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Cosmic ray transport Particle-wave interactions
Interstellar medium ISM simulation setup

How cosmic rays impact on star formation

Cosmic rays accelerated at supernova remnants propagate through the ISM

supernova:remnant SN1006. . -

starburst galaxy M82

X-ray:NASAlradioNRAO/OpticalNOAD . "+
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Cosmic ray transport Particle-wave interactions
ISM simulation setup

Interactions of CRs and magnetic fields

Cosmic ray

sketch: Jacob & CP

@ electric fields vanish in the Alfvén wave frame: V x E = —%%

@ work out Lorentz forces on CRs in wave frame: F| = qicB
@ Lorentz force depends on relative phase of CR gyro orbit and wave: —=

@ sketch: decelerating Lorentz force along CR orbit — p; decreases
@ phase shift by 180°: accelerating Lorentz force — p; increases AIP
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@ only electric fields can provide work on charged particles and
change their energy
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Interactions of CRs and magnetic fields

Cosmic ray

sketch: Jacob & CP
@ only electric fields can provide work on charged particles and
change their energy

@ in Alfvén wave frame, where E = 0, CR energy is conserved:
p? = pﬁ + p? = const. so that decreasing py causes p_ to increase
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Interactions of CRs and magnetic fields

Cosmic ray

sketch: Jacob & CP

@ only electric fields can provide work on charged particles and
change their energy

@ in Alfvén wave frame, where E = 0, CR energy is conserved:
p? = pﬁ + p? = const. so that decreasing py causes p_ to increase

BN
@ this increases the CR pitch angle cosine = cos6 = % . % E
AIP
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Interactions of CRs and magnetic fields

Cosmic ray

sketch: Jacob & CP

@ CRs resonantly interact with Alfvén waves so that the wavelength
equals the gyro-radius:
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Interactions of CRs and magnetic fields

Cosmic ray

sketch: Jacob & CP

@ CRs resonantly interact with Alfvén waves so that the wavelength
equals the gyro-radius:

pic
L — -
I rg qB
N
@ gyro resonance: w — kv = Qe = ”quBic E

Doppler-shifted MHD frequency is a multiple n of the CR gyro frequency AIP
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Cosmic ray streaming and diffusion

@ CR streaming instability:
Kulsrud & Pearce (1969), Shalaby+ (2021, 2023), Lemmerz+ (2025)

@ if vgr > vi, CR flux excites and
amplifies an Alfvén wave field in
resonance with the gyroradii of CRs

e scattering off of this wave field limits
the (GeV) CRs’ bulk speed ~ v,

e wave damping: transfer of CR energy
and momentum to the thermal gas
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Cosmic ray transport Particle-wave interactions
ISM simulation setup

Cosmic ray streaming and diffusion

@ CR streaming instability:
Kulsrud & Pearce (1969), Shalaby+ (2021, 2023), Lemmerz+ (2025)

@ if vgr > vi, CR flux excites and
amplifies an Alfvén wave field in
resonance with the gyroradii of CRs

e scattering off of this wave field limits
the (GeV) CRs’ bulk speed ~ v,

e wave damping: transfer of CR energy
and momentum to the thermal gas

— CRs exert pressure on thermal gas via scattering on Alfvén waves

weak wave damping: strong coupling — CR stream with waves E

strong wave damping: less waves to scatter — CR diffusion prevails
AIP
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CR feedback in the multi-phase interstellar medium

Explore how CR transport impacts on galactic outflows — stratified box simulations

@ isothermal disk with 3:
To=10*K 0'6
@ hydrostatic equilibrium: S0
0.2

ng2¢ = 47TGp 0'0-3 R T R

vertical heightz/b
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ISM simulation setup

CR feedback in the multi-phase interstellar medium

Explore how CR transport impacts on galactic outflows — stratified box simulations

@ isothermal disk with 3:
To=10*K '
g 0.6
@ hydrostatic equilibrium: =04
0.2
2
ng ®= 47TGp 0'0-3 R T R

vertical heightz/b

<
&
(]

self-gravity; turbulent stirring for 50 Myrs

CRISP framework with non-equilibrium chemistry
(Thomas, CP, Pakmor 2014)

@ attenuated FUV stellar radiation field
@ MHD with small magnetic seed field akmors 2011) E
@ cosmic ray physiCs (Thomas & CP 2019, Thomas+ 2021) AIP
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CR feedback in the multi-phase interstellar medium

Explore how CR transport impacts on galactic outflows — stratified box simulations

@ supernova rate:

1 event

Men: = M, ;
SN,/ 100 Mg,

@ CR-to-thermal energy
injection rate = 5 %

AIP

Christoph Pfrommer Cosmic ray feedback across scales



Cosmic ray transport Particle-wave interactions
ISM simulation setup

CR feedback in the multi-phase interstellar medium

Explore how CR transport impacts on galactic outflows — stratified box simulations

@ supernova rate:

1 event

Mgn = M, ;-Event
SN 100 M,

@ CR-to-thermal energy
injection rate = 5 %

o
&

@ comparing 4 models:
]
o CR advection
o CR transport with non-linear Landau (NL)
damping (strong CR coupling) BN
CR transport with NL and ion-neutral E
damping (weak CR coupling in dense ISM) arp
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Cosmic ray driven winds
ss- and en adir

