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ABSTRACT

Aims. Thanks to the high angular resolution, sensitivity, image fidelity, and frequency coverage of ALMA, we aim to improve our understanding of
star formation. One of the breakthroughs expected from ALMA, which is the basis of our Cycle 5 ALMA-IMF Large Program, is the question of
the origin of the initial mass function (IMF) of stars. Here we present the ALMA-IMF protocluster selection, first results, and scientific prospects.
Methods. ALMA-IMF imaged a total noncontiguous area of ~53 pc?, covering extreme, nearby protoclusters of the Milky Way. We observed
15 massive (2.5 — 33 x 10> M), nearby (2 — 5.5 kpc) protoclusters that were selected to span relevant early protocluster evolutionary stages.

n.G

Our 1.3 mm and 3 mm observations provide continuum images that are homogeneously sensitive to point-like cores with masses of ~0.2 M and
~0.6 M., respectively, with a matched spatial resolution of ~2 000 au across the sample at both wavelengths. Moreover, with the broad spectral
coverage provided by ALMA, we detect lines that probe the ionized and molecular gas, as well as complex molecules. Taken together, these data
probe the protocluster structure, kinematics, chemistry, and feedback over scales from clouds to filaments to cores.
Results. We classify ALMA-IMF protoclusters as Young (six protoclusters), Intermediate (five protoclusters), or Evolved (four protoclusters)
based on the amount of dense gas in the cloud that has potentially been impacted by H 1 region(s). The ALMA-IMF catalog contains ~700 cores
w_that span a mass range of ~0.15 M, to ~250 M,, at a typical size of ~2 100 au. We show that this core sample has no significant distance bias
and can be used to build core mass functions (CMFs) at similar physical scales. Significant gas motions, which we highlight here in the G353.41
| region, are traced down to core scales and can be used to look for inflowing gas streamers and to quantify the impact of the possible associated
= core mass growth on the shape of the CMF with time. Our first analysis does not reveal any significant evolution of the matter concentration from
(\J clouds to cores (i.e., from 1 pc to 0.01 pc scales) or from the youngest to more evolved protoclusters, indicating that cloud dynamical evolution
00 and stellar feedback have for the moment only had a slight effect on the structure of high-density gas in our sample. Furthermore, the first-look
o analysis of the line richness toward bright cores indicates that the survey encompasses several tens of hot cores, of which we highlight the most
00 massive in the G351.77 cloud. Their homogeneous characterization can be used to constrain the emerging molecular complexity in protostars of
(O high to intermediate masses.
+ Conclusions. The ALMA-IMF Large Program is uniquely designed to transform our understanding of the IMF origin, taking the effects of cloud
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characteristics and evolution into account. It will provide the community with an unprecedented database with a high legacy value for protocluster
clouds, filaments, cores, hot cores, outflows, inflows, and stellar clusters studies.

O\l Key words. stars: formation — stars: IMF — stars: massive — ISM: dust — [ISM: molecules
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1. Introduction

The relative number of stars born with masses between 0.01 M
and >100 M, the so-called initial mass function (IMF), is
among the very few key parameters transcending astrophysical
fields. For example, it is critically important for cosmology and
stellar physics (Madau & Dickinson 2014; Hopkins 2018). In
studies of both the Galactic and cosmic history of star forma-
tion, the IMF is often considered to be universal (e.g., Bastian
et al. 2010; Kroupa et al. 2013). A few studies of young mas-
sive stellar clusters in the Milky Way (Lu et al. 2013; Maia
et al. 2016; Hosek et al. 2019) or in nearby galaxies (Schnei-
der et al. 2018) and indirect constraints at high redshift (Smith

2014; Zhang et al. 2018) suggest, however, incidences of IMFs
with noncanonical, top-heavy shapes (see the recent review by
Hopkins 2018). The IMF also varies with metallicity, becom-
ing top-heavy or bottom-heavy in low- or high-metallicity envi-
ronments, respectively (e.g., Marks et al. 2012; Martin-Navarro
et al. 2015). Overall, the IMF may not be as universal as once
thought, but may vary with galactic environment and evolve over
time. Therefore, the central astrophysical importance of the IMF
motivates a vigorous investigation into the question of its origin.

In the star-formation community, both the IMF origin and its
dependence on environment remain the subject of heated debate
(see reviews by Offner et al. 2014; Krumholz 2015; Ballesteros-
Paredes et al. 2020; Lee et al. 2020). In the star-forming regions
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studied in the last two decades, the mass distribution of cores, the
core mass function (CMF), is strikingly similar to the IMF (e.g.,
Motte et al. 1998, 2001; Testi & Sargent 1998; Alves et al. 2007,
Enoch et al. 2008; Konyves et al. 2015). These studies, which
were conducted in Gould Belt clouds, star-forming regions in
the solar neighborhood that form solar-type stars, led to the in-
terpretation that the shape of the IMF may simply be inherited
from the CMF. These nearby regions are, however, unrepresen-
tative of the larger Milky Way. For instance, they do not capture
clouds that form stars more massive than 5 M, high-mass cloud
environments, or the vast extent and range of conditions in the
Galaxy. Our current understanding of the origin of stellar masses
is therefore biased. Massive protoclusters are key laboratories for
the study of the emergence of the IMF because these clusters of
cores are the gas-dominated cradles of rich star clusters, probing
substantially different, and cosmically important, environments.
A detailed scrutiny and study of statistical samples of massive
protoclusters is mandatory to test observationally whether the
IMF origin is in fact independent of cloud characteristics or not.
The ALMA-IMF' Large Program (PIs: Motte, Ginsburg, Lou-
vet, Sanhueza) is a survey of 15 nearby Galactic protoclusters
observed at matched sensitivity and physical resolution that aims
for statistically meaningful results on the origin of the IMF (see
below).

Even before studying the relationship between the IMF and
the CMF, it is important to realize that how the IMF originates
from the observed CMF depends directly on the definition of the
cores, assumed to be the gas mass reservoir used for the forma-
tion of each star or binary system. As shown by Louvet et al.
(2021), defining this mass reservoir may seem obvious in the
observed map of a cloud, but core characteristics (size, mass)
depend heavily on the spatial scales probed by the observations.
In addition, the theoretical definition of cores also depends on
whether the star-formation scenario is quasi-static or dynamic.
In the former scenario, cores are gas condensations sufficiently
dense to be on the verge of gravitational collapse, and they con-
vert the core gas into stars (Shu et al. 1987; Chabrier 2003; Mc-
Kee & Ostriker 2007; André et al. 2014). After a quasi-static
phase of concentration of the cloud gas into cores, cores become
distinct from their surrounding cloud and start to collapse, and
their future stellar content becomes independent of the proper-
ties of the parental cloud. In the latter scenario, dynamics play a
major role during all phases of the star-formation process (e.g.,
Ballesteros-Paredes et al. 2007; Hennebelle & Falgarone 2012;
Padoan et al. 2014). In particular, global infall of filament net-
works and gas inflow toward cores are expected to be impor-
tant drivers of star formation (e.g., Smith et al. 2009; Vazquez-
Semadeni et al. 2019; Padoan et al. 2020). In this framework,
filaments, cores, and stellar embryos simultaneously accrete gas,
and the gas reservoir associated with star formation largely ex-
ceeds the extent of the observed cores. This so-called clump-fed
scenario was proposed in various recent papers and described
in detail in the review by Motte et al. (2018a, see references
therein). One of the main objectives of the ALMA-IMF Large
Program is to discriminate between the quasi-static and dynamic
scenarios by quantifying the role of cloud kinematics in defining
core mass and in possibly changing it over time.

In the ALMA-IMF pilot study, Motte et al. (2018b) identi-
fied the first definitive observation of a CMF whose shape differs
from that of the IMF. The authors derived this CMF in W43-
MM, which is a dense cloud efficiently forming stars at the tip
of the Galactic bar (Nguyen-Luong et al. 2013; Louvet et al.

" ALMA project #2017.1.01355.L; see http: //www.almaimf. com.
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2014). Fitted by a single power-law relation in both the solar-
type and high-mass regimes (2 — 100 M, cores, thus ~1-50 M
stars with a 50% conversion efficiency; Motte et al. 2018b), this
CMF is flatter than those of reference CMF studies from nearby,
low-mass star-forming regions (e.g., Motte et al. 1998; Konyves
etal. 2015; Di Francesco et al. 2020). It is also quantitatively flat-
ter than the CMF derived from a one-to-one mapping of the high-
mass end, m > 1 M, of the stellar IMF, dN/d log(m) o m~13
(Salpeter 1955; Kroupa 2001). Such an excess of high-mass
cores with respect to their solar-type counterparts indicates a top-
heavy CMF. This was previously suggested by single-pointing
observations (e.g., Bontemps et al. 2010; Zhang et al. 2015) but
could not be substantiated further than a mass segregation effect.
Top-heavy CMFs were also observed in combined CMFs, built
from the combination of cores extracted in a dozen to several
dozen massive clumps (Csengeri et al. 2017; Liu et al. 2018; San-
hueza et al. 2019; Sadaghiani et al. 2020; Lu et al. 2020; O’Neill
et al. 2021). To date, the only two statistically significant stud-
ies carried out on single massive clouds are those of Motte et al.
(2018b) and Kong (2019). If confirmed, these results challenge
either the direct relation between the CMF and the IMF or the
IMF universality, and most probably both.

To achieve the objectives of ALMA-IMF, we must tackle
both individual cores and their connection to the larger-scale
cloud environment, which is most immediately accessible via
kinematics. Following the nomenclature in Motte et al. (2018a),
but adapting the definitions to gas structures containing massive
protoclusters, clouds are a few parsecs in size, clumps are struc-
tures on intermediate scales on the order of a few times ~0.1 pc,
and cores are ~0.01 pc in size. Cores could subfragment, mak-
ing them the precursors of either single star or multiples stars,
but they will not form stellar clusters. The large spectral cover-
age of ALMA makes it possible to simultaneously image molec-
ular lines that characterize both cores and clouds. The presence
of outflows and infall, often traced by CO, SiO, CS, and HCO*
lines, typically provides the first indication of the evolutionary
nature of the cores that can be pre-stellar or protostellar. In addi-
tion, as the luminosity of the protostars increases, they further in-
teract with their immediate surroundings, creating hot cores and,
for the most massive, H 11 regions. Hot cores classically corre-
spond to high-mass protostellar objects (e.g., Kurtz et al. 2000;
Cesaroni 2005), which are dominated by radiatively heated gas
above 100 K. At these temperatures, the ice mantles of the dust
grains formed in the cold, high-density medium of cores evap-
orate (e.g. Herbst & van Dishoeck 2009). Hot cores are there-
fore associated with a rich molecular content observed by a large
number of lines from complex organic molecules (COMs; e.g.,
Gibb et al. 2000; Schilke et al. 2006). Considering the formation
of dense cloud structures (filaments and cores >10° cm™), the
most abundant, light molecules (such as CO, N,H*, and CS) are
typically used to probe the gas density and kinematics. The kine-
matics of dominant filaments in low- and high-mass star-forming
regions have already been studied in some detail (e.g., Schneider
et al. 2010; Peretto et al. 2013; Fernandez-Lopez et al. 2014; Bat-
tersby et al. 2014; Stutz 2018; Hacar et al. 2018; Jackson et al.
2019); however, very little is known about the gas feeding of
cores (Galvan-Madrid et al. 2009; Csengeri et al. 201 1b; Olguin
et al. 2021; Sanhueza et al. 2021). This process must now be a
priority for CMF studies because constraints on any hierarchical
inflow of gas could link cloud kinematics to the growth of core
mass.

To deepen our understanding of the IMF origin and quan-
tify the CMF dependence, if any, with respect to the proper-
ties of clouds over their lifetimes, various cloud environments
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must be sampled. Observational limitations lead to initiating
such work by targeting the most massive and closest protoclus-
ters in our Milky Way, as was done by, for example, Motte et al.
(2018b) and Sanhueza et al. (2019). During the past decade, the
APEX/ATLASGAL?, CSO/BGPS, and Herschel/HIGAL sur-
veys have covered the inner Galactic plane at (sub)millimeter
and far-infrared wavelengths, providing complete samples of
0.1—1 pc clumps up to distances of at least 8 kpc (Ginsburg et al.
2013; Csengeri et al. 2014; Konig et al. 2017; Elia et al. 2021).
From the CSO/BGPS catalog, Ginsburg et al. (2012) identified
18 particularly massive protocluster clouds, the most well known
of which are Sgr B2, W49, W51-E, W51-IRS2, W43-MM 1, and
W43-MM2 (Sanchez-Monge et al. 2017; Galvan-Madrid et al.
2013; Ginsburg et al. 2015; Nguyen-Luong et al. 2013; Motte
et al. 2018b). From the APEX/ATLASGAL catalog of Csengeri
et al. (2014), Csengeri et al. (2017) identified a sample contain-
ing the 200 most massive clumps covered by ATLASGAL. As
these clumps represent the early stages of massive cluster forma-
tion, this sample is the ideal choice for selecting the best targets
for a Large Program with ALMA.

In the present paper, we provide an introduction of the
ALMA-IMF Large Program. Section 1 presents the main sci-
entific objectives, and Sect. 2 describes the selection criteria
that led to the targeting of 15 massive protoclusters. Section 3
presents the Large Program data set, whose data reduction and
continuum images are fully described in a companion paper,
Paper II (Ginsburg et al. in press.). Section 4 details the evo-
lutionary stages of the ALMA-IMF protocluster clouds and in-
vestigates their core content from catalogs presented in a second
companion paper, Paper III (Louvet et al. in prep.). In Sect. 4, we
also present the preliminary line data cubes used to illustrate the
potential of the ALMA-IMF data set to constrain the kinematics
and chemical complexity of clouds. Finally, Sect. 5 summarizes
our initial conclusions.

