An Iintroduction to cosmic rays

A bit of theory and simulations

Philipp Girichidis, 13.02.2024



Overview

 What are cosmic rays (CRs)

e 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

e “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+, a, heavy bare nuclei)




Cosmic ray energy distribution

low energies

e low-E ( < 1 GeV) spectrum poorly constrained: solar modulation

flux [particles cm-? sr'l 5'1(Ge\’/nuc|eon)°1]
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Cosmic ray energy distribution

intermediate and high energies N TWCTE
. 100 GeV < E <10 eV N S SR
oower law n(E)dE «x E=% O
. “knee” at 101> eV 9
“end” of galactic CRs .
B (1 porticle per m*~year)
16'sz 4
. 101°eV<E<10P eV :: \
power law n(E)dE «x E~>
. “ankle” at 1017 eV
. ~ 10" eV: GZK (Greisen-Zatsepin-Kuzmin)
cutoff: theoretical upper limit (efficient losses
due to interaction with CMB radiation) 0° 10 10" 107 107 10 10" 10" 107 10"® 107 10% 10"

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



* |In addition heavy nuclel

Composition

e abundances are above solar

e spectral shape is similar
= hints to universal acceleration

» ¢ dominate at low E, p at high E
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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

Proton -
Helium

Jupernova .. . Carbon3
e explosion

= e 4
Oxygen

credit:
Mike Capell



Origin of elements

* high abundances of alpha

Abundance relative to Carbon = 100

elements (p, He, C, O, ..., Fe)

10°

10%

10°

Nuclear abundance: cosmic rays compared to solar system
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Composition: secondaries

e secondaries (Li, Be, B, F) produced by collision of primaries with ISM

 fundamental to understanding of propagation through ISM

sl

Proton

Helium

Jupernova
e explosion

Berylllum

Silicon '
' - Y S Boron
. | 4 \
Fluorme

credit:
Mike Capell




see reviews Strong+ 2007, Grenier+ 2015

Primaries to secondaries |,

example B/C ratio 0.3

0.2
 assume CRs are universally accelerated

O
from ISM B 01
e expect similar composition as in stars/ISM 0 06
(very abundant alpha elements!) 0.05
0.04
* but observed relative overabundance of 0.0
light elements (e.g. B) | 10 10° 10°
Rigidity [GV]
B must be produced while travelling
through ISM  B/C smaller for larger E
. . pc
* less B, shorter travel distance through ISM . rigidity R = 7 energy per charge
e

» larger E escape faster



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: .. ~ €., ~ €herm ™~ €

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

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

= temperature floor

e cross section is small and
decreases with E

Bethe cross section: ¢ & E~}

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

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

10° 10* 10° 10°
E [eV]

Padovani et al. (2009)



Gyro radius

e gyro radius
Pl

rg = ———

|g|B

- most cases: 1, K Lgygem

rg (PC)

* low E: frequent gyration
“frequent scattering”

= fluid approximation

- high E: 7, ~ L

system
need to follow individual trajectories

? [ IIIIII| [ IIIIII| [T TTHH [T TTHH Iklllllglg [ IIIIII| ankiel IIII?
 galaxy cluster _
- gal. diameter -
:_ cgal. disc scale height _
= molecuar cloud -
= SN remnant E
:_ star-forming core _:
= protoplanetary disc -
= B =10"°G E
- B =10""G -
- B=10""G -
- B=10"7°G —— =

| IIIIII| [ 1111 [ | IIIIII| [ | IIIIII| [ | IIIIII| [ | IIIIII| [ 1 111l

100 108 10 10t 10 10 10 10%°

D1 (eV)

Hanasz, Strong, Girichidis (2021)



CR Transport illustrated

Advection

ideal case
* CR gyrate around B . o :

e vertical motions of B
= coupled to motions of CRs

e gas (partially) ionized

e ideal MHD, B frozen in gas

« CR& B & gas

e advection with the gas




CR Transport illustrated

Diffusion

perturbed field

e perturbed field

» scattering off of B irregularities

o elastic scattering = diffusion

e realistic environment:
turbulent 3D

» diffusion relative to the gas

o diffusion mainly along B




CR Transport illustrated

Back reaction from CRs onto B

strong field
* perturbed field . o

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

e case 1: strong B field

e |ittle back reaction of CRs onto B




CR Transport illustrated

Back reaction from CRs onto B

e perturbed field

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

e case 2: weak B field

» strong back reaction of CRs onto B

weak field




Gyro resonance

Streaming instability (Skilling 1975) % R
B

Important: gyro resonances

T
depend on CR energy, B properties o sietch: Jacob
at different scales, MHD waves
advection diffusion streaming
depend on | 1.0

