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ABSTRACT

The use of submm dust continuum emission to probe the mass of interstellar dust and gas in galaxies
is empirically calibrated using samples of local star forming galaxies, Planck observations of the Milky
Way and high redshift submm galaxies (SMGs). All of these objects suggest a similar calibration,
strongly supporting the view that the Rayleigh-Jeans (RJ) tail of the dust emission can be used as an
accurate and very fast probe of the ISM in galaxies. We present ALMA Cycle 0 observations of the
Band 7 (350 GHz) dust emission in 107 galaxies from z = 0.2 to 2.5. Three samples of galaxies with
a total of 101 galaxies were stellar mass-selected from COSMOS to have M∗ ≃ 1011M⊙: 37 at z∼ 0.4,
33 at z∼ 0.9 and 31 at z= 2. A fourth sample with 6 IR luminous galaxies at z = 2 was observed for
comparison with the purely mass-selected samples. From the fluxes detected in the stacked images for
each sample, we find that the ISM content has decreased a factor ∼ 6 from 1− 2× 1010M⊙ at both z
= 2 and 0.9 down to ∼ 2× 109M⊙ at z = 0.4. The IR luminous sample at z = 2 shows a further ∼ 4
times increase in MISM compared to the equivalent non-IR bright sample at the same redshift. The
gas mass fractions are ∼ 2 ± 0.5, 12± 3, 14± 2 and 53± 3 % for the four subsamples (z = 0.4, 0.9, 2
and IR bright galaxies).

Subject headings: cosmology: observations — cosmology: galaxy evolution ISM: clouds

1. INTRODUCTION

The interstellar medium (ISM) in galaxies is critical
to fueling the activities of galactic star formation and
AGN. Following the peak in cosmic star formation (SF)
at z = 2.5, the overall star formation rate has declined by
a factor of 20 over the last 11 Gyr (Hopkins & Beacom
2006; Carilli & Walter 2013). Although the ISM fuels
the star formation, it is unclear if the decline is due to:
exhaustion of the galactic ISM; less efficient conversion
of ISM to stars or a reduction in galactic accretion of
fresh intergalactic medium (IGM). At present, there exist
inadequate samples of galaxies with measured ISM gas
contents to discriminate between these possibilities.
Over the last decade, the rotational transitions of CO
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have been used to probe the molecular ISM of high red-
shift galaxies. These observations are time consuming
and only ∼75 galaxies have been detected and imaged
in CO (Baker et al. 2004; Solomon & Vanden Bout 2005;
Coppin et al. 2009; Tacconi et al. 2010; Bothwell et al.
2013; Tacconi et al. 2013; Carilli & Walter 2013, and ref-
erences therein). Most of the existing detections have
been for galaxies with ISM masses exceeding 1010 M⊙ or
in highly lensed systems. ALMA will improve this situa-
tion; still, observing times of > 6 hours will be required
for a Milky Way-like galaxy at z ∼ 2.
Here, we develop an alternative approach – using

the long wavelength dust continuum to probe of ISM
masses at high redshift (as suggested by Scoville 2012;
Eales et al. 2012; Magdis et al. 2012, and references
therein). 107 galaxies in the COSMOS field at z = 0.2 to
2.5 were observed with ALMA in the continuum at 350
GHz (λ = 850µm).
In §2), we present the physical and empirical basis for

using long wavelength dust emission as a probe of ISM
mass. The empirical calibration is obtained from 1) a
sample of local star forming galaxies, 2) Planck obser-
vations of the Milky Way, and 3) high redshift submm
galaxies (SMGs). All of these yield a similar rest frame
850µm luminosity per unit ISM mass with a small disper-
sion. The sample of 107 galaxies for ALMA is presented
in §3. These galaxies were selected in COSMOS to have
relatively constant stellar mass (∼ 1011M⊙) but span
the redshift range z = 0.2 to 2.5. 26% of the 107 galaxies
were detected individually in integrations ranging from
1 to 4 minutes (with ∼ 15 − 18 telescopes in the array
and only 5 hours total time). All subsamples were sig-
nificantly detected in stacked images. The observational
results (§4 and §A) indicate strong evolution in the ISM
contents of these galaxies from z = 2 to 0.3.

http://arxiv.org/abs/1401.2987v2
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Our results provide a strong foundation for much larger
surveys of dust emission in the future to probe the ISM
evolution at high redshift. This approach is much faster
(∼ 30×) than molecular line observations and more reli-
ably calibrated (given the likely variations in molecular
line excitation and variations in the CO-to-H2 conversion
factor for higher CO transitions).

2. LONG WAVELENGTH DUST CONTINUUM AS A MASS
TRACER

The FIR-submm emission from galaxies is dominated
by dust re-emission of the luminosity from stars and ac-
tive galactic nuclei (AGN). The luminosity at the peak
of the FIR is often used to estimate the luminosity of
obscured star formation or AGN.
Equally important (but not often stressed) is the fact

that the long-wavelength RJ tail of dust emission is
nearly always optically thin, thus providing a direct
probe of the total dust and hence the ISM mass – pro-
vided the dust emissivity per unit mass and the dust-
to-gas abundance ratio can be constrained. Fortunately,
both of these prerequisites are well established from ob-
servations of nearby galaxies (e.g. Draine et al. 2007;
Galametz et al. 2011). Theoretical understanding of the
dust emissivity has also significantly improved in the last
two decades (Draine & Li 2007).
On the optically thin, RJ tail of the IR emission, the

observed flux density is given by

Sν ∝ κd(ν)Tdν
2Md

d2l
(1)

where Td is the temperature of the emitting dust grains,
κd(ν) is the dust opacity per unit mass of dust, Md is
the total mass of dust and dL is the source luminos-
ity distance. (Here, we have assumed the source is at
low redshift, thus not including the bandshifting and the
compression of the frequency space which will be added
later.)
In nearby normal star-forming galaxies, the majority

of the dust is at Td ∼ 20 → 35K, and even in the most
vigorous starbursts like Arp 220 the FIR/submm emis-
sion is dominated by dust at temperatures ≤ 45K. Thus
variations in the effective dust temperature are small on
a galactic scale and the observed fluxes probe the total
mass of dust.
Equation 1 can be rewritten in terms of the specific lu-

minosity at the fiducial wavelength λ = 850µm (ν = 353
GHz). Let jν be the specific emissivity per unit volume
(erg sec−1 Hz−1 ster−1 cm−3), κ(ν) the dust opacity per
unit path length (= ndσν) and vol the volume of the
source. The specific luminosity is then

Lν =4πjν vol = 4πκ(ν)Bν(Td) vol

=4πκd(ν)ρdBν(Td)vol (2)

where ρd is the dust mass per unit volume in the ISM.
For the RJ tail of the spectrum, this translates to

αν ≡
Lν

MISM
=

8πk

c2
κISM(ν)Tdν

2

(3)

where κISM(ν) is the dust opacity per gr of ISM mass

(i.e. κISM(ν) = κd(ν)ρd/ρISM). Thus,

αν ≡
Lν

MISM
= κISM(ν)Td

(

ν

ν850µm

)2

×

9.54× 1020erg sec−1Hz−1M⊙
−1. (4)

The long wavelength dust opacity can be approximated
by a power-law in wavelength

κISM(ν) = κISM(ν850µm)(λ/850µm)−β (5)

The long wavelength opacity per unit mass (Eq. 2)
can be investigated using submm observations of nearby
galaxies and the Galactic ISM, and then applied to the
high redshift galaxies. These local calibrations allow one
to ascertain a best estimate for κISM(ν) and to determine
if significant variations arise between atomic and molec-
ular phases of the ISM. There are two aspects to this
calibration: 1) the spectral index of κISM(ν) is required
to relate flux measures in the different wavelength bands
and at different redshifts and 2) κISM (ν850µm), the dust
opacity per unit mass at a fiducial wavelength, here cho-
sen to be λ = 850µm (ν850µm ≡ 350 GHz).

