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Abstract

This review examines the state-of-the-art knowledge of high-mass star
and massive cluster formation, gained from ambitious observational sur-
veys, which acknowledge the multi-scale characteristics of these pro-
cesses. After a brief overview of theoretical models and main open
issues, we present observational searches for the evolutionary phases
of high-mass star formation, first among high-luminosity sources and
more recently among young massive protostars and the elusive high-
mass prestellar cores. We then introduce the most likely evolutionary
scenario for high-mass star formation, which emphasizes the link of
high-mass star formation to massive cloud and cluster formation. Fi-
nally, we introduce the first attempts to search for variations of the star
formation activity and cluster formation in molecular cloud complexes,
in the most extreme star-forming sites, and across the Milky Way. The
combination of Galactic plane surveys and high-angular resolution im-
ages with submillimeter facilities such as Atacama Large Millimeter
Array (ALMA) are prerequisites to make significant progresses in the
forthcoming decade.
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1. INTRODUCTION

High-mass stars, also called OB stars, have luminosities larger than 10 L, spectral types
of B3 or earlier, and stellar masses from 8 M up to possibly more than 150 Mg (Martins
et al.||2008). From their births to their deaths, high-mass stars are known to play a major
role in the energy budget of galaxies via their radiation, wind, and supernovae events.
Despite that, the formation of high-mass stars remains an enigmatic process, being far less
understood than it is for their low-mass (solar-type) counterparts. Solving the mystery of
the high-mass star-formation process is important for itself but it is also fundamental to
fully constrain the origin of the initial mass function (IMF) and the formation of massive
star clusters and to provide accurate star-formation recipes such as star-formation rate
(SFR) and IMF for extragalactic studies and numerical simulations.

Theoretical models proposed for the formation of high-mass stars tried to solve the
UV radiation pressure problem (Wolfire & Cassinelli||1987)). Stars reaching a few 10 Mg
masses and a few 10% Lg luminosities were indeed supposed to develop a pressure barrier
halting further accretion. Most recent 3D modeling mostly solved this problem by show-
ing that equatorial accretion can continue for ionizing protostar embryos (e.g., Krumholz
et al.|2009; Kuiper et al.[2011]). Competing concepts for high-mass star formation currently
are (a) monolithic collapse of a turbulent, pre-assembled core in Virial equilibrium (e.g.,
McKee & Tan|[2002, |2003; [Hosokawa & Omukai|[2009), (b) protostar collision and coales-
cence in very dense systems (e.g., [Bonnell, Bate & Zinnecker|[1998; |Bonnell & Bate|/2002]),
and (c) competitive accretion in a protocluster environment through Bondi-Hoyle accretion
(e.g., Bonnell et al.|2001; Murray & Chang||2012)) and/or gravitationally-driven cloud in-
flow (Smith, Longmore & Bonnell 2009; Hartmann, Ballesteros-Paredes & Heitsch|{2012]).
Numerical simulations are now able to form stars with masses of up to 40 — 140 Mg stars
thanks to non spherical accretion, improved radiation transfer, and feedback effects such
as heating and ionization (e.g., [Yorke & Sonnhalter||2002; |Krumholz et al.|[2009; Kuiper
et al.[2010,[2011). Modeling the formation of higher mass stars may remain a challenge (see
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2015). For a complete description of high-mass star-formation theories, readers
are directed to reviews by, e.g.,|Zinnecker & Yorke (2007)), Beuther et al.|(2007a), Tan et al.|

(2014)), and [Krumbholz/ (2015)).
The main open issues on high-mass and massive cluster formation include the following:

How different are the processes, that form high-mass stars and massive clusters with respect
to their low-mass analogs? How is high-mass star formation linked to the formation of their
parental clouds and descendant clusters? Does it vary across the Milky Way? Observational
constraints take time to gather because understanding star formation and especially high-
mass star formation requires studies over several decades of spatial scales and densities.
Furthermore, studying the formation of high-mass stars and their companion low-mass stars
implies dissecting their parental protoclusters. The latter are complex structures composed
of molecular gas and stars in the making, generally located at more than 1 kpc from the Sun,
and largely embedded within high-density clouds. Investigating high-mass star and massive
cluster formation thus requires high angular resolution imaging at far-IR to (sub)millimeter
wavelengths over large areas of the Milky Way. Because we suspect high-mass star-forming
regions to be exposed to shock waves, powered by cloud collision, infall motions, OB stellar
winds, and ionization fronts, studying both cloud structures and kinematics is mandatory.

This observational review follows those done by, e.g., |Churchwell (2002)), Zinnecker &/
[Yorke| (2007) and Beuther et al.| (2007a). We intentionally refrain from discussing detailed
characteristics of high-mass precursors, such as disk and binary formation or chemistry

evolution, because observational constraints remain sparse and are based on studies of a few
very luminous objects. In the remainder of this review, we characterize the evolutionary
phases of high-mass star formation as defined from large surveys of infrared-bright (IR-
bright) to infrared-quiet (IR-quiet) objects (see Sect. , pointing out their strengths and
biases. We end up proposing the most probable evolutionary scenario for the formation of
high-mass stars in relation to source statistics and cloud kinematics. We then investigate
the importance of cloud characteristics to form high-mass stars and massive stellar clusters
and present initial searches for variations across the Milky Way (see Sects. [3{{4]). Finally,
we point out directions of improvement for the coming decade (see Sect. )

2. HIGH-MASS STAR FORMATION

Unlike the case for low-mass stars (see, e.g., |Shu, Adams & Lizano|[1987; |[André, Ward-|
[Thompson & Barsony|[2000), there is no observational evolutionary sequence that is firmly

established for high-mass star formation. One of the main differences between high-mass
and low-mass stars is that the radiation field of a massive star plays a more important role
during its whole life and already in its formation phase. Theoretically, a massive protostellar
embryo heats and eventually ionizes the gas of its surrounding envelope, creating an HII
region that develops by expanding within the cloud (see the Stromgren theory in
1975).

Despite the lack of an evolutionary sequence, a nomenclature of high-mass star pre-
cursors exists. Following that of low-mass stars, objects associated with the first phase
of high-mass star formation have been called massive starless clumps, high-mass prestellar
cores, massive cold molecular cores, or even IR-dark clouds (IRDCs). High-mass prestel-
lar cores would be pre-assembled, gravitationally bound cores that will form individual
high-mass stars or binaries. The nature of larger-scale cloud structures remains unclear.
In the subsequent phase, high-mass star precursors have been named massive protostars,

www. annualreviews.org * High-mass star and massive cluster formation in the Milky Way



high-mass protostellar objects (HMPOs), protostellar massive dense cores (MDCs), or hot
molecular cores (HMCs). These collapsing cloud fragments qualify as high-mass protostars
when they have the ability to form a high-mass star binary but not a full cluster. The final
phase corresponds to HII regions being from hyper-compact to classical. Below, following
the chronological order of the bibliography and thus going backward in time for high-mass
star formation, we present surveys, th at have discovered and characterized such objects (see
Sects. . For a meaningful comparison of the precursors of high-mass stars identified
by these studies (see Table , we choose to use and extend the terminology recommended
by (Williams, Blitz & McKee| (2000): cloud complexes have ~100 pc sizes, clouds ~10 pc,
clumps are ~1 pc cloud structures, dense cores have ~0.1 pc, and individual cores ~0.01 pc

sizes. Interestingly, individual protostars are observed with ~0.02 pc or 3000 — 5000 AU
sizes and may not further subfragment [Bontemps et al.| (2010b)); [Palau et al|(2013); Beuther|
. In the following, the term protostar is used to refer to a protostellar embryo
surrounded by a protostellar envelope/core, not the protostellar embryo alone.

Table 1

(right) star formation

Cloud structures of a few reference studies of high-mass (left) and low-mass

Source HMPOs IRDCs MDCs, Isolated Clustered
fragments, prestellar pre- or protostellar
Nature clumps clumps dense cores cores cores
FWHM [pc] ~0.5 ~0.5 0.1-0.2 ~0.08 ~0.007
Mass [Mg] ~290 ~150 ~ 150 ~b ~0.15
<np, > [em™3] | ~6 x 10*  ~5x 104 ~2 x 108 ~2 x 10° ~2 x 107
dgun [kpc] 0.3—-14 1.8-17.1 1.4 0.14 — 0.44 0.14
References (1) (2), (3), (4) (5), (6) (7), (8) (8)

References: (1)|Beuther et al.| (2002a)); (2) |Rathborne, Jackson & Simon| (2006)); (3) |Butler & Tan| (2009);
(4) [Peretto & Fuller] (2010); (5) 2007): (6) (2010); (7) [Ward-Thompson, Motte
(1999); (8) [Motte, André & Neri (1998).

Because high-mass stars represent less than 1% of the stars (when integrating the IMF
by , observing a statistically significant sample of high-mass star precursors
requires probing cloud complexes more massive than any of the Gould Belt clouds, including
Orion. The present knowledge of high-mass star formation is mainly based on surveys of
the most nearby, massive cloud complexes that are more massive than Orion (see Sect. .

2.1. Evolution from Hin regions back to IR-bright protostars

Because high-mass stars are luminous (above 10 Lg) on the main sequence, from the 1980s
to the end of the 1990s their precursors have been searched for among sources strongly emit-
ting UV or IR radiation. Massive young stellar objects that have developed an HII region
are strong free-free emitters at centimeter wavelengths and have thus been studied in great
details for several decades (see, e.g., |Churchwell 2002). In his ARAA review,
proposed an empirical evolutionary scenario, based on ionization expansion,
leading from ultra-compact Hil (UCHII) regions to compact HII regions, and then classi-
cal/developed HII regions. It has been completed with a new class of objects qualified as

hyper-compact Hiis (HCHis, [Hoare et alf[2007). The physical size, density, line profile,

and spectral index of HII regions detected in the radio centimeter and recombination line
surveys are the main characteristics used in this empirical classification. The smallest HiI
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regions, UCHI1s and HCHiis, that have more to tell about the process of high-mass star
formation have ~0.1 pc and <0.05 pc sizes, respectively, and ~10* cm ™2 and ~10° cm ™3
densities, respectively (Kurtz et al.[2000; [Hoare et al.||2007). HCHII regions themselves

could correspond to a very early phase of HII regions, quenched by infalling gas, or to

high-mass protostars, whose photo-evaporating disks and ionized accretion flows or jets are
detected at centimeter wavelengths (e.g., [Keto|[2003} [Hoare et al.|[2007).
In 1989, Wood & Churchwell started searching for the youngest HII regions by using

the Galaxy-wide survey of high-luminosity IR sources provided by the IRAS point source
catalog. They applied the Log(Fsopm/Fizum) > 1.3 and Log(Fasum/Fi2um) > 0.57 color-
color criteria to select bright red TRAS sources that could correspond to young stellar
objects with a stellar embryo more massive than 8 M. The resulting catalog contains 1646
sources spread near and far across the Galaxy. Most of these sources indeed are UCHII
regions, but some of them could even be in the earlier protostellar phase.

Many authors have searched for protostellar objects within the Wood & Churchwell
catalog of ITRAS sources (e.g., Bronfman, Nyman & May||[1996; [Plume et al.|[1997; Walsh|
[et all|[T998} [Molinari et al|2000} [Sridharan et al][2002} [Mueller et al|2002; [Faundez et al.
[2004} Hill et al|[2005). They postulated that protostellar objects were all high-luminosity
IR sources embedded within massive envelopes that have not yet developed an HII region.

These authors have thus investigated the association of the Wood & Churchwell sources with
dense gas, detected through for instance CS molecular lines or millimeter continuum, with a
hot core through detection of complex molecules, and/or with masers. They checked for the
absence of any HII region via no or weak emission at centimeter wavelengths. These sources,
in the pre-UCHII phase, have been named differently in each of the papers referenced
above, but two of these names remained: HMCs (Garay & Lizano|[1999; Kurtz et al.||2000)
or HMPOs (Beuther et al.|[2002a). The main drawback of these large samples is their
inhomogeneity in terms of distance and thus spatial scales. Following the terminology of
(Williams, Blitz & McKee| (2000), these IRAS-selected sources spanning 0.1 to 10 pc scales
are dense cores, clumps or even clouds, each of them associated sometimes loosely with at

least one bright IR source.

One of the best-studied sample by Beuther et al| (2002a)) contains 69 HMPOs, which
are located at 300 pc up to 14 kpc from the Sun. The median HMPO (see Table is thus
a clump, i.e. a ~1 pc cloud structure hosting several individual high-mass protostars with

expected 0.02 pc sizes (e.g. [Beuther et al|2015). HMPO clumps closely associated with

IRAS sources are good candidates to contain IR-bright high-mass protostars.

Several attempts to derive an evolutionary sequence for high-mass star formation have
been made in these surveys by using three types of diagnostics: hot core chemistry enrich-
ment, maser types, and luminosity. Because the warm inner parts of high-mass protostellar
envelopes evolve with time, the physical and chemical properties of a hot core (e.g., its size,
temperature, molecular abundances, and associated masers) can in principle be used as a
clock (e.g., [Helmich & van Dishoeck![1997; |Garay & Lizano|[1999). Both methanol and OH
masers are associated with hot cores formed during the high-mass star formation process
(see catalogs by, e.g., [Pestalozzi, Minier & Booth[2005; |Walsh et al.[|2016). A timeline based
on masers has been proposed with OH masers generally associated with HII regions and

methanol masers at 6.7 GHz exclusively tracing the earliest protostellar phases (e.g.,

let al|[2005}; Breen et al|[2010). Besides, because a high-mass star is expected to grow in

mass across its formation process, its luminosity should increase. The envelope mass to
bolometric luminosity ratio, M/L, can thus be used to qualitatively separate the early or
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ISO: The IR Space
Observatory was
designed to image
selected areas at 2.5
to 240 pm.

MSX: The
Midcourse Space
Experiment is a
military satellite
experiment, which
mapped the Galactic
plane at 4 to 21 pum.

Spitzer: This space
observatory
performed
continuum imaging
and spectroscopy at
3.6 — 160 pm. One
of its three
instruments is still
partly operable.

