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Abstract. The scope of this contribution is to review and discuss recent findings concerning
the molecular environment of high-mass star forming regions. Special attention is devoted to
“hot molecular cores” and their role in the formation of massive stars. After analysing the
relationship between such cores and the surrounding molecular clumps, we discuss the results of
interferometric observations of these objects and propose an evolutionary sequence proceeding
from cold, pre-stellar cores to ultracompact HiI regions.

Keywords. Stars: formation, ISM: clouds, ISM: molecules, ISM: jets and outflows

1. Introduction

It is commonly believed that a tight relationship exists between young massive (proto)stars
and the molecular condensations named “hot molecular cores” (HMCs). These are usually
observed in high-energy rotational lines of “rare” molecular species, probably evaporated
from grain mantles by the strong radiation of deeply embedded early-type stars. Although
HMCs were first detected at centimeter and millimeter wavelengths, in recent years an
ever growing effort has been made to image these objects in the near- and mid-IR, where
information on the embedded stellar component may be obtained. Beside observations,
also theoretical studies have begun to take the HMC phenomenon into consideration as a
fundamental “ingredient” in the process leading to the formation of high-mass stars (De
Buizer et al. 2003; Kaufman et al. 1998; Linz et al. 2005; Pascucci et al. 2004; McKee &
Tan 2003). Notwithstanding the interest in the topic of HMCs, some confusion still exists
on their nature and the role played by them in the context of massive star formation,
where they are commonly believed to represent the precursors of ultracompact (UC) Hu
regions.

In an attempt of putting into context the various pieces of information on HMCs, in the
following we will summarise the current knowledge on HMCs and discuss their properties.
Special attention will be payed to the structure and physics of the cores, also in relation
to the surrounding environment. The observational findings will be used to outline a
possible scenario for the formation of early-type stars inside HMCs and eventually draw
a tentative evolutionary scheme from pre-stellar cold cores to ultracompact (UC) Hi
regions.

2. The environment of hot molecular cores

Before proceeding with the present discussion, it is necessary to provide a definition of
HMC. As a matter of fact, the identification of these objects is made on an observational
basis, so that any definition must rely upon measurable quantities. Past experience has
demonstrated that HMCs are powerful emitters in “exotic” molecules (see e.g. Kurtz
et al. 2000), so that it seems reasonable to use these tracers as a distinctive feature of
HMCs. Such molecules are usually detected in high-excitation transitions, which witness
an origin from hot, dense gas. For the purpose of establishing the physical properties
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of the gas, CH3CN is certainly best suited, as it turns out to be an excellent density
and temperature probe: being a symmetric-top molecule the ratio between different K
components provides us with an estimate of the temperature and optical depth, which
makes it possible to identify HMCs even with single-dish observations (see e.g. the surveys
by Olmi et al. 1993 and Araya et al. 2005). Interferometric follow-ups with arcsecond
resolution have then be used to confirm the identifications (Olmi et al. 1996; Watt et al.
1999).

The exclusive association of HMCs with high-mass star forming regions, has been
recently challenged by the discovery of similar objects, named “hot corinos” in a couple of
low-mass protostars (Cazaux et al. 2003; Bottinelli et al. 2004). Although in all likelihood
very similar to HMCs, hot corinos are ~10° times less massive and hence impossible to
detect at distances typical of high-mass star forming regions, so that they will be ignored
in the present contribution.

Kurtz et al. (2000) have selected from the literature 19 HMCs (see their Table 1), which
will be used in the following as the reference list for this contribution, with the addition
of a couple of objects, detected in recent studies. In summary, the main characteristics
of HMCs, beside temperature (2100 K) and size ($0.1 pc), are their large masses (~10—
103 My) and luminosities (>10* L), indicating that high-mass young stellar objects
(YSOs) are significantly contributing to their (proto)stellar content. This conclusion is
reinforced by the fact that HMCs are in all cases associated with HoO masers and ~50%
of them also with one or more UC HII regions.

