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Figure 4. Derived relation between stellar mass and halo mass. The light shaded
area shows the 1σ region while the dark and light shaded areas together show
the 2σ region. The upper panel shows the SHM relation, while the lower panel
shows the SHM ratio.

mainly the slope of the low mass end of the SMF, it is strongly
related to the parameter α of the Schechter function. A small
value of β corresponds to a high value of α.

If we change γ , this mainly impacts the slope of the massive
end of the SMF. For larger values of γ than for its best-fit value,
the slope of the massive end becomes steeper. As γ affects
mainly the slope of the massive end of the SMF, it is not coupled
to a parameter of the Schechter function though it is related to
the high-mass cutoff, assumed to be exponential in a Schechter
function.

Figure 5 shows the contours of the two-dimensional proba-
bility distributions for the parameters pairs. We see a correlation
between the parameters [M1, γ ] and [(m/M)0, γ ] and an anti-
correlation between [β, γ ], [β,M1], and [(m/M)0,M1]. There
does not seem to be a correlation between [β, (m/M)0].

4.5. Introducing Scatter

Up until now we have assumed that there is a one-to-one,
deterministic relationship between halo mass and stellar mass.
However, in nature, we expect that two halos of the same mass M
may harbor galaxies with different stellar masses, since they can
have different halo concentrations, spin parameters, and merger
histories.

For each halo of mass M, we now assign a stellar mass m
drawn from a lognormal distribution with a mean value given
by our previous expression for m(M) (Equation (2)), with a
variance of σ 2

m. We assume that the variance is a constant for
all halo masses, which means that the percent deviation from
m is the same for every galaxy. This is consistent with other

Figure 5. Correlations between the model parameters. The panels show contours
of constant χ2 (i.e., constant probability) for the fit including constraints from
the SMF only. The parameter pairs are indicated in each panel.

Table 2
Fitting Results for Stellar-to-halo Mass Relationship

log M1 (m/M)0 β γ χ2
r (Φ) χ2

r (wp)

Best fit 11.899 0.02817 1.068 0.611 1.42 4.21
σ + 0.026 0.00063 0.051 0.012
σ− 0.024 0.00057 0.044 0.010

Notes. Including scatter σm = 0.15. All masses are in units of M".

halo occupation models, SAMs and satellite kinematics (Cooray
2006; van den Bosch et al. 2007; More et al. 2009b).

Assuming a value of σm = 0.15 dex and fitting the SMF only,
we find the values given in Table 2. These values lie within the
(2σ ) error bars of the best-fit values that we obtained with no
scatter. The largest change is on the value of γ , which controls
the slope of the SHM relation at large halo masses. The SMF
and the projected CFs for the model including scatter are shown
in Figures 1 and 2, respectively, and show very good agreement
with the observed data.

In Figure 6, we compare our model without scatter with the
model including scatter. We have also included the relation
between halo mass and the average stellar mass. Especially
at the massive end scatter can influence the slope of the SMF,
since there are few massive galaxies. This has an impact on γ
and as all parameters are correlated scatter also affects the other
parameters. We thus see a difference between the model without
scatter and the most likely stellar mass in the model with scatter
in Figure 6.
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How do galaxies lose their mass?



strong outflows in all phases
Motivation for Cosmic Rays



classical stellar feedback too weak (SNe, winds, radiation)
Thermal energy cools too fast

maximum altitude 
of thermally driven 

outflows

different process required



CR
~B
atoms

ideal case

• CRs: mainly high-energy protons


• accelerated in strong shocks: supernova remnants


• inefficient cooling (compared to thermal gas) 
 long lived


• in galaxy: 


• transport 
-  advection with gas  
-  diffusion relative to gas 
-  back-reaction onto B & gas

⇒

Ecr ∼ Ekin ∼ Etherm ∼ Emag

Cosmic ray basics reviews:

   Grenier, Black, Strong 2015

   Zweibel 2013, 2017

   Ruszkowski & Pfrommer 2023



CR
~B
atoms

perturbed field

• CRs: mainly high-energy protons


• accelerated in strong shocks: supernova remnants


• inefficient cooling (compared to thermal gas) 
 long lived


• in galaxy: 


• transport 
-  advection with gas 
-  diffusion relative to gas  
-  back-reaction onto B & gas

⇒

Ecr ∼ Ekin ∼ Etherm ∼ Emag

Cosmic ray basics reviews:

   Grenier, Black, Strong 2015

   Zweibel 2013, 2017

   Ruszkowski & Pfrommer 2023



CR
~B
atoms

strong field

• CRs: mainly high-energy protons


• accelerated in strong shocks: supernova remnants


• inefficient cooling (compared to thermal gas) 
 long lived


• in galaxy: 


• transport 
-  advection with gas 
-  diffusion relative to gas 
-  back-reaction onto B & gas

⇒

Ecr ∼ Ekin ∼ Etherm ∼ Emag

Cosmic ray basics reviews:

   Grenier, Black, Strong 2015

   Zweibel 2013, 2017

   Ruszkowski & Pfrommer 2023



CR
~B
atoms

weak field

• CRs: mainly high-energy protons


• accelerated in strong shocks: supernova remnants


• inefficient cooling (compared to thermal gas) 
 long lived


• in galaxy: 


• transport 
-  advection with gas 
-  diffusion relative to gas 
-  back-reaction onto B & gas

⇒

Ecr ∼ Ekin ∼ Etherm ∼ Emag

Cosmic ray basics reviews:

   Grenier, Black, Strong 2015

   Zweibel 2013, 2017

   Ruszkowski & Pfrommer 2023



Merge CR physics and galaxy astro
CR/particle physics cosmology

CR

DM

gas

stars

galactic dynamics

interstellar medium
image credit: V. Springel

image credit: A. PettittGirichidis et al. 2016



CRs in a grey approximation
• total energy 




• dominated by GeV protons


• effective cooling


• effective diffusive transport 
(at median energy): 




• 


•

e = ∫
∞

0
4πp2T(p)f(p)dp

Dxx ∼ 1028 cm2 s−1

PCR = (γCR − 1)eCR

γCR = 4/3

Hu et al. 2009



isolated galaxiesstratified boxes (ISM) cosmological galaxies

Hanasz+ 2003, Girichidis+16,18, 
Simpson+ 2016, Dubois+ 2016, 
Farber+ 2018, Armillotta+18,21, 
Commercon+2019, Butsky+2020, 
Rathjen+ 2021,2022

Booth+ 2013, Ruszkowski+ 2017a, 
Pakmor+2016, Pfrommer+2017, 
Jacob+ 2018, Dashyan+ 2020, 
Semenov+ 2021, Girichidis+ 2022, 
Thomas+2022,2023, Peschken+ 2023

Jubelgas+ 2008, Salem+ 2014, 
Chan+ 2018, Hopkins+ 
2020/2021, Buck+2020, Ji+2021

CRs in numerical simulations



CRs in ISM simulations

• 10% of SN energy 
(therm: , CR: ) 
but see also Pais+ 2018 (only 5%)


• SN models:

• 20% type Ia

• 80% type II


• 48% clustered

• 32% runaway (random)


• dynamical impact

• no CRs


• medium diff 


• small diff 


• all SNe exploding in dense gas

1051 erg 1050 erg

(𝖪∥ = 3 × 1028 cm2
s )

(𝖪∥ = 1 × 1028 cm2
s )

Girichidis et al. 2016a, 2018a

CRs are able to drive and sustain outflows 

with mass loading of order unity

based on SILCC setup (Walch+2015, Girichidis+2016) 
also Simpson+2016, Farber+2018, Armillotta+ 2021



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

ISM evolution without CRs (only thermal)

hot gas and fountain flows



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

ISM evolution including CRs (+ thermal)

smooth and warm outflow



MHD, anisotropic diffusion, isothermal
Hanasz et al. (2013)

CRs alone are able to drive winds!