2. ALMA-IMF targets

In an effort to investigate statistically the richest protoclusters of
the Milky Way, we compiled a list of 15 massive clouds. Table 1
lists their adopted names, the coordinates used as phase center,
and velocity in the kinematic Local Standard of Rest. Figure 1
illustrates their surroundings with overlays of the mid-infrared
Spitzer emission associated with the heating of luminous sources
(Benjamin et al. 2003; Carey et al. 2009) and the ATLASGAL
submillimeter emission tracing the cloud gas (Schuller et al.
2009). As one of the main goals of the ALMA-IMF Large Pro-
gram is to create large catalogs of protocluster cores, we fo-
cused on massive clouds selected from Csengeri et al. (2017),
which have sizes of a few parsecs and can be properly imaged
by ALMA with an angular resolution down to a few thousand au
(see Sect. 2.1). We then selected a representative sample of half
(i.e., 15) of these protoclusters spanning a range of evolutionary
stages (see Sect. 2.2).

2.1. The most massive protocluster clouds of the Milky Way

From the catalog of Csengeri et al. (2017), which contains the
200 most massive APEX/ATLASGAL clumps, we identified
the most massive protocluster clouds of the Milky Way, whose
core content can be characterized by ALMA (see Table A.1 and
Fig. A.1). In order to reach an angular resolution of a couple

2 The APEX Telescope Large Area Survey of the Galaxy; see https:
//atlasgal .mpifr-bonn.mpg.de.

of thousand au and a subsolar mass sensitivity with reasonable
ALMA integration times, while reaching the exceptional W43
mini-starburst region at 5.5 kpc (Nguyen Luong et al. 2011), we
applied a distance-limited criterion of d < 5.5 kpc. With this
upper limit for the distance and avoiding Galactic longitudes to-
ward the Galactic center (355° < [ < 5°)3, we further excluded
regions at larger distances that would require long integration
times and are already the focus of dedicated ALMA studies (e.g.,
Galvan-Madrid et al. 2013; Sanchez-Monge et al. 2017). On the
other hand, setting a lower distance limit of 2 kpc allows us to
more easily observe the entire extent of the parsec-size clouds
with ALMA mosaics. Furthermore, massive cloud complexes
at lower distances (<2 kpc), including Cygnus X, NGC 6334,
M 17, and Orion, have already been extensively studied by, for
example, the Hersche]/HOBYS key program (Motte et al. 2010)
and already revealed the nearest sites of high-mass star and clus-
ter formation (e.g., Bontemps et al. 2010; Ohashi et al. 2016;
Louvet et al. 2019; Sadaghiani et al. 2020; Fischer et al. 2020).

As our aim is to focus on the densest ~1 pc size clouds
hosting the ATLASGAL clumps, we selected the ATLASGAL
sources of Csengeri et al. (2017) that have an integrated 870 um
flux larger than 25 Jy. This threshold, which is used to define the
most massive protoclusters, corresponds to five times that used
in Csengeri et al. (2017) and leads to a list of 28 potential targets.
This flux threshold ensures a minimum mass of ~400—-3 000 M,
for the densest regions in the massive protoclusters at distances
of 2-5.5 kpc, and assuming appropriate values for our sample
of Tyuse = 25 K and kg70um = 0.0185 cm? g’1 in Eq. (1) (see
Sect. 2.2). Among these 28 massive protoclusters, we find W51-
E, W51-IRS2, W43-MM 1, and W43-MM2 previously identified
as extremely massive and active mini-starburst clumps (Motte
et al. 2003; Ginsburg et al. 2012). Furthermore, we add two
sources to this list: the ATLASGAL source W43-MM3 to cover
the W43-MM2&MM3 mini-starburst ridge, which is suspected
to host an extreme protocluster (Nguyen-Luong et al. 2013), and
G328.25-0.58, which is the most massive, young protocluster of
Csengeri et al. (2017) that exhibits at its center a single high-
mass protostar (Csengeri et al. 2018). The catalog of the 30
selected massive clumps is given in Table A.1. Their Galactic
coordinates, evolutionary stage, and integrated flux at 870 ym
are taken from Csengeri et al. (2017). We also include a list of
ALMA projects that previously targeted these protoclusters, the
name of the molecular complex hosting them, and their distance
to the Sun in Table A.1.

Ten of the massive clumps of Table A.1 have a distance mea-
sured by trigonometric parallaxes using masers (Sato et al. 2010;
Immer et al. 2013; Sanna et al. 2014; Reid et al. 2014; Zhang
et al. 2014). The distances for the remaining sources were esti-
mated by Csengeri et al. (2017) using kinematic distance esti-
mates, associations with cloud complexes, and mid-infrared ab-
sorption features (as done by Moisés et al. 2011; Wienen et al.
2015). These distance estimates are subject to uncertainties, such
as the Galactic rotation curve and association with the near or
far kinematic distance solutions. Improvements can only be ex-
pected when parallax distances are available using either weaker
masers or, for the closest clumps, Gaia measurements. We here
modify the distances of three ATLASGAL clumps of Table A.1
using recent improvements made by the BeSSeL* project (see

3 At these longitudes, kinematic distances are very uncertain. For this
reason, we chose to exclude two of the brightest ATLASGAL sources,
whose radial velocities would locate them below 5.5 kpc but that could
well be within the Galactic center region.

4 The Bar and Spiral Structure Legacy (BeSSeL) Survey; see http:
//bessel.vlbi-astrometry.org.
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Table 1. ALMA-IMF targets, a representative sample of massive protoclusters in the Milky Way.

Protocluster RA! Dec! Visg! d Ref.  Evolutionary FWHM;I;OHL b4 M;%n;fn“
cloud name' [ICRS] [km s~!] [kpc] papers? stage? [pc] [x10° My]
W51-E 1923:4418 +14:3029.5  +55  54+03 ()  IR-bright 0.41 104
W43-MMI  18:47:47.00 -01:54:260  +97  55:04  (2)  IR-quiet 0.47 7.0
G333.60  16:22:0936 -50:05:589 47  42+07  (3)  IR-bright 0.58 5.4
W51-IRS2 19:23:39.81 +14:31:03.5 +55 5.4+0.3 (1) IR-bright 0.39 4.8
G338.93 16:40:34.42 —-45:41:40.6 -62 3.9+1.0 3) IR-quiet 0.58 4.5
G010.62 18:10:28.84 —19:55:48.3 -2 4.95+0.5 @ IR-bright 0.42 4.2
W43-MM?2 18:47:36.61 —-02:00:51.1 +97 5.5+0.4 2) IR-quiet 0.57 4.2
G008.67 18:06:21.12 -21:37:16.7 +37.6 3.4+0.3 3) IR-quiet 0.33 1.9
G012.80 18:14:13.37 —17:55:45.2 +37 2.4+0.2 (®)] IR-bright 0.32 1.7
G327.29 15:53:08.13 —-54:37:08.6 —45 2.5+0.5 3) IR-bright 0.16 1.4
W43-MM3 18:47:41.46 —-02:00:27.6 +97 5.5+04 2) IR-bright 0.47 1.1
G351.77 17:26:42.62 -36:09:20.5 -3 2.0+0.7 6) IR-bright 0.16 1.0
G353.41 17:30:26.28 —34:41:49.7 -17 2.0+0.7 (6) IR-bright 0.30 09
G337.92 16:41:10.62 —47:08:02.9 -40 2.7+0.7 (6) IR-bright 0.20 0.8
G328.25 15:57:59.68 —53:58:00.2 —43 2.5+0.5 3) IR-quiet 0.21 0.5

! Protocluster name, central position of the mosaics, and velocity at rest used for the ALMA-IMF observations. The Galactic
coordinates of the associated ATLASGAL clumps are given in Table A.1. The V| sg values are taken from the high-density
gas studies by Wienen et al. (2015) and Ginsburg et al. (2015) for W51, Nguyen-Luong et al. (2013) for W43, and Immer
et al. (2014) for G012.80. The phase center of W43-MM.1 in the pilot study is 18:47:46.50, -01:54:29.5.

2 References for the distance to the Sun: (1) Sato et al. (2010); (2) Zhang et al. (2014); (3) Csengeri et al. (2017); (4) Sanna

et al. (2014); (5) Immer et al. (2013); (6) this paper.

3 Evolutionary stage of the ATLASGAL clump, as classified by Csengeri et al. (2017): IR-bright or IR-quiet (see Sect. 2.2).
4 Size and mass of the ATLASGAL clump, as defined by Csengeri et al. (2017), located at the center of the ALMA-IMF
clouds, whose area and mass are given in Table 4. Mass estimates assume T, = 20 K and 30 K for the IR-quiet and IR-
bright sources, respectively. Sizes correspond to the geometric mean of the beam-deconvolved major and minor FWHM

axes of Gaussian fits made in Csengeri et al. (2014).

Reid et al. 2014). With its revised kinematic distance calculator,
the two relatively nearby clumps, G351.77 and G353.41, both
have almost equally probable distance solutions of ~1.3 kpc and
~2.7 kpc. Given that the cloud gas between these two clumps
presents a velocity continuity, G353.41-0.36 and G351.41-0.54
are probably part of the same complex and we adopted the aver-
age distance of ~2.0 kpc, with a dispersion of +0.7 kpc, for both
clumps. Moreover, we updated the distance of the G337.92-0.48
clump to 2.7 + 0.3 kpc, following that given by the BeSSeL cal-
culator.

2.2. A representative sample of 15 massive protoclusters at
various evolutionary stages

We extracted from Table A.1 a smaller sample of clouds, cover-
ing a range of evolutionary stages. Csengeri et al. (2017) classi-
fied ATLASGAL clumps as either IR-bright or IR-quiet, based
on their fluxes at mid-IR wavelengths. Initially proposed by
Motte et al. (2007), this classification has been adapted, in Csen-
geri et al. (2017), to use a flux threshold of 289 Jy at 22 um
and d = 1 kpc, scaling it to the distances of the sources and
extrapolating fluxes from the Wide-field Infrared Survey Ex-
plorer (WISE) or the Multiband Imaging Photometer for Spitzer
(Spitzer/MIPS) observatories. This classification is expected to
distinguish between clumps hosting faint infrared (IR-quiet)
sources corresponding to deeply embedded, Class-0-like, high-
mass protostars (e.g., Bontemps et al. 2010) and those with lu-
minous infrared (IR-bright) objects. The latter are either ultra-
compact H 11 regions or clumps hosting evolved protostars, re-
ferred to as high-mass protostellar objects (HMPOs, see Beuther
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et al. 2002) or massive young stellar objects (MYSOs, see Lums-
den et al. 2013). The IR-quiet/IR-bright classification makes it
possible to follow the evolution from cold to warm cloud struc-
tures (e.g., Motte et al. 2018a), where cold stages are sometimes
referred to as infrared dark clouds (IRDCs), even if they host var-
ious stages of low- and high-mass star formation (e.g., Peretto
et al. 2013).

Table A.1 contains only seven IR-quiet clumps, which exclu-
sively populate the low 870 um flux end of the sample distribu-
tion. IR-quiet protoclusters, however, as they are not yet signifi-
cantly impacted by stellar feedback, probably represent the early
stage during which it should be easier to study the CMF and
its variation with cloud properties. We therefore rebalanced the
sample of massive protocluster clouds to be used for the ALMA-
IMF Large Program by systematically selecting the top seven,
IR-bright, clumps of Table A.1, but favoring IR-quiet clumps
among the remaining 21 clumps.

To complement this selection, we first chose to cover all of
the extreme protoclusters, which lie in the two exceptional, and
relatively distant, cloud complexes W51 and W43: W51E, W51-
IRS2, W43-MM1, W43-MM?2, and W43-MM3. For the remain-
ing molecular cloud complexes, we instead chose to observe
only one protocluster per complex to sample various parts of the
Milky Way. In the RCW106 and G327 complexes, we therefore
only selected the brightest ATLASGAL clump, which happened
to be IR-bright. In total, we selected for the ALMA-IMF survey
five (out of seven, 71%) and ten (out of 23, 43%) of the IR-quiet
and IR-bright clumps from Table A.1, respectively.

Table 1 lists the 15 protocluster clouds selected for the
ALMA-IMF Large Program, which constitute a representative
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and well-balanced sample of the most massive protoclusters in
the Milky Way. It gives their distance to the Sun, evolutionary

stage, and the size and mass of their central clump, FWHMSumP

870 um
and Mg%n;ﬁn’ the latter being used here to order the cloud sam-

ple. In this final selection, the 15 massive protoclusters are lo-
cated at 2 — 5.5 kpc with a mean distance of 3.9 kpc. Since
the 870 um fluxes mainly correspond to thermal dust emission,
which is largely optically thin, the clump mass is computed from
the integrated fluxes, S g‘%#m listed in Table A.l, assuming a
mass-averaged dust temperature and a distance to the Sun. We
used the following equation, and provide here a numerical appli-
cation whose dependence on each physical variable is given, for
simplicity, in the Rayleigh-Jeans approximation:

int 2
St (1)
870 um K870 um B870Hm(Tdust)
S0 \(__d__ Y’
~ 84 My X =
© ( 11y (3.9kp0)

K870 um - ( Tgust )
0.0185cm? g-! 20K/

where Bg7oum(Taust) i the Planck function for a dust tempera-
ture Tgys, d is the distance of ALMA-IMF protoclusters, and
Kg704m 18 the dust opacity per unit (gas + dust) mass at 870 um.
The adopted dust opacity, ks70,m = 0.0185cm? g™!, follows the
prescriptions by Ossenkopf & Henning (1994) and assumes a
gas-to-dust mass ratio of 100. We adopted dust temperatures of
Tast = 20 K and 30 K for the IR-quiet and IR-bright regions,
respectively (see also Sect. 4.1 for more discussion). These are
the mean temperatures of the brightest ATLASGAL sources as
measured in NH3 (Wienen et al. 2012, 2018) in agreement with
dust temperatures of Konig et al. (2017). In these 15 massive
protoclusters, the mass of the central clump ranges from 500 M,
to 1 x 10* M.

