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Plasma Universe: overview
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Plasma Universe: turbulence
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2. Weakly collisional plasma and

explosive dynamos
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3. Extension of MHD to include

quantum effects at high energy,
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Modern Universe:
Large-scale cosmic web,
galaxy clusters, galaxies,
stars, ...
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Galaxy evolution over 100s of
million yrs

(O 300-500 Myr (0 13.6 Gyr
I 30K k3K
Z 3x10°ly Z 5x10° 1y




Nordita program

Brief history of the Universe 251052026

Formation of the first stars,
when the Universe has cooled
down enough for gravitational
collapse.
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Dark ages:
No stars that emit light.

(O 300-500 Myr (O 13.6 Gyr
I 30K k3K
Z 3x10°ly Z 5x10° 1y



Nordita program
25/05/2026

Brief history of the Universe
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Big Bang
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@ z=0.44 [Mao et al. 2017]
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@ z=2.6 [Geach et al. 2023] | @ z=0.44 [Mao et al. 2017]
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Seed magnetic fields

Big Bang

How strong can magnetic fields be
when they are generated from first
principles, starting from zero?

O 4x1

0°yr
I 3000 K
J 3x107ly

(O 300-500 Myr
k30K
Z 3x10°ly

Nordita program
25/05/2026

(0 13.6 Gyr
k3K
J 5x10° Iy



Nordita program

Seed magnetic fields 2510512026

Astrophysical seed fields

Biermann battery
[Biermann 1950]
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Cosmological seed fields Astrophysical seed fields

Inflation
[Turner & Widrow 1988,
Ratra 1992]

By ~107% —-107Y G

« Biermann battery
[Biermann 1950]

By~107%'—-107¥ G

Radiation-driven battery
[Durrive & Langer 2015]

By~ 10" -10"Y G
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Weibel instability
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magnetic fields
get so strong?
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How to model this?
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Gas particles

System size
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Conservation of mass:
dp

E +V- (pU) = 0
Conservation of momentum:
ou 1
= = F 2 -
- +(U-V)U pr—!—m +p(v U+3V(V U))

Conservation of energy:

(gz—l—U Ve) — V. (KVT)—pV-U
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”Collisions” in a plasma:
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”Collisions” in a plasma:

e

lro  impack paramek
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Combine Maxwell equations
AVARN 471',0@1

Induction equation

0B

with the electric current [here: given by ot V x (U x B -1V x B)
Ohm’s law that emerges in transition from 2- / I

V-B=0

fluid to 1-fluid description]:

; Plasma Magnetic diffusivity
J=o0 <E + -U X B) velocity n = c?
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Conservation of mass:

dp
a-f‘V'(pU) = 0
Conservation of momentum:
oU 1 B? 1 1
— 4+ (U-VVWU = -= — )+—-F+—(B-V)B
5 + (U - V) pV(p—|—87T>+m —|—47Tp( V)

+% <V2U +ivw. U))

Conservation of energy:

s, J?
p(a—z—l-U-Ve) = V-(KVT)+7—pV-U

Induction equation:
0B

5 - VX (U x B—-nV x B)
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Conservation of mass:

op B
E—FV'(,OU) = 0

Induction equation:
0B

W = VX(UXB ’>
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Origin of
initial
condition

Quantum
fluctuations
are blown
up during
inflation.
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Origin of Initial Hierarchical structure formation
initial condition
condition

(Tiny)
Quantum fluctuations
fluctuations in the
are blown density field
up during seen in the

inflation. cosmic
microwave
background.
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Initial Hierarchical structure formation
condition

(Tiny)
fluctuations
in the
density field
seen in the
cosmic
microwave
background.
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Seed
magnetic
field
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Magnetic history of galaxies 2510512026

Seed
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Magnetic history of galaxies 2510512026
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Magnetic history of galaxies 2510512026
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Magnetic history of galaxies 2510512026
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magnetic
field
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Magnetic history of galaxies 2510512026

Seed
magnetic
field

Magnetohydrodynamical
(MHD) dynamos
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Conservation of mass:

dp
a-f‘V'(pU) = 0
Conservation of momentum:
oU 1 B? 1 1
— 4+ (U-VVWU = -= — )+—-F+—(B-V)B
5 + (U - V) pV(p—|—87T>+m —|—47Tp( V)

+% <V2U +ivw. U))

Conservation of energy:

s, J?
p(a—z—l-U-Ve) = V-(KVT)+7—pV-U

Induction equation:
0B

5 - VX (U x B—-nV x B)
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Conservation of momentum:

ou 1

Conservation of energy:

Induction equation:
0B

W = VX<U><B '>



MHD dynamos /0519026

% Dynamo

Kinetic Magnetic
energy energy
given by the given by the
velocity field magnetic field

U B




MHD dynamos /0519026

% Dynamo

Kinetic OB Magnetic
energy rrie V x (U x B—-nV x B) energy
given by the given by the
velocity field magnetic field
U B




MHD dynamos /0519026

% Dynamo

Kinetic OB Magnetic
energy rrie Vx (U x B-nV x B) energy
given by the T ) given by the
velocity field Rotation magnetic field
U B




MHD dynamos /0519026

% Dynamo

Kinetic OB Magnetic
energy rrie Vx (U x B—-nV x B) energy
given by the T ) given by the
velocity field Rotation magnetic field
U B




MHD dynamos /0519026
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Kinetic
energy
given by the
velocity field

U

0B
ot

Dynamo

=V x (U x B-nV x B)

I

Rotation

Magnetic
energy

given by the
magnetic field
B

“Omega dynamo”

Dynamo driven by

rotation.
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% Dynamo @
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energy rrie Vx (U x B-nV x B) energy
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velocity field Turbulence magnetic field
U B

Convection zone

oftheSun  —— .0
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% Dynamo @

Kinetic OB Magnetic
energy rrie Vx (U x B-nV x B) energy
given by the T given by the
velocity field Turbulence magnetic field
U B

W

L dek 32
; L'"h.-\, :

'y b
Yol
Q

5
v

| DY oA

L

Granulation on Solar surface

© Swedish 1-m Solar Telescope
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% Dynamo @

Kinetic OB Magnetic
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Kinetic
energy

given by the
velocity field

U

Dynamo @

OB Magnetic
W:Vx(%]xB—anB) energy
given by the
Turbulence magnetic field
B
0\0
“Alpha dynamo*
5 Dynamo driven by a
o0 (helical) turbulent

%

velocity field
[Parker 1955].
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% Dynamo @

Kinetic B Magnetic
8—:V><(U><B—77V><B) S

energy ot energy

given by the i given by the

velocity field Rotation & Turbulence magnetic field
U B

Combined effects: ,,Alpha-Omega dynamo*

“Omega dynamo” “Alpha dynamo”
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% Dynamo