Notwithstanding their clear identification, it is questionable that HMCs may be seen
as “separate” physical entities. It seems instead that they correspond to density and
temperature peaks inside more extended molecular clumps. The word “clump” will be
used in the following to indicate the molecular surroundings of HMCs, the latter being
located roughly at the center of the clumps. These have been observed in medium density
tracers such as C3*S or C17O (Cesaroni et al. 1991; Plume et al. 1997; Hofner et al. 2000),
are typically 10 times larger and more massive than HMCs, and have temperatures of
the order of a few 10 K. An example is shown is Fig. 1, where a CH3CN(5-4) image of
the HMC in IRAS 20126+4104 is compared to a map of the surrounding clump, obtained
in the C17O(2-1) line. Multi-line and continuum observations of the clumps have shown
that the density and temperature vary as n o« R™? and T o« R™9, with R distance from
the center (i.e. from the HMC) and p ~ 1.5-2.5, ¢ ~ 0.5 (Hatchell et al. 2000; Fontani
et al. 2002). While these laws are bound to break down on a sufficiently small scale, there
is no indication that such a break occurs just at the surface of HMCs. Instead, Fontani
et al. (2002) (see their Fig. 10) have shown that the mean HMC density is consistent with
the density profile observed in the associated clumps. Furthermore, HMC velocities are
not significantly different from those of the corresponding clumps so that HMCs cannot
be seen as individual entities, free-floating inside the clumps.

If this is the case, what sets the diameters of HMCs? Since HMCs are traced by strong
emission in high-excitation line of rare molecular species evaporated from the dust grains,
the HMC diameter is related to the temperature of the dust, heated by the luminous stars
inside the HMCs. One may estimate the size of the region inside which grain mantles
are evaporated, assuming that this corresponds to a temperature >100 K. The radius
of such a region can be computed e.g. from Eq. (1) of Beckwith et al. (1990) and turns
out to be e.g. 0.15 pc for a 09 star and a dust emissivity index of 1, in agreement with
the typical size of HMCs. Similar values result also from the detailed modelling of the
temperature structure of HMCs presented by Kaufman et al. (1998). One may conclude
that HMCs are regions “enlightened” by the newly born high-mass stars embedded in
the cores themselves.
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Figure 1. Maps of the HMC (grey scale) and surrounding molecular clump (contours) in the
high-mass star forming region IRAS 20126+4104. The HMC and associated clump are traced
respectively by the CH3CN(5-4) (Cesaroni et al. 1997) and C'"O(2-1) (Fontani pers. comm.)
lines.

If HMCs correspond to density and temperature enhancements at the center of parsec-
scale molecular clumps, their formation and evolution strictly depend on the physical
status of the clump. Recently, Fontani et al. (2002) have performed a detailed comparison
between the mass of a number of clumps and the corresponding virial estimates (see their
Fig. 6): in all cases the latter are significantly larger than the former, indicating that the
clumps are marginally unstable. The combination of this result with the steep density
profiles, resembles the situation of the singular isothermal sphere depicted by Shu et al.
(1987) and suggests that the clumps might be undergoing inside-out collapse. In this
scenario HMCs would mark the center of collapse, where presumably fragmentation and
star formation is going on. This is not too different from the scenario hypothesised by
McKee & Tan (2003), where massive star formation occurs in small cores of a few 10 Mg,
located inside large scale molecular clumps similar to those previously described.

3. The stellar content of hot molecular cores

In order to elaborate further on HMCs as sites of (massive) star formation, it is worth
analysing the relationship between the cores and their stellar content. This can be done
by comparing the luminosity to the mass of HMCs, because the former originates from
the embedded stars, whereas the latter corresponds to the mass of the gas, calculated
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Figure 2. Plot of luminosity versus mass for a sample of HMCs. The solid lines mark the
luminosity attainable by concentrating the whole mass of the HMC into a minimum number of
stars having mass <100 M. The shaded area denotes the luminosity of a stellar cluster with
total mass equal to that of the HMC and distributed according to the IMF of Scalo (1998), with
a minimum stellar mass of 0.3 Mg.

