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2 Characterising the
contribution of
dust-obscured star
formation at z ≥ 5 using
18 serendipitously
identified [CII] emitters

I. F. van Leeuwen, R. J. Bouwens, P. P. van der Werf, J. A. Hodge, S. Schouws,
M. Stefanon, H. S. B. Algera, M. Aravena, L. A. Boogaard, R. A .A. Bowler, E. da
Cunha, P. Dayal, R. Decarli, V. Gonzalez, H. Inami, I. de Looze, L. Sommovigo,
B. P. Venemans, F. Walter, L. Barrufet, A. Ferrara, L. Graziani, A. P. S. Hygate,
P. Oesch, M. Palla, L. Rowland and R. Schneider, Monthly Notices of the Royal
Astronomical Society, 534, 2062, 2024

Abstract

We present a new method to determine the star formation rate (SFR) den-
sity of the Universe at z ≳ 5 that includes the contribution of dust-obscured
star formation. For this purpose, we use a [CII] (158 µm) selected sample of
galaxies serendipitously identified in the fields of known z ≳ 4.5 objects to
characterise the fraction of obscured SFR. The advantage of a [CII] selection
is that our sample is SFR-selected, in contrast to a UV-selection that would
be biased towards unobscured star formation. We obtain a sample of 23
[CII] emitters near star-forming (SF) galaxies and QSOs – three of which
we identify for the first time – using previous literature and archival ALMA
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 [CII] emit-
ters identified around SF galaxies have ≈63 per cent of their SFR obscured,
while [CII] emitters around QSOs have ≈93 per cent of their SFR obscured.
By forward modeling existing wide-area UV luminosity function (LF) de-
terminations, we derive the intrinsic UV LF using our characterization of
the obscured SFR. Integrating the intrinsic LF to MUV = −20 we find that
the obscured SFRD contributes to > 3% and > 10% of the total SFRD at
z ∼ 5 and z ∼ 6 based on our sample of companions galaxies near SFGs and
QSOs, respectively. Our results suggest that dust obscuration is not negli-
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18 2.1. INTRODUCTION

gible at z ≳ 5, further underlining the importance of far-IR observations of
the z ≳ 5 Universe.

2.1 Introduction

One of the most exciting frontiers in extragalactic astronomy is understand-
ing the build-up of stars in galaxies during the epoch of reionization. A com-
mon way to characterise this early build-up is through the volume-averaged
star formation rate density (SFRD) of the Universe. Thanks to a wealth
of multi-wavelength observations from both space-based and ground-based
observatories, the SFRD at z ≤ 3 has already been characterised in detail
(e.g., Madau & Dickinson 2014). The general consensus is that the star
formation rate increases with cosmic time until it reaches a peak at z ∼ 2,
the so-called ‘Cosmic Noon’, and then decreases again to the present epoch.

Reaching further back in time to z > 3, observations that are available to
constrain the SFRD have been mostly limited to the rest-UV (e.g., Madau
& Dickinson 2014). However, far-IR probes are necessary due to the impact
of dust attenuation in substantially obscuring UV light from bright star-
forming (SF) galaxies in the early Universe. Surveying the Universe in
the far-IR has been challenging due to the limited spatial resolution of
earlier wide-area probes resulting in substantial source confusion from lower-
redshift sources (e.g. Nguyen et al. 2010; Everett et al. 2020). Moreover,
higher spatial resolution probes such as are now available with the Atacama
Large Millimeter/submillimeter Array (ALMA) are limited by their relative
small field-of-view (FOV) (e.g., Hodge & da Cunha 2020).

While some of the debate in the literature regarding the evolution of
the SFRD has focused on the evolution at z > 8 (e.g. McLeod et al. 2016;
Oesch et al. 2018), substantial uncertainties also exist at z ∼ 5-8 from the
contribution of dust-obscured galaxies. For example, several recent results
(e.g. Casey et al. 2018b; Gruppioni et al. 2020; Fudamoto et al. 2020b;
Zavala et al. 2021; Khusanova et al. 2021; Loiacono et al. 2021; Talia et al.
2021) have suggested that the obscured contribution of the SFRD at high
redshift could be as large as ∼20-60% of the total SFRD. Moreover, recent
work by Algera et al. (2023) has demonstrated that the dust-obscured star
formation at z ∼ 7 could contribute as much as ∼30-50% of the SFRD,
significantly more than earlier estimated based on UV data alone. There
are many examples of galaxies at z ∼ 7 that are ≳ 90% obscured both in
observations (e.g. Marrone et al. 2018; Hygate et al. 2023) and in theoretical
models (e.g. Ferrara et al. 2022).

As previously discussed, progress in quantifying the fraction of obscured
star formation in the early Universe has been challenging due to the lim-
ited spatial resolution of earlier probes of far-IR light and the limited areas
surveyed by ALMA. Recently, there have been efforts to overcome ALMA’s
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small field-of-view and survey much wider areas. Perhaps the widest area
examples of such surveys are MORA (2 mm Mapping Obscuration to Reion-
ization with ALMA: Zavala et al. 2021; Casey et al. 2021) and ex-MORA
(Long et al., in prep.), covering 184 arcmin2 and 0.2 deg2, respectively, as
well as the substantial A3COSMOS effort (Liu et al. 2019) where a 280
arcmin2 survey area is constructed by combining the significant amount of
ALMA observations over the COSMOS field.1 Wide-area surveys such as
these can provide us with a useful unbiased probe of the prevalence of dusty
star-forming galaxies in the distant Universe. Nevertheless, an important
disadvantage to this approach is also the large observational cost requiring
not only wide area surveys in the far-IR, but also a pursuit of line scans to
determine redshifts for the identified dusty sources.

Here we present a new method to characterise the obscured star forma-
tion in the z > 4 Universe, using sensitive ALMA observations targeting
bright ISM cooling lines to search for star-forming galaxies in the neighbor-
hoods of bright QSOs and massive galaxies. Bright star-forming galaxies
are readily identifiable via line emission in bright ISM cooling lines such
as [CII] (157.74 µm). Given the clustering of galaxies, line emission from
dusty star-forming galaxies tends to be found close to the targeted sources
not only in frequency, but also in angular position on the sky. We will
therefore also refer to these serendipitously identified galaxies as ‘compan-
ion’ galaxies. Previous studies by e.g. Decarli et al. (2017) and Venemans
et al. (2020) have shown that quasars are especially good places to look for
bright star-forming companions, with ∼50% of the quasars they examined
showing at least one companion galaxy (see also Meyer et al. 2022). Mas-
sive galaxies (M∗ ≳ 108.5 M⊙) at high redshifts are also excellent targets
to use for efficient searches for companion galaxies (Loiacono et al. 2021;
Fudamoto et al. 2021). To date about 40 companion galaxies have been
discovered at z ≳ 4 with ALMA observations (e.g., Decarli et al. 2017;
Trakhtenbrot et al. 2017; Miller et al. 2020; Venemans et al. 2020; Loiacono
et al. 2021; Fudamoto et al. 2021).

An important advantage to identifying star-forming galaxies using far-
IR line emission is the insensitivity to dust obscuration or the brightness of
sources in the rest-frame UV. [CII] is an especially valuable line to use in
this regard due to it being known to trace the total star formation rate in
‘normal’ star-forming galaxies (e.g. De Looze et al. 2014) and also thanks
to its particular brightness. As a result, [CII]-selected sources can thus be
selected entirely on the basis of their SFRs, and sensitive rest-UV obser-
vations of such sources can be used to determine the extent to which star
formation in the high-redshift Universe is obscured or not. [CII] line emis-
sion is known to have multiple origins but is believed to arise mostly from
photodissociation regions (PDRs) in high redshift galaxies (e.g. Hollenbach

1https://sites.google.com/view/a3cosmos
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& Tielens 1999; Wolfire et al. 2022). As [CII] has a low ionization potential
(11.3 eV) and is therefore easy to excite, it traces a large fraction of the gas
reservoir of a galaxy (Wolfire et al. 2003).

In demonstrating the power of our new methodology, we make use of a
significant sample of 18 [CII]-selected companion galaxies to quantify the
fraction of star formation in z ∼ 4-7 galaxies that is obscured by dust
compared to their total SFR. These [CII]-emitting companion galaxies are
identified in the neighborhoods of 161 [CII]-emitting galaxies and QSOs
at z > 4 and have deep enough rest-UV observations to determine if star
formation in a source is obscured or not. These 18 galaxies have been
found as companions to galaxies drawn from 75 [CII]-emitting galaxies in
ALPINE (Le Fèvre et al. 2020; Béthermin et al. 2020), 25 [CII]-emitting
galaxies in REBELS (Bouwens et al. 2022b: see also Schouws et al. 2024,
in prep.), 27 [CII]-emitting QSOs studied by Venemans et al. (2020), and
34 [CII]-emitting galaxies and QSOs from the ALMA archive. Based on
the fraction of obscured star formation (from comparing rest-UV and far-IR
observations) in our [CII]-selected samples, we forward model wide-area UV
luminosity function (LF) results to recover the intrinsic luminosity function.
The intrinsic UV luminosity function differs from the observed LF in that
it accounts for the impact of dust obscuration on both the brightness of
galaxies in the rest-UV and their selectability. Finally, we compute a dust-
corrected SFRD at z ≳ 5.

The organization of the paper is as follows. In Section 2.2, we present
both the archival ALMA data we use in this analysis as well as the pro-
cess by which we both reduce and calibrate that data. Additionally, we
present our procedure for finding [CII]-emitting companion galaxies and
how we estimate the star formation rates in the rest-UV and IR from the
observations. In Section 2.3, we present the results, including the intrinsic
luminosity function and the implied SFRD. In Section 2.4, we discuss both
our results and the uncertainties and finally conclude with a summary of
our findings in Section 2.5. In this work all magnitudes are given in the AB
system (Oke & Gunn 1983). Moreover, we assume a Chabrier (2003) initial
mass function (IMF) (across a mass range of 0.1-100 M⊙) and adopt a flat
ΛCDM cosmology with h = 0.7, ΩM = 0.3, and ΩΛ = 0.7. For reference, 1"
corresponds to 5.7 kpc at z = 6 using this set of cosmological parameters.

2.2 Methods

2.2.1 Observational data

In this study we pursue a systematic search for [CII]-emitting compan-
ion galaxies at similar redshifts as the bright [CII]-emitting targets. We
make use of the [CII]-emitting companion galaxies identified around 75
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[CII]-emitting galaxies from the ALPINE large program (Le Fèvre et al.
2020; Béthermin et al. 2020) at z = 4-6, 25 [CII]-emitting galaxies from
the REBELS large program (Bouwens et al. 2022b) at z = 6.5-7.7, and 27
[CII]-emitting QSOs from Venemans et al. (2020) at z = 6.0-7.6.

