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Figure 11. Baryonic budget (0.17 Mhalo) of the fiducial COS-Halos galaxy, at L ≈ L∗, represented as a bar chart showing the most massive baryonic components of
the galaxy. The solid filled bars are lower limits to the fraction each component will contribute, while the hatched area above the solid bars shows potential additional
contributions allowed by the data. The stars and gas in the disk of the galaxy (green) make up between 14% and 24% of the total budget, with the stellar contribution
determined from abundance matching (e.g., Behroozi et al. 2010) and the gas contribution (hatched region) estimated from H i surveys (Martin et al. 2010) and the
baryonic Tully–Fisher relation (McGaugh et al. 2010, McGaugh 2012). The cool CGM contribution of baryons ranges between 25% and 45%. We have taken the
preferred lower limit (solid blue, Section 4.2.2), and bounded it on the top end by adding a factor of three to the H i column densities of the sightlines that show
saturation. The warm-hot CGM, traced by O vi, is poorly constrained, with a contribution of at least of 5% (solid orange) from very conservative assumptions regarding
the ionization fraction of O vi (Peeples et al. 2014; Tumlinson et al. 2013) and assuming solar abundance, ranging up to 37% which allows for gas metallicities of
down to 0.1 Z#. We take the contribution from hot gas at T > 107 K from Anderson et al. (2013), which ranges from 2% to 6% (red bar), depending on the distance to
which the hot halo extends. The sum of these components is given by the black bar, illustrating that galaxies have anywhere between 45% and 100% of their baryons
relative to the cosmological fraction.
(A color version of this figure is available in the online journal.)

an L ≈ L∗ galaxy treating the COS-Halos sightlines as probes
of a single “fiducial” galaxy halo. This method leverages the
careful, unbiased sample selection of COS-Halos: galaxy-quasar
pairs were selected purely on the basis of galaxy properties with
no foreknowledge of absorption. Effectively, we have generated
the first statistical map of the CGM with 44 individual probes out
to 160 kpc that allow us to calculate the mass by exploiting our
knowledge of the gas surface density. This method requires no
assumptions about volume-filling factors and cloud sizes, and
relies only on measured column densities of low-ionization state
metal lines and H i, along with CLOUDY-derived ionization
parameters based on these quantities. In this sense, it is the
first unbiased estimate of the total baryonic budget of the
photoionized L ∼ L∗ CGM, and is independent of models of
halo gas density or dark-matter mass.

We make two estimates for the total mass of the CGM based
on the CLOUDY modeling: a strict lower limit, and a preferred
lower limit. We do so in order to account for the large systematic
errors associated with our analysis, discussed more fully in the
Appendix. Each calculation is described below, and relies upon
converting the total hydrogen column density distribution to a
gas surface density distribution by mass. For an additional mass
estimate, we calculate the mass of the CGM by estimating the
individual cloud sizes (NH/nH) and masses indicated by the
absorption along each line of sight, and populating a CGM with
these clouds to 300 kpc as is observed (Prochaska et al. 2011).

4.2.1. Strict Lower Limit

We base the strict lower limit to the baryonic mass of the
photoionized, cool CGM on three very conservative assump-
tions regarding our data: (1) the AODM H i column density we
measure from the COS spectra is the true H i column density,
regardless of whether it is saturated in the data or if adopting
this value requires assuming a super-solar gas metallicity; (2)
the lowest ionization parameter (i.e., highest neutral gas frac-
tion) allowed by the CLOUDY modeling is the true ionization
parameter of the gas; and (3) as our observations include sight-
lines that only lie up to 160 kpc (0.55 Rvir) in projection from
the massive host galaxy, we assume the gaseous CGM abruptly
“ends” beyond this value. We include the 11 non-detections in
this estimate as described in Section 4.1.

The mean total hydrogen column assuming these minimal
H i values and ionization parameters is log NH = 19 cm−2. The
best power-law fit for a gas surface density profile based on
these values, truncated to 160 kpc (0.55 R/Rvir), is given by
Equation (5). The corresponding gas surface density by mass
is 1.4 mpNH(r), abbreviated here as Σgas(r), where the factor of
1.4 corrects for the presence of helium (the other metals make
a negligible contribution to the baryonic mass). It then follows
that the total mass is

Mcool
CGM =

∫
2πRΣgas(R) dR. (8)
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Quiescent galaxies have massive reservoirs of cold gas 
in their CGM
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Figure 6. Distributions of stellar mass versus normalized impact parameter (left) and color versus stellar mass (right) for the
combined sample: the RDR LRGs studied here, the COS-Halos sample, and the C18 sample of massive galaxies. The COS-Halos
sample is split by sSFR (those with log sSFR> �11 are marked as “star forming”). We use our results and the COS-Halos
results where they overlap the C18 sample. The contours are made using the NYU-VAGC (Blanton et al. 2005).

Figure 7. H I covering factor distributed by sample for
gas with logN(H I) � 16.0 as a function of normalized im-
pact parameter. The vertical error bars show the 68% con-
fidence interval for the covering factor. The horizontal er-
ror bars show the extent of each bin, while the location of
the data points represents the mean normalized impact pa-
rameter. Galaxies from the COS-Halos sample make up the
star-forming and quiescent samples (P17). We adopt their
characterization of galaxies with log sSFR > �11 as “star
forming.”

increase in mass between LRGs and clusters creates con-
ditions that disfavor strong H I. A similar result is found
in the COS-Clusters survey (Tejos et al. in prep.).

Figure 8. H I covering factor for ⇢  Rvir as a function
of limiting logN(H I) for the RDR LRGs and COS-Halos
galaxies. The shaded region shows the 68% confidence inter-
val for the distribution. The COS-Halos sample is split by
sSFR (log sSFR > �11 is “star forming”). The RDR LRGs
show a relative paucity of gas with 14.5  logN(H I)  16.0.

In these low-redshift clusters, sightlines passing
through the ICM do not exhibit strong H I absorption
(but see Muzahid et al. 2017). It may be that the phys-
ical properties of the ICM are preventing the formation
of cool, dense gas that would give rise to pLLSs and
LLSs (e.g., as discussed in Yoon & Putman 2013 and
Burchett et al. 2018), perhaps in an analogous manner to

Thom+ 2012 Berg+ 2019The Astrophysical Journal Letters, 758:L41 (5pp), 2012 October 20 Thom et al.
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Figure 2. Lyα rest-frame equivalent width Wr vs. impact parameter ρ for our
COS-Halos sample of SF (blue) and ETG (red) galaxies. Note that only 15
ETGs appear in this figure, since in one case we do not have coverage of
the Lyα transition. Even with four low values seen in the ETGs, there is no
statistically significant evidence of a dependence on galaxy type (red vs. blue).
(A color version of this figure is available in the online journal.)

Both galaxies have similar H i column densities and absorption
profiles.

3. STRONG H i IS COMMON AROUND
EARLY-TYPE GALAXIES

Figure 2 plots the Lyα rest-frame equivalent width Wr as
a function of impact parameter ρ and shows the remarkable
similarity in H i strength between the ETG (red) and SF (blue)
samples. A Kolmogorov–Smirnov (K-S) test on Wr does not
provide significant evidence against the null hypothesis that the
two distributions are drawn from the same parent population
(D = 0.32, P = 0.19). The four Lyα non-detections drive
the difference in the K-S statistic, and offer a hint that the
distributions may be slightly different, but we cannot separate
the distributions in a statistical fashion; a larger sample of ETGs
will be needed to show if this difference is real.

