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Cosmic history in a nutshell

What caused inflation?
Why matter/anti-matter asymmetry?

What is Dark Matter?
What is Dark Energy?

…
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z = 1.49
<latexit sha1_base64="q69bUB/dxbd91e7h8roC/Hb/Dkc=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4WnZrQT0IBS8eK9gPaJeSTbNtaDZZk6xQl/4JLx4U8erf8ea/MW33oK0PBh7vzTAzL0w408bzvp2V1bX1jc3CVnF7Z3dvv3Rw2NQyVYQ2iORStUOsKWeCNgwznLYTRXEcctoKRzdTv/VIlWZS3JtxQoMYDwSLGMHGSu0ndI18t3rVK5U915sBLRM/J2XIUe+Vvrp9SdKYCkM41rrje4kJMqwMI5xOit1U0wSTER7QjqUCx1QH2ezeCTq1Sh9FUtkSBs3U3xMZjrUex6HtjLEZ6kVvKv7ndVITXQYZE0lqqCDzRVHKkZFo+jzqM0WJ4WNLMFHM3orIECtMjI2oaEPwF19eJs2K65+73l21XKvkcRTgGE7gDHy4gBrcQh0aQIDDM7zCm/PgvDjvzse8dcXJZ47gD5zPH+E8jn8=</latexit>

4.3 Gyr
<latexit sha1_base64="oz7rWuDNJZJZqQ5jFDKh4i8q8xs=">AAAB+XicbVBNS8NAFHypX7V+RT16WSyCp5C0BT0WPOixgm2FNpTNdtMu3WzC7qYQQv0lXjwo4tV/4s1/47bNQVsHFoaZ93izEyScKe2631ZpY3Nre6e8W9nbPzg8so9POipOJaFtEvNYPgZYUc4EbWumOX1MJMVRwGk3mNzM/e6USsVi8aCzhPoRHgkWMoK1kQa23XDqT/0I67GM8ttMzgZ21XXcBdA68QpShQKtgf3VH8YkjajQhGOlep6baD/HUjPC6azSTxVNMJngEe0ZKnBElZ8vks/QhVGGKIyleUKjhfp7I8eRUlkUmMl5RrXqzcX/vF6qw2s/ZyJJNRVkeShMOdIxmteAhkxSonlmCCaSmayIjLHERJuyKqYEb/XL66RTc7y64943qs1aUUcZzuAcLsGDK2jCHbSgDQSm8Ayv8Gbl1ov1bn0sR0tWsXMKf2B9/gBDiZNf</latexit>

0.4 Gyr
<latexit sha1_base64="rD1Rzxfedk4Em5+w/qTDpTE7uEs=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiS1oMuCC11WsA9oQ5lMJ+3QySTMTAoh1C9x40IRt/6JO//GSZuFth4YOJxzL/fM8WPOlHacb6u0sbm1vVPereztHxwe2ccnHRUlktA2iXgkez5WlDNB25ppTnuxpDj0Oe3609vc786oVCwSjzqNqRfisWABI1gbaWjbTq3xNAixnsgwu0vlfGhXnZqzAFonbkGqUKA1tL8Go4gkIRWacKxU33Vi7WVYakY4nVcGiaIxJlM8pn1DBQ6p8rJF8jm6MMoIBZE0T2i0UH9vZDhUKg19M5lnVKteLv7n9RMd3HgZE3GiqSDLQ0HCkY5QXgMaMUmJ5qkhmEhmsiIywRITbcqqmBLc1S+vk0695l7VnIdGtVkv6ijDGZzDJbhwDU24hxa0gcAMnuEV3qzMerHerY/laMkqdk7hD6zPHz7Ok1w=</latexit>

z = 11.9
<latexit sha1_base64="GlM2SDjmCjPNK4hsYThTqeNOpAQ=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbB07KpgnoQCl48VrAf0C4lm2bb0Gx2TbJCXfonvHhQxKt/x5v/xrTdg7Y+GHi8N8PMvCARXBvP+3YKK6tr6xvFzdLW9s7uXnn/oKnjVFHWoLGIVTsgmgkuWcNwI1g7UYxEgWCtYHQz9VuPTGkey3szTpgfkYHkIafEWKn9hK4Rxu5Vr1zxXG8GtExwTiqQo94rf3X7MU0jJg0VROsO9hLjZ0QZTgWblLqpZgmhIzJgHUsliZj2s9m9E3RilT4KY2VLGjRTf09kJNJ6HAW2MyJmqBe9qfif10lNeOlnXCapYZLOF4WpQCZG0+dRnytGjRhbQqji9lZEh0QRamxEJRsCXnx5mTSrLj5zvbvzSq2ax1GEIziGU8BwATW4hTo0gIKAZ3iFN+fBeXHenY95a8HJZw7hD5zPH9ywjnw=</latexit>
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[record: GNS-z11,                 , age                , Oesch et al. 2016 ]
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380000 yr
<latexit sha1_base64="nAFI2GaLjuSWE+PQ9IZa4VPAtGI=">AAAB+3icbVDLSsNAFL3xWesr1qWbYBFclaQV7LLgxmUF+4A2lMl02g6dmYSZiRhC/BQ3LhRx64+482+ctFlo64GBwzn3cs+cIGJUadf9tjY2t7Z3dkt75f2Dw6Nj+6TSVWEsMengkIWyHyBFGBWko6lmpB9JgnjASC+Y3+R+74FIRUNxr5OI+BxNBZ1QjLSRRnal0XQNnoYc6ZnkaSKzkV11a+4CzjrxClKFAu2R/TUchzjmRGjMkFIDz420nyKpKWYkKw9jRSKE52hKBoYKxIny00X2zLkwytiZhNI8oZ2F+nsjRVyphAdmMo+oVr1c/M8bxHrS9FMqolgTgZeHJjFzdOjkRThjKgnWLDEEYUlNVgfPkERYm7rKpgRv9cvrpFuveY2ae3dVbdWLOkpwBudwCR5cQwtuoQ0dwPAIz/AKb1ZmvVjv1sdydMMqdk7hD6zPHwnBk8I=</latexit>
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cosmic microwave background (CMB) 
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galaxies
[record: GNS-z11,                 , age                , Oesch et al. 2016 ]
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stars 
[record: MACS J1149,                 , age                , Kelly et al. 2018 ]

primordial magnetic fields + gravitational waves
[age           ]

cosmic neutrino background 
[age        ]

cosmic microwave background (CMB) 
[                 , age                    ]

galaxies
[record: GNS-z11,                 , age                , Oesch et al. 2016 ]

Optically 
thick plasma
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[Springel et al. 2011 ]

Hints of primordial magnetic fields?
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IllustrisTNG simulations
[Springel et al. 2011 ]

Best places to search for 
primordial magnetic fields.

Hints of primordial magnetic fields?
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[Hale 1908, Hale et al. 1919 ] 

Search for spectral line triplets that are observed in 
other astrophysical objects, like in Sun spots:

Constraints on void magnetic field
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Search for spectral line triplets that are observed in 
other astrophysical objects, like in Sun spots:

Constraints on void magnetic field
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[Shaw & Lewis 2010 ]

Direct effects:  changes in the baryon velocity field   
caused by the Lorentz force

Indirect effects: heating via magnetic diffusion 

Constraints on void magnetic field
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Rotation of polarization 
plane:
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magnetic pressure 
affects the cosmic 
expansion rate

less time for BBN

smaller amount of 
primordial elements 

[Grasso & Rubinstein 
1995 ]

magnetic correlation length

[Nakamura et al. 2017 ]
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dwarf galaxies

Cosmological simulations of dwarf galaxies
[Sanati et al. 2020 ]:
Primordial magnetic fields induce additional density fluctuations 
⇨ modification of the primordial matter power spectrum

Constraints on void magnetic field
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Cosmological simulations of dwarf galaxies
[Sanati et al. 2020 ]:
Primordial magnetic fields induce additional density fluctuations 
⇨ modification of the primordial matter power spectrum
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Cosmological simulations of dwarf galaxies
[Sanati et al. 2020 ]:
Primordial magnetic fields induce additional density fluctuations 
⇨ modification of the primordial matter power spectrum
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(2010)
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(2010)

Non-detection of GeV emission from TeV blazars:



Jennifer 
Schober

Constraints on void magnetic field
m
ag

ne
tic

 fi
el
d 
st
re

ng
th

magnetic correlation length

Neronov & Vovk
(2010)

Non-detection of GeV emission from TeV blazars:
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Non-detection of GeV emission from TeV blazars:



Jennifer 
Schober

Constraints on void magnetic field
m
ag

ne
tic

 fi
el
d 
st
re

ng
th

magnetic correlation length

Neronov & Vovk
(2010)



Jennifer 
Schober

Magnetic fields across the Universe



Jennifer 
Schober

Magnetic fields across the Universe



Jennifer 
Schober

Connecting observation with theory



Jennifer 
Schober

Connecting observation with theory

Q
CD

 P
T

EW
 P
T



Jennifer 
Schober

Early Universe 
processes
(limited by size of 
Hubble horizon)

Initial A

Initial B
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Hubble horizon)

Initial A

Initial B

Connecting observation with theory

Q
CD

 P
T

EW
 P
T

Final A



Jennifer 
Schober

Magnetic history of the Universe



Jennifer 
Schober

Seed magnetic fields:
v Inflation:

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

Magnetic history of the Universe
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Seed magnetic fields:
v Inflation:

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

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

Magnetic history of the Universe
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Magnetic history of the Universe
Modelling the primordial plasma
• Dynamical variables: magnetic field     , velocity field     , density                      

+ equation of state

Seed 
magnetic 
fields
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⇢
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Magnetic history of the Universe
Modelling the primordial plasma
• Dynamical variables: magnetic field     , velocity field     , density                      

+ equation of state

• Evolution equations:    

Seed 
magnetic 
fields

Fully general 
relativistic MHD 

equations
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Magnetic history of the Universe
Modelling the primordial plasma
• Dynamical variables: magnetic field     , velocity field     , density                      

+ equation of state

• Evolution equations:    

Seed 
magnetic 
fields

Fully general 
relativistic MHD 

equations

MHD 
equations

[Brandenburg et al. 1996 ] 

Use comoving quantities like
and conformal time
[                                        ].

dt̃ ⌘ a�1dt
<latexit sha1_base64="0G3liDFg5jZESSDEMl5fPABG8rE=">AAACFnicbVDJSgNBEO2JW4xb1KOXxiB4SZiJgh4DXjxGMAtkYujpqSRNeha7awJhyFd48Ve8eFDEq3jzb+wsiCY+aHj9XhVV9bxYCo22/WVlVlbX1jeym7mt7Z3dvfz+QV1HieJQ45GMVNNjGqQIoYYCJTRjBSzwJDS8wdXEbwxBaRGFtziKoR2wXii6gjM0UidfdAOGfRWk/thFIX1IcUxduE/EkLK7tOiY308FdvIFu2RPQZeJMycFMke1k/90/YgnAYTIJdO65dgxtlOmUHAJ45ybaIgZH7AetAwNWQC6nU7PGtMTo/i0GynzQqRT9XdHygKtR4FnKicr6kVvIv7ntRLsXrZTEcYJQshng7qJpBjRSUbUFwo4ypEhjCthdqW8zxTjaJLMmRCcxZOXSb1ccs5K9s15oVKex5ElR+SYnBKHXJAKuSZVUiOcPJAn8kJerUfr2Xqz3melGWvec0j+wPr4BovboCo=</latexit>
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<latexit sha1_base64="YOpJGB5Cax1BJGpaGODgn5HiNNk=">AAACFXicbVBNS8NAEN34bf2KevSyWAQPUpIq6LHoxaOCVaGpZbOZtEs3H+5OiiXkT3jxr3jxoIhXwZv/xm3NQasPBh7vzTAzz0+l0Og4n9bU9Mzs3PzCYmVpeWV1zV7fuNRJpjg0eSITde0zDVLE0ESBEq5TBSzyJVz5/ZORfzUApUUSX+AwhXbEurEIBWdopI6956GQAeQewh36YX5cFNSD20wMKLvJ6wX96XTsqlNzxqB/iVuSKilx1rE/vCDhWQQxcsm0brlOiu2cKRRcQlHxMg0p433WhZahMYtAt/PxVwXdMUpAw0SZipGO1Z8TOYu0Hka+6YwY9vSkNxL/81oZhkftXMRphhDz70VhJikmdBQRDYQCjnJoCONKmFsp7zHFOJogKyYEd/Llv+SyXnP3a875QbVRL+NYIFtkm+wSlxySBjklZ6RJOLknj+SZvFgP1pP1ar19t05Z5cwm+QXr/QvNyZ/I</latexit>
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<latexit sha1_base64="IWF96EE/faSN7x7JEblRDSNx+6k=">AAACI3icbZDLSgMxFIYz9VbrrerSTbAIdWGZqYIiCAU3LivaC/RGJk3b0GRmSM4IZei7uPFV3LhQihsXvouZdqDa+kPg5zvnkHN+NxBcg21/WamV1bX1jfRmZmt7Z3cvu39Q1X6oKKtQX/iq7hLNBPdYBTgIVg8UI9IVrOYOb+N67YkpzX3vEUYBa0nS93iPUwIGdbLXTUlgoGTUHet2Ed9g2i7OERh0hkkeTo2Z4+YD70vSyebsgj0VXjZOYnIoUbmTnTS7Pg0l84AKonXDsQNoRUQBp4KNM81Qs4DQIemzhrEekUy3oumNY3xiSBf3fGWeB3hKf09ERGo9kq7pjPfUi7UY/ldrhNC7akXcC0JgHp191AsFBh/HgeEuV4yCGBlDqOJmV0wHRBEKJtaMCcFZPHnZVIsF57xg31/kSsUkjjQ6Qscojxx0iUroDpVRBVH0jF7RO/qwXqw3a2J9zlpTVjJziP7I+v4BwnSjqw==</latexit>
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<latexit sha1_base64="2C/kU+a0UqMW2MrWinV4WxX9tmE="></latexit>

⇢
<latexit sha1_base64="gxnNsPtr5bz00zarpARysnl7tz8=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKexGQY8BLx4jmAckS5idzCZD5rHMzAphyS948aCIV3/Im3/jbLIHTSxoKKq66e6KEs6M9f1vr7SxubW9U96t7O0fHB5Vj086RqWa0DZRXOlehA3lTNK2ZZbTXqIpFhGn3Wh6l/vdJ6oNU/LRzhIaCjyWLGYE21wa6IkaVmt+3V8ArZOgIDUo0BpWvwYjRVJBpSUcG9MP/MSGGdaWEU7nlUFqaILJFI9p31GJBTVhtrh1ji6cMkKx0q6kRQv190SGhTEzEblOge3ErHq5+J/XT218G2ZMJqmlkiwXxSlHVqH8cTRimhLLZ45gopm7FZEJ1phYF0/FhRCsvrxOOo16cFX3H65rzUYRRxnO4BwuIYAbaMI9tKANBCbwDK/w5gnvxXv3PpatJa+YOYU/8D5/ABuGjjk=</latexit>
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Decaying magnetohydrodynamical (MHD) turbulence:
• The evolution of magnetic fields is governed by:
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Decaying magnetohydrodynamical (MHD) turbulence:
• The evolution of magnetic fields is governed by:

• It implies that magnetic helicity             (with the vector potential defined 
in     ) is conserved in the limit            :
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<latexit sha1_base64="2GgZh26Xv7ZffpTjuweOO32OsL0=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwFZIq6EaounFZwT6gCWUymbRDJ5MwMxFKyF+48VfcuFDEre78GydtFrX1wDCHc+7l3nv8hFGpbPvHqKysrq1vVDdrW9s7u3vm/kFHxqnApI1jFouejyRhlJO2ooqRXiIIinxGuv74tvC7j0RIGvMHNUmIF6EhpyHFSGlpYFquH7NATiL9ZTc5vIIuRz5D0FU0IhLO29c5HJh127KngMvEKUkdlGgNzG83iHEaEa4wQ1L2HTtRXoaEopiRvOamkiQIj9GQ9DXlSA/1suldOTzRSgDDWOjHFZyq8x0ZimSxm66MkBrJRa8Q//P6qQovvYzyJFWE49mgMGVQxbAICQZUEKzYRBOEBdW7QjxCAmGlo6zpEJzFk5dJp2E5Z5Z9f15vNso4quAIHINT4IAL0AR3oAXaAIMn8ALewLvxbLwaH8bnrLRilD2H4A+Mr1/u+5+3</latexit>
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<latexit sha1_base64="TSDm13U3o7POrwZoOSIeGXZa14M=">AAACDnicbVC7TsMwFHXKq5RXgJHFoqrEVCUFCcYCC2OR6ENqospx3NaqY0e2g1RF+QIWfoWFAYRYmdn4G5w2Q2k5kuWjc+7VvfcEMaNKO86PVVpb39jcKm9Xdnb39g/sw6OOEonEpI0FE7IXIEUY5aStqWakF0uCooCRbjC5zf3uI5GKCv6gpzHxIzTidEgx0kYa2DUvECxU08h86XUGPRwKDRfFmwxWBnbVqTszwFXiFqQKCrQG9rcXCpxEhGvMkFJ914m1nyKpKWYkq3iJIjHCEzQifUM5iojy09k5GawZJYRDIc3jGs7UxY4URSpfzlRGSI/VspeL/3n9RA+v/JTyONGE4/mgYcKgFjDPBoZUEqzZ1BCEJTW7QjxGEmFtEsxDcJdPXiWdRt09rzv3F9Vmo4ijDE7AKTgDLrgETXAHWqANMHgCL+ANvFvP1qv1YX3OS0tW0XMM/sD6+gUpkZwY</latexit>
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<latexit sha1_base64="a8TGQnj2tL5Mr6kiQjsJGcCZ5AU=">AAACMXicbVBNS8MwGE7n15xfVY9egkOYl9FOQS/C1MuOE9wHrGOkabqFpU1JUmGU/iUv/hPxsoMiXv0TplvBuflAyMPzvG/yvo8bMSqVZU2Nwtr6xuZWcbu0s7u3f2AeHrUljwUmLcwZF10XScJoSFqKKka6kSAocBnpuOP7zO88ESEpDx/VJCL9AA1D6lOMlJYGZsPxBcKJEyGhKGKw4riceXIS6Cu5TaGDPa7goniXwvMU/naoFN5AqzQwy1bVmgGuEjsnZZCjOTBfHY/jOCChwgxJ2bOtSPWT7FXMSFpyYkkihMdoSHqahiggsp/MNk7hmVY86HOhT6jgTF3sSFAgs3l1ZYDUSC57mfif14uVf91PaBjFioR4/pEf6y05zOKDHhUEKzbRBGFB9awQj5COUOmQsxDs5ZVXSbtWtS+q1sNluV7L4yiCE3AKKsAGV6AOGqAJWgCDZ/AG3sGH8WJMjU/ja15aMPKeY/AHxvcPumepwg==</latexit>
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Decaying magnetohydrodynamical (MHD) turbulence:
• The evolution of magnetic fields is governed by:

• It implies that magnetic helicity             (with the vector potential defined 
in     ) is conserved in the limit            :

• By using the correlation length       to write                          , we find
(”inverse cascade”)
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<latexit sha1_base64="TSDm13U3o7POrwZoOSIeGXZa14M=">AAACDnicbVC7TsMwFHXKq5RXgJHFoqrEVCUFCcYCC2OR6ENqospx3NaqY0e2g1RF+QIWfoWFAYRYmdn4G5w2Q2k5kuWjc+7VvfcEMaNKO86PVVpb39jcKm9Xdnb39g/sw6OOEonEpI0FE7IXIEUY5aStqWakF0uCooCRbjC5zf3uI5GKCv6gpzHxIzTidEgx0kYa2DUvECxU08h86XUGPRwKDRfFmwxWBnbVqTszwFXiFqQKCrQG9rcXCpxEhGvMkFJ914m1nyKpKWYkq3iJIjHCEzQifUM5iojy09k5GawZJYRDIc3jGs7UxY4URSpfzlRGSI/VspeL/3n9RA+v/JTyONGE4/mgYcKgFjDPBoZUEqzZ1BCEJTW7QjxGEmFtEsxDcJdPXiWdRt09rzv3F9Vmo4ijDE7AKTgDLrgETXAHWqANMHgCL+ANvFvP1qv1YX3OS0tW0XMM/sD6+gUpkZwY</latexit>
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<latexit sha1_base64="XFrJZmB8/J/NK0WSqZ0XcMTZrqc=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBFclaQKuiy4cSNUsA9oQphMJ+3QmUmYmRRL6J+4caGIW//EnX9j0mahrQcGDufcyz1zwoQzbRzn21pb39jc2q7sVHf39g8O7aPjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh+LbwuxOqNIvlo5km1Bd4KFnECDa5FNi298QCT2AzUiK7n6FqYNecujMHWiVuSWpQohXYX94gJqmg0hCOte67TmL8DCvDCKezqpdqmmAyxkPaz6nEgmo/myefofNcGaAoVvmTBs3V3xsZFlpPRZhPFhn1sleI/3n91EQ3fsZkkhoqyeJQlHJkYlTUgAZMUWL4NCeYKJZnRWSEFSYmL6sowV3+8irpNOruZd15uKo1G2UdFTiFM7gAF66hCXfQgjYQmMAzvMKblVkv1rv1sRhds8qdE/gD6/MH/yiTLQ==</latexit>
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Magnetic history of the Universe
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PT helicalnon-helical

[Kahniashvili et al. 2013 ,
Brandenburg et al. 2017,
Hosking & Schekochihin 2021 ]
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Decaying magnetohydrodynamical (MHD) turbulence:

Magnetic history of the Universe

EW
PT helicalnon-helical

[Kahniashvili et al. 2013 ,
Brandenburg et al. 2017,
Hosking & Schekochihin 2021 ]
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Decaying MHD 
turbulence

Passive evolution:
Magnetic field is frozen in 
Hubble expansion
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Decaying MHD 
turbulence

Passive 
evolution

Magnetic 
energy

MHD dynamos [Brandenburg & Subramanian 2005 ]:

Kinetic energy:
• Turbulence 

(accretion, 
supernovae)

• Large-scale 
rotation

Magnetic history of the Universe

Seed 
magnetic 
fields



Jennifer 
Schober

Decaying MHD 
turbulence

Passive 
evolution

MHD 
dynamos

Magnetic history of the Universe

Seed 
magnetic 
fields



Jennifer 
Schober

Reviews:
Durrer & Neronov 2013
Subramanian 2016
Vachaspati 2020

Decaying MHD 
turbulence

Passive 
evolution

MHD 
dynamos

Magnetic history of the Universe

[Fletcher et al. 2011 ]

B ⇡ 10�5 G
<latexit sha1_base64="kKry7yvJie9XJ8GhJaZewvR0He8=">AAACFHicbVA7T8MwGHR4lvIKMLJYVEhIiCopIBgrGGAsEn1ITagc12mtOollO0AVhf/Awl9hYQAhVgY2/g1umgFaTrJ0uvs++3weZ1Qqy/o2Zmbn5hcWC0vF5ZXVtXVzY7Mho1hgUscRi0TLQ5IwGpK6ooqRFhcEBR4jTW9wPvKbt0RIGoXXasiJG6BeSH2KkdJSx9x3sjuSuz5VJE3OoIM4F9E9tK2b5OA4fXACpPoiSC7StGOWrLKVAU4TOyclkKPWMb+cboTjgIQKMyRl27a4chMkFMWMpEUnloQjPEA90tY0RAGRbpIFSuGuVrrQj4Q+oYKZ+nsjQYGUw8DTk6OIctIbif957Vj5p25CQx4rEuLxQ37MoIrgqCHYpYJgxYaaICyozgpxHwmEle6xqEuwJ788TRqVsn1Ytq6OStVKXkcBbIMdsAdscAKq4BLUQB1g8AiewSt4M56MF+Pd+BiPzhj5zhb4A+PzB4AFnwo=</latexit>
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[Fletcher et al. 2011 ]

Evolution in non-linear structure 
formation:

B ⇡ 10�5 G
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A chiral chemical potential 

leads to an additional electric current

[Vilenkin 1980, see talk by Naoki Yamamoto’].
JCME / µ5B
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New currents at high energies
Where/when is the CME important?
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New currents at high energies
Where/when is the CME important?
The CME is a Standard Model effect that occurs 
in a magnetized plasma, if chirality flipping 
reactions are supressed, i.e. at                         .

• Early Universe
[Joyce & Shaposhnikov 1997; Fr*hlich & 
Pedrini 2000; Semikoz & Sokoloff 2004; 
Boyarsky et al. 2012; Pavlovic et al 2017 ]

Chiral Magnetic Effect (CME)

T > 10 MeV
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New currents at high energies
Where/when is the CME important?
The CME is a Standard Model effect that occurs 
in a magnetized plasma, if chirality flipping 
reactions are supressed, i.e. at                         .

