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CR physics & astrophysical feedback: acceleration & transport

How do CRs shape SFR, star clusters, galactic outflows?

Impact of CRs on the CGM

Commercial break

Fundamental challenges facing CR transport models

Can we test CR models?



Ruszkowski & Pfrommer 2023 

      (  237 pages … )

https://doi.org/10.1007/s00159-023-00149-2

https://link.springer.com/article/10.1007/s00159-023-00149-2



dynamical range of physical scales > a million

CRs are everywhere!
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Ruszkowski & Pfrommer (2023); original figure from Lenok (2022); 
extended to include e+ -e- data from Voyager 2 (Stone et al. 2019)

Fundamental reasons why CRs 
are important for feedback:

slow cooling

heating/ionization

good coupling to thermal plasma
 



1st-order Fermi acceleration2nd-order Fermi acceleration 

What mechanisms produce CRs?



Hybrid-PIC DSA simulations
of CR acceleration in SNRs

Caprioli & Spitkovsky (2014)

ions

B-field

CR acceleration efficiency ~ 10%



Liu, Ruszkowski, Zweibel, Sun et al. (in prep)

CR turbulent shear layer acceleration

MHD-PIC Athena++ simulations 



In order to handle this large dynamical range, we need a fluid theory for a collisionless nonthermal component. 

Zweibel (2017), Jiang & Oh (2018), Thomas & Pfrommer (2019)

Milky Way-like galaxy                                                                                                

gyroradius of a GeV CR
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𝑎CR = −
1
𝟈𝛻PCR > 𝑔∗ 

𝑔∗ +DM 

wind launching by CRs

𝑎CR = −
1
𝟈𝛻PCR
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English, Stein, Miskolczi (CHANG-ES collaboration)



Eddington limit for CRs
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Ji et al. (2021); Liang et al. (2016); Salem et al. (2016); 
Butsky et al. (2020); Buck et al. (2020) 

Ruszkowski et al. (2017b); Booth et al. (2013); 
Butsky and Quinn (2018); Hanasz et al. (2013); 
Semenov et al. (2021); Pakmor et al. (2016b)

Simpson et al. (2016); Farber et al. (2018); 
Girichidis et al. (2018); Armillotta et al. (2021)



𝑭𝐿 = 𝑞𝝊 × 𝑩

wavelength ~ Larmor radius: resonance

Lorentz force: no change in particle energy in the wave frame

Courtesy of Pfrommer & Jacob NASA
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high T

low T  (wave damping 
by ion-neutral friction)

Fast CR transport in low T ISM
   [ Spatial dependence of CR transport ]

10−5

10−2

[ g
 c

m
-2

 ]
co

lu
m

n 
de

ns
ity

Farber, 
Ruszkowski, 
Yang, 
Zweibel 
2018

ADV DIF I - N

𝜅cr
high 

𝜅cr
low 

Mateusz Ruszkowski (mateuszr@umich.edu)



Thomas, Pfrommer, Pakmor (2024)



Sike, Thomas, Ruszkowski, 
Pfrommer, Weber (2025a)

Arepo code

multiple SNe

superbubbles

~1pc resolution



CR winds are colder / multiphase / supersonic CR winds are CR-pressure-dominated

CRs

thermal

Sike, Thomas, Ruszkowski, Pfrommer, Weber (2025a)



CRs drive winds despite decoupling 
from the cold ISM due to IN damping

CRs accelerate warm & ionized phase

CRs do not accelerate hot phase

Sike, Thomas, Ruszkowski, Pfrommer, Weber (2025a)



Sike, Thomas, Ruszkowski, Pfrommer, Weber (2025a)

CR-driven mass loading ~4x larger 
than in the MHD case

CRs have a strong impact on SFR

CR
reduce 
star 
formation



1 kpc

face-on

1 kpc

Sike, Ruszkowski, Gnedin, Chen, Thomas, Pfrommer (2025b, in prep.)  



1 kpc

young stellar clusters !!!

properties dependent 
on cosmic ray physics

10 pc

Sike, Ruszkowski, Gnedin, Chen, Thomas, Pfrommer (2025b, in prep.)  



Sike, Ruszkowski, Gnedin, Chen, Thomas, Pfrommer (2025b, in prep.)  

Clustered SN feedback & CR transport



Sike, Ruszkowski, Gnedin, Chen, Thomas, Pfrommer (2025b, in prep.)  

Jackson Pollock plot



Sike, Ruszkowski, Gnedin, Chen, Thomas, Pfrommer (2025b, in prep.)  



Sike, Ruszkowski, Gnedin, Chen, Thomas, Pfrommer (2025b, in prep.)  bound unbound





Liu et al. (2025) 

Sike, Ruszkowski, Gnedin, Chen, Thomas, Pfrommer (2025b, in prep.)  



Sike, Ruszkowski, Gnedin, Chen, Thomas, Pfrommer (2025b, in prep.)  