Loiacono et al. (2021) report 12 [CII]-emitter candidates around UV-
selected z = 4-6 galaxies in the ALPINE survey, and Fudamoto et al. (2021)
report 2 [CII]-emitting galaxies around UV-selected sources in REBELS.
Around the 27 [CII]-emitting QSOs studied by Venemans et al. (2020),
27 line-emitting galaxies are identified, but only 20 of these appear to lie
at frequencies <2000 km/s from the target [CII]-emitting source and thus
are likely at z ∼ 6-7. In addition to the dust-obscured companions of
Fudamoto et al. (2021), another less obscured companion galaxy is found
in the REBELS sample (Schouws et al. 2024, in prep.) that we present for
the first time in this work and will also be included in our analysis.

In addition to making use of the [CII]-emitting companion galaxies al-
ready identified by searches over ALPINE, REBELS, and z > 6 QSO sam-
ples, we have also executed a search for additional companion galaxies using
archival ALMA data. For this search, we identify ALMA projects from the
ALMA Science Archive2 that have targeted the [CII] line in massive galax-
ies or quasars at z ≥ 6, which lie in ALMA band 6 (211-275 GHz) from
z ∼ 8 to z ∼ 6. We focused on ALMA observations acquired at low or
modest spatial resolution (≳ 0.2 arcsec) to avoid over resolving the [CII]
emission, which can frequently be quite spatially extended (Fujimoto et al.
2019, 2020; Fudamoto et al. 2022). The examined observations have angular
resolutions from ∼0.2 to ∼1.2 arcsec. A more extensive discussion on the
resolutions of the observations can be found in Sec. 2.3.1. A complete list of
examined projects and sources and their corresponding angular resolution
can be found in Table 2.8 from Appendix 2.A.5. In total we examine the
ALMA data cubes for 55 targets where [CII] is targeted. Of those 55, we
find clear (≳5σ) [CII] detections in 34 targets. We search for companion
galaxies in the archival observations of the 34 targets where [CII] is detected.
In total 161 targets are examined for companion galaxies when we include
the searches done in previous literature as described above.

We obtained the calibrated measurement sets produced by the ALMA
observatory pipeline from the European ALMA Regional Centre. Before
imaging the measurements sets, the data are time-averaged over a period
of 30 seconds to reduce the total data volume (e.g. Schouws et al. 2024, in
prep.). The flux loss after time-averaging the visibilities over 30 seconds is
less than 1 percent. 3

2https://almascience.nrao.edu/aq/
3The average fraction of intensity that is maintained after time-averaging over a time

interval τa can be approximated by Rτ = 1− 1.08× 10−9 s−2( θ
θHPBW

)2τ2a , with θ
θHPBW

the distance to the phase center with respect to the half-power beamwidth. For details
see Bridle & Schwab (1999).

https://almascience.nrao.edu/aq/
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To image the measurement sets we use the Common Astronomy Soft-
ware Applications (CASA) software for ALMA data (CASA Team et al.
2022) (version 5.7.0). We use the TCLEAN task with natural weighting,
to maximise our sensitivity to companion galaxies. We clean the data to
a depth of 2σ using ‘auto-multithresh’ (Kepley et al. 2020). The cell sizes
of the images are set such that there are approximately 5 pixels per beam.
Moreover, we use the uvcontsub task to subtract the continuum emission
in the uv -space using the default zeroth order polynomial excluding the
channels within 3× the FWHM of the [CII] line from the central source.

Figure 2.1 provides a convenient summary of the redshifts and [CII]
luminosities of ALMA targets used for the construction of our [CII]-selected
sample of companion galaxies. In Figure 2.2 the number of targets with
companion galaxies as a function of their [CII] luminosity is shown. We see
that fraction of galaxies with at least one companion galaxy increases with
increasing luminosity.

2.2.2 Line-search algorithm

In the ALMA archival fields where we search for companion sources around
[CII]-emitting galaxies and QSOs (green squares in Figure 2.1), we make use
of the Matched Filtering in 3D (MF3D) code (Pavesi et al. 2018). Given
that matched filtering works well for data cubes in which the emission is
not very extended and thus well described by 2D Gaussians, MF3D is very
effective in searching for line emission from high-redshift galaxies. To detect
line emission MF3D uses 1D Gaussian frequency templates and 2D circular
Gaussian spatial templates that are convolved with the ALMA data cubes.

The advantage of MF3D over normal matched filtering is that MF3D
takes into account the spatial correlation present in noise in interferometric
datacubes. The noise in the different channels of the data cubes are nev-
ertheless uncorrelated and therefore the spectral width of the best fitting
template matches approximately with the line width of the emission line.
A useful reference for more details on the MF3D is Pavesi et al. (2018).

Detailed analyses have already been done on line identification with
MF3D by Schouws et al. (in prep.) for the REBELS survey and it was
found that lines with a signal-to-noise ratio (SNR) ≥ 6.2 showed a purity in
excess of 95 percent. Purity (or fidelity) is defined as 1− Nneg

Npos
, so at SNR

≥ 6.2 for each positive peak with that SNR there are only 0.05 negative
peaks. In order to decrease the possibility of selecting noise peaks, we set a
constraint of SNR ≥ 6.2. In addition to its identification of positive peaks,
MF3D also identifies negative peaks arising from noise. To maximise the
robustness of any candidate [CII] line we identify, we require the SNR of a
potential galaxy candidate to be larger than the SNR of any negative peaks
found in a data set. With SNR ≥ 6.2 we expect < 10% of sources to be
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Figure 2.1: The redshifts and [CII] luminosities of the 161 ALMA targets we use
to search for a sample of [CII]-emitting companion galaxies. The [CII] luminosity
of the archival sources is derived based on the peak flux and the redshift is from
the peak frequency of [CII]. The red circles correspond to the 27 quasars with
[CII] detections where Venemans et al. (2020) has already described a companion
search, while the purple stars and blue diamonds correspond to the 25 [CII]-
detected galaxies from REBELS (Bouwens et al. 2022b) and 75 [CII]-detected
galaxies from ALPINE (Le Fèvre et al. 2020), where companion searches have
been done (Fudamoto et al. 2021; Loiacono et al. 2021; see also Schouws et al.
2024, in prep.). Green squares indicate the 34 [CII]-detected ALMA targets where
no searches for [CII]-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.
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Figure 2.2: The number of ALMA targets where a companion source is found
(red) and not found (grey) vs. the [CII] luminosity of the primary ALMA target.
The fraction of galaxies with at least one [CII]-emitting companion galaxy (black
line) increases as a function of the [CII] luminosity of the target. The error on
the fraction is given by the standard deviation of a binomial distribution.
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affected by flux boosting in excess of 3σ and expect a median flux boosting
of < 21% (see Decarli et al. 2020).

The width of the frequency templates used in our search ranges from
100 km s−1 to 800 km s−1, and the width of the spatial templates ranges
from 0 to 3 times the beam size. We define neighbours as serendipitously
detected sources with similar redshifts as the targeted (quasar host) galaxy.
We calculate the redshift of the candidates with the central frequency of
the [CII] peak. We consider candidates that have a velocity difference with
the target galaxy that is smaller than 2000 km s−1 (e.g. Venemans et al.
2020). For our final sample (Sec 2.3.2), we require sources to show ≤ 500
km s−1 velocity difference to minimise the impact of contamination from
lower-redshift line-emitting sources on our scientific results. The velocity
difference is defined by:

∆v =
zcomp − ztarget
1 + ztarget

c (2.1)

where zcomp and ztarget are the redshifts of the (potential) companion and
target galaxy, respectively. At redshift z ∼ 6, a velocity difference 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 originally identified by Loiacono et al.
(2021), Venemans et al. (2020), and Fudamoto et al. (2021) to construct our
sample of [CII]-emitting companion galaxies.

To further confirm that the source is at high redshift and the detected
lines do not correspond to a CO transition at lower redshifts, we examine
any available imaging data bluewards of the Lyman-alpha transition and
look for possible detections. Due to hydrogen between the observer and
the galaxy, photons with a rest-frame wavelength bluewards of 1216 Å will
be absorbed. The Lyman-alpha transition shifts to bluer wavelengths for
sources at lower redshifts. Detections at bluer wavelengths than the Lyman-
alpha transition at z > 5 indicate that we are observing a low redshift source
instead, meaning that the galaxy candidate is a foreground galaxy. We did
not find detections in bluer bands for the candidate sources where available.
It is worth remarking that this would have only small impact in removing
dusty, low-redshift galaxies from our selection due to the faintness of these
sources at bluer wavelengths, and our requirement that companion galaxies
show a small velocity relative to the primary targets would be the main
way of minimising contamination from this type of source (see Sec 2.3.2
and Appendix 2.A.1).

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

(i) The SNR is equal to or larger than 6.2.

(ii) There are no negative peaks with an absolute SNR value greater than
or equal to the SNR of the peak.
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(iii) The velocity difference between the central source and the peak is
smaller than or equal to 2000 km s−1 (500 km s−1 for the final sample).

(iv) The galaxy is not detected in filters bluewards of the Lyman-alpha
transition.

2.2.3 Moment-0 and continuum maps

For line candidates found by MF3D that meet the requirements of a neigh-
bour galaxy the moment-0 and continuum maps are made in an iterative
way with CASA. An initial moment-0 map is created with the task immo-
ments, where we include the frequencies within 2 × the full width at half
maximum (FWHM) of the line. As a starting point we use the FWHM and
central frequency of the peak as found with by MF3D. For each source a
signal-to-noise weighted spectrum is created only including the pixels that
have values higher than 3σ in the initial moment-0 map. A Gaussian (or
double Gaussian if there is a double peak) is fitted to the spectrum and
the FWHM and central frequency are extracted. A new moment-0 map is
created with the updated values for the FWHM and the central frequency.
This process is repeated and new spectra are made until the values for the
FWHM and the central frequency converge. With these final values the
definite moment-0 map is created. We also use these values to create the
continuum maps. In this case we use TCLEAN on the measurements sets
with specmode=‘mfs’. For the continuum map only the channels outside 2
× FWHM of the line are used. The [CII] and continuum fluxes are calcu-
lated from the moment-0 map and the continuum map, respectively. We fit
the sources iteratively with the imfit task of CASA until the flux converges.
Flux values quoted in this work are integrated fluxes. For companion sources
that are not in the phase centre of the ALMA observation, and for which
uvcontsub will not work properly, we make sure to subtract any significant
(3σ) continuum from the [CII] flux we obtain.

2.2.4 Rest-UV photometry

We use rest-UV observations from the Hubble Space Telescope (HST), the
UltraVISTA survey (UVISTA), the Dark Energy Camera Legacy Survey
(DECaLS), the Canada-France-Hawaii Telescope Legacy Survey (CFHTLS)
and Hyper Suprime-Cam (HSC) on the Subaru Telescope. We focus on
rest-UV observations at a rest-frame wavelength of 1500 Å at z ∼ 4-8.
The approximate sensitivity of the relevant observations is summarised in
Table 2.1.