We also calculated the “covering fraction” fhit of H i detec-
tions. Even if we conservatively assume that the absorbers have
the NH i given by the lower limits for saturated lines, we find
that the covering fraction above log NH i = 16 is fhit = 0.21 for
SF galaxies, and fhit = 0.38 for the ETGs. This column den-
sity has significance as the threshold above which Stewart et al.
(2011) predicted essentially no absorbers surrounding halos at
the ETG mass scale, owing to the transition between hot and
cold accretion. Our covering fraction result rules out fhit = 0.01
at >99.9% confidence. The corresponding covering fractions at
log NH i > 15 are fhit = 0.64 (SF) and fhit = 0.56 (ETGs), again
consistent to within the statistical errors of 0.15–0.2. Thus we
find that strong H i absorption is common around the ETGs, and
that to the limits of our survey, it does not appear significantly
less often or weaker than in the halos of star-forming galaxies.

4. THE STRONG H i IS BOUND TO ITS HOST GALAXY

The detected H i shows a strong relationship to the targeted
ETGs. It is found at separations consistent with being well inside
the virial radius (Rvir ∼ 300 kpc), and it is closely associated
with the stars in velocity space. Figure 3 shows the full velocity
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Figure 3. Full velocity range occupied by the detected H i absorption, with
respect to the galaxy systemic redshift (v = 0), plotted vs. the inferred dark
matter halo mass for our sample. The fitted component positions are indicated
by the diamonds, while the full velocity ranges are shown by the vertical red bar.
The three dashed lines mark the halo escape velocity at 50, 100, and 150 kpc,
from outside to inside. All the H i detected in the ETGs is well inside the halo
escape velocity, suggesting that is bound to the host galaxies.
(A color version of this figure is available in the online journal.)

range of the detected H i absorption with respect to the systemic
velocity of the galaxy’s stars (set to v = 0). The relative
errors between absorption and galaxy redshift (i.e., between
the wavelength solutions of the optical and COS spectroscopy)
is ∼30 km s−1. The filled symbols mark centroid velocities of
the fitted components, while the range bars show the full width
at zero absorption, a measure of the greatest kinematic extent
of the detected H i. These velocities are plotted with respect to
the inferred dark matter halo mass, which is derived from the
photometrically estimated stellar mass using the mean relation
from Moster et al. (2010). The dashed curves show the escape
velocity from the halos as a function of mass, at distances of
50, 100, and 150 kpc (from outside to inside). Nearly all the
detected H i is found at velocities below the escape velocity.
This is true even if we increase the velocity ranges by

√
3

to account for unconstrained projection effects (since relative
Doppler shifts are a sightline-projected lower limit to the true
three-dimensional space motion). It is also possible that some
of the detected ionized gas is in fact bound to satellite galaxies
in the vicinity of the targeted galaxy;10 if so, the kinematics
suggest that the satellites are themselves bound and would be
counted among the CGM mass budget for the host galaxy. We
conclude that the detected H i is predominantly bound to its host
galaxy, and not escaping at the time it is observed.

5. THE STRONG H i IS COLD COMPARED WITH HALO
VIRIAL TEMPERATURES

Because COS-Halos typically covers multiple Lyman series
lines at z ! 0.2 (Figure 1), we can often derive line-broadening
parameters that are not available when relying solely on Lyα
(which is almost always saturated). We perform profile fits
to derive NH i and Doppler b for each component, where
possible. These line widths provide robust upper limits on the
gas temperature under the assumption that the broadening is

10 This is very likely in the two systems with log NH i > 1019.
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Figure 6. Distributions of stellar mass versus normalized impact parameter (left) and color versus stellar mass (right) for the
combined sample: the RDR LRGs studied here, the COS-Halos sample, and the C18 sample of massive galaxies. The COS-Halos
sample is split by sSFR (those with log sSFR> �11 are marked as “star forming”). We use our results and the COS-Halos
results where they overlap the C18 sample. The contours are made using the NYU-VAGC (Blanton et al. 2005).

Figure 7. H I covering factor distributed by sample for
gas with logN(H I) � 16.0 as a function of normalized im-
pact parameter. The vertical error bars show the 68% con-
fidence interval for the covering factor. The horizontal er-
ror bars show the extent of each bin, while the location of
the data points represents the mean normalized impact pa-
rameter. Galaxies from the COS-Halos sample make up the
star-forming and quiescent samples (P17). We adopt their
characterization of galaxies with log sSFR > �11 as “star
forming.”

increase in mass between LRGs and clusters creates con-
ditions that disfavor strong H I. A similar result is found
in the COS-Clusters survey (Tejos et al. in prep.).

Figure 8. H I covering factor for ⇢  Rvir as a function
of limiting logN(H I) for the RDR LRGs and COS-Halos
galaxies. The shaded region shows the 68% confidence inter-
val for the distribution. The COS-Halos sample is split by
sSFR (log sSFR > �11 is “star forming”). The RDR LRGs
show a relative paucity of gas with 14.5  logN(H I)  16.0.

In these low-redshift clusters, sightlines passing
through the ICM do not exhibit strong H I absorption
(but see Muzahid et al. 2017). It may be that the phys-
ical properties of the ICM are preventing the formation
of cool, dense gas that would give rise to pLLSs and
LLSs (e.g., as discussed in Yoon & Putman 2013 and
Burchett et al. 2018), perhaps in an analogous manner to

Why are these galaxies not forming stars?



Cold CGM gas appears to be out of thermal pressure 
equilibrium

6

observed cool gas e density

Maller and Bullock 2004, Werk et al. 2014
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Is cold gas really out of pressure equilibrium?



Cosmic rays alter ionization state in the CGM
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Thermal instability in a stratified plasma
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Thermal instability in a stratified plasma
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Thermal instability in a stratified plasma
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Thermal instability in a stratified plasma
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Thermal instability without cosmic rays
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Cosmic Rays and Thermal Instability
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Cosmic ray pressure decreases cold gas density
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Cosmic ray pressure washes out density fluctuation

18

12 Butsky et al.

Figure 5. The time evolution of the density fluctuation (h�⇢/⇢i; left), cold mass fraction (Mcold/Mtotal; middle), and cold mass flux

(Ṁcold/Ṁ↵ ; right) near the scale height (0.8H < z < 1.2H). All of the depicted simulations have tcool/t↵ = 0.3 and � = 100 but have

di↵erent initial values of Pc/Pg. Increased cosmic ray pressure decreases density fluctuation but has a modest e↵ect on the cold mass

fraction. Non-thermal cosmic ray pressure support counteracts gravity and lowers the cold mass flux towards the midplane. Simulations

with Pc � Pg have more cold gas near the scale height at late times.

