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Galaxies in the Cosmic Reionization Era

Complete census of galaxy formation is a pre-requisite  
to understand cosmic reionization

So far, deep NIR observations (e.g., HST, Subaru) 
obtained a large sample of galaxies at z>6 
based on galaxies’ rest-UV emission (i.e., Lyman break galaxies).

see also, e.g. Ginolfi+20, Schaerer+20, Miroslava-Dessauges+20, Loiacono+20 Inoue+16, Fujimoto+19/20, Harikane+20, Laporte+17/21, Smit+18, Knudsen+17, Pavesi+16, Watson+15
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Large dust reservoirs in 
some galaxies

which the four spectral windows (SPWs) cover 7.5 GHz with
respect to the central frequencies with a channel spacing of
7.8125 MHz. The phase tracking center was set to the LBG
position, B E � � n a ´( ) ( ), 04 16 09. 4010, 24 05 35. 470J2000 J2000

h m s ,
which was determined by the HST observations (Infante et al.
2015; Laporte et al. 2015). The on-source time was
436!minutes in total. Two quasars, J0348!2749 and J0453
!2807, were used for complex gain calibration. J0522!3627
was used for bandpass calibration. Flux was scaled using J0522
!3627 (for the tunings T2 and T3, S850 !m!;!3–4 Jy) and
J0334!4008 (for the tunings T1 and T4, S850 !m!;!0.3 Jy),
yielding an absolute accuracy better than 10%.

The calibration and !agging were made using a standard
pipeline running on CASA (McMullin et al. 2007) version 4.7.2,
while manual !agging was needed for some outlier antennas.
Four tuning data are combined to make the continuum image
using the CASA task, clean, with the natural weighting. Note
that spectral channels where the [O III] line is detected were not

used for continuum imaging. The resulting synthesized beam
size in FWHM is 0 26!!!0 21 (position angle PA!=!!82°).
Synthesized beam deconvolution is made down to 2".
Each tuning data set was also imaged to produce a cube with

a frequency resolution of 31.25MHz ("26 km s!1) to search
for the [O III] line. As the data sets were obtained in different
array con"gurations and some SPWs with long baselines may
resolve out the emission, we optimally taper the image with
a 0 35 Gaussian kernel to maximize the signal-to-noise ratio
(S/N) of the emission. The resulting beam size and rms noise
level measured at 364 GHz are 0 38!!!0 36 (PA!=!!79°)
and "!=!0.5 mJy!beam!1, respectively (Figures 1 and 3).

3.2. ALMA and Hubble Astrometry

The position of the LBG was originally determined by the
HFF HST images, which are aligned to the existing CLASH
catalogs (Postman et al. 2012); the CLASH astrometry was
based on Subaru’s Suprime-Cam catalogs which are registered

Table 1
The Parameters of ALMA Observations

UT Start Timea Baseline Lengths Center Frequency Integration Time PWV
(YYYY MM DD hh:mm:ss) (m) Nant

b (GHz) (minutes) (mm)

2016 Oct 25 05:11:40 19–1399 43 351.40 (T2) 32.76 0.62
2016 Oct 26 09:25:43 19–1184 46 351.40 (T2) 32.76 0.30
2016 Oct 28 09:15:52 19–1124 39 355.00 (T3) 38.30 0.35
2016 Oct 29 07:10:42 19–1124 41 347.80 (T1) 33.77 1.27
2016 Oct 30 07:36:05 19–1124 39 355.00 (T3) 38.30 0.93
2016 Oct 30 08:55:42 19–1124 40 347.80 (T1) 33.77 0.78
2016 Nov 2 04:23:49 19–1124 40 358.60 (T4) 30.23 0.64
2016 Nov 2 05:31:01 19–1124 40 358.60 (T4) 30.23 0.97
2016 Dec 17 05:37:41 15–460 44 347.80 (T1) 33.77 0.90
2016 Dec 18 05:21:55 15–492 47 347.80 (T1) 33.77 1.29
2017 Apr 28 21:51:39 15–460 39 355.00 (T3) 38.30 0.72
2017 Jul 3 12:28:53 21–2647 40 358.60 (T4) 30.23 0.24
2017 Jul 4 12:40:06 21–2647 40 358.60 (T4) 30.23 0.41

Notes.
a At integration start.
b The number of antenna elements.

Figure 1. (Left) The ALMA 850 !m continuum image of MACS0416_Y1 (contours) overlaid on the HST/WFC3 near-infrared pseudo-color image in the F160W
band. The contours are drawn at !2", 2", 3", ..., 7", where "!=!10.9 !Jy!beam!1. The negative contour is indicated by the dotted line. The synthesized beam size is
indicated in the bottom left corner. (Center) The ALMA [O III] 88 !m integrated intensity image (contours) overlaid on the HST/F160W image. The contours are
drawn in the same manner as those in the left panel, but "!=!55 mJy!beam!1 km s!1. (Right) The false-color HST/WFC3 images taken with F160W (red), F140W
(green), and F125W (blue) bands. The letters “E,” “C” and “W” denote the positions of the eastern, central, and western clumps seen in the rest-frame UV,
respectively. The physical scale of 1 kpc on the image plane is indicated by the bar in the bottom left corner.
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Bright ISM Lines  
([CII] & [OIII])
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Fig 1:  Probable [CII] detections in COS-3018555981 (top) and COS-2987030247 (bottom) at z[CII] 
= 6.8540 and z[CII] = 6.8075, respectively, obtained in our ALMA pilot program (Smit et al., in prep).  
The left panels show the narrow bands over the detected lines.  These represent the highest 
luminosity [CII] galaxies thus far discovered at z>6.1 and are therefore valuable pathfinders, 
constituting the first galaxies to be spectroscopically confirmed at z>6 via a line other than Lyα.

Fig. 1. Detections of [Cii] in COS-3018555981 (top) and COS-2987030247 (bottom) at z[CII] = 6.8540 and

z[CII] = 6.8075, respectively, with ALMA (Smit et al., in prep). The left panels show the narrowbands over the

detected lines. These are the first galaxies, selected by a Lyman-break technique, to be spectroscopically confirmed in

the Epoch of Reionization via any other line than Ly� and more generally some of the most distant successful ALMA

observations to date. Given their SFRUV of 19-22M� yr�1, these sources are representative of the general galaxy

population (LUV ⇠ 2 ⇥ L� at z ⇠ 7). Our proposed observations will detect or put constraints the [Oiii]�88µm line

flux of these galaxies, for unambiguous confirmation of the redshift of these sources, but moreover allowing for a better

understanding of the properties of galaxies at this very early epoch (without the bias of only studying Ly� emitters)

and improving our understanding of those sources that are prone to emit strong [Cii]�158µm emission.

were selected in the CANDELS-COSMOS field through HST+Spitzer constraints on the rest-frame
UV to optical photometry and have derived high [Oiii]+H� equivalent widths of 1100-1500 Å in the
rest-frame from the UV to optical spectral energy distribution (Smit et al., 2015). The presence of
strong [Oiii]+H� emission suggests a very hard radiation field and therefore a high [Oiii]/[Cii] ratio
(see Fig. 2), which allows for the execution of this program in a mere 3 hr integration including
overheads. With these observations we have the following scientific aims:

• Confirmation of ALMA as a ‘redshift machine’ for normal star-forming galaxies: This is
the first time [Cii] has been detected in a ‘normal’ (SFRUV ⇠19-22M� yr�1, SFRIR <16M� yr�1)
star-forming galaxy in the reionization epoch with no previous spectroscopic determination. While
the emission lines in COS-3018555981 and COS-2987030247 are confidently detected at 8 and 6 �
respectively, and the spectral energy distribution of these sources makes it highly unlikely that these
lines can be interpreted in any other way than being [Cii], the detection of [Oiii]�88µm would provide
unambiguous verification of the redshift of these sources. This could initiate a new use for ALMA as
the telescope of choice for following up the most distant sources.

• The role of [Oiii] in future ALMA follow-up: It has been suggested that the [Oiii]�88µm line
will be a more e�cient identifier for redshift determinations than [Cii] in the most distant sources.
We will measure the observational properties of [Oiii], such as the [Oiii]/SFR ratio and the relative
strengths of the [Oiii] and [Cii] fine structure lines and compare these to local scaling relations (de
Looze et al. 2014). With these measurements we will make predictions for future studies of similar
sources, in particular those sources at z > 8 where the [Oiii]�88µm line moves into ALMA Band 7,
how e�cient this line can be observed for a given galaxy star-formation rate.

• The L[CII]-SFR relation and the ionization field in the ISM: By measuring the [Oiii]�88µm
line flux and relating this to the ALMA [Cii] measurements, we will provide insight into the so-called
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Fig 2:  [CII] luminosities of galaxies vs. redshift.  
Upper limits are 3σ.  Significant effort has been 
devoted to [CII] searches at z>6 (Ouchi+2013; Ota
+2014; Maiolino+2015; Schaerer+2015; Knudsen
+2016; Bradac+2016; Pentericci+2016), but have 
yielded only lower luminosity [CII] lines or upper 
limits(!), particularly vs. the z~5.5 Capak+2015 (grey) 
results.  Strikingly, however, by spending ~1 hour of 
ALMA time targeting bright z~6.8 galaxies with precise 
photometric redshifts, we identified the 2 most 
luminous [CII] lines (red circles) discovered to date in 
z>6.1 galaxies.  These results strongly suggest that 
by focusing on the follow-up of only those galaxies 
with spectroscopic redshifts, we may miss bright 
[CII] lines that would be easily identified from 
spectral scans of the brightest z~7 galaxies.

Capak+15

New Results
(1 hour pilot)

Lyα
emitters

50+ 
hours

Fig 3:  The relationship between [CII]158μm line 
luminosity and star-formation rate described by 
the local de Looze et al. (2014) relation and 
including the two galaxies that we detected in 
the pilot program (red points).  Interestingly, 
these two galaxies lie on the local SFR-L[CII] 
relation, unlike many previous [CII] detections (or 
non-detections) of z > 6 galaxies that came 
purely from Lyα-confirmed sources, which are 
found to have > 2x fainter L[CII] at a given SFR.  
Here we propose to target similar sources, as in 
the pilot program.  If the sources have similar 
[CII] luminosities, we will detect all of them.

problem of the ‘[Cii] deficit’ (e.g. Knudsen et al., 2017). In recent years, e�orts to measure [Cii]
in bright Ly↵ emitters such as ‘Himiko’ (Ouchi et al., 2013) have been unsuccessful, suggesting a
potential negative correlation between Ly↵ equivalent with and [Cii] luminosity. The detection of [Cii]
in COS-3018555981 and COS-2987030247 consistent with local relations (de Looze et al. 2011,2014),
where no previous Ly↵ detections were known seems consistent with this hypothesis.

The physical interpretation of this negative correlation could be driven by a hard ionization field
in the interstellar medium (ISM) of Ly↵ emitting galaxies (e.g. the fraction of ionised gas is high
due an abundance of young massive stars) or else could be an indication of a low column density of
(neutral) gas in the galaxy (e.g. the gas is expelled due to supernova feedback). The high [Oiii]+H�
equivalent widths of 1100-1500 Å in combination with the bright [Cii] detections in COS-3018555981
and COS-2987030247 suggests the latter case might be the likely scenario. Our proposed observations
will provide further insight into the physical properties of these distant galaxies by measuring the
[Oiii]/[Cii] ratio as an indicator of the hardness of the radiation field present in the ISM and will
therefore address the origin of the [Cii]-deficit problem in the wider high-redshift galaxy population.

