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Part I

Magneto-thermal instability with suppressed heat conductivity in
mirror-unstable regions



Magneto-thermal instability
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Magneto-thermal instability

MTI with xeg = Spx) where mirror-unstable
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Part I1

Hydromagnetic waves in an expanding universe - cosmological
MHD code tests using analytic solutions



New tests of comoving hydrodynamics/MHD

¢ Berlok 2022, MNRAS
¢ Python implementation of analytic solutions available:
https://github.com/tberlok/comoving mhd waves
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Comoving MHD equations
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Linear theory (Berlok, MNRAS, 2022)
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Comoving Alfvén wave
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Comoving Alfvén wave
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Magnetosonic wave
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' Gravitational instability
v =1 Thermal pressure term does not decay

v = 4/3 Thermal pressure term decays at same rate as other terms

v = 5/3 Thermal pressure term decays faster than other terms

Differential equation
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v =4 / 3 is an Euler ODE, in general a transformed Bessel equa,tim}2 |
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Comoving, standing, compressible
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hydro + selfgravity
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mhd + selfgravity

2 ! ~ ! !
/
’/ |
',,f |}
1F L, - . .
’ 4 1 A )
- " = 4 | | .
P ~ h N ¢, | | s = o =
O—\ ~\."‘g | \ | ¢ Q."..-‘J.' - Q.-’-..__.-‘
\ |
\ ]
J = -
_1 I_|||l a3l o aaaaal I_|||l a3 el 1 ||v|||||l rl a3l a3 el rl a3l a3 el
1 i \ i “ . N i \ 0 \
)\ - L | " |
\ )\ [ \ \
\ \ | | | \ “
‘\ ” | a8 - o, -
O B QQ\ o" Q‘ o B ‘| : \ B ‘| l' ‘Q,," S ] B ‘| l' \i " N
= - | | \ | \ 4 \ /
\ | “ - ot
|\ |
|\ N
_1 — = \ J = —
Illl 1 1 IIIIIII 1 1 IIIIIII Illl 1 1 IIIIIII I“I 1 IIIIII Illl 1 1 IIIIIII 1 1 IIIIIII Illl 1 1 IIIIIII 1 1 IIIIIII
102 10~1 10° 10~2 10~1 10Y N
© 4
a a 7\ | “
- A | _—
5 0.1 [ \ A\ | “ 'f}“
. . . |
Comoving, standing, compressible q | [\ N Il [\ N
9 . Y ~— [ | | / \ / | \ I | /|
waves with v =1 °c o00F V /N /0 - [ \
CQ | \ | \ / || “ »
< \ \ J ’ \ / \ ,' v
| " v \ [ | \ WV 4
| |
— . —0.1F \V B \ /
Arepo Analytlc Illl 1 1 1 IIIIII 1 1 1 IIIIII Illl 1 I‘\;/'I Illll 1 1 1 IIIIII

10~1
a

102

100 102

10~1
a

109

14



0.00

0pc/Pe

—0.02

1.0

0.5

du/ Vs

0.0

—0.5

0.000

—0.025

5pc/pc

—0.050

Comoving, standing, compressible

hydro

hydro + selfgravity

mhd

mhd + selfgravity

|

102

a

10~1

109 102

waves with v =5/3

—— Arepo (EdS)

=== Analytic

1071

5B/ Be

109
0.005

0.000

—0.005

10~1 109



Part 111

Zoom simulations of merging galaxy clusters
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Zooming in on a galaxy cluster




Major merger including galaxy formation

Size: 39.73 mio. ly Age: 11.06 Gyr
Dark matter density Gas density Temperature
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11 mio cpu-h on SuperMUC-NG in Germany (PI: T. Berlok)

In collaboration with:
Joseph Whittingham, Léna Jlassi, Larissa Tevlin, Martin Sparre, Rainer
Weinberger, Ewald Puchwein, Rudiger Pakmor and Christoph Pfrommer



Zoom factor 8

Zoom factor 12

Zoom factor 24

10—28

10—29

10—30

103

102

101

100

101

5 ~1
'V xv]?/2 [Gyr™ ] Gas density [g/cm

BluG]



Resolving the magnetic dynamo is expensive

10%

10"

10%
10"

100

cell size [kpc/h]

102

103
r [kpc]

10—27;
10—28;

10—29;

p [g/cm’]

B [uG]

102

r [kpc]

103

Vazza+ 2018

1.00§ ~ _AMR4
QD ~AMRS
.’ . AMR7
- AMRS
010§

0.01 ;

500 1000 1500 2000 2500 3000



Part IV

Braginskii viscosity in Arepo



Braginskii viscosity in Arepo

¢ Extensive test suite (detailed in Berlok, Pakmor
& Pfrommer 2020)

® Second order accurate Super timestepping
(RKLR2)

® Recently extended for cosmological applications
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Idealized 2D bubbles AGN jet with Braginskii viscosity

Braginskii
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Analysis to be done!




