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Moster+ (2010)

stellar 
feedback

AGN 
feedback

ESO/WFI (Optical); MPIfR/ESO/APEX/A.Weiss et al. (Submillimetre); NASA/CXC/CfA/R.Kraft et al. (X-ray)

star formation

AGN

Stellar-to-halo-mass relation

Cosmic Rays in Galaxy Formation
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    —> feedback agent? εCR ∼ εB ∼ εth ∼ εkin

ESO/WFI (Optical); MPIfR/ESO/APEX/A.Weiss et al. (Submillimetre); NASA/CXC/CfA/R.Kraft et al. (X-ray)

star formation

AGN

CRs

CRs

p

f(p)

∝ p−αinj

CR spectrum

Cosmic Rays in Galaxy Formation

multi-scale problem: 

gyr0-orbit:  << galactic scales (~kpc) 
—> very challenging to model in galaxy simulations

∼ 10−6 pc
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How can we constrain CR feedback?
Modelling Cosmic Rays in Galaxies

AGN

simulations 
e!ective models ζSN, κ, ΛCR

How much energy —> CRs?
How to model CR transport?

Which energy-losses?

p

f(p)
Spectral/grey modelling? 
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How can we constrain CR feedback?

AGN

simulations 
e!ective models

without CRs with di!erent implementations of  CRs

ζSN, κ, ΛCR

Modelling Cosmic Rays in Galaxies

varying impact on galaxy formation 
(e.g. Jubelgas+ 2008; Uhlig+ 2012; Booth+ 2013; Hanasz+2013; Salem & Bryan 
2014; Pakmor+ 2016; 2017; Jacob+ 2018; Dashyan & Dubois 2020; Salem+ 
2014; Buck+ 2020; , Armillotta+ 2021; Hopkins+ 2020,2022; Peschken+ 2021; 
Girichidis+ 2022, 2024; Thomas+ 2023;2024;Rodríguez Montero+ 2024,…) 

• out"ows, regulating star formation  
• impact on reionisation (Farcy et al. 2025) 

• morphology, gas radii (e.g. Buck+2020) 
• CGM properties (density, temperature, 

metallicity, B-#eld) (e.g. Salem 2016, Ji+2020, Butsky 2022)
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e!ective models

log PCR/Pth
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Bieri+ in prep.

with Alfvén cooling

no Alfvén cooling

ζSN, κ, ΛCR

Modelling Cosmic Rays in Galaxies
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without CRs with di!erent implementations of  CRswith di!erent implementations of  CRs

How can we constrain CR feedback?

AGN

simulations 
e!ective models ζSN, κ, ΛCR

Modelling Cosmic Rays in Galaxies

need to forward model CR-related observables 
to clarify role of CRs in galaxy evolution 

observables?

varying impact on galaxy formation 
(e.g. Jubelgas+ 2008; Uhlig+ 2012; Booth+ 2013; Hanasz+2013; Salem & Bryan 
2014; Pakmor+ 2016; 2017; Jacob+ 2018; Dashyan & Dubois 2020; Salem+ 
2014; Buck+ 2020; , Armillotta+ 2021; Hopkins+ 2020,2022; Peschken+ 2021; 
Girichidis+ 2022, 2024; Thomas+ 2023;2024;Rodríguez Montero+ 2024,…) 

• out"ows, regulating star formation  
• impact on reionisation (Farcy et al. 2025) 

• morphology, gas radii (e.g. Buck+2020) 
• CGM properties (density, temperature, 
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Non-thermal emission
star formation

acceleration   
of CRs π0 − decay

emitted spectrum

Ephoton

E jE(E)

CR protons: 

• pion decay 
            

CR electrons (primary + secondary): 

• Synchrotron emission 

• Inverse Compton (IC) emission 

• Bremsstrahlung

⃗B

π±

π0 2γ

μ±
e±

secondary

Synchrotron

Bremsstrahlung

Inverse Compton (IC)transport/interaction 
with the ISM

Observational Constraints of CRs
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Observational Constraints of CRs
Non-thermal emission

star formation

acceleration   
of CRs Synchrotron

Bremsstrahlung

Inverse Compton (IC)

π0 − decay

emitted spectrum

Ephoton

E jE(E)

