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ABSTRACT

We present 0 2-resolution Atacama Large Millimeter/submillimeter Array observations at 870 μm for 25 Hα-
seleced star-forming galaxies around the main sequence at z = 2.2–2.5. We detect significant 870 μm continuum
emission in 16 (64%) of these galaxies. The high-resolution maps reveal that the dust emission is mostly radiated
from a single region close to the galaxy center. Exploiting the visibility data taken over a wide uv distance range,
we measure the half-light radii of the rest-frame far-infrared emission for the best sample of 12 massive galaxies
with log(M*/Me)> 11. We find nine galaxies to be associated with extremely compact dust emission with
R1/2,870 μm< 1.5 kpc, which is more than a factor of 2 smaller than their rest-optical sizes, � § �NR 3.2 kpc1 2,1.6 m ,
and is comparable with optical sizes of massive quiescent galaxies at similar redshifts. As they have an exponential
disk with Sérsic index of � § �Nn 1.21.6 m in the rest-optical, they are likely to be in the transition phase from
extended disks to compact spheroids. Given their high star formation rate surface densities within the central 1 kpc
of �4 § �SFR 401 kpc Me yr−1 kpc−2, the intense circumnuclear starbursts can rapidly build up a central bulge with
ΣM*,1 kpc> 1010Me kpc−2 in several hundred megayears, i.e., by z∼2. Moreover, ionized gas kinematics reveal
that they are rotation supported with an angular momentum as large as that of typical star-forming galaxies at z =
1–3. Our results suggest that bulges are commonly formed in extended rotating disks by internal processes, not
involving major mergers.

Key words: galaxies: evolution – galaxies: high-redshift – galaxies: ISM

1. INTRODUCTION

In the current paradigm of galaxy evolution, galaxies grow
mainly by internal star formation along a fairly tight relation-
ship between stellar mass and star formation (so-called main
sequence), at a rate that is set by the balance between gas
accretion from the cosmic web, internal star formation, and
outflows driven by active galactic nuclei (AGNs), supernovae,
and massive stars (Bouché et al. 2010; Davé et al. 2012; Lilly
et al. 2013). Once galaxy masses reach the Schechter mass,

* _:M Mlog 10.9( ) (e.g., Marchesini et al. 2009; Ilbert et al.
2013; Muzzin et al. 2013), star formation appears to drop
within a short timescale of ∼1 Gyr (Whitaker et al. 2013; Belli
et al. 2015; Mendel et al. 2015; Onodera et al. 2015), and
galaxies transition to the passive population below the main
sequence.

Star-forming galaxies on the main sequence have exponen-
tial optical light and mass distributions (e.g., Wuyts et al.
2011b; Whitaker et al. 2015), with orbital motions dominated
by rotation in ∼70% of the massive star-forming galaxy
population (e.g., Förster Schreiber et al. 2009; Law et al. 2009;

Swinbank et al. 2012; Wisnioski et al. 2015; Price et al. 2016;
Stott et al. 2016). However, high-redshift star-forming galaxies
exhibit significant random motions (turbulent) such that the
disks are hot and geometrically thick (van der Wel et al. 2014a;
Wisnioski et al. 2015). In contrast, quiescent galaxies are more
compact and cuspy than the star-forming galaxies at a given
mass, at all redshifts (Bell et al. 2012; Lang et al. 2014; van der
Wel et al. 2014b). Given these findings, quenching of star
formation must be accompanied by significant structural
change, from extended exponential distributions to more
compact and more cuspy ones.
To explain the morphological transformation, two main

evolutionary paths have been proposed in the literature. A slow
cosmological path naturally follows from the strong redshift
evolution of galaxy sizes, r � �R z1 1( ) (Mosleh et al. 2012;
Newman et al. 2012; van der Wel et al. 2014b; Shibuya
et al. 2015). Star-forming galaxies quench star formation and
add to the passive population with approximately the same size
in a later epoch (van Dokkum et al. 2015; Lilly &
Carollo 2016). A second, fast path involves a downward
transition in the mass–size plane, at approximately constant
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Dust extinction problem
Mass-complete sample of galaxies at 0<z<2.5 (Whitaker+17)

For the most massive star-forming galaxies  
‣ IR light traces ~100% of total star formation

4 Whitaker et al.

Fig. 2.— The fraction of obscured star formation relative to total derived from median stacks is a strong function of M⋆ and does not
evolve strongly out to z=2.5. (Left) Linear y-axis version, including greyscale contours of the individual 3D-HST measurements in addition
to the median stacks (circles) from Whitaker et al. (2014). The thin lines represent the completeness limits of the 24µm imaging. The
dashed line is the average relation when using the Murphy et al. (2011) SFR calibrations. (Right) Logarithmic y-axis version, comparing
to a local SDSS sample based on GALEX/WISE photometry at 0.02<z<0.05 in greyscale (Cybulski et al. in prep). We additionally
compare to 450µm and 850µm SCUBA-2 stacks of a mass-selected sample from Bourne et al. (2017), finding excellent agreement at the
massive end (squares). The Herschel imaging from Casey et al. (2014b) agrees at the massive end down to the limits of the FIR-selected
sample of star-forming galaxies (triangles). The dot-dash line represents the implied ratio based on UV light attenuation measurements by
Pannella et al. (2009).

galaxies with log(M⋆/M⊙)<9.5 at 0.5 < z < 2.5.
Next, we compare with results at z ∼ 0 (Figure 2,

right). The greyscale in the right panel represents 22,481
star-forming galaxies selected at 0.02 < z < 0.05 from
the Sloan Digital Sky Survey DR12 (SDSS; Alam et al.
2015). The SFRs for this local comparison sample are
measured from GALEX and WISE/22µm photometry
(see Cybulski et al. in prep for the details). The
SDSS mass completeness sets in at much higher masses
(log(M/M⊙)∼10) than for 3D-HST. Close to these lim-
its, the data also become limited by the depth of the
GALEX and WISE all-sky (but relatively shallow) pho-
tometry. We require that the FUV GALEX exposure
time is > 100 seconds, resulting in >80% completeness
across the redshift range. Quiescent galaxies are ex-
cluded from this sample on the basis of the specific SFR
(SFR/M⋆) bimodality, consistent with the 3D-HST UVJ-
selection, where we identify and remove galaxies with
log(sSFR)<10−11 yr−1. To test how sensitive the result-
ing SDSS distribution is to this assumption, we conserva-
tively raise and lower this limit in log(sSFR) by 0.5 dex.
Lowering the cut to log(sSFR)=-11.5 yr−1 intersects the
peak of the quiescent distribution, whereas raising it
to log(sSFR)=-10.5 yr−1 corresponds roughly to the 1σ
lower envelope of the star-forming galaxy distribution.
We find that the results are not sensitive to our definition
of quiescence in the SDSS sample, with the median of the
distribution changing only weakly (∆f̃obscured < 0.04) for
a correspondingly large change in the log(sSFR) limit.
The mode of the SDSS distribution in Figure 2 (right)

tracks the higher redshift data well, but with a broader
distribution. In Figure 2, there appears to be a dearth of
highly obscured low-mass galaxies at z ∼ 0. We forgo in-
terpretation of the individual distributions at the lowest
M⋆ due to complications by the incompleteness limits of
both data sets. For obscuration fractions to the left of
the dotted lines, SFR completeness effects will become

important.
We can illuminate the difference in the distributions

from z=2.5 to z=0 for massive galaxies by selecting a
bin of 10.6<log(M/M⊙)<10.8, where both the SDSS and
3D-HST samples are complete down to low levels of ob-
scured star formation (Figure 3). We find that the dis-
tribution at z=0 monotonically increases towards a max-
imum value at 100% obscuration. The mode of the dis-
tributions (95-100%) remains relatively unchanged out
to z=2.5, whereas the width narrows. Although we only
show one M⋆ bin here, we find similar trends down to
log(M/M⊙)=10. When measuring the median of the dis-
tributions (arrows), as also done in the stacking analy-
sis, this suggests a decrease (or flattening) in obscura-
tion at low-redshift for the most massive galaxies. This
is also seen in the left panel of Figure 2, where there
exists a noteworthy deviation from the best-fit relation
for the most massive galaxies in the 0.5 < z < 1.0
(1.0 < z < 1.5) redshift bin, with fobscured for galaxies
with log(M⋆/M⊙)=11 depressed by 10% (4%) or 0.05 dex
(0.02 dex); see also A2). As shown in Kauffmann et al.
(2003), the vast majority of the most massive galaxies in
SDSS at z = 0 are quiescent. This makes it difficult to
push our direct comparison of the distributions presented
in Figure 3 towards the highest stellar masses, owing to
the sharp drop off in the local sample.
The observation that star formation in the most mas-

sive galaxies (log(M/M⊙)>10.6) at intermediate red-
shifts is slightly less dust-obscured can also be seen
in Figure 5 of Whitaker et al. (2014), who show IRX
(≡LIR/LUV) for this same data analysis as a function
of stellar mass. This same redshift bin also has a lower
IRX-β relation (Figure 6 Whitaker et al. 2014); the re-
sults presented in the right panel of Figure A1 that adopt
an evolving template conversion for LIR suggest that we
are only under-estimating LIR when using the DH02 log-
average template for the most IR-luminous galaxies. The

~100%
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ALMA & HST view

‣ they have an extended, exponential disk 
‣ star-forming regions are extremely compact

suggesting radial transport of gas
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Dust continuum distributions
The Astrophysical Journal, 799:81 (14pp), 2015 January 20 doi:10.1088/0004-637X/799/1/81
C⃝ 2015. The American Astronomical Society. All rights reserved.

THE SCUBA-2 COSMOLOGY LEGACY SURVEY: ALMA RESOLVES THE REST-FRAME
FAR-INFRARED EMISSION OF SUB-MILLIMETER GALAXIES

J. M. Simpson1, Ian Smail1, A. M. Swinbank1, O. Almaini2, A. W. Blain3, M. N. Bremer4, S. C. Chapman5,
Chian-Chou Chen1, C. Conselice2, K. E. K. Coppin4, A. L. R. Danielson1, J. S. Dunlop7, A. C. Edge1, D. Farrah8,

J. E. Geach6, W. G. Hartley2,9, R. J. Ivison7,10, A. Karim11, C. Lani2, C.–J. Ma1, R. Meijerink12,13, M. J. Michałlowski7,
A. Mortlock2,7, D. Scott14, C. J. Simpson15, M. Spaans12, A. P. Thomson1, E. van Kampen10, and P. P. van der Werf13

1 Institute for Computational Cosmology, Department of Physics, Durham University, South Road, Durham DH1 3LE, UK; j.m.simpson@dur.ac.uk
2 School of Physics and Astronomy, University of Nottingham, Nottingham NG7 2RD, UK

3 Department of Physics and Astronomy, University of Leicester, University Road, Leicester LE1 7RH, UK
4 School of Physics, HH Wills Physics Laboratory, Tyndall Avenue, Bristol BS8 1TL, UK

5 Department of Physics and Atmospheric Science, Dalhousie University, Halifax, NS B3H 3J5, Canada
6 Centre for Astrophysics Research, Science and Technology Research Institute, University of Hertfordshire, Hatfield AL10 9AB, UK

7 Institute for Astronomy, University of Edinburgh, Royal Observatory, Blackford HIll, Edinburgh EH9 3HJ, UK
8 Department of Physics, Virginia Tech, Blacksburg, VA 24061, USA
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ABSTRACT

We present high-resolution (0.′′3) Atacama Large Millimeter Array 870 µm imaging of 52 sub-millimeter galaxies
(SMGs) in the Ultra Deep Survey field to investigate the size and morphology of the sub-millimeter (sub-mm)
emission on 2–10 kpc scales. We derive a median intrinsic angular size of FWHM = 0.′′30 ± 0.′′04 for the 23
SMGs in the sample detected at a signal-to-noise ratio (S/N) >10. Using the photometric redshifts of the SMGs
we show that this corresponds to a median physical half-light diameter of 2.4 ± 0.2 kpc. A stacking analysis of the
SMGs detected at S/N < 10 shows they have sizes consistent with the 870 µm bright SMGs in the sample. We
compare our results to the sizes of SMGs derived from other multi-wavelength studies, and show that the rest-frame
∼250 µm sizes of SMGs are consistent with studies of resolved 12CO (J = 3–2 to 7–6) emission lines, but that
sizes derived from 1.4 GHz imaging appear to be approximately two times larger on average, which we attribute
to cosmic ray diffusion. The rest-frame optical sizes of SMGs are around four times larger than the sub-millimeter
sizes, indicating that the star formation in these galaxies is compact relative to the pre-existing stellar distribution.
The size of the starburst region in SMGs is consistent with the majority of the star formation occurring in a central
region, a few kiloparsecs in extent, with a median star formation rate surface density of 90 ± 30 M⊙ yr−1 kpc−2,
which may suggest that we are witnessing an intense period of bulge growth in these galaxies.

Key words: galaxies: high-redshift – galaxies: starburst

1. INTRODUCTION

Nearly 20 years after their discovery, there is still debate
about the nature of the population of luminous, but highly dust-
obscured sources detected at high redshifts in sub-millimeter
and millimeter surveys. The observational data suggest that the
850 µm detected sub-millimeter galaxies (SMGs) lie at a median
redshift z = 2.5 ± 0.2 ( Simpson et al. 2014, see also Chapman
et al. 2005; Wardlow et al. 2011; Yun et al. 2012; Smolčić
et al. 2012; Weiß et al. 2013) and are powered by bursts of star
formation in relatively massive, gas-rich galaxies (stellar masses
of ∼1011 M⊙ and gas masses of ∼0.5 × 1011 M⊙, e.g., Hainline
et al. 2011; Michałowski et al. 2012; Bothwell et al. 2013)
with space densities of ∼10−5 Mpc−3. A modest proportion
of SMGs have been shown to host an accreting super-massive
black hole (e.g., Alexander et al. 2008; Pope et al. 2008; Wang
et al. 2013) and many appear disturbed or irregular in high-
resolution rest-frame optical imaging from the Hubble Space
Telescope (HST), albeit predominantly with a low Sérsic index
(e.g., Conselice et al. 2003; Chapman et al. 2003; Swinbank
et al. 2010a; Targett et al. 2013; Wiklind et al. 2014; Chen et al.

2014). SMGs thus share some of the traits of local ultraluminous
infrared galaxies (ULIRGs), although they are ∼103 times more
abundant at a fixed far-infrared luminosity (e.g., Chapman et al.
2005; Lindner et al. 2011; Magnelli et al. 2012; Yun et al. 2012;
Swinbank et al. 2014) and appear to be more massive than these
proposed analogs (e.g., Tacconi et al. 2002).

In the past decade, near-infrared (NIR) spectroscopy has also
identified a population of quiescent, red galaxies at z = 1.5–3,
which have been proposed as the potential descendants of high-
redshift starbursts (SMGs). The stellar populations in these high-
redshift quiescent galaxies follow a fairly tight “red-sequence,”
indicating that the stellar population was formed rapidly in an
intense starburst phase (e.g., Kriek et al. 2008). The high star
formation rates (SFRs) of SMGs (300 M⊙ yr−1; Magnelli et al.
2012; Swinbank et al. 2014), combined with large molecular gas
reservoirs, indicate that they have the potential to form a stellar
component of 1010–1011 M⊙ in 100 Myr. Such rapid stellar mass
growth at high redshift has led to speculation that SMGs may be
the progenitors of both these high-redshift quiescent galaxies
and local elliptical galaxies (Lilly et al. 1999; Genzel et al.
2003; Blain et al. 2004; Swinbank et al. 2006; Tacconi et al.

1
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ABSTRACT

We report the source size distribution, as measured by ALMA millimetric continuum imaging, of a sample of 13
AzTEC-selected submillimeter galaxies (SMGs) at z 3phot ~ –6. Their infrared luminosities and star formation rates
(SFRs) are LIR~ 2–6 1012´ L: and ∼200–600 M: yr−1, respectively. The sizes of these SMGs range from 0″. 10
to 0″. 38, with a median of 0″. 20 0. 05

0. 03
´
´-

+ (FWHM), corresponding to a median circularized effective radius (Rc,e) of
0.67 0.14

0.13
-
+ kpc, comparable to the typical size of the stellar component measured in compact quiescent galaxies at

z 2~ (cQGs)—R 1e ~ kpc. The median surface SFR density of our SMGs is 100 26
42

-
+ M: yr−1 kpc−2, comparable

to that seen in local merger-driven (U)LIRGs rather than in extended disk galaxies at low and high redshifts. The
discovery of compact starbursts in z 32 SMGs strongly supports a massive galaxy formation scenario wherein
z 3~ –6 SMGs evolve into the compact stellar components of z 2~ cQGs. These cQGs are then thought to evolve
into the most massive ellipticals in the local universe, mostly via dry mergers. Our results thus suggest that z 32
SMGs are the likely progenitors of massive local ellipticals, via cQGs, meaning that we can now trace the
evolutionary path of the most massive galaxies over a period encompassing ∼90% of the age of the universe.

Key words: galaxies: evolution – galaxies: formation – galaxies: high-redshift – submillimeter: galaxies

1. INTRODUCTION

The most massive galaxies in the local universe are thought
to have evolved to their current state via a series of dry mergers
of relatively gas-poor galaxies over the last 10 Gyr (e.g.,
Newman et al. 2012; Oser et al. 2012; Carollo et al. 2013;
Krogager et al. 2014). Their ancestors—the so-called ‘compact
quiescent galaxies (cQGs)—are found at z 2~ in sensitive,
near-infrared (NIR) imaging surveys (e.g., Daddi et al. 2005;
van Dokkum et al. 2008; Onodera et al. 2010; Newman
et al. 2012; Krogager et al. 2014). These cQGs have ∼2–5
times smaller effective radii (R 1e ~ kpc) and are 10 times
denser than their local descendants (e.g., van Dokkum
et al. 2008; Onodera et al. 2010; Newman et al. 2012) and
the process by which they form remains a mystery. Recent
attempts to probe their star-forming phase using conventional
NIR observations resulted in the discovery of a relatively
unobscured starburst, seen around z 2.5~ –3 (Barro et al.
2014b; Nelson et al. 2014). However, detailed simulations and
population-synthesis modeling suggest that major mergers at
z 3~ –6 likely play a major role in the formation of the
compact stellar component, via dust-obscured compact star-
bursts (e.g., Wuyts et al. 2010; Toft et al. 2014). We must thus
penetrate deep within these dusty environments to reveal this
vigorous starburst phase.

Submillimeter galaxies (SMGs; e.g., Smail et al. 1997;
Hughes et al. 1998; Ivison et al. 1998) have long been thought

to be plausible progenitors of massive passive galaxies around
z 1.5~ –2 based on their volume densities (Blain et al. 2004;
Chapman et al. 2005). Early source size measurements for
z 1~ –3 SMGs—using radio continuum and CO emission-line
data—reported a median source size of ~ 0″. 5; (FWHM)
corresponding to a radius of ∼2–3 kpc (e.g., Tacconi et al.
2006; Biggs & Ivison 2008). These early studies resulted in the
common notion that high-redshift SMGs have larger star-
forming regions than luminous, dusty galaxies in the local
universe, indicating that the size of their star-forming region is
inconsistent with the compact structure of cQGs (although a
few SMGs at z 2~ with compact cores were reported—
Tacconi et al. 2008). The size of starburst regions in SMGs at
z 32 has remained largely unexplored, partly because it is
difficult to identify SMGs at z 32 , partly because the
cosmological dimming then makes it difficult to measure their
source sizes in the radio regime. There have been a few source
size measurements via (sub)millimeter continuum imaging for
z 32 SMGs; SMA observations of AzTEC1 at z 4~ and
PdBI observations of HFLS3 at z 6.3= revealed radii of
∼1.3 kpc (Younger et al. 2008; Riechers et al. 2013). However,
these two are among the brightest SMGs known (L 10IR

13>
L:) and we need to image more typical SMGs with L 10IR

12~
L:.
Sensitivity limitations of existing arrays meant that we

needed to wait for ALMA in order to measure the far-infrared
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ABSTRACT

We present spatially resolved Atacama Large Millimeter/submillimeter Array (ALMA) 870 μm dust continuum
maps of six massive, compact, dusty star-forming galaxies at z∼2.5. These galaxies are selected for their small
rest-frame optical sizes ( ~r 1.6e,F160W kpc) and high stellar mass densities that suggest that they are direct
progenitors of compact quiescent galaxies at z∼2. The deep observations yield high far-infrared (FIR)
luminosities of = -

:L L10IR
12.3 12.8 and star formation rates (SFRs) of SFR=200–700Me yr−1, consistent with

those of typical star-forming “main sequence” galaxies. The high spatial resolution (FWHM∼0 12–0 18)
ALMA and Hubble Space Telescope photometry are combined to construct deconvolved, mean radial profiles of
their stellar mass and (UV+IR) SFR. We find that the dusty, nuclear IR–SFR overwhelmingly dominates the
bolometric SFR up to r∼5 kpc, by a factor of over 100× from the unobscured UV–SFR. Furthermore, the
effective radius of the mean SFR profile ( ~r 1e,SFR kpc) is ∼30% smaller than that of the stellar mass profile. The
implied structural evolution, if such nuclear starburst last for the estimated gas depletion time of Δt=±100Myr,
is a 4× increase of the stellar mass density within the central 1 kpc and a 1.6× decrease of the half-mass–radius.
This structural evolution fully supports dissipation-driven, formation scenarios in which strong nuclear starbursts
transform larger, star-forming progenitors into compact quiescent galaxies.

Key words: galaxies: evolution – galaxies: high-redshift – galaxies: photometry

1. INTRODUCTION

The majority of star-forming galaxies (SFGs) follow a
relatively tight, almost linear relation between star formation
rate (SFR) and stellar mass, usually referred to as the star
formation “main sequence” that seems to be in place since
z∼5–6 (SF–MS; e.g., Noeske et al. 2007; Whitaker
et al. 2012). The ubiquitous and tight SF–MS suggests that
the majority of the stars are formed in a predominantly smooth,
secular mode. Furthermore, there is also evidence that, despite
their wide range of sizes and morphologies, most of the stars in
SFGs are formed in disks which are growing from the inside
out, thus increasing their sizes with cosmic time (Nelson et al.
2013, 2015; Wuyts et al. 2013). The progressive structural
growth in the SF–MS is consistent with the classic notion of
galaxy formation in a ΛCDM universe in which gas accreted
from dark matter halos cools and forms new stars in disks with
increasingly larger-scale lengths with cosmic time (e.g., Fall &
Efstathiou 1980; Mo et al. 1998).

A challenge to this simplified picture are the small sizes
(re∼1 kpc) of the first massive quiescent galaxies at z1.5–3
(e.g., van der Wel et al. 2014 and references therein). On one
hand, their small sizes might be the consequence of having

smaller star-forming progenitors formed at earlier times when
the universe was more dense (i.e., more concentrated halos and
higher gas fractions). On the other hand, compact quiescent
galaxies could form in strongly dissipative processes, triggered
by mergers or interaction-driven disk instabilities that cause a
substantial growth of the nuclear stellar density as a result of
gas-rich starbursts (Hopkins et al. 2008; Dekel et al. 2009).
Both scenarios imply the formation of compact SFGs as the last
stage before quenching star formation, but the predictions differ
on whether these compact SFGs would exhibit extended SFR
profiles, driving the inside-out size growth, or compact star-
forming regions (starbursts) triggered by the dissipative phase.
Such compact SFGs have been identified in sizable numbers

and their small stellar sizes, steep mass profiles, and obscured
SFR properties have been confirmed by multiple studies (Barro
et al. 2013, 2014; van Dokkum et al. 2015). However, direct
measurements of their spatial distribution of the star formation
relative to the mass profile, needed to discriminate between the
two formation scenarios discussed above, are still inconclusive.
These measurements have proven very difficult because even
spatially resolved UV and optical SFR indicators based on
Hubble Space Telescope (HST) observations are significantly
affected by the high dust obscuration, particularly in galaxy
centers (Wuyts et al. 2012; Tacchella et al. 2015), and far-
infrared (FIR) observations, sensitive to ionizing radiation re-
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Simpson et al. 2014; Swinbank et al. 2014).

2.3. Recovered Flux Density

In order to test whether our new, higher-resolution ALMA
images recover all of the flux density from the sources, we
compared the images made at various spatial resolutions with
the results obtained in Cycle 0 using a more compact
configuration. The Cycle0 flux densities were taken from
Hodge et al. (2013b) and have been corrected for the effect of
flux boosting (e.g., Simpson et al. 2015a), which is a statistical
enhancement, on average, of the measured fluxes for popula-
tions where fainter sources far outnumber the brighter ones. In
such cases, every measurement is more likely to result from
one of many fainter sources than from one of few brighter ones
relative to the measurement, and the effect is most pronounced
for low S/N detections. For the new data imaged at a particular
resolution, we calculated the flux density recovered by masking
the emission below 2σ. For the untapered data, we then used
the masks from the next lowest resolution to mask the higher-
resolution images further (e.g., ´0. 3 masks for the ´0. 17 images;
´0. 17 masks for the ´0. 12 images). This combination of steps
allowed us to isolate >2σ contiguous emission associated with
each detected source in an automated way, which we then
summed using an aperture of radius 3×bmaj, where bmaj is the
FWHM (major axis) of the synthesized beam at that resolution.

Figure 3 shows the flux density recovered as a function of
angular resolution (expressed as a fraction of the Cycle 0 flux
density) for individual sources and the sample median. For
most sources, the recovered fraction rises steeply from the
highest-resolution maps (∼0 1; median fraction of
� of 74 7%) to the naturally weighted maps (∼0 16; median

fraction of � of 101 6%). This indicates, at face value, that
the naturally weighted maps are recovering all of the flux
detected in the Cycle0 maps. However, there appears to be a
potentially small increase in the recovered fraction in the uv-

Figure 2. ALMA images (each ´1. 6×1 6, or 13 kpc at _z 2.5) of the 870 μm emission from 16 SMGs at ´0. 17×0 15resolution, corresponding to a physical
scale of 1.4×1.2 kpc at _z 2.5 (beam size shown in the bottom left corners). Contours go from±2–30σ in steps of 2σ, and the typical rms (T _ 64 μJy beam−1)
corresponds to a rest-frame brightness temperature of �T 0.09B K at _z 2.5. Major tick marks indicate ´0. 2. The extended dust emission in these galaxies is
distributed over approximatelya few kiloparsecscales and smooth and disk-like at our sensitivity and resolution. We note that the source positions (and/or stellar
environments) of ALESS 5.1 and 10.1 suggest these sources are potentially weakly lensed (see also Figure 11 and Section 3.2).