- spectrum of B-field

tchar

- turbulence spectrum

0.8
A 0.6
~ 104
_ (1l 11
macroscopically: bulk of CRs ‘ e 0.2
streams with Alfven speed slligniine 0.0
t V 2kt

1l
——
(N

- CR energy |

Vadv

Thomas, CP, EnB3lin (2020)



CRs as a fluid? Yes, with some differences

thermal fluid CR fluid
e direct particle collisions * Interaction via B field
» fast thermalisation » complicated / slow energy transfer
(Maxwellian distribution) (distribution function not universal)
* |sotropic distribution function, e anisotropic contribution due to

Isotropic pressure coupling with B field orientation

(o) o o o o (o) o o
o (o)
o o 0, o ¢° atoms . o . B
o . o o . o o © ¢




Origin / Acceleration



Fermi acceleration

Fermi-ll

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

e particles see head-on and
following collisions

« random orientation: average over @

e second order process

e exponential iIncrease over time

AE = E" —
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see e.g. Longair: High energy astrophysics, 2011



Spectrum In steady state

« change in energy over time dE _ 4 (‘/2> E_aF

dt 3 \cL
e diff-loss-eq. % — DV?N A aaE[b(E)N(E)] TN - Q(E)
* assume steady state /d%/ = D/VZ/N 6aE[b(E)N(E )] TN C}(f )
* reorder d(j_c[aEN(E)] A,IF(E) =0 d/:j’(EE) = - (1 : ai) N(EE)

e solve: power law in E N(E) = constant x E™*  x =14 (0tTesc)

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



Problems with Fermi-ll acceleration

2
T - V suthicient acceleration
, gain in energy Is too slow: | —
C insufficient acceleration
Ionization losses
 random V are too small (10 km/s) dE

dt

» distance between clouds too large (~pc)

» collisions/losses usually take over /

o effectively very unlikely to be relevant

acceleration mechanism



Shocks

* fluid dynamics: discontinuity arises
If material moves faster than speed

of sound
 Rankine-Hugoniot jump conditions

» distinguish between shocks and
contact discontinuity

density
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Diffusive shock acceleration (DSA)

o Il = [E,: avg. energy of particle after collision

e P: probab. that particle remains in acc. region

« after k collisions: N = N,P* particles with
energies E = E,f*

e eliminate k

In P/ln
N B E
No \ E

e differentiating
dN(E) o E—1+(lnP/lnﬂ)dE

Blandford & Ostriker 1978
Bell 1978

o strong shock: p,/p; =4, v, = (1/4)v,

e Lorentz transformation, derive AE

AE _2v
*‘\ E/ 3¢

o first-order in v/c
(due to coherent and converging motions)

e non-relativistic shock: In P/Inff ~ — 1
dN(E)/dE x E~>

e Or In units of of the shock velocities

o vi/vy + 2
dN(E)/dE «x E7° with s =

vi/vy, — 1



DSA: from paper to simulations

Particle in cell simulations (PIC)
 EM field on grid

* |ngredients:

* Full-PIC: p and e as (macro) particles
* back-reaction onto the fluid

 chall : | dii for e~
» real shock is not infinitely sharp chalienge. smail gyro radii tor €
* magnetic fields (vector field) J rid: ﬂUi'_’ Kinetic p

....................................................

e simulations: b e

----------------------------------------------------

particle-in-cell (PIC)

---------------------------------------

------------------------------------------------------

« compute Lorentz force and particle

"""""""""""""""""""""""""""""""

trajectories

--------------------------------

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




PIC and hybrid simulations

Guo et al. 2014 Caprioli & Spitkovsky 2014
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2 4 § 8 10 12 101 llll[ L[Li)_ll] | | | T T 1T 11 T T T | | II_:
E 3 e | ; | !IIIIIIIIIIIIIIIIIIIIIIIII ;
(a) | ' | 50 300 550 800 1050 1300 1550 1800 2050
8 10° ~ _
Q 6 I
“ s107¢ -
4 < -
N~V Reduced T wrt
21 | | o 1072 . jump conditions _
50 | | ' o
E‘ ’l 1 0_3 = _
S -50¢ , B
T 100} ) : M=20 [ \
l - 1 [ 1 L1 ] ]
N -150 10°° 107 10" 10’ 10 10
~200 E/Eq,

0 100 200 300
I — Tshock [C/wpe]