A large fraction of the companion galaxies found around ALPINE galax-
ies are located over the COSMOS field, and therefore we can make use of the
deep multi-wavelength observations available there. We use the photometry
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code MOPHONGO (Labbé et al. 2006, 2010a,b, 2013, 2015) to perform this
photometry. MOPHONGO uses high-resolution data to perform aperture
photometry on low-resolution, deep optical data. Moreover, MOPHONGO
models both flux from the sources themselves and neighboring objects in
the same field such that it can subtract the light originating from nearby
neighbors. Therefore, the aperture used with MOPHONGO can be larger
and we adopt an aperture diameter of 2 arcsec. We have used the same
observational data for the sources in the COSMOS field as used in Stefanon
et al. (2019).

For the companion galaxies of REBELS we use the UV measurements in
the J-filter of UltraVISTA in COSMOS provided by Fudamoto et al. (2021)
and VISTA VIDEO in XMM-LSS (Stefanon et al, in prep.).

The companion sources we utilise from Venemans et al. (2020) are ex-
clusively observed with HST, some in multiple IR (rest-UV) filters. For
these sources the HST observations are stacked in order to increase the sig-
nal to noise ratio and to increase the number of detections. This is done
by performing an inverse variance weighted stack of the images, where the
variance is based on the uncorrelated RMS noise in the image (typically
the noise starts behaving as uncorrelated when the image is rebinned by a
factor of 10).

To extract the UV fluxes of the sources with exclusively HST data we
cannot use MOPHONGO and use Source Extractor (SExtractor) (Bertin
& Arnouts 1996) instead. SExtractor can detect and deblend objects in
astronomical images and measure the corresponding fluxes. The algorithm
starts by estimating the background signal. This allows the program to
compute the relative flux and magnitude of objects. SExtractor has a double
imaging mode where an image with the positions of the objects can be
supplied. SExtractor then provides the relative magnitudes and fluxes of the
source within an aperture diameter of 0.8 arcsec. We choose this aperture as
a compromise between encapsulating all the flux of a source and excluding
the flux of neighbouring sources. We make sure that we do the necessary
aperture corrections for the HST IR filters as the encircled energy in an
aperture of 0.8" diameter is ≈ 0.844.

Moreover, for the galaxies found within this work that do not have HST
imaging and are not in the COSMOS field we use the data from DECaLS
and perform aperture photometry with SExtractor as explained for the Ven-
emans et al. (2020) sources.

We opted to exclude companions (5 in total) where the radial distance
to the QSO target is <15 kpc (∼ 2.6") as QSOs are particularly bright at
rest-UV wavelengths. Our motivation for excluding these sources is due to
potential blending between flux from the companion source and the QSO

4https://www.stsci.edu/hst/instrumentation/wfc3/data-analysis/photometric-
calibration/ir-encircled-energy
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Table 2.1: The depths of the filters of rest-UV imaging data used in this work.
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 minutes exposure time. Calculated with the
HST ETC.

Filter name 5σ depth
Ground-based
HSC z 25.91

CFHTLS z 25.21

SSC z+ 25.01

UVISTA J 25.41

DECaLS z 22.52

HST
F125W 27.83
F140W 28.03
F160W 27.83

target. For one companion (P167-13C1), we use the measurements from
Mazzucchelli et al. (2019) that do PSF modeling and therefore can reliably
extract the flux from the companion that is close (<15 kpc) to the quasar
host galaxy.

2.2.5 Star formation rates
The [CII] luminosity is calculated directly from the [CII] flux using:

L[CII]/L⊙ = 1.04× 10−3 ν[CII], obs F[CII] D
2
L (2.2)

where F[CII] is the [CII] flux in Jy km s−1, ν[CII], obs the central frequency of
the [CII] emission in GHz and DL the luminosity distance in Mpc (Solomon
et al. 1992). De Looze et al. (2014) derived a relation for the total SFR
of z ∼ 0 galaxies based on their [CII] luminosity. The relation we use in
this work is based on the starburst sample from De Looze et al. (2014) as
this has been found to agree best with high redshift sources (e.g. Kohandel
et al. 2019; Pallottini et al. 2022):

log10 (SFR/M⊙ yr−1) = −7.06 + 1.00× log10(L[CII]) (2.3)

The L[CII]−SFR relation does not appear to evolve significantly from z ∼ 4-
7 to z ∼ 0 (Schaerer et al. 2020; Carniani et al. 2018, 2020), and so we will
use this relation to calculate the total SFR of sources in our analysis.

With the relative UV magnitudes and redshifts of the sources we calcu-
late the absolute magnitudes and the UV luminosity:

LUV/L⊙ = 10
MUV−Msun(λ)

−2.5 (2.4)
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where Msun(λ) is the absolute magnitude of the Sun as measured with a filter
with wavelength λ ≈ 1500 Å under the assumption that νLν = constant.
To convert the UV luminosities to star formation rates we use the following
relation from Madau & Dickinson (2014):

SFRUV/M⊙ yr−1 = 0.63×KUV × LUV (2.5)

KUV (= 1.15 × 10−28 M⊙ yr−1 erg−1 s Hz) is the conversion factor from
UV luminosity to SFR, while the factor 0.63 is needed to convert from a
Salpeter to a Chabrier IMF.

The continuum flux of the sources allows us to constrain the IR lu-
minosity. To estimate the IR luminosity we assume a SED of the dust
and integrate the emission between the rest-frame wavelengths of 8 and
1000 µm. We assume that the dust is heated by star formation only. The
dust SED can then be described by a modified blackbody with emissivity
index βem = 2.03 and Tdust = 46 Kelvin following the approach of Inami
et al. (2022) 5. As flux is always measured relative to the CMB we correct
the IR luminosity for this. At higher redshifts, the CMB temperature is
higher and contributes more significantly to the flux that is measured. The
CMB correction factor is given by:

fCMB =
Fint + FCMB

Fint
= 1− Bν(TCMB)

Bν(Tdust)
(2.6)

where Fint corresponds to the intrinsic flux of the source, FCMB the flux
measured originating from the CMB, Bν the emission of a blackbody as a
function of temperature and TCMB = (2.73 K) × (1 + z) (da Cunha et al.
2013). The IR luminosity is then calculated by the following equation:

LIR/L⊙ = 7.70× 103
Scont,158µm

fCMB

D2
L

1 + zc
(2.7)

with Scont,158µm is the continuum flux in mJy measured at a rest frame fre-
quency of ∼ 158 µm, zc the redshift corresponding to the central frequency
of the [CII] emission line and DL the luminosity distance (analogous to
Venemans et al. (2020)). There is a systematic uncertainty of a factor of
≈2-3 on this luminosity as the shape of the SED is unknown (Venemans
et al. 2018).6 The IR SFR is calculated similarly to the UV SFR using the

5Assuming 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). Som-
movigo et al. (2022b) furthermore find the median temperature of the ALPINE galaxies
to be 48 K, and therefore our assumption of the dust temperature is also consistent with
the ALPINE sample.

6We adopt a systematic uncertainty of a factor of 3, as we observe this systematic
scatter in the IR luminosity when we vary the dust temperature by 10K and βem between
1.5-2.5.
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following equation:

SFRIR/M⊙ yr−1 = 0.94×KIR × LIR (2.8)

KIR = 3.88×10−44 M⊙ yr−1 erg−1 s and LIR corresponds to the integrated
luminosity from 8 to 1000 µm (Murphy et al. 2011). The factor 0.94 is used
to convert from a Kroupa to a Chabrier IMF.

2.3 Results

In this section, we make use of a substantial sample of 18 [CII]-selected
companion galaxies (§2.3.1) with sensitive rest-UV imaging to characterise
the fraction of SFR in z ∼ 4-8 star-forming galaxies that is obscured (§2.3.2).
We then make use of the obscuration fraction to derive the intrinsic LF at
z ∼ 5-6 that includes the obscured UV light (§2.3.4). Finally, we estimate
the contribution dust-obscured galaxies make to the SFR density at z ≳ 5
(§2.3.5). Figure 2.3 provides a schematic representation of the methodology
we use to infer the dust-corrected SFR density at z ≥ 4 from the present
analysis.

2.3.1 Newly identified candidate companion galaxies
The primary objective of this work is to better characterise the obscured
fraction of star formation in the early Universe using a [CII]-selected sample
of companion galaxies at z > 4. To do so, we not only make use of [CII]-
selected companion sources already identified in various large data sets, e.g.
ALPINE and REBELS, but we also conduct searches for [CII]-emitting com-
panion galaxies in the archival ALMA data around z > 6 targets showing
robust [CII] lines. In this work, we analyse the ALMA cubes for 34 separate
sources showing [CII] emission.

With the line-searching algorithm MF3D we found 2 candidate neigh-
bour galaxies in the archival data and a third previously unreported candi-
date from REBELS. The first two sources were identified as part of ALMA
project 2017.1.00541.S with UV imaging observations available from the DE-
CaLS survey. We summarise the properties of the three neighbour galaxies
in Table 2.2.

One of the companion galaxies was identified around quasar host galaxy
J2228+0152, at zlyα = 6.08. We find the quasar host galaxy to reside at
z[CII] = 6.081 consistent with Matsuoka et al. (2018). For this quasar
a neighbour candidate is found at z[CII] = 6.077, which we will call
J2228+0152C1. The left panel of Fig. 2.4 shows the position of the
neighbour galaxy to the central quasar host galaxy and a zoomed-in image
on the location of peaks found by MF3D (red crosses). On the right, a
section of the corresponding SNR-weighted spectrum of the peaks is shown
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with a Gaussian fit to the [CII] line. J2228+0152C1 has a more significant
[CII] line than the central galaxy but is not detected in any of the filters of
the DECaLS survey. The 3σ detection this companion galaxy shows in the
dust-continuum suggests this source is highly dust-obscured. In Table 2.6
the aperture fluxes are shown as measured with SExtractor along with their
corresponding magnitudes.

The second companion galaxy identified is around the quasar host galaxy
J1208-0200 found with the Subaru Telescope at a redshift zlyα = 6.2 (Mat-
suoka et al. 2018). Using the [CII]-line we found the quasar host galaxy
to reside at z = 6.117, consistent with Izumi et al. (2019). The neighbour
candidate, which we will call J1208-0200C1, is found at z[CII] = 6.153. We
show the quasar host galaxy and the neighbour with their corresponding
spectrum in Fig. 2.12. While both galaxies are detected in [CII], only the
quasar host galaxy is detected in the rest-UV. J1208-0200C1 is not visible
in the rest-UV observations and therefore is likely highly dust-obscured.

In addition to the previously presented obscured companion galaxies by
Fudamoto et al. (2021), another less obscured companion source is found
in the REBELS sample (Schouws et al. 2024, in prep.). In contrast to the
sources from Fudamoto et al. (2021) that are not detected in the rest-UV,
the companion to REBELS-39 has a 2σ detection in the J-band (0.23 ± 0.11
µJy). In Fig. 2.13 we show this serendipitously identified source along with
its target galaxy in a consistent manner as we have done for the sources
from archival data.

