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Star Formation Rate of MW

Current SFR: ~ 1 Msun/yr

Total gas mass: ~ 109 Msun

1. The gas should be depleted within ~ 1 Gyr !
2. Replenishment of gas is required.
3. Galactic halo (CGM) may be a dominant gas 

reservoir. 

258 Haywood: Galactic chemical evolution revisited

Fig. 2. Results from Snaith et al. (2014) Panel (a): [Si/Fe] vs age relation (black curve) as determined by
fitting a closed-box model to (inner disc) data from Adibekyan et al (2012) and Haywood et al. (2013; green
circles). Panel (b): The star formation history deduced from the fit in (a). Panel (c): Cumulative stellar
mass as a function of redshift for the MW from (b) compared to that of Milky Way-analog galaxies from
van Dokkum et al. (2013; black curve). Panel (d): [Si/Fe]-[Fe/H] chemical evolution track deduced from
the model. No fit is made. Tick marks indicate the age of the model. See Snaith et al. (2014) for details.

dial mixing in the sense defined by Sellwood
& Binney (2002). The present (lack of) ev-
idences have been discussed in Haywood et
al. (2013), and its worth summarizing them
here. Claims in favor of radial mixing are based
on the argument that, assuming a radial gradi-
ent of about -0.07dex/kpc, stars that are ⇠0.3
dex more metal-rich or metal-poor than the
mean solar vicinity metallicity (about -0.05
dex) must have come from farther distances
than 4kpc. If angular momentum conservation
is assumed, this would imply rotational veloc-
ities for migrating stars that are not seen on
solar vicinity stars. Therefore, it has been pro-
posed (Schönrich & Binney 2009) that some
mechanism as the one proposed by Sellwood
& Binney (2002) must be at work. There are
strong doubts that this reasonning is verified,
simply because stars that are 0.3 dex more
metal-poor or metal-rich than the solar vicinity

are massively present at just 2 kpc from the so-
lar orbit. If radial mixing was e↵ective across
the solar orbit, we would expect to see these
stars in important number, while they repre-
sent only a few percents at the solar vicinity.
The most recent data show that indeed, the lo-
cal (<2kpc) gradient is steep, with the mean
metallicity at R⇠10kpc being ⇠-0.3 dex, while
the APOGEE data show that the mean metal-
licity of the thin disk at R⇠7kpc is ⇠0.2 dex,
which implies in any case that the gradient is
steeper than ⇠ -0.12 dex/kpc. Note that a strong
gradient is in itself evidence against significant
mixing. The U dispersion measured on metal-
poor thin disk stars is of the order of 50km/s,
which is su�cient to ensure radial excursion
of the order of 2kpc, putting the solar vicinity
within reach of inner or outer disk stars of re-
quired metallicity during their radial epicycle
oscillation. Hence, as argued in Haywood et
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Circum-Galactic Medium (CGM)

galaxy evolution require efficient outflows to
explain observed galaxy masses and chemical
abundances and to account for metals observed
in the more diffuse IGM (8, 9). The CGM may
also reflect the theoretically predicted transition
from filamentary streams of cold gas that feed
low-mass galaxies to hot, quasi-static envelopes
that surround high-mass galaxies (10, 11). Both
outflow and accretion through the CGM may be
intimately connected to the observed dichotomy
between blue, star-forming, disk-dominated gal-
axies and red, passively evolving, elliptical galaxies
with little or no star formation (12). However, the
low density of the CGM makes it extremely dif-
ficult to probe directly; thus, models of its structure
and influences are typically constrained indirect-
ly by its effects on the visible portions of galaxies,
not usually by observations of the gas itself.

We have undertaken a large program with the
new Cosmic Origins Spectrograph (COS) aboard

the Hubble Space Telescope to directly map the
CGM by absorption-line spectroscopy, in which
a diffuse gas is detected by its absorption of
light from a background source. Our background
sources are ultraviolet-bright quasi-stellar objects
(QSOs), which are the luminous active nuclei of
galaxies lying far behind the galaxies of interest.
We focus on the ultraviolet 1032, 1038Å doublet of
O VI (O+5), the most accessible tracer of hot and/or
highly ionized gas at redshift z < 0.5. O VI has
been used to trace missing baryons in the IGM
(13–16), the association of metals with galaxies
(17–19), and coronal gas in theMilkyWayhalo (20).