Herschel: This space
observatory was
equipped with the
largest IR telescope
ever launched and
three instruments
(SPIRE, PACS,
HIFI) sensitive in
photometry and
spectroscopy to the
far IR and
submillimeter
wavebands

(70 — 500 pm).

late state of evolution of a high-mass protostellar object (e.g., [Sridharan et al|[2002}
2017)). Because the evolutionary sequences proposed for high-mass star formation
before the decade 2000 are almost exclusively based on follow-up studies of bright sources

found by IRAS, they are biased against its earliest phases, which are expected to be colder
and thus [R-quiet. To make progress, dedicated unbiased surveys of the IR-quiet phases of
high-mass star formation were therefore required.

2.2. IR-quiet high-mass protostars

The precursors of UCHII regions and IR-bright protostars could be the high-mass analogs
of low-mass prestellar cores and Class 0 protostars and thus massive cloud structures, cold
enough not to be detected by near- to mid-IR surveys. For the past ten years, they have
been searched for through mid-IR, far-IR, and (sub)millimeter surveys. In this section,
we review the major studies that indeed found precursors of IR-bright protostars, with
luminosity lower than 10® — 10* Lg and size varying from 1 pc to 0.01 pc.

2.2.1. Serendipitous discoveries. The first good candidates for being IR-quiet precursors of
high-mass stars have been found by two different observational methods. The first one uses
high-density tracers, often submillimeter continuum, to map the surroundings of high-mass
IR-bright objects associated with well-known HII regions, HoO or CH3OH masers, or I[RAS
sources. Many of these mappings have serendipitously revealed some dense and massive
cloud fragments which remain undetected at mid-IR wavelengths (e.g.,
[[is]2003} [Garay et al][2004; [Hill et al 2005} [Klein et al. 2005} [Sridharan et al.|2005} [Beltran|
et al[[2006; Thompson et al.[|2006}; Beuther & Steinacker|[2007). These studies are evidently
plagued by very low-number statistics and large inhomogeneity because the cloud fragments

identified this way have sizes ranging from 0.1 pc to more than 1 pc.

A second method is to search for compact sources within cold clouds seen in absorption
against the diffuse mid-IR background of square degrees images taken by the ISO, MSX,
Spitzer, and Herschel space observatories. Indeed, these absorption features, referred as
IRDCs, could be the footprints of cold cloud structures (see, e.g., Figure. These IRDCs
surveys provide large samples of IR-quiet sources generally located at large and inhomo-

geneous distances from the Sun (e.g., [Pérault et al.|/[1996} Egan et al||1998; [Simon et al.|
[2006a} [Butler & Tan|[2009} [Peretto & Fuller|2009). Their existence and gas content gener-
ally are confirmed by maps of high-density cloud tracers (e.g.,|Carey et al.|[2000} [Teyssier,|
[Hennebelle & Pérault]|[2002} [Simon et al.|[2006b; [Rathborne, Jackson & Simon|[2006} [Ragan]
let al|[2006; |Sakai et al.||2008). Even in the most recent studies by Butler & Tan| (2009)
and [Peretto & Fuller| (2010), the selected sources, called in their paper IRDC cores or frag-
ments, have the 0.1 — 1 pc sizes and should harbor several collapsing protostars and/or
prestellar cores (see Table . Their large-scale structure often resembles filament hubs
(see Figure , as initially proposed by .

The sources identified above are definitively colder and less luminous than the high-
mass IR-bright sources discussed in Sect. 10 — 20 K versus 30 — 100 K and 102 —
10® Lo versus >10* Lg. They could be either starless clumps or clumps hosting IR-
quiet protostars, depending on the existence of protostellar activity signatures such as

outflows, hot cores, or masers. Given their large size and moderate mass (see Table ,
many of them are however probably not dense enough to form high-mass stars in the near

future. This statement is confirmed by recent observations (Ragan et al.|2006; Rathborne|
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IRDCs seen in (a): extinction in the Spitzer three-color image (red=24 pm, green=8 pm, and
blue=3.6 um) and in (b): Hs column density in a map constructed from the 8 pm extinction.

Fragments/MDCs are the ~0.1 pc substructures seen within ~1 pc IRDCs/ clumps connecting
toward a hub. Adapted from |Peretto & Fuller| (2010) with permission.

as well as statistical arguments provided by the complete catalog of Spitzer
IRDCs in the Milky Way (see |Peretto & Fuller|2009). Inspired by the sequence from
Class 0 to Class I observed for low-mass protostars (e.g.,/André, Ward-Thompson & Barsony|
, the ratio of submillimeter to bolometric luminosity has also been employed for OB-
type protostellar objects separating massive Class 0-like from high-luminosity protostellar
objects (with Lsubmm/Lbol > 1%, see e.g., [Molinari et al.||[1998} Motte, Schilke & Lis|[2003}
[Molinari et al|2008). Only a dozen of sources identified by the above methods were studied

with enough spatial resolution, spectral energy distribution (SED) coverage, and follow-up

studies to qualify as high-mass equivalent of Class 0 protostars (Hunter et al.|[1998}; Molinaril
et al.||[1998; [Sandell|[2000; (Garay et al.|2002; [Sandell & Sievers||2004)).

2.2.2. Surveys within entire molecular cloud complexes. To go beyond, one needed to
search, in a systematic and unbiased way, for high-mass analogues of prestellar cores, Class 0
and Class I protostars. If they exist and are somewhat similar to their low-mass counter-
parts, one should look for small-scale cloud fragments: ~0.02 pc for protostars
and 0.02 — 0.1 pc for prestellar cores. They should also be massive enough to
allow the formation of a couple of high-mass star, leading to huge volume-averaged densi-
ties, nu, = 10° — 10® em™®. High-mass star progenitors should therefore be best detected
via (sub)millimeter or far-IR dust continuum (see Figure [2)). This happens to be the
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Herschel surveys of nearby, massive molecular cloud complexes

HOBYS, the Herschel imaging survey of OB Young Stellar objects (Motte et al|/2010, see http:hobys-
herschel.cea.fr), aims at making the census of MDCs in essentially all the molecular cloud complexes at less
than 3 kpc (7 out of the 10 molecular complexes of Table [3|in Sect. . Its wide-field photometry part
with both the SPIRE and PACS cameras along with the necessary interferometric follow-ups is expected to

multiply by large factors the number of high-mass analogs of Class 0 protostars known before 2010.

Among the three most nearby, massive molecular cloud complexes not targeted by HOBYS, Carina was
imaged with Herschel by [Preibisch et al| (2012) and G345 and Vulpecula were covered by the Herschel
imaging of the Galactic Plane survey (Hi-GAL, Molinari et al|2010). Completing the imaging of entire
molecular complexes, Herschel focused on several clumps forming high-mass stars (e.g.,|Zavagno et al.|2010;
[Ragan et al|2012a).

The three-color Herschel images (red =250 um, green =160 pm, and blue=70 pm) obtained for the

ten most nearby, massive molecular complexes are given in Appendix (see also Motte et al.|2010; Molinari

et al.|2010; Nguyén Ludng et al.2011a; Hill et al.|2012; [Preibisch et al.2012; [Fallscheer et al. 2013 [Rivera-

Ingraham et al.||2013} |Schneider et al.|2016]).

IRAM: The Institut
de RadioAstronomie
Millimétrique
operates, at 850 pm
to 3 mm, a 30 m
radiotelescope and
the NOEMA
interferometer, soon
consisting of twelve
15 m antennas.

APEX: The Atacama
Pathfinder
Experiment is a

12 m telescope
optimized at 350 um
to 1 mm.

ALMA: The
Atacama Large
Millimeter Array is
the largest
submillimeter
interferometer with
fifty 12 m and twelve
7 m antennas,
optimized at 450 um
to 3 mm.

CSO and JCMT:
The 10 m Caltech
Submillimeter
Observatory and
15 m James Clerk
Maxwell Telescope
were/are working
from 450 pm to
1-3 mm.

wavelengths domain of ground-based (sub)millimeter telescopes like the IRAM 30 m and
APEX, of the Herschel space observatory, and of submillimeter interferometers such as
NOEMA and ALMA. To achieve sufficient spatial resolution and statistics, it is judicious
to focus on the closest molecular cloud complexes which are actively forming OB stars.
Ten such complexes were identified at intermediate distances, 1.4 to 3 kpc (see Sect. ,
ensuring reasonable ~0.1 pc resolution with past and present single-dish submillimeter fa-
cilities: HPBW= 8" — 19" with IRAM 30 m, APEX, and JCMT, 33" with CSO and
HPBW= 6" — 36" with Herschel. With ~0.1 pc typical sizes, these so-called MDCs are
intermediate cloud structures between clumps like IRDCs or HMPOs and individual cores
forming single stars or binaries (see Table . See the sidebar titled Herschel surveys of
nearby, massive molecular cloud complexes. As discussed in Sect. the amount of molec-
ular gas contained in these ten most nearby, massive molecular cloud complexes should
statistically permit studying the precursors of OB stars with masses up to 20 Mg. Multi-
tracer studies of such complexes are thus expected to provide more statistically significant
and more homogeneous samples of precursors of high-mass stars than any of the studies
discussed in Sect. 2211

Among the most active star-forming complexes at less than 3 kpc, Cygnus X is the one
that has caught most of the attention. According to Schneider et al.| (2006)), this region is
dominated by a massive (3.4 x 10° Mg) molecular complex, tightly associated with several

OB associations, the largest being Cyg OB2. It is located at only 1.4 kpc from the Sun
. The high-density clouds of Cygnus X have been completely imaged
in millimeter continuum with the IRAM 30 m and as part of Herschel/HOBYS
let al.|[2007; |Hennemann et al[2012; [Schneider et al.|[2016| see Figures|3). The millimeter
imaging survey of the entire Cygnus X molecular complex has revealed hundreds of 0.1 pc
dense cores, among which ~42 proposed to be massive enough, >40 Mg, to be MDCs (see
Table [I).

Similar studies have been done for the NGC 6334-6357 and Carina MDCs using a

Motte et al.
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SEDs built from Herschel and Spitzer fluxes of in (Left): the IR-quiet NGC6334-I(N) MDC and
in (Right): the IR-bright J104418.1-602744 MDC in Carina. When compared to modified
blackbody models, the far-IR to submillimeter fluxes of NGC6334-I(N) and J104418.1602744
suggest 26 K and ~50 K envelopes. More complex models by, e.g., Robitaille et al.|(2007) are
necessary to fit the complete SED of IR-bright MDCs. Adapted from |Tigé et al. and
|Gaczkowski et al.| (2013) with permission.

millimeter imaging of the complex (Russeil et al|[2010) and Herschel images
[2017} |Gaczkowski et al[|2013). As for the most remote star-forming regions, they have
right-away been imaged with submillimeter interferometers to pinpoint 0.1 pc MDCs (e.g.,
[Beuther et al.|2007b} [Zhang et al.|2009} [Wang et al.|[2011} [Louvet et al.|2014)).

Prototellar MDCs distinguish from starless MDC candidates discussed in Sect. by
the fact that they drive outflows, power hot cores and masers, and/or are associated with

mid-IR Spitzer emission. Outflows are traced by high-velocity wings of, e.g. CO or SiO,
molecular lines or suggested by extremely green Spitzer objects (EGOs) while hot cores are
detected through line forests (e.g., [Motte et al.|[2007; [Cyganowski et al.|[2011; [Wang et al.|
[2011} Louvet et al|[2016). Before the advent of Herschel, [Motte et al| (2007)) proposed to
use the mid-IR fluxes detected toward MDCs to identify high-mass IR-bright MDCs, with
a luminosity larger than 10® L and thus a protostellar embryo larger than 8 Mg. In this

scheme, IR-quiet prototellar MDCs would themselves consist of a couple of stellar embryos
of mass smaller than 8 My buried in a 0.1 pc MDC of mass larger than 40 M. IR-quiet
protostellar MDCs were thus recognized as small scale, 0.1 pc, and dense, 106 cm ™2, cloud
fragments with no or weak mid-IR emission (Fai1,m <10 Jy, [Motte et al|[2007) but clear
signposts of high-mass protostellar activity. With Herschel, a much more direct classification
arises from the complete SED one can build for MDCs. While IR-quiet protostellar MDCs
can generally be described by simple modified blackbody models, IR-bright protostellar
MDCs display clear mid-IR, 4 — 70 pm, excesses (compare Figures[2). Interestingly,
showed that the Menv/Lbol ratio one can derive from such well-constrained
SEDs is consistent with the classification made by solely using the mid-IR flux threshold
proposed by Motte et al| (2007). In Cygnus X, 17 MDCs qualify as good candidates for

www. annualreviews.org ¢ High-mass star and massive cluster formation in the Milky Way

1
100



10

Figure 3

The Cygnus X molecular cloud complex imaged in (Left): at 1.2 mm with the IRAM 30 m and in
(Right): at 250 pm, 160 pm, and 70 um (RGB) with Herschel. The mosaics approximately cover
the northern part of Cygnus X (Left) and the 5° x 2.5° (or 120 pc x 60 pc) area of the complete
Cygnus X complex (Right). Left: At the center of the CygX-North complex, one finds a

5 pc-long dominating filament called the DR21 ridge. It contains half of the Cygnus X MDCs.
Right: The blue diffuse emission corresponds to the photo-dissociation region associated with the
massive Cyg OB2 cluster. Earlier stage star-forming sites are themselves seen as pink filaments
and MDCs. Adapted from Motte et al.| (2007) and |Schneider et al.| (2016)) with permission.

hosting IR-quiet high-mass protostars, i.e. protostellar embryos of masses smaller than
8 Mg surrounded by 0.02 pc envelopes massive enough to form at least one high-mass star
(Motte et al.[2007). As a matter of fact, the five most massive IR-quiet MDCs have been
confirmed to host nine individual high-mass protostars, driving outflows (Bontemps et al.
2010Db)).

