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Abstract. The formation of high-mass stars represents a challenge from both a theoretical and
an observational point of view. Here, we present an overview of the current status of the obser-
vational research on this field, outlining the progress achieved in recent years on our knowledge
of the initial phases of massive star formation. The fragmentation of cold, infrared-dark clouds,
and the evidence for star formation activity on some of them will be discussed, together with
the kinematics of the gas in hot molecular cores, which can give us insights on the mechanism
leading to the birth of an OB star.

Keywords. ISM: molecules, stars: formation, radio lines: ISM

1. Introduction
How do massive (>8 M�) stars form? Do they form like lower-mass stars or in a fun-

damentally different way? These crucial questions have profound implications for many
areas of astrophysics including high-redshift Population III star formation, galaxy forma-
tion and evolution, galactic center environments and super-massive black hole formation,
star and star cluster formation, and planet formation around stars in clusters.

High-mass stars are rare objects that form very fast. What is more, the closest high-
mass star-forming regions are located further away than the nearest low-mass ones. They
form deeply embedded in clusters, where the extinction is very high and there is strong
interaction with the environment and feedback from other recently formed stars. All this
makes the study of the formation of massive stars challenging, due to the difficulty of trac-
ing the primordial configuration of the molecular cloud, and the impossibility of studying
the earliest stages of massive star-formation at optical or even infrared wavelengths.

From a theoretical point of view, massive stars represent a challenge because of their
shorter evolutionary timescales. For massive protostars, the Kelvin-Helmholtz timescale
is shorter than the free-fall timescale. Therefore, massive stars reach the Zero Age Main
Sequence still deeply embedded in the parental cloud and with ongoing accretion. Ac-
cording to theoretical predictions, at this stage, their powerful radiation pressure appears
to be strong enough to halt the infalling material (Kahn 1974; Wolfire & Cassinelli 1987),
which should inhibit further growth of the star beyond the limit of 8 M� (although re-
cent 3-D radiation hydrodynamic simulations by Krumholz et al. (2009) indicate that
radiation pressure may not be a problem). In order to solve this problem, competitive
accretion has been proposed (Bonnell & Bate 2002), that predicts that initially a molec-
ular cloud fragments in low-mass cores of a Jeans mass ∼0.5–1 M�, which form stars
that compete to accrete mass from the common gas reservoir. Protostars located near
the center of the gravitational potential well accrete at a higher accretion rate because
of a stronger gravitational pull. Core accretion (McKee & Tan 2002) may also be a vi-
able theoretical solution to overcome the radiation pressure with the ram pressure of the
infalling material. In this turbulent accretion model, stars form via monolithic collapse
of a massive core fragmented from the natal molecular cloud. Massive star formation
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Figure 1. Evolutionary sequence for high-mass stars: from cold IRDCs to chemically rich
HMCs to Hii regions.

is therefore, in this picture, a sort of scale-up version of low-mass star formation, with
collapse, accretion, rotation, and outflows.

Due to the short timescales needed to form a massive star, it is very difficult to trace the
earliest stages of its formation and define an evolutionary sequence for high-mass stars,
similar to the one defined for low-mass star. However, a reasonable hypothesis may be
that the formation process starts with the fragmentation of a cold cloud, sometimes dark
at IR wavelengths (IRDC). Subsequent infall and heating inside each fragment (core)
eventually leads to the formation of chemically rich hot molecular cores (HMCs), which
are the cradle of high-mass stars. Accretion continues onto high-mass protostars that gain
mass. The UV-radiation from the young embedded star will develop a bubble of ionized
gas, known as hypercompact Hii (HC Hii) region that eventually will start expanding,
becoming first an ultracompact Hii (UC Hii) region and later on, an extended or giant
Hii region. Eventually, the gas is dissipated by the ionized winds, exposing the newly
formed OB star (see Fig. 1).

In this contribution I will focus on the observational aspects of the earliest stages
(IRDCs and HMCs) of massive star formation, which are crucial to understand how
massive stars form, and I will review the observational evidence for rotation, outflows,
and collapse in massive star-forming regions.

2. Infrared dark clouds
Massive stars form in parsec scale high-density clumps inside cold molecular clouds

that when seen in absorption at IR wavelengths against the bright background are called
IRDCs. These IRDCs were first detected in absorption at 8 µm up to 21 µm with ISO and
MSX (Egan et al. 1998; Carey et al. 1998), and later on, they have been seen in absorption
at 24 µm, sometimes up to 70 µm, with Spitzer (Rathborne et al. 2006), and more recently
with Herschel (Peretto et al. 2010). Millimeter and submillimeter continuum observations
have revealed extended cold dust emission associated with IRDCs (e.g. Schuller et al.
2009; Rosolowsky et al. 2010). These clouds have typically masses of 103–104 M�, sizes
of 1 to 5 pc, densities of ∼105 cm−3 , and temperatures lower than 20 K.