• Dust properties: We will measure the dust continuum of these galaxies at observed ⇠420 GHz
(equivalent to ⇠90µm in the rest-frame, which samples the peak of the dust SED). While a non-
detection at rest-frame ⇠160µm already puts constraints on the far-infrared luminosity (LFIR) and
ratio of obscured to unobscured star-formation, LFIR/LUV, the proposed observations will provide
excellent constraints on dust components with hot (⇠50K) dust temperatures. We will use the ratio
of UV luminosity to far-infrared luminosity to test if standard calibrations of dust attenuation for UV
bright galaxies (e.g. Meurer+1999, Calzetti+2000) are appropriate for these distant sources, or as
suggested by Capak et al. 2015, a SMC type dust law is needed to explain the low LFIR/LUV ratios.

Fig. 2. Left panel : The relationship between [Cii]�158µm line luminosity and star-formation rate described by the

local de Looze et al. (2014) relation and including the detections of the two galaxies that we propose to target (red

points). Interestingly, these two galaxies lie on the local SFR-L[CII] relation, unlike many previous [Cii] detections (or

non-detections) of z > 6 galaxies that came purely from Ly�-confirmed sources, which are found to have > 2⇥ fainter

L[CII] at a given SFR. The properties of the rest-frame UV lines, for example the Ly� equivalent width, will give insight

into the di�erence between [Cii]-bright and [Cii]-deficient galaxies. Right panel : The L[OIII]/L[CII] ratio as a function

of oxygen abundance for a Ly� emitter at z = 7.2 (blue star) from Inoue et al. (2016), as well as for z = 0 dwarf

and spiral galaxies (green circles and red inverted triangle). Our proposed observations will detect any line ratio above

L[OIII]/L[CII] > 2 and will therefore give insight into the variation of the high-redshift galaxy population.

Exposure time: We aim to measure the flux of the faint [Oiii]�88µm line in two galaxies with TBD!

In total, we therefore request 3.0 hrs.

References •Adelberger et al. 2004 ApJ 607 226 •Bacon et al. 2015 A&A 575 75 •Benson et al.

Could we be missing the most luminous 
[CII] galaxies at z>6 by focusing on only 

those galaxies with spec-z’s?
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which show Ly↵ in emission. Given that Ly↵-emitting systems are generally lower in mass, their
[CII] luminosities are less (and maybe [CII] is anti-correlated with Ly↵). Perhaps Ly↵-emitting
galaxies are not the best sources to target to find bright [CII] emission?

Target Sources with High Intrinsic Luminosities and Precise Photometric Redshifts:
Given the high output from our pilot program – it is clear that there are other variables which are
important for the identification of luminous [CII] line emission from z > 6 galaxies. Of the variables
to consider, clearly the most important of these variables is the intrinsic luminosity in [CII] (⇠2-10⇥
higher than most Ly↵-emitters targeted!) and having tight constraints on the photometric redshift.

Fig 1:  Probable [CII] detections in COS-3018555981 (top) and COS-2987030247 (bottom) at z[CII] 
= 6.8540 and z[CII] = 6.8075, respectively, we obtained with ALMA from our pilot program (Smit et 
al., in prep).  The left panels show the narrow bands over the detected lines.  These represent the 
highest luminosity [CII] galaxies thus far discovered at z>6.1 and represent the first galaxies to be 
spectroscopically confirmed in the Epoch of Reionization via any other line than Lyα.
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detected lines. These are the first galaxies, selected by a Lyman-break technique, to be spectroscopically confirmed in

the Epoch of Reionization via any other line than Ly� and more generally some of the most distant successful ALMA

observations to date. Given their SFRUV of 19-22M� yr�1, these sources are representative of the general galaxy

population (LUV ⇠ 2 ⇥ L� at z ⇠ 7). Our proposed observations will detect or put constraints the [Oiii]�88µm line

flux of these galaxies, for unambiguous confirmation of the redshift of these sources, but moreover allowing for a better

understanding of the properties of galaxies at this very early epoch (without the bias of only studying Ly� emitters)

and improving our understanding of those sources that are prone to emit strong [Cii]�158µm emission.

were selected in the CANDELS-COSMOS field through HST+Spitzer constraints on the rest-frame
UV to optical photometry and have derived high [Oiii]+H� equivalent widths of 1100-1500 Å in the
rest-frame from the UV to optical spectral energy distribution (Smit et al., 2015). The presence of
strong [Oiii]+H� emission suggests a very hard radiation field and therefore a high [Oiii]/[Cii] ratio
(see Fig. 2), which allows for the execution of this program in a mere 3 hr integration including
overheads. With these observations we have the following scientific aims:

• Confirmation of ALMA as a ‘redshift machine’ for normal star-forming galaxies: This is
the first time [Cii] has been detected in a ‘normal’ (SFRUV ⇠19-22M� yr�1, SFRIR <16M� yr�1)
star-forming galaxy in the reionization epoch with no previous spectroscopic determination. While
the emission lines in COS-3018555981 and COS-2987030247 are confidently detected at 8 and 6 �
respectively, and the spectral energy distribution of these sources makes it highly unlikely that these
lines can be interpreted in any other way than being [Cii], the detection of [Oiii]�88µm would provide
unambiguous verification of the redshift of these sources. This could initiate a new use for ALMA as
the telescope of choice for following up the most distant sources.

• The role of [Oiii] in future ALMA follow-up: It has been suggested that the [Oiii]�88µm line
will be a more e�cient identifier for redshift determinations than [Cii] in the most distant sources.
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strengths of the [Oiii] and [Cii] fine structure lines and compare these to local scaling relations (de
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sources, in particular those sources at z > 8 where the [Oiii]�88µm line moves into ALMA Band 7,
how e�cient this line can be observed for a given galaxy star-formation rate.
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respectively, and the spectral energy distribution of these sources makes it highly unlikely that these
lines can be interpreted in any other way than being [Cii], the detection of [Oiii]�88µm would provide
unambiguous verification of the redshift of these sources. This could initiate a new use for ALMA as
the telescope of choice for following up the most distant sources.

• The role of [Oiii] in future ALMA follow-up: It has been suggested that the [Oiii]�88µm line
will be a more e�cient identifier for redshift determinations than [Cii] in the most distant sources.
We will measure the observational properties of [Oiii], such as the [Oiii]/SFR ratio and the relative
strengths of the [Oiii] and [Cii] fine structure lines and compare these to local scaling relations (de
Looze et al. 2014). With these measurements we will make predictions for future studies of similar
sources, in particular those sources at z > 8 where the [Oiii]�88µm line moves into ALMA Band 7,
how e�cient this line can be observed for a given galaxy star-formation rate.

• The L[CII]-SFR relation and the ionization field in the ISM: By measuring the [Oiii]�88µm
line flux and relating this to the ALMA [Cii] measurements, we will provide insight into the so-called

Fig 2:  [CII] luminosities of galaxies vs. redshift.  
Upper limits are 3σ.  Significant effort has been 
devoted to [CII] searches at z>6 (Ouchi+2013; Ota
+2014; Maiolino+2015; Schaerer+2015; Knudsen
+2016; Bradac+2016; Pentericci+2016), but have 
yielded only lower luminosity [CII] lines or upper 
limits(!), particularly vs. the z~5.5 Capak+2015 (grey) 
results.  Strikingly, however, by spending ~1 hour of 
ALMA time targeting bright z~6.8 galaxies with precise 
photometric redshifts, we identified the 2 most 
luminous [CII] lines (red circles) discovered to date in 
z>6.1 galaxies.  These results strongly suggest that 
by focusing on the follow-up of only those galaxies 
with spectroscopic redshifts, we may miss bright 
[CII] lines that would be easily identified from 
spectral scans of the brightest z~7 galaxies.

Capak+15

New Results
(1 hour pilot)

Lyα
emitters

50+ 
hours

Fig 3:  The relationship between [CII]158μm line 
luminosity and star-formation rate described by 
the local de Looze et al. (2014) relation and 
including the two galaxies that we detected in 
the pilot program (red points).  Interestingly, 
these two galaxies lie on the local SFR-L[CII] 
relation, unlike many previous [CII] detections (or 
non-detections) of z > 6 galaxies that came 
purely from Lyα-confirmed sources, which are 
found to have > 2x fainter L[CII] at a given SFR.  
Here we propose to target similar sources, as in 
the pilot program.  If the sources have similar 
[CII] luminosities, we will detect all of them.

problem of the ‘[Cii] deficit’ (e.g. Knudsen et al., 2017). In recent years, e�orts to measure [Cii]
in bright Ly↵ emitters such as ‘Himiko’ (Ouchi et al., 2013) have been unsuccessful, suggesting a
potential negative correlation between Ly↵ equivalent with and [Cii] luminosity. The detection of [Cii]
in COS-3018555981 and COS-2987030247 consistent with local relations (de Looze et al. 2011,2014),
where no previous Ly↵ detections were known seems consistent with this hypothesis.

The physical interpretation of this negative correlation could be driven by a hard ionization field
in the interstellar medium (ISM) of Ly↵ emitting galaxies (e.g. the fraction of ionised gas is high
due an abundance of young massive stars) or else could be an indication of a low column density of
(neutral) gas in the galaxy (e.g. the gas is expelled due to supernova feedback). The high [Oiii]+H�
equivalent widths of 1100-1500 Å in combination with the bright [Cii] detections in COS-3018555981
and COS-2987030247 suggests the latter case might be the likely scenario. Our proposed observations
will provide further insight into the physical properties of these distant galaxies by measuring the
[Oiii]/[Cii] ratio as an indicator of the hardness of the radiation field present in the ISM and will
therefore address the origin of the [Cii]-deficit problem in the wider high-redshift galaxy population.

• Dust properties: We will measure the dust continuum of these galaxies at observed ⇠420 GHz
(equivalent to ⇠90µm in the rest-frame, which samples the peak of the dust SED). While a non-
detection at rest-frame ⇠160µm already puts constraints on the far-infrared luminosity (LFIR) and
ratio of obscured to unobscured star-formation, LFIR/LUV, the proposed observations will provide
excellent constraints on dust components with hot (⇠50K) dust temperatures. We will use the ratio
of UV luminosity to far-infrared luminosity to test if standard calibrations of dust attenuation for UV
bright galaxies (e.g. Meurer+1999, Calzetti+2000) are appropriate for these distant sources, or as
suggested by Capak et al. 2015, a SMC type dust law is needed to explain the low LFIR/LUV ratios.

Fig. 2. Left panel : The relationship between [Cii]�158µm line luminosity and star-formation rate described by the

local de Looze et al. (2014) relation and including the detections of the two galaxies that we propose to target (red

points). Interestingly, these two galaxies lie on the local SFR-L[CII] relation, unlike many previous [Cii] detections (or

non-detections) of z > 6 galaxies that came purely from Ly�-confirmed sources, which are found to have > 2⇥ fainter

L[CII] at a given SFR. The properties of the rest-frame UV lines, for example the Ly� equivalent width, will give insight

into the di�erence between [Cii]-bright and [Cii]-deficient galaxies. Right panel : The L[OIII]/L[CII] ratio as a function

of oxygen abundance for a Ly� emitter at z = 7.2 (blue star) from Inoue et al. (2016), as well as for z = 0 dwarf

and spiral galaxies (green circles and red inverted triangle). Our proposed observations will detect any line ratio above

L[OIII]/L[CII] > 2 and will therefore give insight into the variation of the high-redshift galaxy population.

