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Cold gas and cosmic dust are the fuel 
of star formation. ALPINE is an ALMA 
Large Programme which has built the 
first statistically representative sample 
of star-forming galaxies in the adoles-
cent Universe by targeting emission 

from singly ionised carbon [CII] at 
158 µm, which traces both emission 
from star-forming regions and molecu-
lar hydrogen gas clouds, and the ther-
mal continuum from dust at the end of 
the epoch of reionisation (4.4 < z < 5.9). 
Observations by the ALPINE team have 
revealed that a significant fraction of the 
star formation at this epoch is already 
hidden by dust clouds. ALPINE obser-
vations have also shown how unruly 
these young galaxies were by finding a 
large fraction of mergers and ubiquitous 
gas outflows.

Description of the survey

The aims of the ALPINE survey

Before the inception of the Atacama 
Large Millimeter/submillimeter Array 
(ALMA), the main constraints on the evo-
lution of galaxies in the adolescent Uni-
verse (4 < z < 6) came from rest-frame 
ultraviolet (UV) light that was redshifted to 
optical and near-infrared wavelengths. 
Thanks to its unprecedented sensitivity  
in the infrared, ALMA has opened a new 
window through which to explore the 
cold and dusty Universe at these early 
times. Pioneering studies demonstrated 
that ALMA can detect both the dust con-
tinuum and the far-infrared (FIR) fine- 
structure line [CII] (see, for example, 
Capak et al., 2015). Continuum and line 
emission can be targeted simultaneously 

with ALMA and are both valuable tracers 
of dust- obscured star formation. ALPINE 
(the ALMA Large Programme to INvesti-
gate [CII] at Early times; Le Fèvre et al., 
2020; Faisst et al., 2020; Béthermin et al., 
2020) builds the first comprehensive, sta-
tistically representative, multi-wavelength 
sample of normal (main-sequence) star- 
forming galaxies at the end of the epoch 
of reionisation, with observations of all 
galaxies in the sample from the rest-frame 
UV to the far-infrared. In total, 118 spec-
troscopically selected galaxies at red-
shifts of 4.4 < z < 5.9 were observed as 
part of the ALPINE survey.
 
The main goals of this survey are:
–  To test the [CII] line as a star formation 

tracer at high redshift, since some theo-
retical models predict a deficit in [CII] 
per unit star formation in the low-metal-
licity galaxies that dominate at high red-
shift as compared to the local SFR-[CII] 
relation.

–  To use both the dust continuum and 
[CII] to estimate the contribution of ob -
scured star formation in known spectro-
scopic sources at 4 < z < 6, and to use 
this estimate to understand how this 
contribution modulates the total star 
formation rate density at these epochs. 

The ALPINE–ALMA [CII] Survey: Exploring the Dark Side 
of Normal Galaxies at the End of Reionisation
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Figure 1. UV-to-millimetre spectrum of a galaxy and 
illustration of the various features probed by ALPINE 
and ancillary data (figure from Faisst et al., 2020). 
The spectrum sketch is based on a typical z = 5 
 galaxy.
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Telescope. These data allow accurate 
constraints of galaxies’ physical proper-
ties (stellar mass, SFR, age) from 
high-quality spectral energy distribution 
(SED) fitting. In addition, the Spitzer 
[3.6 μm]–[4.5 μm] colours provide esti-
mates of their Ha emission strength, 
hence additional constraints on their 
rates of star formation. The deep rest-
frame UV spectroscopy available for all 
galaxies provides valuable insights into 
the metallicity and stellar wind properties 
via UV absorption lines and the Lya emis-
sion line. Furthermore, the UV continuum 
slope is a good measure of dust opacity 
along the line of sight and can, together 
with the ratio of far-infrared to UV lumi-
nosity, constrain the dust properties of 
these galaxies. The ancillary imaging and 
spectroscopic data, as well as various 
measurements of physical parameters, 
are detailed in Faisst et al. (2020).
 
 
ALMA observations and achieved 
performance
 
The ALPINE targets were selected to 
have a redshift in which [CII], if present, 
was observable by ALMA’s band 7. 
Owing to low atmospheric transmission, 
redshifts of 4.6 < z < 5.1 were excluded. 
We used the two most compact configu-
rations to maximise the sensitivity of the 
integrated flux and in order to detect 
extended [CII] and far-infrared continuum 
emission. To minimise the calibration 
overheads, we grouped our sources by 
pairs of galaxies with similar redshifts in 
order to observe them with the same cor-
relator tuning.
 
