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A B S T R A C T 

We present a new method to determine the star formation rate density (SFRD) of the Universe at z � 5 that includes the 
contribution of dust-obscured star formation. For this purpose, we use a [C II ] (158 μm) selected sample of galaxies serendipitously 

identified in the fields of known z � 4 . 5 objects to characterise the fraction of obscured star formation rate (SFR). The advantage 
of a [C II ] selection is that our sample is SFR-selected, in contrast to an ultraviolet (UV)-selection that would be biased 

towards unobscured star formation. We obtain a sample of 23 [C II ] emitters near star-forming (SF) galaxies and quasi- 
stellar objects (QSOs) – three of which we identify for the first time – using previous literature and archi v al Atacama Large 
Millimeter/submillimeter Array data. 18 of these serendipitously identified galaxies have sufficiently deep rest-UV data and are 
used to characterise the obscured fraction of the star formation in galaxies with SFRs � 30 M � yr −1 . We find that [C II ] emitters 
identified around SF galaxies have ≈63 per cent of their SFR obscured, while [C II ] emitters around QSOs have ≈93 per cent 
of their SFR obscured. By forward modelling existing wide-area UV luminosity function (LF) determinations, we derive the 
intrinsic UV LF using our characterisation of the obscured SFR. Integrating the intrinsic LF to M UV 

= −20, we find that the 
obscured SFRD contributes to > 3 per cent and > 10 per cent of the total SFRD at z ∼ 5 and z ∼ 6 based on our sample of 
companions galaxies near SF galaxies and QSOs, respectively. Our results suggest that dust obscuration is not negligible at 
z � 5, further underlining the importance of far-infrared observations of the z � 5 Universe. 

K ey words: galaxies: e volution – galaxies: high-redshift – galaxies: star formation. 
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 I N T RO D U C T I O N  

ne of the most exciting frontiers in extragalactic astronomy is
nderstanding the build-up of stars in galaxies during the epoch
f reionization. A common way to characterise this early build-up is
hrough the v olume-a veraged star formation rate density (SFRD) of
he Universe. Thanks to a wealth of multiwavelength observations
rom both space-based and ground-based observatories, the SFRD at
 ≤ 3 has already been characterised in detail (e.g. Madau & Dickin-
on 2014 ). The general consensus is that the star formation rate (SFR)
ncreases with cosmic time until it reaches a peak at z ∼ 2, the so-
alled Cosmic Noon, and then decreases again to the present epoch.

Reaching further back in time to z > 3, observations that are
vailable to constrain the SFRD have been mostly limited to the
est-ultraviolet (UV; e.g. Madau & Dickinson 2014 ). Ho we ver,
ar-infrared (IR) probes are necessary due to the impact of dust
ttenuation in substantially obscuring UV light from bright star-
 E-mail: vleeuwen@strw .leidenuniv .nl 
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Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
orming (SF) galaxies in the early Univ erse. Surv e ying the Univ erse
n the far-IR has been challenging due to the limited spatial resolution
f earlier wide-area probes resulting in substantial source confusion
rom lower redshift sources (e.g. Nguyen et al. 2010 ; Everett et al.
020 ). Moreo v er, higher spatial resolution probes such as are now
vailable with the Atacama Large Millimeter/submillimeter Array
ALMA) are limited by their relative small field of view (FOV; e.g.
odge & da Cunha 2020 ). 
While some of the debate in the literature regarding the evolution

f the SFRD has focused on the evolution at z > 8 (e.g. McLeod,
cLure & Dunlop 2016 ; Oesch et al. 2018 ), substantial uncertainties

lso exist at z ∼ 5–8 from the contribution of dust-obscured galaxies.
 or e xample, sev eral recent results (e.g. Case y et al. 2018b ; Fudamoto
t al. 2020b ; Gruppioni et al. 2020 ; Khusanova et al. 2021 ; Loiacono
t al. 2021 ; Talia et al. 2021 ; Zavala et al. 2021 ) have suggested that
he obscured contribution of the SFRD at high redshift could be as
arge as ∼20–60 per cent of the total SFRD. Moreo v er, recent work
y Algera et al. ( 2023 ) has demonstrated that the dust-obscured star
ormation at z ∼ 7 could contribute as much as ∼30–50 per cent of
he SFRD, significantly more than earlier estimated based on UV
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ata alone. There are many examples of galaxies at z ∼ 7 that are
 90 per cent obscured both in observations (e.g. Marrone et al. 

018 ; Hygate et al. 2023 ) and in theoretical models (e.g. Ferrara
t al. 2022 ). 

As previously discussed, progress in quantifying the fraction of 
bscured star formation in the early Universe has been challenging 
ue to the limited spatial resolution of earlier probes of far-IR light
nd the limited areas surv e yed by ALMA. Recently, there have
een efforts to o v ercome ALMA’s small FOV and surv e y much
ider areas. Perhaps the widest area examples of such surv e ys are
ORA (2 mm Mapping Obscuration to Reionization with ALMA: 
asey et al. 2021 ; Zavala et al. 2021 ) and ex-MORA (Long et al.
024 ), co v ering 184 arcmin 2 and 0.2 de g 2 , respectiv ely, as well as
he substantial A 

3 COSMOS effort (Liu et al. 2019 ) where a 280
rcmin 2 surv e y area is constructed by combining the significant 
mount of ALMA observations o v er the COSMOS field. 1 Wide- 
rea surv e ys such as these can provide us with a useful unbiased
robe of the pre v alence of dusty star-forming galaxies (DSFG) in
he distant Uni verse. Ne vertheless, an important disadvantage to this
pproach is also the large observational cost requiring not only wide- 
rea surv e ys in the far -IR, b ut also a pursuit of line scans to determine
edshifts for the identified dusty sources. 

Here, we present a new method to characterise the obscured star
ormation in the z > 4 Universe, using sensitive ALMA observations 
argeting bright interstellar medium (ISM) cooling lines to search for 
F galaxies in the neighbourhoods of bright quasi-stellar objects 
QSOs) and massive galaxies. Bright SF galaxies are readily iden- 
ifiable via line emission in bright ISM cooling lines such as [C II ]
157.74 μm ). Given the clustering of galaxies, line emission from 

SFGs tends to be found close to the targeted sources not only in
requency, but also in angular position on the sky. We will therefore
lso refer to these serendipitously identified galaxies as ‘companion’ 
alaxies. Previous studies by, for example, Decarli et al. ( 2017 ) and
enemans et al. ( 2020 ) have shown that quasars are especially good
laces to look for bright SF companions, with ∼50 per cent of the
uasars they examined showing at least one companion galaxy (see 
lso Meyer et al. 2022 ). Massive galaxies ( M ∗ � 10 8 . 5 M �) at high
edshifts are also excellent targets to use for efficient searches for
ompanion galaxies (Fudamoto et al. 2021 ; Loiacono et al. 2021 ).
o date about 40 companion galaxies have been disco v ered at z �
 with ALMA observations (e.g. Decarli et al. 2017 ; Trakhtenbrot 
t al. 2017 ; Miller et al. 2020 ; Venemans et al. 2020 ; Fudamoto et al.
021 ; Loiacono et al. 2021 ). 
An important advantage to identifying SF galaxies using far-IR 

ine emission is the insensitivity to dust obscuration or the brightness
f sources in the rest-frame UV. [C II ] is an especially valuable line
o use in this regard due to it being known to trace the total SFR in
normal’ SF galaxies (e.g. De Looze et al. 2014 ) and also thanks to
ts particular brightness. As a result, [C II ]-selected sources can thus
e selected entirely on the basis of their SFRs, and sensitive rest-UV
bservations of such sources can be used to determine the extent 
o which star formation in the high-redshift Universe is obscured 
r not. [C II ] line emission is known to have multiple origins but
s believed to arise mostly from photodissociation regions (PDRs) 
n high-redshift galaxies (e.g. Hollenbach & Tielens 1999 ; Wolfire, 
allini & Che v ance 2022 ). As [C II ] has a low ionisation potential

11.3 eV) and is therefore easy to excite, it traces a large fraction of
he gas reservoir of a galaxy (Wolfire et al. 2003 ). 
 https:// sites.google.com/ view/ a3cosmos 
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In demonstrating the power of our new methodology, we make 
se of a significant sample of 18 [C II ]-selected companion galaxies
o quantify the fraction of star formation in z ∼ 4–7 galaxies that
s obscured by dust compared to their total SFR. These [C II ]-
mitting companion galaxies are identified in the neighbourhoods 
f 161 [C II ]-emitting galaxies and QSOs at z > 4 and have deep
nough rest-UV observations to determine if star formation in a 
ource is obscured or not. These 18 galaxies have been found as
ompanions to galaxies drawn from 75 [C II ]-emitting galaxies in
LPINE (B ́ethermin et al. 2020 ; Le F ̀evre et al. 2020 ), 25 [C II ]-

mitting galaxies in REBELS (Bouwens et al. 2022b : see also
chouws et al., in preparation), 27 [C II ]-emitting QSOs studied by
enemans et al. ( 2020 ), and 34 [C II ]-emitting galaxies and QSOs

rom the ALMA archive. Based on the fraction of obscured star
ormation (from comparing rest-UV and far-IR observations) in our 
C II ]-selected samples, we forward model wide-area UV luminosity 
unction (LF) results to reco v er the intrinsic LF. The intrinsic UV LF
iffers from the observed LF in that it accounts for the impact of dust
bscuration on both the brightness of galaxies in the rest-UV and their
electability . Finally , we compute a dust-corrected SFRD at z � 5. 

The organisation of the paper is as follows. In Section 2 , we present
oth the archi v al ALMA data we use in this analysis as well as the
rocess by which we both reduce and calibrate that data. Additionally, 
e present our procedure for finding [C II ]-emitting companion 
alaxies and how we estimate the SFRs in the rest-UV and IR from
he observations. In Section 3 , we present the results, including the
ntrinsic LF and the implied SFRD. In Section 4 , we discuss both our
esults and the uncertainties and finally conclude with a summary 
f our findings in Section 5 . In this work, all magnitudes are given
n the AB system (Oke & Gunn 1983 ). Moreo v er, we assume a
habrier ( 2003 ) initial mass function (IMF) (across a mass range of
.1–100 M �) and adopt a flat � CDM cosmology with h = 0.7, �M 

 0.3, and �� 

= 0.7. For reference, 1 arcsec corresponds to 5.7 kpc
t z = 6 using this set of cosmological parameters. 

 M E T H O D S  

.1 Obser v ational data 

n this study, we pursue a systematic search for [C II ]-emitting
ompanion galaxies at similar redshifts as the bright [C II ]-emitting
argets. We make use of the [C II ]-emitting companion galaxies
dentified around 75 [C II ]-emitting galaxies from the ALPINE large
rogram (B ́ethermin et al. 2020 ; Le F ̀evre et al. 2020 ) at z = 4–6, 25
C II ]-emitting galaxies from the REBELS large program (Bouwens 
t al. 2022b ) at z = 6 . 5–7.7, and 27 [C II ]-emitting QSOs from
enemans et al. ( 2020 ) at z = 6 . 0–7.6. 
Loiacono et al. ( 2021 ) report 12 [C II ]-emitter candidates around

V-selected z = 4–6 galaxies in the ALPINE surv e y, and Fudamoto
t al. ( 2021 ) report two [C II ]-emitting galaxies around UV-selected
ources in REBELS. Around the 27 [C II ]-emitting QSOs studied by
enemans et al. ( 2020 ), 27 line-emitting galaxies are identified, but
nly 20 of these appear to lie at frequencies < 2000 km s −1 from
he target [C II ]-emitting source and thus are likely at z ∼ 6–7. In
ddition to the dust-obscured companions of Fudamoto et al. ( 2021 ),
nother less obscured companion galaxy is found in the REBELS
ample (Schouws et al., in preparation) that we present for the first
ime in this work and will also be included in our analysis. 

In addition to making use of the [C II ]-emitting companion
alaxies already identified by searches o v er ALPINE, REBELS, and
 > 6 QSO samples, we have also executed a search for additional
ompanion galaxies using archi v al ALMA data. For this search,
MNRAS 534, 2062–2085 (2024) 
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Figure 1. The redshifts and [C II ] luminosities of the 161 ALMA targets we 
use to search for a sample of [C II ]-emitting companion galaxies. The [C II ] 
luminosity of the archi v al sources is deri ved based on the peak flux and the 
redshift is from the peak frequency of [C II ]. The circles correspond to the 27 
quasars with [C II ] detections where Venemans et al. ( 2020 ) have already de- 
scribed a companion search, while the stars and diamonds correspond to the 25 
[C II ]-detected galaxies from REBELS (Bouwens et al. 2022b ) and 75 [C II ]- 
detected galaxies from ALPINE (Le F ̀evre et al. 2020 ), where companion 
searches have been done (Fudamoto et al. 2021 ; Loiacono et al. 2021 ; see also 
Schouws et al., in preparation). Squares indicate the 34 [C II ]-detected ALMA 

targets where no searches for [C II ]-emitting companion galaxies have thus 
far been reported in the literature, and we provide for the first time here. Filled 
markers indicate targeted galaxies with serendipitously detected companions, 
while open markers are targeted galaxies without detected companions. 

Figure 2. The number of ALMA targets where a companion source is found 
( red ) and not found ( grey ) versus the [C II ] luminosity of the primary ALMA 

target. The fraction of galaxies with at least one [C II ]-emitting companion 
galaxy ( black line ) increases as a function of the [C II ] luminosity of the 
target. The error on the fraction is given by the standard deviation of a 
binomial distribution. 
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e identify ALMA projects from the ALMA Science Archive 2 that
ave targeted the [C II ] line in massive galaxies or quasars at z ≥ 6,
hich lie in ALMA band 6 (211–275 GHz) from z ∼ 8 to z ∼ 6. We

ocused on ALMA observations acquired at low or modest spatial
esolution ( � 0 . 2 arcsec) to a v oid o v er resolving the [C II ] emission,
hich can frequently be quite spatially extended (Fujimoto et al.
019 , 2020 ; Fudamoto et al. 2022 ). The examined observations have
ngular resolutions from ∼0.2 to ∼1.2 arcsec. A more e xtensiv e
iscussion on the resolutions of the observations can be found in
ection 3.1 . A complete list of examined projects and sources and

heir corresponding angular resolution can be found in Table E1
rom Appendix E . In total we examine the ALMA data cubes for 55
argets where [C II ] is targeted. Of those 55, we find clear ( � 5 σ )
C II ] detections in 34 targets. We search for companion galaxies in
he archi v al observ ations of the 34 targets where [C II ] is detected.
n total 161 targets are examined for companion galaxies when we
nclude the searches done in previous literature as described abo v e. 

We obtained the calibrated measurement sets produced by the
LMA observatory pipeline from the European ALMA Regional
entre. Before imaging the measurements sets, the data are time-
v eraged o v er a period of 30 s to reduce the total data volume (e.g.
chouws et al., in preparation). The flux loss after time-averaging

he visibilities o v er 30 s is less than 1 per cent. 3 

To image the measurement sets, we use the Common Astronomy
oftware Applications ( CASA ) software for ALMA data (CASA
eam 2022 ) (version 5.7.0). We use the TCLEAN task with natural
eighting to maximise our sensitivity to companion galaxies. We

lean the data to a depth of 2 σ using ‘auto-multithresh’ (Kepley
t al. 2020 ). The cell sizes of the images are set such that there are
pproximately fiv e pix els per beam. Moreo v er, we use the uvcontsub
ask to subtract the continuum emission in the uv -space using the
efault zeroth-order polynomial excluding the channels within 3 ×
he full width at half-maximum (FWHM) of the [C II ] line from the
entral source. 