Exposure time: We aim to measure the flux of the faint [Oiii]�88µm line in two galaxies with TBD!

In total, we therefore request 3.0 hrs.

References •Adelberger et al. 2004 ApJ 607 226 •Bacon et al. 2015 A&A 575 75 •Benson et al.

Could we be missing the most luminous 
[CII] galaxies at z>6 by focusing on only 

those galaxies with spec-z’s?

Wide-Area Selection of High-Luminosity z = 7 Galaxies with Precise Redshift Deter-
minations: Encouraged by the success of our pilot program, we have made use of the extremely
wide-area optical, near-IR, and Spitzer/IRAC observations over the 1.5 degree2 UltraVISTA field to
enlarge our sample of ultra-bright z ⇠ 7 galaxies with precise photometric redshift measurements.
This resulted in a sample of 4 galaxies whose luminosities are similar or greater than those in our
pilot program and where the constraints on their photometric redshifts are equally strong.
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Fig 1:  Probable [CII] detections in COS-3018555981 (top) and COS-2987030247 (bottom) at z[CII] 
= 6.8540 and z[CII] = 6.8075, respectively, obtained in our ALMA pilot program (Smit et al., in prep).  
The left panels show the narrow bands over the detected lines.  These represent the highest 
luminosity [CII] galaxies thus far discovered at z>6.1 and are therefore valuable pathfinders, 
constituting the first galaxies to be spectroscopically confirmed at z>6 via a line other than Lyα.

Fig. 1. Detections of [Cii] in COS-3018555981 (top) and COS-2987030247 (bottom) at z[CII] = 6.8540 and

z[CII] = 6.8075, respectively, with ALMA (Smit et al., in prep). The left panels show the narrowbands over the

detected lines. These are the first galaxies, selected by a Lyman-break technique, to be spectroscopically confirmed in

the Epoch of Reionization via any other line than Ly� and more generally some of the most distant successful ALMA

observations to date. Given their SFRUV of 19-22M� yr�1, these sources are representative of the general galaxy

population (LUV ⇠ 2 ⇥ L� at z ⇠ 7). Our proposed observations will detect or put constraints the [Oiii]�88µm line

flux of these galaxies, for unambiguous confirmation of the redshift of these sources, but moreover allowing for a better

understanding of the properties of galaxies at this very early epoch (without the bias of only studying Ly� emitters)

and improving our understanding of those sources that are prone to emit strong [Cii]�158µm emission.

were selected in the CANDELS-COSMOS field through HST+Spitzer constraints on the rest-frame
UV to optical photometry and have derived high [Oiii]+H� equivalent widths of 1100-1500 Å in the
rest-frame from the UV to optical spectral energy distribution (Smit et al., 2015). The presence of
strong [Oiii]+H� emission suggests a very hard radiation field and therefore a high [Oiii]/[Cii] ratio
(see Fig. 2), which allows for the execution of this program in a mere 3 hr integration including
overheads. With these observations we have the following scientific aims:

• Confirmation of ALMA as a ‘redshift machine’ for normal star-forming galaxies: This is
the first time [Cii] has been detected in a ‘normal’ (SFRUV ⇠19-22M� yr�1, SFRIR <16M� yr�1)
star-forming galaxy in the reionization epoch with no previous spectroscopic determination. While
the emission lines in COS-3018555981 and COS-2987030247 are confidently detected at 8 and 6 �
respectively, and the spectral energy distribution of these sources makes it highly unlikely that these
lines can be interpreted in any other way than being [Cii], the detection of [Oiii]�88µm would provide
unambiguous verification of the redshift of these sources. This could initiate a new use for ALMA as
the telescope of choice for following up the most distant sources.

• The role of [Oiii] in future ALMA follow-up: It has been suggested that the [Oiii]�88µm line
will be a more e�cient identifier for redshift determinations than [Cii] in the most distant sources.
We will measure the observational properties of [Oiii], such as the [Oiii]/SFR ratio and the relative
strengths of the [Oiii] and [Cii] fine structure lines and compare these to local scaling relations (de
Looze et al. 2014). With these measurements we will make predictions for future studies of similar
sources, in particular those sources at z > 8 where the [Oiii]�88µm line moves into ALMA Band 7,
how e�cient this line can be observed for a given galaxy star-formation rate.

• The L[CII]-SFR relation and the ionization field in the ISM: By measuring the [Oiii]�88µm
line flux and relating this to the ALMA [Cii] measurements, we will provide insight into the so-called
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population (LUV ⇠ 2 ⇥ L� at z ⇠ 7). Our proposed observations will detect or put constraints the [Oiii]�88µm line

flux of these galaxies, for unambiguous confirmation of the redshift of these sources, but moreover allowing for a better

understanding of the properties of galaxies at this very early epoch (without the bias of only studying Ly� emitters)

and improving our understanding of those sources that are prone to emit strong [Cii]�158µm emission.

were selected in the CANDELS-COSMOS field through HST+Spitzer constraints on the rest-frame
UV to optical photometry and have derived high [Oiii]+H� equivalent widths of 1100-1500 Å in the
rest-frame from the UV to optical spectral energy distribution (Smit et al., 2015). The presence of
strong [Oiii]+H� emission suggests a very hard radiation field and therefore a high [Oiii]/[Cii] ratio
(see Fig. 2), which allows for the execution of this program in a mere 3 hr integration including
overheads. With these observations we have the following scientific aims:

• Confirmation of ALMA as a ‘redshift machine’ for normal star-forming galaxies: This is
the first time [Cii] has been detected in a ‘normal’ (SFRUV ⇠19-22M� yr�1, SFRIR <16M� yr�1)
star-forming galaxy in the reionization epoch with no previous spectroscopic determination. While
the emission lines in COS-3018555981 and COS-2987030247 are confidently detected at 8 and 6 �
respectively, and the spectral energy distribution of these sources makes it highly unlikely that these
lines can be interpreted in any other way than being [Cii], the detection of [Oiii]�88µm would provide
unambiguous verification of the redshift of these sources. This could initiate a new use for ALMA as
the telescope of choice for following up the most distant sources.

• The role of [Oiii] in future ALMA follow-up: It has been suggested that the [Oiii]�88µm line
will be a more e�cient identifier for redshift determinations than [Cii] in the most distant sources.
We will measure the observational properties of [Oiii], such as the [Oiii]/SFR ratio and the relative
strengths of the [Oiii] and [Cii] fine structure lines and compare these to local scaling relations (de
Looze et al. 2014). With these measurements we will make predictions for future studies of similar
sources, in particular those sources at z > 8 where the [Oiii]�88µm line moves into ALMA Band 7,
how e�cient this line can be observed for a given galaxy star-formation rate.

• The L[CII]-SFR relation and the ionization field in the ISM: By measuring the [Oiii]�88µm
line flux and relating this to the ALMA [Cii] measurements, we will provide insight into the so-called

Fig 2:  [CII] luminosities of galaxies vs. redshift.  
Upper limits are 3σ.  Significant effort has been 
devoted to [CII] searches at z>6 (Ouchi+2013; Ota
+2014; Maiolino+2015; Schaerer+2015; Knudsen
+2016; Bradac+2016; Pentericci+2016), but have 
yielded only lower luminosity [CII] lines or upper 
limits(!), particularly vs. the z~5.5 Capak+2015 (grey) 
results.  Strikingly, however, by spending ~1 hour of 
ALMA time targeting bright z~6.8 galaxies with precise 
photometric redshifts, we identified the 2 most 
luminous [CII] lines (red circles) discovered to date in 
z>6.1 galaxies.  These results strongly suggest that 
by focusing on the follow-up of only those galaxies 
with spectroscopic redshifts, we may miss bright 
[CII] lines that would be easily identified from 
spectral scans of the brightest z~7 galaxies.
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Fig 3:  The relationship between [CII]158μm line 
luminosity and star-formation rate described by 
the local de Looze et al. (2014) relation and 
including the two galaxies that we detected in 
the pilot program (red points).  Interestingly, 
these two galaxies lie on the local SFR-L[CII] 
relation, unlike many previous [CII] detections (or 
non-detections) of z > 6 galaxies that came 
purely from Lyα-confirmed sources, which are 
found to have > 2x fainter L[CII] at a given SFR.  
Here we propose to target similar sources, as in 
the pilot program.  If the sources have similar 
[CII] luminosities, we will detect all of them.

problem of the ‘[Cii] deficit’ (e.g. Knudsen et al., 2017). In recent years, e�orts to measure [Cii]
in bright Ly↵ emitters such as ‘Himiko’ (Ouchi et al., 2013) have been unsuccessful, suggesting a
potential negative correlation between Ly↵ equivalent with and [Cii] luminosity. The detection of [Cii]
in COS-3018555981 and COS-2987030247 consistent with local relations (de Looze et al. 2011,2014),
where no previous Ly↵ detections were known seems consistent with this hypothesis.

The physical interpretation of this negative correlation could be driven by a hard ionization field
in the interstellar medium (ISM) of Ly↵ emitting galaxies (e.g. the fraction of ionised gas is high
due an abundance of young massive stars) or else could be an indication of a low column density of
(neutral) gas in the galaxy (e.g. the gas is expelled due to supernova feedback). The high [Oiii]+H�
equivalent widths of 1100-1500 Å in combination with the bright [Cii] detections in COS-3018555981
and COS-2987030247 suggests the latter case might be the likely scenario. Our proposed observations
will provide further insight into the physical properties of these distant galaxies by measuring the
[Oiii]/[Cii] ratio as an indicator of the hardness of the radiation field present in the ISM and will
therefore address the origin of the [Cii]-deficit problem in the wider high-redshift galaxy population.

• Dust properties: We will measure the dust continuum of these galaxies at observed ⇠420 GHz
(equivalent to ⇠90µm in the rest-frame, which samples the peak of the dust SED). While a non-
detection at rest-frame ⇠160µm already puts constraints on the far-infrared luminosity (LFIR) and
ratio of obscured to unobscured star-formation, LFIR/LUV, the proposed observations will provide
excellent constraints on dust components with hot (⇠50K) dust temperatures. We will use the ratio
of UV luminosity to far-infrared luminosity to test if standard calibrations of dust attenuation for UV
bright galaxies (e.g. Meurer+1999, Calzetti+2000) are appropriate for these distant sources, or as
suggested by Capak et al. 2015, a SMC type dust law is needed to explain the low LFIR/LUV ratios.

Fig. 2. Left panel : The relationship between [Cii]�158µm line luminosity and star-formation rate described by the

local de Looze et al. (2014) relation and including the detections of the two galaxies that we propose to target (red

points). Interestingly, these two galaxies lie on the local SFR-L[CII] relation, unlike many previous [Cii] detections (or

non-detections) of z > 6 galaxies that came purely from Ly�-confirmed sources, which are found to have > 2⇥ fainter

L[CII] at a given SFR. The properties of the rest-frame UV lines, for example the Ly� equivalent width, will give insight

into the di�erence between [Cii]-bright and [Cii]-deficient galaxies. Right panel : The L[OIII]/L[CII] ratio as a function

of oxygen abundance for a Ly� emitter at z = 7.2 (blue star) from Inoue et al. (2016), as well as for z = 0 dwarf

and spiral galaxies (green circles and red inverted triangle). Our proposed observations will detect any line ratio above

L[OIII]/L[CII] > 2 and will therefore give insight into the variation of the high-redshift galaxy population.