ALPINE was mainly observed during 
Cycle 5, between May and August 2018. 

all targeted galaxies were already deter-
mined precisely by one of several large 
spectroscopic surveys on the targeted 
legacy fields (COSMOS and ECDFS). 
Most of the spectroscopic redshifts were 
measured from observations taken as 
part of the VUDS survey (Le Fèvre et al., 
2014) and the Keck/DEIMOS 10k survey 
(Hasinger et al., 2018). To mitigate poten-
tial biases associated with spectroscopic 
selections, the target sample was selected 
by several different methods, for exam-
ple, via colours (Lyman-break dropout 
technique), narrow bands (Lya emission 
selection), photometric redshifts, and 
 serendipitous detections. Furthermore, 
the spectroscopic redshifts are derived 
from UV absorption lines as well as the 
Lya emission feature. In total, 13 target 
galaxies are located in the ECDFS field 
(from the VISTA Deep Extragalactic 
Observations survey, VIDEO) and 105 in 
the COSMOS field from Cosmic Evolution 
Survey. As shown in Faisst et al. (2020), 
the ALPINE galaxies represent the average 
population of galaxies at these redshifts 
well in terms of the mass of their stellar 
content and SFRs. As such, ALPINE 
ob servations enable, for the first time, the 
study of the panchromatic properties of 
the average galaxy at these cosmic times 
with a high degree of statistical certainty.
 
The ALPINE team combined ALMA 
observations in the far-infrared with a 
wealth of exquisite ancillary imaging and 
spectroscopy products at rest-frame UV 
and optical wavelengths, all of which con-
stitutes the first large multi-wavelength 
survey of galaxies at these redshifts (Fig-
ure 1). All galaxies have deep photometry 
from UV to near-infrared (NIR) from 
ground-  based telescopes, the Hubble 
Space Telescope, and the Spitzer Space 

–  To estimate the precise relationship 
between the stellar mass of a galaxy 
and its star-formation activity at 4 < z < 6 
by combining UV (emission tracing 
exposed young stars) and infrared 
(emission tracing young stars hidden  
by dust) data to estimate the total star 
formation rate (SFR).

–  To understand the basic interstellar 
medium (ISM) properties of these  
systems from their dust and [CII] 
luminosities.

–  To measure the dynamical masses of 
these systems using [CII] to constrain 
their gas fractions.

–  To measure the merger rate using the 
velocity and position information of [CII].

–  To identify and quantify possible gas 
outflows from the [CII] line profiles.

 
Sample selection and ancillary data
 
The ALPINE sample is primarily rest-
frame UV-limited at M1500 < –20.2, a limit 
which corresponds to galaxies about 
2.5 times fainter than those typical at this 
epoch (i.e., L✴,UV). This limit naturally 
leads to a sample selected to an SFR 
limit of ≳ 10 M☉ yr–1. We found that this 
cut maximises the sample size while 
simul taneously minimising the amount of 
observing time with ALMA. To set the 
expectations of the ALMA observations, 
the [CII] emission fluxes were conserva-
tively predicted using the relation between 
the observed UV luminosity and [CII] line 
emission based on a pilot sample by 
Capak et al. (2015). Because of ALMA’s 
narrow frequency bands, the redshifts of 

Figure 2. Example from ALPINE of continuum map 
(left), [CII] map (moment-0; centre), and [CII] spectrum 
(right). The source is DEMOS_COSMOS_396844, 
adapted from Béthermin et al., 2020).
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However, 18 sources were carried over 
into Cycle 6 and were observed in  
January 2019. All the data were analysed 
using a homogeneous imaging and 
source extraction procedure. We reached 
an average sensitivity of 29 μJy in contin-
uum and 0.14 Jy km/s in [CII]. The mean 
beam size is 0.85 × 1.13 arcseconds.
 
We detected 23 sources (19.5%) in con-
tinuum and 75 (63.5%) in [CII] at > 3.5σ. 
In addition, we detected 56 other contin-
uum sources around the ALPINE targets 
serendipitously. The observations, the 
data processing, and the construction of 
the catalogue are described in detail in 
Béthermin et al. (2020). Figure 2 illus-
trates an example of an ALPINE contin-
uum and [CII] detection.
 