Fig. 1 provides a convenient summary of the redshifts and [C II ]
uminosities of ALMA targets used for the construction of our
C II ]-selected sample of companion galaxies. In Fig. 2 , the number
f targets with companion galaxies as a function of their [C II ]
uminosity is shown. We see that fraction of galaxies with at least
ne companion galaxy increases with increasing luminosity. 

.2 Line-search algorithm 

n the ALMA archi v al fields where we search for companion sources
round [C II ]-emitting galaxies and QSOs (green squares in Fig. 1 ),
e make use of the Matched Filtering in 3D ( MF3D ) code (P av esi

t al. 2018 ). Given that matched filtering works well for data cubes in
hich the emission is not very extended and thus well-described by
D Gaussians, MF3D is very ef fecti ve in searching for line emission
rom high-redshift galaxies. To detect line emission, MF3D uses
D Gaussian frequency templates and 2D circular Gaussian spatial
emplates that are convolved with the ALMA data cubes. 

The advantage of MF3D o v er normal matched filtering is that
F3D takes into account the spatial correlation present in noise in
NRAS 534, 2062–2085 (2024) 

nterferometric data cubes. The noise in the different channels of the 

 https:// almascience.nrao.edu/ aq/ 
 The average fraction of intensity that is maintained after time-averaging 
 v er a time interval τa can be approximated by R τ = 1 − 1 . 08 ×
0 −9 s −2 ( θ

θHPBW 

) 2 τ 2 
a , with θ

θHPBW 

the distance to the phase centre with respect 
o the half-power beamwidth. For details see Bridle & Schwab ( 1999 ). 
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ata cubes are nevertheless uncorrelated and therefore the spectral
idth of the best-fitting template matches approximately with the

ine width of the emission line. A useful reference for more details
n the MF3D is P av esi et al. ( 2018 ). 
Detailed analyses have already been done on line identification

ith MF3D by Schouws et al. (in preparation) for the REBELS surv e y
nd it was found that lines with a signal-to-noise ratio (SNR) ≥
.2 showed a purity in excess of 95 per cent. Purity (or fidelity) is
efined as 1 − N neg 

N pos 
, so at SNR ≥ 6.2 for each positive peak with

hat SNR there are only 0.05 ne gativ e peaks. In order to decrease the
ossibility of selecting noise peaks, we set a constraint of SNR ≥ 6.2.

https://almascience.nrao.edu/aq/
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Table 1. The depths of the filters of rest-UV imaging data used in this work. 

Filter name 5 σ depth 

Ground-based 
HSC z 25 . 9 1 

CFHTLS z 25 . 2 1 

SSC z + 25 . 0 1 

UVISTA J 25 . 4 1 

DECaLS z 22 . 5 2 

HST 

F125W 27.8 3 

F140W 28.0 3 

F160W 27.8 3 

Notes . 1 Depths from Stefanon et al. ( 2019 ). 
2 For an emission line galaxy with half-light radius of 0.45 arcsec. 
3 For a point source at z = 6 with 30 min exposure time. Calculated with the 
HST ETC. 
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n addition to its identification of positive peaks, MF3D also identifies 
e gativ e peaks arising from noise. To maximise the robustness of any
andidate [C II ] line we identify, we require the SNR of a potential
alaxy candidate to be larger than the SNR of any negative peaks
ound in a data set. With SNR ≥ 6.2, we expect < 10 per cent of
ources to be affected by flux boosting in excess of 3 σ and expect a
edian flux boosting of < 21 per cent (see Decarli et al. 2020 ). 
The width of the frequency templates used in our search ranges 

rom 100 to 800 km s −1 , and the width of the spatial templates
anges from 0 to 3 times the beam size. We define neighbours as
erendipitously detected sources with similar redshifts as the targeted 
quasar host) galaxy. We calculate the redshift of the candidates with 
he central frequency of the [C II ] peak. We consider candidates
hat have a velocity difference with the target galaxy that is smaller
han 2000 km s −1 (e.g. Venemans et al. 2020 ). For our final sample
Section 3.2 ), we require sources to show ≤ 500 km s −1 velocity
ifference to minimise the impact of contamination from lower 
edshift line-emitting sources on our scientific results. The velocity 
ifference is defined by 

 v = 

z comp − z target 

1 + z target 
c, (1) 

here z comp and z target are the redshifts of the (potential) companion 
nd target galaxy , respectively . At redshift z ∼ 6, a velocity dif-
erence of 2000 km s −1 (500 km s −1 ) corresponds to �z ∼ 0 . 05
 �z ∼ 0 . 01). We also apply this criteria to the companion galaxies
riginally identified by Loiacono et al. ( 2021 ), Venemans et al.
 2020 ), and Fudamoto et al. ( 2021 ) to construct our sample of [C II ]-
mitting companion galaxies. 

To further confirm that the source is at high redshift and the
etected lines do not correspond to a CO transition at lower redshifts,
e e xamine an y available imaging data bluewards of the Lyman alpha 

ransition and look for possible detections. Due to hydrogen between 
he observer and the galaxy, photons with a rest-frame wavelength 
luewards of 1216 Å will be absorbed. The Lyman alpha transition 
hifts to bluer wavelengths for sources at lower redshifts. Detections 
t bluer wavelengths than the Lyman alpha transition at z > 5 indicate
hat we are observing a low redshift source instead, meaning that the
alaxy candidate is a foreground galaxy. We did not find detections 
n bluer bands for the candidate sources where available. It is worth
emarking that this would have only small impact in removing dusty, 
ow-redshift galaxies from our selection due to the faintness of these 
ources at bluer wavelengths, and our requirement that companion 
alaxies show a small velocity relative to the primary targets would 
e the main way of minimising contamination from this type of
ource (see Section 3.2 and Appendix A ). 

To summarise, a peak found by MF3D is considered to be a potential
eighbour when: 

(i) The SNR is equal to or larger than 6.2. 
(ii) There are no ne gativ e peaks with an absolute SNR value

reater than or equal to the SNR of the peak. 
(iii) The velocity difference between the central source and the 

eak is smaller than or equal to 2000 km s −1 (500 km s −1 for the
nal sample). 
(iv) The galaxy is not detected in filters bluewards of the Lyman 

lpha transition. 

.3 Moment-0 and continuum maps 

or line candidates found by MF3D that meet the requirements of
 neighbour galaxy, the moment-0 and continuum maps are made 
n an iterative way with CASA . An initial moment-0 map is created
ith the task immoments , where we include the frequencies within
 × the FWHM of the line. As a starting point, we use the FWHM
nd central frequency of the peak as found with by MF3D . For each
ource a signal-to-noise weighted spectrum is created only including 
he pixels that have values higher than 3 σ in the initial moment-0
ap. A Gaussian (or double Gaussian if there is a double peak)

s fitted to the spectrum and the FWHM and central frequency are
xtracted. A new moment-0 map is created with the updated values
or the FWHM and the central frequency. This process is repeated and 
ew spectra are made until the values for the FWHM and the central
requenc y conv erge. With these final values, the definite moment-0
ap is created. We also use these values to create the continuum
aps. In this case, we use TCLEAN on the measurements sets with

pecmode = ‘mfs’ . For the continuum map, only the channels outside
 × FWHM of the line are used. The [C II ] and continuum fluxes
re calculated from the moment-0 map and the continuum map, 
espectively. We fit the sources iteratively with the imfit task of CASA

ntil the flux converges. Flux values quoted in this work are integrated
ux es. F or companion sources that are not in the phase centre of the
LMA observation, and for which uvcontsub will not work properly, 
e make sure to subtract any significant (3 σ ) continuum from the

C II ] flux we obtain. 

.4 Rest-UV photometry 

e use rest-UV observations from the Hubble Space Telescope 
 HST ), the UltraVISTA surv e y (UVISTA), the Dark Energy Camera
e gac y Surv e y (DECaLS), the Canada–France–Hawaii Telescope 
e gac y Surv e y (CFHTLS), and Hyper Suprime-Cam (HSC) on the
ubaru Telescope. We focus on rest-UV observations at a rest-frame 
avelength of 1500 Å at z ∼ 4–8. The approximate sensitivity of the

ele v ant observ ations is summarised in Table 1 . 
A large fraction of the companion galaxies found around ALPINE 

alaxies are located o v er the COSMOS field, and therefore we can
ake use of the deep multiwavelength observations available there. 
e use the photometry code MOPHONGO (Labb ́e et al. 2006 , 2010a ,
 , 2013 , 2015 ) to perform this photometry. MOPHONGO uses high-
esolution data to perform aperture photometry on low-resolution, 
eep optical data. Moreo v er, MOPHONGO models both flux from the
ources themselves and neighbouring objects in the same field such 
hat it can subtract the light originating from nearby neighbours. 
herefore, the aperture used with MOPHONGO can be larger and we
dopt an aperture diameter of 2 arcsec. We have used the same
MNRAS 534, 2062–2085 (2024) 
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5 Assuming Milky Way-like dust and using the median dust temperature for 
the REBELS galaxies that is found with the approach of Sommovigo et al. 
( 2022b ). Sommovigo et al. ( 2022b ) furthermore find the median temperature 
of the ALPINE galaxies to be 48 K, and therefore our assumption of the dust 
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bservational data for the sources in the COSMOS field as used in
tefanon et al. ( 2019 ). 
For the companion galaxies of REBELS, we use the UV mea-

urements in the J filter of UltraVISTA in COSMOS provided by
udamoto et al. ( 2021 ) and VISTA VIDEO in XMM-LSS (Stefanon
t al, in preparation). 

The companion sources we utilise from Venemans et al. ( 2020 )
re e xclusiv ely observ ed with HST , some in multiple IR (rest-UV)
lters. For these sources, the HST observations are stacked in order

o increase the SNR and to increase the number of detections. This
s done by performing an inverse variance weighted stack of the
mages, where the variance is based on the uncorrelated rms noise in
he image (typically the noise starts behaving as uncorrelated when
he image is rebinned by a factor of 10). 

To extract the UV fluxes of the sources with exclusively HST
ata, we cannot use MOPHONGO and use SOURCE EXTRACTOR

 SEXTRACTOR ) (Bertin & Arnouts 1996 ) instead. SEXTRACTOR can
etect and deblend objects in astronomical images and measure the
orresponding fluxes. The algorithm starts by estimating the back-
round signal. This allows the program to compute the relative flux
nd magnitude of objects. SEXTRACTOR has a double imaging mode
here an image with the positions of the objects can be supplied.
EXTRACTOR then provides the relative magnitudes and fluxes of

he source within an aperture diameter of 0.8 arcsec. We choose
his aperture as a compromise between encapsulating all the flux of a
ource and excluding the flux of neighbouring sources. We make sure
hat we do the necessary aperture corrections for the HST IR filters as
he encircled energy in an aperture of 0.8 arcsec diameter is ≈ 0 . 84. 4 

Moreo v er, for the galaxies found within this work that do not have
ST imaging and are not in the COSMOS field we use the data

rom DECaLS and perform aperture photometry with SEXTRACTOR

s explained for the Venemans et al. ( 2020 ) sources. 
We opted to exclude companions (five in total) where the radial

istance to the QSO target is < 15 kpc ( ∼ 2 . 6 arcsec ) as QSOs
re particularly bright at rest-UV wavelengths. Our moti v ation for
xcluding these sources is due to potential blending between flux
rom the companion source and the QSO target. For one companion
P167-13C1), we use the measurements from Mazzucchelli et al.
 2019 ) that do point spread function modelling and therefore can
eliably extract the flux from the companion that is close ( < 15 kpc)
o the quasar host galaxy. 

.5 Star formation rates 

he [C II ] luminosity is calculated directly from the [C II ] flux using 

 [C II ] / L � = 1 . 04 × 10 −3 ν[C II ], obs F [C II ] D 

2 
L , (2) 

here F [C II ] is the [C II ] flux in Jy km s −1 , ν[C II ], obs is the central
requency of the [C II ] emission in GHz, and D L is the luminosity
istance in Mpc (Solomon, Downes & Radford 1992 ). De Looze
t al. ( 2014 ) derived a relation for the total SFR of z ∼ 0 galaxies
ased on their [C II ] luminosity. The relation we use in this work is
ased on the starburst sample from De Looze et al. ( 2014 ) as this has
een found to agree best with high-redshift sources (e.g. Kohandel
t al. 2019 ; Pallottini et al. 2022 ): 

og 10 ( SFR / M � yr −1 ) = −7 . 06 + 1 . 00 × log 10 ( L [C II ] ) . (3) 

he L [C II ] −SFR relation does not appear to evolve significantly from
 ∼ 4–7 to z ∼ 0 (Carniani et al. 2018 , 2020 ; Schaerer et al. 2020 ),
NRAS 534, 2062–2085 (2024) 

 https:// www.stsci.edu/ hst/ instrumentation/ wfc3/ data-analysis/ photometric- 
alibration/ir- encircled- energy 

t
6

s
1

nd so we will use this relation to calculate the total SFR of sources
n our analysis. 

With the relative UV magnitudes and redshifts of the sources, we
alculate the absolute magnitudes and the UV luminosity: 

 UV / L � = 10 
M UV −M sun ( λ) 

−2 . 5 , (4) 

here M sun ( λ) is the absolute magnitude of the Sun as measured
ith a filter with wavelength λ ≈ 1500 Å under the assumption that
L ν = constant . To convert the UV luminosities to SFRs, we use the
ollowing relation from Madau & Dickinson ( 2014 ): 

FR UV / M � yr −1 = 0 . 63 × K UV × L UV . (5) 

 UV ( = 1 . 15 × 10 −28 M � yr −1 erg −1 s Hz ) is the conversion factor
rom UV luminosity to SFR, while the factor 0.63 is needed to convert
rom a Salpeter to a Chabrier IMF. 