Figure 3. Fraction of the Cycle0 flux density recovered for sources imaged at
various spatial resolutions in our new study. The horizontal dashed line
indicates a recovery fraction of 100% compared to the earlier, low-resolution
Cycle0 data, and the vertical dashed line indicates the resolution of the
naturally weighted maps. The median recovered fraction for the sample is
shown by the solid blue line, and the red error bar shows the absolute flux
calibration uncertainty. The highest outlier corresponds to a source (ALESS
101.1) from a lower quality (SUPPLEMENTARY) Cycle 0 map. While the
naturally weighted images may be missing a fraction (∼10%–15%) of the
emission from what is presumably a more extended component (�1″or
�10 kpc), the new ALMA observations are not formally resolving out
emission, consistent with the maximum recoverable scale expected for this
configuration (2″).
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and 0 32×0 28 (Scoville et al. 2015) resolution at 690 GHz.
Assuming 1″=475 pc, these correspond to 100–170 pc scales,
allowing us a direct comparison with the physical properties of
AzTEC1 and AzTEC8. The luminosity surface densities in Arp
220 are �1014 Le kpc−2 and 1012–13 Le kpc−2 for the western
and eastern nucleus, respectively (Wilson et al. 2014; see also
Downes & Eckart 2007; Sakamoto et al. 2008; Barcos-Muñoz
et al. 2015). The average luminosity densities derived in the
central peaks of AzTEC1 [(7.8±2.3)×1012 Le kpc−2] and
AzTEC8 [(2.8±0.6)×1013 Le kpc−2] are consistent with the
eastern nucleus, but an order of magnitude lower than the
western nucleus of Arp220. The high value in the western
nucleus may be attributed to the presence of an AGN. In
contrast, the same quantities derived in the less luminous mid-
stage merging LIRG VV114 is at least 2–3 orders of magnitude
lower (Saito et al. 2015).

5. DISCUSSION AND SUMMARY

5.1. Nature of the Clumpy and Extended Emission in AzTEC1

The important new finding from the AzTEC1 map is the
presence of compact (∼200 pc) clumps and the diffuse and
extended emission out to 3–4 kpc.
Compact Clumps—These clumps can grow to contain a

stellar mass of ∼109Me by z=2(2 Gyr), even if they are
converting gas to stars at an efficiency of 10% (Larson 1982).
Numerical simulations of isolated gas-rich disks suggest that
gas clumps of ∼109Me survive for at least 108years during the
course of their lifetime (Bournaud et al. 2014). These massive
clumps can migrate inwards via dynamical friction and
coalesce with the central galaxy within a Gyr timescale
(Noguchi 1999; Hopkins et al. 2012; Inoue & Saitoh 2012).
We note that the sizes and ubiquity of the clumps are similar to
the young super star clusters found in the central region of

Figure 2. 860 μm images of AzTEC1 with (a) 0 026×0 018, (b) 0 048×0 039, and (c) 0 070×0 063 resolution. The lowest contours represent 3σ, and they
increase in steps of 1σ up to 10σ and steps of 2σ beyond. The properties of the clumps labeled 1–11 in (a) are presented in Table 3. (d) Overlay of ALMA contours on
the HST F160W image. The contour levels are the same as in (c). We note a ∼0 2 offset between the ALMA peak and the HST peak (see also Olivares et al. 2016).
Detailed investigation of the relative astrometry is deferred to a future analysis.
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and eastern nucleus, respectively (Wilson et al. 2014; see also
Downes & Eckart 2007; Sakamoto et al. 2008; Barcos-Muñoz
et al. 2015). The average luminosity densities derived in the
central peaks of AzTEC1 [(7.8±2.3)×1012 Le kpc−2] and
AzTEC8 [(2.8±0.6)×1013 Le kpc−2] are consistent with the
eastern nucleus, but an order of magnitude lower than the
western nucleus of Arp220. The high value in the western
nucleus may be attributed to the presence of an AGN. In
contrast, the same quantities derived in the less luminous mid-
stage merging LIRG VV114 is at least 2–3 orders of magnitude
lower (Saito et al. 2015).

5. DISCUSSION AND SUMMARY

5.1. Nature of the Clumpy and Extended Emission in AzTEC1

The important new finding from the AzTEC1 map is the
presence of compact (∼200 pc) clumps and the diffuse and
extended emission out to 3–4 kpc.
Compact Clumps—These clumps can grow to contain a

stellar mass of ∼109Me by z=2(2 Gyr), even if they are
converting gas to stars at an efficiency of 10% (Larson 1982).
Numerical simulations of isolated gas-rich disks suggest that
gas clumps of ∼109Me survive for at least 108years during the
course of their lifetime (Bournaud et al. 2014). These massive
clumps can migrate inwards via dynamical friction and
coalesce with the central galaxy within a Gyr timescale
(Noguchi 1999; Hopkins et al. 2012; Inoue & Saitoh 2012).
We note that the sizes and ubiquity of the clumps are similar to
the young super star clusters found in the central region of

Figure 2. 860 μm images of AzTEC1 with (a) 0 026×0 018, (b) 0 048×0 039, and (c) 0 070×0 063 resolution. The lowest contours represent 3σ, and they
increase in steps of 1σ up to 10σ and steps of 2σ beyond. The properties of the clumps labeled 1–11 in (a) are presented in Table 3. (d) Overlay of ALMA contours on
the HST F160W image. The contour levels are the same as in (c). We note a ∼0 2 offset between the ALMA peak and the HST peak (see also Olivares et al. 2016).
Detailed investigation of the relative astrometry is deferred to a future analysis.
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AzTEC1 and AzTEC8. The luminosity surface densities in Arp
220 are �1014 Le kpc−2 and 1012–13 Le kpc−2 for the western
and eastern nucleus, respectively (Wilson et al. 2014; see also
Downes & Eckart 2007; Sakamoto et al. 2008; Barcos-Muñoz
et al. 2015). The average luminosity densities derived in the
central peaks of AzTEC1 [(7.8±2.3)×1012 Le kpc−2] and
AzTEC8 [(2.8±0.6)×1013 Le kpc−2] are consistent with the
eastern nucleus, but an order of magnitude lower than the
western nucleus of Arp220. The high value in the western
nucleus may be attributed to the presence of an AGN. In
contrast, the same quantities derived in the less luminous mid-
stage merging LIRG VV114 is at least 2–3 orders of magnitude
lower (Saito et al. 2015).

5. DISCUSSION AND SUMMARY

5.1. Nature of the Clumpy and Extended Emission in AzTEC1

The important new finding from the AzTEC1 map is the
presence of compact (∼200 pc) clumps and the diffuse and
extended emission out to 3–4 kpc.
Compact Clumps—These clumps can grow to contain a

stellar mass of ∼109Me by z=2(2 Gyr), even if they are
converting gas to stars at an efficiency of 10% (Larson 1982).
Numerical simulations of isolated gas-rich disks suggest that
gas clumps of ∼109Me survive for at least 108years during the
course of their lifetime (Bournaud et al. 2014). These massive
clumps can migrate inwards via dynamical friction and
coalesce with the central galaxy within a Gyr timescale
(Noguchi 1999; Hopkins et al. 2012; Inoue & Saitoh 2012).
We note that the sizes and ubiquity of the clumps are similar to
the young super star clusters found in the central region of

Figure 2. 860 μm images of AzTEC1 with (a) 0 026×0 018, (b) 0 048×0 039, and (c) 0 070×0 063 resolution. The lowest contours represent 3σ, and they
increase in steps of 1σ up to 10σ and steps of 2σ beyond. The properties of the clumps labeled 1–11 in (a) are presented in Table 3. (d) Overlay of ALMA contours on
the HST F160W image. The contour levels are the same as in (c). We note a ∼0 2 offset between the ALMA peak and the HST peak (see also Olivares et al. 2016).
Detailed investigation of the relative astrometry is deferred to a future analysis.
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Figure 2. 860 μm images of AzTEC1 with (a) 0 026×0 018, (b) 0 048×0 039, and (c) 0 070×0 063 resolution. The lowest contours represent 3σ, and they
increase in steps of 1σ up to 10σ and steps of 2σ beyond. The properties of the clumps labeled 1–11 in (a) are presented in Table 3. (d) Overlay of ALMA contours on
the HST F160W image. The contour levels are the same as in (c). We note a ∼0 2 offset between the ALMA peak and the HST peak (see also Olivares et al. 2016).
Detailed investigation of the relative astrometry is deferred to a future analysis.
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The total integrated flux in the central kiloparsec (region within
the red contour in Figure 1) is 1.63± 0.16 mJy. The total flux
derived from the 0 86×0 55 SMA beam is 17.7± 2.3 mJy
for a Gaussian model (Younger et al. 2010), and thus ∼90% of
the flux is in the extended structure.

4. NATURE OF THE CENTRAL STAR-FORMING REGION

4.1. Eddington Limited Starbursts?

The stellar radiation pressure imposed upon the surrounding
optically thick dust and gas can provide an important
stabilization mechanism for gas against self-gravity. Assuming
a one-zone moderately optically thick disk model, a Toomre-
stable (Q∼1) disk, and T<100 K, the ΣSFR required to
support the disk with radiation pressure is
∼1000Me yr−1 kpc−2 (Thompson et al. 2005). At higher
temperatures (T = 100–200 K), which may be more appro-
priate at the centers of ULIRGs (Wilson et al. 2014) and SMGs,
the correlation between opacity and temperature breaks down,
and ΣSFR becomes a function of various model parameters such
as rotation velocity, gas mass fraction, and opacity. We lack
sufficient data, such as gas kinematics, to constrain these
parameters properly, and the required ΣSFR can be
∼100–2000Me yr−1 kpc−2 (see Equation (28) of Thompson
et al. 2005) even with a conservative set of assumptions.

The integrated and beam-averaged peak ΣSFR ranges from
280± 130 to 960± 240Me yr−1 kpc−2 for AzTEC1 and
AzTEC4. On the other hand, the ΣSFR of the entire AzTEC1 is
much lower (130 ± 30Me yr−1 kpc−2), and it is close to the
lower end of the predicted ΣSFR for a radiation pressure
supported disk. These are consistent with the average ΣSFR
found in the most luminous starburst galaxies observed in the
early universe (80–1000Me yr−1 kpc−2; Tacconi et al. 2006;
Walter et al. 2009; Riechers et al. 2013, 2014; Hodge
et al. 2015; Oteo et al. 2016a, 2016b). The gravitationally
lensed source SDP.81 (SFR∼500Me yr−1) was observed at
200 pc resolution (ALMA Partnership et al. 2015), and the
ΣSFR of the 14 clumps range from ∼100 to 400Me yr−1 kpc−2

(Hatsukade et al. 2015), which is slightly lower than the central
regions of AzTEC1 and AzTEC8. In contrast to AzTEC1 and
AzTEC4, the average ΣSFR in AzTEC8 is close to the upper
end of the model predictions. The beam-averaged peak values
are even higher (∼3000Me yr−1 kpc−2). The extreme values
derived in AzTEC8 may suggest that it is forming stars near or
above the Eddington limit.

4.2. Comparison with Local U/LIRGs

The nearby late-stage merging ULIRG Arp220 was recently
observed using ALMA at 0 36×0 20 (Wilson et al. 2014)

Table 1
Observational Properties

Source Redshift 1 arcsec R.A. Decl. rms beam (Position Angle) Robusta S860
b

(kpc) (J2000) (J2000) (μJy) (mJy)

AzTEC1 4.342 6.7 9:59:42.86 +2:29:38.2 31 0 026×0 018 (46°) 2 3.67± 0.37
38 0 048×0 039 (42°) 2 (0 03) 9.09± 0.91
56 0 070×0 063 (41°) 2 (0 05) 14.16± 1.42

AzTEC4 ∼4c 7.1 9:59:31.72 +2:30:44.0 61 0 064×0 057 (40°) 2 (0 05) 3.26± 0.40
AzTEC8 3.179 7.7 9:59:59.34 +2:34:41.0 34 0 017×0 014 (87°) 0.5 1.63± 0.16

Notes.
a The value of Robust parameter used in CASA. The values in parentheses are used for the outertaper in the CASA task CLEAN.
b Total ALMA flux above 3σ. For AzTEC1, we integrate the �3σ emission in Figure 2. The SMA 880 μm fluxes (beam sizes) are 13.8± 2.3 (0 86×0 55),
13.1± 1.8 (0 86×0 77), and 17.7± 2.3 mJy (0 86×0 55), for AzTEC1, AzTEC4, and AzTEC8, respectively (Younger et al. 2008, 2010).
c The photometric redshifts derived in the literature are �

�4.70 1.11
0.43 (Younger et al. 2007) and �

�4.93 1.11
0.43 (Smolčić et al. 2012; Toft et al. 2014). We adopt z=4 for all

calculations in this Letter.

Figure 1. 860 μm images of (a) AzTEC1 (Robust = 2 and no tapering), (b) AzTEC4 (Robust = 2 and outertaper = 0 05), and (c) AzTEC8 (Robust = 0.5). The
physical scale shown in the lower right corner of each panel assumes z = 4.342 for AzTEC1, z=4 for AzTEC4, and z = 3.179 for AzTEC8. The lowest contours
represent 3σ, and they increase in steps of 1σ (the 1σ values are shown in Table 1). Negative contours are shown as dashed lines. The total flux enclosed within the red
3σ contour for AzTEC1 and 8 are used to derive the parameters in Table 2. All of the images are referenced from the SMA coordinates.
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of MISM). For a given SFR, there are big spreads in sSFR
relative to the MS and in stellar mass. The other variables
linking SF and gas contents are the stellar masses and the
elevation above the MS. We fit for all of these dependencies
simultaneously in the following sections.

6. Dependence of MISM and SFR on z, *M , and
sSFR/ *( )M zsSFR ,MS

In order to unravel the dependencies of ISM content and
SFR on intrinsic and extrinsic galaxy parameters, we have fit a
power-law dependence of MISM on the most likely parameters:
z, *M , and MS ratio (=sSFR sSFRMS); then we use this power-
law expression for MISM in order to elucidate the dependencies
of the SFRs/MISM on z, *M , and the MS ratio. In this second
stage of fitting, the terms can be viewed as SFR efficiencies per
unit mass of ISM gas, as they depend separately on z, *M , and
the MS ratio.

To avoid areas of z and stellar mass where the sampling is
low, we restrict our sample further to z=0.3 to 3 and

* > ´ :M M3 1010 , thus reducing the areas where a Malm-
quist bias could be significant. The upper redshift limit is to
avoid galaxies for which the flux measurement would be off the
RJ tail; the lower mass limit is to avoid galaxies with expected
low metallicity. The final sample used for fitting the
dependencies has 575 distinct galaxies.

In all of the empirical fittings, we adopt a power law in each
of the independent variables,

= ´ ´a b gM P P Pand SFR constant 1 2 3 ,ISM

and solve for the minimum chi-square fit as a function of the
independent variables (P). A Monte Carlo Markov chain
(MCMC) routine (MLINMIX_ERR; in IDL) was used for the
fitting. This is a Bayesian method for linear regression that
takes into account measurement errors in all variables, as well
as their intrinsic scatter. The Markov chain Monte Carlo
algorithm (with Gibbs sampling) is used to randomly sample
the posterior distribution (Kelly 2007).

6.1. MISM

The result of the MCMC fitting for the dependence of the
MISM on redshift, MS ratio, and stellar mass is

*

= o ´ ´ +

´ ´

o

o
o

:

:
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( )
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M
M

7.07 0.88 10 M 1 z
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10

.
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10

0.30 0.04

The uncertainties were derived from the MCMC fitting; they do
not account for possible calibration uncertainties such as the
conversion from LIR to SFR. In Appendix C, we provide plots
showing the covariance of the fitted parameters with their
distributions (see Figure 20 left). The posterior distributions of
the different parameters in the MCMC fitting are single-valued
(i.e., nondegenerate) and smooth. This also indicates that there
are no degenerate parameters and hence that the choice of
variables is appropriate.
In Figure 7 the observed ISM masses (solid dots) are shown

in the left panel. Their fractional differences between the fit and
the observations are shown in the middle and right panels. The
Figure 7 middle and right panels show a scatter roughly
equivalent to the observed values; however, given the large
dynamic range (a factor of ∼100) in the MISM and the fitting
parameters, this scatter is within the combined uncertainties of
those parameters.
Thus Equation (6) quantifies three major results regarding

the ISM contents and their variation for high-redshift galaxies
relative to low-redshift galaxies:

1. The ISM masses clearly increase toward higher z,
depending on + = +( ) (( ) )z z1 11.84 2.9 0.63; that is, they
are not evolving as rapidly as the SFRs that vary
as +( )z1 2.9.

2. Above the MS, the ISM content increases, but not as
rapidly as the SFRs (0.32 versus unity power laws).

3. The ISM contents increase as *M 0.30, indicating that the
gas mass fractions must decrease in the higher- *M
galaxies.

The first conclusion clearly implies that the SF efficiency per
unit gas mass must increase at high redshift (as discussed
below). The second conclusion indicates that the galaxies
above the MS have higher gas contents, but not in proportion to
their elevated SFRs, and the third conclusion indicates that
higher stellar mass galaxies are relatively gas-poor. Thus,
galaxies with higher stellar mass likely use up their fuel at
earlier epochs and have lower specific accretion rates (see
Section 8) than the low-mass galaxies. This is a new aspect of
the “downsizing” in the cosmic evolution of galaxies.

6.2. SFR

In fitting for the SFR dependencies, we wish to clearly
distinguish between the obvious intuition that when there is
more ISM there will be both more SF and a higher efficiency
for converting the gas to stars. Thus, we impose a linear
dependence of the SFR on MISM, using MISM taken from
Equation (6) rather than going back to the observed MISM
values. Effectively, we are then fitting for the star formation
efficiencies ( MSFR ISM) for star formation per unit gas mass as
a function of z, MS ratio, and *M . The use of ISM masses from

Figure 6. The SFRs and derived MISM are shown for 708 galaxies detected in
the ALMA observations. Uncertainties in both quantities range from 10% to
50%; we show a typical error bar of 25% in the lower right corner. The
observed spread in both x and y is much larger than this uncertainty, indicating
that there must be other dependencies than a simple one-to-one correspondence
between SFRs and ISM masses.
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Appendix A
Long Wavelength Dust Continuum

as an ISM Mass Tracer

Here, we very briefly summarize the more thorough discussion
in the appendix in Scoville et al. (2016), which establishes the

foundation for using the long wavelength dust continuum as a
tracer of ISM mass in high-redshift galaxies.
The empirical calibration of the technique (Scoville et al. 2016)

is based on three different low- and high-redshift galaxy samples:
(1) a sample of 30 local star-forming galaxies, (2) 12 low-z
ultraluminous infrared galaxies (ULIRGs), and (3) 30 z∼2
submillimeter galaxies (SMGs). These three samples with 72
galaxies are restricted to only those galaxies having good
estimates of the total, source-integrated, long wavelength
continuum and complete mapping of CO (1–0). (We avoid using
higher-J CO lines since only the 1–0 transition has been well

Figure 17. Left: the CO(1–0) luminosity and nL at 850 μm are shown for three samples of galaxies: normal low-z star-forming galaxies, low-z ULIRGs, and z∼2
SMGs. All galaxies were selected to have global measurements of CO (1–0) and Rayleigh–Jeans dust continuum fluxes. The large range in apparent luminosities is
enhanced by including the high-redshift SMGs, many of which in this sample are strongly lensed. Right: the ratio of nL at 850 μm to MISM is shown for the three
samples of galaxies, indicating a very similar proportionality constant between the dust continuum flux and the molecular masses derived from CO(1–0) emission. The
molecular masses were estimated from the CO (1–0) luminosities using a single standard Galactic = ´X 3 10CO

20 N(H2) cm−2 - -( )K km s 1 1.

Figure 18. The expected continuum fluxes for the ALMA bands at 100, 145,
240, and 350 GHz and for SPIRE 350 and 500 μm for = :M M10ISM

10

derived using the empirical calibration a = ´6.7 1019 (Scoville et al. 2016)
and an emissivity power-law index b = 1.8 and including the RJ departure
coefficient G ( )25 KRJ . Since the point-source flux sensitivities of ALMA in the
four bands are quite similar, the optimum strategy is to use Band 7 out to
~ –z 2 3 above z=3. Lower frequency ALMA bands are required to avoid

large uncertainties in the RJ correction.

Figure 19. A summary of the 345/240 GHz flux ratios are shown for 19
sources having dual band measurements (see Table 4). The weighted mean
value (shown by the square box) is 2.52±0.03. The mean expected flux ratio
for 25 K dust temperature and opacity spectral index of 1.8 is 2.52 across the
range of redshifts sampled above (see Figure 2 in Scoville et al. 2016).
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calibrated using large samples of Galactic GMCs with viral mass
estimates; the higher CO lines have variable flux ratios with
respect to the 1–0 line, so they are unlikely to be as reliable in
mass estimations.) In calibrating the CO (1–0) masses, we have
adopted a = ´-

- - -( )( ) 3 10 cm K km sCO 1 0
20 2 1 1, which is

derived from correlation of the CO line luminosities and virial
masses for resolved Galactic GMCs. We believe this is more
correct than the value obtained from Galactic gamma-ray surveys
(a = ´2 1020; see Bolatto et al. 2013) since the latter requires
the questionable assumptions (1) that the cosmic rays which
produce the∼2MeV gamma rays by interaction with the gas fully
penetrate the GMCs and (2) that the cosmic-ray density is constant
with Galactic radius. Obviously if one adopts the latter value, our
derived scaling for the dust-based ISM masses must be reduced
by a factor of 2/3. (See the appendix in Scoville et al. (2016) for a
more extensive discussion.)

Figure 17 shows the ratio of specific luminosity at rest-frame
l m= 850 m to that of the CO (1–0) line, and one clearly sees a
quite similar ratio of RJ dust continuum to CO luminosity.
Using a standard Galactic CO (1–0) conversion factor, we then
obtain the relation by which we convert the RJ dust continuum
to ISM masses:

n
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= +
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In Equation (14), Γ is a correction for departures from
strict n2 of the RJ continuum, and a = o ´6.7 1.7850

- - -
:M10 erg s Hz19 1 1 1 is the derived calibration constant

between the 850 μm luminosity and ISM mass. We have
adopted a dust opacity spectral index b = 1.8, based on the
determinations of the Planck observations in the Galaxy
(Planck Collaboration 2011a, 2011b). (Berta et al. (2016) and
Bianchi (2013) provide extensive discussions of possible
variations in β.)

In the present work, the conversion of the fluxes measured
with ALMA to ISM masses is done with Equation (14). Using
Equation (14), the predicted fluxes for a fiducial ISM mass of
1010 :M in the ALMA bands are shown in Figure 18 as a
function of redshift.
In the current work, we restricted the observed galaxies to be

relatively massive ( * >M 1010
:M ) since they should have

close-to-solar metallicity and presumably not low dust-to-gas
abundance ratios. We note that for the first factor of ∼5 down
from solar metallicity in the galaxies analyzed by Draine et al.
(2007), there is virtually no variation in the dust-to-gas
abundance when one considers only objects with complete
mapping in both CO (1–0) and the dust continuum (see
Scoville et al. 2016). In fact, the dust abundance is likely to be
more robust than CO, which can suffer depletion due to UV
photodissociation as the metallicity drops.

Appendix B
Dust Emission Spectral Index

and Dust Temperature

The 19 objects that have both Band 6 and 7 measurements can
be used to check for consistency with the spectral index of the
submillimeter dust emissivity (k =n 1.8) and adopted dust
temperature (TD=25K) used for translating fluxes to masses.
The S/N-weighted mean value of the Band 7/Band 6 flux ratio is
2.52±0.03, consistent with the mean expected ratio of 2.52
(once one accounts for the departures from a strict Rayleigh–Jeans
approximation). These measurements are shown in Figure 19. We
have not explored constraining the dust temperature variations
based on the range of the two-band ratios.

Appendix C
Fitting Covariances

The covariance distributions obtained from the MCMC
fitting for Equations (6) and (7) are shown. This is a Bayesian
method for linear regression that takes into account

Figure 20. The covariance distributions for the fits obtained in Equations (6) and (7) are shown in the left and right panels, respectively. The parameters A, α, β, and γ
correspond to the lead scale factor and the exponents in the equations.
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Scoville’s recipe (Scoville+15,16,17)

on-source time: ~2 min (cycle-2)

~700 galaxies



1. Dust continuum 
2. CO line 
3. CI line

Dust cont. detection  
(Simpson+17)

on-source time: 1.4 min (cycle-3)

obscuration in the SED model yields a high likelihood that the
source is a z∼ 2 dusty starburst.

Despite these challenges, a number of studies have continued
to claim the detection of large numbers of passive galaxies at
high redshift from wide-field near-infrared imaging (Marchesini
et al. 2010; Nayyeri et al. 2014). The most massive of these are
thought to have stellar masses of 10 11Me at z3 that, if
correct, may pose challenges for models of galaxy formation.
However, a convincing spectroscopic confirmation of a truly
massive, quiescent galaxy at z3 has yet to be presented.

Recently, Glazebrook et al. (2017) presented deep near-
infrared spectroscopy of ZF 20115, a purported “passive”
galaxy at z=3.717. ZF 20115 was selected from the
ZFOURGE survey based on the presence of a strong Balmer
break identified in near-infrared photometry (Straatman et al.
2014). Near-infrared spectroscopy then confirmed Balmer
absorption lines with high equivalent width (EW) that were
suggested to show that ZF 20115 is a “post-starburst” galaxy
with a stellar age of 0.2–1 Gyr. The Balmer lines, combined
with fits to the broadband photometry, led Glazebrook et al.
(2017) to conclude in favor of an age in the range 0.5–1 Gyr,
corresponding to a formation redshift zform∼5–8. Combined
with the estimated stellar mass of 1.5–1.8× 1011Me, this
indicates a rapid conversion of baryons into stars at high
redshift, as expected from studies of submillimeter galaxies
(SMGs; e.g., Lilly et al. 1999; Smail et al. 2002a).