Exposure time: We aim to measure the flux of the faint [Oiii]�88µm line in two galaxies with TBD!

In total, we therefore request 3.0 hrs.
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which show Ly↵ in emission. Given that Ly↵-emitting systems are generally lower in mass, their
[CII] luminosities are less (and maybe [CII] is anti-correlated with Ly↵). Perhaps Ly↵-emitting
galaxies are not the best sources to target to find bright [CII] emission?

Target Sources with High Intrinsic Luminosities and Precise Photometric Redshifts:
Given the high output from our pilot program – it is clear that there are other variables which are
important for the identification of luminous [CII] line emission from z > 6 galaxies. Of the variables
to consider, clearly the most important of these variables is the intrinsic luminosity in [CII] (⇠2-10⇥
higher than most Ly↵-emitters targeted!) and having tight constraints on the photometric redshift.

Fig 1:  Probable [CII] detections in COS-3018555981 (top) and COS-2987030247 (bottom) at z[CII] 
= 6.8540 and z[CII] = 6.8075, respectively, we obtained with ALMA from our pilot program (Smit et 
al., in prep).  The left panels show the narrow bands over the detected lines.  These represent the 
highest luminosity [CII] galaxies thus far discovered at z>6.1 and represent the first galaxies to be 
spectroscopically confirmed in the Epoch of Reionization via any other line than Lyα.

Fig. 1. Detections of [Cii] in COS-3018555981 (top) and COS-2987030247 (bottom) at z[CII] = 6.8540 and

z[CII] = 6.8075, respectively, with ALMA (Smit et al., in prep). The left panels show the narrowbands over the

detected lines. These are the first galaxies, selected by a Lyman-break technique, to be spectroscopically confirmed in

the Epoch of Reionization via any other line than Ly� and more generally some of the most distant successful ALMA

observations to date. Given their SFRUV of 19-22M� yr�1, these sources are representative of the general galaxy

population (LUV ⇠ 2 ⇥ L� at z ⇠ 7). Our proposed observations will detect or put constraints the [Oiii]�88µm line

flux of these galaxies, for unambiguous confirmation of the redshift of these sources, but moreover allowing for a better

understanding of the properties of galaxies at this very early epoch (without the bias of only studying Ly� emitters)

and improving our understanding of those sources that are prone to emit strong [Cii]�158µm emission.

were selected in the CANDELS-COSMOS field through HST+Spitzer constraints on the rest-frame
UV to optical photometry and have derived high [Oiii]+H� equivalent widths of 1100-1500 Å in the
rest-frame from the UV to optical spectral energy distribution (Smit et al., 2015). The presence of
strong [Oiii]+H� emission suggests a very hard radiation field and therefore a high [Oiii]/[Cii] ratio
(see Fig. 2), which allows for the execution of this program in a mere 3 hr integration including
overheads. With these observations we have the following scientific aims:

• Confirmation of ALMA as a ‘redshift machine’ for normal star-forming galaxies: This is
the first time [Cii] has been detected in a ‘normal’ (SFRUV ⇠19-22M� yr�1, SFRIR <16M� yr�1)
star-forming galaxy in the reionization epoch with no previous spectroscopic determination. While
the emission lines in COS-3018555981 and COS-2987030247 are confidently detected at 8 and 6 �
respectively, and the spectral energy distribution of these sources makes it highly unlikely that these
lines can be interpreted in any other way than being [Cii], the detection of [Oiii]�88µm would provide
unambiguous verification of the redshift of these sources. This could initiate a new use for ALMA as
the telescope of choice for following up the most distant sources.

• The role of [Oiii] in future ALMA follow-up: It has been suggested that the [Oiii]�88µm line
will be a more e�cient identifier for redshift determinations than [Cii] in the most distant sources.
We will measure the observational properties of [Oiii], such as the [Oiii]/SFR ratio and the relative
strengths of the [Oiii] and [Cii] fine structure lines and compare these to local scaling relations (de
Looze et al. 2014). With these measurements we will make predictions for future studies of similar
sources, in particular those sources at z > 8 where the [Oiii]�88µm line moves into ALMA Band 7,
how e�cient this line can be observed for a given galaxy star-formation rate.

• The L[CII]-SFR relation and the ionization field in the ISM: By measuring the [Oiii]�88µm
line flux and relating this to the ALMA [Cii] measurements, we will provide insight into the so-called
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understanding of the properties of galaxies at this very early epoch (without the bias of only studying Ly� emitters)

and improving our understanding of those sources that are prone to emit strong [Cii]�158µm emission.

were selected in the CANDELS-COSMOS field through HST+Spitzer constraints on the rest-frame
UV to optical photometry and have derived high [Oiii]+H� equivalent widths of 1100-1500 Å in the
rest-frame from the UV to optical spectral energy distribution (Smit et al., 2015). The presence of
strong [Oiii]+H� emission suggests a very hard radiation field and therefore a high [Oiii]/[Cii] ratio
(see Fig. 2), which allows for the execution of this program in a mere 3 hr integration including
overheads. With these observations we have the following scientific aims:

• Confirmation of ALMA as a ‘redshift machine’ for normal star-forming galaxies: This is
the first time [Cii] has been detected in a ‘normal’ (SFRUV ⇠19-22M� yr�1, SFRIR <16M� yr�1)
star-forming galaxy in the reionization epoch with no previous spectroscopic determination. While
the emission lines in COS-3018555981 and COS-2987030247 are confidently detected at 8 and 6 �
respectively, and the spectral energy distribution of these sources makes it highly unlikely that these
lines can be interpreted in any other way than being [Cii], the detection of [Oiii]�88µm would provide
unambiguous verification of the redshift of these sources. This could initiate a new use for ALMA as
the telescope of choice for following up the most distant sources.

• The role of [Oiii] in future ALMA follow-up: It has been suggested that the [Oiii]�88µm line
will be a more e�cient identifier for redshift determinations than [Cii] in the most distant sources.
We will measure the observational properties of [Oiii], such as the [Oiii]/SFR ratio and the relative
strengths of the [Oiii] and [Cii] fine structure lines and compare these to local scaling relations (de
Looze et al. 2014). With these measurements we will make predictions for future studies of similar
sources, in particular those sources at z > 8 where the [Oiii]�88µm line moves into ALMA Band 7,
how e�cient this line can be observed for a given galaxy star-formation rate.

• The L[CII]-SFR relation and the ionization field in the ISM: By measuring the [Oiii]�88µm
line flux and relating this to the ALMA [Cii] measurements, we will provide insight into the so-called

Fig 2:  [CII] luminosities of galaxies vs. redshift.  
Upper limits are 3σ.  Significant effort has been 
devoted to [CII] searches at z>6 (Ouchi+2013; Ota
+2014; Maiolino+2015; Schaerer+2015; Knudsen
+2016; Bradac+2016; Pentericci+2016), but have 
yielded only lower luminosity [CII] lines or upper 
limits(!), particularly vs. the z~5.5 Capak+2015 (grey) 
results.  Strikingly, however, by spending ~1 hour of 
ALMA time targeting bright z~6.8 galaxies with precise 
photometric redshifts, we identified the 2 most 
luminous [CII] lines (red circles) discovered to date in 
z>6.1 galaxies.  These results strongly suggest that 
by focusing on the follow-up of only those galaxies 
with spectroscopic redshifts, we may miss bright 
[CII] lines that would be easily identified from 
spectral scans of the brightest z~7 galaxies.
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Fig 3:  The relationship between [CII]158μm line 
luminosity and star-formation rate described by 
the local de Looze et al. (2014) relation and 
including the two galaxies that we detected in 
the pilot program (red points).  Interestingly, 
these two galaxies lie on the local SFR-L[CII] 
relation, unlike many previous [CII] detections (or 
non-detections) of z > 6 galaxies that came 
purely from Lyα-confirmed sources, which are 
found to have > 2x fainter L[CII] at a given SFR.  
Here we propose to target similar sources, as in 
the pilot program.  If the sources have similar 
[CII] luminosities, we will detect all of them.

problem of the ‘[Cii] deficit’ (e.g. Knudsen et al., 2017). In recent years, e�orts to measure [Cii]
in bright Ly↵ emitters such as ‘Himiko’ (Ouchi et al., 2013) have been unsuccessful, suggesting a
potential negative correlation between Ly↵ equivalent with and [Cii] luminosity. The detection of [Cii]
in COS-3018555981 and COS-2987030247 consistent with local relations (de Looze et al. 2011,2014),
where no previous Ly↵ detections were known seems consistent with this hypothesis.

The physical interpretation of this negative correlation could be driven by a hard ionization field
in the interstellar medium (ISM) of Ly↵ emitting galaxies (e.g. the fraction of ionised gas is high
due an abundance of young massive stars) or else could be an indication of a low column density of
(neutral) gas in the galaxy (e.g. the gas is expelled due to supernova feedback). The high [Oiii]+H�
equivalent widths of 1100-1500 Å in combination with the bright [Cii] detections in COS-3018555981
and COS-2987030247 suggests the latter case might be the likely scenario. Our proposed observations
will provide further insight into the physical properties of these distant galaxies by measuring the
[Oiii]/[Cii] ratio as an indicator of the hardness of the radiation field present in the ISM and will
therefore address the origin of the [Cii]-deficit problem in the wider high-redshift galaxy population.

• Dust properties: We will measure the dust continuum of these galaxies at observed ⇠420 GHz
(equivalent to ⇠90µm in the rest-frame, which samples the peak of the dust SED). While a non-
detection at rest-frame ⇠160µm already puts constraints on the far-infrared luminosity (LFIR) and
ratio of obscured to unobscured star-formation, LFIR/LUV, the proposed observations will provide
excellent constraints on dust components with hot (⇠50K) dust temperatures. We will use the ratio
of UV luminosity to far-infrared luminosity to test if standard calibrations of dust attenuation for UV
bright galaxies (e.g. Meurer+1999, Calzetti+2000) are appropriate for these distant sources, or as
suggested by Capak et al. 2015, a SMC type dust law is needed to explain the low LFIR/LUV ratios.

Fig. 2. Left panel : The relationship between [Cii]�158µm line luminosity and star-formation rate described by the

local de Looze et al. (2014) relation and including the detections of the two galaxies that we propose to target (red

points). Interestingly, these two galaxies lie on the local SFR-L[CII] relation, unlike many previous [Cii] detections (or

non-detections) of z > 6 galaxies that came purely from Ly�-confirmed sources, which are found to have > 2⇥ fainter

L[CII] at a given SFR. The properties of the rest-frame UV lines, for example the Ly� equivalent width, will give insight

into the di�erence between [Cii]-bright and [Cii]-deficient galaxies. Right panel : The L[OIII]/L[CII] ratio as a function

of oxygen abundance for a Ly� emitter at z = 7.2 (blue star) from Inoue et al. (2016), as well as for z = 0 dwarf

and spiral galaxies (green circles and red inverted triangle). Our proposed observations will detect any line ratio above

L[OIII]/L[CII] > 2 and will therefore give insight into the variation of the high-redshift galaxy population.

Exposure time: We aim to measure the flux of the faint [Oiii]�88µm line in two galaxies with TBD!

In total, we therefore request 3.0 hrs.

References •Adelberger et al. 2004 ApJ 607 226 •Bacon et al. 2015 A&A 575 75 •Benson et al.