* energy increases
INn every gyration

non-thermal tail develops

E_ .. increases over time

» steep spectrum: ordinate is p4 f(p) and f(p) is flat, so f(p) p_4




Obliquity dependence

acceleration depends on B orientation

 magnetic orientation alters turbulence and B-field
amplification
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Check simulations vs. observations (SN 1006)

obliquitiy independent acceleration obliquitiy dependent acceleration -
Winner et al. 2020
radio (1.4 GHz) X-ray (0.8 —2.0keV) ~v-ray (E > 500 GeV) radio (1.4 GHz) X-ray (0.8 —2.0keV) v-ray (E > 500 GeV)
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BS Padovani et al. 2016

Astrophysical accelerators

» low-energies < GeV: all kinds of shocks
(ISM, stellar winds, accretion shocks, outflows)

. upto ~ 101> GeV: SNe
during free expansion phase and Sedov phase

* global energetic arguments:
10% of SN energy into CRs ( ~ 10°° erg)

propagation region

Iy ’ A
(diffusion/loss processes) ' (\l)
oB « B : i TRE
: U] ot
| .
............................ . H
turbulence damping region




Astrophysical accelerators i c =B 7| B
. beyond ~ 10" GeV: SNe not powerful enough

. 15 1|°U 1IPC H:pc H\IApc
« follow global arguments of confinement, Iy 1o
 “Hillas plot” (Hillas 1984, originally by Fermi) 10'0: -
“exclusion plot” -
5 —
» CRs above the line are confined - 10
(how strong does B need to be) —
. 10° AGN jets )
* candidate sources : GRB ot sots -
« AGN (relativistic conditions) 1075} SNR .

IGM shocks

 GRB (multiple shocks)

10_10: L Ll L1
_ 10° 10" 10"
* neutron stars (strong B-fields) R [cm]
from Kotera & Olinto 2011

10%° 10%°

T




CR-MHD fluid theory



Energy dependent losses

107+ IR L L B L LLLL DL R
syizmg T4 10-18 ;E — ne =102 --- ny = 102 _;
: PO
» Coulomb and S ok T
ionisation losses | et AT ; i ..
(IOW_E CRS) 10° 10* 10° 10° L L R IR R R L e R )| R R R RLL B R N
E Lo — ne=10"2%cm
_ _ P LT Ne = lem™
. hadronic losses via CR + p — 7° = 2y G [— ne=107em-
above threshold for 7 (0.78 GeV) My -
o & galaxy typical
* GeV CRs cool least efficient, kyr B Rydro —
GeV peak with most energy " oA steps
// EEE tcool,hadr(nN — ne)
. . AR RRT| R S RN ATTI R R AR N ATT! B A AT B R AR AAIT B R AR
* COOIIng tlme Myr - Gyr 10—3 10—2 10—1 100 101 102 103

p (GeV/c)



Adiabatic gains/losses

Shift of the spectrum

of
* adiabatic process (&) ad

L Oy
e advectionininp prils

* keeps the spectral shape!!

in log-log space ¥ =In(f) =«

L
3

of
Olnp

Sy

10
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10—° =

10_7g

|
10— 4

102

10°

102

104

10°



Fokker-Planck equation for CRs

* investigate particle distribution

(bulk of CRs) * CRs couple efficiently

= advection with the gas

e time evolution: Fokker-Planck

equation for CRs » scattering along the magnetic field:

(Skilling 1971, 1975a,b,c) = anisotropic diffusion along B
0 1 0 ° ' .
of _ 4V F 4+ Ve (DY f) + » (V-u)p—f coupled fluid (gas+CRs): |
0 ~—~—— —m_————— 3 Jp = adiabatic expansion/compression
advection diffusion _/'_/
adiabatic process e |Osses
i (Coulomb, lonisation, Hadronic)
2 (b f+D LA
“p2ap 1P\ P 3 p <_  « sources
~———————————— " sources (e.g. shock injection)

other losses and Fermi Il acceleration



Grey approximation

» total energy

e = J Arp*T(p)f(p)dp
0

dominated by GeV protons
effective cooling

effective diffusive transport
(at median energy):
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Combined CR-MHD equations (2-fluid)

a_p + V - (,UV) — () Piernik: Hanasz+2003
at FLASH: Girichidis+2014,2016a
Arepo: Pfrommer+2017, Pakmor+2016,2017
Opv BB RAMSES: Dubois+2016, Commercon+2019
+ V.| pvwWw——]+Vp, =pg
ot A7
de BB - v)
— + V- (etot_l_ptot) V= =pvV-8 — VFst_I_ V- <K ' Vecr) T ch
ot A7
0B
VX(vxB)=0
ot
. aec:r . .
advection = -V - (ech) = —p..V -V adiabatic
—VF, — Acr streaming
+ V- (K : Vecr) diffusion

