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An introduction to cosmic rays
A bit of theory and simulations



Overview

• What are cosmic rays (CRs)


• basics of interactions and transport (microscopic perspective)


• particle acceleration and CR origin


• fluid approaches (macroscopic perspective)


• CR-MHD fluids and numerical models / applications in galaxies and the ISM



What are Cosmic Rays



Historical notes
• 1909: Theodor Wulf invents electrometer and finds increasing 

radiation on top of Eiffel Tower


• 1911: Domenico Pacini: experiments at sea level and below 
(higher radiation at sea level)


• Discovered in 1912 by Victor Hess during balloon-borne 
experiments: radiation increases with altitude



Historical notes
• 1909: Theodor Wulf invents electrometer and finds increasing 

radiation on top of Eiffel Tower


• 1911: Domenico Pacini: experiments at sea level and below 
(higher radiation at sea level)


• Discovered in 1912 by Victor Hess during balloon-borne 
experiments: radiation increases with altitude


• “Solid knowledge” about cosmic rays (Millikan 1926 Proc. NAS, 12, 48) 
“We can draw some fairly reliable conclusions of a general sort as 
to the origin of these very penetrating and high frequency rays”


• Now known to be highly energetic charged particles 
(p, e-, e+, α, heavy bare nuclei)



Cosmic ray energy distribution
low energies
• low-E ( ) spectrum poorly constrained: solar modulation≲ 1 GeV

https://matisse.web.cern.ch



Cosmic ray energy distribution
intermediate and high energies
•  

power law 


• “knee” at  
“end” of galactic CRs


•  
power law 


• “ankle” at 


• : GZK (Greisen-Zatsepin-Kuzmin) 
cutoff: theoretical upper limit (efficient losses 
due to interaction with CMB radiation)

100 GeV ≲ E ≲ 1016 eV
n(E)dE ∝ E−2.7

1015 eV

1016 eV ≲ E ≲ 1019 eV
n(E)dE ∝ E−3

1019 eV

∼ 1020 eV

Swordy 2001, Space Sci. Rev., 99, 85



Composition

•  dominate at low E,  at high Ee− p

Cummings et al. 2016, ApJ, 831, 18 Ave et al. 2008, ApJ, 678, 262

• in addition heavy nuclei


• abundances are above solar


• spectral shape is similar 
 hints to universal acceleration⇒



Composition: primaries
• primaries produced during lifetime of stars and accelerated at SNe


• p, He, C, O, …, Fe (dominated by alpha elements)


• fundamental to understanding of origin, acceleration, propagation through ISM

credit:

Mike Capell



Origin of elements
• high abundances of alpha 

elements (p, He, C, O, …, Fe)
credit: Mike Capell

Aguilar, CR lecture



Composition: secondaries
• secondaries (Li, Be, B, F) produced by collision of primaries with ISM


• fundamental to understanding of propagation through ISM

credit:

Mike Capell



Primaries to secondaries
example B/C ratio

• assume CRs are universally accelerated 
from ISM


• expect similar composition as in stars/ISM 
(very abundant alpha elements!)


• but observed relative overabundance of 
light elements (e.g. B)


• B must be produced while travelling 
through ISM


• less B, shorter travel distance through ISM

Aguilar et al. 2016

• B/C smaller for larger E


• rigidity , energy per charge


• larger E escape faster

R =
pc
Ze

see reviews Strong+ 2007, Grenier+ 2015



Basics:

interaction and transport



Three different energy regimes

• low-E CRs (see Padovani+2020) 
Large cross section with gas 
Strong losses 
heating of dense star forming regions


• GeV CRs (see Ferriere 2001) 
Most of energy (weak losses) 
Dynamically relevant via pressure: 
similar E-densities: 


• high-E CRs (see Kotera&Olinto 2011) 
Low integrated energy 
Extragalactic 
important as observational diagnostics

ecr ∼ ekin ∼ etherm ∼ emag

Hu et al. (2009)