The high sensitivity of COS enables a QSO
absorption-line survey of halos around galaxies
with a predetermined set of properties. We have
selected 42 sample galaxies (tables S1 and S2)
that span redshifts zgal = 0.10 to 0.36 and stellar
masses [log(M*/M◉)] = 9.5 to 11.5, where M* is
the galaxy stellar mass andM◉ is the mass of the

Sun. The QSO sightlines probe projected radial
distances to the galaxies (i.e., impact parameters)
of R = 14 to 155 kpc. We used the COS data to
measure the O VI column densities (NOVI in cm

−2),
line profiles, and velocities with respect to the
target galaxies (Fig. 1) (21). We measured the
precise redshift, star formation rate (SFR in M◉
year−1), and metallicity for each of our sample
galaxies by means of low-resolution spectrosco-
py from the Keck Observatory Low-Resolution
ImagingSpectrograph (LRIS) and theLasCampanas
Observatory Magellan Echellette (MagE) spec-
trograph (21, 22).

Our systematic sampling of galaxy properties
allows us to investigate the connection between
galaxies themselves and the CGM. The O VI de-
tections extend to R = 150 kpc away from the
targeted galaxies, but the whole sample shows no
obvious trend with radius R (Fig. 2). The strong
clustering of detections within T200 km s−1 of the

Observed Wavelength (Å)

3

Fig. 1. An illustration of our sampling technique anddata. (A) An SDSS composite
image of the field around the QSO J1016+4706 with two targeted galaxies,
labeled G1 and G2, which are both in the star-forming subsample. (B) The
complete COS count-rate spectrum (counts s−1) versus observed wavelength.
This QSO lies at redshift zQSO = 0.822 and has an observed far-ultraviolet

magnitude of 18.1. (C and D) The redshifted O VI 1032, 1038 Å doublet for
galaxies G1 (C) and G2 (D). (E and F) The full sample showing the locations of
all sightlines in position angle and impact parameter R with respect to the
targeted galaxies, for the star-forming (E) and passively evolving (F)
subsamples. The circles mark R = 50, 100, and 150 kpc.
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galaxy systemic velocities indicates a close phys-
ical and/or gravitational association.

CGM gas as traced by O VI reflects the un-
derlying bimodality of the general galaxy popu-
lation (12, 23). We found a correlation of NOVI

with specific star formation rate sSFR (≡SFR/M*)
(Fig. 3). For the 30 galaxies with sSFR ≥ 10−11

year−1, there were 27 detections with a typical
column density log NOVI = 14.5 (24) and a
high covering fraction fhit ≈ 0.8 to 1 maintained
all the way out to R = 150 kpc (Fig. 2). For the
12 galaxies in the passive subsample (sSFR ≤
10−11 year−1), there were only four detections with
lower typical NOVI than the star-forming sub-
sample (25). Accounting for the upper limits in
NOVI and sSFR, we can reject the null hypothesis
that there is no correlation between NOVI and
sSFR at >99.9% confidence for thewhole sample
and >98% for each of the 50-kpc annuli shown in
Fig. 1 (21). This effect remained even when we
controlled for stellar mass: AKolmogorov-Smirnov
test over log M* > 10.5, where the star-forming

and passive subsamples overlap, rejects at >99%
confidence the null hypothesis that they draw
from the same parent distribution of NOVI (fig.
S2). We therefore conclude that the basic dichot-
omy between star-forming (“blue-cloud”) and
passive (“red-sequence”) galaxies is strongly re-
flected in their gaseous halos, and that the CGM
out to at least 150 kpc either directly influences or
is directly affected by star formation.

