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ABSTRACT

ALMA observations of the long wavelength dust continuum are used to estimate the interstellar
medium (ISM) masses in a sample of 708 galaxies at z = 0.3 to 4.5 in the COSMOS field. The galaxy
sample has known far-infrared luminosities and, hence, star formation rates (SFRs), and stellar masses
(M,) from the optical-infrared spectrum fitting. The galaxies sample SFRs from the main sequence
(MS) to 50 times above the MS. The derived ISM masses are used to determine the dependence of
gas mass on redshift, M,, and specific SFR (sSFR) relative to the MS. The ISM masses increase
approximately 0.63 power of the rate of increase in SFRs with redshift and the 0.32 power of the
sSFR/sSFR);S. The SF efficiencies also increase as the 0.36 power of the SFR redshift evolutionary
and the 0.7 power of the elevation above the MS; thus the increased activities at early epochs are driven
by both increased ISM masses and SF efficiency. Using the derived ISM mass function we estimate
the accretion rates of gas required to maintain continuity of the MS evolution (> 100 Mgyr—! at z >
2.5). Simple power-law dependences are similarly derived for the gas accretion rates. We argue that
the overall evolution of galaxies is driven by the rates of gas accretion. The cosmic evolution of total

ISM mass is estimated and linked to the evolution of SF and AGN activity at early epochs.

1. GALAXY EVOLUTION AT HIGH REDSHIFT
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Galaxy evolution in the early universe is dominated
by three processes: the conversion of interstellar gas
into stars, the accretion of intergalactic gas to replenish
the interstellar gas reservoir, and the merging of galax-
ies. The latter redistributes the gas within the galaxies,
promotes starburst activity fuels active galactic nuclei
(AGN) and transforms the stellar morphology from disk-
like (rotation dominated) to ellipsoidal systems. In all of
these processes, the interstellar gases play a determining
role — including in the outcome of galaxy mergers, since
the gas is dissipative and becomes centrally concentrated,
fueling starbursts and AGN.

At present the gas supply and its evolution at high
redshifts are only loosely constrained (see the reviews —
[Solomon & Vanden Bout|2005; |Carilli & Walter||2013)).
Only < 200 galaxies at z >1 have been observed in the
CO lines (and most not in the CO (1-0) line which has
been calibrated as a mass tracer.) To properly chart and
understand the evolution large samples are required —
probing multiple characteristics: 1) the variation with
redshift or cosmic time, 2) the dependence on galaxy
mass, and 3) the differences between the galaxies with
'normal’ SF activity on the main sequence (MS) and
the starbursts (SB). The latter constitute only ~ 5% of
the population but have SFRs elevated to 2 - 100 times
higher levels than the MS. The contribution of the SB
galaxies to the total SF at z < 2 is 8 - 14% (Sargent|
et al[[2012). Although the high-z galaxies above the MS
will here be referred to as starbursts (SB), nearly all high-
z SF galaxies would be classified as SB galaxies if they
were at low redshift.

Properly constraining the evolution of the gas con-
tents would require time-consuming CO line observations
spanning and populating the full ranges of redshift, M,
and MS versus SB populations. In addition, translating
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the observed, excited state CO emission fluxes into re-
liable estimates of the gas contents remains a problem
(Carilli & Walter|2013]).

As an alternative, we here develop a formulation for
the high redshift galaxy evolution, using very extensive
observations of the Rayleigh-Jeans (RJ) dust continuum
emission, and applying the calibration of this technique,
developed in |Scoville et al| (2016) (a brief summary is
provided here in Section [ and Appendix [A]) (see also
(Magnelli et al[2014; [Santini et al|[2014} |Genzel et al.
2015 |Schinnerer et al.[2016; Berta et al.[2016))). The cal-
ibration used here is based on observations of the RJ dust
emission and CO (1-0) emission in low redshift galax-
ies; the technique provides roughly a factor two accuracy
in the derived ISM masses — provided one restricts the
galaxy samples to high stellar mass galaxies (> 101°M,),
which are expected to have near-solar gas phase metal-
licity (e.g. [Erb et al|[2006). Such galaxies are expected
to have gas-to-dust abundance ratios and dust properties
similar to those galaxies in our calibration sample at low
redshift (Draine et al.||[2007]).