Cross section

• cross section is small and 
decreases with E 
Bethe cross section: 


• most CRs do not interact directly 
with gas, no particle-particle 
collisions


• interaction via magnetic field: 
-  gyration around field lines 
+ (non-)resonant scattering 
interactions

σ ∝ E−1

Padovani et al. (2009)

relatively large cross sections for low E 
responsible for ionisation in dense gas 

 temperature floor⇒



Gyro radius

• gyro radius 



• most cases: 


• low E: frequent gyration 
“frequent scattering” 

 fluid approximation


• high E:  
need to follow individual trajectories

rg =
p⊥

|q |B

rg ≪ Lsystem

⇒

rg ∼ Lsystem
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CR Transport illustrated 
Advection

• CR gyrate around B


• vertical motions of B 
 coupled to motions of CRs


• gas (partially) ionized


• ideal MHD, B frozen in gas


• CR  B  gas


• advection with the gas

⇒

⇔ ⇔

CR
~B
atoms

ideal case



CR Transport illustrated 
Diffusion

• perturbed field


• scattering off of B irregularities


• elastic scattering  diffusion


• realistic environment: 
turbulent 3D


• diffusion relative to the gas


• diffusion mainly along B

⇒

CR
~B
atoms

perturbed field



CR Transport illustrated 
Back reaction from CRs onto B

CR
~B
atoms

strong field
• perturbed field


• elastic scattering  diffusion 
depends on total energy ratio 
B / CR resonances


• case 1: strong B field


• little back reaction of CRs onto B

⇒



CR Transport illustrated 
Back reaction from CRs onto B

CR
~B
atoms

weak field
• perturbed field


• elastic scattering  diffusion 
depends on total energy ratio 
B / CR resonances


• case 2: weak B field


• strong back reaction of CRs onto B

⇒



Gyro resonance
Streaming instability (Skilling 1975)

• important: gyro resonances


• depend on CR energy, B properties 
at different scales, MHD waves


• depend on 
- CR energy 
- spectrum of B-field 
- turbulence spectrum


• macroscopically: bulk of CRs 
streams with Alfvén speed



CRs as a fluid? Yes, with some differences
thermal fluid

• direct particle collisions


• fast thermalisation 
(Maxwellian distribution)


• isotropic distribution function, 
isotropic pressure

CR fluid

• interaction via B field


• complicated / slow energy transfer 
(distribution function not universal)


• anisotropic contribution due to 
coupling with B field orientation

CR
~B
atoms

strong field

atoms



Origin / Acceleration



Fermi acceleration
Fermi-II

• Fermi 1949: stochastic scattering 
of particles between clouds (magn. 
mirrors)


• particles see head-on and 
following collisions


• random orientation: average over  


• second order process


• exponential increase over time

θ

see  e.g. Longair: High energy astrophysics, 2011



Spectrum in steady state

• change in energy over time


• diff-loss-eq.


• assume steady state


• reorder


• solve: power law in E

see  e.g. Longair: High energy astrophysics, 2011



Problems with Fermi-II acceleration

• gain in energy is too slow: 


• random V are too small (10 km/s)


• distance between clouds too large (~pc)


• collisions/losses usually take over


• effectively very unlikely to be relevant 
acceleration mechanism

( V
c )

2

E

dE
dt

su±cient acceleration

insu±cient acceleration

Ionization losses



Shocks
• fluid dynamics: discontinuity arises 

if material moves faster than speed 
of sound


• Rankine-Hugoniot jump conditions


• distinguish between shocks and 
contact discontinuity
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Diffusive shock acceleration (DSA)
• : avg. energy of particle after collision


• : probab. that particle remains in acc. region


•after  collisions:  particles with 
energies 


•eliminate  




•differentiating 

E = βE0

P

k N = N0Pk

E = E0βk

k
N
N0

= ( E
E0 )

ln P/ln β

dN(E) ∝ E−1+(ln P/ln β)dE

•strong shock: , 


•Lorentz transformation, derive 


• 


•first-order in  
(due to coherent and converging motions)