Could we be missing the most luminous 
[CII] galaxies at z>6 by focusing on only 

those galaxies with spec-z’s?

Wide-Area Selection of High-Luminosity z = 7 Galaxies with Precise Redshift Deter-
minations: Encouraged by the success of our pilot program, we have made use of the extremely
wide-area optical, near-IR, and Spitzer/IRAC observations over the 1.5 degree2 UltraVISTA field to
enlarge our sample of ultra-bright z ⇠ 7 galaxies with precise photometric redshift measurements.
This resulted in a sample of 4 galaxies whose luminosities are similar or greater than those in our
pilot program and where the constraints on their photometric redshifts are equally strong.
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[CII]157.74

 z=6.854

Smit+2018; Hashimoto+2018

[OIII]88.36vs.

z=9.1096 ± 0.0006

Which ISM-Cooling line should we scan for?
A&A 605, A42 (2017)

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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So far, deep NIR observations (e.g., HST, VLT) 
obtained a large sample of galaxies at z>6 
based on galaxies’ rest-UV emission (i.e., Lyman break galaxies).
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a di↵erence in the FIR SED used in previous studies and/or a
potential measurement bias in previous stacking analyses, which
relied on low-resolution data (e.g., Herschel), however the exact
reason is not yet clear.

At z ⇠ 4.5, in our ALPINE sample, we find that several
individual detections are still consistent with previous relations
within 3� uncertainty (e.g., Heinis et al. 2014; Bouwens et al.
2016; Fudamoto et al. 2020). However, for individual nondetec-
tions at M? > 1010 M� where the sensitivity of our observations
provide strong constraints, all of our upper limits lie below the
previous relations except for 2 galaxies whose upper limits are
still consistent with the Fudamoto et al. (2020) relation. While
the z ⇠ 4.5 stacks show significant detections (upper panels of
Fig. 3), and are still consistent with the steep IRX-M? relation
from Fudamoto et al. (2020), the z ⇠ 4.5 stacks show much lower
IRX than the previously determined relations at z ⇠ 3 including
the most UV luminous bin from Heinis et al. (2014). Comparing
our stacks with the IRX-M? relation of Bouwens et al. (2016),
the IRX of z ⇠ 4.5 galaxies, on average, are ⇠ 0.63 dex lower at
a fixed stellar mass.

Based on these considerations, we conclude the IRX-M?

relation of our sample at z ⇠ 4.5 is consistent with that of
Fudamoto et al. (2020), and deviate from the other previously
found relations. This suggests that the IRX-M? relation of main-
sequence galaxies at 4 < z < 5 either rapidly evolves and shows
0.6 dex lower IRX at a fixed stellar mass than the z . 4 relations,
or is consistent with the steep IRX-M? relation of Fudamoto
et al. (2020) found at z ⇠ 3.

At z ⇠ 5.5 this situation changes rapidly as almost all the in-
dividual detections lie below the IRX-M? relations at z . 4, and,
at the massive end of our z ⇠ 5.5 sample (i.e., M? > 1010 M?),
all the individual 3� upper limits are below the z . 4 IRX-
M? relations, except for one upper limit that is still consistent
with Fudamoto et al. (2020). Stacking results emphasise the dis-
crepancies between our z ⇠ 5.5 sample and the z . 4 IRX-
M? relations. While the stack of the lower mass bin (M? =
109 � 1010 M?) does not show a significant detection (lower left
panel of Fig. 3), its 3� upper limit lies ⇠ 0.4 dex below the Hei-
nis et al. (2014) and the Bouwens et al. (2016) IRX-M? relations.
The stack of higher mass bin (M? = 1010�1011 M?) shows a de-
tection (lower right panel of Fig. 3), however its IRX is & 1 dex
below all the previously estimated IRX-M? relations, suggesting
that previously known IRX-M? relations could over-predict the
IR luminosities of z > 5 star forming galaxies by ⇠ 1 dex.

The overall comparisons above demonstrate that the IRX-
M? relations from our observations start to become inconsistent
with the previously determined IRX-M? relations from z < 4
(except with steeper relation as in Fudamoto et al. (2020)), and
is no longer consistent with all the previously derived IRX-M?

relations by z ⇠ 5.5. The rapid decrease of the IRX from z . 4
to z > 4.5 in massive galaxies suggests a rapid evolution of dust
attenuation properties of star formation in the high-redshift Uni-
verse, consistent with our conclusions from the IRX-� diagram.

4.3. The obscured fraction of star formation

Having estimated both the UV-based SFR and the infrared-based
SFRs for our galaxies, we can estimate the obscured fraction
of star formation occurring at z > 4. This obscured fraction,
fobs, represents the fraction of star formation activity observ-
able from IR continuum emission (i.e., dust obscured star for-
mation activity) relative to its total amount, and is defined as
fobs = SFRIR/SFRtot, where SFRIR is the star formation rate ob-
served from IR (equation 2) and SFRtot is the total star formation

Fig. 6. Obscured fraction of star formation as a function of stellar mass
( fobs � M? relation) of our UV selected sample. Blue and red points
show individual FIR continuum detections at 4 < z < 5 and at 5 < z <
6, respectively. Triangles show 3� upper limits for IR nondetections.
Stacks are shown by blue (at z ⇠ 4.5) and by red (at z ⇠ 5.5) rectangles.
The nondetection of the stack is indicated by a downward arrow. Gray
points and lines show the observed relation at redshifts between z = 0
and z ⇠ 2.5 (Whitaker et al. 2017). The solid line shows the constant
fobs-M? relation of z ⇠ 2.5 to z ⇠ 0 using a template from Dale &
Helou (2002), and the dashed line shows the same using Béthermin et al.
(2015) or Magdis et al. (2012) templates. At M? < 1010 M�, our z ⇠ 4.5
stacks are potentially consistent with the fobs at z ⇠ 2.5 to z ⇠ 0 using
Béthermin et al. (2015) or Magdis et al. (2012) templates. However,
at M? > 1010 M�, our stacks show decreasing fobs from z ⇠ 2.5 to
z ⇠ 5.5, suggesting a rapid evolution of dust obscured star formation
activity in main-sequence galaxies at z > 4. However, we caution that
UV-selected samples at z > 4 may be incomplete at very high masses
(M? > 1010.5 M�) given the absence of deep rest-frame optical imaging,
as as been shown recently by the detection of a significant population
of UV-undetected, massive galaxies (e.g., Wang et al. 2019; Alcalde
Pampliega et al. 2019).

rate obtained by adding UV and IR based SFR estimates (i.e.,
Equation 1 + Equation 2).

Using Spitzer MIPS 24 µm observations of a mass complete
sample at log M⇤/M� & 9, Whitaker et al. (2017) show that fobs
is highly mass dependent, with more than 80% of star formation
being obscured in massive galaxies with log M⇤/M� & 10. Re-
markably, Whitaker et al. (2017) find that this fobs �M? relation
remains constant over the full redshift range z ⇠ 2.5 to z ⇠ 0.
Since fobs is directly related to the IRX, the nonevolution of the
fobs � M? relation can be considered a product of the nonevolu-
tion of the IRX-M? relation observed at z ⇠ 1.5 � 3 (e.g., Heinis
et al. 2014). In the same way, our finding of an evolving IRX-M?

relation at z > 4.5 (Section 4.2) thus implies an evolution of the
obscured fraction of star formation at z > 4.

Figure 6 presents the fobs � M? diagram of our galaxy sam-
ple. While individual detections and upper limits generally lie
between fobs = 60 � 90%, given our ALMA sensitivity lim-
its, the population average stacked values are significantly lower
for 3 out of our 4 stacks. In particular, at M? > 1010 M�, our
stacks show lower values than the fobs-M? relation of Whitaker
et al. (2017). While z = 0 � 2.5 galaxies reach fobs & 80 %
at these masses, we find fobs = 0.67+0.05

�0.07 at z ⇠ 4.5 and only
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Figure 7. The inferred dust-obscured star formation history is illustrated by the orange shaded region in the bottom panel.
For comparison, we plot independent measurements from the literature based on IR/sub-mm and UV surveys (orange circles
and blue squares, respectively) and the average unobscured star-formation derived from rest-frame UV optical surveys (i.e. not
corrected for dust attenuation; blue shaded region; Finkelstein et al. 2015). The total inferred SFRD derived in this work is
shown in gray. The uncertainties in our estimation include those from the best-fit parameters and cosmic variance. The middle
panel represents the fraction of obscured star formation, SFobs/(SFobs +SFunobs), and its associated uncertainty (lighter shaded
area). The contribution of dust-obscured galaxies, which dominates the cosmic star-formation history through the last ! 12Gyr,
rapidly decreases beyond its maximum, reaching values that are comparable to the unobscured star formation traced by the
rest-frame UV/optical surveys by z " 4# 5. The top panel represents the contribution from galaxies with di!erent luminosity
ranges to the dust-obscured SFRD, being dominated by ULIRGs (ultra-luminous infrared galaxies; 1012 < LIR < 1013 L!) and
LIRGs (1011 < LIR < 1012 L!).
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Do we have complete galaxy sample in the EoR 
 or do we still miss some type of galaxies as they are difficult to find?
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a di↵erence in the FIR SED used in previous studies and/or a
potential measurement bias in previous stacking analyses, which
relied on low-resolution data (e.g., Herschel), however the exact
reason is not yet clear.

At z ⇠ 4.5, in our ALPINE sample, we find that several
individual detections are still consistent with previous relations
within 3� uncertainty (e.g., Heinis et al. 2014; Bouwens et al.
2016; Fudamoto et al. 2020). However, for individual nondetec-
tions at M? > 1010 M� where the sensitivity of our observations
provide strong constraints, all of our upper limits lie below the
previous relations except for 2 galaxies whose upper limits are
still consistent with the Fudamoto et al. (2020) relation. While
the z ⇠ 4.5 stacks show significant detections (upper panels of
Fig. 3), and are still consistent with the steep IRX-M? relation
from Fudamoto et al. (2020), the z ⇠ 4.5 stacks show much lower
IRX than the previously determined relations at z ⇠ 3 including
the most UV luminous bin from Heinis et al. (2014). Comparing
our stacks with the IRX-M? relation of Bouwens et al. (2016),
the IRX of z ⇠ 4.5 galaxies, on average, are ⇠ 0.63 dex lower at
a fixed stellar mass.

Based on these considerations, we conclude the IRX-M?

relation of our sample at z ⇠ 4.5 is consistent with that of
Fudamoto et al. (2020), and deviate from the other previously
found relations. This suggests that the IRX-M? relation of main-
sequence galaxies at 4 < z < 5 either rapidly evolves and shows
0.6 dex lower IRX at a fixed stellar mass than the z . 4 relations,
or is consistent with the steep IRX-M? relation of Fudamoto
et al. (2020) found at z ⇠ 3.