Figure 1 illustrates the IR-quiet versus IR-bright evolution-
ary stage of these protocluster clouds. The five IR-quiet pro-
tocluster clouds are all observed as strong extended ATLAS-
GAL cloud structures associated with extinction patterns at mid-
infrared wavelengths (see Figs. 1b, d, f, 1). In contrast, the ten IR-
bright protoclusters emit at near- to mid-infrared wavelengths,
either weakly (see Figs. 1b, i—j) or more strongly (see Figs. 1a,
c, e, g-h, k).

Beyond their different evolutionary stages, the targeted pro-
toclusters may represent different conditions for cluster forma-
tion in the galactic disk of the Milky Way. The five protoclusters
in the W43 and W51 cloud complexes are among the most ac-
tive star-forming regions of the Milky Way. W43 is located at the
end of the Galactic bar and W51 could be a massive cloud com-
pressed by Galactic motions along the Perseus arm (Nguyen Lu-
ong et al. 2011; Ginsburg et al. 2015). Seven other ALMA-IMF
clouds could be under the influence of massive stellar clusters.
Each of the G010.62, G337.92, and G338.93 clouds is indeed
located at the periphery of a large bubble, presumably excited
by OB stars, and the G333.60, G327.29, G328.25, and G012.80
clouds are found in complex networks of such bubbles (see
Fig. 1). In contrast, the G008.67, G351.77, and G353.41 clouds
seem more isolated, without obvious interaction with massive
stellar clusters or Galactic motions.

3. Observations and data reduction

The ALMA-IMF Large Program (#2017.1.01355.L, PIs: Motte,
Ginsburg, Louvet, Sanhueza) was set up following the pilot pro-
gram #2013.1.01365.S. The ALMA-IMF Large Program images
each of the 15 massive protocluster clouds of Table 1 both at
1.3 mm (ALMA Band 6)° and 3 mm (Band 3). We here explain
our observation strategy (see Sect. 3.1) and briefly discuss the
resulting data set (see Sect. 3.2), which is described in more de-
tail in Paper II (Ginsburg et al. in press.). Tables 2-3 give the
mapping and spectral setups of the ALMA-IMF Large Program.

3.1. Observing strategy

To resolve the ~2 000 au typical diameter of cores (Zhang et al.
2009; Bontemps et al. 2010; Palau et al. 2013) and image the
~1-8 pc? protocluster cloud extent, 1.3 mm and 3 mm mosaics
(shown in Figs. la-1 and whose extent is listed in Table 2) were
requested with 0.37” — 0.95” synthesized beams depending on
their distance (see Table 2).

We chose the 1.3 mm and 3 mm spectral bands primarily for
their mostly optically thin emission in (massive) cores and their
relatively well-defined dust opacities. The central frequencies of
the ALMA-IMF bands are vgg = 228.965 GHz (1.3 mm) and
vpz = 100.713 GHz (3 mm) (see Table D1 of Ginsburg et al. in
press.), assuming a spectral index of @ = 3.5 that corresponds to
optically thin dust emission with an emissivity index of 8 = 1.5,
well suited for protostars (André et al. 1993; Juvela et al. 2015).
According to Ossenkopf & Henning (1994) and assuming a gas-
to-dust mass ratio of 100, the dust opacities per unit (gas + dust)
mass, recommended for cores, are k;3mm = 0.01 cm? g‘1 and

-1.5
Kmm = Kiamm X (22) 7 = 0.0034 cm? g™!. The ALMA-IMF

VB3
Large Program was designed to reach, for point-like cores, a

gas mass sensitivity of 0.15 My (30) at 1.3 mm, for all pro-
tocluster clouds of Table 1 and over their whole extents (see
Figs. la-1). Assuming optically thin dust emission, the above
dust opacity, and a dust temperature of 20 K, this requirement
led to a large range of continuum sensitivity requests: 1o =
0.1 — 0.6 mJybeam™! at 1.3 mm. To complete these 1.3 mm
detections and correct them for a few optically thick (massive)
cores, we aimed to reach a point mass sensitivity of 0.6 My (3 o)
at 3 mm, corresponding to 1o = 0.03 — 0.18 mJy beam™!. As
we show in Sect. 4.1, comparing the 1.3 mm and 3 mm con-
tinuum images allows us to distinguish thermal dust emitting
sources, such as cloud filaments and cores, from free-free emit-
ting sources associated with ionized gas of H 1 regions.

The spectral setup chosen for the ALMA-IMF Large Pro-
gram contains eight spectral windows at 228.4 GHz (1.3 mm)
and four at 99.66 GHz (3 mm) (see Table 3). The 228.4 GHz
setup is exactly the one used for the ALMA-IMF pilot project
that targeted the W43-MM1 protocluster cloud (Nony et al.
2018, 2020). The main characteristics of these 12 spectral win-
dows are given in Table 3, including the main lines they cover.
ALMA-IMF has a particular focus on the N,H* (1-0), DCO™* (3-
2), DCN (3-2), and C'30 (2-1) lines intended to be used to trace
gas mass inflows from the cloud to its cores (e.g., Csengeri et al.
2011a; Peretto et al. 2013; Henshaw et al. 2014; Chen et al. 2019;
Alvarez-Gutiérrez et al. 2021). The '2CO (2-1), SiO (5-4), and
SO (6-5) lines were chosen to trace protostellar outflows and
shocks associated with protostellar accretion or cloud formation
(e.g., Gusdorf et al. 2008; Sanhueza et al. 2013; Duarte-Cabral

5 The 1.3 mm observations of W43-MMI1 are part of the pilot study
#2013.1.01365.S and #2015.1.01273.S.
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Table 2. Observational data summary of the 12 m array continuum images of ALMA-IMF protoclusters.

1.3 mm (Band 6) 3 mm (Band 3)
Protocluster | Imaged FOV! Resolution?> o(cleanest)® o(bsens)® LAS;os* Imaged FOV! Resolution> o(cleanest)® o(bsens)® LAS;os*
cloud name ["x"] ["x"] [mJy beam™] [ ["x"] ["x"] [mJy beam™] [
WS5I-E 100 x 90 0.35x0.27 0.17 0.16 5.0 150 x 160 0.29x0.26  0.055 0.035 6.3
W43-MM1 117 x 53 0.50x0.35 0.19 0.18 4.6 190 x 150 0.56 x0.33 0.051 0.038 4.8
G333.60 143 x 143 0.56 x0.51 0.11 0.12 5.8 190 x 180 0.46 x0.44 0.070 0.047 10
W51-IRS2 92 x 98 0.50x0.44 0.097 0.076 6.1 160 x 150 0.28 x0.27 0.061 0.061 9.6
G338.93 86 x 92 0.56 x0.51 0.17 0.16 5.5 152 x 160 0.40 x0.38 0.068 0.044 11
G010.62 98 x 90 0.53x0.41 0.083 0.082 5.2 150 x 160 0.39x0.32 0.051 0.051 9.4
W43-MM2 90 x 98 0.52x0.41 0.075 0.063 5.5 190 x 150 0.30x0.24 0.037 0.024 8.1
G008.67 132 x 87 0.72x0.59 0.37 0.20 5.9 190 x 125 0.51 x0.40 0.094 0.080 10
G012.80 132 x 132 1.09x0.70 0.65 0.74 6.6 190 x 180 148 x1.26 0.21 0.24 9.9
G327.29 105 x 109 0.69x0.62 0.36 0.32 5.5 160 x 152 0.43x0.37 0.13 0.075 10
W43-MM3 100 x 90 0.51x043 0.061 0.063 5.7 190 x 150 0.41x0.29 0.031 0.028 8.2
G351.77 132 x 132 0.89x0.67 042 0.31 6.2 190 x 180 1.52x1.30 0.26 0.12 15
G353.41 131 x 131 0.93x0.66 0.42 0.40 6.2 190 x 180 146x1.27 0.18 0.17 10
G337.92 92 x 86 0.61 x048 0.22 0.23 5.6 160 x 152 0.45x%x0.38 0.070 0.051 11
G328.25 120 x 120 0.62x047 0.37 0.29 49 160 x 180 0.62x0.44 0.087 0.076 7.5

! Field of view (FOV) corresponding to the combined primary beam of the 1.3 mm and 3 mm mosaics, down to 15% of the peak sensitivity.

2 Angular resolution resulting from a tclean process with the Briggs robust parameter robust=0.

3 Noise level measured in the bsens and cleanest 12 m array images at 1.3 mm and 3 mm.

4 The maximum recoverable scale of the 12 m array, often called the largest angular scale (LAS), is estimated for each 1.3 m and 3 mm images as the 10
percentile of the baseline lengths of 12 m array data (see Figs. 5-7 of Ginsburg et al. in press.).

Table 3. Spectral setup of the ALMA-IMF Large Program.

ALMA  Spectral Frequency Bandwith Resolution Main spectral lines
band window [GHz] [MHz] [kHz] [kms™!]
Band6  SPWO 216.200 234 244 0.34 DCO* (3-2), CH;0CHO, OC*S (18-17), HCOOH
SPW1 217.150 234 282 0.39 SiO (5-4), DCN (3-2), 3CH;0H, CH;0CH;
SPW2 219.945 117 282 0.38 SO (6-5), H)*CO (315-21,1), CH;O0H
SPW3 218.230 234 244 0.33 H,CO (3-2), O'3CS (18-17), HC3N (24-23), CH;0CHO
SPW4 219.560 117 244 0.33 C'80 (2-1), C,HsCN
SPW5 230.530 469 969 1.3 CO (2-1), CH;CHO, CH;0H, C,H;CN, C,H;OH
SPW6 231.280 469 488 0.63 13CS (5-4), N,D* (3-2), OCS (19-18), CH;CHO, CH;0H,
CH;*OH, C,HsCN
SPW7 232.450 1875 1130 1.5 H30a, CH;CHO, CH;0H, CH;0CHO, C,HsOH, C,H5CN,
CH;0CH;3, CH3;COCH3, BCH3CN (13-12), H,C3S (7,7-616), HC(O)NH,
Band3  SPWO 93.1734 117 71 0.23 N,H* (1-0), CH;OH
SPW1 92.2000 938 564 1.8 CH;CN (5-4), H41a, CH3'3CN, 3CS (2-1), ¥CH;0H, CH;0CHO
SPW2 102.600 938 564 1.6 CH;CCH (6-5), CH;0H, H,CS,C,H5CN, C,HsOH, CH;NCO
SPW3 105.000 938 564 1.6 H,CS, CH;0H, C,H;CN, C,HsOH, CH;OCHj;

et al. 2014; Louvet et al. 2014; Li et al. 2020). Additionally, the
13CS (5-4) and N,D™ (3-2) lines were chosen to estimate the core
turbulence levels (e.g., Tan et al. 2013; Nony et al. 2018). As for
the H41a and H30«e recombination lines, they pinpoint H 1 re-
gions and allow for more robust gas mass estimates by account-
ing for free-free contamination of the millimeter fluxes (e.g., Liu
etal. 2019). Molecules such as CH3;CN and CH;CCH, can them-
selves be used to probe the gas temperature of hot cores and their
envelopes or host cores, respectively. The lines of H,CO, OCS,
and other COMs (see Table 3) emitting in the 6.4 GHz noncon-
tinuous bandwidth of the ALMA-IMF setup probe the physical
and chemical conditions of hot cores, protostellar outflows, and
shocks (e.g., Giannetti et al. 2017; Lefloch et al. 2017; Csengeri
et al. 2019; Molet et al. 2019; Bonfand et al. 2019).

The ALMA-IMF Large Program was designed to provide
sensitive continuum estimates through wide spectral windows:
one ~2 GHz window at 1.3 mm and three ~1 GHz windows at
3 mm, with a velocity resolution of ~1.5-1.8 km s~!, also al-
lowing the detection of broad hot core lines from COMs with
confidence (e.g., Molet et al. 2019; Belloche et al. 2020; Olguin
et al. 2021). The narrow spectral windows, except two at 1.3 mm,
have a spectral resolution corresponding to ~0.3 km s~! (see Ta-
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ble 3), suitable to follow the gas kinematics at the spectral res-
olution of the sonic line width (e.g., Henshaw et al. 2014; Chen
etal. 2019). The two narrow spectral windows with a lower spec-
tral resolution, ~1.3 km s~! and ~0.6 km s~!, are customized to
detect CO (2-1) outflows and to cover both the 3CS (5-4) and
N,D* (3-2) lines, respectively.

The line sensitivity of the ALMA-IMF Large Program at
1.3 mm is driven by the need to detect >1 km s~ lines, such as
13CS (5-4) or N,D* (3-2), toward dust cores. With the requested
1.3 mm continuum sensitivity, 1 o = 0.1 — 0.6 mJy beam™', the
expected noise level is 0.6 —0.8 K averaged within a spectral res-
olution element of 1 km s~!. The targeted lines generally are ten
to hundred times brighter (Tan et al. 2013; Nony et al. 2018), thus
allowing their correct characterization in terms of line width.
This sensitivity is also enough to detect outflowing material in
CO (2-1) and SiO (5-4) around candidate protostellar sources
(e.g., Nisini et al. 2007; Duarte-Cabral et al. 2013; Plunkett et al.
2013; Nony et al. 2020) and COMs tracing hot cores and shocks
(e.g., Lefloch et al. 2017; Molet et al. 2019; Csengeri et al. 2019;
Olguin et al. 2021). At 3 mm, the 1o = 0.03 — 0.18 mJy beam™!
continuum sensitivity leads to a sensitivity of 2—3 K at 1 km s~!
resolution. This allows NoH* (1-0) cubes to be sensitive down
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Table 4. Main characteristics (size and mass) of the massive protocluster clouds imaged by ALMA-IMF and their evolutionary stage.

