, N'; MM M@ M©G)) = (3,3;3,3,3). In the case of
(T? x T? x T?)/(ZNn x Zn' X Zyn), the candidates to derive the three generations of
matter are that (N, N, N"; MM, M@ M®) = (3,9,3:3,9,9), (3,9,9;9,9,9) up to
the permutation of parameters for the magnitude of fluxes and the shift symmetries.
Thus, we may conclude that a very restricted class of shifted orbifold models can
produce the three generations of matter, in general.

We comment on the difference between the shifted orbifold and the twisted orb-
ifold. On the twisted orbifold, there are fixed points. Thus, there is the degree of
freedom to put localized matter fields on the fixed points in the twisted orbifold mod-
els with magnetic fluxes. There is no such a degree of freedom in the shifted orbifold
models, because there is no fixed points. Hence, the spectrum of the shifted orbifold
models is completely determined by the shift and magnetic fluxes.

For the three-generation models, the torus models without shifted orbifolding and
the shifted orbifold models would lead to the same flavor symmetry, ie. A(27).
However, while only the one of tori is relevant to the flavor structure in the former,
two or three tori are important to the flavor structure in the latter. These behaviors
would lead to phenomenologically interesting aspects. We would study realistic model
building and its phenomenological aspects elsewhere.
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A 7y shifted orbifolding and basis transformation

In this appendix, we discuss the general form of Z shifted orbifold and its transfor-
mation into the simple form using a basis transformation of the torus bases. we can
define the T?/Zy shifted orbifold as the general identification,

1
ZN 3ywy+N(T1U1+T2U2), (A.1)

where N is some positive integer, and the g.c.d. of the integers r; and ro, say r, is
relatively prime with N. However, a choice of lattice bases (w1, us) is not unique and
we can take another lattice bases (u'y, u’s) using a matrix U € SL(2,7Z) as

()=o) =
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and a suitable choice of a new basis leads to the simple shifted orbifold form like
eq.(2.21). Since we assumed that r is the g.c.d. of r; and ry, both of them can be
expressed as

ri=ar, r2=pr (A.3)

where each of o and [ is some integer. Since o and [ are relatively prime with each
other, there exist some integers v and ¢ such that

ab—py=1 for 74,36 €Z. (A.4)

Constructing the SL(2,Z) matrix

U:(i?) (A.5)

()=o), A9

in which the shifted orbifold (A.1) is written as

we can take a new bases

r

Nu’l. (A7)

Ny ~y+
Since r and N are relatively prime with each other, they satisfy
pr—gqN =1 for p,qeZ. (A.8)

Using the above integer p, we can define the new identification as

r 1
Z;V:ywarp—ulwar

N N'u,l, (Ag)

up to the torus identification.
In a similar way, we can define the (7% x T?)/Zy shifted orbifold as the general
identification

1 1
Zy : (", y?) ~ <y(1) + —(rnuf” +rpul’), y@ + N(Tmu?) + 7”22’“;2)))7

N
(A.10)
where NV is some positive integer, each of ry; (¢g,7 = 1,2) is some integer and )

which are defined as the g.c.d. of ry; and rye are relatively prime with N. Changing
the lattice bases like eq.(A.7), we can rewrite this identification as

0 @)
)y @+ ). (A1)

Zy : (y",y®) ~ (y(” + ¥

We have to note that each of 79 is relatively prime with N, i.e.

pgr(g) —q,N =1 for p,,7q, €7 . (A.12)
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Using ps, we can put 7® to 1 and define the new identification as

d 1
Zy (YW, y®) ~ (y“) + oy o+ Nuf)), (A.13)
where
d=pr) >0. (A.14)

The above Z shifted orbifolding is nothing but eq.(2.47).

In the case of (7% x T? x T?)/(Zx x Zn+), the situation is a little bit different.
For the Z shifted orbifold, we can apply the same argument which leads us to the
simple shifted orbifold

Zn (YW, y® y?) ~ (y(” + %Uf), y? + %uf), y(?”), (A.15)
where each of N and d is some positive integer and d is relatively prime with V.
However, for the Zy: shifted orbifold, we cannot apply the same argument at the
same time since we are unable to execute a basis transformation for the second torus
anymore. It is because that we already executed a basis transformation for the second
torus to simplify the Zy shifted orbifold. Thus, for the second torus, we have to
assume the general form when we consider the Zy shifted orbifold. However, for the
third torus, we can still execute a basis transformation which means that Z - shifted
orbifold is given by

1 &
Zyno: (YW, y®, y®) ~ (y(”, y? + ﬁ(sluf) +spul)), y® + ﬁu?’), (A.16)

where each of N” and d’ is some positive integer and each of s; and s, is some integer.