The long wavelength dust emission is nearly always op-
tically thin and is only mildly susceptible to ‘excitation’
variations, since the RJ emission depends linearly on the
mass-weighted dust temperature, and there is no depen-
dence on the volume density of the gas and dust. In fact,
the mass-weighted ISM dust temperatures are likely to
vary less than a factor 2 (Section see also (Scoville
et al[[2016). We note also that in contrast to the CO,
which typically constitutes just ~0.1% of the gas mass,
the dust is a 1% mass tracer. CO is also susceptible to
depletion by photo-dissociation in strong UV radiation
fields, whereas the dust abundance is less sensitive to
the ambient radiation field.

The galaxy sample used here has ALMA continuum ob-
servations in Band 6 (240 GHz) and Band 7 (345 GHz);
they are all within the COSMOS survey field and thus
have excellent ancillary data. The ALMA pointings are
non-contiguous but their fields of view (FOVs), total-
ing 102.9 arcmin? include 708 galaxies measured at far-
infrared wavelengths by Herschel. All of the Herschel
sources within the ALMA FOVs are detected by ALMA,
so this is a complete sampling of the IR-bright galaxies
at z = 0.3 to 4.5. Given the positional prior from the
COSMOS Herschel catalog, all sources are detected in
the far-infrared; the sample therefore has reliable esti-
mates of the dust-embedded SFR activity. The dusty SF
activity is in virtually all cases dominant (5-10 times)
over the unobscured SF probed in the optical /UV.

The major questions we address are:

1. How does the gas content depend on the stellar
mass of the galaxies?

2. How do these gas contents evolve with cosmic time,
down to the present, where they are typically less
than 10% of the galactic mass?

3. In the starburst populations, is the prodigious SF
activity driven by increased gas supply or increased
efficiency for converting the existing gas into stars?

4. How rapidly is the ISM being depleted? The
depletion timescale is characterized by the ratio

Misnm /SEFR, but to date this has not been measured
in broad samples of galaxies due to the paucity of
quantitative ISM measurements at high redshift.

5. If the ISM depletion times are as short as they ap-
pear to be (several x10® yrs), yet the SF galaxy
population persists for a much longer span of cos-
mic time (> 5 x 10° yrs), then there must be large
rates of accretion of new gas from the halo or in-
tergalactic medium (IGM) to maintain the activ-
ity. At present there are virtually no observational
constraints on these accretion rates, only theoreti-
cal predictions (Dekel et al.[2013).; so a major un-
known is what are these accretion rates?

6. How does the efficiency of star formation from
a given mass of ISM (the so-called gas-depletion
timescale) vary with cosmic epoch, the stellar mass
of the galaxy, and whether the galaxy is on the MS
or undergoing a starburst?

1.1. Qutline of this Work

We first provide a brief background to our investigation
and develop the logical framework for tracking the galaxy
evolution in Section Pl We then describe the datasets
used for this investigation and the galaxy sample selec-
tion (Section. A brief background on the use of the RJ
dust emission to probe ISM masses is given in Section
a more complete description is provided in Appendix [A]
and |Scoville et al.| (2016)).

In Section [f] analytic fits are obtained for the depen-
dence of the ISM masses and SFRs on galaxy properties
and redshift. These expressions are then used to eluci-
date the evolution of the ISM contents and the efficien-
cies for star formation as a function of redshift, stellar
mass and sSFR relative to the MS. Section [7 uses these
results to determine the gas depletion timescales and gas
mass fractions. Section [§] provides estimates of the gas
accretion rates required to maintain the SF in the galaxy
population and Section [9] provides a brief discussion of
the differences between the starburst and the MS galax-
ies. The derived equations are summarized in Tables
and [

The overall cosmic evolution of the ISM contents and
the gas mass fractions integrated over the galaxy popu-
lation from M, = 10'°—10'2 M, is presented in Section
A check on the self-consistency of these relations is
provided in Section and a comparison with previous
results based on CO and dust measurements is in given in
Section Section [I3] provides a summary of the main
results and their implications.

