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Abstract: A multiwavelength study of galaxies is important to understand their formation and
evolution. Only in the recent past, thanks to the Atacama Large (Sub) Millimeter Array (ALMA), were
we able to study the far-infrared (IR) properties of galaxies at high redshifts. In this article, we
summarize recent research highlights and their significance to our understanding of early galaxy
evolution from the ALPINE survey, a large program with ALMA to observe the dust continuum
and 158µm C+ emission of normal star-forming galaxies at z = 4–6. Combined with ancillary
data at UV through near-IR wavelengths, ALPINE provides the currently largest multiwavelength
sample of post-reionization galaxies and has advanced our understanding of (i) the demographics of
C+ emission; (ii) the relation of star formation and C+ emission; (iii) the gas content; (iv) outflows
and enrichment of the intergalactic medium; and (v) the kinematics, emergence of disks, and merger
rates in galaxies at z > 4. ALPINE builds the basis for more detailed measurements with the next
generation of telescopes, and places itself as an important post-reionization baseline sample to allow
a continuous study of galaxies over 13 billion years of cosmic time.
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1. Introduction

The Universe that we observe today is diverse, with a mix of star-forming and qui-
escent galaxies with different internal (stellar mass, metallicity) and external (structure,
environment) properties. While most star-forming galaxies (often called “spiral galaxies”
due to their spiral structure) form stars at low rates of a few solar masses per year, starbursts
exhibiting multiples of these rates are also observed. Quiescent galaxies on the other hand
(called “spheroids” due to their mostly symmetric and compact appearance with a smooth
light profile) had their star formation stopped in the past by a variety of reasons [1–3].
At earlier cosmic times, however, this picture changes; the sighting of quiescent galaxies
is rare, and star-forming galaxies (showing an irregular and lumpy structure) form stars
at rates higher than present-day starbursts. Observing the evolution of galaxies across
cosmic times starting from early formation epochs and deriving a physical model of the
evolutionary processes that explain the diversity of galaxies is one of the main goals of the
current efforts in the astrophysical community.

From the combination of imaging and spectroscopic observations at ultraviolet (UV),
optical, and (far-) infrared (IR) wavelengths, a reasonably robust picture of how galaxies
evolve across the past 9–10 Gyrs of cosmic time (corresponding to redshifts z < 3) has
been established. Similar to the local universe, galaxies exhibit a tight relation between
star-formation rate (SFR) and stellar mass (the star-forming main-sequence; [4,5]) as found
by robust total SFR measurements from far-IR observations. However, galaxies in the
earlier universe are significantly more star-forming on average and the fraction of quiescent
galaxies is decreasing strongly at redshifts higher than ∼2 [2,6,7]. This is also the epoch
when the cosmic SFR density reaches the peak over cosmic time [7]. Along with changing
SFRs, the environment in which stars are being formed evolves across cosmic time. Galaxies
become more dust- and metal-enriched over time as their stellar masses are being built
up by galaxy–galaxy mergers and the inflow of new gas to fuel star formation [8,9]. The
rate of galaxy–galaxy major mergers (with a mass ratio smaller than 1:4) as well as the
gas fractions of galaxies are observed to increase towards earlier cosmic times [10]. The
overall increase in SFR as a function of redshift is found to be coupled with increasingly
large gas reservoirs, while the vertical position on the main-sequence at a given stellar
mass and redshift is dominated by changes in star-formation efficiency [11,12]. Finally,
high-resolution space-based observations of the light distribution of galaxies at early times
show that they are significantly more irregular and dominated by clumps of star-forming
gas and minor mergers [13–15]. Spectroscopic observations of the Hα emission line of large
samples of galaxies at z∼2 have confirmed this picture by revealing a significant amount of
dispersion dominated and merging galaxies (e.g., [16]).

Large spectroscopic campaigns using 8–10 m-class telescopes over the past decade
have extended the study of statistical samples of galaxies beyond the peak of cosmic SFR
density towards the Epoch of Reionization at z∼6. The largest of these programs use the
VIMOS spectrograph on the Very Large Telescope (VLT) [17,18] and the DEIMOS spectrograph
on the Keck telescopes [19,20], and provide robust redshifts for hundreds of galaxies at
z = 4–6. This redshift range, the “Early Growth Phase” of galaxy evolution, represents a
transition phase between primordial galaxy formation in the Epoch of Reionization and
mature galaxy evolution at the peak of cosmic SFR density, and hence forms the crucial
link between early galaxies and modern galaxies (Figure 1). In addition to spectroscopy,
10,000 s of galaxies have been identified photometrically in this redshift range over many
extragalactic fields observed with the Hubble space telescope in multiple photometric bands
(e.g., [21]). Large programs using the Spitzer space telescope, covering near-IR wavelengths,
have imaged the rest-frame optical light (emitted by older stars), which is crucial for
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estimating stellar masses of galaxies at z > 4 [22] and even allows the measurement of Hα,
[O II], and Hβ emission lines [23,24].
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Figure 1. Cosmic SFR density as a function of cosmic time and redshift. The global SFR density
increases sharply during primordial galaxy assembly and evolution to reach a peak at z∼2–3 followed
by a decline due to the emergence of quiescent galaxies during the mature galaxy evolution. The
ALPINE survey (presented in Béthermin et al. [25], Faisst et al. [26], and Le Fèvre et al. [27]) studies
galaxy evolution during the Early Growth Phase at z = 4–6, an important connection between
primordial and mature galaxy evolution, via a large multiwavelength sample. ALPINE builds the
basis for more detailed measurements with the next generation of telescopes, and places itself as an
important post-reionization baseline sample to allow a continuous study of galaxies over 13 billion
years of cosmic time. The grayscale images show the change in structure of the galaxies across cosmic
time. Data points from Madau and Dickinson [7] and Bouwens et al. [21].

While such large samples at these early cosmic times exist, they are mostly selected
at rest-frame UV (and sometimes optical) wavelengths. This means that these samples
are highly biased towards galaxies visible at these wavelengths, i.e., not or only slightly
attenuated by dust. As estimated in Bouwens et al. [28], at z = 4–6, more than 40%
of the UV light is reprocessed by dust and another 10% is completely missed by UV
studies. This significantly limits our understanding of this galaxy population in UV
light and, for example, raises the question of how much dust-obscured star formation
contributes to the growth of these galaxies. Furthermore, the observation of the spatial
and kinematic structure of the colder gas (only observable at submillimeter wavelengths)
provides new insights into the physics of star-formation and the conditions of the interstellar
medium (ISM) in these galaxies, complementary to what can be done at rest-frame UV and
optical wavelengths.

The high sensitivity of the Atacama Large (Sub-) Millimeter Array (ALMA) enables such
observations at sub-mm wavelengths. In combination with data in the UV and optical, it
enables us to study early galaxy evolution in more detail than ever before. While bright sub-
mm galaxies, including (Ultra) Luminous Infrared Galaxies (ULIRGs), have been observed
before with Herschel [29,30], ALMA extends the analysis to normal main-sequence galaxies
at early cosmic times by targeting their far-IR dust continuum together with emission lines,
such as singly ionized carbon (C+, one of the most dominant cooling lines) at rest-frame
158µm.
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The importance of such a multiwavelength approach was first demonstrated on a
sample of 10 galaxies observed in C+ at z∼5 in Capak et al. [31] (see also [32–34]). All
galaxies reside on the Cosmic Evolution Survey (COSMOS, Scoville et al. [35]) field; thus,
a wealth of data is available from UV to optical wavelengths, including rest-frame UV
spectroscopy from Keck/DEIMOS and VLT/VIMOS [18,20]. The coverage of the field with
Hubble/ACS imaging in F814W (i-band) [36] as well as partially in the near-IR from the
CANDLES survey [37,38], offers further high-resolution spatial information. With 10 out of
10 C+ detections, the study suggested that C+ is abundant in this galaxy population and a
good tool to study these galaxies. In summary, the study revealed large variations in the
dust content (measured by sub-mm continuum) and C+ emission in this small sample, and
in particular highlighted the kinematics of molecular gas and “UV-dark” dust-obscured
major mergers, which have been missed previously. However, without a large sample with
similar multiwavelength measurement, further conclusions on the galaxy population as a
whole are limited.

The ALMA Large Program to Investigate C+ at Early Times (ALPINE; Le Fèvre et al. [27],
Béthermin et al. [25], Faisst et al. [26]) mitigates these issues by providing similar far-IR
dust continuum and C+ measurements for a sample of 118 main-sequence galaxies spectro-
scopically confirmed at 4.4 < z < 5.9 in the COSMOS field and the Extended Chandra Deep
Field South (ECDFS, Giacconi et al. [39]). The ALPINE ALMA data (described in Béthermin
et al. [25]) are taken by a 69 h ALMA large program over cycles 5 and 6. All galaxies have a
wealth of multiwavelength data and rest-UV spectroscopy (described in Faisst et al. [26]),
which makes ALPINE the first and largest multiwavelength survey of galaxies at these early
cosmic times. ALPINE has significantly advanced our understanding of post-reionization
galaxies during the Early Growth Phase at z = 4–6 in several topics, including

• contribution of obscured star formation to the cosmic SFR density;
• gas reservoirs and modes of star formation;
• enrichment of the circumgalactic medium (CGM) via outflows from galaxies;
• mixture of kinematic structure, emergence of rotators, and merger rates;
• abundance of “UV-dark” sources detected serendipitously at high redshifts.

In this article, we summarize the research highlights from ALPINE and their signifi-
cance to our understanding of early galaxy evolution. Specifically, in Section 2, we provide
a brief introduction of ALPINE including its multiwavelength data products. In Section 3,
we present in detail the science results and we discuss their significance in Section 4. We
conclude in Section 5.

Throughout this work, we assume a ΛCDM cosmology with H0 = 70 km s−1 Mpc−1,
ΩΛ = 0.70, and Ωm = 0.30. All magnitudes are given in the AB system [40] and stellar
masses and SFRs are normalized to a Chabrier [41] initial mass function (IMF) unless
noted otherwise.

2. ALPINE—The Largest Post-Reionization Multiwavelength Survey

The primary goal of ALPINE is to study the gas and dust properties of galaxies shortly
after the Epoch of Reionization at z∼4–6 via the 150µm dust-continuum and C+ line
emission in combination with rest-UV to optical observations. This epoch of cosmic time is
of particular interest as it connects primordial galaxy formation at z > 6 with mature galaxy
evolution around the peak of cosmic SFR density (z∼2–3). In this section, we summarize
the sample and observations as well as the most important science goals. For more details
on these topics, we refer the reader to Béthermin et al. [25] (ALMA observations) and Faisst
et al. [26] (sample selection and non-ALMA ancillary data).

