
NHFP Symposium 2024

Pasadena, CA

September 17,, 2024 

Iryna Butsky

What in the Galaxy is 
Scattering Cosmic Rays?

In collaboration with: Phil Hopkins, Cameron Hummels, Philipp Kempski, Shreya Nakum,  Sam Ponnada, Eliot Quataert, Jonathan Squire



2

GeV TeV PeV EeV
Energy

10°7

10°5

10°3

10°1

101

103

En
er

gy
flu

x
[G

eV
/m

2
s

sr
]

AMS-02
AUGER
BESS
CALET
CREAM
DAMPE
FERMI
HAWC
HESS
ICECUBE
ICETOP
ICETOP+ICECUBE
KASCADE-Grande
PAMELA
Telescope Array
Tibet-III

LHC

Knee

Ankle

1/
m

2 /s

1/
m

2 /yr

1/
km

2 /yr

e°+e+

e+

p̄

p

n + n̄

g

g IRGB

10°10 10°8 10°6 10°4 10°2 100 102
Energy [J]

figure credit: Carmelo Evoli

Cosmic Ray

Magnetic

Thermal

ISM energy budget



Cosmic rays interact with galactic magnetic fields
3

B

On small (~au) scales, magnetic 
fluctuations “scatter” cosmic rays

This leads to a bulk “diffusion” of 
the cosmic-ray energy “fluid” on 

large
 (> pc) scales



Cosmic rays may be dominant CGM pressure  
(around low-redshift L* galaxies)
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Figure 1. from The Role of Cosmic-ray Transport in Shaping the Simulated Circumgalactic Medium
null 2018 APJ 868 108 doi:10.3847/1538-4357/aaeac2
http://dx.doi.org/10.3847/1538-4357/aaeac2
© 2018. The American Astronomical Society. All rights reserved.
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Figure 2. Gas-density-weighted projections of gas temperature, CR energy density, and the ratio of PCR/(PCR + Pth), a measure of the CR fluid’s dynamical
dominance, all at z = 0. While the non-CR run’s CGM is dominated by gas at T ∼ 106 K, the CR-inclusive runs all feature a stronger presence of gas below
106 K. For the less diffusive runs, a large pocket of gas ∼105 K develops within ∼50 kpc of the galactic centre, where CRs provide total pressure support for
the diffuse CGM material. Farther away from the SF region, across all CR-inclusive runs, there exists broad swaths of diffuse CGM material between 104.5

and 106 K, with hotter portions mostly thermally supported, whereas cooler portions are CR-supported. In short, the CR component allows broad swaths of
CGM gas to drop below the temperature required of a purely thermal CGM while still maintaining the hydrostatic balance of the composite fluid.

For d ! 50 kpc, the diffusion time-scale for κCR ∼ 1028 cm2 s−1

is !1 Gyr, and thus the CR fluid is effectively non-diffusive at this
length-scale.

As described in Section 2, our simulations explicitly track mul-
tiple ionization states of both hydrogen and helium, as well as the
metal fraction of our thermal gas, allowing a straightforward method
of producing the H I column maps and mass-weighted projections of
metallicity shown in Fig. 3. From the H I column maps, we find neu-
tral hydrogen has a far stronger presence in our CR-inclusive CGMs
in regions of higher gas density, lower temperature and higher εCR,
which are also CR-pressure supported. This is most pronounced in

the lowest diffusion LCR run, but the effect persists to the highest
diffusion run. A satellite features a robust H I component in all three
CR-inclusive runs shown.