The velocity dispersion of IR-quiet MDCs, estimated from the width of molecular lines

Motte et al.



such as NHsz, NoH*, or NoD™, are ompes ~ 1 —2 kms™' (e.g., [Ragan et al.|[2006} 2012b;
[Bontemps et al][2010b} [Csengeri et al][2011al [Wienen et al][2012} [Kauffmann, Pillai &
|Goldsmith|[2013} | Tan et al|[2013). Therefore, despite the high level of turbulence measured
in IR-quiet MDCs, they are virially supercritical and should be collapsing. It recalls the
global hierarchical collapse model of |[Vazquez-Semadeni et al.| (2009, 2017) and Ballesteros-|
[Paredes et al.| (2011)), where velocity dispersions caused primarily by infall motions decrease

with physical scales. The alternative interpretation is, as in the turbulent core model
of [McKee & Tan| (2002), that IR-quiet starless MDCs and prestellar cores are supported
against collapse by a strong magnetic field, which unfortunately remains difficult to measure

(see Sect. [2.4).

2.3. Lifetime of high-mass star precursors and protostellar accretion rate

2.3.1. High-mass protostellar lifetime. The surveys mentioned in Sects. 2:I]and 2:2:2] allow,
for the first time, getting statistical lifetime estimates for each of the embedded phases of
high-mass star formation (see Table. Entries in Tableare ordered by spatial scales and
evolutionary stages. High-mass star precursors, far from being mutually exclusive, form a
Russian-doll structure, reflecting both the surveys resolution limitation and the hierarchical
structure of clouds (see terminology in Sect. .

Table 2 Characteristics and lifetime estimates of high-mass star precursors

Median Envelope Density Statistical References
FWHM Mass < ng, >*? LifetimeP:©
[pc] Mo] [em—?] [yr]

Massive starless clumps ~0.5 100 — 10*  10% — 10° <1-3x10* (1),(2),(3),(4)
UCHII regions ~0.1 1—103 103 —10° ~3 x 10° (5),(6)
IR-bright MDCs ~0.1 40 — 103 10° - 107 0.6 — 0.9 x 10° (1),(2),(7)
TR-quiet MDCs ~0.1 40 — 103 10% — 107 0.5—1x 10° (1),(2),(7)
Starless MDCs ~0.1 30 — 80 ~108 <1 x 10* (1),(8),(9),(10)
IR-bright high-mass protostars ~0.024 ~1.2 x 10° (7)
IR-quiet high-mass protostars ~0.02 10 — 100 108 — 108 ~2 x 10° (11),(12),(7)
All high-mass protostars ~0.02 >10 ~107 ~3 x 10° (13),(7)
High-mass prestellar cores 0.01 —0.14 >304 10°-107 4 <1-7x10% (13),(7)

# Median value of the volume-averaged density, averaged over the a sphere with a FWHM diameter:

— Mass _ : ;
< nH, > = %wumH(FWHM/2)3 , where p = 2.8 is the mean molecular weight qKauHmann et a1.||2008P,

and my is the hydrogen mass.
® The numbers of OB3 stars in Cygnus X and thus the statistical lifetimes of MDCs have been corrected
from the values given in (see Table 5 of.
¢ To estimate the lifetime of individual protostars and prestellar cores, protostellar MDCs are assumed
to host ~2 protostars (see Sect.[2.3.1] [Bontemps et al.|2010b)), while starless MDCs could host at most
one high-mass prestellar core (see Sect.[2.6.1] [Tigé et al|[2017).
d Characteristics, which is postulated and thus not (yet) measured.
References: (1) @007): (2) @010); (3) 2016); (4)
(et al] @011): (5) (1959); (6) @) (7) @) (3)

Butler & Tan| (2012); (9) [Tan et al| (2013); (10) [Peretto et al| (2014); (11) [Bontemps et al| (2010b); (12)
Louvet et al.|(2014); (13) [Duarte-Cabral et al.| (2013])).

From a Galactic plane survey of bright and red IRAS sources, [Wood & Churchwelll
estimated that the typical lifetime of the UCHII phase was about 10° yr. This has
recently been confirmed by statistical lifetimes determined by [Mottram et al| (2011) for
compact HII regions carefully identified by the Red MSX Source (RMS) survey (Lumsden
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2013)), ~3 x 10° yr (see Table . These lifetimes are substantially longer than the
timescale predicted by the Stromgren theory, initiating the so-called lifetime problem of

UCHIs (e.g.,|Churchwell|2002). The latter has recently been solved by simulations showing

a fast decrease of the expansion velocity from its initial sound speed value in ionized gas

and thus longer expansion times (see |[Didelon et al.|2015, and references therein).

When ground- or space-based submillimeter surveys make a complete census in a sin-
gle molecular cloud complex, their sample covers every embedded phase of high-mass star
formation, the IR-bright and IR~quiet protostellar phases, the starless/prestellar phase if
it exists (see Sect. , and to a lesser extent the UCHII phase. The evolutionary stage
of MDCs/clumps within these samples is estimated thanks to searches of protostellar ac-
tivity signatures such as mid-IR, outflow, maser and hot core emission and searches of HiI
signatures like free-free centimeter emission. These complete studies provide the statisti-
cal base to derive the lifetimes of precursors of UCHII regions and consequently the first
estimate of the high-mass protostellar lifetime. Estimated relatively to the known age and
numbers of OB stars in the molecular complexes surveyed, typically hundreds of sources of
a few 10° yr, the lifetimes of IR-quiet and IR-bright MDCs in Cygnus X and NGC 6334 are
tiRquict—MDC ~ 5 — 6 x 10* yr and tRbright—Mpc ~ 8 —9 x 10* yr, respectively
[2007; Russeil et al|2010} see Table [2). Interestingly, using a much larger but less homoge-
neous sample of IR-bright massive protostellar objects (Galaxy-wide, with 0.1 — 1 pc sizes),
a similar lifetime value was found for the IR-bright phase of high-mass protostars (Mottram
. The protostellar MDC lifetime, derived from the Cygnus X and NGC 6334
samples, thus is tmpc ~ 1.5 x 10° yr, which roughly corresponds to twice the estimated

free-fall time for MDCs, Tg_wmpc ~ 9 x 10* yr. This result is consistent with the idea that

MDCs collapse in a few free-fall times, as suggested by Wyrowski et al| (2016). But we

mention a word of caution anyway: Statistical lifetimes are subject to large observational
uncertainties and free-fall times depend on the unconstrained gas density before collapse.
Moreover in the scenario of Sects. [2.6.2] and [3.2] cores feed from their surrounding during
bursts of star formation, making such estimates loose all their significance.

The relevance of single-dish (sub)millimeter and far-IR surveys for discussing the sta-
tistical protostellar (and prestellar) lifetime of high-mass stars is limited by the fact that
they do not have the necessary angular resolution to pinpoint individual cores forming
high-mass stars in high-pressure environments. To alleviate this difficulty one can observe
MDCs at higher-angular resolution with (sub)millimeter interferometers. A handful of
IR-quiet MDCs in Cygnus X and several massive fragments of IRDCs were studied using
IRAM/NOEMA (Bontemps et al.|[2010b; Beuther et al|[2015), SMA (Zhang et al.|[2009;
[Rathborne et al|2011; Wang et al.|[2011} [2014), and ALMA (e.g., |Peretto et al.[2013;
. Unfortunately, only a few of these studies reach the ~0.02 pc size of individual
protostars (Bontemps et al.|2010b; [Wang et al.|2011] [2014). At this scale, interferometric
observations revealed a large concentration of the gas into a few massive cores and much

fewer low-mass cores than predicted by the IMF (see FigureLeft). In contrast to IR-quiet
objects, IR-bright MDCs and HMPOs fragment into a large number of low-mass fragments

as expected in the thermal Jeans process (Palau et al.|2015; |Cyganowski et al.|[2017). How-

ever, protostellar feedback (heating, outflow, etc...) distorts the envelope structure and
makes fragmentation level more difficult to study without a good dust temperature model

or a complete modeling of the radiative transfer (Beuther et al.|2007b} [Leurini et al2007;

2013). In Table 2] lifetime estimates of IR-bright MDCs therefore assume the

same fragmentation level as for the better-constrained IR-quiet MDCs.

Motte et al.
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The only two high-mass prestellar core candidates known to date, in (Left): CygXN53-MM2
discovered in Cygnus X and in (Right): G11P6-SMA1 in IRDC G11.11-0.12. Their neighboring
high-mass IR-quiet protostars CygXN53-MM1 and G11P6-SMA2 drive outflows. Cores and
envelopes are traced by submillimeter continuum from Bontemps et al.| (2010b) (1 mm, 1500 AU
resolution, color scale and contours in Left) and from |Wang et al|(2014) (880 pm, ~2500 AU
resolution, contours in Right). Left: 12CO high and low-velocity line wings locate the red and
blue lobes (contours) of the protostellar outflow. Right: Spitzer 8 um color-scale image, which
separates IR-quiet high-mass cores (G11P6-SMA1 and SMA2) from IR-bright protostars.
Adapted from |Duarte-Cabral et al.|(2013) and |[Wang et al.| (2014) with permission.

In Cygnus X, nine high-mass IR-quiet protostars have been identified within the 5
surveyed IR-quiet MDCs, making an average of ~2 high-mass protostars of ~0.02 pc typical
size per ~0.1 pc MDCs (Bontemps et al.[|2010b). This high concentration of mass into a
small number of high-mass protostars makes the statistical protostostar lifetime a factor
of only two longer than the lifetimes estimated for MDCs, taMprotostar ~ 3 X 10° yr (see
Table . This exact same value was proposed by |Duarte-Cabral et al.| (2013) based on the
observed power of outflows driven by Cygnus X high-mass protostars. The lifetime of high-
mass protostars also corresponds to ten times their free-fall timeﬂ which for cloud structures
with full-volume averaged densities of ~1.3 x 108 cm ™2 is TH—HMprotostar ~ 3 X 104 yr. As
pointed out by [Duarte-Cabral et al.| (2013), because high-mass protostars should be free-
falling cloud structures, their long lifetime may imply that the initial prestellar core had
hundreds times smaller density than protostellar envelopes and that the latter grow in mass
and density as they collapse. The following sections will give some arguments in favor of this

1Free-fall time is measured from the density averaged over the full MDC volume, which is eight
times smaller than < ny, > in Table
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scenario. Indeed, high-mass prestellar cores are still to be found (see Sect. [2.5)) and the gas
surrounding high-mass protostars and MDCs is observed to be flowing toward protostars

(see Sect. [3.1)).

The statistical lifetime of high-mass protostars is in rough agreement with what is found

in nearby, low-mass star-forming regions (~ 2—5x 10° yr,|Kenyon & Hartmann|1995; Evans|
. This is in marked contrast with the general belief that high-mass stars are
living an accelerated life at all phases. While the ~3 x 10° yr-long UCHII phase (Mottram|
is a factor of ten shorter than the pre-main sequence star phase of low-mass
stars (~2x 10° yr, Kenyon & Hartmann|1995)), the protostellar phase of high- and low-mass

stars seems to last a rather similar span of time. This fact may permit star formation events
to simultaneously develop both low- and high-mass stars.

2.3.2. Protostellar accretion. A concerted hunt for sources in the cold pre-UCHII phase and
high-resolution follow-ups are necessary to make definitive progress in building a complete
evolutionary scenario and providing empirical classifications of high-mass star precursors.
Herschel surveys provided robust measurements of the basic properties (bolometric lumi-
nosity and mass) of MDCs thanks to the unprecedented wavelength coverage by SPIRE
and PACS. This is crucial to building quantitative evolutionary diagrams such as the mass
versus luminosity and outflow momentum versus luminosity, Menv — Lbol and Foutiow — Lbol,
diagrams.

HMPOs selected as bright TRAS sources embedded within massive envelopes
are now recognized as having the same star-formation potential as IR-quiet
clumps but being more evolved. Because HMPOs are more luminous than 3 x 10® L, they
should indeed host high-mass protostellar embryos with masses larger than 8 M. Given
that most of the high-mass star precursors observed at 1 — 3 kpc should become 8 — 20 Mg,
stars on the main sequence, most HMPOs could contain high-mass protostars which have
accreted more than half of their final mass, i.e. the high-mass analog of low-mass Class I
protostars. Outflow studies of HMPOs suggest that the high- and low-mass star formation
processes are similarly based on protostellar accretion but with much higher rates for the
high-mass case, ~107% Mg yr—! (]Beuther et al.l |2002b|, see Figure [5p). Outflow studies
of samples containing HMPOs and younger MDCs suggested that the outflow strength

tracing protostellar accretion decreases with time (e.g., [Motte et al.|[2007}; |Lopez-Sepulcre|
let al|[2011). This is consistent with the mass accretion rates derived from optically thick
line profiles of MDCs and protostellar cores, 10™*—10"2 Mg yr ' (7Qiu et al.[2011} [Herpin|
et al|[2012, 2016} |Wang et al.|[2013} [Wyrowski et al.|2016)). This is also in line with accretion
rates measured from the global infalls mentioned in Sect. a few 1073 Mg yr™ ' (e.g.,
[Schneider et al|[2010} |Peretto et al.|2013). According to the inflow survey by
(2016)), gas surrounding MDCs collapses at small fractions, 3% — 30%, of the clump
free-fall velocity. The physical processes that could slow the clump and MDC global collapse

need to be investigated, but to name a few, one can think of magnetic field, rotation, or
adiabatic heating (see Sect. Figure [0 Murray & Chang][2015).

The initial results of [Beuther et al.| (2002al) are confirmed by Duarte-Cabral et al.| (2013]),
who studied the younger IR-quiet phase at the protostellar scale of 0.02 pc. They derived

proper envelope mass, bolometric luminosity, and outflow momentum flux of individual pro-
tostars, and their results are directly comparable with those of low-mass studies
et al|[1996} |2010a; Motte & André|[2001)). |Duarte-Cabral et al.| (2013)) built the protostellar
evolutionary diagrams of mass versus luminosity and outflow momentum versus luminosity

Motte et al.
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Envelope mass of HMPOs/protostars with respect in (a): to their outflow momentum (Y axis)
and in (b): to their bolometric luminosity (X axis). The outflow momentum correlation found for
low-mass protostars (pentagons, Bontemps et al.|[1996) holds for HMPOs (dots and triangles,
|Beuther et al.|2002b)). This result suggests high-mass stars form through protostellar accretion
like low-mass stars but with an enhanced accretion rate. In (a): the location of high-mass
protostars (with 5000 AU envelopes, IR-quiet and IR-bright in cyan and red circles,
let al.||[2010b} |Duarte-Cabral et al.|2013; van der Tak et al. ||2000) favors a scenario with decreasing
accretion rates and intermittent accretion. Violet and cyan curves are evolutionary tracks of
|Duarte-Cabral et al.| (2013), with a rate multiplied by 10 during 10% of the protostellar lifetime.
The colored area represents the surface density predicted for protostars. The green curve
separates high-mass protostars from sources developing an HII region. Adapted from
let al.| (2002b) and |Duarte-Cabral et al|(2013) with permission.

and proposed evolutionary tracks for individual high-mass stars (see, e.g., Figure ) The
dispersion of high-mass protostars in the outflow momentum versus luminosity diagram

supports a picture in which accretion is strong but sporadic (Duarte-Cabral et al.|[2013):

variations of a factor of 2 around the mean value of 5 x 107° Mg yr—!. Such sporadic
accretion is expected when gas reaches the protostellar envelopes through gas inflows, such
as those observed by [Csengeri et al.| (2011al) and modeled by [Smith, Longmore & Bonnell|

(2009).

