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Phase transition 10µ seconds after Big Bang converted a plasma of free quarks and 
gluons into hadrons 

•  The phase transition is associated with Chiral Symmetry Breaking after the 
electroweak transition 

•  Describing the quark-hadron phase transition in a DGP brane model within an 
effective model of QCD 

•  Describing the evolution of physical quantities such as energy density and the 
temperature  before, during and after the transition 

•  Considering the quadratic energy density in the Friedmann equation (negative 
branch of the Friedmann eq. in DGP model) where the Hubble radius <<< 
crossover length in 4D and 5D regimes. 

•  For different values of cosmological constant, phase transition occurs and 
results in decreasing the temperature of the quark-gluon plasma and hadronic 
fluid. 



crossover length 
between 4D and 5D 

DGP Brane Action  

Field equations 

Cosmological Ansatz 



Solutions for the bulk 
with     s  symmetry on  
brane are found to be: 

Scale factor of 
4D universe 

Two Solutions 



On brane 

Integrating  

over the brane  

Using the solutions for       and     : 

New Friedmann eq. 

DGP contribution 

Big bang nucleosynthesis 
Submillimiter tests of Newton’s law 
Astrophysical lower limit 
     



Mew contribution from DGP brane cosmology compared 
to Friedmann cosmology 



Quark Phase 

Bag pressure constant 

Ignorable temperature changes 
leads to MIT bag model : 

100 Mev < < 200 MeV 
Low energy hadron spectroscopy, 
heavy ion collisions  
 



Hadron Phase 

Critical Temperature 

T > T c 

Hadron Phase T < T c 

Quark Phase 
Phase Trans. T = T c 



In Quark Phase 





Formation of Hadron 

volume fraction of matter in hadron phase   

Beginning of phase transition End of phase transition 



We find 

Using equation 

yields the time evolution of volume fraction of hadronic matter   

Numerical solutions show the hadronic fraction of matter versus time  





Hadron Era 
 
At the end of phase transition, the scale factor of universe is 

For pure hadronic matter, 

Morover since  

We find the change of hadronic temperature with time as  





Lattice QCD results on high temperature (280 Mev to 720 Mev) can be fit to  
equation of state for quarks at high temperature before phase transition      

High Temperature Regime 

The Hubble parameter 





Low Temperature Regime 

DGP Model 

From HRG model results on trace anomaly and using thermodynamics identities  
and some other approximations:  

trace anomaly cefficients 



the Scale Factor 

T versus time can be obtained by numerical integration of equation   





Negative Branch: 
 
Constant Self-interaction potential: 

Equation of state for quark matter 

In phase transition era where  

Specific character of brane models 
for FRW phase 



time dependence of temperature  

The evolution of hadronic fraction during the phase transition for negative branch  



to make  



Conclusions: 
 
Slope of temperature versus time is different in two brane models based on  
lattice QCD and HRG model. 
 
Slope of temperature versus time at low temperature (for HRG model)  
is steeper compared to that at high temperature (for lattice QCD). Plasma cooling  
decreases with decreasing temperature. 
  
For different values of cosmological constant, the phase transition 
occurs. This causes the temperature of quark-gluon plasma and hadronic fluid 
to decrease more and more with increasing the cosmological constant. 
 
No fundamental different behaviors in phase transition of quark-hadron plasma  
at early universe evolution era 


