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This	

Talk

• Sources of Reionization	


• Growth of SMBHs	


• Extreme limits of galaxy formation



Strategy

• Develop simple analytic model of galaxies/ISM	


• Understand empirical scalings of molecular/
atomic/continuum emission	


• Gas: evolution of gas fraction	


• Dust/Metals: FIR, CO, CII	


• Understand dust enrichment: depleted? too much?
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Stellar to Halo Mass
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Figure 7. Left panel: evolution of the derived stellar mass as a function of halo mass. In each case, the lines show the mean values for central galaxies. These relations
also characterize the satellite galaxy population if the horizontal axis is interpreted as the halo mass at the time of accretion. Error bars include both systematic and
statistical uncertainties, calculated for a fixed cosmological model (see Section 4 for details). Right panel: evolution of the derived stellar mass fractions (M∗/Mh) as
a function of halo mass.
(A color version of this figure is available in the online journal.)

The rate of decrease depends again on the halo mass, with high
halo masses shutting off more rapidly than lower halo masses.
Cluster-scale (Mh ! 1014 M⊙) halos form most of their stars
rapidly, at early times, whereas galaxies in Magellanic Cloud-
scale halos (1011 M⊙) form stars over an extended period of
time (see also Section 5.4).

5.2. The Stellar Mass–Halo Mass Relation

We show constraints on SMHM relation from z = 0 to z = 8
in the left panel of Figure 7 and on the SMHM ratio in the right
panel. As seen in our previous work (Behroozi et al. 2010), there
is a strong peak in the stellar mass to halo mass ratio at around
1012 M⊙ to at least z ∼ 4 and a weaker peak still visible to
z ∼ 8. While the location of the peak appears to move to higher
masses with increasing redshift (consistent with Leauthaud et al.
2012), the abundance of massive halos is also falling off with
increasing redshift.

In terms of dwarf galaxies (Mh ∼ 1010 M⊙), we only have
constraints from observations at z = 0. These have been the
subject of recent interest due to the finding of higher-than-
expected stellar mass to halo mass ratios in dwarf galaxies
around the Milky Way (Boylan-Kolchin et al. 2012). However,
these expectations have been set largely by the assumption
that the stellar mass to halo mass ratio remains a scale-free
power law below 1011 M⊙. As seen in Figure 7, the low mass
power-law behavior is broken below 1011 M⊙, corresponding
with an upturn in the SMF below 108.5 M⊙ (Baldry et al. 2008;
this result has also been seen by A. Kravtsov, in preparation).
This underscores the danger of assuming that faint dwarfs obey
the same physical scaling relations as Magellanic-Cloud-scale
galaxies; moreover, it also is a strong argument against fitting
the SMHM relation with a double power law (see discussion in
Appendix D).

Concerning the range of allowed SMHM relations, the
observational systematics are large enough that our results
are marginally consistent with an unchanging SMHM relation
from z = 6 to z = 0. Nonetheless, the feature with strongest
significance is a gradual decrease in stellar mass in the median
1011 M⊙ halo from z = 0 to z = 2, followed by an increase again
for redshifts z > 6; also potentially indicated is an increase in
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Figure 8. Evolution of the derived stellar mass fractions (M∗(z)/Mh(z)) as a
function of halo mass at the present day. More massive halos used to have
a significantly larger fraction of mass in stars, but the peak star formation
efficiency has remained relatively constant to the present day.
(A color version of this figure is available in the online journal.)

stellar mass in the median Mh > 1013 M⊙ halo from z = 0 to
z = 2. The best-fit SMHM relations at z = 7 and z = 8 are
significantly different than at lower redshifts, with more stellar
mass per unit halo mass. However, concerns about the reliability
of the SMFs at those redshifts (see Section 3.1) urge caution in
interpreting the physical meaning of this result.

A useful perspective on these results can be obtained by
considering the historical stellar mass to halo mass ratio of halos,
as shown in Figure 8. Despite the large systematic uncertainties,
it is clear that halos go through markedly different phases of
star formation. This evolution is most apparent for massive
halos, as observations have been able to probe the properties
of the progenitor galaxies all the way to z = 8. Specifically,
high-redshift progenitors of today’s brightest cluster galaxies
(Mh ∼ 1014 M⊙ were relatively efficient in converting baryons
to stars—comparable to the most efficient galaxies today.
However, between redshifts 2–3, their efficiencies peaked, and
thereafter they began to form stars less rapidly than their host
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Figure 7. Left panel: evolution of the derived stellar mass as a function of halo mass. In each case, the lines show the mean values for central galaxies. These relations
also characterize the satellite galaxy population if the horizontal axis is interpreted as the halo mass at the time of accretion. Error bars include both systematic and
statistical uncertainties, calculated for a fixed cosmological model (see Section 4 for details). Right panel: evolution of the derived stellar mass fractions (M∗/Mh) as
a function of halo mass.
(A color version of this figure is available in the online journal.)

The rate of decrease depends again on the halo mass, with high
halo masses shutting off more rapidly than lower halo masses.
Cluster-scale (Mh ! 1014 M⊙) halos form most of their stars
rapidly, at early times, whereas galaxies in Magellanic Cloud-
scale halos (1011 M⊙) form stars over an extended period of
time (see also Section 5.4).

5.2. The Stellar Mass–Halo Mass Relation

We show constraints on SMHM relation from z = 0 to z = 8
in the left panel of Figure 7 and on the SMHM ratio in the right
panel. As seen in our previous work (Behroozi et al. 2010), there
is a strong peak in the stellar mass to halo mass ratio at around
1012 M⊙ to at least z ∼ 4 and a weaker peak still visible to
z ∼ 8. While the location of the peak appears to move to higher
masses with increasing redshift (consistent with Leauthaud et al.
2012), the abundance of massive halos is also falling off with
increasing redshift.

In terms of dwarf galaxies (Mh ∼ 1010 M⊙), we only have
constraints from observations at z = 0. These have been the
subject of recent interest due to the finding of higher-than-
expected stellar mass to halo mass ratios in dwarf galaxies
around the Milky Way (Boylan-Kolchin et al. 2012). However,
these expectations have been set largely by the assumption
that the stellar mass to halo mass ratio remains a scale-free
power law below 1011 M⊙. As seen in Figure 7, the low mass
power-law behavior is broken below 1011 M⊙, corresponding
with an upturn in the SMF below 108.5 M⊙ (Baldry et al. 2008;
this result has also been seen by A. Kravtsov, in preparation).
This underscores the danger of assuming that faint dwarfs obey
the same physical scaling relations as Magellanic-Cloud-scale
galaxies; moreover, it also is a strong argument against fitting
the SMHM relation with a double power law (see discussion in
Appendix D).

Concerning the range of allowed SMHM relations, the
observational systematics are large enough that our results
are marginally consistent with an unchanging SMHM relation
from z = 6 to z = 0. Nonetheless, the feature with strongest
significance is a gradual decrease in stellar mass in the median
1011 M⊙ halo from z = 0 to z = 2, followed by an increase again
for redshifts z > 6; also potentially indicated is an increase in
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stellar mass in the median Mh > 1013 M⊙ halo from z = 0 to
z = 2. The best-fit SMHM relations at z = 7 and z = 8 are
significantly different than at lower redshifts, with more stellar
mass per unit halo mass. However, concerns about the reliability
of the SMFs at those redshifts (see Section 3.1) urge caution in
interpreting the physical meaning of this result.

A useful perspective on these results can be obtained by
considering the historical stellar mass to halo mass ratio of halos,
as shown in Figure 8. Despite the large systematic uncertainties,
it is clear that halos go through markedly different phases of
star formation. This evolution is most apparent for massive
halos, as observations have been able to probe the properties
of the progenitor galaxies all the way to z = 8. Specifically,
high-redshift progenitors of today’s brightest cluster galaxies
(Mh ∼ 1014 M⊙ were relatively efficient in converting baryons
to stars—comparable to the most efficient galaxies today.
However, between redshifts 2–3, their efficiencies peaked, and
thereafter they began to form stars less rapidly than their host
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Figure 7. Left panel: evolution of the derived stellar mass as a function of halo mass. In each case, the lines show the mean values for central galaxies. These relations
also characterize the satellite galaxy population if the horizontal axis is interpreted as the halo mass at the time of accretion. Error bars include both systematic and
statistical uncertainties, calculated for a fixed cosmological model (see Section 4 for details). Right panel: evolution of the derived stellar mass fractions (M∗/Mh) as
a function of halo mass.
(A color version of this figure is available in the online journal.)

The rate of decrease depends again on the halo mass, with high
halo masses shutting off more rapidly than lower halo masses.
Cluster-scale (Mh ! 1014 M⊙) halos form most of their stars
rapidly, at early times, whereas galaxies in Magellanic Cloud-
scale halos (1011 M⊙) form stars over an extended period of
time (see also Section 5.4).

5.2. The Stellar Mass–Halo Mass Relation

We show constraints on SMHM relation from z = 0 to z = 8
in the left panel of Figure 7 and on the SMHM ratio in the right
panel. As seen in our previous work (Behroozi et al. 2010), there
is a strong peak in the stellar mass to halo mass ratio at around
1012 M⊙ to at least z ∼ 4 and a weaker peak still visible to
z ∼ 8. While the location of the peak appears to move to higher
masses with increasing redshift (consistent with Leauthaud et al.
2012), the abundance of massive halos is also falling off with
increasing redshift.

In terms of dwarf galaxies (Mh ∼ 1010 M⊙), we only have
constraints from observations at z = 0. These have been the
subject of recent interest due to the finding of higher-than-
expected stellar mass to halo mass ratios in dwarf galaxies
around the Milky Way (Boylan-Kolchin et al. 2012). However,
these expectations have been set largely by the assumption
that the stellar mass to halo mass ratio remains a scale-free
power law below 1011 M⊙. As seen in Figure 7, the low mass
power-law behavior is broken below 1011 M⊙, corresponding
with an upturn in the SMF below 108.5 M⊙ (Baldry et al. 2008;
this result has also been seen by A. Kravtsov, in preparation).
This underscores the danger of assuming that faint dwarfs obey
the same physical scaling relations as Magellanic-Cloud-scale
galaxies; moreover, it also is a strong argument against fitting
the SMHM relation with a double power law (see discussion in
Appendix D).

Concerning the range of allowed SMHM relations, the
observational systematics are large enough that our results
are marginally consistent with an unchanging SMHM relation
from z = 6 to z = 0. Nonetheless, the feature with strongest
significance is a gradual decrease in stellar mass in the median
1011 M⊙ halo from z = 0 to z = 2, followed by an increase again
for redshifts z > 6; also potentially indicated is an increase in
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Figure 8. Evolution of the derived stellar mass fractions (M∗(z)/Mh(z)) as a
function of halo mass at the present day. More massive halos used to have
a significantly larger fraction of mass in stars, but the peak star formation
efficiency has remained relatively constant to the present day.
(A color version of this figure is available in the online journal.)

stellar mass in the median Mh > 1013 M⊙ halo from z = 0 to
z = 2. The best-fit SMHM relations at z = 7 and z = 8 are
significantly different than at lower redshifts, with more stellar
mass per unit halo mass. However, concerns about the reliability
of the SMFs at those redshifts (see Section 3.1) urge caution in
interpreting the physical meaning of this result.