Temperature structure. The knowledge of the initial stages of massive star formation,
and in particular of IRDCs has experienced a significant step forward thanks to the
advent of IR and submillimeter telescopes such as Spitzer and Herschel. In particular,
the open time key project Hi-GAL (Molinari & Hi-GAL Consortium 2010), which will
observe the inner part of the Galactic Plane with Herschel in five bands, from 70 to
500 µm, will allow to construct well constrained spectral energy distributions (SEDs) for
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these objects, and determine their internal temperature and column density distributions.
Using the data obtained during the Herschel Science Demonstration Phase, Peretto et al.
(2010) have developed a simple pixel-by-pixel SED fitting method, and have recovered the
spatial variations of both the dust column density and temperature within the IRDCs.
Their analysis shows that IRDCs are not isothermal, but the dust temperature decreases
significantly from background temperatures of 20–30 K to minimum temperatures of
8–15 K within the clouds. Knowing the temperature and its fluctuations is very important
to understand fragmentation in these infrared-dark clouds. In fact, recent hydrodynamical
simulations including radiative transfer (Bate 2009; Krumholz et al. 2010) show that
protostellar heating could reduce significantly fragmentation on small scales.

Core fragmentation. Recent Submillimeter Array (SMA) high-angular resolution ob-
servations of IRDCs in the G28.34+0.06 region, have shown that IRDCs fragment into
smaller cores with masses of 22 to 64 M� and projected separations of 0.19 pc (Zhang
et al. 2009). Despite the fact that the SMA observations spatially resolve the Jeans
length of 0.05 pc, the core masses are 10 times larger than the Jeans mass of 1 M�, for
a temperature of 16 K. This suggests that fragmentation may not be controlled just by
thermal pressure and gravity, but that other stabilizing factors such as turbulence and
maybe magnetic fields or radiative feedback are required to account for the large mass
observed. In fact, the observed NH3 line width in one of the cores is a factor 8 larger
than the thermal line width (Wang et al. 2008), suggesting that supersonic turbulence
might play a crucial role in the core fragmentation.

Star formation activity. One of the hot topics in massive star formation is how pre-
stellar are IRDCs. High-sensitivity Spitzer and Herschel observations have shown that
many IRDCs show evidence for active star formation. Some of them show enhanced,
slightly extended 4.5 µm emission, called “green-fuzzies” by Chambers et al. (2009), and
broad SiO line emission (Jiménez-Serra et al. 2010) which indicates shocked gas. These
shocks could be a remnant of the IRDC formation process, or be produced by decelerated
or recently processed gas in large-scale outflows driven either by 8 and 24 µm embedded
sources, or by an undetected and wide spread population of lower mass protostars. In
some cores bright 8 µm continuum emission, probably from Hii regions, has been detected
or 3.6 µm emission from unextincted stars. Finally, some cores show bright, compact
24 µm emission that indicates deeply embedded protostars (Chambers et al. 2009).

Based on the evidence of active star formation, Rathborne et al. (2010) classify the
IRDCs in five specific groups: quiescent, intermediate, active, red, and blue cores. Qui-
escent cores show total absence of star formation, with no significant 3–8 µm nor 24 µm
emission. Intermediate cores contain either a “green-fuzzy” or a 24 µm point source,
but not both. Active cores contain a “green-fuzzy” and a 24 µm point source, and red
and blue cores are associated with bright 8 and 3.6 µm emission, respectively. The dust
temperatures and luminosities are higher for cores with active, high-mass star formation
than for quiescent cores, as expected if the evolutionary sequence described in Fig. 1 is
valid and the quiescent cores have no internal heating source to significantly heat the
dust. On the other hand, the mass histograms of active and quiescent cores are simi-
lar, which suggests that the associated stellar populations are nearly the same, and that
the differences in their temperatures and luminosities are due to different evolutionary
stages. In this scenario, the cooler quiescent cores may be the pre-stellar precursors of
the warmer and more active protostellar cores. The evolutionary differences between the
groups are also seen in the bolometric luminosity versus core dust mass diagram (see
Fig. 10 of Rathborne et al. 2010), where for a given mass, the luminosity increases from
the quiescent to the active cores as a result of an increase of the protostellar activity.
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Table 1. Core and infall parameters towards HMCs.