2.3.2 [CII]-selected sample

With the present compilation of companion galaxies – including the newly
identified candidates from §2.3.1 – our goal is to determine the fraction of
SFR in galaxies that is obscured vs. the total SFR in galaxies. We do
this as a function of the SFR given the well known dependence of dust
obscuration on the stellar mass (e.g. Reddy et al. 2006; Pannella et al. 2009,
2015; Whitaker et al. 2018; Bouwens et al. 2020). This can be done by
looking at the ratio between the unobscured (UV) star formation and the
total star formation rate of the neighbouring galaxies found in [CII]. Our
use of [CII]-selected galaxies ensures that we are not biased to unobscured
galaxies.

Table 2.3 summarises the properties of the 23 neighbour candidates we
examined. The full sample consists of the three new companion galaxy
candidates at z > 6 found in archival data and around REBELS-39 and
the already known companion galaxies from Loiacono et al. (2021), Vene-
mans et al. (2020), Fudamoto et al. (2021). We examined the companion
galaxies that have rest-UV observations and have a velocity difference of
∆v < 2000 km s−1 with their central galaxies. In some cases galaxies are
not detected in the rest-UV or IR continuum at 3σ, as can be seen by the er-
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rors on their properties. Out of the 23 neighbour candidates, 11 (17) sources
have 3σ (2σ) continuum detections. Moreover, out of the 23 sources, 7 (10)
are detected with 3σ (2σ) in the rest-UV.

To constrain the obscured fraction, we only consider sources which fea-
ture UV observations sensitive enough to detect sources at 1σ even if 85
percent of the UV light is obscured. Furthermore, we decide to restrict our
analysis to those companion sources that have ∆v ≤ 500 km s−1. Using the
full companion sample from Venemans et al. (2020) we quantify the proba-
bility of a companion galaxy being a lower redshift interloper as function of
∆v in Appendix 2.A.1. We assume that sources with ∆v > 2000 km s−1 are
contaminants from lower redshift (e.g. CO line emitters). We quantify that
for a velocity difference of ≤ 500 km s−1 the probability of the neighbour
candidate being at low redshift is low (∼13%). Applying all of the above
criteria, we arrive at a sample of 18 galaxies.

We did not include the known systems of QSOs host galaxies and massive
galaxies with companions such as PJ308-21 (Decarli et al. 2017, 2019) and
BRI 1202-0725 (Carilli et al. 2013). They have been excluded from this
study as our original focus was on companions at z > 6, using the Venemans
et al. (2020) sample. Since we focus on companion galaxies selected by their
[CII] emission, newly detected companions using JWST (e.g. Kashino et al.
2023; Wang et al. 2023) are likewise not included.

As a check on our analysis (also given the possibility of a small fraction
of foreground interlopers which could enter our selection: Appendix 2.A.1),
we compare the SFRs we compute based on flux measurements in the rest-
UV and IR continuum and the [CII] luminosity based on the detected [CII]
lines. We present the results of this comparison in Figure 2.5. In blue
the starburst relation of De Looze et al. (2014) and the 1σ dispersion is
shown. The black circles indicate sources in our sample for which the far-
IR continuum is detected (3σ), the red squares correspond to sources with
no such continuum detections. Finally, the filled data points correspond
to galaxies detected in the rest-UV (3σ), while the empty symbols indicate
galaxies lacking a rest-UV detection. For most sources the error on the
total SFR is dominated by the uncertainty introduced in the IR luminosity
by the uncertain shape of the dust SED. We see from this figure that our
sample agrees with the relation from De Looze et al. (2014), although for
some data points we unfortunately have large uncertainties.

Since our sample of [CII]-emitting galaxies are selected from two differ-
ent environments, around QSOs and SF galaxies, we examine whether the
environment appears to have an impact on the obscured fraction of SFR.
In Fig. 2.6 the cumulative distribution function is shown for the fraction of
unobscured SFR. Fractions of unobscured SFR that have negative values
are treated as having a value of 0 while fractions that are larger than 1
are treated as having a value of 1. We observe that the companion galax-
ies around QSOs in our sample appear to be significantly more obscured.
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Figure 2.5: The total SFR (SFRUV+IR) as function of the [CII] 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 1σ dispersion is shown. The black
filled and non-filled symbols indicate sources for which the dust continuum is
detected (3σ), the red symbols show the continuum non-detections. The filled
data points are the galaxies that have a 3σ 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.

We therefore decide to create sub samples of the companion galaxies, sep-
arated by their environment. The SF galaxy companion sample consists of
companions found around ALPINE and REBELS galaxies and has a mean
redshift of zSF = 5.14. The sample of companions around QSOs consists of
the two companions shown in §2.3.1 and also companions from Venemans
et al. (2020) and has a mean redshift of zQSO = 6.21.

2.3.3 Obscured star formation

We have chosen to characterise the fraction of obscured star formation in
galaxies as a function of their total SFRs as measured by [CII] – given
our ability to readily quantify this SFR and not e.g. the stellar mass. In
Figure 2.7, we show individual constraints on the obscured fraction as a
function of the [CII]-derived SFRs for both the companions near QSO and
SF galaxies. If a galaxy is not detected (not a 3σ detection) in the continuum
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and/or rest-UV we use the flux as measured (no upper limits)7.
Previous work by e.g. Bouwens et al. (2020); Fudamoto et al. (2020a);

Bowler et al. (2024) on UV-selected galaxies show that the infrared excess
(IRX) increases for larger stellar masses (M∗). As the relation between
the fraction of obscured or unobscured star formation and total SFR is
unknown, we use the IRX-M∗ relation as a starting point. We can convert
IRX to the fraction of unobscured star formation rate using:

SFRUV

SFRUV+IR
=

(
1 +

SFRIR

SFRUV

)−1

=

(
1 + C1 ×

LIR

LUV

)−1

= (1 + C1 × IRX)
−1

(2.9)

with C1 = KIR/KUV and IRX = LIR/LUV.
We then use the dependence of IRX on M∗ (IRX ∝ MB

∗ ) and assume
the best-fit main sequence relation (M∗∝ SFRtot) of Speagle et al. (2014)
(eq. 29) to have an unobscured star formation rate fraction as a function of
total SFR:

SFRUV

SFRUV+IR
= (1 +A× SFRB

[CII])
−1 (2.10)

where A and B are free parameters.
This relation is fitted to both the SF galaxy and QSO companion [CII]-

selected samples. We find B to be consistent with zero as there is no clear
dependence of the obscuration fraction on the total SFR for the sources
in our sample. Therefore for simplicity we fix B to zero. Our fit can
then be simplified by taking the mean of the (un)obscured fraction of the
samples. The median (and 16th/84th percentiles) we find for the mean
unobscured fraction of the SF galaxy and QSO sample when we generate
106 bootstrap samples are funobscured,SFG = 0.37+0.17

−0.15 and funobscured,QSO =

0.07+0.05
−0.05. Adopting the functional form given in Eq. 2.10, when fixing

B = 0, we find ASFG = 1.6+1.7
−0.8 and AQSO = 11.6+15.6

−5.4 (Table 2.4). The
unobscured fractions for the individual galaxies together with the mean
unobscured fractions are shown in Fig 2.7. Errors shown on the individual
data points result from the formal errors on the star formation rates, the
scatter on the IR luminosity introduced by the uncertain dust temperature
and dust emissivity and the scatter on the [CII] SFR. The top axis shows
stellar masses assuming the main sequence relation of Speagle et al. (2014)
at z = 5 and z = 6. As the galaxies in our sample do not all have a large
amount of multi-wavelength observations, we could not securely determine
their stellar masses.

For comparison, we also show the UV-selected galaxies of ALPINE with
blue diamonds and the UV-selected galaxies of REBELS with purple crosses.

7We note that the median SNR of the dust continuum observations for our sample is
∼ 3.
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Also shown is the relation found by Mauerhofer & Dayal (2023) at z ∼
5 − 6 with the DELPHI semi-analytic model baselined against ALPINE
and REBELS observations. Moreover we plot the IRX-M∗ relations from
Bouwens et al. (2020), Fudamoto et al. (2020a) and Bowler et al. (2024)
using Eq. 2.9. The SF galaxy companion sample suggests an obscuration
fraction (fobs,median = 63%) similar to those expected from UV-selected
samples. The [CII]-selected galaxies suggest a relation for galaxies around
QSOs that implies that more SFR is obscured (fobs,median = 93%) than
what is inferred from UV-selected galaxies (as indicated by the relations
from ASPECS, A3COSMOS, ALPINE and REBELS). The high obscuration
fraction of the companion galaxies near QSOs is remarkable. Regardless of
the origin of this increased dust attenuation, we clearly observe a difference
between QSO and SF galaxy environments and hence we treat the samples
separately in the rest of this paper.

In Appendix 2.A.1 we have used the Venemans et al. (2020) sample
to estimate the fraction of low redshift contaminants we would expect in
our sample. According to these calculations 13% of our sample of compan-
ion galaxies could correspond to lower redshift sources which happened to
show CO line emission at approximately the same frequency as [CII] for
the main target. We thus look at the effect this would have on the derived
mean obscured fraction as shown in Fig. 2.7. Using the ASPECS sample at
z ∼ 1.3-2.5 from Bouwens et al. (2020) as a reference low redshift sample,
we would expect most low redshift emitters to have an IRX > 4, which
according to Eq. 2.9 would correspond to ≳ 80% of the star formation to
be obscured. We have repeated our fitting procedure while we randomly
remove one source from the SF and QSO companion sample that is > 80%
obscured to simulate the effect of excluding a potential contaminant from
our sample. We find that the newly calculated unobscured fractions are
within 20% of the unobscured fraction described above for the full sample
and therefore within the errors on the mean unobscured fraction.

2.3.4 The Intrinsic UV Luminosity Function

Having established the unobscured star formation rate from the [CII]-selected
neighbours, we use this characterization to recover the intrinsic UV lumi-
nosity function from the observed UV LF. The observed LF differs from the
intrinsic LF in that both the luminosity of sources and their inclusion in the
LF can be impacted by dust obscuration. For our reference UV LF from
the observations, we have selected to use the double power law galaxy UV
LF from Harikane et al. (2022) that utilises the very wide-area (∼300 deg2)
Hyper Suprime-Cam survey.

A double power law luminosity function is given by:
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Figure 2.6: The cumulative distribution function (CDF) of the fraction of unob-
scured star formation rate for companion galaxies around SF galaxies (red) and
QSOs (orange). The CDFs for the UV-selected samples of ALPINE (Le Fèvre
et al. 2020) and REBELS (Bouwens et al. 2022b) are shown in blue and pur-
ple, respectively. The errors are obtained with bootstrapping. The companions
around QSOs have lower SFRs in the rest-UV, suggesting that galaxies found
in the neighborhoods around QSOs are dustier than around bright star-forming
galaxies (but we stress that the current statistics are still small).
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ϕ(M) =
ϕ∗

100.4(M−M∗)(αDP+1) + 100.4(M−M∗)(βDP+1)
(2.11)

with ϕ∗ the normalization density, M∗ the characteristic magnitude, αDP

the faint-end slope and βDP the bright-end slope. To recover the intrinsic
UV LF, we use a forward modeling methodology. Fig. 2.8 shows a schematic
overview of our procedure. The steps of our forward modeling procedure
are the following:

(i) We allow the parameters of the input intrinsic LF (ϕ∗ and βDP) to span
a sufficient range of parameters such that we are able to reproduce the
observed LFs with the distribution of obscured fractions of SFR. M∗
and αDP are fixed to the determinations obtained by Harikane et al.
(2022). We create 1000 x 100 realisations of ϕ∗ and βDP.