At z ⇠ 5.5 this situation changes rapidly as almost all the in-
dividual detections lie below the IRX-M? relations at z . 4, and,
at the massive end of our z ⇠ 5.5 sample (i.e., M? > 1010 M?),
all the individual 3� upper limits are below the z . 4 IRX-
M? relations, except for one upper limit that is still consistent
with Fudamoto et al. (2020). Stacking results emphasise the dis-
crepancies between our z ⇠ 5.5 sample and the z . 4 IRX-
M? relations. While the stack of the lower mass bin (M? =
109 � 1010 M?) does not show a significant detection (lower left
panel of Fig. 3), its 3� upper limit lies ⇠ 0.4 dex below the Hei-
nis et al. (2014) and the Bouwens et al. (2016) IRX-M? relations.
The stack of higher mass bin (M? = 1010�1011 M?) shows a de-
tection (lower right panel of Fig. 3), however its IRX is & 1 dex
below all the previously estimated IRX-M? relations, suggesting
that previously known IRX-M? relations could over-predict the
IR luminosities of z > 5 star forming galaxies by ⇠ 1 dex.

The overall comparisons above demonstrate that the IRX-
M? relations from our observations start to become inconsistent
with the previously determined IRX-M? relations from z < 4
(except with steeper relation as in Fudamoto et al. (2020)), and
is no longer consistent with all the previously derived IRX-M?

relations by z ⇠ 5.5. The rapid decrease of the IRX from z . 4
to z > 4.5 in massive galaxies suggests a rapid evolution of dust
attenuation properties of star formation in the high-redshift Uni-
verse, consistent with our conclusions from the IRX-� diagram.

4.3. The obscured fraction of star formation

Having estimated both the UV-based SFR and the infrared-based
SFRs for our galaxies, we can estimate the obscured fraction
of star formation occurring at z > 4. This obscured fraction,
fobs, represents the fraction of star formation activity observ-
able from IR continuum emission (i.e., dust obscured star for-
mation activity) relative to its total amount, and is defined as
fobs = SFRIR/SFRtot, where SFRIR is the star formation rate ob-
served from IR (equation 2) and SFRtot is the total star formation

Fig. 6. Obscured fraction of star formation as a function of stellar mass
( fobs � M? relation) of our UV selected sample. Blue and red points
show individual FIR continuum detections at 4 < z < 5 and at 5 < z <
6, respectively. Triangles show 3� upper limits for IR nondetections.
Stacks are shown by blue (at z ⇠ 4.5) and by red (at z ⇠ 5.5) rectangles.
The nondetection of the stack is indicated by a downward arrow. Gray
points and lines show the observed relation at redshifts between z = 0
and z ⇠ 2.5 (Whitaker et al. 2017). The solid line shows the constant
fobs-M? relation of z ⇠ 2.5 to z ⇠ 0 using a template from Dale &
Helou (2002), and the dashed line shows the same using Béthermin et al.
(2015) or Magdis et al. (2012) templates. At M? < 1010 M�, our z ⇠ 4.5
stacks are potentially consistent with the fobs at z ⇠ 2.5 to z ⇠ 0 using
Béthermin et al. (2015) or Magdis et al. (2012) templates. However,
at M? > 1010 M�, our stacks show decreasing fobs from z ⇠ 2.5 to
z ⇠ 5.5, suggesting a rapid evolution of dust obscured star formation
activity in main-sequence galaxies at z > 4. However, we caution that
UV-selected samples at z > 4 may be incomplete at very high masses
(M? > 1010.5 M�) given the absence of deep rest-frame optical imaging,
as as been shown recently by the detection of a significant population
of UV-undetected, massive galaxies (e.g., Wang et al. 2019; Alcalde
Pampliega et al. 2019).

rate obtained by adding UV and IR based SFR estimates (i.e.,
Equation 1 + Equation 2).

Using Spitzer MIPS 24 µm observations of a mass complete
sample at log M⇤/M� & 9, Whitaker et al. (2017) show that fobs
is highly mass dependent, with more than 80% of star formation
being obscured in massive galaxies with log M⇤/M� & 10. Re-
markably, Whitaker et al. (2017) find that this fobs �M? relation
remains constant over the full redshift range z ⇠ 2.5 to z ⇠ 0.
Since fobs is directly related to the IRX, the nonevolution of the
fobs � M? relation can be considered a product of the nonevolu-
tion of the IRX-M? relation observed at z ⇠ 1.5 � 3 (e.g., Heinis
et al. 2014). In the same way, our finding of an evolving IRX-M?

relation at z > 4.5 (Section 4.2) thus implies an evolution of the
obscured fraction of star formation at z > 4.

Figure 6 presents the fobs � M? diagram of our galaxy sam-
ple. While individual detections and upper limits generally lie
between fobs = 60 � 90%, given our ALMA sensitivity lim-
its, the population average stacked values are significantly lower
for 3 out of our 4 stacks. In particular, at M? > 1010 M�, our
stacks show lower values than the fobs-M? relation of Whitaker
et al. (2017). While z = 0 � 2.5 galaxies reach fobs & 80 %
at these masses, we find fobs = 0.67+0.05

�0.07 at z ⇠ 4.5 and only
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Figure 1 | Images and spectra of the quasars and their companion galaxies discovered in this
study. a, The dust continuum at 1.2mm from ALMA is shown by red contours, which mark the ±2σ,

±4σ, ±6σ, … isophotes; with σ=(81, 86, 65, 63) μJy per (left to right). The images were obtained with

natural  weighting,  yielding  beams  of  1.20”x1.06”,  0.74”x0.63”,  1.24”x0.89”,  0.85”x0.65”  (left  to

right), shown as black ellipses. The grey scale shows the near-infrared images of the Y-+J- (left) or J-

band (otherwise) flux of the fields, obtained with (left to right) the WFC3 instrument on the Hubble

Space Telescope, the LUCI camera on the Large Binocular Telescope (LBT), the SofI instrument on the
European Southern Observatory (ESO) New Technology Telescope or the GROND instrument on the

Max Planck Gesellschaft (MPG)/ESO 2.2-m telescope. The quasars are clearly detected in their rest-

frame ultraviolet emission, which is probed by these images, but their companion galaxies are not,

implying that any potential accreting black holes, if present, are either intrinsically faint or heavily

obscured. b, The continuum-subtracted ALMA [CII] line maps are shown as contours, which mark the

±2σ, ±4σ, ±6σ, … isophotes, with σ=(0.13, 0.11, 0.15, 0.03) Jy km s-1 per beam (left to right). The

colour scale shows the image of the 1.2-mm continuum flux density. Black ellipses are as in  a. The

width of each image in  a and  b corresponds to 15” (about 80 kpc at the redshift of the quasars).  c,
Spectra of the [CII] emission and underlying continuum emission of the quasars and their companions.

The channels used to create the [CII] line maps are highlighted in yellow. The spectra are modelled as a
flat continuum plus a Gaussian line (red lines). The ALMA observations were carried out in compact

array configuration between January 27 and March 27 2016, in conditions of modest precipitable water
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Figure 3 | Contribution of H-dropouts to the cosmic SFR density and the stellar mass function. a: Plot of cosmic star-formation-rate density,  , versus redshift z.
The black line indicates the current known total cosmic star-formation history, which is based on LBGs at z & 4 (’All LBGs’, blue open triangles 17). Red filed circles
(’Massive H-dropouts’), ALMA-detected H-dropouts with M⇤ > 1010.3 M�. Purple fileld pentagons, the ALESS SMGs (S 870µm > 4.2 mJy) 12, whose contribution
to the SFR density peaks at z ⇡ 2.5. Blue filled triangles (’Massive LBGs’), the SFR density (based on dust-corrected UV) for the brightest/massive LBGs with
M⇤ > 1010.3 M�, based on the latest determination of the UV luminosity functions 25. Filled orange squares, the SFR density from H-dropouts ([4.5] < 24 and
H � [4.5] > 2.5) in semi-analytical models 19, which are identified from a K-selected mock catalog (K < 27) from a total area of 75.36 deg2. Error bars, s.d. assuming
Poisson statistics. b: Number fraction of massive galaxies from the H-dropout sample and ZFOURGE catalogues that are detected either as LBGs (blue filled triangles)
or H-dropouts (including both ALMA-detected and ALMA-undetected ones; red filled circles) averaged over z = 3.5 � 6.5. Red open circles, the total contribution of
red galaxies, including both H-dropouts and those non-H-dropouts that have similar red colors (H � [4.5] > 2.5) selected from ZFOURGE at 3.5 < z < 6.5.

populations are known to exist at lower redshifts 16, these largely over-
lap with the stellar-mass-limited sample used to estimate the SFR den-
sity at z < 3. Assuming that the intrinsic infrared SED of the ALMA-
detected H-dropouts is the same as the SED derived from stacking, the
SFR density of ALMA-detected H-dropouts (in 10�3 M� yr�1 Mpc�3)
reaches about 2.9, 2.1, and 0.9 at z = 4, 5, 6, respectively, or approx-
imately 1.6⇥10�3 M� yr�1 Mpc�3 when averaged over the three bins
(Fig. 3). This corresponds to about 10% of the SFR density from LBGs
at similar redshifts 17. However, if we focus only on LBGs with masses
similar to those of H�dropouts with M⇤ > 1010.3 M�, the SFR densities
of H�dropouts are one to two orders of magnitude higher, demonstrat-
ing that H-dropouts dominate the SFR density in massive galaxies. This
dominance is further reflected in the stellar mass functions, as shown
in Fig. 3. The fraction of H-dropout becomes progressively higher at
higher masses. At M⇤ & 1010.5 M�, the number density of H-dropout
surpasses that of LBGs. Moreover, if we also include galaxies detected
in H�band but which show similar red colors (H � [4.5] > 2.5, Ex-
tended Data Fig. 7) 8,11, they make up more than than 80% of the most
massive galaxies at z > 4. Taken together, these results suggest that the
majority of the most massive galaxies at z > 3 have indeed been missed
from the LBG selection, and are optically dark.

To put the H-dropouts in the context of the cosmic evolution of
massive galaxies, we probe their clustering properties through their
cross-correlation with H-detected galaxies at 3.5 < z < 5.5 from
the CANDELS survey in the same three fields (Extended Data Fig. 8,
Methods). The derived galaxy bias, that is, the relationship between the
spatial distribution of galaxies and the underlying dark matter density
field, for the H-dropouts is b = 8.4 ± 1.5, corresponding to a dark mat-
ter halo mass of Mh ⇠ 1013±0.3h�1 M� at z = 4 (Fig. 4, Methods). This
halo mass of H-dropouts is consistent with them being progenitors of
the most massive quiescent galaxies at z = 2� 3, as well as progenitors
of today’s ellipticals that reside in the central region of massive groups
and clusters.

