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MHD dynamos and cosmic
magnetic fields
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Inter-
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MHD dynamos and cosmic
magnetic fields

Inter-

galactic
medium

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

0B

5 = Vx|UxB-n(VxB)]

(l)ﬂ Jennifer

EC TECHNIQUE Schober
Fi NI



MHD dynamos and cosmic
magnetic fields

Inter-

galactic
medium

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

0B

5 = Vx|UxB-n(VxB)]

v v

advection dissipation
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MHD dynamos and cosmic
magnetic fields
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Inter-
galactic
medium

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

0B

5 = V x| —n (V x B)]

v

dissipation

— Magnetic field decays.
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MHD dynamos and cosmic
magnetic fields
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Inter-
galactic
medium

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

0B
ot

= Vx|UxB-—n(Vx B)]

i e.g. large-scale rotation

“() dynamo”
[credit:
Love (1999) ]
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MHD dynamos and cosmic
magnetic fields
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Inter-
galactic
medium

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

0B

5 = Vx|UxB-—n(VxB)]

L mean-field theory (B — B + dB)

9B _ ¢, {Ux§+a§_<n+ nTWXE}
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MHD dynamos and cosmic
magnetic fields

Inter-

galactic
medium

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

0B

5 = Vx|UxB-—n(VxB)]

L mean-field theory (B — B + dB)

V x {Ux§+a§_<n+ nTWXE}
#related to éB and §U

S Ay B,
/-%:h\ 5 /* | "« dynamo”

[credit: |
_ (i &\ § \/ Love (1999)]  Lennter




New dynamos at high energies

Chiral Magnetic Effect (CME) :
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New dynamos at high energies

Chiral Magnetic Effect (CME) :
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Chiral Magnetic Effect (CME) :
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New dynamos at high energies

Chiral Magnetic Effect (CME) :
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New dynamos at high energies

Chiral Magnetic Effect (CME) :

ST

For a chiral chemical potential
p o< (nr, — ng)

the chiral current is
J x uB.
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New dynamos at high energies

Chiral Magnetic Effect (CME) :

D . j
® ®®

Addition to Ohmic current
leads to modified Maxwell
equations.

For a chiral chemical potential
p o< (nr, — ng)

the chiral current is
J x uB.
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New dynamos at high energies

Chiral Magnetic Effect (CME) : Chiral induction equation:
B
R
CDR oo -
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Addition to Ohmic current
leads to modified Maxwell
equations.

For a chiral chemical potential
p o< (nr, — ng)

the chiral current is
J x uB.

.(l)ﬂ- Jennifer

ECOLE POLYTECHNIQUE Schober
FEDERALE DE LAUSANNE



Where/When in the Universe?

— A chiral asymmetry can only survive at kg7 > 10 MeV [Boyarsky et al. 2012 ]
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Where/When in the Universe?

— A chiral asymmetry can only survive at kg7 > 10 MeV [Boyarsky et al. 2012 ]

Early Universe

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

Todayt, t =15 billion years
T=3K {1meV)

Galaxy formation
Epoch of gravitaional collapse

Recombination
Relic radiation decouples (CBR)
Matter domination
Onset of gravitational insability

Nucleosynthesis

Electroweak phase transition
Electomagnetic & weak nuclear
forces hecome differentiated:
SU(3)x8UI2)xU(1) > SUR)AU(1)

The Particle D esert
Axions, supersymmetry?

Grand unification transition
G > H - SU(3Jx8U21xU(1)
Inflafion, baryogenesis,
monopales, cosmic strings, elz.?

The Planck epoch
The quantum gravity barrier
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Where/When in the Universe?

— A chiral asymmetry can only survive at kg7 > 10 MeV [Boyarsky et al. 2012 ]

Early Universe (Proto-) neutron stars

[Joyce & Shaposhnikov 1997, [ Dvornikov & Semikoz 2015,
Frohlich & Pedrini 2000, Grabowska et al. 20175,
Semikoz & Sokoloff 2004; Sigl & Leite 2016,

Pavlovic et al 2017, ...] Yamamoto 20176, ...]
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Where/When in the Universe?

— A chiral asymmetry can only survive at kg7 > 10 MeV [Boyarsky et al. 2012 ]

Early Universe (Proto-) neutron stars Heavy-ion collisions

[Joyce & Shaposhnikov 1997, [ Dvornikov & Semikoz 2015; [Abelev, et al, [ALICE
Fréhlich & Pedrini 2000, Grabowska et al. 2015, Collaboration], 2013,
Semikoz & Sokoloff 2004, Sigl & Leite 2016, Akamatsu & Yamamoto
Pavlovic et al 2017, ...] Yamamoto 20]6; ...]

Todayt, t =15 billion years
T=3K {1meV)

Electroweak phase transition
Electomagnetic & weak nuclear
forces hecome differentiated:
SU(3)x8UI2)xU(1) > SUR)AU(1)

The Particle D esert
Axions, supersymmetry?

G > H - SU(3Jx8U21xU(1)
Inflafion, baryogenesis,
monopales, cosmic strings, elz.?