According to Bontemps et al.| (2010b), high-mass protostellar envelopes are all more

massive than the thermal Jeans mass of their parental MDC medium, Mjeans ~ 0.3 Mg
(for 10° cm™3, 15 K, and Mach~ 3.5, see [Palau et al|[2015), and called super-Jeans (see
also [Wang et al.|[2011} [Tan et al|[2013} [Ragan et al|[2012b; [Peretto et al|[2014). This
result along with the low fragmentation level found by [Bontemps et al| (2010b) (see also
Sect. tend to exclude the protostar collision model of Bonnell, Bate & Zinnecker|

(1998)) and equally favor the competitive accretion/global collapse models of Bonnell et al.
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(2001) or [Hartmann, Ballesteros-Paredes & Heitsch| (2012) and the turbulent core model of
[McKee & Tan| (2003).

2.4. First magnetic field measurements in high-mass star-forming regions

As mentioned in the Sect. [1] the turbulent core model by McKee & Tan| (2002)) proposes
that supersonic micro-turbulence prevents the fragmentation of MDCs and favors the for-
mation of high-mass stars. Strong magnetic fields provide a natural alternative to such high
turbulence levels. Numerical simulations of magnetized cores indeed demonstrated that the
number of fragments is reduced by a factor of ~2 in cores which are moderately super-
critical, (M/®g)/(M/®B)crit ~ 2 (Commergon, Hennebelle & Henning] 2011} [Myers et al.|
. These theoretical works, together with observational constraints of massive clumps
globally collapsing at only 3% to 30% their free-fall velocity (Wyrowski et al|2016) bring
magnetic fields to the forefront of future studies on the high-mass star formation process.
Unfortunately, it has been notoriously difficult to measure magnetic fields and even more
difficult to follow their topology and strength evolution from clouds to cores.
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Figure 6

Dust polarization measurements displaying smooth and ordered polarization patterns. Left:
Magnetic field morphology over part of the W43-MM1 ridge. The Stokes I emission is shown as
colorscale, the polarized intensity as contours. The magnetic field morphology is represented, every
half-beam, by normalized pseudo-vectors at a significance of 30 (green) and 50 (blue). Right:
Variations of dust polarization angles from clump to dense core scales, i.e. from 1 pc to 0.1 pc.
The dashed-dotted line is the combination of two polarization angle distributions, corresponding
to the 0.1 pc MDC polarization being either parallel or perpendicular to the magnetic field lines in
their parental clumps. Adapted from |Cortes et al|(2016)) and [Zhang et al|(2014) with permission.

Magnetic field lines traced by optical polarimetry or dust polarization are observed,
on 1-10 pc scales, to be perpendicular to long axes of ridges (e.g., [Vallée & Fiege| 2006}

2015)). At (sub)millimeter wavelengths, thermal emission is partially depolarized
and magnetic field lines get pinched where MDCs are located (see, e.g., Figure |§| Left,

Motte et al.



[Cortes et al][2016), as in the low-mass case (Girart, Rao, & Marrone|2006). The hour-glass
polarization configuration suggests that magnetic field lines are somewhat driven to smaller

scales by the clump global collapse. The pioneer survey of |Zhang et al.| (2014) investigated

the magnetic field topology of 21 high-mass star-forming clumps, from clump to MDC,
1 to 0.03 pc, scales. It showed that sub-parsec magnetic fields are rather organized and
either aligned or perpendicular to magnetic fields in their parental clumps (see Figure |§|
Right). It may indicate that magnetic fields play an important role during the collapse and
fragmentation of massive molecular clumps into high-mass protostars. This interpretation
however relies on the assumption that the plane-of-sky magnetic field orientation derived
from dust linear polarization traces dense regions, while there are indications that it could
mostly trace polarization diffusion on clump outskirts (Crutcher|2012). Plane-of-sky mag-
netic field measurements derived from the Goldreich-Kylafis effect of lines could help better
constrain the evolution of magnetic fields down to protostellar core scales.

Several methods are used to estimate the magnetic field strength, the most well-known
being the Zeeman effect, which directly measures the line-of-sight magnetic field and the
Chandrasekhar-Fermi method (Chandrasekhar & Fermi|[1953), which applies to plane-of-
sky dust linear polarization measurements. Whereas in filaments the magnetic field energy
dominates over turbulence, SMA observations of the DR21(OH) MDC showed that, at
~0.1 pc scales, the magnetic field approximately is in equipartition with the turbulent
energy . Studies of high-mass star-forming clumps found slightly super-
critical mass-to-magnetic flux ratios, (M/®g)/(M/®B)crit, of 1.5-2 (Falgarone et al.|[2008;
[Li et al|[2015} [Pillai et al|[2016). If confirmed, such values show that magnetic fields of
0.1 —10 mG (e.g., Falgarone et al|[2008} |Green et al.|2012} |Cortes et al|2016)) are too weak
to sustain MDCs against gravity and thus do not favor the turbulent core accretion model.

Finally, the correlation of the magnetic field strength with density has a lower exponent
than that for an isotropic gravitational contraction, B o< n® with o < 2/3 (Li et al/[2015).
It therefore suggests that magnetic fields are, to some extent, still strong enough to channel
the clump contraction.

The first magnetic field measurements performed in high-mass star-forming regions
remain sparse and largely biased by the method used to constrain them. Larger surveys

using complementary methods, like done by [Pillai et al| (2016]), are necessary to confirm

if magnetic fields slow down the clump global collapse, limit its fragmentation level, and
possibly drive its clump gas inflows toward protostellar cores.

2.5. High-mass prestellar cores, the current holy-grail

The controversy remains about the existence of high-mass analogs of low-mass prestellar
cores. Indeed, while it is tempting to think that high-mass star formation goes through the
same pathway as that of low-mass counterparts, observers tried, for the past ten years in
vain, to identify good candidates for being high-mass prestellar cores. Extrapolating the
prestellar core definition of, e.g.,|Ward-Thompson et al.| (1994) and [André, Ward-Thompson|

(2000), high-mass prestellar cores should be small-scale, 0.01 — 0.1 pc, gravita-

tionally bound cores with high densities, nu, = 10° — 107 cm ™2, and with no hydrostatic

protostellar objects at their centers.

The turbulent core model by McKee & Tan| (2003) uses massive, gravitationally-bound

starless cores in initial conditions. It invokes that these so-called high-mass prestellar cores
are more massive than the thermal Jeans mass because they are supported against collapse
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and fragmentation by a large degree of turbulence and/or a strong magnetic field. High-
mass virialized prestellar cores should also be in approximate pressure equilibrium with their
surroundings and quasi-statically evolving toward higher degrees of central condensation,
in marked contrast with protostars that are close to free-falling. As a direct consequence of
these slow versus fast evolutions, one would expect, like in the low-mass case, to detect up
to ten times more high-mass prestellar cores than high-mass protostars.

2.5.1. The observational quest for high-mass prestellar cores. This observational quest
started with single-dish surveys, searching for the parental starless MDCs or starless clumps,
whose 0.1 — 1 pc sizes ensure them to be resolved at a distance of 1 — 3 kpc. These surveys
looked for these cloud structures, both though their far-IR to millimeter emission and their
mid-IR extinction.

2.5.1.1. The quest within far-infrared to submillimeter massive dense core sam-
ples. Samples of cold MDCs were first built from ground-based millimeter surveys and
later, interferometric high-resolution images of their internal structure permitted to look

for prestellar cores at their centers. In the pioneer study by [Motte et al.| (2007)), no starless

object was found within their complete, unbiased, and homogeneous sample of MDCs built
at 1.3 mm (see Sect. . This was rather surprising because one would expect to detect
one to ten times more starless MDCs than protostellar MDCs and 42 protostellar MDCs
were identified. The SiO emission used by [Motte et al.| (2007)) to determine the protostel-
lar nature of Cygnus X MDCs was subsequently imaged at higher-angular resolution and

showed not to be systemically associated with outflows (Duarte-Cabral et al|[2014). These

interferometric follow-up studies allowed revising the nature of Cygnus X MDCs given by
[Motte et al.| (2007) and recognizing CygX-N40 as a unique starless MDC candidate. It has
a 0.16 pc size, a ~100 M mass and is not detected by Herschel/PACS at 70 pum
let al.|2007; [Duarte-Cabral et al.[2013). However when observed in continuum at the 0.02 pc
scale of high-mass protostars, CygX-N40 gas mass is dispersed into diffuse cloud structures
with only a low-mass, <2 Mg, core called CygXN40-MM1 (Bontemps et al.|2010b; Duarte-|
[Cabral et al|2013). Therefore, the initial result of [Motte et al.| (2007) arguing for starless
MDC to be few in numbers or even missing remains valid.

Prestellar cores could also be hosted within IR-quiet (young) protostellar MDCs. An
interferometric study of IR-quiet MDCs in Cygnus X showed that all massive sub-fragments
at 0.02 pc scales are associated with outflows, except CygXN53-MM2 (Duarte-Cabral et al.|
. With its ~25 Mg mass reservoir within ~0.025 pc, this source is one of the best
high-mass prestellar core candidate identified to date (Bontemps et al.|2010b; Duarte-Cabrall
see Figure@ Left). Owing to the confusion caused by the neighbor CygXN53-
MM1 protostar, it is however difficult to exclude that the N53-MM2 core is driving a weak
outflow as a low- or intermediate-mass protostar would do.

In the much more extreme star-forming region called W43 (see Sect. ,
identified tens of IR-quiet MDCs, among which is the W43-MM1 object
having 3600 Mg and 2 x 10* Lg within 0.23 pc (see also [Bally et al.[2010). Imaged
at ~0.05 pc resolution, W43 displays the extremely massive Class 0-like protostar W43-
N1 (500 — 1000 Mg within 0.03 pc) and five starless MDC candidates, without detected
outflows: W43-N3, N8, N9, N10, and N11 (Louvet et al.|2014] 2016). When observed with
ALMA at 0.01 pc resolution, these 50 — 200 Mg 0.07 pc MDCs only host 0.5—1 Mg 0.02 pc
cores of currently unknown nature (Nony et al. in prep.). Further investigation is therefore
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needed to convincingly identify a high-mass prestellar core in the W43-MM1 ridge.

At 0.1 pc scales, the similar lack of starless MDCs has been reported within the
NGC 6334-6357 MDC sample through millimeter imaging of the complex
. Starless candidates are also found to be fewer in numbers, 5 — 30%, with respect to
their protostellar counterparts in less homogeneous Galactic plane samples of larger-scale

massive clumps/clouds surveyed at (sub)millimeter wavelengths (Ginsburg et al.[2012}|Tack|
[enberg et al.|2012; |Csengeri et al|[2014} |Traficante et al.||2015).
Submillimeter surveys therefore show that high-mass prestellar cores are in an elusive

phase. No final conclusion can however be derived from single-wavelength (sub)millimeter
surveys alone because they remain partly biased against cold precursors of massive
stars/clusters. Indeed, a single temperature, often ~20 K, assumed for both cold star-
less objects and slightly warmer IR-quiet protostellar ones, underestimates the mass of
starless objects and thus their number above a given mass threshold. To solve this issue,
the NGC 6334 molecular complex was investigated with Herschel. Thanks to their careful
dust temperature measurements, found as many starless as protostellar

MDCs, 16 in numbers. The dust temperatures of starless MDCs have been measured to

be ~15 K, explaining by itself why Russeil et al| (2010) underestimated the number of
starless MDC candidates, above their mass threshold of 75 Mg within 0.13 pc. Galactic
plane surveys adjusting the temperature of each massive clumps/clouds have also found

starless candidates with ~15 K temperatures but, as for MDCs, in equal or smaller num-
bers (20 — 50%) than their protostellar counterparts (Traficante et al.|2015; |Svoboda et al.|
3016).

Starless MDC and starless clump candidates are also found to have smaller densities
than the protostellar ones (Tigé et al|2017; [Svoboda et al|2016). So, many of the starless
MDC candidates found in NGC 6334 are a factor of 3 — 10 less dense, at a similar physical
size, than protostellar MDCs and could as well form a cluster of intermediate-mass stars.

A direct consequence is that no starless MDC from the sample could engender their neigh-
bor protostellar MDCs assuming quasi-static compression. For their starless clump/cloud
candidates (SCCs), |Svoboda et al|(2016) themselves propose that their starless candidates
will either not form any high-mass star or will further gain mass from their surroundings

before reaching the protostellar state.

The complete and well-characterized MDC sample of is currently the
more appropriate to evaluate the probability that high-mass prestellar cores do exist. The
ability of NGC 6334 starless MDCs to form a high-mass star is in fact debatable. Most
of them are located on top of filamentary structures, whose flux could have contaminated
the Herschel bands and thus overestimated the mass of MDCs. Confirming this suspicion,
a handful of these MDCs were observed at higher-angular resolution and proved not to
be centrally concentrated but to mostly contain diffuse gas (Ph. André priv. com.). The
complex structure and moderate density of starless MDC candidates put into doubt their
ability to concentrate enough mass into a high-mass prestellar core.
therefore estimate that the 16 starless MDCs in NGC 6334, should contain in total, at
most, one to seven high-mass prestellar cores. MDC#D5, also called HOBYS_J172053.0-
354317, is their best candidate starless MDC with its unresolved size, < 0.08 pc, and high
mass, ~210 M. Higher-resolution studies of NGC 6334 MDCs are necessary to finally
prove that massive prestellar cores do or do not exist and some are actually ongoing.
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2.5.1.2. The quest within infrared-dark clouds fragments. IRDCs have, for long, been
considered as the birth place of high-mass stars and could also reveal some high-mass
prestellar cores. They however are too numerous and not massive and dense enough to all

be forming high-mass stars (e.g., Peretto & Fuller|2010). Moreover, the vast majority of
massive IRDC fragments do harbor IR-quiet high-mass protostars (e.g.,
[Rathborne et al.|[2010} [Peretto & Fuller|[2010). Fragmentation and follow-up studies of
IRDCs have provided a few samples of cold massive clumps, some of which are quiescent
and could be starless (e.g., Rathborne et al.|[2010} |Traficante et al.|[2015]).

