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The role of SKA

Synchrotron emission Faraday rotation

SKA will be a game changer in understanding the 
evolution of cosmic magnetic fields.
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Direct observations in high-redshift 
galaxies: 

Detection of the most distant coherent 
galactic magnetic field (         ) at 
[Mao et al., Nature, 2017 ]:

Relics of the oldest magnetic fields 
found in cosmic voids:
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Evidence for

on a scale of           
[Neronov & Vovk, Science, 2010 ]
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Glance at the observational status
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Magnetic seed fields:
v Inflation:

fluctuations of the electromagnetic field are increased          
[Turner & Widrow 1988 , Ratra 1992 ] 

v First-order phase transitions (QED and QCD):                       
non-equilibrium conditions allow for battery processes        
[Hogan 1983, Sigl et al. 1997 ]

Magnetic history of the Universe
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⇠B2 = const
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Decaying MHD turbulence:
v The evolution of magnetic fields depends strongly 

on the magnetic helicity:
(                       )

v Magnetic helicity is a conserved quantity in ideal 
MHD (                     ), so if

(”inverse cascade”)
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Passive evolution:
Magnetic field is frozen in
Hubble expansion          
[Banerjee & Jedamzik 2004 ]
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Magnetic 
energy

MHD dynamos [Brandenburg & Subramanian 2005 ]:

Kinetic energy:
v turbulence 

(accretion, 
supernovae)

v large-scale 
rotation
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[Fletcher et al. 2011 ]



Jennifer 
Schober

Decaying MHD 
turbulence

Magnetic history of the Universe

Magnetic 
seed fields

Passive 
evolution

MHD 
dynamos

Jennifer 
Schober

[Fletcher et al. 2011 ]A macroscopic 
quantum effect can 
lead to significant 
changes in this era.
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MHD at high energies
Chiral magnetohydrodynamics (Chiral MHD)

An asymmetry between left- and right handed fermions,      
, leads to the “chiral magnetic effect” [Vilenkin 1980 ].

→ new current 
in the plasma:

→ conservation of 
total chirality:

Magneto-
hydro-
dynamics 
(MHD)

→ conservation        
of magnetic  
helicity:

µ5
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Transition at 
high 
temperature    
(                    )
[Boyarsky, 
Froehlich, & 
Ruchayskiy
2012] 
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new 
dynamo

term

Chiral dynamo instability
Full set of chiral MHD equations:

Initial conditions:
v large chiral asymmetry 

(large                  )
v weak magnetic seed field          

(very small                         )
v no velocity field

classical MHD
chiral MHD (laminar)

chiral MHD (turbulent)

5
5

5

5

µ5(t = 0)
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hA ·Bi(t = 0)
<latexit sha1_base64="DhMb1hIL4xRuzR692riDXiWxTQ0=">AAACGHicbVDLSgMxFM34rPVVdekmWIS6qTNV0I1QdeOygn1AZyiZNNOGZjJDckcoQz/Djb/ixoUibrvzb0zbQbT1QODknHu59x4/FlyDbX9ZS8srq2vruY385tb2zm5hb7+ho0RRVqeRiFTLJ5oJLlkdOAjWihUjoS9Y0x/cTvzmI1OaR/IBhjHzQtKTPOCUgJE6hVNXENkTDLshgb4fpNcjl3Yj+PnfjLCrpiUluLJPOoWiXbanwIvEyUgRZah1CmO3G9EkZBKoIFq3HTsGLyUKOBVslHcTzWJCB6TH2oZKEjLtpdPDRvjYKF0cRMo8CXiq/u5ISaj1MPRN5WRdPe9NxP+8dgLBpZdyGSfAJJ0NChKBIcKTlHCXK0ZBDA0hVHGzK6Z9oggFk2XehODMn7xIGpWyc1a278+L1UoWRw4doiNUQg66QFV0h2qojih6Qi/oDb1bz9ar9WF9zkqXrKznAP2BNf4GJTifvg==</latexit>

PENCIL 
CODE 

[pencil-
code.nordita.

org ]
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Generation of chiral asymmetry
Full set of chiral MHD equations:

Initial conditions:
v strong magnetic seed field          

(very large                         )
v no initial chiral asymmetry                  

(                       )

hA ·Bi(t = 0)
<latexit sha1_base64="DhMb1hIL4xRuzR692riDXiWxTQ0=">AAACGHicbVDLSgMxFM34rPVVdekmWIS6qTNV0I1QdeOygn1AZyiZNNOGZjJDckcoQz/Djb/ixoUibrvzb0zbQbT1QODknHu59x4/FlyDbX9ZS8srq2vruY385tb2zm5hb7+ho0RRVqeRiFTLJ5oJLlkdOAjWihUjoS9Y0x/cTvzmI1OaR/IBhjHzQtKTPOCUgJE6hVNXENkTDLshgb4fpNcjl3Yj+PnfjLCrpiUluLJPOoWiXbanwIvEyUgRZah1CmO3G9EkZBKoIFq3HTsGLyUKOBVslHcTzWJCB6TH2oZKEjLtpdPDRvjYKF0cRMo8CXiq/u5ISaj1MPRN5WRdPe9NxP+8dgLBpZdyGSfAJJ0NChKBIcKTlHCXK0ZBDA0hVHGzK6Z9oggFk2XehODMn7xIGpWyc1a278+L1UoWRw4doiNUQg66QFV0h2qojih6Qi/oDb1bz9ar9WF9zkqXrKznAP2BNf4GJTifvg==</latexit>

µ5(t = 0) = 0
<latexit sha1_base64="xOSqkb+q+RIq0MKkw+0ea73iaPs=">AAAB+XicbVDLSgMxFM3UV62vUZdugkWom5Kpim4KBTcuK9gHtMOQSTNtaJIZkkyhDP0TNy4UceufuPNvTNtZaOuBC4dz7uXee8KEM20Q+nYKG5tb2zvF3dLe/sHhkXt80tZxqghtkZjHqhtiTTmTtGWY4bSbKIpFyGknHN/P/c6EKs1i+WSmCfUFHkoWMYKNlQLX7Ys0yG5mFVNHl7AOUeCWURUtANeJl5MyyNEM3K/+ICapoNIQjrXueSgxfoaVYYTTWamfappgMsZD2rNUYkG1ny0un8ELqwxgFCtb0sCF+nsiw0LrqQhtp8BmpFe9ufif10tNdOdnTCapoZIsF0UphyaG8xjggClKDJ9agoli9lZIRlhhYmxYJRuCt/ryOmnXqt5VFT1elxu1PI4iOAPnoAI8cAsa4AE0QQsQMAHP4BW8OZnz4rw7H8vWgpPPnII/cD5/AAjWkeY=</latexit>

5
5

5

generation term

PENCIL 
CODE 

[pencil-
code.nordita.

org ]

Preliminary results:

→ Phase during which a significant          
amount of magnetic helicity is lost.

→ What are the relevant timescales?          
[Fujita, Durrer, & Schober, in 
prep.]

time
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Chirality affects MHD waves, e.g. Alfven waves:
Classical MHD: Chiral MHD (small     ):  Chiral MHD (large     ):

Classical MHD: Chiral MHD (small     ):  Chiral MHD (large     ):µ5
<latexit sha1_base64="tuZZTfAU401y8A93KAS3lZynDCE=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd2o6DHgxWMENwkkS5idzCZDZmaXeQhhyTd48aCIVz/Im3/jJNmDJhY0FFXddHfFGWfa+P63t7a+sbm1Xdop7+7tHxxWjo5bOrWK0JCkPFWdGGvKmaShYYbTTqYoFjGn7Xh8N/PbT1RplspHM8loJPBQsoQRbJwU9oTtX/crVb/mz4FWSVCQKhRo9itfvUFKrKDSEI617gZ+ZqIcK8MIp9Nyz2qaYTLGQ9p1VGJBdZTPj52ic6cMUJIqV9Kgufp7IsdC64mIXafAZqSXvZn4n9e1JrmNciYza6gki0WJ5cikaPY5GjBFieETRzBRzN2KyAgrTIzLp+xCCJZfXiWtei24rPkPV9VGvYijBKdwBhcQwA004B6aEAIBBs/wCm+e9F68d+9j0brmFTMn8Afe5w+GRI5w</latexit>