2.1. The Dust Submm Spectral Index – β

The overall spectral slope of the rest frame submm
dust emission flux density (Eq. 1) is observed to vary as
Sν ∝ να with α = 3 − 4. Two powers of ν are from the
RJ dependence; the remainder is due to the frequency
variation in κISM(ν) (∝ νβ). Most theoretical models
for the dust have opacity spectral indices of the β = 1.5
to 2 (Draine 2011). Empirical fits to the observed long
wavelength SEDs suggest β = 1.5 to 2 (Dunne & Eales
2001; Clements et al. 2010) for local galaxies. For high
z submm galaxies, the apparent spectral index is α =
3.2 - 3.8 but in some cases the shorter wavelength point
is getting close to the IR peak in the rest frame and
therefore not strictly on the RJ tail. Probably the best
determination is that of Chapin et al. (2009) who used
their λ = 1.1 survey to find < β >= 1.75 for 29 SMGs
with a median z = 2.7.
Recently the Planck mission has provided a robust de-

termination of β with 7 bands (at λ = 3 mm to 100 µm)
observing the submm dust emission from the Galactic
ISM. The Planck Collaboration (2011b) analyzed data
on the Taurus cloud complex and derived β = 1.78±0.08,
including both atomic and molecular ISM regions. Using
the very extensive Planck data throughout the Galaxy,
Planck Collaboration (2011a) finds β = 1.8±0.1 with no
significant difference between the HI and H2-dominant
regions.
In the remainder of this paper, we adopt β = 1.8 as

derived by the very high quality Planck observations of
the Galaxy. (This β is also consistent with the prior ex-
tragalactic determinations, as summarized earlier, within
their uncertainties.)

2.2. Calibration of κISM(ν850µm) from Local Galaxies
and Low-z ULIRGs

In order to empirically calibrate the dust opacity per
unit mass of ISM we make use of galaxy samples for
which both the submm dust emission and ISM masses
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Table 1
Low-z galaxies with submm & ISM data

Galaxy Distance Sν(450µm) Sν(850 µm) logMHI logMH2

Mpc Jy Jy M⊙ M⊙

NGC4631 9.0 30.7 5.73 9.2 9.5
NGC7331 15.7 18.5 2.98 9.4 9.7
NGC7552 22.3 20.6 2.11 9.7 10.0
NGC598 76.0 2.3 0.26 9.8 10.1
NGC1614 62.0 1.0 0.22 9.7 10.0
NGC1667 59.0 1.2 0.16 9.3 9.6
Arp 148 143.0 0.6 0.09 9.9 10.2
1ZW107 170.0 0.4 0.06 10.0 10.3
Arp 220 79.0 6.3 0.46 10.0 10.3
12112+0305 293.0 0.5 0.05 10.3 10.6
Mrk231 174.0 0.5 0.08 9.8 10.1
Mrk273 153.0 0.7 0.08 9.9 10.2

Note. — Submm flux measurements and ISM masses from Dale et al.
(2005), Clements et al. (2010) and the NASA Extragalactic Database. HI
masses were set to 50% of the molecular gas masses. Uncertainties in the
derived H2 masses are dominated by the assumed CO to H2 conversion
factor which is uncertain by ∼ ±25% even for normal low-level SF galaxies.

are well-determined globally (or where the measurements
refer to the same areas in the galaxy).
Our local galaxy sample includes SCUBA data for 12

galaxies – 3 from the SINGS survey (Dale et al. 2005)
and 9 from ULIRGs survey (Clements et al. 2010). The
ULIRG sample is in fact probably most relevant since
these galaxies are closer in IR luminosity to the high
redshift galaxies and very importantly, their emission is
compact so we can be confident that the total 850µm flux
and ISM masses encompass the same regions. (As a re-
liability check for the submm measurements we required
observed fluxes at both 450 and 850µm and that their
ratios yield a reasonable spectral index.) The submm
fluxes and ISM masses for the low-z galaxy sample are
provided in Table 1.
The 850µm fluxes were converted to specific luminosity

Lν(850µm), using

Lν =10−23 4πd2L Sν(Jy)

=1.19× 1027 Sν(Jy) d
2
L(Mpc) ergs sec−1Hz−1 (6)

and ratioed to the ISM masses (HI & H2) (Fig. 1). Based
on the data shown in Fig. 1, we find a constant of pro-
portionality between the 850µm specific luminosity and
the ISM mass

α850µm=
Lν850µm

MISM

=1.0± 0.23× 1020ergs sec−1Hz−1M⊙
−1. (7)

2.3. κISM(850µm) in the Galaxy from Planck

The Planck measurements of the submm emission from
the Galaxy provide both very high photometric accuracy
and the ability to probe variations in the opacity to mass
ratio between atomic and molecular phases, and with
Galactic radius. The latter provides a weak probe of
metallicity dependence.
In the Taurus complex, the Planck Collaboration

(2011b) obtained best fit ratios of τ250µm/NH = 1.1 ±

Figure 1. The ratio of Lν at 850µm to MISM is shown for a sam-
ple of low-z spiral and starburst galaxies from Dale et al. (2005)
and Clements et al. (2010). The average and median values for the
sample are shown by horizontal lines. The mean ratio shown by
the error bars is 1.00± 0.23× 1020ergs sec−1Hz−1M⊙

−1. Typical
uncertainties in the derived ISM masses are ±50% due to variation
in the CO to H2 conversion factor.

0.2 and 2.32 ± 0.3 × 10−25 cm2 for the atomic and
molecular13 phases, respectively. (The former is consis-
tent with a much earlier determination of 1 × 1025 cm2

(Boulanger et al. 1996) for the diffuse ISM.)
Using Planck data from the Galaxy,

Planck Collaboration (2011a) found τ250µm/NH =
0.92 ± 0.05 × 10−25 cm2 near the solar circle with no
significant variation in Galactic radius. This includes
the inner galaxy – where the molecular phase dominates
and the mean dust temperatures are higher – in addition
to the solar circle and outer radii where HI dominates.
It would appear that there is no strong evidence of
variation in the opacity per unit mass with either ISM
phase, dust temperature or metallicity. (The overall
range of metallicity probed in the Milky Way is not
large so this issue would need to be reexamined using
data from low metallicity dwarf galaxies.)
In the following, we adopt τ250µm/NH ≃ 1.0 × 10−25

cm2. To convert the scale factors from the Planck analy-
sis to κISM(ν850µm), we note that NH = ΣISM/(1.36mH)
where ΣISM is the total mass column density of ISM and
the factor 1.36 is to account for He at 9% abundance.
Using β = 1.8 to scale from 250 to 850 µm implies an
additional factor 0.11 and thus

κISM(ν850µm)=
τ250µm
NH

0.11

1.36mH

=4.84× 10−3gr−1cm2. (8)

13 We note that the estimation of the molecular gas masses by
Planck Collaboration (2011a) assumed a value XCO = 2 × 1020

H2 cm−2 (K km/s)−1 based on Fermi gamma ray observations.
However, virial mass estimates for the GMCs indicate a best
XCO = 3.6± 0.2× 1020 (Scoville et al. 1987), implying higher H2

masses and therefore a value τ250µm/NH = 1.3 × 10−25 cm2, i.e.
more similar to the atomic phase value.
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The specific luminosity emitted per unit mass of ISM
is then given by

α850µm =
Lν850µm

MISM
=4πκISM(ν850µm)Bν(Td)

=0.79× 1020ergs/sec/Hz/M⊙ (9)

where the Planck function was evaluated with Td = 25 K
as discussed immediately below (§2.4). (Eq. 9 uses the
actual Planck function, not the RJ approximation.)
The value of the constant of proportionality between

the 850µm flux and the ISM mass in the Galaxy found
by the Planck Mission is therefore within 20% of that
found earlier in the sample of nearby galaxies.

2.4. Redshifted Submm Fluxes

Figure 2. The RJ correction factor ΓRJ is shown as a function
of redshift for 4 observing frequencies and dust temperatures of 25
and 35 K.