2.1. Sample and Observations

ALPINE is a 69 h ALMA large program (# 2017.1.00428.L) carried out in Cycles 5
and 6 in Band 7 (0.8–1.1 mm or 275–373 GHz). The program is a collaboration between
several members of ALMA regional centers, including Europe, North America, Chile, and
Japan. Of the 118 galaxies with spectroscopic redshifts of 4.4–5.9, 105 are located in the
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COSMOS field [35] and 13 in the ECDFS [39]. The sample spans roughly two orders of
magnitude in stellar mass and SFR on the star-forming main-sequence, hence including a
representative sample of typical main-sequence galaxies at these cosmic times (Figure 2).
The galaxies were selected in two redshift windows at 4.40 < z < 4.65 (67 galaxies) and
5.05 < z < 5.90 (51 galaxies) with median redshifts of z∼4.5 and z∼5.5, respectively.
The windows were chosen to avoid frequencies of low atmospheric transmission and to
optimize the observation efficiency. The spectroscopic redshifts were gathered from two
large spectroscopic surveys carried out by Keck/DEIMOS (DEIMOS 10k Survey; [20]) and
VLT/VIMOS (VIMOS Ultra Deep Survey, VUDS; [18]). These surveys combine redshifts of
galaxies selected in a variety of ways, for example, by narrowband Lyα emission, Spitzer
4.5µm flux excess, Lyman Break color selection (LBGs), and photometric redshifts. This
variety is inherited in the final ALPINE sample, emphasizing the selection of representative
galaxies at these redshifts. Furthermore, the redshifts were derived from Lyα emission as
well as UV absorption lines, therefore minimizing selection biases towards young, dusty-
poor Lyα emitters. All spectra have been consistently renormalized using the COSMOS2015
photometric catalog [42] or CANDELS photometry, using broadband and narrowband data
(see Faisst et al. [26] for a full description). The ALPINE galaxies have an absolute rest-UV
magnitude of M1500 > −20.2 mag, corresponding to an equivalent SFR of 10 M� yr−1. This
cut was chosen to maximize the number of C+ line detections according to the LC+ vs. M1500
relation found in Capak et al. [31] based on 10 z∼5.5 galaxies with similar observations.
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Figure 2. ALPINE observed 118 galaxies on the star-forming main-sequence at redshifts z = 4.4–5.9.
The ALMA observations provide measurements of the 158µm C+ line emission as well as the
surrounding (rest-frame ∼150µm) dust continuum. Left Panels: Hubble ACS/F814W cutouts of
six ALPINE galaxies at different redshifts with a range of C+ and far-IR emission morphologies.
Contours show C+ emission (blue) and dust continuum (red), target IDs, stellar masses, and redshifts
are also indicated. Right Panel: Distribution of the ALPINE galaxies (large symbols) and their
parent sample (blue dots) on the main-sequence (gray) at z∼5. The color of the symbols indicate
the observed C+ line emission. Different symbols identify mergers (stars) as well as galaxies whose
Spitzer photometry is contaminated by neighboring objects (squares); in which case, their stellar
masses are likely overestimated. Adapted from Ref. [26].

Most observations (102 galaxies) were carried out between May and August 2018 in
Cycle 5 and the remaining ones were observed in January 2019 in Cycle 6. The C+ lines
of the targeted sources were covered by two contiguous spectral windows of 1.875 GHz
each. The remaining two windows were used to observe the dust continuum around the
C+ emission line. The compact array configurations C43-1 and C43-2 were used to obtain
a resolution > 0.7′′ to avoid over-resolving of the flux, hence decreasing the signal-to-
noise (S/N). The final average synthesized beam full-width-at-half-maximum (FWHM),
depending on frequency and exact array configuration, is 0.85′′ × 1.13′′, corresponding to
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roughly 5–6 kpc at redshift z = 5. The coarse spectral resolution is ∆vchannel = 31.250 MHz,
which allows the resolution of the C+ emission line (typical FWHM of 235 km s−1). The
integration times per source vary from 10 min to 1 h 20 min, to achieve an average root
mean square (rms) line sensitivity of 0.14 Jy km s−1 for C+ emission1 (corresponding to
LC+∼0.4× 108 L�) and rms continuum sensitivity of 50µJy beam−1 for continuum. Out
of the 118 targeted galaxies, 23 were detected in continuum at >3.5σ (∼20%) and 75 were
detected in C+ line emission at >3.5σ (∼64%). For a full description of line and continuum
measurements, we refer the reader to Béthermin et al. [25]. In addition, ALPINE provides a
blank-field survey of ∼24 arcmin2, in which 57 sources were detected serendipitously in
continuum at >5σ (described in Béthermin et al. [25]) and 14 in line emission at >3σ (8 are
confirmed C+ emissions at z∼5 and two are confirmed CO transitions at lower redshifts,
see Loiacono et al. [43]).

2.2. Overview of ALPINE’s Research Topics

ALPINE is the largest multiwavelength survey to study galaxies in the post-reionization
era at z = 4–6. Specifically, the ALMA data are crucial to mitigate common selection biases
towards low-dust-attenuated, UV-bright galaxies. It also extends earlier sub-mm samples
focusing on intensely star-forming (SFR > 1000 M� yr−1) to main-sequence galaxies. In
combination with observations at higher frequencies, the ALPINE survey opens the doors
to study many different science topics, which we summarize in the following.

The ALPINE observations focus on C+, which is an important cooling line and, there-
fore, expected to be prevalent in star-forming galaxies. This is especially the case at high
redshifts where average SFRs are increased compared to the local universe. Correspond-
ingly, C+ is related to the SFR, as demonstrated in large samples of low-redshift galaxies
(e.g., [44,45]). Starting in the early years of ALMA, several studies have shown that it is pos-
sible to measure C+ out to high redshifts, although such studies mostly focused on bright
submillimeter galaxies and only small samples of main-sequence galaxies [31,32,46,47].
The origin of C+ emission is complicated, which could affect its relation to star formation
especially at high redshifts, where star formation is taking place in environments with
different chemical and radiation properties compared to low-z. While C+ is often emitted
from photo-dissociation regions (PDRs) of molecular clouds, it can also originate from
the cold neutral medium and H II regions [48–51] or traces the diffuse ionized gas [52,53].
Furthermore, some earlier studies suggested a C+-deficit (with respect to far-IR luminosity)
in high-redshift galaxies (e.g., [54–56]), which could be due to absolutely lower Carbon
levels, observations missing broad spatial components of C+ emission, or simply selection
effects. The multiwavelength information (and especially the far-IR continuum emission)
from ALPINE provides the first verification of the relation between SFR and C+ emission at
these redshifts.

By targeting a large sample of normal main-sequence galaxies, ALPINE studies, for
the first time, the statistical contribution of dust-obscured star formation in this galaxy
population. Serendipitously detected sources put constraints on the remaining fraction of
star formation that is not traced by UV-detected galaxies. Further constraints on the dust
mass can be placed by the measurement of far-IR continuum emission, and the distribution
of dust can be studied by spatial distributions of UV, optical, far-IR continuum light, and
C+ emission or the relation between the LIR/LUV continuum ratio (also denoted as IRX)
and the UV continuum slope (β). The latter IRX−β diagnostic provides insight into the
spatial distribution of dust, dust grain properties, and metallicity [34,57]. In addition, the
relation between IRX and stellar mass provides insights into the buildup of dust at this
critical epoch of galaxy growth (e.g., [58]).

At least out to z∼2–3, increased gas fractions (i.e., larger gas reservoirs) have been
identified as the main reason for the higher SFRs of the galaxies [10,11]. Commonly, CO
lines are good tracers of the molecular gas reservoirs in galaxies. At higher redshifts, only
high-J CO transitions can be observed, which come with considerable uncertainties due
to necessary excitation corrections. At higher redshifts, the gas content of main-sequence
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galaxies has therefore not been studied statistically and robustly. C+ has been shown to
be a reasonable empirical predictor of the molecular gas content, which does not involve
uncertainties of excitation corrections associated with high-J CO transitions [59,60]. The
relation between C+ and gas mass is likely due to the secondary causal connection with
SFR. With ALPINE data, the first statistical assessment of gas masses and fractions can be
undertaken via their estimation from C+. Together with a quantification of the contribution
of mergers (derived from close-pair counts in sub-mm data) a full picture of mass growth
in z = 4–6 galaxies can be obtained.

C+ is an excellent dust-independent tracer of gas dynamics, which allows studies
similar to those undertaken at z∼2 with Hα [61–63]. Specifically, sub-mm observations
are sensitive to dust-obscured galaxy mergers and starbursts. ALPINE provides the first
morpho-kinematic classification of mergers, rotators, and dispersion-dominated galaxies
to study the buildup of structure in galaxies as well as the emergence of “disk galaxies”
(i.e., smooth rotators). Furthermore, the high spectral resolution of ALMA allows to put
constraints on outflows and galactic winds via the width and broad components of the
C+ emission line. Such studies have an important impact on our understanding of the
baryon cycle (i.e., the outflow, inflow, and recycling of gas) of galaxies at early cosmic times.

Finally, ALPINE provides the largest sample of C+-detections, making it possible for
the first time to study the demographics of C+-line emitters at z∼4–6 [64]. More importantly,
the calculated C+-line luminosity functions (LF) allow us to compare with the volume
density of C+-emitters at z∼0 [65]. The C+-LF results provide the quantitative constraints
on the redshift evolution of C+-emitter as well as the estimates of molecular gas density
at z∼4–6. We note the unique aspect of ALPINE data, which is that the serendipitous C+-
detections provide the data to compute the incompleteness corrections to the C+-LF [43].

In Section 3, we summarize the results of ALPINE on the topics above in more detail.

3. Results
3.1. C+ and Far-Infrared Continuum Luminosity Function

The C+ line and far-IR continuum emission are the primary ALMA measurements for
the ALPINE galaxies. These measurements are obtained for the main ALPINE targets as
well as for the galaxies that are serendipitously detected in far-IR continuum and C+ line
emission in a total area of 24.92 arcmin2 (referred to as the ALPINE “blind survey”). In
the following, we summarize the results on the total far-IR and C+ luminosity functions
obtained from these basic measurements. For more detailed descriptions, we refer the
reader to the original ALPINE papers on these topics [25,43,64,66].

The average continuum and C+ line 1σ sensitivity reached by ALPINE are 29µJy
and 0.14 Jy km s−1, respectively. At 3.5σ, this yields 23 detections in the continuum and
75 detections in C+ emission, which correspond to 19.5% and 63.5%, respectively, of the total
118 targeted galaxies (see [25]). Within the same fields of the primary targets, 56 continuum
and 12 C+ line emitters are serendipitously detected. These detections are reported in
Gruppioni et al. [66] and Loiacono et al. [43].

The 56 serendipitous far-IR continuum sources are identified using the AstroPy routine
find_peaks in the signal-to-noise (S/N) ratio maps by applying a threshold of S/N = 5
(resulting in a purity of 95%, [25]). S/N maps are used to mitigate the issues of variable
sensitivity across the ALMA FoV. The redshifts of the 56 sources are subsequently con-
strained by matching their positions to ancillary catalogs as well as fitting their SEDs with
LEPHARE2 [67,68]. Of the 56 serendipitous continuum sources, at least 47 have photometric
redshifts, 5 have spectroscopic redshifts from C+ emission lines, and 4 have no redshifts.
We note that 6 out of the 56 sources are only detected in ALMA (hence, they are “optically
dark”) and their photometric redshifts are therefore highly uncertain. The final redshift
distribution of the 52 sources ranges from z∼0.5 to z∼6 with a peak at a median redshift
of 〈z〉 = 2.84± 0.18 [66]. Interestingly, 10 sources are found at z∼4–6, potentially due to
physical overdensities around the main ALPINE targets, suggesting abundant clustering of
galaxies at z∼5.
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The serendipitous C+ emitters are identified on the full three-dimensional data cube
using the find_clumps algorithm [69,70] by applying a threshold of S/N > 6.3, which
corresponds to a fidelity (proportional to the ratio of negative to positive peaks) of >85%.
Two additional line emitters (at S/N∼5.98) with optical counterparts are added due to their
S/N being close to the threshold. In total, 14 serendipitous line emitters are subsequently
matched to photometric and spectroscopic catalogs. Out of these 14 candidates, 8 have
redshift confirming C+ emission at 4.3 < z < 5.4. Specifically, 4 of them have spectroscopic
redshifts and 4 have photometric redshifts (consistent with C+ emission) based on the
COSMOS multiwavelength photometry, including UV to near-IR bands (with photo-z
uncertainties ∆z < 0.2; [42]). Of the remaining candidates, two galaxies are identified as
high-J CO transition at z = 1.3 and z = 0.9, and the identification of 4 lines is ambiguous
based on the available photometry.