A useful perspective on these results can be obtained by
considering the historical stellar mass to halo mass ratio of halos,
as shown in Figure 8. Despite the large systematic uncertainties,
it is clear that halos go through markedly different phases of
star formation. This evolution is most apparent for massive
halos, as observations have been able to probe the properties
of the progenitor galaxies all the way to z = 8. Specifically,
high-redshift progenitors of today’s brightest cluster galaxies
(Mh ∼ 1014 M⊙ were relatively efficient in converting baryons
to stars—comparable to the most efficient galaxies today.
However, between redshifts 2–3, their efficiencies peaked, and
thereafter they began to form stars less rapidly than their host
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Figure 3: Three data sets showing the relationship between surface density of molecular gas ⌃H2 and surface density of star formation ⌃SFR. Lines
and axes are the same as in Figure 2. Blue pixels show the inner parts of galaxies in the local Universe, from Leroy et al. (2013); blue circles
with error bars show the median and scatter of this data set. (Note that this is an extended version of data set from Bigiel et al. (2008) shown in
blue in Figure 2.) Green pixels are the data of Bolatto et al. (2011) for the SMC, but with each pixel representing a 12 pc aperture; green squares
and circles are the same data set, but averaged over 200 pc and 1 kpc apertures instead. Red points are averages over azimuthal rings, with widths
from 220 � 1800 pc depending on the distance of the target, in nearby spiral galaxies from Schruba et al. (2011). The size of the symbol indicates
whether Schruba et al. classify the detection as strong or marginal. The inner disk and ring data sets are based on CO emission as a proxy for H2,
while the SMC data set uses dust emission as a proxy because, for reasons discussed in Section 3.1.2, CO is an unreliable tracer of molecular gas
in low-metallicity galaxies like the SMC.

ted – roughly 20% of Solar for the SMC (Bolatto et al.
2011), and likely between 1% and 10% of Solar for
DLAs and LBG outskirts1 (Prochaska et al. 2003; Rafel-
ski et al. 2012).

On the other hand, examining Figure 3, there is
no corresponding change in the relationship between
molecular gas and star formation in the SMC. The de-
pletion time for H2 is the same in the SMC as in other
galaxies. (We lack corresponding data on the H2 content
of the LBG outskirts.) Interestingly, the fixed depletion
time is seen only if one consider the H2, and not the CO.

1It is important here that the regions being measured are the out-
skirts of LBGs, not the central star-forming disks, which likely have
higher metallicities.

In low-metallicity galaxies like the SMC, there are large
regions of H2 without any CO (for reasons I discuss in
Section 3.1), and in this case one obtains a constant de-
pletion time only if one considers all the H2, not just the
H2 where CO is also present (Krumholz et al. 2011b;
Bolatto et al. 2011). This strongly suggests that the cor-
relation between star formation and H2 is the fundamen-
tal one.

Depletion Times and Star Formation E�ciency. The
next thing to consider about the observed star
formation-gas correlation, beyond its dependence on
phase, is the quantitative value of the depletion time.
Figure 3 shows that, averaged over scales of ⇠ 1 kpc or
more, the observed depletion time of molecular gas in
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Figure 7. Left panel: evolution of the derived stellar mass as a function of halo mass. In each case, the lines show the mean values for central galaxies. These relations
also characterize the satellite galaxy population if the horizontal axis is interpreted as the halo mass at the time of accretion. Error bars include both systematic and
statistical uncertainties, calculated for a fixed cosmological model (see Section 4 for details). Right panel: evolution of the derived stellar mass fractions (M∗/Mh) as
a function of halo mass.
(A color version of this figure is available in the online journal.)

The rate of decrease depends again on the halo mass, with high
halo masses shutting off more rapidly than lower halo masses.
Cluster-scale (Mh ! 1014 M⊙) halos form most of their stars
rapidly, at early times, whereas galaxies in Magellanic Cloud-
scale halos (1011 M⊙) form stars over an extended period of
time (see also Section 5.4).

5.2. The Stellar Mass–Halo Mass Relation

We show constraints on SMHM relation from z = 0 to z = 8
in the left panel of Figure 7 and on the SMHM ratio in the right
panel. As seen in our previous work (Behroozi et al. 2010), there
is a strong peak in the stellar mass to halo mass ratio at around
1012 M⊙ to at least z ∼ 4 and a weaker peak still visible to
z ∼ 8. While the location of the peak appears to move to higher
masses with increasing redshift (consistent with Leauthaud et al.
2012), the abundance of massive halos is also falling off with
increasing redshift.

In terms of dwarf galaxies (Mh ∼ 1010 M⊙), we only have
constraints from observations at z = 0. These have been the
subject of recent interest due to the finding of higher-than-
expected stellar mass to halo mass ratios in dwarf galaxies
around the Milky Way (Boylan-Kolchin et al. 2012). However,
these expectations have been set largely by the assumption
that the stellar mass to halo mass ratio remains a scale-free
power law below 1011 M⊙. As seen in Figure 7, the low mass
power-law behavior is broken below 1011 M⊙, corresponding
with an upturn in the SMF below 108.5 M⊙ (Baldry et al. 2008;
this result has also been seen by A. Kravtsov, in preparation).
This underscores the danger of assuming that faint dwarfs obey
the same physical scaling relations as Magellanic-Cloud-scale
galaxies; moreover, it also is a strong argument against fitting
the SMHM relation with a double power law (see discussion in
Appendix D).

Concerning the range of allowed SMHM relations, the
observational systematics are large enough that our results
are marginally consistent with an unchanging SMHM relation
from z = 6 to z = 0. Nonetheless, the feature with strongest
significance is a gradual decrease in stellar mass in the median
1011 M⊙ halo from z = 0 to z = 2, followed by an increase again
for redshifts z > 6; also potentially indicated is an increase in
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stellar mass in the median Mh > 1013 M⊙ halo from z = 0 to
z = 2. The best-fit SMHM relations at z = 7 and z = 8 are
significantly different than at lower redshifts, with more stellar
mass per unit halo mass. However, concerns about the reliability
of the SMFs at those redshifts (see Section 3.1) urge caution in
interpreting the physical meaning of this result.

A useful perspective on these results can be obtained by
considering the historical stellar mass to halo mass ratio of halos,
as shown in Figure 8. Despite the large systematic uncertainties,
it is clear that halos go through markedly different phases of
star formation. This evolution is most apparent for massive
halos, as observations have been able to probe the properties
of the progenitor galaxies all the way to z = 8. Specifically,
high-redshift progenitors of today’s brightest cluster galaxies
(Mh ∼ 1014 M⊙ were relatively efficient in converting baryons
to stars—comparable to the most efficient galaxies today.
However, between redshifts 2–3, their efficiencies peaked, and
thereafter they began to form stars less rapidly than their host
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Star formation is the ultimate origin of the heating pro-
cesses most important to setting the gas and dust tem-
peratures, whether through cosmic rays or dust heating
(and subsequent transfer to the gas) (Krumholz 2014).
The normalized radiation field can be estimated as
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where G0 ⇡ 1.6 ⇥ 10�3 erg/s/cm2 is the local galactic
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where ✏ is an e�ciency factor specifying how much stel-
lar energy is converted into energy and transferred to
the gas and ✏ ⇡ 10�3 for a large range of metallicities
and IMFs. The extra 17K component is consistent with
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which is independent of redshift when ⌦m(z) ⇡ 1 at high
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2.1. Optical Depth

The optical depth to dust in the FIR is given by
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Fig. 1.— Relationship between [CII] luminosity and 2mm flux
in HFLS3.

limeter galaxy HFLS3 (Riechers et al. 2013) have [CII]
luminosities of 8.8, 26, and 16⇥ 109 L�, respectively.
If 2.12/AV ⌧ 1 and fH

2

⇡ 1, then 1�fCO ⇡ 2.12/AV .
That leaves F⌫

obs

/ Z 0 R0
dm, while L[CII] / 1/R0

dm. In
this limit, we can solve for the dust and metal content
of HFLS3, which has L[CII] = (1.6± 0.36)⇥ 1010 L� and
F⌫

obs

(2mm) = (2.93± 0.37)mJy. We find R0
dm ⇡ (2.8±

0.7) ⇥ 10�2 and Z 0 ⇡ 12 ± 3. For these values, we are
still in both the 2.12/AV ⌧ 1 and 1� fH

2

⌧ 1 limits.

3. SDSS J1148+5251

Based on a strict abundance-matching calculation and
ignoring dusty cycle gives a halo mass of ⇠ 3⇥ 1012 M�.
The star formation rate is around 3300M�/yr. The

[CII] luminosity is 2.6⇥ 1010 L� and extends to 4.93 kpc
(Riechers et al. 2009).
The dynamical mass is extremely uncertain due to the

unknown inclination: Mdyn sin2 i ⇠ 4.5⇥ 1010 M�.
The metallicity is uncertain but is roughly constrained

by measurements in the broad (high metallicity) and nar-
row (low metallicity) line regions: Z 0 ⇠ 1–7. Of course,
this assumes that the metallicity tracers are right, and
that’s not likely.
The ISM mass is also uncertain. The amount of molec-

ular gas is estimated to be 1.6 ⇥ 1010 M� extending
to ⇠ 2.5 kpc based on CO(3–2) measurements, assum-
ing “constant brightness in the CO(3–2) and CO(1–0)

transitions” and ↵CO = 0.8M�/(K km s�1 pc�2) (Wal-
ter et al. 2004). This implies a CO(1–0) luminosity of
2⇥1010 Kkms�1 pc�2. The assumed CO(3–2)/CO(1–0)
is consistent with the CO SLED model of Narayanan &
Krumholz (2014) for reasonable values of the star for-
mation rate surface density. The value of ↵CO, on the
other hand, is too large. The value has been appropri-
ately corrected for the increased surface density of the
system but not for the metallicity. Using the Narayanan
et al. (2012) model for XCO and assuming a metallic-
ity of Z 0 = 2 (7) and R0

dm = 1, we get a molecular
mass of ⇡ 9.4 (4.1) ⇥ 109 M�. Alternatively, since Z 0

in Narayanan et al. (2012) actually refers to Z 0 R0
dm,

if Z 0 and R0
dm = 1/30, then the molecular mass is

⇡ 3.9⇥ 1010 M�. The mass goes down roughly as

4. GAS FRACTION

Balance the accretion rate with winds and star forma-
tion in the limit of large mass-loading:

SFR / Mhalo (1 + z)2.5

��↵
/ Mhalo

1+↵/3 (1 + z)5/2+↵/2.

(25)
Combine this with the K-S relation:
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to get

Mg

Mhalo
/ Mhalo

(1+↵��)/3 � (1 + z)(9+↵�4 �)/2 � . (27)

For energy-driven or momentum-driven mass-loading,
↵ = 2 or 1, respectively. Moreover, the � = 2 in the
K-S relation for self-regulated feedback but potentially
� = 1 based on observations where the star formation
scales linearly with molecular gas. Let’s parameterize
the final scalings as Mg/Mhalo ⌘ fg / Mhalo

⌫
m (1 + z)⌫z .

TABLE 1

Gas Fraction Scalings

↵ � ⌫m ⌫z
0 1 0 2.5
0 2 -1/6 0.25
1 1 1/3 3
1 2 0 1/2
2 1 2/3 3.5
2 2 1/6 0.75

We can additionally use the stellar mass to halo mass
relation from Behroozi et al. (2013) to get the stellar mass
as a function of halo mass and redshift and plot the gas
fraction Mgas/M? in Figure 2. We can compare this with
results alternatively assuming energy-driven winds (from
AREPO) and a KS-relation with ⌃̇? / ⌃2

g.
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Fig. 1.— Relationship between [CII] luminosity and 2mm flux
in HFLS3.

excited state to the number in the ground state satu-
rates at 2/3 giving a luminosity of 0.7 ⇥ 109 L�. For
comparison, the quasars J2310+1855 (Wang et al. 2013)
and J1148+5251 (Riechers et al. 2009) and the submil-
limeter galaxy HFLS3 (Riechers et al. 2013) have [CII]
luminosities of 8.8, 26, and 16⇥ 109 L�, respectively.
If 2.12/AV ⌧ 1 and fH

2

⇡ 1, then 1�fCO ⇡ 2.12/AV .
That leaves F⌫

obs

/ Z 0 R0
dm, while L[CII] / 1/R0

dm. In
this limit, we can solve for the dust and metal content
of HFLS3, which has L[CII] = (1.6± 0.36)⇥ 1010 L� and
F⌫

obs

(2mm) = (2.93± 0.37)mJy. We find R0
dm ⇡ (2.8±

0.7) ⇥ 10�2 and Z 0 ⇡ 12 ± 3. For these values, we are
still in both the 2.12/AV ⌧ 1 and 1� fH

2

⌧ 1 limits.