In this Letter, we analyze submillimeter observations of
ZF 20115 with SCUBA-2 and ALMA, which identify an
intense, obscured starburst within 0 4± 0 1 of the rest-frame
ultraviolet component (ZF 20115-UV). Throughout, we adopt a
ΛCDM cosmology with H0=70 km s−1 Mpc−1, ΩΛ=0.7, and
Ωm=0.3 and a Chabrier initial mass function (Chabrier 2003).

2. Observations

The galaxy ZF 20115, located in the CANDELS region of
the COSMOS field, was selected based on its rest-frame optical
color in the ZFOURGE survey, and we use this photometric
catalog in our analysis (Straatman et al. 2016).

ZF 20115 was observed in ALMA Cycle 2 at 870 μm for
1.4 minutes as part of program 2013.1.01292.S. The ALMA
observations reach a depth of σ870=0.2 mJy beam−1, with a
synthesized beam of 1 1×0 6, and reveal a significant (6.9σ)
source (called ZF 20115-FIR hereafter) within 0 4± 0 1 of
ZF 20115-UV (see also Glazebrook et al. 2017). We use CASA/
IMFIT to model the emission and determine that ZF 20115-FIR
is unresolved with a total flux density of 1.4± 0.2 mJy beam−1.

The central area of the CANDELS/COSMOS is being
mapped at 450 and 850 μm by the SCUBA-2 Ultra Deep
Imaging EAO Survey (STUDIES; PI: W.-H. Wang), a large
program at the James Clerk Maxwell Telescope (JCMT). We
make use of the first STUDIES release, which reaches a depth
of σ450∼ 1 mJy in the vicinity of the ZF 20115.25 We detect
ZF 20115-FIR at a 3σ significance level in the 450 μm
imaging, identifying a S450=3.1± 1.0 mJy source within the
expected 1σ positional uncertainty (2 1; Ivison et al. 2007).
ZF 20115-FIR is detected in the STUDIES SCUBA-2 850 μm
imaging with a flux density of S850=1.49± 0.15 mJy,
consistent with the ALMA detection.

The CANDELS/COSMOS region was imaged with
Herschel/PACS and SPIRE as part of the Herschel-CANDELS

survey and Herschel Multi-tiered Extragalactic Survey
(HerMES; Oliver et al. 2012). Straatman et al. (2014) present
the PACS photometry for ZF 20115, with stated 1σ uncertainties
of 0.4 mJy at 100 and 160 μm. At 160 μm the claimed depth is
below the measured confusion limit of PACS, but it is not
possible to verify this as the reduced Herschel-CANDELS
imaging is not publicly available and the data reduction is not
detailed in the literature. The deblended SPIRE imaging reaches
1σ depths of 3.1, 3.5, and 4.1 mJy at 250, 350, and 500 μm
(Swinbank et al. 2014). ZF 20115 is not detected in the
100–500 μm imaging. Finally, ZF 20115 is not detected in the
available 1.4 and 3 GHz imaging (Schinnerer et al. 2010;
Smolcic et al. 2017), consistent with lying at a redshift
of z 2.5.
We align the astrometry of the wide-field imaging presented

here by correcting for the mean offset between the Spitzer
IRAC/3.6 μm image and the relevant image. We cannot apply
this technique to the single ALMA pointing, but we note that
the overall ALMA astrometry has been found to be in
agreement with the solution for the CANDELS/COSMOS
imaging (Schreiber et al. 2017).

3. Analysis

In Figure 1, we show the archival ALMA 870 μm data for
ZF 20115, contoured on the HST/CANDELS imaging. We first
consider that the observed 870 μm emission (ZF 20115-FIR) is
located 0 4± 0 1 (∼3 kpc in projection) from the detected
rest-frame UV emission. At the redshift of ZF 20115-UV

Figure 1. HST true color image (I814J125H160) of ZF 20115 overlaid with
contours representing ALMA/870 μm (±4, 5 ... × σ), SCUBA-2/450 μm
(±2, 3 × σ), and IRAC/3.6 μm (±5, 10, 15 ... × σ) emission. The 1σ
positional uncertainty on the 450 μm detection is represented by a dashed
circle. The ALMA emission is offset by 0 4 ± 0 1 (∼3 kpc in projection) to
the rest-frame ultraviolet-to-optical emission, consistent with HST observations
of high-redshift dusty starbursts (Chen et al. 2015). The 3.6 μm/IRAC
emission appears extended in the direction of the far-infrared emission,
highlighting that the near-infrared photometry of ZF 20115 likely comprises a
blend of the unobscured and obscured components.

25 Including archival data from Geach et al. (2017).
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source (approximately 6 effective radii distant). This source, if part 
of a more extended system, would give an obscured star-formation 
limit of < (50–200)M⊙ yr−1, which corresponds to at most 4%–15% of 
the stellar mass forming within the previous 200 Myr. However, this 
does not change the formation history derived for the massive stellar 
 population revealed by the MOSFIRE spectrum.

There are a number of important implications from this spectro-
scopic confirmation of the existence of a quiescent galaxy  population15 
at z ≈  4 with stellar masses of approximately 1011M⊙ and a space 
density of 1.8 ±  0.7 ×  10−5 Mpc−3. These are not seen in modern 
 hydrodynamical (that is, dark matter and baryon physics) simulations 
of galaxy formation7,9,10, whose simulated volumes now approach about 
106 Mpc3. In these simulations galaxies do exist at z ≈  4 with similar 
stellar masses and abundances but they are still actively forming stars 
owing to cosmic accretion18. They do not exist in either mode at z >  5. 
The age and rapid formation time of ZF-COSMOS-20115 points to 
the formation of the majority of the stellar mass in a single starburst 
event at z >  5, perhaps triggered by a single major merger, as opposed 
to a series of mergers of galaxies with different star-formation histories. 
Such rapid formation is not ruled out by dynamical arguments: the 
compact size implies a freefall timescale (Gρ)−1/2 of only a few million 
years.

Where are the ancestors of galaxies like ZF-COSMOS-20115, which 
must have had a star-formation rate exceeding 1,000M⊙ yr−1 at z >  5? 
Such galaxies are not seen in rest-frame ultraviolet censuses19,20. We 
make a plausible connection to dust-obscured star-forming  galaxies11, 
since a handful have been spectroscopically confirmed12–14 at z >  5 
owing to their intense sub-millimetre emission corresponding to 
 similar star-formation rates (exceeding 1,000M⊙ yr−1). In one well 
characterized case13 at z =  6.3 the stellar mass would have to increase 
fivefold to match ZF-COSMOS-20115, but given the object’s star- 
formation rate this would only take 50 Myr. Compact sub-millimetre 
galaxies at 3 <  z <  5 have also been identified21,22 as likely ancestors of 
similar compact quiescent galaxies at z ≈  2. Recent deep sub- millimetre 
surveys23 find a space density of 3 ×  10−6 Mpc−3 for 5 <  z <  6  galaxies 
with star-formation rates exceeding 300M⊙ yr−1 (noting that most 
 redshifts were approximately estimated from the position of the 
sub-millimetre SED peak). The ratio of space densities would imply 
a short star-formation duty cycle of about 40 Myr. However none of 
these z >  5 objects, in a survey volume of about 20 ×  106 Mpc3, has 

the necessary star-formation rate (exceeding 1,000M⊙ yr−1) and the 
reported stellar mass density growth contributed by the sub-millimetre 
sources is only a third of that required to make the quiescent galaxies15. 
Deeper and wider sub-millimetre surveys with more complete spec-
troscopic confirmation are required to investigate this further. In any 
case, our spectroscopic confirmation establishes that there must be a 
number of such extreme early events, which have a substantial space 
density at 5 <  z <  8 (we strongly rule out redshifts z >  10, not yet probed 
by optical/infrared surveys) and are not seen in simulations7,9,10.

The space density of massive galaxies at high redshift is an  important 
constraint on cosmological models8,24 as dark matter halos are growing 
rapidly and have to be massive and abundant enough to host them. 
Our quiescent galaxy space density at z ≈  4 corresponds to a dark 
matter halo mass25 of about 3 ×  1012M⊙. Thus, given the stellar mass 
of ZF-COSMOS-20115 and a cosmic baryon fraction26 of 16%, this 
requires 35% of all the halo baryons to form into stars. If the  galaxy 
formed at z ≈  5 then it would require 80% of the halo baryons. If we 
plot the bound on mass growth of such halos (Fig. 3), it increases very 
similarly with redshift to the best-fit stellar mass growth from the 
SED, implying that the galaxy could not have formed significant mass 
before z ≈  7. We require a very rapid and efficient conversion of halo 
 baryons to stellar mass at 5 <  z <  6, which is why they are not produced 
in current theoretical models. Conversely, after z ≈  4 this must then 
quickly become much less efficient. The most massive galaxies at z ≈  0 
have substantially lower stellar baryon fractions27 of only 5%–10% (a 
 constraint that current theoretical models tune their star-formation 
efficiencies to match), so the halo must continue to grow at z <  4 
 without much further conversion of baryons to stellar mass. Rest-frame 
ultraviolet surveys24,28,29 of z >  5 galaxies with lower star-formation rate 
have also found stellar baryon fractions of about 30% at z >  5; these 
are lower than needed for our ancestral population but are still much 
higher than in the local Universe.

What is clear is that either substantial revisions of the physical 
ingredients of galaxy formation and possibly our standard model of  
cold-dark-matter halo assembly are needed to explain the rapid 
 formation, and sudden and deep quenching, of massive galaxies in 
the very early Universe in a manner reminiscent of pre-cold-dark-
matter pictures of galaxy formation30. Stellar mass is not a transitory 
 phenomenon and so this observation suggests that extreme star- 
formation events in the early Universe are not just rare events, they 

2.0 2.1 2.2 2.3
0

1

2

3

Hδ Hγ Hβ

c

Telluric correction
Model
Spectrum (20 Å binned)
Spectrum (70 Å filtered)

Observed wavelength (μm)

f O
 (1

0–1
9  

er
g 

s–1
 c

m
–2

 Å
–1

)

b

a

Figure 1 | Spectrum of ZF-COSMOS-20115 in the near-infrared  
K band. The wavelength axis is the same in all three panels. The galaxy 
was also observed in the H band, but a continuum was not detected, which 
is consistent with the level expected from the photometric break between 
the H and K bands. a, Original two-dimensional sky-subtracted K-band 
spectrum from MOSFIRE at its native resolution (λ/∆ λ =  3,200). The 
vertical white lines show where strong night-sky residuals were masked.  
b, The same two-dimensional spectrum optimally smoothed with a boxcar 
filter to a lower resolution of 70 Å, to enhance visibility of the continuum 

and broad absorption lines. c, The optimally extracted one-dimensional 
spectrum, both binned at 20 Å resolution and smoothed by a boxcar filter 
of 70 Å to enhance the main absorption features, as in b. Three strong 
hydrogen Balmer absorption lines (Hβ, Hγ and Hδ) are clearly seen, 
characteristic of a post-starburst spectrum. Balmer emission lines are not 
seen, confirming the lack of current star formation. An example post-
starburst template fit is overlaid. The grey band indicates the 1σ noise 
level, and the regions most affected by telluric corrections are indicated by 
blue shading.
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A quiescent galaxy at z=3.7 (Glazebrook+17, Nature)

C. Schreiber et al.: Jekyll & Hyde: quiescence and extreme obscuration 1.5 Gyr after the Big Bang
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Fig. 1. Spectra and imaging of Jekyll & Hyde. Top left: ALMA spectrum of Hyde. Bottom left: MOSFIRE spectrum of Jekyll (binned to 6.5 Å
resolution). The two spectra are shown on the same velocity scale. The emission above and below the continuum level is shaded to emphasize the
lines. The gray shaded area in the background is the 1� flux uncertainty. We show the models best fitting these spectra with red lines. At the bottom
of each plot we give the normalized model residual �, i.e., the di↵erence between observed and modeled flux divided by the uncertainty. Right:
image of the Jekyll & Hyde system. The background image (blue tones; false colors) is the near-IR H-band emission as observed by Hubble;
the bright source at the center is Jekyll. We overlay the ALMA 740 µm continuum emission with green contours (the most extended contour
corresponds half of the peak emission); the source detected here is Hyde. The full width at half maximum of the Hubble and ALMA point spread
functions are given on the bottom left corner, followed to the right by the deconvolved profiles of the two galaxies (half-light area). Lastly, the
inset on the bottom right corner shows the position of the two velocity components of Hyde with respect to Jekyll (the blue contours correspond to
the most blueshifted component), and a gray line connects the two galaxies.

was centered on the Hubble Space Telescope (HST) position of
Jekyll: ↵ = 150.06146�, � = 2.378683�.

We generated two spectral cubes in CASA corresponding to
two pairs of spectral windows of disjoint frequency range, the
first centered on the expected frequency of the [C ii] line (401.2
to 404.7 GHz), and the second at higher frequencies which only
measure the continuum level (413.0 to 416.5 GHz). We did not
perform any cleaning on these cubes, and thus used the dirty
images throughout this analysis with the dirty beam as point-
spread function. We binned the flux of every three frequency
channels to eliminate correlated noise between nearby chan-
nels, and determined the noise level in each channel using the
RMS of the pixels away from the source (without applying the
primary-beam correction). We found that the frequencies 402.4
and 414.3 GHz are a↵ected by known atmospheric lines which
increase the noise by a factor of two, the former can be seen on
Fig. 1 (top-left) at +400 km/s.

To extract the continuum and line flux of the target, we pro-
ceeded as follows. We first created a “continuum+line” image
by averaging all spectral channels together, and located the peak
position of the emission. A bright source was found, with a peak
flux of 2.36±0.06 mJy, and clearly o↵set from the position of the
quiescent galaxy by about 0.500. The accuracy of the astrometry
is demonstrated in section 2.2, and the o↵set is discussed further
in section 2.3. We then extracted a spectrum, shown in Fig. 1
(top-left), at this peak position and found a line close to the ex-
pected frequency of [C ii] at z ⇠ 3.7 (throughout this paper, we
assumed a vacuum rest frequency ⌫[C ii] rest = 1900.5369 GHz,

which known with an excellent accuracy of �⌫ = 1.3 MHz;
Cooksy et al. 1986). The line is relatively broad and its kinemat-
ics resembles more a “double horn”, typical of rotating disks,
than a single Gaussian.

We created a continuum image by masking the spectral chan-
nels containing the [C ii] emission. From this image we extracted
the size and total continuum flux of the source, as described in
section 2.3. This flux and the ancillary Herschel and SCUBA-
2 photometry is modeled in section 2.4. We then subtracted the
continuum map from the spectral cube and fit the [C ii] emission
with a rotating disk model described in section 2.5. This model
was used to determine the spatial extent, total flux, and kinemat-
ics of the [C ii] emission.

2.2. ALMA astrometry

Given the S/N = 40 of the detection in the new ALMA im-
age, the position of the dust emission is known with an uncer-
tainty of 0.0100. Since the Hubble imaging of Jekyll also pro-
vides a high S/N detection and shows that Jekyll is very compact
(r1/2 = 0.07 ± 0.0200; Straatman et al. 2015), the two sources are
undoubtedly o↵set. However, since Jekyll and Hyde are each de-
tected by a di↵erent instrument, it is possible that either image
is a↵ected by a systematic astrometric issue which could spu-
riously generate such an o↵set. For example Rujopakarn et al.
(2016) have revealed that the Hubble imaging in the GOODS–
South field was a↵ected by a systematic astrometry shift of
about 0.2600, when compared to images from ALMA, VLA and
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Large molecular gas reservoirs in quenched galaxies at z=0.7 (Suess+17)

on-source time: 100 min (cycle-5)

4. Molecular Gas Masses

Both sources are significantly detected in CO(2–1) emission
(see Figure 3). We fit simple Gaussian profiles to these spectra,
which yield integrated line fluxes of 1.07± 0.05 and 0.27±
0.03 Jy km s 1- for SDSS J0912+ 1523 and SDSS J2202-0033,
respectively. At the redshifts of each source, these fluxes
correspond to line luminosities L CO¢ = 8.5± 0.4 and 1.6±
0.2×109 K km s 1- pc2, respectively.

The CO line luminosity can be converted to a molecular gas
mass using the conversion factor COa . In high-metallicity
objects, COa typically varies from 0.8» M:/(K km s 1- pc2) in
highly star-forming objects (typically gas-rich merging sys-
tems) to ≈4 M:/(K km s 1- pc2) in the Milky Way and other
normal star-forming galaxies, principally due to the escape
probability in the optically thick CO line (see Bolatto et al.
2013 for a recent review; hereafter we suppress the units
of COa ).

We estimate the value of COa using the numerical models of
Narayanan et al. (2012). These authors combined hydrodyna-
mical modeling of a variety of isolated and merging galaxies
with molecular line radiative transfer to develop a fitting
formula for COa as a function of the CO surface brightness.
SDSS J2202-0033 is not spatially resolved at the depth and
resolution of our data, which yields a lower limit on the CO
surface brightness and an upper limit on the conversion factor
of 7.0CO 1a . Our data spatially resolve SDSS J0912+ 1523;
combined with its CO luminosity, this implies COa ∼3.5. For
ease of comparison with the literature, we therefore adopt

COa = 4.0 for both of our targets.
Additionally, COa is valid and applies only to the CO(1–0)

transition, so observations of higher CO lines require a
correction factor to the ground state. Based on observations

of a wide variety of galaxies at many redshifts, the CO(2–1)/
CO(1–0) line ratio likely falls in the range 0.7–1.0 in
temperature units, where 1.0 indicates thermalized emission
(e.g., Combes et al. 2007; Dannerbauer et al. 2009; Young
et al. 2011). We assume thermalized emission in our analysis.
This is a conservative assumption, yielding a minimum
CO(1–0) line luminosity; the true values may be higher
by ≈30%.
Given these assumptions, we find molecular gas masses of

M 34.0 1.6 10gas
9= o ´( ) M: for SDSS J0912+ 1523 and

M 6.4 0.8 10gas
9= o ´( ) M: for SDSS J2202-0033. These

uncertainties reflect only the statistical uncertainties on the
measured CO luminosities; we stress that there are also factor
of two systematic uncertainties associated with the CO
excitation and conversion factor.
In Figure 4, we show SFR versus molecular gas mass for

SDSS J0912+ 1523 and SDSS J2202-0033. It is clear that our
observations, especially SDSS J0912+ 1523, are significantly
offset from measurements of star-forming galaxies at both low
and high redshifts. Adopting the CO size, the gas mass surface
density of SDSS J0912+ 1523 is a factor of 11 higher than

Table 1
Post-starburst Targets

ID z M* (Me) SFR (Me yr−1) Aperture Correction LCO (K km s−1 pc2) Mgas (Me)

SDSS J0912+ 1523 0.747 (1.7 ± 0.3)×1011 2.1± 0.8 1.13± 0.01 8.5± 0.4 (34.0 ± 1.6)×109

SDSS J2202-0033 0.657 (1.5 ± 0.2)×1011 1.4± 0.6 1.11± 0.01 1.6± 0.2 (6.4 ± 0.8)×109

Note. Errors in M* are dominated by systematics, which we estimated by varying the model library, star formation history, and dust law in the stellar population fits.

Figure 3. Left: ALMA CO(2–1) spectra for each target. The blue line shows
the best-fit Gaussian used to extract the total line flux. Right: integrated line
images for each target. The white oval shows the ALMA beam.

Figure 4. SFR as a function of molecular gas mass for SDSS J2202-0033 and
SDSS J0912+ 1523 (red stars) as well as comparison samples. Blue squares
indicate the French et al. (2015) low-redshift “K+ A” post-starburst galaxies;
all SFRs are upper limits due to possible LINER emission. Dark gray points are
star-forming galaxies from PHIBSS at z∼1.2. Gray diamonds are normal
galaxies from COLDGASS, gray circles are from ATLAS-3D, and gray
triangles are from MASSIVE. The orange pentagon is an “active” post-
starburst galaxy identified in Sell et al. (2014), with a gas mass measured by
Geach et al. (2013). All have been normalized to COa = 4. SDSS J0912+ 1523
and SDSS J2202-0033 are clearly offset from star-forming galaxies at both
z∼0 and z∼1.2.
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r, and i filters and the same magnitudes as measured from the
optical spectra; this correction increased the adopted stellar
mass by a mean factor of 1.5.

We measured SFRs using the aperture-corrected line flux of
the [O II] λ3727 doublet and the SFR conversion in Kennicutt
(1998a), adjusted to a Chabrier IMF. To measure the [O II] flux,
we modeled the region around the doublet as a single Gaussian
centered at the mean wavelength of [O II] plus a straight-line
continuum with a free slope and intercept. The width of the
Gaussian line was held equal to the stellar velocity dispersion,
given in the MPA-JHU catalogs (Aihara et al. 2011). In all
cases, the velocity dispersion resulted in a single Gaussian
wider than the separation between the two lines in the [O II]
doublet. Uncertainties in the SFR were bootstrapped from 1000
realizations of the [O II] line flux fit. We corrected the SFR for
dust attenuation using the best-fit dust attenuation value from
the stellar population fit (median Av=0.8mag).

Figure 1 shows the SFR as a function of stellar mass for the
full post-starburst galaxy sample. All galaxies lie significantly
below the star-forming main sequence at this redshift (Whitaker
et al. 2012b).

3. ALMA Observations

We selected two of the highest-redshift, brightest galaxies—
SDSS J0912+1523 and SDSS J2202-0033—from the full
sample for follow-up observations with ALMA. The SDSS
discovery spectra of these two galaxies are shown in Figure 2,
and basic parameters are listed in Table 1. The ALMA
observations were carried out in program 2016.1.01126.S (PI:
R. Bezanson) in 2017 January and March using the ALMA
Band4 receivers (Asayama et al. 2014). Observations were
made in 80 minute blocks, with two blocks dedicated to each
target. The total on-source integration time for each target was
∼100 minutes. The data were reduced using the standard

ALMA pipeline, which produced good results for both
SDSS J0912+1523 observing blocks and one SDSS J2202-
0033 block. In the second observation of SDSS J2202-0033,
many antennas were shadowed by other antennas during
observations of the bandpass calibrator due to the compact
array configuration. This caused the automatic pipeline to flag
the shadowed antennas for the remainder of the observing
block. We instead derived the frequency-dependent response of
the affected antennas using the repeated observations of the
complex gain calibrator carried out during the remainder of the
track. While the gain calibrator is not as bright as the bandpass
calibrator, we verified that the bandpass solutions derived in
this way are consistent with those using the bandpass calibrator
for the antennas that were not shadowed.
The observations reach a spatial resolution of 2 2×3 0

(16×22 kpc) and 1 7×2 4 (12×17 kpc) for SDSS J2202-
0033 and SDSS J0912+1523, respectively, in images inverted
using natural weighting, which maximizes sensitivity at the
expense of slightly lower spatial resolution. No 2 mm
continuum emission was detected in either source, with a 3σ
upper limit <75 μJy.
CO(2–1) is significantly detected in both target galaxies.

Inspection of the image cubes and a comparison of the
maximum pixel values with the integrated flux density indicate
that SDSS J0912+1523 is marginally spatially resolved, with a
deconvolved source FWHM of 1 9±0 3 (14± 2 kpc).
SDSS J2202-0033 is not spatially resolved at the depth and
resolution of our data. To extract spectra, we fit a point source
(SDSS J2202-0033) or a circular Gaussian (SDSS J0912
+1523) to the visibility data using the uvmultifit package
(Martí-Vidal et al. 2014), averaging 24 (SDSS J2202-0033) or
6 (SDSS J0912+1523) channels, yielding a velocity resolution
of ≈200 and 50 km s 1- , respectively. These spectra, as well as
images integrated over the full line widths of each target, are
shown in Figure 3.

Figure 1. SFR, estimated using the dust-corrected [O II] λ3727 luminosity, as a
function of stellar mass for “A-type” post-starburst galaxies selected from the
SDSS. Red stars indicate the galaxies observed with ALMA. The blue shaded
line indicates the star-forming main sequence at z=0.6 from Whitaker et al.
(2012b); all post-starburst galaxies in the sample lie significantly below the
main sequence.

Figure 2. SDSS discovery spectra of SDSS J0912+1523 and SDSS J2202-
0033. Best-fit stellar population synthesis models are overplotted in red. The
gray dashed line indicates the location of the [O II] λ3727 doublet used to
measure the SFR.
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Ancestors of MW-mass galaxies (z=1.2-1.3, Papovich+16)

on-source time: 40 min (cycle-2)

In the format provided by the authors and unedited.

Supplementary Information:

Large Molecular Gas Reservoirs in Ancestors of Milky
Way-Mass Galaxies 9 Billion Years Ago

Supplementary Figure 1 SFR–stellar mass sequence for ZFOURGE galaxies at

1.1 < z < 1.4. The shading increases with the number density of galaxies in each bin.