Protocluster Imaged areas' S §17°5'2 m2 M g%“;‘ m3 S TI‘;LI‘;‘ o Zgiﬁ;f‘ee 4 Refined
cloud name [pc X pcl within A1 3 mm /S glgl‘;g over A3 mm evolutionary
Alsmm A3mm Oyl [x10° My] overAizmm [Jypc™] stage’
W43-MM1  3.1x23 5.1x4.0 80.3 13.4 13 0.005 IR-quiet =Y
W43-MM2 2.6x24 5.1x4.0 69.6 11.6 15 0.009 IR-quiet =Y
G338.93 1.6x1.6 29x28 84.6 7.1 7.2 0.02 IR-quiet =Y
G328.25 14x14 22x19 73.2 2.5 8.3 0.03 IR-quiet =Y
G337.92 1.2x1.1 21x20 63.3 2.5 5.8 0.04, faint H it IR-bright —» Y
G327.29 1.3x1.3 19x1.8 147.9 5.1 11 0.1, faint H mr IR-bright —» Y
G351.77 1.3x1.3 1.8x1.7 158.7 2.5 8.3 0.2, UCH IR-bright — I
G008.67 22x14 3.1x21 66.5 3.1 3.2 0.6, UCH IR-quiet — I
W43-MM3  2.7x24 5.1x4.0 432 5.2 2.2 0.2, UCHu IR-bright — I
W5I1-E 26x24 42x39 2789 32.7 2.2 I,twoHCHu+Hun IR-bright — I
G353.41 1.3x1.3 1.8x1.7 153.4 2.5 1.9 0.7, UCHu+Hnu IR-bright — I
G010.62 23x22 38x3.6 87.3 6.7 1.8 2,two Hu IR-bright = E
W51-IRS2  2.6x24 42x39 224.4 20.6 1.4 2,two Hu IR-bright = E
G012.80 1.5x1.5 22x2.1 2554 4.6 1.1 7,Hu IR-bright = E
G333.60 29x29 39x37 216.3 12.0 0.8 5,Hu IR-bright = E

! Physical areas encompassing the combined primary beam of the 1.3 mm and 3 mm mosaics, down to 15%. These

areas define the cloud sizes.

2 Integrated flux density at 870 um measured on the ATLASGAL images (Schuller et al. 2009) within the area of the

1.3 mm ALMA images (Col. 2).

3 Cloud mass computed from the 870 um integrated flux (Col. 4) assuming ks70,m = 0.0185 cm? ¢! and using
Taust = 20 K, 25 K and 30 K for the Young, Intermediate, and Evolved regions (see Col. 8), respectively.

4 Flux surface density of the free-free emission at 92.034 GHz, estimated from the integrated flux of the H41a recom-
bination line. Spatial distribution of the ionized gas: HCH n and UCH 1 consist of <0.05 pc and ~0.1 pc bubbles
of ionized gas, respectively; H 1 are larger regions of ionized gas with a non-spherical structure, some are faint H 11

regions (see Sect. 4.1 and Motte et al. 2018a).

3 Classification of the ALMA-IMF protocluster clouds: Young (Y), Intermediate (I), and Evolved (E). Their evolu-
tionary stage is refined from that of Csengeri et al. (2017) by measuring their 1.3 mm to 3 mm flux ratio (Col. 6)
and their estimated free-free emission flux density (Col. 7). We assume that IR-quiet and IR-bright ATLASGAL
clumps are associated with Young and Evolved clouds, respectively. Any evolution of this classification is discussed

in Sect. 4.1 and indicated here by an arrow.

to the weakest filaments crossing the ALMA-IMF protoclusters
(see, e.g., Fig. 7).

While compact structures, such as cores traced by their ther-
mal continuum emission or hot cores identified by line forests,
are marginally affected by interferometric artifacts, a proper
analysis of molecular outflows and gas inflows would require
combining ALMA 12 m array mosaics with 7 m array (Atacama
Compact Array, ACA) data and, if possible, Total Power Ar-
ray data (Zhang et al. 2016; Li et al. 2020; Hara et al. 2021).
Therefore, the ALMA-IMF Large Program observed all the ap-
propriate short spacing data that will allow correct analyses and
provide the community with a complete and uniformly produced
data set.

3.2. ALMA-IMF data set

The ALMA-IMF Large Program was observed from October
2017 to August 2018 with a total observation time of 69 hours
and 172 hours with the 12 m and 7 m (ACA) arrays, respec-
tively, and 595 hours with the Total Power Array. In this paper,
we concentrate on the 1.3 mm and 3 mm mosaics done with the
12 m array (outlines are shown in Fig. 1), for the protocluster
clouds of Table 1. Table 2 shows a summary of the imaged fields
of view, angular resolutions, and sensitivities of the 12 m array
continuum images at 1.3 mm and 3 mm. Table 4 lists the im-

aged 1.3 mm and 3 mm areas, which cover the whole extent of
the protocluster clouds and their surroundings, respectively. The
1.3 mm areas were defined to systematically cover a 1 pc X 1 pc
area around the targeted ATLASGAL clumps of Table 1, with
larger areas for W43 and W51 clumps. The 3 mm areas aim to
cover the filaments converging toward the ATLASGAL clumps
(see Fig. 1). On average, these 15 massive protoclusters cover
~3.5+2.0 pc? each, and sum up to ~53 pc? (see Table 4).

The ALMA-IMF consortium built a pipeline that allows a
homogeneous, repeatable, and high-quality reduction of its data
set, starting with the 12 m array continuum mosaics (Gins-
burg et al. in press.). Two sets of continuum images have been
produced for each protocluster cloud and band. The first set
of continuum images, called bsens, are derived using all ob-
served spectral channels of the ALMA band 6 (1.3 mm or
228.965 GHz with a spectral index of @ = 3.5) or band 3
(3 mm or 100.713 GHz with @ = 3.5), summing up to 3.7 GHz
and 2.9 GHz, respectively. The second set, constituting the
cleanest continuum images, is built using only the line-free
channels (see Ginsburg et al. in press., their Figs. 3—4). The
bsens continuum images are up to two times more sensitive than
the cleanest maps (see Table 2) but their continuum emission
is contaminated by line emission. The 1.3 mm bsens images
allow the detection of point-like cores down to the 3 o sensi-
tivity level of 0.09 M, to 0.5 M., with a median of ~0.18 M,

Article number, page 9 of 27



A&A proofs: manuscript no. 41677_astroph

W43-MM1L .

Declination (ICRS)

505 Beam

(a)

48 26
Right Ascension (ICRS)

18"47m50°

sQS
w G338.93
o 101
»
g
-4
o
= . B
s ®
B
T . 1072
= &
g
(=]
Q\\ 10
v Rl 3mm Beam
()
16M"40m38° 36° 345 328
Right Ascension (ICRS)
S
<
,b/‘\ G337.92
a
-4
]
= B
2 H
- H
© i
£ )
©
]
=)

n1.3mm Beam

16MN41m14s 125 10° 08°
Right Ascension (ICRS)

W43-MM2
S
10 SV

K

v

g

g ™

5

B S

£

]

]

[a]
’19
S j..3mm Beam
w

18h47m38s 36°
Right Ascension (ICRS)

34°

Flux (y/beam)

Declination (ICRS)

1 pc
‘1:3mm Beam 10
15"58m06° 03° 00°  57mM57°
Right Ascension (ICRS)

Declination (ICRS)

1pc

1.3mm Beam
09° 06°
Right Ascension (ICRS)

03°

Fig. 2. 1.3 mm continuum ALMA 12 m array images of the Young clouds: W43-MM1 (in a), W43-MM2 (in b), G338.93 (in ¢), G328.25 (in d),

G337.92 (in e), and G327.29 (in f), plotted at the same physical scale.

corresponding to a point-source sensitivity of ~7x10%*? cm™2 in
column density. Figure 2 presents the 1.3 mm images of the
15 ALMA-IMF clouds obtained from the 12 m array bsens
data set of the ALMA-IMF Large Program. The 12 m array
bsens and cleanest continuum images at 1.3 mm and 3 mm
are provided to the community, along with the present paper
and Paper II. The ALMA-IMF data processing pipelines and
analysis are made public as described in Ginsburg et al. (in
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press.). The code is available on the github repository, https:
//github.com/ALMA-INF/reduction, and ongoing work and
data release updates can be found there and on the ALMA-IMF
website (https://almaimf.com).

The angular resolutions achieved by the 12 m array ALMA
continuum images at 1.3 mm and 3 mm, using the Briggs robust
parameter robust=0, are within 30% of those requested, with
the exception of a couple of outliers at 3 mm (see Table 2 of
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Fig. 2. (Continued) 1.3 mm continuum ALMA 12 m array images of the Intermediate clouds: G351.77 (in g), G008.67 (in h), G353.41 (in i),

W43-MM3 (in j), and W51-e (in k).

Ginsburg et al. in press.). Taking the distances of the ALMA-
IMF clouds from Table 1, we computed the linear resolutions
of the 1.3 mm and 3 mm bsens images. Listed in Table 5, the
1.3 mm spatial resolution ranges from 1 350 au to 2 690 au, with
a median value and standard deviation of 2 100 + 400 au. As for
the 3 mm images, they have on average a slightly better spa-
tial resolution of 1800 + 500 au. The dynamic range in angular
scales (i.e., DR = 6as/6pecam, Where 0y as is the largest angular
scale) ranges from DR = 6 to 14 at 1.3 mm and DR = 7 to 34 at
3 mm. The largest angular scale, also called maximum recover-
able scale, spans ranges of 4.6” —6.6"" at 1.3 mm and 4.8 —11"" at
3 mm (see Table 2). They correspond to linear scales with mean
values and 1 o dispersions of ~0.1 pc and +0.03 pc at 1.3 mm
and ~0.16 pc and +0.05 pc at 3 mm, respectively, with maxi-
mum variation factors of 2.7 — 2.8. The ratio of the 3 mm to
1.3 mm largest angular scales has a mean value of 1.7, close to
the inverse ratio of the observed frequencies.

The line data cubes were processed within the framework of
the ALMA-IMF data pipeline. The different 12 m array config-
urations were combined following the same procedure as for the
continuum data, but cleaning and imaging is adapted to the line
data cubes. They however first need to be corrected for the sys-

tem temperature and the spectral data normalization® (see also
Sect. 2 of Ginsburg et al. in press.). The ALMA-IMF data were
indeed affected by a systematic error in the spectral data nor-
malization and returned to the Joint ALMA Observatory (JAO)
for further processing in November 2020. Any data downloaded
from the archive before this time are therefore affected by these
issues. When processing is complete, line data cubes will be used
to discuss the ionized component of the ALMA-IMF clouds, the
cloud kinematics, outflows, and chemical enrichment. The sen-
sitivities measured in the preliminary data cubes used here are
lo=06-1Katl3mmand1lo =14-3.0K at 3 mm with
a 1 km s~! resolution.

As shown in Ginsburg et al. (in press.), the products com-
bining ALMA 12 m array data with 7 m array data are of in-
consistent quality across the ALMA-IMF sample. For several
of the target fields, incorporating the 7 m array data resulted
in increased noise levels and/or imaging artifacts. The increased
noise levels is particularly problematic for source extraction on
the ~2 100 au scales. The 7 m array data are therefore not used
for the present analysis.

6 ALMA ticket: https://help.almascience.org/kb/
articles/607, https://almascience.nao.ac.jp/news/

amplitude-calibration-issue-affecting-some-alma-data
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Fig. 2. (Continued) 1.3 mm continuum ALMA 12 m array images of the Evolved clouds: G010.62 (in 1), W51-IRS2 (in m), G012.80 (in n), and

G333.60 (in 0).

4. First results and survey potential

We present here the continuum images and preliminary line data
set used to refine the evolutionary stage classification of the
ALMA-IMF protoclusters (see Sect. 4.1), to characterize their
core content (see Sect. 4.2) and the gas concentration from cloud
to cores (see Sect. 4.3), and to discuss the potential of ALMA-
IMF data to constrain the gas kinematics and molecular com-
plexity of clouds (see Sects. 4.4-4.5).

Table 4 lists the main characteristics of the ALMA-IMF pro-
tocluster clouds, among which is their total cloud mass, Mg%“ﬁm,
integrated over the ALMA-IMF 1.3 mm image coverage. This
mass is computed from the 870 um flux of the clouds, Sg%’ﬁm,
using Eq. (1). Given that the temperatures of the brightest AT-
LASGAL sources, as measured in NHs, vary (Wienen et al.
2012, 2015; see also Fig. 7 of Csengeri et al. 2017), we assumed
Tause = 20 K, 25 K and 30 K, for the Young, Intermediate, and

Evolved clouds (as defined in Sect. 4.1), respectively. Assuming
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a single Ty = 20 K temperature would increase the mass of
Intermediate and Evolved clouds by 1.3 and 1.75, respectively.

4.1. Evolutionary stage of the ALMA-IMF protoclusters

We have improved the initial evolutionary stage classification of
the 15 protoclusters listed in Table 1, separating them between
Young, Intermediate, and Evolved protoclusters. Determining
the evolutionary stage of a pc?-size cloud is nontrivial because its
structures are expected to form continuously, concentrate, form
stars, heat, be partly ionized, and finally disperse. To this end,
we utilize two criteria: the 1.3 mm-to-3 mm flux ratio and the
free-free emission at the frequency of the H41a recombination
line. They both hinge on the assumption that as high-mass, gas-
dominated star-forming protoclusters evolve, they will host more
and more H m regions. Thus, the free-free emission is assumed to
increase over time as their H i1 bubbles expand and the number
of H 1 sources increases. We summarize in Fig. 4 the evolution-
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Fig. 3. (Continued) Three-color ALMA 12 m array images of the Intermediate clouds: G351.77 (in g), G008.67 (in h), G353.41 (in i), W43-
MMS3 (in j), and W51-e (in k). The coincidence of blue and green emission locates six HC or UCH 1 region bubbles (in g—k) and diffuse arc-like

emission of compact to extended H 1 regions (in i and k).

ary sequence of the 15 ALMA-IMF protoclusters that is defined
using these two criteria and from a visual inspection of Fig. 3.