For high redshift, one may estimate the expected
submm continuum fluxes using the calibration of spe-
cific luminosity at 850 µm to ISM mass from Equation 7
and power law with β = 1.8 for the long wavelength dust
opacity. The observed flux density is

Sνobs =α850µm MISM (1 + z)4.8
(

νobs
ν850µm

)3.8

×
ΓRJ

Γ0

1

4πd2L
(10)

where the additional factor of (1 + z) beyond that asso-
ciated with the rest frame SED is due to the compression
of observed frequency space relative to that in the rest
frame.
ΓRJ is the correction factor for departure from the RJ

ν2 dependence as the observed emission approaches the
SED peak in the rest frame. This can be a substantial

correction; it is given by :

ΓRJ (Td, νobs, z)=
hνobs(1 + z)/kTd

ehνobs(1+z)/kTd − 1
(11)

and shown in Figure 2 for dust temperatures of 25 and
35 K. [Γ0 is the value of Γ appropriate to the low z λ =
850µm used to calibrate α850µm; nominally Γ0 = 0.71
(see Fig. 2).]
In the following, we assume Td = 25 K to charac-

terize the bulk of the ISM mass. (In the Planck ob-
servations of the Milky Way the median was Td ≃ 18
K (Planck Collaboration 2011a) but more active galax-
ies are likely to have somewhat higher dust tempera-
tures.) Dunne et al. (2011) derived dust temperatures
in the range 17 to 30 K for 1867 galaxies at z < 0.5 in
the Herschel-ATLAS survey. Very similar distributions
of dust temperatures were found by Dale et al. (2012)
for 61 galaxies in the Herschel KINGFISH survey and
Auld et al. (2013) for 254 galaxies in the Herschel Virgo
Cluster Survey.
For a flux density measurement at observed frequency

νobs,

Sνobs =0.83
MISM

1010M⊙

(1 + z)4.8
(

νobs
ν850µm

)3.8

×
ΓRJ

Γ0

(

Gpc

dL

)2

mJy (12)

for λrest & 250 µm

where we have used α850µm given by Eq. 7. We note
that the empirical calibration of α850 was obtained from
z ≃ 0 galaxies; however, there is still a non-negligible
RJ departure (∼ 0.7) which must be normalized out (i.e.
the y-axis intercept in Figure 2). This is the term Γ0 =
ΓRJ(0, Td, ν850) in the equation above.
The restriction λrest & 250 µm is intended to ensure

that one is on the RJ tail and that the dust is likely to
be optically thin. If the dust is extremely cold one might
need to be more restrictive and in the case of the most
extreme ULIRGs the dust is probably optically thick to
even longer wavelengths. Analogous expressions can eas-
ily be obtained for the other ALMA bands.
Figure 3 shows the expected flux as a function of red-

shift for the ALMA bands at 100, 145, 240 and 350 GHz
(Bands 3, 4, 6 and 7). At low z, the increasing luminos-
ity distance leads to reduced flux as z increases. How-
ever, above z = 1 the well known ”negative k-correction”
causes the flux per unit ISM mass to increase at higher z
as one moves up the far infrared SED towards the peak
at λ ∼ 100µm. Figure 3 shows that the 350 GHz flux
density plateaus and then decreases above z = 2; this is
due to the fact that at higher redshift, 350 GHz is ap-
proaching the rest frame far infrared peak (and no longer
on the ν2 RJ tail). This is the factor ΓRJ coming in for
25 K dust.
At redshifts above 2.5, Figure 3 indicates that one

needs to shift to a lower frequency band, e.g. 240, 145 or
100 GHz, in order to avoid the large and uncertain ΓRJ

corrections. Since future studies similar to that pursued
here will push to higher redshifts, we have included the
lower frequency bands in Figures 2 and 3.
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Figure 3. The expected continuum fluxes at 100, 145, 240 and 350
GHz for MISM = 1010M⊙ derived using the empirical calibration
embodied in Equation 7, an emissivity power law index β = 1.8
and including the RJ departure coefficient ΓRJ (25K). Since the
point source sensitivities of ALMA in the 3 bands is fairly similar,
it is clear that the optimum strategy is to use Band 7 out to z ∼ 2,
before moving to lower frequency bands to avoid the RJ correction
issues.

2.5. Comparison with High z SMGs

The empirical value for α850 (= Lν850µm
/MISM) ob-

tained in §2.2 and 2.3 based on local galaxies and Planck
observations of the Milky Way pertain to low redshift
galaxies. We now compare these local calibrations with
observations for a large sample of SMGs from the litera-
ture (see Table 2). We restrict this comparison to SMGs
at z < 3 so that the observed 850µm flux measures will
be longward of the far infrared peak in the rest frame.
We also restrict our sample to only those SMGs with

high signal-to-noise ratio (SNR) measurements of CO(1-
0). From these, we can reliably obtain ISM mass es-
timates without large excitation corrections and uncer-
tainties. Although many galaxies have detectable emis-
sion in higher CO transitions, this high excitation gas,
very likely constitutes just a small fraction of the total
molecular gas. The bulk of the molecular gas is prob-
ably at 10 - 20 K and therefore emits appreciably only
in the first couple CO lines. And, the CO(1-0) line lu-
minosity is well known to be linearly correlated with
the gravitational masses of GMC (Scoville et al. 1987;
Solomon et al. 1987). Although some of these SMGs are
likely to be lensed, we do not expect a differential mag-
nification difference between the cold molecular gas and
the cold dust emission; hence, their ratios should still
provide a check on the high redshift luminosity-to-mass
ratio.
The molecular ISM masses were derived from the

observed CO(1-0) line fluxes using Eq. 3 in
Solomon & Vanden Bout (2005) and a standard αCO =
MISM/LCO = 4.6 M⊙(K km sec−1pc2)−1. Columns 9
and 10 list the derived ISM masses and Lν850µm

. The
individual galaxy ratios are given in the last column and
shown in Figure 4 along with the sample average

< α850µm >SMG=1.0± 0.5× 1020

ergs/sec/Hz/M⊙. (13)

Figure 4. The ratio of Lν at 850 µm to MISM is shown for a
sample of z < 3 SMGs with CO(1-0) data (references given in
Table 2). Colors of the symbols indicate the redshifts ranging from
z = 1.44 (blue) to 3.0 (red). The average value of the luminosity-to-
mass ratio = 1.01±0.52×1020 erg cm−2 sec−1 M⊙

−1 is indicated
by the square. (The median value is 8 × 1019 erg cm−2 sec−1

M⊙
−1.)

In the above analysis we used the standard Galac-
tic factor αCO to convert observed CO(1-0) luminosity
to gas mass. As discussed in Solomon & Vanden Bout
(2005), low-z studies of ULIRGs have led to the sug-
gestion that the conversion factor could be several times
smaller (Downes et al. 1993; Bryant & Scoville 1999). In
the ULIRGs the gas is concentrated in the nuclear re-
gions as a result of dissipative galaxy merging and the
molecular gas line width can be increased by the galactic
dynamics, including the stellar mass – not just the gas
mass as in the self-gravitating GMCs where the standard
conversion factor was derived. In addition, the mean
gas temperature and density (ρ) may be different in the
ULIRG nuclei as a result of the intense star formation
activity and the αCO should vary as < ρ >1/2 /Tk (see
Equation 8.5 in Scoville 2012).
For the high z SMGs, it is not obvious that the lower

αCO (used in low-z ULIRGs) is appropriate since it is un-
certain that the bulk of the molecular gas in the SMGs is
similarly concentrated. Our restriction to CO(1-0) in the
above sample was specifically intended to avoid sensitiv-
ity to the presence of high excitation gas, and to sample
the larger, presumably extended masses of cold gas. In-
deed, the ratio of dust emission to gas mass is similar
to that obtained in low z galaxies; this suggests that the
SMG CO(1-0) emission is not enhanced by concentration
in the galactic nuclei.

2.6. Summary – an approximately constant RJ
mass-to-light ratio

In the preceding sections, we have presented the phys-
ical explanation and, more importantly, strong empirical
justification for using the long wavelength RJ dust emis-
sion in galaxies as a linear probe of the ISM mass. The
most substantial determination of the dust RJ spectral
slope is that obtained by the Planck Mission from obser-
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Table 2
SMGs with CO(1-0) data