•non-relativistic shock:  



•or in units of of the shock velocities 

 with 

ρ2/ρ1 = 4 v2 = (1/4)v1

ΔE

⟨ ΔE
E ⟩ =

2
3

v
c

v/c

ln P/ln β ≈ − 1
dN(E)/dE ∝ E−2

dN(E)/dE ∝ E−s s =
v1/v2 + 2
v1/v2 − 1

→ 2

Blandford & Ostriker 1978

Bell 1978



DSA: from paper to simulations
Particle in cell simulations (PIC)

• Ingredients:


• back-reaction onto the fluid


• real shock is not infinitely sharp


• magnetic fields (vector field)


• simulations: 
particle-in-cell (PIC)


• compute Lorentz force and particle 
trajectories

• EM field on grid


• Full-PIC:  and  as (macro) particles


• challenge: small gyro radii for 


• Hybrid: fluid- , kinetic 

p e−

e−

e− p

(Winske & Omidi; Burgess et al., Lipatov 2002; Giacalone et al. 
1993,1997,2004-2013; Caprioli & Spitkovsky 2013-2015, …)



PIC and hybrid simulations

• non-thermal tail develops

•  increases over time

• steep spectrum: ordinate is  and  is flat, so 

Emax
p4 f(p) f(p) f(p) ∝ p−4

Caprioli & Spitkovsky 2014Guo et al. 2014

• energy increases 
in every gyration



Obliquity dependence
acceleration depends on B orientation

• magnetic orientation alters turbulence and B-field 
amplification

Caprioli & Spitkovsky 2014, Pais et al. 2018



Check simulations vs. observations (SN 1006)
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Astrophysical accelerators
• low-energies : all kinds of shocks 

(ISM, stellar winds, accretion shocks, outflows)


• up to : SNe 
during free expansion phase and Sedov phase


• global energetic arguments: 
10% of SN energy into CRs ( )

< GeV

∼ 1015 GeV

∼ 1050 erg

Padovani et al. 2016



Astrophysical accelerators II
• beyond : SNe not powerful enough


• follow global arguments of confinement, 


• “Hillas plot” (Hillas 1984, originally by Fermi) 
“exclusion plot”


• CRs above the line are confined 
(how strong does B need to be)


• candidate sources


• AGN (relativistic conditions)


• GRB (multiple shocks)


• neutron stars (strong B-fields)

∼ 1015 GeV

rg

from Kotera & Olinto 2011

rg =
p⊥

|q |B



CR-MHD fluid theory



Energy dependent losses

• Coulomb and 
ionisation losses 
(low-E CRs)


• hadronic losses via  
above threshold for  ( )


• GeV CRs cool least efficient, 
GeV peak with most energy


• cooling time Myr - Gyr

CR + p → π0 → 2γ
π0 0.78 GeV
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Adiabatic gains/losses
Shift of the spectrum

• adiabatic process 


• in log-log space


• advection in ln p


• keeps the spectral shape!!

CR
~B
atoms

perturbed field



Fokker-Planck equation for CRs

• investigate particle distribution 
(bulk of CRs)


• time evolution: Fokker-Planck 
equation for CRs 
(Skilling 1971, 1975a,b,c)

• CRs couple efficiently 
 advection with the gas


• scattering along the magnetic field: 
 anisotropic diffusion along B


• coupled fluid (gas+CRs): 
 adiabatic expansion/compression


• losses 
(Coulomb, Ionisation, Hadronic)


• sources  
(e.g. shock injection)

⇒

⇒

⇒



Grey approximation
• total energy 




• dominated by GeV protons


• effective cooling


• effective diffusive transport 
(at median energy): 