We first computed the 1.3 mm-to-3 mm flux ratios of
ALMA-IMF clouds using their 1.3 mm and 3 mm 12 m array
bsens images (see Fig. 2 and Fig. 1 of Ginsburg et al. in press.).
For more evolved clouds, the free-free emission of compact and
developed H 1 regions (CH o — H ) can dominate at 3 mm,
while thermal dust emission would be the major component of
the 1.3 mm emission (e.g., Ginsburg et al. 2020). The 1.3 mm
to 3 mm flux ratio is therefore expected to decrease over time
from its value associated with thermal dust emission, to 0.9 for
a flat spectral energy distribution (a(v) = —0.1, e.g., Keto et al.
2008). The 1.3 mm (vge = 229.0 GHz; see Table D1 in Ginsburg
et al. in press.) to 3 mm (vgsz = 100.78 GHz) flux ratio of thermal
dust emission from clouds at T4, = 20 — 30 K (see Table 1) is
expected to be on the order of 20, assuming optically thin emis-
sion and with a dust emissivity index of 8 = 1.8, well suited
for clouds (Planck Collaboration et al. 2011). We integrated the
1.3 mm and 3 mm fluxes over the common 1.3 mm imaged
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area (see Table 4) and computed the ratios of integrated fluxes,
§elqud /S5oud In Table 4, the global ratios of the 15 clouds vary
from 0.8 to 15, with median values of ~8 and ~2 and 1 o disper-
sions of +4 and +3 for the IR-quiet and IR-bright cloud popula-

tions, respectively.

The evolutionary status derived from the 1.3 mm-to-3 mm
flux ratio is consistent with that derived from the 1.3 mm-to-
3 mm spectral index measured both between and within the ob-
served bands (Ginsburg et al. in press.). The 1.3 mm-to-3 mm
flux ratio suggests that, except for three clouds, the IR-quiet/IR-
bright classification of protoclusters using their mid-IR flux re-
mains valid. Among the exceptions, the IR-quiet protocluster
cloud G008.67 has a low 1.3 mm-to-3 mm flux ratio suggesting
that it does not qualify as being Young. Conversely, the IR-bright
protocluster clouds G327.29, G337.29, and G351.77 have high
ratios that conflict with their previous classification as evolved
objects. This tendency is confirmed in Fig. 3, which presents
the three-color ALMA images of the whole ALMA-IMF sam-
ple, using the 1.3 mm and 3 mm continuum emission for two
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Fig. 3. (Continued) Three-color ALMA 12 m array images of the Evolved clouds: G010.62 (in I), W51-IRS2 (in m), G012.80 (in n), and G333.60
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continuum (green), which is dominated in I-o by free-free emission. Red filamentary structures represent the few locations where thermal dust

emission dominates the continuum millimeter emission.

of the three color images (red and green). The ALMA imaging
indeed separates the cold cloud at the centers of both G327.29
and G337.92 from the developed H m regions lying at their pe-
ripheries (west of G327.29 and north of G337.92). A scaling by
the theoretical ratio of thermal dust emission at 20 K shows that
thermal dust emission dominates over the whole extent of six
protocluster clouds, which we classify as Young (see Figs. 3a—e).
Their mean flux ratio, S jlgfg WA glﬁﬁg ~ 11 with a 1 o dispersion
of +3, is smaller than the theoretical one, 20. Here diffuse free-
free emission is sporadically present at the peripheries of the tar-
geted clouds (as in Figs. 3a, e—f) and the extended emission is on
average filtered to scales 1.7 times smaller in the 1.3 mm images
than in the 3 mm images (see Sect. 3.2).

Owing to the uncertainties from the overall 1.3 mm-to-3 mm
flux ratios, we introduced a second criterion based on estimates
of the free-free continuum emission (shown in blue in the three-
color images, Fig. 3) using cubes of the H41a hydrogen recom-
bination line. For each ALMA-IMF cloud, we created an H41«a
image by integrating its spectral cube over the velocity extent of
the H41« line. The cloud H41« emission, S ;IZ;’( " is derived from
this image clipped at 5 o~ and integrated over the cloud area. As-
suming local thermodynamical equilibrium, the free-free emis-
sion of each ALMA-IMF cloud, S fee~fre s then computed fol-
lowing

Spee-tree = 1.432x 107 x ST, % v TH5 (1+ Nue/Nu) ™!, (2)
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Table 5. Gas mass distribution within ALMA-IMF protoclusters, from parsec-size clouds to structures with typical sizes of 0.1 pc and finally to

2100 au cores.

Protocluster ~ Spatial §fecovered Miggovered Number of Mo - MEovered ppeores cores
cloud name  resolution  within A;3mm  Within A; 3 extracted cores? within Aj3pum /. Mg%“ﬁm [ MEsovered /Mgg%““l’m
[au] yl' [Mo]*  sources [#, %] [Mo] (%] [%] [%]
(D 2 (€)) 4 (&) (6) 7 (8 9 (10)
W43-MMI 2430 10.4 6200 57 56 (98%) 872 46%  14% 6.5%
W43-MM2 2540 29 1700 43 38 (88%) 204 15%  17% 2.5%
G338.93 2080 3.0 890 51 51 (100%) 509 13% 57% 7.2%
G328.25 1350 1.4 180 18 18 (100%) 69 7% 38% 2.7%
G337.92 1460 5.1 720 38 37 (97%) 160 28% 22% 6.3%
G327.29 1650 16.9-164 2010 47 41 (87%) 497 41% 25% 9.7%
G351.77 1540 10.3-10.2 800 28 26 (93%) 277 32% 35% 11%
G008.67 2250 3.7-22 500 22 21 (95%) 126 16% 25% 4.1%
W43-MM3 2690 25-1.9 1100 35 34 (97%) 164 21% 15% 3.1%
W51-E 1640 30.1 -27.6 16 000 58 39 (67%) 743 48% 5% 2.3%
G353.41 1590 6.6-54 420 62 59 (95%) 132 17% 31% 5.3%
G010.62 2310 8.7-13.1 1500 61 47 (77%) 181 22% 12% 2.7%
W51-IRS2 2560 22.8-16.9 9600 117 96 (82%) 825 47% 9% 4.0%
G012.80 2110 22.3-17.7 860 82 65 (79%) 277 18% 32% 6.0%
G333.60 2330 34.8-6.8 2300 118 66 (56%) 461 22% 20% 3.8%

! Flux recovered by the ALMA 12 m array at 1.3 mm and integrated over the 1.3 mm imaged area. In the case of Intermediate and Evolved
protocluster clouds and G327.29, a second value, corrected for free-free contamination, is given by ignoring the 1.3 mm fluxes in areas where

the free-free emission dominates (as indicated by the H41«a image).

2 Mass recovered by the ALMA 12 m array computed from the total 1.3 mm fluxes corrected for free-free contamination (Col. 3, right value)

and using Eq. (3) with k) 3um = 0.01 cm? g7! and Ty, = 20 K.

3 Cores are sources extracted at 1.3 mm (Col. 5), whose emission consists of thermal dust emission. The sources of Col. 5, which are not
included in Col. 6 are candidate ionization peaks detected through their free-free emission.

* Assuming the same temperature for all type of clouds when measuring their total cloud mass, the gas mass concentration from 1 pc to 0.1 pc
cloud structures would be reduced by factors of 1.3 and 1.75 for Intermediate and Evolved clouds, respectively.
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Fig. 4. Evolutionary sequence of the ALMA-IMF protoclusters, assum-
ing that free-free emission increases over time. The 1.3 mm-to-3 mm
flux ratios decrease when the free-free emission dominates the ther-
mal dust emission at 3 mm. The provisional evolutionary stage of IR-
quiet and IR-bright protoclusters is indicated by filled and empty square
markers, respectively. Their revised evolutionary stage, from Young, to
Intermediate, to Evolved, are shown by green, orange, and red markers,
respectively.

where vy = 92.034 GHz is the rest frequency of the H41a line
and we assume an electron temperature of 7, = 8000 K and a
relative abundance of helium to hydrogen of Ny, /Ny = 0.08. We

finally converted the free-free emission, STe<-fe 0 a flux sur-

face density, Egjel;free =S giel;ﬁee [A13mm, inJy pc‘z. Table 4 lists

Zgj"l;ffee values, which are a good proxy for the average amount
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of ionized gas in ALMA-IMF clouds. These averaged surface
densities of free-free emission have the advantage of being inde-
pendent of the area of the imaged cloud and, here, A1 3 nn, ranges
from 1.3 pc? to 8.4 pc? (see Table 4). Because we designed the
survey to have matched sensitivity across all clouds, for $0.16 pc
emissions at the H41a frequency (see Sect. 3.2), and because
most of the free-free emission detected in ALMA 12 m array im-
ages arise from H n regions of small sizes (see Fig. 3), Zgjﬁ;“ee
does not have a strong distance dependence. The values given in
Table 4 can therefore be compared without strong bias from one
cloud to another.

The extrema of the present classification are the most in-
formative as they are more robust. Considering the IR-bright
sources, we observe that G333.60, G010.62, W51-IRS2, and

G012.80 all have strong flux surface densities, Zgjel;free ~

4 Jypc? with a 1 o dispersion of +2 Jypc~2, as well as com-
plex and extended H4 1« emission, positionally correlated 3 mm
and H41la emission, and low 1.3 mm-to-3 mm flux ratios,
S jlg‘:;]‘m /S glr‘;ﬂg ~ 1.3 with a dispersion of +0.4. These features to-
gether are consistent with advanced H 1 activity compared to the
other sources in our sample. These four protoclusters are there-
fore classified as Evolved. Turning next to the IR-quiet sources in
Csengeri et al. (2017), Young protoclusters are barely detected in
H41a, with flux surface densities of their free-free emission two
orders of magnitude smaller than those measured for Evolved

clouds, median X[ ~ 0.05 Jypc™ with a dispersion of

+0.04 Jy pc2, and with no coherent structure detected (see Ta-
ble 4 and Fig. 4).

In between these extrema, we identify the Intermediate pro-
toclusters, which have properties consistent with different as-
pects of both the Young and Evolved categories described above.
Namely, these protoclusters host both dense filamentary struc-
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tures traced by their thermal dust emission and a couple of small,
localized bubbles of ionized gas (see Fig. 3g-k). The latter are
generally qualified as hyper-compact H 1 (HCH 1) regions when
they develop in a dense, ~10% cm™>, medium and their extent
is smaller than 0.05 pc (Hoare et al. 2007). They become ultra-
compact H 1 (UCH 1) when they are more extended and develop
in a less dense medium, ~0.1 pc and ~10* cm™ (e.g., Kurtz
et al. 2000). These young H 1 regions are traced by their free-
free emission detected both in the 1.3 mm continuum emission
band and by the H4 1« recombination line. G351.77, W43-MM3,
WS51-E, and G353.41 are four IR-bright protocluster clouds that
present those characteristics (see Figs. 3g, i-k). In addition, the
G008.67 protocluster cloud, whose IR-quiet classification was
already questionable due to its low 1.3 mm-to-3 mm flux ra-
tio, displays an UCH 1 region, which qualifies it as Interme-
diate (see Fig. 3h). The flux surface densities of the free-free
continuum emission of Intermediate protocluster clouds, median
siee-fiee = 0.5 Jy pc™? with a 1 o dispersion of +0.3 Jy pc™?, is
about ten times lower than that of Evolved protocluster clouds
and ten times higher than that of the Young ones (see Table 4).

We therefore have set up three groups of protocluster clouds
according to their evolutionary stage. Six qualify as Young
clouds, five as Intermediate, and four as Evolved (see Table 4).
This classification is based on visual inspection of the distribu-
tion of free-free emission, continuum emission, and multiwave-
length continuum ratios, and thus incorporates a wealth of obser-
vational information. We robustly distinguish protoclusters de-
void of internal ionizing sources, those which harbor a couple
of HCH 11 or UCH 1 regions, and protoclusters whose structure
is intertwined with developed and bright H m regions. Figure 4
displays a good correlation between the two quantitative crite-
ria used here, suggesting that the variation in the spatial filtering
within the cloud sample (see Sect. 3.2) has no significant impact
on our classification.

As shown in Tables 1 and 4, the three classes of protoclus-
ters span the same range of distances to the Sun, demonstrating
that to first order no distance biases affect our classification. The
Young and Intermediate protocluster clouds are however much
smaller in size than the Evolved ones, their median values being
~2.1 pc? and ~2.6 pc? versus ~4.8 pc?. The total protocluster gas
masses of the Young, Intermediate, and Evolved clouds have me-
dian values within a factor of two from each other: ~6 x 10° M,
~3 % 10® Mg, and ~9 x 10°> Mo, respectively.

4.2. Population of cores in the ALMA-IMF protoclusters

The star-formation activity of the ALMA-IMF massive clouds,
and therefore the richness of the ALMA-IMF core database,
can be assessed by the number of cores one can detect. In
Paper III, Louvet et al. (in prep.) extracted sources from the
cleanest continuum images (see definition in Sect. 3.2) and
identified about 840 compact sources. Moreover, we showed that
using both the bsens and cleanest images (see definitions in
Sect. 3.2), the number of robust core detections could further
increase by a factor of up to ~2 (Pouteau et al. in prep.). Extract-
ing these additional sources requires careful treatment of the line
contamination to exclude emission peaks associated with line
rather than continuum emission. The additional sources are pre-
dominantly lower-mass cores and the fluxes of common sources
are consistent between the two approaches. One can also gain
in source detections using images where the cirrus noise is re-
duced by the Multiscale non-Gaussian Segmentation (MnGSeg)
technique (Robitaille et al. 2019). MnGSeg separates these cloud
structures, which are incoherent from one scale to another and

referred to as Gaussian, from the filaments and cores, which
are coherent structures and are associated with star formation.
Thus, the core database of the ALMA-IMF Large Program can
potentially contain about 1500 objects. To focus on cores that
are real density peaks, Louvet et al. (in prep.) excluded millime-
ter sources that could correspond to free-free continuum peaks,
that is, sources associated with inhomogeneities of H 11 regions
that develop in the ALMA-IMF protoclusters. This exclusion
marginally reduced the number of cores by ~5% in Young re-
gions, ~13% in Intermediate regions and reduced it further, by
~27%, in Evolved clouds. Table 5 lists, for each of the ALMA-
IMF clouds, the number of sources and cores, identified in the
cleanest images (see Louvet et al. in prep.). Sources are emis-
sion peaks whose size is limited by their structured background
and neighboring sources. We used here the multiscale, multi-
wavelength extraction method of sources and filaments getsf
that spatially decomposes the observed images to separate rel-
atively round sources from elongated filaments and their back-
ground cloud (Men’shchikov 2021). Cores are getsf sources as-
sociated with thermal dust emission. The number of cores per
protocluster at a given evolutionary stage, computed as the mean
values of Col. 6 of Table 5, correlates, as expected, with the me-
dian protocluster mass at this evolutionary stage, computed as
the mean values of Col. 5 of Table 1. Moreover, these provide a
roughly homogeneous surface number density of cores, which is
with our ~0.15 M, point mass sensitivity and ~2100 au resolu-
tion of ~12.9 cores per pc? with a 1 o dispersion of +1.6 cores
per pc?.