Kinetic OB
energy WZVX(UXB—T]VXB)

given by the
velocity field

U

Rotation & Turbulence

Dynamos in the
laboratory:

Dresden

Dynamo-Experiment
“DRESDYN”

© HZDR/Frank Stefani
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Magnetic
energy

given by the
magnetic field
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% Dynamo @

Kinetic B Magnetic
J =V x (U x B—-nV x B) S

energy Ot energy
given by the i given by the
velocity field Rotation & Turbulence magnetic field
U B

Dynamos in the
laboratory:

Dresden

Dynamo-Experiment
“DRESDYN”

© HZDR/Frank Stefani
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Separation ansatz
B=(B)+0B U= (U)+dU
and averaging
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B
%—t=V><(U><B)+nV2B

Separation ansatz
B=(B)+0B U= (U)+dU

8<B> and averaging
&:P((U )

x (B)) +V x ((6U x 6B)) +nV?*(B)
5%
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0B _
ot

=V x (U x B)+nV’B

Separation ansatz
B=(B)+4éB U= (U)+ U
and averaging

=

Omega dynamo

(B) _
L=V x ((U) x (B)

+V x ((6U x 6B)) +nV?*(B)

oo
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0B
W:v><(U><B)+nV213
Separation ansatz
B=(B)+0B U= (U)+dU
and averaging

% =V x ((U) x (B)) +V x ((0U x éB)) + nV*(B)

Closure through ansatz:
(06U x dB) = func ({B))



Mean-field theory e

B
%—t:Vx(UxB)+77V2B

Separation ansatz
B=(B)+4éB U= (U)+ U
and averaging

% — V x ({U) % (B)) + V x (60U x 6B)) + nV*(B)

Closure through ansatz:
(6U x dB) = func ((B))

% =V x ((U) x (B)) + V x (a(B)) + (n +17)V*(B)

Alpha dynamo Turbulent diffusivity
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0B

E:vx(UxB)JrnV?B

Separation ansatz
=(B)+dB U= (U)+éU
and averaging

% — V x ((U) x (B)) + V x ((6U x 6B)) +V>(B)

Closure through ansatz:
(06U x dB) = func ({B))

3<B> =V x ((U) x (B)) + V x (a(B)) + (n +nr)V2(B)

7
Alpha dynamo Turbulent diffusivity

J-8-8-®@-@-G




Mean-field theory e

B
aa—t:Vx(UxB)—l—nV2B

Separation ansatz
B=(B)+4éB U= (U)+ U
and averaging

% =V x ((U) % (B)) + V x ((6U x 6B)) + V*(B)

Closure through ansatz:
(6U x dB) = func ((B))

% =V x ((U) x (B)) + V x (a(B)) + (n + 17)V2(B)

First-order smoothing
approximation (FOSA)

1

3 (0U - (V x oU)) T

=

nT=%(5U-5U>7‘
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0B
W=V><(UXB)—|—77VQB
Separation ansatz
B=(B)+4éB U= (U)+ U
and averaging

% =V x ((U) % (B)) + V x ((6U x 6B)) + V*(B)

Closure through ansatz:
(6U x dB) = func ((B))
(B)

=5 =V x ({U) x (B)) + V x (a(B)) + (n +nr)V*(B)

Other methods

T-approximation: Relaxation-time closure

Test-field method: Auxiliary induction equations

IROS method: Iterative EMF deconvolution
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« How to determine transport coefficients reliably? Mean-field models
depend entirely on them...

« How does nonlinear saturation work? Sets magnetic field strength and
cycle behavior...

« How important are nonlocality and memory effects? Standard local
closures may fail...
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% Dynamo @
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energy ot energy

given by the i given by the

velocity field (Nonhelical) turbulence magnetic field
U B

Small-scale dynamo

@
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Small-scale dynamo
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% Dynamo @
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Small-scale dynamo
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% Dynamo @

Kinetic B Magnetic
8—=V><(U><B—77V><B) S

energy ot energy

given by the ) given by the

velocity field (Nonhelical) turbulence magnetic field
U B

Small-scale dynamo
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Kinetic energy is
injected here.

/

=)

Ty

S 5

8 k

o o] |

;‘5 inertial. range s Vis@us range

S

| O

Ls'ci I O o
| @)
| | >
hf ky wavenumbes k

(orai r\Q
wjaven nbeS WevenuomotS”
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Kinetic energy
cascades to smaller
length scales in the

inertial range.

N\
)
Vey
&
3
il inerfial
> INesrt(al ran VisSQOUS
ga i A o
;s% I O o
| e
i |
>
ke ky wWavenumbes k
{orcin VISCaUS
wavcngmbtf Wevenu
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Kinetic energy
dissipates here.

N\
)
Viy
&
3/
il inerfial
o Inestial ran VisCoUs
g g€ A Farg
Ls% I O o
| Q
| | >
hf ky wavenumbes k
(orcin VISCaUS
wwcngmbtf Wevenu
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“More turbulence”
= |larger inertial range

= larger Reynolds

number Re

N\
)
Ty
g
3
o
)
y)
S
i
X

>
wavenumbes k

(orc r\Q
wjaven nbeS WevenuomotS”
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Large-scale dynamo
(mean-field dynamo)

/
)
Vey
§ / 56
8 R
o ertial ‘
;‘5 Inéri(a mhﬁﬁ A VISCOUS mrbc
S
;csz l O o
| o
i [ >
ke ky wWavenumbes k
{orcin VISCaUS
wwcngmbtf Wevenu
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Small-scale dynamo
(fluctuation dynamo)

Large-scale dynamo
(mean-field dynamo)

/

)

Ty

&

3 / s

- oot |

;‘5 inertial. range - Visus range

S

| Os:

Ls'ci I O o
| @)
| | >
hf ky wavenumbes k

(orai r\Q
wjaven nbeS WevenuomotS”
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Time scale: determined by fastest eddies

The growth rate scales with the Reynolds number
Re as v Re'/? [Kazantsev 19681,

g inestial ran VisCous
E O\
9
;8 _% | O @, | %, f
&< O | \R
£ I e I

I 5 | I

VISCaUS resighve
wwcngmbcf WevenumotS” LWavenomheS
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Time scale: determined by fastest eddies Length scale: determined by

resistive effects

The growth rate scales with the Reynolds number
Re as v Re'/? [Kazantsev 19681,

magnelic eneyg
kinehe enesgq ¢

VISCaUS resighve
wavcngmbcf' WevenomstS” LWavenomheS
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Numerical simulations of forced turbulence

il Agreement
between
2 A | Kazantsev
3 .\ theory and
€ X R ] simulations
c e ) M. & (5 cen
'§ S [ Brandenburg,
g—‘ﬁ Dobler 2004]
il inertial
S = Inertial rGn VIsCOUs range
S %3 & o
Q
;g % | O @, | 3 f
)