• isolated galaxy, isothermal gas, only CR injection with supernovae



• isolated cooling halo

• simplified model for interstellar medium

• compare 

- isotropic diffusion 
- anisotropic diffusion along field lines


• impact on B-field strength 
enhance Parker loops

Pakmor et al. (2016)
Isotropic vs. anisotropic diffusion

isotropic diffusion

anisotropic diffusion along B

Anisotropic diffusion is important!



CR
~B
atoms

weak field

More accurate coupling CR  gas+B⇔
• total CR energy high, 

• CRs: back-reaction onto B-field 

 no simple diffusion (energy-conserving) 
 complex transport (E-transfer ) 

(Thomas & Pfrommer 2019,2021,2022, 
see also Hopkins+ 2021, Shalaby+ 2021,2022)


• bulk of CRs streams with Alfvén speed, 
Alfvén heating (e.g. Wiener+ 2013)

Ecr ∼ Emag

⇒
⇒ Ecr ↔ Emag

Thomas et al. 2022



Jacob+ 2018, Girichidis+ 2023

• outflow strength depends on halo mass 
• above  no outflows

• depends on injection efficiency

• high diffusivity, weaker mass loading

M ∼ 3 × 1011 M⊙

Halo mass dependence

Jacob et al. 2018
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Figure 4. Derived relation between stellar mass and halo mass. The light shaded
area shows the 1σ region while the dark and light shaded areas together show
the 2σ region. The upper panel shows the SHM relation, while the lower panel
shows the SHM ratio.

mainly the slope of the low mass end of the SMF, it is strongly
related to the parameter α of the Schechter function. A small
value of β corresponds to a high value of α.

If we change γ , this mainly impacts the slope of the massive
end of the SMF. For larger values of γ than for its best-fit value,
the slope of the massive end becomes steeper. As γ affects
mainly the slope of the massive end of the SMF, it is not coupled
to a parameter of the Schechter function though it is related to
the high-mass cutoff, assumed to be exponential in a Schechter
function.

Figure 5 shows the contours of the two-dimensional proba-
bility distributions for the parameters pairs. We see a correlation
between the parameters [M1, γ ] and [(m/M)0, γ ] and an anti-
correlation between [β, γ ], [β,M1], and [(m/M)0,M1]. There
does not seem to be a correlation between [β, (m/M)0].

4.5. Introducing Scatter

Up until now we have assumed that there is a one-to-one,
deterministic relationship between halo mass and stellar mass.
However, in nature, we expect that two halos of the same mass M
may harbor galaxies with different stellar masses, since they can
have different halo concentrations, spin parameters, and merger
histories.

For each halo of mass M, we now assign a stellar mass m
drawn from a lognormal distribution with a mean value given
by our previous expression for m(M) (Equation (2)), with a
variance of σ 2

m. We assume that the variance is a constant for
all halo masses, which means that the percent deviation from
m is the same for every galaxy. This is consistent with other

Figure 5. Correlations between the model parameters. The panels show contours
of constant χ2 (i.e., constant probability) for the fit including constraints from
the SMF only. The parameter pairs are indicated in each panel.

Table 2
Fitting Results for Stellar-to-halo Mass Relationship

log M1 (m/M)0 β γ χ2
r (Φ) χ2

r (wp)

Best fit 11.899 0.02817 1.068 0.611 1.42 4.21
σ + 0.026 0.00063 0.051 0.012
σ− 0.024 0.00057 0.044 0.010

Notes. Including scatter σm = 0.15. All masses are in units of M".

halo occupation models, SAMs and satellite kinematics (Cooray
2006; van den Bosch et al. 2007; More et al. 2009b).