When we define s” as the g.c.d. of s; and s,, the g.c.d. of s and d’ is relatively prime
with N,

B The degeneracy of spectrum on (T?xT*xT?)/(Zy %
ZN/ X ZN//)

We here discuss the degeneracy of the spectrum on (T% x T? x T?) /(Zn X Zn1 X Znn)
shifted orbifold with the identifications (2.70). We define N, N" and N” as

N = l1dy2dy3d,93, N' = lody2dagdy a3, N" = l3dy3d23d 123, (B-l)

where any pair of [, [, and [3 are relatively prime with each other, dy»3 is the g.c.d.
of N, N" and N”, dy5 is relatively prime with each of 1, Iy and dq23, da3 is relatively
prime with each of Iy, I3 and dj93, and d;3 is relatively prime with each of [y, I3 and
dq23. Since d; is the g.c.d. of N and N’, dy is the g.c.d. of N" and N” and d3 is the
g.c.d. of N” and N, we can rewrite dy, dy and d3 as d; = dy3di23, do = diodi93 and
d3 = dagdy93, respectively. The magnitude of flux on each torus turns out to be of the
form

MW = t)1113dy3dyadasdyas, MP = tylilydisdiadasdins, M) = tslylsdisdyadasd,as,
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(B.2)

where each of t1, t5 and t3 is some integer. Then it follows that the number of
degeneracy is given by
| MM M@ MG NN'N"
” = [t1tats] ;
NN'N' didads

(B.3)

which is the result of eq.(2.71). When we want to construct (T2 x T? x T?)/(Zx X
Zn» X Zyn) shifted orbifold models with the three generations, there are only two
possibilities up to the permutation of parameters for the magnitude of fluxes and
the shift symmetries. One is (N, N, N"; MM M@ M®) = (3,9,3;3,9,9) on t; =
tQ = t3 = ]_, ll = l3 = d12 = d13 = d23 =1 and lg = d123 = 3. The other is
(N,N',N"; MDD M@ MG =(3,9,9:99,9) ont, =ty =ty =1,1 =1y =I5 =
d12 = d13 =1 and d23 = d123 = 3.

C Redefinition of fields and «o; parameters

We consider the relation between the redefinition of fields A(z,z) and ®(z,2) and
a;(€ R) parameters in y;(z, Z), which are given by

Xl(zv Z) =

2Imt

yest _
Im - =
ST @)+ = xa(z2)

Im(7(z + a)) + e (C.1)

Let us redefine ®(z, z) in eq.(3.7), which has the U(1) charge ¢, by
D(z,2) = R0 P(2, 7), (C.2)

where v is any complex number. With this the redefinition, the covariant derivatives
for ® can be written by

(0: —iqA;)®(2,2) = elqRe 09(0. — iqA.)®(2, 2),

(0: — iqA)D(z, 2) = (D, — iqA)B (=, 2). (©.3)
Here we defined A, and A; as A, = A, — /2 and A; = A; —~/2, respectively. Then
the Wilson line phases of A are given by @ = a — yIm7 /b.

We notice that under the transformation ® — ® and A — A, the Lagrangian
density £ is invariant, i.e. £(A,®) = L(A,®). Defining y; as

Xl(za 2) = Xl(za 2) - Re/% XQ(Za 2) = XZ(Za 2) - Re(f/Y)a (04)
we can check that A and ® with y; satisfy

Alz+1,241) = A(2,2) + dx1(2,2), Alz+7,247) = A(z,2) + dxa(z, 2),

D(z+1,24+1) = NEAP(2,2), B(z+71,24+7) =2ED (2, 7). (C.5)
If we take v to satisfy may — qRey = 0 and mwas — qRe(77y) = 0, we obtain a =
a —im(oqT + ag)/gb. Thus, since we can take any «, we can always make «; absorbed

into the Wilson line phase a by the redefinition of fields. This result can be applied
in the multi-torus case.
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