Ptot = Ptherm T Pmag T Per +0, sources/sinks



Applications

CR facts to remember
- CR diffuse fast

- diffusion is energy dependent D(E) o« E°-70
- CR cool less efficiently than gas



Motivation for CRs in galaxies

strong outflows in all phases

SN 2014J January 31, 2014




Thermal energy cools too fast

classical stellar feback too weak (SN, winds, radiation)

- 4 different process required

maXimum altitude
2\ of thermally driven
& outflows

SN 2014J January 31, 2014




different setups

stratified boxes (ISM)

6 ADV DIF DEC 102

x |[kpc]

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

iIsolated galaxies

4834:3 knvs
. = 0.0 kpc Time 4

z L kpc]

-40 =20 0 20 40
X [kpc]

Booth+ 2013, Ruszkowski+ 201743,
Pakmor+2016, Pfrommer+2017,
Jacob+ 2018, Dashyan+ 2020,
Semenov+ 2021, Girichidis+ 2022/23,
Thomas+2022,2023, Nunez-
Castineyra+2022, Peschken+ 2023

cosmological galaxies

Au6-noCR

-20 =10 O 10 20
z [kpc]

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

Farcy+ 2022, Boss+ 2023, Rodriguez
Montero+ 2023



Stratified box simulations

Girichidis et al. 2016a, 2018a

noCR CR-medK CR-smlK CR-peak

2.5

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

* “precomputed star formation and SNe” 2.0 -

. therm: 10°! erg, CR: 10°" erg
but see also Pais+ 2018 (only 5% of CRs)

e SN models:

* 20% type la E 1.0 -
* 80% type Il (48% clustered, 32% runway) ;
* 4 models e

* no CRs

S

. medium diff (K” — 3 % 10%8 Cm2>

S

. small diff (K” =1 x 10%® sz)

0 Myr

|
o

T
I
—

log column density (g cm™?)

—0.5
* all SNe exploding in dense gas

CRs are able to drive and sustain outflows with mass loading of order unity
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IS M eVO I Uti o n With O Ut C R S Girichidis et al. 2018a, based on SILCC setup (Walch+ 2015, Girichidis-+2016)

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

-2
* type 1l
+ type Ia | ‘
2 - = - - = = = = = = = p— = =
-3

I
-

z (kpc)
log column density (g cm™2)

i‘ “ -_5
_9 i i i 1 | I | | |y | _f " | | .
: R B A4S
hot gas and fountain flows TR [ ‘ z |
: I I I A S | Bl B \ _6

—0.2 0.0 02 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 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
x (kpc) x (kpc) x (kpc) x (kpc) x (kpc) x (kpc) x (kpce) x (kpce) x (kpc) x (kpc) x (kpc) e (kpc) x (kpc) x (kpc) x (kpc)



80 Myr 90 Myr 100 Myr 110 Myr 120 Myr 130 Myr 140 Myr 150 Myr

* type 1l

* Lype Ia

smooth and warm

| L1 L1 | |

outflow

| ]! 1 |1
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IS M eVOI Uti O N (therm +C R S) Girichidis et al. 2018a, based on SILCC setup (Walch+ 2015, Girichidis+2016)
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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)



lllustration of different diffusion speeds
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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
CR pressure gas pressure XCcR
I I I I I I I ,I I |' I
VL '
; < | © |
i ’ b ,
i) i)
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MHD, anisotropic diffusion, iIsothermal
Hanasz et al. (2013)

17:7 km/s

* |solated galaxy —

0.0 kpc Time 0.0 Myr
VD d

* |sothermal gas

e only CR injection
with SNe

 CRs alone are
able to drive
winds

z [kpc]

—40 —20 0 20 40
X [kpc]




Pakmor et al. (2016)

* isolated cooling halo
e simplified model for interstellar medium
e compare

- Isotropic diffusion

- anisotropic diffusion along field lines
* impact on B-field strength

enhance Parker loops

|

Isotropic vs. anisotropic diffusion

Isotropic diffusion
ecr [erg pe™] B-v//(|B]-|v])]

10%3 104 10%

y [kpc]
y [kpc]

—10 -5 0 5 10
x [kpc]
anisotropic diffusion along B
ecr [erg e~ B| [uG] [B-vI/([B-|v)]
N B @ N

10%3 10" 10" 10~3 1072 107! 104 10" ~1.0 —.5 0.0 0.5 1.0

10

~10
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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

B  Pocket B

) A Pocket A

PocketC C

0 )
Silvbee et al. 2018
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New improvements |
CR transport / coupling