• Early Universe
[Joyce & Shaposhnikov 1997; Fr*hlich & 
Pedrini 2000; Semikoz & Sokoloff 2004; 
Boyarsky et al. 2012; Pavlovic et al 2017 ]

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

• Heavy-ion collisions                                         
[ALICE collaboration, 2013; Hirono, Hirano,   
&  Kharzeev 2014 ]

• Condensed matter (Weyl semimetals)      
[Galitski, Kargarian, & Syzranov 2018 ]

Chiral Magnetic Effect (CME)

T > 10 MeV
<latexit sha1_base64="OrpeNWPWyWs+KNdovIjHDfRUNa8=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRV0JUU3LgRKvQFbSiT6W07dCYJMxMhhPZX3LhQxK0f4s6/cdJmoa0HBg7n3Ms9c/yIM6Ud59sqbGxube8Ud0t7+weHR/bxSVuFsaTQoiEPZdcnCjgLoKWZ5tCNJBDhc+j407vM7zyBVCwMmjqJwBNkHLARo0QbaWCXm/gWu868L4ieSJE+QHs2sCtO1VkArxM3JxWUozGwv/rDkMYCAk05UarnOpH2UiI1oxxmpX6sICJ0SsbQMzQgApSXLsLP8LlRhngUSvMCjRfq742UCKUS4ZvJLKNa9TLxP68X69GNl7IgijUEdHloFHOsQ5w1gYdMAtU8MYRQyUxWTCdEEqpNXyVTgrv65XXSrlXdy6rzeFWp1/I6iugUnaEL5KJrVEf3qIFaiKIEPaNX9GbNrRfr3fpYjhasfKeM/sD6/AFtXpPx</latexit>



Jennifer 
Schober

Extension of MHD to high energies

<latexit sha1_base64="i3sX6FKMgJovyNQvSU7GmcYoFTw=">AAAB+3icbVBNS8NAEN34WetXrEcvi0XwVJIK6rHgxWMF+wFNKJvtpl262Q27E7WE/hUvHhTx6h/x5r9x2+agrQ8GHu/NMDMvSgU34Hnfztr6xubWdmmnvLu3f3DoHlXaRmWashZVQuluRAwTXLIWcBCsm2pGkkiwTjS+mfmdB6YNV/IeJikLEzKUPOaUgJX6biVgQHCg+XAERGv1iL2+W/Vq3hx4lfgFqaICzb77FQwUzRImgQpiTM/3UghzooFTwablIDMsJXRMhqxnqSQJM2E+v32Kz6wywLHStiTgufp7IieJMZMksp0JgZFZ9mbif14vg/g6zLlMM2CSLhbFmcCg8CwIPOCaURATSwjV3N6K6YhoQsHGVbYh+Msvr5J2veZf1Ly7erVxWcRRQifoFJ0jH12hBrpFTdRCFD2hZ/SK3pyp8+K8Ox+L1jWnmDlGf+B8/gBvIJP+</latexit>

Classical MHD
Electric current 

and Maxwell’s equations yield 
the induction equation:

Conservation law              
(valid for              ):
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Transition at 
high 
temperature    
(                    )
[Boyarsky, 
Froehlich, & 
Ruchayskiy
2012] 
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<latexit sha1_base64="i3sX6FKMgJovyNQvSU7GmcYoFTw=">AAAB+3icbVBNS8NAEN34WetXrEcvi0XwVJIK6rHgxWMF+wFNKJvtpl262Q27E7WE/hUvHhTx6h/x5r9x2+agrQ8GHu/NMDMvSgU34Hnfztr6xubWdmmnvLu3f3DoHlXaRmWashZVQuluRAwTXLIWcBCsm2pGkkiwTjS+mfmdB6YNV/IeJikLEzKUPOaUgJX6biVgQHCg+XAERGv1iL2+W/Vq3hx4lfgFqaICzb77FQwUzRImgQpiTM/3UghzooFTwablIDMsJXRMhqxnqSQJM2E+v32Kz6wywLHStiTgufp7IieJMZMksp0JgZFZ9mbif14vg/g6zLlMM2CSLhbFmcCg8CwIPOCaURATSwjV3N6K6YhoQsHGVbYh+Msvr5J2veZf1Ly7erVxWcRRQifoFJ0jH12hBrpFTdRCFD2hZ/SK3pyp8+K8Ox+L1jWnmDlGf+B8/gBvIJP+</latexit>

Classical MHD
Electric current 

and Maxwell’s equations yield 
the induction equation:

Conservation law              
(valid for              ):

@B

@t
= r⇥ [U ⇥B � ⌘r⇥B]

<latexit sha1_base64="+32mrK+ngwuu2uDLDyLTsr4d4iI="></latexit>

J = JOhm = �

✓
E +

1

c
U ⇥B

◆

<latexit sha1_base64="hP6rT1FiL6onHhwUHHiUQlIHi3s="></latexit>

@

@t
hA ·Bi = 0

<latexit sha1_base64="aLKUrqx4gzIvVtZqQklzw2ZHbzk="></latexit>

Chiral MHD
Electric current with quantum effects 

and Maxwell’s equations yield the chiral  
induction equation:



Jennifer 
Schober

Extension of MHD to high energies

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

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

@B

@t
= r⇥ [U ⇥B � ⌘ (r⇥B � µ5B)]

<latexit sha1_base64="n7j7g32+yNcJc9lG+h+X+120yfw="></latexit>

J = JOhm + JCME
<latexit sha1_base64="RM7Kjk94R22NaUPIvgNqpepVXWg=">AAACM3icdVDLSsNAFJ3UV62vqks3g0UQhJJUQTdCoQhSECvYBzQhTCbTduhMEmYmQgn5Jzf+iAtBXCji1n9w0nZhW70wzOGce7nnHi9iVCrTfDVyS8srq2v59cLG5tb2TnF3ryXDWGDSxCELRcdDkjAakKaiipFOJAjiHiNtb1jL9PYDEZKGwb0aRcThqB/QHsVIacot1m0vZL4ccf0l9RRewlnCtTlSA8GT2wFP4cl/au3mKnWLJbNsjgsuAmsKSmBaDbf4bPshjjkJFGZIyq5lRspJkFAUM5IW7FiSCOEh6pOuhgHiRDrJ+OYUHmnGh71Q6BcoOGZ/TySIy8yn7sw8ynktI//SurHqXTgJDaJYkQBPFvViBlUIswChTwXBio00QFhQ7RXiARIIKx1zQYdgzZ+8CFqVsnVaNu/OStXKNI48OACH4BhY4BxUwTVogCbA4BG8gHfwYTwZb8an8TVpzRnTmX0wU8b3Dxu+rFk=</latexit>

<latexit sha1_base64="i3sX6FKMgJovyNQvSU7GmcYoFTw=">AAAB+3icbVBNS8NAEN34WetXrEcvi0XwVJIK6rHgxWMF+wFNKJvtpl262Q27E7WE/hUvHhTx6h/x5r9x2+agrQ8GHu/NMDMvSgU34Hnfztr6xubWdmmnvLu3f3DoHlXaRmWashZVQuluRAwTXLIWcBCsm2pGkkiwTjS+mfmdB6YNV/IeJikLEzKUPOaUgJX6biVgQHCg+XAERGv1iL2+W/Vq3hx4lfgFqaICzb77FQwUzRImgQpiTM/3UghzooFTwablIDMsJXRMhqxnqSQJM2E+v32Kz6wywLHStiTgufp7IieJMZMksp0JgZFZ9mbif14vg/g6zLlMM2CSLhbFmcCg8CwIPOCaURATSwjV3N6K6YhoQsHGVbYh+Msvr5J2veZf1Ly7erVxWcRRQifoFJ0jH12hBrpFTdRCFD2hZ/SK3pyp8+K8Ox+L1jWnmDlGf+B8/gBvIJP+</latexit>

Classical MHD
Electric current 

and Maxwell’s equations yield 
the induction equation:

Conservation law              
(valid for              ):

@B

@t
= r⇥ [U ⇥B � ⌘r⇥B]

<latexit sha1_base64="+32mrK+ngwuu2uDLDyLTsr4d4iI="></latexit>

J = JOhm = �

✓
E +

1

c
U ⇥B

◆

<latexit sha1_base64="hP6rT1FiL6onHhwUHHiUQlIHi3s="></latexit>

@

@t
hA ·Bi = 0

<latexit sha1_base64="aLKUrqx4gzIvVtZqQklzw2ZHbzk="></latexit>

Chiral MHD
Electric current with quantum effects 

and Maxwell’s equations yield the chiral  
induction equation:



Jennifer 
Schober

Extension of MHD to high energies

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

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

@B

@t
= r⇥ [U ⇥B � ⌘ (r⇥B � µ5B)]

<latexit sha1_base64="n7j7g32+yNcJc9lG+h+X+120yfw="></latexit>

J = JOhm + JCME
<latexit sha1_base64="RM7Kjk94R22NaUPIvgNqpepVXWg=">AAACM3icdVDLSsNAFJ3UV62vqks3g0UQhJJUQTdCoQhSECvYBzQhTCbTduhMEmYmQgn5Jzf+iAtBXCji1n9w0nZhW70wzOGce7nnHi9iVCrTfDVyS8srq2v59cLG5tb2TnF3ryXDWGDSxCELRcdDkjAakKaiipFOJAjiHiNtb1jL9PYDEZKGwb0aRcThqB/QHsVIacot1m0vZL4ccf0l9RRewlnCtTlSA8GT2wFP4cl/au3mKnWLJbNsjgsuAmsKSmBaDbf4bPshjjkJFGZIyq5lRspJkFAUM5IW7FiSCOEh6pOuhgHiRDrJ+OYUHmnGh71Q6BcoOGZ/TySIy8yn7sw8ynktI//SurHqXTgJDaJYkQBPFvViBlUIswChTwXBio00QFhQ7RXiARIIKx1zQYdgzZ+8CFqVsnVaNu/OStXKNI48OACH4BhY4BxUwTVogCbA4BG8gHfwYTwZb8an8TVpzRnTmX0wU8b3Dxu+rFk=</latexit>

<latexit sha1_base64="i3sX6FKMgJovyNQvSU7GmcYoFTw=">AAAB+3icbVBNS8NAEN34WetXrEcvi0XwVJIK6rHgxWMF+wFNKJvtpl262Q27E7WE/hUvHhTx6h/x5r9x2+agrQ8GHu/NMDMvSgU34Hnfztr6xubWdmmnvLu3f3DoHlXaRmWashZVQuluRAwTXLIWcBCsm2pGkkiwTjS+mfmdB6YNV/IeJikLEzKUPOaUgJX6biVgQHCg+XAERGv1iL2+W/Vq3hx4lfgFqaICzb77FQwUzRImgQpiTM/3UghzooFTwablIDMsJXRMhqxnqSQJM2E+v32Kz6wywLHStiTgufp7IieJMZMksp0JgZFZ9mbif14vg/g6zLlMM2CSLhbFmcCg8CwIPOCaURATSwjV3N6K6YhoQsHGVbYh+Msvr5J2veZf1Ly7erVxWcRRQifoFJ0jH12hBrpFTdRCFD2hZ/SK3pyp8+K8Ox+L1jWnmDlGf+B8/gBvIJP+</latexit>

Classical MHD
Electric current 

and Maxwell’s equations yield 
the induction equation:

Conservation law              
(valid for              ):

@B

@t
= r⇥ [U ⇥B � ⌘r⇥B]

<latexit sha1_base64="+32mrK+ngwuu2uDLDyLTsr4d4iI="></latexit>

J = JOhm = �

✓
E +

1

c
U ⇥B

◆

<latexit sha1_base64="hP6rT1FiL6onHhwUHHiUQlIHi3s="></latexit>

@

@t
hA ·Bi = 0

<latexit sha1_base64="aLKUrqx4gzIvVtZqQklzw2ZHbzk="></latexit>

Chiral MHD
Electric current with quantum effects 

and Maxwell’s equations yield the chiral  
induction equation:



Jennifer 
Schober

Extension of MHD to high energies

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

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

@B

@t
= r⇥ [U ⇥B � ⌘ (r⇥B � µ5B)]

<latexit sha1_base64="n7j7g32+yNcJc9lG+h+X+120yfw="></latexit>

J = JOhm + JCME
<latexit sha1_base64="RM7Kjk94R22NaUPIvgNqpepVXWg=">AAACM3icdVDLSsNAFJ3UV62vqks3g0UQhJJUQTdCoQhSECvYBzQhTCbTduhMEmYmQgn5Jzf+iAtBXCji1n9w0nZhW70wzOGce7nnHi9iVCrTfDVyS8srq2v59cLG5tb2TnF3ryXDWGDSxCELRcdDkjAakKaiipFOJAjiHiNtb1jL9PYDEZKGwb0aRcThqB/QHsVIacot1m0vZL4ccf0l9RRewlnCtTlSA8GT2wFP4cl/au3mKnWLJbNsjgsuAmsKSmBaDbf4bPshjjkJFGZIyq5lRspJkFAUM5IW7FiSCOEh6pOuhgHiRDrJ+OYUHmnGh71Q6BcoOGZ/TySIy8yn7sw8ynktI//SurHqXTgJDaJYkQBPFvViBlUIswChTwXBio00QFhQ7RXiARIIKx1zQYdgzZ+8CFqVsnVaNu/OStXKNI48OACH4BhY4BxUwTVogCbA4BG8gHfwYTwZb8an8TVpzRnTmX0wU8b3Dxu+rFk=</latexit>

⌘
<latexit sha1_base64="IySohZPlFhDoS2POULZNwHQHX4g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48V7Ae0oWy2m3bp7ibsToQS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEEth0XW/ndLG5tb2Tnm3srd/cHhUPT7p2CgxjLdZJCPTC6jlUmjeRoGS92LDqQok7wbTu9zvPnFjRaQfcRZzX9GxFqFgFHNpwJEOqzW37i5A1olXkBoUaA2rX4NRxBLFNTJJre17box+Sg0KJvm8Mkgsjymb0jHvZ1RTxa2fLm6dk4tMGZEwMllpJAv190RKlbUzFWSdiuLErnq5+J/XTzC89VOh4wS5ZstFYSIJRiR/nIyE4QzlLCOUGZHdStiEGsowi6eSheCtvrxOOo26d1V3H65rzUYRRxnO4BwuwYMbaMI9tKANDCbwDK/w5ijnxXl3PpatJaeYOYU/cD5/AAS8jio=</latexit>

<latexit sha1_base64="i3sX6FKMgJovyNQvSU7GmcYoFTw=">AAAB+3icbVBNS8NAEN34WetXrEcvi0XwVJIK6rHgxWMF+wFNKJvtpl262Q27E7WE/hUvHhTx6h/x5r9x2+agrQ8GHu/NMDMvSgU34Hnfztr6xubWdmmnvLu3f3DoHlXaRmWashZVQuluRAwTXLIWcBCsm2pGkkiwTjS+mfmdB6YNV/IeJikLEzKUPOaUgJX6biVgQHCg+XAERGv1iL2+W/Vq3hx4lfgFqaICzb77FQwUzRImgQpiTM/3UghzooFTwablIDMsJXRMhqxnqSQJM2E+v32Kz6wywLHStiTgufp7IieJMZMksp0JgZFZ9mbif14vg/g6zLlMM2CSLhbFmcCg8CwIPOCaURATSwjV3N6K6YhoQsHGVbYh+Msvr5J2veZf1Ly7erVxWcRRQifoFJ0jH12hBrpFTdRCFD2hZ/SK3pyp8+K8Ox+L1jWnmDlGf+B8/gBvIJP+</latexit>

Classical MHD
Electric current 

and Maxwell’s equations yield 
the induction equation:

Conservation law              
(valid for              ):

@B

@t
= r⇥ [U ⇥B � ⌘r⇥B]

<latexit sha1_base64="+32mrK+ngwuu2uDLDyLTsr4d4iI="></latexit>

J = JOhm = �

✓
E +

1

c
U ⇥B

◆

<latexit sha1_base64="hP6rT1FiL6onHhwUHHiUQlIHi3s="></latexit>

@

@t
hA ·Bi = 0

<latexit sha1_base64="aLKUrqx4gzIvVtZqQklzw2ZHbzk="></latexit>

Chiral MHD
Electric current with quantum effects 

and Maxwell’s equations yield the chiral  
induction equation:

Conservation law
(valid for any    ):



Jennifer 
Schober

Chiral MHD
Full set of equations

[   : wavenumber]� = ⌘µ5k � ⌘k2
<latexit sha1_base64="sYUwmVxIYkfx8kXTuMg1URO7DgI=">AAACCXicbVDLSgMxFM34rLXqqEtBgkVwY5mpiG6EghuXLdgHdGq5k6ZtaDIzJBmhDF3qxl9x40Ipbv0Dd36DP2Ha6UJbD1w4Oedecu/xI86Udpwva2l5ZXVtPbOR3cxtbe/Yu3s1FcaS0CoJeSgbPijKWUCrmmlOG5GkIHxO6/7geuLX76lULAxu9TCiLQG9gHUZAW2kto29HggB+Ap7VAP2RNw+xwN8mj4Hd8W2nXcKzhR4kbgzki/lxpXvh8NxuW1/ep2QxIIGmnBQquk6kW4lIDUjnI6yXqxoBGQAPdo0NABBVSuZXjLCx0bp4G4oTQUaT9XfEwkIpYbCN50CdF/NexPxP68Z6+5lK2FBFGsakPSjbsyxDvEkFtxhkhLNh4YAkczsikkfJBBtwsuaENz5kxdJrVhwzwpOxaRRRCky6AAdoRPkogtUQjeojKqIoEf0jF7Rm/VkvVhj6z1tXbJmM/voD6yPH9cem4E=</latexit>

Exponential 
ansatz: � = ⌘µ5k � ⌘k2

<latexit sha1_base64="sYUwmVxIYkfx8kXTuMg1URO7DgI=">AAACCXicbVDLSgMxFM34rLXqqEtBgkVwY5mpiG6EghuXLdgHdGq5k6ZtaDIzJBmhDF3qxl9x40Ipbv0Dd36DP2Ha6UJbD1w4Oedecu/xI86Udpwva2l5ZXVtPbOR3cxtbe/Yu3s1FcaS0CoJeSgbPijKWUCrmmlOG5GkIHxO6/7geuLX76lULAxu9TCiLQG9gHUZAW2kto29HggB+Ap7VAP2RNw+xwN8mj4Hd8W2nXcKzhR4kbgzki/lxpXvh8NxuW1/ep2QxIIGmnBQquk6kW4lIDUjnI6yXqxoBGQAPdo0NABBVSuZXjLCx0bp4G4oTQUaT9XfEwkIpYbCN50CdF/NexPxP68Z6+5lK2FBFGsakPSjbsyxDvEkFtxhkhLNh4YAkczsikkfJBBtwsuaENz5kxdJrVhwzwpOxaRRRCky6AAdoRPkogtUQjeojKqIoEf0jF7Rm/VkvVhj6z1tXbJmM/voD6yPH9cem4E=</latexit>

B(t) / exp(�t)
<latexit sha1_base64="7/aT+/6rbHVn8h0w+Npe5vV3CmE=">AAACDHicbVDLSgMxFM34rPVVdekmWIR2U2aqoMuiG5cV7AM6Q8mkaRuazITkjliGfoAbf8WNC0Xc+gHu/BvTdhbaeiBwOOdecs8JleAGXPfbWVldW9/YzG3lt3d29/YLB4dNEyeasgaNRazbITFM8Ig1gINgbaUZkaFgrXB0PfVb90wbHkd3MFYskGQQ8T6nBKzULRSvSlDGvtKxghj7ksBQy5Q9qEnJHxApCYaynXIr7gx4mXgZKaIM9W7hy+/FNJEsAiqIMR3PVRCkRAOngk3yfmKYInREBqxjaUQkM0E6CzPBp1bp4X6s7YsAz9TfGymRxoxlaCen15pFbyr+53US6F8GKY9UAiyi84/6icA297QZ3OOaURBjSwjV3N6K6ZBoQsH2l7cleIuRl0mzWvHOKu7tebFWzerIoWN0gkrIQxeohm5QHTUQRY/oGb2iN+fJeXHenY/56IqT7RyhP3A+fwCoe5qw</latexit>



Jennifer 
Schober

Chiral MHD
Full set of equations

[   : wavenumber]

→ The maximum growth 
.    rate is given by

.    and attained on the scale:

[Joyce & Shaposhnikov 1997 , 
see also talk by Tomoya
Takiwaki]

� = ⌘µ5k � ⌘k2
<latexit sha1_base64="sYUwmVxIYkfx8kXTuMg1URO7DgI=">AAACCXicbVDLSgMxFM34rLXqqEtBgkVwY5mpiG6EghuXLdgHdGq5k6ZtaDIzJBmhDF3qxl9x40Ipbv0Dd36DP2Ha6UJbD1w4Oedecu/xI86Udpwva2l5ZXVtPbOR3cxtbe/Yu3s1FcaS0CoJeSgbPijKWUCrmmlOG5GkIHxO6/7geuLX76lULAxu9TCiLQG9gHUZAW2kto29HggB+Ap7VAP2RNw+xwN8mj4Hd8W2nXcKzhR4kbgzki/lxpXvh8NxuW1/ep2QxIIGmnBQquk6kW4lIDUjnI6yXqxoBGQAPdo0NABBVSuZXjLCx0bp4G4oTQUaT9XfEwkIpYbCN50CdF/NexPxP68Z6+5lK2FBFGsakPSjbsyxDvEkFtxhkhLNh4YAkczsikkfJBBtwsuaENz5kxdJrVhwzwpOxaRRRCky6AAdoRPkogtUQjeojKqIoEf0jF7Rm/VkvVhj6z1tXbJmM/voD6yPH9cem4E=</latexit>

Exponential 
ansatz: � = ⌘µ5k � ⌘k2

<latexit sha1_base64="sYUwmVxIYkfx8kXTuMg1URO7DgI=">AAACCXicbVDLSgMxFM34rLXqqEtBgkVwY5mpiG6EghuXLdgHdGq5k6ZtaDIzJBmhDF3qxl9x40Ipbv0Dd36DP2Ha6UJbD1w4Oedecu/xI86Udpwva2l5ZXVtPbOR3cxtbe/Yu3s1FcaS0CoJeSgbPijKWUCrmmlOG5GkIHxO6/7geuLX76lULAxu9TCiLQG9gHUZAW2kto29HggB+Ap7VAP2RNw+xwN8mj4Hd8W2nXcKzhR4kbgzki/lxpXvh8NxuW1/ep2QxIIGmnBQquk6kW4lIDUjnI6yXqxoBGQAPdo0NABBVSuZXjLCx0bp4G4oTQUaT9XfEwkIpYbCN50CdF/NexPxP68Z6+5lK2FBFGsakPSjbsyxDvEkFtxhkhLNh4YAkczsikkfJBBtwsuaENz5kxdJrVhwzwpOxaRRRCky6AAdoRPkogtUQjeojKqIoEf0jF7Rm/VkvVhj6z1tXbJmM/voD6yPH9cem4E=</latexit>

B(t) / exp(�t)
<latexit sha1_base64="7/aT+/6rbHVn8h0w+Npe5vV3CmE=">AAACDHicbVDLSgMxFM34rPVVdekmWIR2U2aqoMuiG5cV7AM6Q8mkaRuazITkjliGfoAbf8WNC0Xc+gHu/BvTdhbaeiBwOOdecs8JleAGXPfbWVldW9/YzG3lt3d29/YLB4dNEyeasgaNRazbITFM8Ig1gINgbaUZkaFgrXB0PfVb90wbHkd3MFYskGQQ8T6nBKzULRSvSlDGvtKxghj7ksBQy5Q9qEnJHxApCYaynXIr7gx4mXgZKaIM9W7hy+/FNJEsAiqIMR3PVRCkRAOngk3yfmKYInREBqxjaUQkM0E6CzPBp1bp4X6s7YsAz9TfGymRxoxlaCen15pFbyr+53US6F8GKY9UAiyi84/6icA297QZ3OOaURBjSwjV3N6K6ZBoQsH2l7cleIuRl0mzWvHOKu7tebFWzerIoWN0gkrIQxeohm5QHTUQRY/oGb2iN+fJeXHenY/56IqT7RyhP3A+fwCoe5qw</latexit>
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Chiral MHD
Full set of equations

Exponential 
ansatz: � = ⌘µ5k � ⌘k2

<latexit sha1_base64="sYUwmVxIYkfx8kXTuMg1URO7DgI=">AAACCXicbVDLSgMxFM34rLXqqEtBgkVwY5mpiG6EghuXLdgHdGq5k6ZtaDIzJBmhDF3qxl9x40Ipbv0Dd36DP2Ha6UJbD1w4Oedecu/xI86Udpwva2l5ZXVtPbOR3cxtbe/Yu3s1FcaS0CoJeSgbPijKWUCrmmlOG5GkIHxO6/7geuLX76lULAxu9TCiLQG9gHUZAW2kto29HggB+Ap7VAP2RNw+xwN8mj4Hd8W2nXcKzhR4kbgzki/lxpXvh8NxuW1/ep2QxIIGmnBQquk6kW4lIDUjnI6yXqxoBGQAPdo0NABBVSuZXjLCx0bp4G4oTQUaT9XfEwkIpYbCN50CdF/NexPxP68Z6+5lK2FBFGsakPSjbsyxDvEkFtxhkhLNh4YAkczsikkfJBBtwsuaENz5kxdJrVhwzwpOxaRRRCky6AAdoRPkogtUQjeojKqIoEf0jF7Rm/VkvVhj6z1tXbJmM/voD6yPH9cem4E=</latexit>

B(t) / exp(�t)
<latexit sha1_base64="7/aT+/6rbHVn8h0w+Npe5vV3CmE=">AAACDHicbVDLSgMxFM34rPVVdekmWIR2U2aqoMuiG5cV7AM6Q8mkaRuazITkjliGfoAbf8WNC0Xc+gHu/BvTdhbaeiBwOOdecs8JleAGXPfbWVldW9/YzG3lt3d29/YLB4dNEyeasgaNRazbITFM8Ig1gINgbaUZkaFgrXB0PfVb90wbHkd3MFYskGQQ8T6nBKzULRSvSlDGvtKxghj7ksBQy5Q9qEnJHxApCYaynXIr7gx4mXgZKaIM9W7hy+/FNJEsAiqIMR3PVRCkRAOngk3yfmKYInREBqxjaUQkM0E6CzPBp1bp4X6s7YsAz9TfGymRxoxlaCen15pFbyr+53US6F8GKY9UAiyi84/6icA297QZ3OOaURBjSwjV3N6K6ZBoQsH2l7cleIuRl0mzWvHOKu7tebFWzerIoWN0gkrIQxeohm5QHTUQRY/oGb2iN+fJeXHenY/56IqT7RyhP3A+fwCoe5qw</latexit>