from the millimeter continuum emission. Figure 2 is an updated version of Fig. 3 of Kurtz
et al. (2000), displaying a plot of the luminosity versus mass for our sample of bona fide
HMCs (see Sect.2). Note that in the large majority of cases the luminosity is obtained
from the TRAS measurements and hence is to be taken as an upper limit, due to the
limited angular resolution. The straight lines mark the luminosity expected assuming
that the whole HMC mass goes into stars <100 Mg, while the shaded area indicates
the region occupied by clusters of zero-age main-sequence stars, assuming a Scalo (1998)
initial mass function (IMF). Clearly, two groups of HMCs are seen: those lying above
the solid lines and those occupying the shaded area. Noticeably, the former are “light”
HMC s, below a few ~10 Mg, whereas the latter are all “heavy”, i.e. above 100 M. This
distinction is a clue to explain the different behaviour of the HMCs in the plot. Let us
consider in turn “light” and “heavy” HMCs.

“Light” HMCs lie in a forbidden region: in fact, no zero-age main-sequence star with
mass below 100 Mg may exceed the luminosity indicated by the solid lines in the figure.
A plausible explanation is that the stellar mass is underestimated. Indeed, the mass
used in the plot is not the stellar mass, but rather the mass of the gas, obtained from
measurements of the millimeter continuum emission. This implies that the mass of the
star is comparable to or greater than the gas mass in the HMC. We conclude that “light”
HMCs are associated with one (or few) massive stars.

The distribution of the “heavy” HMCs in Fig. 2 suggests that their luminosities origi-
nate from a cluster of stars, whose total mass is equal to the mass of the HMC. In fact,
if the mass of the stars were only, e.g., a factor 3 less than that of the core, the points in
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the figure would move to the left, very close to the forbidden region marked by the solid
lines. The conclusion is that in the “heavy” HMCs the mass of the stars is comparable to
the mass of the gas. Consequently, the star formation efficiency must be very high and
proceed in clustered mode.

Is there any direct observational evidence for the previous conclusions? Given the
distance to high-mass star forming regions (typically a few kpc) sub-arcsecond resolution
is necessary to resolve the structure of HMCs and possibly identify deeply embedded
YSOs. Such a result is difficult to achieve with the interferometers available to date, and
certainly very time consuming. That explains why only a handful of sources have been
deeply investigated so far, of which the Orion HMC is certainly the best studied (see
e.g. Beuther et al. 2004 and references therein) being by far less distant than the others.
In this case, the most massive star identified so far corresponds to radio source I, whose
mass is <10 Mg, comparable to that of the HMC (~10 My), as expected for “light”
HMCs. Another interesting object is IRAS 2012644104, a “light” HMC associated with
a powerful bipolar outflow/jet (Cesaroni et al. 1997; Zhang et al. 1998b; Cesaroni et al.
1999; Hofner et al. 1999; Shepherd et al. 2000; Moscadelli et al. 2005). The core has been
found to be undergoing Keplerian rotation about the jet/outflow axis (Cesaroni et al.
2005): this fact not only allows one to derive the (proto)stellar mass (7 =3 M), but also
to establish that in all likelihood only one massive star (or a binary system) is present
in the innermost 2000 au of the HMC.

Two “heavy” HMCs (G10.4740.03 and G31.41 + 0.31) have been recently imaged with
sub-arcsecond resolution in the NH3(4,4) and CH3CN(12-11) lines and in the centimeter
and millimeter continuum (Cesaroni et al. 1998; Beltran et al. 2004; Beltran et al. 2005;
Hofner et al. in prep.; Beltran et al. in prep.). The results indicate the existence of
multiple, deeply embedded UC and hypercompact HII regions in both cores, supporting
the idea that a cluster of massive stars is forming in these HMCs. Both objects seem
to be associated with molecular outflows, and G31.4140.31 presents also a remarkable
velocity gradient interpreted as rotation by Beltrdn et al. (2005) (but see Gibb et al.
2004 for a different interpretation). If this is the case, one may speculate that infall plus
conservation of angular momentum have induced flattening and rotation of the core, thus
creating an accreting toroid around the newly born (proto)stars.