The “main sequence” of star-formation is indicated by the dashed line, and has a slope

of SFR ∝ M∗.
43 The large red stars indicate the four sources selected as typical of main

progenitors of Milky Way-mass galaxies at z = 1.2 − 1.3 observed with ALMA here. The

yellow circles indicate objects with 1.0 < z < 1.5 with CO detections from PHIBSS.10

1

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

SUPPLEMENTARY INFORMATION
VOLUME: 1 | ARTICLE NUMBER: 0003

NATURE ASTRONOMY | DOI: 10.1038/s41550-016-0003 | www.nature.com/natureastronomy 1

Large molecular gas reservoirs in ancestors of
Milky Way-mass galaxies nine billion years ago

Supplementary Figure 3 Spectra of CO(3–2) for the log M∗/ M⊙ ≃ 10.2 galaxies at

redshifts z = 1.2 to 1.3. In each panel, the spectra are shown in 25 km s− 1 channels. For

objects ZFOURGE 467 and 4409, the heavier-lined spectra are in 75 km s− 1 channels to

improve S/N. The error bars denote 1σ uncertainties. The yellow-shaded regions indicate

channels where postive emission is detected at the expected location of the line. In each

panel, the velocity is measured relative to the expected location of the line from the optical

spectroscopic redshift. There are two fits to each CO(3–2) line. The green line shows a

model with a single Gaussian. The red line shows a model with two Gaussians.
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A massive cluster at z=1.5 (Hayashi+17)

on-source time: 1 hour (cycle-3)

2. Data

Our ALMA Cycle 3 program in Band 3, 2015.1.00779.S,
was conducted in 2016 May. The spectral coverage is
93.03–94.86 GHz with a spectral resolution of 13.906MHz
(∼12.5 km s−1), which allows us to capture CO(2–1) emission
lines from galaxies at z=1.430–1.478. The data are taken at
three pointings covering a total area of 2.33 arcmin2, where
sensitivity is greater than 50% (Figure 1). Integration time is
1.04 hr per each pointing.

Calibration of the raw data was conducted using the Common
Astronomy Software Applications (CASA; McMullin et al. 2007)
with a standard pipeline. The calibrated visibilities were inverted
using natural weighting to produce mosaicked 3D cubes with
different velocity resolutions (50, 100, 200, 400, and 600 km s−1).
The synthesized beam size is ´ ´ ´1. 79 1. 41, with a position angle
of −80°. Typical noise levels of these cubes are 0.17, 0.12, 0.11,
0.12, and 0.12mJy beam−1. Note that the noise levels are
measured by taking the standard deviation of the counts in all
the cubes, including pixels with emission, and thus giving
upper limits of the noise levels. Then, emission lines are extracted
(see the next section for the detailed procedure), and image
deconvolution is performed with a CLEAN threshold of 5σ
for each cube, where we set CLEAN boxes of ´ ´ ´2 2 , almost
the same as the synthesized beam size, at the position of each
emitter.

The optical and NIR spectroscopies already confirm 34
cluster member galaxies within a radius of R200 (Hilton
et al. 2010; Hayashi et al. 2011). We have created catalogs of
[O II] emission-line galaxies selected with two narrowband
filters, NB912 and NB921 (Hayashi et al. 2014). Among the
confirmed member galaxies, 20 galaxies are [O II] emitters. We
also retrieve Hubble Space Telescope (HST) data taken with
Wide Field Camera 3 (WFC3; GO-13687, PI: A. Beifiori) from
the HST archive. All these data are used to search for optical

and NIR counterparts of the emission lines detected in our
ALMA Band 3 data.

3. CO(2–1) Emission Lines from Cluster Galaxies

We run Clumpfind (Williams et al. 1994) on the data cube
without the primary beam correction to search for emission lines,
where we adopt the source extraction parameters of sD =T 2
and s=T 5low . The emission line search is performed in the cubes
with different velocity resolutions of 50, 100, 200, 400, and
600 km s−1. We find 8, 7, 5, 7, and 7 emission line candidates at
>5σ in each cube, and after excluding overlaps we have detected
21 candidates at a signal-to-noise ratio (S/N) of>5.0 in at least
one velocity resolution. Note that we performed the same
procedure in the CLEANed cubes, but we find that the number
of line candidates detected does not change. This is because the
impact of side lobes is almost negligible thanks to the good uv
coverage of the ALMA data taken with 38–42 antennas.
In order to check the reliability of the extracted emission line

candidates, we performed the line search in the inverted data cubes
in the same manner by counting negative detections. We find 0, 0,
0, 2, and 3 negative detections in the data cubes with 50, 100, 200,
400, and 600 km s−1 resolution, respectively. This implies that
there can be about five false detections at s>5 in our line search.
To remove the possible false detections, we cross-matched the

coordinates of the detections in the ALMA data with those of the
objects in the optical and NIR data catalogs by Hayashi et al.
(2014). We used a search radius of 1 arcsec for the object
matching. We found that 17 line candidates have counterparts in
the optical–NIR data: 11 have counterparts of [O II] emitters, and 5
have counterparts of sBzK galaxies (Daddi et al. 2004). For the
remaining line, #15, the counterpart is not an [O II] emitter, and
also it does not have colors that meet the sBzK color criteria.
However, #15 seems to be a pair of galaxies with #16, judging
from the small spatial separation of ∼0.9 arcsec and the same
central frequency of the lines (Figures 2–3). Four of the detections
have no counterparts in the optical and NIR data, which are
selected from the data with a 600 km s−1 resolution only. In this
Letter, we remove these emission line candidates without optical/
NIR counterparts from the list of emission lines detected. Note that
this is consistent with the rate of false detection that we estimate.
A list of the 17 emission lines is given in Table 1, and their

spectra are shown in Figure 2. All the detected emission lines
have a single Gaussian profile and none have a double peaked
profile (Figure 2). We measure the frequency at the peak of an
emission line, its width, and the peak line flux by fitting a
Gaussian kernel to the spectrum. The width of the lines ranges
from 207 to 593 km s−1. For 6 of the 17 emission lines, the
redshifts measured by the optical and NIR spectroscopies are in
good agreement with the redshifts measured from the ALMA
data by assuming that they are CO(2–1) lines. Among the
emission lines without any spectroscopic redshifts, we can still
estimate redshifts for five lines by combining the narrowband
imaging data of the adjacent two filters, NB912 and NB921
(Hayashi et al. 2014). Most of the redshifts thus determined are
consistent with those of CO(2–1) lines.
Based on the considerations, we regard the 17 lines we have

detected with ALMA as CO(2–1) lines from cluster member
galaxies. We estimate the CO(2–1) luminosities from the
intensity map integrated in velocity by the width of the
emission line (2× FWHM), following Solomon et al. (1992).
The luminosity, ¢ ( – )LCO 2 1 , ranges (4.5–22) ×109 K km −1 pc2.
The properties of the CO(2–1) lines are summarized in Table 1,

Figure 1. Spatial distribution of galaxies, with detections of CO(2–1) lines
shown by filled circles. They are color-coded based on the redshifts estimated
from the CO(2–1) lines, and the numbers next to the symbols show the IDs of the
galaxies (see Table 1). The solid curve shows a region where the ALMA Band 3
data are available with a sensitivity greater than 50%. The cross symbols show
the [O II] emitters associated with this cluster (Hayashi et al. 2014). A star
symbol shows a cluster center determined with extended X-ray emission
(Stanford et al. 2006). The background is the HST/WFC3 image in F160W. The
dashed circle shows the cluster-centric radius of R0.5 200 (Hilton et al. 2010).
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and their intensity maps are shown in Figure 3. The detection
of 17 CO(2–1) emissions in 2.33 arcmin2 indicates that the
number density of CO(2–1) emitters is several tens of times
larger than that expected from the CO luminosity function in
the general fields (Walter et al. 2014; Decarli et al. 2016).

The spatial distribution of the CO emitters indicates that
there is no detection of a CO emission line in the very center of
this cluster, i.e., <R R0.14 200 or 0.11 Mpc (Figure 1). The
trend is clearly seen in the top panel of Figure 4, which shows
the cumulative fraction of galaxy populations as a function of
distance from the cluster center. The star-forming [O II]
emitters tend to be more centrally concentrated than the CO
emitters. Member galaxies that are neither [O II] nor CO
emitters seem to be located even closer to the cluster center,
although their distribution can be affected by a sampling bias in
spectroscopic confirmation. This is because [O II] and CO
emitters are surveyed in the narrowband imaging or the cubic
data all over the field of view, while the other members are
confirmed by slit spectroscopy. In addition, the redshifts of the
CO emitters show a bimodal distribution with the peaks at
~z 1.452 and 1.466 as if they avoid the central redshift of the

cluster at z=1.457, as shown in the right panel of Figure 4.
On the other hand, the [O II] emitters are distributed around the
cluster redshift. The results suggest that there is a difference in
the spatial distributions of galaxy populations between gas-rich

galaxies with detections of CO emission lines and those
without detections.

4. Discussion

4.1. Phase-space Diagram

The phase-space diagram is a useful tool to characterize the
accretion state of cluster member galaxies relatively free from
effects due to the 2D projected positions with respect to the
cluster center (Noble et al. 2013, 2016; Muzzin et al. 2014;
Jaffé et al. 2015). If the motions of member galaxies are
virialized around the cluster center, the line-of-sight velocities
have larger dispersions toward the cluster center and lower
dispersions at larger radii. Galaxies that are accreted to the
cluster recently tend to be offset from that virialized relation
and tend to show large relative velocities at any radii. Jaffé
et al. (2015) define the “virialized” region, as shown in gray in
Figure 4, according to the orbits of dark matter halos in the
potential of a galaxy cluster based on a cosmological
simulation including a model of ram-pressure. Noble et al.
(2013, 2016) divide the phase-space into four areas (central,
intermediate, recently accreted, and infalling regions), with
curves of constant (velocity)×(distance) to separate the
accretion states of cluster member galaxies. These defined
areas on the phase-space diagram are used to interpret our data.

Figure 2. Spectra of the CO(2–1) emission lines, where the primary beam attenuation is corrected. The blue line in each panel shows a binned spectrum, where the
spectral resolution of the binned spectrum is shown in each panel. The red curve shows the best-fit Gaussian for the emission line highlighted in yellow. The redshift,
line width, and luminosity are shown in Table 1.
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Figure 1. Column density (N) plots of H2 (top row), H I (second row), CO (third row), C (fourth row), and C+ (fifth row). The color bar has units of cm 2- and the axes
have units of pc. From left to right, 1, 10, 10 , 102 3z ¢ = . Note that N(CO) at 103z ¢ = is raised 10 times to make the structure visible. As z ¢ increases, N(H2) remains
remarkably similar, whereas N(CO) is reduced by approximately one order of magnitude. At the same time, N(C) peaks for 102z ¢ = ,while for 102z ¢ > it is
transformed into C+. It is interesting to note that N(C) at 102z ¢ = is approximately equivalent to N(CO) at 1z ¢ = . The bottom row shows cross sections of the gas
temperature at the z 0 pc= plane. The color bar there has units of K. The gas temperature at the interior of the cloud increases with z ¢, reaching values of up to 50 K� .
For 1z ¢ = , T 10 Kgas � in the cloud center as observed in Milky Way. In all cases the external shell is irradiated by the isotropic FUV radiation, and thus its
temperature is determined by that interaction.
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3. CI line

A massive star-forming galaxy at z=2.2 (Popping+17)

on-source time: 90 min (cycle-4)A&A 602, A11 (2017)
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Fig. 5. Integrated flux density of the CO J = 3–2 (left), CO J = 4–3 (middle), and [CI] 1–0 (right) emission lines in 3D-HST GS30274. The
dashed line marks the gaussian fit to the density profile. All the lines are clearly detected and can be well fitted by a Gaussian.

Fig. 6. Left: [CI] 1–0/ CO J = 4–3 luminosity ratio of 3D-HST GS30274 as a function of its [CI] 1–0/ FIR luminosity ratio. In this case the lumi-
nosities were taken to be in solar units. Coloured lines represent the density and UV radiation field contours as presented in Alaghband-Zadeh et al.
(2013), based on the Kaufman et al. (1999, 2006) PDR models. These line ratios provide us with a good constraint on the UV radiation field and
add an additional constraint on the gas density. Right: density and UV radiation field of 3D-HST GS30274 compared to the densities and radia-
tion fields of main-sequence galaxies (Malhotra et al. 2001), local starburst galaxies (Stacey et al. 1991), and local ULIRGS (Davies et al. 2003).
The density of 3D-HST GS30274 is similar to densities seen in local starbursts and ULIRGS, whereas the UV radiation field is similar to local
ULIRGS.

the Meijerink et al. models do not constrain the UV radiation
field in 3D-HST GS30274 very well.

Although UV-to-sub-mm continuum SED fitting suggest
that the AGN does not dominate the emission from 3D-HST
GS30274, we did compare the observed line intensities to
an X-ray Dominated Region (XDR) code (Meijerink & Spaans
2005; Meijerink et al. 2007). The XDR-code was not able to re-
produce the [CI] 1–0 / CO J = 3–2 intensity ratio, whereas only
poor convergence was reached for the [CI] 1–0 / CO J = 4–3
intensity ratio suggesting densities larger than 106.5 cm�3. This
supports the finding that the AGN only plays a minor role in the
emission from 3D-HST GS30274.

The constraints on the density and UV radiation field of the
molecular ISM in 3D-HST GS30274 are similar to the condi-
tions observed in ultra-luminous infrared galaxies (ULIRGS)
and local (nuclear) starbursts (right panel of Fig. 6. Multi-
ple independent studies have estimated a molecular ISM den-
sity of ⇠105 cm�3 in the local nuclear starburst NGC 253

(Bayet et al. 2004; Meier et al. 2015). The density and UV ra-
diation field in the starburst region of Arp 220 is estimated to
be 104–105 cm�3 and ⇠4 ⇥ 104

G0 (e.g., Gerin & Phillips 1998;
Aalto et al. 2009; Scoville et al. 2015). Israel et al. (2015) used
the line-ratio between [CI] and CO to study the ISM in a sam-
ple of local (nuclear) starbursts and estimated an average ISM
density of 104–105 cm�3. Molecular emission-line studies of the
nuclear region of M82 suggest the presence of dense compo-
nents with densities up to 106 cm�3 and a UV radiation field up
to 1.8⇥ 103 (Bayet et al. 2008; Loenen et al. 2010). Pineda et al.
(2012) found an average hydrogen density of ⇠105 cm�3 and a
UV radiation field of 3.1 ⇥ 103

G0 in the starburst region 30 Do-
radus. Chevance et al. (2016) estimates a UV radiation field up
to 1.8 ⇥ 104

G0 in 30 Doradus.
The estimated ISM properties for 3D-HST GS30274 are on

average in the same range as the ISM properties found in local
ULIRGS and starbursts. This suggests that the molecular ISM in
3D-HST GS30274 is in a starburst phase.
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Fig. 3. Left: location of 3D-HST GS30274 in the stellar mass vs. SFR plane of galaxies. The grey dots show galaxies taken from all five
3D-HST/CANDELS fields (Momcheva et al. 2016) in the redshift range 2.0 < z < 2.5. The black line show a fit to the these galaxies from
Whitaker et al. (2014). The source in this study, 3D-HST GS30274, shown as a red diamond, lies on top of the main-sequence of galaxies at
these redshifts, at the high-mass end. Right: size-mass relation of galaxies with redshifts 2.0 < z < 2.5 from the five 3D-HST/CANDELS
fields (Momcheva et al. 2016; van der Wel et al. 2014). The solid lines define the van Dokkum et al. (2015) selection criteria for compact, massive
galaxies: log (M⇤/M�) > 10.5 and log (re/kpc) < log (M⇤/M�) � 10.7. 3D-HST GS30274 is shown as a red diamond and falls within the area for
compact, massive galaxies.

Table 1. Global properties of 3D-HST GS30274.

RA Dec z M⇤ S FR re Mdust Tdust M[CI] LIR
deg deg 1011

M� M� yr�1 kpc 108
M� K 106

M� 1012
L�

53.13108 –27.77311 2.225 1.89 ± 0.47 214 ± 44 2.5 ± 0.1 2.5 ± 0.6 45 ± 5 5.4 ± 1.4 2.3 ± 0.6

Table 2. Observed sub-mm properties of 3D-HST GS30274.

Feature Iline L
0
line S 660 µm

Jy km s�1 109 K km s�1 pc2 mJy
CO (3–2) 0.77 ± 0.06 21.0 ± 1.6 ...
CO (4–3) 1.08 ± 0.04 16.5 ± 0.5 ...
[CI] (1–0) 0.32 ± 0.03 4.3 ± 0.4 ...
660 µma ... ... 0.085 ± 0.014

Notes. (a) Restframe wavelength.

6.1. The band 3 continuum at a rest-frame wavelength of 976 µm
is not detected, consistent with the flux intensity predicted by the
MAGPHYS SED fit (Fig. 2). In none of the cases do we spatially
resolve the galaxy. This was to be expected, as its NIR half-light
radius (0.53 arcsec Skelton et al. 2014) is significantly smaller
than the minor axis of the primary beam obtained in the ALMA
images (2.4 arcsec in band 3 and 1.54 arcsec in band 4).

We show the flux density profile of the CO J = 3–2,
J = 4–3, and [CI] 1–0 detections in Fig. 5. We calculate
the CO and [CI] line luminosities using the following relation
(Solomon & Vanden Bout 2005)

L
0 (K km s�1 pc2) = 3.25 ⇥ 107

S�v ⌫�2
obs D

2
L (1 + z)�3, (1)

where S�v is the integrated flux in units of Jy km s�1, DL
the luminosity distance in Mpc, and ⌫obs the observed central

frequency of the line. The integrated flux densities and line and
continuum luminosities for 3D-HST GS30274 are presented in
Table 2.

3.2. Infrared luminosity, stellar mass, SFR, and dust mass

We measure a total infrared (IR; 8–1000 µm) luminosity for 3D-
HST GS30274 of LIR = 2.3±0.6 ⇥1012

L�. This was obtained by
fitting the ALMA band 4, the Herschel/ PACS (Magnelli et al.
2013) and SPIRE continuum (Roseboom et al. 2010), and op-
tical and NIR data photometry (Skelton et al. 2014) with the
MAGPHYS (da Cunha et al. 2008) model (see Fig. 2). These fits
suggest a dust mass of 2.5± 0.6 ⇥ 108

M�, a dust temperature of
45 ± 5 K, and a stellar mass and SFR of 1.89 ± 0.47 ⇥ 1011

M�
and 214 ± 44 M� yr�1, respectively. The inferred IR luminosity
classifies 3D-HST GS30274 as a ULIRG. This was expected as
the most massive main-sequence galaxies at z ⇠ 2 are indeed
ULIRGs (Daddi et al. 2005; Rodighiero et al. 2011).

Despite the presence of a bright AGN, it is unlikely that
it strongly a↵ects the SED fitting of 3D-HST GS30274. The
UV-to-sub-mm SED of 3D-HST GS30274 can be well fitted
by a stars-only model. Additionally, the galaxy shows a strong
Balmer break at a rest-frame wavelength of �rest ⇠ 4000 Å,
which strongly constrains the contribution from an AGN to
the continuum emission (Kriek et al. 2007; Marsan et al. 2015).
Only at observed wavelengths of 8 and 100 µm does the
MAGPHYS fit underestimate the observed flux. A comparison
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at z~2, CO(4-3) and [CI](1-0) can 
be simultaneously observed

G. Popping et al.: Starburst-like interstellar medium conditions in a compact star-forming galaxy at z ⇠ 2

Table 3. H2 mass, relative amount of H2, and H2 depletion time of 3D-HST GS30274 derived by adopting the following approaches; [CI]: an H2
mass based on atomic carbon; CO: an H2 mass based on the CO J = 3–2 luminosity; dust mass: an H2 mass based on the inferred dust mass from
SED fitting in combination with a gas-to-dust ratio.

Approach H2 mass (1010
M�) MH2/(MH2 +M⇤) H2 depletion time (Myr)

[CI] 3.0± 0.3 0.14± 0.01 140± 30
CO starburst ↵CO 1.7± 0.1 0.08± 0.005 80 ± 17

Dust mass <0.7± 0.2 <0.04± 0.01 <30± 10

3.5. H2 mass

In this subsection we will derive the H2 mass of 3D-HST
GS30274 using three di↵erent approaches. We summarise the
obtained H2 masses in Table 3.

3.5.1. Based on [CI]

To derive the H2 mass of 3D-HST GS30274 from the [CI] emis-
sion we first need to estimate the total carbon mass in 3D-
HST GS30274. We derive the atomic carbon mass following
Weiß et al. (2005), calculated from the [CI] 1–0 line luminosity
as

M[CI](M�) = 5.706 ⇥ 10�4
Q(Tex)

1
3

e23.6/Tex L
0
[CI](1�0) , (2)

where Tex is the excitation temperature of [CI] and Q(Tex) =
1 + 3e�T1/Tex + 5e�T2/Tex is the [CI] partition function. T1 and
T2 are the energies above the ground state, 23.6 K and 62.5 K,
respectively.

Without knowledge of the [CI] 2–1 luminosity, we have to
make an assumption for the excitation temperature of atomic
carbon. We assume Tex = 30 K, the average excitation tempera-
ture found in Walter et al. (2011). This results in a carbon mass
of 5.4 ± 1.4 ⇥ 106

M�. This carbon mass is similar to the mass
found in z > 2 dusty SFGs and quasar host galaxies (Walter et al.
2011).

The derived density and UV radiation field would suggest a
much higher excitation temperature of ⇠200 K for atomic carbon
(Meijerink et al. 2007; Kaufman et al. 2006). Here it is impor-
tant to remember that PDR models assume a specific geometry
and a homogeneous medium (which is probably an unrealistic
assumption). Line intensity ratios are sensitive to the chosen ge-
ometry, and especially the intensity ratio between [CI] 2–1 and
[CI] 1–0 is sensitive to the homogeneity of the medium (Spaans
1996). This is further demonstrated by the di�culty models have
in reproducing this intensity ratio in environments with low-UV
radiation fields and well defined spherically-symmetric density
profiles (e.g., Pineda & Bensch 2007; Papadopoulos et al. 2004).
Danielson et al. (2011) observed atomic carbon and CO in a
lensed DSFG at z ⇠ 2.3 with similar density and UV radia-
tion field as 3D-HST GS30274. Its carbon and CO line ratios
suggest an excitation temperature of a few hundred K. The car-
bon excitation temperature directly derived from the observed
[CI] 2–1 and [CI] 1–0 luminosity ratio is 25–45 K, significantly
lower. We therefore stick to the assumed excitation temperature
of Tex = 30 K, rather than adopting high temperatures of a few
hundred degrees. If we were to change the carbon excitation tem-
perature to for instance the dust temperature of the ISM in 3D-
HST GS30274 (45 K), this would result in a change in carbon
mass (and resulting H2 mass) of less than 3%.

The derived carbon mass of a galaxy can be used
to estimate its H2 mass (e.g., Papadopoulos et al. 2004;
Weiß et al. 2005; Wagg et al. 2006; Alaghband-Zadeh et al.
2013; Béthermin et al. 2016; Bothwell et al. 2017). [CI] is es-
pecially a good tracer in X-ray and cosmic-ray dominated en-
vironments (Bisbas et al. 2015; Glover & Clark 2016). We es-
timate the H2 mass of 3D-HST GS30274 from its atomic
carbon mass, assuming a carbon abundance of X[CI] =
M[CI]/(6 MH2) = 3 ⇥ 10�5 (Weiß et al. 2005; Danielson et al.
2011; Alaghband-Zadeh et al. 2013). We implicitly make the as-
sumption that the atomic carbon is mostly neutral. The adopted
carbon abundance is slightly higher than the Galactic abun-
dance of 2 ⇥ 10�5 (Frerking et al. 1989). We estimated a metal-
licity of 12 + log (O/H) = 9.07 for 3D-HST GS30274 of us-
ing the fundamental metallicity relation (Mannucci et al. 2010).
Our choice for X[CI] = 3 ⇥ 10�5 agrees well with theoreti-
cal estimates of the carbon abundance in metal-rich environ-
ments by Glover & Clark (2016). We measure a molecular hy-
drogen mass of MH2([CI]) = 3.0 ± 0.3 ⇥ 1010

M�. The Galactic
abundance of 2 ⇥ 10�5 would have resulted in an H2 mass of
MH2([CI]) = 4.5 ± 0.4 ⇥ 1010

M�.

3.5.2. Based on CO

To use the CO J = 3–2 emission as a tracer of H2 mass we first
have to derive the CO J = 1–0 line luminosity from the CO J =
3–2 line luminosity. The ratio between the squared CO J = 4–3
and CO J = 3–2 intensities is I

2
CO4�3/I

2
CO3�2 = 1.9 ± 0.3. This is

close to the line ratio one would expect if the lines are all in the
Rayleigh–Jeans limit and in local thermodynamic equilibrium
(LTE; (J = 42)/(J = 32) = 1.78). We therefore assume that the
flux intensity ratio between the CO J = 3–2 and CO J = 1–0 line
equals 32/12 = 9. This gives a line luminosity for CO J = 1–0
of 2.1±0.2⇥109 K km s�1 pc2. The assumption of a thermalized
medium for the CO transitions is supported by the strong UV
radiation field and high densities derived in Sect. 3.4.

In Sect. 3.4 we concluded that the ISM of 3D-HST GS30274
resembles the ISM in local starburst and starburst nuclei. We
therefore adopt a CO-to-H2 conversion factor typically as-
sumed for starburst and mergers (↵CO = 0.8 M�/(K km s�1 pc2),
Downes & Solomon 1998; Bolatto et al. 2013). This leads to a
CO-based H2 mass of 1.7±0.1⇥1010

M�, approximately half of
the mass derived from [CI].

3.5.3. Based on the dust mass

An additional method to measure the gas mass of 3D-HST
GS30274 is to use the inferred dust mass of 3D-HST GS30274
from the SED fitting in combination with typically assumed gas-
to-dust ratios (Mgas = �GDR(Z)Mdust, where �GDR(Z) is the gas-
to-dust ratio and a function of metallicity). We estimate �GDR(Z)
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Fine structure line studies

[CII]158um [OIII]88um
z=6-7.5 Band-8 Band-6

z~8 Band-7 Band-5

2

how much of the observed luminosity is partly or heavily
extinguished (reddened or obscured). We know from both
galactic and extragalactic studies that the processes of star
formation and early stellar evolution is usually deeply en-
shrouded in dust. Active galactic nuclei (AGNs) are often
optically obscured, both locally e.g. (e.g. Goulding & Alexander
(2009)) and at high redshifts (Hernán-Caballero et al , 2009).
Thus, galaxies pass a significant fraction of their lifetime
deeply obscured by dust.