&< O |
£ I o I

| 5 | |

| | | >

{orcine VISCaUS resichve

wavcngmbcf WevenumetS” LWavenomheS
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Incompressible turbulence (Kolmogorov)

. 4

< A\

P P

g iy

§ 5

83

=2 . :

g ;‘5 inesrtia range VRTas Oy range

P |

§g |© O |

SO

= | O |
| |
| | >
hp ky kq wavenumbes k
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Compressible turbulence (Burgers)

< N\
B ! .j
s \.4..:\‘ Supernova 1987A © James Webb Space Telescope
.§ £
2
&8
=2 | k2 \
g ;05 | | /ISCOUS mrbc
| inestial range |
39 | £
3 | R
& < |
£ | |
| | |
| | ' >
(orcin VISCaUS resishve.
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From incompressible (E, oc k/3) to
compressible (E, o< k) turbulence

< A\
s T o e - Lower dynamo
& Lux c: 512° grOWth rates in
-g £ compressible

S Growth Rate |
&3 ARl turbulence
0358— 10 (L[l [Federrath et al.
oS 2011]
S o
9 O
-
23
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&.<
£

>
‘(‘oro Ny \/LSCCuS r&g;@l( Ve
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From incompressible (E, oc k/3) to
compressible (E, o< k) turbulence

< A\

L= Lower

Ay saturation levels
_g 3 in compressible

S turbulence

%.‘8 ur

g%’ [Federrath et al.

o g 2011]

S o

9 O

—

5

<

& <€
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D
forcin VISCUS resighve

(A?Q\f@hgﬂ’\bf f NCVCHU(YHr La\CNt )ml')er
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High magnetic Prandtl numbers Pm

N
7

m::anch'c ene: dpcdrum Eu(k)
kinetc mogcfgpcdwm E(k

wWavenombes k
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Low magnetic Prandtl numbers Pm

< N\
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iy
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Low magnetic Prandtl numbers Pm

< N\
T
Y iy Growth rate scales with the magnetic
‘5 % /' Reynolds number Rey as v Rell\,{z, but is
%:8 harder to excite [Schekochihin et al. 2007, Iskakov et al.
2
S
S o
9 5]
23 |
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& X h |
| I | >
hp k41 Ry Wavenumbes k
forcin resghive  ViSaus
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Low magnetic Prandtl numbers Pm

Dynamo is possible
for Pmdown to

’_3 / 0.0031 and even
== becomes
A Py increasingly easier
§ g to excite for Pm
= below =~ 0.05.
%:8 [Warnecke et al.
>3-
= 2023]
=
S o
o )
23
& <
s
] I ]
>
hp k41 ks, Wavenumbes k

forcin resghve  visaus
wavenimbeS”  wavenombe” Wevenu
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S

MGanchb ener espcdmm Eu(k)
Rinetic moac,ﬂgpcdrum E, (k

Nonlinear small-scale dynamo
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Nonlinear small-scale dynamo

Shift of magnetic energy
from small to large
spatial scales with

+ , Kolmogorov

a4 A\
:.«. B2 XX t2 -
~ Burgers
iy &
'5 § [Schleicher et al. 2013; see also
S Schekochihin 2004,
é—:g- Beresnyak 2012]
S
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Nonlinear small-scale dynamo

Shift of magnetic energy 50" percentile of py
from small to large ' 12 15 175
spatial scales with ' -
o A 0 t , Kolmogoro
\: = 5% 42
N , Burgers
<t Py
-5 g [Schleicher et al. 2013; see also
[t s > . :
58 | [P D, | ® cieletal 2025
g% / vt | —-05 00 05 L0
g ;“5 ~ logIO(M)
S = Neco Kriel -y
. » s
2 Y | < T IR
52 o QDN
£ X | 4 = 2 ) |
| 6 |
| | | >
hp kv k41 WQVCI’\UMbU k
{orcin VISCauS resishive
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Kinematic phase
B o exp(7t)

[using a model for turbulence to
estimate growth rate]

1 ) 6 7 8

(O 4x10°yr (O 300-500 Myr (0 13.6 Gyr
I 3000 K JE 30K B3k
Z 3x1071ly J 3x10°ly J 5x10° Iy



Nordita program
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Kinematic phase
B o exp(7t)

[using a model for turbulence to
estimate growth rate]

Non-linear phase

— shift of magnetic
energy from small to large E E
Spatial Scales With _30 1 1 lIlIIIl 1 1 1 IIIIII 1 IE Ll lllll E 1 1 Ll il

B(t) o« t

— | [Schleicher et al. 2013,
‘ I<rie| et al. 2025]
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-1
oo

(O 4x10°yr (O 300-500 Myr (0 13.6 Gyr
I 3000 K JE 30K B3k
Z 3x1071ly J 3x10°ly J 5x10° Iy
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Dynamos during galaxy formation

Kinematic phase
B o exp(7t)

[using a model for turbulence to
estimate growth rate]

Non-linear phase

— shift of magnetic
energy from small to large
spatial scales with

B(t) ot

1 [Schleicher et al. 2013,
¢ | Kriel et al. 2025]

‘(/\“

T
| Saturation
4 — no further growth due to strong Lorentz}

force on turbulent eddies once
Emag,sat ~ 0.01 -04 Ekin —

" 4x10°yr ® 300-54 [Federrath et al. 2014, Schober et al. 2015]
I 3000 K k30K B3k
' 3x107ly Z 3x10°ly J 5x10° 1y
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z=7 z=6

z=5 z=4.5
The small- r ‘V Y
scale dynamo -1
INn non-
cosmological
simulations of
isolated

haloes.
[Rieder & Teyssier
2016]

density

(O 4x10°yr (O 300-500 Myr

(0 13.6 Gyr
I 3000 K I 30K B3k
J 3x107ly Z 3x10°ly J 5x10° Iy
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7=7 7=6 z=5 z=45

The small-
scale dynamo
INn non-
cosmological
simulations of
isolated

haloes.
[Rieder & Teyssier
2016]

density

magnetic pressure

4 }q X< h— %
. / S < - /)’/ =l VR : == 4 \ J :
® 4x10°yr () 300-500 Myr M 13.6 Gyr
I 3000 K I 30K B3k
Z 3x107ly Z 3x10°ly J 5x10° 1y
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redshift

13 6 4 3
The small-scale dynamo 10¢F ' ! 1
can now also be seen in 5
cosmological boxes. 10° | E
[Pakmor et al. 2017, g | d
Rieder & Teyssier 2017b, g 107
Martin-Alvarez et al. 2018] 3 |
w / : E
10° ' .
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redshift
13 6 4 3
The small-scale dynamo 10tk ' ! '
can now also be seen in ’
cosmological boxes. 10°
[Pakmor et al. 2017, .3
Rieder & Teyssier 2017b, g 10°
Martin-Alvarez et al. 2018] 3
g 10'
high resolution ® ]
10° - — QEuM0 — QEul20 — QEul40 :
[Martin-Alvarez :
et al. 2022] 10~ . GEUIB0. —= gEUNGO:. == gEUISZ0

0.5 0 1.5 2.0 2.5 3.0
Time (Gyr)

Ve

(O 4x10°yr (O 300-500 Myr (0 13.6 Gyr
I 3000 K JE 30K B3k
J 3x107ly J 3x10°%ly J 5x10° Iy
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« How does the small-scale dynamo operate in the collisionless regime?