 
Dust-obscured star formation in the 
adolescent Universe
 
Massive galaxies already contain a lot 
of dust
 
Observations of high-redshift galaxies  
are traditionally limited to rest-frame UV 
wavelengths and, if dust is present, are 
therefore strongly affected by obscura-
tion. Generally, it is assumed that galax-

ies in the early Universe contain very little 
amounts of dust as the dust content 
must be built up over time. With ALPINE, 
we can directly measure the dust content 
and fraction of obscured UV light in a 
large sample of 4 < z < 6 galaxies 
(Fudamoto et al., in preparation) that span 
over an order of magnitude in stellar 
mass and SFRs. Overall, the ALPINE data 
confirm the drop in dust attenuation at 
high redshifts relative to similar galaxies 
at lower redshifts and show that galaxies 
at high redshifts can be, on average, 
characterised by a dust attenuation para-
metrisation similar to that found in the 
metal-poor Small Magellanic Cloud.

Compared to lower redshifts, where the 
dust attenuation in galaxies is typically 
found to be characterised well by those 
properties of local starburst galaxies, the 
different parametrisation seen in high- 
redshift galaxy populations means that, 
for a given line-of-sight dust extinction 
measured by the UV continuum slope, 
less far-IR emission is emitted (resulting 
in a lower UV to far-IR luminosity ratio). 
However, ALPINE data also show that 
massive galaxies, i.e., log(M✴/M☉) > 10, 
have already established a considerable 
dust content in a short time, less than 
1 billion years after the Big Bang. Specifi-

cally, single far-IR-detected galaxies show 
dust obscured SFR fractions of > 40%, 
which is consistent with galaxies of the 
same mass at redshifts z < 2.5 (Figure 3 
left). These observations put important 
constraints on the timescale of, and thus 
the mechanisms related to, dust forma-
tion in some of the most massive galaxies 
in the early Universe.
 

The ionised carbon [CII] line as a tracer 
of star formation

The [CII] emission has been shown to 
trace the SFR of galaxies in the nearby 
Universe well up to z ~ 2 (De Looze  
et al., 2014). It is debated whether this  
is also the case in the early Universe. 
Combining ALPINE data with earlier 
ALMA observations from the literature, 
the [CII]-SFR relation in the Early Universe 
was explored for the first time with a sta-
tistically representative sample of > 150 
star-forming galaxies at z ~ 4–8 (Schaerer 
et al., 2020 and see Figure 3, right). To do 
this analysis, the SFR of the galaxies 
must be estimated correctly. For galaxies 
detected in the far-infrared continuum, 
the obscured SFR derived from the  
far- infrared can be combined with the  
unobscured SFR measured from the UV 
continuum emission to yield the total 
SFR. For the sources not detected in far- 
infrared continuum, various methods to 
derive the SFR from ancillary data only 
have been tested and shown to provide 
consistent results (UV continuum cor-
rected from dust attenuation using its 
slope or SED-derived SFR of rest-frame 
UV to near-IR data). Taking into account 
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fraction as a function of stellar mass (from Fudamoto 
et al., in preparation). The blue symbols correspond 
to the z ~ 4.5 redshift bin and the red ones to z ~ 5.5. 
The large filled squares are measured by stacking. 
The filled circles and the empty downwards triangles 
are the individual detections and upper limits from 
non-detections, respectively. ALPINE results demon-
strate that massive systems are already significantly 
dust obscured at z > 4.

Right panel: Relation between the [CII] luminosity 
and the star formation rate (from Schaerer et al., 
2020). The black squares are the continuum ALPINE 
detections, the red squares the data points for which 
we used the UV-slope to derive their SFR, and the 
orange downward triangles are the non-detections. 
The blue dots show the mean relation estimated by 
stacking ALMA data to measure the average 
obscured SFR (Béthermin et al., 2020).
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predict such a high SFR in dusty galaxies 
as is observed in the ALPINE sample at 
early times. 
 