3.1.1. The C+ Luminosity Function

The C+ luminosity function is derived by a Vmax method [71] using the ALPINE
main target galaxies as well as the serendipitously detected C+ emitters. The inclusion
of the latter is important to mitigate selection biases in the main ALPINE target sample.
Both luminosity functions [43,64] are first corrected for incompleteness. The serendipitous
sample additionally includes a correction factor based on the fidelity of the serendipitous
detections. The completeness correction of the target sample is based on the fact that the
ALPINE sample builds a subset of UV-detected galaxies [64]. For the serendipitous sample,
the completeness has been computed using injection simulations [25,43].

The left panel in Figure 3 shows the resulting luminosity function at z∼5 in comparison
with the C+ LF at z∼0 (solid gray line from Hemmati et al. [65]) as well as other literature
measurements at higher redshifts. It is important to note that the C+ LF at z∼5 derived
from the ALPINE main sample is a lower limit, as it does not include serendipitously
detected C+ emitters, which can add to the number counts (see [43]). The incompleteness
correction of the LF is very uncertain as it depends on the serendipitous sample, which
is too small and covers only a narrow luminosity interval (mostly high-luminosity end
at LC+ > 108.5 L�). In addition, the serendipitous C+ emitters seem to be clustered with
the main targets (see below); therefore, they are not representative of the field population,
which adds additional uncertainty. Furthermore, the ALPINE data are not able to constrain
the C+ LF at LC+ < 108 L� due to the survey limits. Given these caveats, the z∼5 C+ LF
(i.e., volume density of C+-emitters per magnitude interval) seems to be comparable with
that of z∼0 at LC+ = 108.5–109.5 L�. This result is in stark contrast with the strong evolution
observed in the rest-frame UV LFs [72,73]. At the high-luminosity end (>109.5 L�), a 1–2 σ
significant excess of C+ emitters compared to the local C+ luminosity function [65] is
found (Figure 3). The excess compared to z = 0 is amplified by the inclusion of “UV dark”
C+ emitters (serendipitously detected and missed by the ALPINE main sample). Clustering
of C+ emitters also plays a role in enhancing the number density at bright luminosities. This
is shown by the green symbols in the left panel of Figure 3, which include serendipitous
sources close to the main targets.
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Figure 3. C+ line emission and total far-IR LFs from ALPINE and literature. Left Panel: C+ LF
measured for the ALPINE main sample (blue squares, z∼4.5; red circles, z∼5.5; Yan et al. [64]) as well
as serendipitous sample (incl. clustered galaxies) from the ALPINE blind survey (green open circles;
[43]). Note that the counts of serendipitous C+ emitters may be elevated due to clustering (see details
in [43]). Other results from the literature [31,74–76] at z = 4.4, 4.5, 5.5, and 6 are also shown with
respective symbols (mostly limits). For comparison, the z∼0 C+ LF from Hemmati et al. [65] is shown
(solid gray line) as well as predictions from semianalytical models (gray dashed and dotted lines;
[77,78]). Note that the ALPINE data become significantly incomplete and uncertain at LC+ < 108.5 L�
due to survey limits and the uncertain incompleteness correction because of the lack of blindly
detected C+ samples (serving as incompleteness correction sample for the main targets). Hence, LF
is the lower limit. Figure adapted from Yan et al. [64] and Loiacono et al. [43]. Right Panel: Total
far-IR LF from ALPINE continuum detections at z = 4.5–5.9 [66] excluding overdensities (black circles)
and including overdensities (open red squares). The solid, thick black line and dotted red lines,
respectively, show the best-fit Schechter functions. The best fits to measurements from Herschel (thin
solid lines; [79]) and SCUBA-2 S2CLS (thin dotted lines; [80]) for different redshifts (from z = 1 to
z = 4; from blue to red) are also shown. Adapted from Ref. [66].

The C+-LF result is also compared with that of CO LFs at z∼3–5.8 derived by AS-
PECS [81] and COLDz [82] using the CO(1− 0) to C+ conversion relation (see Equations (5)
and (6) in Yan et al. [64]). The CO LFs confirm the excess of luminous C+-emitters that were
found in the ALPINE data, suggesting that at LC+ > 109 L� UV-faint but C+-bright sources
likely make significant contributions to the C+ emitter volume density. The derived C+-LFs,
in combination with far-IR and CO LFs, are also compared with current available model
predictions [77,83], which are found to significantly underestimate the number densities of
C+ emitters at z∼4–6.

3.1.2. The Total Far-Infrared Luminosity Function

The computation of the total far-IR luminosity is less straightforward (see details
in [66]). As ALMA only measures one continuum point at rest-frame ∼150µm for the
ALPINE sample, a far-IR SED shape has to be assumed in order to obtain the total far-IR
luminosity (integration between rest-frame 8–1000 µm). To this end, an average far-IR
SED is created by stacking Herschel measurements of several hundred z = 4–6 galaxies
on the COSMOS field in the same stellar mass and SFR range as the ALPINE sample
(SFRUV > 10 M� yr−1) [25]. The obtained far-IR SED template is similar to a modified
black body with a luminosity-weighted dust temperature of 42 K, and is also in agreement
with fits to 4 ALPINE galaxies with multiple far-IR continuum measurements (see Faisst
et al. [84]). This SED template will also be used later to derive infrared-based SFRs of the
ALPINE galaxies from the total far-IR luminosity.

For the derivation of the total far-IR LF across cosmic time, the 56 serendipitous far-IR
continuum sources from the ALPINE blind survey are used in order to mitigate potential
selection biases towards strong C+ emitters. Similar to the derivation of the C+ LF, a Vmax
method is used to obtain the far-IR luminosity function. The resulting luminosity functions
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(right panel of Figure 3) from z = 0.5–6 (differentiated in colors) are similar in shape with
no significant decrease in their normalizations. The results are also in good agreement with
those derived from the CO luminosity functions [69,81,82].

All in all, there is still a large uncertainty in the derived total far-IR LFs due to small
sample sizes and selection effects (for example, changes in galaxy densities at small and
large scales add significant uncertainties to the number counts as shown by Loiacono
et al. [43] and Gruppioni et al. [66]). Large blind surveys would be a way to remedy
these uncertainties;, however, unless very deep, they are usually only sensitive to the
most-luminous sources and do not cover the full luminosity range.

3.2. Is C+ a Good Tracer of Star Formation at z > 4?

A correlation between C+ emission and total SFR is expected from studies crossing
cosmic time from z = 0 to z∼2 [45,48,85,86]. Such a relation is fundamental as C+ is one of
the strongest far-IR lines and is now widely observed in high-z galaxies. The far-IR contin-
uum (a more-common SFR indicator; [87]) is significantly fainter; hence, it is much more
time-consuming to detect. While probed by large datasets at local redshifts, the C+−SFR
relation at higher redshifts is uncertain. Specifically, several studies suggest a population of
C+underluminous galaxies due to their observed low C+/LFIR ratios compared to lower
redshifts [31,32,46,54–56,88]. The origin of C+ from various regions in the galaxy (H II re-
gions, diffuse neutral and ionized ISM and PDRs; [89,90]) add additional complications.

One of the main goals of ALPINE is to revisit the C+−SFR relation at z∼5 using the
largest sample of C+ emitters to date and compare it to observations at lower redshifts as
well as theoretical models. The full analysis is detailed in Schaerer et al. [91]. Here, the
most important results are summarized.

As discussed in Section 3.1 and further elaborated in Section 3.3, a significant popula-
tion of dust-attenuated and -obscured galaxies has been suggested even at z > 4. As pointed
out in Schaerer et al. [91], an accurate assessment of the total SFR (i.e., SFRUV + SFRFIR) and
a robust inclusion of limits in C+ and far-IR continuum is therefore crucial for such an anal-
ysis. The total SFR of the ALPINE main targets are derived in Schaerer et al. [91] as follows.
First, the dust uncorrected UV SFRs (SFRUV) are based on the rest-frame L1500 luminosity
derived from SED fitting at 1500 Å (see details in Faisst et al. [26]) and by applying the Ken-
nicutt [87] relation, SFRUV[M� yr−1] = 1.59× 10−10 L1500/L� converted to a Chabrier [41]
IMF. For the calculation of the infrared SFR (SFRFIR), the conversion from ALMA-measured
single-point photometry at rest-frame ∼150µm to total far-IR luminosity (LIR) is crucial.
The conversion depends strongly on the assumed shape of the far-IR SED (itself depending
on many parameters including the warm and cold dust temperature), which is unknown as
only one far-IR data point exists for the ALPINE galaxies. To compute the conversion factor,
an average empirical far-IR template is created using the same approach as outlined in
Section 3.1.2 (for details, see [25]). The far-IR SFRs for far-IR-continuum-detected galaxies
are derived via SFRFIR[M� yr−1] = 1.40× 10−10 LIR/L� [87], where the far-IR luminosity
is again obtained by integration of the far-IR SED at 8–1000 µm. For galaxies not detected
in far-IR continuum (i.e., ALMA sub-mm), LIR is derived from the stacked IRX−β relation3

presented in Fudamoto et al. [92] (see also Section 3.3).
Figure 4 shows the resulting relation between C+ and SFR as measured from the

ALPINE sample at z = 4–6 from Schaerer et al. [91]. The best-fit relation is shown as a solid
black line and is derived using the Bayesian fitting method described in Kelly [93]4, which
properly treats errors and nondetections in astronomical data during the fitting process.
We also show the location of the stacked robust nondetections from (purple empty star
Romano et al. [94]), which agrees well with the C+ vs. SFR relation found by the stacked
detections (purple filled stars). In addition, the observed C+ vs. SFR relation of local
galaxies (gray line and region (2σ); [45]) as well as theoretical models [77]5 are also shown.
While other studies found C+ to be underluminous [46,54–56,88], the ALPINE sample
shows a very consistent relation between C+ and total star formation, similar to findings
at lower redshifts [45]. Even more so, the comparison of ALPINE data with measurement
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from the literature at higher redshifts [95,96] suggests only a slow (if any) evolution of the
C+−SFR relation out to higher redshifts.

log
(L C

+/L
⊙)

log(SFRUV+IR / [M⊙ yr−1])

z = 4 - 6 (Lagache et al. 2018)
z > 5 (Harikane et al. 2019)
z ~ 0 (De Looze et al. 2014)

ALPINE at z = 4.4 - 5.9

(S
ch

ae
re

r e
t a

l. 
20

21
)far-IR detected

far-IR from IRX-β
 C+ detection< 3σ

best fit (incl. limits)
stacks in C+ and z 

stacked robust 
non-detections
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Figure 4. C+ vs. total SFR (from UV + far-IR) relation derived from the ALPINE sample from Schaerer
et al. [91]. Galaxies detected in far-IR are shown as red squares. For galaxies not detected in far-IR (blue
circles), the far-IR luminosity is derived from the IRX−β relation from Fudamoto et al. [92]. C+ non-
detections at 3σ are shown as black upper limits. The filled purple stars show stacked measurements
(four bins of LC+ and two bins in redshift). The empty purple star shows a stack from robust
nondetections from Romano et al. [94]. The best fit (log(LC+/L�) = α + β× log(SFR/[M� yr−1])

with α = 6.61± 0.20 and β = 1.17± 0.12) is shown as a thick black line. The z = 4–6 relation from
ALPINE is consistent with the relation derived from local galaxies (gray dashed line with shaded
region (2σ); [45]). The predictions from the semianalytical model from Lagache et al. [77] (green
dashed line) and the observations at z > 5 from Harikane et al. [96] (green dotted line) are also shown.
Adapted from Ref. [91].