The best characterized sample was selected among the 38 IRDCs studied by [Rathborne|
[Jackson & Simon| (2006]) and consists of the ten IRDCs that are the closest and show the
highest contrast against the Galactic mid-IR background (Butler & Tan|[2009). Among the
IRDC fragments identified at 1 mm by [Rathborne, Jackson & Simon| (2006)), Butler & Tan|
found 42 starless dense cores/clumps of 9 — 1700 M masses within 0.2 — 1.5 pc.
[Tan et al.| (2013) and [Kong et al| (2017) observed with ALMA these clumps, which are
more massive than 100 Mg and display high deuteration fractions — these are generally

taken as a youth indicators (Fontani et al.|[2011). ALMA marginally resolved the size scale

of individual cores (0.03 — 0.09 pc versus 0.02 pc) and only revealed low- to intermediate-
mass cores, with the notable exceptions of the G028C1-S and G028C9A MDCs: ~60 Mg
within ~0.09 pc and ~80 Mg within ~0.05 pc. These MDCs are definitively super-Jeans
and reminiscent of the starless MDCs identified by . Follow-up studies of
G028C1-S however revealed it actually harbors two protostars driving outflows
and G028C91 could consist of two lower-mass cores . We recall that
G028C1-S source was long considered as the prototype high-mass prestellar core, potentially
representing the initial conditions necessary for the turbulent core model.

Other high-resolution studies toward IRDCs generally detected several starless MDC
candidates, but only very few prestellar cores at the 0.02 pc scale of high-mass protostars.
For instance, the starless MDC candidate S13-MM2, with ~80 Mg within 0.21 pc
, probably has a too-low density to be able to form a high-mass protostar in
the near future. In parallel, interferometric studies of the G28.34+0.06 and G11.11-0.12
IRDCs, down to the protostellar scale, discovered several high-mass protostars and only a
single high-mass prestellar core candidate, G11P6-SMA1, which has a ~30 Mg mass within
0.02 pc (Wang et al|2011] 2014} see Figure [4 Right).

For the sake of completeness, one should mention the strong submillimeter continuum

source without molecular emission, G11.92-0.61-MM2, proposed by |Cyganowski et al.| (2014])

to be a high-mass prestellar core with an estimated mass of ~30 Mg within ~0.005 pc.
Because prestellar cores should probably be large and warm enough for molecular line
emission to be detected, there is reasonable doubt that this object is a Galactic cloud
structure.

2.5.2. Gas mass concentration at starless stages. High-resolution studies of starless MDC
suggest that most of them may not contain fragments dense and massive enough to be the
high-mass analogs of prestellar cores (Duarte-Cabral et al.|2013; |Tan et al[[2013). This
could be related to the gas mass concentration of starless structures in a turbulent cloud.

Indeed, when located in the mass versus radius diagram of Figure[7] starless MDCs and

their hosted fragments approximately follow a M(< r) o r* relation (Butler & Tan|[2012;

2013, blue open circles and crosses, respectively). This mass concentration with
spatial scale is close to the one found in non-centrally concentrated, turbulent clouds with
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Prediction of gas concentration within starless MDC candidates of NGC 6334 (filled blue circles).
If they should follow the M (< r) o r? relation (blue dashed line), linking turbulence-dominated
starless clumps and their prestellar cores (open blue circles and crosses), most NGC 6334 starless
MDCs should merely host low- to intermediate-mass prestellar cores. They could otherwise follow
the M (< r) « r relation (red line) of gravity-dominated MDCs/cores like CygX-N53 and
CygXN53-MM2. In NGC 6334, the best starless candidate MDC-5 (or HOBYS_J172053.0-354317)

has a ~210 Mg mass within 0.08 pc. Adapted from (2017) with permission.

large fragmentation level like CO fractal cloud structures: M (< r) ocr” with v = 2.2 — 2.3
(Larson’s law, Kramer, Stutzki & Winnewisser||[1996} [Heithausen et al|[1998]). This is in
marked contrast with the M (< r) « r relation predicted for Bonnor-Ebert spheres
[1956; |[Johnstone et al|[2000) and the one found for samples of gravitationally-dominated
low-mass prestellar cores (e.g., Motte et al|[2001} [Konyves et al|2015). We recall that a
M (< r) o< r mass concentration is expected for cloud structures with a p(r) oc r~2 radial

density structure, like observed for protostellar envelopes and the outskirt of prestellar
cores (Motte & André|2001; Mueller et al.|2002; [Ward-Thompson, Motte & André|[1999).
In agreement, the IR-quiet protostellar MDCs found in Cygnus X and their hosted high-
mass Class 0-like protostars (Motte et al[2007; Bontemps et al.|[2010b}, red open circles and
crosses, respectively) follow a M (< r) o r relation in Figurem

Interestingly, the CygXN53-MM2 and G11P6-SMA1 cores and their parental
MDC/clump rather concentrate as M (< r) o r, arguing for their gravitationally-dominated
nature. In contrast, the CygXN40-MM!1 core follows the M(< r) o r? relation, typical of
turbulence-dominated starless sources. According to this empirical mass versus size relation
and assuming a 40% star formation efficiency (e.g.,|Alves, Lombardi & Lada|2007; Konyves|
, high-mass prestellar cores of >30 Mg within 0.02 pc size should be found in
turbulence-dominated, starless MDCs more massive than 100 Mg, within a 0.1 pc size. In
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NGC 6334, only four of the starless MDC candidates are above this mass threshold
let al][2017), and HOBYS_J172053.0-354317 is among them.

After ten years of research, only two high-mass prestellar core candidates have therefore
been identified: CygXN53-MM2 and G11P6-SMA1 (Bontemps et al.|[2010b; Wang et al.|
see Figures [1). Interferometric studies toward large samples of starless MDC and
IRDC fragments are ongoing. We are thus at the dawn of finally proving that massive

prestellar cores do or do not exist.

2.6. Evolutionary scenario of high-mass star formation

2.6.1. High-mass prestellar core lifetimes. What do we know from the very few known
high-mass prestellar cores (see Sect. and Figures@ suggests that their lifetimes are,
at most, very short. Like for protostars described in Sect. the lifetime of a high-mass
prestellar core in a given region is estimated relative to the known ages and numbers of OB
stars. According to the detailed statistical study of , high-mass prestellar
cores should live for less than 1 — 7 x 10* yr (see Table . This upper value agrees with
extrapolations, from 0.1 pc to 0.02 pc scales, made of statistical MDC results of
in Cygnus X (see Table [2). [Duarte-Cabral et al| (2013) also proposed a prestellar
lifetime of 1 x 10* yr, from the detection of a unique high-mass prestellar core candidate in

Cygnus X, CygXN53-MM2 (see Figure @ Left). Because all studies only measured upper
limits, the lifetime of the prestellar phase of high-mass star formation should be more than
one order of magnitude smaller than what is found for low-mass stars in nearby star-forming
regions (10 — 40 x 10* yr, |Onishi et al|[2002} [Kirk, Ward-Thompson & André [2005). As
a matter of fact, a short prestellar phase is also suggested by the low level of deuteration

of organics observed toward massive hot cores with respect to their low-mass counterparts

(e.g., 2015)). Interestingly the statistical lifetime of starless MDC and starless

clump candidates is also estimated to be short:1 — 3 x 10* yr (Motte et al.|[2007; [Russeil
let al.|2010} [Csengeri et al[2014; [Svoboda et al|[2016} see Table[2)). These lifetimes therefore
suggest that high-mass prestellar cores and starless MDCs/clumps should be in a highly

dynamical state, as expected in a molecular cloud where turbulence and/or organized flow
processes dominate.

In the intermediate-mass regime, Herschel surveys of the Rosette molecular complex
and the IRDC G035.39-00.33 have identified a few starless candidates, suggesting a lifetime
of ~8 x 10* yr (Motte et al[2010; Nguyén Luong et al.[2011a). The lifetime of intermediate-
mass prestellar cores may thus be a few times shorter than what is found in nearby low-

mass star-forming regions and somewhat longer than that constrained in high-mass star-

forming complexes. This result agrees with the statement by |[Kirk, Ward-Thompson &/
(2005) that starless structures have lifetimes varying from 1 to 10 times their free-
fall time, depending on their density. They proposed that the denser the starless structure

or prestellar core the fewer free-fall times they live, with the minimum being close to a

single free-fall time. This recalls the empirical correlation found by |[Svoboda et al.| (2016)

between the lifetime of starless and protostellar clumps/clouds and their mass.

In this framework, high-mass prestellar cores, postulated to be super-Jeans and thus very
dense, should live for about one single free-fall time and be free-falling as soon as they form.
The free-fall time of a putative high-mass prestellar core of full-volume averaged densities

3

equivalent to that of high-mass protostars, <nm,>fn ~ 1.3 X 10% cm™ , 18 T —prestellar ~

3 x 10* yr. Therefore, current high-resolution studies, which remain limited in terms of
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statistics, could still have failed in detecting high-mass prestellar cores (see Table .

2.6.2. Individual collapse of a turbulent core or global hierarchical collapse of a clump?.
The evolutionary sequence found for high-mass star formation finally permits to start dis-
cussing the physical processes at work during the high-mass star formation. With current
lifetime constraints, it is statistically possible that high-mass stars form from high-mass pre-
stellar cores, in a manner that can be considered a scaled-up version of low-mass star forma-
tion (see, e.g., |André, Ward-Thompson & Barsony|2000)). Like proposed by the turbulent
core model (McKee & Tan M and suggested by accretion and velocity dispersion con-
straints (see Sect. , high-mass prestellar cores would form and remain un-fragmented,
i.e. monolithic, thanks to turbulent and/or magnetic supports. Given that their lifetimes
are as short as about one free-fall time (see Sect. , high-mass prestellar cores cannot
form quasi-statically over several free-fall times as was assumed by [McKee & Tan| (2002]).

High-mass prestellar cores must thus quickly assemble their mass and collapse as soon as
they reach the necessary mass, which is qualified as super-Jeans (see Sect. . In the
turbulent core model, prestellar cores on the verge of their collapse should be static and
isolated from their surroundings. As soon as they loose their supplementary turbulent
and magnetic support, high-mass prestellar cores start to collapse and enter the protostel-
lar phase. The process leading from the run-away global collapse observed at clump and
MDC scales (Csengeri et al.||[2011a; [Schneider et al.|[2010l see Sect. to a quasi-static
configuration at the prestellar core scale of 0.02 — 0.1 pc still needs to be found.

The alternative interpretation of short lifetimes for the high-mass prestellar phase is
that high-mass prestellar cores simply do not exist as small, ~0.02 pc, condensations, iso-
lated from their environment. Both the lifetime of high-mass protostars and the infalling
gas observed down to the protostellar scale indeed invoke that high-mass stars form while
still strongly interacting with their surroundings. First, the high-mass protostellar lifetime
suggests that the collapse starts within a low-mass prestellar core and continues within a pro-

tostellar envelope, which grows from low to high mass (e.g.,[Tigé et al.|2017, see Sect.[2.3.1)).

Moreover, high-mass stars form into infalling clumps at 1 pc scales, whose global collapse

drives inflowing gas streams toward protostars at 0.01 pc scales (e.g., [Schneider et al.|[2010}

[Csengeri et al|[2011a) see Sect. [3). This evolutionary scenario corresponds to the global

hierarchical collapse theory of, e.g., [Vazquez-Semadeni et al.| (2009} 2017). It can be seen

as an extension of the competitive accretion model, when accretion through inflowing gas

streams driven by gravity replaces the Bondi-Hoyle accretion (Smith, Longmore & Bon-|
. In this scenario high-mass protostars would then be fed from the gas of their
surrounding MDC/clumps, following the clump-fed scenario of protostellar accretion, in
contrast with the the core-fed scenario of low-mass protostellar accretion and of the McKee|

model,

In the global hierarchical collapse scenario, the high-mass equivalent of prestellar cores

could therefore be low-mass cores within massive infalling MDCs/clumps. The inner low-
mass core will first be prestellar then protostellar before it becomes a high-mass protostar.
Structural studies alone would not be able differentiate massive MDCs which will form
high-mass stars, from those forming a cluster of intermediate-mass stars. In contrast,
kinematics studies can themselves give clues on the future gas mass accretion expected
toward the inner low-mass cores. Ridges and hubs, defined in Sect. [3.1} may constitute the
parsec-scale gas reservoir/clumps, from which gas is accreted onto 0.02 pc-scale cores. The
global hierarchical collapse theory invokes that ridges and cores simultaneously form and
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Schematic evolutionary diagram proposed for the formation of high-mass stars. (1) Massive
filaments and spherical clumps, called ridges and hubs, host massive dense cores (MDCs, 0.1 pc)
forming high-mass stars. (2) During their starless phase, MDCs only harbor low-mass prestellar
cores. (3) IR-quiet MDCs become protostellar when hosting a stellar embryo of low-mass. The
local, 0.02 pc, protostellar collapse is accompanied by the global, 0.1 — 1 pc, collapse of MDCs and
ridges/hubs. (4) Protostellar envelopes feed from these gravitationally-driven inflows, leading to
the formation of high-mass protostars. The latter are IR-quiet as long as their stellar embryos
remain low-mass. (5) High-mass protostars become IR-bright for stellar embryos with mass larger
than 8 M. (6) The main accretion phase terminates when the stellar UV field ionizes the
protostellar envelope and an HII region develops. Adapted from with permission.
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Figure [§] illustrates the evolutionary scheme we propose for the formation of high-

mass stars. Based on observational constraints given in Sects. [2.3.1] [2.3.2] [2.6.1] and

it follows an empirical scenario qualitatively recalling the global hierarchical collapse and

clump-fed accretion scenarios (Vazquez-Semadeni et al.|2009; [Smith, Longmore & Bonnell|

2009). Despite the large binary fraction of high-mass stars, present scenario cannot yet
include their formation because observational constraints are lacking.