Montero et al. (2024)
see also Curro’s talk 
later in this session

NUT simulation
cosmological CRMHD simulation of a MW-like galaxy



M/HD transform most baryons into stars
CRMHD  predicts 10x lower stellar mass

Montero et al. (2024)

CRs & reduced stellar mass

future 
JWST,
Rubin  
data

hot
halo 
gas

cold 
halo
gas



increased burstiness in multiphysics models 
with SN feedback, radiative transfer, and CRs

see also bursty star formation w/ CRs in dwarfs
Pandora project   Martin-Alvarez et al. (2025) 

Dome et al. (2025)

AZAHAR project

CRs & bursty star formation

Martin-Alvarez et al. (2025) 



Farcy et al. (2025)

w/o CRs: 
SN create cavities in the ISM
facilitate photon escape

w/   CRs: 
CR feedback fills the cavities with gas
suppression of photon escape (near SF sites)
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we need better CR transport models

CRs & reionization of the Universe





program dates:  Jan 4 to Mar 11, 2027
application deadline:      Nov 28, 2025



How can we use observations to 
test models of CR transport and CR feedback ?



see also Quataert & Hopkins (2025): 
large impact of accumulated BH CRs 
on gas in group-mass halos at ~rvir 

Ji et al. (2020)

correct (shallow) 
slope of X-ray profile

Idea can be applied to post-processing of any existing CR MHD sims
if  X-rays due to IC → DIRECT measurement of  CR pressure !!

Hopkins et al. (2025), Lu et al. (2025)

CRs in the CGM

PCR > Pth
MW/M31 tuned 
to match 𝜸-rays 



Habegger, Ruszkowski, Zweibel (in prep.)

T~107K CR decouple from the gas

weak CR-gas correlation

CR transport physics has a dramatic 
impact on 𝜸-rays from CGM



Habegger, Ruszkowski, Zweibel (in prep.)

plenty of cold gas, fast CR transport 

little 𝜸-rays

slow
CRs 

fast
CRs 



Weber et al. (2025)

CR transport physics has 
dramatic impact on CGM cloud formation



important cautionary note: 

resolution matters!

Weber et al. (2025)



Spallation reactions & energy dependence of CR transport

Hopkins et al. (2022)



observations

Butsky et al. (2024)
Kempski et al. (2023)
Fielding et al. (2023)
Lemoine (2023, 2025)
Beattie et al. (2025)

theory

extrinsic & self-confinement

scattering on spatially intermittent turbulence

low E high E



Beattie et al. (2025)

largest (~10,0003) 
supersonic MHD turbulence 
simulation in the world 



Plasmoids

low-volume-filling 
spatially intermittent structures 
required for 
strong CR scattering in the ISM

Beattie et al. (2025)

~10,0003 subsonic MHD turbulence 

Kempski, Fielding et al. (in prep.)



agrees with observations!
effective CR speed has the 
right scaling with CR energy

c.f. Hopkins et al. (2022)

energy-dependent & physically-motivated CR transport  

zone 2          zone 1        zone 2

Armillotta  et  al.  (2025);      see also Linzer et al. (2025) for e- spectra

ion-neutral damping

standard self-confinement model



observation

assume 𝜅(E) 

Chiu et al. (2024)Thomas et al. (2024)



agrees with steady-state 1D solution of Quataert et al. (2022)

CHANG-ES catalog of edge-on disk galaxies

Heesen et al. (2025)



Thomas et al. (2024) Chiu, Ruszkowski, Thomas, Werhahn, Pfrommer (2024)



Chiu, Ruszkowski, Thomas, Werhahn, Pfrommer (2024)

⍺ν= (⍺e-1)/2     

freely cooling:  ⍺e = ⍺inject ; ⍺inject ~ 2.1
steady-state:    ⍺e = ⍺inject + ⍺steady

freely cooling:                                         ⍺ν  ~ 0.55
diffusion-dominated:    ⍺steady  ~ 0.3;     ⍺ν  ~ 0.7 
IC/synch-dominated:   ⍺steady =1.0;      ⍺ν = 0.95

see also other work on spectrally-resolved CR transport

Yang & Ruszkowski (2017)
Werhahn et al. (2021a,b,c)
Girichidis et al. (2022)
Hopkins et al. (2022)
Krumholz et al. (2022)
Böss et al. (2023)
Baldacchino-Jordan et al. (2025)
Armillotta et al. (2025)
Linzer et al. (2025)



Stein et al. (2025)

most galaxies exhibit X-ray shaped B-fields

B-fields more vertical for higher SFR surface density

B
disk

B
disk



Chiu, Ruszkowski, Thomas, Werhahn, Pfrommer (2024)

X-ray shaped B-fields





LULI2000 = LABORATOIRE POUR L'UTILISATION DES LASERS INTENSES



Su
m

m
ar

y 
(stellar) CR feedback

New CR acceleration mechanisms

CR transport processes are crucially important for controlling star formation & galactic wind properties

CR may play an important role in open star cluster formation and clustered SN feedback

Impact of CRs in CGM can be dramatic and depends critically on CR transport physics

CR wind models are broadly consistent with radio observations of galaxies

CR transport is fundamentally important 

We need a complete CR transport theory

We need to test it in laboratory settings
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