3.3. SFR Density, Main-Sequence, and Dust Abundance across Cosmic Time

The data presented Section 3.1 suggest that a significant fraction of the UV light is
obscured in main-sequence galaxies. In this section, we present more detailed results on
the dust abundance and the implication on the total cosmic SFR density.

The fraction of dust-attenuated and -obscured star formation in the ALPINE sample is
studied by Fudamoto et al. [92] using two diagnostic diagrams, namely, the IRX−β and
the IRX−M∗ relations. The measurements of the UV continuum slope (β), UV luminosity,
and stellar mass are described in detail in Faisst et al. [26]. In brief, the quantities are
determined from the UV to optical best-fit SED to the broad and narrowband photometry
of the galaxies. The β slope ( fλ ∝ λβ) is measured between a rest-frame wavelength
of 1300 Å and 2300 Å, consistent with previous studies (e.g., [97,98]). The total far-IR
luminosity was determined from the ALMA continuum data by using the SED template
derived in Béthermin et al. [25] (see also Section 3.2). The ALMA far-IR continuum images
of the ALPINE galaxies are then stacked in bins of β and stellar mass to obtain an average
of the IRX−β and IRX−M∗ relations.

The left panels of Figure 5 show the IRX−β relation as well as a slightly modified
version of the IRX−M∗ relation, namely, the relation between the fraction of dust-obscured
SFR and stellar mass, for two different redshifts (z∼4.5 and z∼5.5). This analysis shows that
the IRX−β relation obtained from ALPINE is generally below the Meurer et al. [99] relation,
which is based on local starburst galaxies, suggesting a steepening of the attenuation
curve. This confirms suspicions of earlier studies based on samples that are a factor of 10
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and smaller [31,33]. Furthermore, the obscured fraction of star formation is significantly
lower (65% and 45% at z∼4.5 and z∼5.5, respectively) compared to galaxies at z < 3
(80%) at high masses of 1–3 ×1010 M�. For lower stellar masses, the obscured fractions
are statistically consistent. Altogether, this suggests a rapid evolution of dust attenuation
and dust properties in massive (>1010 M�) galaxies between z∼6 and the peak of cosmic
SFR density at z∼2–3. Specifically, a steeper dust attenuation curve could be a sign of dust
produced by supernovae (SNe) [100–103]. Such a scenario is favored in young, star-forming
galaxies due to the lack of time for other dust production mechanisms to work (e.g., dust
production from Asymptotic Giant Branch (AGB) stars or dust growth in the ISM [104–108]).
However, further investigations are crucial to definitively decipher the dust production
mechanisms at these cosmic times. Further, it is interesting that there is a large range of dust
attenuation values at z = 5. This suggests a wide range of dust production or geometrical
effects.

The total cosmic SFR density is an important tool to constrain the evolution of galaxies.
It has been measured robustly below z = 2–3, where multiwavelength data (especially in the
far-IR) are available. At higher redshifts, the evolution of the SFR density is more uncertain
due to the lack of far-IR data to measure the total SFR and to include dust-obscured
galaxies. Khusanova et al. [109] derives the first robust measurement of the total cosmic
SFR density at z = 4–6 based on UV+ALMA multiwavelength data from ALPINE. The
detailed procedure of this measurement is described in the respective paper. In brief, the
total SFR density is obtained by integrating over the full SFR function, which was derived
from two different proxy density distribution functions: the absolute UV (MUV) LF and the
stellar mass function. The total SFR density is then obtained by integration from 0.03–100 L∗
or log(M/M�) = 6.0–12.4. The right panel in Figure 5 shows the resulting SFR density
function derived for the ALPINE galaxies (red symbols). The red boxes show the derived
SFR density from serendipitous far-IR detections from [66]. The green box shows the SFR
density when including an overdensity of serendipitously detected C+ emitters [43]. The
ALPINE measurements are slightly higher than the prediction from Illustris TNG [110] and
measurements from Madau and Dickinson [7], but in line with the measurements from
Béthermin et al. [111]. The contribution of galaxies to the dust-obscured SFR density from
the MORA 2 mm survey [112] are also shown.

3.4. Gas Reservoirs and Baryon Cycle at z > 4

The measurement of the molecular gas content (or gas fraction, Mmolgas/(Mmolgas +
M∗)) of galaxies as a function of cosmic time is crucial to understand their progress in
forming stars. Specifically, the 5–10 times higher specific SFRs (sSFRs) at early cosmic times
compared to local galaxies [7] require either more substantial gas reservoirs or a higher
star-formation efficiency in these galaxies. At the same time, vigorous star formation is
connected with outflows that enrich the surrounding intergalactic medium (IGM) with
processed chemical elements.
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Figure 5. Dust obscuration and total SFR density from the ALPINE sample. Left Panels: IRX−β re-
lation (top) and total obscured fraction of SFR as a function of stellar mass (bottom) [92]. Individual
ALPINE galaxies at z∼4.5 and z∼5.5 are indicated in blue and red circles (and limits). Stacked
measurements in bins of β and stellar mass, respectively, are shown with filled squares. On the
IRX−β diagram, we also show SMC-like dust (short-dashed line; [113]), the starburst relation (solid
line; [99]) and the updated local relation (dotted line; [114]), and the relation by Reddy et al. [115]
for β0 = −2.62 (long-dashed line). On the obscured fraction vs. stellar mass diagram, we also
show the REBELS sample (only with ALMA redshift, teal stars; [116]) and the 250µm data from
Whitaker et al. [117] at z = 0–2.5 using the far-IR template from Dale and Helou [118] (solid line) and
Béthermin et al. [119] or Magdis et al. [120] (dashed line) for the calculation of the total SFR. Figures
adapted from Fudamoto et al. [92]. Right Panel: Total SFR density as a function of redshift derived
from the ALPINE blind sample (black circles and red squares; [66]) and stacked far-IR measurements
(red symbols; [109]). We also include the result from serendipitous C+ detections that show a higher
density because of clustering with the ALPINE main targets [43]. Measurements from the MORA
2mm ALMA survey (far-IR SFRs only) from Casey et al. [112] are shown as gray stars. The predictions
from Illustris TNG (green line [110]) and Béthermin et al. [111] (dashed line) are also shown. The
total SFR density fits for SFRIR and SFRUV+IR data from the Madau and Dickinson [7] review are
shown as orange and blue swaths, respectively. Adapted from Ref. [66].

3.4.1. Gas Fractions, Depletion Times, and Large Range in Gas Properties

The gas content of galaxies has been measured commonly via CO emission (a tracer of
H2) out to z∼3 [44] and it is found to increase with redshift, reflecting the increase in sSFR [7].
The measurement of the gas content of galaxies out to higher redshift is challenging and
has not been measured for large samples of typical galaxies prior to ALPINE. Low-J CO
emission becomes increasingly more difficult to observe at high redshifts because of surface
brightness dimming, lower metal content of the galaxies, and redshift itself. Furthermore,
the increasing cosmic microwave background temperature with redshift decreases the
contrast of the line [121]. On the other hand, the conversion of high-J CO transitions to
CO(1-0) requires knowledge of the CO excitation stage and the gas density. In addition,
even with state-of-the-art millimeter facilities such as VLA or NOEMA, a detection of
high-J CO emission becomes unfeasible for a large sample of galaxies. For understanding
the molecular gas content of high redshift galaxies, other tracers of molecular gas have
to be explored. Among these are the dust mass inferred from an SED fit to the far-IR
emission [118,122,123], the cold dust continuum measured in the Rayleigh–Jeans (RJ) tail
regime at λrest ≈ 850µm [11,124], and the empirically measured relation between C+ and
molecular gas mass [60,125,126]. Furthermore, using an estimate of stellar, dust, and dark
matter mass inside a given radius, dynamical mass estimates from kinematics can be
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used to constrain gas masses [127,128]. The ALPINE sample provides galaxies with the
necessary far-IR continuum and C+ line luminosity measurements; C+ kinematics; and
more importantly, far-IR and C+-LFs, to undertake the first comprehensive measurement
of the gas content of main-sequence galaxies in the post-reionization phase at z = 4–6.

To put the molecular gas masses in global context, Yan et al. [64] computed the cosmic
molecular gas density using the cosmic-volume-averaged C+ luminosity density at z∼5.
For the computation of the latter, the derived C+ LF [64] was integrated down to 7× 107 L�,
yielding LC+∼1.2× 106 L�. Several previous studies [60,125] and the study based on the
ALPINE sample by (see below; Dessauges-Zavadsky et al. [129]) have derived a linear ratio
Mmolgas/LC+ = 15–60 M�/L�. Using this ratio, Yan et al. [64] derived the molecular gas
mass density ρmolgas = (2–7)× 107 M� pc−3 at z∼4–6. At a 2σ and 95% confidence level,
the estimated ρmolgas = (1–14)× 107 M�Mpc−3. The evolution of the cosmic molecular
gas mass density (left panel in Figure 6) closely follows the evolution of the cosmic SFR
density (see right panel of Figure 5).
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Figure 6. Left Panel: Molecular gas density as a function of redshift (following closely the cosmic
SFR density, see Figure 5). The measurement from ALPINE from Yan et al. [64] is indicated by the
red box. Other measurements from COLDz (hatched boxes; [82]) and ASPECS (filled and empty
gray boxes; [69,81]), together with empirical models from [125] (green solid), Scoville et al. [11]
(orange long-dashed), and Tacconi et al. [130] (pink dotted) are also shown. The semi-analytical
model from Popping et al. [78] is shown as a short-dashed blue line. Right Panel: Redshift evolution
of molecular gas mass fraction of galaxies from z =0–6. The curves show the same empirical and
semianalytical models as indicated on the left panel. Measurements at z = 4.6 from ALPINE [129] are
shown in red (distinguishing from C+ detected, far-IR detected, and measurements with dynamical
mass). Literature CO data at z < 4 are shown as gray points (see Dessauges-Zavadsky et al. [129] for
references), together with the far-IR SED stacks from (hatched region Béthermin et al. [119]). Large
black crosses show the median (with error on the mean and scatter) in 7 redshift bins.

Individual molecular gas masses of the ALPINE galaxies are calculated in different
ways using the abovementioned ingredients. Dessauges-Zavadsky et al. [129] show promis-
ingly that molecular gas masses derived from the RJ dust continuum, C+ emission, and
dynamical mass agree well with each other within the measurement uncertainties (approx.
a factor of two). The RJ emission at rest-frame 850µm was calculated using a far-IR SED
template with a temperature of ∼40 K normalized to the ALPINE/ALMA measurement at
rest-frame 150µm (see Section 3.1.2 for more details). The dynamical mass was calculated
for a subset of 18 nonmerger galaxies classified by Le Fèvre et al. [27] with C+ emission at
S/N> 5 and with C+ halo size measurement from Fujimoto et al. [131]. Figure 6 shows
the gas fraction and depletion times at z = 4–6 derived by Dessauges-Zavadsky et al. [129]
in comparison to measurement from CO emission at lower redshifts from the litera-
ture [119,125,132]. Overall, the rise of the molecular gas fraction traces the evolution
of the sSFR (e.g., [24,109]); it increases with redshift up to z∼3–4 (reaching a value of ∼63%
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at z∼5) and then flattens out at earlier cosmic times. Individual measurement of gas masses
for ALPINE galaxies show a large scatter, which is likely the physical reason for the large
range in the measurement of the cosmic molecular gas mass density at z∼5 (indicated by
the vertical size of the boxes in Figure 6, left panel). Furthermore, the study finds a continu-
ous decline in the molecular gas depletion time scale (tdepl = Mgas/SFR)6 of a factor of 2–3
from z = 0 to z = 6, suggesting a mild enhancement of star-formation efficiency towards
high redshifts. This trend is in agreement with the extrapolation of the parametrization by
Scoville et al. [11] based on z < 4 as well as Tacconi et al. [130], but significantly shallower
than (1 + z)−1.5, which is predicted by semianalytical and cosmological simulations based
on the framework of the bathtub model (e.g., [133–136]). Dessauges-Zavadsky et al. [129]
also show that the depletion time depends on the sSFR (which has been shown to be true
also at lower redshifts, e.g., [132]), which may be the reason for the change of depletion
time across cosmic time. Still, compared to the upsizing of the gas reservoirs, the increase
in star-formation efficiency seems to play a minor role in reaching the high average SFRs at
high redshifts, in agreement with the study by Scoville et al. [11].