3. SDSS J1148+5251

Based on a strict abundance-matching calculation and
ignoring dusty cycle gives a halo mass of ⇠ 3⇥ 1012 M�.
The star formation rate is around 3300M�/yr. The

[CII] luminosity is 2.6⇥ 1010 L� and extends to 4.93 kpc
(Riechers et al. 2009).
The dynamical mass is extremely uncertain due to the

unknown inclination: Mdyn sin2 i ⇠ 4.5⇥ 1010 M�.
The metallicity is uncertain but is roughly constrained

by measurements in the broad (high metallicity) and nar-
row (low metallicity) line regions: Z 0 ⇠ 1–7. Of course,
this assumes that the metallicity tracers are right, and
that’s not likely.
The ISM mass is also uncertain. The amount of molec-

ular gas is estimated to be 1.6 ⇥ 1010 M� extending

to ⇠ 2.5 kpc based on CO(3–2) measurements, assum-
ing “constant brightness in the CO(3–2) and CO(1–0)
transitions” and ↵CO = 0.8M�/(K km s�1 pc�2) (Wal-
ter et al. 2004). This implies a CO(1–0) luminosity of
2⇥1010 Kkms�1 pc�2. The assumed CO(3–2)/CO(1–0)
is consistent with the CO SLED model of Narayanan &
Krumholz (2014) for reasonable values of the star for-
mation rate surface density. The value of ↵CO, on the
other hand, is too large. The value has been appropri-
ately corrected for the increased surface density of the
system but not for the metallicity. Using the Narayanan
et al. (2012) model for XCO and assuming a metallic-
ity of Z 0 = 2 (7) and R0

dm = 1, we get a molecular
mass of ⇡ 9.4 (4.1) ⇥ 109 M�. Alternatively, since Z 0

in Narayanan et al. (2012) actually refers to Z 0 R0
dm,

if Z 0 and R0
dm = 1/30, then the molecular mass is

⇡ 3.9⇥ 1010 M�. The mass goes down roughly as

4. GAS FRACTION

Balance the accretion rate with winds and star forma-
tion in the limit of large mass-loading:

SFR / Mhalo (1 + z)2.5

��↵
/ Mhalo

1+↵/3 (1 + z)5/2+↵/2.

(26)
Combine this with the K-S relation:

SFR /
M�

g

r2 ��2
/ M�

g Mhalo
�(2 ��2)/3 (1 + z)2 ��2 (27)

to get

Mg

Mhalo
/ Mhalo

(1+↵��)/3 � (1 + z)(9+↵�4 �)/2 � . (28)

For energy-driven or momentum-driven mass-loading,
↵ = 2 or 1, respectively. Moreover, the � = 2 in the
K-S relation for self-regulated feedback but potentially
� = 1 based on observations where the star formation
scales linearly with molecular gas. Let’s parameterize
the final scalings as Mg/Mhalo ⌘ fg / Mhalo

⌫
m (1 + z)⌫z .

TABLE 1

Gas Fraction Scalings

↵ � ⌫m ⌫z
0 1 0 2.5
1 1 1/3 3
2 1 2/3 3.5
0 2 -1/6 0.25
1 2 0 0.5
2 2 1/6 0.75

We can additionally use the stellar mass to halo mass
relation from Behroozi et al. (2013) to get the stellar mass
as a function of halo mass and redshift and plot the gas
fraction Mgas/M? in Figure 2. We can compare this with
results alternatively assuming energy-driven winds (from
AREPO) and a KS-relation with ⌃̇? / ⌃2

g.
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Star formation is the ultimate origin of the heating pro-
cesses most important to setting the gas and dust tem-
peratures, whether through cosmic rays or dust heating
(and subsequent transfer to the gas) (Krumholz 2014).
The normalized radiation field can be estimated as

G0 =
✏ ⌃̇? c2

2G0

⇡ 1900
⇣ ✏

10�3

⌘  ⌃̇?

M�/yr/kpc
2

!
,

(9)

where G0 ⇡ 1.6 ⇥ 10�3 erg/s/cm2 is the local galactic
radiation field. Assuming the gas-dust combination is
optically thick to starlight, either though dust absorption
or photo-ionizations in the gas, we can estimate the gas
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where ✏ is an e�ciency factor specifying how much stel-
lar energy is converted into energy and transferred to
the gas and ✏ ⇡ 10�3 for a large range of metallicities
and IMFs. The extra 17K component is consistent with
the semi-analytic model of Obreschkow et al. (2009) and
dominates at z = 0 but becomes unimportant at high-z.
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From (Muñoz & Furlanetto 2013), the mass of an
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which is independent of redshift when ⌦m(z) ⇡ 1 at high
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2.1. Optical Depth

The optical depth to dust in the FIR is given by
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Fig. 1.— Relationship between [CII] luminosity and 2mm flux
in HFLS3.

limeter galaxy HFLS3 (Riechers et al. 2013) have [CII]
luminosities of 8.8, 26, and 16⇥ 109 L�, respectively.
If 2.12/AV ⌧ 1 and fH

2

⇡ 1, then 1�fCO ⇡ 2.12/AV .
That leaves F⌫

obs

/ Z 0 R0
dm, while L[CII] / 1/R0

dm. In
this limit, we can solve for the dust and metal content
of HFLS3, which has L[CII] = (1.6± 0.36)⇥ 1010 L� and
F⌫

obs

(2mm) = (2.93± 0.37)mJy. We find R0
dm ⇡ (2.8±

0.7) ⇥ 10�2 and Z 0 ⇡ 12 ± 3. For these values, we are
still in both the 2.12/AV ⌧ 1 and 1� fH

2

⌧ 1 limits.

3. SDSS J1148+5251

Based on a strict abundance-matching calculation and
ignoring dusty cycle gives a halo mass of ⇠ 3⇥ 1012 M�.
The star formation rate is around 3300M�/yr. The

[CII] luminosity is 2.6⇥ 1010 L� and extends to 4.93 kpc
(Riechers et al. 2009).
The dynamical mass is extremely uncertain due to the

unknown inclination: Mdyn sin2 i ⇠ 4.5⇥ 1010 M�.
The metallicity is uncertain but is roughly constrained

by measurements in the broad (high metallicity) and nar-
row (low metallicity) line regions: Z 0 ⇠ 1–7. Of course,
this assumes that the metallicity tracers are right, and
that’s not likely.
The ISM mass is also uncertain. The amount of molec-

ular gas is estimated to be 1.6 ⇥ 1010 M� extending
to ⇠ 2.5 kpc based on CO(3–2) measurements, assum-
ing “constant brightness in the CO(3–2) and CO(1–0)

transitions” and ↵CO = 0.8M�/(K km s�1 pc�2) (Wal-
ter et al. 2004). This implies a CO(1–0) luminosity of
2⇥1010 Kkms�1 pc�2. The assumed CO(3–2)/CO(1–0)
is consistent with the CO SLED model of Narayanan &
Krumholz (2014) for reasonable values of the star for-
mation rate surface density. The value of ↵CO, on the
other hand, is too large. The value has been appropri-
ately corrected for the increased surface density of the
system but not for the metallicity. Using the Narayanan
et al. (2012) model for XCO and assuming a metallic-
ity of Z 0 = 2 (7) and R0

dm = 1, we get a molecular
mass of ⇡ 9.4 (4.1) ⇥ 109 M�. Alternatively, since Z 0

in Narayanan et al. (2012) actually refers to Z 0 R0
dm,

if Z 0 and R0
dm = 1/30, then the molecular mass is

⇡ 3.9⇥ 1010 M�. The mass goes down roughly as

4. GAS FRACTION

Balance the accretion rate with winds and star forma-
tion in the limit of large mass-loading:

SFR / Mhalo (1 + z)2.5

��↵
/ Mhalo

1+↵/3 (1 + z)5/2+↵/2.

(25)
Combine this with the K-S relation:
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to get
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(1+↵��)/3 � (1 + z)(9+↵�4 �)/2 � . (27)

For energy-driven or momentum-driven mass-loading,
↵ = 2 or 1, respectively. Moreover, the � = 2 in the
K-S relation for self-regulated feedback but potentially
� = 1 based on observations where the star formation
scales linearly with molecular gas. Let’s parameterize
the final scalings as Mg/Mhalo ⌘ fg / Mhalo

⌫
m (1 + z)⌫z .

TABLE 1

Gas Fraction Scalings

↵ � ⌫m ⌫z
0 1 0 2.5
0 2 -1/6 0.25
1 1 1/3 3
1 2 0 1/2
2 1 2/3 3.5
2 2 1/6 0.75

We can additionally use the stellar mass to halo mass
relation from Behroozi et al. (2013) to get the stellar mass
as a function of halo mass and redshift and plot the gas
fraction Mgas/M? in Figure 2. We can compare this with
results alternatively assuming energy-driven winds (from
AREPO) and a KS-relation with ⌃̇? / ⌃2

g.
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Gas→Dust

Valiante et al. (2011)

Dust in SDSS J1148+5251 1927

Figure 7. The ISM chemical evolution for the quasar J1148 host galaxy in different models. The lines show the redshift evolution of the average mass of
gas, stars, metals and dust. Upper panels: low-f ∗ models Q1 (left-hand panel) and B1 (right-hand panel); middle panels: intermediate-f ∗ models Q2 (left-hand
panel) and B2 (right-hand panel); lower panels: high-f ∗ models Q3 (left-hand panel) and B3 (right-hand panel). In all panels, the solid lines represent the
average over 50 merger tree realizations and the shaded regions are the 1σ dispersion. The arrow is the lower limit to the gas mass inferred by observations. The
circle indicates the final stellar mass with error bars accounting for the uncertainties on the estimates of the dynamical mass. The triangle shows the expected
average dust mass with error bars accounting for the range of values given in the literature (see Table 1). Finally, the filled rectangle represents the estimated
metallicity (see text).
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2.2. FIR Flux
If the dust in the gas is optically thin, then the total

flux is a sum over the flux from each grain:

F⌫
obs

=
X

grains

⇡ B⌫
em

(T )
r2
grain

D2
L

(1 + z), (18)

where DL is the luminosity distance, B⌫
em

(T ) is the
Planck function, rgrain is the grain radius, and the fac-
tor of (1 + z) is due to the expansion of the band-
width. The total cross-section of grains can be written
as Ngrains (⇡ r2

grain) =  Mg. Substituting and taking the
Rayleigh-Jeans limit gives

F⌫
obs

=
(1 + z)  B⌫

em

(T )Mg

D2
L

= 2
(1 + z)  k T Mg

�2
em D2

L

F⌫
obs

⇡ 4 mJy Z 0 R0
dm

✓
Td

55 K

◆ ✓
�obs

2 mm

◆�4 ✓1 + z

7.34

◆5

⇥
✓

Mgas

1011 M�

◆ ✓
DL

63 Gpc

◆�2

(19)

Observationally, the flux of HFLS3 shows a dependence
on wavelength of roughly ��4, which means we are close
to the optically thin, R-J limit. The flux of HFLS3 at
2 mm is about 3 mJy, close to our estimate.