Furthermore, recent observational studies assesses that
during their evolution most (if not all) galaxies pass through
a FIR/submillimetre bright phase, where star formation
is probably the dominant energy production mechanism,
but where also supermassive black-hole accretion may con-
tribute significantly. The luminous and ultra-luminous in-
frared galaxies, discovered in the 80’s by the all-sky survey
of IRAS, are rare in the local Universe, but they become
much more common at high-redshift, as shown by the de-
tection of the Submillimeter Galaxies (SMG). Their inte-
grated luminosity accounts for a significant fraction of the
cosmic infrared background (CIRB) (Dole et al , 2006),
the total energy of which exceeds that of the optical back-
ground and implies that more than half the star-formation
activity in the universe is hidden by dust extinction.

Figure 1. The positions of the infrared fine structure lines
in the density-ionization diagram, showing the diagnos-
tic potential of these lines to trace different astrophysical
conditions: from photodissociation regions, to Stellar/HII
regions, to AGN environments and high excitation coronal
line regions (Spinoglio & Malkan , 1992).

2. MIR/FIR imaging spectroscopy is the key

Hot and young stars and black hole accretion disks show
strong differences in the shape of their ionizing contin-
uum. However the far-UV continuum, dominating the to-
tal bolometric output luminosity in both processes, is in
general not directly observable, due to absorption by HI.
The best tracers and indeed discriminators of accretion
and star formation processes are therefore emission lines
from the photo-ionized gas. In both stabursts and AGN
a fairly constant fraction (10–20%) of the ionising contin-
uum gets absorbed by gas and then re-radiated as line
emission, making this observable a powerful diagnostic
tool. Detecting the exact fraction of the ionizing radiation
absorbed by the gas surrounding the powering sources is
however not crucial if one uses emission line ratios, which
are therefore the most efficient observable probes of en-
ergy production mechanisms. To overcome heavy extinc-
tion, emission lines in the near-, mid- and far-IR have to be
used, especially to probe obscured regions, such as those
dominated by star formation and AGN activity. MIR/FIR
imaging spectroscopy is therefore essential to trace galaxy
evolution throughout cosmic times in an unbiased way and
so to minimize dust extinction.

Figure 2. Mid-IR spectra of Seyfert galaxies in the local
Universe (Tommasin et al , 2009), compared to those of
starburst galaxies (Brandl et al , 2006).

By the launch of SPICA, deep cosmological surveys
undertaken by ISO, AKARI and Spitzer along with those
planned for Herschel and SCUBA-2 will have produced
catalogues containing the fluxes of many tens of thou-

Spinoglio+09
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Figure 1
(a) Redshifted frequencies νobs of CO transitions and (b) other key tracers of the star-forming ISM as a function of redshift z, following
νobs = νrest/(1 + z). The shaded areas indicate the frequency bands covered by various telescopes. Highlighted are the Atacama Large
Millimeter/Submillimeter Array (ALMA) frequency bands as well as the high-frequency bands of the Jansky Very Large Array ( JVLA).
We note that other telescopes cover these bands: The Green Bank Telescope and the Australia Telescope Compact Array cover the
JVLA bands as well as an expanded range of the lowest band of ALMA, whereas the IRAM telescopes cover the lowest five ALMA
bands. The colored points indicate detection of all high-redshift (z > 1) lines. The color of the points refer to the different source types,
as explained in the legend in panel a. Abbreviations: 24-µm, 24-µm galaxy; CSG, color-selected star-forming galaxy; LBG,
Lyman-break galaxy; QSO, quasi-stellar object; RG, radio galaxy; SFRG, star-forming radio galaxy;
SMG, submillimeter galaxy.

upgrades leading to dramatic improvements in bandwidth. The improved bandwidth has been
particularly important in detecting the often broad lines seen in high-redshift galaxies in the
absence of precise redshifts. Also, customized receivers on single-dish telescopes have been built
with very large bandwidths to blindly detect CO emission in high-redshift galaxies (e.g., Gromke
et al. 2002, Harris et al. 2010). These systems have led to successful blind searches, aided in part
by strong lensing of galaxies discovered in recent very wide-field Herschelsurveys.

Figure 1 shows a plot of the frequency coverage for CO and other molecules for some available
telescopes, with all actual measurements superposed. This plot emphasizes the complementarity
of centimeter and millimeter telescopes to probe a broad range in molecular gas and atomic fine
structure transitions, providing a detailed diagnostic suite to study the ISM in early galaxies.

3.2. Quasars
Quasars were the first targets for submillimeter continuum observations at high redshift (e.g.,
Omont et al. 1996). Extensive subsequent work has shown that 1/3 of optically selected quasars
are detected in submillimeter continuum observations with milliJansky sensitivity, and this fraction
remains roughly constant from z ∼ 1 to 6 (e.g., Priddey et al. 2003; Beelen et al. 2006; Wang et al.
2008a,b). Searches for CO emission have systematically detected CO in submillimeter-detected
quasar samples. More recently, [CII] is now being detected in quasar host galaxies (Maiolino et al.
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[CII]158um  detections before ALMA
A galaxy at z=6.4 (Walter+13, Nature)

with recent theoretical descriptions of Eddington-limited star forma-
tion of a radiation-pressure-supported starburst on kiloparsec
scales21. The high surface density of the star formation rate is also

compatible with other theories describing ‘maximum starbursts’22:
stars can form at a rate limited by SFR 5 e 3 Mgas/tdyn, where e is the
star formation efficiency, Mgas is the gas within radius r and tdyn is the
dynamical (or free-fall) time, given by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r3= 2 GMð Þ

p
. For r 5 750 pc

and M < Mgas < 1010M[, a star formation efficiency of e < 0.4 is
required to explain the density of star formation rate that we observe
in the case of J11481 5251. Such high efficiencies may be expected
given the high fractions of dense gas found in local ultraluminous
infrared galaxies23. In this calculation, we assume that the stellar
initial mass function in this object is not significantly different from
what is known locally. Such a high star formation efficiency could be
expected if J11481 5251 were to undergo a major merger, where the
gas is funnelled rapidly to the central 1.5 kpc. We note, however, that
our observations do not provide clear evidence for a merging system
and that other mechanisms may be responsible for fuelling the
ongoing starburst24. We also note that the surface density of star
formation rate of ,1,000M[ yr2 1 kpc2 2 is a value averaged over
roughly the central kiloparsec; this value could be significantly higher
on smaller scales, which in turn may violate the theoretical descrip-
tions of ‘maximum starbursts’.

Our observations provide direct evidence for strong, kiloparsec-
scale star formation episodes at the end of cosmic reionization that
lead to the growth of stellar bulges in quasar host galaxies. Such
‘hyper-starbursts’ seem to have surface densities of the star formation
rate over kiloparsec scales that are an order of magnitude higher than
previously studied systems at high redshift20. The observations pre-
sented here are currently the best means by which to quantify star
formation rates and their surface densities in quasars at the earliest
cosmic epochs. They thus demonstrate that [C II] observations will
have a key role in studies of resolved star formation regions in the first
gigayear of the Universe that will be made with the upcoming
Atacama Large Millimetre/submillimetre Array (ALMA)25.

Received 25 July; accepted 18 November 2008.
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Figure 2 | Spatially integrated [C II] spectrum of the z 5 6.42 quasar
J114815251. The [C II] line is detected at high significance (bandwidth
covered: 1 GHz, or 1,100 km s2 1) and is present on top of a 4.5 6 0.62 mJy
continuum (consistent with an earlier estimate1 of 5.0 6 0.6 mJy). Gaussian
fitting to the line gives a [C II] peak flux of 12.7 6 1.05 mJy, a full width at half
maximum velocity of 287 6 28 km s2 1 and a central velocity of
3 6 12 km s2 1 relative to the CO redshift4 of z 5 6.419 (nobs 5 256.17 GHz).
This leads to a [C II] flux of 3.9 6 0.3 Jy km s2 1 (consistent with earlier,
unresolved observations5 of 4.1 6 0.5 Jy km s2 1), which corresponds to a
[C II] luminosity27 of L9[CII] 5 1.90 6 0.16 3 1010 K km s2 1 pc2 2 or
L[CII] 5 4.18 6 0.35 3 109L[ (adopting a luminosity distance of
DL 5 64 Gpc16), yielding L[CII]/LFIR 5 1.9 3 102 4. This ratio is, by an order of
magnitude, smaller than what is found in local star-forming galaxies (a
finding consistent with local ultraluminous infrared galaxies5,28,29). The line-
free channels of the [C II] observations are used to construct a continuum
image of J11481 5251 at 158mm (rest wavelength) as shown in Fig. 1a.
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Figure 1 | [C II] observations of the z 5 6.42 quasar J114815251 obtained
with the IRAM Plateau de Bure interferometer. Observations were obtained
in the most extended antenna configuration during three tracks in early 2007
and 2008 (nobs 5 256.17 GHz, nrest 5 1,900.54 GHz), resulting in a resolution
of 0.3199 3 0.2399 (1.7 kpc 3 1.3 kpc; the beam size is shown in light blue in
b). The resolved CO emission from observations made with the Very Large
Array14 is displayed as a colour scale in all three panels. The cross indicates
the absolute position (uncertainty: 0.0399) of the (unresolved) optical quasar
as derived from Hubble Space Telescope observations26. a, Contours
represent the far-infrared continuum emission obtained from the line-free
channels of the [C II] observations integrated over a bandwidth of
445 km s2 1 (contour levels are –0.9 (grey), 0.9 and 1.8 mJy (black); r.m.s.
noise: 0.45 mJy). There is good agreement between the optical quasar and the
peak of the continuum emission, as well as the peak of the molecular gas

emission traced by CO, demonstrating that our astrometry is accurate on
scales of ,0.10. b, Contours show the [C II] emission over a velocity range of
–293 to 1 293 km s2 1 (contours are plotted in steps of 0.72 mJy; r.m.s. noise:
0.36 mJy). The (rest-frame) beam-averaged peak brightness temperature of
the [C II] emission is 9.4 6 0.9 K (from the peak flux of 7.0 6 0.36 mJy at a
resolution of 0.3199 3 0.2399), which is similar to the CO brightness
temperature (8.3 K)14. If the intrinsic temperature of the gas were similar to
that of the dust2 (30–50 K), this would imply that we have not fully resolved
the CO or the [C II] emission. c, Contours of blue- and redshifted emission
(averaged over velocities from 75–175 km s2 1 on either side) are plotted as
blue and red contours at 3.2 and 4.8 mJy, respectively (r.m.s. noise:
0.63 mJy). The dynamical mass of ,1010M[ within the central 1.5 kpc
deduced from these observations (assuming vrot < 250 km s2 1) is in
agreement with earlier estimates on larger spatial scales14.
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with recent theoretical descriptions of Eddington-limited star forma-
tion of a radiation-pressure-supported starburst on kiloparsec
scales21. The high surface density of the star formation rate is also

compatible with other theories describing ‘maximum starbursts’22:
stars can form at a rate limited by SFR 5 e 3 Mgas/tdyn, where e is the
star formation efficiency, Mgas is the gas within radius r and tdyn is the
dynamical (or free-fall) time, given by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r3= 2 GMð Þ

p
. For r 5 750 pc

and M < Mgas < 1010M[, a star formation efficiency of e < 0.4 is
required to explain the density of star formation rate that we observe
in the case of J11481 5251. Such high efficiencies may be expected
given the high fractions of dense gas found in local ultraluminous
infrared galaxies23. In this calculation, we assume that the stellar
initial mass function in this object is not significantly different from
what is known locally. Such a high star formation efficiency could be
expected if J11481 5251 were to undergo a major merger, where the
gas is funnelled rapidly to the central 1.5 kpc. We note, however, that
our observations do not provide clear evidence for a merging system
and that other mechanisms may be responsible for fuelling the
ongoing starburst24. We also note that the surface density of star
formation rate of ,1,000M[ yr2 1 kpc2 2 is a value averaged over
roughly the central kiloparsec; this value could be significantly higher
on smaller scales, which in turn may violate the theoretical descrip-
tions of ‘maximum starbursts’.

Our observations provide direct evidence for strong, kiloparsec-
scale star formation episodes at the end of cosmic reionization that
lead to the growth of stellar bulges in quasar host galaxies. Such
‘hyper-starbursts’ seem to have surface densities of the star formation
rate over kiloparsec scales that are an order of magnitude higher than
previously studied systems at high redshift20. The observations pre-
sented here are currently the best means by which to quantify star
formation rates and their surface densities in quasars at the earliest
cosmic epochs. They thus demonstrate that [C II] observations will
have a key role in studies of resolved star formation regions in the first
gigayear of the Universe that will be made with the upcoming
Atacama Large Millimetre/submillimetre Array (ALMA)25.
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Figure 2 | Spatially integrated [C II] spectrum of the z 5 6.42 quasar
J114815251. The [C II] line is detected at high significance (bandwidth
covered: 1 GHz, or 1,100 km s2 1) and is present on top of a 4.5 6 0.62 mJy
continuum (consistent with an earlier estimate1 of 5.0 6 0.6 mJy). Gaussian
fitting to the line gives a [C II] peak flux of 12.7 6 1.05 mJy, a full width at half
maximum velocity of 287 6 28 km s2 1 and a central velocity of
3 6 12 km s2 1 relative to the CO redshift4 of z 5 6.419 (nobs 5 256.17 GHz).
This leads to a [C II] flux of 3.9 6 0.3 Jy km s2 1 (consistent with earlier,
unresolved observations5 of 4.1 6 0.5 Jy km s2 1), which corresponds to a
[C II] luminosity27 of L9[CII] 5 1.90 6 0.16 3 1010 K km s2 1 pc2 2 or
L[CII] 5 4.18 6 0.35 3 109L[ (adopting a luminosity distance of
DL 5 64 Gpc16), yielding L[CII]/LFIR 5 1.9 3 102 4. This ratio is, by an order of
magnitude, smaller than what is found in local star-forming galaxies (a
finding consistent with local ultraluminous infrared galaxies5,28,29). The line-
free channels of the [C II] observations are used to construct a continuum
image of J11481 5251 at 158mm (rest wavelength) as shown in Fig. 1a.
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Figure 1 | [C II] observations of the z 5 6.42 quasar J114815251 obtained
with the IRAM Plateau de Bure interferometer. Observations were obtained
in the most extended antenna configuration during three tracks in early 2007
and 2008 (nobs 5 256.17 GHz, nrest 5 1,900.54 GHz), resulting in a resolution
of 0.3199 3 0.2399 (1.7 kpc 3 1.3 kpc; the beam size is shown in light blue in
b). The resolved CO emission from observations made with the Very Large
Array14 is displayed as a colour scale in all three panels. The cross indicates
the absolute position (uncertainty: 0.0399) of the (unresolved) optical quasar
as derived from Hubble Space Telescope observations26. a, Contours
represent the far-infrared continuum emission obtained from the line-free
channels of the [C II] observations integrated over a bandwidth of
445 km s2 1 (contour levels are –0.9 (grey), 0.9 and 1.8 mJy (black); r.m.s.
noise: 0.45 mJy). There is good agreement between the optical quasar and the
peak of the continuum emission, as well as the peak of the molecular gas

emission traced by CO, demonstrating that our astrometry is accurate on
scales of ,0.10. b, Contours show the [C II] emission over a velocity range of
–293 to 1 293 km s2 1 (contours are plotted in steps of 0.72 mJy; r.m.s. noise:
0.36 mJy). The (rest-frame) beam-averaged peak brightness temperature of
the [C II] emission is 9.4 6 0.9 K (from the peak flux of 7.0 6 0.36 mJy at a
resolution of 0.3199 3 0.2399), which is similar to the CO brightness
temperature (8.3 K)14. If the intrinsic temperature of the gas were similar to
that of the dust2 (30–50 K), this would imply that we have not fully resolved
the CO or the [C II] emission. c, Contours of blue- and redshifted emission
(averaged over velocities from 75–175 km s2 1 on either side) are plotted as
blue and red contours at 3.2 and 4.8 mJy, respectively (r.m.s. noise:
0.63 mJy). The dynamical mass of ,1010M[ within the central 1.5 kpc
deduced from these observations (assuming vrot < 250 km s2 1) is in
agreement with earlier estimates on larger spatial scales14.
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[CII]158um  detections in ALMA era

the hardness of the radiation field, and (iii) the temperature and
density of the emitting gas.

In this Letter, we report on ALMA observations of
RX J1347:1216, a normal (L< L*) star-forming galaxy with
Lyα emission at =a -

+z 6.7659Ly 0.0005
0.0030. It was first reported

by Bradley et al. (2014) and Smit et al. (2014) as a
photometrically selected z∼7 galaxy from the HST and
Spitzer CLASH data (Cluster Lensing And Supernova survey
with Hubble; Postman et al. 2012). We have spectroscopically
confirmed its redshift using Keck DEIMOS data (Huang
et al. 2016) and HST grism data from GLASS (Treu et al. 2015;
Schmidt et al. 2016). In Huang et al. (2016), we also measured
its integrated stellar properties using deep Spitzer SURFSUP
data (Spitzer UltRa Faint SUrvey Program; Bradač et al. 2014).
Our magnification model shows that the massive foreground
galaxy cluster RX J1347.1−1145 magnifies RX J1347:1216 by
a factor fof 5.0± 0.3. Taking into account magnification, the
galaxy’s intrinsic rest-frame UV luminosity is *-

+ L0.18 0.05
0.07

(assuming characteristic magnitude at z∼7 of * =MUV
- o20.87 0.26 from Bouwens et al. 2015), making
RX J1347:1216 the first galaxy detected with ALMA at
z∼7 having a luminosity characteristic of the majority of
galaxies at z∼7.

Throughout the Letter, we assume a ΛCDM concordance
cosmology with Ωm= 0.27, ΩΛ= 0.73, and Hubble constant
H0= 73 km s−1 Mpc−1. Coordinates are given for the epoch
J2000.0, and magnitudes are in the AB system.

2. Observations and Data Reduction

We observed RX J1347:1216 with ALMA on 2016 July 21
in Band 6 with 38 12 m antennae on a configuration of
15–700 m baselines. The precipitable water vapor stayed stable
at ∼0.8 mm during the observations. The total time on-source
was 74 minutes, with the phases centered at the HST position of
the source. Out of the four spectral windows, SPW0 was set to
Frequency Division Mode and its center tuned to the
[C II] 158 μm rest-frame frequency of 1900.54 GHz and a
sky-frequency of 244.85 GHz, in the Upper Side Band,
yielding a velocity resolution of 9.5 -km s 1 after a spectral
averaging factor of 16 was applied to reduce the data rate. The
other three spectral windows were used for continuum in Time
Division Mode (31.25MHz spectral resolution) at lower
frequencies. We used J1337−1257 for bandpass and absolute
flux scale calibrators and J1354−1041 for a phase calibrator.

The data reduction followed the standard procedures in the
Common Astronomy Software Applications package. The data
cube was cleaned using Briggs weighting and ROBUST= 0.5.
The FWHM beam size of the final image is 0 58×0 41 at a
position angle of 288°. The 1σ noise of the [C II] 158 μm line
image is σline= 250 μJy beam−1 at 244.7424 GHz over a
channel width of 30 -km s 1 (24.5MHz). The continuum image
was extracted using all the line-free channels of the four
spectral windows, resulting in a continuum sensitivity of
< 15 μJy (1σ). Flux calibration errors (∼5%) are included in all
measurements.

3. Results

We have detected [C II] emission in RX J1347:1216 with
Lyα emission first reported by Huang et al. (2016) and Schmidt
et al. (2016). The [C II] line is detected at 5σ (peak line flux
Sline= 1.25± 0.25 mJy using 30 -km s 1 resolution; Figure 1).

Due to gravitational lensing, we are able to measure [C II]
luminosity in RX J1347:1216 that is intrinsically ∼5 times
fainter than other such measurements at z∼7 to date (and
similar luminosity to a z∼6 object in Knudsen et al. 2016).
We extract the spectrum using native spectral resolution with a
channel width of 9.6 -km s 1 (7.8125MHz) and measure
[C II] redshift of z[C II]= 6.7655± 0.0005 (Figure 2). We fit
the line using a Gaussian and estimate peak flux of

= oS 0.82 0.26 mJyline,g , FWHM of 75± 25 -km s 1 and
the integrated line flux of SlineΔv= 67± 12 mJy km s−1. The
integrated values do not critically depend upon the assumption
of a Gaussian profile within the uncertainties. The luminosity is

[ ] := ´-
+L L1.5 10C ii 0.4

0.2 7 , corrected for lensing and the
errors reflect both uncertainties in the flux estimates as well
as magnification (Table 1).
We investigate the L[C II]–SFR connection for this galaxy.

The strength of the [C II] emission correlates with the SFR in

Figure 1. [C II] emission overlaid on the HST color composite RGB image
(optical-F110W-F160W). The contours are spaced linearly between 1 and 5σ
(solid lines); negative contours (−1,−2σ) are given as dashed lines. A 1″×1″
zoom-in is shown in the inset, and the beam is given in the bottom left.

Figure 2. Extracted spectrum (flux S as a function of frequency ν) of the [C II]
emission. The red line denotes the best-fit Gaussian (with parameter listed in
Table 1) and the gray dashed line and region correspond to the Lyα redshift
and uncertainty.
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the hardness of the radiation field, and (iii) the temperature and
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RX J1347:1216 the first galaxy detected with ALMA at
z∼7 having a luminosity characteristic of the majority of
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cosmology with Ωm= 0.27, ΩΛ= 0.73, and Hubble constant
H0= 73 km s−1 Mpc−1. Coordinates are given for the epoch
J2000.0, and magnitudes are in the AB system.

2. Observations and Data Reduction
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in Band 6 with 38 12 m antennae on a configuration of
15–700 m baselines. The precipitable water vapor stayed stable
at ∼0.8 mm during the observations. The total time on-source
was 74 minutes, with the phases centered at the HST position of
the source. Out of the four spectral windows, SPW0 was set to
Frequency Division Mode and its center tuned to the
[C II] 158 μm rest-frame frequency of 1900.54 GHz and a
sky-frequency of 244.85 GHz, in the Upper Side Band,
yielding a velocity resolution of 9.5 -km s 1 after a spectral
averaging factor of 16 was applied to reduce the data rate. The
other three spectral windows were used for continuum in Time
Division Mode (31.25MHz spectral resolution) at lower
frequencies. We used J1337−1257 for bandpass and absolute
flux scale calibrators and J1354−1041 for a phase calibrator.

The data reduction followed the standard procedures in the
Common Astronomy Software Applications package. The data
cube was cleaned using Briggs weighting and ROBUST= 0.5.
The FWHM beam size of the final image is 0 58×0 41 at a
position angle of 288°. The 1σ noise of the [C II] 158 μm line
image is σline= 250 μJy beam−1 at 244.7424 GHz over a
channel width of 30 -km s 1 (24.5MHz). The continuum image
was extracted using all the line-free channels of the four
spectral windows, resulting in a continuum sensitivity of
< 15 μJy (1σ). Flux calibration errors (∼5%) are included in all
measurements.

3. Results

We have detected [C II] emission in RX J1347:1216 with
Lyα emission first reported by Huang et al. (2016) and Schmidt
et al. (2016). The [C II] line is detected at 5σ (peak line flux
Sline= 1.25± 0.25 mJy using 30 -km s 1 resolution; Figure 1).

Due to gravitational lensing, we are able to measure [C II]
luminosity in RX J1347:1216 that is intrinsically ∼5 times
fainter than other such measurements at z∼7 to date (and
similar luminosity to a z∼6 object in Knudsen et al. 2016).
We extract the spectrum using native spectral resolution with a
channel width of 9.6 -km s 1 (7.8125MHz) and measure
[C II] redshift of z[C II]= 6.7655± 0.0005 (Figure 2). We fit
the line using a Gaussian and estimate peak flux of

= oS 0.82 0.26 mJyline,g , FWHM of 75± 25 -km s 1 and
the integrated line flux of SlineΔv= 67± 12 mJy km s−1. The
integrated values do not critically depend upon the assumption
of a Gaussian profile within the uncertainties. The luminosity is
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0.2 7 , corrected for lensing and the
errors reflect both uncertainties in the flux estimates as well
as magnification (Table 1).
We investigate the L[C II]–SFR connection for this galaxy.

The strength of the [C II] emission correlates with the SFR in

Figure 1. [C II] emission overlaid on the HST color composite RGB image
(optical-F110W-F160W). The contours are spaced linearly between 1 and 5σ
(solid lines); negative contours (−1,−2σ) are given as dashed lines. A 1″×1″
zoom-in is shown in the inset, and the beam is given in the bottom left.

Figure 2. Extracted spectrum (flux S as a function of frequency ν) of the [C II]
emission. The red line denotes the best-fit Gaussian (with parameter listed in
Table 1) and the gray dashed line and region correspond to the Lyα redshift
and uncertainty.

2

The Astrophysical Journal Letters, 836:L2 (5pp), 2017 February 10 Bradač et al.

A galaxy at z=6.8 (Bradac+17)

4. DISCUSSION

4.1. [C II]–Lyα Velocity Shifts

The [C II] line traces the systemic redshift of the sources,
unlike the Lyα line, which is typically redshifted by up to
several hundreds km -s 1 (Erb et al. 2004; Trainor et al. 2015)
consistent with the presence of outflowing gas, although the
final observed Lyα profiles depend on many factors such as
geometry, gas covering fraction, dust, and IGM ionization
state. For our galaxies the velocity shifts are not very large, of
the order of 100–200 km s−1, smaller than those reported at
~z 3 for galaxies with similar UV luminosities. Specifically,

Erb et al. (2004) measure shifts of up to 1000 km s−1 and
average values of 400 km s−1 for LBGs with < -M 21UV . The
mean shift is also lower than those reported by Willott et al.
(2015), 430 and 275 km s−1, respectively, for their two ~z 6
galaxies.11 The small shifts in our galaxies are particularly
significant given that in general objects with low Lyα emission
have larger velocity offsets. Similar tentative evidence for
smaller Lyα velocities at ~z 7 compared to ~z 3 was

recently reported by Stark et al. (2015) using the UV nebular
C III]l1909 doublet to determine the systemic redshift in two
distant LBGs.
The velocity of Lyα compared to the systemic redshift is

very relevant when interpreting the line visibility during the
reionization epoch, in the presence of a partly neutral IGM
(Dijkstra et al. 2011). Smaller velocity offsets imply that Lyα is
closer to resonance and more easily quenched by a neutral
IGM. If at redshift 6 and 7 the offsets are as large as those
found for lower-redshift LBGs, the IGM must be very neutral
to produce the drop in Lyα fraction that is observed between
these two epochs (Pentericci et al. 2014). On the other hand, if
the velocity offsets were much smaller, as our observations
indicate, the drop in the Lyα visibility could be produced by an
IGM that is still substantially more ionized (Mesinger
et al. 2015).