SMG Ref. z Sν(850 µ) SNR850µm
a Γ0

ΓRJ
ICO SNRCO

a MISM
b L850 L850 / MISM

b

mJy Jy km s−1 1011 M⊙ 1031cgs 1020 cgs/M⊙

HXMM01... 1 2.31 27.0 9.0 2.6 1.73 5.6 20.1± 3.6 10.5 0.5± 0.2
SPT-S053816-... 2 2.79 125.0 17.9 3.2 1.20 6.0 19.3± 3.2 47.9 2.5± 0.6
HATLASJ08493... 3 2.41 19.0 9.5 2.7 0.56 8.0 7.0± 0.9 7.1 1.0± 0.2
H-ATLASJ0903... 4 2.31 54.7 17.6 2.6 1.00 7.7 11.6± 1.5 21.2 1.8± 0.3
H-ATLASJ0913... 4 2.63 36.7 9.4 3.0 0.76 6.3 11.1± 1.7 14.6 1.3± 0.3
H-ATLASJ0918... 4 2.58 18.8 11.8 2.9 1.04 4.0 14.7± 3.7 7.4 0.5± 0.2
HLSW-01... 5 2.96 52.8 105.6 3.5 1.14 10.4 20.2± 2.0 21.4 1.1± 0.1
H-ATLASJ1132... 4 2.58 106.0 5.9 2.9 0.66 3.5 9.3± 2.7 4.9 0.5± 0.2
H-ATLASJ1158... 4 2.19 107.0 5.9 2.5 0.74 6.2 7.9± 1.3 4.9 0.6± 0.2
H-ATLASJ1336... 4 2.20 36.8 12.7 2.5 0.93 7.8 10.0± 1.3 14.3 1.4± 0.3
H-ATLASJ1344... 4 2.30 73.1 30.5 2.6 2.74 7.0 31.7± 4.5 28.4 0.9± 0.2
H-ATLASJ1413... 4 2.48 33.3 12.8 2.8 1.47 8.6 19.4± 2.2 13.1 0.7± 0.1
SMMJ2135-010... 6 2.33 106.0 8.8 2.6 2.25 9.8 26.5± 2.7 39.4 1.5± 0.3
SPT-S233227-... 2 2.73 150.0 13.6 3.1 1.70 6.8 26.4± 3.9 57.3 2.2± 0.5
SMMJ123549.4... 7 2.20 8.3 3.3 2.5 0.32 8.0 3.4± 0.4 2.8 0.8± 0.3
SMMJ123707.2... 7 2.49 10.7 4.0 2.8 0.91 7.0 12.1± 1.7 3.7 0.3± 0.1
SMMJ163650.4... 7 2.38 8.2 4.8 2.7 0.34 8.5 4.2± 0.5 2.8 0.7± 0.2
SMMJ163658.1... 7 2.45 10.7 5.3 2.8 0.37 5.3 4.8± 0.9 3.7 0.8± 0.3
EROJ164502+4... 9 1.44 4.9 6.6 1.8 0.60 6.0 3.0± 0.5 1.5 0.5± 0.2
SMMJ02399-01... 10 2.81 23.0 12.1 3.3 0.60 5.0 9.8± 2.0 8.1 0.8± 0.2
SMMJ04135+10... 10 2.85 25.0 8.9 3.3 0.64 7.9 10.7± 1.4 8.8 0.8± 0.2
SMMJ04431+02... 11 2.51 7.2 4.8 2.8 0.26 4.3 3.5± 0.8 2.5 0.7± 0.3
SMMJ14009+02... 10 2.93 15.6 8.2 3.5 0.31 15.5 5.4± 0.3 5.5 1.0± 0.2
SMMJ14011+02... 10 2.57 12.3 7.2 2.9 0.40 8.0 5.6± 0.7 4.3 0.8± 0.2
SMMJ163555.2... 10 2.52 12.5 15.6 2.9 0.22 5.5 3.0± 0.5 4.3 1.4± 0.4
SMMJ163554.2... 12 2.52 15.9 22.7 2.9 0.40 10.0 5.4± 0.5 5.5 1.0± 0.1
SMMJ163550.9... 12 2.52 8.4 10.5 2.9 0.30 3.3 4.1± 1.2 2.9 0.7± 0.3
HATLASJ08493... 12 2.41 25.0 12.5 2.7 0.49 8.2 6.1± 0.8 9.4 1.5± 0.3

averagec : 1.01 ± 0.52

Note. — Submm fluxes and CO(1-0) measurements from references given in the second column: 1:(Fu et al. 2013),
2:(Aravena et al. 2013), 3:(Ivison et al. 2013), 4:(Harris et al. 2012), 5:(Riechers et al. 2011a), 6:(Lestrade et al. 2011), 7:(Ivison et al.
2011), 8:(Riechers et al. 2011b), 9:(Greve et al. 2003), 10:(Thomson et al. 2012), 11:(Harris et al. 2010), 12:(Ivison et al.
2013),(Bussmann et al. 2013)
a SNR (signal to noise ratio) calculated from the ratio of the measured flux to stated uncertainty in the observational reference.
b Specified uncertainties in the ISM masses and the luminosity-to-mass ratios include only the flux uncertainties for the CO and
850µm measurements. The uncertainty due to variations in the CO to H2 conversion ratio are difficult to quantify since the physical
conditions in the galaxies are unresolved. It is worth noting that for a large sample of Galactic GMCs with both CO (1-0) luminosities
and virial masses, Scoville et al. (1987) measured a dispersion of only 7% in the ratio LCO/Mvir and this sample including clouds
with and without HII regions and covered a mass range 1− 16 × 105M⊙.
c Unweighted average and standard deviation.

vations of the Galaxy (Planck Collaboration 2011b,a),
indicating a dust emissivity index β = 1.8± 0.1 with no
strong evidence of variation in Galactic radius or between
atomic and molecular regions. Secondly, both the Planck
data and measurements for nearby local galaxies, includ-
ing both normal star forming and star bursting systems,
indicate a similar constant of proportionality α850 for the
dust emission at rest frame 850µm per unit mass of ISM.
Lastly, we find for a large sample of SMGs at z = 1.4
to 3, their ratio of rest frame 850µm per unit mass of
ISM is essentially identical to that obtained for the lo-
cal galaxies. The similarities of the α850s argue strongly
that for the majority of ISM mass, the dust emissivity
at long wavelengths, the dust-to-gas mass ratio and the
dust temperatures vary little. The dispersions (or un-
certainties) in the derived α850µm and β are 5 - 25%.
Since these uncertainties are generally less than the flux
measurement fractional uncertainties we include only the
latter in the following uncertainty estimates.
The submm flux to dust mass ratio is expected to vary

linearly with dust temperature. In practice, the over-

all range of Td for the bulk of the mass of ISM is very
small, since it requires very large increases in the radia-
tive heating to increase the dust temperatures (Td varies
approximately as the 1/5 - 1/6 power of the radiation en-
ergy density). As noted above, the extensive surveys of
local galaxies with Herschel find a range of Td ∼ 15− 30
K (Dunne et al. 2011; Dale et al. 2012; Auld et al. 2013).
Where we have needed to specify a dust temperature (e.g.
for the R-J correction) we used 25 K, so we expect the
uncertainties in the derived masses averaged on galaxy
scales will be less than ∼ 25%.
These calibrations, including atomic- and molecular-

dominant regions; normal to star bursting systems; in-
ner to outer galaxy; and low to moderate redshift lay a
solid foundation for using measurements of the RJ dust
emission to probe galactic ISM masses. ALMA enables
this technique for high redshift surveys, providing high
sensitivity and the requisite angular resolution to avoid
source confusion.

2.7. Two Cautions
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Table 3
Galaxy Samples for Dust Continuum Measurements

Sample # z <Mstellar >a log <SFR>a

1011M⊙ M⊙yr−1

Low-z 37 0.22 - 0.48 1.30±0.57 0.63±1.72
Mid-z 33 0.81 - 1.15 1.59±0.66 1.31±1.68
High-z 31 1.46 - 2.54 1.23±0.61 1.97±0.57

IR-Bright 6 1.46 - 2.02 1.00±0.33 2.27±0.23

a The uncertainties give the dispersion of each sample.

It is important to recognize that even for those objects
detected in SPIRE, the SPIRE data can not be used to
reliably estimate ISM masses (along the lines as done
here) for the z = 1 and 2 samples. For those redshifts,
the SPIRE data will be probing near the rest frame far
infrared luminosity peak – not safely on the RJ tail and
not necessarily optically thin. The longest wavelength
channel (500µm or 600 GHz) will be probing rest frame
170µm for z = 2; for such measurements, there will be
substantial uncertainty in the mass estimate, depending
on the assumed value of the dust temperature (see Figure
2).
Fitting the observed SED to derive an effective dust

temperature is not a reliable approach – near the far in-
frared peak, the temperature characterizing the emission
is ’luminosity-weighted’ (i.e. grains undergoing strong
radiative heating) rather than mass-weighted. Hence,
the derived Td will not reflect the temperature appropri-
ate to the bulk of the ISM mass. Or put another way,
the flux measured near the peak is simply a measure of
luminosity – not mass. Furthermore, the large SPIRE
beam results in severe source confusion at these flux lev-
els and hence unreliable flux measurements for individual
galaxies. At z > 2 ALMA resolution and sensitivity are
required and one must observe at ν ≤ 350 GHz to be on
the RJ tail of the dust emission.