O VI is a fragile ionization state that never
exceeds a fraction fOVI = 0.2 of the total oxygen
for the physical conditions of halo gas and is
frequently much less abundant (Fig. 4). Our ob-
servations imply a typical CGM oxygen mass
MO, for star-forming galaxies, of

MO ¼ 5pR2〈NOVI〉mO fhit
0:2
fOVI

! "

¼ 1:2" 107
0:2
fOVI

! "
M⊙ ð1Þ

where we have taken a typical mean column
density 〈NOVI〉= 1014.5 cm−2 andR = 150 kpc, and

the hit rate correction fhit computed separately
in three 50-kpc annuli (Figs. 1 and 2). This mass
of oxygen is strictly a lower limit because we
have scaled to the maximum fOVI = 0.2 (Fig. 4).
The corresponding total mass of circumgalactic
gas is

Mgas ¼ 177
Z⊙
Z

! "
MO

¼ 2" 109
Z⊙
Z

! "
0:2
fOVI

! "
M⊙ ð2Þ

where Z is the gas metallicity, and the solar
oxygen abundance is nO/nH = 5 × 10−4 (26).

Even for the most conservative ionization cor-
rection ( fOVI = 0.2), the OVI-traced CGM con-
tains a mass of metals and gas that is substantial
relative to other reservoirs of interstellar and cir-
cumgalactic gas. If our sample galaxies lie on the
mean trend of gas fraction for low-z galaxies
(27), they have interstellar medium (ISM) gas
masses of MISM = 5 × 109 to 10 × 109 M◉ and
contain M O

ISM = 2 × 107 to 10 × 107 M◉ of

A B

log (Mhalo/M  )Impact parameter [kpc]

Fig. 2. O VI association with galaxies. (A) O VI column density, NOVI, versus R
for the star-forming (blue) and passive (red) subsamples. Solid and open
symbols mark O VI detections and 3s upper limits, respectively. The
detections in the star-forming galaxies maintain log NOVI ≈ 14.5 to R ≈
150 kpc, the outer limit of our survey. (B) Component centroid velocities with

respect to galaxy systemic redshift for O VI detections, versus inferred dark-
matter halo mass. The range bars mark the full range of O VI absorption for
each system. The inset shows a histogram of the component velocities. The
dashed lines mark the mass-dependent escape velocity at R = 50, 100, and
150 kpc from outside to inside.

Fig. 3. O VI correlation
with galaxy properties.
(A) O VI column density
versus sSFR (≡ M*/SFR).
Star-forming galaxies
are divided frompassive-
ly evolving galaxies by
sSFR ≈ 10−11 year−1; our
detection limit is sSFR ≈
5× 10−12 year−1. (B) The
galaxy color-magnitude
diagram (sSFR versusM*)
for SDSS+GALEX galaxies
from (23).
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“Discovery” of hot, highly ionized 
medium around galaxies 
(Tumlinson+11, 17).

Ø OVI absorption line
à Tionized ~ 3 x 105 K, NOVI ~ 1014 cm-2

à Estimated total gas mass
~ 1010–1012 Msun



Circum-Galactic Medium (CGM)

Galactic disk
(~ 10 kpc)

Virial radius
(~300 kpc)

How much does CGM 

contain available gas?
An exchange of mass

can occur?

accretion outflow Ø The CGM contains hot, 

highly ionized gas with a 

mass of ~ 1010 – 1012 Msun !



CGM of Milky Way

AA50CH12-Putman-Video ARI 19 July 2012 13:54
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Figure 1
The distribution of HI (shaded clouds and plus symbols) and ionized high-velocity gas (circles and diamonds) on the sky with color denoting
the local-standard-of-rest (LSR) velocity of the detection. The HI map was created with LAB data by Westmeier (2007) by removing
the HI model of the Milky Way from Kalberla & Kerp (2009). The plus symbols represent the small HI compact high-velocity clouds
(CHVCs) detected with other datasets (de Heij, Braun & Burton 2002; Putman et al. 2002), open circles are the OVI absorption line
detections (Sembach et al. 2003), solid circles are the Si absorption line detections (Shull et al. 2009), and diamonds are the ionized
HVCs (IHVCS) at !15 kpc (Lehner & Howk 2011). Multiple colors for a symbol indicate multiple absorbers along the line of sight.
The positions of the major HI HVC complexes (with S to indicate the Smith cloud) and the Large Magellanic Cloud (LMC), Small
Magellanic Cloud (SMC), M31, and M33 galaxies are noted. The AC Shell appears in this map, but is considered an intermediate
velocity cloud.