2. EVOLUTION OF THE STAR FORMATION RATES AND
STELLAR MASES
The bulk of the SF galaxy population can be located on
a ‘Main Sequence’ (MS) locus in the plane of SFR versus
M. (Noeske et al.|2007b; |Peng et al.[[2010; Rodighiero
et al.[2011; [Whitaker et al.[2012} [Lee et al|2015)["]

2.1. Ewolution of the MS with redshift

19 See |Eales et al.| (2016) for some reservations regarding the
MS.
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Figure 1. The dependencies of the MS star formation rate as a function of redshift and stellar mass are shown on the Left and Right,
respectively. The evolution of the MS as a function of z, {\ms(z) (Speagle et al.|[2014) fit # 49) is normalized to z = 0 — (ys(z) = (1 + 2)2?
for log (M) = 10.5 M. The shape of the MS as a function of mass ({ys(Mx)) 1s taken from the z = 1.2 MS of |Lee et al.| (2015)), normalized

to a fiducial mass of log Mx« = 10.5 M. The constant of normalization is SFR = 3.23 Mg yr~! for z = 0 and log M, = 10.5 Mg.

The MS locus (SFR(z,M.,.)) evolves to higher SFRs at
earlier epochs as shown in Figure Left (Speagle et al.
2014, their favored model #49). This MS definition was
based on an extensive reanalysis of all previous work;
similar MS definitions have been obtained by |Béthermin
et al|(2012), [Whitaker et al.| (2014)), |Schreiber et al.
(2015), |Lee et al.| (2015) and Tomczak et al| (2016).
Model # 49 is expressed analytically by

SFRyg = 100099 1og(M.)=5.77)
(1+ z)(0'22 log(M.,)+0.59)

We use this function, evaluated at log(M.) = 10.5Mg to
describe the redshift evolution of the MS,

(us(z) = SFRus(z)/SFRys(z = 0) = (1 +2)*2 .(1)
For fitting the redshift dependence of ISM masses in Sec-
tion we fit for an exponent of (1+z) so that we can

Y

directly compare the evolution of the ISM masses with
that of the SFRs which have a (1 + 2)?? dependence.

2.2. Shape of the MS with M,

Although the early descriptions of the MS used single
power laws as a function of stellar mass, the more recent
work (Whitaker et al.2014; [Lee et al.2015; Tomczak
et al|2016) indicated a break in the slope of the MS at
M, > 5 x 1010 Mg, having lower sSFR at higher M,.
Here, we use the shape of the MS from |Lee et al.| (2015)
at z = 1.2 for the stellar mass dependence of the MS,

(logM*710.31))71.07))

SFRus = 10(1.72 — log(1 + (10
and normalize to unity at log M, = 10.5 Mg,

Figure [[}Right shows the adopted shape function
¢ms(M,). The normalization constant is a SFR = 3.23
Mg yr—! at z = 0 and logM, = 10.5 M.

We have investigated the use of alternative MS formu-
lations, and the conclusions derived here do not depend
qualitatively on the adopted MS formulation, although
the numerical values of the power law exponents can
change by ~ £0.1 with adoption of one of the other MS
definitions. We used the combination of |Speagle et al.
(2014) and |Lee et al| (2015), since the former covers
the complete redshift range covered here (but has only
power-law dependence on mass) whereas the latter has
the break in the MS at log(M.) ~ 10.5 M which is seen
in the latest determinations of the MS.