The continuum flux of the sources allows us to constrain the IR
uminosity. To estimate the IR luminosity, we assume a spectral
nergy distribution (SED) of the dust and integrate the emission
etween the rest-frame wavelengths of 8 and 1000 μm . We assume
hat the dust is heated by star formation only. The dust SED can
hen be described by a modified blackbody with emissivity index
em 

= 2 . 03 and T dust = 46 Kelvin following the approach of Inami
t al. ( 2022 ). 5 As flux is al w ays measured relative to the cosmic
icrowave background (CMB) we correct the IR luminosity for this.
t higher redshifts, the CMB temperature is higher and contributes
ore significantly to the flux that is measured. The CMB correction

actor is given by 

 CMB = 

F int + F CMB 

F int 
= 1 − B ν( T CMB ) 

B ν( T dust ) 
, (6) 

here F int corresponds to the intrinsic flux of the source, F CMB is
he flux measured originating from the CMB, B ν is the emission of
 blackbody as a function of temperature, and T CMB = (2 . 73 K ) ×
1 + z) (da Cunha et al. 2013 ). The IR luminosity is then calculated
y the following equation: 

 IR / L � = 7 . 70 × 10 3 
S cont, 158 μm 

f CMB 

D 

2 
L 

1 + z c 
, (7) 

here S cont , 158 μm 

is the continuum flux in mJy measured at a rest-
rame frequency of ∼ 158 μm , z c is the redshift corresponding to the
entral frequency of the [C II ] emission line, and D L is the luminosity
istance (analogous to Venemans et al. 2020 ). There is a systematic
ncertainty of a factor of ≈2–3 on this luminosity as the shape of the
ED is unknown (Venemans et al. 2018 ). 6 The IR SFR is calculated
imilarly to the UV SFR using the following equation: 

FR IR / M � yr −1 = 0 . 94 × K IR × L IR . (8) 

 IR = 3 . 88 × 10 −44 M � yr −1 erg −1 s and L IR corresponds to the
ntegrated luminosity from 8 to 1000 μm (Murphy et al. 2011 ). The
actor 0.94 is used to convert from a Kroupa to a Chabrier IMF. 
emperature is also consistent with the ALPINE sample. 
 We adopt a systematic uncertainty of a factor of 3, as we observe this 
ystematic scatter in the IR luminosity when we vary the dust temperature by 
0K and βem 

between 1.5 and 2.5. 

https://www.stsci.edu/hst/instrumentation/wfc3/data-analysis/photometric-calibration/ir-encircled-energy
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(a) (b) (c) (d)

Figure 3. A schematic illustration of our procedure for estimating the contribution that obscured star formation makes to the SFR density at z � 5. (a) Use 
ALMA observations around bright galaxies and QSOs to select a sample of companion galaxies selected purely through a [C II ] emission line (Section 3.1 ). (b) 
Le verage observ ations of these [C II ]-emitting companion galaxies in the rest-UV to quantify the unobscured fraction of the SFR (Section 3.2 : red solid circles). 
(c) Use a forward modelling procedure to infer the intrinsic LF (red line) that reproduces the observed UV LF (black line) when we apply the obscured fraction 
of SFR that we find (Section 3.4 ). (d) Calculate the SFRD at z � 5 by integrating the intrinsic LF (Section 3.5 ). We will be able to see if [C II ]-selected galaxies 
imply dust-obscuration fractions consistent with a more dust-poor (dashed line) or dust-rich (dash–dotted line) Universe (Casey et al. 2018a ). For context, the 
right-most panel includes the Madau & Dickinson ( 2014 ) SFR density as a thick solid line. 

Table 2. The properties of [C II ]-emitting companion galaxies identified for the first time here. 

Source z [C II ] RA (ICRS) Dec (ICRS) νc (GHz) FWHM (km s −1 ) F [C II ] (Jy km s −1 ) S cont (mJy) 

J1208-0200C1 6 . 1530 ± 0 . 0003 12:08:58.46 −02:00:32.85 265 . 70 ± 0 . 015 256 ± 40 0 . 312 ± 0 . 082 0 . 072 ± 0 . 035 
J2228 + 0152C1 6 . 0774 ± 0 . 0002 22:28:46.83 + 01:52:41.55 268 . 54 ± 0 . 01 334 ± 30 0 . 352 ± 0 . 058 0 . 188 ± 0 . 029 
REBELS-39C1 6.8383 ± 0.0004 10:03:05.31 + 02:18:44.62 242.47 ± 0.01 260 ± 40 0.458 ± 0.053 0.021 ± 0.016 
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 RESULTS  

n this section, we make use of a substantial sample of 18 [C II ]-
elected companion galaxies (Section 3.1 ) with sensitive rest-UV 

maging to characterise the fraction of SFR in z ∼ 4–8 SF galaxies
hat is obscured (Section 3.2 ). We then make use of the obscuration
raction to derive the intrinsic LF at z ∼ 5–6 that includes the
bscured UV light (Section 3.4 ). Finally, we estimate the contri- 
ution dust-obscured galaxies make to the SFR density at z � 5
Section 3.5 ). Fig. 3 provides a schematic representation of the 
ethodology we use to infer the dust-corrected SFR density at z ≥ 4

rom the present analysis. 

.1 Newly identified candidate companion galaxies 

he primary objective of this work is to better characterise the 
bscured fraction of star formation in the early Universe using a 
C II ]-selected sample of companion galaxies at z > 4. To do so,
e not only make use of [C II ]-selected companion sources already

dentified in various large data sets, e.g. ALPINE and REBELS, but 
e also conduct searches for [C II ]-emitting companion galaxies in 

he archi v al ALMA data around z > 6 targets sho wing robust [C II ]
ines. In this work, we analyse the ALMA cubes for 34 separate
ources showing [C II ] emission. 

With the line-searching algorithm MF3D , we found two candidate 
eighbour galaxies in the archi v al data and a third previously
nreported candidate from REBELS. The first two sources were 
dentified as part of ALMA project 2017.1.00541.S with UV imaging 
bserv ations av ailable from the DECaLS surv e y. We summarise the
roperties of the three neighbour galaxies in Table 2 . 
One of the companion galaxies was identified around quasar host 

alaxy J2228 + 0152, at z ly α = 6 . 08. We find the quasar host galaxy
o reside at z [C II ] = 6 . 081 consistent with Matsuoka et al. ( 2018 ). For
his quasar a neighbour candidate is found at z [C II ] = 6 . 077, which
e will call J2228 + 0152C1. The left panel of Fig. 4 shows the
 t  
osition of the neighbour galaxy to the central quasar host galaxy
nd a zoomed-in image on the location of peaks found by MF3D

red crosses). On the right, a section of the corresponding SNR-
eighted spectrum of the peaks is shown with a Gaussian fit to the

C II ] line. J2228 + 0152C1 has a more significant [C II ] line than the
entral galaxy but is not detected in any of the filters of the DECaLS
urv e y. The 3 σ detection this companion galaxy shows in the dust-
ontinuum suggests this source is highly dust-obscured. In Table C2 ,
he aperture fluxes are shown as measured with SEXTRACTOR along 
ith their corresponding magnitudes. 
The second companion galaxy identified is around the quasar host 

alaxy J1208 −0200 found with the Subaru Telescope at a redshift
 ly α = 6 . 2 (Matsuoka et al. 2018 ). Using the [C II ]-line we found the
uasar host galaxy to reside at z = 6 . 117, consistent with Izumi et al.
 2019 ). The neighbour candidate, which we will call J1208 −0200C1,
s found at z [C II ] = 6 . 153. We show the quasar host galaxy and
he neighbour with their corresponding spectrum in Fig. B1 . While
oth galaxies are detected in [C II ], only the quasar host galaxy is
etected in the rest-UV. J1208 −0200C1 is not visible in the rest-UV
bservations and therefore is likely highly dust-obscured. 
In addition to the previously presented obscured companion 

alaxies by Fudamoto et al. ( 2021 ), another less obscured companion
ource is found in the REBELS sample (Schouws et al., in prepa-
ation). In contrast to the sources from Fudamoto et al. ( 2021 ) that
re not detected in the rest-UV, the companion to REBELS-39 has a
 σ detection in the J band (0.23 ± 0.11 μJy ). In Fig. B2 , we show
his serendipitously identified source along with its target galaxy in a
onsistent manner as we have done for the sources from archi v al data.

.2 [C II ]-selected sample 

ith the present compilation of companion galaxies – including 
he newly identified candidates from Section 3.1 – our goal is to
etermine the fraction of SFR in galaxies that is obscured versus the
otal SFR in galaxies. We do this as a function of the SFR given
MNRAS 534, 2062–2085 (2024) 
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Figure 4. An illustration of a newly disco v ered [C II ]-emitting companion galaxy ( lower panels ) around ALMA QSO target J2228 + 0152 ( upper panels ). The 
leftmost panel shows an image in the rest-UV ( z-filter from the DECaLS surv e y) of both the QSO and the [C II ]-emitting companion galaxy, along with the FOV 

of ALMA ( white circle ). The upper and lower left panels present zoomed-in images of the QSO and companion galaxy. The solid blue and orange contours 
indicate those regions detected at 2 σ , 3 σ , 4 σ , and 5 σ in the moment-0 and continuum map, respectively (negative contours are shown with the dashed lines). 
The red crosses indicate the peak of the [C II ] emission found with MF3D and the ellipses in the left lower corners indicate the ALMA beam size. The upper and 
lower rightmost panels show extracted spectra (binned at 20 km s −1 ) for the QSO and companion. The dashed red lines show Gaussian fits to the detected [C II ] 
lines. The SNR reported here is the SNR as found by MF3D . 
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he well-known dependence of dust obscuration on the stellar mass
e.g. Reddy et al. 2006 ; Pannella et al. 2009 , 2015 ; Whitaker et al.
018 ; Bouwens et al. 2020 ). This can be done by looking at the ratio
etween the unobscured (UV) star formation and the total SFR of
he neighbouring galaxies found in [C II ]. Our use of [C II ]-selected
alaxies ensures that we are not biased to unobscured galaxies. 

Table 3 summarises the properties of the 23 neighbour candi-
ates we examined. The full sample consists of the three new
ompanion galaxy candidates at z > 6 found in archi v al data and
round REBELS-39 and the already known companion galaxies from
oiacono et al. ( 2021 ), Venemans et al. ( 2020 ), and Fudamoto et al.
 2021 ). We examined the companion galaxies that have rest-UV
bservations and have a velocity difference of � v < 2000 km s −1 

ith their central galaxies. In some cases galaxies are not detected in
he rest-UV or IR continuum at 3 σ , as can be seen by the errors on
heir properties. Out of the 23 neighbour candidates, 11 (17) sources
ave 3 σ (2 σ ) continuum detections. Moreover, out of the 23 sources,
 (10) are detected with 3 σ (2 σ ) in the rest-UV. 
To constrain the obscured fraction, we only consider sources which

eature UV observations sensitive enough to detect sources at 1 σ
ven if 85 per cent of the UV light is obscured. Furthermore, we
ecide to restrict our analysis to those companion sources that have
 v ≤ 500 km s −1 . Using the full companion sample from Venemans

t al. ( 2020 ), we quantify the probability of a companion galaxy
eing a lower redshift interloper as function of � v in Appendix A .
e assume that sources with � v > 2000 km s −1 are contaminants

rom lower redshift (e.g. CO line emitters). We quantify that for a
elocity difference of ≤ 500 km s −1 the probability of the neighbour
andidate being at low redshift is low ( ∼13 per cent). Applying all
f the abo v e criteria, we arrive at a sample of 18 galaxies. 
We did not include the known systems of QSOs host galaxies and
assive galaxies with companions such as PJ308-21 (Decarli et al.

017 , 2019 ) and BRI 1202 −0725 (Carilli et al. 2013 ). The y hav e been
xcluded from this study as our original focus was on companions at
 > 6, using the Venemans et al. ( 2020 ) sample. Since we focus on
NRAS 534, 2062–2085 (2024) 
ompanion galaxies selected by their [C II ] emission, newly detected
ompanions using JWST (e.g. Kashino et al. 2023 ; Wang et al. 2023 )
re likewise not included. 

As a check on our analysis (also given the possibility of a small
raction of foreground interlopers which could enter our selection:
ppendix A ), we compare the SFRs we compute based on flux
easurements in the rest-UV and IR continuum and the [C II ]

uminosity based on the detected [C II ] lines. We present the results
f this comparison in Fig. 5 . In blue, the starburst relation of De
ooze et al. ( 2014 ) and the 1 σ dispersion is shown. The black circles

ndicate sources in our sample for which the far-IR continuum is
etected (3 σ ), the red squares correspond to sources with no such
ontinuum detections. Finally, the filled data points correspond to
alaxies detected in the rest-UV (3 σ ), while the empty symbols
ndicate galaxies lacking a rest-UV detection. For most sources, the
rror on the total SFR is dominated by the uncertainty introduced in
he IR luminosity by the uncertain shape of the dust SED. We see
rom this figure that our sample agrees with the relation from De
ooze et al. ( 2014 ), although for some data points we unfortunately
ave large uncertainties. 
Since our sample of [C II ]-emitting galaxies are selected from two

ifferent environments, around QSOs and SF galaxies, we examine
hether the environment appears to have an impact on the obscured

raction of SFR. In Fig. 6 , the cumulative distribution function (CDF)
s shown for the fraction of unobscured SFR. Fractions of unobscured
FR that hav e ne gativ e values are treated as having a value of 0 while
ractions that are larger than 1 are treated as having a value of 1. We
bserve that the companion galaxies around QSOs in our sample
ppear to be significantly more obscured. We therefore decide to
reate sub samples of the companion galaxies, separated by their en-
ironment. The SF galaxy companion sample consists of companions
ound around ALPINE and REBELS galaxies and has a mean redshift
f z SF = 5 . 14. The sample of companions around QSOs consists of
he two companions shown in Section 3.1 and also companions from
enemans et al. ( 2020 ) and has a mean redshift of z QSO = 6 . 21. 
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Table 3. The properties of the sample of neighbouring galaxies included in our analysis. † 

Source S/N 

∗ z [C II ] L IR SFR IR L UV SFR UV L [C II ] SFR [C II ] � v Used? 
(10 11 L �) (M � yr −1 ) (10 9 L �) (M � yr −1 ) (10 9 L �) (M � yr −1 ) (km s −1 ) 

This analysis 
J1208 −0200C1 a 6 .5 6.15 2 . 9 + 6 . 0 −2 . 3 41 + 83 

−33 61 ± 30 7 . 3 ± 3 . 4 0 . 305 ± 0 . 080 24 . 9 ± 13 . 2 1546 

J2228 + 0152C1 13 .1 6.08 7 . 5 + 15 . 0 
−5 . 1 104 + 209 

−71 0 . 4 ± 29 . 2 0 . 1 ± 3 . 5 0 . 338 ± 0 . 056 27 . 6 ± 13 . 5 −135 � 

REBELS-39C1 9 .4 6.84 1 . 0 + 2 . 2 −1 . 0 14 + 31 
−14 410 ± 196 61 ± 29 0 . 521 ± 0 . 060 42 . 7 ± 20 . 3 −252 � 

Venemans et al. ( 2020 ) d 

J0100 + 2802C1 5 .9 6.32 1 . 1 + 3 . 3 −2 . 6 15 + 47 
−37 69 . 6 ± 73 . 2 13 ± 13 0 . 813 ± 0 . 132 66 . 6 ± 32 . 5 −112 � 

J0305 −3150C1 6 .0 6.61 30 + 61 
−21 424 + 851 

−293 5 . 9 ± 9 . 5 0 . 9 ± 1 . 5 1 . 23 ± 0 . 31 101 ± 53 −245 � 

J0842 + 1218C1 18 .9 6.07 6 . 2 + 12 . 6 
−4 . 9 86 + 176 

−69 5 . 3 ± 7 . 0 1 . 0 ± 1 . 2 1 . 73 ± 0 . 12 142 ± 66 −431 � 

J0842 + 1218C2 7 .5 6.06 4 . 7 + 9 . 6 −3 . 8 66 + 135 
−53 34 . 2 ± 7 . 3 6 . 1 ± 1 . 3 0 . 411 ± 0 . 086 33 . 6 ± 17 . 0 −476 � 