2.3. CII Flux
Taken partially from Muñoz & Furlanetto (2013) and

Muñoz & Furlanetto (2014):
Let us assume that the host galaxies of the brightest

z = 6 quasars and SMGs live in 1013 M� halos, that the
cold gas in the galactic disk comprises 10% of the halo’s
baryons, just over 1011 M� worth, all of which has a tem-
perature of 50K. The carbon in some fraction, f̄CO, of
this gas is in the form of CO, while the rest is dissociated
into CII. The galactic disk, which extends out to 5%/

p
2

of the halo virial radius, is about 3.5 kpc in this halo.
The average surface density of the disk is, thus, a few
thousand solar masses per square parsec (4000M�/pc2

for a cosmic baryon fraction of fb = 0.16) and, given the
redshift dependence of the halo virial radius, is expected
to scale as (1 + z)2 for fixed mass. This is well above
the typical surface density of 85 M�/pc2 observed in lo-
cal clouds, so we assume that clouds in this galaxy have
surface densities of order this higher value (Krumholz
et al. 2009). For a clumping factor of c = 5, the chemical
equilibrium calculation of Krumholz et al. (2009) pre-
dicts that such dense gas should be fully molecular un-
less the metallicity is below about 0.05% of solar (below
the threshold at which the equilibrium approximations
in the model holds).

In the code, I’ll use the following version of the
Krumholz equation:

fH
2

⇡ 1� 3
4

s

1 + 0.25 s
(20)

for s < 2 and fH
2

= 0 for s � 2, where s = ln(1 +
0.5 � + 0.01 �2)/(0.6 ⌧c), � = 0.76 (1 + 3.1 Z 0

d
0.365), and

⌧c = 0.066 Z 0
d ⌃cloud/(M� pc�2). Z 0

d = Z 0 R0
dm, Z 0 is the

metallicity in solar units, and R0
dm is the dust-to-metals

ratio in units of the Milky Way value. We should double
check that the metallicity in this equation is intended to
be Z 0

d everywhere (even though only Z 0) is ever used.
We then use the Wolfire et al. (2010) model of cloud

photo-dissociated regions (PDRs) to calculate the frac-
tion, fCO/fH

2

, of molecular mass in which carbon is
in the form of CO rather than dissociated CII, where
fCO  fH

2

. CO in the clouds is shielded from the ex-
ternal dissociating radiation field, G0, by turbulently-
generated inhomogeneities that follow a log-normal dis-
tribution. Though I use the full equation in the actual
calculation, we can approximate the ratio fCO/fH

2

by

ln
✓

fCO

fH
2

◆
=
�2.12
AV

, (21)

where the visual extinction is

AV =
Ncl Z 0 R0

dm

1.9⇥ 1021 cm�2

⇡ 170 Z 0 R0
dm

✓
⌃g

2600 M� pc�2

◆
,

(22)

Z 0 = Z/Z� is the metallicity in solar units, and we have
added a scaling factor with the dust-to-metals ratio.

G0 = 0.5 ✏ ⌃̇? c2/(1.6 ⇥ 10�3 erg/s/cm2) ⇡ 1.4 ⇥ 105.
The cloud mass at the disk edge is 7⇥105 M�, the cloud
radius is 30 pc, and the mean cloud number density is
180 cm�3. With a turbulent Mach number of 2000, the
median density is 3⇥ 105 cm�3. Therefore, we have kept
the only relevant bracketed term in the formula for fCO.

At solar metallicity, the visual extinction through one
of these clouds is about 200, and thus, approximately
99% all of carbon gas is in the form of CO—su�ciently
shielded against dissociation—according to the PDR
model of Wolfire et al. (2010, Eq. 21). 50% of the car-
bon is dissociated if the metallicity is approximately 1%
of solar.

The maximum amount of [CII] emission is produced if
the line is thermalized and optically thin. In this opti-
mistic case, the luminosity can be calculated simply by

L[CII] =
�
1� f̄CO

�
Mgas C/H

mp

4 e�h
p

⌫
[CII]

/k
b

T̄

2 + 4 e�h
p

⌫
[CII]

/k
b

T̄
A[CII] hp ⌫[CII]

⇡ 3.6⇥ 108 L� Z 0
✓

1� fCO

0.01

◆ ✓
Mgas

1011 M�

◆

⇥
 

0.5 eh
p

⌫
[CII]

/k
b

T̄ + 1
3.6

!�1

(23)

where A[CII] = 2.3 ⇥ 10�6 s�1, ⌫[CII] = 1900.5 GHz,
mp is the proton mass, and hp is the Planck constant.
We assume, moreover, that the carbon abundance is
C/H = 1.5⇥10�4 Z 0. Then, a CO fraction of f̄CO = 0.99
gives a luminosity of about 0.3 ⇥ 109 L�. At high tem-
perature, the ratio of the number of molecules in the
excited state to the number in the ground state satu-
rates at 2/3 giving a luminosity of 0.7 ⇥ 109 L�. For
comparison, the quasars J2310+1855 (Wang et al. 2013)
and J1148+5251 (Riechers et al. 2009) and the submil-

2 J. A. Muñoz et al.

For a total disk radius of

Rdisk =
p
2�spin Rvir

⇡ 356 pc

✓
Mhalo

1010 M�

◆1/3 ✓1 + z

7

◆�1 ✓�spin

0.05

◆

⇥

⌦m h2/⌦m(z)

0.137

�c

18⇡2

��1/3

,

(7)

the average star formation rate surface density is

⌃̇? =
Ṁ?

⇡Rdisk
2

⇡ 7.5M�/yr/kpc
2

1 + ⌘w

✓
Mhalo

1010 M�

◆0.46 ✓1 + z

7

◆4.5 ✓�spin

0.05

◆

⇥

⌦m h2/⌦m(z)

0.137

�c

18⇡2

��1/3

,

(8)

Star formation is the ultimate origin of the heating pro-
cesses most important to setting the gas and dust tem-
peratures, whether through cosmic rays or dust heating
(and subsequent transfer to the gas) (Krumholz 2014).
The normalized radiation field can be estimated as

G0 =
✏ ⌃̇? c2

2G0

⇡ 1900
⇣ ✏

10�3

⌘  ⌃̇?

M�/yr/kpc
2

!
,

(9)

where G0 ⇡ 1.6 ⇥ 10�3 erg/s/cm2 is the local galactic
radiation field. Assuming the gas-dust combination is
optically thick to starlight, either though dust absorption
or photo-ionizations in the gas, we can estimate the gas
and dust temperatures to be given by:

T = (T 4
SF + T 4

CMB(z) + (17K)4)1/4,

where

TSF =

 
✏ ⌃̇? c2

2�SB

!1/4

⇡ 15K
⇣ ✏

10�3

⌘1/4
 

⌃̇?

M�/yr/kpc
2

!1/4

,

(10)

where ✏ is an e�ciency factor specifying how much stel-
lar energy is converted into energy and transferred to
the gas and ✏ ⇡ 10�3 for a large range of metallicities
and IMFs. The extra 17K component is consistent with
the semi-analytic model of Obreschkow et al. (2009) and
dominates at z = 0 but becomes unimportant at high-z.
The gas surface density is

⌃g =
2 fISM (⌦b/⌦m)Mhalo

⇡ �2
spin R

2
vir

⇡ 400M� pc�2

✓
fISM
0.1

◆ ✓
�spin
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◆�2

⇥
✓

Mhalo

1010 M�

◆1/3 ✓1 + z

7

◆2

.

(11)

From (Muñoz & Furlanetto 2013), the mass of an
atomic-molecular complex at the local Jeans mass is
given by

Mcl = MJeans =
⇡4 G2 ⌃3

g Q
4

4B ⌦4
, (12)

where Q ⇡ 1 is the Toomre Q-parameter, B ⇡ 9.9 ac-
counts for the self-gravity of the disk, and ⌦ =

p
2�/r is

the orbital frequency at radius r of a disk with 1D veloc-
ity dispersion �. At the edge of the disk, the cloud mass
is

Mcl = 2.6⇥ 106 M� Q4

✓
fISM
0.1

◆3 ✓�spin

0.05

◆�2 ✓ Mhalo

1010 M�
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⌦m h2/⌦m(z)

0.137

�c

18⇡2

��2

,

(13)

which is independent of redshift when ⌦m(z) ⇡ 1 at high
redshift. The cloud surface density is

⌃cl = max(⌃g, 85M�/pc
2), (14)

implying a cloud radius of

Rcl ⇡
r

Mcl

⇡⌃cl

⇡ min (

46 pcQ2
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�c
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��1
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The resulting average cloud number density n̄cl =
3Mcl/(4⇡Rcl

3) is

n̄cl ⇡ max

(
190 cm�3 Q�2

✓
1 + z

7

◆3

⇥

⌦m h2/⌦m(z)

0.137

�c

18⇡2

�
,
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�c
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��
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(16)

2.1. Optical Depth

The optical depth to dust in the FIR is given by

⌧ = ⌃g. (17)

At an observed wavelength of 2mm, this is

⌧ = 0.004 Z 0 R0
dm

✓
�em

286µm

◆�2 ✓1 + z

7

◆2

⇥
✓

Mhalo

1010 M�

◆ ✓
fISM
0.1

◆ ✓
�spin

0.05

◆�2

.

(18)
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2.2. FIR Flux
If the dust in the gas is optically thin, then the total

flux is a sum over the flux from each grain:

F⌫
obs

=
X

grains

⇡ B⌫
em

(T )
r2
grain

D2
L

(1 + z), (18)

where DL is the luminosity distance, B⌫
em

(T ) is the
Planck function, rgrain is the grain radius, and the fac-
tor of (1 + z) is due to the expansion of the band-
width. The total cross-section of grains can be written
as Ngrains (⇡ r2

grain) =  Mg. Substituting and taking the
Rayleigh-Jeans limit gives

F⌫
obs

=
(1 + z)  B⌫

em

(T )Mg

D2
L

= 2
(1 + z)  k T Mg

�2
em D2

L

F⌫
obs

⇡ 4 mJy Z 0 R0
dm

✓
Td

55 K

◆ ✓
�obs

2 mm

◆�4 ✓1 + z

7.34

◆5

⇥
✓

Mgas

1011 M�

◆ ✓
DL

63 Gpc

◆�2

(19)

Observationally, the flux of HFLS3 shows a dependence
on wavelength of roughly ��4, which means we are close
to the optically thin, R-J limit. The flux of HFLS3 at
2 mm is about 3 mJy, close to our estimate.

2.3. CII Flux
Taken partially from Muñoz & Furlanetto (2013) and

Muñoz & Furlanetto (2014):
Let us assume that the host galaxies of the brightest

z = 6 quasars and SMGs live in 1013 M� halos, that the
cold gas in the galactic disk comprises 10% of the halo’s
baryons, just over 1011 M� worth, all of which has a tem-
perature of 50K. The carbon in some fraction, f̄CO, of
this gas is in the form of CO, while the rest is dissociated
into CII. The galactic disk, which extends out to 5%/

p
2

of the halo virial radius, is about 3.5 kpc in this halo.
The average surface density of the disk is, thus, a few
thousand solar masses per square parsec (4000M�/pc2

for a cosmic baryon fraction of fb = 0.16) and, given the
redshift dependence of the halo virial radius, is expected
to scale as (1 + z)2 for fixed mass. This is well above
the typical surface density of 85 M�/pc2 observed in lo-
cal clouds, so we assume that clouds in this galaxy have
surface densities of order this higher value (Krumholz
et al. 2009). For a clumping factor of c = 5, the chemical
equilibrium calculation of Krumholz et al. (2009) pre-
dicts that such dense gas should be fully molecular un-
less the metallicity is below about 0.05% of solar (below
the threshold at which the equilibrium approximations
in the model holds).

