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CR energy ranges

e low-E CRS Pradovani+ 2020

Large cross section with gas, strong losses
heating of dense star forming regions

e GeV CRSs Ferriere 2001 , Ruszkowski & Pfrommer 2023
Most of energy (weak losses)
Dynamically relevant via pressure:

in ISM: €cr ™ Cin ™ €therm ™ €ma

* high-E CRSs Kotera & Olinto 2011
Low Integrated energy
Extragalactic

important as observational diagnostics
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Motivation for CRs in the ISM of galaxies

classical stellar feedback too weak

4 different process required

\

maximum altitude
A of thermally driven
& outflows

\| SN 2014J January 31,2014

reviews:

evidence for strong outflows
in all phases, H™, H, H,

classical stellar feedback

* cools too fast (SNe)

» does not couple enough (y)

e t00 weak
(winds, protost. outflows)

CRs are fast & cool inefficiently
(energy can reach large heights)



reviews:

numerics:

CR Transport illustrated

Advection

* CR gyrate around B ideal case
* no direct particle-particle interaction

e vertical motions of B
= coupled to motions of CRs

* gas (partially) ionized

B frozen in gas, ideal MHD

« CR & B < gas

» advection with the gas
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reviews: Zweibel 2013, Amato&Blasi 2018
Ruszkowski&Pfrommer 2023
numerics: Hanasz+ 2021

CR Transport illustrated

Diffusion

perturbed field

e perturbed field,
turbulent environment

» scattering off of B irregularities

o elastic scattering = diffusion
 diffusion relative to the gas

e diffusion mainly along B
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reviews:

numerics:

Back reaction CR < B

Streaming instability (Skilling 1975)

Cosmic ray

e back-reaction onto B-field, gyro-resonances
= no simple diffusion
= transport + E-transfer £, <> L),

e bulk of CRs streams with Alfvén speed,

Alfvén heating
e equate growth and damping advection diffusion streaming
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= = Girichidis et al. 2018a, based on SILCC setup
ISM evolution without CRs Weichs 2015, Girchis=2076
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Girichidis et al. 2018a, based on SILCC setup
(Walch+ 2015, Girichidis+2016)

ISM evolution (therm+CRSs)

SN positions 20 Myr 30 Myr 40 Myr 50 Myr 60 Myr 70 Myr 80 Myr 90 Myr 100 Myr 110 Myr 120 Myr 130 Myr 140 Myr 150 Myr

* type 1l
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Girichidis et al. 2018a, based on SILCC setup
(Walch+ 2015, Girichidis+2016)

ISM evolution (therm+CRSs)

SN positions 20 Myr 30 Myr 40 Myr 50 Myr 60 Myr 70 Myr 80 Myr 90 Myr 100 Myr 110 Myr 120 Myr 130 Myr 140 Myr 150 Myr

* type 1l

* Lype Ia

2-1 — - - -~ — — — — - -l - - - o -l >~ el ad - - s B — F

Cr

F

grav

% CRs slowly
lift gas

.|
log column density (g cm~—2)

—2- - - - -t - — — — - r - - — - s B o —lr - - - - —

smooth and warm outflow

L Jl L1 ] ] ] 111 1 Il ] ] ]
—.2 ”'" 0.2 O-U 002 000 002 Oo(.) 0-2 0-0 002 000 002 0-0 002 0-0 0-2
x (kpc)

Philipp Girichidis, TOSCA-2024

0.0 0.2 0.0 0.2 0.0 0.2 0.0 0.2 0.0 0.2

0.0 0.2 0.0 0.2




Different setups, similar conclusion

stratified boxes (ISM) isolated galaxies cosmological galaxies

6 ADV DIF DEC : 1 0-2 4834:3'kll1,«"5 = 0.0 kpc Time 4 Aub6-noCR
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Hanasz+ 2003, Girichidis+ 2016,2018, 5:2‘(’;’;9": . 510; 62)5 ;‘ff;’;'le; - 2237 7,
Simpson+ 2016, Dubois+ 2016, ’ y ,

Farber+ 2018, Armillotta+ 18,21,23 ?ﬁg’nf;ﬂzﬁgf 72 (gg’ C;’é’l Cr’(’:S:ZZ%ZZQZ/ 24,
Commercon+ 2019, Butsky+ 2020, yeved, Farcy ,

Rathjen+ 2021,2022, Armillotta+ 2024 g’gggz'cas’f’”eyf a+ 2022, Peschken+

Jubelgas+ 2008, Salem+ 2014, Chan+ 2018,
Hopkins+ 2020/2021/2022, Buck+2020,
Ji+2020, Boss+ 2023, Rodriguez Montero+
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Philion Girichidis, TOSCA-2024 CRs are good candidate to drive outflows! Details are complicated...