More accurate coupling CR < gas+B

* CRs: back-reaction onto B-field, gyro-resonances
= no simple diffusion
= complex transport (E-transfer £, <> Emag)

e Streaming instability (Kulsrud+1975)
e bulk of CRs streams with Alfvén speed, Alfvén heating

e equate growth and damping (Wiener+ 2013)
Fgrowth — 1ﬂNLLD T Fin \ depend on effective
turbulence model,

>H=-v,-VP,_ effective B-field
oB/B, fixed B spectrum

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

e = many unknowns concerning

- transport speeds
- energy exchange

Cosmic ray

T

advection

diffusion streaming

-_ -
——

Vadv

sketch: Jacob

-
-

2K Val

a
VAN =
Wor:

1.0
0.8

0.6 2
043>

0.2
0.0

Thomas. CP, Enf3lin (2020)



More accurate coupling CR < gas+B

CR energy |erg]
107 10* 10* 10 10°' 10°* 10> 10

e new approach in fluid approximation
e Thomas+ 2019,2021,2022:
e follow CR energy AND energy in magnetic waves 1037

e averaged over p, given fixed spectrum 10~
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New improvements Il
Spectral MHD models




Werhahn et al. 2021

1.0 — T T

I weighted with ecp

Extension to spectral code

just total energy is not enough

main dynamics

0.8

10°
0.6

1

gamma rays * in large fraction of
i to obs. galaxy no steady state

CR ionisation
chemistry

0.4

star formation
L | e spectral variations are 02
,f_n . CR electrons: p I
& 1 synchrotron important [
e [ linkto obs. i‘ ‘II
%10_1'5_ ‘ . 0.0 il 1
SYE, £ % 3 -2 -1 0 1 2 3
L g | " ‘
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© z : protons prim. electrons sec. electrons
W | * more accurate cooling .. S
10°E" e energy-dependent transport
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Multibin CR solver

basic idea

. full spectrum in every cell: low V. | — T T

spec .

f(pmm) O 0 T
* solve Fokker-Planck equation ) g .
_ = fz—% B qi n
e large dynamic range: 2] AN . .
use piecewise powerlaws s SN, ]

two degrees of freedom per bin I <
flps) - ~N -
e couple to MHD via two moments, n and e Fome) 1 e buffer |

Pmin p— Pl Pyl Piy3 Py Pmax
p (log scale)

Pit1/2 5 Pit1/2 5
ng = / Arp*f(p)dp e = / dmp® f(p)T'(p) dp

Pi—1/2 Pi—1/2

Miniati 2001, Jones&Kand 2005, Yang et al. 2017, Girichidis et al. 2020,2022, Ogrodnik et al. 2021



Girichidis et al. 2022, 2023

Application to isolated galaxies

temperature and CR content 0 imcn MOty A0y 105 A MI0apechs

e [solated halo,

rotating gas cloud
e Arepo

(Springel 10, Weinberger+ ’19)
e CRs (Pakmor+’16, Pfrommer+’17)
e spectral CRs (Girichidis+ ’20)
e CRs: 10% of SN energy

e high-E CRs escape faster
e larger region of cold CGM

impact on gal. fountain - ¥
e larger region with CR dominated pressure 40 —20 0 20 40 —40-20 0 20 40 —40-20 0 20 40 —40 —20 0 20 40
x (kpc) x (kpc) x (kpc) x (kpc)
gas density (g cm™3) temperature (K) Xer

10728 10727 10726 10725 10724 1023 104 10° 10° 107 10~2 10! 10Y 101 102
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Effective diffusion speed

. D(E) x E*, s =03 —0.6

» effective net diffusion of bulk of CR energy
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Advection vs. diffusion

M10-spec-A 4 M10'"-spec-A M3 x 10" -spec-Ax M|1012-|spec-lAA —
12 2
—— 1 2
{26 S
* dwarfs: dominated by advection
300
 Milky Way dominated by diffusion
30 ;é
Lo 10 ®
® M10¥, spec 3
108 - ® MI10Y, spec 300
] M3x10", spee 100 ~
, 1 - ® M10*2 spec E
10% 3 3 30
= 1 B r
9 < 0 s
> 1004 '
;'53 1

'0- S — . i
105 / o

10! ;—5 ,
10_2 | 1 | |
0.2 0.4 0.6 0.8



Advection vs. diffusion in spectra (dwarf)
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Advection vs. diffusion in spectra (MW)
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Connection to gamma rays
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Gamma rays i

o Steady state vs. full spectrum werhahn+ 2021abc, 2023)
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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 < y-rays, low-E < ionisation rate)