The discovery and confirmation of these H-dropouts as massive
galaxies at z ⇡ 3 � 6 alleviates greatly the tension between the small
number of massive LBGs at z > 3 and the rapid emergence of massive

Figure 4 | Clustering properties and halo masses of H-dropouts. Shown is
the galaxy bias of ALMA-detected H-dropouts (red star) and its comparison to
other populations, including the brightest LBGs (’Massive LBGs’; blue triangles)
at z ⇠ 4 � 5 (ref. 26), massive passive galaxies (’Passive galaxies’: purple squares)
with M⇤ > 1010.5 M� at z = 2�3 (ref. 27), local massive ellipticals with L = 2�4L⇤
(’Ellipticals’; dark-red-shaded region) and clusters (’Clusters’; grey-shaded re-
gion). Error bars, 1� estimated from Poisson statistics. Filled dark-blue and light-
blue triangles denote massive and more typical (L⇤) LBGs with UV magnitudes
of MUV ⇡ �22 and MUV ⇡ �20.5, respectively. Dotted lines, the corresponding
galaxy bias for fixed halo mass (labelled) at di↵erent redshifts 28; dashed line, the
evolutionary track 29 for galaxies with the same galaxy bias as H-dropouts. The
descendants of H-dropouts are consistent with massive ellipticals at z ⇠ 2 � 3 and
today’s most massive galaxies residing in massive groups and clusters.
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Figure 1 | Images and spectra of the quasars and their companion galaxies discovered in this
study. a, The dust continuum at 1.2mm from ALMA is shown by red contours, which mark the ±2σ,

±4σ, ±6σ, … isophotes; with σ=(81, 86, 65, 63) μJy per (left to right). The images were obtained with

natural  weighting,  yielding  beams  of  1.20”x1.06”,  0.74”x0.63”,  1.24”x0.89”,  0.85”x0.65”  (left  to

right), shown as black ellipses. The grey scale shows the near-infrared images of the Y-+J- (left) or J-

band (otherwise) flux of the fields, obtained with (left to right) the WFC3 instrument on the Hubble

Space Telescope, the LUCI camera on the Large Binocular Telescope (LBT), the SofI instrument on the
European Southern Observatory (ESO) New Technology Telescope or the GROND instrument on the

Max Planck Gesellschaft (MPG)/ESO 2.2-m telescope. The quasars are clearly detected in their rest-

frame ultraviolet emission, which is probed by these images, but their companion galaxies are not,

implying that any potential accreting black holes, if present, are either intrinsically faint or heavily

obscured. b, The continuum-subtracted ALMA [CII] line maps are shown as contours, which mark the

±2σ, ±4σ, ±6σ, … isophotes, with σ=(0.13, 0.11, 0.15, 0.03) Jy km s-1 per beam (left to right). The

colour scale shows the image of the 1.2-mm continuum flux density. Black ellipses are as in  a. The

width of each image in  a and  b corresponds to 15” (about 80 kpc at the redshift of the quasars).  c,
Spectra of the [CII] emission and underlying continuum emission of the quasars and their companions.

The channels used to create the [CII] line maps are highlighted in yellow. The spectra are modelled as a
flat continuum plus a Gaussian line (red lines). The ALMA observations were carried out in compact

array configuration between January 27 and March 27 2016, in conditions of modest precipitable water
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C. Gómez-Guijarro et al.: GOODS-ALMA 2.0: Source catalog, number counts, and prevailing compact sizes in 1.1mm galaxies

Fig. 12. Optically dark/faint galaxies. 500⇥500HST/WFC3 F160W, ZFOURGE Ks, and Spitzer/IRAC 3.6 µm images with ALMA 1.1 mm contours
overlaid in white (starting at ±3� and growing in steps of ±1�, where positive contours are solid and negative contours dotted). North is up, east
is to the left.

improves completeness with minimum flux biases in a wider
range of intrinsic source properties.

Our analysis regarding source sizes in Sect 3.2.1 concludes
that dust continuum emission occurs in compact regions, in line
with a variety of literature studies in the ALMA era (e.g., Simp-
son et al. 2015a; Ikarashi et al. 2015; Hodge et al. 2016; Fuji-
moto et al. 2017, 2018; Gómez-Guijarro et al. 2018; Elbaz et al.
2018; Franco et al. 2018; Rujopakarn et al. 2019; Gullberg et al.
2019). This result takes advantage of the improved uv-coverage
and sensitivity in a wider range of spatial scales given the com-
bination of high resolution and low resolution datasets from two
array configurations. Therefore, one remaining question to ad-
dress is the reason why the sources that appear in the low resolu-
tion but do not in the high resolution, although skewed to slightly
larger sizes and with larger scatter as shown in Fig. 6, did not ap-
pear originally in the high resolution dataset being overall com-
pact sources. The most relevant property that distinguish them
are the flux densities. The number counts analysis in Sect. 4.3
reflects that the sources detected in the high resolution dataset
are brighter than those that appear in the low resolution but do
not in the high resolution dataset. The answer to this question
comes jointly form purity and completeness as outlined above.
In terms of purity, a compact source that appear in the low reso-
lution but do not in the high resolution dataset, being fainter has a
lower detection S/Npeak compared to another similarly compact
source with a higher flux density. These sources have a higher

purity in the low resolution compared to that in the high reso-
lution dataset. This e↵ect is seen in the resulting �p (directly
related to S/Npeak) for a purity of p = 1 found to be �p � 4.2 in
the low resolution map and �p � 5.2 in the high resolution map.
Besides, the Tables 2 and 3 are ordered with decreasing detection
S/Npeak. As we move down the table the sources are no longer
detected in the high resolution dataset (see Table 2, column 10).
In terms of completeness, a compact source that appear in the
low resolution but do not in the high resolution dataset, being
fainter has a lower completeness compared to another similarly
compact source with a higher flux density. These sources have
a higher completeness in the low resolution compared to that
in the high resolution dataset. Both to mitigate purity and com-
pleteness issues, this is the reason why in Franco et al. (2018)
a tapering technique was applied at the expense of lowering the
survey sensitivity to an average of 182 µJy beam�1 at an angular
resolution of 000.614⇥ 000.587.

6.2. Conversion of angular into physical sizes: Redshift and
stellar mass dependency

It is well known that the stellar sizes measured at optical wave-
lengths vary with redshift and stellar mass for both early and
late-type galaxies (e.g., van der Wel et al. 2014). Galaxies are
smaller with increasing redshift at fixed stellar mass and larger
with increasing stellar mass at fixed redshift. Therefore, in order
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Figure 3. Cutouts centred on Gal-A in di↵erent photometric filters, from HST/ACS (Koekemoer et al. 2007) and Subaru, UltraVISTA
and Spitzer (Capak et al. 2007; Laigle et al. 2016). Grey and purple contours are > 3� line and continuum emissions (at step of 2�),
respectively. Gal-A, Gal-B, and Gal-C are labelled in the upper-left plot of the figure. Wavelengths increase from the upper-left to the
bottom-right corner.

with that of the ALPINE target. The displacement between
[CII] and UV/Ly↵ emission has already been observed in
high-redshift galaxies (Gallerani et al. 2012; Willott et al.
2015; Cassata et al. in prep.; but see also Bradac̆ et al.
2017). It is also reproduced by radiative transfer simula-
tions as a consequence of the strong stellar feedback which

could quench the [CII] emission in the central region of the
galaxies, allowing it to arise mostly from infalling or satel-
lite clumps of neutral gas around them (Vallini et al. 2013;
Maiolino et al. 2015). However, these models predict spatial
o↵sets up to ⇠ 1 � 2 arcsec (⇠ 7 � 14 kpc at the redshift of
the target), well below the o↵set that we measure in this
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Figure 3 | Contribution of H-dropouts to the cosmic SFR density and the stellar mass function. a: Plot of cosmic star-formation-rate density,  , versus redshift z.
The black line indicates the current known total cosmic star-formation history, which is based on LBGs at z & 4 (’All LBGs’, blue open triangles 17). Red filed circles
(’Massive H-dropouts’), ALMA-detected H-dropouts with M⇤ > 1010.3 M�. Purple fileld pentagons, the ALESS SMGs (S 870µm > 4.2 mJy) 12, whose contribution
to the SFR density peaks at z ⇡ 2.5. Blue filled triangles (’Massive LBGs’), the SFR density (based on dust-corrected UV) for the brightest/massive LBGs with
M⇤ > 1010.3 M�, based on the latest determination of the UV luminosity functions 25. Filled orange squares, the SFR density from H-dropouts ([4.5] < 24 and
H � [4.5] > 2.5) in semi-analytical models 19, which are identified from a K-selected mock catalog (K < 27) from a total area of 75.36 deg2. Error bars, s.d. assuming
Poisson statistics. b: Number fraction of massive galaxies from the H-dropout sample and ZFOURGE catalogues that are detected either as LBGs (blue filled triangles)
or H-dropouts (including both ALMA-detected and ALMA-undetected ones; red filled circles) averaged over z = 3.5 � 6.5. Red open circles, the total contribution of
red galaxies, including both H-dropouts and those non-H-dropouts that have similar red colors (H � [4.5] > 2.5) selected from ZFOURGE at 3.5 < z < 6.5.

populations are known to exist at lower redshifts 16, these largely over-
lap with the stellar-mass-limited sample used to estimate the SFR den-
sity at z < 3. Assuming that the intrinsic infrared SED of the ALMA-
detected H-dropouts is the same as the SED derived from stacking, the
SFR density of ALMA-detected H-dropouts (in 10�3 M� yr�1 Mpc�3)
reaches about 2.9, 2.1, and 0.9 at z = 4, 5, 6, respectively, or approx-
imately 1.6⇥10�3 M� yr�1 Mpc�3 when averaged over the three bins
(Fig. 3). This corresponds to about 10% of the SFR density from LBGs
at similar redshifts 17. However, if we focus only on LBGs with masses
similar to those of H�dropouts with M⇤ > 1010.3 M�, the SFR densities
of H�dropouts are one to two orders of magnitude higher, demonstrat-
ing that H-dropouts dominate the SFR density in massive galaxies. This
dominance is further reflected in the stellar mass functions, as shown
in Fig. 3. The fraction of H-dropout becomes progressively higher at
higher masses. At M⇤ & 1010.5 M�, the number density of H-dropout
surpasses that of LBGs. Moreover, if we also include galaxies detected
in H�band but which show similar red colors (H � [4.5] > 2.5, Ex-
tended Data Fig. 7) 8,11, they make up more than than 80% of the most
massive galaxies at z > 4. Taken together, these results suggest that the
majority of the most massive galaxies at z > 3 have indeed been missed
from the LBG selection, and are optically dark.

To put the H-dropouts in the context of the cosmic evolution of
massive galaxies, we probe their clustering properties through their
cross-correlation with H-detected galaxies at 3.5 < z < 5.5 from
the CANDELS survey in the same three fields (Extended Data Fig. 8,
Methods). The derived galaxy bias, that is, the relationship between the
spatial distribution of galaxies and the underlying dark matter density
field, for the H-dropouts is b = 8.4 ± 1.5, corresponding to a dark mat-
ter halo mass of Mh ⇠ 1013±0.3h�1 M� at z = 4 (Fig. 4, Methods). This
halo mass of H-dropouts is consistent with them being progenitors of
the most massive quiescent galaxies at z = 2� 3, as well as progenitors
of today’s ellipticals that reside in the central region of massive groups
and clusters.