The Planck epoch
The quantum gravity barrier
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MHD with the Pencil Code

Dp

e — PVl

B

86'_75 = VXx[UxB-n(VxB)]

D
pTItJ = (VxB)xB—-Vp+V-(2vpS)
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MHD with the Pencil Code

£ - _,v.U

Dt
0B

— = Vx[UxB-n(VxB)]

ot

DU
"Dt

I
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(Vx B)x B—Vp+ V-(2vpS)
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L

Direct numerical simulations
with the PENCIL CODE
(http.//pencil-code.nordita.org/)
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MHD with the Pencil Code

Dp 100 - :
ot = VU '
1072 -
0B
— = VXx[UxB-n(VxB)] 10-4 L i
ot .
= 107°
DU i ]
p— = (VxB)xB—Vp+ V-(2upS)
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Direct numerical simulations
with the PENCIL CODE
(http.//pencil-code.nordita.org/)
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Chiral MHD with the Pencil Code

Dp 10° |- -
_r _  _,v.U
Dt PV new dyntamo o chiral MHD
erm i
0B _ V><[U><B—17(V><B—E )] Lot |
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o 1076
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Direct numerical simulations
with the PENCIL CODE
(http.://pencil-code.nordita.org/)
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From laminar to turbulent flows

1021 A Phase A:
! Laminar dynamo
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From laminar to turbulent flows

102l A Phase A:
p : Laminar dynamo
100 B rms
« Magnetic field determined by
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From laminar to turbulent flows

102l A Phase A:
p : Laminar dynamo
100 B rms
« Magnetic field determined by
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From laminar to turbulent flows

102l A Phase A:
; Laminar dynamo

« Magnetic field determined by

%—?:Vx [n%B—n(VxB)]

grows with
v = nuk — 0k

e Chemical potential constant

: e Turbulence is driven
55 03 04 05 . by Lorentz force:
DU
t/t 2y
! "Dt

=(VxB)x B+ ...

(l)ﬂ Jennifer

ECOLE POLYTECHNIQUE Schober

FEDERALE DE LAUSANN



From laminar to turbulent flows

102 A B Phase B:
: : Turbulent dynamo

)U“rms

e Mean-field formalism can be
used to explore evolution

0 01 02 03 04 05
t/t,
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From laminar to turbulent flows

102 A B Phase B:
: : Turbulent dynamo

e Mean-field formalism can be
used to explore evolution

« Magnetic field growth rate
v =+ an)k — (n+ 1)k
with turbulent diffusion

urms
nt = 3 ke
and the chiral «,, effect
]_0—10 | i | il | |
0 0.1 0.2 0.3 0.4 0.5 : 2

0y = =t log(Re)

t/ty
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From laminar to turbulent flows

100 L Hrms o~

0 01 02 03 04 05
t/ty
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Phase C:
Saturation

e Chemical potential vanishes
and dynamo saturates

Jennifer
Schober



From laminar to turbulent flows

0 01 02 03 04 05
t/ty

(A
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Phase C:
Saturation

e Chemical potential vanishes
and dynamo saturates

« Controlled by conservation
law of chiral MHD:

The total chirality is
conserved, or

2
ﬂ—l— < A- B >= const

A
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From laminar to turbulent flows

102 A B C D Phase D:

Decaying MHD turbulence
100 L HMrms § é——“\\‘\-_€

« The fully helical magnetic
Wm\ field decays

« Magnetic energy is
transferred to larger spatial

scales (“inverse cascade”)
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The turbulent chiral dynamo

t=0.0t,

1.87x10°¢

T -1.88x10°
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The turbulent chiral dynamo

t=0.1t,
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The turbulent chiral dynamo

t=02t,
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The turbulent chiral dynamo
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Evolution of energy spectra
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Evolution of energy spectra

Phase A: Laminar dynamo
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Evolution of energy spectra

spectral energy
Emag/ (m*1t)

(P
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Phase B: Turbulent dynamo
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Evolution of energy spectra

Saturation

Phase C
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Saturation magnetic field strength
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Saturation magnetic field strength

« Conservation law: Fermion chirality + magnetic helicity = const

2
ﬂ—I— < A- B >= const

A
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Saturation magnetic field strength

« Conservation law: Fermion chirality + magnetic helicity = const

2
ﬂ—I— < A- B >= const

A
« Example: Assume chiral chemical potential equals thermal energy density:
B?& ~ 5 x 1073%G2Mpce (today)
(lower limit from Fermi observations of IGM: B?Z&y > 10735G2Mpc
Neronov & Vovk 2010, Dermer et al. 2011 Durrer & Neronov 2013)
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Saturation magnetic field strength

« Conservation law: Fermion chirality + magnetic helicity = const
2140

3 —+ < A- B >= const

« Example: Assume chiral chemical potential equals thermal energy density:
B?& ~ 5 x 10738G2Mpe  (today)

(lower limit from Fermi observations of IGM: B?Z&y > 10735G2Mpc
Neronov & Vovk 2010, Dermer et al. 2011, Durrer & Neronov 2013)

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

The chiral magnetic effect
produces new currents.

o
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L A R

— new dynamos and
source for turbulence
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Conclusions

The chiral magnetic effect Magnetic field evolution:
produces new currents.
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- new dynamos and -~ simulation and mean-
source for turbulence field theory consistent
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Conclusions

The chiral magnetic effect Magnetic field evolution: Non-thermal production

produces new currents. ol mechanisms for chiral
asymmetry needed to

explain IGM magnetic fields.
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- new dynamos and -~ simulation and mean-
source for turbulence field theory consistent
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Conclusions

The chiral magnetic effect Magnetic field evolution: Non-thermal production
produces new currents. el || mechanisms for chiral

ol | 1l asymmetry needed to
explain IGM magnetic fields.

various
— =
= 8
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i
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o
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01 02 03 04 05
£/t

- new dynamos and simulation and mean-
source for turbulence field theory consistent

For more details:

« Schober et al. 2018 (ApJ, 858,124) — numerical simulations of chiral dynamos
« Rogachevskii et al. 2017 (ApJ, 846, 153) — mean-field theory of chiral MHD

« Brandenburg et al. 2017 (ApJL,845, L21) — turbulence in chiral MHD
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