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ANISOTROPIC DIFFUSION

ATHENA (Stone et al. 2008)
(Parrish & Stone 2005, Sharma & Hammett 2007, Berlok & Pessah 20163)



QUASI-GLOBAL SIMULATIONS
Berlok & Pessah 2016b, ApJ
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Kunz 2012, Kunz et al. 2012; Parrish et al. 2012a,b
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THE MOVING MESH CODE AREPO Volker Springel (2010)

Pakmor+ 2011, 2013, 2012




THE MOVING MESH CODE AREPO Volker Springel (2010)
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BRAGINSKII VISCOSITY IN AREPO

0pv 1

OF

E:—V'(H"U)a Ap = pv(3bb: Vv -V - v) .
SECOND ORDER ACCURATE SUPER TIMESTEPPING

) .
Ath(Ax) Velocity update
QdVH Y, =v",
Yi =Y+ m7L(T", Y0) ,
At Y; = 1Y 1 + v Yo+ (1= py — ;)Y
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ov

— = L(T
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Energy update
En-l—l _ % [v . FE(Tn, ,U’n) N v FE (Tn, ,U’I’L—I-l)]

RKL2 STS theory in Meyer+ 2012. See also Vaidya+ 2017 7
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KELVIN-HELMHOLTZ INSTABILITY WITH BRAGINSKII VISCOSITY

1.0
0.9 1
vy (2) Smooth equilibrium necessary
0.01 for convergence of KHI.
See e.g. McNally+ 2012 and
—0o° Lecoanet+ 201 6.
—1.01 | | | .
0.0 0.5 1.0 1.5 2.0

Z

LINEAR THEORY FOR VISCOUS KELVIN-HELMHOLTZ INSTABILITY

Berlok & Pfrommer, 2019a, MNRAS
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EIGENMODES OF THE INSTABILITY
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DECAY OF 2D MAGNETO-SONIC WAVE
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DECAY OF 2D MAGNETO-SONIC WAVE
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LINEARLY POLARIZED ALFVEN WAVE
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INTERRUPTION BY THE FIREHOSE INSTABILITY
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FIREHOSE INSTABILITY

parallel pressure force — Rosenbluth 1956

p1 + B?*/ug
R

\ Perpendicular pressure and magnetic force

instability criterion




PARALLEL FIREHOSE INSTABILITY

By=4, gL =1, 1T.=0
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Advisors:
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2D FIREHOSE INSTABILITY WITH 2D-3V HYBRID-KINETIC CODE
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Berlok 2017, PhD thesis £ Q‘/"l-"a.
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2D FIREHOSE INSTABILITY WITH 2D-3V HYBRID-KINETIC CODE

Ot =0

100 -
= , B,
=

100 -
S B,
> 5() -

0 H() 100 150 200 2950

Berlok 2017, PhD thesis £ Q‘/"l-"a.

18






Planar sheet

Planar slab(s)

Cylindrical stream
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PSECAS Pseudo-Spectral Eigenvalue Calculator with an Automated Solver
https://github.com/tberlok/psecas
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PSECAS

Finite domain

Semi-infinite domain

Infinite domain
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SURFACE MODE SIMULATIONS with Athena
Hydro, ps/po = 2




KELVIN-HELMHOLTZ INSTABILITY with Athena
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SUPERSONIC BODYMODE DISPERSION RELATION

Periodic z-domain

Infinite z-domain
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Cylindrical domain

PSECAS, m =0
PSECAS, m =1
1 === m=20

{ —- m=1

<7
\\‘~
xk /
Surface Body
modes modes
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Berlok & Pfrommer 2019a

\ T(q2L/2)
¢ T(q1L/2)

T (z) = tanh(z) or cosh(z)

Mandelker+ (2016)

\

L, (1 R) K (g2 R)
Im(@1 R) K7, (2 R)

m are modified Bessel functions
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COLD FLOWS IN MASSIVE HALOS

2D stream

CGM
Hot, dilute

Stream
Cold, dense

Ve,

CGM
Hot, dilute

3D stream

CGM
Hot, dilute

Ve,

Stream

Cold, dense

CGM
Hot, dilute

Hydrodynamic studies in Mandelker+ 2016, 2019 and Padnos+ 2019

MHD study in Berlok & Pfrommer 2019b
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LINEAR THEORY, IDEAL MHD

m = 0,0 = 0.60cy/L m=1,0=0.62c/L

m=2,0=0.82¢cy/L m=3,0 =0.96¢co/L

m=4,0 =1.00¢cy/L m =D5,0 =0.97¢y/L

28 Berlok & Pfrommer (2019b), MNRAS



2D MAGNETIZED COLD STREAMS

hydro MHD, 3 =10 MHD, 5 =1 t =0L/cg

I|I I|I I|I p/po

Berlok & Pfrommer (2019b), MNRAS with Athena++




2D MAGNETIZED COLD STREAMS

hydro MHD, 3 =10 MHD, 5 =1 t =0L/cg

I|I I|I I|I p/po

Berlok & Pfrommer (2019b), MNRAS with Athena++




hydro MHD, 3 =10 MHD, =1 t=0L/c




hydro MHD, 3 =10 MHD, =1 t=0L/c




MIXING OF COLD STREAMS WITH CGM

hydro MHD, 3 = 10 MHD, 3 =1

Mass(p > pc)

Mass(p > pc)

0.0 | ,
0 25 50 75 0 25 50 75 0 25 50 75
tCO/L tCO/L tCQ/L

Berlok & Pfrommer (2019b), MNRAS
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MAGNETIC FIELDS SUPPRESS MIXING

B
A
2 10—2
7 T 2 x 10 hydro
= R— 5 9 X :_0_3 5 — 10
v 2x107* B =1
N\
—— hydro S
MHD, 3 = 10
0.0F —— MHD, 5 =1 . N
0 20 40 60 30
time [L/C()]

2p i nH 20 \Y2 L,
B — — 0.8( ) /2G
; 10-4cm -3 <106K> b
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* Weakly collisional and collisionless

plasmas: Small scales with hybrid-
kinetic codes, intermediate scales
with Athena

e Large scales with Braginskii viscosity

in Arepo
 Supersonic, magnetized Kelvin-
Helmholtz instability in cold streams

at high redshift

Magnetized cold streams

F;S ECAS

db, 0v,
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MHD, 3 = 10







Simulation (ATHENA++)

0b, Sv, 5

OV, 0b, Sv, 5
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