(ii) For each combination of ϕ∗ and βDP we create the (intrinsic) LF.
Then the intrinsic LF is divided up into various bins of magnitudes.
For all galaxies within a bin we have the intrinsic magnitudes and
therefore SFRtot. To convert this to observed magnitudes and SFRUV
we apply the distribution of funobscured we find for our sample and use:
SFRUV = SFRUV

SFRtot
× SFRtot = funobscured × SFRtot.

(iii) We then sum the contribution from all dust-corrected galaxies in the
previous step to arrive at a model UV LF and compare it to the
observed UV LF of Harikane et al. (2022). We do this by obtaining
the χ2 value. To ensure that our derived LF results are fully guided
by our observational constraints, we only infer the intrinsic LF for the
SFR range that is covered by our sample of companion galaxies.

We repeat this procedure 1000 times while we randomly sample from
the distribution of funobscured we find in Sec. 2.3.3 allowing funobscured to
vary within its uncertainties. We then correct the SFR of each galaxy in
the bin of the UV LF with each of the values in the distribution, while we
make sure to conserve the number of sources in each bin according to the
input intrinsic LF. When we sample from the distribution, we make sure to
only correct the intrinsic UV LF with physical values of funobscured. This
means that funobscured < 0 is treated as 0 and funobscured > 1 is treated as 1.
Subsequently, this ensures that galaxies with funobscured = 0 that would be
non-detected in rest-UV observations, do not contribute to the UV LF. This
method therefore takes into account that the intrinsic UV LF includes the
correction on the luminosity of the sources as well as their inclusion in the
UV LF according to their detectability. For each trial in these simulations,
we save the input LF that has the smallest χ2 value. Since we use the
distribution of obscured fractions directly and therefore the obscuration
does not depend on the SFR, we find that we can reproduce the observed
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LF by only varying ϕ∗ and keeping βDP constant to the value of Harikane
et al. (2022). In Fig. 2.9 we show the intrinsic UV LF obtained by using the
distribution of obscured fractions of SFR of the SFG and QSO companion
samples with red and orange solid lines, respectively. The solid black lines
show the observed UV LF from Harikane et al. (2022) at z ∼ 5 (left panel)
and z ∼ 6 (right panel) and the shaded grey area shows the 16th and 84th
percentiles of 105 realisations of the luminosity function as we vary the input
parameters (e.g. faint-end slope) according to the uncertainties specified for
the parameters. The intrinsic UV LF is a factor ∼ 6 and ∼ 450 larger than
the observed UV LF based on the distribution of obscured fractions for SFG
and QSO companions, respectively.

It is worthwhile comparing these results (utilizing the full distribution
of obscured fractions) with what we would obtain if we assumed the same
fixed obscured value for every source. We have performed this experiment
with the obscured fraction of the SFG companion sample using both our
forward-modeling code and analytically where

MUV, intrinsic = MUV, observed − 2.5× log10(funobs) (2.12)

and find consistent results. We show the median intrinsic luminosity func-
tion in Fig. 2.9 with the dark red and dark orange dotted lines based on the
mean dust obscuration from the SF galaxy and QSO companion sample,
respectively. We see that for both samples this procedure results in signifi-
cantly more galaxies at the bright end of the luminosity function than our
primary procedure of sampling from the distribution of obscured fractions.
The large differences are due to the fact that in our primary approach we
account for the few high-SFR galaxies in our sample that are only subject
to minimal dust obscuration rather supposing that all galaxies are subject
to the same obscuration. This makes it possible to reproduce the observed
LF with a much smaller overall correction and therefore the simplified ap-
proach presented in this paragraph could easily result in a SFRD that is
substantially overestimated.

2.3.5 The SFRD at z ≳ 5

With the intrinsic luminosity function obtained from forward modeling
we can calculate the SFRD at z ≳ 5. In this work our SF galaxy and
QSO companion sample probe a limited range in SFRs, ≈ 30− 150 and ≈
30−320 M⊙ yr−1, respectively. First we obtain the SFRD of these ranges by
numerically integrating the LF of both samples that have been obtained us-
ing the distribution of funobscured. We obtain log10(SFRD/M⊙ yr−1 Mpc−3)
= −3.36+0.42

−0.24 for the SF galaxy and −1.85+2.08
−1.68 for the QSO companion

sample. For comparison, if we would integrate the observed UV LF over
the same range we obtain log10(SFRD/M⊙ yr−1 Mpc−3) = −4.11+0.17

−0.18 and
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−4.51+0.29
−0.33 at z ∼ 5 and z ∼ 6, respectively. If we compare the results

from the observed and intrinsic LF solely integrated over the range of SFRs
probed in this 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 commonly
done and will make it easier to compare to literature results. When we
integrate over magnitudes that are not probed by the SFRs in this work
we assume the observed UV LF. Essentially we assume that at those mag-
nitudes there is no dust obscuration and therefore this provides us with
a lower limit on the SFRD. We obtain log10(SFRD/M⊙ yr−1 Mpc−3) =
−1.81+0.09

−0.08 for the SF galaxy and −1.55+1.78
−0.40 for the QSO companion sam-

ple. If we would integrate the observed UV LF to −17 mag we obtain
log10(SFRD/M⊙ yr−1 Mpc−3) = −1.83+0.08

−0.08 and −1.94+0.16
−0.16 at z ∼ 5

and z ∼ 6, respectively. The difference between the observed and in-
trinsic LF originates from the dust-obscured star formation, therefore the
dust-obscured SFRD is log10(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 intrinsic SFRD accord-
ing to the median values for the SF galaxy and QSO companion samples,
respectively.

As the samples in this work probe the bright-end of the luminosity func-
tion, we also take a look at the fractional contribution that dust-obscured
star formation provides to the SFRD integrated down to −20 mag (∼
3 M⊙ yr−1). We obtain log10(SFRD/M⊙ yr−1 Mpc−3) = −2.25+0.10

−0.09 for
the SF galaxy and −1.77+1.99

−0.74 for the QSO companion sample. The contri-
bution from dust-obscured star formation is 7+11

−4 % and 84+16
−74% (or equiv-

alently > 3% and > 10%) of the total intrinsic SFRD integrated to −20
mag leveraging results from the SF galaxy and QSO companion samples,
respectively.

We note that the dust-obscured SFRDs are obtained from Monte Carlo
sampling both the observed and intrinsic SFRD with their corresponding
errors and subtracting the observed SFRD from the intrinsic SFRD to ac-
count for the asymmetric errors.

We present our results in Table 2.4 and Fig. 2.10 where they are also
compared with the SFRD values from the literature. The solid black line
indicates the SFRD evolution from Madau & Dickinson (2014) (MD14) and
the dashed/dotted lines indicate the dust-rich and dust-poor models from
Casey et al. (2018a). Both the intrinsic and observed SFRD inferred from
the companions near SF galaxies agree with MD14. The companions near
QSOs imply a dustier Universe with the intrinsic SFRD while the observed
SFRD agrees with MD14.

We have shown in Sec. 2.3.4 that we obtain significantly larger in-
trinsic UV LF if we use the mean obscured fraction instead of the dis-
tribution. The corresponding obscured SFRD to these UV LFs are:
log10(SFRD/M⊙ yr−1 Mpc−3) = −2.48+0.88

−0.68 and −0.08+1.41
−0.96 for the mean
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obscured fraction from the SFG and QSO companion sample, respectively.
These results are presented in the lower panel of Fig. 2.10 with the empty
purple and green markers.

As mentioned before, we find no relation between the obscured fraction
and the total SFR. However, from the IRX-M∗ relation, one might reason-
ably expect a trend between the obscuration and the total SFR of a source.
We therefore look into how a potential relation between obscuration and
SFR would change our results. For this exercise we adopt the mass depen-
dence found by Bowler et al. (2024) in the IRX-M∗ relation they derive
based on ALPINE and REBELS galaxies. In Fig. 2.7 we can see that the
relation from Bowler et al. (2017) indeed shows a similar slope between ob-
scuration and SFR as the stacked results from ALPINE (Béthermin et al.
2020) and REBELS (Algera et al. 2023). To illustrate the impact such a
dependence can have on our results, we introduce a small change in our
procedure of correcting for the impact of dust obscuration by forward mod-
eling the observed distribution of obscured fraction of the SFG companions.
The change we make is to scale up or down the fractions according to the
SFR of sources in the intrinsic LF using the same slope as Bowler et al.
(2022) find for the IRX-M* relation. In the case of the obscuration be-
ing dependent on SFR we not only vary ϕ∗, but make sure to also vary
βDP. Adopting the Bowler et al. (2024) dependence on SFR, we obtain a
log10(SFRD/M⊙ yr−1 Mpc−3) that is 0.37 dex smaller than our fiducial
result assuming no dependence.

2.4 Discussion

2.4.1 Comparisons with earlier selections of [CII]-
emitting Companion Galaxies

In this work we search for [CII]-emitting sources in the neighborhoods of
luminous galaxies and quasars. Neighbours are identified through the de-
tection of SNR ≥ 6.2 [CII] lines in the same ALMA data cubes as the
target sources and with the requirement that the velocity difference with
the primary target is ∆v ≤ 2000 km s−1. Our SNR ≥ 6.2 is based on a
purity of > 95 percent (Schouws et al. 2024, in prep.) for serendipitous
detections with this SNR. Therefore, the probability that selected peaks
originate from noise is very low, i.e., <5%. We have examined the ALMA
data cubes corresponding to 34 [CII]-detected target sources and found 2
neighbour candidates: J1208-0200C1 and J2228+0152C1. We expanded our
sample with the neighbour galaxies from Loiacono et al. (2021), Venemans
et al. (2020), Fudamoto et al. (2021) and REBELS-39 (Schouws et al. in
prep.). We adopt the selection criteria of ∆v ≤ 500 km s−1 to create a
sample of galaxies that are most likely to be at z ≳ 5. However, we cannot
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Figure 2.10: 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 luminosity functions 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 over 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 [CII]-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) (gray 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), Dudzevičiūtė et al. (2020) (green shaded
region) and van der Vlugt et al. (2023) (orange shaded region).
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exclude the possibility that some neighbours are not [CII] emitters, but e.g.
mid-J CO lines at a lower redshift. While we have verified that for the
sources with available multi-wavelength observations there is no emission
bluewards of the Lyman-alpha transition, fully excluding the low redshift
possibility would require the detection of additional emission lines or spec-
tral features in sources with spectroscopy. We have estimated in Sec. 2.3.3
the impact of excluding a possible lower redshift contaminant on the mean
obscured fraction and found the result to still be within the errors on the
mean obscured fraction. Multi-wavelength observations are also needed to
robustly constrain the stellar masses of the sample, in order to more closely
tie our results to the stellar mass of sources and not just their SFRs through
[CII].