Clouds of all sizes can be grouped into complexes of most likely related clouds on the basis of
their spatial and kinematic proximity as labeled in Figures 1 and 2. In the Southern Hemisphere,
the HVCs that dominate in sky coverage and mass are associated with the Magellanic System.
In particular, the complexes labeled MS and LA are the trailing Magellanic Stream and Leading
Arm, respectively (recent references include Putman et al. 1998, 2003b; Stanimirović et al. 2002,
2008; Putman 2004; Brüns et al. 2005; Westmeier & Koribalski 2008; Nidever et al. 2010). These
complexes were created from the interaction of the Large and Small Magellanic Clouds (LMC
and SMC) with each other and with the Milky Way. The MS is a long, continuous structure
with a well-defined velocity and column density gradient, whereas the LA is a collection of clouds
throughout the region leading the Magellanic Clouds. In the Northern Hemisphere there are a
number of complexes of similar spatial size, but Complex C is the largest. The best way to view
the HI component of the complexes at their approximate distances (see Section 2.2) is through
the three-dimensional Figure 3. In both hemispheres there are a number of small clouds called
compact HVCs (CHVCs), which have been claimed to be at large distance due to their size (<2◦ in
diameter) and relative isolation (Braun & Burton 1999; de Heij, Braun & Burton 2002). CHVCs
can largely be associated with known HVC complexes in position-velocity space as shown by
the plus symbols in Figures 1 and 2 and therefore unlikely to be at greater distance. Even the
ultracompact HVCs (!20 arcmin) have been shown to be related to HVC complexes (Saul et al.
2012). None of the CHVCs or HVC complexes have a clear association with stellar features in
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The distribution of HI (shaded clouds and plus symbols) and ionized high-velocity gas (circles and diamonds) on the sky with color denoting
the local-standard-of-rest (LSR) velocity of the detection. The HI map was created with LAB data by Westmeier (2007) by removing
the HI model of the Milky Way from Kalberla & Kerp (2009). The plus symbols represent the small HI compact high-velocity clouds
(CHVCs) detected with other datasets (de Heij, Braun & Burton 2002; Putman et al. 2002), open circles are the OVI absorption line
detections (Sembach et al. 2003), solid circles are the Si absorption line detections (Shull et al. 2009), and diamonds are the ionized
HVCs (IHVCS) at !15 kpc (Lehner & Howk 2011). Multiple colors for a symbol indicate multiple absorbers along the line of sight.
The positions of the major HI HVC complexes (with S to indicate the Smith cloud) and the Large Magellanic Cloud (LMC), Small
Magellanic Cloud (SMC), M31, and M33 galaxies are noted. The AC Shell appears in this map, but is considered an intermediate
velocity cloud.

Clouds of all sizes can be grouped into complexes of most likely related clouds on the basis of
their spatial and kinematic proximity as labeled in Figures 1 and 2. In the Southern Hemisphere,
the HVCs that dominate in sky coverage and mass are associated with the Magellanic System.
In particular, the complexes labeled MS and LA are the trailing Magellanic Stream and Leading
Arm, respectively (recent references include Putman et al. 1998, 2003b; Stanimirović et al. 2002,
2008; Putman 2004; Brüns et al. 2005; Westmeier & Koribalski 2008; Nidever et al. 2010). These
complexes were created from the interaction of the Large and Small Magellanic Clouds (LMC
and SMC) with each other and with the Milky Way. The MS is a long, continuous structure
with a well-defined velocity and column density gradient, whereas the LA is a collection of clouds
throughout the region leading the Magellanic Clouds. In the Northern Hemisphere there are a
number of complexes of similar spatial size, but Complex C is the largest. The best way to view
the HI component of the complexes at their approximate distances (see Section 2.2) is through
the three-dimensional Figure 3. In both hemispheres there are a number of small clouds called
compact HVCs (CHVCs), which have been claimed to be at large distance due to their size (<2◦ in
diameter) and relative isolation (Braun & Burton 1999; de Heij, Braun & Burton 2002). CHVCs
can largely be associated with known HVC complexes in position-velocity space as shown by
the plus symbols in Figures 1 and 2 and therefore unlikely to be at greater distance. Even the
ultracompact HVCs (!20 arcmin) have been shown to be related to HVC complexes (Saul et al.
2012). None of the CHVCs or HVC complexes have a clear association with stellar features in
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The OVI gas is also observed in MW. 