4.2. SFR–L[C II] Relation

In Figure 3, we show the SFR–L[C II] relation for our
galaxies and previously observed sources. We plot COS-
MOS24108 with a different symbol because it is not certain
whether its [C II] emission is from the main galaxy or just from

Figure 2. Maps of the [C II] emission for COSMOS13679 (upper left), NTTDF6345 (upper right), UDS16291 (lower left), and COSMOS24108 (lower right).
Contours are the −2, 2, 3, and 4σ level. The crosses indicate the position of the near-IR detections. In the insets, we show the near-IR images with ALMA contours
overlaid.

11 For the Capak et al. (2015) sources this comparison is not possible since
their UV redshifts are not from Lyα emission.

4

The Astrophysical Journal Letters, 829:L11 (6pp), 2016 September 20 Pentericci et al.

Four galaxies at z=6.6-7.2 
(Pentericci+17)

emission. The maps of the line emission are shown in Figure 2,
extracted with a spectral width of 440 km s−1 for NTTDF6345,
280 km s−1 for COSMOS24108, 100 km s−1 for UDS16291,
and 120 km s−1 for COSMOS13679. The black crosses
indicate the centroid of the Y-band image for NTTDF6345
and of the HST H-band images for the other galaxies.
Thermal far-infrared continuum is not detected in any of the

galaxies: the limits on the total IR-luminosity convert into
limits on the dust obscured SFRdust that are reported in Table 2
(assuming a Kennicutt 1998 relation with a Salpeter initial
mass function).

3.2. Offsets between [C II] and Rest-frame UV Position

In Table 2, we report the offset between the near-IR
coordinates and the ALMA detections. In two cases, the shifts
are consistent with the ALMA astrometric uncertainty
(0 1–0 15), while for COSMOS24108 and COSMOS13679
they are larger. Dunlop et al. (2016) recently noted that the HST
and ALMA astrometry of the HUDF field presented both a
systematic shift of ´0. 25 to the south and a random shift of up to
´0. 5. Spatial offsets of up to ´0. 5 are clearly evident in most of
the LBGs observed by Capak et al. (2015) and for the ~z 6
galaxy WMH5 observed by Willott et al. (2015; ~ ´0. 4), while
in the other galaxy, CLM1, the [C II] emission is co-spatial with
the UV-continuum.
To further investigate this issue, we looked at bright

serendipitous sources detected in the continuum band in our
fields. We found at least one source per field, and we
measured a shift between ´0. 1 and ´0. 6 in random directions
between the HST (or HAWK-I) counterpart and the ALMA
detection. Given the depth of the CANDELS images ( ~H 27
at 5σ), it is unlikely that the ALMA detections are associated
with other objects undetected in the H-band. Note that for
NTTDF6345 where we only have HAWK-I images, the shift
is negligible both for the serendipitous source and the LBG.
We conclude that there are still substantial uncertainties in
the relative ALMA-HST astrometry. In summary, for
UDS16291 and NTTDF6345 the [C II] detections are
centered at the position of the near-IR sources, and for
COSMOS13679 the offset (0 4) is within the range of those
reported in the literature and measured for the serendipitous
sources: for these three galaxies we conclude that the [C II]
emission comes from the same region as the bulk of the SF
observed in the near-IR images. For COSMOS24108 the
offset is slightly larger than the range reported in the
literature, and while the [C II] emission is almost certainly
associated with the source, it could actually come from an
external region of the galaxy, not coincident with the bulk of
the star formation. A similar case was already observed in
BDF3299 at z=7.109 (Maiolino et al. 2015): for this galaxy
we concluded that the [C II] emission arises from an external
accreting/satellite clump of neutral gas, in agreement with
recent models of galaxy formation (Vallini et al. 2015).
While the identification with another transition from a
foreground galaxy, which by chance happens to be at ´0. 8
from COSMOS24108, is unlikely, we cannot completely
discard the possibility of a spurious detection given the low
S/N.

Figure 1. Spectra of the four galaxies in the region of the [C II] emission line.
The velocities are shown with respect to that inferred from the Lyα, which is
marked with the dashed vertical lines.
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mass function).
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centered at the position of the near-IR sources, and for
COSMOS13679 the offset (0 4) is within the range of those
reported in the literature and measured for the serendipitous
sources: for these three galaxies we conclude that the [C II]
emission comes from the same region as the bulk of the SF
observed in the near-IR images. For COSMOS24108 the
offset is slightly larger than the range reported in the
literature, and while the [C II] emission is almost certainly
associated with the source, it could actually come from an
external region of the galaxy, not coincident with the bulk of
the star formation. A similar case was already observed in
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we concluded that the [C II] emission arises from an external
accreting/satellite clump of neutral gas, in agreement with
recent models of galaxy formation (Vallini et al. 2015).
While the identification with another transition from a
foreground galaxy, which by chance happens to be at ´0. 8
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A galaxy at z=6.6 (Matthee+17) Two galaxies at z=6.8-6.9 
(Smith+17)

[Cii] in CR7 3

towards a moderately low metallicity galaxy that is ac-
tively forming stars, without clear evidence for AGN
activity (but see further details in Sobral et al. 2017a).

In this paper, we answer to the question of the pres-
ence of metals in CR7, and test whether the metallic-
ity and dust content varies between di↵erent UV com-
ponents. We summarise the UV properties of CR7 in
§2. ALMA observations, data reduction, astrometry
and sensitivity are discussed in §3. We investigate the
resolved [Cii] emission in §4. Dust continuum measure-
ments and their implications for the SFRs are detailed in
§5. In §6, we discuss where the di↵erent clumps of CR7
are located in the SFR-L[CII] relation, and how this com-
pares with other sources. We discuss the implication of
our results in light of recent simulations in §7, where we
also use these observations to update the interpretation
of the nature of CR7. The conclusions of this work are
summarised in §8. Throughout the paper, we assume
a ⇤CDM cosmology with ⌦M = 0.70, ⌦⇤ = 0.30 and
H0 = 70 km s�1 Mpc�1, and assume a Salpeter (1955)
initial mass function (IMF) with mass limits 0.1 M� and
100 M�.

2. UV PROPERTIES OF CR7

In the rest-frame UV, CR7 consists of three clumps
(A, B and C, Sobral et al. 2015), of which the bright-
est (A) coincides with the peak of Ly↵ emission, and is
also spectroscopically confirmed at zLy↵ = 6.604. UV
components are separated by ⇠ 100, corresponding to
projected distances of ⇠ 5kpc. The latest photometry
on the HST/WFC3 imaging in the F110W and F160W
filters has been performed by Bowler et al. (2017). We
use this photometry to compute UV slopes of the three
di↵erent clumps individually. The contribution of Ly↵
to the flux observed in the F110W filter is based on our
Ly↵ narrow-band imaging as follows: we first correct the
Subaru/S-Cam NB921 image for the contribution from
the UV continuum by subtracting the z0 image (which
is calibrated such that a colour of z0-NB921=0 corre-
sponds to a line flux of zero, see Matthee et al. 2015)
and then use this Ly↵ image to measure the Ly↵ flux
at the positions of clumps A, B and C. The Ly↵ flux
is multiplied by a factor two to take into account that
the NB921 filter transmission is 50 % at the wavelength
of CR7’s Ly↵. We then convolve the apertures that
have been used for HST photometry (100, 0.400, 0.400,
for clumps A, B and C respectively) with the PSF of
the NB921 imaging (0.600) and measure the Ly↵ flux in
those PSF-convolved apertures. We measure Ly↵ fluxes
of 8.3, 2.7, 1.3 ⇥ 10�17 erg s�1 cm�2 in these apertures.
Correcting the flux-density observed in the F110W for
this line-flux contribution results in corrections of +0.15,
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Figure 1. ALMA [Cii] narrow-band image of CR7, collapsed
for frequencies with �614 to +96 km s�1 with respect to
the Ly↵ reference frame (z = 6.604). The image (54 ⇥ 54
kpc) is centred on the peak of Ly↵ position and the ALMA
astrometry is shifted by 0.2500 to the west to align it with
HST imaging as described in §3.2. Contours are shown at
the 3, 4, 5� significance levels (with 1� = 0.016 Jy beam�1

km s�1). Negative contours are shown as dashed lines. The
beam size is shown in the bottom left corner and has FWHM
0.8200 ⇥ 0.7700. The red crosses mark the positions of the UV
clumps of CR7. [Cii] is clearly detected in CR7, indicating
the presence of carbon.

+0.16 and +0.05 to the F110W magnitude (and M1500)
for clumps A, B and C, respectively. We measure UV
slopes of � = �2.3 ± 0.4,�1.0 ± 1.0 and �2.3 ± 0.8,
for the three clumps respectively (see Table 1).1 Due
to the shallow depth of the observations, the UV slopes
of clumps B and C are only poorly constrained, and
deeper observations particularly in the F160W filter are
required to improve them.

Based on the rest-frame UV luminosities and UV
slopes, we derive SFRUV, where dust attenuation is
estimated using the Meurer et al. (1999) attenuation
law. We take the measurement uncertainties in the rest-
UV magnitudes into account by perturbing these values

1
Without correcting the F110W photometry for the contri-

bution from Ly↵, we would obtain UV slopes of � = �2.8 ±
0.4,�1.5 ± 1.0 and �2.4 ± 0.8 for clump A, B and C. While the

errors are still dominated by measurement uncertainty, systematic

uncertainties due to ignoring potentially important contributions

from Ly↵ could bias UV slope measurements to artificially bluer

values.

4 Matthee et al.

10,000 times (assuming the uncertainties are gaussian).
In each realisation, we re-compute the UV luminosity
and UV slope, and use these to derive dust-corrected
SFR. We then obtain the median and the 1� percentiles
and use these to derive the asymmetric uncertainties.
With this method, the SFRs are 29+23

�2
, 38+182

�32
and 7+19

�1

M� yr�1 for clumps A, B and C, respectively. The un-
certainties in the dust corrected SFRs are large due to
the propagation of errors in �. However, as we show in
§5, these uncertainties are mitigated by constraints on
the IR luminosity from our deep ALMA observations,
which place firm limits on the dust-obscured SFR. Be-
cause of these constraints, our final results would also
only change marginally if an SMC-like attenuation law
is used. The results are listed in Table 1. The F110W
imaging has a 3� sensitivity of 27.3 AB magnitude in
a 0.400 diameter, which corresponds to a limiting UV
magnitude M1500 > �19.5 and a SFRUV < 4 M� yr�1.

3. ALMA DATA

3.1. Observations & data reduction

We observed CR7 (10:00:58.00 +01:48:15.3, J2000)
in band 6 with ALMA during cycle 3 with configu-
ration C43-4, aimed to achieve a 0.300 angular reso-
lution (program ID #2015.1.00122.S). The target has
been observed with between 35-43 antennas for a to-
tal on source integration time of 6.0h on 22, 23, 24
May and 4, 8 November 2016, with precipitable wa-
ter vapor ranging from 0.3-1.4 mm. We observed in
four spectral windows centred at 249.94592, 247.94636,
234.94917 and 232.9496 GHz with a bandwidth of 1875
MHz, of which the first is centred at [Cii] line emis-
sion (⌫z=6.604 = 249.9395 GHz). The central frequen-
cies of the spectral windows correspond to rest-frame
frequencies between 1771.7 GHz and 1901.0 GHz, with
a velocity resolution of 19.4 km s�1. The phase calibra-
tions have been performed on the source J0948+0022.
The quasar J1058+0133 has been observed regularly as
a bandpass and flux calibrator, resulting in typical flux
calibration errors of ⇠ 10 %. Data have been reduced us-
ing Casa version 4.7.0 (McMullin et al. 2007) with nat-
ural weighting and channel averaging resulting in a 38.8
km s�1 velocity resolution. We use uv tapering of the
visibilities with a Gaussian width FWHM=0.700 to opti-
mise the S/N ratio. The observational set-up and data
reduction results in a beam size of 0.35⇥0.3300 (gaussian
�; 0.82⇥0.7700 FWHM), with a position angle of �49.5�.
We have also performed the reduction with uv tapering
with di↵erent smoothing kernels ranging from 0.4�0.800,
but find that all changes in luminosity, line-width and
size measurements are consistent within the error-bars.
A simple estimate of the noise level of the pixels within
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Figure 2. Integrated spectrum over the area within the 3�
[Cii] contours in Fig. 1, in two observed spectral windows.
The grey shaded region indicates the 1� error estimated us-
ing apertures with the same geometry as the 3� contour area,
as a function of frequency. The blue dashed line indicates
where [Cii] would be detected at z = 6.604, the Ly↵ redshift
of CR7. Ly↵ is redshifted by ⇡ �170 km s�1 with respect
to the systemic [Cii] redshift.

a radius of 2000 of the center results in rms=0.06 mJy
beam�1 in 38.8 km s�1 channels.

3.2. Astrometry

As described in §4, we detect two separate clumps at
high significance in the [Cii] image collapsed over all
velocities at which significant line-emission is detected,
see Fig. 1. These [Cii] clumps are o↵set by 0.2500 to the
east with respect to the UV positions of clumps A and
B, while the o↵set in declination is < 0.1000, respectively.
The alignment of both clumps, and their separation is
also similar in the UV and in [Cii]. As these two [Cii]
clumps resemble the geometry of clumps A and B, we as-
sume that the o↵sets between the UV positions and [Cii]
positions are due to errors in the astrometry. This o↵set
is similar in magnitude as reported in e.g. Dunlop et al.
(2017), but in the R.A. direction instead of the Dec.
direction (see also Carniani et al. 2017 and references
therein for o↵sets in z ⇠ 6 � 7 galaxies). For the rest
of the analysis, we align the ALMA data with HST and
Subaru narrow-band data by applying an o↵set of 0.2500

to the west. We note that the positions of two serendipi-
tous IR continuum-detections of foreground galaxies are
also in agreement with this o↵set (see §5.1 and Fig. 8).

3.3. Line-sensitivity measurements

As the noise is correlated spatially and spectrally, we
measure the sensitivity of the observations and signifi-
cance of detections as follows. In each collapsed image

Figure 1 | Spectroscopic line confirmations of the targeted galaxies in this study. ALMA velocity-averaged imag-
ing and spectra of two galaxies with photometric redshifts in the range 6.6 < zphot < 6.9 9. We detect a 8.2s [C II] line
at z[CII] = 6.8540±0.0003 in galaxy COS-3018555981 (top panels) and a ⇠ 5.1s [C II] line at z[CII] = 6.8076±0.0002
in galaxy COS-2987030247 (bottom panels). Left panels: 20” x 20” images of the ALMA cube (before primary-beam
correction) collapsed over 241.85-242.10 GHz and 243.35-243.45 GHz for COS-3018555981 and COS-2987030247
respectively (rms of 0.1 and 0.2 mJy respectively). Middle panels: 5” x 5” zoom-in on the targeted sources. The
HST H160 imaging is shown in grey-scale, while the overlaid red contours show the 3,4,5-s levels of the ALMA
narrowband. The filled ellipse in the bottom right corner indicates the beam size (1.1"⇥0.7" half-power widths). Right
panels: The spectra extracted within a contour of the half maximum flux of the ALMA narrowband detection. The
red line shows the best fit Gaussian line profile, while the grey line at the top of the panels shows the atmospheric
absorption.

suppresses the line signal in these types of galaxies1, 4.
This scenario might be supported by the frequent
detection of high equivalent-width C III] l1908 Å,
C IV l1550 Å or He II l1640 Å nebular lines in Lya
emitting galaxies19–21 and the inferred high equivalent-
width (EW) of [O III] ll5007,4959Å + Hb emission
in typical z ⇠ 6� 8 Lyman-break galaxies from Spitzer
photometry9, 22, 23.

We have obtained spectroscopy with the Atacama
Large Millimetre Array (ALMA) at 241–245 GHz of
two Lyman-break galaxies (LBGs) COS-3018555981 and
COS-2987030247 at an estimated photometric redshift

just below 7, roughly 800 million years after the Big
Bang. These two sources are luminous in the rest-frame
ultraviolet (UV; LUV ⇠ 2⇥L⇤6), but are still representa-
tive of ‘normal’ star-forming galaxies at z ⇠ 7 with a UV
star-formation rate (SFR) of 19�23M� yr�1. They were
selected based on their blue rest-frame optical colors mea-
sured in the 3.6 and 4.5µm Spitzer photometric bands9,
which constrains the photometric redshift probability dis-
tribution to the redshift range 6.6 < z < 6.9. The tight red-
shift constraint is optimal to search for the [C II] given the
modest frequency range that ALMA can observe in a sin-
gle setup. At the same time, these sources are among the
most extreme [O III]+Hb emitters known at z ⇠ 79, 22, 23.
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Figure 3 | Velocity structure of the detected [C II] in the two galaxies from this study. The velocity field measured
in our galaxies COS-3018555981 (left panel) and COS-2987030247 (right panel). The observations are spatially
resolved, as shown by the beamsize of the observations indicated by the grey ellipse in the bottom right corner and
reveal a projected velocity difference over the galaxy of 111± 28 and 54± 20 kms�1 respectively. Given the low
angular resolution of the observations, the detected velocity gradients can be interpreted as disk rotation or potentially
a merger with two or more velocity components.

of the attenuation curve24. However, for blue galaxies
(bUV . �0.5) that scatter below the Meurer13 relation,
such as seen in our galaxies, the most likely way to repro-
duce the low values of IRX is through a shallower attenu-
ation curve, such as has been derived for the Small Mag-
ellanic Cloud14 (consistent with our measurements within
3s ), in combination with a potential increase in dust tem-
perature at higher redshift..

The [C II] l158µm line is an important coolant for
the neutral interstellar gas. For local galaxies the [C II]
line luminosity is well correlated with the star-formation
rate of galaxies12. In Fig. 2 we present the measured flux
of the [C II] lines as a function of the star-formation rate,
which is consistent with the z ⇠ 0 SFR-L[CII] relation12,
and consistent with similarly bright galaxies observed at
z ⇠ 5�610, 11. In contrast, ALMA observations of galax-
ies in the Epoch of Reionization have to-date resulted in
[C II] detections or upper limits that indicate these sources
are significantly below the local relation1–5. This is likely
due to the distinctly different selection of our targets com-
pared to previous studies at z > 6.5, where we select
[O III]ll5007,4959Å+Hb emitters as opposed to Lya
emitting galaxies.

Our sources have slightly higher star-formation
rates and redder UV slopes (bUV ⇠ �1.2) than previ-
ously studied galaxies at this epoch. These galaxy prop-
erties could indicate that our sources are more evolved
and therefore have a higher metallicity than faint and blue
sources at this same redshift. Sources with extremely low
oxygen abundance in the local Universe, such as I Zwicky
18, are typically found to be offset from the De Looze
relation12 due to their hard radiation field and therefore
metallicity could be an important discriminator between
[C II]-bright and [C II]-faint sources25. Furthermore, our
sources have inferred high equivalent-width optical emis-
sion lines, which could also suggest an ongoing starburst.
Starbursts and H II galaxies in the local Universe have
slightly elevated [C II] luminosities for a given SFR12 and
therefore we could specifically be targeting the bright-
est [C II] galaxies of the overall z ⇠ 7 galaxy popula-
tion. Finally, while we do not have spectroscopy covering
the Lya line on COS-3018555981 and COS-2987030247,
our sources could be weaker Lya emitters than typically
seen in spectroscopically confirmed sources at this red-
shift. Lya emission is suggested to be inversely correlated
with neutral gas column density20 and can therefore affect
the visibility of [C II], which emerges both in the diffuse
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Figure 1 | Spectroscopic line confirmations of the targeted galaxies in this study. ALMA velocity-averaged imag-
ing and spectra of two galaxies with photometric redshifts in the range 6.6 < zphot < 6.9 9. We detect a 8.2s [C II] line
at z[CII] = 6.8540±0.0003 in galaxy COS-3018555981 (top panels) and a ⇠ 5.1s [C II] line at z[CII] = 6.8076±0.0002
in galaxy COS-2987030247 (bottom panels). Left panels: 20” x 20” images of the ALMA cube (before primary-beam
correction) collapsed over 241.85-242.10 GHz and 243.35-243.45 GHz for COS-3018555981 and COS-2987030247
respectively (rms of 0.1 and 0.2 mJy respectively). Middle panels: 5” x 5” zoom-in on the targeted sources. The
HST H160 imaging is shown in grey-scale, while the overlaid red contours show the 3,4,5-s levels of the ALMA
narrowband. The filled ellipse in the bottom right corner indicates the beam size (1.1"⇥0.7" half-power widths). Right
panels: The spectra extracted within a contour of the half maximum flux of the ALMA narrowband detection. The
red line shows the best fit Gaussian line profile, while the grey line at the top of the panels shows the atmospheric
absorption.

suppresses the line signal in these types of galaxies1, 4.
This scenario might be supported by the frequent
detection of high equivalent-width C III] l1908 Å,
C IV l1550 Å or He II l1640 Å nebular lines in Lya
emitting galaxies19–21 and the inferred high equivalent-
width (EW) of [O III] ll5007,4959Å + Hb emission
in typical z ⇠ 6� 8 Lyman-break galaxies from Spitzer
photometry9, 22, 23.

We have obtained spectroscopy with the Atacama
Large Millimetre Array (ALMA) at 241–245 GHz of
two Lyman-break galaxies (LBGs) COS-3018555981 and
COS-2987030247 at an estimated photometric redshift

just below 7, roughly 800 million years after the Big
Bang. These two sources are luminous in the rest-frame
ultraviolet (UV; LUV ⇠ 2⇥L⇤6), but are still representa-
tive of ‘normal’ star-forming galaxies at z ⇠ 7 with a UV
star-formation rate (SFR) of 19�23M� yr�1. They were
selected based on their blue rest-frame optical colors mea-
sured in the 3.6 and 4.5µm Spitzer photometric bands9,
which constrains the photometric redshift probability dis-
tribution to the redshift range 6.6 < z < 6.9. The tight red-
shift constraint is optimal to search for the [C II] given the
modest frequency range that ALMA can observe in a sin-
gle setup. At the same time, these sources are among the
most extreme [O III]+Hb emitters known at z ⇠ 79, 22, 23.
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Table 1
ALMA Observations and Sensitivities

νcont νline σcont σline fcont fline LFIR L[C ii]
(GHz) (GHz) (µJy beam−1) (µJy beam−1) (µJy) (µJy) (1010 L⊙) (107 L⊙)
(1) (2) (3) (4) (5) (6) (7) (8)

259.007 250.239 17.4 83.3 <52.1 <250.0 <8.0 <5.4

Notes. Columns: (1) and (2) central frequencies of continuum and [C ii] line observations that correspond to 1.16
and 1.20 mm, respectively. (3) and (4) 1σ sensitivities for continuum and [C ii] line in a unit of µJy beam−1. The
continuum sensitivity given in the total bandwidth for the continuum measurement is 19.417 GHz or 86.894 µm,
which is a sum of four spectral windows (see text). The line sensitivity is defined with a channel width of
200 km−1. (5) and (6) 3σ upper limits of continuum and [C ii] line in a unit of µJy. (7) and (8) 3σ upper limits
of far-infrared continuum luminosity (8–1000 µm) and [C ii] line luminosity in a unit of 1010 and 107 solar
luminosities, respectively. We estimate 3σ upper limits of far-infrared continuum luminosities at 40–500 µm
and 42.5–122.5 µm to be <7.36 × 1010 and <6.09 × 1010 L⊙, respectively. These far-infrared luminosities are
estimated with the assumptions of the graybody, βd = 1.5, and a dust temperature of Td = 40 K.

Figure 1. ALMA continuum data for Himiko at 259 GHz (1.16 mm). The
gray scale indicates the intensity at each position where darker regions imply
higher intensities. The black contours denote −3σ , −2σ , and −1σ levels, while
yellow contours show +1σ , +2σ , and +3σ significance levels where the 1σ
flux corresponds to 17.4 µJy beam−1. The white cross indicates the position of
Himiko. The ellipse in the lower corner denotes the beam size.

Figure 2 shows the ALMA [C ii] velocity channel maps for
Himiko. We searched for a signal of [C ii] over 600 km−1 around
the frequency corresponding to zLyα = 6.595. In Figure 2, there
are noise peaks barely reaching the 3σ level in 0 km s−1 and
−200 km s−1 that are slightly north and south of Himiko’s
optical center position, respectively. However, neither of these
sources is a reliable counterpart of Himiko. Although the
ALMA data reach a 1σ noise of 83.3 µJy beam−1, no [C ii]
line is detected. The corresponding 3σ upper limit for [C ii] is
250.0 µJy in a channel width of 200 km s−1. The associated
luminosity limit is <5.4 × 107 L⊙.

2.2. HST

The primary goal of the associated HST observations of
Himiko is related to the morphological nature of this remark-
able source. We carried out deep HST/WFC3-IR broad-band

(J125 and H160)12 and medium-band (F098M) observations for
Himiko. The two broad-band filters J125 and H160 measure the
rest-frame UV continuum fluxes and are free from contamina-
tion from Lyα emission, thus maximizing the amount of in-
formation on the stellar content for SED fitting (Section 3.3).
The intermediate-band filter of F098M fortuitously includes
the spectroscopically confirmed Lyα line of Himiko at 9233 Å
(Ouchi et al. 2009b) with a system throughput of 40%, which
is close to the peak throughput of this filter (∼45%). Thus,
the F098M image is ideal for mapping the distribution of Lyα
emitting gas.