Figure 6. The average density fluctuation (h�⇢/⇢i; left), cold mass fraction (Mcold/Mtotal; middle), and cold mass flux (Ṁcold/Ṁ↵ ;

right) as a function of the initial tcool/t↵ for simulations with � = 100 and varying initial ratios of Pc/Pg. The measurements are taken

between 0.8 and 1.2 H and averaged over all outputs between 4 and 6 tcool, which corresponds to the saturated phase of the thermal

instability (see Figure 5). Increased cosmic ray pressure decreases the gas density fluctuation. High cosmic ray pressures increase the

cold fraction in simulations with tcool/t↵ � 1 by preventing cold gas from precipitating towards the midplane. Cold gas does not form in

simulations with tcool/t↵ = 10.

the simulations pictured in Figure 4. The di↵erent
colored lines represent simulations with di↵erent initial
values of Pc/Pg. All simulations have an initial
tcool/t↵ = 0.3 and � = 100.
The density fluctuation decreases monotonically with

increased cosmic ray pressure. Remarkably, the cold
mass fraction remains relatively unchanged. Even in the
extreme case of Pc/Pg = 10, the cold mass fraction only
varies from the control run by a factor of 2-3, whereas
the density fluctuation measurement varies by a factor
of 50. At late times, runs with significant cosmic ray
pressure support have more cold gas mass near the scale
height since the cosmic ray pressure prevents it from
precipitating towards the midplane. Although the cold
mass fraction is relatively unchanged, the cold mass

flux decreases substantially with increased cosmic ray
pressure. Even a modest initial value of Pc/Pg = 0.01 is
enough to decrease the cold mass flux by a factor of ⇠ 2.
Since cosmic rays advect with the gas, cold gas clumps
end up having a larger ratio of Pc/Pg. This added non-
thermal pressure supports the cold gas against gravity.
Figure 6 compiles the average values of the density

fluctuation, cold mass fraction, and cold mass flux
measured between t = 4tcool and t = 6tcool as a
function of the simulation’s initial tcool/t↵ . Increasing
the cosmic ray pressure monotonically decreases the
measured density fluctuation for all initial values of
tcool/t↵ (left panel). As non-thermal cosmic ray pressure
increases, the gas is better able to cool isochorically,
decreasing the density contrast between the cold and
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Without cosmic rays, gas cools in thermal pressure 
equilibrium (isobarically)
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With high cosmic ray pressure, gas cools at constant 
density (isochorically)
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Cold gas temperature is independent of cosmic ray 
pressure

21

Cold gas temperature is set by the shape of the cooling curve, 
which is an approximation to atomic physics and insensitive of 
cosmic ray pressure



Cosmic ray pressure can increase cold mass fraction
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Figure 5. The time evolution of the density fluctuation (h�⇢/⇢i; left), cold mass fraction (Mcold/Mtotal; middle), and cold mass flux

(Ṁcold/Ṁ↵ ; right) near the scale height (0.8H < z < 1.2H). All of the depicted simulations have tcool/t↵ = 0.3 and � = 100 but have

di↵erent initial values of Pc/Pg. Increased cosmic ray pressure decreases density fluctuation but has a modest e↵ect on the cold mass

fraction. Non-thermal cosmic ray pressure support counteracts gravity and lowers the cold mass flux towards the midplane. Simulations

with Pc � Pg have more cold gas near the scale height at late times.

Figure 6. The average density fluctuation (h�⇢/⇢i; left), cold mass fraction (Mcold/Mtotal; middle), and cold mass flux (Ṁcold/Ṁ↵ ;

right) as a function of the initial tcool/t↵ for simulations with � = 100 and varying initial ratios of Pc/Pg. The measurements are taken

between 0.8 and 1.2 H and averaged over all outputs between 4 and 6 tcool, which corresponds to the saturated phase of the thermal

instability (see Figure 5). Increased cosmic ray pressure decreases the gas density fluctuation. High cosmic ray pressures increase the

cold fraction in simulations with tcool/t↵ � 1 by preventing cold gas from precipitating towards the midplane. Cold gas does not form in

simulations with tcool/t↵ = 10.

the simulations pictured in Figure 4. The di↵erent
colored lines represent simulations with di↵erent initial
values of Pc/Pg. All simulations have an initial
tcool/t↵ = 0.3 and � = 100.
The density fluctuation decreases monotonically with

increased cosmic ray pressure. Remarkably, the cold
mass fraction remains relatively unchanged. Even in the
extreme case of Pc/Pg = 10, the cold mass fraction only
varies from the control run by a factor of 2-3, whereas
the density fluctuation measurement varies by a factor
of 50. At late times, runs with significant cosmic ray
pressure support have more cold gas mass near the scale
height since the cosmic ray pressure prevents it from
precipitating towards the midplane. Although the cold
mass fraction is relatively unchanged, the cold mass

flux decreases substantially with increased cosmic ray
pressure. Even a modest initial value of Pc/Pg = 0.01 is
enough to decrease the cold mass flux by a factor of ⇠ 2.
Since cosmic rays advect with the gas, cold gas clumps
end up having a larger ratio of Pc/Pg. This added non-
thermal pressure supports the cold gas against gravity.
Figure 6 compiles the average values of the density

fluctuation, cold mass fraction, and cold mass flux
measured between t = 4tcool and t = 6tcool as a
function of the simulation’s initial tcool/t↵ . Increasing
the cosmic ray pressure monotonically decreases the
measured density fluctuation for all initial values of
tcool/t↵ (left panel). As non-thermal cosmic ray pressure
increases, the gas is better able to cool isochorically,
decreasing the density contrast between the cold and
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(Ṁ

c
o
ld
/
Ṁ
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Ṁ

↵
;

ri
gh

t)
a
s
a
fu
n
ct
io
n
o
f
th

e
in
it
ia
l
t
c
o
o
l/
t
↵

fo
r
si
m
u
la
ti
o
n
s
w
it
h
va

ry
in
g
in
it
ia
l
m
a
g
n
et
ic

fi
el
d
st
re
n
g
th

s,
in

th
e
a
b
se
n
ce

o
f
co

sm
ic

ra
y
s.

T
h
e

m
ea

su
re
m
en

ts
a
re

ta
k
en

b
et
w
ee
n
0
.8

a
n
d
1
.2
H

a
n
d
av

er
a
g
ed

ov
er

a
ll
o
u
tp

u
ts

b
et
w
ee
n
4
a
n
d
6
t
c
o
o
l,

w
h
ic
h
co

rr
es
p
o
n
d
s
to

th
e
sa
tu

ra
te
d

p
h
a
se

of
th

e
th

er
m
a
l
in
st
a
b
il
it
y
(s
ee

F
ig
u
re

2
).

M
a
g
n
et
ic

fi
el
d
s
su

p
p
re
ss

b
u
oy

a
n
cy

o
sc
il
la
ti
o
n
s,

w
h
ic
h
si
m
u
lt
a
n
eo

u
sl
y
en

h
a
n
ce
s
th

e
fo
rm

a
ti
o
n

o
f
co

ld
g
a
s
th

ro
u
g
h
th

er
m
a
l
in
st
a
b
il
it
y
fo
r
si
m
u
la
ti
o
n
s
w
it
h
h
ig
h
er

t
c
o
o
l/
t
↵

a
n
d
d
ec
re
a
se
s
th

e
in
fl
ow

in
g
co

ld
m
a
ss

fl
u
x
in

si
m
u
la
ti
on

s
w
it
h

lo
w
er

t
c
o
o
l/
t
↵
.

m
ag

n
et
ic

fi
el
d

st
re
n
gt
h

d
u
e
to

in
cr
ea
se
d

n
on

-t
h
er
m
al

p
re
ss
u
re

su
p
p
or
t.

W
h
en

co
ol
in
g
ti
m
es

ar
e
lo
n
g
(t

co
o
l/
t
↵
�

1)
,
m
ag

n
et
ic

fi
el
d
s

en
h
an

ce
th
er
m
al

in
st
ab

il
it
y

by
su
p
p
re
ss
in
g

b
u
oy
an

cy
os
ci
ll
at
io
n
s
(J
i
et

al
.
20

18
).

T
h
e

d
en
si
ty

fl
u
ct
u
at
io
n
,
co
ld

m
as
s

fr
ac
ti
on

,
an

d
co
ld

m
as
s

fl
u
x

in
cr
ea
se

w
it
h

d
ec
re
as
ed

�
.

O
u
r
d
en

si
ty

fl
u
ct
u
at
io
n

va
lu
es

ar
e
co
n
si
st
en
t
w
it
h

th
os
e
re
p
or
te
d

in
Ji

et
al
.