The interpopulation scatter in gas abundances (from 20% to 90%) and depletion times
(from 108 yr to 109 yr) may be a result of the interconnection between gas abundance,
depletion timescale, and other physical properties, as well as the evolutionary stage of
galaxies such as the location on the star-forming main-sequence, metal and dust content, or
environment. Such a range of properties is also reflected in the dust attenuation properties
(see Section 3.3).

3.4.2. Enrichment of the IGM at z∼4–6

The comparison of gas content and depletion time to models such as the bathtub model
indicates that, not surprisingly, galaxies are not closed boxes but, instead, are governed
by complex baryon cycles including inflows and outflows. Constraining this cycle is
important for understanding the evolution of galaxies and, closely connected with this,
the enrichment of the IGM surrounding them. An extended dust continuum and C+ halo
around high-redshift galaxies indeed suggests chemical enrichment of the IGM. This was
found in multiple z > 4 galaxies [56,137] and the ALPINE sample allows for the first time
a statistical study of extended C+ halos. As shown by Fujimoto et al. [131], the C+ halo
extent commonly exceeds the UV size of the galaxies by factors of 2–3 or more for galaxies
with increasing stellar mass. Furthermore, about 30% of (isolated) galaxies have a C+ halo
component extending more than 10 kpc, at typical UV sizes of 1–2 kpc [137]. The trend of
increasing C+ to UV size ratio with increasing stellar mass and SFR can be explained by
star-formation-driven outflows (cf. simulations by Maiolino et al. [54]), although a selection
bias cannot be ruled out currently. Deeper observations with ALMA will be needed to
confirm this scenario.

On the other hand, Ginolfi et al. [138] suggest direct evidence of star-formation-driven
outflows by carefully stacking the C+ spectra of isolated ALPINE galaxies. This study
shows an increase in broad wings (∼500–700 km/s) of the C+ spectra for the most star-
forming galaxies in the ALPINE sample. This trend is strengthened by a bootstrapping
analysis. The calculated mass loading factor (close to unity) is similar to the one of local
star-forming galaxies but below the one expected from local AGN (which is approximately
5 times higher). This suggests that, compared to AGN feedback, star-formation-driven
outflows are likely a subdominant mechanism for rapid quenching of normal galaxies in
the early Universe. The contribution of AGN to the physics of the most massive ALPINE
galaxies is still an open question (Barchiesi et al. in prep.).

From these studies, there is strong evidence that star-formation-driven outflows may
play an important role in the chemical enrichment of the IGM surrounding the galaxies
in the early Universe. In addition, galaxy interactions can contribute to the enrichment,
as shown by the triple-merger galaxy system at z∼4.57 presented in Ginolfi et al. [139],
showing extended C+ emission covering the IGM between the merging components (see
Capak et al. [31] for another example at z∼5.5 of a triple-merger). The IGM enrichment via
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outflows from stellar feedback and galaxy interactions suggested from these observations
is consistent with predictions from recent simulations (see, e.g., [58,140–146]); together with
galaxy–galaxy interactions, they are largely responsible for the chemical enrichment of the
IGM surrounding the galaxies in the early Universe. The triple-merger galaxy system at
z∼4.57 presented in Ginolfi et al. [139] is only one example showcasing this scenario by
exhibiting extended C+ emission covering the IGM between the merging components (see
Capak et al. [31] for another example at z∼5.5 of a triple-merger).

3.5. Contribution of Mergers to Mass Assembly and the Emergence of Rotators

Understanding how galaxies grow at different cosmic times is one of the current
outstanding questions. Galaxies can increase their mass via various processes such as
internal star formation, the accretion of gas (usually also including minor merging events),
and major mergers. It is thought that, specifically at lower redshift, gas accretion and
in situ star formation are the dominant avenues of mass assembly, with major mergers
only playing a subdominant role [13,147]. On the other hand, several studies suggest
mergers to become more important for galaxy evolution at higher redshifts [148]. This is
in line with various simulations suggesting an increase in merger rate towards the early
universe [149,150].

The measurement of the number of major mergers is not trivial. Next to high-resolution
imaging, kinematic information (such as about the velocity difference of the merging com-
ponents) is necessary. Furthermore, approaches focusing on the rest-frame UV or even
optical may miss dust-obscured merging components, which leads to an underestimation
of the true merger rates. As shown in the previous sections, dust obscuration may be
significant even at z > 4. The triple-merger system examined in Ginolfi et al. [139] is a
prime example of such a dust-obscured case that would be missed in UV/optical imag-
ing. The combination of ALMA and sub-kpc resolution HST imaging can mitigate these
issues. Importantly, C+ emission provides kinematic information of UV and optically
dust-obscured merger components (see e.g., [151,152]).

The ALPINE sample allows for the first time a statistical analysis of the merger fraction
shortly after the Epoch of Reionization. The galaxies are robustly categorized in mergers
and nonmergers (e.g., rotators or dispersion-dominated systems) using the full ALMA
C+ cube in position–velocity space via a morpho-kinematic approach similar to studies of
Hα at lower redshifts (e.g., [153,154]) and by fitting a tilted ring model (see also [155,156]).
The classification procedures of both methods are detailed in Le Fèvre et al. [27] and
Jones et al. [151]. Of the 75 C+-detected ALPINE galaxies, Romano et al. [152] identified
23 of them as major merger systems in the mass range of log(M/M�) = 9–11 with a mass
ratio less than 4, a velocity difference between the components of less than 500 km/s, and a
physical distance of less than 20 kpc. The authors computed the fraction of major mergers
in this sample (∼45% and ∼35% for z∼4.5 and z∼5.5, respectively). These values are a
factor of two higher than at z = 2–3 (∼20%) and other studies at the same redshift using
only HST imaging (e.g., [157]). The latter could highlight an incompleteness due to missing
dust-obscured merger components in the UV and optical data. The computed fraction of
major mergers is consistent with that predicted by the Evolution and Assembly of Galaxies and
their Environments (EAGLE) hydrodynamical simulation [158]. The major merger fraction
of 35–45% derived from the ALPINE sample by Romano et al. [152] suggests that major
mergers could play a significant role in galaxy evolution at these redshifts. To estimate the
contribution to the galaxy mass assembly, a merger timescale has to be assumed, which
comes with significant uncertainty. Assuming typical merger timescale representations by
Kitzbichler and White [159], Jiang et al. [160], and Snyder et al. [161], the contribution of
major mergers to the SFR density at z = 4–6 varies from less than 5% (for Kitzbichler et al.)
to nearly 30% (for Snyder et al.).

The recent studies by Le Fèvre et al. [27] and Jones et al. [151] picture the morpho-
logical diversity of the ALPINE sample at z = 4–6. Specifically, next to the approximately
40% interacting galaxies, about 30% are classified as dispersion-dominated systems and
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about ∼15% are found to be rotators. The rotators are of special interest as they provide
constraints on the dark matter mass of galaxies and also suggest recent relatively smooth
mass growth in a cold-gas-accretion-dominated scenario. Rotators have been characterized
at z < 4 mainly through Integral Field Unit (IFU) observations of the Hα emission line
(e.g., [61,162,163]), but also via C+ emission for a handful of bright starburst and quasars
at higher redshifts (e.g., [156,164–169]). Next to a main-sequence galaxy at z = 4.2 [170]
and two galaxies at z > 6 [171,172], the ALPINE sample complements these studies with
typical main-sequence galaxies at z = 4–6. Within the ALPINE sample, Jones et al. [151] find
rotators with rotational velocities between 50–250 km/s and extended rotational structures
commonly less than 7 kpc (although some out to ∼10 kpc) (see also [131]). The flattening
of the rotation curves at a radius of ∼1–2 kpc suggest dominating baryon fractions over
dark matter. However, strong conclusions cannot be drawn because of insufficient spatial
resolution of the ALMA observations. A spatial resolution of at least ∼1 kpc (or 0.1–0.2′′)
at a high sensitivity out to large radii (∼7–10 kpc) is necessary for definite answers (see
Figure 7 in [151]).

4. Discussion

ALPINE is a survey that is well-placed to study the ramp-up of galaxy evolution at
redshifts of z = 4–6 and has led to many important science results, as described in the
previous sections. While past studies have focused on bright sub-mm galaxies or quasars,
mostly due to sensitivity limitations, ALPINE has broadened the view to more typical
main-sequence star-forming galaxies in the post-reionization era.

The large sample size allowed the first statistical comparison of C+ emission density of
a post-reionization sample and the local Universe [64]. Compared to the currently best local
comparison sample [65], galaxies at z = 4–6 show statistically an excess of C+ emission at
the luminous end of the C+ luminosity function [64]. Since C+ is a common cooling line in
star-forming galaxies, the excess of luminous C+ emitters in high-redshift main-sequence
galaxies is not surprising due to their overall enhanced rates of (specific) star-formation
compared to main-sequence galaxies at lower redshifts. Loiacono et al. [43] found that
clustering of C+ emitters adds a significant uncertainty to the measured C+ emission
density. Specifically, it is intriguing that 7 out of 8 unambiguously identified serendipitous
z > 4 C+ emitters are within less than 750 km/s (∆z < 0.015) in velocity space and <17′′

in projected radius7 of the main target [43]. This suggests significant spatial clustering
of C+ emitters in the early Universe and may be used to inform cosmological structure
formation models in the future.

The excess of strong C+ emitters at high redshifts may be related to their increased
star formation. This is mainly motivated by the strong correlation between C+ and star
formation found in galaxy samples up to z∼2 (e.g., [45,48,50,86]). Although verified at
lower redshifts, it was far from clear how well C+ traces star formation at early cosmic
epochs. Several studies suggested a C+ deficit in high-z galaxies (e.g., [46,54–56,88]), result-
ing in a large scatter in the C+−SFR relation. Furthermore, the different places of origin of
C+ (from H II regions, the diffuse neutral and ionized ISM, or photo-dissociation regions)
could further be relevant for its connection to physical properties of the galaxies. The
ALPINE sample emphasized the strong relation between C+ and total SFR (i.e., obscured
and unobscured) and also verified its similarity to local galaxies [91]. However, there are
still open questions. As mentioned several times in this article, the ALPINE galaxies reside
on the more massive end of the star-forming main-sequence and are also suggested to be
already substantially metal-enriched [26]. Their ISM properties are therefore not substan-
tially different from their descendants at lower redshifts (see also [173]). A way to remedy
this is to build up a statistical sample of low-mass (likely lensed) galaxies at z∼4–6 to study
C+ physics in truly low-metallicity environments. Furthermore, carrying out follow-up
observations with ALMA of other far-IR lines (such as [N II] at 122µm or 205µm) would
allow to statistically pinpoint the dominant origin of C+ emission in these galaxies (see
observations and analyses by [52,53]). Cospatial resolution-matched observations of optical
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emission (such as Hα) from JWST and C+ from ALMA would further help to investigate
this issue.