2.3. Continuity of the MS FEvolution

In our analysis, we make use of a principle we refer to
as the Continuity of Main Sequence Fvolution — simply
stated, the temporal evolution of the SF galaxy popu-
lation may be followed by Lagrangian integration of the
MS galaxy evolution. This follows from the fact that
approximately 95% of the SF galaxies at each epoch lie
on the MS with SFRs dispersed only a factor 2 above or
below the MS (e.g. Rodighiero et al.|2011)). (A similar
approach has been used by|Noeske et al.| (2007a), |[Renzini
(2009) and (Leitner|2012)) (and references therein).

This continuity assumption ignores the galaxy buildup
arising from major mergers of similar mass galaxies since
they can depopulate the MS population in the mass range
of interest. In fact, the major mergers may be respon-
sible for some of the 5% galaxies in the SB population
above the MS (see Section |9). On the other hand, minor
mergers may be considered simply as one element of the
average accretion process considered in Section

We are also neglecting the SF quenching processes in
galaxies. This occurs mainly in the highest mass galaxies
(M, >2x 101"Mg at z > 1) and in dense environments
at lower redshift (Peng et al.|2010; Darvish et al.|[2016]).
At z > 1.2 the quenched red galaxies are a minor pop-
ulation (see Figure and the quenching processes are
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of lesser importance.

MS Evolution Tracks
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Figure 2. The evolution of the star forming galaxy MS evolves to
lower SFRs at lower z for all stellar masses. The curved downward
tracks (dashed lines) show the evolution of characteristic stellar
masses (1, 5, and 10 x10'°Mg )between the MS lines at the adja-
cent redshifts — assuming that each galaxy stays on the MS (z) and
its increase in stellar mass is given by integration of the SFR ;g
(M) over time. This evolution is derived here using the MS fits
from |Speagle et al.| (2014) which are valid at z = 0.25 to 3.5 with
the mass dependence for the MS taken from [Lee et al.| (2015) (see
Figure . To account for mass returned to the ISM from stellar
mass-loss, we adopt a mass-return percentage = 30% of the SFR
(Leitner & Kravtsov|2011), i.e. the stellar mass of the galaxy grows
at a rate = 0.7xSFR.

The paths of evolution in the SFR versus M, plane can
be easily derived since the MS loci give dM, /dt = SFR
(M,). One simply follows each galaxy in a Lagrangian
fashion as it builds up its mass.

Using this Continuity Principle to evolve each indi-
vidual galaxy over time, the evolution for MS galaxies
across the SFR-M, plane is as shown in Figure Here
we have assumed that 30% of the SFR is eventually put
back into the ISM by stellar mass-loss. This is appro-
priate for the mass-loss from a stellar population with
a Chabrier IMF (see |Leitner & Kravtsov||2011)). In this
figure, the curved horizontal lines are the MS at fiducial
epochs or redshifts, while the downward curves are the
evolutionary tracks for fiducial M, from 1 to 10 x10°
Mg. At higher redshift, the evolution is largely toward
increasing M, whereas at lower redshift the evolution is
in both SFR and M,. In future epochs, the evolution
is likely to be still more vertical as the galaxies exhaust
their gas supplies. Thus there are three phases in the
evolution:

1. the gas accretion-dominated and stellar mass
buildup phase at z > 2 corresponding to cosmic
age less than 3.3 Gyr (see Section ;

2. the transition phase where gas accretion approxi-
mately balances SF consumption and the evolution
becomes diagonal and,

3. the epoch of ISM exhaustion at z < 0.1 (age 12.5
Gyr) where the evolution will be vertically down-
ward in the SFR versus M, plane.

These evolutionary phases are all obvious (and not a
new development here), but in Section |8 we make use
of the Continuity Principle to derive the accretion rates
and hence substantiate the 3 phases as separated by their
accretion rates relative to their SFRs. When these phases
begin and end is a function of the galaxy stellar mass —
the transitions in the relative accretion rates take place
much earlier for the more massive galaxies.