• ,  

e = ∫
∞

0
4πp2T(p)f(p)dp

Dxx ∼ 1028−29 cm2 s−1

PCR = (γCR − 1)eCR γCR = 4/3

assumes universal spectrum, not just steady state



Combined CR-MHD equations (2-fluid)
∂ρ
∂t

+ ∇ ⋅ (ρv) = 0

∂ρv
∂t

+ ∇ ⋅ (ρvv −
BB
4π ) + ∇ptot = ρg

∂etot

∂t
+ ∇ ⋅ [(etot + ptot) v −

B(B ⋅ v)
4π ] = ρv ⋅ g − ∇Fst + ∇ ⋅ (𝖪 ⋅ ∇ecr) + Qcr

∂B
∂t

− ∇ × (v × B) = 0

∂ecr

∂t
+ ∇ ⋅ (ecrv) = −pcr∇ ⋅ v

− ∇Fst − Λcr

+ ∇ ⋅ (K ⋅ ∇ecr)
+Qcr

Piernik: Hanasz+2003

FLASH: Girichidis+2014,2016a

Arepo: Pfrommer+2017, Pakmor+2016,2017

RAMSES: Dubois+2016, Commercon+2019

advection adiabatic

streaming

diffusion

sources/sinksptot = ptherm + pmag + pcr



Applications

CR facts to remember

  -  CR diffuse fast

  -  diffusion is energy dependent 

  -  CR cool less efficiently than gas

D(E) ∝ E0.3−0.5



Motivation for CRs in galaxies
strong outflows in all phases



Thermal energy cools too fast
classical stellar feback too weak (SN, winds, radiation)

maximum altitude 
of thermally driven 

outflows

different process required



different setups
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+ 2022/23, 
Thomas+2022,2023, Nunez-
Castineyra+2022, Peschken+ 2023

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

Farcy+ 2022, Böss+ 2023, Rodriguez 
Montero+ 2023



Stratified box simulations

• “precomputed star formation and SNe”

• therm: , CR:  

but see also Pais+ 2018 (only 5% of CRs)


• SN models:

• 20% type Ia

• 80% type II (48% clustered, 32% runway)


• 4 models

• 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



ISM evolution without CRs Girichidis et al. 2018a, based on SILCC setup (Walch+ 2015, Girichidis+2016)

hot gas and fountain flows



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

smooth and warm outflow



Force balance

• CR pressure gradient over-
compensates gravitational 
attraction


• force-free motions of gas into 
halo


• slowly lift the gas, not shooting 

10 Philipp Girichidis et al.
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Figure 8. Vertical profiles of the acceleration due to thermal and CR pressure. The upper and middle panels show CR and thermal contribution. The bottom
panel combines both pressures as well as the negative gravitational acceleration to better compare it to the outflow generating force. Negative numbers indicate
an acceleration pointing away from the midplane. Thermal and CR profiles show overall opposing vertical trends and partially cancel (note smaller range in
ordinate in bottom panels). The net acceleration in the thermal runs shows stronger variations both along the vertical axes as well as in time. The CR profiles
are smoother and more steady. After 100 Myr the acceleration in the CR runs almost reaches the strength of the gravitational attraction, after 150 Myr the
pressures in simulation CR-smlK are about 1.5 as strong as the gravitational attraction.

of the gas oriented away from the disk, the temperature as well as
the total gas density. From left to right the panels show t = 50 Myr,
t = 100 Myr, and t = 150 Myr, respectively. At t = 50 Myr the
outflowing gas has barely reached heights of 1.5 kpc (indicated
by the gray vertical line), so the halo region above that height is
still dominated by the pristine environment. The velocity profiles
reveal that the thermally driven vertical motions are faster than
the CR supported outflows at 50 and 100 Myr by a factor of a
few. There is little di�erence between the CR runs. However, after
t = 150 Myr the velocities for noCR are negative indicating the
fountain flow behaviour, in which the gas falls back towards the
disk. In simulation CR-medK the velocities also decrease over time
to give an almost static gas distribution at the end. Only in the
run with a small CR di�usion coe�cient the gas is still moving
outwards at speeds of 30 km s�1. The run with SNe in density peaks
launches the slowest fountain flows that also stalls at the end of the
simulations with almost indistinguishable velocity profiles from CR-
medK. The temperature and density profiles are inversely correlated.

