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1. Introduction 
 



“Model” is a working example. Even though the framework is fantastic,  
without a model example some will say that it is a religion.  

Efforts to find a working model is our job toward MODEL/THEORY/
FRAMEWORK paradigm.

Framework  Theory

Model

Gross’s picture:

Let us work in string compactification.

QM, symmetries
QFT, Einstein 
gravity, String

SM, axions,
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Kim-Semertzidis-Tsujikawa, 
Front. Phys. 2 (2014) 60 

Kim-Nam, 1603.02145[hep-ph]   
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The dominant contribution is 
QCD anomaly term

JEK, Nam, Semertzidis, arXiv:1712.08648 [hep-ph] [Int. J. Mod. 
Phys. A 33 (2018) 183002] 
      

http://arxiv.org/abs/arXiv:1712.08648


2. U(1)anom as the symmetry 

       for the “invisible” axion  

JEK, Kyae, Nam, 1703.05345 [Eur. Phys. J. C77 (2017) 847]    



’t Hooft mechanism:  

     If a gauge symmetry and a global symmetry are broken by 
one complex scalar by the BEHGHK mechanism, then the gauge 
symmetry is broken and a global symmetry remains unbroken.

Qgauge Qglobal
Unbroken X=Qglobal-Qgauge 

1 1



So, the gauge boson becomes heavy and  
there remains the x-independent  
transformation parameter beta. The  
corresponding charge is a combination: 

 X=Qglobal-Qgauge 



 The MI axion

This is the Higgs mechanism, i.e. a
MI

 becomes the longitudinal mode of the gauge boson. [JEK, Kyae, Nam, 1703.05345]

It is the ’t Hooft mechanism working in the string theory. So, the 
continuous direction  aMI —> aMI + (constant) survives as a global 
symmetry at low energy:  

“Invisible” axion!!  appearing at 1010-11 GeV scale when the global 
symmetry is broken. 
      



3. QCD phase transition 

JEK, 1805.08153  
      



37,               3,      for hadrons only



DeGrand and callaborators studied QCD phase transition 
and axion since 84 with MIT bag model. This calculation has 
a complicated behavior.  

Kolb and Turner studied with a  
phenomenological Lagrangian  
with   parameter.



We calculate the phase 
transition from the first 
principles. 
 



Here, we study the following two parameter 
differential equation on the fraction of h-
phase in the evolving universe.  



It is possible to calculate it because the critical 
temperature is pinned down now at 165+-5 MeV 
in the lattice community. 
     Knowledge on the axion mass is important. 
     Susceptibility        is important. 
  





There are two aspects in this study: (1) the strong interaction, (2) axion 
energy density evolution in the evolving Universe.    
     At and below Tc, the quark-gluon phase and the hadronic phase co-
exist. So, at Tc we know what is the energy density in the q&g-phase. 
And pressure is just 1/3 of it. So, we know the pressure of h-phase since 
the pressures are the same during the 1st order phase transition. 
     Now, at Tc the pion pressure is known. So, it is known below Tc also. 
  

We used Eq. (8.55) of Huang’s book, “Statistical 
Mechanics”, in realtivistic form. 
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Used in the1st law      

During the 1st order(cross-over) 
phase transition, the Gibbs free 
energy is conserved. At the same 
temperature and pressure.   We know 
P of massless quarks and gluons at 
temperatures T, 1/3 of energy 
density. 
Now, we have to know P of massive 
pions at and below Tc.    

Used in the evolveing Univ.      
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Show movie for m_a independence





 After tf, we solve





From tf to tnow: (JEK, S. Kim, Nam,  1803.03517) 

3.07758x10-17

We calculated a new number Fnow. 
The final factor is

= 0.62x10
-18
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4. Flipped SU(5) from string  



SO(10) —> SU(5)xU(1)X  

GG SU(5) with X=0: 10*0, 50, (10) 

Flipped SU(5) with X:  (matter)10*-1, 5+3, 1-5
   (Higgs) 5-2, 5*+2

   (Higgs) 50, 5*0

  dc   ec 

  dc   ec   uc 
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Georgi-Quinn-Weinberg expression is

It depends on symmetry breaking.  
If there is no more funny particles 
beyond 16 of SO(10),  

Which is renormalized to 0.233 at EW scale  
[Kim et al, RMP 51 (1981) 211] ; 
LHC confirmed, i.e. loop corrections in the SM work.



Fixed points on two tori. 
Simplest in number of fixed points.

Z12-I

Dixon-Kaplunovsky-Louise, 1990



arXiv:1703.05345 [hep-ph] 
Z(12-I) orbifold compactification:  
        a flipped SU(5) model x SU(5)’ x SU(2)’ x U(1)s [Huh-Kim-Kyae:0904.1108]

7 U(1)s: U(1)Y, U(1)1, U(1)2, U(1)3, U(1)4, U(1)5, U(1)6.

U(1)anom, is enough. It is working for the invisible axion.

Flipped SU(5) is the simplest GUT from heterotic string 
compactification: Adjoint representation is not needed  
to break the GUT.   

http://arxiv.org/abs/arXiv:1703.05345


The unification value

These are family q.n.

Two families from 
T4 and one family 
from U

Adding contributions from 
other tables, -9312



The SM singlet VEVs 
for the FN mechanism

Matter under SU(5)xU(1)
X

3rd family 
members 

There are only 
three 5 s. So, 
there must be 
one anti-
symmetric 
combination 
from T4.