3. COSMOS MASS-SELECTED GALAXY SAMPLE FOR
ALMA

Our sample of 107 galaxies is taken from the COSMOS
2 deg2 survey (Scoville et al. 2007) which has excellent
photometric redshifts derived from 34 band (UV-Mid IR)
photometry. The COSMOS field also has deep infrared
coverage with Spitzer (IRAC and MIPS) and Herschel
(PACS and SPIRE), as well as radio continuum and X-
ray coverage (Ilbert et al. 2013).
The galaxies were selected to have stellar masses M∗ ≃

1011 M⊙, as determined from the photometric redshift
SED template fit. The photometric redshifts and stel-
lar masses of the galaxies are from Ilbert et al. (2013)
and the accuracy of those quantities is discussed in de-
tail there. The SFRs are derived from the rest frame UV
continuum and the infrared using Herschel PACS and
SPIRE data as detailed in Scoville et al. (2013). For half
of the objects there exist reliable (multi-line) spectro-
scopic redshifts.
In order to span the range of star formation activ-

ity for massive galaxies at each redshift, the galaxies
were selected to span the range of NUV - r colors at
each redshift. In the lower redshift samples, an increas-
ingly large fraction of the objects would be classified as
”passive” based on their red NUV - r colors. Figure 5

Figure 5. The distribution of specific star formation rates are
shown for the three redshift samples. The histograms show the
distributions obtained from the full COSMOS photometric redshift
catalog using the same redshift ranges and stellar mass ranges as
observed here. The triangle points are the distributions for the
three galaxy samples observed here.

shows the distributions of specific star formation rates
(sSFR = SFR/M∗) for the full COSMOS galaxy sam-
ples and for the samples observed here.
The properties of the individual galaxies and their

ALMA flux measurements and upper limits are listed in
Tables A1 - A3 in §A. The observed galaxies fall into four
subsamples, all stellar mass-selected but over a range of
redshifts. Their summary properties are given in Table 3
including the median stellar mass (M∗) and star forma-
tion rate (SFR) of each sample. The first three samples
were chosen based purely on stellar mass with no prior
selection for either SFR or far infrared luminosity. The
last sample was specifically chosen to be infrared bright
(easily detected by Herschel) and to have stellar masses
∼ 1011 M⊙, like the other samples.

4. OBSERVATIONS AND RESULTS

The ALMA Cycle 0 observations for project
(#2011.0.00097.S) analyzed here were obtained in Mar -
Oct 2012 in Band 7 at 350 GHz. On-source integration
times were 1, 2 and 4 minutes per galaxy at z = 0.3,
0.9 and 2, respectively. With continuum bandwidths of
8 GHz, the 1σ rms sensitivity was 0.5, 0.4 and 0.3 mJy
and typical synthesized beam sizes were ≃ 0.6′′. The
data were calibrated and imaged with natural weighting
using CASA.

4.1. Source Measurement and Noise Estimation

The measurement results for the individual galaxies
are tabulated in Tables A1 – A3. In the images, aper-
tures centered on the galaxy position were used to search
for significant detection of continuum in the integrated
aperture flux (Stot in the tables) or a high single pixel
(Speak in the tables) within the aperture. The former
recovers instances where the emission is significantly ex-
tended beyond the synthesized beam (≃ 1′′); the latter
is most sensitive when the emission is unresolved. The



8 Scoville et al.

apertures were 3 and 2 ′′for the low z sample and the mid
and high z samples respectively. A significant detection
required a 2σ SNR in the integrated aperture flux (Stot
in the tables) or a 3.6 σ detection of a high single pixel
(Speak in the tables) within the aperture. These different
nσ limits were chosen such that there would be less than
one spurious detection by either technique in the entire
sample.
The noise estimate in both cases was derived from the

dispersion in the integrated and peak flux measurements
obtained for 100 apertures of the same size displaced off-
center in the same image. We also tabulate the signal-
to-noise ratios (SNRs) given by

SNRtot=
Stot
σtot

SNRpeak=
Speak
σpix

(14)

Note that we let the SNR be less than 0 if the measured
flux is less than 0; this is so that large negative flux values
don’t end up with a positive SNR (above the detection
thresholds).
The signal-to-noise ratio given in Column 9 (Tables A1

— A3) is the better of those obtained from the integrated
or peak flux measurement. In the last column, limits are
given at 2σ and 3.6σ in the inferred mass, depending on
whether the better SNR was obtained for the integrated
or peak flux measurement.
Twenty-eight of the 107 galaxies (26%) were signifi-

cantly detected and these are shown in Figure A1. The
maximum detected 350 GHz flux was ∼ 4mJy and the
inferred ISM masses are 1− 8× 1010 M⊙. Although the
detection rate is less than 50%, one should recall that the
integration times were only 1 - 4 minutes with fewer than
18 of the eventual 64 ALMA telescopes. Secondly, this
very high stellar mass sample will preferentially include
a large fraction of passive galaxies and the ISM contents
may be larger at lower stellar mass. The detection rate
was 100% for the IR bright sample.

5. STACKED SAMPLES

The mean fluxes and derived ISM masses for stacked
images of each of the four galaxy subsamples may be used
to explore the overall evolution of the dust emission and
ISM masses. The individual galaxy images were stacked
in three ways: an average, a median stack and an average
weighted by the square of the rms noise. The median and
weighted averages are used in the discussion and figures
below. [The simple average was not significantly different
except that it has higher noise than the rms-weighted
average.] Figure 6 shows the median stacked images for
each of these subsamples.
Figure 7 shows the average and median 350 GHz fluxes

for each of the four stacked samples. Table 4 lists these
measurements along with their signal-to-noise ratios. All
four samples are significantly detected in the stacked im-
ages (both median and average). The lowest redshift
sample does not have high statistical significance in the
stacked detection but that is to be expected, given the
anticipated evolution of ISM masses for these very mas-
sive galaxies.
The derived ISM masses for each of the samples are

IR Bright

High z

High z

Mid zLow z

Figure 6. Median stacked images for the four subsamples of
galaxies (Tables 3 and 4). The scale is in arcsecs and the contours
are at -2, 2, 3, 4, 5, 7, 9, 11 σ (see Table 4).

Figure 7. The 350 GHz continuum fluxes from stacked images
of the four galaxies samples. Median and average stacked images
are indicated by triangles and squares. The signal-to-noise ratios,
SNRs, are given in Table 4 and they are from ∼3, 4, 8 and 16 for
the low-z, mid-z, high-z and IR bright samples, respectively.

shown in Figure 8 for the average and median stacks.
The figures clearly show an increase in the ISM content
both in absolute mass and gas mass fraction (since the
stellar masses are the same) from z = 0.4 to 1. From z =
1 to 2, the ISM mass shows no significant evolution for
the strictly stellar mass-selected samples. This is a very
interesting result, but given the small sample sizes and
the fact that these are only the most massive galaxies, it
is not clear how general these results are in terms of over-
all cosmic evolution. A high priority should be placed on
extending the samples to lower stellar mass and better
sampling of the star formation characteristics.
Comparing the IR bright sample at z = 2 with the

strictly mass-selected sample at the same redshift, it is
clear that the IR bright galaxies have considerably higher
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Figure 8. Derived ISM masses of the average (left) and median (right) stack images are shown with their median and average SFRs. The
star formation timescales (τSF = MISM/ < SFR >), listed in Table 4 are in the range 0.2 to 1.2 Gyr.

Table 4
Stacked Samples

stack Sν σpix σtotal SNRa < z > < M∗> log <SFR> <MISM> < τSF > MISM/(M∗ +MISM )
mJy mJy mJy 1011M⊙ M⊙yr−1 1010M⊙ Gyr

Low-z
weighted average 0.18 0.057 0.240 3.23 0.39 1.30±0.57 0.63±1.72 0.21±0.07 0.50±0.16 0.02±0.005

median 0.22 0.073 0.280 3.55 0.37 1.11±0.57 -0.13±1.72 0.25±0.07 0.64±0.18 0.02±0.006

Mid-z
weighted average 0.88 0.045 0.245 4.63 0.89 1.59±0.66 1.31±1.68 2.19±0.47 1.06±0.23 0.12±0.026

median 0.88 0.059 0.274 3.51 0.87 1.41±0.66 0.10±1.68 2.20±0.63 1.15±0.33 0.13±0.038

High-z
weighted average 0.75 0.037 0.108 9.96 2.07 1.23±0.61 1.97±0.57 2.43±0.24 0.26±0.03 0.16±0.017

median 0.50 0.047 0.117 6.72 1.98 1.09±0.61 1.78±0.57 1.60±0.24 0.16±0.02 0.13±0.019