J1319 + 0950C2 5 .6 6.14 7 . 5 + 15 . 2 
−5 . 4 105 + 212 

−75 9 . 6 ± 11 . 9 1 . 6 ± 2 0 . 341 ± 0 . 078 27 . 9 ± 14 . 4 407 � 

P231 −20C1 6 .0 6.55 1 . 4 + 3 . 1 −1 . 8 19 + 44 
−25 −0 . 1 ± 6 . 7 0 . 0 ± 1 . 1 0 . 203 ± 0 . 043 16 . 6 ± 8 . 4 −1615 

J2054 −0005C1 5 .8 6.04 16 + 33 
−12 226 + 459 

−170 1 . 8 ± 4 . 5 0 . 3 ± 0 . 8 0 . 522 ± 0 . 142 42 . 8 ± 22 . 9 −26 � 

J2100 −1715C1 15 .4 6.08 145 + 291 
−98 2030 + 4060 

−1370 −6 . 7 ± 12 . 3 −1 . 2 ± 2 . 2 7 . 76 ± 1 . 03 636 ± 305 −8 � 

P167 −13C1 c 18 .8 6.51 7 . 6 + 15 . 3 
−5 . 3 106 + 213 

−74 62 . 4 ± 25 . 0 11 ± 4 1 . 34 ± 0 . 09 109 ± 51 −118 � 

Loiacono et al. ( 2021 ) 
D C 842313 a 35 .5 4.54 208 + 417 

−139 2910 + 5820 
−1940 94 . 2 ± 15 . 7 14 ± 2 4 . 56 ± 0 . 14 373 ± 172 −829 

D C 665626 12 .5 4.58 8 . 7 + 17 . 6 
−6 . 1 122 + 245 

−85 11 . 7 ± 12 . 3 1 . 7 ± 1 . 8 0 . 716 ± 0 . 069 58 . 6 ± 27 . 6 −23 � 

v c 5101209780 13 .0 4.57 1 . 6 + 3 . 5 −1 . 9 22 + 50 
−26 301 ± 16 . 3 45 ± 2 1 . 56 ± 0 . 18 128 ± 61 −56 � 

D C 818760 10 .3 4.57 8 . 2 + 16 . 4 
−5 . 6 114 + 229 

−78 9 . 1 ± 16 . 0 1 . 4 ± 2 . 4 0 . 390 ± 0 . 038 31 . 9 ± 15 . 0 241 � 

D C 787 780 15 .5 4.51 8 . 8 + 17 . 7 
−6 . 0 123 + 248 

−84 472 ± 13 . 9 71 ± 2 1 . 43 ± 0 . 09 117 ± 54 −107 � 

D C 873 321 8 .5 5.16 −0 . 2 + 3 . 4 −3 . 3 −3 + 47 
−47 72 . 2 ± 16 . 8 9 . 7 ± 2 . 3 1 . 86 ± 0 . 23 152 ± 73 56 � 

D C 378 903 8 .1 5.42 6 . 3 + 12 . 9 
−4 . 8 89 + 180 

−67 49 . 3 ± 14 . 2 6 . 4 ± 1 . 8 0 . 637 ± 0 . 049 52 . 2 ± 24 . 4 −294 � 

v c 5100822662 6 .6 4.52 3 . 7 + 7 . 6 −3 . 0 52 + 107 
−42 26 . 5 ± 5 . 9 4 ± 1 0 . 363 ± 0 . 006 29 . 7 ± 13 . 7 −8 � 

D C 859 732 6 .2 4.54 −4 . 8 + 11 . 3 
−6 . 9 −67 + 158 

−97 −1 . 1 ± 9 . 9 −0 . 2 ± 1 . 5 0 . 59 ± 0 . 13 48 . 3 ± 24 . 7 369 � 

Fudamoto et al. ( 2021 ) 
REBELS-12C1 b 8 .2 7.35 3 . 6 + 7 . 2 −2 . 6 50 + 101 

−36 169 ± 253 24 ± 35 0 . 645 ± 0 . 072 52 . 8 ± 25 . 0 118 

REBELS-29C1 10 .3 6.68 8 . 2 + 16 . 5 
−5 . 6 115 + 230 

−77 −50 . 7 ± 67 . 7 −7 . 7 ± 10 . 3 0 . 778 ± 0 . 102 63 . 7 ± 30 . 5 −118 

Notes . † A galaxy is used to infer the obscured SFR only if the UV observations are deep enough (1 σ depth would detect the UV if the galaxy is maximally 85 
per cent obscured) and it is likely to be at high redshift ( � v ≤ 500 km s −1 ). Only galaxies with a � in the rightmost column are used to compute the unobscured 
fraction of the SFR as function of the total SFR. 
∗ S/N of the [C II ] line as reported by MF3D . For the Venemans et al. ( 2020 ) sources this is the S/N found by their independent line-search method. 
a Excluded from the analysis because of a large velocity offset | � v | > 500 km s −1 relative to the primary target. 
b Excluded from the analysis because the source lacks sufficiently deep imaging data to probe rest-UV SFRs. 
c We have used the rest-UV fluxes from Mazzucchelli et al. ( 2019 ) as explained in Section 2.4 . 
d The only sources included in this list are those with sensiti ve rest-UV observ ations and which lie at least 15 kpc away from the central QSO target (Section 2.4 ). 
We have adopted the IR and [C II ] fluxes as found in Venemans et al. ( 2020 ) to compute the luminosities and SFRs. 
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.3 Obscured star formation 

e have chosen to characterise the fraction of obscured star forma-
ion in galaxies as a function of their total SFRs as measured by
C II ] – given our ability to readily quantify this SFR and not, for
xample, the stellar mass. In Fig. 7 , we show individual constraints
n the obscured fraction as a function of the [C II ]-derived SFRs for
oth the companions near QSO and SF galaxies. If a galaxy is not
etected (not a 3 σ detection) in the continuum and/or rest-UV, we 
se the flux as measured (no upper limits). 7 

Previous work by, for example, Bouwens et al. ( 2020 ), Fudamoto
t al. ( 2020a ), and Bowler et al. ( 2024 ) on UV-selected galaxies show
hat the IR excess (IRX) increases for larger stellar masses ( M ∗). As
 We note that the median SNR of the dust continuum observations for our 
ample is ∼ 3. 

a

w

he relation between the fraction of obscured or unobscured star 
ormation and total SFR is unknown, we use the IRX–M ∗ relation as
 starting point. We can convert IRX to the fraction of unobscured
FR using 

SFR UV 

SFR UV + IR 
= 

(
1 + 

SFR IR 

SFR UV 

)−1 

= 

(
1 + C 1 × L IR 

L UV 

)−1 

= ( 1 + C 1 × IRX ) −1 , (9) 

ith C 1 = K IR /K UV and IRX = L IR /L UV . 
We then use the dependence of IRX on M ∗ ( IRX ∝ M 

B 
∗ ) and

ssume the best-fitting main-sequence relation ( M ∗∝ SFR tot ) of 
peagle et al. ( 2014 , equation 29) to have an unobscured SFR fraction
s a function of total SFR: 

SFR UV 

SFR UV+IR 
= (1 + A × SFR 

B 
[ C II ] ) 

−1 , (10) 

here A and B are free parameters. 
MNRAS 534, 2062–2085 (2024) 
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Figure 5. The total SFR ( SFR UV + IR ) as function of the [C II ] luminosity of 
the 18 neighbour galaxies used in this work. In blue, the starburst galaxy 
relation derived by De Looze et al. ( 2014 ) and the 1 σ dispersion is shown. 
The black filled and non-filled symbols indicate sources for which the dust 
continuum is detected (3 σ ), the red symbols show the continuum non- 
detections. The filled data points are the galaxies that have a 3 σ rest-UV 

detection, empty symbols indicate galaxies undetected in the rest-UV. We 
include the uncertainty (factor of 3) on the IR luminosity due to the uncertain 
shape of the dust SED. 

Figure 6. The CDF of the fraction of unobscured SFR for companion 
galaxies around SF galaxies (circles) and QSOs (squares). The CDFs for 
the UV-selected samples of ALPINE (Le F ̀evre et al. 2020 ) and REBELS 
(Bouwens et al. 2022b ) are shown with diamonds and crosses, respectively. 
The errors are obtained with bootstrapping. The companions around QSOs 
have lower SFRs in the rest-UV, suggesting that galaxies found in the 
neighbourhoods around QSOs are dustier than around bright SF galaxies 
(but we stress that the current statistics are still small). 
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This relation is fitted to both the SF galaxy and QSO companion
C II ]-selected samples. We find B to be consistent with zero as
here is no clear dependence of the obscuration fraction on the
otal SFR for the sources in our sample. Therefore, for simplicity
e fix B to zero. Our fit can then be simplified by taking the
ean of the (un)obscured fraction of the samples. The median (and

6th/84th percentiles) we find for the mean unobscured fraction of
he SF galaxy and QSO sample when we generate 10 6 bootstrap
amples are f unobscured , SFG = 0 . 37 + 0 . 17 

−0 . 15 and f unobscured , QSO = 0 . 07 + 0 . 05 
−0 . 05 .

dopting the functional form given in equation ( 10 ), when fixing
 = 0, we find A SFG = 1 . 6 + 1 . 7 

−0 . 8 and A QSO = 11 . 6 + 15 . 6 
−5 . 4 (Table 4 ). The

nobscured fractions for the individual galaxies together with the
ean unobscured fractions are shown in Fig. 7 . Errors shown on

he individual data points result from the formal errors on the SFRs,
he scatter on the IR luminosity introduced by the uncertain dust
emperature and dust emissivity and the scatter on the [C II ] SFR. The
NRAS 534, 2062–2085 (2024) 
op axis shows stellar masses assuming the main-sequence relation of
peagle et al. ( 2014 ) at z = 5 and z = 6. As the galaxies in our sample
o not all have a large amount of multiwavelength observations, we
ould not securely determine their stellar masses. 

For comparison, we also show the UV-selected galaxies of
LPINE with blue diamonds and the UV-selected galaxies of
EBELS with purple crosses. Also shown is the relation found
y Mauerhofer & Dayal ( 2023 ) at z ∼ 5 − 6 with the DELPHI
emi-analytic model baselined against ALPINE and REBELS ob-
ervations. Moreo v er we plot the IRX–M ∗ relations from Bouwens
t al. ( 2020 ), Fudamoto et al. ( 2020a ), and Bowler et al. ( 2024 )
sing equation ( 9 ). The SF galaxy companion sample suggests
n obscuration fraction ( f obs , median = 63 per cent ) similar to those
xpected from UV-selected samples. The [C II ]-selected galaxies
uggest a relation for galaxies around QSOs that implies that more
FR is obscured ( f obs , median = 93 per cent ) than what is inferred from
V-selected galaxies (as indicated by the relations from ASPECS,
3COSMOS, ALPINE, and REBELS). The high obscuration frac-

ion of the companion galaxies near QSOs is remarkable. Regardless
f the origin of this increased dust attenuation, we clearly observe a
ifference between QSO and SF galaxy environments and hence we
reat the samples separately in the rest of this paper. 

In Appendix A , we have used the Venemans et al. ( 2020 ) sample to
stimate the fraction of low redshift contaminants we would expect in
ur sample. According to these calculations 13 per cent of our sample
f companion galaxies could correspond to lower redshift sources
hich happened to show CO line emission at approximately the

ame frequency as [C II ] for the main target. We thus look at the effect
his would have on the derived mean obscured fraction as shown in
ig. 7 . Using the ASPECS sample at z ∼ 1 . 3–2.5 from Bouwens
t al. ( 2020 ) as a reference low-redshift sample, we would expect
ost low redshift emitters to have an IRX > 4, which according to

quation ( 9 ) would correspond to � 80 per cent of the star formation
o be obscured. We have repeated our fitting procedure while we
andomly remo v e one source from the SF and QSO companion
ample that is > 80 per cent obscured to simulate the effect of
xcluding a potential contaminant from our sample. We find that
he newly calculated unobscured fractions are within 20 per cent
f the unobscured fraction described abo v e for the full sample and
herefore within the errors on the mean unobscured fraction. 

.4 The intrinsic UV luminosity function 

aving established the unobscured SFR from the [C II ]-selected
eighbours, we use this characterisation to reco v er the intrinsic UV
F from the observed UV LF. The observed LF differs from the

ntrinsic LF in that both the luminosity of sources and their inclusion
n the LF can be impacted by dust obscuration. For our reference
V LF from the observations, we have selected to use the double
ower-law galaxy UV LF from Harikane et al. ( 2022 ) that utilises
he very wide-area ( ∼300 deg 2 ) Hyper Suprime-Cam survey. 

A double power-law LF is given by 

( M) = 

φ∗
10 0 . 4( M−M ∗)( αDP + 1) + 10 0 . 4( M−M ∗)( βDP + 1) 

, (11) 

here φ∗ is the normalisation density, M ∗ is the characteristic
agnitude, αDP is the faint-end slope, and βDP is the bright-end

lope. To reco v er the intrinsic UV LF, we use a forward modelling
ethodology. Fig. 8 shows a schematic o v erview of our procedure.
he steps of our forward modelling procedure are the following: 

(i) We allow the parameters of the input intrinsic LF ( φ∗ and
DP ) to span a sufficient range of parameters such that we are able
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Figure 7. The unobscured fraction of the SFR as a function of the total SFR as measured from the [C II ] emission from companions galaxies around SF galaxies 
( left ) and companions galaxies around QSOs ( right ). The [C II ]-selected galaxies are shown in red and orange for these samples, respectively, and the mean 
unobscured fraction by the black solid line. The width of the shaded grey region indicates the 16th and 84th percentiles of the mean fraction. Galaxies that are 
not detected in the far-IR are indicated by an upside down triangle. The blue diamonds show the relation derived for the stacked UV-selected ALPINE galaxies 
(B ́ethermin et al. 2020 ), while the purple crosses show the relation based on the stacked REBELS sample (Algera et al. 2023 ). The dotted lines show the z ∼ 5 
and z ∼ 6 relations from Mauerhofer & Dayal ( 2023 ) from the DELPHI semi-analytic model calibrated with ALPINE and REBELS galaxies. Also shown are 
the IRX–M ∗ relations from ASPECS (Bouwens et al. 2020 ), A 

3 COSMOS (Fudamoto et al. 2020a ), and ALPINE/REBELS (Bowler et al. 2024 ) assuming the 
main-sequence relation from Speagle et al. ( 2014 ) for z = 5 and z = 6. The top axis shows the stellar masses assuming the same relation from Speagle et al. 
( 2014 ) at z = 5 and z = 6. 

Table 4. Considering the importance of the SFR IR in this work, we prefer to use the work of Murphy + 11. Summary of our key results for galaxies at z ∼5–6. 