1. High-mass stars form in molecular complexes hosting massive clouds and often OB
clusters. Parsec-scale massive clumps/clouds called ridges and hubs are the preferred,
if not the only, sites for high-mass star formation. Their infall velocity and density
structure suggest ridges/hubs undergo a global but controlled collapse.

2. At first, IR-quiet massive dense cores (MDCs) are 0.1 pc massive cloud fragments,
which host low-mass prestellar cores. They represent the starless MDC phase lasting
for about one free-fall time, ~10° yr.

3. At the MDC center, low-mass prestellar cores become protostars with growing mass
and not high-mass prestellar cores. The global collapse of ridges/hubs generates gas
flow streams, which simultaneously increase the mass of MDCs and, on 0.02 pc scales,
that of their hosted protostar(s). Typically, in ~10° yr, two high-mass protostars form
in 0.1 pc MDCs.

4. When inflowing gas streams are efficient to reach and feed the low-mass protostellar
cores, the latter become IR-quiet high-mass protostars. They have 0.02 pc sizes,
super-Jeans masses, but still only harbor low-mass, <8 Mg, stellar embryos. Their
accretion rates are strong, they drive outflows and power hot cores.

5. When stellar embryos reach more than 8 M), their luminosity sharply increases and
high-mass protostars become IR-bright. Their hot cores grow in size and they soon de-
velop HCHII regions quenched by infalling gas or localized toward photo-evaporating
disks.

6. Stellar embryos have increasing UV fields that develop HII regions, which, along with
other processes including outflows and winds, slow and later on eventually stop gas
accretion toward the newborn star. This terminates the main accretion phase.

3. MASSIVE CLOUD AND MASSIVE CLUSTER FORMATION

The scenario proposed in Sect. and shown in Figure [§|is consistent with a scenario
proposing that high-mass star formation develops simultaneously and in tight link with
the formation of massive clouds and massive clusters. In the following, we show that the
structure and kinematics of massive clouds are extreme relative to those of low-mass star-
forming regions (see Sect. . As a consequence, massive clouds can sustain intense star
formation activity, which impacts the content of their future stellar clusters (see Sect. .

3.1. High-density dynamical clumps quoted as ridges and hubs

Because the formation of high-mass stars requires more mass than that of low-mass stars,
high-mass star-forming sites have always been looked for among the most massive cloud
structures. Massive molecular cloud complexes, defined as 100 pc cloud ensembles with
3 x 10° — 3 x 10° My masses, are quantitatively larger than those of Gould Belt clouds
(see Table . Mass is however not a sufficient parameter and several authors proposed
that cloud gas density is the one allowing, or not allowing, the formation of high-mass stars

www. annualreviews.org * High-mass star and massive cluster formation in the Milky Way

25



26

(e.g., McKee & Tan|[2002; [Motte et al[2007] see also Figure [7)).
At the 1 — 10 pc clump to cloud scales, some massive filaments and extreme IRDCs

have been found close to the gravity center of molecular cloud complexes. One striking ex-
ample is the prototypical DR21 ridge, located at the heart of the CygX-North cloud
let_al|[2007; [Schneider et al|[2010} see Figure [3}Left). Herschel allowed for quantitative
studies of massive filaments through their column density and temperature images and di-
rect comparison with their protostellar population (see Figures@landLeft). Within the
massive molecular complexes imaged by the HOBYS key program, high-density dominating

clumps, are confirmed to be the preferred sites for forming massive stars (e.g.
12011; [Nguyen Luong et al.|[2011a; [Tigé et al|2017). The so-called ridges are high-density
filaments, >10° cm > over ~5 pc®, forming clusters of high-mass stars (e.g.,|Schneider et al.
|2010|; |Nguyén Luong et al.||2013t |Hennemann et a1.||2012|) while hubs are more spherical,
smaller clumps forming at most a couple of high-mass stars (e.g.,|Peretto et al.|2013} Rivera-|
[Ingraham et al][2013} [Didelon et al|[2015| see Figure[T). The most extreme IRDCs qualify
as ridges or hubs and the densest ridges coincide with the precursors of young massive
clusters (e.g., [Nguyén Ludng et al.[2011a, 2013} [Ginsburg et al|/2012} see also Sect. .
The existence of ridges/hubs is predicted by dynamical models of cloud formation such as
colliding flow simulations (e.g., Heitsch & Hartmann|[2008; [Federrath et al.[2010) and some
analytical theories of filament collapse .

When imaged with molecular lines, column density, or extinction, ridges/hubs seem to
be the focus points of large amounts of gas structured in filaments (see Figures [1| and .

These massive filament networks have a more spherical/elliptical geometry (see Figure [9h)
than the prototypical Taurus filament, which is perpendicularly crossed by subcritical fil-

aments called striations (B211/3 [Palmeirim et al.|[2013). Density-wise sub-filaments are

reminiscent of the most massive low-mass star-forming filaments. It would take the merging
of tens of them to form ridges, and that could then be considered as a second generation

of supercritical (gravitationally bound) filamentary structures (Hennemann et al|/2012)).
1

Velocity drifts of one to a few kms™" are observed along sub-filaments, which converge
toward ridges/hubs, suggesting drifts feed subfilaments by funneling the surrounding gas
(e.g., |Schneider et al.||2010; [Peretto et al.|2013)). Ridges and hubs would therefore be large
gravity potentials attracting filaments, sometimes following a fan-shaped structure. Nu-
merical simulations of high-density collapsing clumps agree with such a picture (Hartmann|
[& Burkert|[2007; [Schneider et al|[2010; [Gémez & Vazquez-Semadeni[2014} see Figure [p).

Molecular line imaging, with the combination of optically thick and thin lines, have

revealed that ridges and hubs undergo global collapse with supersonic inward velocities,
Vinflow ~ 1 — 2 kms™! over 1 — 10 pc? (Schneider et al.||2010} [Peretto et al.[2013| see Fig-
ure[I0h). This strong result builds on initial studies by, e.g., [Rudolph et al] (1990), [Wu &
[Evans| (2003)), and [Motte et al.| (2005) and agrees with simulated line profiles of collapsing
clumps . The general structure of collapsing ridges may reflect gas com-
pression. They indeed have steeper radial density profiles than the classical p(r) r~2 law
(see Figure [10F [Hennemann et al|2012} [Didelon et al|[2015) and display long gravity tails
and even secondary tails in their column density probability distribution functions (PDFs,
[Hill et al|[2011} [Russeil et al|[2013} [Schneider et al|[2015alb). In some intermediate-mass
clouds, similar but slower global collapses have been observed (Loren|[1977; Peretto, André|
|& Belloche|[2006} [Kirk et al|[2013)) and suggested to result from cloud-cloud collision
. Infall motions, sometimes called gravitational focusing, are expected in

colliding flow models (e.g., [Vazquez-Semadeni et al.|[2007; [Hartmann & Burkert|[2007)) as
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The DR21 ridge and its sub-filaments AMHD model (Ng; and velocity field) of a ridge

Figure 9

The DR21 ridge and its feeding sub-filaments network (Left), compared to numerical simulations
of the collapse of a massive elongated clump (Right). Left: The Herschel column density map is
used to outline the DR21 ridge by the ~1023 cm—2 contour and delineate sub-filaments found by
[Schneider et al|(2010) with dots. Right: Simulated velocity streams (arrows) are overplotted on
the modeled column density image. Adapted from [Hennemann et al.| (2012) and Schneider et al.|

(2010) with permission.

well as in ionization compression models (e.g., Tremblin et al.|[2012). In any case, whatever

the origin of the additional pressure, arising from colliding flows or ionization, it supersedes
the thermal and micro-turbulence pressure inducing ridges and hubs to collapse.

Detailed analyses of the ridge inner structure suggest they are braids/bundles of fila-
ments (Hennemann et al|[2012} [Henshaw et al.|2014), like the main Taurus filament (B213,
. Kinematic imaging of ridges, with high-density molecular lines such as
NoH™, indeed revealed multiple velocity components, interpreted as sub-filaments which
sometimes cross each others (e.g., |Galvan-Madrid et al.|[2010; Henshaw et al.|2013} 2014}
[Tackenberg et al[2014)). In the high-density, complex medium of ridges, these sub-filaments
are difficult to recognize and disentangle from each others. The non-homogeneous struc-

ture of ridges and their potential rotation along the big axis could partly explain why their

inflow rate would be smaller than free-fall (Wyrowski et al.|2016). An indirect evidence
of these filament bundles arises from the detection of shocks associated with gas shears
created by this braiding. Large-scale SiO emission has been found along several ridges,
suggesting shock velocities of 1 — 5 kms™* (]J iménez-Serra et al.“2010t INguyén Luong et al.l
[2013} |Sanhueza et al.|[2013} |[Duarte-Cabral et al.[2014; |Louvet et al.|2016). A detailed shock
modeling of the strong and extended, ~5 pc, SiO emission found along the W43-MM1 ridge
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Figure 10

The dynamical environment of high-mass star forming regions illustrated by, in (a): the global
collapse of the DR21 ridge on pc scales, in (b): local shears close to the location of 0.02 pc
high-mass protostars in DR21OH-S (3 mm continuum in heat colors), and in (c): the column
density transverse profile of the DR21 ridge, which is steeper than the classical p(r) o< r =2 (p = 2)
law found for Gould Belt filaments. (a): Optically thick HCOT (1-0) lines (red spectra) suggest
supersonic infalling velocities, vingow = 0.5 — 1 kms™!. (b): NoHT (1-0) gas flow streams (red
and blue contours) display ~2 kms™! velocity jumps across the black line, assimilated as shears.
(c:) This steeper transverse profile suggest that either adiabatic heating, rotation, or magnetic
field slows down the ridge collapse. Adapted from [Schneider et al] (2010), |Csengeri et al.| (2011b)),
and [Hennemann et al.| (2012)) with permission.

proved that the low-velocity shock, developing within high-density ridges can liberate SiO
from the grains (Louvet et al.||2016]).
The complex structure and high dynamics of ridges may have direct consequences for
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the building phase of ~0.1 pc MDCs and their ~0.02 pc protostellar cores. In the global

hierarchical collapse model of |[V4zquez-Semadeni et al.|(2009) (see also|[Smith, Longmore &/
2009), the gas mass accretion rate onto MDCs and individual cores is determined
by their tidal radii and initial ridge structure. In contrast, the isolated turbulent core

model of McKee & Tan| (2002) postulates that the ridge kinematics does not impact much

the protostellar collapse as global infall should somehow be stopped at MDC scales. A
pioneer study has been performed within Cygnus X and especially the DR21 ridge MDCs
(Csengeri et al|2011b)) (see also|Galvan-Madrid et al[2009). This kinematical study found
high-density gas streams inflowing on ~0.05 pc scales and developing ~2 kms~! shears in
the immediate proximity of Cygnus X high-mass protostars (with H**CO* and CH3CN
lines, [Csengeri et al|[2011a)b, see Figure [I0p). Investigating many more ridges, with a
series of angular resolutions, is necessary to properly follow inflowing gas from the ridge to

the MDC, and finally the protostellar scales. This is a challenging but mandatory step to
better understand star formation in ridges. As for now, the only secure conclusion one can
derive is that ridges and hubs are highly dynamical medium, within which prestellar cores
can probably not be long-lived objects, in agreement with statistical studies (see Sects. [2.3.1
and [2.6] [Motte et al|[2007} Tigé et al|[2017).

3.2. Mini-starburst activity within ridges

The extreme characteristics of ridges and hubs, in terms of density and kinematics (see
Sect. |3.1)), could lead to an atypical star formation activity. Star formation efficiencies
(SFE) and rates (SFR) are indeed predicted to continuously increase with gas density (e.g.,

[Hennebelle & Chabrier|2011). The clear accumulation of high-mass protostars observed

along ridges (see, e.g., Figure Left) in fact tends to suggest an intense star formation
activity.

Among the numerous methods used to estimate SFRs, the two more direct ones, based
on young star or protostar counting, are the most relevant for estimates in nearby clouds of
the Milky Way (see, e.g.,|Vutisalchavakul, Evans & Heyer|2016). Several authors have used
near- to mid-IR imaging, such as those done with Spitzer, to measure SFRs. They either

counted pre-main sequence, T Tauri, stars or integrated the diffuse mid-IR polycyclic aro-
matic hydrocarbon (PAH) emission attributed to the luminosity impact of recently formed
OB stars on the cloud. The first method is the only direct one. It was applied in nearby,

<500 pc, low-mass star-forming regions (e.g., [Heiderman et al.|[2010; [Dunham et al.|[2015)).

The second method was used when the angular resolution was not sufficient for counting

purposes, for example for Galactic molecular complexes (]Nguyén Luong et a1.||2011b|; see

also [Eden et al.|[2012| using Herschel 70 pm). If the star formation activity varies with time,
these two methods, based on ~2 x 10° years-old T Tauri and ~10° years-old OB stars,

would measure past and integrated SFRs.

In contrast, counting ~3 x 10° years-old protostars permits evaluation of the current
and instantaneous star formation activity, meaning the star formation developing for a few
free-fall times of MDCs. This method was applied first on regions imaged by ground-based
submillimeter radio-telescopes (e.g.[Motte, Schilke & Lis|2003; Maury et al|2011) and more
recently on Herschel images (e.g. Nguyén Ludng et al|2011a; Sadavoy et al.[[2014).

