
Studying the equations of the non-linear electrodynamics (NLED) is an attractive subject of research in general relativity. Exact 

solutions of the Einstein field equations coupled to NLED may hint at the relevance of the non-linear effects in strong 

gravitational and magnetic fields. An exact regular black hole solution has recently been obtained proposing Einstein-dual non-

linear electrodynamics. Also the General Relativity coupled with NLED effects can explain the primordial inflation. 
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The sum of entropy of total matter enclosed by the horizon and the entropy of the horizon does not decrease with time. 

 

Let us consider Hubble, apparent, particle and event horizons with radii 
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   Outline 
 

1. The magnetic universe in non-linear electrodynamics is considered 

2. The interaction between matter and magnetic field has been studied 

3. The validity of the generalized second law of thermodynamics (GSLT) of the magnetic universe bounded by Hubble, 

apparent,  particle and event horizons is discussed using Gibbs’ law and the first law of thermodynamics 

Interaction Between Matter and Magnetic Field 

Considering Einstein field equations 
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The energy conservation equation becomes  )(3
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where the energy density and pressure for matter obeys the equation of state 
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Then the conservation equation can be solved to obtain  

constint  ,                                                                                                                

)13(

)1108(2

1

)361(

)13(

144

)1(3

32

2

3
  and   

2

3
 

00

)1(3

02

2

00

2

0

4

2

00

6

2

00

0

m2

0

B

a
a

B

a

B

a

B

a

B
B m

mmmm























 


























Validity of GSLT of The Universe Bounded by Different Horizons 

Hubble Horizon 

Conclusions 
1. From figs. 1–6, we see that the rate of change of total entropy is always positive level for interacting and non-

interacting scenarios of the magnetic universe bounded by Hubble, apparent and particle horizons and therefore 

GSLT is always satisfied for them in magnetic universe 

 

2. Figs. 7–8 show that the rate of change of total entropy is negative up to a certain stage (about z > −0.1) and positive 

after that for non-interacting and interacting scenarios of the magnetic universe bounded by event horizon. Thus in 

this case, GSLT cannot be satisfied initially but in the late time, it is satisfied.  
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Now let us consider an interaction Q between  matter and magnetic field  as 
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Considering the net amount of energy crossing through the horizons in time dt as                                                          , 

assuming  the first law of thermodynamics                                 on the horizons and from the Gibbs’ equation         

dtpHRdE totaltotalhorizon )(4 3  

                            , we get the rate of change of total entropy. Here  
horizonTdSdE 
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Apparent Horizon 

Particle Horizon      

Event Horizon      

The Lagrangian density in the Maxwell electrodynamics                                                 where       is electromagnetic field  

strength,              is magnetic permeability and   
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The energy momentum tensor  
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Let us take the homogeneous, isotropic FRW model of the universe    ) (
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The energy density and the pressure of the NLED field should be evaluated by averaging over volume. We define the volumetric 

spatial average of a quantity X at the time t by                                              and impose the following restrictions for the electric 

field       and the magnetic field       for the electromagnetic field to act as a source of the FRW model                                                       

xdgX
V

X
oVV

3 
1

lim  


iE iB

0   ,
3

1
   ,

3

1
   ,0   ,0 22  jiijjiijjiii BEgBBBgEEEBE

Additionally, it is assumed that the electric and magnetic fields, being random fields, have coherent lengths that are much shorter 

than the cosmological horizon scales. Using all these and comparing  
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 with the average value of the energy momentum tensor             we have T
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E This shows that Maxwell electrodynamics generates the radiation type fluid in FRW universe   

Now let us consider the generalization of the Maxwell electromagnetic Lagrangian up to the second order terms  
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Corresponding energy momentum tensor  
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Now we consider that the electric field E in plasma rapidly decays  .over  dominates  22 EB 22  Thus BF 

In this case the energy density and the pressure for magnetic field become 
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  where B must satisfy the inequality 
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