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Outline

CR physics & astrophysical feedback: acceleration & transport
How do CRs shape SFR, star clusters, galactic outflows?

Impact of CRs on the CGM

Fundamental challenges facing CR transport models

Can we test CR models?
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Abstract

Understanding the physical mechanisms that control galaxy forration is a fundamexntal
challenge in contemporary astrophysics. Recent advances in the field of astrophysical
feedback strongly suggest that cosmic rays (CRs) may be crucially important for our
understanding of cosmological galaxy formation and evolution. The appealing features
of CRs are their relatively long cooling times and relatively strong dynanical coupling
to the gas. In galaxies, CRs can be close to equipartition with the thermal, magnetic,
and turbulent energy density in the interstellar medium, and can be dynamically very
important in driving large-scale galactic winds. Similarly, CRs may provide a signif-
icant contribution to the pressure in the circumgalactic medium. In galaxy clusters,
CRs may play a key role in addressing the classic cooling flow problem by facilitating
efficient heating of the intracluster medium and preventing excessive star formation.
Overall, the underlying physics of CR interactions with plasmas exhibit broad paral-
lels across the entire range of scales characteristic of the interstellar, circumgalactic,
and intracluster media. Here we present a review of the state-of-the-art of this field
and provide a pedagogical introduction to cosmic ray plasma physics, including the
physics of wave—particle interactions, acceleration processes, CR spatial and spectzal
transport, and important cooling processes. The field is ripe for discovery and will

M. Ruszkowski, C. Pfrommer have shared first authorship with the authors contributing equally to this
work

B Mateusz Ruszkowski
mateuszr@umich.edu

B Christoph Pfrommer

cpfrommer@aip.de

Department of Astronomy, University of Michigan, 1085 S. University Ave., 323 West Hall, Ann
Arbor, M1 48109-1107, USA

Leibniz Institute for Astrophysics Potsdam (AIP), An der Sternwarte 16, 14482 Potsdam,
Germany

3 Max Planck Institute for Astrophysics, Karl-Schwarzschild-Str. 1, 85748 Garching, Germany

Published online: 05 December 2023 @ Springer

Ruszkowski & Pfrommer 2023

( 237 pages ...)



CRs are everywhere!

dynamical range of physical scales > a million




)

eV
m2ssr

J 3% E>(

1010

10°

104

102

all particles

( m — light part,m — heavy part)
s

R

|

knee (light)

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:
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slow cooling
heating /ionization

good coupling to thermal plasma
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What mechanisms produce CRs?
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Hybrid-PIC DSA simulations
of CR acceleration in SNRs

B-field

Caprioli & Spitkovsky (2014)

ions

CR acceleration efficiency ~ 10%
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CR turbulent shear layer acceleration

Sampled Energy Spectrum (t = 0.0)
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Milky Way-like galaxy

gyroradius of a GeV CR

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)



wind launching by CRs English, Stein, Miskolczi (CHANG-ES collaboration)

PCR > G«

Mateusz Ruszkowski (mateuszr@umich.edu)



Eddington limit for CRs

LEdd Cr A K K
—F = — vP. =
A7r? 1l Yer — 1P%
4nGMkp
Lggqcr =
Yer — 1

Lgdd,cr/LEddy ~ Amtp,er/Amfp,y < 1

Marteusz Ruszkowski (mateuszr@umich.edu)



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

GLOBAL

Simpson et al. (2016); Farber et al. (2018);
Girichidis et al. (2018); Armillotta et al. (2021)
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Jietal.(2021); Liang et al. (2016); Salem et al. (2016);
Butsky et al. (2020); Buck et al. (2020)
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wavelength ~ Larmor radius: resonance
FL — qv X B

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

Courtesy of Pfrommer & Jacob NASA
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low T (wave damping
by ion-neutral friction)

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

Farber,

Ruszkowski,

Yang,

Zweibel
2018
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& Chemistry

M Full H — H, — He chemistry

sets ionization degree

¢ First ionization stages of C — O — Si

low temperature cooling

¢ Photoelectric heating by dust

} Improved SNe treatment (manifestly isotropic)

and stellar winds

¢ FUV NUV OPT radiation fields (reverse ray tracing)
absorbed by dust — impacting M Chemistry

¢ Metal enrichment -

} Novel CR hydrodynamics

coarse graining plasma physics

CRISP framework } CR ionization

Cosmic Rays and InterStellar Physics

Thomas, Pfrommer, Pakmor (2024)

impacting A Chemistry

¢ CR microphysics
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multiple SNe

superbubbles

~1pc resolution
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CR winds are colder / multiphase / supersonic

Sike, Thomas, Ruszkowski, Pfrommer, Weber (20250Q)
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FEdd,CR (0.5 kpC < |Z| <1 kpC)
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CR Eddington factors:

aCR,z VPCR - €y

[Edd,cR = — , dcRz=
dgrav P

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 (20250
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CRs have a strong impact on SFR
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CR-driven mass loading ~4x larger
than in the MHD case

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

CR
reduce
star
formation



face-on

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

1 kpc
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10 pc

young stellar clusters !l

properties dependent
on cosmic ray physics

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

1 kpc



Clustered SN feedback & CR fransport
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Sike, Ruszkowski, Gnedin, Chen, Thomas, Pfrommer (2025b, in prep.)
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Most nearby young star clusters formedin
three massive complexes G

Five, M
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CRMHD predicts 10x lower stellar mass
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CRs & reionization of the Universe
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How can we use observations 1o
test models of CR tfransport and CR feedback ¢
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CR transport physics has
dramatic impact on CGM cloud formation
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important cautionary note:

resolution matters!
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relative abundance (atoms per hydrogen atom)

Spallation reactions & energy dependence of CR tfransport
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Plasmoids Beatti.et al. {2025)

low-volume-filling

spatially intermittent structures
required for

strong CR scattering in the ISM
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H, (kpc)

energy-dependent & physically-motivated CR transport

ion-neutral damping
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standard self-confinement model

1-zone model assumes Hc(p) = const

k/Hg ~ Ugpg X p0.4—0.6

2-zone model predicts H¢(p) # const

K[Hc ~ Ug off p')’inj/3—1 - p0.43

agrees with observations!
effective CR speed has the

right scaling with CR energy

c.f. Hopkins et al. (2022)
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o,= (0-1)/2

freely cooling: ae = djject ; Qinject ~ 2.1
steady-state:  ae = Qjnject T Asteady

) P freely cooling: a, ~0.55
a. lducla . o .

(b.) High B I diffusion-dominated:  ageqqy ~0.3; | @, ~0.7
e (c.) Large d N IC/synch-dominated: ogeqqy =1.00 | a,=0.95

Observation (see Table 1)

see also other work on spectrally-resolved CR transport

Yang & Ruszkowski (2017)

Werhahn et al. (2021q,b,c)

Girichidis et al. (2022)

Hopkins et al. (2022)

Krumholz et al. (2022)

Bdss et al. (2023)

Baldacchino-Jordan et al. (2025)
10 Armillotta et al. (2025)

Frequency v [GHz] Linzer et al. (2025)

Chiu, Ruszkowski, Thomas, Werhahn, Pfrommer (2024)
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most galaxies exhibit X-ray shaped B-fields

B-fields more vertical for higher SFR surface density

Stein et al. (2025)




w/ Faraday rotation

Lios=0.5 kpc 1 4 /4 LLos=22 kpC

X-ray shaped B-fields

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

(stellar) CR feedback

New CR acceleration mechanisms

CR fransport 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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