Unobscured SFR 

Mean unobscured fraction f unobscured , SFG = 0 . 33 + 0 . 16 
−0 . 14 f unobscured , QSO = 0 . 07 + 0 . 05 

−0 . 05 
SFR UV 

SFR UV + SFR IR 
= (1 + A × SFR 

B 
[C II ] ) 

−1 , B = 0 A SFG = 1 . 6 + 1 . 7 −0 . 8 A QSO = 11 . 6 + 15 . 6 
−5 . 4 

Star formation rate densities (lower limits) 

log 10 (SFRD SFG / M � yr −1 Mpc −3 ) log 10 (SFRD QSO / M � yr −1 Mpc −3 ) 

Intrinsic (Including obscured, M UV < −17) −1 . 81 + 0 . 09 
−0 . 08 −1 . 55 + 1 . 78 

−0 . 40 

Observed (Based on rest-UV, M UV < −17) −1 . 83 + 0 . 08 
−0 . 08 −1 . 94 + 0 . 16 

−0 . 16 

Dust-obscured ( M UV < −17) −3 . 44 + 0 . 47 
−0 . 33 −1 . 85 + 2 . 08 

−1 . 72 

Figure 8. A schematic o v erview of our forward modelling procedure that is used to reco v er the intrinsic UV LF. (1) We create i × j realisations of φ∗ and βDP , 
which serve as the input parameters of the intrinsic LF. (2) For every combination of φ∗ and βDP we compute a model LF. (3) We se gre gate the model intrinsic 
LF across various bins in magnitudes and for all the galaxies in a bin we convert the total SFR to the UV SFR from the distribution we find in Fig. 7 . (4) Finally, 
we compare the model observed LF to the reference observed LF from Harikane et al. ( 2022 ) and compute χ2 . 
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o reproduce the observed LFs with the distribution of obscured 
ractions of SFR. M ∗ and αDP are fixed to the determinations obtained 
y Harikane et al. ( 2022 ). We create 1000 × 100 realisations of φ∗
nd βDP . 

(ii) For each combination of φ∗ and βDP , we create the (intrinsic) 
F. Then the intrinsic LF is divided up into various bins of
agnitudes. For all galaxies within a bin we have the intrinsic mag-
itudes and therefore SFR tot . To convert this to observed magnitudes 
nd SFR UV , we apply the distribution of f unobscured we find for our
ample and use: SFR UV = 

SFR UV 
SFR tot 

× SFR tot = f unobscured × SFR tot . 
(iii) We then sum the contribution from all dust-corrected galaxies 

n the previous step to arrive at a model UV LF and compare it to the
MNRAS 534, 2062–2085 (2024) 
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Figure 9. The observed UV LF at z ∼ 5 (left panel) and z ∼ 6 (right panel) from Harikane et al. ( 2022 ) ( black line ) and the intrinsic UV LF we obtain with 
the dust obscuration correction procedure we describe in this paper based on the characteristics of companion galaxies around SF galaxies and QSOs ( red and 
orang e line , respectively ). The width of the shaded regions ( shown in red and orange ) indicates the 16th and 84th percentiles of the observed and intrinsic LFs. 
Shown with dashed lines are the intrinsic LFs when instead of using the distribution of obscured fractions we adopt the mean obscuration instead (see Section 
3.4 ). Clearly, the dust corrections we infer here substantially increase the volume density of intrinsically luminous sources at z � 5. This is also shown by the 
predictions of the intrinsic and observed UV LF from Mauerhofer & Dayal ( 2023 ) that are calibrated with ALPINE and REBELS data at z ∼ 5 and z ∼ 6. We 
only infer the intrinsic LF o v er the SFR range sampled by our companion galaxy sample. 
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bserved UV LF of Harikane et al. ( 2022 ). We do this by obtaining
he χ2 value. To ensure that our derived LF results are fully guided
y our observational constraints, we only infer the intrinsic LF for
he SFR range that is co v ered by our sample of companion galaxies.

We repeat this procedure 1000 times while we randomly sample
rom the distribution of f unobscured we find in Section 3.3 allowing
 unobscured to vary within its uncertainties. We then correct the SFR
f each galaxy in the bin of the UV LF with each of the values in the
istribution, while we make sure to conserve the number of sources
n each bin according to the input intrinsic LF. When we sample
rom the distribution, we make sure to only correct the intrinsic UV
F with physical values of f unobscured . This means that f unobscured <

 is treated as 0 and f unobscured > 1 is treated as 1. Subsequently,
his ensures that galaxies with f unobscured = 0 that would be non-
etected in rest-UV observations do not contribute to the UV LF.
his method therefore takes into account that the intrinsic UV LF

ncludes the correction on the luminosity of the sources as well
s their inclusion in the UV LF according to their detectability.
or each trial in these simulations, we save the input LF that has

he smallest χ2 value. Since we use the distribution of obscured
ractions directly and therefore the obscuration does not depend on
he SFR, we find that we can reproduce the observed LF by only
arying φ∗ and keeping βDP constant to the value of Harikane et al.
 2022 ). In Fig. 9 , we show the intrinsic UV LF obtained by using the
istribution of obscured fractions of SFR of the star-forming galaxy
SFG) and QSO companion samples with red and orange solid lines,
espectively. The solid black lines show the observed UV LF from
arikane et al. ( 2022 ) at z ∼ 5 (left panel) and z ∼ 6 (right panel)

nd the shaded grey area shows the 16th and 84th percentiles of 10 5 

ealisations of the LF as we vary the input parameters (e.g. faint-end
lope) according to the uncertainties specified for the parameters. The
ntrinsic UV LF is a factor ∼ 6 and ∼ 450 larger than the observed
NRAS 534, 2062–2085 (2024) 
V LF based on the distribution of obscured fractions for SFG and
SO companions, respectively. 
It is worthwhile comparing these results (utilising the full distribu-

ion of obscured fractions) with what we would obtain if we assumed
he same fixed obscured value for every source. We have performed
his experiment with the obscured fraction of the SFG companion
ample using both our forward-modelling code and analytically
here 

 UV, intrinsic = M UV, observed − 2 . 5 × log 10 ( f unobs ) (12) 

nd find consistent results. We show the median intrinsic LF in Fig. 9
ith the dark red and dark orange dotted lines based on the mean
ust obscuration from the SF galaxy and QSO companion sample,
espectively. We see that for both samples, this procedure results
n significantly more galaxies at the bright end of the LF than our
rimary procedure of sampling from the distribution of obscured
ractions. The large differences are due to the fact that in our primary
pproach we account for the few high-SFR galaxies in our sample that
re only subject to minimal dust obscuration rather supposing that all
alaxies are subject to the same obscuration. This makes it possible
o reproduce the observed LF with a much smaller overall correction
nd therefore the simplified approach presented in this paragraph
ould easily result in an SFRD that is substantially o v erestimated. 

.5 The SFRD at z � 5 

ith the intrinsic LF obtained from forward modelling, we can
alculate the SFRD at z � 5. In this work, our SF galaxy and QSO
ompanion sample probe a limited range in SFRs, ≈ 30 − 150 and

30 − 320 M � yr −1 , respectively. First, we obtain the SFRD of
hese ranges by numerically integrating the LF of both samples that
ave been obtained using the distribution of f unobscured . We obtain
og 10 ( SFRD / M � yr −1 Mpc −3 ) = −3 . 36 + 0 . 42 

−0 . 24 for the SF galaxy and
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1 . 85 + 2 . 08 
−1 . 68 for the QSO companion sample. For comparison, if we

ould integrate the observed UV LF over the same range we obtain
og 10 ( SFRD / M � yr −1 Mpc −3 ) = −4 . 11 + 0 . 17 

−0 . 18 and −4 . 51 + 0 . 29 
−0 . 33 at z ∼ 5

nd z ∼ 6, respectively. If we compare the results from the observed
nd intrinsic LF solely integrated over the range of SFRs probed in
his work, we find a median increase in density of ≈ 6 and ≈ 500. 

We also integrate to −17 mag (0 . 20 M � yr −1 ), as is more
ommonly done and will make it easier to compare to literature 
esults. When we inte grate o v er magnitudes that are not probed by
he SFRs in this work we assume the observed UV LF. Essentially
e assume that at those magnitudes there is no dust obscuration 

nd therefore this provides us with a lower limit on the SFRD.
e obtain log 10 ( SFRD / M � yr −1 Mpc −3 ) = −1 . 81 + 0 . 09 

−0 . 08 for the 
F galaxy and −1 . 55 + 1 . 78 

−0 . 40 for the QSO companion sample. If
e would integrate the observed UV LF to −17 mag, we obtain

og 10 ( SFRD / M � yr −1 Mpc −3 ) = −1 . 83 + 0 . 08 
−0 . 08 and −1 . 94 + 0 . 16 

−0 . 16 at
 ∼ 5 and z ∼ 6, respectively. The difference between the observed 
nd intrinsic LF originates from the dust-obscured star formation, 
herefore the dust-obscured SFRD is log 10 ( SFRD / M � yr −1 Mpc −3 ) 
 −3 . 44 + 0 . 47 

−0 . 33 and −1 . 85 + 2 . 08 
−1 . 72 , which is 2 + 4 

−1 % and 55 + 44 
−53 % of the total

ntrinsic SFRD according to the median values for the SF galaxy and
SO companion samples, respectively. 
As the samples in this work probe the bright-end of the LF, we

lso take a look at the fractional contribution that dust-obscured star
ormation provides to the SFRD integrated down to −20 mag ( ∼
 M � yr −1 ). We obtain log 10 ( SFRD / M � yr −1 Mpc −3 ) = −2 . 25 + 0 . 10 

−0 . 09 

or the SF galaxy and −1 . 77 + 1 . 99 
−0 . 74 for the QSO companion sample.

he contribution from dust-obscured star formation is 7 + 11 
−4 % and 

4 + 16 
−74 % (or equi v alently > 3 per cent and > 10 per cent ) of the

otal intrinsic SFRD integrated to −20 mag leveraging results from 

he SF galaxy and QSO companion samples, respectively. 
We note that the dust-obscured SFRDs are obtained from Monte 

arlo sampling both the observed and intrinsic SFRD with their 
orresponding errors and subtracting the observed SFRD from the 
ntrinsic SFRD to account for the asymmetric errors. 

We present our results in Table 4 and Fig. 10 where they are
lso compared with the SFRD values from the literature. The solid
lack line indicates the SFRD evolution from Madau & Dickinson 
 2014 ) (MD14) and the dashed/dotted lines indicate the dust-rich and
ust-poor models from Casey et al. ( 2018a ). Both the intrinsic and
bserved SFRD inferred from the companions near SF galaxies agree 
ith MD14. The companions near QSOs imply a dustier Universe 
ith the intrinsic SFRD while the observed SFRD agrees with MD14. 
We have shown in Section 3.4 that we obtain significantly larger 

ntrinsic UV LF if we use the mean obscured fraction instead of the
istribution. The corresponding obscured SFRD to these UV LFs are: 
og 10 ( SFRD / M � yr −1 Mpc −3 ) = −2 . 48 + 0 . 88 

−0 . 68 and −0 . 08 + 1 . 41 
−0 . 96 for the

ean obscured fraction from the SFG and QSO companion sample, 
espectively. These results are presented in the lower panel of Fig. 10
ith the empty purple and green markers. 
As mentioned before, we find no relation between the obscured 

raction and the total SFR. Ho we ver, from the IRX–M ∗ relation,
ne might reasonably expect a trend between the obscuration and 
he total SFR of a source. We therefore look into how a potential
elation between obscuration and SFR would change our results. For 
his e x ercise, we adopt the mass dependence found by Bowler et al.
 2024 ) in the IRX–M ∗ relation they derive based on ALPINE and
EBELS galaxies. In Fig. 7 , we can see that the relation from Bowler
t al. ( 2024 ) indeed shows a similar slope between obscuration and
FR as the stacked results from ALPINE (B ́ethermin et al. 2020 )
nd REBELS (Algera et al. 2023 ). To illustrate the impact such a
ependence can have on our results, we introduce a small change 
n our procedure of correcting for the impact of dust obscuration by
orward modelling the observed distribution of obscured fraction of 
he SFG companions. The change we make is to scale up or down the
ractions according to the SFR of sources in the intrinsic LF using the
ame slope as Bowler et al. ( 2024 ) find for the IRX–M ∗ relation. In
he case of the obscuration being dependent on SFR, we not only vary
∗, but make sure to also vary βDP . Adopting the Bowler et al. ( 2024 )
ependence on SFR, we obtain a log 10 ( SFRD / M � yr −1 Mpc −3 ) that 
s 0.37 dex smaller than our fiducial result assuming no dependence. 

 DI SCUSSI ON  

.1 Comparisons with earlier selections of [C II ]-emitting 
ompanion galaxies 

n this work, we search for [C II ]-emitting sources in the neighbour-
oods of luminous galaxies and quasars. Neighbours are identified 
hrough the detection of SNR ≥ 6.2 [C II ] lines in the same ALMA
ata cubes as the target sources and with the requirement that the
elocity difference with the primary target is � v ≤ 2000 km s −1 . 
ur SNR ≥ 6.2 is based on a purity of > 95 per cent (Schouws

t al., in preparation) for serendipitous detections with this SNR. 
herefore, the probability that selected peaks originate from noise 

s very low, i.e. < 5 per cent. We have examined the ALMA data
ubes corresponding to 34 [C II ]-detected target sources and found
wo neighbour candidates: J1208 −0200C1 and J2228 + 0152C1. We 
xpanded our sample with the neighbour galaxies from Loiacono 
t al. ( 2021 ), Venemans et al. ( 2020 ), Fudamoto et al. ( 2021 ), and
EBELS-39 (Schouws et al., in preparation). We adopt the selection 
riteria of � v ≤ 500 km s −1 to create a sample of galaxies that 
re most likely to be at z � 5. Ho we v er, we cannot e xclude the
ossibility that some neighbours are not [C II ] emitters, but e.g.
id-J CO lines at a lower redshift. While we have verified that for

he sources with available multiwavelength observations there is no 
mission bluewards of the Lyman alpha transition, fully excluding 
he low-redshift possibility would require the detection of additional 
mission lines or spectral features in sources with spectroscopy. We 
ave estimated in Section 3.3 the impact of excluding a possible
ower redshift contaminant on the mean obscured fraction and found 
he result to still be within the errors on the mean obscured fraction.

ultiwavelength observations are also needed to robustly constrain 
he stellar masses of the sample, in order to more closely tie our results
o the stellar mass of sources and not just their SFRs through [C II ]. 