One important property of our sample that can indicate that we are
observing [CII] is the equivalent width of the candidate [CII] emission lines.
Our sample (with dust detections) has a high median EW of ≈ 1.1µm ≈
2000 km s−1. High EW (> 1000 km s−1) are also found for [CII]-emission
from e.g. Lyman break galaxies (Capak et al. 2015) at z ∼ 5 − 6 and
QSO host galaxies at z > 6.6 (Venemans et al. 2016) and local starbursts
(Sargsyan et al. 2014). In contrast to this, the median EW of CO 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 own ex-
amination of 34 archival ALMA observations. Out of the 34 observations
analysed in this work, 18 of these are observations of quasars. The 2 neigh-
bour galaxies are found to accompany quasars, therefore 11 percent of the
examined quasars have a neighbour galaxy. In comparison, Venemans et al.
(2020) found 13 quasar host galaxies with companions that would qualify
as a neighbour in 27 quasar observations, almost 50 percent. In Fig. 2.1 we
see that the targets of Venemans et al. (2020) have higher [CII] luminosities
compared to our sample of archival observations. Likely one of the most
important factors in the lower prevalence of companion around the bright
galaxy samples we consider vs. that seen in the Venemans et al. (2020) are
the halo masses of the targets considered. Given their brightness and rarity,
the bright QSOs studied by Venemans et al. (2020) almost certainly have
much higher halo masses and therefore much more significant clustering
(Mo & White 1996) than most of the sources we consider. While halo mass
is likely the largest factor, it is also possible that feedback from the QSO
could contribute to the prevalence of nearby companions by boosting their
SFRs, as Zana et al. (2022) and Ferrara et al. (2023) discuss. Moreover,
the Venemans et al. (2020) data is relatively deep, with quasars that have
on source observation times larger than an hour, likely resulting in more
significant serendipitous detections.

Another possibility for the low amount of companions that are found
could be due to the resolution of the observations. We restricted our search
to archival observations with an angular resolution of ≳ 0.2 arcsec. We have
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found the [CII]-emitting companions J1208-0200C1 and J2228+0152C1 that
have observations with resolutions of ∼ 0.4 arcsec. The majority (21) of the
34 observations used to search for companion galaxies have resolutions of
≳ 0.4 arcsec. It is however possible that we over resolve the [CII]-emission
in those observations we consider that have higher spatial resolution and
thus we miss companions there. As we do not obtain the intrinsic UV LF
from the number of companion galaxies that are found, but rather based
on the obscured fraction of the companions, we do not expect this to be
an issue for our analysis. However, it could be an issue if there is a trend
between the obscuration of a galaxy and source size, for example if some
extended sources that are missed are generally less dust-obscured. If that
would be the case we might overestimate the obscuration if we have missed
some more extended companion galaxies.

One last contributing factor to why we do not find as many companions
as in previous work around QSOs might be due to us only considering
archival observations of sources without published companions in our search.
Given the lesser frequency with which researchers report null results, we
might be focusing on sources where companion searches have already been
done, but the results are not deemed interesting enough to publish.

2.4.2 Obscured star formation derived from [CII]-
Selected Samples

We estimate the obscured star formation based on the FIR emission we
infer from the (dust) continuum of the galaxies in our sample. When we
convert continuum fluxes to IR luminosities it is necessary to rely on as-
sumptions on the dust temperature and emissivity as we cannot constrain
these parameters of the dust SED. While there is literature that suggests
dust might be hotter at higher redshift, there is also a large scatter in
dust temperatures observed (e.g. Schreiber et al. 2018; Viero et al. 2022;
Sommovigo et al. 2022a). As IR luminosity scales with the dust tempera-
ture and dust emissivity (LIR ∝ MdustT

βem+4
dust ) this translates into a larger

uncertainty on the dust-obscured star formation. We include a systemic
uncertainty of a factor of 3, to account for the dust temperature varying by
10K and βem between 1.5-2.5. If the dust in galaxies in our sample were
systematically colder than our fiducial assumptions, the IR luminosities and
obscured SFR would decrease. Conversely, if the dust were, systematically
hotter, this would increase the obscured SF.

An important challenge for the present inferences is the very small num-
bers of galaxies in our samples, particularly at lower SFRs. Clearly, larger
samples of companion sources are required to extend the range of SFRs
where the characteristics of companion galaxies can be well sampled and
to improve the statistical confidence on these results. Yet, even with the
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present small selection of companion sources, we can see that dust-obscured
star formation contributes quite substantially to the SFR in individual star-
forming galaxies at z > 4.

As we have seen in Sec. 2.3.5, whether the obscured fraction is charac-
terised by the distribution of obscured fractions or a mean obscured fraction
can have a significant impact on the resulting SFRD. The use of the mean
obscured fraction is a simplified approach that would very likely lead to an
overestimate of the dust-obscured SFRD, due to the omission of the impact
of the modest fraction of sources where the dust extinction is substantially
less. Therefore, we prefer to characterise the obscured fraction with the
distribution of obscured fractions and it is even more important to obtain
larger samples in order to better sample the distribution of obscured frac-
tions.
2.4.3 The use of [CII] as a SFR tracer

Having constructed a sample of [CII]-selected companion galaxies, we aimed
to use this selection to characterise the relation between the [CII] SFR of a
galaxy and the fraction of the SFR that is directly visible in the rest-UV.
The advantage of performing this characterization on a [CII]-selected sample
is that we would not expect the results to suffer from the same selection
biases that would impact the same characterization performed on galaxies
identified with a UV selection, as is the case for the ALPINE and REBELS
galaxies themselves.

We find the total SFR as obtained from the UV and IR of our galaxies
and the L[CII] of the galaxies to generally follow the relation from De Looze
et al. (2014). This is consistent with e.g. results from the high-resolution
SERRA simulations that finds z ∼ 8 galaxies to lie on the standard [CII]-
SFR relation (Pallottini et al. 2022). However, there is also literature ques-
tioning the use of [CII] as a tracer 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 of Reionization galaxies could have a [CII] deficit due to
their low metallicities. If such a [CII]-deficit is present in our galaxy sam-
ple, this would imply less obscured star formation rates at a certain [CII]
SFR. It may furthermore suggest that we may overestimate the obscured
SFR if our sample is significantly deficient in [CII]. However, [CII] deficits
are mostly observed in very bright and compact sources such as ULIRGs
(LIR ≥ 1012 L⊙), SMGs and QSOs. 3 out of the 18 galaxies in our sample
have IR luminosities corresponding to ULIRGs, however these galaxies do
not show a greater [CII] deficit than the other galaxies in the sample. As
we do not have estimates on the gas properties (e.g. metallicities) of the
galaxies in our sample we cannot use the L[CII]-SFR relation as described
in Liang et al. (2024).

One further caveat to the above argument concerns the origin of the
[CII] emission. [CII] emission is believed to originate mainly from photodis-
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sociation regions at high redshift (Hollenbach & Tielens 1999; Wolfire et al.
2022). However, it is unclear what fraction of [CII] emission originates from
the neutral gas. Croxall et al. (2017) find that in local star forming galax-
ies 60% to 80% of the [CII] emission is from neutral gas. This neutral gas
is heated by the photo-electric effect on small dust grains and cooled via
[CII] emission. Therefore, since an unknown fraction of the [CII]-emission
in high redshift galaxies could be due to photoelectric heating, it could sub-
sequently bias us to slightly dustier galaxies. We note that this method is
still preferred over UV-selection since the [CII] line is not affected by dust
attenuation and we find our results to be in agreement with other selection
methods seen in Sec. 2.4.5.2.

The use of [CII] as a SFR tracer could also be questioned if the [CII]
and IR or UV show significant offsets, as the emission would probe different
environments. We do not observe such large offsets, but the resolution of
the [CII] observations used in this work is limited and therefore we cannot
conclude whether these offsets are present. Lastly, some of the [CII] emission
might correspond to the halo emission of a galaxy. With high-resolution
modeling Schimek et al. (2024) find that up to 10% of the emission of [CII]
is from the circumgalactic medium (CGM). If a significant percentage of
[CII] emission does indeed result from the CGM in contrast to the disks of
galaxies, this would decrease the reliability of [CII] as a SFR tracer.

2.4.4 Characterising the obscured fraction of SFR from
[CII] emitters found in overdense regions

One important uncertainty is connected to our overall methodology em-
ployed here. Due to the use of companion galaxies we are biased to over-
dense regions. We emphasise that we do not use the companion galaxies to
derive the UV LF results directly as we base our results on the LF function
from Harikane et al. (2022). We only use the properties of the compan-
ion galaxies to infer the dust obscuration at z ≳ 5 to circumvent the bias
that one introduces by UV-selection. For our method we assume that the
[CII]-selected companion galaxies used to compute the dust obscuration and
the UV-selected galaxies used to compute the LF are drawn from the same
distribution of star-forming galaxies. Moreover, we assume that this popu-
lation of star-forming galaxies dominate the UV LF (especially at the bright
end) and is the main contributor to the SFRD at high redshift. Although
we are not biasing our LF to overdense regions, we might ask ourselves if
companion galaxies identified in overdense regions around massive galaxies
or QSOs are more likely to be dust-obscured at a given SFR than galaxies
in lower density environments. While posing this question, it is important
to keep in mind that the richest environments contribute an increasingly
large fraction of the SFR density at high redshift, with ∼30% of the SFR
density at z ∼ 6 expected to originate from only ∼5% of the cosmic volume
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(Chiang et al. 2017).
In theory, it is possible that galaxies in overdense regions are more dusty

given that outflows and starbursts can enrich the IGM with metals. This
has indeed been shown to be the case in studies of simulated galaxies (e.g.
Graziani et al. 2020; Di Cesare et al. 2023). The Astraeus framework (Hut-
ter et al. 2021) that fully couples galaxy formation and reionization has been
used to show that radiative feedback preferentially quenches star formation
more in low-mass galaxies (Mhalo < 109.5M⊙) in overdense environments, af-
fecting their star formation rates (Legrand et al. 2023). However, the metal
and dust contents of early galaxies in the framework are primarily deter-
mined by a combination of their stellar masses and star formation rates
(Ucci et al. 2023). For example, low-mass halos with high star formation
rates show extremely low metallicities due to outflows removing their dust
and metal contents. Moreover, the FLARES simulations find that both SFR
and metallicity depend primarily on the stellar mass of sources and show no
strong dependence on the environment (Wilkins et al. 2023). Additionally,
Champagne et al. (2018) find no evidence for an overdensity of continuum
sources around z > 6 quasars, in contrast to the overdensity of [CII] emit-
ters, but concede that deeper observations may be needed to arrive at more
robust conclusions.