4. A tentative scenario for massive star formation

We now attempt to elaborate on the previous findings and propose a scenario for the
formation of massive stars taking into account the characteristics of clumps and HMCs.
These may be summarised as follows:

Clumps: diameter ~1 pc; mass ~10% M ; mean density 10° ecm™3, with steep den-
sity profile, roughly n o< R™2; typical densities ~10° cm ™3, implying a free-fall time of
~10° yr; temperatures ~30 K; Mgas > Myirial, implying instability of the clumps unless
a strong (a few mG) magnetic field is present.

HMCs: located close to the center of the clumps; 10 times smaller and less massive,
and 100 times denser than the corresponding clumps, consistently with n oc R=2; typical
temperatures ~100 K; evidence for rotation with Munmc > Mayn, where Mgy is the mass
required for balancing centrifugal and gravitational forces; multiple embedded stars with
Mstars = Mgas-

Although other explanations are possible, it is tempting to interpret the the density
profile of the clump as a sign of inside-out collapse, as depicted by Shu et al. (1987).
Naively, one may imagine that the HMC is located inside the infalling region: it is in fact
interesting to note that in the HMC the stellar mass equals the gas mass, as well as in
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the singular isothermal sphere the infalling mass is about the same as the mass of the
accreting protostar.

Of course the situation is much more complex in the case of clumps and HMCs than
for the singular isothermal sphere, as in the latter only one star is formed, whereas in
the former the gas seems to fragment on a small scale and give rise to a group of massive
stars.

With this in mind, one may speculate that the formation of massive stars occurs
according to the following scenario:

e an unstable clump undergoes inside-out collapse on a free-fall time ~10° yr;

o the border of the infalling region expands at a speed of a few km s~ !;

e multiple star formation (low- and high-mass) occurs inside the infalling region, with
accretion rates of order Meiump/tree—fan ~ 1072 Mg yr—

e conservation of angular momentum speeds up the rotation of the HMC and favours
fragmentation on a scale equal to the centrifugal radius (see Terebey et al. 1984)

R.(pc) = 232.6vr20t(km s_l)R%Mc(pc)/MHMC(MQ) ~ 0.2 Rumc(pe); (4.1)

o if the steep density profile is preserved in the HMC, the mass inside a centrifugal
radius scales linearly with the radius itself and is hence ~5 times smaller than the HMC
mass, i.e. ~20 My;

e the number of fragments (and hence of stars of all masses, assuming 100% star
formation efficiency) is hence ~100;

e the accretion rate per star is 1074 My yr~
10° yr.

In conclusion, while initially the formation of early-type stars in a clump may proceed
through the formation of one or a few “heavy” HMCs, eventually these will fragment
into a large number of sub-cores with sizes comparable to the centrifugal radius of the
HMC. The sub-cores will have a mass spectrum similar to the stellar IMF (analogous to
what found in low-mass star forming regions by Testi & Sargent 1998 and Motte et al.
1998 and in a high-mass object by Beuther & Schilke 2004) and the most massive of
these will undergo Keplerian rotation around an early-type star. It is worth noting that
the centrifugal radius and associated mass estimated above compare well to the radius
and mass of the disk associated with the massive protostar IRAS 20126+4104 (Cesaroni
et al. 2005).

The tentative scenario depicted above raises several questions. First of all, application
of the singular isothermal sphere seems inappropriate in this case, given the existence of
a temperature gradient in the clumps: approximately T oc R~%5. However, this mirrors
the present situation, after the onset of star formation. Before that, the temperature
was very likely constant, as suggested by the recently detected IR-dark clouds (Egan
et al.1998; Garay et al.2004) which may represent the precursors of the molecular clumps
discussed in the present study. The timescale for heating up the clump is much shorter
than the dynamical time scale (~10° yr), which proves that the density profile cannot
change significantly over a clump’s life time.