(Bregman & Lloyd-Davies 07; Miller & Bregman 13, 15; Faerman+ 
17, 19; Nakashima+18, etc…)

Putman+12



CGM of Milky Way
The Astrophysical Journal, 800:14 (19pp), 2015 February 10 Miller & Bregman

Figure 2. Same as Figure 1 but with our additional screening criteria applied to the observations (see Section 2.3). Note the emission line strengths tend to increase
from Galactic anticenter toward the Galactic center. These observations serve as our sample in our model fitting procedure.

is a subset of the objects in these catalogs based on either
direct or inferred X-ray brightness cuts. For example, for ROSAT
Bright Source Catalog objects we include sources with fluxes
>1 counts s−1, but for Principal Galaxy Catalog objects, which
do not have observed X-ray fluxes, we include sources with
sizes >10′. This does not create a completely uniform list of
different types of X-ray-emitting objects and their fluxes, but it
does provide a general list of objects that could contaminate the
O vii or O viii emission line measurement.

We also discard observations by hand that are known Galac-
tic X-ray features and that are not discarded by our automated
screening procedure outlined above. We remove any observa-
tions within !10◦ of the Galactic plane to reduce emission from
SNe in the Milky Way’s disk (Norman & Ikeuchi 1989; Joung
& Mac Low 2006; Hill et al. 2012). This region also contains
the largest H i columns that attenuate hot halo line emission,
thus making the de-absorbed emission line intensities more un-
certain. We also remove observations within |l| ! 22◦ and
|b| ! 55◦, or near the Fermi Bubbles (e.g., Su et al. 2010).
It is unclear how the bubbles have impacted the Milky Way’s
hot gas halo, but there are signatures of the bubbles in X-ray
spectra (Bland-Hawthorn & Cohen 2003; Kataoka et al. 2013).
The observations that pass through these regions will be part
of a separate study. Finally, we remove a cluster of observa-
tions near the Large Magellanic Cloud (LMC) and the Small
Magellanic Cloud.

After our additional screening criteria discussed above, we
are left with 649 of the 1003 observations from the flux-filtered
sample. Figure 2 shows the distribution of our screened sample
on the sky with the corresponding O vii and O viii emission
line strengths. Other than the Galactic plane and Fermi Bubble
regions, our screened sample has similar sky coverage compared

to the original all-sky samples. This sub-sample of observations
should contain minimal emission from sources other than the
LB and Milky Way hot halo and serves as our working sample
of observations in our model fitting procedure.

3. MODEL FITTING

Here we describe how we compare the emission line obser-
vations from Henley & Shelton (2012) with simulated line in-
tensities from a parametric density model for the Milky Way’s
hot gas halo. The goal of this work is to explore our model
parameter space and find the set of parameters that is most con-
sistent with the observations. This way we constrain the density
profile of the Milky Way’s hot gas halo with the same approach
as previous studies on O vii absorption lines (Miller & Bregman
2013).

3.1. Halo Density Model

We consider various forms of a spherical β-model to represent
the Milky Way’s hot gas halo density profile. We choose this
model because of its success in fitting X-ray surface brightness
profiles around early- (Forman et al. 1985; O’Sullivan et al.
2003) and late-type (Anderson & Bregman 2011; Dai et al.
2012) galaxies and to be consistent with previous work on the
Milky Way’s hot halo (Miller & Bregman 2013). The β-model
is defined as

n(r) = no(1 + (r/rc)2)−3β/2, (1)

where n◦ is the central density, rc is the core radius, and β defines
the slope of the profile at large radii. Typical values for β range
between 0.4 and 1.0 while typical core radii are "5 kpc.

5

Miller & Bregman 15

OVII & O VIII emission 

lines are also observed.



Problems of CGM

Ø Cooling time of OVI gas < 0.1 Gyr (e.g. Faerman+17, 19)

If the gas is really cooled, our galaxy would suffer a 

drastic mass accretion (like a galactic fountain flow).

Ø Metal transfer to the CGM

How the metals are transferred to a scale height of > 100 kpc? 
(Supernovae make a fountain flow with a scale height of ~ kpc, 
Shapiro & Field 76)
à Galactic wind may be required.