<latexit sha1_base64="N2pjClJY8UyOZb+l25sOU67iT6I="></latexit>

⇠ 0.1� 10GHz

NGC 5775 (CHANG-ES survey, VLA obs.), Credit: NRAO, NASA, ESA, Hubble 

<latexit sha1_base64="npyi23Td8YGYlNjyxR0/HmvtVxg="></latexit>

⇠ 0.1� 1000GeV

Matthews+ (2024)

NGC 1532

transport/interaction 
with the ISM

Scheel-Platz+ (2023)

radio

polarised radio gamma-ray

https://en.wikipedia.org/wiki/NGC_5775
https://public.nrao.edu/
https://www.nasa.gov/
https://www.esa.int/
https://www.nasa.gov/mission_pages/hubble/about
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Non-thermal emission
star formation

acceleration   
of CRs Synchrotron

Bremsstrahlung

Inverse Compton (IC)

π0 − decay

emitted spectrum

Ephoton

E jE(E)

Bell (2003)
FIR-radio relation 
(van der Kruit 1971; Condon 
1992; Yun+2001; Bell 
2003,Molnár 2021, 
Heesen+2022, Jin+2025)

Rojas-Bravo & Araya (2016)

FIR-γ-ray relation 
(Ackermann et al. 2012;   
Rojas-Bravo & Araya 2016;  
Linden 2017; 
Ajello+2020,Núñez-
Castiñeyra+2022) 

transport/interaction 
with the ISM

Can we constrain CR transport 
using these relations?

Observational Constraints of CRs
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Modelling CR spectra & emission with crayon+
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modelling of CR proton, primary and secondary electron spectra

crayon+

Werhahn et al. (2021 a)

from MHD simulation Cosmic RAY emissiON + more :)

calculation of radiation processes
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CR adv
calorimetric relation

LAT detected
LAT upper limits
combined best fit

CR diÆ, D = 1£ 1028 cm2 s°1

CR diÆ, D = 3£ 1028 cm2 s°1

CR adv
calorimetric relation

Werhahn et al. (2021b)

Lessons learned from isolated setups
Gamma-ray emission

(Ajello+ 2020)

κ
κ

high SFR: close to calorimetric limit 
(complete conversion to -rays) 
—> constrain 

γ
ζSN

low SFR: sensitive 
to CR transport 
—> constrain κ

p

f(p)
grey
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Lessons learned from isolated setups
Gamma-ray emission

p

f(p)

grey+steady-state

p

f(p)
grey spectral
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0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

t [Gyr]

Spectral CR protons (Girichidis+2020,2022)  
• changes spatially resolved high-energy gamma-ray emission 
• global spectra & luminosities: close to grey+steady-state

Werhahn et al. (2023)
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Lessons learned from isolated setups
Gamma-ray emission
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Spectral CR protons (Girichidis+2020,2022)  
• changes spatially resolved high-energy gamma-ray emission 
• global spectra & luminosities: close to grey+steady-state

Werhahn et al. (2023)
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Lessons learned from isolated setups
Gamma-ray emission

p

f(p)

p

f(p)
grey spectral

κ
κ

10°3 10°2 10°1 100 101 102 103
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fit to LAT data vs. Ṁ?
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fit to LAT data vs. L800°1000µm

calorimetric relation

grey

spec

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

t [Gyr]

10°3 10°2 10°1 100 101 102 103
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fit to LAT data

calorimetric relation

grey

spec
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Spectral CR protons (Girichidis+2020,2022)  
• changes spatially resolved high-energy gamma-ray emission 
• global spectra & luminosities: close to grey+steady-state

Werhahn et al. (2023)
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Kapińska+17, central

102

103

104

105

106

Fl
ux

de
ns

ity
[m

Jy
]

NGC 253

synchr.
synchr., absorbed
thermal ↵-em.

total
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Kapińska+17, total

10�1 100 101 102

⌫[GHz]

101

102

103

104

105

Fl
ux

de
ns

ity
[m

Jy
]

centralcentral

102

103

104

105

106

Fl
ux

de
ns

ity
[m

Jy
]

NGC 253

synchr.
synchr., absorbed
thermal ↵-em.

total
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Kapińska+17, total

10�1 100 101 102

⌫[GHz]

101

102

103

104

105

Fl
ux

de
ns

ity
[m

Jy
]

central
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Lessons learned from isolated setups
Radio emission