This behaviour is strongest in simulation CR-smlK-peakSN, where
the disk and lower halo are cold (T < 104 K) and dense throughout
the runtime. The advancing outflow manifests in a moving transition
of the cold front over time. For noCR at 50 Myr the densities are an
order of magnitude lower compared to the lower halos in CR-smlK,
CR-medK and CR-medK-loc⇣CR. The temperature is a factor of a
few hotter. At t = 100 Myr the region above 1 kpc remains hot in
the thermal run whereas the temperatures decrease to a few 105 K
for CR-medK and few 104 K for CR-smlK. This strong temperature
di�erences at large altitudes even slightly increase at t = 150 Myr
with almost two orders of magnitude hotter gas in the thermal run.
The very high temperatures in simulation CR-smlK for |z | . 500 pc
at 150 Myr is a temporal feature of very low densities in the lower
halo, which is nicely illustrated in the time evolution plot (Fig. 1).
The comparably fast changes in the density and velocity profiles of
the thermal run suggest that CRs enlarge the time scales for fountain
flows.

MNRAS 000, 1–21 (2018)

Girichidis et al. 2018a



Illustration of different diffusion speeds



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 ∇Ptherm

CR-supported outflows 15
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Figure 13. Volume filling fraction of the gas with a temperature of T >
3 ⇥ 105 K over time at di�erent heights. The disk as well as the lower halo
are dominated by hot gas. At heights above 1 kpc the CR runs have very
little gas aboveT > 3⇥ 105 K, in the purely thermal run most of the volume
is hot. An exception is CR-smlK-peakSN where the disk and all outflowing
gas is warm. CR driven outflows only fill the upper halo with warm gas after
⇠ 60 � 100 Myr.

element Xj of the sorted list of cell based (i) ratios Xi that satisfies
j’

i=1

vi
Vtot

 q, and
N’

i=j+1

vi
Vtot

 1 � q. (15)

Here vi are the corresponding cell volumes for ratio Xi and Vtot
is the total volume of the region of interest. The shaded area is
bounded by the 25 and 75 percentile of the distribution (q = 0.25
and q = 0.75).

In the disk the values range from ⇠ 1 � 10 over time with
negligible di�erence between the individual runs. The width of the
distribution covers around one order of magnitude. The volume
above the disk is initially dominated by thermal pressure. In the
time window from ⇠ 40�100 Myr we note an approximate pressure
equilibrium. Towards the end of the simulation the ratio increases
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Figure 14. Time evolution of XCR = pCR/pth in di�erent volumes. The
solid lines show the volume weighted median (see text) together with the
25 and 75 percentile of the distribution (shaded area). In the disk the CR
pressure slightly dominates. The hot gas in the middle volume allows for
regions of pressure equilibrium. At large heights CR dominate by far.

further to values of XCR ⇠ 10, again with larger temporal variations
than the ones between the simulations. In the upper halo the CR
pressure clearly dominates over the thermal energy by several orders
of magnitude approaching XCR ⇠ 200 at the end of the simulated
time. This is not surprising because the halo is filled by warm rather
than hot gas, so the thermal pressure is comparably low. The density
however is not high enough to cool away the CRs over the simulated
time. The mass weighted distributions (not shown) are similar in
the disk and the region above |z | = 1 kpc. In the intermediate region
the values are larger by a factor of a few. The low temperature in
run CR-smlK-peakSN results in large values of XCR ⇠ 20 � 70 in
all parts of the simulation box. The small variations over a long
period of time indicate that there is an equilibrium between the CR
injection and the CR losses.
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Figure 6. Vertical structure of simulation CR-medK at t = 100 Myr. The left panel shows the column density, the other panels present infinitesimal slices
through the centre of the box with the density, the temperature, the CR pressure, the thermal pressure as well as the ratio of CR to thermal pressure. The CR
simulations drive gas to heights above 1 kpc, which is warm (T ⇠ 104 K) and CR dominated. The CR pressure varies by only one order of magnitude, the
thermal pressure by four orders of magnitude, which explains the strong variations in XCR.