2.4. MS Galaxy Evolution Paths

The SFR evolution for the MS (relative to the MS at z
= 0) is shown in Figure|l] Figure [2[shows the evolution
for three fiducial stellar masses. In our analysis to fit the
evolution of the ISM, SFR and accretion rates (Section
@, we will fit directly for 14z dependence. The derived
evolutionary trends with redshift can then be referenced
to the well-known redshift evolution SFRs.

2.5. Starbursts

At each epoch there exists a much smaller population
(~ 5% by number at z = 2) which have SFRs 2 to 100
times that of the MS at the same stellar mass. Do these
starburst galaxies quickly exhaust their supply of star
forming gas, thus evolving rapidly back to the MS, or
are their ISM masses systematically larger so that their
depletion times differ little from the MS galaxies? These
SB galaxies must be either a short-duration, but common
evolutionary phase for the galaxies, or of long-duration,
but a phase not undergone by the majority of the galaxy
population. Despite their small numbers, their signif-
icance in the overall cosmic evolution of SF is greater
than 5%, since they have 2 to 100 times higher SFRs.

3. DATASETS
3.1. ALMA Band 6 and 7 Continuum Data

Within the COSMOS survey field, there now exist ex-
tensive observations from ALMA for the dust continuum
of high redshift galaxies. Here, we make use of all those
data which are publicly available, in addition to our own
still proprietary observations. The 18 projects are listed
in Table [I] together with summary listings of the ob-
served bands, the number of pointings and the average
frequency of observation, the synthesized beam sizes, and
the typical rms noise. The total number of pointings in
these datasets is 1011, covering a total area 0.0286 deg?
or 102.9 arcmin? within the Half-Power Beam Width
(HPBW).

3.2. IR Source Catalog

Our source finding used a positional prior: the
Herschel-based catalog of far-infrared sources in the
COSMOS field (Lee et al,[2013, 2015, 13597 objects
from[). COSMOS was observed at 100 ym and 160 pm
by Herschel PACS (Poglitsch et al.|2010]) as part of the
PACS Evolutionary Probe program (PEP; [Lutz et al.
2011))), and down to the confusion limit at 250 pm, 350
pum, and 500 pm by Herschel SPIRE (Griffin et al.|2010)
as part of the Herschel Multi-tiered Extragalactic Survey
(HerMES; |Oliver et al,|[2012)).
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Table 1
ALMA Datasets used for Continuum Measurements

Project Code PI Band < vu,ps > # pointings <HPBW>  ogpms
(GHz) (arcsec) (mJy)

2011.0.00097.S  Scoville 7 341 105 0.64 0.300
2011.0.00964.S  Riechers 7 296 1 0.69 0.091
2012.1.00076.S  Scott 6 244 20 1.27 0.062
2012.1.00323.S  Popping 6 226 2 1.01 0.093
2012.1.00523.S Capak 6 291 3 0.74 0.041
? 7 298 5 0.77 0.039
2012.1.00978.S Karim 7 338 6 0.37 0.084
2013.1.00034.S  Scoville 6 245 60 0.66 0.063
” 7 343 98 0.51 0.141
2013.1.00118.S  Aravena 6 240 128 1.31 0.124
2013.1.00151.S  Schinnerer 6 240 86 1.71 0.075
2013.1.00208.S  Lilly 7 343 15 1.20 0.129
2013.1.00276.S Martin 6 290 1 1.49 0.029
2013.1.00668.S  Weiss 6 260 1 1.50 0.029
2013.1.00815.S  Willott 6 263 1 0.97 0.017
2013.1.00884.S  Alexander 7 343 53 1.29 0.188
2013.1.01258.S  Riechers 7 296 7 1.05 0.062
2013.1.01292.S  Leiton 7 344 45 1.05 0.253
2015.1.00137.S  Scoville 6 240 68 1.09 0.081
? 7 343 300 0.57 0.158
2015.1.00695.S  Freundlich 6 261 6 0.05 0.030