« What is the connection between the small-scale dynamo and
reconnection?

« How to design suitable subgrid models of the small-scale dynamo for
astrophysical/cosmoslogical simulations?



Overview of this talk

7

2. Weakly collisional plasma and

explosive dynamos
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Galaxy clusters

[van

eeren et al.
2018]
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10 -

Intracluster
medium

Log (Mean-free path A, [pcl)
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Log (Size of system L [pc])
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Parameter Expression Cool cores” Hot ICM
i3 observed I ITK 10° K
n observed 6x 1072 em™® 1073 em™?
Vth.i (20 'rr';.,g)l"""z 700 km/s 1300 km/s
Vi T EsslarTie "t [ Zsane art
Amfp Ush,s/ Vi 0.05 kpe 30 kpc
[ Uth,i Amfp illi=a ('I[lgfﬁ 10# ('1113;’5
1 3 x 10137732 900 cm?/s 30 cm? /s
U inferred 250 km/s 300 km/s
L inferred 10 kpc 200 kpc
L/U inferred 4x 107 yr 7 x 10% yr
Re UL/ 70 2
Rm UL/ 4 3% 10°° 6 x 10*”
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25/05/2026
Parameter Expression Cool cores” Hot ICM
T observed 3x 10" K 10° K
n observed 6x 1072 em™® 1073 em™?
Vth.i a3 m;)/? 700 km/s 1300 km/s
Vi T EsslarTie "t [ Zsane art
At Vth,i/Vii 0.05 kpc 30 kpe
) Wekis Ardts 1022 em® /s 10%! em? /s
1 3 x 10137732 900 cm?/s 30 cm? /s
U inferred 250 km/s 300 km/s
L inferred 10 kpc 200 kpc
L/U inferred 4x 107 yr 7 x 10% yr
Re UL/ 70 2
Rm UL/ 4 3% 10°° 6 x 10*”
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Parameter Expression Cool cores” Hot ICM
T observed 3x 10" K 10° K
n observed 6x 1072 em™® 1073 em™?
Vth.i (20 'r;r';.;.)l"""z 700 km/s 1300 km/s
Vi T EsslarTie "t [ Zsane art
Amfp Ush,s/ Vi 0.05 kpe 30 kpc
o Wekis Ardts 1022 em® /s 10%! em? /s
1 S 109 8E. D cm? /s 30 cm? /s
U inferred 250 km/s 300 km/s
L inferred 10 kpc 200 kpc
L/U inferred 4x 107 yr 7 x 10% yr
Re UL/ 70 2
Rm UL/n 4 3% 10°° 6 x 10*”
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Parameter Expression Cool cores” Hot ICM
T observed 3x 10" K 10° K

n observed 6x 1072 em™® 1073 em™?
Vth.s (2T /m;)/? 700 km/s 1300 km /s
Vi T EsslarTie "t [ Zsane art
o Uth,i [ Vii 0.05 kpe 30 kpc

Q| Wekis Ardts 1022 em® /s 10%! em? /s
1 3 x 10137732 900 cm?/s 30 cm? /s
U inferred 250 km/s 300 km/s
L inferred 10 kpc 200 kpc
L/U inferred 4x 107 yr 7 x 10% yr
Re UL/ 70 2

Rm UL/ 4 3% 10°° 6 x 10*”
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Galaxy clusters lack collisions 2510512026

Parameter Expression Cool cores” Hot ICM
& observed 3x10" K 10 K
n observed 6x 1072 em™® 1073 em™?
Vth.i (2T /m;)/? 700 km/s 1300 km /s
Vi T 0 | e - 78 | - e
it Uth,i /Vii 0.05 kpc 30 kpe
[ Uth,i Amfp ip*8 n:'.mgfﬁ 107! (:11‘19;’5
1 3 x 10137732 900 cm?/s 30 cm? /s
U inferred 250 km/s 300 km /s
L inferred 10 kpc 200 kpc
L/U inferred 4x 107 yr 7 x 10% yr
Re UL/u 70 2
Rm UL/ 4 3% 10°° 6 x 10*”
The intracluster medium plasma is only
weakly collisional.
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Parameter Expression Cool cores” Hot ICM
1§ observed 3x 10" K 10° K
n observed 6x 1072 em™® 1073 em™?
Vth. 1 (20 T?h‘)lfz 700 km/s 1300 km/s
Vii B e CH [l " |l - e
it Uth,i /Vii 0.05 kpc 30 kpe
1| 'H-th_q'/\-mfp ip*8 n:'.mgfﬁ 107! (:11‘19;’5
1 3 x 10137732 900 cm?/s 30 cm? /s
U inferred 250 km/s 300 km /s
L inferred 10 kpc 200 kpc
L/U inferred 4x 107 yr 7 x 10% yr
Re UL/u 70 2
Rm UL/ 4 3% 10°° 6 x 10*”
Therefore, classical MHD cannot . . .
. o The intracluster medium plasma is only
(in principle) be used to model the .
. L weakly collisional.
evolution of magnetic fields.
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Galaxy clusters lack collisions 2510512026

Parameter Expression Cool cores” Hot 1CM

J & observed 3x10" K 10 K

n observed 6x 1072 em™® 1073 em™?

Vth.i (2T /m;)/? 700 km/s 1300 km /s

Vi T 0 | e - 78 | - e

Mnes Uth,i /Vii 0.05 kpc 30 kpe

[ Uth,i Amfp ip*8 ('1[12;’5 107! (:11‘19;’5

1 3 x 10137732 900 cm?/s 30 cm? /s

U inferred 250 km/s 300 km/s

L inferred 10 kpc 200 kpc

L/U inferred 4x 107 yr 7 x 10% yr

Re UL/w 70 2

Rm UL/ 4 3% 10°° 6 x 10*”
The intracluster medium plasma is not

turbulent.




Galaxy clusters lack collisions 2510512026

Therefore, magnetic field
amplification via dynamos seems
impossible.