Non-linearity                              
determined by

Saturation occurs when       
vanishes according to the 
conservation law:

� = ⌘µ5k � ⌘k2
<latexit sha1_base64="sYUwmVxIYkfx8kXTuMg1URO7DgI=">AAACCXicbVDLSgMxFM34rLXqqEtBgkVwY5mpiG6EghuXLdgHdGq5k6ZtaDIzJBmhDF3qxl9x40Ipbv0Dd36DP2Ha6UJbD1w4Oedecu/xI86Udpwva2l5ZXVtPbOR3cxtbe/Yu3s1FcaS0CoJeSgbPijKWUCrmmlOG5GkIHxO6/7geuLX76lULAxu9TCiLQG9gHUZAW2kto29HggB+Ap7VAP2RNw+xwN8mj4Hd8W2nXcKzhR4kbgzki/lxpXvh8NxuW1/ep2QxIIGmnBQquk6kW4lIDUjnI6yXqxoBGQAPdo0NABBVSuZXjLCx0bp4G4oTQUaT9XfEwkIpYbCN50CdF/NexPxP68Z6+5lK2FBFGsakPSjbsyxDvEkFtxhkhLNh4YAkczsikkfJBBtwsuaENz5kxdJrVhwzwpOxaRRRCky6AAdoRPkogtUQjeojKqIoEf0jF7Rm/VkvVhj6z1tXbJmM/voD6yPH9cem4E=</latexit>

� = 3~c (8↵em)2

(kBT )2
<latexit sha1_base64="7bLgE0tUdGfv7B4PjapDfF0X7vk="></latexit>
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Chiral MHD
Full set of equations

[Rogachevskii et al. 2017 ]
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Direct numerical simulations

Chiral MHD

PE
N
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L 
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rg

]

Code properties:
• Grid based 
• 6th-order explicit finite 

difference method in space 

Setup for chiral MHD:
• 3D box with periodic boundary 

conditions
• Resolution up to 10243 grid cells
• Parallelization up to 1024 cores
• Explicit viscosity and magnetic 

resistivity

Full set of equations

[Rogachevskii et al. 2017 ]

• 3rd-order accurate time-
stepping method
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The Pencil Code [pencil-code.nordita.org ]

Chiral MHD sample at: pencil-code/samples/2d-tests/chiral_dynamo
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“Simulations of chiral 
magnetohydrodynamics”

-Outline-

1) Motivation: Observing the Big 
Bang through cosmic magnetic 
fields                                                

2) Chiral magnetohydrodynamics 
and numerical simulations of its 
nonlinear dynamics

3) Insights from simulations

4) Conclusions
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Initial chirality

6=
<latexit sha1_base64="q0WWsXloznTw+ZN24Sz6aYJZlas=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGCaQttKJvtpF262cTdjVBKf4MXD4p49Qd589+4aXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzf5n77CZXmiXwwkxSDmA4ljzijxkp+T+JjuV+pujV3DrJKvIJUoUCzX/nqDRKWxSgNE1TrruemJphSZTgTOCv3Mo0pZWM6xK6lksaog+n82Bk5t8qARImyJQ2Zq78npjTWehKHtjOmZqSXvVz8z+tmJroJplymmUHJFouiTBCTkPxzMuAKmRETSyhT3N5K2IgqyozNJw/BW355lbTqNe+y5t5fVRv1Io4SnMIZXIAH19CAO2iCDww4PMMrvDnSeXHenY9F65pTzJzAHzifP0mZjkg=</latexit>

No initial chirality

Chiral MHD scenarios
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Initial chirality

6=
<latexit sha1_base64="q0WWsXloznTw+ZN24Sz6aYJZlas=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGCaQttKJvtpF262cTdjVBKf4MXD4p49Qd589+4aXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzf5n77CZXmiXwwkxSDmA4ljzijxkp+T+JjuV+pujV3DrJKvIJUoUCzX/nqDRKWxSgNE1TrruemJphSZTgTOCv3Mo0pZWM6xK6lksaog+n82Bk5t8qARImyJQ2Zq78npjTWehKHtjOmZqSXvVz8z+tmJroJplymmUHJFouiTBCTkPxzMuAKmRETSyhT3N5K2IgqyozNJw/BW355lbTqNe+y5t5fVRv1Io4SnMIZXIAH19CAO2iCDww4PMMrvDnSeXHenY9F65pTzJzAHzifP0mZjkg=</latexit>

No initial chirality

� 0
<latexit sha1_base64="q3ARLRaZxe/j6uhe+j9gDdHPFOw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRV0GXBjcsK9gFNKJPJTTp08mBmIpaQX3HjQhG3/og7/8ZpmoW2HrhwOOfeuXOPl3ImlWV9G7WNza3tnfpuY2//4PDIPG4OZJIJCn2a8ESMPCKBsxj6iikOo1QAiTwOQ292u/CHjyAkS+IHNU/BjUgYs4BRorQ0MZtO+UYuwC9yJwyxVUzMltW2SuB1YlekhSr0JuaX4yc0iyBWlBMpx7aVKjcnQjHKoWg4mYSU0BkJYaxpTCKQbl7uLfC5VnwcJEJXrHCp/p7ISSTlPPJ0Z0TUVK56C/E/b5yp4MbNWZxmCmK6XBRkHKsEL4LAPhNAFZ9rQqhg+q+YTokgVOm4GjoEe/XkdTLotO3LtnV/1ep2qjjq6BSdoQtko2vURXeoh/qIoif0jF7Rm1EYL8a78bFsrRnVzAn6A+PzByU/lHE=</latexit>

⇡ 0
<latexit sha1_base64="jKz8SAMv9WB31c2iejK0JXmNLvo=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkCrosuHFZwT6gCWUymbRDJzNhZiKWmIW/4saFIm79DXf+jdM0C209cOFwzr1z554gYVRpx/m2Kiura+sb1c3a1vbO7p69f9BVIpWYdLBgQvYDpAijnHQ01Yz0E0lQHDDSCybXM793T6Sigt/paUL8GI04jShG2khD+8gr3sgkCfPMQ0kixQN08qFddxpOAbhM3JLUQYn20P7yQoHTmHCNGVJq4DqJ9jMkNcWM5DUvVSRBeIJGZGAoRzFRflbszuGpUUIYCWmKa1iovycyFCs1jQPTGSM9VoveTPzPG6Q6uvIzypNUE47ni6KUQS3gLAwYUkmwZlNDEJbU/BXiMZIIaxNZzYTgLp68TLrNhnvecG4v6q1mGUcVHIMTcAZccAla4Aa0QQdg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5A5SVlmU=</latexit>

Chiral MHD scenarios
“Classical” chiral dynamo

Rogachevskii et al. 2017  & 
Schober et al. 2018 
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classical MHD

Chiral MHD dynamos
Initial condition

• week magnetic 
seed field B<latexit sha1_base64="msLfBpa1by5UJtKeJ1QZ7jbqkeM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVTd5mWlXsvjKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPkDuMuA==</latexit>
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Schober

Chiral MHD dynamos

classical MHD
chiral MHD (laminar)

Initial condition

• week magnetic 
seed field 

• uniform chiral 
asymmetry    

B
<latexit sha1_base64="msLfBpa1by5UJtKeJ1QZ7jbqkeM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVTd5mWlXsvjKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPkDuMuA==</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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classical MHD
chiral MHD (laminar)

chiral MHD (turbulent)

Initial condition

• week magnetic 
seed field 

• uniform chiral 
asymmetry    

B
<latexit sha1_base64="msLfBpa1by5UJtKeJ1QZ7jbqkeM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVTd5mWlXsvjKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPkDuMuA==</latexit>

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

Chiral MHD dynamos
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classical MHD
chiral MHD (laminar)

chiral MHD (turbulent)initial Bx

Chiral MHD dynamos
Initial condition

• week magnetic 
seed field 

• uniform chiral 
asymmetry    

B
<latexit sha1_base64="msLfBpa1by5UJtKeJ1QZ7jbqkeM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVTd5mWlXsvjKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPkDuMuA==</latexit>

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



Jennifer 
Schober

classical MHD
chiral MHD (laminar)

chiral MHD (turbulent)initial Bx B   during the 
small-scale chiral 
dynamo phase

x

Chiral MHD dynamos
Initial condition

• week magnetic 
seed field 

• uniform chiral 
asymmetry    

B
<latexit sha1_base64="msLfBpa1by5UJtKeJ1QZ7jbqkeM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVTd5mWlXsvjKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPkDuMuA==</latexit>

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



Jennifer 
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initial Bx

classical MHD
chiral MHD (laminar)

chiral MHD (turbulent)B   during the 
small-scale chiral 
dynamo phase

x B   during the 
mean-field chiral 
dynamo phase

x

Chiral MHD dynamos
Initial condition

• week magnetic 
seed field 

• uniform chiral 
asymmetry    

B
<latexit sha1_base64="msLfBpa1by5UJtKeJ1QZ7jbqkeM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVTd5mWlXsvjKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPkDuMuA==</latexit>

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



Jennifer 
Schober

Chiral MHD dynamosMean-field theory developed by Rogachevskii et al. (2017) :

@B

@t
= r⇥ [U ⇥B � ⌘ (r⇥B � µ5B)]

<latexit sha1_base64="n7j7g32+yNcJc9lG+h+X+120yfw="></latexit>

B = B + �B
<latexit sha1_base64="MkUzD+x6JffIe8I7J0lmHSbJTwk=">AAACK3icbVDLSgMxFM3UV62PVl24cBMsgiCUGQUfC7HUjcsK9gGdUjKZTBuamQxJRijD/I8b/0RcKPjCrd9RM20XtvVAyOGce5N7jxMyKpVpfhqZhcWl5ZXsam5tfWMzX9jarkseCUxqmDMumg6ShNGA1BRVjDRDQZDvMNJw+tep37gnQlIe3KlBSNo+6gbUoxgpLXUKFdvhzJUDX19xJYGX0Oa6Pn0unrYSeARtlzCF4LTRKRTNkjkCnCfWhBSvhrtPF8O3fLVTeLFdjiOfBAozJGXLMkPVjpFQFDOS5OxIkhDhPuqSlqYB8olsx6NdE3igFRd6XOgTKDhS/3bEyJfpaLrSR6onZ71U/M9rRco7b8c0CCNFAjz+yIsYVBymwUGXCoIVG2iCsKB6Voh7SCCsdLw5HYI1u/I8qR+XrJOSeWsWy6dgjCzYA/vgEFjgDJTBDaiCGsDgATyDd/BhPBqvxpfxPS7NGJOeHTAF4+cXyfSs/A==</latexit>

U = U + �U
<latexit sha1_base64="BKzEz6jEH3ZbEiXiOmuYQFkUsdU=">AAACK3icbVDLSgMxFM3UV62Pjrpw4SZYBEEoMwo+FmLRjcsK9gGdoWQymTY0MxmSjFCG/o8b/0RcKPjCrd9RM60L23og5HDOvcm9x4sZlcqyPozc3PzC4lJ+ubCyurZeNDc265InApMa5oyLpockYTQiNUUVI81YEBR6jDS83lXmN+6IkJRHt6ofEzdEnYgGFCOlpbZ56Xic+bIf6iutDeA5dLiuz55LJ60BPICOT5hCcNJomyWrbI0AZ4n9S0oXw+3Hs+Frsdo2nx2f4yQkkcIMSdmyrVi5KRKKYkYGBSeRJEa4hzqkpWmEQiLddLTrAO5pxYcBF/pECo7Uvx0pCmU2mq4MkerKaS8T//NaiQpO3ZRGcaJIhMcfBQmDisMsOOhTQbBifU0QFlTPCnEXCYSVjregQ7CnV54l9cOyfVS2bqxS5RiMkQc7YBfsAxucgAq4BlVQAxjcgyfwBt6NB+PF+DS+xqU547dnC0zA+P4BJletNQ==</latexit>

Separation into mean and 
fluctuations:

Mean field theory

µ5 = µ5 + �µ5
<latexit sha1_base64="BLvLO2kS9apdRTpLkFtn9sBl/D0=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0UoCCXxvREKblxWsA9oQphMJu3QySTMTIQS+gtu/BU3LhRx686df+MkzUJbDwycOefeO3OPnzAqlWV9G5Wl5ZXVtep6bWNza3vH3N3ryjgVmHRwzGLR95EkjHLSUVQx0k8EQZHPSM8f3+R+74EISWN+ryYJcSM05DSkGCkteWbDiVLvHF5D6MS6Lh+TFdIUHkMnIEyh4lrzzLrVtArARWKXpA5KtD3zywlinEaEK8yQlAPbSpSbIaEoZmRac1JJEoTHaEgGmnIUEelmxUZTeKSVAIax0IcrWKi/OzIUSTmJfF0ZITWS814u/ucNUhVeuRnlSaoIx7OHwpRBFcM8HhhQQbBiE00QFlT/FeIREggrHWIegj2/8iLpnjTt06Z1d1ZvXZRxVMEBOAQNYINL0AK3oA06AINH8AxewZvxZLwY78bHrLRilD374A+Mzx8JEJvX</latexit>



Jennifer 
Schober

Chiral MHD dynamosMean-field theory developed by Rogachevskii et al. (2017) :

@B

@t
= r⇥ [U ⇥B � ⌘ (r⇥B � µ5B)]

<latexit sha1_base64="n7j7g32+yNcJc9lG+h+X+120yfw="></latexit>

@B

@t
= r⇥

⇥
U ⇥B + (⌘µ5 + ↵µ)B � (⌘ + ⌘T)r⇥B

⇤
<latexit sha1_base64="FEx7KdjMKiud2zXcIo5OrYPFYRY="></latexit>

B = B + �B
<latexit sha1_base64="MkUzD+x6JffIe8I7J0lmHSbJTwk=">AAACK3icbVDLSgMxFM3UV62PVl24cBMsgiCUGQUfC7HUjcsK9gGdUjKZTBuamQxJRijD/I8b/0RcKPjCrd9RM20XtvVAyOGce5N7jxMyKpVpfhqZhcWl5ZXsam5tfWMzX9jarkseCUxqmDMumg6ShNGA1BRVjDRDQZDvMNJw+tep37gnQlIe3KlBSNo+6gbUoxgpLXUKFdvhzJUDX19xJYGX0Oa6Pn0unrYSeARtlzCF4LTRKRTNkjkCnCfWhBSvhrtPF8O3fLVTeLFdjiOfBAozJGXLMkPVjpFQFDOS5OxIkhDhPuqSlqYB8olsx6NdE3igFRd6XOgTKDhS/3bEyJfpaLrSR6onZ71U/M9rRco7b8c0CCNFAjz+yIsYVBymwUGXCoIVG2iCsKB6Voh7SCCsdLw5HYI1u/I8qR+XrJOSeWsWy6dgjCzYA/vgEFjgDJTBDaiCGsDgATyDd/BhPBqvxpfxPS7NGJOeHTAF4+cXyfSs/A==</latexit>

U = U + �U
<latexit sha1_base64="BKzEz6jEH3ZbEiXiOmuYQFkUsdU=">AAACK3icbVDLSgMxFM3UV62Pjrpw4SZYBEEoMwo+FmLRjcsK9gGdoWQymTY0MxmSjFCG/o8b/0RcKPjCrd9RM60L23og5HDOvcm9x4sZlcqyPozc3PzC4lJ+ubCyurZeNDc265InApMa5oyLpockYTQiNUUVI81YEBR6jDS83lXmN+6IkJRHt6ofEzdEnYgGFCOlpbZ56Xic+bIf6iutDeA5dLiuz55LJ60BPICOT5hCcNJomyWrbI0AZ4n9S0oXw+3Hs+Frsdo2nx2f4yQkkcIMSdmyrVi5KRKKYkYGBSeRJEa4hzqkpWmEQiLddLTrAO5pxYcBF/pECo7Uvx0pCmU2mq4MkerKaS8T//NaiQpO3ZRGcaJIhMcfBQmDisMsOOhTQbBifU0QFlTPCnEXCYSVjregQ7CnV54l9cOyfVS2bqxS5RiMkQc7YBfsAxucgAq4BlVQAxjcgyfwBt6NB+PF+DS+xqU547dnC0zA+P4BJletNQ==</latexit>

Separation into mean and 
fluctuations:
µ5 = µ5 + �µ5

<latexit sha1_base64="BLvLO2kS9apdRTpLkFtn9sBl/D0=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0UoCCXxvREKblxWsA9oQphMJu3QySTMTIQS+gtu/BU3LhRx686df+MkzUJbDwycOefeO3OPnzAqlWV9G5Wl5ZXVtep6bWNza3vH3N3ryjgVmHRwzGLR95EkjHLSUVQx0k8EQZHPSM8f3+R+74EISWN+ryYJcSM05DSkGCkteWbDiVLvHF5D6MS6Lh+TFdIUHkMnIEyh4lrzzLrVtArARWKXpA5KtD3zywlinEaEK8yQlAPbSpSbIaEoZmRac1JJEoTHaEgGmnIUEelmxUZTeKSVAIax0IcrWKi/OzIUSTmJfF0ZITWS814u/ucNUhVeuRnlSaoIx7OHwpRBFcM8HhhQQbBiE00QFlT/FeIREggrHWIegj2/8iLpnjTt06Z1d1ZvXZRxVMEBOAQNYINL0AK3oA06AINH8AxewZvxZLwY78bHrLRilD374A+Mzx8JEJvX</latexit>

Mean field theory
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Schober

Chiral MHD dynamosMean-field theory developed by Rogachevskii et al. (2017) :

@B

@t
= r⇥ [U ⇥B � ⌘ (r⇥B � µ5B)]

<latexit sha1_base64="n7j7g32+yNcJc9lG+h+X+120yfw="></latexit>

@B

@t
= r⇥

⇥
U ⇥B + (⌘µ5 + ↵µ)B � (⌘ + ⌘T)r⇥B

⇤
<latexit sha1_base64="FEx7KdjMKiud2zXcIo5OrYPFYRY="></latexit>

B = B + �B
<latexit sha1_base64="MkUzD+x6JffIe8I7J0lmHSbJTwk=">AAACK3icbVDLSgMxFM3UV62PVl24cBMsgiCUGQUfC7HUjcsK9gGdUjKZTBuamQxJRijD/I8b/0RcKPjCrd9RM20XtvVAyOGce5N7jxMyKpVpfhqZhcWl5ZXsam5tfWMzX9jarkseCUxqmDMumg6ShNGA1BRVjDRDQZDvMNJw+tep37gnQlIe3KlBSNo+6gbUoxgpLXUKFdvhzJUDX19xJYGX0Oa6Pn0unrYSeARtlzCF4LTRKRTNkjkCnCfWhBSvhrtPF8O3fLVTeLFdjiOfBAozJGXLMkPVjpFQFDOS5OxIkhDhPuqSlqYB8olsx6NdE3igFRd6XOgTKDhS/3bEyJfpaLrSR6onZ71U/M9rRco7b8c0CCNFAjz+yIsYVBymwUGXCoIVG2iCsKB6Voh7SCCsdLw5HYI1u/I8qR+XrJOSeWsWy6dgjCzYA/vgEFjgDJTBDaiCGsDgATyDd/BhPBqvxpfxPS7NGJOeHTAF4+cXyfSs/A==</latexit>

U = U + �U
<latexit sha1_base64="BKzEz6jEH3ZbEiXiOmuYQFkUsdU=">AAACK3icbVDLSgMxFM3UV62Pjrpw4SZYBEEoMwo+FmLRjcsK9gGdoWQymTY0MxmSjFCG/o8b/0RcKPjCrd9RM60L23og5HDOvcm9x4sZlcqyPozc3PzC4lJ+ubCyurZeNDc265InApMa5oyLpockYTQiNUUVI81YEBR6jDS83lXmN+6IkJRHt6ofEzdEnYgGFCOlpbZ56Xic+bIf6iutDeA5dLiuz55LJ60BPICOT5hCcNJomyWrbI0AZ4n9S0oXw+3Hs+Frsdo2nx2f4yQkkcIMSdmyrVi5KRKKYkYGBSeRJEa4hzqkpWmEQiLddLTrAO5pxYcBF/pECo7Uvx0pCmU2mq4MkerKaS8T//NaiQpO3ZRGcaJIhMcfBQmDisMsOOhTQbBifU0QFlTPCnEXCYSVjregQ7CnV54l9cOyfVS2bqxS5RiMkQc7YBfsAxucgAq4BlVQAxjcgyfwBt6NB+PF+DS+xqU547dnC0zA+P4BJletNQ==</latexit>

Separation into mean and 
fluctuations:

B(x, t) / exp(�t+ ik · x)
<latexit sha1_base64="WJ53BItLEVguJvtjG3Sw/PytIgc="></latexit>

Ansatz:

µ5 = µ5 + �µ5
<latexit sha1_base64="BLvLO2kS9apdRTpLkFtn9sBl/D0=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0UoCCXxvREKblxWsA9oQphMJu3QySTMTIQS+gtu/BU3LhRx686df+MkzUJbDwycOefeO3OPnzAqlWV9G5Wl5ZXVtep6bWNza3vH3N3ryjgVmHRwzGLR95EkjHLSUVQx0k8EQZHPSM8f3+R+74EISWN+ryYJcSM05DSkGCkteWbDiVLvHF5D6MS6Lh+TFdIUHkMnIEyh4lrzzLrVtArARWKXpA5KtD3zywlinEaEK8yQlAPbSpSbIaEoZmRac1JJEoTHaEgGmnIUEelmxUZTeKSVAIax0IcrWKi/OzIUSTmJfF0ZITWS814u/ucNUhVeuRnlSaoIx7OHwpRBFcM8HhhQQbBiE00QFlT/FeIREggrHWIegj2/8iLpnjTt06Z1d1ZvXZRxVMEBOAQNYINL0AK3oA06AINH8AxewZvxZLwY78bHrLRilD374A+Mzx8JEJvX</latexit>

Mean field theory
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Schober

Chiral MHD dynamosMean-field theory developed by Rogachevskii et al. (2017) :

@B

@t
= r⇥ [U ⇥B � ⌘ (r⇥B � µ5B)]

<latexit sha1_base64="n7j7g32+yNcJc9lG+h+X+120yfw="></latexit>

@B

@t
= r⇥

⇥
U ⇥B + (⌘µ5 + ↵µ)B � (⌘ + ⌘T)r⇥B

⇤
<latexit sha1_base64="FEx7KdjMKiud2zXcIo5OrYPFYRY="></latexit>

B = B + �B
<latexit sha1_base64="MkUzD+x6JffIe8I7J0lmHSbJTwk=">AAACK3icbVDLSgMxFM3UV62PVl24cBMsgiCUGQUfC7HUjcsK9gGdUjKZTBuamQxJRijD/I8b/0RcKPjCrd9RM20XtvVAyOGce5N7jxMyKpVpfhqZhcWl5ZXsam5tfWMzX9jarkseCUxqmDMumg6ShNGA1BRVjDRDQZDvMNJw+tep37gnQlIe3KlBSNo+6gbUoxgpLXUKFdvhzJUDX19xJYGX0Oa6Pn0unrYSeARtlzCF4LTRKRTNkjkCnCfWhBSvhrtPF8O3fLVTeLFdjiOfBAozJGXLMkPVjpFQFDOS5OxIkhDhPuqSlqYB8olsx6NdE3igFRd6XOgTKDhS/3bEyJfpaLrSR6onZ71U/M9rRco7b8c0CCNFAjz+yIsYVBymwUGXCoIVG2iCsKB6Voh7SCCsdLw5HYI1u/I8qR+XrJOSeWsWy6dgjCzYA/vgEFjgDJTBDaiCGsDgATyDd/BhPBqvxpfxPS7NGJOeHTAF4+cXyfSs/A==</latexit>

U = U + �U
<latexit sha1_base64="BKzEz6jEH3ZbEiXiOmuYQFkUsdU=">AAACK3icbVDLSgMxFM3UV62Pjrpw4SZYBEEoMwo+FmLRjcsK9gGdoWQymTY0MxmSjFCG/o8b/0RcKPjCrd9RM60L23og5HDOvcm9x4sZlcqyPozc3PzC4lJ+ubCyurZeNDc265InApMa5oyLpockYTQiNUUVI81YEBR6jDS83lXmN+6IkJRHt6ofEzdEnYgGFCOlpbZ56Xic+bIf6iutDeA5dLiuz55LJ60BPICOT5hCcNJomyWrbI0AZ4n9S0oXw+3Hs+Frsdo2nx2f4yQkkcIMSdmyrVi5KRKKYkYGBSeRJEa4hzqkpWmEQiLddLTrAO5pxYcBF/pECo7Uvx0pCmU2mq4MkerKaS8T//NaiQpO3ZRGcaJIhMcfBQmDisMsOOhTQbBifU0QFlTPCnEXCYSVjregQ7CnV54l9cOyfVS2bqxS5RiMkQc7YBfsAxucgAq4BlVQAxjcgyfwBt6NB+PF+DS+xqU547dnC0zA+P4BJletNQ==</latexit>

Separation into mean and 
fluctuations:

B(x, t) / exp(�t+ ik · x)
<latexit sha1_base64="WJ53BItLEVguJvtjG3Sw/PytIgc="></latexit>

Ansatz:

↵µ = �2

3
⌘µ5log(ReM)

<latexit sha1_base64="TEqbhBCXL54PcD0HthRaFkZsDp8="></latexit>

µ5 = µ5 + �µ5
<latexit sha1_base64="BLvLO2kS9apdRTpLkFtn9sBl/D0=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0UoCCXxvREKblxWsA9oQphMJu3QySTMTIQS+gtu/BU3LhRx686df+MkzUJbDwycOefeO3OPnzAqlWV9G5Wl5ZXVtep6bWNza3vH3N3ryjgVmHRwzGLR95EkjHLSUVQx0k8EQZHPSM8f3+R+74EISWN+ryYJcSM05DSkGCkteWbDiVLvHF5D6MS6Lh+TFdIUHkMnIEyh4lrzzLrVtArARWKXpA5KtD3zywlinEaEK8yQlAPbSpSbIaEoZmRac1JJEoTHaEgGmnIUEelmxUZTeKSVAIax0IcrWKi/OzIUSTmJfF0ZITWS814u/ucNUhVeuRnlSaoIx7OHwpRBFcM8HhhQQbBiE00QFlT/FeIREggrHWIegj2/8iLpnjTt06Z1d1ZvXZRxVMEBOAQNYINL0AK3oA06AINH8AxewZvxZLwY78bHrLRilD374A+Mzx8JEJvX</latexit>

⌘T =
ReM
3⌘

<latexit sha1_base64="QY6+7GkYeqSSsJ9hh+sqqwQysL4=">AAACIXicbVDLSgMxFM3UV62vUZdugkVwVWasaDdCwY0boUpf0Cklk95pQzMPkoxQhvkVN/6KGxeKdCf+jJm2irYeCBzOuYfce9yIM6ks68PIrayurW/kNwtb2zu7e+b+QVOGsaDQoCEPRdslEjgLoKGY4tCOBBDf5dByR9eZ33oAIVkY1NU4gq5PBgHzGCVKSz2z4oAiPccnaij8pJ7iK4wdTxCafGv3kP74t2malHEWSXtm0SpZU+BlYs9JEc1R65kTpx/S2IdAUU6k7NhWpLoJEYpRDmnBiSVEhI7IADqaBsQH2U2mF6b4RCt97IVCv0Dhqfo7kRBfyrHv6slsVbnoZeJ/XidWXqWbsCCKFQR09pEXc6xCnNWF+0wAVXysCaGC6V0xHRLdj9KlFnQJ9uLJy6R5VrLLJevuvFi9mNeRR0foGJ0iG12iKrpBNdRAFD2iZ/SK3own48V4Nyaz0ZwxzxyiPzA+vwDSyaSC</latexit>

Mean field theory
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initial Bx

classical MHD
chiral MHD (laminar)

chiral MHD (turbulent)B   during the 
small-scale chiral 
dynamo phase

x B   during the 
mean-field chiral 
dynamo phase

x

Chiral MHD dynamos
Initial condition

• week magnetic 
seed field 

• uniform chiral 
asymmetry    

B
<latexit sha1_base64="msLfBpa1by5UJtKeJ1QZ7jbqkeM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVTd5mWlXsvjKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPkDuMuA==</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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At late 
times:

Scenario 1: Chiral MHD dynamos
Initial condition

• week magnetic 
seed field 

• large chiral 
asymmetry    
(uniform)

B
<latexit sha1_base64="msLfBpa1by5UJtKeJ1QZ7jbqkeM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVTd5mWlXsvjKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPkDuMuA==</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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At late 
times:

Scenario 1: Chiral MHD dynamos
Initial condition

• week magnetic 
seed field 

• large chiral 
asymmetry    
(uniform)

B
<latexit sha1_base64="msLfBpa1by5UJtKeJ1QZ7jbqkeM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVTd5mWlXsvjKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPkDuMuA==</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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Results of Rogachevskii et al. (2017)  & Schober et al. (2018) :

• The small-scale chiral dynamo instability drives turbulence.
• Mean-field dynamos generate magnetic fields on large spatial scales.

