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Strong outflows



CR spectrum, grey approx.
• total energy 




• dominated by GeV protons


• effective cooling (assuming steady 
state)


• effective diffusive transport 
(at mean energy): 




• 


•

e = ∫
∞

0
4πp2T(p)f(p)dp

Dxx ∼ 1028 cm2 s−1

PCR = (γCR − 1)eCR

γCR = 4/3



Combined MHD-CR equ.

Hanasz & Lesch 2003, Girichidis et al. 2016, Pfrommer et al. 2017

recent review on num. methods: Hanasz, Strong, Girichidis arxiv:2106.08426



ISM simulations



dynamical impact of CRs



Time evolution w/o CRs

Girichidis et al. 2018a



Time evolution with CRs

Girichidis et al. 2018a



different diff. coefficients



Other studies



Multibin CRs
• full CR spectrum in every cell


• solve FP equation 
 
 
 
 

• chose piecewise power law
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Girichidis et al. 2020

Miniati 2001, Yang et al. 2017, Girichidis et al. 2020, Ogrodnik et al. 2021



Galaxy model with multibin CRs

Girichidis et al. in prep.



Galaxy model with multibin CRs

Girichidis et al. in prep.



SFR and outflows

0

1

2

3

4

5

6

0 0.5 1 1.5 2 2.5 3

S
F
R

t (Gyr)

diff grey
diff spectral

adv grey

Girichidis et al. in prep.



Conclusions for MHD-CR 
simulations

• CRs are dynamically relevant


• CRs can drive outflows


• many details matter:


• accurate transport (diffusion vs. streaming)


• spectrally resolved CRs


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