Interestingly, we observe the companion galaxies around QSOs to be
more dust-obscured than companion galaxies with similar SFRs around SF
galaxies. The inferred mean obscured fractions imply that companion galax-
ies around QSOs have SFRs that are on average 93% obscured, whereas
companion galaxies around SF galaxies have less obscured SFR, at 63%.
The suggestion that QSO environments might be more dusty is not new, as
this has been used to explain the lack of overdensities around QSOs in the
rest-UV (e.g. García-Vergara et al. 2019). Generally, the QSO observations
have higher spatial resolution than the observations of star-forming galax-
ies. This could mean that we are biased to more compact systems and as
mentioned before we could overestimate the obscuration if there is a trend
between the obscuration of a galaxy and the source size. To understand
if QSO environments are statistically more dusty and what the underlying
physical scenarios are, we need larger and deeper samples. Moreover, we
would benefit from even higher resolution data to understand whether an
interaction between QSO and the companions is evident and could be the
cause of increased dust obscuration. Larger samples could further help us
to correct for a potential bias due to overdensity, e.g. if we could quantify
obscuration as function of overdensity factor.

The SF-galaxy sample shows some low-attenuation outliers as we can
clearly see in Fig. 2.7. The number of galaxies would be too small to con-
clude whether this is a statistically different population of galaxies. How-
ever, regardless of the size of sample we do not observe these objects to be
special (e.g. they are not at larger velocity differences than then rest of our
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sample). As these outliers are non-detected in the continuum we cannot
infer whether the IR and rest-UV emission in these objects are spatially
offset ([CII] and the rest-UV are spatially coincident) and if this could be
responsible for the low-attenuation observed in these objects.

2.4.5 Evolution of the SFRD

In Figure 2.10, we show the SFRD we derive by integrating our intrinsic UV
LF to −17 mag (red and orange circles), as well as the contribution from
dust-obscured star formation alone (purple and green circles) and the SFRD
without any dust correction (blue circles). When integrating to −17 mag,
we make use of the dust-uncorrected UV LF from Harikane et al. (2022) at
the fainter magnitudes we do not probe in this work. Therefore, we show
our SFRDs as lower limits, as we have assumed zero attenuation for galaxies
with lower SFRs. Besides the relation found by Madau & Dickinson (2014)
plotted with the solid black line, we also show the dust-poor and dust-rich
models from Casey et al. (2018a). The dust-poor model indicates the SFRD
where dusty star-forming galaxies (DSFGs) contribute < 10% to the SFRD
at z > 4, whereas the dust-rich model shows the SFRDs where DSFGs
contribute ∼ 90% of the SFRD at z > 4.

2.4.5.1 Comparison of total SFRD

The top panel of the figure shows that the SFRD from the observed UV LF
from Harikane et al. (2022) also agrees with the rest-UV SFRD (integrated
to −17 mag) from Bouwens et al. (2022a). The intrinsic SFRD from the
dust-obscured SF galaxy companions agrees with the total SFRD inferred
from radio (3 GHz) observations (van der Vlugt et al. 2022), which is not
surprising given the fact that dust obscuration would also have no impact
on radio probes. The high SFRD inferred on basis of QSO companions
is suggestive of a potentially much higher contribution from dust-obscured
star formation at z > 5, but there might be environmental biases which
impact this result and cause it to be higher than in other probes.

As we have made use of the sample of companion galaxies identified in
ALPINE from Loiacono et al. (2021) we want to see if our results agree
with the SFRD based on the [CII] luminosity function from that work.
The [CII] LF is constructed from the companion galaxies in the ALPINE
observations. Therefore the LF is biased by the use of overdense regions,
we can see this clearly as the clustered SFRD is much higher than expected
from previous results. We aim to arrive at more representative results by
basing our results on the wide-area rest-UV LF results of Harikane et al.
(2022) and then correcting for the impact of dust using our obscured fraction
determinations derived using our companion sample. The SFRD computed
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from the field galaxy found in the ALPINE data by Loiacono et al. (2021)
is more in line with previous literature and our own SFRD estimates.

Also shown in the top panel of Figure 2.10 are the results of the DEL-
PHI semi-analytic model by Mauerhofer & Dayal (2023) integrated to −17
mag. In this model the maximum star-formation efficiency and fraction of
supernova energy coupled to gas are baselined to galaxies from ALPINE
and REBELS. Their intrinsic UV LF indeed implies more SFRD than the
dust-attenuated (or observed) LF.

2.4.5.2 Dust-obscured SFRD

It is interesting to compare the present estimates of the dust-obscured star
formation from the [CII]-selected companions with estimates from previous
studies as shown in the lower panel of Figure 2.10, including those by Casey
et al. (2021), Wang et al. (2019), Barrufet et al. (2023), Algera et al. (2023),
Fudamoto et al. (2021), Gruppioni et al. (2020),Dudzevičiūtė et al. (2020),
Traina et al. (2024), Khusanova et al. (2021) and van der Vlugt et al. (2023).
In comparing to previous work in the literature, it is important that we pay
close attention to the SFR limits that various studies probe. We compute
the SFRD from integrating our obtained intrinsic luminosity function from
0.20 M⊙ yr−1 (−17 mag) to ≈ 150 and ≈ 320 M⊙ yr−1 for the SF galaxy
and QSO companion sample, respectively. Important to note is that for the
magnitudes fainter than those that are sampled by the SFG and QSO com-
panions, we assume no dust-obscuration, and therefore our SFRD estimates
are lower limits.

Starting with the dust-obscured SFRD from the Casey et al. (2021)
2mm probe down to ∼ 2 × 1012 L⊙ (200 M⊙ yr−1), we find a lower and
higher dust-obscured SFRD we derive from our SF galaxy and QSO com-
panion sample, respectively. Moving towards slightly deeper probes of ob-
scured star formation in the z > 4 universe, we consider the search for
sub-millimetre galaxies (SMGs) provided by Dudzevičiūtė et al. (2020) to
S870 ≥ 1 mJy, corresponding to ≈ 100 M⊙ yr−1 and the (M∗ > 1010.3 M⊙)
H-dropouts from Wang et al. (2019). Again the dust-obscured SFRD from
the SFG/QSO companion are smaller/greater than the SFRD from these
SMGs. We find a much higher dust-obscured SFRD using the obscured
fraction of QSO companions, but this may be due to galaxies near bright
QSOs being subject to more dust obscuration. We note however that the
uncertainty on the intrinsic and observed SFRD based on the distribution
of obscured fractions of the QSO companions are large.

Slightly deeper yet, in Fudamoto et al. (2021), two companion sources
in the REBELS data are described with obscured star formation rates of
40 - 70 M⊙ yr−1. Other results for the dust-obscured SFRD from REBELS
obtained by Algera et al. (2023) and Barrufet et al. (2023) arrive at sim-
ilar SFR density determinations to Fudamoto et al. (2021). These SFRD
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estimates are at slightly higher redshift, z ∼ 7, and they are higher than
the obscured SFRD from our SF galaxy companion sample, while they are
slightly lower than from our inferences using our QSO companion sample.

Lastly, results from the dust-obscured SFRD from the ALPINE tar-
gets by Gruppioni et al. (2020) show higher SFRDs than in other stud-
ies. This may be due to their SFRD results being integrated down to
≃ 10−2 M⊙ yr−1. Results based on the ALPINE survey by Khusanova et al.
(2021) are also shown and indicate a relation between LIR and both the UV
magnitudes and stellar mass. The values shown in Fig. 2.10 are the obscured
SFRD they infer extrapolating their sample results (obtained to −20 mag)
to −17 mag. Also shown is the contribution of optically dark radio sources
in COSMOS-XS as found by van der Vlugt et al. (2023). At z ∼ 5 they find
radio sources down to SFRs of ≈ 500 M⊙ yr−1 and integrate over the whole
LF to obtain the dust-obscured SFRD, that agrees with our SFRD based on
the QSO galaxy companion sample. Results from Traina et al. (2024) from
the A3COSMOS survey that utilises archival ALMA data on the COSMOS
field to conduct an unbiased probe, are integrated down to the same SFRs as
the results from ALPINE and show comparable SFRDs. Our dust-obscured
SFRD from the QSO companions agrees with these results, and our results
imply that a higher SFRD than observed from UV-selected galaxies with a
small dust correction (as shown by the relation from Madau & Dickinson
2014) is probable.

The corrected SFRD estimates from this work demonstrate again that
dust-obscured star formation likely contributes meaningfully to the total
SFRD of the Universe at z ≳ 5. Moreover, we see that SFRD estimates
derived based on UV-selected samples may under predict the SFRD due to
biases associated with a UV selection. Massive H-dropouts and SMGs con-
tribute significantly to the obscured SFRD and their densities agree with the
average dust-obscured SFRD we obtain from the SFG and QSO companion
sample together.

For context, we also show the dust-obscured SFRD we obtain if we
assume that all sources show the same mean obscured fraction as shown in
Fig. 2.7 and do not utilise the full distribution to perform the correction
(as in our fiducial calculations). With larger samples, we should be able
to better constrain the full distribution of the obscured fraction and its
dependence on the total SFR and improve constraints on the dust-obscured
SFRD at z ≳ 5.

2.5 Conclusions

Here we present an entirely new methodology for estimating the contribution
from obscured star formation in the high-redshift Universe. Essential to
our methodology is the selection of sources using the [CII] line, which has



58 2.5. CONCLUSIONS

been shown to be an excellent tracer of the total SFR in galaxies across
cosmic time (De Looze et al. 2014; Schaerer et al. 2020; Bouwens et al.
2022b; Carniani et al. 2020) and not to depend sensitively on the extent
to which SFR is obscured. Selection of sources via [CII] line emission can
be performed in the same ALMA data sets as used for the characterization
of bright galaxies and QSOs using the same line, but key is to construct
these samples from sources found at similar redshift as the (UV-selected)
target sources. This method of identifying dusty, far-IR bright galaxies is
significantly cheaper than the use of blank field surveys as the ALMA FOV
is relatively small. Given that the selected galaxies will be identified using
their [CII]-derived SFRs alone, we can make use of rest-UV observations
(where available) to determine the fraction of their SFR which is obscured.

In constructing [CII]-selected samples of companion galaxies for this pur-
pose, we made use of selections of companion galaxies in the literature from
Venemans et al. (2020), ALPINE (Loiacono et al. 2021), and from REBELS
(Bouwens et al. 2022b; Fudamoto et al. 2021), but we also did a search for
these sources in ALMA observations of z > 6 galaxies from the archive,
considering ALMA observations of 55 separate targets. Of the 34 sources
where a [CII] line was found for the main target, two dust-obscured com-
panion galaxies were found with the line search code MF3D: J1208-0200C1
and J2228+0152C1. Neither neighbour has a detection in the rest-UV,
possibly due to obscuration by dust. A less obscured companion is found
around REBELS-39, with a 2σ detection in the rest-UV. Figure 2.1 shows
the full range of redshifts and [CII] luminosity for targets we considered in
constructing our samples.