At late 
times:

Scenario 1: Chiral MHD dynamos
Initial condition

• week magnetic 
seed field 

• large chiral 
asymmetry    
(uniform)

B
<latexit sha1_base64="msLfBpa1by5UJtKeJ1QZ7jbqkeM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVTd5mWlXsvjKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPkDuMuA==</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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Initial chirality

6=
<latexit sha1_base64="q0WWsXloznTw+ZN24Sz6aYJZlas=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGCaQttKJvtpF262cTdjVBKf4MXD4p49Qd589+4aXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzf5n77CZXmiXwwkxSDmA4ljzijxkp+T+JjuV+pujV3DrJKvIJUoUCzX/nqDRKWxSgNE1TrruemJphSZTgTOCv3Mo0pZWM6xK6lksaog+n82Bk5t8qARImyJQ2Zq78npjTWehKHtjOmZqSXvVz8z+tmJroJplymmUHJFouiTBCTkPxzMuAKmRETSyhT3N5K2IgqyozNJw/BW355lbTqNe+y5t5fVRv1Io4SnMIZXIAH19CAO2iCDww4PMMrvDnSeXHenY9F65pTzJzAHzifP0mZjkg=</latexit>

No initial chirality

� 0
<latexit sha1_base64="q3ARLRaZxe/j6uhe+j9gDdHPFOw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRV0GXBjcsK9gFNKJPJTTp08mBmIpaQX3HjQhG3/og7/8ZpmoW2HrhwOOfeuXOPl3ImlWV9G7WNza3tnfpuY2//4PDIPG4OZJIJCn2a8ESMPCKBsxj6iikOo1QAiTwOQ292u/CHjyAkS+IHNU/BjUgYs4BRorQ0MZtO+UYuwC9yJwyxVUzMltW2SuB1YlekhSr0JuaX4yc0iyBWlBMpx7aVKjcnQjHKoWg4mYSU0BkJYaxpTCKQbl7uLfC5VnwcJEJXrHCp/p7ISSTlPPJ0Z0TUVK56C/E/b5yp4MbNWZxmCmK6XBRkHKsEL4LAPhNAFZ9rQqhg+q+YTokgVOm4GjoEe/XkdTLotO3LtnV/1ep2qjjq6BSdoQtko2vURXeoh/qIoif0jF7Rm1EYL8a78bFsrRnVzAn6A+PzByU/lHE=</latexit>

⇡ 0
<latexit sha1_base64="jKz8SAMv9WB31c2iejK0JXmNLvo=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkCrosuHFZwT6gCWUymbRDJzNhZiKWmIW/4saFIm79DXf+jdM0C209cOFwzr1z554gYVRpx/m2Kiura+sb1c3a1vbO7p69f9BVIpWYdLBgQvYDpAijnHQ01Yz0E0lQHDDSCybXM793T6Sigt/paUL8GI04jShG2khD+8gr3sgkCfPMQ0kixQN08qFddxpOAbhM3JLUQYn20P7yQoHTmHCNGVJq4DqJ9jMkNcWM5DUvVSRBeIJGZGAoRzFRflbszuGpUUIYCWmKa1iovycyFCs1jQPTGSM9VoveTPzPG6Q6uvIzypNUE47ni6KUQS3gLAwYUkmwZlNDEJbU/BXiMZIIaxNZzYTgLp68TLrNhnvecG4v6q1mGUcVHIMTcAZccAla4Aa0QQdg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5A5SVlmU=</latexit>

Chiral MHD scenarios
“Classical” chiral dynamo

Rogachevskii et al. 2017  & 
Schober et al. 2018 
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Initial chirality

6=
<latexit sha1_base64="q0WWsXloznTw+ZN24Sz6aYJZlas=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGCaQttKJvtpF262cTdjVBKf4MXD4p49Qd589+4aXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzf5n77CZXmiXwwkxSDmA4ljzijxkp+T+JjuV+pujV3DrJKvIJUoUCzX/nqDRKWxSgNE1TrruemJphSZTgTOCv3Mo0pZWM6xK6lksaog+n82Bk5t8qARImyJQ2Zq78npjTWehKHtjOmZqSXvVz8z+tmJroJplymmUHJFouiTBCTkPxzMuAKmRETSyhT3N5K2IgqyozNJw/BW355lbTqNe+y5t5fVRv1Io4SnMIZXIAH19CAO2iCDww4PMMrvDnSeXHenY9F65pTzJzAHzifP0mZjkg=</latexit>

No initial chirality

� 0
<latexit sha1_base64="q3ARLRaZxe/j6uhe+j9gDdHPFOw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRV0GXBjcsK9gFNKJPJTTp08mBmIpaQX3HjQhG3/og7/8ZpmoW2HrhwOOfeuXOPl3ImlWV9G7WNza3tnfpuY2//4PDIPG4OZJIJCn2a8ESMPCKBsxj6iikOo1QAiTwOQ292u/CHjyAkS+IHNU/BjUgYs4BRorQ0MZtO+UYuwC9yJwyxVUzMltW2SuB1YlekhSr0JuaX4yc0iyBWlBMpx7aVKjcnQjHKoWg4mYSU0BkJYaxpTCKQbl7uLfC5VnwcJEJXrHCp/p7ISSTlPPJ0Z0TUVK56C/E/b5yp4MbNWZxmCmK6XBRkHKsEL4LAPhNAFZ9rQqhg+q+YTokgVOm4GjoEe/XkdTLotO3LtnV/1ep2qjjq6BSdoQtko2vURXeoh/qIoif0jF7Rm1EYL8a78bFsrRnVzAn6A+PzByU/lHE=</latexit>

� 0
<latexit sha1_base64="q3ARLRaZxe/j6uhe+j9gDdHPFOw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRV0GXBjcsK9gFNKJPJTTp08mBmIpaQX3HjQhG3/og7/8ZpmoW2HrhwOOfeuXOPl3ImlWV9G7WNza3tnfpuY2//4PDIPG4OZJIJCn2a8ESMPCKBsxj6iikOo1QAiTwOQ292u/CHjyAkS+IHNU/BjUgYs4BRorQ0MZtO+UYuwC9yJwyxVUzMltW2SuB1YlekhSr0JuaX4yc0iyBWlBMpx7aVKjcnQjHKoWg4mYSU0BkJYaxpTCKQbl7uLfC5VnwcJEJXrHCp/p7ISSTlPPJ0Z0TUVK56C/E/b5yp4MbNWZxmCmK6XBRkHKsEL4LAPhNAFZ9rQqhg+q+YTokgVOm4GjoEe/XkdTLotO3LtnV/1ep2qjjq6BSdoQtko2vURXeoh/qIoif0jF7Rm1EYL8a78bFsrRnVzAn6A+PzByU/lHE=</latexit>

⇡ 0
<latexit sha1_base64="jKz8SAMv9WB31c2iejK0JXmNLvo=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkCrosuHFZwT6gCWUymbRDJzNhZiKWmIW/4saFIm79DXf+jdM0C209cOFwzr1z554gYVRpx/m2Kiura+sb1c3a1vbO7p69f9BVIpWYdLBgQvYDpAijnHQ01Yz0E0lQHDDSCybXM793T6Sigt/paUL8GI04jShG2khD+8gr3sgkCfPMQ0kixQN08qFddxpOAbhM3JLUQYn20P7yQoHTmHCNGVJq4DqJ9jMkNcWM5DUvVSRBeIJGZGAoRzFRflbszuGpUUIYCWmKa1iovycyFCs1jQPTGSM9VoveTPzPG6Q6uvIzypNUE47ni6KUQS3gLAwYUkmwZlNDEJbU/BXiMZIIaxNZzYTgLp68TLrNhnvecG4v6q1mGUcVHIMTcAZccAla4Aa0QQdg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5A5SVlmU=</latexit>

⇡ 0
<latexit sha1_base64="jKz8SAMv9WB31c2iejK0JXmNLvo=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkCrosuHFZwT6gCWUymbRDJzNhZiKWmIW/4saFIm79DXf+jdM0C209cOFwzr1z554gYVRpx/m2Kiura+sb1c3a1vbO7p69f9BVIpWYdLBgQvYDpAijnHQ01Yz0E0lQHDDSCybXM793T6Sigt/paUL8GI04jShG2khD+8gr3sgkCfPMQ0kixQN08qFddxpOAbhM3JLUQYn20P7yQoHTmHCNGVJq4DqJ9jMkNcWM5DUvVSRBeIJGZGAoRzFRflbszuGpUUIYCWmKa1iovycyFCs1jQPTGSM9VoveTPzPG6Q6uvIzypNUE47ni6KUQS3gLAwYUkmwZlNDEJbU/BXiMZIIaxNZzYTgLp68TLrNhnvecG4v6q1mGUcVHIMTcAZccAla4Aa0QQdg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5A5SVlmU=</latexit>

Chiral MHD scenarios
“Classical” chiral dynamo

Rogachevskii et al. 2017  & 
Schober et al. 2018 

Schober, Fujita, & Durrer 2020
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Generating chiral asymmetry

produced 
at the expense 
of

hµ5i
<latexit sha1_base64="LEQN/15hjygExLzxRF+ZNfwjqPM=">AAACAXicbVDLSsNAFJ3UV42vqBvBzWARXJWkKrosuHFZwT6gCWEynbZDZyZhZiKUUDf+ihsXirj1L9z5N07SLLT1wIUz59zL3HuihFGlXffbqqysrq1vVDftre2d3T1n/6Cj4lRi0sYxi2UvQoowKkhbU81IL5EE8YiRbjS5yf3uA5GKxuJeTxMScDQSdEgx0kYKnSOfITFiBPo8DS+hL4uXbduhU3PrbgG4TLyS1ECJVuh8+YMYp5wIjRlSqu+5iQ4yJDXFjMxsP1UkQXiCRqRvqECcqCArLpjBU6MM4DCWpoSGhfp7IkNcqSmPTCdHeqwWvVz8z+unengdZFQkqSYCzz8apgzqGOZxwAGVBGs2NQRhSc2uEI+RRFib0PIQvMWTl0mnUffO6+7dRa3ZKOOogmNwAs6AB65AE9yCFmgDDB7BM3gFb9aT9WK9Wx/z1opVzhyCP7A+fwA6DZVh</latexit>

hA ·Bi
<latexit sha1_base64="cMoAC20xJB1gMhGOIU6sWBTzsAM=">AAACHXicbVC7TsMwFHXKq4RXgZHFokJiqpJSCcYCC2OR6ENqospx3NaqY0e2g1RF+REWfoWFAYQYWBB/g5N2KC1Xsnx0zrm6954gZlRpx/mxSmvrG5tb5W17Z3dv/6ByeNRRIpGYtLFgQvYCpAijnLQ11Yz0YklQFDDSDSa3ud59JFJRwR/0NCZ+hEacDilG2lCDSsNjiI8YgV4gWKimkfnS68zDodCL1E0GPVk4bdseVKpOzSkKrgJ3DqpgXq1B5csLBU4iwjVmSKm+68TaT5HUFDOS2V6iSIzwBI1I30COIqL8tLgug2eGCeFQSPO4hgW72JGiSOVbGmeE9Fgtazn5n9ZP9PDKTymPE004ng0aJgxqAfOoYEglwZpNDUBYUrMrxGMkEdYm0DwEd/nkVdCp19yLmnPfqDbr8zjK4AScgnPggkvQBHegBdoAgyfwAt7Au/VsvVof1ufMWrLmPcfgT1nfv9tcokY=</latexit>

Initial condition

• strong helical 
magnetic field 

• no chiral 
asymmetry

Generation of chiral asymmetry 

Schober, Fujita, & Durrer 2020
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Generating chiral asymmetry

produced 
at the expense 
of

hµ5i
<latexit sha1_base64="LEQN/15hjygExLzxRF+ZNfwjqPM=">AAACAXicbVDLSsNAFJ3UV42vqBvBzWARXJWkKrosuHFZwT6gCWEynbZDZyZhZiKUUDf+ihsXirj1L9z5N07SLLT1wIUz59zL3HuihFGlXffbqqysrq1vVDftre2d3T1n/6Cj4lRi0sYxi2UvQoowKkhbU81IL5EE8YiRbjS5yf3uA5GKxuJeTxMScDQSdEgx0kYKnSOfITFiBPo8DS+hL4uXbduhU3PrbgG4TLyS1ECJVuh8+YMYp5wIjRlSqu+5iQ4yJDXFjMxsP1UkQXiCRqRvqECcqCArLpjBU6MM4DCWpoSGhfp7IkNcqSmPTCdHeqwWvVz8z+unengdZFQkqSYCzz8apgzqGOZxwAGVBGs2NQRhSc2uEI+RRFib0PIQvMWTl0mnUffO6+7dRa3ZKOOogmNwAs6AB65AE9yCFmgDDB7BM3gFb9aT9WK9Wx/z1opVzhyCP7A+fwA6DZVh</latexit>

hA ·Bi
<latexit sha1_base64="cMoAC20xJB1gMhGOIU6sWBTzsAM=">AAACHXicbVC7TsMwFHXKq4RXgZHFokJiqpJSCcYCC2OR6ENqospx3NaqY0e2g1RF+REWfoWFAYQYWBB/g5N2KC1Xsnx0zrm6954gZlRpx/mxSmvrG5tb5W17Z3dv/6ByeNRRIpGYtLFgQvYCpAijnLQ11Yz0YklQFDDSDSa3ud59JFJRwR/0NCZ+hEacDilG2lCDSsNjiI8YgV4gWKimkfnS68zDodCL1E0GPVk4bdseVKpOzSkKrgJ3DqpgXq1B5csLBU4iwjVmSKm+68TaT5HUFDOS2V6iSIzwBI1I30COIqL8tLgug2eGCeFQSPO4hgW72JGiSOVbGmeE9Fgtazn5n9ZP9PDKTymPE004ng0aJgxqAfOoYEglwZpNDUBYUrMrxGMkEdYm0DwEd/nkVdCp19yLmnPfqDbr8zjK4AScgnPggkvQBHegBdoAgyfwAt7Au/VsvVof1ufMWrLmPcfgT1nfv9tcokY=</latexit>

re-
generated via a 
chiral dynamo

hA ·Bi
<latexit sha1_base64="cMoAC20xJB1gMhGOIU6sWBTzsAM=">AAACHXicbVC7TsMwFHXKq4RXgZHFokJiqpJSCcYCC2OR6ENqospx3NaqY0e2g1RF+REWfoWFAYQYWBB/g5N2KC1Xsnx0zrm6954gZlRpx/mxSmvrG5tb5W17Z3dv/6ByeNRRIpGYtLFgQvYCpAijnLQ11Yz0YklQFDDSDSa3ud59JFJRwR/0NCZ+hEacDilG2lCDSsNjiI8YgV4gWKimkfnS68zDodCL1E0GPVk4bdseVKpOzSkKrgJ3DqpgXq1B5csLBU4iwjVmSKm+68TaT5HUFDOS2V6iSIzwBI1I30COIqL8tLgug2eGCeFQSPO4hgW72JGiSOVbGmeE9Fgtazn5n9ZP9PDKTymPE004ng0aJgxqAfOoYEglwZpNDUBYUrMrxGMkEdYm0DwEd/nkVdCp19yLmnPfqDbr8zjK4AScgnPggkvQBHegBdoAgyfwAt7Au/VsvVof1ufMWrLmPcfgT1nfv9tcokY=</latexit>

Initial condition

• strong helical 
magnetic field 

• no chiral 
asymmetry

Schober, Fujita, & Durrer 2020

Generation of chiral asymmetry 
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evolves self-
similarly with 

Generating chiral asymmetry

produced 
at the expense 
of

hµ5i
<latexit sha1_base64="LEQN/15hjygExLzxRF+ZNfwjqPM=">AAACAXicbVDLSsNAFJ3UV42vqBvBzWARXJWkKrosuHFZwT6gCWEynbZDZyZhZiKUUDf+ihsXirj1L9z5N07SLLT1wIUz59zL3HuihFGlXffbqqysrq1vVDftre2d3T1n/6Cj4lRi0sYxi2UvQoowKkhbU81IL5EE8YiRbjS5yf3uA5GKxuJeTxMScDQSdEgx0kYKnSOfITFiBPo8DS+hL4uXbduhU3PrbgG4TLyS1ECJVuh8+YMYp5wIjRlSqu+5iQ4yJDXFjMxsP1UkQXiCRqRvqECcqCArLpjBU6MM4DCWpoSGhfp7IkNcqSmPTCdHeqwWvVz8z+unengdZFQkqSYCzz8apgzqGOZxwAGVBGs2NQRhSc2uEI+RRFib0PIQvMWTl0mnUffO6+7dRa3ZKOOogmNwAs6AB65AE9yCFmgDDB7BM3gFb9aT9WK9Wx/z1opVzhyCP7A+fwA6DZVh</latexit>

hA ·Bi
<latexit sha1_base64="cMoAC20xJB1gMhGOIU6sWBTzsAM=">AAACHXicbVC7TsMwFHXKq4RXgZHFokJiqpJSCcYCC2OR6ENqospx3NaqY0e2g1RF+REWfoWFAYQYWBB/g5N2KC1Xsnx0zrm6954gZlRpx/mxSmvrG5tb5W17Z3dv/6ByeNRRIpGYtLFgQvYCpAijnLQ11Yz0YklQFDDSDSa3ud59JFJRwR/0NCZ+hEacDilG2lCDSsNjiI8YgV4gWKimkfnS68zDodCL1E0GPVk4bdseVKpOzSkKrgJ3DqpgXq1B5csLBU4iwjVmSKm+68TaT5HUFDOS2V6iSIzwBI1I30COIqL8tLgug2eGCeFQSPO4hgW72JGiSOVbGmeE9Fgtazn5n9ZP9PDKTymPE004ng0aJgxqAfOoYEglwZpNDUBYUrMrxGMkEdYm0DwEd/nkVdCp19yLmnPfqDbr8zjK4AScgnPggkvQBHegBdoAgyfwAt7Au/VsvVof1ufMWrLmPcfgT1nfv9tcokY=</latexit>

re-
generated via a 
chiral dynamo

hA ·Bi
<latexit sha1_base64="cMoAC20xJB1gMhGOIU6sWBTzsAM=">AAACHXicbVC7TsMwFHXKq4RXgZHFokJiqpJSCcYCC2OR6ENqospx3NaqY0e2g1RF+REWfoWFAYQYWBB/g5N2KC1Xsnx0zrm6954gZlRpx/mxSmvrG5tb5W17Z3dv/6ByeNRRIpGYtLFgQvYCpAijnLQ11Yz0YklQFDDSDSa3ud59JFJRwR/0NCZ+hEacDilG2lCDSsNjiI8YgV4gWKimkfnS68zDodCL1E0GPVk4bdseVKpOzSkKrgJ3DqpgXq1B5csLBU4iwjVmSKm+68TaT5HUFDOS2V6iSIzwBI1I30COIqL8tLgug2eGCeFQSPO4hgW72JGiSOVbGmeE9Fgtazn5n9ZP9PDKTymPE004ng0aJgxqAfOoYEglwZpNDUBYUrMrxGMkEdYm0DwEd/nkVdCp19yLmnPfqDbr8zjK4AScgnPggkvQBHegBdoAgyfwAt7Au/VsvVof1ufMWrLmPcfgT1nfv9tcokY=</latexit>

hµ5i
<latexit sha1_base64="LEQN/15hjygExLzxRF+ZNfwjqPM=">AAACAXicbVDLSsNAFJ3UV42vqBvBzWARXJWkKrosuHFZwT6gCWEynbZDZyZhZiKUUDf+ihsXirj1L9z5N07SLLT1wIUz59zL3HuihFGlXffbqqysrq1vVDftre2d3T1n/6Cj4lRi0sYxi2UvQoowKkhbU81IL5EE8YiRbjS5yf3uA5GKxuJeTxMScDQSdEgx0kYKnSOfITFiBPo8DS+hL4uXbduhU3PrbgG4TLyS1ECJVuh8+YMYp5wIjRlSqu+5iQ4yJDXFjMxsP1UkQXiCRqRvqECcqCArLpjBU6MM4DCWpoSGhfp7IkNcqSmPTCdHeqwWvVz8z+unengdZFQkqSYCzz8apgzqGOZxwAGVBGs2NQRhSc2uEI+RRFib0PIQvMWTl0mnUffO6+7dRa3ZKOOogmNwAs6AB65AE9yCFmgDDB7BM3gFb9aT9WK9Wx/z1opVzhyCP7A+fwA6DZVh</latexit>

kp
<latexit sha1_base64="utvsQ1dl1eP+cGSk3VDjj5IyHSI=">AAAB+HicbVDLSsNAFL2prxofjbp0M1gEVyWpgi4LblxWsA9oQ5hMJ+3QmSTMTIQa+iVuXCji1k9x5984abPQ1gMDh3Pu5Z45YcqZ0q77bVU2Nre2d6q79t7+wWHNOTruqiSThHZIwhPZD7GinMW0o5nmtJ9KikXIaS+c3hZ+75FKxZL4Qc9S6gs8jlnECNZGCpzaNBgKrCdS5Onctu3AqbsNdwG0TryS1KFEO3C+hqOEZILGmnCs1MBzU+3nWGpGOJ3bw0zRFJMpHtOBoTEWVPn5IvgcnRtlhKJEmhdrtFB/b+RYKDUToZksQqpVrxD/8waZjm78nMVppmlMloeijCOdoKIFNGKSEs1nhmAimcmKyARLTLTpqijBW/3yOuk2G95lw72/qreaZR1VOIUzuAAPrqEFd9CGDhDI4Ble4c16sl6sd+tjOVqxyp0T+APr8we4MpJo</latexit>

Initial condition

• strong helical 
magnetic field 

• no chiral 
asymmetry

Schober, Fujita, & Durrer 2020

Generation of chiral asymmetry 
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Schober
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log-
correction, 
Hirono, 
Kharzeev, 
& Yin 
2016 ]

