Magnetized T*orbifold model

Hokkaido University
Kaito Nasu
in collaboration with S. Kikuchi, T. Kobayashi, S. Takada, H. Uchida

arXiv:2211.07813[hep-th]



Introduction

A
High Energy

« Puzzles in the Standard model(SM): My ~101°Gev | |Superstring theory

> Three generations Main focus of this talk

» Parameters (e.g. Yukawa couplings) 10D super Yang-Mills

 What compactifications realize the SM? Dimensional

Reduction

Standard Model

Low Energy



10D, W = 1 super Yang-Mills

4g2 292
(M,N =0,1,2,34,..9

. 1 .
We start with s,,, - [ avx [ ez (__FMNFMN _;AFMDMA)

| |
R3 6D compact space

Decompose the 10D gaugino A by energy eigenstates {1/),{} of the Dirac operator in
the compact space _ j j
l/%l/)n = mpyYy,
(degeneracy)

A(xH, z™) = z né(x“) X lpg(zm) + (K.K.modes, m, > 0)
J

SM fermion Zero-modes (m,, = 0)

e.g. e =0T (M), = 0T (M), T, = )T ()

#(Generations of fermions) =#(Degeneracy of the zero-modes)



Magnetized torus and orbitold compactification

D. Cremades, L. E. lbanez, and F. Marchesano (2004)

Why is it interesting ? e.g. T2
* Analytical computation

» /Zero-mode wavefunctions, ¢
> Yukawa couplings

e Chiral 4D field theory
> Background magnetic flux
Y, ~ d2 T _l"i
« Modular symmetry K sz 29 Gl
» Phenomenologically interesting
> /Zero-mode number analysis in orbifold models

Study the conditions needed
to realize the 3 generations

P,



Torus compactification with magnetic fluxes

Less General

More General

-D. Cremades, L. E. lbanez, and F. Marchesano (2004),
-T. Abe, Y. Fujimoto, T. Kobayashi,

T.-Miura, K. Nishiwaki, M. Sakamoto (2014)

-T. Kobayashi, S. Nagamoto (2017)

[ J 2 2
= (orT%/Zy ) ° X ]\/[4 4D compact space

3 degeneracies:

y/=1
(e
YI=3

* T4(or T4/ZN ) X ]\/[2

3 degeneracies:

How do we produce 3

\ / degeneracy of zero-modes?




T4 T*/Zy

« T ~ (CZ/A
i=(2)~i+e~7+08, (i=12)
> complex structure moduli

(symmetric complex 2 X 2 matrix),

0=(s +)

4
T*/Zy i i
z~UwiseZ
»Uppise: 2% 2 unitary matrix satisfying (Upyise)Y = L.

N = 2,3,4,5,6,8,10,12 are possible

0e;

We have only
T?/Zy,(N=2,3,4,6)




« \We have variety of orbifolds.

Orbifolds Lattice shapes are fixed.

T*/Z, Unfixed e o 0 o SU(2)*
T*/Z3 SU(3) x SU(3)
T*/Z, SU(2)* @ ® O @ SUB)xXSUR)?
T*/Zs SU(5)

SU(3) X SU(3
T*/Zg SU(3) x SU(3) e—e eo—ao SURXSUE)
T*/Zg S0(8)
T*/Z1g SU(5) o—0—@—0© SU(5)
T*/Z1; SU(3) x SU(2)?

 First step is to analyze the number of >—‘ 50(8)
zero-modes.



/ero-modes on magnetized T#

. ] . . 4.
Unitorm magnetic field on T*: l. Antoniadis, A. Kumar, and B. Panda’ (2009)

F=n[MT-(ImQ);;(idz' AdZ?),  (i,j=12)
 (1,1)-form with (MQ)T= MQ: 4D N=1 SUSY (F-term condition)
« M denotes 2 X2 integer matrix

Dirac quantization

« Covariant derivatives:

D, =0; — g([]\flg](lmﬂ)—l)i,

D=0, + g([]\flf](lmﬂ)‘l),-.



/ero-modes on magnetized T#

« Fermion zero-modes satisfy the Dirac equation, i»,¥ = 0,

D. Cremades, L. E. Ibanez, and F. Marchesano (2004)
. Antoniadis, A. Kumar, and B. Panda’ (2009)

Positive Chirality

. Negative Chirality

Riemann theta function

o _ - 1+ o 7 Ar—1
'ijii" :Nf EENI[A"I‘E‘] (ImQ)~"-ImZ 9 [J M ] (Po!’é‘} ﬂff!),

« Zero-mode wavefunctions: 0

o If Im(MQ) > 0:

<%, .., peetM-1 5\ detM degenerated zero-modes on T*

Y= 8 detM—1
1 _ J
0 Yy = Z afl/)TzL a;: arbitrary




/ero-modes on magnetized T*/Zy

« Zero-mode wavefunctions on T*/Z, satisfy
QDT‘L/ZN (UtwistZ) — exp(Znik/N)cpT4/ZN(Z)

>k =0,1,..,N —1), N different sectors with different eigenvalues
»Zero-modes on T*/Zy are given by the linear combinations of 1/)44:

Modular Transformation is very useful ! Basis which diagonalize the twist, Upyst

e.g.T*/Z,

Orbifolding by
Utwise = Ul

Solution space of the T* model

0 detM—1
< Y14, P14 >

dim=detM




Modular transtormation

« Change of basis vectors defining the torus:
>In T* case, we consider,

Sp(4,Z) = {]/ = (AZXZ BZ><2)

0 szz)
Coxz2  Doxo '

vy =]}, where J = (_szz 0

»We have 4 generators, S, T;(i = 1,2,3)
« Modular transformation can reproduce the Z, twist.

e.g. T*/Z, e . .
@ @ © o C C
Z4-twist is realized by o o
the S transformation X
0 ° ° 0

Z— iz, (Utwist = il3)



/ero-modes on magnetized T*/Zy

« Behavior of 1/44 under the modular transformation:
e.g. S trans.(Z,-twist)

1/);4(1'2, il,) = \/F z exp(2miJT M~ 1K) l/)T4(Z il,)
KEAM
= p(S): Representation of S on < ¥?,, ..., pgetM-1>

« Zero-modes on T*/Z, can be obtained by analyzing the
eigensystem of p(5).



11 (M), =1, (i=1or2) 313 |3]2
11 (%), =1, (i=1or 2) 31323
12 ni =1, (i=1or2) 1 {332
12 n "= 1, (i =1or 2) 3| 4[3]°2
12 n "= 2, (i=1or2) 44|22
12 n =0, (i =1 and 2) 41431
13 Zr=1,(i=1or2) 413 313
13 ("), = 1,(i=1or?2) 3|43 3]
14 414133
15 4| 4413
16 ged(ng,m) =1, (i=1 or 2) 51414131
16 ged(ng,m) =2, (1=1or 2) > 53| 3

detM conditions +1 | =1 | +2| —1
1 110070
2 1 1 00
3 (%), =1, (i=1or2) 1|1 1]0
3 (5)r=-1, (i=1or2) 1| 101
4 ged(n;,m) =1, (i=1 or 2) 2 1 [17]0
4 ged(n;,m) =2, (1 =1 and 2) 202 101]0
5 (), =1, (i=1or2) > 1|11
5 (%), = —1, (i = 1 or 2) 1] 211
6 2 2 111
7 2 2 1211
8 n, "1, (i =1 or 2) 3221
8 ns =03, (i =1 or 2) 23] 2|1
8 ged(ng, m) et 0, (=1 and 2) 3 03111
9 ged(n;,m) =1, (i=1or 2) 31222
9 ged(ng;, m) =3, (i =1 and 2) 2 13122
10 31322

2 X 2 symmetric integer matrix:

M

(

ny m
m n,

InT*/Z,, 3 generation models are only found when 8 < detM < 16..

)



Negative-chirality modes

 Non-holomorphic transformations in the compact space relate
different components of the spinor.

Positive Chirality
Negative Chirality

Wz 2)

Im(MQ) >0 <
} Im(MQ) is indefinitea"

Im(MQ) <0

P transformation

e.g.

Exchange of real parts:
Rez, = Hu;::gp),

Rezy = Huz{:p),
Iinz; = [ngp}, (1 =1,2),




. #(generations) = #(degeneracy of zero-modes)
« Zero-modes on magnetized T*/Zy

« Conditions to realize the 3 generation and the use of
modular transformation.

« P, CP transformation in the compact space

Future work:

 Extension to T®/Zy
« More studies in P and CP
 Yukawa couplings



Background magnetic flux on T#

4C2 = 6realdof.  x%y/, (i,j = 1,2): T*real coordinates

F =pyyedx' Adx? +py12dyt Ady? +p,iidxt Ady

- (

. Antoniadis, A. Kumar, and B. Panda’ (2009)
Then we have

F = pxiyjdxi Ady!

4 real d.o,f.
pxlyl, px1y2’ px2y1, pxzyz



Background magnetic flux on T*#

F = pxy,dx Ady’
= F lZ]dZ /\dZ] +F—lZ]dZ—l/\dZ] _J(lel/\dZ_])

F-term condition,
inzj = Fz‘iz‘j =0
1 . .
F=F,_j(idz'ndZ)) = > [Pxy - (ImQ)™ i (idz' ndZ))

Dirac quantization:

Pry = 20M" F =n[MT - (ImQ)~1;;(idz' A dz
M: 2 X 2 integer matrix [ ( ) ]U( )



Algebraic relations

(

(ST )—&,@EEF=&,

(ST3)° = Iy, (ST\T5')° = I, (TWTx)™'S)® = I, (STyTvyp)°® = 14,
(SThTy 1T3 ) = Iu,

(W T3) ') = I, (IT5)7'S)" = I,

(STY)" = 14, (STy)" = 1,



Complex structure moduli of orbitolds

e.g.
¢ T4/Z3 (STl Tz )3: 14_ w [] -
e ST, T,-invariant moduli Qs = ( ) , W= es .

«T*/Z<: (ST, T )°=1,
« ST, T;-invariant moduli