M c o r e R V i n f a l l Ṁ in f a l l

HMC (M�) (pc) (km s−1 ) (M� yr−1 ) Refs.a

G10.62−0.38 82 0.02 4.5 3×10−3 1, 2
G24.78+0.08 A1 130 0.02 2 4×10−4 –10−2 2, 3
W51 North 90 0.07 4 4×10−2 –7×10−2 4
W51e2 140 0.01 3.5 6×10−3 5, 6
G31.41+0.31 490 0.04 3.1 3×10−3 –3×10−2 3, 7
G19.61−0.23 415 0.03 4 >3×10−3 2

Notes: a References for the core parameters: 1: Keto et al. (1988); 2: Beltrán et al. (2010); 3: Beltrán et al.
(2004); 4: Zapata et al. (2008); 5: Zhang & Ho (1997); 6: Shi et al. (2010) 7: Girart et al. (2009)

3. Hot molecular cores
HMCs, the cradles of OB stars, are dense, n∼107 cm−3 , compact, dusty cores with

temperatures in excess of 100 K, and luminosities > 104 L�. These cores are often found
in association with typical signposts of massive star formation such as UC Hii regions
and maser emission of different species. As a result of the evaporation of dust grain man-
tles by the strong radiation of the deeply embedded early-type star, hot cores exhibit
a rich chemistry observable in molecular line emission at (sub)millimeter wavelengths
(e.g. Beuther 2007). In these cores, hydrogenated molecules, such as NH3, HS, oxygen-
bearing molecules, such as SiO, SO, CO and isotopomers, deuterated species, complex
organic molecules, such as CH3OH, CH3CN, HCOOCH3, and pre-biotic molecules, such
as CH2OHCHO (Beltrán et al. 2009), are abundant. The fact that so many different
molecules are observed towards these regions allows us to estimate the physical param-
eters, such as temperature, density, and mass, and moreover, to study the kinematics
of these young massive stellar objects, making it possible, in some cases, to distinguish
infall, outflow, and rotation signatures as we will discuss next.

Infall. Despite the importance of infall to test models of massive star formation, as a
result of the difficulty to detect and recognize infall, up to now there are still very few
detections. A very effective method of identifying the presence of infalling gas is to observe
blue-skewed profiles, also known as red-shifted self-absorption, of optically thick lines (e.g.
Wu & Evans 2003), or in case of very bright embedded continuum sources, to observe
red-shifted absorption. In the latter case, the red-shifted absorption has been observed
against the bright continuum emission of an embedded hypercompact HII region, as for
G10.62−0.02 (Keto et al. 1988; Sollins et al. 2005) and G24.78+0.08 A1 (Beltrán et al.
2006), and in others, against the bright optically thick continuum emission from the
core center, as for W51 North (Zapata et al. 2008), G19.61−0.23 (Wu et al. 2009), and
G31.41+0.31 (Girart et al. 2009). As the continuum source is very bright (�2000 K),
it is easy to observe the colder molecular gas (∼100 K) in absorption against it. If the
material surrounding the protostar(s) is not only rotating, but also accreting onto the
central star(s), one expects to see absorption at positive velocities relative to the stellar
velocity. This is what has been detected towards the hot cores in Table 1.

The infall rates are very high, of the order of 10−3–10−2 M� yr−1 , and in some cases,
could be sufficient to quench the formation of an Hii region (Walmsley 1995), or to slow
down the expansion of it. In fact, detailed models by Keto (2002) predict that trapped
HC Hii regions could be long-lived, and that accretion could proceed through them in
the form of ionized accretion flows.

Molecular outflows. Molecular outflows trace the earliest phases of protostellar evolu-
tion when extinction is high. They are ubiquitous phenomena in star formation, and have
broadly been detected towards massive young stellar objects, from B- to O-type stars
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Table 2. List of rotating disks and toroids in high-mass (proto)stars

