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WHY INCLUDE COSMIC RAY FEEDBACK? 

Simulations with purely thermal supernova feedback 

tuned to reproduce disk structure, not CGM 

Cosmic rays: charged particles (protons) accelerated 

to relativistic velocities in extreme shocks 

(supernovae) 

Cosmic ray energy in equipartition with turbulent and 

magnetic energies in galactic disk (Boulares and Cox 

1990) 

Simulations with non-thermal cosmic ray (CR) 

feedback  

Drive strong outflows 

Provides non-thermal pressure support to gas
�2

Booth et al. 2013



SIMULATIONS WITH COSMIC RAY FEEDBACK BETTER MATCH 
OBSERVED COLUMN DENSITIES
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Figure 8. A comparison of column density versus radius (“impact parameter”) between our simulations and quasar absorption line
measurements from the COS-Halos Survey (Werk et al. 2013). The simulated profiles bin together all pixels from surface density maps
generated from three orthogonal projections of the halo, with the median value at each radius shown as an orange line. Red and blue
markers denote passive and star-forming galaxies from COS-halos (demarcated at sSFR = 10�11 yr�1 as in Werk et al. 2013). Squares
show bounded measurements, whose errors are smaller than the markers shown here. Upward arrows represent saturated sight-lines, and
thus lower limits, whereas downward arrows denote non-detections, and thus upper limits. Across ion species and impact parameters,
the CR-inclusive runs (second and third colums) show better agreement with COS results.

where the pion production cross section on average is �̄pp ⇡
32 mbarn (Jubelgas et al. 2008), ⇢ is the thermal ISM’s
physical density and ✏CR(qthr) is the CR energy density of
all CR protons above the energy threshold qthrmpc

2 = .78
GeV. Our simulations do not track any measure of the CR
gas’s momentum distribution. For now we will assume the
CR population of the CGM within our simulations is com-
posed entirely of protons above this threshold. This simplifi-
cation still a↵ords us an upper limit on the luminosity due to

hadronic losses. Appendix 8 explores the uncertainty intro-
duced by this assumption, to find a more detailed treatment
lowers the emissivity by 10 � 70%, but not by an order of
magnitude.

We employed Equation 2 to compute the gamma-ray
emissivity produced by CR protons throughout our simula-
tion domain. We then used yt to produce edge-on surface
density maps of this emission, to provide a direct comparison
to �-ray observations. Figure 9 shows these mock observa-
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Sources of uncertainty in modeling:

1. Fraction of CR energy in SN 

2. Transport velocity (diffusion 
coefficient or streaming 
velocity) 

3. CR transport approximation: 
DIFFUSION or STREAMING?



MODELING THE COSMIC RAY “FLUID”

Diffusion Streaming

CR-driven instabilityexter
nal

 tur
bul

enc
e

CRs scattered by variation in magnetic field
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HOW DOES CR-TRANSPORT AFFECT THE PROPERTIES OF THE CGM? 

ENZO simulation code (Bryan et al. 2014)

Same CR supernova feedback, 

different CR transport

modified AGORA initial conditions (Kim et al. 2014)
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diffusion streaming

CGM TEMPERATURE SENSITIVE TO CR TRANSPORT
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Butsky and Quinn 2018

IMPACT ON COLUMN DENSITIES
 diffusion streaming no CRs

Hummels et al. 2017
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Both models with 
cosmic ray feedback 

drive strong 
outflows and have 
strong ion column 

densities 



Butsky and Quinn 2018

APPLICATION: UNDERSTANDING THE ORIGINS OF O VI
 diffusion streaming

300 x 300 kpc

�9

Streaming model 
predicts both 

photoionized and 
collisionally ionized 

O VI



DISTRIBUTION OF CR PRESSURE IN THE CGM DEPENDS ON 
INVOKED TRANSPORT

Butsky and Quinn 2018

This fundamental difference in the distribution of cosmic ray pressure cannot be 
reconciled by tweaking runtime parameters.  Need self-consistent model to handle 
both diffusion and streaming (see Jiang and Oh 2018, Thomas and Pfrommer 2018)
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SUMMARY

Simulations need to include cosmic rays for robust stellar 

feedback models.  

Many existing simulations with cosmic ray feedback lack 

predictive power because simulated cosmic ray transport is 

poorly constrained 

The choice of cosmic ray transport matters! Need to handle 

cosmic ray streaming and diffusion self-consistently (see 

Jiang and Oh 2018; Thomas and Pfrommer 2018) 

Next steps: developing a robust prescription for simulating 

CR feedback, constrained by CGM observations

�11



THANK YOU!
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Butsky and Quinn 2018, submitted to ApJ �13



FLUID EQUATIONS

@⇢

@t
+r · (⇢v) = 0 (1)

@(⇢v)
@t

+r · (⇢vvT + Pg + Pc) = -⇢r� (2)

@B
@t

+r · (BvT - vBT) = 0 (3)

@"g

@t
+r · (v"g) = -Pgr ·v + Hc +�g +⇤g (4)

@"c

@t
+r ·Fc = -Pcr ·v - Hc +�c +⇤c. (5)

Fc = v"c + vs("c + Pc) -"b(b ·r"c) (6)
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CR-DRIVEN GALACTIC WINDS SENSITIVE TO CR TRANSPORT

Butsky and Quinn 2018, submitted to ApJ

no CRs diffusion streaming

100 x 100 kpc
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