Our observations were conducted in 2010 September 9,
12, 15–16, 18, and 26 with an orientation of 275◦. Some
observations were partially lost because HST went into “safe
mode” on 2010 September 9, 22:30 during the execution of
one visit. The total integration times for usable imaging data
are 15670.5, 13245.5, 18064.6 s for F098M , J125, and H160,
respectively. The various WFC3 images were reduced with
the WFC3 and MULTIDRIZZLE packages on PyRAF. To
optimize our analyses, in the multidrizzle processing we chose
a final pixfrac = 0.5 and pixel scale of 0.′′05132. We degraded
images of F098M and J125 to match the point spread functions
(PSFs) of these images with that of H160, which has the largest
size among the HST images. We ensured that the final WFC3
images have a matched PSF size of 0.′′19 FWHM.

Figure 3 presents a color composite HST UV-continuum
image of Himiko as well as a large ionized Lyα cloud identified
by the Subaru observations (Ouchi et al. 2009b). This image
reveals that the system comprises three bright clumps of starlight
surrounded by a vast Lyα nebula !17 kpc across. We denote
the three clumps as A, B, and C. Figure 4 shows the HST,
Subaru, and Spitzer images separately. The F098M image in
Figure 4 detects only marginal extended Lyα emission, because
of the shallower surface brightness limit of the 2.4 m HST
compared to the 8 m Subaru telescope. Nevertheless, we have
found a possible bright extended component at position D in
Figure 4. We perform 0.′′4 diameter aperture photometry for
clumps A–C and location D as well as 2′′ diameter aperture
photometry, which we adopt as the total magnitude of the
system. Tables 2 and 3 summarize the photometric properties.
It should be noted that Himiko is not only identified as an
LAE, but also would be regarded as an LBG or “dropout”
galaxy. Using the optical photometry of Ouchi et al. (2009b;
see also Table 3), we find no blue continuum fluxes for filters B

12 J125 and H160 are referred to as F125W and F160W , respectively.
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Figure 2. As Figure 1, but for [C ii] velocity channel maps of Himiko whose 1σ intensity is 83.3 µJy beam−1. The six panels present maps of 200 km−1 width at
central velocities of −600, −400, −200, 0, +200, and +400 km s−1 from the top left to the bottom right. 0 km s−1 corresponds to [C ii] emission at the redshift
zLyα = 6.595, i.e., 250.24 GHz (1.198 mm).

Figure 3. Color composite image of Himiko. Blue and green represent
HST/WFC3 continua of J125 and H160, respectively. Red indicates Lyα emission
resolved with sub-arcsec-seeing Subaru observations. The Lyα emission image
comprises the Subaru NB921 narrowband data with a subtraction of the
continuum estimated from the seeing-matched HST/WFC3 data. The three
continuum clumps are labeled A, B, and C.

through i ′ up to the relevant detection limits of 28–29 mag.
The very red color of i ′ − z′ > 2.1 meets typical dropout
selection criteria (e.g., Bouwens et al. 2011). Because the z′-
band photometry includes the Lyα emission line and an Lyα-
continuum break, we can also estimate the continuum break
color using our HST photometry of J125 and H160 and the optical
i-band photometry. Assuming the continuum spectrum is flat

Figure 4. HST, Subaru, and Spitzer images of Himiko; north is up and east
is to the left. Each panel presents 5′′ × 5′′ images at F098M , J125, and H160
bands from HST/WFC3, 3.6 µm and 4.5 µm bands from Spitzer SEDS. The
Lyα image is a Subaru NB921 image continuum subtracted using J125 and
includes intensity contours. The Subaru image has a PSF size of 0.′′8. The solid
red circles indicate the positions of 0.′′4 diameter apertures for Clumps A, B,
C, and D photometry in the HST images (see Section 2.2 for details), while the
dashed red circles denote 2′′ diameter apertures used for the defining the total
magnitudes.

(fν = const.), we obtain a continuum break color i ′−J125 > 3.0
or i ′ −H160 > 3.0, further supporting Himiko’s classification as
an LBG. Importantly, these classifications also apply to clumps
A–C, ruling out the possibility that some could be foreground
sources.
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Figure 1. Rest-frame 158 µm FIR continuum image of IOK-1 at a resolution
of 1.′′1 × 0.′′75. Coordinates are in the J2000.0 system and contours are in
steps of 1σ = 18 µJy beam−1, starting at ±1σ . Positive and negative contours
are presented with solid and dashed lines, respectively. The synthesized beam
is shown in the bottom left. The position of IOK-1 measured in the optical
narrowband NB973 (Lyα line plus rest-frame UV continuum) image (Iye et al.
2006; Ota et al. 2008) is marked with the cross. No emission is detected.

1.26 mm continuum flux limit, we first describe the effects of
CMB on FIR continuum and how we actually apply them to our
observed continuum flux limit (see also González-López et al.
2014, for details).

CMB affects measurements of FIR continuum in two ways.
One is that CMB heats the dust of galaxies to higher temperature
as redshift gets higher. According to da Cunha et al. (2013), the
dust temperature at a redshift z is

Tdust(z) =
((

T z=0
dust

)4+β +
(
T z=0

CMB

)4+β[(1 + z)4+β − 1]
) 1

4+β . (1)

Here, T z=0
dust is the temperature of dust heated by and in thermal

equilibrium with the radiation field produced by stars in a
galaxy at z = 0, where the effects of CMB radiation are
negligible. Also, T z=0

CMB = 2.73 K and β are temperature of
CMB at z = 0 and dust emissivity index of a thermal spectrum.
This equation suggests that effect of CMB heating on dust
temperature becomes non-negligible at high redshifts (e.g., see
Figure 1 in da Cunha et al. 2013, for a case of T z=0

dust = 18 K
and β = 2.0). The ratio (hereafter referred to as Mν) between
the dust continuum flux densities at a rest-frame frequency ν
and a redshift z when including dust heating by CMB and not
including it is

Mν =
F ∗

ν/(1+z)

F int
ν/(1+z)

= Bν(Tdust(z))

Bν

(
T z=0

dust

) , (2)

where F int
ν/(1+z), F ∗

ν/(1+z), and Bν are the intrinsic dust continuum
flux density of a galaxy, the dust continuum flux density after
including the effect of CMB heating of dust, and the Planck
function. This Mν is a factor for correcting the effect of CMB
heating of dust (for example, see Figure 3 top panel of da Cunha
et al. 2013, for the case of T z=0

dust = 18 K and β = 2).
Meanwhile, another effect of CMB on dust continuum mea-

surements is that CMB itself becomes a background against
which FIR continuum flux should be measured. da Cunha et al.
(2013) have shown that the ratio (hereafter referred to as Cν)
between the flux at a frequency ν that can be measured against

CMB at a redshift z and the flux emitted by dust in a galaxy
at that frequency and redshift including heating of dust by
CMB is

Cν = 1 − Bν(TCMB(z))
Bν(Tdust(z))

, (3)

where TCMB(z) = T z=0
CMB(1 + z) is a temperature of CMB at a

redshift z. This is a factor for correcting the effect of CMB
as background (for example, see Figure 3 bottom panel of da
Cunha et al. 2013, for the case of T z=0

dust = 18 K and β = 2).
Finally, we can estimate the intrinsic FIR continuum flux

F int
ν/(1+z) emitted by a galaxy from the observed continuum flux

F obs
ν/(1+z) by using the equation

F obs
ν/(1+z) = Cν × Mν × F int

ν/(1+z)

=
[

Bν(Tdust(z)) − Bν(TCMB(z))

Bν

(
T z=0

dust

)

]

F int
ν/(1+z) (4)

and Equation (1) by assuming T z=0
dust and β.

3.1.2. Spectral Energy Distribution

Since we have obtained the 3σ upper limit on the observed
1.26 mm continuum flux of IOK-1, F obs

ν/(1+z) < 63 µJy, we can
infer what type of galaxy this object is from its SED at rest-frame
UV to FIR (observer frame optical to millimeter) including our
ALMA flux limit. In Figure 2, we compare the SED of IOK-1
with template SEDs of several different types of local galaxies.
We reproduce the SED of IOK-1 using the fluxes measured in the
optical to FIR images taken with the Subaru Telescope Suprime-
Cam BV Ri ′z′y bands (Ota et al. 2008, 2010b; Jiang et al. 2013);
Hubble Space Telescope (HST) Wide Field Camera 3 (WFC3)
F110W, F125W, and F160W bands (Cai et al. 2011; Jiang et al.
2013); Spitzer Space Telescope Infrared Array Camera (IRAC)
3.6, 4.5, 5.8, and 8.0 µm bands (Ota et al. 2010b); Herschel
Space Telescope Spectral and Photometric Imaging Receiver
(SPIRE) 250, 350, and 500 µm bands (the images of IOK-1 are
cut out from the completed Herschel-ATLAS North Galactic
Plane (NGP) project images; Eales et al. 2010; Pascale et al.
2011; R. J. Ivison et al. 2013, private communication); and
our ALMA 3σ upper limit on 1.26 mm dust continuum. These
images are shown in Figure 3. IOK-1 is not detected in any of the
SPIRE bands where the beam-convolved map 1σ point source
sensitivities (including both instrumental and confusion noises)
are 4.6, 5.3, and 6.0 mJy for 250, 350, and 500 µm bands,
respectively. Note that for comparison, in Figure 2, we also
plot 3σ upper limits on 1.26 mm continuum from the previous
IRAM/Plateau de Bure Interferometer (PdBI) and Combined
Array for Research in Millimeter-wave Astronomy (CARMA)
observations of IOK-1 conducted by Walter et al. (2012b) and
González-López et al. (2014), which are shown by the lower
and upper open triangles, respectively. Our ALMA upper limit
is about one order of magnitude deeper than these previous
limits.

We compare the UV–FIR fluxes/flux limits of IOK-1 with the
local galaxy templates of Arp 220, M82, M51, and NGC 6946
(the left panel in Figure 2) taken from Silva et al. (1998) and
other local spiral/barred, dwarf, and irregular galaxies (Mrk 33,
NGC 0925, IC 2574, Holmberg II, and DDO 165 in the left panel
and all the galaxies in the right panel in Figure 2) from Dale et al.
(2007). We shift these galaxy SEDs to the redshift of IOK-1,
z = 6.96, normalize them to the rest-frame UV continuum flux
density redward of Lyα (the HST/F125W band flux) and plot
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Figure 6. Spectrum at the position of IOK-1 at a spatial resolution of 1.′′1×0.′′75
and a spectral resolution of 40 km s−1. There is a 3σ weak signal at ∼238.8 GHz,
and this corresponds to z = 6.9587 if this was the [C ii] line. It would be
slightly lower than the redshift measured from the Lyα emission peak of IOK-1:
zLyα = 6.96 (Iye et al. 2006); zLyα = 6.965 (Ono et al. 2012). This would
be consistent with the idea that the zLyα could be overestimated due to the
absorption of the blue side of Lyα emission by the intergalactic medium.
However, the 3σ signal is marginal and not strong enough to definitively
conclude that it is indeed the [C ii] line. Hence, we treat it as non-detection
in this paper. There is a similar feature at 239.05 GHz. However, this portion of
the spectrum has higher noise than the one at <239.0 GHz due to atmospheric
absorption.

expected position of IOK-1 with a peak at ∼238.805 GHz (the
peak flux density is ∼670 µJy) and an FWHM of ∼0.05 GHz or
∼63 km s−1 (there are also similar 3σ features at 239.05 GHz
and 238.02 GHz and we will mention these below). If the signal
at ∼238.805 GHz was indeed the [C ii] line, the redshift based
on its peak is z[C ii] = 6.9585. It is slightly lower than the
redshift measured from Lyα emission peak, zLyα = 6.96 (Iye
et al. 2006, using Subaru Telescope FOCAS spectrograph) and
zLyα = 6.965 (Ono et al. 2012, using Keck Telescope DEIMOS
spectrograph with a slightly better spectral resolution), by
∼57–245 km s−1. This is consistent with the idea that zLyα

could be overestimated due to the absorption of blue side
of Lyα emission by the intergalactic medium. Also, previous
spectroscopic studies of LAEs and LBGs at z ∼ 2–3 have shown
that their Lyα emission peaks are usually shifted redward of the
redshifts accurately measured from other lines and absorptions
(e.g., Pettini et al. 2001; Shapley et al. 2003; Steidel et al. 2010;
McLinden et al. 2011; Shibuya et al. 2014). IOK-1 is not only
an LAE detected in a narrowband (Iye et al. 2006; Ota et al.
2008) but also an LBG detected as a z′-band dropout (Ouchi
et al. 2009a; Ono et al. 2012). Thus, if the 3σ feature is indeed
the [C ii] line, it is also consistent with the trend that redshifts of
LAEs and LBGs measured from Lyα tend to be higher than their
systemic redshifts. However, the 3σ significance of this signal
is marginal and is not strong enough to definitively conclude
that the detected feature is indeed the [C ii] line. Hence, in
this paper, we consider it a non-detection and leave the firm
conclusion about detection/non-detection to our forthcoming
(scheduled) observations of IOK-1 with ALMA. Note that there

are also similar 3σ features at 239.05 GHz and 238.02 GHz.
However, as for the one at 239.05 GHz, this portion of the
spectrum is noisier than the one at frequencies <239.0 GHz
due to atmospheric absorption. The feature at 238.02 GHz is
unlikely to be [C ii] line because if it were [C ii], the redshift
derived from it would be higher than the redshift estimated from
Lyα emission.

As we mentioned earlier, IOK-1 has a size of ∼1.′′6 × 1.′′0
in Lyα, larger than the beamsize of the [C ii] map 1.′′1 × 0.′′75.
Hence, we also made the [C ii] map convolved to a 1.′′5 × 1.′′2
resolution (through tapering with a 100 kλ taper) comparable to
the Lyα size to see if we detect any extended source. However,
we did not detect IOK-1 in this map, either. As the rms of this
map is σcont = 240 µJy beam−1, the 3σ upper limit on [C ii]
line flux density of IOK-1 is 720 µJy beam−1 over a channel
width of 40 km s−1 (same as the highest spectral resolution at our
observing frequency of 238.76 GHz in the TDM mode we used).
This converts to a line luminosity of L[C ii] < 3.4 × 107 L⊙. We
assumed a line width of ∆v = 40 km s−1. González-López et al.
(2014) simulated the [C ii] line of IOK-1 by using the same
procedure as the one of Vallini et al. (2013) who combined
high-resolution, radiative transfer cosmological simulations of
z ∼ 6 galaxies with a sub-grid multi-phase model of their
interstellar medium and derived the expected intensity of several
FIR emission lines including [C ii] for different values of the
gas metallicity. Conservatively assuming solar metallicity, their
simulation suggests that most of the [C ii] emission of IOK-1
comes from a cold neutral medium and that FWHM of its
main peak is ∼50 km s−1. In this context, our assumption
of ∆v = 40 km s−1 for calculating the [C ii] line luminosity
upper limit is reasonable. In this section, based on this limit,
we explore the properties of IOK-1 related to the [C ii] line.
Note that the effects of CMB on [C ii] line observations of high-
redshift galaxies were discussed and found to be negligible by
González-López et al. (2014). Hence, we do not consider the
effects of CMB on [C ii] line in the following.

3.2.1. [C ii] Line and SFRs of High-redshift LAEs

The [C ii] line has been considered a tracer of SFR as it is
produced by the UV field in star-forming regions. Figure 7 shows
the [C ii] luminosity as a function of SFR for several different
types of objects. Objects with higher SFRs have higher [C ii]
luminosities and different types of objects reside in different
locations in the SFR–L[C ii] plane in such a way that local
late-type and star-forming galaxies are located at the low to
intermediate SFR and L[C ii] regime, low-redshift LIRGs at the
intermediate to high SFR and L[C ii] region, and quasar host
galaxies and SMGs at the very high SFR and L[C ii] domain. For
the local late-type and star-forming galaxies, clear correlations
have been observed to hold between SFR and L[C ii] (Boselli
et al. 2002; De Looze et al. 2011). In Figure 7, we compare these
calibrated relations for local galaxies and locations of all types
of objects in the SFR–L[C ii] plane with total SFRs and [C ii]
luminosities of IOK-1 as well as other LAEs at z ∼ 4.7–6.6
previously observed to see whether they are similar or different
systems in gas enrichment or in metallicity as [C ii] luminosity
would be proportional to metallicity (e.g., Vallini et al. 2013).

In Section 3.1.3, we have estimated an upper limit on the
total SFR of IOK-1 to be SFRtotal < 33.8 M⊙ yr−1 by adding
the SFR estimated from its UV continuum (SFRUV) and the
upper limit on the dust-obscured SFR estimated from 1.26 mm
continuum (SFRdust). If IOK-1 had no dust, the lowest possible
total SFR would be the one estimated from its UV continuum,
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in Figure 10, we plot the prediction of the fiducial model
with the dark gray curve. We find that the fiducial model
agrees well with the observed EW

0

H↵ � EW
0

Ly↵ relation.
The ratio of L[CII]/SFR negatively correlates with the

Ly↵ EW, as shown in Section 4.3. Vallini et al. (2015)
present the following formula describing their simulation
results:

log(L[CII]/SFR) = 7.0 + 0.2logSFR+ 0.021logZneb

+0.012logSFR logZneb � 0.74(logZneb)
2
, (25)

where L[CII], SFR, and Zneb are in units of L�,M� yr�1,
and Z�, respectively. By substituting Equation (20) to
this equation, we can obtain an L[CII]/SFR � EW

0,int
Ly↵

relation. Here we assume the typical SFR of our sam-
ple, SFR = 10 M� yr�1, but the choice of the SFR
does not have a significant impact on the discussion. We
plot this L[CII]/SFR�EW

0,int
Ly↵ relation (i.e., the fiducial

model) with the dark gray curve in Figure 19. The fidu-
cial model can nicely explains the L[CII]/SFR�EW

0,int
Ly↵

anti-correlation, indicating that the [Cii] deficit in high
Ly↵ EW galaxies may be due to the low metallicity.
There are two other possibilities for the L[CII]/SFR�

EW
0,int
Ly↵ anti-correlation. One is the density bounded

nebula in high-redshift galaxies. Recently there is grow-
ing evidence that high-redshift galaxies have high ion-
ization parameters with intense radiation (Nakajima &
Ouchi 2014). Such intense radiation ionizes Cii and Hi
in the Hi and photo-dissociation region, making the den-
sity bounded nebula, decreasing the [Cii] emissivity, and
increasing the transmission of Ly↵ (see also discussions
in Vallini et al. 2015). Thus if the ionizing parameter
positively correlates with the Ly↵ EW, we could ex-
plain the L[CII]/SFR � EW

0,int
Ly↵ anti-correlation by this

density bounded nebula scenario. The other is a very
high density of photo dissociation region (PDR). The
critical density of the [Cii] line is ⇠ 3000 cm�3. A
very high density PDR (> 3000 cm�3) enhances more
rapid collisional de-excitations for the forbidden [Cii]
line, and decreases the [Cii] emissivity. Although we
find that the Zneb � EW

0,int
Ly↵ relation can explain the

L[CII]/SFR�EW
0,int
Ly↵ anti-correlation, these two scenar-

ios are still possible.
Nevertheless, we find that the predictions from the

fiducial model with the Zneb � EW
0,int
Ly↵ anti-correlation

agree well with our observational results of the H↵ EW
and L[CII]/SFR. These good agreements suggest a pic-
ture that galaxies with high (low) Ly↵ EWs have the high
(low) Ly↵ escape fractions, and are metal-poor (metal-
rich) with the high (low) ionizing photon production ef-
ficiencies and the weak (strong) [Cii] emission (Figure
20).

5.2. Predicted Ciii]��1907,1909 EWs of LAEs

The Ciii]��1907,1909 lines are believed to be the sec-
ond most-frequent emission lines in the UV rest-frame
spectra of SFGs after Ly↵. Recent observations with
the VIMOS Ultra-Deep Survey (VUDS) and the MUSE
Hubble Ultra Deep Field Survey allow us to investigate
statistical properties of the Ciii] emission at 1 < z < 4

Figure 19. Same as the left panel in Figure 18 but with the
prediction from the fiducial model. The dark gray curve and the
shaded region represent the prediction from the fiducial model and
its 1� uncertainty, respectively, with the L[CII]/SFR � Zneb rela-
tion from Vallini et al. (2015, Equation (25)). See Section 5.1 for
more details.

(Nakajima et al. 2017; Le Fèvre et al. 2017; Maseda et al.
2017). These studies reveal that the Ciii] EW (EW

0

CIII]
)

positively correlates with Ly↵ EW (Stark et al. 2014;
Le Fèvre et al. 2017). Here we investigate whether the
fiducial model can reproduce the observed correlation be-
tween EW

0

CIII]
and EW

0

Ly↵. Since the Ciii] EW depends
on the metallicity, ionization parameter, and stellar age,
we can predict the Ciii] EW with Equations (20)-(22)
using BEAGLE.
Figure 21 shows predicted Ciii] EWs with observa-

tional results. Although the uncertainty is large due
to the poor constrains on the ionization parameter and
stellar age, the prediction reproduces the positive corre-
lation at 10 Å < EW

0

Ly↵ < 100 Å. Thus LAEs with

EW
0

Ly↵ ⇠ 100 Å would be strong Ciii] emitters. Beyond

EW
0

Ly↵ ⇠ 100 Å, the Ciii] EW decreases due to low
carbon abundance, suggested by Nakajima et al. (2017).

5.3. Implication for Cosmic Reionization

In Section 4.1.2, we find that the Ly↵ escape fraction
given the Ly↵ EW, fLy↵(EW

0

Ly↵), does not change sig-
nificantly with redshift from z = 0 to 4.9. Thus the ratio
of the EW to the escape fraction, EW

0

Ly↵/fLy↵(EW
0

Ly↵),
also does not change with redshift. Since the Ly↵
EW and the Ly↵ escape fraction are proportional to
the ratio of the Ly↵ luminosity to the UV luminosity
(EWLy↵ / LLy↵/LUV), and of the Ly↵ luminosity to
the H↵ luminosity (fLy↵ / LLy↵/LH↵), the ratio of the
EW to the escape fraction is proportional to the ionizing
photon production e�ciency, as follows:

EW
0

Ly↵

fLy↵(EW
0

Ly↵)
/ LLy↵/LUV

LLy↵/LH↵
/ LH↵

LUV

/ ⇠ion. (26)
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Figure 20. Schematic figure summarizing our findings. We find that galaxies with high (low) Ly↵ EWs have the high (low) Ly↵ escape
fractions, and are metal-poor (metal-rich) with the high (low) ionizing photon production e�ciencies and the weak (strong) [Cii] emission.

Figure 21. Predicted Ciii]��1907,1909 EW as a function of Ly↵
EW. The dark gray curve and the shaded region represent the
prediction from the fiducial model and its 1� uncertainty, respec-
tively. The other symbols show results from observations. The
red circle and blue diamond are the stacked results from Le Fèvre
et al. (2017) and Shapley et al. (2003), respectively. Data points
of individual galaxies are represented with the green and purple
squares (Stark et al. 2014; Rigby et al. 2015).

Thus the redshift-independent fLy↵ � EW
0

Ly↵ relation
indicates that the ionizing photon production e�ciency
depends on the Ly↵ EW, but not on the redshift. If this
is redshift-independent even at z > 5, galaxies in the
reionization epoch have ⇠ion values comparable to those
of LAEs at lower redshift with similar Ly↵ EWs. Thus
this redshift-independent fLy↵ � EW

0

Ly↵ relation justi-

fies studies of low-redshift analogs to understand physi-
cal properties of the ionizing sources at the epoch of the
cosmic reionization.
We discuss the contributions of star-forming galaxies

to the cosmic reionization based on the results of the
z = 4.9 LAEs. If we assume that the faint star-forming
galaxies at the reionization epoch have similar proper-
ties to the EW

0

Ly↵ > 20 Å LAEs at z = 4.9, the ioniz-
ing photon production e�ciency is log⇠ion/[Hz erg�1] '
25.53+0.06

�0.06 and the ionizing photon escape fraction is
f
ion

esc
⇠ 0.10. Based on recent UV LFs measurements,

the ionizing photon budget is explained only by star-
forming galaxies if logf ion

esc
⇠ion/[Hz erg�1] = 24.52+0.14

�0.07

(Ishigaki et al. 2017). Our z = 4.9 LAE results suggest
logf ion

esc
⇠ion/[Hz erg�1] = 24.53, indicating that the pho-

ton budget can be explained only by the star-forming
galaxies, with minor contribution from faint AGNs (see
also; Onoue et al. 2017).

6. SUMMARY

We have investigated ISM properties from 1,098 LAEs
at z = 4.9, 5.7, 6.6 and 7.0, using wide and deep
mid-infrared images obtained in SPLASH and stellar-
synthesis and photoionization models. The deep Spitzer

data constrain the strengths of the rest-frame optical
emission lines which are not accessible from the ground
telescopes at z > 4. In addition, we study the connec-
tion between the Ly↵ emission and [Cii]158µm emission
using ALMA and PdBI [Cii] observations targeting 29
galaxies at z = 5.148�7.508 in the literature. Our major
findings are summarized below.

1. The H↵ EW increases with increasing Ly↵ EW at
z = 4.9. The H↵ EW of the 0 Å < EW

0

Ly↵ < 20 Å

1. more metal poor 
2. higher ionizing photon 

production efficiency

[CII] deficit

Galaxies in the very early stage are likely to have a weak [CII] line 
[CII] line may not be a good probe of z=7-9 galaxies?