M O H 9 4 b
g a s M c

g a s R V r o t

Numbera Core (M�) (M�) (pc) (km s−1 ) Refs.d t f f /t e
r o t

1 IRAS 20126+4104 0.93 4 0.008 1.3 1,2 0.36
2 Cepheus A HW2 2.1 8 0.0016 3.0 3 0.25
3 IRAS 23151+5912 11 26 0.010 3.0 4 0.27
4 GH2O 92.67+3.07 12f 12 0.035 1.2 5 0.18
5 G29.96−0.02 28 28 0.011 1.6 6 0.10
6 G20.08−0.14N 40 95 0.024 3.5 7 0.26
7 NGC 6334I 43 17 0.0014 5.1 8, 9 0.09
8 IRAS 18089−1732 59 45 0.010 4.0 10 0.16
9 G10.62−0.38 82 82 0.016 2.1 6 0.09
10 G28.87+0.07 98 100 0.029 0.5 11 0.03
11 G24.78+0.08 C 98 250 0.040 0.5 12 0.03
12 W51 North 160 90 0.068 1.5 13 0.09
13 G24.78+0.08 A2 163 80 0.020 0.75 12 0.03
14 W51e2 241 140 0.010 2.0 14, 15 0.04
15 G24.78+0.08 A1 264 130 0.020 1.5 12 0.04
16 G23.01−0.41 274 380 0.060 0.6 11 0.03
17 IRAS 18566+0408 304 70 0.034 3.0 16 0.09
18 G19.61−0.23 415 415 0.031 1.0 6 0.03
19 G31.41+0.31 508 490 0.040 2.1 12 0.06
20 NGC 7538S 607 100 0.070 1.35 17 0.04

Notes: a Numbers in Fig. 2; b Masses estimated assuming the dust opacities of Ossenkopf & Henning (1994); c

Masses from the literature; d References for the core parameters: 1: Cesaroni et al. (2007); 2: Cesaroni et al.
(2005); 3: Patel et al. (2005); 4: Beuther et al. (2007c); 5: Bernard et al. (1999); 6: Beltrán et al. (2010); 7:
Galván-Madrid et al. (2009); 8: Hunter et al. (2006); 9: Beuther et al. (2008); 10: Beuther et al. (2005); 11:
Furuya et al. (2008); 12: Beltrán et al. (2004); 13: Zapata et al. (2008); 14: Zhang & Ho (1997); 15: Shi et al.
(2010); 16: Zhang et al. (2007); 17: Sandell et al. (2003); e The free-fall times t f f have been estimated from
the masses obtained assuming the dust opacities of Ossenkopf & Henning (1994) . f The mass of this core has
been estimated from CS (Bernard et al. 1999) and is the value used to derive t f f .

with luminosities of up to 106 L� (Shepherd & Churchwell 1996). Surveys of massive
molecular outflows (Beuther et al. 2002; Wu et al. 2004; López-Sepulcre et al. 2009) have
shown that there is a continuity in the correlations between outflow-related quantities,
such as, mechanical luminosity, mechanical force, and mass loss rate, and the bolometric
luminosity from low-mass to high-mass protostars. The higher the luminosity, the higher
the outflow-related quantity. The fact that these correlations hold for a broad range (0.1–
106 L�) of luminosities suggests that the luminosity of the powering source determines
the outflow energetics, and that the driving mechanism is similar for all luminosities.
Note that although the possible multiplicity of massive outflows would shift the me-
chanical force and luminosity of the individual outflows towards lower values, the overall
appearance of the correlations would remain the same (López-Sepulcre et al. 2009).

Molecular outflows may be crucial in the formation of massive stars. First of all,
they can reduce the radiation pressure experienced by the gas in the infalling envelope
(Krumholz et al. 2005). In fact, the radiation can escape through the cavity opened by
them, which allows the infalling material to reach the central protostar. What is more, as
predicted by theoretical works, outflows can be an important feedback mechanism in the
process of high-mass/cluster formation (e.g. Wang et al. 2010). In fact, López-Sepulcre
et al. (2010) have shown that up to 20–25% of the clump mass can be affected by molecu-
lar outflows. Molecular outflows are also important because, as shown by López-Sepulcre
et al. (2010), they can help to discern whether star formation has already started in
a massive core. These authors have found that for a sample of massive clumps, when
the surface density Σ is higher than 0.3 g cm−2 , close to the critical theoretical value
predicted by Krumholz & McKee (2008) to form a high-mass star, the outflow detection
rate is 100%. And last but not least, since accretion and outflow are tightly linked, well
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collimated outflows can provide evidence for the existence of accretion disks around mas-
sive stars. In particular, the mass loss rate can provide a rough estimate of the accretion
rate onto the star (e.g. Beuther et al. 2002), which is a much more difficult parameter to
measure.

Rotation. In recent years an ever growing number of massive, rotating structure have
been found around high-mass young stellar objects (see Table 2). Most of them have
been discovered thanks to velocity gradients perpendicular to the corresponding outflow.
These structures have sizes of a few thousands of AUs and masses that range from 4
to about 500 M�. Following Cesaroni et al. (2006), these rotating structures should be
classified into two classes on the basis of the ratio between the mass of the rotating
structure and that of the star. When the mass is lower than that of the central star,
the object is a centrifugally supported disk. Instead, structures having masses in excess
of several 10 M�, much greater than the mass of the central star(s), are called toroids
and appear to be non-equilibrium structures. Their properties are different from those
of disks around low-mass young stellar objects. These toroids may host not just a single
star, but a whole cluster. Due to the fact that the gravitational potential is dominated
by the massive toroid, Keplerian rotation is not possible on scales of 104 AUs. For this
reason, it has been proposed that toroids never reach equilibrium and could be transient
entities with timescales of the order of the free-fall time, ∼104 yr.