Extension to full CR spectrum

107}

1

CR ionisation
chemistry
star formation
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gamma rays
link to obs.

validity of steady state numerical scheme to couple
Werhahn et al. 20217a MHD and live spectra
o Girichidis et al. 2020, 2022, 2024
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Spectrally resolved CRs -[==

e variations in spectra = variations in diffusion

e large region of cold CGM, cold gal. fountain
e large region with CR dominated pressure

dwarf galaxy
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Connection to gamma rays

o Steady state vs. full spectrum

e Variations in Milky-Way models / Galactic center / Fermi bubbles
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Connection to gamma rays

o Steady state vs. full spectrum

e Variations in Milky-Way models / Galactic center / Fermi bubbles
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* Arepo (Springel 2010, Pakmor+ 2013, Weinberger+ 2020)
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 chemistry: non-eq for H, C
Glover+ 2007,2012, Nelson & Langer 97

-10

o star particles: Galler+ subm.
compute probability for collapse
convert (part of) cell into star clusters
draw massive stars from IMF with indiv. life times -

e feedback:

currently: SNe after life time of massive stars
next: live radiation using SWEEP (Peter+ 2024)
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 (Cosmic rays (advection-diffusion + streaming losses
currently: grey (Pfrommer+ 2017, Pakmor+ 2016)
next: spectral (Girichidis+ 2020,2022)
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Girichidis et al. in prep.
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Girichidis et al. in prep.
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The Fermi/eRosita bubble
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bubble evolution with X & y-ray emission Girichidis et al. in prep.

CR energy density (eV cm™ X -ray emissivity (erg s™! cm™?) ~-ray emissivity (erg s—

_3[_:—:—:

10— 7 10—° 10~ 7 10—°

eRosita bubbles no Fermi bubbles:
with good match iIn size missing electrons!?
and X-ray luminosity to be done next!

0 —10
x (kpc)
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. CRs < B field Take home points

adv. + diffusion/streaming along 5 * live spectra: different CGM / outflows
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0

e CR drlve warm and smooth outflows o
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* live spectra: better fit to y-ray obs.
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Girichidis et al. 2018a

Force balance

noCR — gravity
— CR-medK - = neg. gravity
* CR pressure gradient over- — CR-smlK

s CR-smlK-peakSN
compensates gravitational

attraction

» force-free motions of gas into
halo

e slowly lift the gas, not shooting

¢t = 150 Myr

0 0.5 1 1.9 2 2.9 3
z (kpc)



CR pressure

* CRs in approximate equipartition in ISM
consistent with obs. (Ferriere 2001, Cox 2005)

» fast diffusion (faster than gas motions)

CR pressure is almost uniform

» weak gradients compared to V P,

herm
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Halo mass dependence

 CR power for outflows is limited
e above M ~ 3 x 101 M, no outflows

e depends on injection efficiency

* high diffusivity, weaker mass loading
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e In dwart:

CR transport mainly advective

* in MW:

CR transport mainly diffusive
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CR-driven dynamo

Isotropic vs. anisotropic transport

* isotropic diffusion vs. anisotropic diffusion along B

* impact on B-field strength
enhance Parker loops (Parker 1992)

» stronger a effect in large scale dynamo

(Hanasz & Lesch 2000, Lesch & Hanasz 2003, Hanasz+ 2009)

thermal Parker loop

CR enhanced Parker loop

Pakmor et al. 2016
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Advection vs. diffusion
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Advection vs. diffusion in spectra (dwarf)
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Advection vs. diffusion in spectra (MW)

101 E | | | | | 3 101 E | | | | | | 105
' t = 0.3 Gyr | f t = 0.6 Gyr |

|aer| = 1/p |V Pe|
(km s—! Myr—1)

104
o? | | | ! | | | !
| E E
. 5 f 1000
o E| E|
=~ + .|
e
QES | | | 3 | | 3 g
T T T T T T 100 éb'i
~ &
= 50f {1 50} -
; outflow
T O e TS o -
- infall = 10
n —5H0 :
>
—100 —100 . . | . .
7 1
= F
© F
a0 5 il
N F
10—28 | | | | | 10—28 | | | | | 0.1

0 o 10 15 20 29 30 0 53 10 15 20 29 30
height (kpc) height (kpc)