µ5
<latexit sha1_base64="tuZZTfAU401y8A93KAS3lZynDCE=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd2o6DHgxWMENwkkS5idzCZDZmaXeQhhyTd48aCIVz/Im3/jJNmDJhY0FFXddHfFGWfa+P63t7a+sbm1Xdop7+7tHxxWjo5bOrWK0JCkPFWdGGvKmaShYYbTTqYoFjGn7Xh8N/PbT1RplspHM8loJPBQsoQRbJwU9oTtX/crVb/mz4FWSVCQKhRo9itfvUFKrKDSEI617gZ+ZqIcK8MIp9Nyz2qaYTLGQ9p1VGJBdZTPj52ic6cMUJIqV9Kgufp7IsdC64mIXafAZqSXvZn4n9e1JrmNciYza6gki0WJ5cikaPY5GjBFieETRzBRzN2KyAgrTIzLp+xCCJZfXiWtei24rPkPV9VGvYijBKdwBhcQwA004B6aEAIBBs/wCm+e9F68d+9j0brmFTMn8Afe5w+GRI5w</latexit>
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Inhomogeneities trigger chiral magnetic waves [Kharzeev & Yee 2011 ]:

µ5
<latexit sha1_base64="tuZZTfAU401y8A93KAS3lZynDCE=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd2o6DHgxWMENwkkS5idzCZDZmaXeQhhyTd48aCIVz/Im3/jJNmDJhY0FFXddHfFGWfa+P63t7a+sbm1Xdop7+7tHxxWjo5bOrWK0JCkPFWdGGvKmaShYYbTTqYoFjGn7Xh8N/PbT1RplspHM8loJPBQsoQRbJwU9oTtX/crVb/mz4FWSVCQKhRo9itfvUFKrKDSEI617gZ+ZqIcK8MIp9Nyz2qaYTLGQ9p1VGJBdZTPj52ic6cMUJIqV9Kgufp7IsdC64mIXafAZqSXvZn4n9e1JrmNciYza6gki0WJ5cikaPY5GjBFieETRzBRzN2KyAgrTIzLp+xCCJZfXiWtei24rPkPV9VGvYijBKdwBhcQwA004B6aEAIBBs/wCm+e9F68d+9j0brmFTMn8Afe5w+GRI5w</latexit>

µ5
<latexit sha1_base64="tuZZTfAU401y8A93KAS3lZynDCE=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd2o6DHgxWMENwkkS5idzCZDZmaXeQhhyTd48aCIVz/Im3/jJNmDJhY0FFXddHfFGWfa+P63t7a+sbm1Xdop7+7tHxxWjo5bOrWK0JCkPFWdGGvKmaShYYbTTqYoFjGn7Xh8N/PbT1RplspHM8loJPBQsoQRbJwU9oTtX/crVb/mz4FWSVCQKhRo9itfvUFKrKDSEI617gZ+ZqIcK8MIp9Nyz2qaYTLGQ9p1VGJBdZTPj52ic6cMUJIqV9Kgufp7IsdC64mIXafAZqSXvZn4n9e1JrmNciYza6gki0WJ5cikaPY5GjBFieETRzBRzN2KyAgrTIzLp+xCCJZfXiWtei24rPkPV9VGvYijBKdwBhcQwA004B6aEAIBBs/wCm+e9F68d+9j0brmFTMn8Afe5w+GRI5w</latexit>



Jennifer 
Schober

Thanks for your attention! 

Essence of the talk

Magnetic fields 
are everywhere 
(at present day).

Cosmological 
origin:

Seed fields  
shortly generated
after the Big Bang

+
Evolution via 
chiral MHD

Key publications from this talk:
Rogachevskii et al. 2017 (ApJ, 846, 153) → mean-field theory of chiral MHD
Schober et al. 2018 (ApJ, 858, 124)    → numerical simulations of chiral dynamos
Schober, Brandenburg, & Rogachevskii 2019 (GAFD, in press) → chiral magnetic waves

Future radio
observations of 
cosmic magnetic 

fields are a window 
into the early
Universe and 
thereby probe 
fundamental
physics.