 
The surprisingly complex life of galaxies 
at the end of reionisation
 
Star-formation-driven outflows and 
 circumgalactic enrichment

Current models of galaxy formation 
broadly agree on the key importance of 
star formation feedback in regulating the 
evolution of galaxies across cosmic time. 
Intense episodes of star formation can 
induce supernova-driven winds that effi-
ciently accelerate interstellar gas. Such 
processes eventually result in the expul-
sion of material from the disc, thus inhib-
iting future star formation and enriching 
the circumgalactic/intergalactic medium 
with heavy elements. However, to date, 
observational evidence for star-formation- 
driven outflows is still limited to galaxies 
observed in the local Universe and at 
intermediate redshifts.
 
Using the ALMA observations taken  
as part of the ALPINE survey, which  
were complemented by the previously 
described wealth of ancillary photometric/ 
spectroscopic multi-wavelength data, we 

As shown in Figure 4, the SFRD from 
these ALPINE non-target continuum 
detections shows a flat distribution over 
the whole 0.5–6 redshift range, with no 
significant decrease beyond the Cosmic 
Noon (1 < z < 3). The high value of the 
SFRD at z = 5 is also confirmed by the 
results obtained for the [CII] serendipitous 
detections. By combining the results of 
the two methods, along with the UV- 
based redshift evolution of the SFRD, it is 
possible to map the total evolution of the 
SFRD at these redshifts.
 
The total SFRD as measured by ALPINE 
data is in agreement with those from 
 previous far-IR and radio surveys, but 
higher than those estimated from optical/
UV surveys at z > 3. The measured differ-
ence from the UV results is observed to 
increase with redshift and peaks at z = 6, 
where the observed excess is about a 
factor of 10. This discrepancy implies that 
a considerable amount of star-formation 
activity at high redshifts is still missed by 
surveys sampling the UV rest frame. This 
significant and increasing contribution of 
dust-obscured activity cannot be recov-
ered, even correcting the UV data for 
dust-extinction, and rather requires the 
addition of UV-faint galaxies selected in 
the IR. Similarly, current galaxy formation 
models and simulations are not able to 

upper limits on the total SFR, our galaxies 
show a [CII]-SFR relation comparable to 
the local one, and hence do not suggest 
a significant evolution of this relation over 
the last 13 Gyr of cosmic time. This is an 
important verification that [CII] can be 
used to trace the total SFR up to z = 6.

A non-negligible fraction of light from 
star formation is already hidden in dust 
clouds

With ALPINE, we are able to estimate  
the evolution of the dust-hidden star 
 formation rate density (SFRD) beyond a 
redshift of 4 with two complementary 
methods. First, we stacked the far-infra-
red continuum data (of detected and 
non- detected ALPINE galaxies) to esti-
mate the dust- hidden SFRD contributed 
by a UV- selected sample. We find that, 
even at a redshift of z = 5.5, the dust- 
obscured SFR is significant and contrib-
utes up to 50% of the total SFRD for this 
population alone (Figure 4 and Khusanova 
et al., in preparation). However, such an 
analysis does not speak to the total 
amount of dust- enshrouded star forma-
tion at these epochs. The second contri-
bution comes from galaxies that are  
faint or undetected in the UV, but which 
shine primarily at far-infrared wave-
lengths. In order to quantify the contribu-
tion from this population, we searched  
for galaxies within our ALMA observa-
tions that were detected in the far- 
infrared continuum (Béthermin et al., 
2020; Gruppioni et al., in preparation) 
and/or the [CII] line (Loiacono et al., in 
preparation). These populations allowed 
us to study the contribution of the  
SFRD by dusty UV-faint galaxies at z > 4.

Figure 4. Redshift evolution of the comoving star for-
mation rate density (SFRD), obtained from ALPINE: 
as in the legend, the orange boxes and black filled 
circles are the derivations from continuum non- target 
sources (Gruppioni et al., in preparation), the blue 
box and blue open triangle are from serendipitous  
[CII] detections (Loiacono et al., in preparation), while 
the yellow filled hexagons are the UV+IR SFRD esti-
mates based on the ALPINE targets (Khusanova et al., 
in preparation). For comparison, estimates from 
other surveys are shown as grey shaded areas and 
open or filled symbols, as described in the legend. 
The model from Madau & Dickinson (2014) is shown 
as a black dashed curve, while the prediction of  
the IllustrisTNG simulation is shown as a dark-green 
solid curve obscured at z > 4.
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conducted a number of pioneering stud-
ies on the efficiency of galactic feedback 
and the cycle of gas, dust, and stars in 
the early Universe.
 