As the ALPINE galaxies are rather mature in terms of their stellar mass and ISM
properties, it might not be very surprising to find a relatively large dust attenuation
in this population. The most massive galaxies in the sample have a similar fraction of
dust-obscured star formation as galaxies at the peak of cosmic SFR density [92]. The
measurement of dust mass at this early epoch places constraints on the dust production
mechanisms and chemical evolution models. The analysis of ages and dust masses by
Pozzi et al. [174] draws the picture that these galaxies are likely the progenitors of bulge-
dominated spiral or elliptical galaxies at lower redshifts. The dust production has to occur
quickly, in line with the evolution of proto-spheroids [175]. Dust production by supernovae
on short time scales provide the most likely scenario for the high dust masses of these
z = 4–6 galaxies [176,177]. However, it is interesting that current models have difficulties
to reproduce the high dust-mass to stellar-mass ratios (≥0.03) of young z∼5–6 galaxies
with high sSFRs (≥ 40 Gyr−1) [177]. This becomes even more intriguing with the discovery
of entirely optically dark galaxies at z∼6.7 and z∼7.4 [116,178] from the REBELS sample
(the z > 6 continuation of ALPINE, see survey overview described in Bouwens et al. [179]),
although there could be significant uncertainties in the stellar masses (hence, the dust
to stellar mass ratios) of these galaxies (Sommogivo et al. in prep.). Such dust-obscured
galaxies at high redshifts challenge current dust formation models and at the same time
suggest that rest-UV observations are still missing a substantial amount (∼10–25%) of
galaxies contributing to the cosmic SFR density at z > 6 [178].

Several studies have consistently found a continuous increase in sSFR of galaxies out
to z∼3, based on robust, optical, and infrared-based total SFR measurements [180]. This
trend was found to continue at z > 3, although there was no consensus on the steepness
of the sSFR increase. While some studies suggested a flattening [181–183], others found
a more significant increase [24,184,185], which could be due to the use of different SFR
tracers. The study by Khusanova et al. [109] provided the first robust measurement of
star formation at z∼5 from ALMA and supports a flattening of the sSFR evolution. The
apparent inconsistency in slope is likely due to the use of different star-formation indicators.
For example, the study by Faisst et al. [24] used Hα (derived from Spitzer colors) as tracer
for star formation (hence, sSFR) on short timescales (∼10 Myrs) and found a steeper slope
(i.e., higher sSFR at a given redshift) than other studies using continuum-based, 100 Myr-
averaged SFR measurements (e.g., from SED fitting or far-IR SFR as in [109]). Short-term
SFR measurement may be significantly increased due to burstiness in the star-formation
process at high redshifts as suggested in Faisst et al. [186], and thus, could explain the
higher sSFRs.

A higher gas fraction or higher star-formation efficiency could both play a role in
increasing the star-formation activity of z > 4 galaxies. The results from Dessauges-
Zavadsky et al. [129] on z > 4 galaxies show that, compared to low-z galaxies, on average
the gas fractions are increased by a factor of 6 (10% vs. 60%), while the depletion times
(i.e., inverse star-formation efficiency) are shorter by a factor of two (1 Gyr vs. 0.5 Gyrs).
The gas fraction traces closely the sSFR evolution in shape (including flattening at z > 3).
The decrease in depletion time is significantly less than that predicted by the “bathtub”
model, in which main-sequence galaxies lie in a quasi-equilibrium state [134,187–189], but
is consistent with extrapolated CO measurements from [130] and the relative change in
Scoville et al. [11] derived from RJ dust-continuum gas masses. This suggests that z∼5
galaxies (on the main-sequence) are not significantly more efficient in forming stars than
present-day galaxies (a conclusion also obtained by Scoville et al. [11]). Most of the redshift
evolution of star formation on the main sequence is therefore due to increased gas reservoirs
rather than higher star-formation efficiency. The latter, however, may be more important
in pushing galaxies at a given stellar mass and redshift above the main-sequence, and so
creating the observed starburst population [11,12]. The high gas fraction and the slowly
changing depletion times suggest that a significant amount of gas is expelled from galaxies
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via outflows. As shown by [138], outflows are ubiquitous in highly star-forming z > 4
galaxies and may also be responsible for extended C+ halos [131].

The contribution of mergers to the mass growth of galaxies at z > 4 is still not
clear. Although ALPINE provides currently the best constraints of the merger fraction
thanks to dust-independent measurements from far-IR continuum and C+ emission, the
translation to a merger rate and mass assembly due to major mergers depends strongly
on the assumption of merger timescales. Assuming current state-of-the-art estimates of
merger timescales, the contribution of major mergers to galaxy mass growth can be up to
30%. Clearly, there is more work to be done to understand the merging process—either
through more sophisticated simulation work or enhanced statistics on the merger stages
(early, late mergers) in the population.

5. Conclusions

ALPINE has progressed our understanding of galaxy evolution by measuring the dust
and gas properties of galaxies at z = 4–6 through sub-mm observations. Most previous
observations were based on luminous sub-mm galaxies or only a handful of main-sequence
galaxies at these redshifts. Furthermore, rest-frame UV-based surveys only provide a
limited view on the total galaxy population as they miss significant amounts of dust-
obscured galaxies. Combined with UV to optical imaging and spectroscopic data, ALPINE
is currently the largest multiwavelength sample of main-sequence galaxies in the post-
reionization era and builds a basis for future observations. The new findings enabled by
ALPINE can be summarized as follows:

• The demographics of z∼5 C+-emitters, i.e., LF, is quantified for the first time by the
ALPINE main and serendipitous samples. This study shows evidence of a possible
much higher volume density of luminous C+-emitters at z∼5 than that of z∼0.

• The C+ emission is a good tracer of total SFR for log(M/M�) > 9 main-sequence
galaxies at z∼5. The relation is consistent with what was found at lower redshifts
(including local galaxies). This suggests no significant evolution of the C+−SFR
relation across cosmic time up to z = 6 for main-sequence galaxies at this stellar mass.

• Significant dust attenuation (45–65%) is found in the most massive (log(M/M�) > 10)
galaxies, together with a significant number of “UV/optical-dark” galaxies at z = 4–6.
This shows that UV-selected samples miss a dusty population of galaxies even at z > 4.
The most massive galaxies still challenge current models of dust production.

• The gas fraction of main-sequence galaxies increases out to z = 6 and follows in
shape the evolution of the sSFR. While the gas fraction evolves significantly, the star-
formation efficiency does not; hence, it is suggested to contribute little to the increased
star-formation activity in high-z galaxies.

• Outflows are ubiquitous in highly star-forming main-sequence galaxies and may
contribute to enriching the IGM with metals. Enriched IGM is also suggested by
extended C+ emission halos around the galaxies.

• The morpho-kinematic selection of major mergers suggests an increase of galaxy
interactions at z = 4–6. Adopting state-of-the-art estimates of merger timescales,
major mergers contribute at most 30% to the galaxy mass assembly at that epoch.

Despite these advances, future research is important to understand better the details of
this galaxy population and to connect it with galaxies in the Epoch of Reionization. While
the above results contribute to our understanding of relatively massive and mature main-
sequence galaxies, conclusions about the fainter end of the population cannot be made with
the current sample. Extending the sample to lower stellar masses and (likely) less mature
galaxies (in terms of chemical enrichment) would provide an important comparison. For
example, does the C+−SFR relations still hold for such galaxies? Is star formation more
dominated by cold gas accretion or mergers in fainter galaxies? A large sample of lensed
galaxies at z = 4–6 would serve as a promising avenue to answer such questions. With
enough magnification, ALMA observations of the low-mass end of the main-sequence
would not require significantly more time. ALPINE builds a basis sample at this epoch,
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which can serve as “anchor” for other studies at lower and higher redshifts. An important
study to mention in this context is REBELS, a high-redshift extension of ALPINE to measure
C+ and far-IR continuum at z > 6.5 using a spectral scan of galaxies with photometric
redshifts [179]. A careful comparison between REBELS and ALPINE would inform us about
possible different galaxy evolution in the Epoch of Reionization as well as shortly thereafter
(see, e.g., [190]). In addition to existing surveys, a higher-resolution C+ and dust-continuum
follow-up with ALMA would further help us understand this important epoch in galaxy
evolution. Sub-kpc resolution observations would reveal the location of star-formation as
well as their gas velocity dispersion. The comparison to studies at lower redshifts [191]
would help us constrain star formation in general as well as the role of feedback from stellar
winds, SNe, and AGN on smaller spatial scales than currently possible. The combination
of deep high-resolution and shallow low-resolution observations with ALMA would also
significantly improve the measurement of velocity curves to pin down the dark matter
content of these galaxies. The spatial sampling of current observations is not fine enough to
unambiguously determine between a flat or declining velocity curve out to large radii [151].
Finally, JWST will be the workhorse for optical exploration of the galaxies, by providing,
for example, resolved metallicity measurements or stellar mass and optical dust maps. The
paper by Vanderhoof et al. [173] already provides a taste of the possibilities that arise by
combining optical emission lines with UV and sub-mm measurements.
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1 The C+ emission was estimated from the LC+ vs. M1500 relation from Capak et al. [31].
2 http://www.cfht.hawaii.edu/~arnouts/lephare.html, accessed on 23 May 2022
3 The IRX−β relation relates the rest-UV continuum slope (β, described in Faisst et al. [26]) to the LIR/LUV (IRX) luminosity ratio.
4 The method is implemented in the Python package linmix at https://github.com/jmeyers314/linmix, accessed on 23 May 2022.
5 Note that all of these relations have been calibrated to the same IMF.
6 with the total SFR derived from the infrared and UV SFRs.
7 Radius from phase center where primary beam attenuation is <90%.
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88. Bradač, M.; Garcia-Appadoo, D.; Huang, K.H.; Vallini, L.; Quinn Finney, E.; Hoag, A.; Lemaux, B.C.; Borello Schmidt, K.; Treu, T.;

Carilli, C.; et al. ALMA [C II] 158 µm Detection of a Redshift 7 Lensed Galaxy behind RXJ1347.1-1145. Astrophys. J. 2017, 836, L2.
[CrossRef]

89. Wolfire, M.G.; Hollenbach, D.; McKee, C.F.; Tielens, A.G.G.M.; Bakes, E.L.O. The Neutral Atomic Phases of the Interstellar
Medium. Astrophys. J. 1995, 443, 152. [CrossRef]

90. Hollenbach, D.J.; Tielens, A.G.G.M. Photodissociation regions in the interstellar medium of galaxies. Rev. Mod. Phys. 1999,
71, 173–230. [CrossRef]

91. Schaerer, D.; Ginolfi, M.; Béthermin, M.; Fudamoto, Y.; Oesch, P.A.; Le Fèvre, O.; Faisst, A.; Capak, P.; Cassata, P.; Silverman, J.D.;
et al. The ALPINE-ALMA [C II] survey. Little to no evolution in the [C II]-SFR relation over the last 13 Gyr. Astron. Astrophys.
2020, 643, A3. [CrossRef]

92. Fudamoto, Y.; Oesch, P.A.; Faisst, A.; Béthermin, M.; Ginolfi, M.; Khusanova, Y.; Loiacono, F.; Le Fèvre, O.; Capak, P.; Schaerer, D.;
et al. The ALPINE-ALMA [CII] survey. Dust attenuation properties and obscured star formation at z∼4.4–5.8. Astron. Astrophys.
2020, 643, A4. [CrossRef]

93. Kelly, B.C. Some Aspects of Measurement Error in Linear Regression of Astronomical Data. Astrophys. J. 2007, 665, 1489–1506.
[CrossRef]

