Spectrally resolved
cosmic rays In galaxy
simulations
Philipp Girichidis
ITA, Uni Heidelberg

In collaboration with: Christoph Pfrommer, Michal Hanasz, Maria Werhahn,

Thorsten Naab, Tim-Eric Rathjen, Stefanie Walch

=erC M




Strong outflows

SN 2014J January 31, 2014

e strong outflows in all chemical phases (H*, H, Hy)

@ CRs are likely to play a non-negligible role



CR spectrum, grey approx.
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Combined MHD-CR equ.
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ISM simulations

stratified box (deAvillez+2004,

2005, Kim & Ostriker+ 2013 - 2018,

Hennebelle & Iffrig 2015)

external potential (p., DM)

MHD

atomic, mol., metal cooling

(follow HT, H, Hy, C*, CO)
(Glover et al. 2012, Walch et al. 2015)

shielding effects (Ay > 1)
stellar feedback (SNe CRs)

MW conditions: 10
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dynamical impact of CRs

Galactic CRs: SNe (DSA,
Axford et al. 1977; Krymskii 1977;
Bell 1978)

10% of SN energy
dynamical impact
(Girichidis+ 2018a)

e no CRs .
(o} K” =3X10280%

Q K” =1X1028%
e SNe in peaks

data publicly available:
girichidis.com
http://silcc.mpa-garching.mpg.de
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Time evolution w/o CRs
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Girichidis et al. 2018a
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Time evolution with CRs
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different diff. coefficients

TH1-CR10-Ksml TH1-CR10-Kmed
Time: 0.0 Myr

TH1-CR10-Klrg

high diffusion speeds
fast removal of CR energy

shallow CR energy
gradients

z (kpe)

less dense atmosphere

slightly faster outflow (Dorfi
& Breitschwerdt 2012)
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(Pakmor et al. 2016)
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Other studies

Anisotropic Diffusion

10

@ ISM: Hanasz+ (2009), Simpson+ (2016),
Ruszkowsky+ (2017), Farber+ (2018)

@ Galaxy: Booth+ (2013), Hanasz+ (2013),
Salem+ (2014), Pakmor+ (2016), Pfrommer+
(2017), Jacob+ (2018), Hopkins+ (2020)
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Multibin CRs

e full CR spectrum in every cell | — T T |

| F(pmin) e T Girichidis et al. 2020—
e solve FP equation —
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Miniati 2001, Yang et al. 2017, Girichidis et al. 2020, Ogrodnik et al. 2021



Galaxy model with multibin CRs
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Galaxy model with multibin CRs

t = 0.0 Gyr
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SFR

SFR and outflows
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Conclusions for MHD-CR
simulations

» CRs are dynamically relevant

e CRs can drive outflows

* many details matter:
e accurate transport (diffusion vs. streaming)
e spectrally resolved CRs

e accurate losses and transfer of energy to gas/B-field