In the code, I’ll use the following version of the
Krumholz equation:

fH
2

⇡ 1� 3
4

s

1 + 0.25 s
(20)

for s < 2 and fH
2

= 0 for s � 2, where s = ln(1 +
0.5 � + 0.01 �2)/(0.6 ⌧c), � = 0.76 (1 + 3.1 Z 0

d
0.365), and

⌧c = 0.066 Z 0
d ⌃cloud/(M� pc�2). Z 0

d = Z 0 R0
dm, Z 0 is the

metallicity in solar units, and R0
dm is the dust-to-metals

ratio in units of the Milky Way value. We should double
check that the metallicity in this equation is intended to
be Z 0

d everywhere (even though only Z 0) is ever used.
We then use the Wolfire et al. (2010) model of cloud

photo-dissociated regions (PDRs) to calculate the frac-
tion, fCO/fH

2

, of molecular mass in which carbon is
in the form of CO rather than dissociated CII, where
fCO  fH

2

. CO in the clouds is shielded from the ex-
ternal dissociating radiation field, G0, by turbulently-
generated inhomogeneities that follow a log-normal dis-
tribution. Though I use the full equation in the actual
calculation, we can approximate the ratio fCO/fH

2

by

ln
✓

fCO

fH
2

◆
=
�2.12
AV

, (21)

where the visual extinction is

AV =
Ncl Z 0 R0

dm

1.9⇥ 1021 cm�2

⇡ 170 Z 0 R0
dm

✓
⌃g

2600 M� pc�2

◆
,

(22)

Z 0 = Z/Z� is the metallicity in solar units, and we have
added a scaling factor with the dust-to-metals ratio.

G0 = 0.5 ✏ ⌃̇? c2/(1.6 ⇥ 10�3 erg/s/cm2) ⇡ 1.4 ⇥ 105.
The cloud mass at the disk edge is 7⇥105 M�, the cloud
radius is 30 pc, and the mean cloud number density is
180 cm�3. With a turbulent Mach number of 2000, the
median density is 3⇥ 105 cm�3. Therefore, we have kept
the only relevant bracketed term in the formula for fCO.

At solar metallicity, the visual extinction through one
of these clouds is about 200, and thus, approximately
99% all of carbon gas is in the form of CO—su�ciently
shielded against dissociation—according to the PDR
model of Wolfire et al. (2010, Eq. 21). 50% of the car-
bon is dissociated if the metallicity is approximately 1%
of solar.

The maximum amount of [CII] emission is produced if
the line is thermalized and optically thin. In this opti-
mistic case, the luminosity can be calculated simply by

L[CII] =
�
1� f̄CO

�
Mgas C/H

mp

4 e�h
p

⌫
[CII]

/k
b

T̄

2 + 4 e�h
p

⌫
[CII]

/k
b

T̄
A[CII] hp ⌫[CII]

⇡ 3.6⇥ 108 L� Z 0
✓

1� fCO

0.01

◆ ✓
Mgas

1011 M�

◆

⇥
 

0.5 eh
p

⌫
[CII]

/k
b

T̄ + 1
3.6

!�1

(23)

where A[CII] = 2.3 ⇥ 10�6 s�1, ⌫[CII] = 1900.5 GHz,
mp is the proton mass, and hp is the Planck constant.
We assume, moreover, that the carbon abundance is
C/H = 1.5⇥10�4 Z 0. Then, a CO fraction of f̄CO = 0.99
gives a luminosity of about 0.3 ⇥ 109 L�. At high tem-
perature, the ratio of the number of molecules in the
excited state to the number in the ground state satu-
rates at 2/3 giving a luminosity of 0.7 ⇥ 109 L�. For
comparison, the quasars J2310+1855 (Wang et al. 2013)
and J1148+5251 (Riechers et al. 2009) and the submil-

Draft version June 8, 2014

Preprint typeset using LATEX style emulateapj v. 04/17/13

DUST EVOLUTION TO HIGH-Z

Joseph A. Mu

˜

noz

1 et al.
Draft version June 8, 2014

ABSTRACT

1. OPACITY

Thompson et al. (2005) used  ⇡ 0 T 2 taken from
Bell & Lin (1994) with 0 ⇡ 2 ⇥ 10�4 cm2 g�1 K�1 for
the Rosseland mean opacity. Thompson et al. (2005)
uses this as the FIR opacity.
Draine & Lee (1984) calculate a silicate plus graphite

model for the opacity as a function of wavelength, which
roughly matches observations. At 100µm, the opacity
is roughly 2.7 ⇥ 10�3 cm2 g�1 normalized for a temper-
ature of 19K. Their models predict no temperature de-
pendence in the opacity due to graphite for grain sizes
smaller than ⇠ 0.5µm. At larger sizes, however, they
predict significant temperature dependence, but not as
high as T 2 for 1µm grain sizes (their Fig. 4b).
Using results from Planck in the Milky Way, Scoville

et al. (2014) find ISM ⇡ 4.84⇥ 10�3 cm2 g�1 at 850µm.
No temperature is specified, and Scoville et al. (2014)
claim no evidence for a dependence of opacity on ISM
phase, dust temperature, or metallicity (Planck results
from di↵erent environments/phases within the Galaxy
give similar results of the extinction within a factor of
about 3).
The wavelength dependence of the opacity is roughly

��2. Dunne et al. (2003) assume exactly a -2 slope, while
Scoville et al. (2014) assumes -1.8. Draine & Lee (1984)
use -1.5 to compute the opacities from IRAS observations
but comment that their models predict essentially -2.
Using a (T/�)2 dependence, the Draine & Lee (1984)

results are consistent with those of Bell & Lin (1994)
if the latter are calculated at 230µm. At 850µm, it
is consistent with the Scoville et al. (2014) results for
18K. While Scoville et al. (2014) claims no evidence for
a dependence for opacity on temperature, metallicity, or
phase because of the Planck results, the changes in all
of these properties in the di↵erent measurements could
conspire to mask the dependence.
In this paper, we will use

 = 2⇥ 10�4 cm2 g�1 Z 0 R0
dm

✓
Td

1K

◆2 ✓
�em

230µm

◆�2

(1)
and assume that the gas-to-dust ratio scales as Rgd /
(Z 0 R0

dm)�1.
Riechers et al. (2013) takes the dust opacity quoted

by Dunne et al. (2003) of d = 26.4 cm2 g�1 at 125µm,
where d = Rgd. No temperature dependance is spec-
ified, but it is being used for SMGs with temperatures
around 50K. Valiante et al. (2011) collect values of d
from the literature derived using SEDs in the rest-frame
FIR of J1148+5251, which all give results consistent

1 University of California Santa Barbara, Department of
Physics; Santa Barbara, CA 93106, USA;

with the Dunne et al. (2003) value. Our adopted opac-
ity model at 125µm and 56K, gives  = 2.13 cm2 g�1;
the order of magnitude di↵erence from the Dunne et al.
(2003) value implies Rgd ⇠ 10, significantly lower than
the standard Milky Way value of 150. Since Dunne et al.
(2003) claim to use a value taken from Draine & Lee
(1984), among others, the discrepancy may owe to ne-
glecting the temperature dependence of the opacity.

1.1. Rosseland Mean

Weighting a ��2 opacity with @B⌫(T )/@T , as in the
Rosseland mean, gives a T 2 dependence out. Thus, the
T 2 dependence of Bell & Lin (1994) and Thompson et al.
(2005) should imply a wavelength dependent opacity that
is independent of temperature. So we should actually use

 ⇡ 0.07 cm2 g�1 Z 0
d

✓
�em

230µm

◆�2

, (2)

 ⇡ 0.07 cm2 g�1 Z 0 R0
dm

✓
�em

230µm

◆�2

, (3)

consistent with the Scoville et al. (2014) value.

2. BOE CALCULATION

The star formation rate can be calculated as:

Ṁ? =
Ṁacc

1 + ⌘w
, (4)

where

Ṁacc ⇡ 3M�/yr

✓
Mhalo

1010 M�

◆1.127 ✓
1 + z

7

◆2.5 ✓
⌦b/⌦m

0.16

◆

(5)
at high redshift and ⌘w ⇡ (400 km/s)/�. � is a function
of halo mass and redshift (Barkana & Loeb 2001):

� = 46 km/s

✓
Mhalo

1010 M�

◆1/3 ✓
1 + z

7

◆1/2

⇥

⌦m h2/⌦m(z)

0.137

�c

18⇡2

�1/6 (6)

The halo velocity dispersion of a 1013 M� halo at z = 6
is about 470 km/s and 1 + ⌘w ⇡ 1.8. This gives an aver-
age star formation rate of 4400M�/yr. The observation-
ally derived star formation rate of HFLS3 is 2900M�/yr,
which is within the expected 1� scatter in star formation
rate for a given halo mass.

2 J. A. Muñoz et al.

For a total disk radius of

Rdisk =
p
2�spin Rvir

⇡ 356 pc

✓
Mhalo

1010 M�

◆1/3 ✓1 + z

7

◆�1 ✓�spin

0.05

◆

⇥

⌦m h2/⌦m(z)

0.137

�c

18⇡2

��1/3

,

(7)

the average star formation rate surface density is

⌃̇? =
Ṁ?

⇡Rdisk
2

⇡ 7.5M�/yr/kpc
2

1 + ⌘w

✓
Mhalo

1010 M�

◆0.46 ✓1 + z

7

◆4.5 ✓�spin

0.05

◆

⇥

⌦m h2/⌦m(z)

0.137

�c

18⇡2

��1/3

,

(8)

Star formation is the ultimate origin of the heating pro-
cesses most important to setting the gas and dust tem-
peratures, whether through cosmic rays or dust heating
(and subsequent transfer to the gas) (Krumholz 2014).
The normalized radiation field can be estimated as

G0 =
✏ ⌃̇? c2

2G0

⇡ 1900
⇣ ✏

10�3

⌘  ⌃̇?

M�/yr/kpc
2

!
,

(9)

where G0 ⇡ 1.6 ⇥ 10�3 erg/s/cm2 is the local galactic
radiation field. Assuming the gas-dust combination is
optically thick to starlight, either though dust absorption
or photo-ionizations in the gas, we can estimate the gas
and dust temperatures to be given by:

T = (T 4
SF + T 4

CMB(z) + (17K)4)1/4,

where

TSF =

 
✏ ⌃̇? c2

2�SB

!1/4

⇡ 15K
⇣ ✏

10�3

⌘1/4
 

⌃̇?

M�/yr/kpc
2

!1/4

,

(10)

where ✏ is an e�ciency factor specifying how much stel-
lar energy is converted into energy and transferred to
the gas and ✏ ⇡ 10�3 for a large range of metallicities
and IMFs. The extra 17K component is consistent with
the semi-analytic model of Obreschkow et al. (2009) and
dominates at z = 0 but becomes unimportant at high-z.
The gas surface density is

⌃g =
2 fISM (⌦b/⌦m)Mhalo

⇡ �2
spin R

2
vir

⇡ 400M� pc�2

✓
fISM
0.1

◆ ✓
�spin

0.05

◆�2

⇥
✓

Mhalo

1010 M�

◆1/3 ✓1 + z

7

◆2

.