IR bright
weighted average 3.36 0.102 0.249 18.44 1.66 1.00±0.33 2.27±0.23 10.48±0.57 0.57±0.03 0.51±0.028

median 3.82 0.130 0.286 15.42 1.70 0.93±0.33 2.22±0.23 11.91±0.77 0.54±0.04 0.56±0.036

Note. — For the mid-z and high-z stacks, the total aperture flux was used. For the low-z stack the flux is from the peak pixel flux within
the 3′′aperture. This was necessitated since the lower signal strength did not allow a significant detection in the integrated aperture flux.
τSF = MISM/ < SFR > where < SFR > is the mean SFR. The uncertainties given for each quantity are the standard deviations.
a SNRtot and SNRpeak calculated separately from Eq. 14 and the column SNR lists the larger in absolute magnitude of those two SNRs.

long wavelength fluxes and presumably higher ISM con-
tents by a factor ∼ 5. This increase in the apparent ISM
mass is in fact larger than the increase in the estimated
SFRs. If this holds up, it would clearly suggest that the z
= 2 IR bright galaxies are extra luminous simply because
they have more ISM.
The depletion timescales for the ISM via star formation

are given by τSF = MISM/ < SFR > and are also listed
in Table 4. This depletion timescale is similar for the
subsamples (0.2 - 1.2 Gyr). Both of the z ∼ 2 samples
have similar depletion timescales (0.2 and 0.5 Gyr for
the normal and IR bright samples, respectively). This
underscores the point made above that the IR bright
galaxies simply have more ISM, rather than having a

higher star formation efficiency.
The gas mass fractions (MISM/(M∗ + MISM )) are

∼ 2±0.5, 12±3, 14±3 and 53±5 % for the low-z, mid-z,
high-z and IR bright samples, respectively. Tacconi et al.
(2013) surveyed 52 galaxies at z = 1 - 3 in CO(3-2) and
found mean gas mass fractions of 0.33 and 0.47 at z ∼ 1.2
and 2.2, respectively. Their sample was selected with
M∗ > 2.5× 1010 M⊙and SFR > 32 M⊙yr

−1; it is there-
fore likely to favor more active star forming galaxies than
our purely stellar-mass selected samples. On the other
hand, our IR-bright sample is likely to be more star form-
ing than their average galaxy so it is entirely reasonable
to find a somewhat higher gas mass fraction.



10 Scoville et al.

6. SUMMARY

We have developed the physical and empirical basis
for using the long wavelength RJ dust emission as an
accurate and fast probe of the ISM content of galaxies.
To obviate the need to know both the dust opacity and

dust-to-gas ratio (which are degenerate in Eq. 1), we
have chosen instead to empirically calibrate the ratio of
the specific luminosity at rest frame 850µm to total ISM
mass using samples of observed galaxies, thus absorbing
the opacity curve and the abundance ratio into a single
empirical constant α850µm = Lν850µm

/MISM. Three sam-
ples were developed: 1) 12 local star forming and star-
bursting galaxies with global SCUBA and ISM measures;
2) extensive Galactic observations from the Planck Col-
laboration and 3) a sample of 28 SMGs at z < 3 having
CO(1-0) measurements. The 3 samples yielded α850µm=

1.0, 0.79 and 1.01 ×1020 ergs sec−1Hz−1M⊙
−1, respec-

tively.
The Planck measurements are particularly convincing

– they are of high SNR, span a large wavelength range
and they probe the diversity of Galactic ISM includ-
ing both HI and H2 dominated clouds, exhibiting little
variation in the empirical α250µm (Planck Collaboration
2011b). The Planck measurements also determine very
well the long wavelength dust emissivity index: β =
1.8± 0.1 (Planck Collaboration 2011a).
In our ALMA observations, we intentionally sample

high stellar mass galaxies which should have close to so-
lar metallicity (Erb et al. 2006) in order to avoid the issue
of possible variations in dust-to-gas ratios at low metal-
licity. However, we note that Draine et al. (2007) see
no variation in the dust abundance down to ∼ 20% of
solar metallicity and it is reassuring that the low z sam-
ple and the high z SMGs yield similar α850µm. Lastly, we
note that the consistency of all these calibrations (nearby
galaxies, the Milky Way and high z SMGs) is strongly
suggestive that the CO-to-H2 conversion factor (αCO)
does not vary greatly, when applied to global ISM mea-
surements.
We then applied the derived calibrations to our ALMA

dust continuum observations for a sample of 107 galaxies
in COSMOS with stellar mass M∗ ≃ 1011 M⊙ in three
redshift ranges, z = 0.4, 0.9 and 2. Strong evolution is
seen with the ISM mass fraction decreasing from 53±5%
of the total (ISM+stars) mass at the higher redshifts
down to ∼ 2 ± 0.5% at the lowest redshift. In addition,
a small sample of 6 IR luminous galaxies at z = 2 has
∼ 5 times greater ISM mass than the equivalent non-IR
bright sample at the same redshift.
Although these preliminary observations detect only

a minority of the individual objects, the mean fluxes
and masses obtained from the stacked data will be most
worthwhile in providing a priori estimates for expected
fluxes in future observational programs. Thus, required
sensitivity and time estimates are more reliable, and sam-
ple sizes can be chosen appropriately based on the fluxes
presented in Figure 3.
This was a ”pathfinder” study using ALMA in Cy-

cle 0 with just 5 hrs of time in Band 7 (350 GHz) and a
maximum of 18 telescopes. Thus the evolutionary trends
mentioned above are very preliminary and much larger
samples are warranted. It should be emphasized that
the technique advocated here is both much faster (by at

least a factor 10) than using the standard molecular line
tracers such as CO; it is also is very likely more robust
– avoiding the uncertainties of variable molecular excita-
tion and the need to observe higher rotational transitions
at high redshift.
Lastly, we note that using the dust continuum to probe

the ISM content does not require high accuracy spec-
troscopic redshifts, and may instead be done on much
larger samples with accurate photometric redshifts such
as those in COSMOS.
Although, the dust continuum can yield accurate and

fast measurements of ISM masses, it is important to re-
member that the spectral line measurements do provide
vital information such as dynamical masses, excitation
and abundance information – clearly these are not avail-
able from a single continuum measurement.
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APPENDIX

A. INDIVIDUAL GALAXIES AND THEIR FLUXES

In Tables A1 - A3 we list the individual flux measurements, and galaxy properties are summarized for all 107 galaxies
in our survey. The objects are taken from the COSMOS survey field (Scoville et al. 2007) and the galaxy properties
are from the latest photometric redshift catalog (Ilbert et al. 2013). This catalog has very high accuracy photometric
redshifts based on very deep 34 band photometry, including near infrared photometry from the Ultra-Vista survey.
See Ilbert et al. (2013) for accuracy of the redshifts and the derived galaxy stellar masses. The SFRs in Column 9 are
from Scoville et al. (2013); they were derived from both the UV continuum and the Herschel PACS and SPIRE data.
Columns 5 and 6 in each table list integrated and peak flux measurements for apertures of 3′′(Low-z and Mid-z) and

2′′(High-z) diameter centered on the galaxy position. The aperture sizes are intended to include most of a galactic
disk (∼ 10 kpc). The noise estimate in both cases was from the measured dispersion in the integrated and peak flux
measurements obtained for 100 displaced off-center apertures of the same size in each individual image. The signal-
to-noise ratio given in Column 7 is the better of those obtained from the integrated or peak flux measurement; it is
the ratio of the signal in Columns 5 and 6 to the measured noise for Columns 5 and 6. In the last column, limits are
given at 2σ and 3.6σ in the inferred mass, depending on whether the better SNR was obtained for the integrated or
peak flux measurement. The detection thresholds of 2 and 3.6 σ are chosen such that the chance of a spurious ’noise’
detection across the entirety of each sample is less than ∼ 10% (based on the measured noise in each image and for
the peak flux measurement, based on the number of pixels).
For the detected objects, Figure A1 shows their derived ISM masses based on the dust continuum and their SFRs.
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Figure A1. Inferred ISM masses are shown for the detected galaxies along with their SFRs derived from the COSMOS rest frame UV
continuum combined with the Herschel PACS and SPIRE fluxes. The redshift bin of each object is indicated by color coding. (For the two
lowest SFR sources, their nominal SFRs are actually 10 times lower than shown but they were plotted at SFR = 0.2 M⊙yr−1 to maintain
a reasonable scale for the other points. Uncertainties in the fluxes and SNRs are give in Tables A1 – A3.)
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Table A1
Low-z Galaxy Sample in Band 7