Nordita program
Parameter Expression Cool cores” Hot 1CM
J & observed 3x10" K 10 K
n observed 6x 1072 em™® 1073 em™?
Vth.i (2T /m;)/? 700 km/s 1300 km /s
Vi T 0 | e - 78 | - e
Mnes Uth,i /Vii 0.05 kpc 30 kpe
[ Uth,i Amfp ip*8 ('1[12;’5 107! (:11‘19;’5
1 3 x 10137732 900 cm?/s 30 cm? /s
U inferred 250 km/s 300 km/s
L inferred 10 kpc 200 kpc
L/U inferred 4x 107 yr 7 x 10% yr
Re UL/uy 70 2
Rm UL/ 4 3% 10°° 6 x 10*”

———

The intracluster medium plasma is not
turbulent.
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Momentum equation with
Isotropic pressure:
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MHD Weakly collisional MHD

Momentum equation with
Isotropic pressure:

D 1
—U:JXB——Vp

When the collision rate is low, no isotropy is
established:

DU 1 R
B =IXB-2V (I — bb) + p) bb]

Dt P Dt

Now, the pressure parallel and perpendicular to the
magnetic field is different.
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MHD Weakly collisional MHD

Momentum equation with
Isotropic pressure:

D 1
—U:JXB——Vp

When the collision rate is low, no isotropy is
established:

DU 1 R
B =IXB-2V (I — bb) + p) bb]

Dt P Dt

Now, the pressure parallel and perpendicular to the
magnetic field is different.

Pressure-anisotropy-induced instabilities (firehose
and mirror) regulate the pressure anisotropy by
changing the effective collisionality of the system.
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Modelling weakly collisional plasma 2510512026

MHD

Momentum equation with
Isotropic pressure:

D 1
—U:JXB——Vp

Dt P

Weakly collisional MHD

When the collision rate is low, no isotropy is
established:

DU 1 R
B =IXB-2V (I — bb) + p) bb]

Dt

Now, the pressure parallel and perpendicular to the
magnetic field is different.

Pressure-anisotropy-induced instabilities (firehose
and mirror) regulate the pressure anisotropy by
changing the effective collisionality of the system.

The effective Reynolds number is B-dependent:
Re — Reesr(B)
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Yoan Rappaz
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Model cluster evolution via merger trees
[Modified Galform Algorithm, Parkinson et al 2008]
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Model cluster evolution via merger trees
[Modified Galform Algorithm, Parkinson et al 2008]

Model gas density and temperature
distributions, assuming a hydrostatic

equilibrium
matter halo:

T(r)=To

pe(r) = po

] ==

of a polytropic gas in a dark

A (l _In(1+ r/rs))]

1= r/rs

1+ &

A (1 ~In(l +r/rs))r

1+¢ r/rs
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Model cluster evolution via merger trees
[Modified Galform Algorithm, Parkinson et al 2008]

Model gas density and temperature
distributions, assuming a hydrostatic

equilibrium
matter halo:

T(r)=To

pe(r) =po |l -

of a polytropic gas in a dark

A (l ~ In(1 + r/rs))]

r/rs

1+ &

A (1 _Indl +r/rs))r

1+¢ r/rs

Average over all halos and over 1000s of merger trees to

find Reynolds number Recg (2, B)
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Model cluster evolution via merger trees
[Modified Galform Algorithm, Parkinson et al 2008]

Model gas density and temperature
distributions, assuming a hydrostatic
equilibrium of a polytropic gas in a dark

matter halo:
' A
T(l‘) = T() l = 1—-}-5 (l

_In(1+ r/rs))]

r/rs

r/rs

L(l_ln(l+r/rs))-‘c
1 +¢&

pe(r) = po L=

Average over all halos and over 1000s of merger trees to
find Reynolds number Reeg (2, B)

Solve the dynamo equation: dInB _ gy

d¢ N Lturb

Reeg (2, B)'/?
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[,U [Gyr] LU [Gyr] [/U [Gyr]
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Explosive dynamos in galaxy clusters

log,,(B [G]) log,,(B [G])

log,o(B [G])
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tu |Gyl Observational evidence for high-Reynolds
H.84 8.58 .
; : number dynamos in clusters [Di Gennaro et al. 2021]
"1 B,=1nG B,=0.1 4G c
= }j L Re=100 =~ Re =100 2
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What sets the effective Reynolds number of the ICM?

« Does weakly collisional turbulence have a MHD-like inertial range?

« How is turbulent energy dissipated in high-3 plasma?

« How does the fluctuation dynamo operate in weakly collisional plasma?

« Why does weakly collisional turbulence often appear macroscopically MHD-
like despite kinetic microphysics?
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Neutron stars

[Kaspi, &
Beloborodov,
2017]

Early Universe
limits

[Neronov & Vovk 2010]
3. Extension of MHD to include

quantum effects at high energy,

.




Plasma Universe: types

Log(temperature [K])
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Cosmic voids:

The emptiest regions of the
Universe.
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Universe.
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absent, so dynamos cannot
amplify magnetic fields.
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Universe.
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absent, so dynamos cannot
amplify magnetic fields.

Hence, void magnetic fields might
g De fossils from the early Universe.
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Cosmic voids:

E
The emptiest regions of the "‘ J
Universe. ¥ 4

»

Here, turbulence seems to be b
absent, so dynamos cannot » <

amplify magnetic fields.
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Hence, void magnetic fields might
W be fossils from the early Universe.
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Void magnetic fields Main Colloqul

21/11/2025

TeV blazar

Observer

A fiald Minimum magnetic field
strength to explain the non-
observation of GeV photons

B>10"1¢ G

[Neronov & Vovk 2010]
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Constraints on void magnetic fields

-10

log (B |G])
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| 1
magnetic diffusion

BBN

Zeemann splitting

above Hubble radius
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25/05/2026

Neronov & Vovk,
Science, 2010
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Plasma instabilities cause
non-detection of GeV

emission
[Schlickeiser et al. 2012, Broderick
et al. 2018]
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Plasma instabilities cause
non-detection of GeV
emission

[Schlickeiser et al. 2012, Broderick
et al. 2018]

This effect seems not to
be significant for the
characteristic IGM

parameters [Alves Batista,
Saveliev, & de Gouveia Dal Pino

2019] and is absent in the
lab [Arrowsmith et al 20251
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Reliability of fossil magnetic fields 51052096

Plasma instabilities cause Pollution of voids by

non-detection of GeV galactic magnetic fields
emission , — ,
[Schlickeiser et al. 2012, Broderick : ’

et al. 2018]
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be significant for the
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parameters [Alves Batista,
Saveliev, & de Gouveia Dal Pino

2019] and is absent in the
lab [Arrowsmith et al 20251
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Plasma instabilities cause
non-detection of GeV
emission

[Schlickeiser et al. 2012, Broderick

et al. 2018]

This effect seems not to
be significant for the
characteristic IGM

parameters [Alves Batista,
Saveliev, & de Gouveia Dal Pino

2019] and is absent in the
lab [Arrowsmith et al 20251

Pollution of voids by
galactic magnetic fields

S
W~
=
N

=3
o

Not volume filling enough
[Tiemsland et al. 2024].