The core masses are computed from the 1.3 mm flux, S ioﬁém,
under the assumption of optically thin thermal dust emission. We
here adapted Eq. (1) to measure the cumulative mass of cores in
each ALMA-IMF cloud, Mff’;fflm, from the 1.3 mm flux of all
individual cores. We used the following equation, and provide
here a numerical application whose dependence on each phys-
ical variable is given, for simplicity, in the Rayleigh-Jeans ap-
proximation:

last core Si(g(;m d2 (3)
K13mm B1.3mm(Tdust)

Mcores

1.3mm —
i=first core

last core S ?O{e i Tgore i
~ 300 Mg x — [
ox 2 [ Ly )(ZOKJ

i=first core

% ( d )2 ( K1.3mm )1
3.9kpc) \0.0lcm2g-!) ~’
where kj3mm 1S the dust opacity per unit (gas + dust) mass at
1.3 mm. We chose kj3mm = 0.01cm? g‘1 (see Ossenkopf &
Henning 1994, with a gas-to-dust ratio of 100), a value adapted
to cores, which are generally dense and cold cloud structures. We
assumed a mass-averaged dust temperature of T4, = 20 K for
most of the ALMA-IMF cores. Dust temperatures are indeed ex-
pected to range from 15 K for shielded pre-stellar cores to 30 K
for low- to intermediate-mass protostellar cores. Our present
knowledge of the cores’ nature precludes fine-tuning their tem-
perature but future ALMA-IMF articles will address this point in
detail. A couple of bright 1.3 mm cores per massive cloud, how-
ever, are expected to host hot cores and thus should have much
higher dust temperatures estimated with, for example, CH;CN,
and CH3CCH lines (e.g., Ginsburg et al. 2017; Bonfand et al.
2017; Gieser et al. 2021, see also Sect. 4.5). From our experi-
ence (e.g., Motte et al. 2018b), we here assume T4y = 75 K for

2
the ten cores with fluxes larger than 400 mJy X (%jm) , which
would correspond to >120 M cores if Tqysr = 20 K is assumed
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(see Eq. (3)). According to Motte et al. (2018b) and Pouteau et
al. (in prep.), we estimate that about 20 cores (i.e., the most mas-
sive 3% of the core sample) could be partially optically thick.
Therefore, their masses would be underestimated by factors of
15%—-40% when using Eq. (3) (see, e.g., Motte et al. 2018b). We
estimated the absolute values of the core masses to be uncertain
by a factor of a few, and the relative values between cores to be
uncertain by ~50%.
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Fig. 5. Mass versus size distribution of the ALMA-IMF cores, com-
pared, for reference, to the mass-size relation of critical Bonnor-Ebert
spheres for T4, = 20 K (continuous line) and the location of 90% of
the core sample of Konyves et al. (2015) and Sanhueza et al. (2019)
(dark and light gray shaded areas at the bottom-right corner). The me-
dian (open markers) and 1 o dispersion (error bars) of the core distri-
butions for each group of Young (green), Intermediate (orange), and
Evolved (red) protocluster clouds are relatively homogeneous. The core
FWHMs are deconvolved from the beams, where the minimum decon-
volved size corresponds to a half-beam angular diameter and the largest
cores are not necessarily the most massive.

Figure 5 presents the mass-to-size diagram of the ~700 cores
extracted in the cleanest continuum images (see catalogs in
Louvet et al. in prep., and Table 5). Cores have deconvolved
sizes ranging from ~700 au to ~12 000 au, with a median value
of ~2 100 au. Their masses span more than three decades, from
~0.15 Mg to ~250 Mg, and are ~100 times and ~10 times denser
than the cores extracted in low-mass star-forming clouds and
infrared-dark clouds, respectively (e.g., Konyves et al. 2015;
Sanhueza et al. 2019, see Fig. 5). Naively, Fig. 5 implies that the
ALMA-IMF cores are gravitationally bound as all cores, with the
exception of seven, reside above the thermal value of the critical
Bonnor-Ebert mass (Mpg) for a certain radius (Rgg), assuming
Taust = 20 K:

c?
Mpgg =~ 2.4 % Rgg Eb, (4)
where c; is the isothermal sound speed and G is the gravitational
constant. The dynamical state of the cores, however, requires fur-
ther scrutiny of nonthermal motions associated with turbulence,
magnetic fields, and external pressure via the wealth of spectral
lines that we detect in ALMA-IMF. Core masses are approxi-
mately evenly distributed with size, independent of the evolu-
tionary classification of their host clouds. As shown in Fig. 5,
the median sizes and masses of cores in the Young, Intermediate,
and Evolved protoclusters are within factors of 14% and 15%
of each others, respectively. To more robustly compare the core
population of the ALMA-IMF clouds, one should convolve im-
ages to the same spatial resolution before extracting cores (see,
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e.g., Louvet et al. 2021) but this result, derived from images with
2100+ 400 au resolutions, already suggests a good degree of ho-
mogeneity in terms of cores’ size and mass ranges within the
ALMA-IMF cloud sample.

In Fig. 6, we plot the mass of each core as a function of
the mass and distance of its parental cloud. While cloud masses
span a decade, the ranges of the core masses are similar and do
not depend much on the cloud distance or evolutionary stage.
The lowest-mass cores detected in the ALMA-IMF protoclus-
ters have masses that depend on the spatial resolution and mass
sensitivity of the cleanest images. In the W51 and W43 proto-
cluster clouds, this sensitivity is particularly limited by the small
bandwidth used to estimate their line-free continuum emission
(Ginsburg et al. in press., see their Figs. 3—4). Interestingly, the
most massive ALMA-IMF clouds tend to host the most massive
cores, even if the mass of the these cores is computed with a dust
temperature of T, = 75 K. Based on the Spearman’s rank cor-
relation coefficient (Cohen 1988), we find a strong correlation
(ps = 0.65 and a low probability, p = 0.009, for no correla-
tion) between the mass of the host clouds and the most massive
core in each of them. Lin et al. (2019) found a similar trend for
larger cloud structures, while Sanhueza et al. (2019) found no
such correlation for cores in a sample of infrared-dark clouds.
Given that the latter clouds are five to ten times less massive than
the ALMA-IMF clouds, they could either represent earlier stages
of protocluster evolution, where the gas is not highly centrally
concentrated yet, or they could be progenitors of stellar clusters
that are less rich and form stars less massive than the ALMA-
IMF protoclusters. Within the ALMA-IMF clouds, we found 79
cores that have masses larger than 16 My and could represent
the precursors of high-mass stars, assuming a gas-to-star con-
version factor of 50% for these cores. High-mass star precursors
could be even more numerous if the core mass reservoirs are
fed by inflowing gas from filaments, as suggested by, for exam-
ple, Motte et al. (2018a) and observed by, for example, Csengeri
et al. (2011a); Olguin et al. (2021), or if cores host protostars
that have already accreted significant mass. This large number
of high-mass star precursors implies, for the ALMA-IMF pc-
size clouds, either a high star-formation efficiency (SFE ~ 22%
assuming the IMF of Kroupa 2001) or a lower, more typical,
star-formation efficiency with a top-heavy IMF.

The ALMA-IMF core catalog that is summarized in Table 5
and will be published in the companion paper Paper III (Louvet
et al. in prep.) is already rich enough to investigate variations in
the shape of the CMF. Deeper core extractions will allow indi-
vidual CMFs to be constructed for all ALMA-IMF protoclus-
ters and even their subregions. ALMA-IMF studies will look
for varying CMFs that must be related to (1) the evolutionary
stages of clouds determined in Sect. 4.1 and those of sub-clouds
as given by the number of protostars versus pre-stellar cores (see
Sects. 4.4-4.5), (2) the cloud mass and density structure partly
investigated in Fig. 6a and Sect. 4.3, and (3) the cloud kinematics
illustrated in Sects. 4.4—4.5. Due to the strategy chosen to image
the ALMA-IMEF protocluster clouds (see Sect. 3.1), there should
not be significant bias in spatial resolution, mass sensitivity, and
evolutionary stage with cloud distance (see Fig. 6b).

4.3. Distribution of gas mass from cloud to cores

The distribution of gas mass from the scale of clouds to the scale
of cores provides insight into the ability of clouds to form stars,
the star-formation efficiency (e.g., Louvet et al. 2014; Nony et al.
2021). Known to depend on the cloud environment in the Milky
Way (Nguyen Luong et al. 2011; Veneziani et al. 2013; Krui-
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Fig. 6. Distribution of the ALMA-IMF core masses as a function of the cloud mass (in a) and distance (in b) of each ALMA-IMF protocluster.
The most massive clouds, which also are the farthest, tend to host the most massive cores. The mass sensitivity and, consequently, the lowest-mass
core of each core catalog vary by factors of 2.5. There is no significant bias with the cloud distance to the Sun.

jssen et al. 2014), the star-formation efficiency also depends on
the relationship between stars and their cloud gas reservoir used
for protostellar accretion, and therefore between the IMF and
the CMF. Gas concentration can be investigated measuring den-
sity gradients (e.g., Didelon et al. 2015; Stutz & Gould 2016;
Alvarez-Gutiérrez et al. 2021), power spectra of the coherent
cloud structures associated with star formation using multi-scale,
multi-fractal techniques such as MnGSeg or the reduced wavelet
scattering transform (RWST) (Robitaille et al. 2019; Allys et al.
2019), or using less informative functions such as probability
distribution functions (e.g., Kainulainen et al. 2013; Schneider
et al. 2015; Stutz & Kainulainen 2015). Due to the low spa-
tial dynamic range (i.e., one to two orders of magnitude) of the
ALMA-IMF continuum images currently available (12 m array;
see Sect. 3.2), we limit our structural study here to ratios of
masses measured at three different physical scales.

The mass of each ALMA-IMF cloud and the cumulative
mass of their hosted cores are given in Tables 4-5, respec-
tively. In addition to these 1 pc- and 0.01 pc-size cloud and core
scale structures, the intermediate-scale structures recovered in
the ALMA 1.3 mm 12 m array images mostly consist of clumps
or filaments with characteristic sizes close to the largest angular
scale discussed in Sect. 3.2 (i.e., ~0.1 pc). For each protocluster,
the 1.3 mm fluxes, S rfg‘;‘;ffd, are integrated over the entire cloud
extent, as imaged at 1.3 mm. In the cases of Intermediate and
Evolved protocluster clouds, thermal dust emission fluxes are
estimated ignoring the 1.3 mm fluxes in areas where the free-
free emission dominates (as indicated by H41«a). The masses of
cloud structures recovered by ALMA at 1.3 mm, M{f’;"[rvlf;ed, are
then computed from these fluxes, using Eq. (3) and assuming a
temperature of Tq,s = 20 K whatever the evolutionary stage of
the clouds.

Table 5 lists the three mass ratios that quantify gas mass con-
centrations from its cloud to the clumps or filaments (1 pc to
0.1 pc), from clumps or filaments to cores (0.1 pc to 0.01 pc),
and from the cloud to its cores. Their absolute values are un-
certain, such as mass estimates, by a factor of a few but their

relative values possibly by less than 50%. The M{5oed /Mo

ratio measures the percentage of the cloud mass preferentially lo-
cated within dense filaments and cores. This ratio covers a wide
range of values with a median of ~22% and a 1o dispersion
of +13%. Similar values for the median and dispersion are ob-
served for the concentration of clump or filament mass within

cores: Mffgfﬁm/M;fg‘I’;ﬁed ~ 22% and 10 ~ *+13%. The large
relative dispersion observed for these two ratios of gas mass
concentration, 5;/2 =~ 0.6, partly arises from differences in the
interferometric filtering (see Table 2). However, since the the-
oretical filtering presents a 1o relative dispersion of 0.3 (see
Sect. 3.2), it cannot be the sole cause of the 0.6 dispersions of

the Aﬂeg‘r’;l’ﬁfed /Mg%“ﬁm and MSG /Mfg‘gged mass ratios. More-

over the concentration of the gas mass of clouds into cores, in-
dependent of any interferometric filtering, displays values simi-

larly dispersed around its median: M{%% /Mg%”/‘j w = 4.1% and

lo ~ +£2.6%, corresponding to a relative dispersion of 0.6. The
variations in gas mass concentration from 1 pc to 0.1 pc and
from 0.1 pc to 0.01 pc could therefore trace intrinsic physical
variations from one cloud to another. These variations in cloud
gas concentration will be investigated in the future in the context
of the mass and spatial distributions of cores, and in conjunction
with other cloud physical properties (mass, density, turbulence
level, and kinematics). When we compare the three subgroups
of clouds at different evolutionary stages, we find no signifi-
cant change in gas mass concentration over time. If confirmed,
this result suggests that the cloud structure remains the same in
young clouds and parts of evolved clouds outside H u regions.
If the spatial filtering does not change too much our mass ra-
tio measurements, the feedback effects of stars on clouds would
therefore remain very limited as long as their H 1 regions do not
extend over the entire cloud.