The discovery and confirmation of these H-dropouts as massive
galaxies at z ⇡ 3 � 6 alleviates greatly the tension between the small
number of massive LBGs at z > 3 and the rapid emergence of massive

Figure 4 | Clustering properties and halo masses of H-dropouts. Shown is
the galaxy bias of ALMA-detected H-dropouts (red star) and its comparison to
other populations, including the brightest LBGs (’Massive LBGs’; blue triangles)
at z ⇠ 4 � 5 (ref. 26), massive passive galaxies (’Passive galaxies’: purple squares)
with M⇤ > 1010.5 M� at z = 2�3 (ref. 27), local massive ellipticals with L = 2�4L⇤
(’Ellipticals’; dark-red-shaded region) and clusters (’Clusters’; grey-shaded re-
gion). Error bars, 1� estimated from Poisson statistics. Filled dark-blue and light-
blue triangles denote massive and more typical (L⇤) LBGs with UV magnitudes
of MUV ⇡ �22 and MUV ⇡ �20.5, respectively. Dotted lines, the corresponding
galaxy bias for fixed halo mass (labelled) at di↵erent redshifts 28; dashed line, the
evolutionary track 29 for galaxies with the same galaxy bias as H-dropouts. The
descendants of H-dropouts are consistent with massive ellipticals at z ⇠ 2 � 3 and
today’s most massive galaxies residing in massive groups and clusters.
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Figure 1 | Images and spectra of the quasars and their companion galaxies discovered in this
study. a, The dust continuum at 1.2mm from ALMA is shown by red contours, which mark the ±2σ,

±4σ, ±6σ, … isophotes; with σ=(81, 86, 65, 63) μJy per (left to right). The images were obtained with

natural  weighting,  yielding  beams  of  1.20”x1.06”,  0.74”x0.63”,  1.24”x0.89”,  0.85”x0.65”  (left  to

right), shown as black ellipses. The grey scale shows the near-infrared images of the Y-+J- (left) or J-

band (otherwise) flux of the fields, obtained with (left to right) the WFC3 instrument on the Hubble

Space Telescope, the LUCI camera on the Large Binocular Telescope (LBT), the SofI instrument on the
European Southern Observatory (ESO) New Technology Telescope or the GROND instrument on the

Max Planck Gesellschaft (MPG)/ESO 2.2-m telescope. The quasars are clearly detected in their rest-

frame ultraviolet emission, which is probed by these images, but their companion galaxies are not,

implying that any potential accreting black holes, if present, are either intrinsically faint or heavily

obscured. b, The continuum-subtracted ALMA [CII] line maps are shown as contours, which mark the

±2σ, ±4σ, ±6σ, … isophotes, with σ=(0.13, 0.11, 0.15, 0.03) Jy km s-1 per beam (left to right). The

colour scale shows the image of the 1.2-mm continuum flux density. Black ellipses are as in  a. The

width of each image in  a and  b corresponds to 15” (about 80 kpc at the redshift of the quasars).  c,
Spectra of the [CII] emission and underlying continuum emission of the quasars and their companions.

The channels used to create the [CII] line maps are highlighted in yellow. The spectra are modelled as a
flat continuum plus a Gaussian line (red lines). The ALMA observations were carried out in compact

array configuration between January 27 and March 27 2016, in conditions of modest precipitable water

vapour columns (1-2 mm). In each observations, 38 to 48 of the 12-m antennas were used, with on-

source integration times of about  10 min.  Nearby radio quasars were used for calibration.  Typical

system temperatures ranged between 70 K and 130 K. 
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Fig. 12. Optically dark/faint galaxies. 500⇥500HST/WFC3 F160W, ZFOURGE Ks, and Spitzer/IRAC 3.6 µm images with ALMA 1.1 mm contours
overlaid in white (starting at ±3� and growing in steps of ±1�, where positive contours are solid and negative contours dotted). North is up, east
is to the left.

improves completeness with minimum flux biases in a wider
range of intrinsic source properties.

Our analysis regarding source sizes in Sect 3.2.1 concludes
that dust continuum emission occurs in compact regions, in line
with a variety of literature studies in the ALMA era (e.g., Simp-
son et al. 2015a; Ikarashi et al. 2015; Hodge et al. 2016; Fuji-
moto et al. 2017, 2018; Gómez-Guijarro et al. 2018; Elbaz et al.
2018; Franco et al. 2018; Rujopakarn et al. 2019; Gullberg et al.
2019). This result takes advantage of the improved uv-coverage
and sensitivity in a wider range of spatial scales given the com-
bination of high resolution and low resolution datasets from two
array configurations. Therefore, one remaining question to ad-
dress is the reason why the sources that appear in the low resolu-
tion but do not in the high resolution, although skewed to slightly
larger sizes and with larger scatter as shown in Fig. 6, did not ap-
pear originally in the high resolution dataset being overall com-
pact sources. The most relevant property that distinguish them
are the flux densities. The number counts analysis in Sect. 4.3
reflects that the sources detected in the high resolution dataset
are brighter than those that appear in the low resolution but do
not in the high resolution dataset. The answer to this question
comes jointly form purity and completeness as outlined above.
In terms of purity, a compact source that appear in the low reso-
lution but do not in the high resolution dataset, being fainter has a
lower detection S/Npeak compared to another similarly compact
source with a higher flux density. These sources have a higher

purity in the low resolution compared to that in the high reso-
lution dataset. This e↵ect is seen in the resulting �p (directly
related to S/Npeak) for a purity of p = 1 found to be �p � 4.2 in
the low resolution map and �p � 5.2 in the high resolution map.
Besides, the Tables 2 and 3 are ordered with decreasing detection
S/Npeak. As we move down the table the sources are no longer
detected in the high resolution dataset (see Table 2, column 10).
In terms of completeness, a compact source that appear in the
low resolution but do not in the high resolution dataset, being
fainter has a lower completeness compared to another similarly
compact source with a higher flux density. These sources have
a higher completeness in the low resolution compared to that
in the high resolution dataset. Both to mitigate purity and com-
pleteness issues, this is the reason why in Franco et al. (2018)
a tapering technique was applied at the expense of lowering the
survey sensitivity to an average of 182 µJy beam�1 at an angular
resolution of 000.614⇥ 000.587.

6.2. Conversion of angular into physical sizes: Redshift and
stellar mass dependency

It is well known that the stellar sizes measured at optical wave-
lengths vary with redshift and stellar mass for both early and
late-type galaxies (e.g., van der Wel et al. 2014). Galaxies are
smaller with increasing redshift at fixed stellar mass and larger
with increasing stellar mass at fixed redshift. Therefore, in order
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Figure 3. Cutouts centred on Gal-A in di↵erent photometric filters, from HST/ACS (Koekemoer et al. 2007) and Subaru, UltraVISTA
and Spitzer (Capak et al. 2007; Laigle et al. 2016). Grey and purple contours are > 3� line and continuum emissions (at step of 2�),
respectively. Gal-A, Gal-B, and Gal-C are labelled in the upper-left plot of the figure. Wavelengths increase from the upper-left to the
bottom-right corner.

with that of the ALPINE target. The displacement between
[CII] and UV/Ly↵ emission has already been observed in
high-redshift galaxies (Gallerani et al. 2012; Willott et al.
2015; Cassata et al. in prep.; but see also Bradac̆ et al.
2017). It is also reproduced by radiative transfer simula-
tions as a consequence of the strong stellar feedback which

could quench the [CII] emission in the central region of the
galaxies, allowing it to arise mostly from infalling or satel-
lite clumps of neutral gas around them (Vallini et al. 2013;
Maiolino et al. 2015). However, these models predict spatial
o↵sets up to ⇠ 1 � 2 arcsec (⇠ 7 � 14 kpc at the redshift of
the target), well below the o↵set that we measure in this
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REBELS: Reionization Era Bright Emission Line Survey
Targets 40 UV luminous z=6.5-9.5 galaxies from 7 deg2 search  
and scanning for [CII] or [OIII] & looking for dust continuum

14

Fig. 9.— (left) Illustration of the highest significance (�7�) ISM-cooling lines identified to-date in the REBELS program and the band-
5/6 spectral scans used to locate these lines (§4.1). Shown on the figure next to the [CII]158µm line detections are the systemic redshifts of
the sources as well as an estimate of the significance of the line detection. (right) Velocity structure of the same line detections as shown
in the left panel. More details on these line detections and on the characteristics of even fainter, lower S/N line detections in the REBELS
first year data will be presented in S. Schouws et al. (2021, in prep).
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REBELS: REBELS-29 and REBELS-12

REBELS-29 
z_phot~6.8 
Muv=-22.2
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Muv=-22.5
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REBELS: REBELS-29-2 and REBELS-12-2 Fudamoto+21 submitted



REBELS: REBELS-29-2 and REBELS-12-2 Fudamoto+21 submitted

Detection of [CII] emission line and dust continuum 
of optically-dark galaxies in the EoR 
as companions of UV-bright targets



REBELS: REBELS-29 and REBELS-12

(a)

Figure 2: Estimated properties of REBELS-29-2 and REBELS-12-2, and comparison with other galaxies:

Panel (a): Star-formation rate as a function of stellar mass for z > 5.5 galaxies. Background contours show the

distribution of faint LBGs at z = 6 � 8. The dashed line and shaded region indicates the star forming main-

sequence as measured up to z ⇠ 4 and extrapolated to z = 719. Cyan squares represent previously identified dusty

star-forming galaxies (DSFGs) at z ⇠ 5.7 � 6.9. Purple squares show dusty galaxies found as companions of

z ⇠ 6.1 � 6.5 quasars, which also remained undetected in rest-UV observations. Their mass limits are estimated

from dynamical masses13, 14. Error bars correspond to 1� uncertainties. The UV-bright galaxies (REBELS-12 and

REBELS-29), and the serendipitous, dusty galaxies (REBELS-12-2 and REBELS-29-2) are shown as blue and red

stars (using SFRIR). The SFRs and stellar mass limits of the newly identified galaxies are lower than the majority of

z > 5.5 DSFGs and quasar companions at these redshifts. Panels (b) and (c): Photometric constraints and SEDs of

REBELS-29-2 and REBELS-12-2, respectively. 2� upper limits are shown for non-detections (gray arrows). Red

and blue solid lines show the median posterior SEDs together with their 68% confidence contours. For comparison,

SEDs of dusty star-bursting galaxies normalized at the ALMA continuum fluxes are indicated in solid green (the

average SED of ALESS galaxies22), dashed brown (HFLS038), and dashed purple lines (HDF850.123). The newly

found dusty sources as companions of normal star-forming galaxies suggest that dusty, lower-luminosity versions

of DSFGs exist at z = 6� 8 in larger number than previously assumed.
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SFR[CII] - corr.

SFRIR - corr.
11% of MD14 

SFR[CII] - uncorr.
SFRIR - uncorr.

Figure 3: Contribution of obscured galaxies to the cosmic SFR density ⇢SFR: The black solid line shows

the consensus estimate ⇢MD14
SFR as a function of redshift1, which at z > 4 is derived from LBGs with a small

dust correction. The dark red solid and dashed lines indicate two possible models for the extra contribution from

obscured sources20, which can be constrained from our observations. Error bars correspond to 1� uncertainties.

At most, the dusty z ⇠ 7 galaxies identified here could contribute up to 60-100% of ⇢MD14
SFR depending on the exact

estimate of their SFRs (dark gray, SFRIR, and light gray SFR[CII]). However, when correcting these values for

the expected excess due to clustering, they lie a factor ⇠ 4⇥ lower (light red and orange dots). A similar SFRD

estimate is found from the fraction of [CII]-confirmed REBELS targets that show a dusty companion (11%; dark

red). All these estimates are consistent with Spitzer-selected, massive dusty galaxies at z ⇠ 3 � 6 (squares15).

While the exact SFRD contributed by dust-obscured sources is still uncertain, their existence in the epoch of

reionization implies a revision of our understanding of early galaxy assembly.
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Surprising discovery of two dust-obscured galaxies  
at the same redshift as primary, UV-luminous targets

Proof that “normal” star-forming galaxies are 
still missing from our cosmic census in first Gyr

New Contribution to SFRD from Dust-Obscured Galaxies 

Fudamoto+21 in press



Summary

We detected two dust-obscured, normal galaxies 
 as companions of normal UV-bright galaxies. 

Proof that normal galaxies are still missing from our census of galaxy 
formation in the EoR 

Deep ALMA / JWST survey would be required to identify these  
normal, dust-obscured galaxies.


