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Abstract:
Both QCD and EW eras play essential roles in laying 
seeds for nucleosynthesis and even dictating the 
cosmological large-scale structure. Taking advantage of 
recent developments in ultrarelativistic nuclear 
experiments and nonperturbativ and perturbative 
lattice simulations, various thermodynamic quantities 
including pressure, energy density, bulk viscosity, 
relaxation time, and temperature have been calculated 
up to the TeV-scale, in which the possible influence of 
finite bulk viscosity is characterized for the first time 
and the analytical dependence of Hubble parameter on 
the scale factor is also introduced.
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Main Problem and QuestionsMain Problem and Questions
• Einstein Field Equations combine classical space (geometry) 

with quantized energy-momentum tensor

● In physical GR cosmology, the Friedman equations govern 
the expansion of classical space in homogeneous and 
isotropic background of the universe.

● For Friedmann–Lemaître–Robertson–Walker metric
 

and a perfect fluid with a mass density ρ and pressure p.
two independent solutions
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Main Problem and QuestionsMain Problem and Questions
• The Friedmann equations can be solved exactly for any 

cosmic background having reliable equation of state (EoS).

● Despite hypothetical assumption, we can now rely on recent 
relativistic experiments and perturbation and non-
perturbation calculations for barotropic EoS.



(Non)Perturbatice Simulations(Non)Perturbatice Simulations
By combining recent non-perturbative and perturbative 
calculations with other dof, such as photons, neutrinos, leptons, 
electroweak particles, and Higgs bosons, various thermodynamic 
quantities for baryon-free cosmic matter have been calculated up 
to the TeV-scale.
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Equations of State: TemperatureEquations of State: Temperature
The dependence of temperature T 
on  energy density; arotropic EoS, is 
found almost linear.



Viscous PropertiesViscous Properties
The energy-momentum tensor of the bulk viscous cosmological 
fluid filling the very early Universe can be expressed as



Bulk ViscosityBulk Viscosity
The energy-momentum tensor of the bulk viscous cosmological 
fluid filling the very early Universe can be expressed as



Relaxation TimeRelaxation Time
For the relaxation time



Early Universe Evolution: HadronEarly Universe Evolution: Hadron

Hadron Era



Early Universe Evolution: QCD-EWEarly Universe Evolution: QCD-EW

QCD-EW



Early Universe Evolution: Asymp.Early Universe Evolution: Asymp.

Asymptotic Limit



Results: Non-viscous fluidResults: Non-viscous fluid

Finite Cosmological Constant

Vanishing Cosmological Constant



Results: iscous fluidResults: iscous fluid

Finite 
Cosmological Constant

Vanishing 
Cosmological Constant



ConclusionsConclusions

 The analytical solutions for relaible EoS, in which 
as much as possible contributions from both 
standard model for elementary particles and 
standard model for cosmology are taken into 
consideration, are sophisticated.

For Eckart theory, the only possible solutions 
relates the Hubble parameter with the scale 
factor, but none of them could be directly given 
in terms of the cosmic time.

For Israel-Stewart theory, the resulting 
differential equations are found higher-ordered 
nonlinear nonhomogeneous so that no analytical 
solution could be proposed, so far. 
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