Generating chiral asymmetry

produced 
at the expense 
of

hµ5i
<latexit sha1_base64="LEQN/15hjygExLzxRF+ZNfwjqPM=">AAACAXicbVDLSsNAFJ3UV42vqBvBzWARXJWkKrosuHFZwT6gCWEynbZDZyZhZiKUUDf+ihsXirj1L9z5N07SLLT1wIUz59zL3HuihFGlXffbqqysrq1vVDftre2d3T1n/6Cj4lRi0sYxi2UvQoowKkhbU81IL5EE8YiRbjS5yf3uA5GKxuJeTxMScDQSdEgx0kYKnSOfITFiBPo8DS+hL4uXbduhU3PrbgG4TLyS1ECJVuh8+YMYp5wIjRlSqu+5iQ4yJDXFjMxsP1UkQXiCRqRvqECcqCArLpjBU6MM4DCWpoSGhfp7IkNcqSmPTCdHeqwWvVz8z+unengdZFQkqSYCzz8apgzqGOZxwAGVBGs2NQRhSc2uEI+RRFib0PIQvMWTl0mnUffO6+7dRa3ZKOOogmNwAs6AB65AE9yCFmgDDB7BM3gFb9aT9WK9Wx/z1opVzhyCP7A+fwA6DZVh</latexit>

hA ·Bi
<latexit sha1_base64="cMoAC20xJB1gMhGOIU6sWBTzsAM=">AAACHXicbVC7TsMwFHXKq4RXgZHFokJiqpJSCcYCC2OR6ENqospx3NaqY0e2g1RF+REWfoWFAYQYWBB/g5N2KC1Xsnx0zrm6954gZlRpx/mxSmvrG5tb5W17Z3dv/6ByeNRRIpGYtLFgQvYCpAijnLQ11Yz0YklQFDDSDSa3ud59JFJRwR/0NCZ+hEacDilG2lCDSsNjiI8YgV4gWKimkfnS68zDodCL1E0GPVk4bdseVKpOzSkKrgJ3DqpgXq1B5csLBU4iwjVmSKm+68TaT5HUFDOS2V6iSIzwBI1I30COIqL8tLgug2eGCeFQSPO4hgW72JGiSOVbGmeE9Fgtazn5n9ZP9PDKTymPE004ng0aJgxqAfOoYEglwZpNDUBYUrMrxGMkEdYm0DwEd/nkVdCp19yLmnPfqDbr8zjK4AScgnPggkvQBHegBdoAgyfwAt7Au/VsvVof1ufMWrLmPcfgT1nfv9tcokY=</latexit>

re-
generated via a 
chiral dynamo

hA ·Bi
<latexit sha1_base64="cMoAC20xJB1gMhGOIU6sWBTzsAM=">AAACHXicbVC7TsMwFHXKq4RXgZHFokJiqpJSCcYCC2OR6ENqospx3NaqY0e2g1RF+REWfoWFAYQYWBB/g5N2KC1Xsnx0zrm6954gZlRpx/mxSmvrG5tb5W17Z3dv/6ByeNRRIpGYtLFgQvYCpAijnLQ11Yz0YklQFDDSDSa3ud59JFJRwR/0NCZ+hEacDilG2lCDSsNjiI8YgV4gWKimkfnS68zDodCL1E0GPVk4bdseVKpOzSkKrgJ3DqpgXq1B5csLBU4iwjVmSKm+68TaT5HUFDOS2V6iSIzwBI1I30COIqL8tLgug2eGCeFQSPO4hgW72JGiSOVbGmeE9Fgtazn5n9ZP9PDKTymPE004ng0aJgxqAfOoYEglwZpNDUBYUrMrxGMkEdYm0DwEd/nkVdCp19yLmnPfqDbr8zjK4AScgnPggkvQBHegBdoAgyfwAt7Au/VsvVof1ufMWrLmPcfgT1nfv9tcokY=</latexit>

hµ5i
<latexit sha1_base64="LEQN/15hjygExLzxRF+ZNfwjqPM=">AAACAXicbVDLSsNAFJ3UV42vqBvBzWARXJWkKrosuHFZwT6gCWEynbZDZyZhZiKUUDf+ihsXirj1L9z5N07SLLT1wIUz59zL3HuihFGlXffbqqysrq1vVDftre2d3T1n/6Cj4lRi0sYxi2UvQoowKkhbU81IL5EE8YiRbjS5yf3uA5GKxuJeTxMScDQSdEgx0kYKnSOfITFiBPo8DS+hL4uXbduhU3PrbgG4TLyS1ECJVuh8+YMYp5wIjRlSqu+5iQ4yJDXFjMxsP1UkQXiCRqRvqECcqCArLpjBU6MM4DCWpoSGhfp7IkNcqSmPTCdHeqwWvVz8z+unengdZFQkqSYCzz8apgzqGOZxwAGVBGs2NQRhSc2uEI+RRFib0PIQvMWTl0mnUffO6+7dRa3ZKOOogmNwAs6AB65AE9yCFmgDDB7BM3gFb9aT9WK9Wx/z1opVzhyCP7A+fwA6DZVh</latexit>

kp
<latexit sha1_base64="utvsQ1dl1eP+cGSk3VDjj5IyHSI=">AAAB+HicbVDLSsNAFL2prxofjbp0M1gEVyWpgi4LblxWsA9oQ5hMJ+3QmSTMTIQa+iVuXCji1k9x5984abPQ1gMDh3Pu5Z45YcqZ0q77bVU2Nre2d6q79t7+wWHNOTruqiSThHZIwhPZD7GinMW0o5nmtJ9KikXIaS+c3hZ+75FKxZL4Qc9S6gs8jlnECNZGCpzaNBgKrCdS5Onctu3AqbsNdwG0TryS1KFEO3C+hqOEZILGmnCs1MBzU+3nWGpGOJ3bw0zRFJMpHtOBoTEWVPn5IvgcnRtlhKJEmhdrtFB/b+RYKDUToZksQqpVrxD/8waZjm78nMVppmlMloeijCOdoKIFNGKSEs1nhmAimcmKyARLTLTpqijBW/3yOuk2G95lw72/qreaZR1VOIUzuAAPrqEFd9CGDhDI4Ble4c16sl6sd+tjOVqxyp0T+APr8we4MpJo</latexit>

Initial condition

• strong helical 
magnetic field 

• no chiral 
asymmetry

Schober, Fujita, & Durrer 2020

Generation of chiral asymmetry 
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Schober

produced 
at the expense 
of

hµ5i
<latexit sha1_base64="LEQN/15hjygExLzxRF+ZNfwjqPM=">AAACAXicbVDLSsNAFJ3UV42vqBvBzWARXJWkKrosuHFZwT6gCWEynbZDZyZhZiKUUDf+ihsXirj1L9z5N07SLLT1wIUz59zL3HuihFGlXffbqqysrq1vVDftre2d3T1n/6Cj4lRi0sYxi2UvQoowKkhbU81IL5EE8YiRbjS5yf3uA5GKxuJeTxMScDQSdEgx0kYKnSOfITFiBPo8DS+hL4uXbduhU3PrbgG4TLyS1ECJVuh8+YMYp5wIjRlSqu+5iQ4yJDXFjMxsP1UkQXiCRqRvqECcqCArLpjBU6MM4DCWpoSGhfp7IkNcqSmPTCdHeqwWvVz8z+unengdZFQkqSYCzz8apgzqGOZxwAGVBGs2NQRhSc2uEI+RRFib0PIQvMWTl0mnUffO6+7dRa3ZKOOogmNwAs6AB65AE9yCFmgDDB7BM3gFb9aT9WK9Wx/z1opVzhyCP7A+fwA6DZVh</latexit>

hA ·Bi
<latexit sha1_base64="cMoAC20xJB1gMhGOIU6sWBTzsAM=">AAACHXicbVC7TsMwFHXKq4RXgZHFokJiqpJSCcYCC2OR6ENqospx3NaqY0e2g1RF+REWfoWFAYQYWBB/g5N2KC1Xsnx0zrm6954gZlRpx/mxSmvrG5tb5W17Z3dv/6ByeNRRIpGYtLFgQvYCpAijnLQ11Yz0YklQFDDSDSa3ud59JFJRwR/0NCZ+hEacDilG2lCDSsNjiI8YgV4gWKimkfnS68zDodCL1E0GPVk4bdseVKpOzSkKrgJ3DqpgXq1B5csLBU4iwjVmSKm+68TaT5HUFDOS2V6iSIzwBI1I30COIqL8tLgug2eGCeFQSPO4hgW72JGiSOVbGmeE9Fgtazn5n9ZP9PDKTymPE004ng0aJgxqAfOoYEglwZpNDUBYUrMrxGMkEdYm0DwEd/nkVdCp19yLmnPfqDbr8zjK4AScgnPggkvQBHegBdoAgyfwAt7Au/VsvVof1ufMWrLmPcfgT1nfv9tcokY=</latexit>

re-
generated via a 
chiral dynamo

hA ·Bi
<latexit sha1_base64="cMoAC20xJB1gMhGOIU6sWBTzsAM=">AAACHXicbVC7TsMwFHXKq4RXgZHFokJiqpJSCcYCC2OR6ENqospx3NaqY0e2g1RF+REWfoWFAYQYWBB/g5N2KC1Xsnx0zrm6954gZlRpx/mxSmvrG5tb5W17Z3dv/6ByeNRRIpGYtLFgQvYCpAijnLQ11Yz0YklQFDDSDSa3ud59JFJRwR/0NCZ+hEacDilG2lCDSsNjiI8YgV4gWKimkfnS68zDodCL1E0GPVk4bdseVKpOzSkKrgJ3DqpgXq1B5csLBU4iwjVmSKm+68TaT5HUFDOS2V6iSIzwBI1I30COIqL8tLgug2eGCeFQSPO4hgW72JGiSOVbGmeE9Fgtazn5n9ZP9PDKTymPE004ng0aJgxqAfOoYEglwZpNDUBYUrMrxGMkEdYm0DwEd/nkVdCp19yLmnPfqDbr8zjK4AScgnPggkvQBHegBdoAgyfwAt7Au/VsvVof1ufMWrLmPcfgT1nfv9tcokY=</latexit>
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evolves self-
similarly with 

Turbulence 
determines
long-term
evolution.

Generating chiral asymmetry

hµ5i
<latexit sha1_base64="LEQN/15hjygExLzxRF+ZNfwjqPM=">AAACAXicbVDLSsNAFJ3UV42vqBvBzWARXJWkKrosuHFZwT6gCWEynbZDZyZhZiKUUDf+ihsXirj1L9z5N07SLLT1wIUz59zL3HuihFGlXffbqqysrq1vVDftre2d3T1n/6Cj4lRi0sYxi2UvQoowKkhbU81IL5EE8YiRbjS5yf3uA5GKxuJeTxMScDQSdEgx0kYKnSOfITFiBPo8DS+hL4uXbduhU3PrbgG4TLyS1ECJVuh8+YMYp5wIjRlSqu+5iQ4yJDXFjMxsP1UkQXiCRqRvqECcqCArLpjBU6MM4DCWpoSGhfp7IkNcqSmPTCdHeqwWvVz8z+unengdZFQkqSYCzz8apgzqGOZxwAGVBGs2NQRhSc2uEI+RRFib0PIQvMWTl0mnUffO6+7dRa3ZKOOogmNwAs6AB65AE9yCFmgDDB7BM3gFb9aT9WK9Wx/z1opVzhyCP7A+fwA6DZVh</latexit>

kp
<latexit sha1_base64="utvsQ1dl1eP+cGSk3VDjj5IyHSI=">AAAB+HicbVDLSsNAFL2prxofjbp0M1gEVyWpgi4LblxWsA9oQ5hMJ+3QmSTMTIQa+iVuXCji1k9x5984abPQ1gMDh3Pu5Z45YcqZ0q77bVU2Nre2d6q79t7+wWHNOTruqiSThHZIwhPZD7GinMW0o5nmtJ9KikXIaS+c3hZ+75FKxZL4Qc9S6gs8jlnECNZGCpzaNBgKrCdS5Onctu3AqbsNdwG0TryS1KFEO3C+hqOEZILGmnCs1MBzU+3nWGpGOJ3bw0zRFJMpHtOBoTEWVPn5IvgcnRtlhKJEmhdrtFB/b+RYKDUToZksQqpVrxD/8waZjm78nMVppmlMloeijCOdoKIFNGKSEs1nhmAimcmKyARLTLTpqijBW/3yOuk2G95lw72/qreaZR1VOIUzuAAPrqEFd9CGDhDI4Ble4c16sl6sd+tjOVqxyp0T+APr8we4MpJo</latexit>

Initial condition

• strong helical 
magnetic field 

• no chiral 
asymmetry

Schober, Fujita, & Durrer 2020

Generation of chiral asymmetry 
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Schober

Generating chiral asymmetry
Initial condition

• strong helical 
magnetic field 

• no chiral 
asymmetry

low Re high ReSchober, Fujita, & Durrer 2020

Generation of chiral asymmetry 
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Initial chirality

6=
<latexit sha1_base64="q0WWsXloznTw+ZN24Sz6aYJZlas=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGCaQttKJvtpF262cTdjVBKf4MXD4p49Qd589+4aXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzf5n77CZXmiXwwkxSDmA4ljzijxkp+T+JjuV+pujV3DrJKvIJUoUCzX/nqDRKWxSgNE1TrruemJphSZTgTOCv3Mo0pZWM6xK6lksaog+n82Bk5t8qARImyJQ2Zq78npjTWehKHtjOmZqSXvVz8z+tmJroJplymmUHJFouiTBCTkPxzMuAKmRETSyhT3N5K2IgqyozNJw/BW355lbTqNe+y5t5fVRv1Io4SnMIZXIAH19CAO2iCDww4PMMrvDnSeXHenY9F65pTzJzAHzifP0mZjkg=</latexit>

No initial chirality

� 0
<latexit sha1_base64="q3ARLRaZxe/j6uhe+j9gDdHPFOw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRV0GXBjcsK9gFNKJPJTTp08mBmIpaQX3HjQhG3/og7/8ZpmoW2HrhwOOfeuXOPl3ImlWV9G7WNza3tnfpuY2//4PDIPG4OZJIJCn2a8ESMPCKBsxj6iikOo1QAiTwOQ292u/CHjyAkS+IHNU/BjUgYs4BRorQ0MZtO+UYuwC9yJwyxVUzMltW2SuB1YlekhSr0JuaX4yc0iyBWlBMpx7aVKjcnQjHKoWg4mYSU0BkJYaxpTCKQbl7uLfC5VnwcJEJXrHCp/p7ISSTlPPJ0Z0TUVK56C/E/b5yp4MbNWZxmCmK6XBRkHKsEL4LAPhNAFZ9rQqhg+q+YTokgVOm4GjoEe/XkdTLotO3LtnV/1ep2qjjq6BSdoQtko2vURXeoh/qIoif0jF7Rm1EYL8a78bFsrRnVzAn6A+PzByU/lHE=</latexit>

� 0
<latexit sha1_base64="q3ARLRaZxe/j6uhe+j9gDdHPFOw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRV0GXBjcsK9gFNKJPJTTp08mBmIpaQX3HjQhG3/og7/8ZpmoW2HrhwOOfeuXOPl3ImlWV9G7WNza3tnfpuY2//4PDIPG4OZJIJCn2a8ESMPCKBsxj6iikOo1QAiTwOQ292u/CHjyAkS+IHNU/BjUgYs4BRorQ0MZtO+UYuwC9yJwyxVUzMltW2SuB1YlekhSr0JuaX4yc0iyBWlBMpx7aVKjcnQjHKoWg4mYSU0BkJYaxpTCKQbl7uLfC5VnwcJEJXrHCp/p7ISSTlPPJ0Z0TUVK56C/E/b5yp4MbNWZxmCmK6XBRkHKsEL4LAPhNAFZ9rQqhg+q+YTokgVOm4GjoEe/XkdTLotO3LtnV/1ep2qjjq6BSdoQtko2vURXeoh/qIoif0jF7Rm1EYL8a78bFsrRnVzAn6A+PzByU/lHE=</latexit>

⇡ 0
<latexit sha1_base64="jKz8SAMv9WB31c2iejK0JXmNLvo=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkCrosuHFZwT6gCWUymbRDJzNhZiKWmIW/4saFIm79DXf+jdM0C209cOFwzr1z554gYVRpx/m2Kiura+sb1c3a1vbO7p69f9BVIpWYdLBgQvYDpAijnHQ01Yz0E0lQHDDSCybXM793T6Sigt/paUL8GI04jShG2khD+8gr3sgkCfPMQ0kixQN08qFddxpOAbhM3JLUQYn20P7yQoHTmHCNGVJq4DqJ9jMkNcWM5DUvVSRBeIJGZGAoRzFRflbszuGpUUIYCWmKa1iovycyFCs1jQPTGSM9VoveTPzPG6Q6uvIzypNUE47ni6KUQS3gLAwYUkmwZlNDEJbU/BXiMZIIaxNZzYTgLp68TLrNhnvecG4v6q1mGUcVHIMTcAZccAla4Aa0QQdg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5A5SVlmU=</latexit>

⇡ 0
<latexit sha1_base64="jKz8SAMv9WB31c2iejK0JXmNLvo=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkCrosuHFZwT6gCWUymbRDJzNhZiKWmIW/4saFIm79DXf+jdM0C209cOFwzr1z554gYVRpx/m2Kiura+sb1c3a1vbO7p69f9BVIpWYdLBgQvYDpAijnHQ01Yz0E0lQHDDSCybXM793T6Sigt/paUL8GI04jShG2khD+8gr3sgkCfPMQ0kixQN08qFddxpOAbhM3JLUQYn20P7yQoHTmHCNGVJq4DqJ9jMkNcWM5DUvVSRBeIJGZGAoRzFRflbszuGpUUIYCWmKa1iovycyFCs1jQPTGSM9VoveTPzPG6Q6uvIzypNUE47ni6KUQS3gLAwYUkmwZlNDEJbU/BXiMZIIaxNZzYTgLp68TLrNhnvecG4v6q1mGUcVHIMTcAZccAla4Aa0QQdg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5A5SVlmU=</latexit>

Chiral MHD scenarios
“Classical” chiral dynamo

Rogachevskii et al. 2017  & 
Schober et al. 2018 

Schober, Fujita, & Durrer 2020



Jennifer 
Schober

Initial chirality

6=
<latexit sha1_base64="q0WWsXloznTw+ZN24Sz6aYJZlas=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGCaQttKJvtpF262cTdjVBKf4MXD4p49Qd589+4aXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzf5n77CZXmiXwwkxSDmA4ljzijxkp+T+JjuV+pujV3DrJKvIJUoUCzX/nqDRKWxSgNE1TrruemJphSZTgTOCv3Mo0pZWM6xK6lksaog+n82Bk5t8qARImyJQ2Zq78npjTWehKHtjOmZqSXvVz8z+tmJroJplymmUHJFouiTBCTkPxzMuAKmRETSyhT3N5K2IgqyozNJw/BW355lbTqNe+y5t5fVRv1Io4SnMIZXIAH19CAO2iCDww4PMMrvDnSeXHenY9F65pTzJzAHzifP0mZjkg=</latexit>

No initial chirality

� 0
<latexit sha1_base64="q3ARLRaZxe/j6uhe+j9gDdHPFOw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRV0GXBjcsK9gFNKJPJTTp08mBmIpaQX3HjQhG3/og7/8ZpmoW2HrhwOOfeuXOPl3ImlWV9G7WNza3tnfpuY2//4PDIPG4OZJIJCn2a8ESMPCKBsxj6iikOo1QAiTwOQ292u/CHjyAkS+IHNU/BjUgYs4BRorQ0MZtO+UYuwC9yJwyxVUzMltW2SuB1YlekhSr0JuaX4yc0iyBWlBMpx7aVKjcnQjHKoWg4mYSU0BkJYaxpTCKQbl7uLfC5VnwcJEJXrHCp/p7ISSTlPPJ0Z0TUVK56C/E/b5yp4MbNWZxmCmK6XBRkHKsEL4LAPhNAFZ9rQqhg+q+YTokgVOm4GjoEe/XkdTLotO3LtnV/1ep2qjjq6BSdoQtko2vURXeoh/qIoif0jF7Rm1EYL8a78bFsrRnVzAn6A+PzByU/lHE=</latexit>

= �hA ·Bi
<latexit sha1_base64="VYQ53t8Ll086KOedSIbZvudCc2o=">AAACK3icbVDLSgMxFM3Ud31VXboJFsGNZaYKuhGqblxWsCp0hpLJ3NZgJhmSjFCG+R83/ooLXfjArf9hOp2FtR4IOZx77s3NCRPOtHHdD6cyMzs3v7C4VF1eWV1br21sXmuZKgodKrlUtyHRwJmAjmGGw22igMQhh5vw/nxUv3kApZkUV2aYQBCTgWB9RomxUq925hczMgVRnp3gfZ8TMeCA/VDySA9je2WnOfZpJM2EeJbnviq8vVrdbbgF8DTxSlJHJdq92osfSZrGIAzlROuu5yYmyIgyjHLIq36qISH0ngyga6kgMeggK/bM8a5VItyXyh5hcKH+7shIrEcrWmdMzJ3+WxuJ/9W6qekfBxkTSWpA0PFD/ZRjI/EoOBwxBdTwoSWEKmZ3xfSOKEKNjbdqQ/D+fnmaXDcb3kHDvTyst5plHItoG+2gPeShI9RCF6iNOoiiR/SM3tC78+S8Op/O19haccqeLTQB5/sHfCqpBA==</latexit>

� 0
<latexit sha1_base64="q3ARLRaZxe/j6uhe+j9gDdHPFOw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRV0GXBjcsK9gFNKJPJTTp08mBmIpaQX3HjQhG3/og7/8ZpmoW2HrhwOOfeuXOPl3ImlWV9G7WNza3tnfpuY2//4PDIPG4OZJIJCn2a8ESMPCKBsxj6iikOo1QAiTwOQ292u/CHjyAkS+IHNU/BjUgYs4BRorQ0MZtO+UYuwC9yJwyxVUzMltW2SuB1YlekhSr0JuaX4yc0iyBWlBMpx7aVKjcnQjHKoWg4mYSU0BkJYaxpTCKQbl7uLfC5VnwcJEJXrHCp/p7ISSTlPPJ0Z0TUVK56C/E/b5yp4MbNWZxmCmK6XBRkHKsEL4LAPhNAFZ9rQqhg+q+YTokgVOm4GjoEe/XkdTLotO3LtnV/1ep2qjjq6BSdoQtko2vURXeoh/qIoif0jF7Rm1EYL8a78bFsrRnVzAn6A+PzByU/lHE=</latexit>

⇡ 0
<latexit sha1_base64="jKz8SAMv9WB31c2iejK0JXmNLvo=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkCrosuHFZwT6gCWUymbRDJzNhZiKWmIW/4saFIm79DXf+jdM0C209cOFwzr1z554gYVRpx/m2Kiura+sb1c3a1vbO7p69f9BVIpWYdLBgQvYDpAijnHQ01Yz0E0lQHDDSCybXM793T6Sigt/paUL8GI04jShG2khD+8gr3sgkCfPMQ0kixQN08qFddxpOAbhM3JLUQYn20P7yQoHTmHCNGVJq4DqJ9jMkNcWM5DUvVSRBeIJGZGAoRzFRflbszuGpUUIYCWmKa1iovycyFCs1jQPTGSM9VoveTPzPG6Q6uvIzypNUE47ni6KUQS3gLAwYUkmwZlNDEJbU/BXiMZIIaxNZzYTgLp68TLrNhnvecG4v6q1mGUcVHIMTcAZccAla4Aa0QQdg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5A5SVlmU=</latexit>

⇡ 0
<latexit sha1_base64="jKz8SAMv9WB31c2iejK0JXmNLvo=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkCrosuHFZwT6gCWUymbRDJzNhZiKWmIW/4saFIm79DXf+jdM0C209cOFwzr1z554gYVRpx/m2Kiura+sb1c3a1vbO7p69f9BVIpWYdLBgQvYDpAijnHQ01Yz0E0lQHDDSCybXM793T6Sigt/paUL8GI04jShG2khD+8gr3sgkCfPMQ0kixQN08qFddxpOAbhM3JLUQYn20P7yQoHTmHCNGVJq4DqJ9jMkNcWM5DUvVSRBeIJGZGAoRzFRflbszuGpUUIYCWmKa1iovycyFCs1jQPTGSM9VoveTPzPG6Q6uvIzypNUE47ni6KUQS3gLAwYUkmwZlNDEJbU/BXiMZIIaxNZzYTgLp68TLrNhnvecG4v6q1mGUcVHIMTcAZccAla4Aa0QQdg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5A5SVlmU=</latexit>

Chiral MHD scenarios
“Classical” chiral dynamo

Rogachevskii et al. 2017  & 
Schober et al. 2018 

Schober, Fujita, & Durrer 2020

Relevant for Axion inflation
Brandenburg, Kamada, & 

Schober et al. 2023 



Jennifer 
Schober

Initial condition

• large 

• large 
2hµ5i
�

= �hA ·Bi
<latexit sha1_base64="fSYACJUxQWyBkEWyQztBOBgtyg4="></latexit>

2hµ5i
�

= �hA ·Bi
<latexit sha1_base64="fSYACJUxQWyBkEWyQztBOBgtyg4="></latexit>

Brandenburg, Kamada, 
& Schober et al. 2023 

Inverse magnetic 
correlation length

Chiral chemical potential

Magnetic helicity

Decay of helicity balanced by chirality



Jennifer 
Schober

Initial condition

• large 

• large 
2hµ5i
�

= �hA ·Bi
<latexit sha1_base64="fSYACJUxQWyBkEWyQztBOBgtyg4="></latexit>

2hµ5i
�

= �hA ·Bi
<latexit sha1_base64="fSYACJUxQWyBkEWyQztBOBgtyg4="></latexit>

Brandenburg, Kamada, 
& Schober et al. 2023 

Inverse magnetic 
correlation length

Magnetic energy

Chiral chemical potential

Magnetic helicity

Decay of helicity balanced by chirality



Jennifer 
Schober

Explanation of decay laws with the  
(adopted) Hosking integral:

h = A ·B +
2µ5

�
<latexit sha1_base64="q3VUoPFyn/Ag+LmofELS3LYxm8U=">AAACKXicbVDLSsNAFJ3UV62vqEs3g0UQhJJURTdC1Y3LCvYBTSiTyaQdOsmEmYlQQn7Hjb/iRkFRt/6IkzaL2npgmMM593LvPV7MqFSW9WWUlpZXVtfK65WNza3tHXN3ry15IjBpYc646HpIEkYj0lJUMdKNBUGhx0jHG93mfueRCEl59KDGMXFDNIhoQDFSWuqbjSG8go7HmS/Hof7S68zBPlez0k0GT6ATCITTuhMm/fQ8y1KH6SE+yvpm1apZE8BFYhekCgo0++ab43OchCRSmCEpe7YVKzdFQlHMSFZxEklihEdoQHqaRigk0k0nl2bwSCs+DLjQL1Jwos52pCiU+da6MkRqKOe9XPzP6yUquHRTGsWJIhGeDgoSBhWHeWzQp4JgxcaaICyo3hXiIdKRKB1uRYdgz5+8SNr1mn1as+7Pqo16EUcZHIBDcAxscAEa4A40QQtg8ARewDv4MJ6NV+PT+J6WloyiZx/8gfHzCwG8p60=</latexit>