• primary electrons dominate 
• high frequencies: steep radio 

synchr. spectra (IC & synchr. 
cooling) 

• thermal free-free emission & 
absorption needed for "at 
spectra

Radio spectrum (total & central)

Werhahn et al. (2021c)
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from a CRISPy galaxy

Polarised radio emission

vertical pro#le

• galaxy simulation with CRISP (Thomas et al. 2024), including 2-moment CR transport 
and more detailed ISM model 

• crayon+: model electron spectra & (polarised) radio emission 
—> compare to edge-on radio observations of  NGC 4217 (Stein et al. 2020) 

• X-shaped B-#eld morphology recovered 

• shape of the vertical pro#le: robustly predicted 

see poster  
by H.-H. Sandy Chiu!

Chiu et al. (2024)
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(Ajello+ 2020)

κ
κ

Werhahn et al. (2021c)

Can we model satellites/realistic dwarfs with isolated setups?
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Cosmological zoom simulations 
with CRs

Auriga zoom simulations with CRs  
(Bieri, […], Werhahn+ in prep) 

•   
• with grey CRs (Alfvén cooling, 

anisotropic di!usion) 
• crayon+: CR spectra & emission 

✓more realistic environment and 
star-formation history 

✓ study isolated dwarfs vs. satellites

M200 = 1010 − 1013 M⊙

satellite in a  halo1012 M⊙

star-formation history

gas density metallicity magnetic #eld strength
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B-field amplification 

Cosmological zoom simulations 

How does this a!ect non-thermal emission?

with CRs

stronger B-!elds in satellites, particularly after close encounter with host

Werhahn et al. 2025
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B-field amplification 

Cosmological zoom simulations 
with CRs

stronger B-!elds in satellites, particularly after close encounter with host
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— preliminary —  

isolated dwarf

satellites

How good is the steady-state modelling for electrons?
Werhahn et al. (in prep)
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CREST - CR electron spectra evolved in time

Fokker-Planck equation

tracer particles  
in AREPO simulation

εCR, ρgas, B, uph . . .

CR electron spectra f(p, x, t)

[pi], αinj, ζpe, . . .

Emission spectra jν(ν, x, t)

crayon+

Fokker-Planck equation

CREST (Winner+2019)  
further development by Joseph Whittingham, Léna Ljassi & me 
• post-processing MHD simulations: 

solve Fokker-Planck equation on 
Lagrangian tracer particles 

• accurate calculation of CR electron 
spectra as function of time and space 

• coupled to crayon+ for calculation of 
radiation processes 

• global spectrum: very close to steady-
state 

• many local variations (out"ows, 
regions of strong cooling/no recent 
injection)
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CREST - CR electron spectra evolved in time
Are galaxies in a steady-state?

very close to steady-state!

strongly cooled spectra

CREST (Winner+2019)  
further development by Joseph Whittingham, Léna Ljassi & me 
• post-processing MHD simulations: 

solve Fokker-Planck equation on 
Lagrangian tracer particles 

• accurate calculation of CR electron 
spectra as function of time and space 

• coupled to crayon+ for calculation of 
radiation processes 

• global spectrum: very close to steady-
state 

• many local variations (out"ows, 
regions of strong cooling/no recent 
injection)

Werhahn et al. in prep.
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CREST - CR electron spectra evolved in time
Are galaxies in a steady-state?

very close to steady-state!

strongly cooled spectra

Werhahn et al. in prep.
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Summary 
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Steady-state CR spectra in MHD simulations:              
• Gamma-ray emission: 

- low SFR: di!usion relevant; high SFR: close to calorimetric limit  
• Radio emission: FIR-radio relation is dominated by primary emission 

- steep spectra due to IC & sync. losses—> "at radio spectra: thermal 
contribution  

Spectral simulations of CR protons 
• required for modelling of spatially resolved high-energy gamma-rays 

Radio emission from galaxy with two-moment CR transport (CRISP): 
• X-shaped morphology in B-#eld direction due to galactic-scale out"ows 

CRs in cosmological zoom simulations 
• stronger B-#elds in satellites vs. isolated dwarfs  

—> a!ects correlations of non-thermal emission with SFR 
Live electrons with CREST: global spectra close to steady-state 

• strongest di!erences: in out"ows and gamma-ray maps

see poster by Sandy H.H. Chiu!