(11)

From (Muñoz & Furlanetto 2013), the mass of an
atomic-molecular complex at the local Jeans mass is
given by

Mcl = MJeans =
⇡4 G2 ⌃3

g Q
4

4B ⌦4
, (12)

where Q ⇡ 1 is the Toomre Q-parameter, B ⇡ 9.9 ac-
counts for the self-gravity of the disk, and ⌦ =

p
2�/r is

the orbital frequency at radius r of a disk with 1D veloc-
ity dispersion �. At the edge of the disk, the cloud mass
is

Mcl = 2.6⇥ 106 M� Q4

✓
fISM
0.1

◆3 ✓�spin

0.05

◆�2 ✓ Mhalo

1010 M�

◆

⇥

⌦m h2/⌦m(z)

0.137

�c

18⇡2

��2

,

(13)

which is independent of redshift when ⌦m(z) ⇡ 1 at high
redshift. The cloud surface density is

⌃cl = max(⌃g, 85M�/pc
2), (14)

implying a cloud radius of

Rcl ⇡
r

Mcl

⇡⌃cl

⇡ min (

46 pcQ2
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(15)

The resulting average cloud number density n̄cl =
3Mcl/(4⇡Rcl

3) is

n̄cl ⇡ max

(
190 cm�3 Q�2

✓
1 + z

7

◆3

⇥

⌦m h2/⌦m(z)

0.137

�c

18⇡2
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,

19 cm�3 Q2
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(16)

2.1. Optical Depth

The optical depth to dust in the FIR is given by

⌧ = ⌃g. (17)

At an observed wavelength of 2mm, this is

⌧ = 0.004 Z 0 R0
dm

✓
�em

286µm

◆�2 ✓1 + z

7

◆2

⇥
✓

Mhalo

1010 M�

◆ ✓
fISM
0.1

◆ ✓
�spin

0.05

◆�2

.

(18)
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Sample at High-z
• 17 QSOs & SMGs from literature	


• both FIR (100-400 µm rest) and CII	


• z>4.3 

• SFR=100s-1000s Msun/yr (lot of variation)	


• Mgas~1010-1011 Msun (lot of variation)	


• Rdisk~1-10 kpc (extent of CII) 

➞ Σgas~100s-1000s Msun/pc-2

• Plus a few LAEs w/ upper limits



FIR

dust-to-gas ratio = 

Z’d/150

Muñoz & Oh (in prep.)
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2.2. FIR Flux
If the dust in the gas is optically thin, then the total

flux is a sum over the flux from each grain:

F⌫
obs

=
X

grains

⇡ B⌫
em

(T )
r2
grain

D2
L

(1 + z), (18)

where DL is the luminosity distance, B⌫
em

(T ) is the
Planck function, rgrain is the grain radius, and the fac-
tor of (1 + z) is due to the expansion of the band-
width. The total cross-section of grains can be written
as Ngrains (⇡ r2

grain) =  Mg. Substituting and taking the
Rayleigh-Jeans limit gives

F⌫
obs

=
(1 + z)  B⌫

em

(T )Mg

D2
L

= 2
(1 + z)  k T Mg

�2
em D2

L

F⌫
obs

⇡ 4 mJy Z 0 R0
dm

✓
Td

55 K

◆ ✓
�obs

2 mm

◆�4 ✓1 + z

7.34

◆5

⇥
✓

Mgas

1011 M�

◆ ✓
DL

63 Gpc

◆�2

(19)

Observationally, the flux of HFLS3 shows a dependence
on wavelength of roughly ��4, which means we are close
to the optically thin, R-J limit. The flux of HFLS3 at
2 mm is about 3 mJy, close to our estimate.

2.3. CII Flux
Taken partially from Muñoz & Furlanetto (2013) and

Muñoz & Furlanetto (2014):
Let us assume that the host galaxies of the brightest

z = 6 quasars and SMGs live in 1013 M� halos, that the
cold gas in the galactic disk comprises 10% of the halo’s
baryons, just over 1011 M� worth, all of which has a tem-
perature of 50K. The carbon in some fraction, f̄CO, of
this gas is in the form of CO, while the rest is dissociated
into CII. The galactic disk, which extends out to 5%/

p
2

of the halo virial radius, is about 3.5 kpc in this halo.
The average surface density of the disk is, thus, a few
thousand solar masses per square parsec (4000M�/pc2

for a cosmic baryon fraction of fb = 0.16) and, given the
redshift dependence of the halo virial radius, is expected
to scale as (1 + z)2 for fixed mass. This is well above
the typical surface density of 85 M�/pc2 observed in lo-
cal clouds, so we assume that clouds in this galaxy have
surface densities of order this higher value (Krumholz
et al. 2009). For a clumping factor of c = 5, the chemical
equilibrium calculation of Krumholz et al. (2009) pre-
dicts that such dense gas should be fully molecular un-
less the metallicity is below about 0.05% of solar (below
the threshold at which the equilibrium approximations
in the model holds).

In the code, I’ll use the following version of the
Krumholz equation:

fH
2

⇡ 1� 3
4

s

1 + 0.25 s
(20)

for s < 2 and fH
2

= 0 for s � 2, where s = ln(1 +
0.5 � + 0.01 �2)/(0.6 ⌧c), � = 0.76 (1 + 3.1 Z 0

d
0.365), and

⌧c = 0.066 Z 0
d ⌃cloud/(M� pc�2). Z 0

d = Z 0 R0
dm, Z 0 is the

metallicity in solar units, and R0
dm is the dust-to-metals

ratio in units of the Milky Way value. We should double
check that the metallicity in this equation is intended to
be Z 0

d everywhere (even though only Z 0) is ever used.
We then use the Wolfire et al. (2010) model of cloud

photo-dissociated regions (PDRs) to calculate the frac-
tion, fCO/fH

2

, of molecular mass in which carbon is
in the form of CO rather than dissociated CII, where
fCO  fH

2

. CO in the clouds is shielded from the ex-
ternal dissociating radiation field, G0, by turbulently-
generated inhomogeneities that follow a log-normal dis-
tribution. Though I use the full equation in the actual
calculation, we can approximate the ratio fCO/fH

2

by

ln
✓

fCO

fH
2

◆
=
�2.12
AV

, (21)

where the visual extinction is

AV =
Ncl Z 0 R0

dm

1.9⇥ 1021 cm�2

⇡ 170 Z 0 R0
dm

✓
⌃g

2600 M� pc�2

◆
,

(22)

Z 0 = Z/Z� is the metallicity in solar units, and we have
added a scaling factor with the dust-to-metals ratio.

G0 = 0.5 ✏ ⌃̇? c2/(1.6 ⇥ 10�3 erg/s/cm2) ⇡ 1.4 ⇥ 105.
The cloud mass at the disk edge is 7⇥105 M�, the cloud
radius is 30 pc, and the mean cloud number density is
180 cm�3. With a turbulent Mach number of 2000, the
median density is 3⇥ 105 cm�3. Therefore, we have kept
the only relevant bracketed term in the formula for fCO.

At solar metallicity, the visual extinction through one
of these clouds is about 200, and thus, approximately
99% all of carbon gas is in the form of CO—su�ciently
shielded against dissociation—according to the PDR
model of Wolfire et al. (2010, Eq. 21). 50% of the car-
bon is dissociated if the metallicity is approximately 1%
of solar.

The maximum amount of [CII] emission is produced if
the line is thermalized and optically thin. In this opti-
mistic case, the luminosity can be calculated simply by

L[CII] =
�
1� f̄CO

�
Mgas C/H

mp

4 e�h
p

⌫
[CII]

/k
b

T̄

2 + 4 e�h
p

⌫
[CII]

/k
b

T̄
A[CII] hp ⌫[CII]

⇡ 3.6⇥ 108 L� Z 0
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b
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!�1

(23)

where A[CII] = 2.3 ⇥ 10�6 s�1, ⌫[CII] = 1900.5 GHz,
mp is the proton mass, and hp is the Planck constant.
We assume, moreover, that the carbon abundance is
C/H = 1.5⇥10�4 Z 0. Then, a CO fraction of f̄CO = 0.99
gives a luminosity of about 0.3 ⇥ 109 L�. At high tem-
perature, the ratio of the number of molecules in the
excited state to the number in the ground state satu-
rates at 2/3 giving a luminosity of 0.7 ⇥ 109 L�. For
comparison, the quasars J2310+1855 (Wang et al. 2013)
and J1148+5251 (Riechers et al. 2009) and the submil-
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2.2. FIR Flux
If the dust in the gas is optically thin, then the total

flux is a sum over the flux from each grain:
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where DL is the luminosity distance, B⌫
em

(T ) is the
Planck function, rgrain is the grain radius, and the fac-
tor of (1 + z) is due to the expansion of the band-
width. The total cross-section of grains can be written
as Ngrains (⇡ r2

grain) =  Mg. Substituting and taking the
Rayleigh-Jeans limit gives
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Observationally, the flux of HFLS3 shows a dependence
on wavelength of roughly ��4, which means we are close
to the optically thin, R-J limit. The flux of HFLS3 at
2 mm is about 3 mJy, close to our estimate.

2.3. CII Flux
Taken partially from Muñoz & Furlanetto (2013) and

Muñoz & Furlanetto (2014):
Let us assume that the host galaxies of the brightest

z = 6 quasars and SMGs live in 1013 M� halos, that the
cold gas in the galactic disk comprises 10% of the halo’s
baryons, just over 1011 M� worth, all of which has a tem-
perature of 50K. The carbon in some fraction, f̄CO, of
this gas is in the form of CO, while the rest is dissociated
into CII. The galactic disk, which extends out to 5%/

p
2

of the halo virial radius, is about 3.5 kpc in this halo.
The average surface density of the disk is, thus, a few
thousand solar masses per square parsec (4000M�/pc2

for a cosmic baryon fraction of fb = 0.16) and, given the
redshift dependence of the halo virial radius, is expected
to scale as (1 + z)2 for fixed mass. This is well above
the typical surface density of 85 M�/pc2 observed in lo-
cal clouds, so we assume that clouds in this galaxy have
surface densities of order this higher value (Krumholz
et al. 2009). For a clumping factor of c = 5, the chemical
equilibrium calculation of Krumholz et al. (2009) pre-
dicts that such dense gas should be fully molecular un-
less the metallicity is below about 0.05% of solar (below
the threshold at which the equilibrium approximations
in the model holds).

In the code, I’ll use the following version of the
Krumholz equation:

fH
2

⇡ 1� 3
4

s

1 + 0.25 s
(20)

for s < 2 and fH
2

= 0 for s � 2, where s = ln(1 +
0.5 � + 0.01 �2)/(0.6 ⌧c), � = 0.76 (1 + 3.1 Z 0

d
0.365), and

⌧c = 0.066 Z 0
d ⌃cloud/(M� pc�2). Z 0

d = Z 0 R0
dm, Z 0 is the

metallicity in solar units, and R0
dm is the dust-to-metals

ratio in units of the Milky Way value. We should double
check that the metallicity in this equation is intended to
be Z 0

d everywhere (even though only Z 0) is ever used.
We then use the Wolfire et al. (2010) model of cloud

photo-dissociated regions (PDRs) to calculate the frac-
tion, fCO/fH

2

, of molecular mass in which carbon is
in the form of CO rather than dissociated CII, where
fCO  fH

2

. CO in the clouds is shielded from the ex-
ternal dissociating radiation field, G0, by turbulently-
generated inhomogeneities that follow a log-normal dis-
tribution. Though I use the full equation in the actual
calculation, we can approximate the ratio fCO/fH

2

by

ln
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fH
2

◆
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where the visual extinction is
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Z 0 = Z/Z� is the metallicity in solar units, and we have
added a scaling factor with the dust-to-metals ratio.

G0 = 0.5 ✏ ⌃̇? c2/(1.6 ⇥ 10�3 erg/s/cm2) ⇡ 1.4 ⇥ 105.
The cloud mass at the disk edge is 7⇥105 M�, the cloud
radius is 30 pc, and the mean cloud number density is
180 cm�3. With a turbulent Mach number of 2000, the
median density is 3⇥ 105 cm�3. Therefore, we have kept
the only relevant bracketed term in the formula for fCO.