This distinction between disks and toroids has been illustrated by Beltrán et al. (2010)
who have plotted tf f /trot versus Mgas (re-calculated using the dust opacities of Ossenkopf
& Henning 1994) for a number of disks and toroids around high-mass (proto)stars found
in the literature (see Fig. 2 and Table 2). The free-fall time tf f is proportional to the
dynamical timescale needed to refresh the material of the toroid and trot is the rotational
period at the outer radius, 2π R/Vrot , needed to adjust the system to a new equilibrium
configuration. If the structure rotates fast, the infalling material has enough time to
settle into a centrifugally supported disk. Vice versa, if the structure rotates slowly, the
infalling material does not have enough time to reach centrifugal equilibrium and the
rotating structure is a transient toroid. Therefore, the higher the tff /trot ratio, the more
similar should be the rotating structure to a circumstellar disk. In Fig. 2, one sees that
the least massive structures, which have masses comparable to or lower than that of the
central star have the highest tff /trot ratio, while above a core mass of ∼102 M� the ratio
decreases significantly.

The main conclusion, is that up to now no true disks in Keplerian rotation have been
found around the most massive O-type stars, like the one imaged towards the B-type
star IRAS 20126+4104 (Cesaroni et al. 2005). This could be due to an observational
bias: disks could be heavily embedded inside the toroids and their emission difficult to
disentangle from that of the large-scale rotating structure with current instrumentation.
Another possibility could be that single disks are truncated at small radii (Bonnell &
Bate 2005) by interactions with stellar companions in the cluster (but see Ian Bonnell’s
contribution in this volume), or by photo-ionization (Hollenbach et al. 2000), or not
detected because too distant.

Magnetic fields. A hot topic in massive star formation is the role of magnetic fields.
Recent dust polarization observations of the HMCs G31.41+0.31 (Girart et al. 2009),
and W51 e2 and e8 (Tang et al. 2009) have revealed magnetic field lines perpendicular
to the major axis of the core, in the direction of the rotation axis, with a clear hourglass
morphology. This suggests that magnetic fields play an important role in the formation
of massive stars and could control the dynamical evolution of the cores (see Ramprasad
Rao’s contribution in this volume). What is more, Girart et al. (2009) have also found
evidence of magnetic braking in the G31.41+0.31 contracting core.

https://doi.org/10.1017/S1743921311000135 Published online by Cambridge University Press

https://doi.org/10.1017/S1743921311000135


Formation of massive stars 39

Figure 2. Free-fall timescale to rotational period ratio versus gas mass of known rotating disks
and toroids. The numbers correspond to the entries of Table 2 (figure adapted from Beltrán
et al. 2010). Masses estimated assuming the dust opacities of Ossenkopf & Henning (1994).

More recently, 6.7 GHz methanol maser polarization observations (Vlemmings et al.
2010) have determined the full 3-D magnetic field structure around Cepheus A HW2.
The field is predominantly aligned along the protostellar outflow and has a strength of
23 mG. According to Vlemmings et al. (2010), the magnetic field regulates accretion onto
the disk, dominates the turbulent energies by a factor of ∼3, and is strong enough to
stabilize the massive accretion disk and sustain the high accretion rates needed during
massive star formation.

4. Conclusions
High-angular resolution observations of high-mass star-forming regions allow us to start

studying in detail fragmentation, infall, accretion, rotation, and outflow towards these
regions. However, the available data do not allow us yet to distinguish which accretion-
based mechanism, monolithic accretion or competitive accretion, is the responsible for the
formation of massive stars. Therefore, beside the important progress made in this field in
recent years, there is still a long way to go before our understanding of the formation of
all kinds of massive stars, from 8 to ∼100 M�, will be complete. In particular, although
rotating structures are routinely found towards HMCs, no true accretion disk has yet
been found around an O-type protostar, which could indicate that the most massive
stars for via a different mechanism. In this sense, the advent of ALMA, with its superior
sensitivity and resolution, will be crucial. Taking into account that the first call for ALMA
early science will be by the end of this year, the search for circumstellar disks around
O-type stars could end soon.
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