4.4. Gas kinematics in massive molecular clouds

In dynamical scenarios, molecular clouds are moving structures
from birth to death (e.g., Ballesteros-Paredes et al. 2020). They
form by the collision of H1 gas streams or cloud-cloud col-
lision, they constantly evolve and eventually disperse, notably
due to feedback effects such as protostellar outflows, Hm re-
gions, and supernovae. In quasi-static scenarios, on the other
hand, clouds are formed by the slow agglomeration of gas, and
they evolve little until their dispersion under the effects of stellar
feedback (McKee & Ostriker 2007). Observational studies from
the past decade have reported intense gas motions on and around
filaments: global infall of the gas surrounding filaments (e.g.,
Williams & Garland 2002; Peretto et al. 2007; Schneider et al.
2010; Galvan-Madrid et al. 2010; Jackson et al. 2019; Bonne
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locations. Ellipses in the lower-left corners represent the angular resolutions of the N,H*(1-0) in a and 1.3 mm continuum images in b.

et al. 2020); oscillations and rotation of filaments (e.g., Stutz
& Gould 2016; Alvarez-Gutiérrez et al. 2021); hub-type sub-
filament accretion (e.g., Galvan-Madrid et al. 2013; Peretto et al.
2013; Nakamura et al. 2014; Trevifio-Morales et al. 2019; Chen
et al. 2019), braiding of sub-filaments (also called fibers) into fil-
aments or ridges (Schneider et al. 2010; Hennemann et al. 2012;
Henshaw et al. 2014; Hacar et al. 2018; Gonzalez Lobos & Stutz
2019); and local gas infall toward cores (Galvan-Madrid et al.
2009; Csengeri et al. 2011a; Olguin et al. 2021). A few studies
have also reported large-scale low-velocity shocks in high-mass
star-forming regions, traced by SiO molecular line emissions
(Jiménez-Serra et al. 2010; Sanhueza et al. 2013; Nguyen-Luong
et al. 2013; Louvet et al. 2016). Such emission could emerge as a
consequence of the formation of high-mass star-forming regions
through cloud-cloud collision.

The ALMA-IMF line data cubes contain several emission
lines necessary to trace the gas kinematics (velocity gradients,
infall, rotation, turbulence level, and shocks) of cloud struc-
tures from the average 10* cm™> gas density of massive clouds
up to the 107 cm™3 density of cores. The Large Program setup
indeed notably covers, with increasing critical density (ne =
1 x 10* — 5 x 10° cm™), the C'30 (2-1), N,H* (1-0), DCO* (3-
2), DCN (3-2), N,D* (3-2), and '3CS (5-4) emission lines (see
Table 3). The constraints obtained for these different lines, along
with shock lines such as SiO (5-4), will be combined in future
work to quantify the kinematics of molecular clouds and pro-
toclusters over two orders of magnitude in physical scale, from
one parsec to one hundredth of a parsec. The multi-scale kine-
matics of each ALMA-IMF cloud can then be confronted with
theories of global infall, hierarchical collapse, or inertial inflow
(e.g., Smith et al. 2009; Vazquez-Semadeni et al. 2019; Padoan
et al. 2020) and observational models of rotation, oscillation, or
clump-fed accretion (e.g., Braine et al. 2020; Stutz 2018; Motte
et al. 2018a).

The first ALMA-IMF studies focus on the NoH* (1-0) line,
which traces gas filaments crossing the protocluster clouds. Fig-

Article number, page 20 of 27

ure 7a displays, for the G353.41 protocluster, the line centroid
velocity of the isolated hyperfine satellite of the NoH* (1-0) mul-
tiplet (JF1 F =101 — 012, at ~93.176 GHz). With this sin-
gle piece of information, one can already identify three possible
velocity components, separated by ~2 km s~!. The first one, at
—18 km s™', crosses the cloud from southeast to northwest. The
second one, at —16 km s~!, presents a “V” shape from north-
east to the center region and finally northwest and the last one,
at —14 km s~!, extends from northeast to center. These veloc-
ity components are globally filamentary and may represent fil-
aments that interact at the central hub of G353.41, which hosts
four intermediate-mass cores (>10 My; see Fig. 6) including an
UCH 1 region (see Figs. 21 and 31; see also Table 4).These fila-
mentary components exhibit significant velocity differences cor-
responding to a crossing time on the order of 2.5 10> Myr (1 pc
at 4 kms™'); they may therefore play an important role in the
building up and continued growth of the dense structures of the
G353.41 cloud.

Figure 7b presents, for the same isolated hyperfine satellite
of the N,H* (1-0) multiplet, the velocity width of the line con-
sisting of all velocity components and fitted by a single Gaus-
sian. While the line generally appears to have width on the order
of 0.5 — 1.5 km s~!, the multiple velocity components observed
on the line of sight of the overlapping areas of these filamen-
tary components mimic line broadening with velocity widths
larger than 3 km s~!. Disentangling the multiple velocity com-
ponents is necessary to properly study the complex dynamics of
the region. Overall, the filament network of Fig. 7 is reminis-
cent of the fan morphology observed for other intermediate- to
high-mass hubs (e.g., Peretto et al. 2013; Nakamura et al. 2014;
Lu et al. 2018; Trevifio-Morales et al. 2019; Gonzalez Lobos
& Stutz 2019). As shown in Fig. 7b, these dense filaments host
many continuum cores, with the most massive ones at their po-
tential connection-hub.

A major challenge of the ALMA-IMF project is to quantify
the mass growth of cores as a function of environment. The mass
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of the gas channeled through these filaments should therefore be
measured to estimate the mass inflow accretion rates toward each
of the detected cores. We started investigating the nature of the
cores detected by Louvet et al. (in prep., see also Sect. 4.2). An
important goal is to compare pre-stellar and protostellar CMFs,
as was done for example by Hatchell & Fuller (2008). To this
end, we use the CO (2-1) and SiO (5-4) lines to search for out-
flows driven by continuum cores; cores with and without out-
flows are therefore called protostellar and pre-stellar cores, re-
spectively. In parallel, a detailed characterization of the outflows
through their CO (2-1) and SiO (5-4) emission will allow us to
reach three objectives: reveal the episodicity of the accretion-
ejection processes, as done by, e.g., Nony et al. (2020), constrain
the turbulence level injected by the outflows into ambient molec-
ular gas on cloud scales (e.g., Li et al. 2020) at the different evo-
lutionary stages, and search for molecular outflows of peculiar
morphology (e.g., Tafoya et al. 2021).

Due to the higher sensitivity of future measurements using
the wealth of spectral lines (see Table 3 and Sect. 4.5), includ-
ing the entire NoH* (1-0) line multiplet in combined 12 m plus
7 m plus Total Power data cubes, the conditions (optical depth,
excitation temperature), radial and line-of-sight velocities, and
line widths in the ALMA-IMF protoclusters will be determined
in detail in future work. In turn, these measurements will per-
mit the evaluation of potential changes in dense gas properties
with evolutionary stage (see Sect. 4.1) and core properties (see
Sects. 4.2 and 4.5).

4.5. Hot cores and molecular complexity in high- and
low-mass protostars

Emission lines of COMs originating from bright hot cores or
chemically rich protostars are present over multiple, if not all,
ALMA bands. With a 6.4 GHz noncontinuous bandwidth, corre-
sponding to 2.9 GHz covered by four spectral windows at 3 mm
plus 3.5 GHz covered in eight spectral windows at 1.3 mm, the
ALMA-IMF data will reveal the molecular content of a large
population of objects (see Sect. 3.2 and transitions in Fig. 8 and
Table 3). Cores extracted in the ALMA-IMF protoclusters cover
a broad range of masses, 0.15 — 250 M, and all evolutionary
stages from pre-stellar cores, to protostars, to HCH 1 regions
(see Sect. 4.2 and Fig. 5). The brightest cores frequently dis-
play line-rich spectra associated with hot molecular gas (see,
e.g, Fig. 8). Indeed, several well-known hot cores are within
the ALMA-IMF images, especially in all the Evolved clouds,
G010.62 (Liu et al. 2010; Law et al. 2021), W51-IRS2 (e.g.,
Henkel et al. 2013), G012.80 (Immer et al. 2014), and G333.6
(Lo et al. 2015). Other well-studied hot cores include those
in the Intermediate clouds G351.77 (e.g., Leurini et al. 2008),
G008.67 (e.g., Herndndez-Hernandez et al. 2014), and W51-E
(e.g., Zhang et al. 1998; Rivilla et al. 2017) and one in the Young
G327.29 cloud (Wyrowski et al. 2008; Bisschop et al. 2013).

A first-look analysis of ALMA-IMF data cubes concerning
hot molecular gas indicates that all the targeted protoclusters,
even the youngest ones, contain at least one core with line-rich
spectra. In particular, the 10 brightest continuum sources from
Table 5, corresponding to cores with masses >25 My assum-
ing Tqust = 75 K (see Sect. 4.2), all exhibit numerous transi-
tions from COMs in all spectral bands and thus are potential
hot cores. This trend suggests that the hot core phase would ap-
pear very early in the evolutionary sequence of the formation of
high-mass stars and massive clusters. While most protoclusters
classified as Intermediate or Evolved are associated with known
hot cores, several of the youngest ALMA-IMF protoclusters

host previously unrecognized (e.g., G337.92 and W43-MM2)
or recently identified hot cores (W43-MM1, Molet et al. 2019),
or a hot core precursor (G328.25 Csengeri et al. 2019). Fig-
ure § displays, the complete ALMA-IMF spectrum of the well-
known hot core located in the G351.77 protocluster cloud, also
known as IRAS 17233-3606 (e.g., Leurini et al. 2008). A large
number of transitions from COMs commonly observed toward
hot cores are clearly detected, the brightest of which originate
from the CH3OH, CH3CN, CH3CCH, CH3OCHO, C2H5CN,
and CH3CHO molecules (see Fig. 8). These lines will be used
to assess and statistically compare the molecular content of the
thousand cores detected by ALMA-IMF (see Table 5). Among
these transitions, those of the CH3;OH, CH3CN, and CH;CCH
molecules can serve as excellent probes of the physical condi-
tions of hot molecular gas (e.g., Gieser et al. 2021). They can
be used to estimate kinetic temperatures, column densities and
molecular abundances. Temperature estimates based on molec-
ular tracers will put additional constraints on the average dust
temperatures, and hence will allow us to better characterize the
properties of protostars and improve their mass estimates. Heav-
ier COMs and rotational transitions from vibrationally excited
states such as CH3CN (vg = 1) in Fig. 8 should be detected
toward some of the most massive ALMA-IMF cores, thus pro-
viding further constraints on their excitation conditions.

The sensitivity of the ALMA-IMF data cubes at 1.3 mm
reaches about 0.5-1 K at 1 kms™! resolution (see Sect. 3.2
and Fig. 8). This sensitivity is largely sufficient to detect, in the
ALMA-IMF clouds, a hot core such as Orion-KL that exhibits
spectral lines with peak brightness temperatures of ~20-30K in
a 2000 au beam (e.g., Brouillet et al. 2015; Pagani et al. 2017).
Archetypical hot corinos, such as IRAS 16293 or IRAS 4A with
sizes of at most a few 100 au (Jgrgensen et al. 2016; Belloche
et al. 2020), would themselves remain undetected in our survey
because of the large beam dilution. Preliminary investigations
of the ALMA-IMF data cubes suggest, however, that line tran-
sitions typical of hot cores are detected toward cores of low to
intermediate masses (i.e., 2 —4 My; e.g., Motte et al. 2018b). Al-
together, based on a first look analysis of the detection rates of
COMs toward cores of the W43-MM1, W43-MM2, and W43-
MM3 protoclusters (Brouillet et al. in prep.), we expect to iden-
tify one to five cores with line-rich spectra in each ALMA-IMF
cloud, giving statistics of 15 — 75 high-mass and intermediate-
mass hot cores.

The advantage of the ALMA-IMF survey to study the molec-
ular complexity is that it provides a large sample of hot cores
and various cloud environments undergoing dynamical events
(gas inflow and protostellar outflows; see Sect. 4.4), all studied
with the same physical scale, sensitivity, and spectral coverage.
Recent studies of molecular complexity show that, in addition
to the classical radiative heating corresponding to hot cores, a
range of physical processes may lead to the emergence of emis-
sion from COMs. For example, significant amounts of COMs
are released in the gas phase through shocks created by proto-
stellar outflows (such as L1157-B1 and IRAS 4A, e.g., Lefloch
et al. 2017; De Simone et al. 2020), in externally heated regions
(such as Orion-KL and photodissociation regions; Favre et al.
2011; Pagani et al. 2019; Le Gal et al. 2017), and through accre-
tion shocks (as observed toward G328.25, Csengeri et al. 2019).
Beyond the emergence of COMs, ALMA-IMF also covers sev-
eral deuterated molecules as well as isotopologues from abun-
dant species such as CH3;CN, CH3;OH, OCS, and H,CO. Mea-
surements of the deuteration and isotopic fractionation provide
indications of physical conditions that may impact the chemistry.
Therefore, the physical processes and the chemistry driving the
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Fig. 8. ALMA-IMF spectrum, consisting of the 12 spectral windows of the 12 m array data cubes, observed for the brightest 1.3 mm source of the
G351.77 protocluster. Located at (RA, Dec)icrs=(+17"26"42¢51, —36°0917.53"), this hot core is associated with a core that has a ~15-30 M,
mass assuming optically thin thermal dust emission at T4,y = 50 — 100 K. The spectra have been converted to a brightness temperature scale in
kelvins using the respective synthesized beam values. The brightest spectral lines are identified with colored labels.

emergence of molecular complexity in high-mass protostars and 5. Conclusion

dynamically evolving clouds could be statistically established 7 . . .
with ALMA-IMF and then further compared to chemical models ﬁi‘ﬁﬁ'g/ﬂ: 715 a Cg(%e 51 PLa.rge P rograIm Came‘,i 10ut dvf?th
(see Garrod & Herbst 2006; Ruaud et al. 2016; Holdship etal. 1125 ;‘1’ dm’ aI; 5 ota 0"5‘“ affayi- ts potentia (;m frit
2017). This goal is particularly important for emerging hot cores, llg .1g ts based on [2 m array data can be summarized as fol-
as they offer excellent laboratories to study the early warm-up OW%:

phase chemistry. 1. We selected 15 massive (2 — 33 x 10> M), nearby (2.5 —

5.5 kpc) protoclusters that span early protocluster evolution-
ary stages (see Sect. 2 and Table 1). ALMA mosaics cover
total noncontiguous areas of ~53 pc? at 1.3 mm and ~122 pc?
at 3 mm in the typical yet extreme environments of the

7 #2017.1.01355.L, PIs: Motte, Ginsburg, Louvet, Sanhueza; see
http://www.almaimf.com
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Milky Way clusters in formation (see Fig. 1). The ALMA-
IMF spectral setup was carefully designed to focus on lines
tracing gas motions from clouds to cores. In addition, the
ALMA-IMF setup covers a 6.4 GHz noncontinuous band-
width at 3 mm (Band 3, 99.66 GHz) and 1 mm (Band 6,
228.4 GHz) used to survey lines from COMs.