In order to measure accurate flux densities of sources in
the confusion-dominated SPIRE mosaics, it is necessary
to extract fluxes using prior-based methods, as described
in Lee et al.| (2013). In short, we begin with a prior cat-
alog that contains all COSMOS sources detected in the
Spitzer 24pm and VLA 1.4 GHz catalogs (Le Floc’h et al.
2009; |Schinnerer et al. [2010), which have excellent as-
trometry. Herschel fluxes are then measured using these
positions as priors. The PACS 100 and 160 pym prior-
based fluxes were provided as part of the PEP survey
(Lutz et al.2011), while the SPIRE 250, 350, and 500
pm fluxes were measured using the XID code of |Rose-
boom et al.| (2010, 2012)), which uses a linear inversion
technique of cross-identification to fit the flux density of
all known sources simultaneously (Lee et al.|2013). From
this overall catalog of infrared sources, we select reliable
far-infrared bright sources by requiring at least 3o detec-
tions in at least 2 of the 5 Herschel bands. This should
greatly limits the number of false positive sources in the
catalog.

An in-depth analysis of the selection function for this
particular catalog is provided in |Lee et al.| (2013]), but
in short, the primary selection function is set by the 24
pum and VLA priors catalog. As with many infrared-
based catalogs, there is a bias toward bright, star-forming
galaxies, but the requirement of detections in multiple
far-infrared bands leads to a flatter dust temperature se-
lection function than typically seen in single-band selec-
tions.

Since the selection function is biased to IR bright and
massive galaxies, the sample is not representative of the
high redshift SF galaxy population. However, in the an-
alytic fitting below we obtain analytic dependencies for
the ISM masses and SFRs on the sSFR, the stellar mass
and redshift. These analytic fits can then be used to ana-
lyze the more representative populations. This approach
is used in Section [10l to estimate the cosmic evolution of
ISM.

3.3. Redshifts, Stellar Masses and Star Formation Rates

Spectroscopic redshifts were used for 5066 of these
sources; the remainder had photometric redshifts from
Tlbert et al| (2009) and [Laigle et al| (2016) (This cata-
log does not include objects for which the photometric
redshift fitting indicated a possible AGN.) For the final
sample of sources falling within the ALMA pointings,
38% had spectroscopic redshifts.

The primary motivation for using the Herschel IR cat-
alog for positional priors is the fact that once one has
far-infrared detections of a galaxy, the SFRs can be es-
timated more reliably (including the dominant contribu-
tions of dust-obscured SF) rather than relying on opti-
cal/UV continuum estimation, which often have correc-
tions by factors > 5 for dust obscuration. This said,
the SFRs derived from the far-infrared are still probably
individually uncertain by a factor 2, given uncertainties
in the stellar IMF and the assumed timescale over which
the young stars remain dust-embedded.

The conversion from IR (8-1000um) luminosity makes
use of SFRrr = 8.6 x 1071'L;r/Ls using a Chabrier
stellar IMF from 0.1 to 100 Mg (Chabrier|[2003). The
scale constant is equivalent to assuming that 100% of
the stellar luminosity is absorbed by dust for the first
~100 Myr and 0% for later ages. For a shorter dust en-
shrouded timescale of 10 Myr the scaling constant is ~1.5
times larger (Scoville/[2013). In 706 of the 708 sources
in our measured sample, the IR SFR was greater than
the optical/UV SFR. The final SFRs are the sum of the
opt/UV and the IR SFRs.

The stellar masses of the galaxies are taken from the
photometric redshift catalogs (Ilbert et al.| 2009} |Laigle
et al.|[2016); these are also uncertain by at least factors of
2 due to uncertainties in the spectral energy distribution
(SED) modeling and extinction corrections. Their un-
certainties are probably less than those for the optically
derived SFRs, since the stellar mass in galaxies is typi-
cally more extended than the SF activity, and therefore
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is likely to be less extincted.