Using these samples to characterise the fraction of SFR that is obscured,
we only consider [CII]-selected companion galaxies where the available rest-
UV observations are deep enough to detect sources in the rest-UV even
if they are 85% obscured. Additionally, to maximise the probability that
sources in these [CII]-selected samples are at z > 4, we only consider neigh-
bor candidates whose systemic velocity difference with the target galaxies
are ∆v ≤ 500 km s−1. On the basis of the rest-UV observations, we estimate
two fractions of obscured SFR, one for galaxies found in the neighborhoods
around SF galaxies and one for galaxies around QSOs. The companion
sample near SF galaxies suggest fobs,median = 63% similar to those expected
from UV-selected samples. The [CII]-selected galaxies around QSOs indi-
cate fobs,median = 93%, suggesting that QSO environments are even more
dust-enriched.

With the fraction of obscured SFR we derive, we used a forward mod-
eling methodology to determine the intrinsic UV LF from the observed UV
LF results by Harikane et al. (2022). By the intrinsic UV LF, we indicate
the UV LF we would expect to obtain prior to the impact of dust on either
the rest-UV brightness or selectability of sources. We integrate the intrinsic
UV LF to −17 mag to find log10(SFRD/M⊙ yr−1 Mpc−3) ≥ −1.81+0.09

−0.08 and
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−1.55+1.78
−0.40 applying the distribution of obscured fractions from companion

galaxies nearby SF galaxies and QSOs, respectively (Table 2.4). It is possi-
ble the dust obscuration is underestimated due to the lack of constraints we
have at low SFRs, although the QSO companion sample suggest that their
environments may be dustier than the environment of SF galaxies. 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 and QSO companion sample, respec-
tively. If we integrate to −20 mag we obtain log10(SFRD/M⊙ yr−1 Mpc−3)
= −2.25+0.10

−0.09 for the SF galaxy and −1.77+1.99
−0.74 for the QSO companion

sample. This is 7+11
−4 % and 84+16

−74% (or equivalently > 3% and > 10%) of
the total intrinsic SFRD integrated to −20 mag for the SF galaxy and QSO
companion samples, respectively. This result indicates that the effect of
dust-obscuration is substantial at the bright-end of the luminosity function.

To constrain the obscured SFR relation more robustly, we need more sen-
sitive probes for [CII] emission from companion galaxies and this will also
provide us constraints to lower star formation rates. This is particularly
important as we are not yet able to detect a dependence of the obscured
fraction of SFR, but if the obscured fraction increases with SFR (as ex-
pected from most derived IRX-M∗ relations, e.g., Bowler et al. 2024), this
would have a clear impact on the derived SFRD. Moreover, observations in
more ALMA bands are needed to probe the full IR SED, to decrease uncer-
tainties on the IR luminosities. Rest-UV observations are also needed for
the majority of the companion galaxies that are found in the high redshift
Universe, so that these sources can also be used to infer the dust obscura-
tion. Future JWST observations (e.g. from ASPIRE; program ID 2078; PI:
F. Wang) will be beneficial for our understanding of stellar masses of these
companion galaxies and confirming the redshifts as found by [CII]. One way
of making immediate progress on this front is to make use of the deeper
observations being obtained around massive z > 4 galaxies from CRISTAL
(2021.1.00280.L, PI: Herrera-Camus, Rodrigo), an ALMA Large Program
approved for execution in cycle 8 targeting 19 massive galaxies in the range
z = 4-6. In addition, we will be making use of the ALMA observations from
the ∼49-hour Cycle-10 program CISTERN targeting 195 spectroscopically
confirmed QSOs and bright galaxies. Among other open questions, the
data should allow us to better determine if highly dust-obscured galaxies
are substantially more common in QSO environments than they are around
star-forming galaxies.
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Data Availability

All ALMA observations used are publicly available in the ALMA Science
Archive (https://almascience.nrao.edu/aq/). The rest-UV HST obser-
vations are obtained with the MAST portal (https://mast.stsci.edu/
portal/Mashup/Clients/Mast/Portal.html). DECaLS observations are
acquired from the Legacy Survey website (https://www.legacysurvey.
org/). MF3D is publicly available on github (https://github.com/
pavesiriccardo/MF3D).

2.A Appendices

2.A.1 Low-redshift contamination
One potential uncertainty in this analysis is the nature of the serendipitous
emission lines detected in the same data cubes as the primary z ≥ 4 ALMA
targets. While the vast majority of these discovered lines very likely corre-
spond to [CII], some of the discovered lines might originate from sources at
lower redshift and in fact correspond to a CO transition. To estimate the
probability of this, we use 27 target quasar host galaxies and 27 serendipi-
tously identified galaxies of Venemans et al. (2020). We focus on the veloc-
ity difference between the serendipitous lines and the quasar host galaxy as
given in Eq. 2.1. To estimate the number of low redshift contaminants, we
look at the number of galaxies with ∆v > 2000 km s−1, similarly to what
is done in Venemans et al. (2020). Serendipitous lines with larger veloc-
ity differences are substantially less likely to be associated with the quasar
host galaxy than lines with smaller velocity differences. At large velocity
differences, serendipitously identified sources very likely correspond to the
same type of sources found in random search fields, i.e., CO transitions
from lower redshift galaxies (e.g. González-López et al. 2019). There are
8 serendipitous lines with ∆v > 2000 km s−1, which we assume to be low
redshift contaminants. The setup of the 27 quasars that are observed varied

https://almascience.nrao.edu/aq/
https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
https://www.legacysurvey.org/
https://www.legacysurvey.org/
https://github.com/pavesiriccardo/MF3D
https://github.com/pavesiriccardo/MF3D
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slightly from source to source, but on average two spectral windows over-
lapped in order to provide a coverage of 3.3 GHz around the quasar host
galaxy, corresponding to 3600 km s−1 at z = 6 . Two spectral windows
are used at 15 GHz away in order to probe the continuum emission, so in
total about 7200 km s−1 is covered per observation. Using the amount of
contaminants at ∆v > 2000 km s−1 as a proxy for the low redshift sources
we can expect per GHz, we estimate there would be 6 lower-redshift con-
taminants lying within ∆v ≤ 2000 km s−1 of the main target. In Fig. 2.11
the upper panel shows the number of serendipitous lines as a function of
the velocity difference. The green line shows the expected number of con-
taminates within one velocity bin. The lower panel shows the fraction of
galaxies that are expected to be contaminants as a function of the velocity
difference. The values plotted are the median values with 16th and 84th
percentiles from bootstrapping 10000 times. We see that the fraction of
contaminates is low (≈ 0.13) for serendipitous lines with ∆v ≤ 500 km s−1

and within that velocity limit we would expect to find about 2 contaminants
for the sample of Venemans et al. (2020). At ∆v > 500 km s−1 the frac-
tion increases significantly and would approach ≈ 1.0. These numbers are
an upper limit as some galaxies with ∆v > 2000 km s−1 could nevertheless
be associated with the quasar host galaxy and be at z > 4. Choosing the
velocity limit to be ∆v ≤ 500 km s−1 is therefore a safe limit to assume for
the serendipitously identified galaxies to be at high redshift as the fraction
of expected contaminants is low.

2.A.2 Neighbour candidates

In this work we identify two neighbour candidates in archival ALMA data
that had not been previously reported. In §2.3.1 we show one of our [CII]
neighbours candidates: J2228+0152C1. Here we show the second candidate
J1208-0200C1 in Figure 2.4. Similar to J2228+0152C1 J1208-0200C1 shows
no detection in the available observations probing the rest-UV. Moreover,
in Figure 2.13 we show the companion galaxy to REBELS-39, which shows
a companion galaxy with a 2σ detection in the rest-UV, in contrast to the
dust-obscured galaxies from Fudamoto et al. (2021).

2.A.3 SExtractor

As explained in §2.2.4 we use SExtractor to measure the rest-UV fluxes of
the sources imaged with HST and DECaLS. Unlike the ALPINE sources, we
do not have sufficient data on these sources to use MOPHONGO. Table 2.5
shows the aperture fluxes and corresponding magnitudes of the Venemans
et al. (2020) quasars and neighbour galaxies. The aperture fluxes of the
neighbour sources found in this study are presented in Table 2.6.
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Figure 2.11: Top panel: the number of serendipitous lines identified by Ven-
emans et al. (2020) as a function of the absolute velocity difference (∆v =
zcomp−ztarget

1+ztarget
c). In green the number of expected contaminants within one ve-

locity 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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Table 2.5: The rest-UV aperture flux and magnitudes of the Venemans et al.
(2020) quasars and companion galaxies as measured by SExtractor. Whenever
possible, various HST images probing the rest-UV light are stacked to increase
the S/N.

Source Fluxaper (nJy)
J0100+2802Q 291383± 143
J0100+2802C1 236± 143
J0305-3150Q 17734± 15
J0305-3150C1 16± 15
J0842+1218Q 41163± 14
J0842+1218C1 19± 14
J0842+1218C2 122± 14
J1319+0950Q 42189± 23
J1319+0950C2 31± 23
P231-20Q 36992± 13
P231-20C1 −0.5± 13
J2054-0005Q 20576± 10
J2054-0005C1 7± 10
J2100-1715Q 16832± 26
J2100-1715C1 −24± 26

Table 2.6: 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 survey in the z-filter.

Source Fluxaper (nJy)
J1208-0200Q 1358± 80
J1208-0200C1 171± 80
J2228+0152Q 784± 84
J2228+0152C1 1± 84
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2.A.4 ALPINE companion galaxies
In this work we make use of companion sources identified around [CII]-
emitting galaxies from ALPINE in constraining the obscured fraction of
SFR. Given the lack of published coordinates for the companion sources
identified by Loiacono et al. (2021), we conducted our own search for these
sources with MF3D. The 9 sources we found are shown in Figure 2.14. The
red crosses mark the positions of the peaks found by MF3D. In blue and
orange we show the 2 to 5σ contours of the [CII] and continuum emission,
respectively. We find no source with similar properties to S5100969402 with
MF3D, but Loiacono et al. (2021) only report a fidelity of 0.51 for the source,
so this is not surprising. We have excluded S848185 from our sample given
this source is positioned near the edge of the ALMA cube. S510327576
is also excluded given the large differences in apparent velocities for the
putative [CII] line (∆v > 2000km s−1), significantly decreasing our confi-
dence that S51032756 actually corresponds to a z > 4 galaxy (see Fig. 2.11
and Appendix 2.A.1). The positions and properties of the 9 serendipitously
identified ALPINE galaxies used in this work are summarised in Table 2.7.
MOPHONGO is used to measure the rest-UV fluxes as discussed in §2.2.4.

2.A.5 Archival ALMA Programs
A summary of all ALMA projects where we have explicitly reduced the
ALMA observations and done our own independent search for high-redshift
companion galaxies is provided in Table 2.8.
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Figure 2.14: Companion sources identified in the neighborhood of target galaxies
from ALPINE and following upon the analysis by Loiacono et al. (2021). The blue
and orange contours show the 2σ, 3σ, 4σ, 5σ [CII] 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.
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Table 2.8: A summary of all the ALMA programs and targets analysed in our
search for [CII]-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

a Quasar host galaxies targets are marked with a *. [CII] 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 [CII] and could be used to search for companion galaxies at similar redshift.