94. Romano, M.; Morselli, L.; Cassata, P.; Ginolfi, M.; Schaerer, D.; Béthermin, M.; Capak, P.; Faisst, A.; Le Fèvre, O.; Silverman, J.D.;
et al. The ALPINE-ALMA [CII] survey: The population of [CII]-undetected galaxies and their role in the L[CII]-SFR relation.
Astron. Astrophys. 2022, 660, A14. [CrossRef]

http://dx.doi.org/10.1093/pasj/psx103
http://dx.doi.org/10.1086/521811
http://dx.doi.org/10.1111/j.1365-2966.2012.22048.x
http://dx.doi.org/10.3847/1538-4357/aa80e0
http://dx.doi.org/10.3847/1538-4357/aac6ba
http://dx.doi.org/10.1051/0004-6361/201732019
http://dx.doi.org/10.1093/mnras/sty2969
http://dx.doi.org/10.1093/mnras/stt308
http://dx.doi.org/10.1093/mnras/stx1843
http://dx.doi.org/10.3847/1538-4357/ab30fe
http://dx.doi.org/10.3847/1538-4357/aafc27
http://dx.doi.org/10.1093/mnras/staa2545
http://dx.doi.org/10.1051/0004-6361/201424054
http://dx.doi.org/10.1111/j.1365-2966.2011.19223.x
http://dx.doi.org/10.1146/annurev.astro.36.1.189
http://dx.doi.org/10.3847/2041-8213/836/1/L2
http://dx.doi.org/10.1086/175510
http://dx.doi.org/10.1103/RevModPhys.71.173
http://dx.doi.org/10.1051/0004-6361/202037617
http://dx.doi.org/10.1051/0004-6361/202038163
http://dx.doi.org/10.1086/519947
http://dx.doi.org/10.1051/0004-6361/202142265


Universe 2022, 8, 314 25 of 29

95. Matthee, J.; Sobral, D.; Boogaard, L.A.; Röttgering, H.; Vallini, L.; Ferrara, A.; Paulino-Afonso, A.; Boone, F.; Schaerer, D.;
Mobasher, B. Resolved UV and [C II] Structures of Luminous Galaxies within the Epoch of Reionization. Astrophys. J. 2019,
881, 124. [CrossRef]

96. Harikane, Y.; Ouchi, M.; Shibuya, T.; Kojima, T.; Zhang, H.; Itoh, R.; Ono, Y.; Higuchi, R.; Inoue, A.K.; Chevallard, J.; et al.
SILVERRUSH. V. Census of Lyα, [O III] λ5007, Hα, and [C II] 158 µm Line Emission with ∼1000 LAEs at z = 4.9-7.0 Revealed with
Subaru/HSC. Astrophys. J. 2018, 859, 84. [CrossRef]

97. Bouwens, R.J.; Aravena, M.; Decarli, R.; Walter, F.; da Cunha, E.; Labbé, I.; Bauer, F.E.; Bertoldi, F.; Carilli, C.; Chapman, S.; et al.
ALMA Spectroscopic Survey in the Hubble Ultra Deep Field: The Infrared Excess of UV-Selected z = 2–10Galaxies as a Function
of UV-Continuum Slope and Stellar Mass. Astrophys. J. 2016, 833, 72. [CrossRef]

98. McLure, R.J.; Dunlop, J.S.; Cullen, F.; Bourne, N.; Best, P.N.; Khochfar, S.; Bowler, R.A.A.; Biggs, A.D.; Geach, J.E.; Scott, D.; et al.
Dust attenuation in 2 < z < 3 star-forming galaxies from deep ALMA observations of the Hubble Ultra Deep Field. Mon. Not. R.
Astron. Soc. 2018, 476, 3991–4006. [CrossRef]

99. Meurer, G.R.; Heckman, T.M.; Calzetti, D. Dust Absorption and the Ultraviolet Luminosity Density at z∼3 as Calibrated by Local
Starburst Galaxies. Astrophys. J. 1999, 521, 64–80. [CrossRef]

100. Maiolino, R.; Schneider, R.; Oliva, E.; Bianchi, S.; Ferrara, A.; Mannucci, F.; Pedani, M.; Roca Sogorb, M. A supernova origin for
dust in a high-redshift quasar. Nature 2004, 431, 533–535. [CrossRef]

101. Hirashita, H.; Nozawa, T.; Kozasa, T.; Ishii, T.T.; Takeuchi, T.T. Extinction curves expected in young galaxies. Mon. Not. R. Astron.
Soc. 2005, 357, 1077–1087. [CrossRef]

102. Stratta, G.; Maiolino, R.; Fiore, F.; D’Elia, V. Dust Properties at z = 6.3 in the Host Galaxy of GRB 050904. Astrophys. J. 2007,
661, L9–L12. [CrossRef]

103. Gallerani, S.; Maiolino, R.; Juarez, Y.; Nagao, T.; Marconi, A.; Bianchi, S.; Schneider, R.; Mannucci, F.; Oliva, T.; Willott, C.J.; et al.
The extinction law at high redshift and its implications. Astron. Astrophys. 2010, 523, A85. [CrossRef]

104. Asano, R.S.; Takeuchi, T.T.; Hirashita, H.; Inoue, A.K. Dust formation history of galaxies: A critical role of metallicity for the dust
mass growth by accreting materials in the interstellar medium. Earth Planets Space 2013, 65, 213–222. [CrossRef]

105. Dwek, E.; Cherchneff, I. The Origin of Dust in the Early Universe: Probing the Star Formation History of Galaxies by Their Dust
Content. Astrophys. J. 2011, 727, 63. [CrossRef]

106. Todini, P.; Ferrara, A. Dust formation in primordial Type II supernovae. Mon. Not. R. Astron. Soc. 2001, 325, 726–736. [CrossRef]
107. Nozawa, T.; Kozasa, T.; Umeda, H.; Maeda, K.; Nomoto, K. Dust in the Early Universe: Dust Formation in the Ejecta of Population

III Supernovae. Astrophys. J. 2003, 598, 785–803. [CrossRef]
108. Schneider, R.; Ferrara, A.; Salvaterra, R. Dust formation in very massive primordial supernovae. Mon. Not. R. Astron. Soc. 2004,

351, 1379–1386. [CrossRef]
109. Khusanova, Y.; Le Fèvre, O.; Cassata, P.; Cucciati, O.; Lemaux, B.C.; Tasca, L.A.M.; Thomas, R.; Garilli, B.; Le Brun, V.; Maccagni,

D.; et al. UV and Lyα luminosity functions of galaxies and star formation rate density at the end of HI reionization from the
VIMOS UltraDeep Survey (VUDS). Astron. Astrophys. 2020, 634, A97. [CrossRef]

110. Pillepich, A.; Springel, V.; Nelson, D.; Genel, S.; Naiman, J.; Pakmor, R.; Hernquist, L.; Torrey, P.; Vogelsberger, M.; Weinberger, R.;
et al. Simulating galaxy formation with the IllustrisTNG model. Mon. Not. R. Astron. Soc. 2018, 473, 4077–4106. [CrossRef]

111. Béthermin, M.; Wu, H.Y.; Lagache, G.; Davidzon, I.; Ponthieu, N.; Cousin, M.; Wang, L.; Doré, O.; Daddi, E.; Lapi, A. The impact
of clustering and angular resolution on far-infrared and millimeter continuum observations. Astron. Astrophys. 2017, 607, A89.
[CrossRef]

112. Casey, C.M.; Zavala, J.A.; Manning, S.M.; Aravena, M.; Béthermin, M.; Caputi, K.I.; Champagne, J.B.; Clements, D.L.; Drew, P.;
Finkelstein, S.L.; et al. Mapping Obscuration to Reionization with ALMA (MORA): 2 mm Efficiently Selects the Highest-redshift
Obscured Galaxies. Astrophys. J. 2021, 923, 215. [CrossRef]

113. Prevot, M.L.; Lequeux, J.; Prevot, L.; Maurice, E.; Rocca-Volmerange, B. The typical interstellar extinction in the Small Magellanic
Cloud. Astron. Astrophys. 1984, 132, 389–392.

114. Overzier, R.A.; Heckman, T.M.; Wang, J.; Armus, L.; Buat, V.; Howell, J.; Meurer, G.; Seibert, M.; Siana, B.; Basu-Zych, A.; et al.
Dust Attenuation in UV-selected Starbursts at High Redshift and Their Local Counterparts: Implications for the Cosmic Star
Formation Rate Density. Astrophys. J. 2011, 726, L7. [CrossRef]

115. Reddy, N.A.; Oesch, P.A.; Bouwens, R.J.; Montes, M.; Illingworth, G.D.; Steidel, C.C.; van Dokkum, P.G.; Atek, H.; Carollo, M.C.;
Cibinel, A.; et al. The HDUV Survey: A Revised Assessment of the Relationship between UV Slope and Dust Attenuation for
High-redshift Galaxies. Astrophys. J. 2018, 853, 56. [CrossRef]

116. Inami, H.; Algera, H.S.B.; Schouws, S.; Sommovigo, L.; Bouwens, R.; Smit, R.; Stefanon, M.; Bowler, R.A.A.; Endsley, R.; Ferrara,
A.; et al. The ALMA REBELS Survey: Dust Continuum Detections at z > 6.5. arXiv 2022, arXiv:2203.15136.

117. Whitaker, K.E.; Pope, A.; Cybulski, R.; Casey, C.M.; Popping, G.; Yun, M.S. The Constant Average Relationship between
Dust-obscured Star Formation and Stellar Mass from z = 0 to z = 2.5. Astrophys. J. 2017, 850, 208. [CrossRef]

118. Dale, D.A.; Helou, G. The Infrared Spectral Energy Distribution of Normal Star-forming Galaxies: Calibration at Far-Infrared and
Submillimeter Wavelengths. Astrophys. J. 2002, 576, 159–168. [CrossRef]

119. Béthermin, M.; Daddi, E.; Magdis, G.; Lagos, C.; Sargent, M.; Albrecht, M.; Aussel, H.; Bertoldi, F.; Buat, V.; Galametz, M.; et al.
Evolution of the dust emission of massive galaxies up to z = 4 and constraints on their dominant mode of star formation. Astron.
Astrophys. 2015, 573, A113. [CrossRef]

http://dx.doi.org/10.3847/1538-4357/ab2f81
http://dx.doi.org/10.3847/1538-4357/aabd80
http://dx.doi.org/10.3847/1538-4357/833/1/72
http://dx.doi.org/10.1093/mnras/sty522
http://dx.doi.org/10.1086/307523
http://dx.doi.org/10.1038/nature02930
http://dx.doi.org/10.1111/j.1365-2966.2005.08730.x
http://dx.doi.org/10.1086/518502
http://dx.doi.org/10.1051/0004-6361/201014721
http://dx.doi.org/10.5047/eps.2012.04.014
http://dx.doi.org/10.1088/0004-637X/727/2/63
http://dx.doi.org/10.1046/j.1365-8711.2001.04486.x
http://dx.doi.org/10.1086/379011
http://dx.doi.org/10.1111/j.1365-2966.2004.07876.x
http://dx.doi.org/10.1051/0004-6361/201935400
http://dx.doi.org/10.1093/mnras/stx2656
http://dx.doi.org/10.1051/0004-6361/201730866
http://dx.doi.org/10.3847/1538-4357/ac2eb4
http://dx.doi.org/10.1088/2041-8205/726/1/L7
http://dx.doi.org/10.3847/1538-4357/aaa3e7
http://dx.doi.org/10.3847/1538-4357/aa94ce
http://dx.doi.org/10.1086/341632
http://dx.doi.org/10.1051/0004-6361/201425031