(2
01

8)
.
S
m
al
l
d
i↵
er
en

ce
s
ar
e
li
ke
ly

d
u
e
to

m
ea
su
re
m
en
ts

b
ei
n
g
ta
ke
n
at

d
i↵
er
en
t
si
m
u
la
ti
on

ti
m
es
.

T
h
es
e
M
H
D
-o
n
ly

si
m
u
la
ti
on

s
h
ig
h
li
gh

t
th
e
p
re
vi
ou

sl
y

d
em

on
st
ra
te
d

d
ep

en
d
en

ce
of

th
er
m
al

in
st
ab

il
it
y

on
th
e

ga
s

co
ol
in
g

ti
m
e

an
d

m
ag

n
et
ic

fi
el
d

st
re
n
gt
h
.

S
im

u
la
ti
on

s
w
it
h
sh
or
t
t
co

o
l/
t
↵
p
ro
d
u
ce

h
ig
h
er

d
en

si
ty

fl
u
ct
u
at
io
n
s
an

d
co
ld

m
as
s
fr
ac
ti
on

s
in

le
ss

p
hy

si
ca
l

ti
m
e.

M
ag

n
et
ic

fi
el
d
s
en

h
an

ce
th
er
m
al

in
st
ab

il
it
y
w
h
en

co
ol
in
g
ti
m
es

ar
e
lo
n
g.



Cosmic ray pressure decreases cold mass flux
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Figure 5. The time evolution of the density fluctuation (h�⇢/⇢i; left), cold mass fraction (Mcold/Mtotal; middle), and cold mass flux

(Ṁcold/Ṁ↵ ; right) near the scale height (0.8H < z < 1.2H). All of the depicted simulations have tcool/t↵ = 0.3 and � = 100 but have

di↵erent initial values of Pc/Pg. Increased cosmic ray pressure decreases density fluctuation but has a modest e↵ect on the cold mass

fraction. Non-thermal cosmic ray pressure support counteracts gravity and lowers the cold mass flux towards the midplane. Simulations

with Pc � Pg have more cold gas near the scale height at late times.

Figure 6. The average density fluctuation (h�⇢/⇢i; left), cold mass fraction (Mcold/Mtotal; middle), and cold mass flux (Ṁcold/Ṁ↵ ;

right) as a function of the initial tcool/t↵ for simulations with � = 100 and varying initial ratios of Pc/Pg. The measurements are taken

between 0.8 and 1.2 H and averaged over all outputs between 4 and 6 tcool, which corresponds to the saturated phase of the thermal

instability (see Figure 5). Increased cosmic ray pressure decreases the gas density fluctuation. High cosmic ray pressures increase the

cold fraction in simulations with tcool/t↵ � 1 by preventing cold gas from precipitating towards the midplane. Cold gas does not form in

simulations with tcool/t↵ = 10.

the simulations pictured in Figure 4. The di↵erent
colored lines represent simulations with di↵erent initial
values of Pc/Pg. All simulations have an initial
tcool/t↵ = 0.3 and � = 100.
The density fluctuation decreases monotonically with

increased cosmic ray pressure. Remarkably, the cold
mass fraction remains relatively unchanged. Even in the
extreme case of Pc/Pg = 10, the cold mass fraction only
varies from the control run by a factor of 2-3, whereas
the density fluctuation measurement varies by a factor
of 50. At late times, runs with significant cosmic ray
pressure support have more cold gas mass near the scale
height since the cosmic ray pressure prevents it from
precipitating towards the midplane. Although the cold
mass fraction is relatively unchanged, the cold mass

flux decreases substantially with increased cosmic ray
pressure. Even a modest initial value of Pc/Pg = 0.01 is
enough to decrease the cold mass flux by a factor of ⇠ 2.
Since cosmic rays advect with the gas, cold gas clumps
end up having a larger ratio of Pc/Pg. This added non-
thermal pressure supports the cold gas against gravity.
Figure 6 compiles the average values of the density

fluctuation, cold mass fraction, and cold mass flux
measured between t = 4tcool and t = 6tcool as a
function of the simulation’s initial tcool/t↵ . Increasing
the cosmic ray pressure monotonically decreases the
measured density fluctuation for all initial values of
tcool/t↵ (left panel). As non-thermal cosmic ray pressure
increases, the gas is better able to cool isochorically,
decreasing the density contrast between the cold and
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Cosmic ray transport: streaming and diffusion 

20 Butsky and Quinn

FIG. 14.— A 2D test of anisotropic diffusion of CR energy density along circular magnetic field lines at an early time (t = 10; top row) and a late time (t = 100;
bottom row). The columns are ordered from left to right by increasing resolution, ending with the analytic solution. With anisotropic diffusion, CRs are confined
to propagate solely along magnetic field lines. Increasing resolution decreases the amount of diffusion perpendicular to the magnetic field.

FIG. 15.— A comparison of the time evolution of a 1D Gaussian profile with CR streaming (green) and diffusion (blue). A magnetic field of strength 0.25 code
units lies in the x direction. The analytic solution for the CR diffusion profile is overplotted as a black dotted line. Although no analytic solution exists for the
CR streaming case, our results qualitatively match previous studies.

low-resolution runs, the average final CR energy is lower, due to conservation of CR energy in the thicker rings.

Streaming
We test the behavior of our CR streaming implementation with a 1D simulation of an initial Gaussian profile of CR energy

density (see Figure 15). The initial CR energy density profile is set by

" = "0e-x2/2D, (A3)

where x is the spatial coordinate. In our example, we chose constants "0 = 100 and D = 0.05. We include a magnetic field in the
x̂ direction of a strength of 0.25 in code units. We isolate the effects of CR streaming and diffusion by fixing the gas so that no

Cosmic rays move down their energy gradient, along 
magnetic field lines

26



Impact of cosmic ray transport

27

Cosmic ray transport redistributes cosmic ray pressure 
from high concentrations (in cold gas) to low 
concentrations ( in hot gas )



Impact of cosmic rays on gas density profiles

28

Simulations with cosmic 
ray transport have density 
distributions in between 
those of simulations 
without cosmic rays and 
simulations with cosmic 
rays but without cosmic 
ray transport



Gas density pdf depends on cosmic ray pressure pdf
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Gas temperature distribution remains relatively 
unchanged
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Cosmic ray transport fills larger density-temperature 
phase space

31
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Non-thermal pressure support decreases cold gas 
density and increases size of cold clouds

33

Thermal Instability with Cosmic Rays 7

contrast, �, between the cold and hot gas phases,

� =
h⇢coldi

h⇢hoti
. (23)

We introduce a simple model for how these quantities
depend on cosmic ray pressure below.
Assuming that the total pressure stays constant, (Pg+

PB+Pc)cold = (Pg+PB+Pc)hot, and that the magnetic
and cosmic ray pressures scale with gas density, we
expect the density contrast to follow

PB,hot = �
�1
coldPg,cold

✓
⇢hot

⇢cold

◆�B

,

Pc,hot = ⌘coldPg,cold

✓
⇢hot

⇢cold

◆�c,eff

,

(24)

we expect the density contrast to follow:

�
1 + �

�1
cold + ⌘cold

�
=

⇥

�
+

�
�1
cold

��B
+

⌘cold

��c,eff
, (25)

where ⌘cold,�cold are evaluated in the cold gas, and
⇥ = Thot/Tcold is the temperature contrast between the
hot and cold gas phases. The temperature contrast is
set by the details of the atomic physics that determines
the cooling curve and is independent of magnetic fields
and cosmic rays. The constant �B = 4/3 describes how
magnetic pressure scales with gas density, PB / ⇢