Circum-Galactic Medium (CGM)

Galactic disk
(~ 10 kpc)

Virial radius
(~300 kpc)

How much does CGM 

contain available gas?
An exchange of mass

can occur?

accretion outflow Ø The CGM contains hot, 

highly ionized gas with a 

mass of ~ 1010 – 1012 Msun !



Circum-Galactic Medium (CGM)

Galactic disk
(~ 10 kpc)

Virial radius
(~300 kpc)

How much does CGM 

contain available gas?
An exchange of mass

can occur?

accretion outflow Ø The CGM contains hot, 

highly ionized gas with a 

mass of ~ 1010 – 1012 Msun !

1. Observations suggest that the CGM contains a 

sufficient gas to maintain the Galactic star formation.

2. From the cooling time of gas, we expect an accretion 

flow of the CGM gas , but it is in conflict to the current 

picture of MW.

3. We should study what mechanisms control the mass 

exchange between the galactic disk and CGM.

As a first step, we study the Galactic wind properties.



analytic：
Only Z > 1 kpc considered
105 – 106 K gas at ~ 100 kpc scale due to the wave dissipation

Numerical：
Solve within a scale height of ~ kpc, simulation time is ~ 0.1 Gyr

Galactic Wind: Previous studies



Galactic Wind: Previous studies

analytic：
Only Z > 1 kpc considered
105 – 106 K gas at ~ 100 kpc scale due to the wave dissipation

Numerical：
Solve within a scale height of ~ kpc, simulation time is ~ 0.1 Gyr

We study the galactic wind 

with radiative cooling.



Standard Model (Breitschwerdt+91)

19
91
A&
A.
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24
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79
B

Model description：
The galactic fountain flow is driven 

at a scale height of several kpc.
The hot, tenuous gas is pushed by 

cosmic-rays, and eventually escaping 
as a galactic wind.

*Breitschwerdt+91 extended the pioneering 
work by Ipavich 75, and estimated that the mass 
loss rate due to the wind is  ~ 1 Msun/yr.
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B-field

flow
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Standard Model (Breitschwerdt+91)

B-field geometry

We follow this model 

description and B-field geometry.
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Basic equations: (MHD) + (cosmic-ray) + (Alfven wave excited by CRs)
*Contributions of mean B-field are vanished because we consider a flow along the 
mean field.

CR transport eq.

Wave energy eq. (Dewar 70)

Basic Equations
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=
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+
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)
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Wind Equation
(effective) Trans-sonic point: u2=C*2=VG2

Stational Out Flow Solution:

1. Initially, u2<C*2<VG2
2. Pass through the trans-sonic 

point at which u2=C*2=VG2
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Boundary Condition

10 kpc

1 kpc

We seek the wind solution by 

changing the initial velocity u0.
※ The CR diffusion is omitted for 
simplicity (κ = 0).
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Λ ∼ 0.1ΛCIE (233)

ρ0 = 1.67× 10−27 g cm−3

pg0 = 2.8× 10−13 dyne cm−2

pcr0 = 1.0× 10−13 dyne cm−2

pw0 = 4.0× 10−16 dyne cm−2

B0 = 10−6 G (234)



Adiabatic Wind
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Wave dissipation: Lw = 0
Radiative cooling: n2(Γ-Λ) = 0

The gas temperature is too low to exist OVI.

OVI absorption line
à Tionized ~ 3 x 105 K, NOVI ~ 1014 cm-2

Preliminary Preliminary



Effects of Wave dissipation 
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Wave dissipation: Lw = VA(dpcr/dz)
Radiative cooling: n2(Γ-Λ) = 0

The wave dissipation leads to a high temperature 
gas to allow existing of OVI.

OVI absorption line
à Tionized ~ 3 x 105 K, NOVI ~ 1014 cm-2

Preliminary Preliminary



Effects of radiative cooling

10-7
10-6
10-5
10-4
10-3
10-2
10-1
100
101

100 101 102
102

103

104

105

106

107

N
um
be
rD
en
sit
y
(1
0-
3
cm

-3
)

Te
m
pe
ra
tu
re
(K
)

z (kpc)

number density
temperature

100

101

102

103

100 101 102

V
el
oc
ity
(k
m
/s)

z (kpc)

u
C*
VG

Wave dissipation: Lw = VA(dpcr/dz)
Radiative cooling: n2(Γ-Λ) = (collisional ionization equilibrium)

If we consider the collisional ionization 
equilibrium cooling function, there is no wind 
solution.