Universe 2022, 8, 314 26 of 29

120. Magdis, G.E.; Daddi, E.; Béthermin, M.; Sargent, M.; Elbaz, D.; Pannella, M.; Dickinson, M.; Dannerbauer, H.; da Cunha, E.;
Walter, F.; et al. The Evolving Interstellar Medium of Star-forming Galaxies since z = 2 as Probed by Their Infrared Spectral
Energy Distributions. Astrophys. J. 2012, 760, 6. [CrossRef]

121. da Cunha, E.; Groves, B.; Walter, F.; Decarli, R.; Weiss, A.; Bertoldi, F.; Carilli, C.; Daddi, E.; Elbaz, D.; Ivison, R.; et al. On the Effect
of the Cosmic Microwave Background in High-redshift (Sub-)millimeter Observations. Astrophys. J. 2013, 766, 13. [CrossRef]

122. Sajina, A.; Scott, D.; Dennefeld, M.; Dole, H.; Lacy, M.; Lagache, G. The 1–1000µm spectral energy distributions of far-infrared
galaxies. Mon. Not. R. Astron. Soc. 2006, 369, 939–957. [CrossRef]

123. Casey, C.M. Far-infrared spectral energy distribution fitting for galaxies near and far. Mon. Not. R. Astron. Soc. 2012,
425, 3094–3103. [CrossRef]

124. Scoville, N.; Aussel, H.; Sheth, K.; Scott, K.S.; Sanders, D.; Ivison, R.; Pope, A.; Capak, P.; Vand en Bout, P.; Manohar, S.; et al. The
Evolution of Interstellar Medium Mass Probed by Dust Emission: ALMA Observations at z = 0.3–2. Astrophys. J. 2014, 783, 84.
[CrossRef]

125. Liu, D.; Schinnerer, E.; Groves, B.; Magnelli, B.; Lang, P.; Leslie, S.; Jiménez-Andrade, E.; Riechers, D.A.; Popping, G.; Magdis,
G.E.; et al. Automated Mining of the ALMA Archive in the COSMOS Field (A3COSMOS). II. Cold Molecular Gas Evolution out
to Redshift 6. Astrophys. J. 2019, 887, 235. [CrossRef]

126. Madden, S.C.; Cormier, D.; Hony, S.; Lebouteiller, V.; Abel, N.; Galametz, M.; De Looze, I.; Chevance, M.; Polles, F.L.; Lee, M.Y.;
et al. Tracing the total molecular gas in galaxies: [CII] and the CO-dark gas. Astron. Astrophys. 2020, 643, A141. [CrossRef]

127. Solomon, P.M.; Vanden Bout, P.A. Molecular Gas at High Redshift. Annu. Rev. Astron. Astrophys. 2005, 43, 677–725. [CrossRef]
128. Genzel, R.; Tacconi, L.J.; Lutz, D.; Saintonge, A.; Berta, S.; Magnelli, B.; Combes, F.; García-Burillo, S.; Neri, R.; Bolatto, A.;

et al. Combined CO and Dust Scaling Relations of Depletion Time and Molecular Gas Fractions with Cosmic Time, Specific
Star-formation Rate, and Stellar Mass. Astrophys. J. 2015, 800, 20. [CrossRef]

129. Dessauges-Zavadsky, M.; Ginolfi, M.; Pozzi, F.; Béthermin, M.; Le Fèvre, O.; Fujimoto, S.; Silverman, J.D.; Jones, G.C.; Vallini, L.;
Schaerer, D.; et al. The ALPINE-ALMA [C II] survey. Molecular gas budget in the early Universe as traced by [C II]. Astron.
Astrophys. 2020, 643, A5. [CrossRef]

130. Tacconi, L.J.; Genzel, R.; Saintonge, A.; Combes, F.; García-Burillo, S.; Neri, R.; Bolatto, A.; Contini, T.; Förster Schreiber, N.M.;
Lilly, S.; et al. PHIBSS: Unified Scaling Relations of Gas Depletion Time and Molecular Gas Fractions. Astrophys. J. 2018, 853, 179.
[CrossRef]

131. Fujimoto, S.; Silverman, J.D.; Bethermin, M.; Ginolfi, M.; Jones, G.C.; Le Fèvre, O.; Dessauges-Zavadsky, M.; Rujopakarn, W.;
Faisst, A.L.; Fudamoto, Y.; et al. The ALPINE-ALMA [C II] Survey: Size of Individual Star-forming Galaxies at z = 4–6and Their
Extended Halo Structure. Astrophys. J. 2020, 900, 1. [CrossRef]

132. Saintonge, A.; Kauffmann, G.; Wang, J.; Kramer, C.; Tacconi, L.J.; Buchbender, C.; Catinella, B.; Graciá-Carpio, J.; Cortese, L.;
Fabello, S.; et al. COLD GASS, an IRAM legacy survey of molecular gas in massive galaxies—II. The non-universality of the
molecular gas depletion time-scale. Mon. Not. R. Astron. Soc. 2011, 415, 61–76. [CrossRef]

133. Davé, R.; Finlator, K.; Oppenheimer, B.D. Galaxy evolution in cosmological simulations with outflows—II. Metallicities and gas
fractions. Mon. Not. R. Astron. Soc. 2011, 416, 1354–1376. [CrossRef]

134. Davé, R.; Finlator, K.; Oppenheimer, B.D. An analytic model for the evolution of the stellar, gas and metal content of galaxies.
Mon. Not. R. Astron. Soc. 2012, 421, 98–107. [CrossRef]

135. Genel, S.; Vogelsberger, M.; Springel, V.; Sijacki, D.; Nelson, D.; Snyder, G.; Rodriguez-Gomez, V.; Torrey, P.; Hernquist, L.
Introducing the Illustris project: The evolution of galaxy populations across cosmic time. Mon. Not. R. Astron. Soc. 2014,
445, 175–200. [CrossRef]

136. Lagos, C.d.P.; Crain, R.A.; Schaye, J.; Furlong, M.; Frenk, C.S.; Bower, R.G.; Schaller, M.; Theuns, T.; Trayford, J.W.; Bahé, Y.M.;
et al. Molecular hydrogen abundances of galaxies in the EAGLE simulations. Mon. Not. R. Astron. Soc. 2015, 452, 3815–3837.
[CrossRef]

137. Fujimoto, S.; Ouchi, M.; Ferrara, A.; Pallottini, A.; Ivison, R.J.; Behrens, C.; Gallerani, S.; Arata, S.; Yajima, H.; Nagamine, K. First
Identification of 10 kpc [C II] 158 µm Halos around Star-forming Galaxies at z = 5–7. Astrophys. J. 2019, 887, 107. [CrossRef]

138. Ginolfi, M.; Jones, G.C.; Bethermin, M.; Fudamoto, Y.; Loiacono, F.; Fujimoto, S.; Fevre, L.; Faisst, A.; Schaerer, D.; Cassata, P.; et al.
The ALPINE-ALMA [C II] Survey: Star formation-driven outflows and circumgalactic enrichment in the early Universe. arXiv
2019, arXiv:1910.04770.

139. Ginolfi, M.; Jones, G.C.; Béthermin, M.; Faisst, A.; Lemaux, B.C.; Schaerer, D.; Fudamoto, Y.; Oesch, P.; Dessauges-Zavadsky, M.;
Fujimoto, S.; et al. The ALPINE-ALMA [CII] survey. Circumgalactic medium pollution and gas mixing by tidal stripping in a
merging system at z ∼ 4.57. Astron. Astrophys. 2020, 643, A7. [CrossRef]

140. Oppenheimer, B.D.; Davé, R. Cosmological simulations of intergalactic medium enrichment from galactic outflows. Mon. Not. R.
Astron. Soc. 2006, 373, 1265–1292. [CrossRef]

141. Oppenheimer, B.D.; Davé, R.; Kereš, D.; Fardal, M.; Katz, N.; Kollmeier, J.A.; Weinberg, D.H. Feedback and recycled wind
accretion: Assembling the z = 0 galaxy mass function. Mon. Not. R. Astron. Soc. 2010, 406, 2325–2338. [CrossRef]

142. Bournaud, F.; Chapon, D.; Teyssier, R.; Powell, L.C.; Elmegreen, B.G.; Elmegreen, D.M.; Duc, P.A.; Contini, T.; Epinat, B.; Shapiro,
K.L. Hydrodynamics of High-redshift Galaxy Collisions: From Gas-rich Disks to Dispersion-dominated Mergers and Compact
Spheroids. Astrophys. J. 2011, 730, 4. [CrossRef]

http://dx.doi.org/10.1088/0004-637X/760/1/6
http://dx.doi.org/10.1088/0004-637X/766/1/13
http://dx.doi.org/10.1111/j.1365-2966.2006.10361.x
http://dx.doi.org/10.1111/j.1365-2966.2012.21455.x
http://dx.doi.org/10.1088/0004-637X/783/2/84
http://dx.doi.org/10.3847/1538-4357/ab578d
http://dx.doi.org/10.1051/0004-6361/202038860
http://dx.doi.org/10.1146/annurev.astro.43.051804.102221
http://dx.doi.org/10.1088/0004-637X/800/1/20
http://dx.doi.org/10.1051/0004-6361/202038231
http://dx.doi.org/10.3847/1538-4357/aaa4b4
http://dx.doi.org/10.3847/1538-4357/ab94b3
http://dx.doi.org/10.1111/j.1365-2966.2011.18823.x
http://dx.doi.org/10.1111/j.1365-2966.2011.19132.x
http://dx.doi.org/10.1111/j.1365-2966.2011.20148.x
http://dx.doi.org/10.1093/mnras/stu1654
http://dx.doi.org/10.1093/mnras/stv1488
http://dx.doi.org/10.3847/1538-4357/ab480f
http://dx.doi.org/10.1051/0004-6361/202038284
http://dx.doi.org/10.1111/j.1365-2966.2006.10989.x
http://dx.doi.org/10.1111/j.1365-2966.2010.16872.x
http://dx.doi.org/10.1088/0004-637X/730/1/4


Universe 2022, 8, 314 27 of 29

143. Pallottini, A.; Gallerani, S.; Ferrara, A. The circumgalactic medium of high-redshift galaxies. Mon. Not. R. Astron. Soc. 2014,
444, L105–L109. [CrossRef]

144. Nelson, D.; Genel, S.; Vogelsberger, M.; Springel, V.; Sijacki, D.; Torrey, P.; Hernquist, L. The impact of feedback on cosmological
gas accretion. Mon. Not. R. Astron. Soc. 2015, 448, 59–74. [CrossRef]

145. Anglés-Alcázar, D.; Faucher-Giguère, C.A.; Kereš, D.; Hopkins, P.F.; Quataert, E.; Murray, N. The cosmic baryon cycle and galaxy
mass assembly in the FIRE simulations. Mon. Not. R. Astron. Soc. 2017, 470, 4698–4719. [CrossRef]

146. Hani, M.H.; Sparre, M.; Ellison, S.L.; Torrey, P.; Vogelsberger, M. Galaxy mergers moulding the circum-galactic medium—I. The
impact of a major merger. Mon. Not. R. Astron. Soc. 2018, 475, 1160–1176. [CrossRef]

147. Zepf, S.E.; Stern, D.; Maccarone, T.J.; Kundu, A.; Kamionkowski, M.; Rhode, K.L.; Salzer, J.J.; Ciardullo, R.; Gronwall, C. Very
Broad [O III] λλ4959, 5007 Emission from the NGC 4472 Globular Cluster RZ 2109 and Implications for the Mass of Its Black Hole
X-Ray Source. Astrophys. J. 2008, 683, L139. [CrossRef]

148. Kampczyk, P.; Lilly, S.J.; de Ravel, L.; Le Fèvre, O.; Bolzonella, M.; Carollo, C.M.; Diener, C.; Knobel, C.; Kovač, K.; Maier, C.; et al.
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