Assuming a value of σm = 0.15 dex and fitting the SMF only,
we find the values given in Table 2. These values lie within the
(2σ ) error bars of the best-fit values that we obtained with no
scatter. The largest change is on the value of γ , which controls
the slope of the SHM relation at large halo masses. The SMF
and the projected CFs for the model including scatter are shown
in Figures 1 and 2, respectively, and show very good agreement
with the observed data.

In Figure 6, we compare our model without scatter with the
model including scatter. We have also included the relation
between halo mass and the average stellar mass. Especially
at the massive end scatter can influence the slope of the SMF,
since there are few massive galaxies. This has an impact on γ
and as all parameters are correlated scatter also affects the other
parameters. We thus see a difference between the model without
scatter and the most likely stellar mass in the model with scatter
in Figure 6.

Moster et al. 2010

12



isolated galaxiesstratified boxes (ISM) cosmological galaxies

Hanasz+ 2003, Girichidis+16,18, 
Simpson+ 2016, Dubois+ 2016, 
Farber+ 2018, Armillotta+18,21, 
Commercon+2019, Butsky+2020, 
Rathjen+ 2021,2022

Booth+ 2013, Ruszkowski+ 2017a, 
Pakmor+2016, Pfrommer+2017, 
Jacob+ 2018, Dashyan+ 2020, 
Semenov+ 2021, Girichidis+ 2022, 
Thomas+2022,2023, Peschken+ 2023

Jubelgas+ 2008, Salem+ 2014, 
Chan+ 2018, Hopkins+ 
2020/2021, Buck+2020, Ji+2021

CRs in numerical simulations

CRs are dynamically important! Details in transport etc. matter!



Extension to spectral code

steady 
state

no 
steady 
state

Werhahn+ 2021a
just total energy is not enough

• in large fraction of galaxy 
no steady state


• spectral variations are 
important

main dynamics

CR ionisation 
chemistry 

star formation

gamma rays 
link to obs.

CR electrons: 
synchrotron 
link to obs.

• more accurate cooling

• energy-dependent transport 

D(E) ∝ E0.3−0.5



temperature and CR content
Galaxy setup with spectral CRs

Girichidis et al. 2022, 2023
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• isolated halo, 
rotating gas cloud


• Arepo 
(Springel ’10, Weinberger+ ’19)


• CRs (Pakmor+’16, Pfrommer+’17)


• spectral CRs (Girichidis+ ’20)

• CRs: 10% of SN energy 

• high-E CRs escape faster

• larger region of cold CGM 

impact on gal. fountain

• larger region with CR 

dominated pressure 



spatial and temporal variations
CR spectra
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• spectra at large distance: more high-E CRs


• larger distance -> lower total CR energy 

• many regions: no steady state spectrum

Girichidis et al. 2022
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Connection to Gamma-ray obs.
• gamma rays differ: steady state vs. full spectrum (Werhahn+ 2021abc, 2022)

assuming steady state spectra using spectrally resolved simulations



Connection to Gamma-ray obs.
• gamma rays differ: steady state vs. full spectrum (Werhahn+ 2021abc, 2022)

“true” spectra of the spectrally resolved simulations



• spectral model: better fit to spectra and SFR-  luminosityγ

comp. to observations
Gamma rays II Werhahn et al. 2022



Beyond CR protons

• include CR electrons as tracer particles


• compute electron losses spectrally resolved (Winner+ 2019,2020)


• compute secondary electrons


• compute synchrotron radiation self-consistently

Werhahn+ in prep

Whittingham+ in prep

Ljassi+ in prep



Summary and Conclusions

• cosmic rays are dynamically important 
 thicken the disk 
 drive smooth and warm outflows 
 at mass loading factors of order unity 

• spectrally resolved CRs 
 change the temperature of the circum-galactic medium 
 alter the onset of outflows 
 provide accurate link to observations 

       via gamma rays (spectral models: better fit) 
       via radio synchrotron (electrons) (work in progress)

→
→
→

→
→
→

→
→