One important property of our sample that can indicate that 
e are observing [C II ] is the equi v alent width of the candidate

C II ] emission lines. Our sample (with dust detections) has a high
edian equi v alent width (EW) of ≈ 1 . 1 μm ≈ 2000 km s −1 . High
W ( > 1000 km s −1 ) are also found for [C II ]-emission from e.g.
yman break galaxies (Capak et al. 2015 ) at z ∼ 5 − 6 and QSO
ost galaxies at z > 6 . 6 (Venemans et al. 2016 ) and local starbursts
Sargsyan et al. 2014 ). In contrast to this, the median EW of
O at z ∼ 1 − 2 . 5 is typically lower (Decarli et al. 2016 ), e.g.
1000 km s −1 . 
As previously stated we find two neighbour galaxies from our 

wn examination of 34 archi v al ALMA observ ations. Out of the 34
bservations analysed in this work, 18 of these are observations of
uasars. The two neighbour galaxies are found to accompany quasars, 
herefore 11 per cent of the examined quasars have a neighbour
alaxy. In comparison, Venemans et al. ( 2020 ) found 13 quasar host
alaxies with companions that would qualify as a neighbour in 27
uasar observations, almost 50 per cent. In Fig. 1 , we see that the
argets of Venemans et al. ( 2020 ) have higher [C II ] luminosities
MNRAS 534, 2062–2085 (2024) 



2074 I. F. van Leeuwen et al. 

M

Figure 10. Constraints on the SFR density as a function of redshift. Top panel: The red and orange solid circles show the SFR density we estimate from our 
intrinsic UV LFs based on dust obscuration from companions around SF galaxies and QSOs, respectively, integrated to −17 mag. We only infer the intrinsic LF 
and dust corrections o v er the SFR range directly sampled by our work and therefore the dust corrected SFRDs we derive are lower limits. The blue solid circles 
show the SFR density when we integrate the observed UV LF from Harikane et al. ( 2022 ) to −17 mag. The solid black line indicates the fiducial SFR density 
evolution from Madau & Dickinson ( 2014 ). Meanwhile, the dashed/dotted lines correspond to the dust-rich and dust-poor models from Casey et al. ( 2018a ) and 
intrinsic and dust-attenuated models from Mauerhofer & Dayal ( 2023 ). Furthermore, we show the constraints on the rest-UV SFRD from Bouwens et al. ( 2022a ) 
( grey triangles ), the SFRD from radio-observations from van der Vlugt et al. ( 2022 ) ( green triangles ) and SFRDs from the [C II ]-LF from the ALPINE companions 
from Loiacono et al. ( 2021 ) ( aqua and purple crosses ). Lower panel: The purple and green solid circles show the contribution of dust-obscured sources to the 
SFR density, based on the dust obscuration from SF galaxy and QSO companions, respectively. The empty purple and green circles show the dust-obscured SFRD 

when we assume a constant mean obscuration instead of using the distribution of obscured fractions. Other estimates of the contribution of obscured sources 
to the SFRD are shown, including those of Casey et al. ( 2021 ) ( light blue triangles ), Wang et al. ( 2019 ) ( orange pentagons ), Barrufet et al. ( 2023 ) ( grey thin 
diamond ), Algera et al. ( 2023 ) ( yellow triangle ), Fudamoto et al. ( 2021 ) ( pink star ), Gruppioni et al. ( 2020 ) ( pink diamonds ), Traina et al. ( 2024 ) ( aqua squares ), 
Khusanova et al. ( 2021 ) ( red cross and plus sign ), Dudzevi ̌ci ̄ut ̇e et al. ( 2020 ) ( green shaded region ), and van der Vlugt et al. ( 2023 ) ( orange shaded region ). 

c  

t  

a  

i  

c  

b  

m  

1  

l  

Q  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/534/3/2062/7762207 by U
niversita' degli Studi R

om
a La Sapienza user on 28 O

ctober 2024
ompared to our sample of archi v al observ ations. Likely one of
he most important factors in the lower prevalence of companion
round the bright galaxy samples we consider versus that seen
n the Venemans et al. ( 2020 ) are the halo masses of the targets
onsidered. Given their brightness and rarity, the bright QSOs studied
NRAS 534, 2062–2085 (2024) 
y Venemans et al. ( 2020 ) almost certainly have much higher halo
asses and therefore much more significant clustering (Mo & White

996 ) than most of the sources we consider. While halo mass is
ikely the largest factor, it is also possible that feedback from the
SO could contribute to the pre v alence of nearby companions by
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oosting their SFRs, as Zana et al. ( 2022 ) and Ferrara et al. ( 2023 )
iscuss. Moreo v er, the Venemans et al. ( 2020 ) data are relatively
eep, with quasars that have on source observation times larger than 
n hour, likely resulting in more significant serendipitous detections. 

Another possibility for the low amount of companions that are 
ound could be due to the resolution of the observations. We restricted 
ur search to archi v al observ ations with an angular resolution of
 0 . 2 arcsec. We have found the [C II ]-emitting companions J1208-

200C1 and J2228 + 0152C1 that have observations with resolutions 
f ∼ 0 . 4 arcsec. The majority (21) of the 34 observations used to
earch for companion galaxies have resolutions of � 0 . 4 arcsec. It is,
o we ver, possible that we over resolve the [C II ]-emission in those ob-
ervations we consider that have higher spatial resolution and thus we 
iss companions there. As we do not obtain the intrinsic UV LF from

he number of companion galaxies that are found, but rather based 
n the obscured fraction of the companions, we do not expect this to
e an issue for our analysis. Ho we ver, it could be an issue if there is a
rend between the obscuration of a galaxy and source size, for exam-
le if some extended sources that are missed are generally less dust-
bscured. If that would be the case we might o v erestimate the obscu-
ation if we have missed some more extended companion galaxies. 

One last contributing factor to why we do not find as many
ompanions as in previous work around QSOs might be due to us
nly considering archi v al observ ations of sources without published 
ompanions in our search. Given the lesser frequency with which 
esearchers report null results, we might be focusing on sources 
here companion searches have already been done, but the results 

re not deemed interesting enough to publish. 

.2 Obscured star formation deri v ed from [C II ]-selected 

amples 

e estimate the obscured star formation based on the far-IR emission
e infer from the (dust) continuum of the galaxies in our sample.
hen we convert continuum fluxes to IR luminosities, it is necessary 

o rely on assumptions on the dust temperature and emissivity as we
annot constrain these parameters of the dust SED. While there is
iterature that suggests dust might be hotter at higher redshift, there 
s also a large scatter in dust temperatures observed (e.g. Schreiber 
t al. 2018 ; Sommovigo et al. 2022a ; Viero et al. 2022 ). As IR
uminosity scales with the dust temperature and dust emissivity 
 L IR ∝ M dust T 

βem + 4 
dust ), this translates into a larger uncertainty on the

ust-obscured star formation. We include a systemic uncertainty of 
 factor of 3, to account for the dust temperature varying by 10 K
nd βem 

between 1.5 and 2.5. If the dust in galaxies in our sample
ere systematically colder than our fiducial assumptions, the IR 

uminosities and obscured SFR would decrease. Conversely, if the 
ust were, systematically hotter, this would increase the obscured SF. 
An important challenge for the present inferences is the very small

umbers of galaxies in our samples, particularly at lower SFRs. 
learly, larger samples of companion sources are required to extend 

he range of SFRs where the characteristics of companion galaxies 
an be well-sampled and to impro v e the statistical confidence on
hese results. Yet, even with the present small selection of companion 
ources, we can see that dust-obscured star formation contributes 
uite substantially to the SFR in individual SF galaxies at z > 4. 
As we have seen in Section 3.5 , whether the obscured fraction is

haracterised by the distribution of obscured fractions or a mean 
bscured fraction can have a significant impact on the resulting 
FRD. The use of the mean obscured fraction is a simplified 
pproach that would very likely lead to an o v erestimate of the dust-
bscured SFRD, due to the omission of the impact of the modest
raction of sources where the dust extinction is substantially less. 
herefore, we prefer to characterise the obscured fraction with the 
istribution of obscured fractions and it is even more important to
btain larger samples in order to better sample the distribution of
bscured fractions. 

.3 The use of [C II ] as an SFR tracer 

aving constructed a sample of [C II ]-selected companion galaxies, 
e aimed to use this selection to characterise the relation between

he [C II ] SFR of a galaxy and the fraction of the SFR that is
irectly visible in the rest-UV. The advantage of performing this 
haracterisation on a [C II ]-selected sample is that we would not
xpect the results to suffer from the same selection biases that would
mpact the same characterisation performed on galaxies identified 
ith a UV selection, as is the case for the ALPINE and REBELS
alaxies themselves. 

We find the total SFR as obtained from the UV and IR of our
alaxies and the L [C II ] of the galaxies to generally follow the relation
rom De Looze et al. ( 2014 ). This is consistent with e.g. results from
he high-resolution SERRA simulations that finds z ∼ 8 galaxies 
o lie on the standard [C II ]–SFR relation (Pallottini et al. 2022 ).
o we ver, there is also literature questioning the use of [C II ] as a

racer of SFR at high redshift (e.g. Liang et al. 2024 ). Liang et al.
 2024 ) find with the use of the FIRE simulations that early Epoch
f Reionization galaxies could have a [C II ] deficit due to their low
etallicities. If such a [C II ]-deficit is present in our galaxy sample,

his would imply less obscured SFRs at a certain [C II ] SFR. It
ay furthermore suggest that we may o v erestimate the obscured
FR if our sample is significantly deficient in [C II ]. Ho we ver, [C II ]
eficits are mostly observed in very bright and compact sources 
uch as ULIRGs ( L IR ≥ 10 12 L �), SMGs and QSOs. 3 out of the
8 galaxies in our sample have IR luminosities corresponding to 
LIRGs, ho we ver, these galaxies do not show a greater [C II ] deficit

han the other galaxies in the sample. As we do not have estimates on
he gas properties (e.g. metallicities) of the galaxies in our sample we
annot use the L [C II ] –SFR relation as described in Liang et al. ( 2024 ).

One further caveat to the abo v e argument concerns the origin of
he [C II ] emission. [C II ] emission is believed to originate mainly
rom PDRs at high redshift (Hollenbach & Tielens 1999 ; Wolfire
t al. 2022 ). Ho we ver, it is unclear what fraction of [C II ] emission
riginates from the neutral gas. Croxall et al. ( 2017 ) find that in local
F galaxies 60–80 per cent of the [C II ] emission is from neutral gas.
his neutral gas is heated by the photoelectric effect on small dust
rains and cooled via [C II ] emission. Therefore, since an unknown
raction of the [C II ]-emission in high-redshift galaxies could be due
o photoelectric heating, it could subsequently bias us to slightly 
ustier galaxies. We note that this method is still preferred o v er UV-
election since the [C II ] line is not affected by dust attenuation and
e find our results to be in agreement with other selection methods

een in Section 4.5.2 . 
The use of [C II ] as an SFR tracer could also be questioned if the

C II ] and IR or UV show significant offsets, as the emission would
robe different environments. We do not observe such large offsets, 
ut the resolution of the [C II ] observations used in this work is limited
nd therefore we cannot conclude whether these offsets are present. 
astly, some of the [C II ] emission might correspond to the halo
mission of a galaxy. With high-resolution modelling Schimek et al. 
 2024 ) find that up to 10 per cent of the emission of [C II ] is from the
ircumgalactic medium (CGM). If a significant percentage of [C II ]
mission does indeed result from the CGM in contrast to the discs of
alaxies, this would decrease the reliability of [C II ] as an SFR tracer.
MNRAS 534, 2062–2085 (2024) 
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.4 Characterising the obscured fraction of SFR from [C II ] 
mitters found in o v erdense regions 

ne important uncertainty is connected to our o v erall methodology
mployed here. Due to the use of companion galaxies, we are biased
o o v erdense re gions. We emphasise that we do not use the companion
alaxies to derive the UV LF results directly as we base our results
n the LF function from Harikane et al. ( 2022 ). We only use the
roperties of the companion galaxies to infer the dust obscuration at
 � 5 to circumvent the bias that one introduces by UV selection. For
ur method, we assume that the [C II ]-selected companion galaxies
sed to compute the dust obscuration and the UV-selected galaxies
sed to compute the LF are drawn from the same distribution of SF
alaxies. Moreo v er, we assume that this population of SF galaxies
ominate the UV LF (especially at the bright end) and is the main
ontributor to the SFRD at high redshift. Although we are not biasing
ur LF to o v erdense re gions, we might ask ourselv es if companion
alaxies identified in o v erdense re gions around massiv e galaxies
r QSOs are more likely to be dust-obscured at a given SFR than
alaxies in lower density environments. While posing this question, it
s important to keep in mind that the richest environments contribute
n increasingly large fraction of the SFR density at high redshift,
ith ∼30 per cent of the SFR density at z ∼ 6 expected to originate

rom only ∼5 per cent of the cosmic volume (Chiang et al. 2017 ). 
In theory, it is possible that galaxies in o v erdense re gions are more

usty given that outflows and starbursts can enrich the intergalactic
edium (IGM) with metals. This has indeed been shown to be the

ase in studies of simulated galaxies (e.g. Graziani et al. 2020 ; Di
esare et al. 2023 ). The Astraeus framework (Hutter et al. 2021 )

hat fully couples galaxy formation and reionization has been used to
how that radiative feedback preferentially quenches star formation
ore in low-mass galaxies ( M halo < 10 9 . 5 M �) in o v erdense environ-
ents, affecting their SFRs (Legrand et al. 2023 ). Ho we ver, the metal

nd dust contents of early galaxies in the framework are primarily
etermined by a combination of their stellar masses and SFRs (Ucci
t al. 2023 ). For example, low-mass haloes with high SFRs show
xtremely low metallicities due to outflows removing their dust
nd metal contents. Moreo v er, the FLARES simulations find that
oth SFR and metallicity depend primarily on the stellar mass of
ources and show no strong dependence on the environment (Wilkins
t al. 2023 ). Additionally, Champagne et al. ( 2018 ) find no evidence
or an o v erdensity of continuum sources around z > 6 quasars, in
ontrast to the o v erdensity of [C II ] emitters, but concede that deeper
bservations may be needed to arrive at more robust conclusions. 
Interestingly, we observe the companion galaxies around QSOs to

e more dust-obscured than companion galaxies with similar SFRs
round SF galaxies. The inferred mean obscured fractions imply that
ompanion galaxies around QSOs have SFRs that are on average 93
er cent obscured, whereas companion galaxies around SF galaxies
ave less obscured SFR, at 63 per cent . The suggestion that QSO
nvironments might be more dusty is not new, as this has been used
o explain the lack of overdensities around QSOs in the rest-UV
e.g. Garc ́ıa-Vergara et al. 2019 ). Generally, the QSO observations
ave higher spatial resolution than the observations of SF galaxies.
his could mean that we are biased to more compact systems and
s mentioned before we could o v erestimate the obscuration if there
s a trend between the obscuration of a galaxy and the source size.
o understand if QSO environments are statistically more dusty and
hat the underlying physical scenarios are, we need larger and deeper

amples. Moreo v er, we would benefit from even higher resolution
ata to understand whether an interaction between QSO and the
ompanions is evident and could be the cause of increased dust
bscuration. Larger samples could further help us to correct for a
NRAS 534, 2062–2085 (2024) 
otential bias due to o v erdensity, for e xample, if we could quantify
bscuration as function of o v erdensity factor. 
The SF galaxy sample shows some low-attenuation outliers as

e can clearly see in Fig. 7 . The number of galaxies would be too
mall to conclude whether this is a statistically different population
f galaxies. Ho we v er, re gardless of the size of sample we do not
bserve these objects to be special (e.g. they are not at larger velocity
ifferences than then rest of our sample). As these outliers are non-
etected in the continuum, we cannot infer whether the IR and rest-
V emission in these objects are spatially offset ([C II ] and the rest-
V are spatially coincident) and if this could be responsible for the

ow-attenuation observed in these objects. 