MNRAS 000, 1–21 (2018)



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

• isolated galaxy


• isothermal gas


• only CR injection 
with SNe


• CRs alone are 
able to drive 
winds



Isotropic vs. anisotropic diffusion
Pakmor et al. (2016)
• isolated cooling halo

• simplified model for interstellar medium

• compare 

- isotropic diffusion 
- anisotropic diffusion along field lines


• impact on B-field strength 
enhance Parker loops

isotropic diffusion

anisotropic diffusion along B



Simultions on small scales
focus on low energy CRs, ionisation
• CRs move fast, relatively uniform 

distribution of CR pressure


• low-energy CRs provide CR ionisation


• investigate CRs penetrating into cores 

Padovani et al. 2013

Silvbee et al. 2018



New improvements I

CR transport / coupling



More accurate coupling CR  gas+B⇔

• CRs: back-reaction onto B-field, gyro-resonances 
 no simple diffusion 
 complex transport (E-transfer )


• Streaming instability (Kulsrud+1975)

• bulk of CRs streams with Alfvén speed, Alfvén heating

• equate growth and damping (Wiener+ 2013) 

  
 




• new self-consistent PIC models 
(Shalaby et al. 2021/2023)


•  many unknowns concerning 
     - transport speeds 
     - energy exchange

⇒
⇒ Ecr ↔ Emag

Γgrowth = ΓNLLD + Γin

⇒ H = − vA ⋅ ∇Pcr

⇒

depend on effective 
turbulence model, 
effective B-field 

, fixed B spectrum δB/B



More accurate coupling CR  gas+B⇔

•new approach in fluid approximation

•Thomas+ 2019,2021,2022:

• follow CR energy AND energy in magnetic waves

•averaged over , given fixed spectrump

Thomas et al. 2022



New improvements II

Spectral MHD models



Extension to spectral code
just total energy is not enough

• in large fraction of 
galaxy no steady state


• spectral variations are 
important

steady 
state

no 
steady 
state

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

Werhahn et al. 2021



Multibin CR solver
basic idea

• full spectrum in every cell: low 


• solve Fokker-Planck equation


• large dynamic range: 
use piecewise powerlaws 
two degrees of freedom per bin


• couple to MHD via two moments,  and  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Application to isolated galaxies
temperature and CR content

• 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 
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Spectral shapes
• spectra at large distance: more high-E CRs


• larger distance -> lower total CR energy 

•many regions: no steady state spectrum 10°1 100 101 102 103 104 105
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Effective diffusion speed
• 


• effective net diffusion of bulk of CR energy 

D(E) ∝ Es, s = 0.3 − 0.6

⟨D⟩ =
1
ecr ∫
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pmin
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Advection vs. diffusion

• dwarfs: dominated by advection


• Milky Way dominated by diffusion
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Advection vs. diffusion in spectra (dwarf)
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Advection vs. diffusion in spectra (MW)
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Connection to gamma rays

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

Werhahn et al. 2023



Gamma rays II
•  Steady state vs. full spectrum (Werhahn+ 2021abc, 2023)



Take home points
• CRs are relativistic particles


• most energy in protons with GeV energies


• accelerated mostly in SN remnants


• CR energy comparable to other energies in ISM


• CR drive outflows from disk (comparable to star formation rate)


• big questions in CR physics


• transport details (diffusion/streaming, transport speed)


• details of the spectrum (high-E  -rays, low-E  ionisation rate)⇔ γ ⇔