�B , in
the flux-freezing limit of ideal MHD. This is similar to
the advection-only limit of cosmic ray transport. We
explore the application of the predicted density contrast
in Section 4.6 and in Appendix B.
The characteristic scale of cold gas clouds is predicted

to be set by the minimum of the product of the gas
sound speed and cooling time2, `cloudlet ⇠ min(cstcool)
(McCourt et al. 2018). Both the e↵ective sound speed
and the gas cooling time may be altered by non-thermal
pressure support.
In the presence of magnetic fields and cosmic rays,

the maximum wave speed is given by, c
2
max = c

2
s +

v2A + c
2
s,c, where cs =

p
(�Pg/⇢) is the thermal gas

sound speed, vA =
p

2PB/⇢ is the Alfvén velocity, and
cs,c =

p
�c,e↵Pc/⇢ is the cosmic ray sound speed. We

can rewrite the maximum wave speed as a function of
the ratios of magnetic and cosmic ray pressures to the
gas pressure, � and ⌘:

cmax = cs

✓
1 +

2

�
�
�1 +

�c,e↵

�
⌘

◆1/2

. (26)

Assuming that gas cooling follows a power law
(Eq. 16), the gas cooling time scales as:

tcool =
3
2⇢kBT� ⇢2

µmp

�
⇤0T

↵
/ ⇢

�1
T

1�↵
, (27)

2 The minimum value of cstcool is expected to happen around T ⇡
104.2K for a variety of gas pressures (Liang & Remming 2020).

where µ is the mean molecular weight and mp is the
proton mass. Since the temperature of cold gas is
set by the cooling curve and isn’t a↵ected by non-
thermal pressure, we expect non-thermal pressure to
only alter the density in the cooling time scaling relation.
Combining the expected expression for the cold cloud
size with Eqs. 26 and 27, we predict the non-thermal
pressure-supported cold gas cloud size, `⇤cloudlet, to scale
as:

`
⇤
cloudlet

`cloudlet
=

✓
⇢cold

⇢
⇤
cold

◆✓
1+

2

�
�
�1
cold+

�c,e↵

�
⌘cold

◆1/2

, (28)

where ⇢
⇤
cold is the density of non-thermal pressure-

supported cold gas. In the limit of high cosmic ray
pressure (Eq. 25), the cold gas density is the same as the
hot gas density, ⇢⇤cold = ⇢hot, so the ratio ⇢cold/⇢

⇤
cold ⇡ ⇥

can be expressed in terms of the temperature contrast
between cold and hot phases. For a cosmic ray
pressure-dominated medium with ine�cient transport
(�c,e↵⌘cold � 1), we expect:

`
⇤
cloudlet,⌘�1

`cloudlet
⇡ ⇥

✓
�c,e↵

�
⌘cold

◆1/2

. (29)

Following Eq. 29, we expect simulations with ⇥ = 20,
Pg,0 = 490K cm�3, ⌘cold = 100 to have cold cloud
sizes, `

⇤
cloudlet ⇡ 200 `cloudlet ⇡ 40 kpc, which is in

good agreement with the results discussed below (see
Section 4.2). In the real CGM, the temperature contrast
between hot and cold phases is closer to ⇥ = 100 and
the range of gas pressures Pg/kB ⇠ 1�103 Kcm�3 gives
predicted cold cloudlet sizes of `cloudlet ⇠ 1 � 1000 pc.
Therefore, in the limit of no cosmic ray transport in
a cosmic ray-pressure dominated halo, we expect cold
cloud sizes to be to ⇠ 1000 times larger than predicted
for cold gas in thermal pressure equilibrium. This
prediction is an upper limit for cold cloud sizes in a
cosmic ray pressure-dominated halo as realistic cosmic
ray transport will reduce �c,e↵ , thereby reducing the
predicted cold cloud increase.
In addition to altering cold gas density and cloud

size, cosmic ray pressure also contributes to hydrostatic
equilibrium and changes the e↵ective entropy profiles
of the gas. This could prevent cold gas clumps
from precipitating after they condense out of the hot
background medium. Additionally, if the cosmic ray
scale height is su�ciently large relative to the gas
scale height, Hc/Hg � 5/2, gas becomes convectively
unstable (Kempski & Quataert 2020). Our simulations
are initialized with constant ⌘, so Hc/Hg is always close
to 1.

3.2.2. Thermal Instability with Cosmic Ray Transport

In addition to advection, the cosmic ray fluid moves
relative to the gas via some transport mechanism.
Although there is no consensus as to which transport
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contrast, �, between the cold and hot gas phases,

� =
h⇢coldi

h⇢hoti
. (23)

We introduce a simple model for how these quantities
depend on cosmic ray pressure below.
Assuming that the total pressure stays constant, (Pg+

PB+Pc)cold = (Pg+PB+Pc)hot, and that the magnetic
and cosmic ray pressures scale with gas density, we
expect the density contrast to follow

PB,hot = �
�1
coldPg,cold

✓
⇢hot

⇢cold

◆�B

,

Pc,hot = ⌘coldPg,cold

✓
⇢hot

⇢cold

◆�c,eff

,

(24)

we expect the density contrast to follow:

�
1 + �

�1
cold + ⌘cold

�
=

⇥

�
+

�
�1
cold

��B
+

⌘cold

��c,eff
, (25)

where ⌘cold,�cold are evaluated in the cold gas, and
⇥ = Thot/Tcold is the temperature contrast between the
hot and cold gas phases. The temperature contrast is
set by the details of the atomic physics that determines
the cooling curve and is independent of magnetic fields
and cosmic rays. The constant �B = 4/3 describes how
magnetic pressure scales with gas density, PB / ⇢

�B , in
the flux-freezing limit of ideal MHD. This is similar to
the advection-only limit of cosmic ray transport. We
explore the application of the predicted density contrast
in Section 4.6 and in Appendix B.
The characteristic scale of cold gas clouds is predicted

to be set by the minimum of the product of the gas
sound speed and cooling time2, `cloudlet ⇠ min(cstcool)
(McCourt et al. 2018). Both the e↵ective sound speed
and the gas cooling time may be altered by non-thermal
pressure support.
In the presence of magnetic fields and cosmic rays,

the maximum wave speed is given by, c
2
max = c

2
s +

v2A + c
2
s,c, where cs =

p
(�Pg/⇢) is the thermal gas

sound speed, vA =
p

2PB/⇢ is the Alfvén velocity, and
cs,c =

p
�c,e↵Pc/⇢ is the cosmic ray sound speed. We

can rewrite the maximum wave speed as a function of
the ratios of magnetic and cosmic ray pressures to the
gas pressure, � and ⌘:

cmax = cs

✓
1 +

2

�
�
�1 +

�c,e↵

�
⌘

◆1/2

. (26)

Assuming that gas cooling follows a power law
(Eq. 16), the gas cooling time scales as:

tcool =
3
2⇢kBT� ⇢2

µmp

�
⇤0T

↵
/ ⇢

�1
T

1�↵
, (27)

2 The minimum value of cstcool is expected to happen around T ⇡
104.2K for a variety of gas pressures (Liang & Remming 2020).

where µ is the mean molecular weight and mp is the
proton mass. Since the temperature of cold gas is
set by the cooling curve and isn’t a↵ected by non-
thermal pressure, we expect non-thermal pressure to
only alter the density in the cooling time scaling relation.
Combining the expected expression for the cold cloud
size with Eqs. 26 and 27, we predict the non-thermal
pressure-supported cold gas cloud size, `⇤cloudlet, to scale
as:

`
⇤
cloudlet

`cloudlet
=

✓
⇢cold

⇢
⇤
cold

◆✓
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2
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�
�1
cold+