No wind solution! No wind solution!

Preliminary Preliminary



On Radiative Cooling Function
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The wind is tenuous (~10-3 /cc) gas.

We should consider the 
photoionization and delayed 
recombination that may suppress 
the cooling rate.

We should explain the observed 
NOVI ~ 1014 cm-2 simultaneously. 
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ABSTRACT
Cooling functions of cosmic gas are a crucial ingredient for any study of gas dynamics and thermodynamics

in the interstellar and intergalactic medium. As such, they have been studied extensively in the past under the
assumption of collisional ionization equilibrium. However, for a wide range of applications, the local radiation
field introduces a non-negligible, often dominant, modification to the cooling and heating functions. In the most
general case, these modifications cannot be described in simple terms, and would require a detailed calculation
with a large set of chemical species using a radiative transfer code (the well-known code Cloudy, for example).
We show, however, that for a sufficiently general variation in the spectral shape and intensity of the incident
radiation field, the cooling and heating functions can be approximated as depending only on (1) the photo-
dissociation rate of molecular hydrogen, (2) the hydrogen photo-ionization rate, and (3) the photo-ionization
rate of O VIII; more complex and more accurate approximations also exist. Such dependence is easy to tabulate
and implement in cosmological or galactic-scale simulations, thus economically accounting for an important
but rarely-included factor in the evolution of cosmic gas. We also show a few examples where the radiation
environment has a large effect, the most spectacular of which is a quasar that suppresses gas cooling in its host
halo without any mechanical or non-radiative thermal feedback.
Subject headings: methods: numerical

1. INTRODUCTION

The ability of cosmic gas to radiate its internal energy (i.e.
radiative cooling) and to absorb energy from the incident radi-
ation field (radiative heating) is a primary distinction between
the gas and dark matter; radiative heating and cooling pro-
cesses are important in almost every study of gas dynamics
or thermodynamics in the interstellar and intergalactic media.
Because of this importance, cooling processes in the gas have
been investigated in numerous prior studies, appear as central
chapters in multiple textbooks, and are computed by several
publicly available codes.

However, while the physics of radiative cooling and heating
is well understood, the actual application of cooling and heat-
ing functions for studies of interstellar and intergalactic gas is
surprisingly incomplete. The classic “standard cooling func-
tion” (e.g. Cox & Tucker 1969; Raymond et al. 1976; Shull
& van Steenberg 1982; Gaetz & Salpeter 1983; Boehringer &
Hensler 1989; Sutherland & Dopita 1993; Landi & Landini
1999; Benjamin et al. 2001; Santoro & Shull 2006; Gnat &
Sternberg 2007; Smith et al. 2008) has indeed been computed
and tabulated quite precisely. However, the “standard cool-
ing function” is computed under the assumption of pure colli-
sional ionization equilibrium (CIE), which is not always valid
in the interstellar medium and is never valid in the intergalac-
tic medium (c.f. Wiersma et al. 2009). In many astrophysical
applications the incident radiation field introduces significant,
often dominant, modifications to the “standard cooling func-
tion”. On top of that, in some environments the assumption
of the photoionization equilibrium may not be sufficiently ac-
curate (Sutherland & Dopita 1993; Santoro & Shull 2006).

Such dependence can be illustrated by comparing the pure

1 Particle Astrophysics Center, Fermi National Accelerator Laboratory,
Batavia, IL 60510, USA; gnedin@fnal.gov

2 Department of Astronomy & Astrophysics, The University of Chicago,
Chicago, IL 60637 USA

3 Kavli Institute for Cosmological Physics and Enrico Fermi Institute, The
University of Chicago, Chicago, IL 60637 USA

FIG. 1.— Example of the importance of the incident radiation field on the
cooling functions: blue dashed and solid lines show the “standard cooling
function” for the metal-free and solar-metallicity gas respectively. Corre-
sponding red lines show the same cooling functions for the fully ionized gas.

CIE cooling function with the cooling function in fully ion-
ized gas, as shown in Figure 1 for both metal-free and solar-
metallicity4 gas. In the fully-ionized limit, where the only
cooling process in bremsstrahlung, the cooling function over
a wide range of temperatures differs from a pure CIE case by
more than two orders of magnitude!