By stacking the ALPINE [CII] spectra, we 
discovered signatures of outflows driven 
by feedback from massive stars. In 
ALPINE galaxies with high star formation, 
high-velocity tails of the stacked [CII] line 
profile revealed gas that was outflowing 
at velocities of a few hundred km s–1, and, 
in extreme cases, up to about 500 km s–1. 
These winds typically excise gas at a rate 
similar to the SFR of these galaxies. The 
relatively small amount of outflowing 
material suggests that feedback by star 
formation, while capable of regulating 
star formation to some extent, is not the 
dominant factor in the rapid quenching of 
high-z galaxies (Ginolfi et al., 2020a and 
Figure 5a), which necessarily must occur 
to explain the populations of passive 
 galaxies with relatively old stellar ages 
observed at z = 1–3.
 
The [CII] line traces the velocity of cold 
gas in galaxies and is thus a good esti-
mator of the velocity of the galaxy as a 
whole (also called the systemic redshift). 
We exploit this property and the available 
optical spectroscopy to explore the veloc-
ity offsets of UV rest-frame ISM lines. We 
find velocity blueshifts of the ISM lines in 
the range −500 < Δv(ISM−[CII]) < 0 km s–1, 
values which are consistent with the [CII] 
spectral stacking analysis discussed 
above, and which we interpret as further 
evidence of ubiquitous galactic outflows 
(Cassata et al., 2020; Faisst et al., 2020).
 
In the stacked ALPINE data cubes, we 
also detected [CII] halos extended on 
physical scales of > 20 kpc around gal-
axies with high star formation. Such  
halos likely originate from metal-polluted 
circumgalactic gas that was enriched by 
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Figure 5. (a) Stacked [CII] spectrum of high-SFR  
(> 25 M⊙ yr –1) ALPINE galaxies, showing broad 
wings in the high-velocity tails, extending up to  
|v| < ~ 500 km s–1. (b) Circularly averaged radial pro-
file of the stacked [CII] line-core emission in highly 
star-forming galaxies (blue), extending to diameter 
scales > 20 kpc, compared with the analogue emis-
sion arising from lower-SFR galaxies (green) and the 
stacked far-infrared continuum. (c) Example of spa-
tial distribution (map on the left and radial profile on 
the right) of [CII] (red contours and red squares) and 
rest-frame UV emission (grey-scale image and blue 
squares) in a galaxy showing a [CII] halo component.

past outflows (Ginolfi et al., 2020a). We 
followed up this result by exploring sizes 
and extended halo structures in and 
around a subset of individual ALPINE 
galaxies. We show that sizes of galaxies 
in [CII] (i.e., their effective radii) are gener-
ally larger than those measured in the UV 
by up to a factor of 4. About one third of 
galaxies without an observed companion 
are surrounded by a [CII] halo component 
that is extended over a scale of 10 or 
more kpc. Consistent with the stacking 
analysis described above, ALPINE obser-
vations revealed that galaxies that host 
larger [CII] halos generally have higher 
stellar masses and star formation rates 
(Fujimoto et al., 2020 and Figure 6).
 
Altogether, our findings suggest that star- 
formation-driven outflows that deposit 
metal-enriched gas into the circumgalactic 
medium are highly prevalent in galaxies 
with higher SFRs at higher redshift, and 
that such processes already regulate star 
formation and the cycling of gas, dust 
and star formation in normal galaxies at 
very early epochs in the Universe.
 

The dynamic life of high-redshift 
systems
 
Since [CII] is emitted from multiple phases 
of the ISM, it makes an ideal tracer of the 
underlying kinematics of a galactic sys-