Classical MHD:

EM / t�10/9
<latexit sha1_base64="HKdJrlFI1q/jur4h96J8FsRkos0=">AAACEXicbVDLSsNAFJ34rPUVdelmsAjdWJMqqLuCCG6ECvYBTQyT6aQdOkmGmYlQQn7Bjb/ixoUibt2582+cpF1o64GBwzn3MvccnzMqlWV9GwuLS8srq6W18vrG5ta2ubPblnEiMGnhmMWi6yNJGI1IS1HFSJcLgkKfkY4/usz9zgMRksbRnRpz4oZoENGAYqS05JlVJ0RqiBFLrzKv4CJMbzLocBFzFUN1nx7Z1vFF5pkVq2YVgPPEnpIKmKLpmV9OP8ZJSCKFGZKyZ1tcuSkSimJGsrKTSMIRHqEB6WkaoZBINy0SZfBQK30YxEK/SMFC/b2RolDKcejryfxmOevl4n9eL1HBuZvSiCeKRHjyUZAwmEfV9cA+FQQrNtYEYUH1rRAPkUBY6RLLugR7NvI8addr9knNuj2tNOrTOkpgHxyAKrDBGWiAa9AELYDBI3gGr+DNeDJejHfjYzK6YEx39sAfGJ8/N8edKQ==</latexit>

⇠M / t4/9
<latexit sha1_base64="/j2Wz4YYxTWr/IqY5JmufQRYezQ=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFc1aQW1F3BjRuhgn1AE8NkOmmHziRhZiKWkJ0bf8WNC0Xc+gvu/BsnbRbaemDgcM69zD3HjxmVyrK+jYXFpeWV1dJaeX1jc2vb3NltyygRmLRwxCLR9ZEkjIakpahipBsLgrjPSMcfXeZ+554ISaPwVo1j4nI0CGlAMVJa8swD54F6DkdqKHh6nUEnFlGsIqju0vrJReaZFatqTQDniV2QCijQ9Mwvpx/hhJNQYYak7NlWrNwUCUUxI1nZSSSJER6hAelpGiJOpJtOcmTwSCt9GERCv1DBifp7I0VcyjH39WR+sZz1cvE/r5eo4NxNaRgnioR4+lGQMJgH1aXAPhUEKzbWBGFB9a0QD5FAWOnqyroEezbyPGnXqvZp1bqpVxq1oo4S2AeH4BjY4Aw0wBVoghbA4BE8g1fwZjwZL8a78TEdXTCKnT3wB8bnD9QjmTU=</latexit>

Hosking & 
Schekochihin

2021 ,
Zhou et al. 2022

Decay of helicity balanced by chirality



Jennifer 
Schober

Explanation of decay laws with the  
(adopted) Hosking integral:

h = A ·B +
2µ5

�
<latexit sha1_base64="q3VUoPFyn/Ag+LmofELS3LYxm8U=">AAACKXicbVDLSsNAFJ3UV62vqEs3g0UQhJJURTdC1Y3LCvYBTSiTyaQdOsmEmYlQQn7Hjb/iRkFRt/6IkzaL2npgmMM593LvPV7MqFSW9WWUlpZXVtfK65WNza3tHXN3ry15IjBpYc646HpIEkYj0lJUMdKNBUGhx0jHG93mfueRCEl59KDGMXFDNIhoQDFSWuqbjSG8go7HmS/Hof7S68zBPlez0k0GT6ATCITTuhMm/fQ8y1KH6SE+yvpm1apZE8BFYhekCgo0++ab43OchCRSmCEpe7YVKzdFQlHMSFZxEklihEdoQHqaRigk0k0nl2bwSCs+DLjQL1Jwos52pCiU+da6MkRqKOe9XPzP6yUquHRTGsWJIhGeDgoSBhWHeWzQp4JgxcaaICyo3hXiIdKRKB1uRYdgz5+8SNr1mn1as+7Pqo16EUcZHIBDcAxscAEa4A40QQtg8ARewDv4MJ6NV+PT+J6WloyiZx/8gfHzCwG8p60=</latexit>

h = A ·B +
2µ5

�
<latexit sha1_base64="q3VUoPFyn/Ag+LmofELS3LYxm8U=">AAACKXicbVDLSsNAFJ3UV62vqEs3g0UQhJJURTdC1Y3LCvYBTSiTyaQdOsmEmYlQQn7Hjb/iRkFRt/6IkzaL2npgmMM593LvPV7MqFSW9WWUlpZXVtfK65WNza3tHXN3ry15IjBpYc646HpIEkYj0lJUMdKNBUGhx0jHG93mfueRCEl59KDGMXFDNIhoQDFSWuqbjSG8go7HmS/Hof7S68zBPlez0k0GT6ATCITTuhMm/fQ8y1KH6SE+yvpm1apZE8BFYhekCgo0++ab43OchCRSmCEpe7YVKzdFQlHMSFZxEklihEdoQHqaRigk0k0nl2bwSCs+DLjQL1Jwos52pCiU+da6MkRqKOe9XPzP6yUquHRTGsWJIhGeDgoSBhWHeWzQp4JgxcaaICyo3hXiIdKRKB1uRYdgz5+8SNr1mn1as+7Pqo16EUcZHIBDcAxscAEa4A40QQtg8ARewDv4MJ6NV+PT+J6WloyiZx/8gfHzCwG8p60=</latexit>

Brandenburg, 
Kamada, & 

Schober 2023 

Classical MHD: Chiral MHD:

EM / t�10/9
<latexit sha1_base64="HKdJrlFI1q/jur4h96J8FsRkos0=">AAACEXicbVDLSsNAFJ34rPUVdelmsAjdWJMqqLuCCG6ECvYBTQyT6aQdOkmGmYlQQn7Bjb/ixoUibt2582+cpF1o64GBwzn3MvccnzMqlWV9GwuLS8srq6W18vrG5ta2ubPblnEiMGnhmMWi6yNJGI1IS1HFSJcLgkKfkY4/usz9zgMRksbRnRpz4oZoENGAYqS05JlVJ0RqiBFLrzKv4CJMbzLocBFzFUN1nx7Z1vFF5pkVq2YVgPPEnpIKmKLpmV9OP8ZJSCKFGZKyZ1tcuSkSimJGsrKTSMIRHqEB6WkaoZBINy0SZfBQK30YxEK/SMFC/b2RolDKcejryfxmOevl4n9eL1HBuZvSiCeKRHjyUZAwmEfV9cA+FQQrNtYEYUH1rRAPkUBY6RLLugR7NvI8addr9knNuj2tNOrTOkpgHxyAKrDBGWiAa9AELYDBI3gGr+DNeDJejHfjYzK6YEx39sAfGJ8/N8edKQ==</latexit>

⇠M / t4/9
<latexit sha1_base64="/j2Wz4YYxTWr/IqY5JmufQRYezQ=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFc1aQW1F3BjRuhgn1AE8NkOmmHziRhZiKWkJ0bf8WNC0Xc+gvu/BsnbRbaemDgcM69zD3HjxmVyrK+jYXFpeWV1dJaeX1jc2vb3NltyygRmLRwxCLR9ZEkjIakpahipBsLgrjPSMcfXeZ+554ISaPwVo1j4nI0CGlAMVJa8swD54F6DkdqKHh6nUEnFlGsIqju0vrJReaZFatqTQDniV2QCijQ9Mwvpx/hhJNQYYak7NlWrNwUCUUxI1nZSSSJER6hAelpGiJOpJtOcmTwSCt9GERCv1DBifp7I0VcyjH39WR+sZz1cvE/r5eo4NxNaRgnioR4+lGQMJgH1aXAPhUEKzbWBGFB9a0QD5FAWOnqyroEezbyPGnXqvZp1bqpVxq1oo4S2AeH4BjY4Aw0wBVoghbA4BE8g1fwZjwZL8a78TEdXTCKnT3wB8bnD9QjmTU=</latexit>

hA ·Bi / t�2/3
<latexit sha1_base64="XMWvlgkKEK/gxapd+4mR/fABPRo=">AAACKXicbVDLSgMxFM34tr6qLt0Ei+DGOlMFXVbduKxgH9CpJZNJ29BMMiR3hDLM77jxV9woKOrWHzF9LGrrhZDDOfdy7zlBLLgB1/1yFhaXlldW19ZzG5tb2zv53b2aUYmmrEqVULoREMMEl6wKHARrxJqRKBCsHvRvhnr9kWnDlbyHQcxaEelK3uGUgKXa+bIviOwK5gdKhGYQ2S+9ynwaKpimrjNfj/qwH2sVg8LwkJ6UTs+ydr7gFt1R4XngTUABTarSzr/5oaJJxCRQQYxpem4MrZRo4FSwLOcnhsWE9kmXNS2UJGKmlY6cZvjIMiHuKG2fBDxipydSEpnhybYzItAzs9qQ/E9rJtC5bKVcxgkwSceLOonAQ6c2NhxyzSiIgQWEam5vxbRHNKFgw83ZELxZy/OgVip6Z0X37rxQLk3iWEMH6BAdIw9doDK6RRVURRQ9oRf0jj6cZ+fV+XS+x60LzmRmH/0p5+cX+peoKw==</latexit>

hµ5i / t�2/3
<latexit sha1_base64="PXaDXVgQQugQLU/v2nFrt1Lgncw=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCxUJIWBGMlFsYi0YfUhMhx3daq41i2g1RF/QEWfoWFAYRY2dn4G9w0A7QcydLROffq+pxQMKq043xbhaXlldW14nppY3Nre8fe3WupOJGYNHHMYtkJkSKMctLUVDPSEZKgKGSkHY6up377gUhFY36nx4L4ERpw2qcYaSMF9pHHEB8w4kVJcOHJjENPyFjoGOr79LR6VpsEdtmpOBngInFzUgY5GoH95fVinESEa8yQUl3XEdpPkdQUMzIpeYkiAuERGpCuoRxFRPlplmYCj43Sg/1Ymsc1zNTfGymKlBpHoZmMkB6qeW8q/ud1E92/8lPKRaIJx7ND/YTBaVJTDexRSbBmY0MQltT8FeIhkghrU2DJlODOR14krWrFrVWc2/NyvZrXUQQH4BCcABdcgjq4AQ3QBBg8gmfwCt6sJ+vFerc+ZqMFK9/ZB39gff4AwLCbRg==</latexit>

EM / t�10/9
<latexit sha1_base64="HKdJrlFI1q/jur4h96J8FsRkos0=">AAACEXicbVDLSsNAFJ34rPUVdelmsAjdWJMqqLuCCG6ECvYBTQyT6aQdOkmGmYlQQn7Bjb/ixoUibt2582+cpF1o64GBwzn3MvccnzMqlWV9GwuLS8srq6W18vrG5ta2ubPblnEiMGnhmMWi6yNJGI1IS1HFSJcLgkKfkY4/usz9zgMRksbRnRpz4oZoENGAYqS05JlVJ0RqiBFLrzKv4CJMbzLocBFzFUN1nx7Z1vFF5pkVq2YVgPPEnpIKmKLpmV9OP8ZJSCKFGZKyZ1tcuSkSimJGsrKTSMIRHqEB6WkaoZBINy0SZfBQK30YxEK/SMFC/b2RolDKcejryfxmOevl4n9eL1HBuZvSiCeKRHjyUZAwmEfV9cA+FQQrNtYEYUH1rRAPkUBY6RLLugR7NvI8addr9knNuj2tNOrTOkpgHxyAKrDBGWiAa9AELYDBI3gGr+DNeDJejHfjYzK6YEx39sAfGJ8/N8edKQ==</latexit>

⇠M / t4/9
<latexit sha1_base64="/j2Wz4YYxTWr/IqY5JmufQRYezQ=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFc1aQW1F3BjRuhgn1AE8NkOmmHziRhZiKWkJ0bf8WNC0Xc+gvu/BsnbRbaemDgcM69zD3HjxmVyrK+jYXFpeWV1dJaeX1jc2vb3NltyygRmLRwxCLR9ZEkjIakpahipBsLgrjPSMcfXeZ+554ISaPwVo1j4nI0CGlAMVJa8swD54F6DkdqKHh6nUEnFlGsIqju0vrJReaZFatqTQDniV2QCijQ9Mwvpx/hhJNQYYak7NlWrNwUCUUxI1nZSSSJER6hAelpGiJOpJtOcmTwSCt9GERCv1DBifp7I0VcyjH39WR+sZz1cvE/r5eo4NxNaRgnioR4+lGQMJgH1aXAPhUEKzbWBGFB9a0QD5FAWOnqyroEezbyPGnXqvZp1bqpVxq1oo4S2AeH4BjY4Aw0wBVoghbA4BE8g1fwZjwZL8a78TEdXTCKnT3wB8bnD9QjmTU=</latexit>

Hosking & 
Schekochihin

2021 ,
Zhou et al. 2022

Decay of helicity balanced by chirality



Jennifer 
Schober

Explanation of decay laws with the  
(adopted) Hosking integral:

h = A ·B +
2µ5

�
<latexit sha1_base64="q3VUoPFyn/Ag+LmofELS3LYxm8U=">AAACKXicbVDLSsNAFJ3UV62vqEs3g0UQhJJURTdC1Y3LCvYBTSiTyaQdOsmEmYlQQn7Hjb/iRkFRt/6IkzaL2npgmMM593LvPV7MqFSW9WWUlpZXVtfK65WNza3tHXN3ry15IjBpYc646HpIEkYj0lJUMdKNBUGhx0jHG93mfueRCEl59KDGMXFDNIhoQDFSWuqbjSG8go7HmS/Hof7S68zBPlez0k0GT6ATCITTuhMm/fQ8y1KH6SE+yvpm1apZE8BFYhekCgo0++ab43OchCRSmCEpe7YVKzdFQlHMSFZxEklihEdoQHqaRigk0k0nl2bwSCs+DLjQL1Jwos52pCiU+da6MkRqKOe9XPzP6yUquHRTGsWJIhGeDgoSBhWHeWzQp4JgxcaaICyo3hXiIdKRKB1uRYdgz5+8SNr1mn1as+7Pqo16EUcZHIBDcAxscAEa4A40QQtg8ARewDv4MJ6NV+PT+J6WloyiZx/8gfHzCwG8p60=</latexit>

h = A ·B +
2µ5

�
<latexit sha1_base64="q3VUoPFyn/Ag+LmofELS3LYxm8U=">AAACKXicbVDLSsNAFJ3UV62vqEs3g0UQhJJURTdC1Y3LCvYBTSiTyaQdOsmEmYlQQn7Hjb/iRkFRt/6IkzaL2npgmMM593LvPV7MqFSW9WWUlpZXVtfK65WNza3tHXN3ry15IjBpYc646HpIEkYj0lJUMdKNBUGhx0jHG93mfueRCEl59KDGMXFDNIhoQDFSWuqbjSG8go7HmS/Hof7S68zBPlez0k0GT6ATCITTuhMm/fQ8y1KH6SE+yvpm1apZE8BFYhekCgo0++ab43OchCRSmCEpe7YVKzdFQlHMSFZxEklihEdoQHqaRigk0k0nl2bwSCs+DLjQL1Jwos52pCiU+da6MkRqKOe9XPzP6yUquHRTGsWJIhGeDgoSBhWHeWzQp4JgxcaaICyo3hXiIdKRKB1uRYdgz5+8SNr1mn1as+7Pqo16EUcZHIBDcAxscAEa4A40QQtg8ARewDv4MJ6NV+PT+J6WloyiZx/8gfHzCwG8p60=</latexit>

Brandenburg, 
Kamada, & 

Schober 2023 

Classical MHD: Chiral MHD:

Demonstration of conservation of 
Hosking integral in simulations:

EM / t�10/9
<latexit sha1_base64="HKdJrlFI1q/jur4h96J8FsRkos0=">AAACEXicbVDLSsNAFJ34rPUVdelmsAjdWJMqqLuCCG6ECvYBTQyT6aQdOkmGmYlQQn7Bjb/ixoUibt2582+cpF1o64GBwzn3MvccnzMqlWV9GwuLS8srq6W18vrG5ta2ubPblnEiMGnhmMWi6yNJGI1IS1HFSJcLgkKfkY4/usz9zgMRksbRnRpz4oZoENGAYqS05JlVJ0RqiBFLrzKv4CJMbzLocBFzFUN1nx7Z1vFF5pkVq2YVgPPEnpIKmKLpmV9OP8ZJSCKFGZKyZ1tcuSkSimJGsrKTSMIRHqEB6WkaoZBINy0SZfBQK30YxEK/SMFC/b2RolDKcejryfxmOevl4n9eL1HBuZvSiCeKRHjyUZAwmEfV9cA+FQQrNtYEYUH1rRAPkUBY6RLLugR7NvI8addr9knNuj2tNOrTOkpgHxyAKrDBGWiAa9AELYDBI3gGr+DNeDJejHfjYzK6YEx39sAfGJ8/N8edKQ==</latexit>

⇠M / t4/9
<latexit sha1_base64="/j2Wz4YYxTWr/IqY5JmufQRYezQ=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFc1aQW1F3BjRuhgn1AE8NkOmmHziRhZiKWkJ0bf8WNC0Xc+gvu/BsnbRbaemDgcM69zD3HjxmVyrK+jYXFpeWV1dJaeX1jc2vb3NltyygRmLRwxCLR9ZEkjIakpahipBsLgrjPSMcfXeZ+554ISaPwVo1j4nI0CGlAMVJa8swD54F6DkdqKHh6nUEnFlGsIqju0vrJReaZFatqTQDniV2QCijQ9Mwvpx/hhJNQYYak7NlWrNwUCUUxI1nZSSSJER6hAelpGiJOpJtOcmTwSCt9GERCv1DBifp7I0VcyjH39WR+sZz1cvE/r5eo4NxNaRgnioR4+lGQMJgH1aXAPhUEKzbWBGFB9a0QD5FAWOnqyroEezbyPGnXqvZp1bqpVxq1oo4S2AeH4BjY4Aw0wBVoghbA4BE8g1fwZjwZL8a78TEdXTCKnT3wB8bnD9QjmTU=</latexit>

hA ·Bi / t�2/3
<latexit sha1_base64="XMWvlgkKEK/gxapd+4mR/fABPRo=">AAACKXicbVDLSgMxFM34tr6qLt0Ei+DGOlMFXVbduKxgH9CpJZNJ29BMMiR3hDLM77jxV9woKOrWHzF9LGrrhZDDOfdy7zlBLLgB1/1yFhaXlldW19ZzG5tb2zv53b2aUYmmrEqVULoREMMEl6wKHARrxJqRKBCsHvRvhnr9kWnDlbyHQcxaEelK3uGUgKXa+bIviOwK5gdKhGYQ2S+9ynwaKpimrjNfj/qwH2sVg8LwkJ6UTs+ydr7gFt1R4XngTUABTarSzr/5oaJJxCRQQYxpem4MrZRo4FSwLOcnhsWE9kmXNS2UJGKmlY6cZvjIMiHuKG2fBDxipydSEpnhybYzItAzs9qQ/E9rJtC5bKVcxgkwSceLOonAQ6c2NhxyzSiIgQWEam5vxbRHNKFgw83ZELxZy/OgVip6Z0X37rxQLk3iWEMH6BAdIw9doDK6RRVURRQ9oRf0jj6cZ+fV+XS+x60LzmRmH/0p5+cX+peoKw==</latexit>

hµ5i / t�2/3
<latexit sha1_base64="PXaDXVgQQugQLU/v2nFrt1Lgncw=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCxUJIWBGMlFsYi0YfUhMhx3daq41i2g1RF/QEWfoWFAYRY2dn4G9w0A7QcydLROffq+pxQMKq043xbhaXlldW14nppY3Nre8fe3WupOJGYNHHMYtkJkSKMctLUVDPSEZKgKGSkHY6up377gUhFY36nx4L4ERpw2qcYaSMF9pHHEB8w4kVJcOHJjENPyFjoGOr79LR6VpsEdtmpOBngInFzUgY5GoH95fVinESEa8yQUl3XEdpPkdQUMzIpeYkiAuERGpCuoRxFRPlplmYCj43Sg/1Ymsc1zNTfGymKlBpHoZmMkB6qeW8q/ud1E92/8lPKRaIJx7ND/YTBaVJTDexRSbBmY0MQltT8FeIhkghrU2DJlODOR14krWrFrVWc2/NyvZrXUQQH4BCcABdcgjq4AQ3QBBg8gmfwCt6sJ+vFerc+ZqMFK9/ZB39gff4AwLCbRg==</latexit>

EM / t�10/9
<latexit sha1_base64="HKdJrlFI1q/jur4h96J8FsRkos0=">AAACEXicbVDLSsNAFJ34rPUVdelmsAjdWJMqqLuCCG6ECvYBTQyT6aQdOkmGmYlQQn7Bjb/ixoUibt2582+cpF1o64GBwzn3MvccnzMqlWV9GwuLS8srq6W18vrG5ta2ubPblnEiMGnhmMWi6yNJGI1IS1HFSJcLgkKfkY4/usz9zgMRksbRnRpz4oZoENGAYqS05JlVJ0RqiBFLrzKv4CJMbzLocBFzFUN1nx7Z1vFF5pkVq2YVgPPEnpIKmKLpmV9OP8ZJSCKFGZKyZ1tcuSkSimJGsrKTSMIRHqEB6WkaoZBINy0SZfBQK30YxEK/SMFC/b2RolDKcejryfxmOevl4n9eL1HBuZvSiCeKRHjyUZAwmEfV9cA+FQQrNtYEYUH1rRAPkUBY6RLLugR7NvI8addr9knNuj2tNOrTOkpgHxyAKrDBGWiAa9AELYDBI3gGr+DNeDJejHfjYzK6YEx39sAfGJ8/N8edKQ==</latexit>

⇠M / t4/9
<latexit sha1_base64="/j2Wz4YYxTWr/IqY5JmufQRYezQ=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFc1aQW1F3BjRuhgn1AE8NkOmmHziRhZiKWkJ0bf8WNC0Xc+gvu/BsnbRbaemDgcM69zD3HjxmVyrK+jYXFpeWV1dJaeX1jc2vb3NltyygRmLRwxCLR9ZEkjIakpahipBsLgrjPSMcfXeZ+554ISaPwVo1j4nI0CGlAMVJa8swD54F6DkdqKHh6nUEnFlGsIqju0vrJReaZFatqTQDniV2QCijQ9Mwvpx/hhJNQYYak7NlWrNwUCUUxI1nZSSSJER6hAelpGiJOpJtOcmTwSCt9GERCv1DBifp7I0VcyjH39WR+sZz1cvE/r5eo4NxNaRgnioR4+lGQMJgH1aXAPhUEKzbWBGFB9a0QD5FAWOnqyroEezbyPGnXqvZp1bqpVxq1oo4S2AeH4BjY4Aw0wBVoghbA4BE8g1fwZjwZL8a78TEdXTCKnT3wB8bnD9QjmTU=</latexit>

Hosking & 
Schekochihin

2021 ,
Zhou et al. 2022

Decay of helicity balanced by chirality



Jennifer 
Schober

Initial chirality

6=
<latexit sha1_base64="q0WWsXloznTw+ZN24Sz6aYJZlas=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGCaQttKJvtpF262cTdjVBKf4MXD4p49Qd589+4aXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzf5n77CZXmiXwwkxSDmA4ljzijxkp+T+JjuV+pujV3DrJKvIJUoUCzX/nqDRKWxSgNE1TrruemJphSZTgTOCv3Mo0pZWM6xK6lksaog+n82Bk5t8qARImyJQ2Zq78npjTWehKHtjOmZqSXvVz8z+tmJroJplymmUHJFouiTBCTkPxzMuAKmRETSyhT3N5K2IgqyozNJw/BW355lbTqNe+y5t5fVRv1Io4SnMIZXIAH19CAO2iCDww4PMMrvDnSeXHenY9F65pTzJzAHzifP0mZjkg=</latexit>

No initial chirality

� 0
<latexit sha1_base64="q3ARLRaZxe/j6uhe+j9gDdHPFOw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRV0GXBjcsK9gFNKJPJTTp08mBmIpaQX3HjQhG3/og7/8ZpmoW2HrhwOOfeuXOPl3ImlWV9G7WNza3tnfpuY2//4PDIPG4OZJIJCn2a8ESMPCKBsxj6iikOo1QAiTwOQ292u/CHjyAkS+IHNU/BjUgYs4BRorQ0MZtO+UYuwC9yJwyxVUzMltW2SuB1YlekhSr0JuaX4yc0iyBWlBMpx7aVKjcnQjHKoWg4mYSU0BkJYaxpTCKQbl7uLfC5VnwcJEJXrHCp/p7ISSTlPPJ0Z0TUVK56C/E/b5yp4MbNWZxmCmK6XBRkHKsEL4LAPhNAFZ9rQqhg+q+YTokgVOm4GjoEe/XkdTLotO3LtnV/1ep2qjjq6BSdoQtko2vURXeoh/qIoif0jF7Rm1EYL8a78bFsrRnVzAn6A+PzByU/lHE=</latexit>