The other galaxy property we wish to correlate with
the derived ISM masses is the elevation of the galaxy
above or below the SF MS. This enhanced SFR is quan-
tified by sSFR/sSFRwms(z, M,) with the MS definition
taken from the combination of |Speagle et al.| (2014)) and
Lee et al|(2015) (see Section and and Figure [I]).

3.4. Complete Sample of ALMA-detected IR-bright
Galazies

The galaxy sample analyzed here includes 708 galax-
ies, yielding 575 to be used in the fitting after redshift
and steller mass selection. This large number of objects
can then overcome uncertainties in the z, SFR and M,
for each individual object. This sample also has calibra-
tions that are uniform across the full sample without the
need for zero-point corrections. All the objects are in the
COSMOS survey field and thus have the same photome-
try and scheme for evaluating the stellar masses and the
redshifts; they also all have similar depth Herschel and
Spitzer infrared observations.

For the ISM measurements, we use exclusively contin-
uum observations from ALMA — these are consistently
calibrated and with resolution (~ 1) such that source
confusion is not an issue. Lastly, our analysis involving
the RJ dust continuum avoids the issue of variable exci-
tation which causes uncertainty when using different CO
transitions across galaxy samples. The excitation and
brightness per unit mass for the different CO transitions
is likely to vary by factors of 2 to 3 from one galaxy
to another and within individual galaxies (see |Carilli &
Walter||2013).

3.5. Source Measurements

At each IR source position falling within the ALMA
primary beam HPBW (typically 20” in Band 7), we
searched for a significant emission source (> 2¢) within
2" radius of the IR source position. This radius is the
expected maximum size for these galaxies. The adopted
detection limit implies that ~ 2% of the detections at the
20 limit could be spurious. Since there are ~ 240 galax-
ies detected at 2-30, we can expect ~ 4 of the detections
could be false.

Some of the sources are likely to be somewhat extended
relative to the synthesized beams (typically ~ 1”); we
therefore measure both the peak and integrated fluxes.
The latter were corrected for the fraction of the synthe-
sized beam falling outside the aperture. The adopted
final flux for each source was the maximum of these as
long as the SNR was > 2.

The noise for both the integrated and peak flux mea-
sures was estimated by placing 50 randomly positioned
apertures of similar size in other areas of the FOV and
measuring the dispersion of those measurements. The
synthesized beams for most of these observations were
~ 1", and the interferometry should have good flux re-
covery out to sizes ~ 4 times this; since the galaxy sizes
are typically < 2 to 3", we expect the flux recovery to

20 We have also used detection thresholds of 3 and 4¢ and did
not find significant changes in the fitting coefficients in the analysis
below, that is less than 10% change; the 20 limit was therefore
used since it yields measurements and uncertainty estimates for
the complete sample of sources.

be nearly complete, that is, there should be relatively
little resolved-out emission. All measured fluxes were
corrected for primary beam attenuation. The maximum
correction is a factor 2 when the source is near the HPBW
radius for the 12m telescopes.

A total of 708 of the Herschel sources were found within
the ALMA FOVs, the positions of this sample were used
as priors for the ALMA flux measurements. For the sam-
ple of 708 objects, the measurements yielded 708 and
182 objects with > 2 and > 7o detections, respectively.
Thus at 20, all sources were detected. No correction for
Malmquist bias was applied since there were detections
for the complete sample of sources falling within the sur-
vey area.

We then restricted the sample used for fitting to z and
M. where the sampling is good (see Section@. A total of
772 flux measurements were made — some of the Herschel
sources had multiple ALMA observations. In some cases
the duplicate pointings were in both Bands 6 and 7 (see
Appendix .

In summary, all of the Herschel sources within the
ALMA pointings were detected. The final sample of de-
tected objects with their sSFRs and redshifts is shown in
Figure |3} the histogram distributions of M, and SFR are
in Figure[4] Figure [5|shows the distribution of measured
fluxes and derived ISM masses.

In approximately 10% of th