—2(Alog L) = 3.5
—2A log £95% = 0.4

E?dN/dE (TeV cm~2s71]
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Plasma inst_abilities cause Pollution of voids by Galactic dipoles add up to
non-detection of GeV galactic magnetic fields fill voids [Garg, Durrer, &
emission , T » Schober 2025]

[Schlickeiser et al. 2012, Broderick s - B -

et al. 2018]

S
W~
=
N

=3
o

This effect seems not to Not volume filling enough
be significant for the [Tiemsland et al. 2024].
characteristic IGM NI '

_ —2Alog Lgs59 = 0.4
parameters [Alves Batista,
Saveliev, & de Gouveia Dal Pino

2019] and is absent in the
lab [Arrowsmith et al 20251

E?dN/dE (TeV cm~2s71]
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non-detection of GeV galactic magnetic fields fill voids [Garg, Durrer, &
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Plasma instabilities cause
non-detection of GeV

emission
[Schlickeiser et al. 2012, Broderick
et al. 2018]

This effect seems not to
be significant for the
characteristic IGM

parameters [Alves Batista,
Saveliev, & de Gouveia Dal Pino

2019] and is absent in the
lab [Arrowsmith et al 20251

Pollution of voids by
galactic magnetic fields

l0g(2/Zo)

Not volume filling enough
[Tiemsland et al. 2024].

—2(Alog L) = 3.5
—2A log £95% =04

E?dN/dE (TeV cm~2s71]

Galactic dipoles add up to
fill voids [Garg, Durrer, &

Schober 2025]
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Reliability of fossil magnetic fields

Plasma instabilities cause
non-detection of GeV
emission

[Schlickeiser et al. 2012, Broderick

et al. 2018]

e

This effect seems not to
be significant for the
characteristic IGM

parameters [Alves Batista,
Saveliev, & de Gouveia Dal Pino

2019] and is absent in the
lab [Arrowsmith et al 20251

Pollution of voids by
galactic magnetic fields

l0g(2/Zo)

Not volume filling enough
[Tiemsland et al. 2024].

—2(Alog L) = 3.5
—2A log £g5% =04

-

o
|
-
N

E?dN/dE (TeV cm~2s71]
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Galactic dipoles add up to

fill voids [Garg, Durrer, &
Schober 2025]
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Spreading seems too slow
[Ghosh et al. 2026].
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Cosmic voids:

The emptiest regions of the
Universe.

Here, turbulence seems to be
absent, so dynamos cannot
amplify magnetic fields.

Hence, void magnetic fields might
g De fossils from the early Universe.
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Early Universe & fundamental physics

Inflation:
Extremely fast expansion of

Big Bang

® 300-500 Myr

@ 4x105 yr

M 107325
I 107 « I 3000 K I 30K
J 3x107ly J 3x10°ly

J 0.01ly
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Early Universe & fundamental physics

Some energy is converted to
matter

Big Bang

O 4x10°yr

MO 107325
I 107 K I 3000 K I 30K
Z 3x107ly J 3x10°ly

J 0.01ly
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Early Universe & fundamental physics

Primordial nucleosynthesis

Big Bang

® 300-500 Myr

@ 4x105yr

M 107325 ® 3 min
I 107 K E10°« I 3000 K I 30K
J1ly J 3x107ly J 3x10°ly

J 0.01ly
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Big Bang

Early Universe & fundamental physics

The early Universe might hold

answers to the biggest questions:

« How can gravity and quantum
physics be combined?

 Why inflation?

« Why did the Big Bang produce a
tiny bit more matter than anti-
matter?

« What is dark matter?

M 1032 (O 3 min @ 4x105yr ® 300-500 Myr
I 107 « E10°« I 3000 K I 30K
J 0.01ly Z1ly J 3x107ly Z 3x10°ly
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Early Universe & fundamental physics

This physics is tested at
particle accelerators.

Big Bang

O 10732 O 4x10°yr (O 300-500 Myr (0 13.6 Gyr
J 107 K I 3000 K JE 30K B3k
J 3x107ly J 3x10°%ly J 5x10° Iy

J 0.01ly



Early Universe & fundamental physics

Nordita program
25/05/2026

o0
[
= . .
3 Optically thick
m
M 107325 O 3 min @ 4x105yr | ® 300-500 Myr
I 107 « E10°« I 3000 K I 30K
Z1ly J 3x107ly Z 3x10°ly

J 0.01ly

) @)

\V

@136Gyr

k3K

J 5x10° Iy



Early Universe & fundamental physics

Big Bang
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One way to directly probe the

early Universe:
Gravitational waves

M 1032 (O 3 min O 4x10°yr ® 300 500 Myr @ 13.6 Gyr
I 107 K J 10°k I 3000 K JE 30K B3k
J 0.01ly Z1ly Z 3x107ly J 3x10°%ly J 5x10° Iy



Early Universe & fundamental physics

Our approach to test early

Universe physics:
Primordial magnetic fields

Big Bang
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Primordial magnetogengesis

Big Bang

e Inflation
[Turner & Widrow 1988,

Ratra 1992]
By ~ 107 —107" G

e (1st-order) phase

transitions
[Hogan 1983, Vachaspati

1991, Sigl et al. 1997]
By~107%" —107% G
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Magnetic history of the Universe

Decaying magnetohydrodynamical (MHD) turbulence

Dynamical variables: magnetic field B, velocity field U,

density P + equation of state

Seed

magnetic
HES

Big Bang

. iy ~ 1 \ )
D Al A
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Decaying magnetohydrodynamical (MHD) turbulence

- Dynamical variables: magnetic field B, velocity field U,
density P + equation of state

. Evolution equations:

Fully general
relativistic MHD
Seed equations
magnetic
HES

M 1032 (O 3 min O 4x10°yr (O 300-500 Myr (0 13.6 Gyr
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Magnetic history of the Universe 10512026

Decaying magnetohydrodynamical (MHD) turbulence

- Dynamical variables: magnetic field B, velocity field U,
density P + equation of state

- Evolution equations:

Fully general | Use comoving quantities like B = «°B
relativistic MHD

Seed equations
magnetic

fields

MHD

: s 1
and conformal time dt = a™ "dt equations

[ds? = 2dt? — a(t)?dX ],
Brandenburg et al. 1996

Tolr @ 2 4% . v '  /, 7~ A
M 1032 ™ 3 min MO 4x10°yr (V) 300-500 Myr M) 13.6 Gyr
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Magnetic history of the Universe