= �hA ·Bi
<latexit sha1_base64="VYQ53t8Ll086KOedSIbZvudCc2o=">AAACK3icbVDLSgMxFM3Ud31VXboJFsGNZaYKuhGqblxWsCp0hpLJ3NZgJhmSjFCG+R83/ooLXfjArf9hOp2FtR4IOZx77s3NCRPOtHHdD6cyMzs3v7C4VF1eWV1br21sXmuZKgodKrlUtyHRwJmAjmGGw22igMQhh5vw/nxUv3kApZkUV2aYQBCTgWB9RomxUq925hczMgVRnp3gfZ8TMeCA/VDySA9je2WnOfZpJM2EeJbnviq8vVrdbbgF8DTxSlJHJdq92osfSZrGIAzlROuu5yYmyIgyjHLIq36qISH0ngyga6kgMeggK/bM8a5VItyXyh5hcKH+7shIrEcrWmdMzJ3+WxuJ/9W6qekfBxkTSWpA0PFD/ZRjI/EoOBwxBdTwoSWEKmZ3xfSOKEKNjbdqQ/D+fnmaXDcb3kHDvTyst5plHItoG+2gPeShI9RCF6iNOoiiR/SM3tC78+S8Op/O19haccqeLTQB5/sHfCqpBA==</latexit>

� 0
<latexit sha1_base64="q3ARLRaZxe/j6uhe+j9gDdHPFOw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRV0GXBjcsK9gFNKJPJTTp08mBmIpaQX3HjQhG3/og7/8ZpmoW2HrhwOOfeuXOPl3ImlWV9G7WNza3tnfpuY2//4PDIPG4OZJIJCn2a8ESMPCKBsxj6iikOo1QAiTwOQ292u/CHjyAkS+IHNU/BjUgYs4BRorQ0MZtO+UYuwC9yJwyxVUzMltW2SuB1YlekhSr0JuaX4yc0iyBWlBMpx7aVKjcnQjHKoWg4mYSU0BkJYaxpTCKQbl7uLfC5VnwcJEJXrHCp/p7ISSTlPPJ0Z0TUVK56C/E/b5yp4MbNWZxmCmK6XBRkHKsEL4LAPhNAFZ9rQqhg+q+YTokgVOm4GjoEe/XkdTLotO3LtnV/1ep2qjjq6BSdoQtko2vURXeoh/qIoif0jF7Rm1EYL8a78bFsrRnVzAn6A+PzByU/lHE=</latexit>

⇡ 0
<latexit sha1_base64="jKz8SAMv9WB31c2iejK0JXmNLvo=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkCrosuHFZwT6gCWUymbRDJzNhZiKWmIW/4saFIm79DXf+jdM0C209cOFwzr1z554gYVRpx/m2Kiura+sb1c3a1vbO7p69f9BVIpWYdLBgQvYDpAijnHQ01Yz0E0lQHDDSCybXM793T6Sigt/paUL8GI04jShG2khD+8gr3sgkCfPMQ0kixQN08qFddxpOAbhM3JLUQYn20P7yQoHTmHCNGVJq4DqJ9jMkNcWM5DUvVSRBeIJGZGAoRzFRflbszuGpUUIYCWmKa1iovycyFCs1jQPTGSM9VoveTPzPG6Q6uvIzypNUE47ni6KUQS3gLAwYUkmwZlNDEJbU/BXiMZIIaxNZzYTgLp68TLrNhnvecG4v6q1mGUcVHIMTcAZccAla4Aa0QQdg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5A5SVlmU=</latexit>

⇡ 0
<latexit sha1_base64="jKz8SAMv9WB31c2iejK0JXmNLvo=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkCrosuHFZwT6gCWUymbRDJzNhZiKWmIW/4saFIm79DXf+jdM0C209cOFwzr1z554gYVRpx/m2Kiura+sb1c3a1vbO7p69f9BVIpWYdLBgQvYDpAijnHQ01Yz0E0lQHDDSCybXM793T6Sigt/paUL8GI04jShG2khD+8gr3sgkCfPMQ0kixQN08qFddxpOAbhM3JLUQYn20P7yQoHTmHCNGVJq4DqJ9jMkNcWM5DUvVSRBeIJGZGAoRzFRflbszuGpUUIYCWmKa1iovycyFCs1jQPTGSM9VoveTPzPG6Q6uvIzypNUE47ni6KUQS3gLAwYUkmwZlNDEJbU/BXiMZIIaxNZzYTgLp68TLrNhnvecG4v6q1mGUcVHIMTcAZccAla4Aa0QQdg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5A5SVlmU=</latexit>

Chiral MHD scenarios
“Classical” chiral dynamo

Rogachevskii et al. 2017  & 
Schober et al. 2018 

Schober, Fujita, & Durrer 2020

Relevant for Axion inflation
Brandenburg, Kamada, & 

Schober et al. 2023 



Jennifer 
Schober

Initial chirality

6=
<latexit sha1_base64="q0WWsXloznTw+ZN24Sz6aYJZlas=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGCaQttKJvtpF262cTdjVBKf4MXD4p49Qd589+4aXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzf5n77CZXmiXwwkxSDmA4ljzijxkp+T+JjuV+pujV3DrJKvIJUoUCzX/nqDRKWxSgNE1TrruemJphSZTgTOCv3Mo0pZWM6xK6lksaog+n82Bk5t8qARImyJQ2Zq78npjTWehKHtjOmZqSXvVz8z+tmJroJplymmUHJFouiTBCTkPxzMuAKmRETSyhT3N5K2IgqyozNJw/BW355lbTqNe+y5t5fVRv1Io4SnMIZXIAH19CAO2iCDww4PMMrvDnSeXHenY9F65pTzJzAHzifP0mZjkg=</latexit>

No initial chirality
hµ5i(t = 0) = 0 & µ5,rms(t = 0) 6= 0

<latexit sha1_base64="EZrktmULyIPbpzSTF+F/CypzZmo="></latexit>

� 0
<latexit sha1_base64="q3ARLRaZxe/j6uhe+j9gDdHPFOw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRV0GXBjcsK9gFNKJPJTTp08mBmIpaQX3HjQhG3/og7/8ZpmoW2HrhwOOfeuXOPl3ImlWV9G7WNza3tnfpuY2//4PDIPG4OZJIJCn2a8ESMPCKBsxj6iikOo1QAiTwOQ292u/CHjyAkS+IHNU/BjUgYs4BRorQ0MZtO+UYuwC9yJwyxVUzMltW2SuB1YlekhSr0JuaX4yc0iyBWlBMpx7aVKjcnQjHKoWg4mYSU0BkJYaxpTCKQbl7uLfC5VnwcJEJXrHCp/p7ISSTlPPJ0Z0TUVK56C/E/b5yp4MbNWZxmCmK6XBRkHKsEL4LAPhNAFZ9rQqhg+q+YTokgVOm4GjoEe/XkdTLotO3LtnV/1ep2qjjq6BSdoQtko2vURXeoh/qIoif0jF7Rm1EYL8a78bFsrRnVzAn6A+PzByU/lHE=</latexit>

= �hA ·Bi
<latexit sha1_base64="VYQ53t8Ll086KOedSIbZvudCc2o=">AAACK3icbVDLSgMxFM3Ud31VXboJFsGNZaYKuhGqblxWsCp0hpLJ3NZgJhmSjFCG+R83/ooLXfjArf9hOp2FtR4IOZx77s3NCRPOtHHdD6cyMzs3v7C4VF1eWV1br21sXmuZKgodKrlUtyHRwJmAjmGGw22igMQhh5vw/nxUv3kApZkUV2aYQBCTgWB9RomxUq925hczMgVRnp3gfZ8TMeCA/VDySA9je2WnOfZpJM2EeJbnviq8vVrdbbgF8DTxSlJHJdq92osfSZrGIAzlROuu5yYmyIgyjHLIq36qISH0ngyga6kgMeggK/bM8a5VItyXyh5hcKH+7shIrEcrWmdMzJ3+WxuJ/9W6qekfBxkTSWpA0PFD/ZRjI/EoOBwxBdTwoSWEKmZ3xfSOKEKNjbdqQ/D+fnmaXDcb3kHDvTyst5plHItoG+2gPeShI9RCF6iNOoiiR/SM3tC78+S8Op/O19haccqeLTQB5/sHfCqpBA==</latexit>

� 0
<latexit sha1_base64="q3ARLRaZxe/j6uhe+j9gDdHPFOw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRV0GXBjcsK9gFNKJPJTTp08mBmIpaQX3HjQhG3/og7/8ZpmoW2HrhwOOfeuXOPl3ImlWV9G7WNza3tnfpuY2//4PDIPG4OZJIJCn2a8ESMPCKBsxj6iikOo1QAiTwOQ292u/CHjyAkS+IHNU/BjUgYs4BRorQ0MZtO+UYuwC9yJwyxVUzMltW2SuB1YlekhSr0JuaX4yc0iyBWlBMpx7aVKjcnQjHKoWg4mYSU0BkJYaxpTCKQbl7uLfC5VnwcJEJXrHCp/p7ISSTlPPJ0Z0TUVK56C/E/b5yp4MbNWZxmCmK6XBRkHKsEL4LAPhNAFZ9rQqhg+q+YTokgVOm4GjoEe/XkdTLotO3LtnV/1ep2qjjq6BSdoQtko2vURXeoh/qIoif0jF7Rm1EYL8a78bFsrRnVzAn6A+PzByU/lHE=</latexit>

⇡ 0
<latexit sha1_base64="jKz8SAMv9WB31c2iejK0JXmNLvo=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkCrosuHFZwT6gCWUymbRDJzNhZiKWmIW/4saFIm79DXf+jdM0C209cOFwzr1z554gYVRpx/m2Kiura+sb1c3a1vbO7p69f9BVIpWYdLBgQvYDpAijnHQ01Yz0E0lQHDDSCybXM793T6Sigt/paUL8GI04jShG2khD+8gr3sgkCfPMQ0kixQN08qFddxpOAbhM3JLUQYn20P7yQoHTmHCNGVJq4DqJ9jMkNcWM5DUvVSRBeIJGZGAoRzFRflbszuGpUUIYCWmKa1iovycyFCs1jQPTGSM9VoveTPzPG6Q6uvIzypNUE47ni6KUQS3gLAwYUkmwZlNDEJbU/BXiMZIIaxNZzYTgLp68TLrNhnvecG4v6q1mGUcVHIMTcAZccAla4Aa0QQdg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5A5SVlmU=</latexit>

⇡ 0
<latexit sha1_base64="jKz8SAMv9WB31c2iejK0JXmNLvo=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkCrosuHFZwT6gCWUymbRDJzNhZiKWmIW/4saFIm79DXf+jdM0C209cOFwzr1z554gYVRpx/m2Kiura+sb1c3a1vbO7p69f9BVIpWYdLBgQvYDpAijnHQ01Yz0E0lQHDDSCybXM793T6Sigt/paUL8GI04jShG2khD+8gr3sgkCfPMQ0kixQN08qFddxpOAbhM3JLUQYn20P7yQoHTmHCNGVJq4DqJ9jMkNcWM5DUvVSRBeIJGZGAoRzFRflbszuGpUUIYCWmKa1iovycyFCs1jQPTGSM9VoveTPzPG6Q6uvIzypNUE47ni6KUQS3gLAwYUkmwZlNDEJbU/BXiMZIIaxNZzYTgLp68TLrNhnvecG4v6q1mGUcVHIMTcAZccAla4Aa0QQdg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5A5SVlmU=</latexit>

⇡ 0
<latexit sha1_base64="jKz8SAMv9WB31c2iejK0JXmNLvo=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkCrosuHFZwT6gCWUymbRDJzNhZiKWmIW/4saFIm79DXf+jdM0C209cOFwzr1z554gYVRpx/m2Kiura+sb1c3a1vbO7p69f9BVIpWYdLBgQvYDpAijnHQ01Yz0E0lQHDDSCybXM793T6Sigt/paUL8GI04jShG2khD+8gr3sgkCfPMQ0kixQN08qFddxpOAbhM3JLUQYn20P7yQoHTmHCNGVJq4DqJ9jMkNcWM5DUvVSRBeIJGZGAoRzFRflbszuGpUUIYCWmKa1iovycyFCs1jQPTGSM9VoveTPzPG6Q6uvIzypNUE47ni6KUQS3gLAwYUkmwZlNDEJbU/BXiMZIIaxNZzYTgLp68TLrNhnvecG4v6q1mGUcVHIMTcAZccAla4Aa0QQdg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5A5SVlmU=</latexit>

Chiral MHD scenarios

but

= 0
<latexit sha1_base64="gG18fmVf9uxUUezVTU80MJZzRTA=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRV0I1QcOOygn1AG8pkMmmHTiZhZlIoIX/ixoUibv0Td/6N0zQLbT1w4XDOvXPnHj/hTGnH+bYqG5tb2zvV3dre/sHhkX180lVxKgntkJjHsu9jRTkTtKOZ5rSfSIojn9OeP71f+L0ZlYrF4knPE+pFeCxYyAjWRhrZ9rB4I5M0yLM75OQju+40nAJonbglqUOJ9sj+GgYxSSMqNOFYqYHrJNrLsNSMcJrXhqmiCSZTPKYDQwWOqPKyYmuOLowSoDCWpoRGhfp7IsORUvPIN50R1hO16i3E/7xBqsNbL2MiSTUVZLkoTDnSMVrEgAImKdF8bggmkpm/IjLBEhNtwqqZENzVk9dJt9lwrxrO43W91SzjqMIZnMMluHADLXiANnSAwAye4RXerMx6sd6tj2VrxSpnTuEPrM8fZXGTcA==</latexit>

hµ5i(t = 0) = 0 & µ5,rms(t = 0) 6= 0
<latexit sha1_base64="EZrktmULyIPbpzSTF+F/CypzZmo="></latexit>

“Classical” chiral dynamo
Rogachevskii et al. 2017  & 

Schober et al. 2018 

Schober, Fujita, & Durrer 2020

Relevant for Axion inflation
Brandenburg, Kamada, & 

Schober et al. 2023 

Schober, 
Rogachevskii, & 

Brandenburg 2022



Jennifer 
Schober

Initial chirality

6=
<latexit sha1_base64="q0WWsXloznTw+ZN24Sz6aYJZlas=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGCaQttKJvtpF262cTdjVBKf4MXD4p49Qd589+4aXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzf5n77CZXmiXwwkxSDmA4ljzijxkp+T+JjuV+pujV3DrJKvIJUoUCzX/nqDRKWxSgNE1TrruemJphSZTgTOCv3Mo0pZWM6xK6lksaog+n82Bk5t8qARImyJQ2Zq78npjTWehKHtjOmZqSXvVz8z+tmJroJplymmUHJFouiTBCTkPxzMuAKmRETSyhT3N5K2IgqyozNJw/BW355lbTqNe+y5t5fVRv1Io4SnMIZXIAH19CAO2iCDww4PMMrvDnSeXHenY9F65pTzJzAHzifP0mZjkg=</latexit>

No initial chirality
hµ5i(t = 0) = 0 & µ5,rms(t = 0) 6= 0

<latexit sha1_base64="EZrktmULyIPbpzSTF+F/CypzZmo="></latexit>

� 0
<latexit sha1_base64="q3ARLRaZxe/j6uhe+j9gDdHPFOw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRV0GXBjcsK9gFNKJPJTTp08mBmIpaQX3HjQhG3/og7/8ZpmoW2HrhwOOfeuXOPl3ImlWV9G7WNza3tnfpuY2//4PDIPG4OZJIJCn2a8ESMPCKBsxj6iikOo1QAiTwOQ292u/CHjyAkS+IHNU/BjUgYs4BRorQ0MZtO+UYuwC9yJwyxVUzMltW2SuB1YlekhSr0JuaX4yc0iyBWlBMpx7aVKjcnQjHKoWg4mYSU0BkJYaxpTCKQbl7uLfC5VnwcJEJXrHCp/p7ISSTlPPJ0Z0TUVK56C/E/b5yp4MbNWZxmCmK6XBRkHKsEL4LAPhNAFZ9rQqhg+q+YTokgVOm4GjoEe/XkdTLotO3LtnV/1ep2qjjq6BSdoQtko2vURXeoh/qIoif0jF7Rm1EYL8a78bFsrRnVzAn6A+PzByU/lHE=</latexit>

= �hA ·Bi
<latexit sha1_base64="VYQ53t8Ll086KOedSIbZvudCc2o=">AAACK3icbVDLSgMxFM3Ud31VXboJFsGNZaYKuhGqblxWsCp0hpLJ3NZgJhmSjFCG+R83/ooLXfjArf9hOp2FtR4IOZx77s3NCRPOtHHdD6cyMzs3v7C4VF1eWV1br21sXmuZKgodKrlUtyHRwJmAjmGGw22igMQhh5vw/nxUv3kApZkUV2aYQBCTgWB9RomxUq925hczMgVRnp3gfZ8TMeCA/VDySA9je2WnOfZpJM2EeJbnviq8vVrdbbgF8DTxSlJHJdq92osfSZrGIAzlROuu5yYmyIgyjHLIq36qISH0ngyga6kgMeggK/bM8a5VItyXyh5hcKH+7shIrEcrWmdMzJ3+WxuJ/9W6qekfBxkTSWpA0PFD/ZRjI/EoOBwxBdTwoSWEKmZ3xfSOKEKNjbdqQ/D+fnmaXDcb3kHDvTyst5plHItoG+2gPeShI9RCF6iNOoiiR/SM3tC78+S8Op/O19haccqeLTQB5/sHfCqpBA==</latexit>

� 0
<latexit sha1_base64="q3ARLRaZxe/j6uhe+j9gDdHPFOw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRV0GXBjcsK9gFNKJPJTTp08mBmIpaQX3HjQhG3/og7/8ZpmoW2HrhwOOfeuXOPl3ImlWV9G7WNza3tnfpuY2//4PDIPG4OZJIJCn2a8ESMPCKBsxj6iikOo1QAiTwOQ292u/CHjyAkS+IHNU/BjUgYs4BRorQ0MZtO+UYuwC9yJwyxVUzMltW2SuB1YlekhSr0JuaX4yc0iyBWlBMpx7aVKjcnQjHKoWg4mYSU0BkJYaxpTCKQbl7uLfC5VnwcJEJXrHCp/p7ISSTlPPJ0Z0TUVK56C/E/b5yp4MbNWZxmCmK6XBRkHKsEL4LAPhNAFZ9rQqhg+q+YTokgVOm4GjoEe/XkdTLotO3LtnV/1ep2qjjq6BSdoQtko2vURXeoh/qIoif0jF7Rm1EYL8a78bFsrRnVzAn6A+PzByU/lHE=</latexit>

⇡ 0
<latexit sha1_base64="jKz8SAMv9WB31c2iejK0JXmNLvo=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkCrosuHFZwT6gCWUymbRDJzNhZiKWmIW/4saFIm79DXf+jdM0C209cOFwzr1z554gYVRpx/m2Kiura+sb1c3a1vbO7p69f9BVIpWYdLBgQvYDpAijnHQ01Yz0E0lQHDDSCybXM793T6Sigt/paUL8GI04jShG2khD+8gr3sgkCfPMQ0kixQN08qFddxpOAbhM3JLUQYn20P7yQoHTmHCNGVJq4DqJ9jMkNcWM5DUvVSRBeIJGZGAoRzFRflbszuGpUUIYCWmKa1iovycyFCs1jQPTGSM9VoveTPzPG6Q6uvIzypNUE47ni6KUQS3gLAwYUkmwZlNDEJbU/BXiMZIIaxNZzYTgLp68TLrNhnvecG4v6q1mGUcVHIMTcAZccAla4Aa0QQdg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5A5SVlmU=</latexit>

⇡ 0
<latexit sha1_base64="jKz8SAMv9WB31c2iejK0JXmNLvo=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkCrosuHFZwT6gCWUymbRDJzNhZiKWmIW/4saFIm79DXf+jdM0C209cOFwzr1z554gYVRpx/m2Kiura+sb1c3a1vbO7p69f9BVIpWYdLBgQvYDpAijnHQ01Yz0E0lQHDDSCybXM793T6Sigt/paUL8GI04jShG2khD+8gr3sgkCfPMQ0kixQN08qFddxpOAbhM3JLUQYn20P7yQoHTmHCNGVJq4DqJ9jMkNcWM5DUvVSRBeIJGZGAoRzFRflbszuGpUUIYCWmKa1iovycyFCs1jQPTGSM9VoveTPzPG6Q6uvIzypNUE47ni6KUQS3gLAwYUkmwZlNDEJbU/BXiMZIIaxNZzYTgLp68TLrNhnvecG4v6q1mGUcVHIMTcAZccAla4Aa0QQdg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5A5SVlmU=</latexit>

⇡ 0
<latexit sha1_base64="jKz8SAMv9WB31c2iejK0JXmNLvo=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkCrosuHFZwT6gCWUymbRDJzNhZiKWmIW/4saFIm79DXf+jdM0C209cOFwzr1z554gYVRpx/m2Kiura+sb1c3a1vbO7p69f9BVIpWYdLBgQvYDpAijnHQ01Yz0E0lQHDDSCybXM793T6Sigt/paUL8GI04jShG2khD+8gr3sgkCfPMQ0kixQN08qFddxpOAbhM3JLUQYn20P7yQoHTmHCNGVJq4DqJ9jMkNcWM5DUvVSRBeIJGZGAoRzFRflbszuGpUUIYCWmKa1iovycyFCs1jQPTGSM9VoveTPzPG6Q6uvIzypNUE47ni6KUQS3gLAwYUkmwZlNDEJbU/BXiMZIIaxNZzYTgLp68TLrNhnvecG4v6q1mGUcVHIMTcAZccAla4Aa0QQdg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5A5SVlmU=</latexit>

Chiral MHD scenarios

but

= 0
<latexit sha1_base64="gG18fmVf9uxUUezVTU80MJZzRTA=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRV0I1QcOOygn1AG8pkMmmHTiZhZlIoIX/ixoUibv0Td/6N0zQLbT1w4XDOvXPnHj/hTGnH+bYqG5tb2zvV3dre/sHhkX180lVxKgntkJjHsu9jRTkTtKOZ5rSfSIojn9OeP71f+L0ZlYrF4knPE+pFeCxYyAjWRhrZ9rB4I5M0yLM75OQju+40nAJonbglqUOJ9sj+GgYxSSMqNOFYqYHrJNrLsNSMcJrXhqmiCSZTPKYDQwWOqPKyYmuOLowSoDCWpoRGhfp7IsORUvPIN50R1hO16i3E/7xBqsNbL2MiSTUVZLkoTDnSMVrEgAImKdF8bggmkpm/IjLBEhNtwqqZENzVk9dJt9lwrxrO43W91SzjqMIZnMMluHADLXiANnSAwAye4RXerMx6sd6tj2VrxSpnTuEPrM8fZXGTcA==</latexit>

hµ5i(t = 0) = 0 & µ5,rms(t = 0) 6= 0
<latexit sha1_base64="EZrktmULyIPbpzSTF+F/CypzZmo="></latexit>

Schober, Fujita, & Durrer 2020

Relevant for Axion inflation
Brandenburg, Kamada, & 

Schober et al. 2023 

‘Islands
with non-
vanishing
average



Jennifer 
Schober

Inhomogeneous chiral MHD dynamos
Initial condition

• week magnetic 
seed field 

• large chiral 
asymmetry    
(non-uniform,                   

)

B
<latexit sha1_base64="msLfBpa1by5UJtKeJ1QZ7jbqkeM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVTd5mWlXsvjKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPkDuMuA==</latexit>

hµ5i(t0) = 0
<latexit sha1_base64="bajyt+JIxEGlLKyXPhYunM5TfhA=">AAACBXicbZDLSsNAFIYnXmu9RV3qYrAIdVOSquhGKLhxWcFeoAlhMp20Q2cmYWYilNCNG1/FjQtF3PoO7nwbp2kW2vrDwMd/zuHM+cOEUaUd59taWl5ZXVsvbZQ3t7Z3du29/baKU4lJC8cslt0QKcKoIC1NNSPdRBLEQ0Y64ehmWu88EKloLO71OCE+RwNBI4qRNlZgH3kMiQEjHk+DC0/mXNWBcwqvoRPYFafm5IKL4BZQAYWagf3l9WOcciI0Zkipnusk2s+Q1BQzMil7qSIJwiM0ID2DAnGi/Cy/YgJPjNOHUSzNExrm7u+JDHGlxjw0nRzpoZqvTc3/ar1UR1d+RkWSaiLwbFGUMqhjOI0E9qkkWLOxAYQlNX+FeIgkwtoEVzYhuPMnL0K7XnPPas7deaVRL+IogUNwDKrABZegAW5BE7QABo/gGbyCN+vJerHerY9Z65JVzByAP7I+fwB1QJcs</latexit>

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



Jennifer 
Schober

Inhomogeneous chiral MHD dynamos

Toy models at initial time:

Initial condition

• week magnetic 
seed field 

• large chiral 
asymmetry    
(non-uniform,                   

)