.5 Evolution of the SFRD 

n Fig. 10 , we show the SFRD we derive by integrating our intrinsic
V LF to −17 mag ( red and orange circles ), as well as the contri-
ution from dust-obscured star formation alone ( purple and green
ircles ) and the SFRD without any dust correction ( blue circles ).
hen integrating to −17 mag, we make use of the dust-uncorrected
V LF from Harikane et al. ( 2022 ) at the fainter magnitudes we
o not probe in this work. Therefore, we show our SFRDs as lower
imits, as we have assumed zero attenuation for galaxies with lower
FRs. Besides the relation found by Madau & Dickinson ( 2014 )
lotted with the solid black line, we also show the dust-poor and
ust-rich models from Casey et al. ( 2018a ). The dust-poor model
ndicates the SFRD where DSFGs contribute < 10 per cent to the
FRD at z > 4, whereas the dust-rich model shows the SFRDs where
SFGs contribute ∼ 90 per cent of the SFRD at z > 4. 

.5.1 Comparison of total SFRD 

he top panel of the figure shows that the SFRD from the observed
V LF from Harikane et al. ( 2022 ) also agrees with the rest-UV
FRD (integrated to −17 mag) from Bouwens et al. ( 2022a ). The

ntrinsic SFRD from the dust-obscured SF galaxy companions agrees
ith the total SFRD inferred from radio (3 GHz) observations (van
er Vlugt et al. 2022 ), which is not surprising given the fact that
ust obscuration would also have no impact on radio probes. The
igh SFRD inferred on basis of QSO companions is suggestive
f a potentially much higher contribution from dust-obscured star
ormation at z > 5, but there might be environmental biases which
mpact this result and cause it to be higher than in other probes. 

As we have made use of the sample of companion galaxies
dentified in ALPINE from Loiacono et al. ( 2021 ), we want to see
f our results agree with the SFRD based on the [C II ] LF from that
ork. The [C II ] LF is constructed from the companion galaxies in

he ALPINE observations. Therefore, the LF is biased by the use of
 v erdense re gions, we can see this clearly as the clustered SFRD is
uch higher than expected from previous results. We aim to arrive

t more representative results by basing our results on the wide-area
est-UV LF results of Harikane et al. ( 2022 ) and then correcting for
he impact of dust using our obscured fraction determinations derived
sing our companion sample. The SFRD computed from the field
alaxy found in the ALPINE data by Loiacono et al. ( 2021 ) is more
n line with previous literature and our own SFRD estimates. 

Also shown in the top panel of Fig. 10 are the results of the DELPHI
emi-analytic model by Mauerhofer & Dayal ( 2023 ) integrated to
17 mag. In this model the maximum star formation efficiency and

raction of supernova energy coupled to gas are baselined to galaxies
rom ALPINE and REBELS. Their intrinsic UV LF indeed implies
ore SFRD than the dust-attenuated (or observed) LF. 
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.5.2 Dust-obscured SFRD 

t is interesting to compare the present estimates of the dust-
bscured star formation from the [C II ]-selected companions with 
stimates from previous studies as shown in the lower panel of
ig. 10 , including those by Casey et al. ( 2021 ), Wang et al. ( 2019 ),
arrufet et al. ( 2023 ), Algera et al. ( 2023 ), Fudamoto et al. ( 2021 ),
ruppioni et al. ( 2020 ), Dudzevi ̌ci ̄ut ̇e et al. ( 2020 ), Traina et al.

 2024 ), Khusanova et al. ( 2021 ), and van der Vlugt et al. ( 2023 ).
n comparing to previous work in the literature, it is important that
e pay close attention to the SFR limits that various studies probe.
e compute the SFRD from integrating our obtained intrinsic LF 

rom 0.20 M � yr −1 ( −17 mag) to ≈ 150 and ≈ 320 M � yr −1 for the 
F galaxy and QSO companion sample, respectively. Important to 
ote is that for the magnitudes fainter than those that are sampled by
he SFG and QSO companions, we assume no dust-obscuration, and 
herefore our SFRD estimates are lower limits. 

Starting with the dust-obscured SFRD from the Casey et al. ( 2021 )
mm probe down to ∼ 2 × 10 12 L � (200 M � yr −1 ), we find a lower
nd higher dust-obscured SFRD we derive from our SF galaxy 
nd QSO companion sample, respectiv ely. Mo ving towards slightly 
eeper probes of obscured star formation in the z > 4 Universe, we
onsider the search for sub-millimetre galaxies (SMGs) provided 
y Dudzevi ̌ci ̄ut ̇e et al. ( 2020 ) to S 870 ≥ 1 mJy, corresponding to

100 M � yr −1 and the ( M ∗ > 10 10 . 3 M �) H-dropouts from Wang 
t al. ( 2019 ). Again the dust-obscured SFRD from the SFG/QSO
ompanion are smaller/greater than the SFRD from these SMGs. We 
nd a much higher dust-obscured SFRD using the obscured fraction 
f QSO companions, but this may be due to galaxies near bright
SOs being subject to more dust obscuration. We note ho we ver that

he uncertainty on the intrinsic and observed SFRD based on the 
istribution of obscured fractions of the QSO companions are large. 
Slightly deeper yet, in Fudamoto et al. ( 2021 ), two companion

ources in the REBELS data are described with obscured SFRs of
0–70 M � yr −1 . Other results for the dust-obscured SFRD from 

EBELS obtained by Algera et al. ( 2023 ) and Barrufet et al. ( 2023 )
rrive at similar SFR density determinations to Fudamoto et al. 
 2021 ). These SFRD estimates are at slightly higher redshift, z ∼ 7,
nd they are higher than the obscured SFRD from our SF galaxy
ompanion sample, while they are slightly lower than from our 
nferences using our QSO companion sample. 

Lastly, results from the dust-obscured SFRD from the ALPINE 

argets by Gruppioni et al. ( 2020 ) show higher SFRDs than in other
tudies. This may be due to their SFRD results being integrated 
own to 	 10 −2 M � yr −1 . Results based on the ALPINE surv e y 
y Khusanova et al. ( 2021 ) are also shown and indicate a relation
etween L IR and both the UV magnitudes and stellar mass. The values 
hown in Fig. 10 are the obscured SFRD they infer extrapolating their
ample results (obtained to −20 mag) to −17 mag. Also shown is
he contribution of optically dark radio sources in COSMOS-XS as 
ound by van der Vlugt et al. ( 2023 ). At z ∼ 5 they find radio sources
own to SFRs of ≈ 500 M � yr −1 and inte grate o v er the whole LF to
btain the dust-obscured SFRD, that agrees with our SFRD based on 
he QSO galaxy companion sample. Results from Traina et al. ( 2024 )
rom the A 

3 COSMOS surv e y that utilises archi v al ALMA data on
he COSMOS field to conduct an unbiased probe are integrated down 
o the same SFRs as the results from ALPINE and show comparable
FRDs. Our dust-obscured SFRD from the QSO companions agrees 
ith these results, and our results imply that a higher SFRD than
bserved from UV-selected galaxies with a small dust correction 
as shown by the relation from Madau & Dickinson 2014 ) is
robable. 
t

The corrected SFRD estimates from this work demonstrate again 
hat dust-obscured star formation likely contributes meaningfully to 
he total SFRD of the Universe at z � 5. Moreo v er, we see that SFRD
stimates derived based on UV-selected samples may under predict 
he SFRD due to biases associated with a UV selection. Massive H-
ropouts and SMGs contribute significantly to the obscured SFRD 

nd their densities agree with the average dust-obscured SFRD we 
btain from the SFG and QSO companion sample together. 
F or conte xt, we also show the dust-obscured SFRD we obtain if

e assume that all sources show the same mean obscured fraction as
hown in Fig. 7 and do not utilise the full distribution to perform the
orrection (as in our fiducial calculations). With larger samples, we 
hould be able to better constrain the full distribution of the obscured
raction and its dependence on the total SFR and impro v e constraints
n the dust-obscured SFRD at z � 5. 

 C O N C L U S I O N S  

ere, we present an entirely new methodology for estimating 
he contribution from obscured star formation in the high-redshift 
niverse. Essential to our methodology is the selection of sources 
sing the [C II ] line, which has been shown to be an excellent tracer
f the total SFR in galaxies across cosmic time (De Looze et al. 2014 ;
arniani et al. 2020 ; Schaerer et al. 2020 ; Bouwens et al. 2022b ) and
ot to depend sensitively on the extent to which SFR is obscured.
election of sources via [C II ] line emission can be performed in the
ame ALMA data sets as used for the characterisation of bright
alaxies and QSOs using the same line, but key is to construct
hese samples from sources found at similar redshift as the (UV-
elected) target sources. This method of identifying dusty, far-IR 

right galaxies is significantly cheaper than the use of blank field
urv e ys as the ALMA FOV is relatively small. Given that the selected
alaxies will be identified using their [C II ]-derived SFRs alone, we
an make use of rest-UV observations (where available) to determine 
he fraction of their SFR which is obscured. 

In constructing [C II ]-selected samples of companion galaxies for 
his purpose, we made use of selections of companion galaxies 
n the literature from Venemans et al. ( 2020 ), ALPINE (Loiacono
t al. 2021 ), and from REBELS (Fudamoto et al. 2021 ; Bouwens
t al. 2022b ), but we also did a search for these sources in ALMA
bservations of z > 6 galaxies from the archive, considering ALMA
bservations of 55 separate targets. Of the 34 sources where a [C II ]
ine was found for the main target, two dust-obscured companion 
alaxies were found with the line search code MF3D : J1208 −0200C1
nd J2228 + 0152C1. Neither neighbour has a detection in the rest-
V, possibly due to obscuration by dust. A less obscured companion

s found around REBELS-39, with a 2 σ detection in the rest-UV. Fig.
 shows the full range of redshifts and [C II ] luminosity for targets
e considered in constructing our samples. 
Using these samples to characterise the fraction of SFR that is

bscured, we only consider [C II ]-selected companion galaxies where 
he available rest-UV observations are deep enough to detect sources 
n the rest-UV even if they are 85 per cent obscured. Additionally, to

aximise the probability that sources in these [C II ]-selected samples
re at z > 4, we only consider neighbour candidates whose systemic
elocity difference with the target galaxies are � v ≤ 500 km s −1 . On 
he basis of the rest-UV observations, we estimate two fractions of
bscured SFR, one for galaxies found in the neighbourhoods around 
F galaxies and one for galaxies around QSOs. The companion 
ample near SF galaxies suggest f obs , median = 63 per cent similar 
o those expected from UV-selected samples. The [C II ]-selected 
MNRAS 534, 2062–2085 (2024) 
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alaxies around QSOs indicate f obs , median = 93 per cent , suggesting
hat QSO environments are even more dust-enriched. 

With the fraction of obscured SFR we derive, we used a forward
odelling methodology to determine the intrinsic UV LF from the

bserved UV LF results by Harikane et al. ( 2022 ). By the intrinsic
V LF, we indicate the UV LF we would expect to obtain prior to

he impact of dust on either the rest-UV brightness or selectability
f sources. We integrate the intrinsic UV LF to −17 mag to find
og 10 ( SFRD / M � yr −1 Mpc −3 ) ≥−1 . 81 + 0 . 09 

−0 . 08 and −1 . 55 + 1 . 78 
−0 . 40 applying

he distribution of obscured fractions from companion galaxies
earby SF galaxies and QSOs, respectively (Table 4 ). It is possible
he dust obscuration is underestimated due to the lack of constraints
e have at low SFRs, although the QSO companion sample suggest

hat their environments may be dustier than the environment of SF
alaxies. Using this new methodology we find that > 2 + 4 

−1 % and
 55 + 44 

−53 % of the SFRD is dust-obscured, based on the SF galaxy
nd QSO companion sample, respectively. If we integrate to −20
ag we obtain log 10 ( SFRD / M � yr −1 Mpc −3 ) = −2 . 25 + 0 . 10 

−0 . 09 for the
F galaxy and −1 . 77 + 1 . 99 

−0 . 74 for the QSO companion sample. This is
 

+ 11 
−4 % and 84 + 16 

−74 % (or equi v alently > 3 per cent and > 10 per cent )
f the total intrinsic SFRD integrated to −20 mag for the SF galaxy
nd QSO companion samples, respectively. This result indicates that
he effect of dust-obscuration is substantial at the bright-end of the
F. 
To constrain the obscured SFR relation more robustly, we need
ore sensitive probes for [C II ] emission from companion galaxies

nd this will also provide us constraints to lower SFRs. This is
articularly important as we are not yet able to detect a dependence
f the obscured fraction of SFR, but if the obscured fraction increases
ith SFR (as expected from most derived IRX–M ∗ relations, e.g.
owler et al. 2024 ), this would have a clear impact on the derived
FRD. Moreo v er, observations in more ALMA bands are needed

o probe the full IR SED, to decrease uncertainties on the IR lumi-
osities. Rest-UV observations are also needed for the majority of
he companion galaxies that are found in the high redshift Universe,
o that these sources can also be used to infer the dust obscuration.
uture JWST observations (e.g. from ASPIRE; program ID 2078; PI:
 . W ang) will be beneficial for our understanding of stellar masses
f these companion galaxies and confirming the redshifts as found
y [C II ]. One way of making immediate progress on this front is to
ake use of the deeper observations being obtained around massive
 > 4 galaxies from CRISTAL (2021.1.00280.L, PI: Herrera-Camus,
odrigo), an ALMA Large Program appro v ed for e x ecution in c ycle
 targeting 19 massive galaxies in the range z = 4–6. In addition,
e will be making use of the ALMA observations from the ∼49-
our Cycle-10 program CISTERN targeting 195 spectroscopically
onfirmed QSOs and bright galaxies. Among other open questions,
he data should allow us to better determine if highly dust-obscured
alaxies are substantially more common in QSO environments than
hey are around SF galaxies. 
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Figure A1. Top panel: the number of serendipitous lines identified by 
Venemans et al. ( 2020 ) as a function of the absolute velocity difference 
( � v = 

z comp −z target 
1 + z target 

c). In green, the number of expected contaminants within 

one velocity bin is plotted. Lower panel: the fraction of galaxies that 
are contaminants as function of the velocity difference. For galaxies with 
� v ≤ 500 km s −1 the fraction of contaminants is the smallest ( ≈ 0 . 13) and 
therefore the probability of them being high-redshift sources is high. 
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PPENDIX  A :  LOW-REDSHIFT  

O N TA M I NAT I O N  

ne potential uncertainty in this analysis is the nature of the
erendipitous emission lines detected in the same data cubes as
he primary z ≥ 4 ALMA targets. While the vast majority of
NRAS 534, 2062–2085 (2024) 
hese disco v ered lines v ery likely correspond to [C II ], some of the
isco v ered lines might originate from sources at lower redshift and
n fact correspond to a CO transition. To estimate the probability of
his, we use 27 target quasar host galaxies and 27 serendipitously
dentified galaxies of Venemans et al. ( 2020 ). We focus on the
elocity difference between the serendipitous lines and the quasar
ost galaxy as given in equation ( 1 ). To estimate the number
f low-redshift contaminants, we look at the number of galaxies
ith � v > 2000 km s −1 , similarly to what is done in Venemans

t al. ( 2020 ). Serendipitous lines with larger velocity differences
re substantially less likely to be associated with the quasar host
alaxy than lines with smaller velocity differences. At large velocity
ifferences, serendipitously identified sources very likely correspond
o the same type of sources found in random search fields, i.e. CO
ransitions from lower redshift galaxies (e.g. Gonz ́alez-L ́opez et al.
019 ). There are eight serendipitous lines with � v > 2000 km s −1 ,
hich we assume to be low-redshift contaminants. The set-up of the
7 quasars that are observed varied slightly from source to source,
ut on average two spectral windows overlapped in order to provide a
o v erage of 3.3 GHz around the quasar host galaxy, corresponding to
600 km s −1 at z = 6. Two spectral windows are used at 15 GHz away
n order to probe the continuum emission, so in total about 7200 km
 