The right-hand column of Fig. 3 shows a mass-weighted pro-
jection of metallicity. Although a cloud of enriched material exists
beyond the SF region of our non-CR run, the CGM within the
virial radius of this halo is largely metal-poor. In contrast, the CGM
of our CR runs is metal-enriched, with the projections showing
Z ! 0.1 Z# for a majority of pixels. This holds true across diffusion
parameters. In particular, MCR and HCR are devoid of a single sight-
line within the virial radius where the metallicity falls below 10−1.5.
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Figure 1. Slice plots of CR energy density ecr (in a plane perpendicular to the galactic disk), in runs (of our L? galaxy model) with
different CR transport assumptions (Table 2), after 500 Myr of evolution (in quasi-steady-state). Arrows show gas velocities parallel to the
slices. CR halos are more extended with larger , somewhat smaller with magnetic fields included (owing to suppression of perpendicular
diffusion), and somewhat larger again with streaming also included.

streaming. This model also enables straightforward compar-
ison with other work as it is the most prevalent propagation
model in the literature (see e.g. Strong & Moskalenko 1998;
Jubelgas et al. 2008; Lacki et al. 2010).

We apply the newly developed two-moment method
(§ 2.2.3) to both streaming and diffusion with a reduced
speed of light, c̃. In Appendix B6 we test different choices
for this parameter and demonstrate that physical properties,
e.g. SFR or �-ray emission, are not affected by the choice of
c̃ as long as it is equal to or larger than the values listed in
Table 2.

4 RESULTS

4.1 Distribution of cosmic rays and the effects on
galactic properties

4.1.1 Dwarf and L? galaxies

We begin with a brief overview of the evolution of the gas,
CRs and magnetic fields in our L? Galaxy simulations with
different CR propagation models. Once initial transients are
damped away, the galaxy has a relativity steady, low SFR
with weak galactic winds driven by SNe and other stellar
feedback processes. The magnetic fields amplify and develop
irregular yet roughly toroidal morphology through dynamo
action (Su et al. 2018). After 150 Myr when we turn on
CRs, the galaxy is in approximate steady state. SNe in-

ject a fraction of energy into the surrounding gas as CRs,
which is transported via advection, diffusion, or stream-
ing. The timescale for CR hadronic and Coulomb losses is
long enough that steady-state CR pressure support can arise
within/around the galaxy. The total CR energy at any time
roughly follows the CR injection from SNe, which is pro-
portional to the total stellar mass formed (see Figure 5 and
the related text). However, there are also other CR energy
gain and loss processes, which we will investigate in § 5.1.2.
But in all runs, the CR source distributions are much more
concentrated than CR densities, as CRs move from their
“birthplace”.

Figure 1 shows the distribution of the CR energy den-
sity in a 60kpc⇥60kpc slice centered on our simulated L?
Galaxy. Runs with higher diffusion coefficients result in
lower CR energy density at the galaxy center but develop
stronger CR pressure away from the disks. The strong CR
pressure gradients continue accelerating gas out to a large
radius in the radial direction, although stellar feedback with-
out CRs can also drive winds. In Figure 2, we also show
that galaxies with CR diffusion in general have the smoother
CGM structure, and outflowing gas is present further from
the galactic centers. The study of CR driven outflows, in-
cluding a comparison with thermally-driven outflows and
their effect on the CGM, will be presented in a companion
paper (Chan et al., in preparation). Simulations with only
streaming ( = 0 but vst 6= 0) are similar to cases with
very low diffusivity ( . 3 ⇥ 1027 cm2 s�1), where CRs are

c� 0000 RAS, MNRAS 000, 000–000
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Figure 9. Maps of CGM properties for the four di↵erent physics runs of halo Au6 as indicated in each panel. From top to bottom we show the gas surface
density, the gas temperature, the CR-to-thermal pressure ratio and the CR pressure. The orientation of each panel is chosen to view the central disc edge-on
and the projection depth of each panel is equal to its width, 200 kpc. Note the smooth gas distribution in the CR runs owing to the additional pressure of the
CRs, which however di↵ers considerably for our di↵erent variants of CR transport.

MNRAS 000, 1–23 (2019)
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Figure 4. The mass-weighted projections of density, temperature and line-of-sight velocity for P0 (top) and P0+CR (bottom)

at z = 0.25. The width and depth of the projection are 100 kpc. Relative to P0, the simulation with cosmic rays has a cooler

CGM in the inner ⇠ 40 kpc and a larger rotating extended disk.