�c,e↵

�
⌘cold

◆1/2

, (28)

where ⇢
⇤
cold is the density of non-thermal pressure-

supported cold gas. In the limit of high cosmic ray
pressure (Eq. 25), the cold gas density is the same as the
hot gas density, ⇢⇤cold = ⇢hot, so the ratio ⇢cold/⇢

⇤
cold ⇡ ⇥

can be expressed in terms of the temperature contrast
between cold and hot phases. For a cosmic ray
pressure-dominated medium with ine�cient transport
(�c,e↵⌘cold � 1), we expect:

`
⇤
cloudlet,⌘�1

`cloudlet
⇡ ⇥

✓
�c,e↵

�
⌘cold

◆1/2

. (29)

Following Eq. 29, we expect simulations with ⇥ = 20,
Pg,0 = 490K cm�3, ⌘cold = 100 to have cold cloud
sizes, `

⇤
cloudlet ⇡ 200 `cloudlet ⇡ 40 kpc, which is in

good agreement with the results discussed below (see
Section 4.2). In the real CGM, the temperature contrast
between hot and cold phases is closer to ⇥ = 100 and
the range of gas pressures Pg/kB ⇠ 1�103 Kcm�3 gives
predicted cold cloudlet sizes of `cloudlet ⇠ 1 � 1000 pc.
Therefore, in the limit of no cosmic ray transport in
a cosmic ray-pressure dominated halo, we expect cold
cloud sizes to be to ⇠ 1000 times larger than predicted
for cold gas in thermal pressure equilibrium. This
prediction is an upper limit for cold cloud sizes in a
cosmic ray pressure-dominated halo as realistic cosmic
ray transport will reduce �c,e↵ , thereby reducing the
predicted cold cloud increase.
In addition to altering cold gas density and cloud

size, cosmic ray pressure also contributes to hydrostatic
equilibrium and changes the e↵ective entropy profiles
of the gas. This could prevent cold gas clumps
from precipitating after they condense out of the hot
background medium. Additionally, if the cosmic ray
scale height is su�ciently large relative to the gas
scale height, Hc/Hg � 5/2, gas becomes convectively
unstable (Kempski & Quataert 2020). Our simulations
are initialized with constant ⌘, so Hc/Hg is always close
to 1.

3.2.2. Thermal Instability with Cosmic Ray Transport

In addition to advection, the cosmic ray fluid moves
relative to the gas via some transport mechanism.
Although there is no consensus as to which transport
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field as described in Dedner et al. (2002) and tested in
Wang et al. (2008). We perform all simulations on a
3-dimensional grid with uniform resolution.
In addition to the standard Euler equations, which

define the conservation of mass, momentum, and energy
in hydrodynamics simulations, our simulations also
conserve the magnetic flux and cosmic ray energy. The
following equations describe the evolution of the gas,
magnetic field, and cosmic ray fluids.

@⇢

@t
+r · (⇢v) = 0 (1)

@(⇢v)

@t
+r ·

✓
⇢vvT

�
B ·rB

4⇡

◆
+rPtot = �⇢g (2)

@B

@t
+r · (BvT

� vBT) = 0 (3)

@"g

@t
+r · (v"g) = �Pgr · v � L+H+Hc (4)

@"c

@t
+r · Fc = v ·rPc �Hc (5)

Fc = v"c
advection

+vs("c + Pc)

streaming

�cb̂(b̂ ·r"c)

di↵usion

(6)

In the equations above, ⇢ is the gas density, v is the
gas velocity vector, g is the gravitational acceleration,
and t is the time variable. B is the magnetic field vector
and b̂ is the magnetic field direction, b̂ = B/|B|. L

and H are the gas cooling and heating terms defined in
section 2.2. "g and "c are the gas and cosmic ray energy
densities (energy per volume). Pg = (� � 1)"g, PB =
B

2
/8⇡, Pc = (�c � 1)"c are the gas, magnetic, and

cosmic ray pressures. Together, they comprise the total
pressure, Ptot = Pg+PB+Pc. The adiabatic indices are
� = 5/3, and �c = 4/3 respectively.
Fc describes the cosmic ray flux, which encompasses

advection, streaming, and di↵usion. In the streaming
approximation, cosmic rays move along magnetic field
lines at the streaming velocity,

vs = �sgn(b̂ ·r"c)vA, (7)

and heat the gas at a rate proportional to the Alfvén
velocity,

Hc = |vA ·rPc|. (8)

In the equations above, sgn returns the sign of the
enclosed expression, and the Alfvén velocity is defined

as vA = B/
p
4⇡⇢. We note that the streaming term is

always positive, so that energy is only ever transferred
from the cosmic rays to heat the gas. When streaming
is turned o↵, Hc = 0. In the di↵usion approximation,
we assume a constant cosmic ray di↵usion coe�cient,
c. When modeling cosmic ray transport, we either
invoke di↵usion or streaming. Cosmic ray advection
is always turned on. For an in-depth description of the
implementation and tests of the anisotropic cosmic ray
physics in enzo, see Butsky & Quinn (2018).

2.1. Initial Conditions

The initial conditions model the behavior of a column
of gas extending o↵ the disk of a galaxy into the CGM.
The physical domain is comprised of a gravitationally
stratified medium in hydrostatic equilibrium, similar to
the simulations described in McCourt et al. (2012) and
Ji et al. (2018). The gravitational acceleration is given
by the following expression:

g = g0
z/a

[1 + (z/a)2]1/2
ẑ. (9)

Here, z is the vertical distance from the midplane, g0 is
a constant acceleration factor, and a is the gravitational
smoothing length scale. This definition ensures that
the gravitational acceleration goes smoothly to zero at
the midplane but is nearly constant for |z| > a. The
corresponding gas free-fall time from a position, z, above
the disk midplane is:

t↵ =

r
2z

g0
. (10)

Using the criterion for hydrostatic equilibrium,
dPtot/dz = �⇢(z)g(z), we derive the total pressure
profile, Ptot(z), from the gravitational acceleration
profile. We initialize magnetic and cosmic ray pressures
to be constant fractions of the gas pressure throughout,
� = Pg/PB and ⌘ = Pc/Pg. Therefore, the the total
pressure can be expressed as a multiple of the thermal
pressure: Ptot = (1 + �

�1 + ⌘)Pg.
Given the derived vertical pressure profile, we can

choose a variety of gas density and temperature profiles
(⇢(z), T (z)) – so long as they obey the ideal gas law:
P = nkBT . We consider two such halo profiles:
isothermal (constant temperature) and “iso-cooling”
(constant cooling time).
In the isothermal halo, the density and temperature

profiles are described by

⇢(z) = ⇢0exp


�

a

H

�
1+�

�1+⌘
�✓⇥

1+(z/a)2
⇤1/2

◆�
(11)

T (z) = T0. (12)

We define the scale height, H = g0/c
2
s, and choose a

gravitational smoothing length scale, a = 0.1H. In the
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contrast, �, between the cold and hot gas phases,

� =
h⇢coldi

h⇢hoti
. (23)

We introduce a simple model for how these quantities
depend on cosmic ray pressure below.
Assuming that the total pressure stays constant, (Pg+

PB+Pc)cold = (Pg+PB+Pc)hot, and that the magnetic
and cosmic ray pressures scale with gas density, we
expect the density contrast to follow

PB,hot = �
�1
coldPg,cold

✓
⇢hot

⇢cold

◆�B

,

Pc,hot = ⌘coldPg,cold

✓
⇢hot

⇢cold

◆�c,eff

,

(24)

we expect the density contrast to follow:

�
1 + �

�1
cold + ⌘cold

�
=

⇥

�
+

�
�1
cold

��B
+

⌘cold

��c,eff
, (25)

where ⌘cold,�cold are evaluated in the cold gas, and
⇥ = Thot/Tcold is the temperature contrast between the
hot and cold gas phases. The temperature contrast is
set by the details of the atomic physics that determines
the cooling curve and is independent of magnetic fields
and cosmic rays. The constant �B = 4/3 describes how
magnetic pressure scales with gas density, PB / ⇢

�B , in
the flux-freezing limit of ideal MHD. This is similar to
the advection-only limit of cosmic ray transport. We
explore the application of the predicted density contrast
in Section 4.6 and in Appendix B.
The characteristic scale of cold gas clouds is predicted

to be set by the minimum of the product of the gas
sound speed and cooling time2, `cloudlet ⇠ min(cstcool)
(McCourt et al. 2018). Both the e↵ective sound speed
and the gas cooling time may be altered by non-thermal
pressure support.
In the presence of magnetic fields and cosmic rays,

the maximum wave speed is given by, c
2
max = c

2
s +

v2A + c
2
s,c, where cs =

p
(�Pg/⇢) is the thermal gas

sound speed, vA =
p

2PB/⇢ is the Alfvén velocity, and
cs,c =

p
�c,e↵Pc/⇢ is the cosmic ray sound speed. We

can rewrite the maximum wave speed as a function of
the ratios of magnetic and cosmic ray pressures to the
gas pressure, � and ⌘:

cmax = cs

✓
1 +

2

�
�
�1 +

�c,e↵

�
⌘

◆1/2

. (26)

Assuming that gas cooling follows a power law
(Eq. 16), the gas cooling time scales as:

tcool =
3
2⇢kBT� ⇢2

µmp

�
⇤0T

↵
/ ⇢

�1
T

1�↵
, (27)

2 The minimum value of cstcool is expected to happen around T ⇡
104.2K for a variety of gas pressures (Liang & Remming 2020).

where µ is the mean molecular weight and mp is the
proton mass. Since the temperature of cold gas is
set by the cooling curve and isn’t a↵ected by non-
thermal pressure, we expect non-thermal pressure to
only alter the density in the cooling time scaling relation.
Combining the expected expression for the cold cloud
size with Eqs. 26 and 27, we predict the non-thermal
pressure-supported cold gas cloud size, `⇤cloudlet, to scale
as:

`
⇤
cloudlet

`cloudlet
=

✓
⇢cold

⇢
⇤
cold

◆✓
1+

2

�
�
�1
cold+

�c,e↵

�
⌘cold

◆1/2

, (28)

where ⇢
⇤
cold is the density of non-thermal pressure-

supported cold gas. In the limit of high cosmic ray
pressure (Eq. 25), the cold gas density is the same as the
hot gas density, ⇢⇤cold = ⇢hot, so the ratio ⇢cold/⇢

⇤
cold ⇡ ⇥

can be expressed in terms of the temperature contrast
between cold and hot phases. For a cosmic ray
pressure-dominated medium with ine�cient transport
(�c,e↵⌘cold � 1), we expect:

`
⇤
cloudlet,⌘�1

`cloudlet
⇡ ⇥

✓
�c,e↵

�
⌘cold

◆1/2

. (29)

Following Eq. 29, we expect simulations with ⇥ = 20,
Pg,0 = 490K cm�3, ⌘cold = 100 to have cold cloud
sizes, `

⇤
cloudlet ⇡ 200 `cloudlet ⇡ 40 kpc, which is in

good agreement with the results discussed below (see
Section 4.2). In the real CGM, the temperature contrast
between hot and cold phases is closer to ⇥ = 100 and
the range of gas pressures Pg/kB ⇠ 1�103 Kcm�3 gives
predicted cold cloudlet sizes of `cloudlet ⇠ 1 � 1000 pc.
Therefore, in the limit of no cosmic ray transport in
a cosmic ray-pressure dominated halo, we expect cold
cloud sizes to be to ⇠ 1000 times larger than predicted
for cold gas in thermal pressure equilibrium. This
prediction is an upper limit for cold cloud sizes in a
cosmic ray pressure-dominated halo as realistic cosmic
ray transport will reduce �c,e↵ , thereby reducing the
predicted cold cloud increase.
In addition to altering cold gas density and cloud

size, cosmic ray pressure also contributes to hydrostatic
equilibrium and changes the e↵ective entropy profiles
of the gas. This could prevent cold gas clumps
from precipitating after they condense out of the hot
background medium. Additionally, if the cosmic ray
scale height is su�ciently large relative to the gas
scale height, Hc/Hg � 5/2, gas becomes convectively
unstable (Kempski & Quataert 2020). Our simulations
are initialized with constant ⌘, so Hc/Hg is always close
to 1.

3.2.2. Thermal Instability with Cosmic Ray Transport

In addition to advection, the cosmic ray fluid moves
relative to the gas via some transport mechanism.
Although there is no consensus as to which transport
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contrast, �, between the cold and hot gas phases,

� =
h⇢coldi

h⇢hoti
. (23)

We introduce a simple model for how these quantities
depend on cosmic ray pressure below.
Assuming that the total pressure stays constant, (Pg+

PB+Pc)cold = (Pg+PB+Pc)hot, and that the magnetic
and cosmic ray pressures scale with gas density, we
expect the density contrast to follow

PB,hot = �
�1
coldPg,cold

✓
⇢hot

⇢cold

◆�B

,

Pc,hot = ⌘coldPg,cold
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⇢hot

⇢cold

◆�c,eff

,

(24)

we expect the density contrast to follow:
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1 + �
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cold + ⌘cold

�
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⇥
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cold

��B
+

⌘cold

��c,eff
, (25)

where ⌘cold,�cold are evaluated in the cold gas, and
⇥ = Thot/Tcold is the temperature contrast between the
hot and cold gas phases. The temperature contrast is
set by the details of the atomic physics that determines
the cooling curve and is independent of magnetic fields
and cosmic rays. The constant �B = 4/3 describes how
magnetic pressure scales with gas density, PB / ⇢

�B , in
the flux-freezing limit of ideal MHD. This is similar to
the advection-only limit of cosmic ray transport. We
explore the application of the predicted density contrast
in Section 4.6 and in Appendix B.
The characteristic scale of cold gas clouds is predicted

to be set by the minimum of the product of the gas
sound speed and cooling time2, `cloudlet ⇠ min(cstcool)
(McCourt et al. 2018). Both the e↵ective sound speed
and the gas cooling time may be altered by non-thermal
pressure support.
In the presence of magnetic fields and cosmic rays,

the maximum wave speed is given by, c
2
max = c

2
s +

v2A + c
2
s,c, where cs =

p
(�Pg/⇢) is the thermal gas

sound speed, vA =
p

2PB/⇢ is the Alfvén velocity, and
cs,c =

p
�c,e↵Pc/⇢ is the cosmic ray sound speed. We

can rewrite the maximum wave speed as a function of
the ratios of magnetic and cosmic ray pressures to the
gas pressure, � and ⌘:

cmax = cs
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. (26)

Assuming that gas cooling follows a power law
(Eq. 16), the gas cooling time scales as:

tcool =
3
2⇢kBT� ⇢2

µmp

�
⇤0T

↵
/ ⇢

�1
T

1�↵
, (27)

2 The minimum value of cstcool is expected to happen around T ⇡
104.2K for a variety of gas pressures (Liang & Remming 2020).

where µ is the mean molecular weight and mp is the
proton mass. Since the temperature of cold gas is
set by the cooling curve and isn’t a↵ected by non-
thermal pressure, we expect non-thermal pressure to
only alter the density in the cooling time scaling relation.
Combining the expected expression for the cold cloud
size with Eqs. 26 and 27, we predict the non-thermal
pressure-supported cold gas cloud size, `⇤cloudlet, to scale
as:

`
⇤
cloudlet

`cloudlet
=

✓
⇢cold

⇢
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cold

◆✓
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�1
cold+
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, (28)

where ⇢
⇤
cold is the density of non-thermal pressure-

supported cold gas. In the limit of high cosmic ray
pressure (Eq. 25), the cold gas density is the same as the
hot gas density, ⇢⇤cold = ⇢hot, so the ratio ⇢cold/⇢

⇤
cold ⇡ ⇥

can be expressed in terms of the temperature contrast
between cold and hot phases. For a cosmic ray
pressure-dominated medium with ine�cient transport
(�c,e↵⌘cold � 1), we expect:

`
⇤
cloudlet,⌘�1

`cloudlet
⇡ ⇥

✓
�c,e↵

�
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. (29)

Following Eq. 29, we expect simulations with ⇥ = 20,
Pg,0 = 490K cm�3, ⌘cold = 100 to have cold cloud
sizes, `

⇤
cloudlet ⇡ 200 `cloudlet ⇡ 40 kpc, which is in

good agreement with the results discussed below (see
Section 4.2). In the real CGM, the temperature contrast
between hot and cold phases is closer to ⇥ = 100 and
the range of gas pressures Pg/kB ⇠ 1�103 Kcm�3 gives
predicted cold cloudlet sizes of `cloudlet ⇠ 1 � 1000 pc.
Therefore, in the limit of no cosmic ray transport in
a cosmic ray-pressure dominated halo, we expect cold
cloud sizes to be to ⇠ 1000 times larger than predicted
for cold gas in thermal pressure equilibrium. This
prediction is an upper limit for cold cloud sizes in a
cosmic ray pressure-dominated halo as realistic cosmic
ray transport will reduce �c,e↵ , thereby reducing the
predicted cold cloud increase.
In addition to altering cold gas density and cloud

size, cosmic ray pressure also contributes to hydrostatic
equilibrium and changes the e↵ective entropy profiles
of the gas. This could prevent cold gas clumps
from precipitating after they condense out of the hot
background medium. Additionally, if the cosmic ray
scale height is su�ciently large relative to the gas
scale height, Hc/Hg � 5/2, gas becomes convectively
unstable (Kempski & Quataert 2020). Our simulations
are initialized with constant ⌘, so Hc/Hg is always close
to 1.

3.2.2. Thermal Instability with Cosmic Ray Transport

In addition to advection, the cosmic ray fluid moves
relative to the gas via some transport mechanism.
Although there is no consensus as to which transport



In summary, accurate interpretations of CGM 
observations need to account for the presence of 
cosmic rays. 

12 Butsky et al.

Figure 5. The time evolution of the density fluctuation (h�⇢/⇢i; left), cold mass fraction (Mcold/Mtotal; middle), and cold mass flux

(Ṁcold/Ṁ↵ ; right) near the scale height (0.8H < z < 1.2H). All of the depicted simulations have tcool/t↵ = 0.3 and � = 100 but have

di↵erent initial values of Pc/Pg. Increased cosmic ray pressure decreases density fluctuation but has a modest e↵ect on the cold mass

fraction. Non-thermal cosmic ray pressure support counteracts gravity and lowers the cold mass flux towards the midplane. Simulations

with Pc � Pg have more cold gas near the scale height at late times.

Figure 6. The average density fluctuation (h�⇢/⇢i; left), cold mass fraction (Mcold/Mtotal; middle), and cold mass flux (Ṁcold/Ṁ↵ ;

right) as a function of the initial tcool/t↵ for simulations with � = 100 and varying initial ratios of Pc/Pg. The measurements are taken

between 0.8 and 1.2 H and averaged over all outputs between 4 and 6 tcool, which corresponds to the saturated phase of the thermal

instability (see Figure 5). Increased cosmic ray pressure decreases the gas density fluctuation. High cosmic ray pressures increase the

cold fraction in simulations with tcool/t↵ � 1 by preventing cold gas from precipitating towards the midplane. Cold gas does not form in

simulations with tcool/t↵ = 10.

the simulations pictured in Figure 4. The di↵erent
colored lines represent simulations with di↵erent initial
values of Pc/Pg. All simulations have an initial
tcool/t↵ = 0.3 and � = 100.
The density fluctuation decreases monotonically with

increased cosmic ray pressure. Remarkably, the cold
mass fraction remains relatively unchanged. Even in the
extreme case of Pc/Pg = 10, the cold mass fraction only
varies from the control run by a factor of 2-3, whereas
the density fluctuation measurement varies by a factor
of 50. At late times, runs with significant cosmic ray
pressure support have more cold gas mass near the scale
height since the cosmic ray pressure prevents it from
precipitating towards the midplane. Although the cold
mass fraction is relatively unchanged, the cold mass

flux decreases substantially with increased cosmic ray
pressure. Even a modest initial value of Pc/Pg = 0.01 is
enough to decrease the cold mass flux by a factor of ⇠ 2.
Since cosmic rays advect with the gas, cold gas clumps
end up having a larger ratio of Pc/Pg. This added non-
thermal pressure supports the cold gas against gravity.
Figure 6 compiles the average values of the density

fluctuation, cold mass fraction, and cold mass flux
measured between t = 4tcool and t = 6tcool as a
function of the simulation’s initial tcool/t↵ . Increasing
the cosmic ray pressure monotonically decreases the
measured density fluctuation for all initial values of
tcool/t↵ (left panel). As non-thermal cosmic ray pressure
increases, the gas is better able to cool isochorically,
decreasing the density contrast between the cold and
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Figure 6. Distributions of stellar mass versus normalized impact parameter (left) and color versus stellar mass (right) for the
combined sample: the RDR LRGs studied here, the COS-Halos sample, and the C18 sample of massive galaxies. The COS-Halos
sample is split by sSFR (those with log sSFR> �11 are marked as “star forming”). We use our results and the COS-Halos
results where they overlap the C18 sample. The contours are made using the NYU-VAGC (Blanton et al. 2005).

Figure 7. H I covering factor distributed by sample for
gas with logN(H I) � 16.0 as a function of normalized im-
pact parameter. The vertical error bars show the 68% con-
fidence interval for the covering factor. The horizontal er-
ror bars show the extent of each bin, while the location of
the data points represents the mean normalized impact pa-
rameter. Galaxies from the COS-Halos sample make up the
star-forming and quiescent samples (P17). We adopt their
characterization of galaxies with log sSFR > �11 as “star
forming.”

increase in mass between LRGs and clusters creates con-
ditions that disfavor strong H I. A similar result is found
in the COS-Clusters survey (Tejos et al. in prep.).

Figure 8. H I covering factor for ⇢  Rvir as a function
of limiting logN(H I) for the RDR LRGs and COS-Halos
galaxies. The shaded region shows the 68% confidence inter-
val for the distribution. The COS-Halos sample is split by
sSFR (log sSFR > �11 is “star forming”). The RDR LRGs
show a relative paucity of gas with 14.5  logN(H I)  16.0.

In these low-redshift clusters, sightlines passing
through the ICM do not exhibit strong H I absorption
(but see Muzahid et al. 2017). It may be that the phys-
ical properties of the ICM are preventing the formation
of cool, dense gas that would give rise to pLLSs and
LLSs (e.g., as discussed in Yoon & Putman 2013 and
Burchett et al. 2018), perhaps in an analogous manner to

for example, cosmic 
rays decrease cold gas 
density and increase 
cold cloud sizes

cosmic ray pressure 
can also decrease cold 
gas accretion rates