Decaying magnetohydrodynamical (MHD) turbulence

Magnetic field evolution is governed by the induction equation:

aa—? = Vx|UxB-nV x B]

Seed

magnetic
HES

Big Bang

(O 300-500 Myr (0 13.6 Gyr

I 30K k3K
Z 3x10°ly Z 5x10° 1y
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Decaying magnetohydrodynamical (MHD) turbulence

Magnetic field evolution is governed by the induction equation:
0B

ot
It implies that magnetic helicity 7 is conserved [for n — 01:
7—[:/ A - B dV = const
1%

= Vx|UxB-nV x B]

Seed

magnetic \
fields vector potential

- 4 \Ww

M 1032 (O 3 min O 4x10°yr (O 300-500 Myr (0 13.6 Gyr
I 107 K J 10°k I 3000 K JE 30K B3k
J 0.01ly Z1ly Z 3x107ly J 3x10°%ly J 5x10° Iy



Magnetic history of the Universe /0500

Decaying magnetohydrodynamical (MHD) turbulence

Magnetic field evolution is governed by the induction equation:
0B

ot
It implies that magnetic helicity 7 is conserved [for n — 01:
7—[:/ A - B dV = &y B? = const
1%

= Vx|UxB-nV x B]

Seed
magnetic
HES

> A 3 \Ww
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Decaying magnetohydrodynamical (MHD) turbulence

Magnetic field evolution is governed by the induction equation:
0B

ot
It implies that magnetic helicity 7 is conserved [for n — 01:
7—[:/ A - B dV = &y B? = const
1%

= Vx|UxB-nV x B]

Seed

magnetic This implies an inverse cascade of magnetic energy: CQ‘D
fields

i 4

M 107325 ™ 3 min ™ 4x10°yr () 300-500 Myr M 13.6 Gyr
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Decaying magnetohydrodynamical (MHD) turbulence

Zeemann splitting

above Hubble radius

Seed
magnetic a6 f [Kahniashvili et al. 2013,
fields TR Brandenburg et al. 2017]
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Decaying magnetohydrodynamical (MHD) turbulence

Zeemann splitting

log (B [G])
S
magnetic diffusion
above Hubble radius

Seed

magnetic a6 f [Kahniashvili et al. 2013,
fields T Brandenburg et al. 2017,
Hosking & Schekochihin 2021]
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Passive evolution

Magnetic field is frozen in Hubble
expansion
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Reviews:
Durrer & Neronov 2013
Subramanian 2016
Vachaspati 2020

Passive
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Big Bang

Reviews: MHD dynamos

Durrer & Neronov 2013 .
Subramanian 2016 = =X =0)-0)
Vachaspati 2020

Memory of
Seed _ primordial
Decaying MHD Passive fields lost

magnetic _
fields turbulence evolution
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Reviews:

Durrer & Neronov 2013
Subramanian 2016
Vachaspati 2020

MHD dynamos
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Memory of
Seed primordial

magnetic Decaying MHD PaTSit‘_’e fields lost
. evolution
fields turbulence Fossils of the

primordial
field o

\<
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MHD dynamos

Macroscopic
quantum
effects
modify the
plasma
dynamics.

R \ y P ant ey
j \ y ‘

Memory of
- primordial

>eed ' D ing MHD Passive _
magnetic cedyins - fields lost
fields turbulence evolution
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primordial
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Chirality

Achiral objects can be super- Chiral objects cannot be super-

imposed with mirrored version. imposed with mirrored version.
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Chirality

Achiral objects include scalars, [ Chiral objects cannot be super-
e.g. imposed with mirrored version.
. electric charge ¢ ' R

- particle density n
and vectors, e.g.

. velocity U

. vector potential A
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Chirality

Achiral objects include scalars, Chiral objects include pseudo-
e.g. scalars, e.g.
electric charge ¢ .« magnetic charge ¢mag

particle density n - chiral density
and vectors, e.g. Ny = Ny, — NR
velocity U and pseudo/axial vectors, e.g.
vector potential A . vorticity w =V x U
. magnetic field B=V x A
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Chirality

Achiral objects include scalars, Chiral objects include pseudo-
e.g. scalars, e.g.
electric charge ¢ .« magnetic charge ¢mag

particle density n . chiral chemical potential
and vectors, e.g. Us = U, — UR
velocity U and pseudo/axial vectors, e.g.
vector potential A . vorticity w =V x U
. magnetic field B =V x A
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Chiral magnetic effect (CME)

A chiral chemical potential
M5 = UL — MR

leads to an electric current
Jome x usB

[Vilenkin 19801, which can be

relevant in cosmology [Joyce &
Shaposhnikov 1997; Fréhlich & Pedrini
2000; Semikoz & Sokoloff 2004;
Boyarsky et al. 2012; Pavlovic et al 20171].
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Chiral magnetic effect (CME)

A chiral chemical potential
M5 = UL — MR

leads to an electric current
Jome x usB

[Vilenkin 19801, which can be

relevant in cosmology [Joyce &
Shaposhnikov 1997; Fréhlich & Pedrini
2000; Semikoz & Sokoloff 2004;
Boyarsky et al. 2012; Pavlovic et al 20171].

The CME is part of the Standard Model of particle

physis and may also be important for
(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],

and Dirac and Weyl semimetals [Li et al. 2016; Galitski,
Kargarian, & Syzranov 2018].
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MHD
The electric current
S — JOhm

and Maxwell's equations
yield the induction eq:

B
6—:V><(U><B—77V><B

ot
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The electric current
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Chiral MHD

The electric current
J = Johm|+ JcME

A chiral chemical
potential
M5 = UL — MR
3 leads to an electric
S current

JoMme < pusB
[Vilenkin 1980].
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Extension of MHD to high energies 251052026

Chiral MHD

The electric current
J = Johm + JcME

and Maxwell’'s equations yield the chiral induction eq:

0B
EZVX(UXB—F?’]/,LSB—T]VXB)
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Extension of MHD to high energies 251052026

MHD Chiral MHD

The electric current The electric current
J = Johm J = Johum + JcME
and Maxwell's equations yield the chiral induction eq:

and Maxwell's equations
yield the induction eq:

OB B
“Z =Vx{UxB-nVxB 8—:V><(U><B+WsB—77V><B)

ot Ot

Conservation law
(valid for n — 0)

9,
—(A-B)=0
8t< l )

leads to inverse cascade:

BN\, — &m/
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Extension of MHD to high energies 251052026

MHD
The electric current
S — JOhm

and Maxwell's equations
yield the induction eq:

B
8—=V><(U><B—77V><B

ot

Conservation law
(valid for n — 0)

9,
—(A-B)=0
8t< l )

leads to inverse cascade:

BN\, — &m/

Chiral MHD

The electric current
J = Jonm + JoME
and Maxwell's equations yield the chiral induction eq:

0B
— =V x (U X B4+ nusB —nV x B)

ot

Conservation law
(valid for any n):

0 ((A-B>+2<“5>) ~ 0

ot

leads to new dynamics.
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Chiral MHD

The electric current
J = Jonm + JcME

and Maxwell’'s equations yield the chiral induction eq:

0B
— =V X (U x B+ nusB —nV x B)

ot

Formally similar to the mean-field induction
equation in classical MHD!