Despite starting from the same initial conditions,
by a redshift of 0.25, the two galaxies have distinctly
di↵erent CGM properties. While some di↵erences are
naturally to be expected (even for theoretically identical
cosmological simulations) due to low-level non-linear
e↵ects (Genel et al. 2019), the buildup of cosmic-ray
pressure in P0+CR produces a qualitatively di↵erent
CGM, significantly exceeding the di↵erences expected
from chaotic processes of galaxy formation.
Figure 4 shows the mass-weighted projections of gas

density, temperature, and line-of-sight velocity. The
CGM of P0 is notably hotter, with temperatures in
excess of 106 K, in part due to a recent burst of
supernova feedback, and in part due to the thermal gas
pressures required to maintain hydrostatic equilibrium.
The cool, dense filament of inflowing gas traces the
remnants of a recent merger with a satellite galaxy.
By contrast, the inner CGM of P0+CR is full of

cool gas, supported against gravity and condensation by
significant cosmic-ray pressure. This cool inner CGM
extends roughly 40 kpc and has higher gas densities
than the inner CGM of P0. The cool gas is pierced
by pockets of hot bubbles from supernova feedback.

There is a sharp transition between the cool, inner
CGM and the outer CGM, marking the edge of the
cosmic-ray-pressure-supported halo. The temperatures
and densities in the outer CGM of P0+CR resemble
those in the outer CGM of P0. The line-of-sight velocity
distribution is smoother in P0+CR than in P0. The
inflowing filament from the recent merger is also present
in P0+CR, but is significantly diminished relative to
the fast-moving filament in P0.
Figure 5 shows the projected ratio of cosmic-ray

pressure to gas pressure around P0+CR. The inner
⇠ 40 kpc of the CGM are supported by cosmic-
ray pressure while the outer regions are supported
by thermal pressure. The shape of the cosmic-ray-
pressure-supported region traces the shape of the cool
gas. The details of the cosmic-ray pressure profile and
the extent of the cosmic-ray-pressure-supported region
are sensitive to the choice of cosmic-ray hydrodynamics
models, which are currently unconstrained. However,
this simulation is qualitatively similar to the cosmic-ray-
pressure-supported CGM seen in other hydrodynamics
simulations with cosmic-ray di↵usion (e.g., Salem et al.

Butsky et al. 2022
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Bad news: predictions are extremely sensitive to assumed models of 
cosmic-ray transport 😢



~GeV Cosmic-ray transport is severely under-constrained 
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Constraining CR transport in the CGM
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First constraints on CR transport in CGM using COS-Halos! 7

Werk et al. 2013, Butsky, Nakum et al. 2023
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First constraints on CR transport in CGM using COS-Halos! 8

Werk et al. 2013, Butsky, Nakum et al. 2023
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~GeV Cosmic-ray transport is severely under-constrained 
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Traditional, “continuous” CR scattering models 
are fundamentally flawed
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Butsky et al. 2024a

“Microscale” ISM may be scattering CRs
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16 Fielding, Ripperda, & Philippov

Figure 9. Comparison of the temperature (top) and current (bottom) in 2D simulations with either no explicit dissipation

processes and a resolution of �x/L = 1/2048 (left), or with small but fully resolved dissipation processes and a resolution of

�x/L = 1/8192 (right). Also show are zoom-ins onto regions 1/16th of the domain centered on tearing unstable current sheets

forming cold plasmoids. On both large and small scales there is a marked similarity between these two simulations indicating

that numerical dissipation in simulations with high enough resolution can enable plasmoid mediated reconnection in a manner

qualitatively consistent with resolved simulations with explicit dissipation.

Microstructure in diffuse ISM

see Stanimirovic and Zweibel 
2018, Ocker et al. 2024

Magnetic plasmoids

see Fielding et al. 2023, Kempski et al. 2023, 
Lemoine et al. 2023

Coincidence??? 👀



In summary, existing models of CR transport are 
broken, but I think we’re close to figuring it out!
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