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Inter-
galactic
medium

advection     dissipation

MHD dynamos and cosmic
magnetic fields

The evolution of magnetic fields is controlled by the induction equation:

→ Magnetic field decays.
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Inter-
galactic
medium

large-scale rotation     

MHD dynamos and cosmic
magnetic fields

[credit:
Love (1999) ]

The evolution of magnetic fields is controlled by the induction equation:

e.g. large-scale rotation

“     dynamo”
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The evolution of magnetic fields is controlled by the induction equation:
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magnetic fields
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Inter-
galactic
medium

mean-field theory (                       )

related to        and

MHD dynamos and cosmic
magnetic fields

[credit:
Love (1999) ]

“     dynamo”

The evolution of magnetic fields is controlled by the induction equation:
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Chiral Magnetic Effect (CME) :
  

For a chiral chemical potential
                   

the chiral current is

                      

New dynamos at high energies
Chiral induction equation:

Addition to Ohmic current
leads to modified Maxwell

equations.
 

.
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→ A chiral asymmetry can only survive at                          [Boyarsky et al. 2012 ]
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Early Universe
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Where/When in the Universe?
→ A chiral asymmetry can only survive at                          [Boyarsky et al. 2012 ]

(Proto-) neutron stars
[Dvornikov & Semikoz 2015;
Grabowska et al. 2015;      
Sigl & Leite 2016;
Yamamoto 2016; ...]

Early Universe
[Joyce & Shaposhnikov 1997;
Fröhlich & Pedrini 2000,
Semikoz & Sokoloff 2004;
Pavlovic et al 2017; ...] 

  

Heavy-ion collisions 
[Abelev, et al., [ALICE
Collaboration], 2013;
Akamatsu & Yamamoto
2013; ...]
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Chiral MHD with the Pencil Code

new dynamo
term

Direct numerical simulations 
with the PENCIL CODE 

(http://pencil-code.nordita.org/)
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From laminar to turbulent flows

A Phase A:
Laminar dynamo

● Magnetic field determined by

 
grows with

 
● Chemical potential constant

● Turbulence is driven
by Lorentz force:
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A B Phase B:
Turbulent dynamo

● Mean-field formalism can be
used to explore evolution
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From laminar to turbulent flows

A B Phase B:
Turbulent dynamo

● Mean-field formalism can be
used to explore evolution

● Magnetic field growth rate

 
with turbulent diffusion

 
and the chiral       effect
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From laminar to turbulent flows

A B C Phase C:
Saturation

● Chemical potential vanishes
and dynamo saturates
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From laminar to turbulent flows

A B C Phase C:
Saturation

● Chemical potential vanishes
and dynamo saturates

● Controlled by conservation
law of chiral MHD:
The total chirality is
conserved, or
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From laminar to turbulent flows
Phase D:
Decaying MHD turbulence

● The fully helical magnetic
field decays

● Magnetic energy is
transferred to larger spatial
scales (“inverse cascade”)

A B C D
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Evolution of energy spectra

Phase B: Turbulent dynamo
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Evolution of energy spectra

Phase C: Saturation
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Saturation magnetic field strength

Credit: SKA
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● Conservation law: Fermion chirality + magnetic helicity = const

● Example: Assume chiral chemical potential equals thermal energy density:
    (today)

(lower limit from Fermi observations of IGM:
Neronov & Vovk 2010, Dermer et al. 2011, Durrer & Neronov 2013 )

Credit: SKA
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Saturation magnetic field strength
● Conservation law: Fermion chirality + magnetic helicity = const

● Example: Assume chiral chemical potential equals thermal energy density:
    (today)

(lower limit from Fermi observations of IGM:
Neronov & Vovk 2010, Dermer et al. 2011, Durrer & Neronov 2013 )

● Outlook: With detections of 
the IGM magnetic field, we 
can better understand 
fundamental physics in the 
Early Universe. Credit: SKA



  Jennifer
Schober

        

Thanks for your attention! 

                                              

                                                           
    

Conclusions



  Jennifer
Schober

The chiral magnetic effect
produces new currents.

→ new dynamos and 
source for turbulence

     

        

Thanks for your attention! 

                                              

                                                           
    

Conclusions



  Jennifer
Schober

The chiral magnetic effect
produces new currents.

→ new dynamos and 
source for turbulence

     

        

Thanks for your attention! 

                                              

                                                           
    

Magnetic field evolution:

→ simulation and mean-
field theory consistent

Conclusions



  Jennifer
Schober

The chiral magnetic effect
produces new currents.

→ new dynamos and 
source for turbulence

     

        

Thanks for your attention! 

                                              

                                                           
    

Magnetic field evolution:

→ simulation and mean-
field theory consistent

Conclusions
Non-thermal production
mechanisms for chiral
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explain IGM magnetic fields.
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The chiral magnetic effect
produces new currents.

→ new dynamos and 
source for turbulence
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Magnetic field evolution:

→ simulation and mean-
field theory consistent

Conclusions

For more details:
● Schober et al. 2018 (ApJ, 858,124)    → numerical simulations of chiral dynamos
● Rogachevskii et al. 2017 (ApJ, 846, 153) → mean-field theory of chiral MHD
● Brandenburg et al. 2017 (ApJL,845, L21) → turbulence in chiral MHD

Non-thermal production
mechanisms for chiral
asymmetry needed to
explain IGM magnetic fields.
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