[OIII]88um line

Millimeter/submillimeter Array (ALMA) have
revealed the [C II] line emission from young
star-forming galaxies emitting a strong hydrogen
Lya line, so-called Lya emitters (LAEs), at red-
shift z ~ 5 to 6 (3, 4). However, ALMA obser-
vations have also shown that LAEs at z > 6 have
at least an order of magnitude lower luminosity
of the [C II] line than that expected from their
star formation rate (SFR) (4–7), suggesting un-
usual ISM conditions in these high-z LAEs (8).
Herschel observations of nearby dwarf gal-

axies, on the other hand, have revealed that a
forbidden oxygen line, [O III] 88 mm, is much
stronger than the [C II] line in these chemically
unevolved galaxies (9–11). The Infrared Space
Observatory and the Japanese infrared astrono-
mical satellite AKARI have detected the [O III] line
from the LargeMagellanic Cloud and frommany

nearby galaxies (12, 13). However, the [O III] line
has rarely been discussed in a high-z context,
because of the lack of instruments suitable to
observe the redshifted line. Only a few detections
from gravitationally lensed dusty starburst gal-
axies with active galactic nuclei at z ~ 3 to 4 have
been reported (14, 15) prior to ALMA. On the
other hand, simulations predict that ALMA will
be able to detect the [O III] line from star-forming
galaxies with reasonable integration time even at
z > 8 (16).
To examine the [O III] 88-mm line in high-z

LAEs, we performed ALMA observations of an
LAE at z = 7.2, SXDF-NB1006-2, discovered with
the Subaru Telescope (17). We have also obtained
ALMAdata of the [C II] 158-mmline of this galaxy.
[The observations and the data reduction are
described in (18).] The [O III] line is detected with
a significance of 5.3s (Fig. 1A), and the obtained
line flux is 6.2 × 10–21 W m–2; the corresponding
luminosity is 3.8× 1035W (Table 1). The [C II] line
is not detected at the position of the [O III] em-
ission line, andwe take the 3s upper limit for the
[C II] line flux as <5.3 × 10–22Wm–2. However, we
note a marginal signal (3.5s) that displays a spa-
tial offset (≈ 0.4′′ ≈ 2 kpc in the proper distance)
from the [O III] emission (fig. S4). The continuum
is not detected in either of the ALMA bands,
resulting in a 3s upper limit of the total IR lum-
inosity of <2.9 × 1037 W when assuming a dust
temperature of 40K and an emissivity index of 1.5.
The spatial distribution of the ALMA [O III]

emission overlaps with that of the Subaru Lya
emission (Fig. 1A), as expected because both
emission lines are produced in the same ionized
gas. On the other hand, the Lya emission is well
resolved (the image resolution is 0.4′′) and spa-
tially more extended than the [O III] line. This is

because Lya photons suffer from resonant scat-
tering by neutral hydrogen atoms in the gas
surrounding the galaxy. The systemic redshift of
the galaxy is estimated at z = 7.2120 ± 0.0003
from the [O III] emission line at an observed
wavelength of 725.603 mm. The Lya line is lo-
cated at DvLya = +1.1 (±0.3) × 102 km s–1 relative
to the systemic redshift (Fig. 1C and fig. S6). This
velocity offset, caused by scattering of neutral
hydrogen, is relatively small by comparison to
those observed in galaxies at z ~ 2 to 3 (DvLya ~
300 km s–1), given the ultraviolet (UV) absolute
magnitude of this galaxy (MUV = −21.53 magAB)
(19–21). Theobserved smallDvLya of SXDF-NB1006-
2 may indicate an H I column density of NH I <
1020 cm–2 (21, 22). SXDF-NB1006-2 is in the
reionization era where only the intergalactic
medium (IGM) with a high hydrogen neutral
fraction may cause an observation of DvLya ≈
+100 km s–1 (23), implying an even smaller H I

column density in the ISM of this galaxy.
We performed spectral energy distribution

(SED) modeling to derive physical quantities such
as the SFR of SXDF-NB1006-2 (Table 1). In addi-
tion to broadband photometric data from the
United Kingdom Infra-Red Telescope (UKIRT)
J, H, and K bands, Spitzer 3.6-mm and 4.5-mm
bands, and Subaru narrowband photometry
NB1006 (table S3), we have also used the [O III]
line flux and the IR luminosity as constraints
(Fig. 2) (18). The extremely blue rest-frame UV
color of this galaxy [slope b < −2.6 (3s) estimated
from J −H, where the flux density Fl∝ lb] gives
an age of ~1 million years for the ongoing star
formation episode. The nondetection of the dust
IR emission suggests little dust and hence neg-
ligible attenuation. The observed strong [O III]
line flux favors an oxygen abundance of 5% to
100% that of the Sun, but rejects 2% and 200% of
the solar abundance at >95% confidence. The
obtained oxygen abundance is similar to those
estimated in galaxies at z ~ 6 to 7, for which UV
C III] and C IV emission lines were detected (24, 25).
Because ~1million years is insufficient to produce
the inferred oxygen abundance, the galaxy must
have had previous star formation episodes. There-
fore, the derived stellarmass of ~300million solar
masses is regarded as a lower limit. We obtain a
~50% escape fraction of hydrogen-ionizing pho-
tons to the IGM in the best-fit model. Such a high
escape fraction, although still uncertain, may
imply a low H I column density of ~1017 cm–2

(26) or porous structure in the ISM of the galaxy.
The [O III]/far-UV luminosity ratio of SXDF-

NB1006-2 is similar to those of nearby dwarf
galaxies with an oxygen abundance of 10% to
60% that of the Sun (Fig. 3A), which suggests
that the oxygen abundance estimated from the
SED modeling is reasonable and chemical en-
richment in this young galaxy has already pro-
ceeded. On the other hand, the dust IR continuum
and the [C II] line of SXDF-NB1006-2 are veryweak
relative to those of the nearby dwarf galaxies
(Fig. 3, B and C). The galaxies at z ~ 3 to 4, from
which the [O III] line was detected previously, are
IR luminous dusty ones (14, 15). Their [O III]/IR
and [O III]/[C II] luminosity ratios are similar to
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Fig. 1. [O III] 88-mm and Lya emission images and spectra of SXDF-NB1006-2. (A) The ALMA [O III]
88-mm image (contours) overlaid on the Subaru narrow-band Lya image (offsets from the position listed in
Table 1). Contours are drawn at (−2, 2, 3, 4, 5) × s, where s = 0.0636 Jy beam–1 km s–1. Negative contours
are shown by the dotted line. The ellipse at lower left represents the synthesized beam size of ALMA.
(B) The ALMA [O III] 88-mm spectrum with resolution of 20 km s–1 at the intensity peak position shown
against the relative velocity with respect to the redshift z = 7.2120 (blue dashed line).The best-fit Gaussian
profile for the [O III] line is overlaid.The RMS noise level is shown by the dotted line. (C) The Lya spectrum
(17) shown as a function of the relative velocity compared to the [O III] 88-mm line. The flux density is
normalized by a unit of 10–18 erg s–1 cm–2 Å–1.The sky level on an arbitrary scale is shown by the dotted line.
The velocity intervals where Earth’s atmospheric lines severely contaminate the spectrum are flagged
(hatched boxes).The Lya line shows a velocity shift Dv ≈+110 kms–1 relative to the [O III] line (red dashed line).
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Table 4. Summary of the far-Infrared properties at the location of the
optical gaalxy, [C ii] and [O iii] clumps.

Optical clump [C ii] clump [O iii] clump
S230 GHz [µJy] <21 <21 <21
S[Cii] [mJy km s�1] <19 39± 6 <19
L[Cii] [107

L�] < 2 4.9± 0.6 <2
S [Oiii] [mJy km s�1] <30 <30 85± 12
L[Oiii] [108

L�] <5.5 <5.5 1.8± 0.2

Fig. 4. The HST Y-band image of the BDF-3299 field is shown in the
background in grey scale. The blue contours show the [O iii] map of
clump-I. The red contours show the [C ii] emission. In both maps the
contours are at levels of 2, 3, and 4�. Since the emission is resolved in
both cases, the peak emission is not representative of the significance
of the emission when extracted from the entire emission region. The
inset shows in blue and red contours the continuum emission of the
bright serendipitous source at North-West in Band-6 and -8, respec-
tively, showing that the astrometry in Band-8 is consistent within the
error (0.100) with the astrometry in Band-6.

within a velocity range |v| < 500 km s�1 relative to the redshift
of the Ly↵ peak. We excluded the region within 200 from the
continuum serendipitous source, since the uncleaned continuum
map shows some low-level sidelobe residuals in this area. In the
defined velocity range, our blind line search algorithm scans the
ALMA datacube rebinning it in di↵erent velocity channels, from
30 km s�1 to 300 km s�1, in step of 15 km s�1. In each averaged
velocity channel plans we computed the rms and we searched for
positive (negative) peaks exceeding a S/N = 4(�4). Top panel of
Fig. 5 shows the distribution of positive (red) and negative (blue)
detections as a function of S/N of the “peak” in each map. At
S/N & 5, there are six potential positive detections and only one
negative. Since the positive ones could be spurious because of
noise fluctuations, we compare this distribution to that expected
in blank fields. We simulated 100 blank datacubes similar to the
real data and we applied on them the same source extraction al-
gorithm used in the ALMA observations. In the simulated data,
the distribution of positive peaks is similar to that of negative
ones and we expect to have only one negative and positive detec-
tions per datacube at S/N ⇠ 5. This simulated noise distribution
is shown with the dotted histogram in the top panel of Fig. 5.

Fig. 5. Top: number of positive (red) and negative (blue) detections as
a function of S/N, which is defined as the ratio of the peak emission to
the noise in the flux map. The dotted black line shows the distribution of
positive (or negative) detections obtained from 100 pure noise datacubes
and normalised to one datacube. Bottom: number of positive (red) and
negative (blue) detections as a function of “spectral” significance, i.e.
relative to the noise in the same spectrum, which is defined as the ratio
of the flux line to the relative error.

We note that recent similar blind search works claim a relia-
bility level of 50% at S/N = 5 (Walter et al. 2016; Aravena et al.
2016), so half of our detections at S/N � 5 could be spurious.
For that reason, we performed a further analysis. For each puta-
tive detections (positive and negative) we extracted the relative
spectrum and we estimated the flux line and relative error in the
extracted spectrum. We note that the negative line emitters have
a line flux with a level of confidence below 6� (bottom panel of
Fig. 5) and only three out of six positive detections with S/N & 5
in the previous analysis have level of confidence >6 as expected
from the reliability level. This support the reliability of the three
selected putative positive detections >6.5�.

6. Discussion

6.1. Spatial and spectral offsets

The o↵set between [C ii] and [O iii] emission, and also relative to
the optical counterpart, may appear anomalous. However, such
o↵sets (either spatial, in velocity, or both) are also seen in some
high-z SMG galaxies (Riechers et al. 2014; Decarli et al. 2014;
Pavesi et al. 2016). Recent ALMA observations have revealed
spatial and spectral o↵sets between FIR-lines, such as [C ii]
and [O iii], and optical emission (Willott et al. 2015; Capak et al.
2015; Inoue et al. 2016; Knudsen et al. 2016) also in normal
high-redshift galaxies (z > 5), with modest SFR (<100 M� yr�1).
Therefore, BDF-3299 may not be a rare case. These o↵sets have
been only marginally discussed (or completely ignored) in the
literature, but they are probably revealing important physical
properties of these high redshift systems.
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and H 700 = km s−1 Mpc−1), and all magnitudes are quoted in
the AB system (Oke & Gunn 1983).

2. Imaging Data

Here, we describe the ALMA data in which a high-z
candidate is detected at 0.84 mm and the public imaging data
used to constrain its spectral energy distribution (SED).

2.1. Deep ALMA Band 7 Observations

A deep ALMA Band 7 map (ID 2015.1.00594, PI: Laporte)
of the FF cluster Abell 2744 centered at 0.84 mm ( fc=356
GHz) was observed on 2016 July during 2.5 hr. The data were
reduced using the CASA pipeline (McMullin et al. 2007) with
a natural weighting and a pixel size of 0 04. Figure 1 reveals a
source with greater than 4.0s significance with a peak flux of
9.9±2.3×10−5 Jy/beam (uncorrected for magnification).
The uncertainty and significance level was computed from the
rms measured across a representative ≈2×2 arcmin field. The
signal is seen within two independent frequency ranges (center
panels in Figure 1) and the significance level is comparable to
that claimed for Watson et al’s z 7.5~ lensed system, although
its observed flux is six times fainter. Taking into account the
different magnification factors (see later), the intrinsic (lensing-
corrected) peak fluxes are similar at ≈5×10−5 Jy. Dividing
the exposure into two independent halves, the significances of
3.2 and 3.4 are consistent with that of the total exposure.

To identify the likely source, we examined the final version
of the reduced HST data of Abell 2744 (ACS and WFC3)
acquired between 2013 November and 2014 July as part of the
Frontier Fields program (ID: 13495, PI: Lotz), combining this
with archival data from previous campaigns (ID: 11689, PI:
Dupke; ID: 13386, PI: Rodney). Although there is some
structure in the ALMA detection, it lies close to the source
A2744_YD4 (F160W=26.3) at R.A.=00:14:24.9,
decl.=−30:22:56.1(2000) first identified by Zheng et al.
(2014). Correcting for an astrometric offset between HST
positions and astrometry measured by the Gaia telescope (Gaia
Collaboration et al. 2016), we deduce a small physical offset of

0.2� arcsec between the ALMA detection and the HST image.

2.2. Other Imaging Data

Deep Ks data are also available from a 29.3 hr HAWK-I
image taken between 2013 October and December (092.A-
0472, PI: Brammer), which reaches a 5σ depth of 26.0. Spitzer

IRAC data obtained in channels 1 ( 3.6cl ~ μm) and 2
( 4.5cl ~ μm) with 5σ depths of 25.5 and 25.0, respectively,
carried out under DDT program (ID: 90257, PI: T. Soifer). We
extracted the HST photometry on PSF-matched data using
SExtractor (Bertin & Arnouts 1996) v2.19.5 in double image
mode using the F160W map for the primary detection
(Figure 1). To derive the total flux, we applied an aperture
correction based on the F160W MAG_AUTO measure (see,
e.g., Bouwens et al. 2006). The noise level was determined
using several 0.2 arcsec radius apertures distributed around the
source. The total Ks magnitude of 26.45±0.33 was obtained
using a 0.6 arcsec diameter aperture applying the correction
estimated in Brammer et al. (2016). The uncertainty was
estimated following a similar procedure to that adopted for the
HST data. The Spitzer data were reduced as described in
Laporte et al. (2014) using corrected Basic Calibrated Data
(cBCD) and the standard reduction software MOPEX to
process, drizzle, and combine all data into a final mosaic. As
shown in Figure 2, four other galaxies are close to
A2744_YD4, but only the other source within the X-shooter
slit is comparably bright to A2744_YD4. We used GALFIT
(Peng & Ho 2002) to deblend the two sources and to measure
their IRAC fluxes. We fitted both IRAC ch1 and ch2 images
assuming fixed positions, those measured from the F160W
image. Our photometry of A2744_YD4 is consistent with that
published previously by the AstroDeep team (Zheng et al.
2014; Coe et al. 2015 and Merlin et al. 2016).

2.3. SED Fitting

We used several SED fitting codes to estimate the photometric
redshift of A2744_YD4 and hence its implied association with the
ALMA detection. In each case, we fit all the available photometric
data (HST-ACS, HST-WFC3, VLT HAWK-I, Spitzer).
First, we used an updated version of Hyperz (Bolzonella

et al. 2000) with a template library drawn from Bruzual & Charlot
(2003), Chary & Elbaz (2001), Coleman et al. (1980), and
Leitherer et al. (1999) including nebular emission lines as
described by Schaerer & de Barros (2009). We permitted a range
in redshift ( z0 10< < ) and extinction ( A0 3v< < ) and found
the best solution at zphot=8.42 0.32

0.09
-
+ ( 12c ~ ), with no acceptable

solution at lower redshift. Restricting the redshift range to 0 <
z 3< and increasing the extinction interval to ( A0 10v< < ),
we found a low-redshift solution at z z

phot
low- =2.17 0.08

0.03
-
+ but with a

significantly worse 92c ~ (Figure 3).

Figure 1. ALMA Band 7 continuum detection for A2744_YD4. (left)Map combining all frequency channels; (middle left and middle right) independent maps for two
equal frequency ranges. Contours are shown at 1, 2, 3, 4, and 5σ adopting a noise level from an area of 0.5×0.5 arcmin. (right) HST F160W image with combined
ALMA image contours overplotted.
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and H 700 = km s−1 Mpc−1), and all magnitudes are quoted in
the AB system (Oke & Gunn 1983).
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Here, we describe the ALMA data in which a high-z
candidate is detected at 0.84 mm and the public imaging data
used to constrain its spectral energy distribution (SED).

2.1. Deep ALMA Band 7 Observations

A deep ALMA Band 7 map (ID 2015.1.00594, PI: Laporte)
of the FF cluster Abell 2744 centered at 0.84 mm ( fc=356
GHz) was observed on 2016 July during 2.5 hr. The data were
reduced using the CASA pipeline (McMullin et al. 2007) with
a natural weighting and a pixel size of 0 04. Figure 1 reveals a
source with greater than 4.0s significance with a peak flux of
9.9±2.3×10−5 Jy/beam (uncorrected for magnification).
The uncertainty and significance level was computed from the
rms measured across a representative ≈2×2 arcmin field. The
signal is seen within two independent frequency ranges (center
panels in Figure 1) and the significance level is comparable to
that claimed for Watson et al’s z 7.5~ lensed system, although
its observed flux is six times fainter. Taking into account the
different magnification factors (see later), the intrinsic (lensing-
corrected) peak fluxes are similar at ≈5×10−5 Jy. Dividing
the exposure into two independent halves, the significances of
3.2 and 3.4 are consistent with that of the total exposure.

To identify the likely source, we examined the final version
of the reduced HST data of Abell 2744 (ACS and WFC3)
acquired between 2013 November and 2014 July as part of the
Frontier Fields program (ID: 13495, PI: Lotz), combining this
with archival data from previous campaigns (ID: 11689, PI:
Dupke; ID: 13386, PI: Rodney). Although there is some
structure in the ALMA detection, it lies close to the source
A2744_YD4 (F160W=26.3) at R.A.=00:14:24.9,
decl.=−30:22:56.1(2000) first identified by Zheng et al.
(2014). Correcting for an astrometric offset between HST
positions and astrometry measured by the Gaia telescope (Gaia
Collaboration et al. 2016), we deduce a small physical offset of

0.2� arcsec between the ALMA detection and the HST image.

2.2. Other Imaging Data

Deep Ks data are also available from a 29.3 hr HAWK-I
image taken between 2013 October and December (092.A-
0472, PI: Brammer), which reaches a 5σ depth of 26.0. Spitzer

IRAC data obtained in channels 1 ( 3.6cl ~ μm) and 2
( 4.5cl ~ μm) with 5σ depths of 25.5 and 25.0, respectively,
carried out under DDT program (ID: 90257, PI: T. Soifer). We
extracted the HST photometry on PSF-matched data using
SExtractor (Bertin & Arnouts 1996) v2.19.5 in double image
mode using the F160W map for the primary detection
(Figure 1). To derive the total flux, we applied an aperture
correction based on the F160W MAG_AUTO measure (see,
e.g., Bouwens et al. 2006). The noise level was determined
using several 0.2 arcsec radius apertures distributed around the
source. The total Ks magnitude of 26.45±0.33 was obtained
using a 0.6 arcsec diameter aperture applying the correction
estimated in Brammer et al. (2016). The uncertainty was
estimated following a similar procedure to that adopted for the
HST data. The Spitzer data were reduced as described in
Laporte et al. (2014) using corrected Basic Calibrated Data
(cBCD) and the standard reduction software MOPEX to
process, drizzle, and combine all data into a final mosaic. As
shown in Figure 2, four other galaxies are close to
A2744_YD4, but only the other source within the X-shooter
slit is comparably bright to A2744_YD4. We used GALFIT
(Peng & Ho 2002) to deblend the two sources and to measure
their IRAC fluxes. We fitted both IRAC ch1 and ch2 images
assuming fixed positions, those measured from the F160W
image. Our photometry of A2744_YD4 is consistent with that
published previously by the AstroDeep team (Zheng et al.
2014; Coe et al. 2015 and Merlin et al. 2016).

2.3. SED Fitting

We used several SED fitting codes to estimate the photometric
redshift of A2744_YD4 and hence its implied association with the
ALMA detection. In each case, we fit all the available photometric
data (HST-ACS, HST-WFC3, VLT HAWK-I, Spitzer).
First, we used an updated version of Hyperz (Bolzonella

et al. 2000) with a template library drawn from Bruzual & Charlot
(2003), Chary & Elbaz (2001), Coleman et al. (1980), and
Leitherer et al. (1999) including nebular emission lines as
described by Schaerer & de Barros (2009). We permitted a range
in redshift ( z0 10< < ) and extinction ( A0 3v< < ) and found
the best solution at zphot=8.42 0.32

0.09
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solution at lower redshift. Restricting the redshift range to 0 <
z 3< and increasing the extinction interval to ( A0 10v< < ),
we found a low-redshift solution at z z
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+ but with a

significantly worse 92c ~ (Figure 3).

Figure 1. ALMA Band 7 continuum detection for A2744_YD4. (left)Map combining all frequency channels; (middle left and middle right) independent maps for two
equal frequency ranges. Contours are shown at 1, 2, 3, 4, and 5σ adopting a noise level from an area of 0.5×0.5 arcmin. (right) HST F160W image with combined
ALMA image contours overplotted.
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astrometric position of A2744_YD4 at a frequency of
361.641 GHz. Dividing the exposure time in half, the line is
detected with independent significances of 2.8 and 3.2,
consistent with that of the total exposure. Assuming this line
is [O III] 88 μm, the redshift would be z=8.382 (see Figure 5),
leading to a Lyα velocity shift of ∼70 km s−1 in good
agreement with that observed in a z 7.2~ galaxy (Inoue
et al. 2016). Fitting the emission line with a Gaussian profile,
we derive a modest FWHM=49.8±4.2 km s−1 implying an
intrinsic width of 43� km s−1. The emission line luminosity is
estimated at 1.40±0.35×108 L: without correction for
magnification, which is ≈7 times fainter than that detected in
Inoue et al.’s z=7.2 source. The peak line flux of
A2744_YD4 is consistent with that computed from simulations
in Inoue et al. (2014, see their Figure 3). Compared to the
aforementioned lower-mass source at z 7.2= , the narrower
line width is perhaps surprising but may indicate its formation
outside the body of the galaxy as inferred from the offset and
recent simulations (Katz et al. 2016).

4. Physical Properties

One of the main objectives of this study is to utilize the
spectroscopic redshift as well as the ALMA band 7 detection to
estimate accurate physical properties for A27744_YD4, and
particularly to constrain the dust mass for an early star-forming
galaxy.

4.1. Magnification

Estimating the magnification is critical to determine the
intrinsic properties of any lensed source. Several teams have
provided mass models for each of the six clusters. Moreover, a
web tool11 enables us to estimate the magnification for

Abell2744_YD4 from parametric high-resolution models, i.e.,
version 3.1 of the CATS model (Richard et al. 2014), version 3
of Johnson et al. (2014), version 3 of Merten et al. (2011) and
version 3 of GLAFIC (Ishigaki et al. 2015). We took the
average value with error bars corresponding to the standard
deviation: μ=1.8±0.3.

4.2. The Star Formation Rate (SFR)
and Stellar and Dust Masses

The detection of dust emission in a z=8.38 galaxy provides
a unique opportunity to evaluate the production of dust,
presumably from early supernovae in the first few 100Myr
since reionization began. The key measures are the dust and
stellar masses and the likely average past SFR.

Figure 4. (left) Extracted 1D spectrum with OH night sky contamination indicated in orange. (right) 2D spectra separated into (top) the total exposure (7.5 hr on-
source), (center) first half of the total exposure, (bottom) latter half of the total exposure.

Figure 5. ALMA [O III]88 μm spectrum with a resolution of 25km s−1. The
best Gaussian profile is overplotted in red at the central frequency
corresponding to a redshift of z=8.382. The derived line width is
≈43 km s−1.

11 https://archive.stsci.edu/prepds/frontier/lensmodels/#magcalc
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estimated at 1.40±0.35×108 L: without correction for
magnification, which is ≈7 times fainter than that detected in
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A2744_YD4 is consistent with that computed from simulations
in Inoue et al. (2014, see their Figure 3). Compared to the
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estimate accurate physical properties for A27744_YD4, and
particularly to constrain the dust mass for an early star-forming
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Estimating the magnification is critical to determine the
intrinsic properties of any lensed source. Several teams have
provided mass models for each of the six clusters. Moreover, a
web tool11 enables us to estimate the magnification for

Abell2744_YD4 from parametric high-resolution models, i.e.,
version 3.1 of the CATS model (Richard et al. 2014), version 3
of Johnson et al. (2014), version 3 of Merten et al. (2011) and
version 3 of GLAFIC (Ishigaki et al. 2015). We took the
average value with error bars corresponding to the standard
deviation: μ=1.8±0.3.

4.2. The Star Formation Rate (SFR)
and Stellar and Dust Masses

The detection of dust emission in a z=8.38 galaxy provides
a unique opportunity to evaluate the production of dust,
presumably from early supernovae in the first few 100Myr
since reionization began. The key measures are the dust and
stellar masses and the likely average past SFR.

Figure 4. (left) Extracted 1D spectrum with OH night sky contamination indicated in orange. (right) 2D spectra separated into (top) the total exposure (7.5 hr on-
source), (center) first half of the total exposure, (bottom) latter half of the total exposure.

Figure 5. ALMA [O III]88 μm spectrum with a resolution of 25km s−1. The
best Gaussian profile is overplotted in red at the central frequency
corresponding to a redshift of z=8.382. The derived line width is
≈43 km s−1.

11 https://archive.stsci.edu/prepds/frontier/lensmodels/#magcalc
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Hot topics in high-z galaxy science

✓ It is now possible to measure gas masses even for 
quiescent galaxies or low stellar mass galaxies at z~1 
through CO observations. 

✓ 0.1-0.3″ resolution observation revealed that the dust 
continuum emission is very compact for dusty star-
forming galaxies at z=1-5. But higher resolution 
observations show more complex morphologies. 

✓ [OIII]88um line will open the way for z>8 metal-poor 
galaxies. [CII]158um line is still useful for studying 
more metal-rich galaxies at z~6.

redshift

z~1

z=1-5

z=6-9

If you want to make creative works, 
following these trends is not a good way.



Thank you for your attention