# RA (2000) Dec (2000) za Stot σtot Speak σpix SNRb M∗
a Log(SFR)a MISM

◦ ◦ mJy mJy mJy mJy 1011M⊙ M⊙yr−1 1010M⊙

Low-z
1 150.2142 1.7578 0.47 -0.06 1.57 0.91 0.44 -0.04 1.22 -3.00 < 1.98
2 150.0296 1.7375 0.28 -1.66 1.60 1.07 0.39 -1.04 0.71 -3.00 < 0.95
3 149.7943 1.7293 0.35 0.37 1.57 0.99 0.38 0.23 0.89 0.76 < 1.21
4 150.4186 1.8580 0.46 -1.92 1.18 0.73 0.27 -1.63 0.86 -1.60 < 1.17
5 150.0034 1.9173 0.27 0.85 1.04 1.05 0.42 0.82 1.40 -3.00 < 0.96
6 149.8612 1.8387 0.44 1.29 1.95 1.05 0.45 0.66 1.71 -3.00 < 1.86
7 149.6918 1.8285 0.46 2.17 1.81 1.27 0.41 1.20 1.00 1.54 < 1.79
8 150.5417 2.7316 0.35 1.39 0.74 0.68 0.29 1.88 3.42 -3.00 < 0.93
9 150.6447 1.9532 0.45 1.54 0.93 0.74 0.26 1.65 1.78 -3.00 < 1.09

10 150.3202 2.0114 0.31 -1.59 1.39 1.53 0.48 -1.15 0.67 -2.71 < 1.33
11 150.2115 2.0629 0.37 -0.84 2.09 1.54 0.49 -0.40 0.79 -3.00 < 1.68
12 149.6316 2.0700 0.31 -0.81 2.19 0.98 0.43 -0.37 0.65 -2.40 < 1.18
13 150.5090 2.0401 0.37 2.07 1.05 0.83 0.28 1.98 0.90 -3.00 < 0.97
14 150.0951 2.1937 0.42 -0.08 0.89 0.65 0.27 -0.09 1.12 -0.10 < 1.07
15 149.6461 1.8434 0.37 -2.84 1.97 1.11 0.42 -1.44 0.56 0.40 < 1.43
16 150.7706 2.3259 0.45 -4.93 1.07 0.62 0.29 -4.62 1.97 -1.14 < 1.24
17 150.1714 2.2379 0.34 -1.06 2.44 1.08 0.45 -0.43 1.00 0.95 < 1.40
18 149.6073 2.6646 0.36 -0.60 1.22 0.82 0.38 -0.49 2.24 1.16 < 1.26
19 149.9209 2.0312 0.36 2.36 1.84 1.25 0.41 1.28 1.26 0.96 < 1.32
20 149.8058 2.2894 0.47 -0.06 1.57 0.99 0.43 -0.04 0.89 0.20 < 1.92
21 150.1480 2.3108 0.48 3.48 1.60 1.23 0.47 2.17 1.12 0.10 5.30±2.44
22 150.5859 2.3711 0.43 1.43 0.99 0.77 0.30 1.45 1.07 -2.31 < 1.20
23 150.1541 2.2262 0.35 0.66 1.16 1.09 0.44 0.57 0.92 0.53 < 1.40
24 150.0049 2.5036 0.34 0.73 1.60 1.40 0.44 0.46 1.26 0.56 < 1.35
25 150.5190 2.1952 0.37 0.30 1.09 1.06 0.28 3.81 0.71 0.91 0.97±0.26
26 150.0951 2.1937 0.42 0.58 1.59 1.15 0.41 0.36 1.12 -0.10 < 1.62
27 150.4988 2.0749 0.42 0.45 1.26 0.74 0.28 0.35 1.11 0.81 < 1.10
28 150.5009 2.6119 0.34 0.45 1.07 0.73 0.28 0.42 0.89 0.59 < 0.85
29 150.0294 1.9970 0.39 0.35 1.62 1.61 0.41 3.94 0.63 -2.50 2.13±0.54
30 150.5183 2.3695 0.45 -0.86 1.00 0.72 0.27 -0.86 2.00 1.17 < 1.15
31 150.3504 2.2755 0.47 1.75 1.15 0.65 0.28 1.51 1.55 1.18 < 1.25
32 150.4906 2.5882 0.36 0.91 1.23 0.71 0.27 0.74 1.54 -0.13 < 0.88
33 150.1707 2.5669 0.41 -0.87 1.08 0.98 0.41 -0.81 1.13 -2.61 < 1.60
34 150.0071 1.7208 0.37 0.02 1.60 1.01 0.43 0.01 0.79 -1.70 < 1.48
35 150.3371 2.2795 0.35 0.28 1.00 0.78 0.25 0.28 1.58 1.02 < 0.81
36 150.0943 2.1393 0.22 1.06 1.63 1.67 0.44 3.84 0.67 -2.87 1.84±0.48
37 149.8424 2.3006 0.26 0.55 1.44 1.12 0.40 0.38 1.78 -2.65 < 0.89

a The photometric redshifts and stellar masses of the galaxies are from Ilbert et al. (2013) and the accuracy of those
quantities is discussed in detail there. The SFRs are derived from the rest frame UV continuum and the infrared
using Herschel PACS and SPIRE data as detailed in Scoville et al. (2013). All of the galaxies have greater than 10σ
photometry measurements so the uncertainties in M∗ and SFR associated with their measurements are always less
than 10%. As discussed in Ilbert et al. (2013) the uncertainties in models used to derive the M∗ and SFR from the
photometry are generally much larger but generally less than a factor 2.
b SNRtot and SNRpeak calculated separately from Eq. 14 and the column SNR lists the larger in absolute magnitude
of those two SNRs. Note that we let the SNR be negative in cases where the flux estimate is negative so that several
sigma negative flux values don’t end up with a positive SNR above the detection thresholds.
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Table A2
Mid-z Galaxy Sample in Band 7

# RA (2000) Dec (2000) za Stot σtot Speak σpix SNRb M∗
a Log(SFR)a MISM

◦ ◦ mJy mJy mJy mJy 1011M⊙ M⊙yr−1 1010M⊙

Mid-z
1 150.0728 1.7361 0.84 1.76 1.86 1.27 0.42 0.95 2.18 -0.67 < 3.06
2 149.8392 2.2262 0.94 0.88 1.49 1.20 0.43 0.59 0.89 -0.60 < 3.32
3 149.7302 2.0708 0.88 1.93 1.15 0.66 0.23 1.68 0.65 -1.04 < 1.72
4 150.1133 2.0142 0.84 -0.12 0.90 0.56 0.21 -0.13 0.87 -3.00 < 1.53
5 150.5422 2.2772 0.87 -1.61 1.03 0.32 0.21 -1.56 1.55 -0.78 < 1.56
6 150.0771 2.5490 0.88 -2.12 1.46 1.17 0.47 -1.45 1.41 -0.40 < 3.50
7 150.4510 2.4353 0.99 -0.38 0.66 0.59 0.21 -0.58 3.06 -1.11 < 1.64
8 149.6546 2.7470 0.84 -0.01 0.72 0.49 0.16 -0.01 3.16 -3.00 < 1.19
9 150.6991 2.3539 0.98 0.80 0.85 0.64 0.22 0.95 1.45 -3.00 < 1.70