Thus, the cooling function for photo-ionized gas depends
not only on the gas temperature, number density, and metallic-
ity, but also on the incident radiation field. There is, of course,
nothing new in that statement. The crucial role of the radia-
tion environment has always been understood by practition-
ers in the field. The challenge, however, is in economically
accounting for this dependence in full 3D numerical simula-
tions, where the cooling and heating functions are evaluated
billions or even trillions of times during a single simulation.

4 Throughout this paper, “solar metallicity” refers to the metallicity of the
gas in the solar neighborhood, Z ≈ 0.02, not the actual metallicity of the Sun.
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Effects of radiative cooling
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Wave dissipation: Lw = VA(dpcr/dz)
Radiative cooling: n2(Γ-Λ) = (collisional equilibrium)×0.1

If we suppress the cooling function by a tenth, 
there is wind solution.

Preliminary Preliminary
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Wave dissipation: Lw = VA(dpcr/dz)
Radiative cooling: n2(Γ-Λ) = (collisional equilibrium)×0.1

Λ ~ 0.1ΛCIE may be required.

Preliminary Preliminary
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ρ0 = 1.67× 10−27 g cm−3

pg0 = 2.8× 10−13 dyne cm−2

pcr0 = 1.0× 10−13 dyne cm−2

pw0 = 4.0× 10−16 dyne cm−2

B0 = 10−6 G (234)



On Radiative Cooling Function
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The cooling function corresponds
to the CIE case.

The more gas cools, the more 
cooling function increases.

Initial T



On Radiative Cooling Function
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The cooling function does not 
change at T ~ 106 K because of a 
lack of soft X-ray photons.

How many photons are required?

Initial T



On Radiative Cooling Function
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We require ~ 10-2 erg/s/cm2

photons to suppress the cooling
function.
→ supernovae?



On Radiative Cooling Function

-10

-8

-6

-4

-2

-8 -6 -4 -2 0 2 4

lo
g
�F

�
[e
rg
s-1
cm

-2
]

log � [keV]

ISM+BG
ISM+BG+brems

– 20 –

u′

u
=

A′

A

C∗
2 − VG

2

u2 − C∗2
(241)

C∗
2 ≡ Cg

2 +
MA + 1

MA + 1−D/VA
Ccr

2 + Cw
2 (242)

VG
2 ≡ A

A′

[
dΦ

dz
+

γg − 1

ρu
n2(Γ− Λ) +

1

2(u+ VA)

Lw

ρ

]
(243)

Cg
2 ≡ γgpg

ρ
(244)

Ccr
2 ≡

(
MA + 1/2

MA + 1

)2 γcrpcr
ρ

(245)

Cw
2 ≡ 3MA + 1

2(MA + 1)

pw
ρ

(246)

D ≡ 1

p′cr

1

A

d

dz

(
Aκp′cr

)
(247)

A(z) = A0

[
1 +

(
z

Z0

)2
]

(248)

dpg
dz

= Cg
2dρ

dz
+ (γg − 1)

n2(Γ− Λ)− Lw

u
(249)

dpcr
dz

=
MA + 1

MA + 1/2
Ccr

2dρ

dz
(250)

dpw
dz

= Cw
2dρ

dz
(251)

dρ

dz
= −ρ

(
A′

A
+

u′

u

)
(252)

LSN ∼ 1042 erg/s

Vdisk ∼ 2πRdisk
2Hdisk

νFν ∼ ηXLSN

Vdisk
Hdisk ! 10−4ηX erg/s/cm−2

(
Rdisk

10 kpc

)2( Hdisk

500 pc

)
(253)

The supernovae may not provide 
the required ionizing photons.

We are now studying other 
possibilities (other soft X-ray 
sources, effects of delayed 
recombination, etc…)



Summary

• Recent observations suggest that the CGM is main 

reservoir of gas.

• The mass exchange between the CGM and Galactic disk is 

invoked to maintain the star formation in MW.

• The Galactic wind may be responsible for the metal 

polluted gas of CGM with a scale height of 100 kpc.

• We must derive how the gas cooling function is 
suppressed by a tenth compared with the case of CIE.