At solar metallicity, the visual extinction through one
of these clouds is about 200, and thus, approximately
99% all of carbon gas is in the form of CO—su�ciently
shielded against dissociation—according to the PDR
model of Wolfire et al. (2010, Eq. 21). 50% of the car-
bon is dissociated if the metallicity is approximately 1%
of solar.

The maximum amount of [CII] emission is produced if
the line is thermalized and optically thin. In this opti-
mistic case, the luminosity can be calculated simply by
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where A[CII] = 2.3 ⇥ 10�6 s�1, ⌫[CII] = 1900.5 GHz,
mp is the proton mass, and hp is the Planck constant.
We assume, moreover, that the carbon abundance is
C/H = 1.5⇥10�4 Z 0. Then, a CO fraction of f̄CO = 0.99
gives a luminosity of about 0.3 ⇥ 109 L�. At high tem-
perature, the ratio of the number of molecules in the
excited state to the number in the ground state satu-
rates at 2/3 giving a luminosity of 0.7 ⇥ 109 L�. For
comparison, the quasars J2310+1855 (Wang et al. 2013)
and J1148+5251 (Riechers et al. 2009) and the submil-
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models for the transport rate of gas through the disc: a linear spiral
wave (LSW) model in which the inflow velocity is vin = m cs and
a shocked, non-linear inflow model where vin =

√
2 β σ . Here, cs

is the local sound speed and the two free parameters defining these
prescriptions are the Mach number, m, and the constant β.

We further assume that the gas remaining after depletion by star
formation and winds transitions smoothly into the accretion disc of
a central BH and powers an AGN. In LBGs, the BH growth rate is
negligible compared to the total star formation rate, and while the
resulting X-rays dominate the contribution from high-mass X-ray
binaries in the stellar disc, they are currently undetectable in stacked
samples of Chandra data (Muñoz & Furlanetto 2012). However,
with high halo masses and for very rapid gas inflow, e.g. β-models
with β ! 0.01, the BH growth rate can be significant enough to
power an observable quasar.

At each radius in the disc, we then assume that the gas fragments
into clouds on the scale of the local Jeans mass. Calculating the
fraction of molecular gas turned into stars, SFRff , per free-fall time,
tff, as prescribed by Krumholz & McKee (2005), we set the fraction
of cloud gas in molecular form, fH2 , to be such that the required
star formation rate is produced. That is,

fH2 = #̇⋆

#g

(
SFRff

tff

)−1

, (2)

where #̇⋆ and #g are the surface star formation rate and gas densi-
ties as a function of the galactocentric radius. Additionally, where
fH2 would be greater than unity, we simply set fH2 = 1.4 Thus,
in general, more efficient star formation results in lower molecular
fractions since the dynamically balanced star formation rate is un-
changed. We then use the Wolfire et al. (2010) model of cloud PDRs
to calculate the fraction, fCO, of cloud mass in which carbon is in
the form of CO rather than dissociated C II, where fCO ≤ fH2 . CO
in the clouds are shielded from the external dissociating radiation
field, G0, by turbulently generated inhomogeneities that follow a
log-normal distribution where the ratio of the median density to the
average is

√
1 + 3M2/4, with M the thermal Mach number of the

turbulent gas. Wolfire et al. (2010) model these inhomogeneities as
uniform clumps of density nc embedded within smooth, more dif-
fuse gas. The ratio fCO/fH2 is then given by

ln
(

fCO

fH2

)
= −4.0

AV

[
0.53 − 0.045 ln

(
G′

0

nc cm3

)
− 0.097 ln(Z′)

]
,

(3)

where G′
0 = G0/2.7 × 10−3 erg s−1 cm−2 is the external far-UV ra-

diation field bathing the cloud in units of the local Galactic inter-
stellar field found by Draine (1978), Z′ is the metallicity in solar
units, and we set nc to be the median gas density in the cloud. The
far-UV dissociating radiation field is determined produced primar-
ily by starlight, and we have checked that emission from the AGN
in our model galaxies contributes negligibly.

The temperature of the gas in the absence of the CMB is given by
the disc model. We combine this value with the CMB temperature
at high redshift as in Muñoz & Furlanetto (2013) assuming that all

given the large host halo masses of these systems and their correspondingly
high velocity dispersions, these stellar winds contribute only minimally
to gas depletion so that our assumption does not substantially affect the
calculation.
4 Imposing the threshold of fH2 = 1 effectively increases the star formation
efficiency of the gas beyond that prescribed by Krumholz & McKee (2005).
Physically, this may result from gas out of chemical equilibrium in which
star formation is produced in atomic gas (e.g. Krumholz 2012).

of the CMB radiation is ultimately transferred to the gas. The tem-
perature and density of each cloud are then input into a version of
the escape-probability formalism code by Krumholz & Thompson
(2007), where the modifications, described in Muñoz & Furlanetto
(2013), are consistent with those implemented in the new DESPOTIC

code (Krumholz 2014). Given the lack of observational constraints
at high redshift, this procedure requires fewer arbitrary parameter
choices than does the detailed heating and cooling balance per-
formed by DESPOTIC and assumes a regime in which the dust and gas
are tightly coupled. However, since our temperatures are consistent
with those determined from observations of emission lines in high-
z quasar hosts (see Section 4.4), we conclude that our method is
sufficient for our purposes. The escape-probability code includes
the full log-normal density distribution to determine the CO and C II

level populations and calculates the resulting line emission from
each cloud. Throughout the rest of this paper, we assume a carbon
abundance of C/H = 1.5 × 10−4 Z′.

In considering only the emission from the PDRs of cold molec-
ular clouds, we have ignored any contribution from H II regions,
which are not well described by our model. These ionized regions
would both lower the molecular fraction of the galactic gas and
increase its temperature. However, observational and theoretical
evidence suggests that this is likely a small effect. As we will see
in Section 4.4, the cold gas temperatures in our models without H II

regions are comparable to those inferred from both dust and molec-
ular line observations of quasar hosts suggesting that the hotter,
ionized gas in H II regions does not contribute significantly. More-
over, in a sample of 60 normal, star-forming galaxies at relatively
low redshift, Malhotra et al. (2001) attributed only about 50 per
cent of the total [C II] flux to ionized gas as probed by [N II], while
Vasta et al. (2010) found somewhat less emission in more recent
work. We would expect H II regions in molecular clouds to be even
less important in starbursts or AGN or at much higher redshifts,
at least dynamically, as external pressure from the ISM becomes
significant (Krumholz, Matzner & McKee 2006). Additionally, the
assumption of no contribution from H II regions is consistent with
the lack of an [N II] detection in J1148+5251 (Walter et al. 2009b).
Despite this evidence, in Section 5.2, we will consider the effect of
an alternative addition to our model in which the molecular fraction
is lower than that computed by equation (2), which is similar to the
effect of including a contribution from H II regions, albeit at lower
temperatures.

Finally, we arrive at the observed signal by summing the emission
from all clouds in our model galaxies and subtracting the CMB
as an observational background. We note that, while our model
accurately determines the intrinsic cloud emission as well as the
effect of the CMB background, in some cases, the two are of similar
magnitude and the subtracted result is not well determined (Muñoz
& Furlanetto 2013). This is particularly true for the CO(1–0) line
of galaxies in low-mass haloes but is not an issue for the [C II] line
in the present work.

3 O BSERVED SYSTEMS

In this section, we discuss the observed systems to which we will
compare our model. These sources fall into three categories: (1)
quasar hosts (QSOs), (2) SMGs, and (3) LAEs. Since the redshift
of the system is an a priori requirement for observing the [C II] line
flux (at least given current instruments), LBGs with no discernible
line emission are not as good candidates for this type of follow-up at
high redshift. We plan to extend our analysis to these objects using
the aggregate, unresolved intensity on the sky in forthcoming work.

MNRAS 438, 2483–2498 (2014)

 at U
niversity of C

alifornia, Santa B
arbara on February 28, 2014

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 



HI  C+

H2  
CO

H2  C+

Photo-dissociative regions

ln(fCO/fmol) ≈ -2.12/AV  
∝ 1/(Zd Σgas)

Wolfire et al. (2010)

Extreme galaxies during reionization 2485

models for the transport rate of gas through the disc: a linear spiral
wave (LSW) model in which the inflow velocity is vin = m cs and
a shocked, non-linear inflow model where vin =

√
2 β σ . Here, cs

is the local sound speed and the two free parameters defining these
prescriptions are the Mach number, m, and the constant β.

We further assume that the gas remaining after depletion by star
formation and winds transitions smoothly into the accretion disc of
a central BH and powers an AGN. In LBGs, the BH growth rate is
negligible compared to the total star formation rate, and while the
resulting X-rays dominate the contribution from high-mass X-ray
binaries in the stellar disc, they are currently undetectable in stacked
samples of Chandra data (Muñoz & Furlanetto 2012). However,
with high halo masses and for very rapid gas inflow, e.g. β-models
with β ! 0.01, the BH growth rate can be significant enough to
power an observable quasar.

At each radius in the disc, we then assume that the gas fragments
into clouds on the scale of the local Jeans mass. Calculating the
fraction of molecular gas turned into stars, SFRff , per free-fall time,
tff, as prescribed by Krumholz & McKee (2005), we set the fraction
of cloud gas in molecular form, fH2 , to be such that the required
star formation rate is produced. That is,

fH2 = #̇⋆

#g

(
SFRff

tff

)−1

, (2)

where #̇⋆ and #g are the surface star formation rate and gas densi-
ties as a function of the galactocentric radius. Additionally, where
fH2 would be greater than unity, we simply set fH2 = 1.4 Thus,
in general, more efficient star formation results in lower molecular
fractions since the dynamically balanced star formation rate is un-
changed. We then use the Wolfire et al. (2010) model of cloud PDRs
to calculate the fraction, fCO, of cloud mass in which carbon is in
the form of CO rather than dissociated C II, where fCO ≤ fH2 . CO
in the clouds are shielded from the external dissociating radiation
field, G0, by turbulently generated inhomogeneities that follow a
log-normal distribution where the ratio of the median density to the
average is

√
1 + 3M2/4, with M the thermal Mach number of the

turbulent gas. Wolfire et al. (2010) model these inhomogeneities as
uniform clumps of density nc embedded within smooth, more dif-
fuse gas. The ratio fCO/fH2 is then given by

ln
(

fCO

fH2

)
= −4.0

AV

[
0.53 − 0.045 ln

(
G′

0

nc cm3

)
− 0.097 ln(Z′)

]
,

(3)

where G′
0 = G0/2.7 × 10−3 erg s−1 cm−2 is the external far-UV ra-

diation field bathing the cloud in units of the local Galactic inter-
stellar field found by Draine (1978), Z′ is the metallicity in solar
units, and we set nc to be the median gas density in the cloud. The
far-UV dissociating radiation field is determined produced primar-
ily by starlight, and we have checked that emission from the AGN
in our model galaxies contributes negligibly.