−1 is co v ered per observation. Using the amount of contaminants
t � v > 2000 km s −1 as a proxy for the low-redshift sources we
an expect per GHz, we estimate there would be six lower redshift
ontaminants lying within � v ≤ 2000 km s −1 of the main target. In
ig. A1 , the upper panel shows the number of serendipitous lines as a
unction of the velocity difference. The green line shows the expected
umber of contaminates within one velocity bin. The lower panel
hows the fraction of galaxies that are expected to be contaminants
s a function of the velocity difference. The values plotted are the
edian values with 16th and 84th percentiles from bootstrapping

0 000 times. We see that the fraction of contaminates is low

http://dx.doi.org/10.1051/0004-6361/202038607
https://arxiv.org/abs/2408.14546
http://dx.doi.org/10.1146/annurev-astro-081811-125615
http://dx.doi.org/10.1038/nature24629
http://dx.doi.org/10.1093/pasj/psx046
http://dx.doi.org/10.1093/mnras/stad2734
http://dx.doi.org/10.3847/1538-4357/ab2f75
http://dx.doi.org/10.1093/mnras/stw904
http://dx.doi.org/10.3847/1538-4357/ac4f67
http://dx.doi.org/10.3847/1538-4357/ab63dd
http://dx.doi.org/10.1093/mnras/282.2.347
http://dx.doi.org/10.1088/0004-637X/737/2/67
http://dx.doi.org/10.1051/0004-6361/201014680
http://dx.doi.org/10.3847/1538-4357/aab03f
http://dx.doi.org/10.1086/160817
http://dx.doi.org/10.1093/mnras/stac1281
http://dx.doi.org/10.1088/0004-637X/698/2/L116
http://dx.doi.org/10.1088/0004-637X/807/2/141
http://dx.doi.org/10.3847/1538-4357/aacb79
http://dx.doi.org/10.1086/503739
http://dx.doi.org/10.1088/0004-637X/790/1/15
http://dx.doi.org/10.1051/0004-6361/202037617
http://dx.doi.org/10.48550/arXiv.2306.00583
http://dx.doi.org/10.1051/0004-6361/201731506
http://dx.doi.org/10.1086/186569
http://dx.doi.org/10.1093/mnras/stac302
http://dx.doi.org/10.1093/mnras/stac2997
http://dx.doi.org/10.1088/0067-0049/214/2/15
http://dx.doi.org/10.3847/1538-4357/ab3792
http://dx.doi.org/10.3847/1538-4357/abd6e3
http://dx.doi.org/10.48550/arXiv.2309.15150
http://dx.doi.org/10.3847/1538-4357/836/1/8
http://dx.doi.org/10.1093/mnras/stac2654
http://dx.doi.org/10.3847/1538-4357/ac99db
http://dx.doi.org/10.3847/1538-4357/acd549
http://dx.doi.org/10.3847/0004-637X/816/1/37
http://dx.doi.org/10.3847/1538-4357/aadf35
http://dx.doi.org/10.3847/1538-4357/abc563
http://dx.doi.org/10.1093/mnrasl/slac075
http://dx.doi.org/10.3847/2041-8213/accd6f
http://dx.doi.org/10.1038/s41586-019-1452-4
http://dx.doi.org/10.1093/mnras/stac3281
http://dx.doi.org/10.1086/368016
http://dx.doi.org/10.1146/annurev-astro-052920-010254
http://dx.doi.org/10.1093/mnras/stac978
http://dx.doi.org/10.3847/1538-4357/abdb27


Dust-obscured star formation at z � 5 2081 

(
t
f  

t
n
c
b
i
g
i

A

I  

d  

o  

s  

J  

o  

c
w  

F
w

D
ow

nloade
 ≈0.13) for serendipitous lines with � v ≤ 500 km s −1 and within 
hat velocity limit we would expect to find about two contaminants 
or the sample of Venemans et al. ( 2020 ). At � v > 500 km s −1 ,
he fraction increases significantly and would approach ≈ 1 . 0. These 
umbers are an upper limit as some galaxies with � v > 2000 km s −1 

ould nevertheless be associated with the quasar host galaxy and 
e at z > 4. Choosing the velocity limit to be � v ≤ 500 km s −1 

s therefore a safe limit to assume for the serendipitously identified 
alaxies to be at high redshift as the fraction of expected contaminants 
s low. 
g

Figure B1. Similar to Fig. 4 from the main text but for the QSO target J1208 −02

igure B2. Similar to Fig. 4 from the main text but for the REBELS target REBEL
e present a newly identified companion galaxy REBELS-39C1. 

d from
 https:
PPENDI X  B:  N E I G H B O U R  C A N D I DAT E S  

n this work, we identify two neighbour candidates in archi v al ALMA
ata that had not been previously reported. In Section 3.1 , we show
ne of our [C II ] neighbour candidates: J2228 + 0152C1. Here, we
how the second candidate J1208 −0200C1 in Fig. 4 . Similar to
2228 + 0152C1, J1208 −0200C1 shows no detection in the available
bservations probing the rest-UV. Moreo v er, in Fig. B2 we show the
ompanion galaxy to REBELS-39, which shows a companion galaxy 
ith a 2 σ detection in the rest-UV, in contrast to the dust-obscured
alaxies from Fudamoto et al. ( 2021 ). 
MNRAS 534, 2062–2085 (2024) 

00. Here, we present a newly identified companion galaxy J1208 −0200C1. 

S-39 and the background image is the J filter from VISTA/VIRCAM. Here, 
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Table C2. The rest-UV aperture flux and magnitudes of the two quasars 
and neighbours from the ALMA Science Archive as obtained through 
SEXTRACTOR . We used the observations of the DECaLS surv e y in the z 
filter. 

Source Flux aper (nJy) 

J1208 −0200Q 1358 ± 80 
J1208 −0200C1 171 ± 80 
J2228 + 0152Q 784 ± 84 

D
ow

nlo
PPENDIX  C :  SEXTRACTOR 

s explained in Section 2.4 , we use SEXTRACTOR to measure the
est-UV fluxes of the sources imaged with HST and DECaLS.
nlike the ALPINE sources, we do not have sufficient data on these

ources to use MOPHONGO . Table C1 shows the aperture fluxes and
orresponding magnitudes of the Venemans et al. ( 2020 ) quasars and
eighbour galaxies. The aperture fluxes of the neighbour sources
ound in this study are presented in Table C2 . 
NRAS 534, 2062–2085 (2024) 

able C1. The rest-UV aperture flux and magnitudes of the Venemans 
t al. ( 2020 ) quasars and companion galaxies as measured by SEXTRACTOR . 

hene ver possible, v arious HST images probing the rest-UV light are stacked 
o increase the S/N. 

ource Flux aper (nJy) 

0100 + 2802Q 291383 ± 143 
0100 + 2802C1 236 ± 143 
0305-3150Q 17734 ± 15 
0305-3150C1 16 ± 15 
0842 + 1218Q 41163 ± 14 
0842 + 1218C1 19 ± 14 
0842 + 1218C2 122 ± 14 
1319 + 0950Q 42189 ± 23 
1319 + 0950C2 31 ± 23 
231-20Q 36992 ± 13 
231-20C1 −0 . 5 ± 13 
2054 −0005Q 20576 ± 10 
2054 −0005C1 7 ± 10 
2100 −1715Q 16832 ± 26 
2100 −1715C1 −24 ± 26 

J2228 + 0152C1 1 ± 84 
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PPENDI X  D :  ALPI NE  C O M PA N I O N  G A L A X I E S

n this work, we make use of companion sources identified around
C II ]-emitting galaxies from ALPINE in constraining the obscured
raction of SFR. Given the lack of published coordinates for the com-
anion sources identified by Loiacono et al. ( 2021 ), we conducted our
wn search for these sources with MF3D . The nine sources we found
re shown in Fig. D1 . The red crosses mark the positions of the peaks
ound by MF3D . In blue and orange, we show the 2 σ to 5 σ contours
f the [C II ] and continuum emission, respectively. We find no source
ith similar properties to S5100969402 with MF3D , but Loiacono

t al. ( 2021 ) only report a fidelity of 0.51 for the source, so this is not
urprising. We have excluded S848185 from our sample given this
ource is positioned near the edge of the ALMA cube. S510327576 is
lso e xcluded giv en the large differences in apparent velocities for the
utative [C II ] line ( � v > 2000km s −1 ), significantly decreasing our
onfidence that S51032756 actually corresponds to a z > 4 galaxy
see Fig. A1 and Appendix A ). The positions and properties of the
ine serendipitously identified ALPINE galaxies used in this work
re summarised in Table D1 . MOPHONGO is used to measure the
est-UV fluxes as discussed in Section 2.4 . 
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Figure D1. Companion sources identified in the neighbourhood of target galaxies from ALPINE and following upon the analysis by Loiacono et al. ( 2021 ). 
The blue and orange contours show the 2 σ , 3 σ , 4 σ , 5 σ [C II ] and the continuum emission, respectively. All background images correspond to rest-UV z-band 
light seen with Hyper Suprime-Cam. In the lower left corners are the beam sizes of the ALMA observations. 

Table D1. Characteristics we find for the [C II ]-emitting companion galaxies from ALPINE (and which were previously reported by Loiacono et al. 2021 ). 

Source RA Dec νc FWHM F [C II ] S IR M 1500 

(ICRS) (ICRS) (GHz) (km s −1 ) (Jy km s −1 ) (mJy) 

S842313 10:00:54.42 + 02:34:35.83 343 . 162 ± 0 . 011 845 ± 48 6 . 99 ± 0 . 1 8 . 517 ± 0 . 092 −21 . 63 ± 0 . 17 
S665626 10:01:13.83 + 02:18:40.42 340 . 791 ± 0 . 315 277 ± 22 1 . 14 ± 0 . 11 0 . 353 ± 0 . 074 > −20 . 59 
S5101209780 10:01:33.45 + 02:22:08.31 341 . 272 ± 0 . 442 388 ± 23 2 . 40 ± 0 . 28 0 . 065 ± 0 . 063 −22 . 88 ± 0 . 06 
S818760 10:01:54.69 + 02:32:31.30 341 . 465 ± 0 . 186 164 ± 17 0 . 62 ± 0 . 06 0 . 331 ± 0 . 052 > −20 . 88 
S787780 09:59:56.85 + 02:29:48.08 344 . 984 ± 0 . 302 263 ± 20 2 . 33 ± 0 . 15 0 . 365 ± 0 . 057 −23 . 38 ± 0 . 03 
S873321 10:00:03.22 + 02:37:37.46 308 . 763 ± 0 . 264 256 ± 27 2 . 47 ± 0 . 32 −0 . 007 ± 0 . 114 −21 . 22 ± 0 . 23 
S378903 10:01:11.03 + 01:52:07.88 295 . 905 ± 0 . 293 297 ± 37 0 . 64 ± 0 . 02 0 . 194 ± 0 . 070 > −20 . 60 
S5100822662 09:58:57.94 + 02:04:52.80 344 . 280 ± 0 . 179 156 ± 9 0 . 54 ± 0 . 06 0 . 153 ± 0 . 072 −20 . 25 ± 0 . 22 
S859732 09:59:59.75 + 02:36:22.62 343 . 145 ± 0 . 111 97 ± 13 1 . 00 ± 0 . 11 −0 . 195 ± 0 . 255 > −20 . 36 

A

A
t
h

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/534/3/2062/7762207 by U
niversita' degli Studi R

om
a La Sapienza user on 28 O

ctober 2024
PPEN D IX  E:  A R C H I VA L  ALMA  P RO G R A M S  

 summary of all ALMA projects where we have explicitly reduced 
he ALMA observations and done our own independent search for 
igh-redshift companion galaxies is provided in Table E1 . 
MNRAS 534, 2062–2085 (2024) 
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M

Table E1. A summary of all the ALMA programs and targets analysed in our search for [C II ]-emitting companion galaxies. a . 

Project ID ALMA source name Angular resolution ( ′′ ) 
2012.1.00536.S MSDM 80 + 3 × 0.60 

MSDM 71–5 × 0.46 
MSDM 29.5 5 × 0.45 

2012.1.00676.S CFHQSJ0055 + 0146 ∗ 0.41 
CFHQSJ2229 + 1457 ∗ 0.62 

2012.1.00719.S BDF-521 × 0.39 
SDF-46975 × 0.79 

2012.1.00962.S Abell383 z1 0.23 
2013.1.00815.S CLM1 0.40 

WMH13 0.88 
2013.1.01241.S A383 0.49 

MS0451 × 0.88 
2015.1.00091.S RXJ1347 1216 0.45 
2015.1.00122.S CR7 0.26 
2015.1.00834.S WMH 5 0.21 
2015.1.00997.S SDSS J231038.88 + 185519.7 ∗ 0.75 

SDSS J205406.49-000514.8 ∗ 0.59 
SDSS J012958.51-003539.7 ∗ 0.31 

ULAS J131911.29 + 095051.4 ∗ 0.97 
2015.1.01096.S UDF-640-1417 0.69 
2015.1.01105.S COSMOS13679 × 0.74 

COSMOS24108 × 0.67 
NTTDF6345 × 0.94 
UDS16291 × 0.72 
UDS4812 × 0.24 

2015.1.01136.S Abell383-iD 0.22 
2015.1.01178.S Abell 611 × 0.90 
2015.1.01406.S A1689-zD1 0.23 
2016.1.01240.S 20521 1.12 

2203 × 1.18 
2313 0.67 

2016.1.01423.S J0859 + 0022 ∗ 0.42 
J1152 + 0055 ∗ 0.42 
J1202-0057 ∗ 0.60 
J2216-0016 ∗ 0.40 

2017.1.00541.S J1208-0200 ∗ 0.41 
J2228 + 0152 ∗ 0.41 

2017.1.01451.S VR7 0.42 
MASOSA 0.43 

2017.A.00026.S MACS1149-JD1 0.52 
2018.1.00566.S J0439 ∗ 0.29 
2018.1.00570.S z7 PAR2 17941793 × 0.43 
2018.1.00781.S system D1 T1 × 0.61 
2019.1.01003.S PJ308-SMG1 × 0.64 

PJ308-SMG2 × 0.64 
PJ308-SMG3 × 0.64 

PJ308-SMG4 0.64 
PJ308-SMG6 × 0.64 
PJ308-SMG7 × 0.64 
PJ308-SMG8 × 0.64 

2019.1.01025.S J0252m0503 ∗ 0.24 
J0525m2406 ∗ 0.24 
J0923p0753 ∗ 0.24 
J1007p2115 ∗ 0.28 

2019.1.01436.S PSO J083 + 11 ∗ 0.27 

Note. a Quasar host galaxies targets are marked with a ∗. [C II ] non-detections of the target galaxies are marked with a ×. The angular resolution is defined as the 
beam of the observations along the minor axis. 34 of the 55 primary targets presented here are detected with [C II ] and could be used to search for companion 
galaxies at similar redshift. 
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