((U) x B+a(B) — (n+n1)V x (B))
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Extension of MHD to high energies 251052026

Chiral MHD

The electric current
J = Jonm + JcME

and Maxwell’'s equations yield the chiral induction eq:

OB

=V X ( +nusB —nV x B)

ot

Linear theory
with ansatz

B o e75t
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Extension of MHD to high energies 251052026

Chiral MHD

The electric current
J = Jonm + JcME

and Maxwell’'s equations yield the chiral induction eq:

OB

E—VX( +nusB —nV x B)

Linear theory
with ansatz

B o e75t

The maximum growth rate is given by

2
and attained on the wavenumber:
ks = 12
°T 9

[Joyce & Shaposhnikov 1997].
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magneto-
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Magnetic field strength

Fundamental physics
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magneto- Magneto-
hydrodynamics hydrodynamics

Magnetic field strength

Fundamental physics
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Chiral MHD equations:

0B
o = VXU +1 (5B =V x B)]
Tt — )\77 [B(V X B) —ILL5B ]
Rogachevskii et al. 2017
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Chiral MHD equations:

0B
5 VX|[UxXxB+n (usB—V x B)]
DU
pﬁ = (Vx B) x B—Vp+ V-(2vpS)
Dp
Ft = —pV U
D:u5 2
Tt — )\77 [B(V XB)—,LL5B }
Rogachevskii et al. 2017
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Chiral MHD equations:

0B
5 VX|[UxXxB+n (usB—V x B)]
DU
pﬁ = (Vx B) x B—Vp+ V-(2vpS)
Dp
Ft = —pV U
D:UJ5 2
Tt — )\77 [B(V XB)—/L5B }
Rogachevskii et al. 2017

Initial conditions:

« Weak seed magnetic field
« Noinitial velocity
e Large initial ps(zx, vy, 2)

| -
| e
-

| -
PENCIL CODE
[pencil-code.nordita.org]
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Chiral MHD equations:

0B
5 VX|[UxXxB+n (usB—V x B)]
DU
pﬁt = (Vx B) x B—Vp+ V-(2vpS)
Dp
ot~ PVU
% = An [B-(V X B) — ,u5B2}
Dt
Rogachevskii et al. 2017

Initial conditions:

« Weak seed magnetic field
« Noinitial velocity
e Large initial ps(zx, vy, 2)

| -
| e
-

| -
PENCIL CODE
[pencil-code.nordita.org]

= Public code for modelling
compressible flows with
magnetic fields

== High-order finite difference

methods [6th-order explicit in
space; 3rd-order accurate time-

stepping]

= Highly modular with diverse
applications [turbulent flows,
combustion, Solar and galactic
physics, gravitational waves, ...]
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Chiral MHD equations:

10 1
%—?:VX[UXB-FU(ME)B_VXB)] o= ————= i
p% = (Vx B) x B—Vp+ V-(2vpS)
%f = —pV-U
%ﬁf = A1 [B-(V x B) — usB?]

Rogachevskii et al. 2017

. . 1078+
Initial conditions:
« Weak seed magnetic field 10-10 | | ,
« No initial velocity 0.0 0.1 0.2 0.3

simulation time

e Large initial ps(zx, vy, 2)
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Chiral MHD equations:

102
OB G U xB+n (4B -V xB) L5
(9t T X[ X n s 100_ ______________________ ~
DU
pﬁt = (Vx B) x B—Vp+ V-(2vpS)
Dp
Ft ——pV°U
D
D = A1 [B(V x B) s B’]

Rogachevskii et al. 2017

. . 1078+
Initial conditions:
« Weak seed magnetic field 10-10 | | ,
« No initial velocity 0.0 0.1 0.2 0.3

simulation time

e Large initial ps(zx, vy, 2)
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Chiral MHD equations: o
OB 5
EZVX[UxBJrU(%B—VxB)] I —
10°
DU
pﬁ = (Vx B) x B—Vp+ V-(2vpS)
Dp
7
D:LL5 2
Tt — )\77 [B(V X B) —,u5B }
Rogachevskii et al. 2017
. . 10781
Initial conditions:
 Weak seed magnetic field 10-10 | | |
0.0 0.1 0.2 0.3 0.4

« No initial velocity
e Large initial ps(zx, vy, 2)

simulation time
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Chiral MHD equations:

OB M5
— = VX |UxB+1n (1B -V x B ~—~—
ot 100_ ______________________ = =
DU
p—op = (VxB)xB—=Vp+V-(20pS)
Dp
ot~ PVU
D
Dr = A0 [B(V % B) s B’]

Rogachey

6.0 x 1074 _
X 10 8 |

4.0x107*

0.0 0.1 0.2 0.3

2.0 x 10~ , , ,
simulation time

0.0 x 10°
-2.0x 1074
-4.0x 1074

-6.0x 1074
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Chiral MHD equations:
102
OB 5
— = VX |UxB+1n (1B -V x B ~—~—
at 100_ ______________________ ==
DU
p—op = (VxB)xB—=Vp+V-(20pS)
Dp
ot~ PVU
Dyis 9
D AN |B:(V x B) — s B”|
Rogachey
By during 2.0x 1073
small-scale chiral
dynamo phase . | |
10X 10 0.2 0.3 0.4

wlation time
0.0 x 10°

-1.0x 1073

-2.0x1073
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Chiral MHD equations:

P

0B

ot
DU
Dt

Dp

=VX[UxB+n (usB—V x B)]

= (Vx B)x B—Vp+ V-(2vpS)

= —pV-U

= An [B+(V x B) — ys B?]

Rogachev

By during
small-scale chiral
dynamo phase

Nordita program

0.0 x 10°
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Why should the Big Bang have produced more
right-handed than left-handed fermions?
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Generalization 2 Schober et al., PRL, 2024

No initial chiral chemical potential, i.e.

(us)(t=0)=0 & psms(t=0)=0,
but autonomous generation via chiral
magnetic waves.
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Generalization 2 Schober et al., PRL, 2024

No initial chiral chemical potential, i.e.
(s)(t=0)=0 & psms(t=0)=0, Mean-field chiral dynamos are a

but autonomous generation via chiral universal mechanism to generate
magnetic waves. large-scale magnetic fields!
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What if we can
never detect fossil
magnetic fields
directly?
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