2. The ALMA-IMF data set is homogeneous, with approxi-
mately matched point mass sensitivity and physical resolu-
tion across the protocluster sample that spans a factor of ~3
in distance. Hence, the key feature of our approach is the lack
of significant distance bias, which enables robust, synergistic
science on the emergence of the IMF and star clusters. The
ALMA-IMF database consists of 1 mm and 3 mm continuum
images that are sensitive to ~0.18 M and ~0.6 M, point-
like cores, respectively, at a matched spatial resolution of
~2100+400 au (see, e.g., Fig. 3). Moreover, the ALMA-IMF
data set contains many emission lines that trace dense molec-
ular gas, outflows, shocks, COMs probing hot cores, and re-
combination lines that trace the ionized gas (see Sect. 3 and
Table 3). The whole ALMA-IMF data set is processed with a
pipeline® described in Paper II (Ginsburg et al. in press.), in
which we have carried out a homogeneous, repeatable, and
high-quality reduction.

3. We improved the evolutionary stage classification of the
15 protoclusters based on visual inspection and quantitative
measurements of the distribution of free-free and thermal
emission (see Sect. 4.1 and Table 4). Four protoclusters are
classified as Evolved based on their advanced H m activity
compared to the other sources in our sample. They present
strong, complex, and extended free-free emission traced by
the H41e line and 3 mm continuum (see Figs. 31-o and
4). Six protoclusters are classified as Young based on be-
ing devoid of internal ionizing sources (see Figs. 3a—f and
4), with free-free emission two orders of magnitude smaller
than those measured for Evolved clouds. In between these
extrema, Intermediate protoclusters host both dense filamen-
tary structures traced by their thermal dust emission and
small, localized bubbles of ionized gas (see Figs. 3g—k and
4).

4. The ALMA-IMF core catalog contains ~700 cores spanning
~0.15 Mg to ~250 M., with a median size of ~2 100 au (see
Fig. 5, Table 5, and Sect. 4.2). This core sample, published in
Paper III (Louvet et al. in prep.), has no significant bias with
cloud distance or cloud evolutionary stage (see Figs. 5-6).
Within the ALMA-IMF clouds, we found 79 cores that have
masses larger than 16 M, which could represent the precur-
sors of high-mass stars, assuming a gas-to-star conversion
factor of 50% for these cores. The most massive protoclus-
ter clouds tend to host the most massive cores, even if the
masses of such cores are computed with a dust temperature
of Tqust = 75 K (see Fig. 6). Core catalogs of Louvet et al. (in
prep.) will be used to build CMFs and study their variations
with cloud characteristics and evolutionary stage.

5. ALMA-IMF has the ability to constrain the distribution of
gas mass from the scale of clouds to the scale of cores and
thus provide insight into the star-formation efficiency. Due to
the current dynamic range, however, we limit our structural
analysis to mass ratios that quantify the gas mass concentra-
tion from cloud to clumps or filaments (1 pc to 0.1 pc), from
clumps or filaments to cores (0.1 pc to 0.01 pc), and from
cloud to cores (see Table 5). Initial results on the concentra-
tion of cloud gas into cores suggest that stellar feedback has

8 see https://github.com/ALMA-IMF/reduction

little effect on the structure development of high-density gas
(see Sect. 4.3).

6. The ALMA-IMF line data cubes contain all the emission
lines necessary to trace the gas kinematics (velocity gradi-
ents, infall, rotation, turbulence level, and shocks) of cloud
structures from the average 10* cm™ gas density of mas-
sive clouds up to the 107 cm™ density of cores (see Table 3
and Sect. 4.4). The constraints obtained for these different
lines, along with shock tracing lines such as SiO (5-4), will
be combined to quantify the kinematics of molecular clouds
and protoclusters over two orders of magnitude in physical
scale, from one parsec to one-hundredth of a parsec. In par-
ticular, the NoH* (1-0) line shows networks of filaments that
may trace inflow gas streamers (see, e.g., Fig. 7). They will
be traced down to the scale of cores to potentially quantify
the growth of core masses and the evolution over time of the
shape of the CMF.

7. ALMA-IMF has the potential to identify several tens of cores
that exhibit line-rich spectra potentially corresponding to hot
cores (see, e.g., Fig. 8 and Sect. 4.5). Beyond the well-known
hot cores hosted in Evolved protoclusters, we also cover
several regions where completely new, bright hot cores can
be recognized. The detection of COMs toward the bright-
est sources suggests that the hot core phase appears early in
the emergence of high-mass protostars. Thanks to the simi-
lar sensitivity and spatial resolution toward each protocluster,
we will be able to perform a homogeneous characterization
of their molecular content and use spectroscopic tracers to
constrain the emerging molecular complexity in protostars
of high to intermediate mass.

The ultimate objective of ALMA-IMF is to push forward our
understanding of the IMF of stars and stimulate improvements
to star-formation models, taking the effects of cloud characteris-
tics and evolution into account. To this end, we will provide the
community with a high-legacy database of protocluster clouds,
filaments, cores, hot cores, outflows, and inflows at matched sen-
sitivity. We emphasize that ALMA-IMF spans a Milky Way-
relevant sample that captures the range in gas mass and evolu-
tionary stages necessary to achieve this legacy value.
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Fig. A.1. Mass versus size distribution of the ATLASGAL clumps se-
lected for the ALMA-IMF survey (highlighted with squares; see Fig. 1),
compared to the rest of the Csengeri et al. (2017) sample at distances
between 1 kpc and 5.5 kpc. ATLASGAL clumps targeted by ALMA-
IMF are among the brightest and most concentrated. For more details
on the selection criteria, see Sect. 2.

Appendix A: The most massive ATLASGAL clumps
at 2-5.5 kpc

Figure A.1 presents the basic characteristics of the ALMA-IMF
clumps, taken from the catalog of Csengeri et al. (2017). Ta-
ble A.1 lists the most extreme clumps from the Csengeri et al.
(2017) catalog. This list served as a first step in our source selec-
tion. In addition to the source position and association to molec-
ular complexes and IRAS sources, we also list projects from the
ALMA archive that cover these positions.
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Table A.1. Massive ATLASGAL clumps that have §int

$70um > 25 Jy fluxes and are located between 2 kpc and 5.5 kpc from the Sun.

ATLASGAL & common' d Ref.? Evolutionary S §§n7tO,um3 ALMA Molecular
names [kpc] d stage’ [Jyl projects complex’
G049.4888-0.3882 / W51-E / W51 Main 5.4+0.3 (1 IR-bright 113.2 (1), (8a,b), (9) W51
(10), (11), (12)
G333.6036-0.2130 / G333.60 / IRAS 16183-4958 4.2+0.7 2) IR-bright 97.4 (€)) RCW106
G012.8057-0.1994 / G012.80 / W33-IRS3 2.4+0.2 3) IR-bright 924 (1), (5a) W33
G351.7747-0.5369 / G351.77 / IRAS 17233-3606 2.0+0.7 4) IR-bright 81.8 (1), (3), (13), (14) G353
G327.2921-0.5792 / G327.29 /| RCW97 2.5+0.5 2) IR-bright 71.2 (1), (15) G327
G353.4102-0.3611 / G353.41 / IRAS 17271-3439 2.0+0.7 4) IR-bright 68.4 1,3 G353
G010.6237-0.3833 / G010.62 / W31 495+0.5  (5) IR-bright 54.9 (1), (5a) , (14b) W31
(16), (17)
G333.1341-0.4314 / IRAS 16172-5028 4.2+0.7 ) IR-bright 54.2 2),3), @ RCW106
G338.9249+0.5539 / G338.92 3.9+1.0 ) IR-quiet 53.3 (1), (2), (18)
G049.4897-0.3697 / W51-IRS2 / IRAS 19213+1424  5.4+0.3 (1 IR-bright 52.0 (1), (8a,b), (10) W51
(G332.8262-0.5493 / IRAS 16164-5046 4.2+0.7 ) IR-bright 51.4 (2), (5a), (3) RCW106
G348.7260-1.0391 / IRAS 17167-3854 3.4+0.3 (6) IR-bright 434 2) RCW122
G030.8166-0.0561 / W43-MM 1 5.5+0.4 ™ IR-quiet 423 (1), (19a,b) w43
(20a,b), (21)
(G328.8087+0.6328 / IRAS 15520-5234 2.5+0.5 ) IR-bright 40.6 G327
G333.2841-0.3868 4.2+0.7 ) IR-bright 37.5 2), (4) RCW106
G049.4908-0.3792 / W51-Main 5.4+0.3 (1) IR-bright 36.9 (1) in W51-E field W51
G337.9154-0.4773 / G337.92 / IRAS16274-4701 2.7+0.7 4) IR-bright 36.6 (1), (5a), (5b), (6), G337
G301.1365-0.2256 / IRAS 12326-6245 4.2+0.7 2) IR-bright 345 (2), (5), 3)
G327.3005-0.5509 / IRAS 15492-5426 2.5+0.5 2) IR-bright 323 G327
G337.4052-0.4024 / IRAS 16351-4722 2.7+0.7 (5) IR-bright 31.7 (2), (5b), (3), (6) G337
G008.6702-0.3557 / G008.67 3.4+0.3 2) IR-quiet 30.6 (1), (5b), (22)
G322.1581+0.6354 / RCW92 3.2+1.1 2) IR-bright 30.3
G329.0303-0.2022 / IRAS 15566-5304 2.5+0.5 2) IR-quiet 29.4 3) G327
G330.8788-0.3681 / IRAS 16065-5158 4.2+0.7 2) IR-quiet 28.1 RCW106
G019.6084-0.2346 / IRAS 18248-1158 3.6+0.8 2) IR-bright 27.6 (@)
G326.6577+0.5941 / IRAS 15408-5356 / RCW95 2.5+0.5 2) IR-bright 26.2 G327
G305.2083+0.2063 / IRAS 13079-6218 3.5+2.0 (8) IR-bright 26.1 2),(3), @
G030.7016-0.0672 / W43-MM?2 5.5+0.4 @) IR-quiet 25.1 (1), (20c) w43
G328.2551-0.5321 / G328.25 2.5+0.5 2) IR-quiet 15.0 (1), (23) G327
G030.7173-0.0822 / W43-MM3 5.5+0.4 @) IR-bright 11.7 (1), (2), (20c) W43

! ATLASGAL name (underlying their Galactic coordinates) from Csengeri et al. (2017) together with adopted name for ALMA-IMF (underlined
names) as well as other most common names.

2 References for the distance to the Sun: (1) Sato et al. (2010); (2) Csengeri et al. (2017); (3) Immer et al. (2013); (4) This paper ; (5) Sanna et al.
(2014); (6) Reid et al. (2014); (7) Zhang et al. (2014); (8) Russeil (2003).

3 Evolutionary stage and 870 um integrated fluxes, taken from Csengeri et al. (2017).

4 Observed as part of the: (1) ALMA-IMF Large Program #2017.1.01355.L, by Motte, Ginsburg, Louvet, Sanhueza et al. (B6+B3 mosaics); (2)
Large Program #2019.1.00195.L (B6) by Molinari, Schilke et al.; (3) Program by Liu et al. #2019.1.00685.S (B3); (4) Program by Barnes et al.
#2019.1.01031.S (B3, mosaic); (5) Programs by Leurini et al. a) #2016.1.01347.S, b) #2017.1.00377.S (B6+B3, mosaics); (6) Program by Hacar et
al. #2018.1.00697.S (B3, mosaic); (7) Program by Se-Hyung et al. #2013.1.00266.S (B3); (8) Programs by Ginsburg et al. a) #2013.1.00308.S (B6,
mosaic) and b) #2017.1.00293.S (B3); (9) Program by Kim et al. #2015.1.01571.S (B6); (10) Program by Goddi et al. #2015.1.01596.S (B6); (11)
Program by Su et al. #2016.1.00268.S (B3); (12) Program by Rivilla et al. #2016.1.01071.S (B3); (13) Program by Beuther et al. #2015.1.00496.S
(B6); (14) Program by Sanhueza et al. a) #2017.1.00237.S and b) #2016.1.01036.S (B6); (15) Program by Schilke et al. #2016.1.00168.S (B6,
mosaic); (16) Program by Gerin et al. #2013.1.01194.S (B3); (17) Program by Zhang et al. #2015.1.00106.S (B6); (18) Program by Fuller et al.
#2015.1.01312.S (B6); (19) Program by Motte et al. a) #2013.1.01365.S (B6, mosaic) and b) #2015.1.01273.S (B6, mosaic); (20) Program by
Louvet et al. a) #2015.1.01020.S (B6), b) #2018.1.01787.S (B3) and c) #2017.1.00226; (21) Program by Kim et al. #2018.1.01288.S (B6); (22)
Program by Shirley et al. #2017.1.01116.S (B3, B6); (23) Program by Csengeri et al. #2019.2.00093.S (B3).

5 Name of the molecular cloud complex hosting the ATLASGAL clump.
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