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produced by supernovae

Cosmic ray facts

* no rays, but high energy particles (p,e™,e",a...)

all particles
— light part,m — heavy part)

e low-E CRSs (Padovani+2020)
Large cross section with gas, strong losses
heating of dense star forming regions

knee (light)

e GeV CRs (Ferriere 2001, Ruszkowski & Pfrommer 2023) >
Most of energy (weak losses) ~
Dynamically relevant via pressure: »
similar E-densities: €., ~ €n ~ €herm ™~ €mag A

* high-E CRs (Kotera&0Olinto 2011) 4 e J
LOW integrated energy O o AMS02 o Voyager2 < IceTop t %
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Ruszkowski+ 2023

proton rest energy ~ 1 GeV



Different setups, similar conclusion

stratified boxes (ISM)
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Hanasz+ 2003, Girichidis+ 2016,2018,
Simpson+ 2016, Dubois+ 2016,
Farber+ 2018, Armillotta+ 18,21,23
Commercon+ 2019, Butsky+ 2020,
Rathjen+ 2021,2022, Armillotta+
2024,2025, Sike+ 2024

CRs are good candidate to drive outflows / alter CGM!

Jubelgas+ 2008, Salem+ 2014, Chan+ 2018,
Hopkins+ 2020/2021/2022, Buck+2020,
Ji+2020, Béss+ 2023, Rodriguez Montero+
2024, Ramesh+ 2025

Jacob+ 2018, Dashyan+ 2020,
Semenov+ 2021, Girichidis+ 2022/24,
Thomas+ 2021,2023, Farcy+ 2022,
Nunez-Castineyra+ 2022, Peschken+
2023, Kjellgren+ 2025

Details are complicated...



Current CR construction sites

Where are the main uncertainties

_ spectrally resolved CRs different species

o diffusion + streaming » cover full E-range * Include
* energy transfer  E-dependent cooling, —electrons_
B o CR o oas transport - secondarlles
2 - unstable isotopes

Mateusz Ruszkowski o |i .
L_L) Lucia Armillotta ive spectrum (7, X)  Introduce CR clocks

Timon Thomas * precise connection to . detailed comparison
D Brandon Sike observations to Milky-Way

Karin Kjellgren - gamma rays
- radio synchrotron

* theory: pen&paper, 70s

* bottom-up plasma I‘—‘I Nimatou Seydi Diallo
physics models (P|C) Daniel Karner

. Allison Matthews

I:l Ralf-Jurgen Dettmar

e.g. Holcomb+2019, Shalaby et al. 2021/2023,
Lemmerz et al. 2024



Grey approximation Full spectrum

assume universal spectrum temporally evolving spectrum

* total energy, dominated by GeV protons e investigate particle distribution fct.

» effective cooling+transport at GeV * time evolution: Fokker-Planck eaq.
Skilling 1971, 1975a,b,c

* Pcr = (Ycr — Decr, Yor = 4/3
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review by Padovani+ 2020

Low energy CRS - CR ionisaticn see also Silsbee+ 2018, Seta+ 2018

Padovani et al. 2013
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Spectral CR in galaxies,

full spectrum in every cell 2
Arepo (Springel 2010, Weinberger+2020) Y-
Arepo+CRs (Pakmor+2016, Pfrommer+2017) -
CRSPEC (Girichidis et al. 2020,2022) ,

e high energy CR escape faster 1

spectra at large distance: more high-E CRs _

e |arger distance -> lower total CR energy <

e no universal / steady state spectrum -1
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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
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spectrally resolved CRs




Advection vs. diffusion

e dwarfs:
shallow potential, strong outflows
dominated by advection

 Milky Way:
deep potential, weak outflows
dominated by diffusion

10% E
: ® M10"", spec
105 - ® M10'Y, spec
E M3x 10, spec
2] = ® M10"%, spee
' o
tr D
5 T
S 2
10° =
:
10-14 Z
=
S
10_2 1 1 1 I
0.2 0.4 0.6 0.8
t (Gyr)

|aer| = 1/p |V P, |
(km s Myr—1)

dwarf galaxy

e
-
ot

infall

B —

\ —

5% 10 15 20 25 30
height (kpc)

100
50

—50
—100

10—28E

5] 10 15 20 25 30

height (kpc)

104

1000

100

10

0.1

p (GeV/e)

Girichidis et al. 2024



Vadv/Vdiff

e dwarfs:
shallow potential, strong outflows
dominated by advection

 Milky Way:
deep potential, weak outflows
dominated by diffusion

Advection vs. diffusion
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Connection to gamma rays

e Steady state vs. full spectrum

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

e Steady state vs. full spectrum

* Variations in Milky-Way models / Galactic center / Fermi bubbles
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spectral CR electrons

e MHD sim of SN + electron tracers

» spectrally resolved CR electrons in post-
processing

(Winner+PG+ 2019, 2020)
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» spectrally resolved CR electrons in post-
processing

(Winner+PG+ 2019, 2020)
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spectral CR electrons

e MHD sim of SN + electron tracers
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spectral CR electrons - .. e
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other spectrally resolved CR electrons

Whittingham et al. 2025

Yang+ 2017,2022
AGN-driven Fermi Bubbles
iInvestigate advection vs. cooling _ .
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 Cosmo. shock: synthetic radio emission

e observed B field stren
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Primaries to secondaries .,

example B/C ratio 0.3

0.2

 assume CRs are universally accelerated
from ISM

B/C

0.1
» expect similar composition as in stars/ -
ISM (very abundant alpha elements!) 0.05
0.04
* but observed relative overabundance of 0.03 2 3
light elements (e.g. B) " Rigidity [GV] 10
* B must be produced while travelling + B/C smaller for larger E
through ISM
. pc
| | | . rigidity R = —, energy per charge
« more B = longer residence time in ISM Ze

* CRs with high E escape faster



B/C

Secondaries in simulations

example B/C ratio

* many species in steady state
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 CRs are important for outflows, details debated
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