On the ridge spatial scale, ~1 pc, current and instantaneous SFRs have been estimated
for a few ridges (e.g., Motte, Schilke & Lis|[2003; [Nguyén Ludng et al/[2011a; [Louvet et al.|
. They have star formation rate densities, ¥srr ~ 10 — 100 Mg yr~ ' kpc™2, on
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1 — 10 pc? areas, worthy of starburst galaxies, usually defined by Ysrr > 1 (see Figure
Right). For this reason, G035.39-00.33 and W43-MM1 were called mini-starburst ridges,
i.e. miniature and instantaneous models of starburst galaxies.
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Figure 11

With their high-density and intense star formation activity (Left), ridges qualify as
mini-starburst clumps (Right). Left: Massive protostar cluster (70 pm emission and circles)
within IRDC G035-00.33 ridge (absorption silhouette in blue colors). Protostar counting provides
estimates of the current and instantaneous SFR. Right: Schmidt-Kennicutt diagram
, which plots SFR density as a function of the gas mass surface density. Ridges lie in the
starburst quadrant (red star markers) like mini-starburst molecular cloud complexes (MCC).
Adapted from Nguyén Ludng et al| (2011a) [2016) with permission.

These mini-starburst events most probably follow the formation of the ridges, which
was proposed to develop through gravitationally driven, and possibly colliding, flows (see
Sect. . Indeed, short mini-bursts of star formation are to be expected after a fast
episode of cloud formation (e.g.,|Vdzquez-Semadeni et al.|[2008) or, equivalently, for a cloud

under compressive turbulent forcing (Federrath & Klessen|2012). In this scenario the star

formation should gradually settle within ridges. We should thus measure different SFR
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levels depending on the evolutionary status of ridges. To investigate this statement, one
must calculate current and instantaneous SFRs, whose timescale, over which the SFR is
integrated, remains much shorter than the ridge formation timescale, ~3 x 10° yr versus
~10° yr.

[Louvet et al.|(2014) measured instantaneous SFRs within regions of the W43-MM1 ridge
and found a clear correlation of SFR with cloud density. This result recalls the correlation of

the core formation efficiency (CFE, cloud concentration at high densities) with cloud density
(see Motte, André & Neri[1998}; Bontemps et al.|[2010b; [Palau et al.|[2013). Interestingly,
SFR is smaller within the part of the ridge where the shocks associated with most recent

cloud formation are the strongest (Louvet et al.[2014, [2016)). Therefore, the dynamical ridge

formation may well be followed by a series of intense bursts of star formation.

4. TOWARD GALAXY-WIDE SURVEYS

For a long time, the only way to work on comprehensive samples of high-mass star-forming
sites was to focus on the nearest, massive molecular complexes (see Sect. . Galaxy-wide
surveys performed during the past decade are now entering the maturity phase and provide
the well-characterized samples of high-mass star and massive cluster precursors, which are
necessary to make progress (see Sect. . In parallel, the physical processes of high-mass
star and cluster formation will soon be investigated for variations throughout the Milky
Way (see Sect. , with the ultimate goal to extrapolate them to other galaxies.

4.1. Most nearby, massive molecular cloud complexes

The most nearby cloud complexes are particularly interesting because they offer the oppor-
tunity to reach the smallest spatial scales and separate individual collapsing objects. To
actually probe the accreting phase for high-mass star formation, it is however necessary to
focus on the most massive such complexes. With a total mass of 3 x 10° Mg
, Orion is itself not massive enough to contain more than a couple of high-mass
protostars. Such low numbers are estimated assuming typical cloud lifetime and SFE, 107 yr
and 3%, a typical IMF with ~10% of the stellar mass in high-mass stars, and a protostel-
lar lifetime of 3 x 10° yr (see Table . If we restrict ourselves to the IR-quiet high-mass
protostellar phase, whose lifetime is even shorter, less than one such object is expected in
Orion and indeed no high-mass IR-quiet protostar is known in Orion.

About ten years ago, to prepare the Herschel surveys (such as Herschel/HOBYS,
, S. Bontemps derived a near-IR extinction image of the Milky Way. Partly shown
in Figs. 4-6 of [Schneider et al.| (2011]), it was built from the stellar reddening measured by
2MASS and confirmed by CO surveys according to the method presented in [Schneider et al/|
. It led to the identification of ~100 pc molecular cloud complexes, which are massive
enough, >3 x 10° Mg, to contain high-mass protostars. Located at less than 3 kpc from

the Sun, these cloud complexes can be imaged by Herschel with a spatial resolution below
0.1 pc at 70 pm. Table 3| lists the seven complexes selected for the Herschel/HOBYS
survey, Carina, and two recently identified complexes. They constitute a complete sample
of molecular cloud complexes, which currently form high-mass stars at less than 3 kpc.
The nearby cloud complexes of Table [3| contain ~30 times more mass than Orion and
one/two of them is/are among the most massive molecular cloud complexes known to date,

>10° Mg (see |Nguyén Luong et al‘||2016l). The amount of molecular gas contained in these
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Table 3 Massive molecular cloud complexes forming high-mass stars at less than

3 kpc and the reference Orion region.

Complex dsun Gas mass®  Size < npggo > Ref.P High-mass star-forming
name (kpc) (Mw) (pe) (cm™3) complex
Cygnus X* 1.4 3.4 x 108 200 7.9 (1) Richest and most nearby
Rosette* 1.6 3.1 x 10° 96 6.1 (2)(3) Relatively isolated
M16/M17* 1.7 8.6 x 10° 120 9.1 (4) In the Sagittarius arm
NGC6334-6357* 1.7 6.6 x 10° 99 11.8 (4) In the Carina-Sag. arm
Vulpecula 2.0 7.7 x 10° 140 5.1 (4)(5)  Recently identified
G345 2.0 5.6 x 10° 116 6.1 (4) Recently identified
W3/KR140* 2.2 7.4 x 10° 140 4.6 (6)(7) In the Perseus arm
Carina 2.3 4.5 x 10° 110 6.3 (4)(8) Formed a massive cluster
NGC 7538* 2.8 3.2 x 10° 65 20 9) In the Perseus arm
W48* 3.0 1.6 x 106 170 5.7 (4) In the molecular ring or
1.6 4.5 x 10° 90 10.6 (4) at a much closer distance
Orion 0.45 3.2 x 10° 100 5.5 (10) Formed the ONC cluster

* Molecular complexes imaged by the Herschel/HOBYS survey (Motte et al.|2010).

® The listed masses and average densities are, for homogeneity reasons, derived from
2MASS extinction maps. They are found to be similar to those derived using other
methods such as CO surveys.

b References: (1)|Schneider et al.|(2006); (2) [Williams, Blitz & Stark (1995); (3) Heyer,
Williams & Brunt| (2006)); (4) Bontemps et al. in prep.; (5) |Billot et al.| (2010); (6)
Lada et al.| (1978); (7) |Carpenter, Heyer & Snell (2000)); (8) [Preibisch et al.| (2012);
(9) [Ungerechts, Umbanhowar & Thaddeus| (2000); (10) Tatematsu et al.| (1998).

cloud complexes should provide about 80 OB star precursors and should statistically permit
studying the precursors of stars with masses from 8 to 20 Mg.
Because all Gould Belt clouds sum up to about 8 x 10° Mg but do not host high-mass

star precursors (André et al|[2010), the combination of large mass and high density may

be prerequisites for a cloud structure to be able to form high-mass stars. Orion indeed
appears in Table |3| as those with both the lowest average density and lowest cloud mass.
The Carina molecular complex is also interesting because it formed already several clusters

hosting high-mass stars but may not form high-mass stars anymore (Gaczkowski et al|
2013). It remains to be investigated if the strong feedback effects of Carina HII regions do
prevent further generation of high-mass stars to form in this rather massive cloud complex.

The most nearby, massive molecular cloud complexes are rich star-forming sites, whose
study allowed researchers to make definite progress in the understanding of high-mass star
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formation, massive cloud and cluster formation (see Sects. . However, located up to
~3 kpc, these complexes can only offer limited statistics to study the shortest, and therefore
rarest, phases of the formation of high-mass stars. Therefore, Galaxy-wide surveys are
required to fully investigate each step of the high-mass star formation process.

—
g2 |

\ 5 e |
) e TR ‘ 10°F A
) i [ storless A

10*k

10%¢

- E

2 107

------ s [

10"

10%}

) 3 ~ : b a
i Y 107" e g PR~ e 3
: @4\ "~ HOBYS regions T 0.01 0.10 ~1.00 10.¢
\Illlllllllllll ’Ollll!lllll Equ|V°|entrOdlUs(pC)
-8 -6 -4 ‘02 O 2,/ 4
o .
x[kpc]
Figure 12

First analyses of clumps, which were identified and characterized (distance to the Sun, mass,
luminosity) by the Herschel/Hi-GAL survey (Molinari et al.|[2016; [Elia et al][2017). Left: Galactic
distribution of clumps in two cones covering the tips of the long bar and the W43 cloud complex.
The locations of the nearby cloud complexes selected for the Herschel/HOBYS survey are shown
as light green circles with areas proportional to the total masses of the individual complexes (from
Table . The colored thick curves trace the empirical Galactic spiral arms and the orange circle
represents the Sun. Right: Mass versus Radius diagram of the starless clumps at 15 — 55°
longitude (color-coded for their SED fit temperature around ~15 K). The empirical thresholds of
|Kauffmann & Pillai | (2010) and [Urquhart et al.| (2014) (dotted and dashed-dotted red lines)
suggest that 171 of the most massive clumps could form high-mass stars. Their distribution is
however much steeper than the M (< r) o r relation of gravity-dominated clumps (red line) and
closer to the M (< r) oc r? relation found for turbulence-dominated structures. According to

Sect. m it thus remains unclear if present massive starless clumps could host high-mass
prestellar cores. Adapted from [Veneziani et al.| (2017) and [Traficante et al.| (2015) with permission.

4.2. Combination of Galaxy-wide surveys and detailed images with ALMA

It is the convergence of large far-IR to millimeter imaging surveys of the Galactic plane,
proper distance derivation analyses, and high-spatial resolution follow-up observations
which has recently opened a new window on high-mass star formation. Large imaging
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Galactic Legacy IR
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plane at 4 — 8 pum.

MIPSGAL: The
MIPS GALactic
plane survey covered
the Galactic plane at
24 pm (70 pm band
almost useless).
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surveys are required to get unbiased lists of high-mass star precursors. To recognize indi-
vidual high-mass protostars and prestellar cores, Galactic plane studies need precise distance
derivations and high-spatial resolution follow-ups. High-mass star-forming sites provided by
Galactic plane surveys indeed spread over large, typically 1 — 15 kpc, distance ranges, and
most of them are expected to lie further than 5 kpc from the Sun (see, e.g., Figure). We
summarize below the results and prospects of the most relevant programs in this context.

The advent of large-format millimeter cameras on ground-based telescopes and of two
space missions, Spitzer and Herschel, have provided a whole set of complete and sensi-
tive surveys of the inner Galactic plane. The most sensitive and complete surveys are
Spitzer /GLIMPSE and Spitzer/MIPSGAL from 4 to 24 pum (Benjamin et al.|[2003)), Her-
schel /Hi-GAL from 70 to 500 pum (Molinari et al|[2010), APEX/ATLASGAL at 870 pm
(Schuller et al.|2009), and the CSO/BGPS at 1.1 mm (Aguirre et al2011} |Ginsburg et al|
. The Spitzer/GLIMPSE survey has been particularly successful to recognize and
build complete samples of IRDCs (Simon et al|[2006aj; Peretto & Fuller||2009). The ex-
tremely green objects also appeared as useful probes of the earliest phases of (high-mass)
star formation (EGOs, |Cyganowski et al|2011]).

Herschel /Hi-GAL becomes a reference survey for the earliest phases of high-mass star-

forming sites in the Galactic plane (Molinari et al.|2016)). With its five far-IR bands covering

the SED peak of stellar precursors, it has the potential to trace both the column density
and temperature of dusty cloud fragments. However, its highest resolution at the shortest
wavelengths, 77 — 25" at 70 — 250 um, is barely sufficient to resolve clumps hosting pro-
toclusters of ~0.5 pc typical sizes when located at 5 kpc from the Sun (see, e.g., Fig. 3

of Beltran et al[[2013). Interferometric follow-ups at (sub)millimeter wavelengths, with

e.g. ALMA, will thus be mandatory to probe individual protostellar or prestellar cores
forming high-mass stars in these clumps. Until now, the Hi-GAL survey started the cen-
sus of clumps throughout the Milky Way and discussed their evolutionary sequence from
their earliest phases to the development of UCHII regions (e.g., [Elia et al]2017). Among
the large numbers of high-mass star-forming sites, Hi-GAL identified hundreds of starless
clump candidates, whose gas concentration resemble that of starless MDCs (e.g.,
compare Figuresm and ) The distribution, mass, and luminosity of clumps
in the Galaxy was also used to estimate SFRs of some specific areas such as the tips of the
Galactic long bar (Veneziani et al|2017, see Figure [[2h).