10 150.4478 1.8505 0.87 0.65 0.74 0.55 0.21 0.88 1.23 -3.00 < 1.59
11 150.3820 2.1208 1.15 -0.23 0.83 0.50 0.20 -0.28 2.02 -3.00 < 1.69
12 150.3798 2.0147 0.83 0.59 0.72 0.60 0.21 0.82 0.91 0.70 < 1.53
13 149.8340 1.9810 0.94 -1.18 1.39 1.17 0.43 -0.85 2.00 0.40 < 3.33
14 150.4944 2.2822 0.84 0.19 0.82 0.45 0.22 0.23 1.56 -3.00 < 1.59
15 149.7526 2.2140 1.01 1.78 0.85 0.61 0.22 2.11 1.14 2.26 4.77±2.26
16 150.2639 1.9714 0.93 -0.57 0.65 0.46 0.20 -0.87 1.73 1.65 < 1.57
17 149.9631 2.6131 0.90 -1.37 1.94 0.92 0.41 -0.71 0.89 0.90 < 3.08
18 150.5358 2.2553 0.93 2.62 0.83 1.00 0.19 5.17 0.56 1.74 2.41±0.47
19 149.7205 2.7103 0.88 2.96 0.99 1.06 0.23 4.70 1.78 1.60 2.62±0.56
20 149.8618 2.1731 0.86 3.94 1.99 1.94 0.40 4.90 1.41 1.81 4.97±1.01
21 149.7728 1.8542 0.82 -0.50 1.63 0.79 0.41 -0.31 1.41 1.51 < 2.96
22 149.8820 2.3506 0.86 -0.72 1.39 1.15 0.41 -0.52 0.88 1.42 < 3.06
23 150.0685 2.2655 0.97 1.71 2.02 1.18 0.44 0.84 1.27 1.55 < 3.47
24 149.9149 2.0944 0.85 0.06 1.88 1.22 0.43 0.03 1.14 0.21 < 3.15
25 150.1289 2.1932 0.87 1.60 0.72 0.54 0.20 2.22 2.23 1.37 3.95±1.78
26 150.1089 2.0116 0.87 3.67 1.21 0.96 0.36 3.02 0.71 0.20 9.05±3.00
27 150.6456 1.9368 0.82 -0.18 0.76 0.50 0.19 -0.24 0.63 0.10 < 1.37
28 149.7644 2.3401 0.81 1.04 0.93 0.69 0.23 1.11 1.78 1.92 < 1.63
29 150.0906 2.5505 0.87 -0.01 1.43 0.61 0.33 -0.01 1.83 -0.11 < 2.42
30 149.9190 2.6430 0.88 1.27 1.30 1.08 0.42 0.98 0.54 -0.67 < 3.16
31 150.4074 1.8032 0.82 0.99 0.54 0.48 0.21 1.82 1.78 1.32 < 1.51
32 149.9986 2.0634 0.91 1.76 0.84 1.39 0.39 2.09 1.26 -0.00 4.46±2.13
33 150.2983 2.0421 0.83 0.81 0.66 0.56 0.21 1.22 2.24 -0.50 < 1.53

a The photometric redshifts and stellar masses of the galaxies are from Ilbert et al. (2013) and the accuracy of those
quantities is discussed in detail there. The SFRs are derived from the rest frame UV continuum and the infrared
using Herschel PACS and SPIRE data as detailed in Scoville et al. (2013). All of the galaxies have greater than 10σ
photometry measurements so the uncertainties in M∗ and SFR associated with their measurements are always less
than 10%. As discussed in Ilbert et al. (2013) the uncertainties in models used to derive the M∗ and SFR from the
photometry are generally much larger but generally less than a factor 2.
b SNRtot and SNRpeak calculated separately from Eq. 14 and the column SNR lists the larger in absolute magnitude
of those two SNRs. Note that we let the SNR be negative in cases where the flux estimate is negative so that several
sigma negative flux values don’t end up with a positive SNR above the detection thresholds.
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Table A3
High-z Galaxy Sample in Band 7

# RA (2000) Dec (2000) z a Stot σtot Speak σpix SNRb M∗
a Log(SFR)a MISM

◦ ◦ mJy mJy mJy mJy 1011M⊙ M⊙yr−1 1010M⊙

High-z
1 150.4938 1.7228 1.98 0.69 0.41 0.37 0.17 1.68 1.09 1.62 < 1.64
2 150.3306 1.8136 1.46 0.05 0.59 0.71 0.31 0.09 1.26 2.17 < 2.84
3 150.4812 1.9137 1.96 -0.07 0.44 0.46 0.18 -0.16 1.86 1.66 < 1.74
4 149.9203 2.0204 1.95 3.19 0.37 3.10 0.19 16.70 1.57 2.19 10.13±0.61
5 150.3774 2.3118 1.97 -0.04 1.02 0.79 0.35 -0.04 2.20 2.29 < 3.36
6 150.0107 2.3330 1.78 0.65 0.50 0.71 0.21 1.30 1.99 1.87 < 1.96
7 149.7832 2.3716 2.23 1.85 0.44 1.33 0.20 6.70 1.05 2.40 4.42±0.66
8 149.5100 2.1023 1.97 1.19 0.46 1.51 0.17 8.70 0.92 2.36 4.89±0.56
9 149.8943 2.6216 1.51 0.27 0.63 0.43 0.19 0.43 0.36 1.31 < 1.78

10 150.7518 2.2920 2.48 0.49 0.42 0.62 0.17 3.62 1.13 2.48 1.97±0.55
11 149.8151 2.8071 2.24 2.01 0.70 0.62 0.20 2.85 0.69 2.43 6.57±2.30
12 150.0250 2.1194 1.84 1.21 0.70 0.71 0.23 1.72 1.02 2.15 < 2.24
13 150.3069 2.4549 2.31 -0.74 0.66 0.78 0.32 -1.13 0.63 0.69 < 3.17
14 150.3298 2.4382 2.56 4.91 0.96 3.89 0.33 11.73 1.53 2.39 12.44±1.06
15 150.6614 2.0882 2.19 0.97 0.38 0.47 0.17 2.57 1.11 1.93 3.18±1.24
16 149.7104 2.5814 2.72 -0.02 0.57 0.48 0.18 -0.03 3.33 1.81 < 1.82
17 150.3844 2.1799 1.53 0.32 0.85 1.31 0.30 4.39 0.81 1.22 4.24±0.97
18 150.1119 1.9774 2.54 0.62 0.52 0.53 0.22 1.19 0.95 1.51 < 2.22
19 150.0233 2.1440 1.97 1.14 0.47 0.92 0.20 4.56 1.08 1.33 3.05±0.67
20 149.5147 2.4845 1.47 0.19 0.44 0.54 0.18 0.44 0.41 1.63 < 1.62
21 149.6329 2.4728 2.13 0.93 0.48 0.68 0.17 4.02 1.03 1.36 2.18±0.54
22 150.2177 2.7733 1.94 4.16 1.01 2.73 0.31 8.67 2.17 2.42 8.28±0.95
23 150.3670 1.7233 2.10 -0.40 0.83 0.41 0.30 -0.48 0.86 1.78 < 2.93
24 149.4926 2.8040 1.79 0.27 0.52 0.36 0.19 0.53 0.98 -0.04 < 1.78
25 149.9330 1.8057 2.34 -0.10 0.48 0.51 0.20 -0.20 1.78 1.55 < 1.93
26 149.6126 2.2638 2.32 -0.29 0.43 0.47 0.17 -0.66 0.61 1.87 < 1.66
27 149.5978 1.7876 2.17 0.14 0.45 0.49 0.17 0.32 1.13 1.38 < 1.66
28 150.1614 2.2350 1.91 -0.20 0.88 0.68 0.32 -0.23 1.51 1.46 < 3.11
29 150.5190 2.5156 2.07 0.39 0.35 0.32 0.18 1.12 1.24 1.33 < 1.71
30 150.0003 2.4312 2.05 -0.54 0.46 0.27 0.20 -1.18 1.74 2.05 < 1.95
31 150.3792 2.5295 1.76 -0.07 0.72 0.70 0.31 -0.10 0.97 1.22 < 2.95

IR bright
1 149.9094 1.9956 1.46 1.29 0.56 0.91 0.20 4.58 0.93 2.07 2.76±0.60
2 150.1153 2.0177 1.70 4.13 0.78 4.54 0.29 15.78 0.59 2.19 14.20±0.90
3 150.4655 2.4296 1.73 4.30 0.43 3.32 0.18 18.23 1.29 2.16 10.45±0.57
4 150.2149 2.5595 2.02 4.67 0.75 1.93 0.32 6.22 1.35 2.72 15.01±2.41
5 150.3936 1.9800 1.54 2.50 0.75 2.14 0.31 6.82 0.90 2.22 6.58±0.96
6 150.3367 2.1240 1.68 1.65 0.91 2.82 0.33 8.66 0.56 2.31 8.80±1.02

a The photometric redshifts and stellar masses of the galaxies are from Ilbert et al. (2013) and the accuracy of those quantities
is discussed in detail there. The SFRs are derived from the rest frame UV continuum and the infrared using Herschel PACS
and SPIRE data as detailed in Scoville et al. (2013). All of the galaxies have greater than 10σ photometry measurements so
the uncertainties in M∗ and SFR associated with their measurements are always less than 10%. As discussed in Ilbert et al.
(2013) the uncertainties in models used to derive the M∗ and SFR from the photometry are generally much larger but
generally less than a factor 2.
b SNRtot and SNRpeak calculated separately from Eq. 14 and the column SNR lists the larger in absolute magnitude of
those two SNRs. Note that we let the SNR be negative in cases where the flux estimate is negative so that several sigma
negative flux values don’t end up with a positive SNR above the detection thresholds.