The temperature of the gas in the absence of the CMB is given by
the disc model. We combine this value with the CMB temperature
at high redshift as in Muñoz & Furlanetto (2013) assuming that all

given the large host halo masses of these systems and their correspondingly
high velocity dispersions, these stellar winds contribute only minimally
to gas depletion so that our assumption does not substantially affect the
calculation.
4 Imposing the threshold of fH2 = 1 effectively increases the star formation
efficiency of the gas beyond that prescribed by Krumholz & McKee (2005).
Physically, this may result from gas out of chemical equilibrium in which
star formation is produced in atomic gas (e.g. Krumholz 2012).

of the CMB radiation is ultimately transferred to the gas. The tem-
perature and density of each cloud are then input into a version of
the escape-probability formalism code by Krumholz & Thompson
(2007), where the modifications, described in Muñoz & Furlanetto
(2013), are consistent with those implemented in the new DESPOTIC

code (Krumholz 2014). Given the lack of observational constraints
at high redshift, this procedure requires fewer arbitrary parameter
choices than does the detailed heating and cooling balance per-
formed by DESPOTIC and assumes a regime in which the dust and gas
are tightly coupled. However, since our temperatures are consistent
with those determined from observations of emission lines in high-
z quasar hosts (see Section 4.4), we conclude that our method is
sufficient for our purposes. The escape-probability code includes
the full log-normal density distribution to determine the CO and C II

level populations and calculates the resulting line emission from
each cloud. Throughout the rest of this paper, we assume a carbon
abundance of C/H = 1.5 × 10−4 Z′.

In considering only the emission from the PDRs of cold molec-
ular clouds, we have ignored any contribution from H II regions,
which are not well described by our model. These ionized regions
would both lower the molecular fraction of the galactic gas and
increase its temperature. However, observational and theoretical
evidence suggests that this is likely a small effect. As we will see
in Section 4.4, the cold gas temperatures in our models without H II

regions are comparable to those inferred from both dust and molec-
ular line observations of quasar hosts suggesting that the hotter,
ionized gas in H II regions does not contribute significantly. More-
over, in a sample of 60 normal, star-forming galaxies at relatively
low redshift, Malhotra et al. (2001) attributed only about 50 per
cent of the total [C II] flux to ionized gas as probed by [N II], while
Vasta et al. (2010) found somewhat less emission in more recent
work. We would expect H II regions in molecular clouds to be even
less important in starbursts or AGN or at much higher redshifts,
at least dynamically, as external pressure from the ISM becomes
significant (Krumholz, Matzner & McKee 2006). Additionally, the
assumption of no contribution from H II regions is consistent with
the lack of an [N II] detection in J1148+5251 (Walter et al. 2009b).
Despite this evidence, in Section 5.2, we will consider the effect of
an alternative addition to our model in which the molecular fraction
is lower than that computed by equation (2), which is similar to the
effect of including a contribution from H II regions, albeit at lower
temperatures.

Finally, we arrive at the observed signal by summing the emission
from all clouds in our model galaxies and subtracting the CMB
as an observational background. We note that, while our model
accurately determines the intrinsic cloud emission as well as the
effect of the CMB background, in some cases, the two are of similar
magnitude and the subtracted result is not well determined (Muñoz
& Furlanetto 2013). This is particularly true for the CO(1–0) line
of galaxies in low-mass haloes but is not an issue for the [C II] line
in the present work.

3 O BSERVED SYSTEMS

In this section, we discuss the observed systems to which we will
compare our model. These sources fall into three categories: (1)
quasar hosts (QSOs), (2) SMGs, and (3) LAEs. Since the redshift
of the system is an a priori requirement for observing the [C II] line
flux (at least given current instruments), LBGs with no discernible
line emission are not as good candidates for this type of follow-up at
high redshift. We plan to extend our analysis to these objects using
the aggregate, unresolved intensity on the sky in forthcoming work.
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models for the transport rate of gas through the disc: a linear spiral
wave (LSW) model in which the inflow velocity is vin = m cs and
a shocked, non-linear inflow model where vin =

√
2 β σ . Here, cs

is the local sound speed and the two free parameters defining these
prescriptions are the Mach number, m, and the constant β.

We further assume that the gas remaining after depletion by star
formation and winds transitions smoothly into the accretion disc of
a central BH and powers an AGN. In LBGs, the BH growth rate is
negligible compared to the total star formation rate, and while the
resulting X-rays dominate the contribution from high-mass X-ray
binaries in the stellar disc, they are currently undetectable in stacked
samples of Chandra data (Muñoz & Furlanetto 2012). However,
with high halo masses and for very rapid gas inflow, e.g. β-models
with β ! 0.01, the BH growth rate can be significant enough to
power an observable quasar.

At each radius in the disc, we then assume that the gas fragments
into clouds on the scale of the local Jeans mass. Calculating the
fraction of molecular gas turned into stars, SFRff , per free-fall time,
tff, as prescribed by Krumholz & McKee (2005), we set the fraction
of cloud gas in molecular form, fH2 , to be such that the required
star formation rate is produced. That is,

fH2 = #̇⋆

#g

(
SFRff

tff

)−1

, (2)

where #̇⋆ and #g are the surface star formation rate and gas densi-
ties as a function of the galactocentric radius. Additionally, where
fH2 would be greater than unity, we simply set fH2 = 1.4 Thus,
in general, more efficient star formation results in lower molecular
fractions since the dynamically balanced star formation rate is un-
changed. We then use the Wolfire et al. (2010) model of cloud PDRs
to calculate the fraction, fCO, of cloud mass in which carbon is in
the form of CO rather than dissociated C II, where fCO ≤ fH2 . CO
in the clouds are shielded from the external dissociating radiation
field, G0, by turbulently generated inhomogeneities that follow a
log-normal distribution where the ratio of the median density to the
average is

√
1 + 3M2/4, with M the thermal Mach number of the

turbulent gas. Wolfire et al. (2010) model these inhomogeneities as
uniform clumps of density nc embedded within smooth, more dif-
fuse gas. The ratio fCO/fH2 is then given by

ln
(

fCO

fH2

)
= −4.0

AV

[
0.53 − 0.045 ln

(
G′

0

nc cm3

)
− 0.097 ln(Z′)

]
,

(3)

where G′
0 = G0/2.7 × 10−3 erg s−1 cm−2 is the external far-UV ra-

diation field bathing the cloud in units of the local Galactic inter-
stellar field found by Draine (1978), Z′ is the metallicity in solar
units, and we set nc to be the median gas density in the cloud. The
far-UV dissociating radiation field is determined produced primar-
ily by starlight, and we have checked that emission from the AGN
in our model galaxies contributes negligibly.

The temperature of the gas in the absence of the CMB is given by
the disc model. We combine this value with the CMB temperature
at high redshift as in Muñoz & Furlanetto (2013) assuming that all

given the large host halo masses of these systems and their correspondingly
high velocity dispersions, these stellar winds contribute only minimally
to gas depletion so that our assumption does not substantially affect the
calculation.
4 Imposing the threshold of fH2 = 1 effectively increases the star formation
efficiency of the gas beyond that prescribed by Krumholz & McKee (2005).
Physically, this may result from gas out of chemical equilibrium in which
star formation is produced in atomic gas (e.g. Krumholz 2012).

of the CMB radiation is ultimately transferred to the gas. The tem-
perature and density of each cloud are then input into a version of
the escape-probability formalism code by Krumholz & Thompson
(2007), where the modifications, described in Muñoz & Furlanetto
(2013), are consistent with those implemented in the new DESPOTIC

code (Krumholz 2014). Given the lack of observational constraints
at high redshift, this procedure requires fewer arbitrary parameter
choices than does the detailed heating and cooling balance per-
formed by DESPOTIC and assumes a regime in which the dust and gas
are tightly coupled. However, since our temperatures are consistent
with those determined from observations of emission lines in high-
z quasar hosts (see Section 4.4), we conclude that our method is
sufficient for our purposes. The escape-probability code includes
the full log-normal density distribution to determine the CO and C II

level populations and calculates the resulting line emission from
each cloud. Throughout the rest of this paper, we assume a carbon
abundance of C/H = 1.5 × 10−4 Z′.

In considering only the emission from the PDRs of cold molec-
ular clouds, we have ignored any contribution from H II regions,
which are not well described by our model. These ionized regions
would both lower the molecular fraction of the galactic gas and
increase its temperature. However, observational and theoretical
evidence suggests that this is likely a small effect. As we will see
in Section 4.4, the cold gas temperatures in our models without H II

regions are comparable to those inferred from both dust and molec-
ular line observations of quasar hosts suggesting that the hotter,
ionized gas in H II regions does not contribute significantly. More-
over, in a sample of 60 normal, star-forming galaxies at relatively
low redshift, Malhotra et al. (2001) attributed only about 50 per
cent of the total [C II] flux to ionized gas as probed by [N II], while
Vasta et al. (2010) found somewhat less emission in more recent
work. We would expect H II regions in molecular clouds to be even
less important in starbursts or AGN or at much higher redshifts,
at least dynamically, as external pressure from the ISM becomes
significant (Krumholz, Matzner & McKee 2006). Additionally, the
assumption of no contribution from H II regions is consistent with
the lack of an [N II] detection in J1148+5251 (Walter et al. 2009b).
Despite this evidence, in Section 5.2, we will consider the effect of
an alternative addition to our model in which the molecular fraction
is lower than that computed by equation (2), which is similar to the
effect of including a contribution from H II regions, albeit at lower
temperatures.

Finally, we arrive at the observed signal by summing the emission
from all clouds in our model galaxies and subtracting the CMB
as an observational background. We note that, while our model
accurately determines the intrinsic cloud emission as well as the
effect of the CMB background, in some cases, the two are of similar
magnitude and the subtracted result is not well determined (Muñoz
& Furlanetto 2013). This is particularly true for the CO(1–0) line
of galaxies in low-mass haloes but is not an issue for the [C II] line
in the present work.

3 O BSERVED SYSTEMS

In this section, we discuss the observed systems to which we will
compare our model. These sources fall into three categories: (1)
quasar hosts (QSOs), (2) SMGs, and (3) LAEs. Since the redshift
of the system is an a priori requirement for observing the [C II] line
flux (at least given current instruments), LBGs with no discernible
line emission are not as good candidates for this type of follow-up at
high redshift. We plan to extend our analysis to these objects using
the aggregate, unresolved intensity on the sky in forthcoming work.
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Compute emission:	

Escape probability code	

Krumholz & Thompson (2007)



Muñoz & Furlanetto (2013)

Consistency with Lower-z CO
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Following up LBGs in CO
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z=6
Z=0.1Z⊙

• CO(1–0): 
unobservable	


• CO(6–5):      
depends on 
metallicity/
density peaks

• low-Z kills 
you twice	


• CMB 
subtraction



CII

L[CII]∝(1-fCO) Z’ Mgas

Assume: optically thin



CII

L[CII]∝(1-fCO) Z’ Mgas

ln (fCO/fmol) ∝AV-1 

AV∝Σgas Z’ R’dm



CII

L[CII]∝(1-fCO) Z’ Mgas

if fmol ≈ 1 and AV ≫ 1, then: 
1-fCO∝AV-1∝Rdisk2/(Mgas Z’ R’dm)

ln (fCO/fmol) ∝AV-1 

AV∝Σgas Z’ R’dm



CII

L[CII]∝(1-fCO) Z’ Mgas L[CII]∝Rdisk2/R’dm

if fmol ≈ 1 and AV ≫ 1, then: 
1-fCO∝AV-1∝Rdisk2/(Mgas Z’ R’dm)

ln (fCO/fmol) ∝AV-1 

AV∝Σgas Z’ R’dm
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z~6.5 LAEs

L[CII]∝Rdisk2/R’dm

z~6.5

Rdm=1



Possible Interpretations
• Dust is depleted at a given 

metallicity by > factor of 10	


• Radius relation is wrong or biased	


• Dust/dissociation is anisotropic	


• Hot component	


• Standard PDR model doesn’t 
apply in limit of extreme 
extinction



Summary

• Analytic model of high-z ISM	


• Describes how gas fractions relate to feedback	


• Unlikely to observe z~6 LBGs in CO	


• FIR+[CII] sets Z<0.3 for undetected LAEs	


• [CII] in QSOs/SMGs requires more dissociation 
than can be explained with galaxy+PDR model	


• new picture?	


• Probe feedback and dust enrichment at high-z