The ATLASGAL survey covered the whole inner Galactic plane at 870 pym, with a 19”
resolution (Schuller et al[[2009). This uniquely complete survey of the submillimeter range

revealed several thousands of dense clumps, mostly located at 2 to 8 kpc distances (e.g.,
[Contreras et al|[2013} [Csengeri et al|2014] see Figure [[3). Huge efforts have been dedi-
cated to distance determination, using NHs line detections of the most massive ATLASGAL
clumps and innovative methods to resolve the distance ambiguity (Wienen et al2015)). Re-

cent VLBI determinations of maser parallaxes have shown that kinematic distances can still
be inaccurate when there are large deviations from the mean rotation curve of the Milky

Way. Wienen et al.| (2015)) incorporated the recent results from VLBI distance determi-

nations to improve ATLASGAL clump distances. In the very near future, the release of
GAIA catalogs will greatly improve the distance determination of Galactic young clusters
(some massive stars in most, even distant, clusters are optically visible and will be part of
the GAIA catalogs) and thus of their associated star formation sites. As for now, virtually
all massive clumps detected by the ATLASGAL survey have reasonably well-determined
distances.
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Figure 13

Surface density versus mass diagram of the most massive IR-quiet clumps of our Galaxy (cyan
circles), which generally fragment into single dominating MDCs (pink circles)
. These clumps and MDCs should be able to form high-mass stars, according to their
location above, e.g., the empirical threshold by [Kauffmann & Pillai | (2010) (red dashed line). In
average, the most massive ATLASGAL clumps and hosted MDCs are as dense as Cygnus X MDCs
and protostars (yellow markers above the red dashed line, Motte et al.|[2007} |Bontemps et al.|
2010b) and the W43-MM1 clump and MDC (red circles, [Motte, Schilke & Lis|[2003} |[Louvet et al.|
m. In contrast, they are much denser than IRDC clumps (green and blue triangles, Rathborne,
Jackson & Simon|[2006} [Traficante et al.|[2015)) and clumps of the whole ATLASGAL sample
(black crosses, [Csengeri et al|[2014). Three grids of dotted lines represent gas mass concentration
at constant sizes, constant densities (or free-fall times), and constant escape velocities
. The mass concentration in the 35 most massive IR-quiet clumps of ATLASGAL, which are
located at less than 4.5 kpc, generally is consistent with the M (< r) « r relation, parallel to
constant escape velocity lines. It recalls gravity-dominated cloud structures with p(r) oc =2
densities (see also Figure @ and clearly departs from the Larson’s law, emphasized here with
large arrows linking GMCs/cloud complexes, molecular clouds, and dense cores (large shaded
ellipses, [Bergin & Tafallal[2007). Adapted from |Csengeri et al.| (2017) with permission.
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ATLASGAL and Hi-GAL are the perfect surveys to identify the targets to observe at
high-resolution when the goal is to recognize and statistically study high-mass protostars
and prestellar cores. Indeed, ATLASGAL and Hi-GAL catalogs (Csengeri et al.|2014}
include ~0.1 pc MDCs and ~1 pc massive clumps that need to be investigated
down to the 0.02 pc scale of protostars. While several surveys already identified a few cloud
structures able to form high-mass stars (e.g., see Sect. , only Galaxy-
wide surveys like ATLASGAL and Hi-GAL can reveal a statistically-significant number of
clumps, which sit in the high-mass star formation regime (Csengeri et al|2014} Traficante|
see Figures and ) Figure shows the distribution of ATLASGAL
clumps in a surface density versus mass diagram adapted from (2014). As

part of a first ALMA imaging survey, as many as 35 of these ATLASGAL clumps were

observed down to a ~0.01 pc spatial resolution with the ALMA 7 m and 12 m antennas.
They are the most massive ATLASGAL IR-quiet clumps at less than 4.5 kpc and thus
are candidate precursors of the richest, highest-mass clusters of the Milky Way. The first
results on the fragmentation properties of these clumps with the ALMA 7 m compact array
is displayed in Figure [13| (Csengeri et al.|[2017)). It shows that most of these clumps are
much more centrally concentrated than cloud structures following the Larson’s law
I. Their gas mass concentration close to M(< r) o r is an indication that they
are gravity-dominated and could have formed dynamically, in agreement with their short
lifetime (7.5 x 10* yr, |Csengeri et al|[2014). The most massive ATLASGAL clumps also
are overdense by one to two orders of magnitude with respect to the density-size Larson’s

relation shared by typical cloud complexes and low-mass dense cores (sizes from 100 pc
to 0.1 pc). Massive ATLASGAL clumps may thus originate from gas concentration loci
associated with large-scale collapses rather than typical turbulent fluctuations
ot al [2017).

This ALMA survey will investigate if MDCs further concentrate down to the individual
core scale of 0.02 pc, as observed for Cygnus X and W43-MM1 protostellar MDCs
ftemps et al][2010b; [Louvet et al 2014} see Figure[13). This survey, along with other similar
ALMA projects, will also have the potential to finally determine if high-mass prestellar cores

exist or not.

4.3. Extreme molecular cloud complexes in the Milky Way and starburst clusters

The Milky Way offers a wide variety of star formation and cluster formation environments,
from the Galactic disk to the bar and central regions which can be probed for environ,mental
effects on the process of star and cluster formation. One can first investigate variations of
the star formation activity across the Milky Way and test star formation models up to their
limit by studying the extreme molecular cloud complexes of our Galaxy. They host very
massive ridges or hubs, called mini-starburst clumps, precursors of young massive clusters,

or even precursors of super star clusters (e.g., Motte, Schilke & Lis||2003} [Bressert et al|
. Their study is just starting as presented in the recent review by |Longmore et al.
(2014).

‘W43 probably is the best-studied of these mini-starburst regions. The molecular com-
plex was identified from a combination of its CO and H I line cubes and ATLASGAL
870 pm emission (]Nguyén Luong et a1.||2011bl). It has a 290 pc diameter and 7 x 10° Mg
mass, characteristics quantitatively larger than those of nearby massive molecular com-
plexes (see Table [3)). W43 is located at the junction of the Scutum arm and the Galactic
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bar (Nguyén Ludng et al.|[2011b |Carlhoff et al|[2013). Tts star formation activity estimated
from cloud concentration at 0.1 pc scales and from its Spitzer 8 pm emission suggests it
qualifies as a mini-starburst (Motte, Schilke & Lis 2003} Nguyén Luiing et al.|[2011b). W43
host two ridges, whose cloud structure and star formation content are as extreme as in
mini-starbursts (Nguyén Luong et al.[2013; |Louvet et al.[2014} see Sect. and Figure
Right). The exceptional star formation activity measured in W43 is probably related to
cloud-cloud agglomeration or collision events suggested from few hundreds of pc (Motte]
|et al.||2014|; |Renaud et al.||2015|) down to ~1 pc (]Nguyén Luong et a1.||2013t |L0uvet et al.
. ALMA imaging of the W43-MM1 ridge, which is the most concentrated pc-scale
cloud at less than 6 kpc, revealed a rich protocluster. It is currently being investigated to

look for high-mass prestellar cores and to constrain the origin of the IMF in extreme clouds
(Nony et al. in prep.; Motte et al. subm.).

Other well-known mini-starburst regions of the Milky Way galactic disk are W49 (e.g.,
[Galvdn-Madrid et al[2013), W51 (e.g.,|Ginsburg et al.|2015), and Sgr B2 (e.g.,
. A catalog of mini-starburst complexes of the Milky Way has been built using
CO and centimeter free-free surveys and aims to help go beyond these very few examples
(Nguyén Ludng et al.[2016).

In contrast to these mini-starburst regions of the Galactic disk, the Central Molecular
Zone contains high-density molecular clouds with low star formation activity
, even when investigating the current SFR through protostellar core counting
in ALMA images (Henshaw et al.|[2017). An analytical model proposed that the low star
formation efficiency of this cloud is because of the strong shearing effects developing in the
central Galactic regions (Kruijssen et al.|[2014).

5. CONCLUSIONS AND PERSPECTIVES

The fifteen past years have seen an increasing interest in approaching the issue of the forma-
tion of high-mass stars and massive clusters, from both the theoretical and observational
sides. Here we reviewed the progress that was made from observations, especially with
submillimeter radiotelescopes, the Herschel far-IR observatory, and submillimeter interfer-
ometers.

Current knowledge of high-mass star formation is mainly based on statistical studies of
distance-limited samples of molecular complexes (see Table [3). High-mass star formation
scenarios currently undergo a change of paradigm, in which this process is no longer quasi-
static but simultaneously evolves with both cloud and cluster formation. The lifetime of
high-mass protostars and the lack of high-mass, ~0.02 pc-scale, prestellar cores presented
in Sect. [2] are consistent with the large dynamics of their hosted ridges, hubs, and MDCs
on ~1 pc to ~0.1 pc scales (see Sect. . As a consequence, we propose an evolutionary
scenario, inside which the high-mass analogs of prestellar cores are replaced by large-scale,
~0.1—1 pc, gas reservoirs, called starless MDCs or starless clumps. During their protostellar
phase, these mass reservoirs would concentrate their mass into high-mass cores at the same
time as they accrete stellar embryos, skipping the high-mass prestellar core phase. Figure
illustrates this evolutionary scheme.

Although star cluster properties, among them the IMF (see, e.g., , seem
universal, our review suggests that massive stellar clusters form in extreme clouds called
ridges. Unlike the case of low-mass stars which accrete their final mass from well-defined
pre-stellar cores, with a mass distribution mimicking the IMF (Motte, André & Neri|[1998;
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[Konyves et al|[2015)), (high-mass) stars within ridges should have a much more complex
accretion history (see Sect.|2.6.2). One should therefore investigate the detailed properties
of mini-starburst protoclusters to constrain the outcome characteristics of massive clusters.

Because Galactic-scale surveys are starting to provide well-constrained samples of high-
mass star-forming sites and because we are entering the ALMA era, we are at the dawn of
1/ definitively stating the evolutionary scenario for both high-mass star and massive cluster
formation and 2/ following their evolution throughout the Milky Way and beyond.
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Figure 1

Among the 10 most massive molecular cloud complexes forming high-mass stars at less than 3 kpc
(see Table , Cygnus X was imaged by the Herschel/HOBYS key program .
Composite three-color Herschel image with red =250 pm, green = 160 um, and blue =70 pm. Blue
diffuse emission corresponds to photo-dissociation regions around massive stars or clusters. Earlier
stage star-forming sites are themselves seen as red filaments and orange MDCs. Abbreviation:
MDC, massive dense core. Adapted from Hennemann et al|(2012) and [Schneider et al (2016
with permission.
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Figure 2

Among the 10 most massive molecular cloud complexes forming high-mass stars at less than 3 kpc
(see Table , Rosette was imaged by the Herschel/HOBYS key program .
Composite three-color Herschel image with red =250 pm, green =160 um, and blue =70 pm. Blue
diffuse emission corresponds to photo-dissociation regions around massive stars or clusters. Earlier
stage star-forming sites are themselves seen as red filaments and orange MDCs. Abbreviation:
MDC, massive dense core. Adapted from Motte et al.| (2010) and |Schneider et al|(2010) with

ermission. . . . . . )
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Figure 3

Among the 10 most massive molecular cloud complexes forming high-mass stars at less than 3 kpc
(see Table [3), M16/M17 was imaged by the Herschel/HOBYS key program (Motte et al.|[2010).
Composite three-color Herschel image with red =250 pm, green = 160 ym, and blue =70 pym. Blue
diffuse emission corresponds to photo-dissociation regions around massive stars or clusters. Earlier
stage star-forming sites are themselves seen as red filaments and orange MDCs. Abbreviation:

MDC, massive dense core. Adapted from [Hill et al.| (2012)) with permission.
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Figure 4

Among the 10 most massive molecular cloud complexes forming high-mass stars at less than 3 kpc
(see Table [3), NGC 6334-6357 was imaged by the Herschel/HOBYS key program
. Composite three-color Herschel image with red =250 pm, green = 160 pm, and

blue =70 pym. Blue diffuse emission corresponds to photo-dissociation regions around massive stars
or clusters. Earlier stage star-forming sites are themselves seen as red filaments and orange MDCs.
Abbreviation: MDC, massive dense core. Adapted from [Russeil et al.| (2013) with permission.
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Figure 5

Among the 10 most massive molecular cloud complexes forming high-mass stars at less than 3 kpc
(see Table , Vulpecula was imaged the Herschel/Hi-GAL key program (Molinari et al|2010).
Composite three-color Herschel image with red =250 pm, green = 160 ym, and blue =70 ym. Blue
diffuse emission corresponds to photo-dissociation regions around massive stars or clusters. Earlier
stage star-forming sites are themselves seen as red filaments and orange MDCs. Abbreviation:

MDC, massive dense core. Adapted from [Billot et al.| (2010) with permission.
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Figure 6

Among the 10 most massive molecular cloud complexes forming high-mass stars at less than 3 kpc
(see Table[3), G345 was imaged the Herschel/Hi-GAL key program (Molinari et al][2010).
Composite three-color Herschel image with red =250 pm, green =160 pym, and blue=70 ym. Blue
diffuse emission corresponds to photo-dissociation regions around massive stars or clusters. Earlier
stage star-forming sites are themselves seen as red filaments and orange MDCs. Abbreviation:
MDC, massive dense core. Adapted from |[Molinari et al.| (2016) with permission.
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Figure 7

Among the 10 most massive molecular cloud complexes forming high-mass stars at less than 3 kpc
(see Table , W3/KR140 was imaged by the Herschel/HOBYS key program .
Composite three-color Herschel image with red =250 pm, green = 160 pum, and blue =70 pm. Blue
diffuse emission corresponds to photo-dissociation regions around massive stars or clusters. Earlier
stage star-forming sites are themselves seen as red filaments and orange MDCs. Abbreviation:
MDC, massive dense core. Adapted from [Rivera-Ingraham et al.| (2013) with permission.
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Figure 8

Among the 10 most massive molecular cloud complexes forming high-mass stars at less than 3 kpc
(see Table , Carina was imaged by Herschel. Composite three-color Herschel image with

red =250 um, green =160 pm, and blue =70 pum. Blue diffuse emission corresponds to
photo-dissociation regions around massive stars or clusters. Earlier stage star-forming sites are
themselves seen as red filaments and orange MDCs. Abbreviation: MDC, massive dense core.
Adapted from |[Preibisch et al.|(2012) and |Gaczkowski et al|(2013) with permission.
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Figure 9

Among the 10 most massive molecular cloud complexes forming high-mass stars at less than 3 kpc
(see Table , NGC 7538 was imaged by the Herschel/HOBYS key program (Motte et al.[2010)).
Composite three-color Herschel image with red =250 um, green =160 pm, and blue =70 pm. Blue
diffuse emission corresponds to photo-dissociation regions around massive stars or clusters. Earlier
stage star-forming sites are themselves seen as red filaments and orange MDCs. Abbreviation:
MDC, massive dense core. Adapted from |Fallscheer et al.|(2013)) with permission.
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Figure 10

Among the 10 most massive molecular cloud complexes forming high-mass stars at less than 3 kpc
(see Table , W48 was imaged by the Herschel/HOBYS key program (Motte et al]2010).
Composite three-color Herschel image with red =250 pm, green = 160 ym, and blue=70 ym. Blue
diffuse emission corresponds to photo-dissociation regions around massive stars or clusters. Earlier
stage star-forming sites are themselves seen as red filaments and orange MDCs. Abbreviation:
MDC, massive dense core. Adapted from [Nguyén Ludng et al| (2011a)) and [Rygl et al|(2014) with
permission.
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Figure 11

The reference molecular cloud complex Orion was imaged by the Herschel/HGBS key program

(André et al|2010). Composite three-color Herschel image with red =250 um, green = 160 pm,

and blue =70 ym. Adapted from [Polychroni et al,| (2013)) with permission.
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