B
<latexit sha1_base64="msLfBpa1by5UJtKeJ1QZ7jbqkeM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVTd5mWlXsvjKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPkDuMuA==</latexit>

hµ5i(t0) = 0
<latexit sha1_base64="bajyt+JIxEGlLKyXPhYunM5TfhA=">AAACBXicbZDLSsNAFIYnXmu9RV3qYrAIdVOSquhGKLhxWcFeoAlhMp20Q2cmYWYilNCNG1/FjQtF3PoO7nwbp2kW2vrDwMd/zuHM+cOEUaUd59taWl5ZXVsvbZQ3t7Z3du29/baKU4lJC8cslt0QKcKoIC1NNSPdRBLEQ0Y64ehmWu88EKloLO71OCE+RwNBI4qRNlZgH3kMiQEjHk+DC0/mXNWBcwqvoRPYFafm5IKL4BZQAYWagf3l9WOcciI0Zkipnusk2s+Q1BQzMil7qSIJwiM0ID2DAnGi/Cy/YgJPjNOHUSzNExrm7u+JDHGlxjw0nRzpoZqvTc3/ar1UR1d+RkWSaiLwbFGUMqhjOI0E9qkkWLOxAYQlNX+FeIgkwtoEVzYhuPMnL0K7XnPPas7deaVRL+IogUNwDKrABZegAW5BE7QABo/gGbyCN+vJerHerY9Z65JVzByAP7I+fwB1QJcs</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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Jennifer 
Schober

Inhomogeneous chiral MHD dynamos

Toy models at initial time:

Initial condition

• week magnetic 
seed field 

• large chiral 
asymmetry    
(non-uniform,                   

)

B
<latexit sha1_base64="msLfBpa1by5UJtKeJ1QZ7jbqkeM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVTd5mWlXsvjKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPkDuMuA==</latexit>

hµ5i(t0) = 0
<latexit sha1_base64="bajyt+JIxEGlLKyXPhYunM5TfhA=">AAACBXicbZDLSsNAFIYnXmu9RV3qYrAIdVOSquhGKLhxWcFeoAlhMp20Q2cmYWYilNCNG1/FjQtF3PoO7nwbp2kW2vrDwMd/zuHM+cOEUaUd59taWl5ZXVsvbZQ3t7Z3du29/baKU4lJC8cslt0QKcKoIC1NNSPdRBLEQ0Y64ehmWu88EKloLO71OCE+RwNBI4qRNlZgH3kMiQEjHk+DC0/mXNWBcwqvoRPYFafm5IKL4BZQAYWagf3l9WOcciI0Zkipnusk2s+Q1BQzMil7qSIJwiM0ID2DAnGi/Cy/YgJPjNOHUSzNExrm7u+JDHGlxjw0nRzpoZqvTc3/ar1UR1d+RkWSaiLwbFGUMqhjOI0E9qkkWLOxAYQlNX+FeIgkwtoEVzYhuPMnL0K7XnPPas7deaVRL+IogUNwDKrABZegAW5BE7QABo/gGbyCN+vJerHerY9Z65JVzByAP7I+fwB1QJcs</latexit>
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Averages are defined by:
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Results of Schober, Rogachevskii, & Brandenburg 
(PRL, 2022) :

• A chiral dynamo occurs if      fluctuations of are 
correlated on length scales much larger than the 
dynamo instability scale.
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<latexit sha1_base64="tuZZTfAU401y8A93KAS3lZynDCE=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd2o6DHgxWMENwkkS5idzCZDZmaXeQhhyTd48aCIVz/Im3/jJNmDJhY0FFXddHfFGWfa+P63t7a+sbm1Xdop7+7tHxxWjo5bOrWK0JCkPFWdGGvKmaShYYbTTqYoFjGn7Xh8N/PbT1RplspHM8loJPBQsoQRbJwU9oTtX/crVb/mz4FWSVCQKhRo9itfvUFKrKDSEI617gZ+ZqIcK8MIp9Nyz2qaYTLGQ9p1VGJBdZTPj52ic6cMUJIqV9Kgufp7IsdC64mIXafAZqSXvZn4n9e1JrmNciYza6gki0WJ5cikaPY5GjBFieETRzBRzN2KyAgrTIzLp+xCCJZfXiWtei24rPkPV9VGvYijBKdwBhcQwA004B6aEAIBBs/wCm+e9F68d+9j0brmFTMn8Afe5w+GRI5w</latexit>

Results of Schober, Rogachevskii, & Brandenburg 
(PRL, 2022) :

• A chiral dynamo occurs if      fluctuations of are 
correlated on length scales much larger than the 
dynamo instability scale.

• A mean       is produced from initial fluctuations.

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

time

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



Jennifer 
Schober

Inhomogeneous chiral MHD dynamos
Initial condition

• week magnetic 
seed field 

• large chiral 
asymmetry    
(non-uniform,                   

)

B
<latexit sha1_base64="msLfBpa1by5UJtKeJ1QZ7jbqkeM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5k2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVTd5mWlXsvjKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPkDuMuA==</latexit>

hµ5i(t0) = 0
<latexit sha1_base64="bajyt+JIxEGlLKyXPhYunM5TfhA=">AAACBXicbZDLSsNAFIYnXmu9RV3qYrAIdVOSquhGKLhxWcFeoAlhMp20Q2cmYWYilNCNG1/FjQtF3PoO7nwbp2kW2vrDwMd/zuHM+cOEUaUd59taWl5ZXVsvbZQ3t7Z3du29/baKU4lJC8cslt0QKcKoIC1NNSPdRBLEQ0Y64ehmWu88EKloLO71OCE+RwNBI4qRNlZgH3kMiQEjHk+DC0/mXNWBcwqvoRPYFafm5IKL4BZQAYWagf3l9WOcciI0Zkipnusk2s+Q1BQzMil7qSIJwiM0ID2DAnGi/Cy/YgJPjNOHUSzNExrm7u+JDHGlxjw0nRzpoZqvTc3/ar1UR1d+RkWSaiLwbFGUMqhjOI0E9qkkWLOxAYQlNX+FeIgkwtoEVzYhuPMnL0K7XnPPas7deaVRL+IogUNwDKrABZegAW5BE7QABo/gGbyCN+vJerHerY9Z65JVzByAP7I+fwB1QJcs</latexit>

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

Results of Schober, Rogachevskii, & Brandenburg 
(PRL, 2022) :

• A chiral dynamo occurs if      fluctuations of are 
correlated on length scales much larger than the 
dynamo instability scale.

• A mean       is produced from initial fluctuations.
• Mean-field dynamos exist and are well described by 

the magnetic      effect.

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

↵
<latexit sha1_base64="ts3CLV8AHROHZ+x/RCZRAev17Sg=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0N6DHgxWME84BkCb2TSTJmdmaZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03jUo1ZQ2qhNLtCA0TXLKG5VawdqIZxpFgrWh8O/NbT0wbruSDnSQsjHEo+YBTtE5qdlEkI+yVyn7Fn4OskiAnZchR75W+un1F05hJSwUa0wn8xIYZasupYNNiNzUsQTrGIes4KjFmJszm107JuVP6ZKC0K2nJXP09kWFszCSOXGeMdmSWvZn4n9dJ7eAmzLhMUsskXSwapIJYRWavkz7XjFoxcQSp5u5WQkeokVoXUNGFECy/vEqal5XgquLfV8u1ah5HAU7hDC4ggGuowR3UoQEUHuEZXuHNU96L9+59LFrXvHzmBP7A+/wBh/WPDA==</latexit>

time

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



Jennifer 
Schober

Initial chirality

6=
<latexit sha1_base64="q0WWsXloznTw+ZN24Sz6aYJZlas=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGCaQttKJvtpF262cTdjVBKf4MXD4p49Qd589+4aXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzf5n77CZXmiXwwkxSDmA4ljzijxkp+T+JjuV+pujV3DrJKvIJUoUCzX/nqDRKWxSgNE1TrruemJphSZTgTOCv3Mo0pZWM6xK6lksaog+n82Bk5t8qARImyJQ2Zq78npjTWehKHtjOmZqSXvVz8z+tmJroJplymmUHJFouiTBCTkPxzMuAKmRETSyhT3N5K2IgqyozNJw/BW355lbTqNe+y5t5fVRv1Io4SnMIZXIAH19CAO2iCDww4PMMrvDnSeXHenY9F65pTzJzAHzifP0mZjkg=</latexit>

No initial chirality
hµ5i(t = 0) = 0 & µ5,rms(t = 0) 6= 0

<latexit sha1_base64="EZrktmULyIPbpzSTF+F/CypzZmo="></latexit>

� 0
<latexit sha1_base64="q3ARLRaZxe/j6uhe+j9gDdHPFOw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRV0GXBjcsK9gFNKJPJTTp08mBmIpaQX3HjQhG3/og7/8ZpmoW2HrhwOOfeuXOPl3ImlWV9G7WNza3tnfpuY2//4PDIPG4OZJIJCn2a8ESMPCKBsxj6iikOo1QAiTwOQ292u/CHjyAkS+IHNU/BjUgYs4BRorQ0MZtO+UYuwC9yJwyxVUzMltW2SuB1YlekhSr0JuaX4yc0iyBWlBMpx7aVKjcnQjHKoWg4mYSU0BkJYaxpTCKQbl7uLfC5VnwcJEJXrHCp/p7ISSTlPPJ0Z0TUVK56C/E/b5yp4MbNWZxmCmK6XBRkHKsEL4LAPhNAFZ9rQqhg+q+YTokgVOm4GjoEe/XkdTLotO3LtnV/1ep2qjjq6BSdoQtko2vURXeoh/qIoif0jF7Rm1EYL8a78bFsrRnVzAn6A+PzByU/lHE=</latexit>

= �hA ·Bi
<latexit sha1_base64="VYQ53t8Ll086KOedSIbZvudCc2o=">AAACK3icbVDLSgMxFM3Ud31VXboJFsGNZaYKuhGqblxWsCp0hpLJ3NZgJhmSjFCG+R83/ooLXfjArf9hOp2FtR4IOZx77s3NCRPOtHHdD6cyMzs3v7C4VF1eWV1br21sXmuZKgodKrlUtyHRwJmAjmGGw22igMQhh5vw/nxUv3kApZkUV2aYQBCTgWB9RomxUq925hczMgVRnp3gfZ8TMeCA/VDySA9je2WnOfZpJM2EeJbnviq8vVrdbbgF8DTxSlJHJdq92osfSZrGIAzlROuu5yYmyIgyjHLIq36qISH0ngyga6kgMeggK/bM8a5VItyXyh5hcKH+7shIrEcrWmdMzJ3+WxuJ/9W6qekfBxkTSWpA0PFD/ZRjI/EoOBwxBdTwoSWEKmZ3xfSOKEKNjbdqQ/D+fnmaXDcb3kHDvTyst5plHItoG+2gPeShI9RCF6iNOoiiR/SM3tC78+S8Op/O19haccqeLTQB5/sHfCqpBA==</latexit>

� 0
<latexit sha1_base64="q3ARLRaZxe/j6uhe+j9gDdHPFOw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRV0GXBjcsK9gFNKJPJTTp08mBmIpaQX3HjQhG3/og7/8ZpmoW2HrhwOOfeuXOPl3ImlWV9G7WNza3tnfpuY2//4PDIPG4OZJIJCn2a8ESMPCKBsxj6iikOo1QAiTwOQ292u/CHjyAkS+IHNU/BjUgYs4BRorQ0MZtO+UYuwC9yJwyxVUzMltW2SuB1YlekhSr0JuaX4yc0iyBWlBMpx7aVKjcnQjHKoWg4mYSU0BkJYaxpTCKQbl7uLfC5VnwcJEJXrHCp/p7ISSTlPPJ0Z0TUVK56C/E/b5yp4MbNWZxmCmK6XBRkHKsEL4LAPhNAFZ9rQqhg+q+YTokgVOm4GjoEe/XkdTLotO3LtnV/1ep2qjjq6BSdoQtko2vURXeoh/qIoif0jF7Rm1EYL8a78bFsrRnVzAn6A+PzByU/lHE=</latexit>

⇡ 0
<latexit sha1_base64="jKz8SAMv9WB31c2iejK0JXmNLvo=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkCrosuHFZwT6gCWUymbRDJzNhZiKWmIW/4saFIm79DXf+jdM0C209cOFwzr1z554gYVRpx/m2Kiura+sb1c3a1vbO7p69f9BVIpWYdLBgQvYDpAijnHQ01Yz0E0lQHDDSCybXM793T6Sigt/paUL8GI04jShG2khD+8gr3sgkCfPMQ0kixQN08qFddxpOAbhM3JLUQYn20P7yQoHTmHCNGVJq4DqJ9jMkNcWM5DUvVSRBeIJGZGAoRzFRflbszuGpUUIYCWmKa1iovycyFCs1jQPTGSM9VoveTPzPG6Q6uvIzypNUE47ni6KUQS3gLAwYUkmwZlNDEJbU/BXiMZIIaxNZzYTgLp68TLrNhnvecG4v6q1mGUcVHIMTcAZccAla4Aa0QQdg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5A5SVlmU=</latexit>

⇡ 0
<latexit sha1_base64="jKz8SAMv9WB31c2iejK0JXmNLvo=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkCrosuHFZwT6gCWUymbRDJzNhZiKWmIW/4saFIm79DXf+jdM0C209cOFwzr1z554gYVRpx/m2Kiura+sb1c3a1vbO7p69f9BVIpWYdLBgQvYDpAijnHQ01Yz0E0lQHDDSCybXM793T6Sigt/paUL8GI04jShG2khD+8gr3sgkCfPMQ0kixQN08qFddxpOAbhM3JLUQYn20P7yQoHTmHCNGVJq4DqJ9jMkNcWM5DUvVSRBeIJGZGAoRzFRflbszuGpUUIYCWmKa1iovycyFCs1jQPTGSM9VoveTPzPG6Q6uvIzypNUE47ni6KUQS3gLAwYUkmwZlNDEJbU/BXiMZIIaxNZzYTgLp68TLrNhnvecG4v6q1mGUcVHIMTcAZccAla4Aa0QQdg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5A5SVlmU=</latexit>

⇡ 0
<latexit sha1_base64="jKz8SAMv9WB31c2iejK0JXmNLvo=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkCrosuHFZwT6gCWUymbRDJzNhZiKWmIW/4saFIm79DXf+jdM0C209cOFwzr1z554gYVRpx/m2Kiura+sb1c3a1vbO7p69f9BVIpWYdLBgQvYDpAijnHQ01Yz0E0lQHDDSCybXM793T6Sigt/paUL8GI04jShG2khD+8gr3sgkCfPMQ0kixQN08qFddxpOAbhM3JLUQYn20P7yQoHTmHCNGVJq4DqJ9jMkNcWM5DUvVSRBeIJGZGAoRzFRflbszuGpUUIYCWmKa1iovycyFCs1jQPTGSM9VoveTPzPG6Q6uvIzypNUE47ni6KUQS3gLAwYUkmwZlNDEJbU/BXiMZIIaxNZzYTgLp68TLrNhnvecG4v6q1mGUcVHIMTcAZccAla4Aa0QQdg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5A5SVlmU=</latexit>

Chiral MHD scenarios

but

= 0
<latexit sha1_base64="gG18fmVf9uxUUezVTU80MJZzRTA=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRV0I1QcOOygn1AG8pkMmmHTiZhZlIoIX/ixoUibv0Td/6N0zQLbT1w4XDOvXPnHj/hTGnH+bYqG5tb2zvV3dre/sHhkX180lVxKgntkJjHsu9jRTkTtKOZ5rSfSIojn9OeP71f+L0ZlYrF4knPE+pFeCxYyAjWRhrZ9rB4I5M0yLM75OQju+40nAJonbglqUOJ9sj+GgYxSSMqNOFYqYHrJNrLsNSMcJrXhqmiCSZTPKYDQwWOqPKyYmuOLowSoDCWpoRGhfp7IsORUvPIN50R1hO16i3E/7xBqsNbL2MiSTUVZLkoTDnSMVrEgAImKdF8bggmkpm/IjLBEhNtwqqZENzVk9dJt9lwrxrO43W91SzjqMIZnMMluHADLXiANnSAwAye4RXerMx6sd6tj2VrxSpnTuEPrM8fZXGTcA==</latexit>

hµ5i(t = 0) = 0 & µ5,rms(t = 0) 6= 0
<latexit sha1_base64="EZrktmULyIPbpzSTF+F/CypzZmo="></latexit>

“Classical” chiral dynamo
Rogachevskii et al. 2017  & 

Schober et al. 2018 

Schober, Fujita, & Durrer 2020

Relevant for Axion inflation
Brandenburg, Kamada, & 

Schober et al. 2023 

Schober, 
Rogachevskii, & 

Brandenburg 2022



Jennifer 
Schober

Initial chirality

6=
<latexit sha1_base64="q0WWsXloznTw+ZN24Sz6aYJZlas=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGCaQttKJvtpF262cTdjVBKf4MXD4p49Qd589+4aXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzf5n77CZXmiXwwkxSDmA4ljzijxkp+T+JjuV+pujV3DrJKvIJUoUCzX/nqDRKWxSgNE1TrruemJphSZTgTOCv3Mo0pZWM6xK6lksaog+n82Bk5t8qARImyJQ2Zq78npjTWehKHtjOmZqSXvVz8z+tmJroJplymmUHJFouiTBCTkPxzMuAKmRETSyhT3N5K2IgqyozNJw/BW355lbTqNe+y5t5fVRv1Io4SnMIZXIAH19CAO2iCDww4PMMrvDnSeXHenY9F65pTzJzAHzifP0mZjkg=</latexit>

No initial chirality
hµ5i(t = 0) = 0 & µ5,rms(t = 0) 6= 0

<latexit sha1_base64="EZrktmULyIPbpzSTF+F/CypzZmo="></latexit>

� 0
<latexit sha1_base64="q3ARLRaZxe/j6uhe+j9gDdHPFOw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRV0GXBjcsK9gFNKJPJTTp08mBmIpaQX3HjQhG3/og7/8ZpmoW2HrhwOOfeuXOPl3ImlWV9G7WNza3tnfpuY2//4PDIPG4OZJIJCn2a8ESMPCKBsxj6iikOo1QAiTwOQ292u/CHjyAkS+IHNU/BjUgYs4BRorQ0MZtO+UYuwC9yJwyxVUzMltW2SuB1YlekhSr0JuaX4yc0iyBWlBMpx7aVKjcnQjHKoWg4mYSU0BkJYaxpTCKQbl7uLfC5VnwcJEJXrHCp/p7ISSTlPPJ0Z0TUVK56C/E/b5yp4MbNWZxmCmK6XBRkHKsEL4LAPhNAFZ9rQqhg+q+YTokgVOm4GjoEe/XkdTLotO3LtnV/1ep2qjjq6BSdoQtko2vURXeoh/qIoif0jF7Rm1EYL8a78bFsrRnVzAn6A+PzByU/lHE=</latexit>

= �hA ·Bi
<latexit sha1_base64="VYQ53t8Ll086KOedSIbZvudCc2o=">AAACK3icbVDLSgMxFM3Ud31VXboJFsGNZaYKuhGqblxWsCp0hpLJ3NZgJhmSjFCG+R83/ooLXfjArf9hOp2FtR4IOZx77s3NCRPOtHHdD6cyMzs3v7C4VF1eWV1br21sXmuZKgodKrlUtyHRwJmAjmGGw22igMQhh5vw/nxUv3kApZkUV2aYQBCTgWB9RomxUq925hczMgVRnp3gfZ8TMeCA/VDySA9je2WnOfZpJM2EeJbnviq8vVrdbbgF8DTxSlJHJdq92osfSZrGIAzlROuu5yYmyIgyjHLIq36qISH0ngyga6kgMeggK/bM8a5VItyXyh5hcKH+7shIrEcrWmdMzJ3+WxuJ/9W6qekfBxkTSWpA0PFD/ZRjI/EoOBwxBdTwoSWEKmZ3xfSOKEKNjbdqQ/D+fnmaXDcb3kHDvTyst5plHItoG+2gPeShI9RCF6iNOoiiR/SM3tC78+S8Op/O19haccqeLTQB5/sHfCqpBA==</latexit>
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Chiral magnetic waves?
in prep.
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Chiral MHD scenarios

but

= 0
<latexit sha1_base64="gG18fmVf9uxUUezVTU80MJZzRTA=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRV0I1QcOOygn1AG8pkMmmHTiZhZlIoIX/ixoUibv0Td/6N0zQLbT1w4XDOvXPnHj/hTGnH+bYqG5tb2zvV3dre/sHhkX180lVxKgntkJjHsu9jRTkTtKOZ5rSfSIojn9OeP71f+L0ZlYrF4knPE+pFeCxYyAjWRhrZ9rB4I5M0yLM75OQju+40nAJonbglqUOJ9sj+GgYxSSMqNOFYqYHrJNrLsNSMcJrXhqmiCSZTPKYDQwWOqPKyYmuOLowSoDCWpoRGhfp7IsORUvPIN50R1hO16i3E/7xBqsNbL2MiSTUVZLkoTDnSMVrEgAImKdF8bggmkpm/IjLBEhNtwqqZENzVk9dJt9lwrxrO43W91SzjqMIZnMMluHADLXiANnSAwAye4RXerMx6sd6tj2VrxSpnTuEPrM8fZXGTcA==</latexit>

hµ5i(t = 0) = 0 & µ5,rms(t = 0) 6= 0
<latexit sha1_base64="EZrktmULyIPbpzSTF+F/CypzZmo="></latexit>

µ5,rms = 0
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and

“Classical” chiral dynamo
Rogachevskii et al. 2017  & 

Schober et al. 2018 

Schober, Fujita, & Durrer 2020

Relevant for Axion inflation
Brandenburg, Kamada, & 

Schober et al. 2023 

Schober, 
Rogachevskii, & 

Brandenburg 2022
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µ = µR + µL
<latexit sha1_base64="WOGhwFAzyBlg6temeh1Vd33lqM0=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0UUhJJoQTdCwY0LF1XsA5oQJtNJO3QmCTMToYR8ght/xY0LRdy6dOffOGmzsK0HZjiccy/33uPHjEplWT9GaWl5ZXWtvF7Z2Nza3jF399oySgQmLRyxSHR9JAmjIWkpqhjpxoIg7jPS8UfXud95JELSKHxQ45i4HA1CGlCMlJY88xg6PIFX+e85HKmh4Ol9Bk/hjHKbeWbVqlkTwEViF6QKCjQ989vpRzjhJFSYISl7thUrN0VCUcxIVnESSWKER2hAepqGiBPpppODMniklT4MIqFfqOBE/duRIi7lmPu6Mt9Qznu5+J/XS1Rw6aY0jBNFQjwdFCQMqgjm6cA+FQQrNtYEYUH1rhAPkUBY6QwrOgR7/uRF0j6r2ec1665ebdSLOMrgAByCE2CDC9AAN6AJWgCDJ/AC3sC78Wy8Gh/G57S0ZBQ9+2AGxtcvUFCcHQ==</latexit>

The chiral separation effect (CSE) describes the interaction between the 
chiral chemical potential      and the chemical potential

.
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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@B

@t
= r⇥ [U ⇥B � ⌘ (r⇥B � µ5B)]

⇢
DU

Dt
= (r⇥B)⇥B �rp+r · (2⌫⇢S)

D⇢

Dt
= �⇢r ·U

Dµ5

Dt
= �D5 r4µ5 + � ⌘

⇥
B · (r⇥B)� µ5B

2⇤� C5(B ·r)µ

Dµ

Dt
= �Dµ r4µ� Cµ(B ·r)µ5

<latexit sha1_base64="WqSDm5nJASw9VFk5XmPjsS6ATgA="></latexit>

µ = µR + µL
<latexit sha1_base64="WOGhwFAzyBlg6temeh1Vd33lqM0=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0UUhJJoQTdCwY0LF1XsA5oQJtNJO3QmCTMToYR8ght/xY0LRdy6dOffOGmzsK0HZjiccy/33uPHjEplWT9GaWl5ZXWtvF7Z2Nza3jF399oySgQmLRyxSHR9JAmjIWkpqhjpxoIg7jPS8UfXud95JELSKHxQ45i4HA1CGlCMlJY88xg6PIFX+e85HKmh4Ol9Bk/hjHKbeWbVqlkTwEViF6QKCjQ989vpRzjhJFSYISl7thUrN0VCUcxIVnESSWKER2hAepqGiBPpppODMniklT4MIqFfqOBE/duRIi7lmPu6Mt9Qznu5+J/XS1Rw6aY0jBNFQjwdFCQMqgjm6cA+FQQrNtYEYUH1rhAPkUBY6QwrOgR7/uRF0j6r2ec1665ebdSLOMrgAByCE2CDC9AAN6AJWgCDJ/AC3sC78Wy8Gh/G57S0ZBQ9+2AGxtcvUFCcHQ==</latexit>

The chiral separation effect (CSE) describes the interaction between the 
chiral chemical potential      and the chemical potential

.

Full system of equations, including the CME and the CSE:   

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

Kharzeev & Yee (2011)
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“Simulations of chiral 
magnetohydrodynamics”

-Outline-

1) Motivation: Observing the Big 
Bang through cosmic magnetic 
fields                                                

2) Chiral magnetohydrodynamics 
and numerical simulations of its 
nonlinear dynamics

3) Insights from simulations

4) Conclusions
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Thanks for your attention! 

Essence of this talk
The evolution of 
primordial 

magnetic fields
is coupled to the 
one of the chiral 
asymmetry.

More details:   Schober, Rogachevskii, & Brandenburg, Geophysical & Astrophysical Fluid 
Dynamics, 2020                    Technical aspects on chiral MHD simulations
Schober, Rogachevskii, & Brandenburg, PRL, 2022
Brandenburg, Kamada, & Schober, arXiv: 2302.00512

Application to studying the early Universe:Chiral MHD 
is very 
different 
from 
classical 
MHD and we 
are exploring 
non-linear 
effects with 

direct 
numerical 
simulations.

Theory B

Theory C

Theory A

Latest applications