tem. As a first step towards characterising 
the dynamics of the ALPINE galaxies, a 
group of astronomers within the collabo-
ration examined a set of diagnostic plots 
(for example, integrated intensity, velocity 
field, position-velocity diagrams) created 
from the [CII] data cube of each source. 
From these diagnostic plots, galaxies 
were classified as rotators, mergers, 
extended dispersion- dominated systems 
(i.e., large galaxies whose kinematics 
exhibited primarily random motions), or 
compact dispersion- dominated galaxies. 
Of the 63 galaxies whose [CII] emission 
was bright enough to allow for classifica-
tion, 9 (14%) were classified as rotators, 
31 (49%) as mergers, 15 (24%) as extended 
dispersion- dominated, and 8 (13%) as 
compact dispersion- dominated (Le Fèvre 
et al., 2020). This kinematic diversity 
 suggests that galaxies in this early epoch 
were not a dynamically homogeneous 
group but had already travelled various 
evolutionary routes. The large number  
of merging systems within the ALPINE 
sample suggests that mass assembly in 
high-redshift, star- forming galaxies is  
not only driven by in situ star-formation 
activity, but aided considerably by ex situ 
contributions.

For a few of the ALPINE galaxies in  
which merging activity is detected, the 
[CII] data allow us to probe the detailed 
kinematics of the system. In one such 
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Links

1  The data products and catalogues will be released 
on this website: https://cesam.lam.fr/a2c2s/

2  Outreach material is provided on this website: 
http://alpine.ipac.caltech.edu

of gas to total baryonic mass for z > 4.5. 
The ALPINE galaxies showed depletion 
timescales as long as 4.8 × 108 yr at z ~ 5, 
corresponding to star formation efficien-
cies only twice as high as in present-day 
galaxies, and a flattening of the gas 
 fraction at z > 4, reaching a mean value 
of 65% at z ~ 5. This behaviour of the  
gas fraction is fully in line with the redshift 
evolution of the average star formation 
rate per unit stellar mass at the same 
redshifts (Khusanova et al., 2020).

Conclusion
 
The ALPINE surveys have demonstrated 
the importance of millimeter observations 
to understanding the nature of normal 
star-forming galaxies at z > 4. This first 
[CII] sample at z > 4 that is statistically 
representative of normal star-forming  
galaxies at these redshifts has provided 
hints of the nature of the complex and 
dynamic life of such galaxies and raises 
important new questions. The ALPINE 
survey will have an important legacy 
value for both observers and modellers 
and its products are publicly available to 
the global astronomical community1, 2.
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system, we find evidence for an ongoing 
major merger between two galaxies,  
with a third minor galaxy nearby (Jones  
et al., 2020). This configuration suggests 
that this system is the progenitor of the 
massive galaxies observed by z ~ 2. A 
different system reveals two major com-
ponents and two minor components, sur-
rounded by a significant [CII] halo (Ginolfi 
et al., 2020b), directly revealing the role of 
mergers in enriching the IGM of massive 
galaxies. We are currently improving upon 
this initial qualitative classification method 
using more systematic and homogeneous 
criteria (Jones et al., in preparation; 
Romano et al., in preparation).

Large gas reservoirs of high-redshift 
systems
 
For 18 ALPINE galaxies classified as non- 
mergers and with size measurements,  
we were able to infer dynamical mass 
estimates, which probe the sum of the 
various mass components integrated 
within the radius at which the dynamics 
are measured. These dynamical masses, 
in conjunction with independent meas-
ures of the mass of the stellar content 
from our ancillary data, were used to 
derive gas masses under the assumption 
that the relative contribution of dark mat-
ter in the internal regions of galaxies is 
low. The resultant estimated gas masses 
were then compared to the [CII] luminos-
ity in these ALPINE galaxies to explore 
whether [CII] is indeed a reliable tracer of 
the molecular gas mass. If confirmed, this 
would open a new window at high red-
shift for molecular gas mass estimates, 
as the detection of both CO emission and 
thermal dust emission is considerably 
more difficult with ALMA at these red-
shifts, and the former requires uncertain 
assumptions about the spectral energy 
distribution of various CO transitions.  
For this sample, we found a statistically 
consistent agreement between the gas 
masses derived from dynamical masses 
and [CII] luminosities. 

Encouraged by this agreement, we 
assumed the [CII]-derived gas masses to 
be reliable for all 44 ALPINE non-merger 
[CII]-detected galaxies and extend the gas 
mass estimates to this sample to explore 
the redshift evolution of the molecular 
gas depletion timescale and the fraction 
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Figure 6. Velocity (upper 
panel) and velocity- 
dispersion maps of  
the triple-component 
merger DEIMOS 
COSMOS 818760 
(Jones et al., 2020).
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