Interstellar medium

Star formation and stellar

ISM tallbox: density and temperature

Comparing models: MHD, CR advection, full CR transport (different wave damping)

t=250.3148 Myr.
T K

ny [em™?)
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Cosmic ray driven winds
s- and energy loadings

Interstellar medium - .
Star formation and stellar clusters

ISM column densities
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Cosmic ray driven winds
Mass- and energy loadings

Interstellar medium .
Star formation and stellar clusters

Characteristics of supernovae- vs. CR-driven winds

108 °
MHD
107l = CR-NL
— CR-NL-IN that self-regulate the ISM
108 .
@ CRs drive colder and denser
2 05 galactic winds
&~
10 —— 7—
10°
102
-3 -2 -1 0 1 2 3
z [kpc] =
Sike+ (2025) E

AIP
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Cosmic ray driven winds

i Mass- and energy loadings
Interstellar medium . i
Star formation and stellar clusters

Characteristics of supernovae- vs. CR-driven winds

108 °
MHD
107l = CR-NL
— CRNL-IN that self-regulate the ISM
108 .
@ CRs drive colder and denser
[ galactic winds

@ weak non-linear Landau

10 ' (NL) damping tightly couples
103 CRs to the ambient plasma

= strong CR driven winds

W e Ty @ NL and strong ion-neutral
2 [kpc] damping decouple CRs in
Sike+ (2025) the cold and warm ISM

= weaker winds AP
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y driven winds
Mass- and energy loadings
Star formation and stellar clusters

Phase structure of outflowing material

Interstellar medium

MHD
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Cosmic ray driven winds
Mass- and energy loadings

Interstellar medium .
Star formation and stellar clusters

Mass and energy loading factors

; 102 M | : $ crNLIN ® X
g ¥ onn mass/energy loading factors
decrease steeply with height
! ++ + ++ @ CR-driven mass loading factors 3-5
" t $ time larger than MHD case
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Cosmic ray driven winds
Mass- and energy loadings

Interstellar medium .
Star formation and stellar clusters

Mass and energy loading factors

E . MHD [~ ]
=10 S | + CR-NL-IN .
g ¥ onn mass/energy loading factors
‘ decrease steeply with height
v ++ + ++ @ CR-driven mass loading factors 3-5
" t $ time larger than MHD case

@ most of CR energy transported to
107¢ the wind while other energy forms
are quickly dissipated

o} W ﬂ; L @ CR energy loading comparable to
o o # ++,1. kinetic energy loading with
g 1071 .
RRP Tlf ﬁ«l- 9 rotational boost (Viinirot = V + Viot)
106} Y KintRot. & B~
_{ W Kinetic 3 E
1077 + CRr %
Tkpe 2kpe  3kpe 1-3 kpe AIP
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Cosmic ray driven winds
Mass- and energy loadings
Star formation and stellar clusters

Interstellar medium

CR Eddington factors for different ISM phases

= Cold (0 K < T < 184 K)
Cool (IB4K <T 050 K) .
2x10'K) @ CR Eddington factors:

T <5x10° K)

Warm (5050 K <
Tonized (2 x 10" K

—— Hot (5x 10° K < T < 10'° K)
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Mass- and energy loadings

Interstellar medium .
Star formation and stellar clusters

CR Eddington factors for different ISM phases

= Cold (0 K < T < 184 K)
Cool (184 K < T < 5050 K) .
Warm (3050 K < T < 2 ¢ 101 K) @ CR Eddington factors:
Tonized (2 x 10 K < T < 5 x 10° K)

—— Hot (5x 10° K < T < 10'° K)
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i~ MEda,cR = — , ARz=—"——
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Cosmic ray driven winds
Mass- and energy loadings

Interstellar medium .
Star formation and stellar clusters

CR feedback mildly suppresses star formation
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Cosmic ray driven winds
Mass- and energy loadings

Interstellar medium .
Star formation and stellar clusters

CR feedback mildly suppresses star formation
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Cosmic ray driven winds
Mass- and energy loadings
Star formation and stellar clusters

Cosmic ray transport
Interstellar medium

Molecular cloud and star cluster formation

young stellar clusters!

10 pc
3 R B Properties dependent on CR transport
" bv" - ‘ f
- ) - I ¢ e L
L Te | .
1 kpe Sike, Ruszkowski, Gnedin, Chen, Thomas, Pfrommer (2026)
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Cosmic ray driven winds
. Mass- and energy loadings
Interstellar medium X

Star formation and stellar clusters

Molecular cloud and star cluster formation
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Cosmic ray driven winds
Mass- and energy loadings

Interstellar medium .
Star formation and stellar clusters

Star cluster mass function
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Sike+ (2026)
@ star cluster mass function of young clusters similar for all models

@ power-law slope agrees with observational data E

AIP
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Cosmic ray driven winds
Mass- and energy loadings

Interstellar medium .
Star formation and stellar clusters

Conclusions

CR feedback in the multi-phase ISM:
@ CRISP models multiphase ISM with full CR physics

° because of strong
ion-neutral damping in disk, which weakens CR coupling

CR feedback drives powerful galactic winds

CR feedback increases mass and energy loading factors

young star cluster mass function consistent with observations

a

AIP
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Cosmic ray driven winds
Mass- and energy loadings

Interstellar medium .
Star formation and stellar clusters

PICOGAL: From lasma K netics to = smological axy Formation
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