! sufficient to form a 10 Mg star in

Another problem is the lack of iron-clad evidence for infall in the clumps. Infall should
proceed at a free-fall velocity of several km s~!, which should be clearly seen as red-
shifted self-absorption in the profiles of lines as broad as a few km s~!. However, inward
motions may exist only inside the border of the infalling region, which is limited to the
inner portion of the clump. Most of this is probably filled by the HMC(s). Indeed, some
evidence for infall inside HMCs has been reported (see e.g. Keto et al. 2002, Zhang et al.
1998a, Cesaroni et al. 1999, Beltrédn et al. 2005, and Cesaroni et al. 2005). It must be
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also stressed that the detection of infall is complicated by the presence of outflow, on a
large scale, and rotation, on a small scale.

Finally, what determines the end of the accretion phase on HMCs? In other words,
what sets a limit of a few 100 Mg on the mass of a HMC? In fact, if accretion proceeded
for 10° yr, eventually all of the clump’s mass (210% M) would collapse into the HMC.
The end of the HMC phase is probably determined by the onset of powerful molecular
outflows and the subsequent development of UC HiI regions, whose estimated expansion
time (10° yr; Wood & Churchwell 1989) is comparable to the clump life time.

5. G24.7840.08: a benchmark for high-mass star formation
5.1. Confronting the star formation scenario with observations

Is there any direct observational evidence in favour of the speculative scenario proposed
above? The case of the high-mass star forming region G24.78+0.08 may be used for this
purpose.

This region is located at a distance of 7.7 kpc, has a large bolometric luminosity
(S7 x 10* L), and is characterised by the presence of two closeby UC HII regions.
A number of maser spots have been also detected from various molecular species. In
particular, HoO masers are gathered in two groups, one close to the most compact UC
Hi11 region, the other offset from it by ~0.34 pc. All of this proves the existence of an
embedded population of high-mass YSOs spread over ~0.4 pc and have triggered an
accurate study of the region through a large number of low- and high-angular resolution
observations (Codella et al. 1997; Furuya et al. 2002; Cesaroni et al. 2003; Beltran et al.
2004; Beltran et al. 2005).

This has made it possible to analyse the properties of the molecular gas from 1 pc to
0.03 pc, thus providing an excellent test for the scenario proposed in Sect. 4. As expected,
on a large scale the massive YSOs are surrounded by a medium density (~10° cm~3)
clump with diameter ~1 pc and mass ~4000 Mg, significantly larger than the corre-
sponding virial mass of 2900 M. The volume density varies as n oc R~1-®, consistently
with a singular isothermal sphere undergoing inside-out collapse.

In the innermost region (i.e. for R < 0.15 pc), the approximate spherical symmetry of
the clump breaks up into a number of compact cores, having a total mass M qres ~900 M.
This suggests that such a region could coincide with that undergoing infall. Assuming that
the gas has collapsed into the cores, the mass accretion rate (]\LLCC]r ~3x1072 Mg yr 1)
is given by Eq. (23) of Shu et al. (1987) for a line width of ~5 km s~!, and the border of
the infalling region (Rint) expands at a speed (vexp ~ 5 km s™!) equal to the line width,
one may estimate the current value of Rin from Ring = Vexp X (Mcores/ Maccr) ~ 0.15 pc.
This compares well with the region over which the cores are distributed, thus leading
support to the infall scenario.

As discussed in Sect. 4, massive star formation could proceed through core fragmen-
tation at a level of the centrifugal radius of each core. Is there any evidence for infall,
rotation, and star formation in the cores detected in G24.78+0.087

As already mentioned, two UC Hil regions and four cores have been identified by means
of high-angular resolution observations of CS and CH3CN and of the continuum emission
at centimeter and millimeter wavelengths (Furuya et al. 2002; Beltran et al. 2004). Two
of the cores (G24A1 & G24A2) present prominent emission in the CH3CN lines and
turn out to have high temperatures (~120 K), so that they may safely be classified as
HMCs. One of this (G24A1) is associated with the strongest UC HiI region, while the
other (G24A2) presents strong pointlike emission from 3.6 to 8 ym (data retrieved from
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the GLIMPSE database). Both are associated with HoO and CH3OH masers and with a
bipolar molecular outflow, although it cannot be established from which of the cores the
latter originates. There is little doubt that G24A1 and G24A2 are two high-mass star
forming HMCs.

It is clear that high-mass star formation is very active in the G24.78+0.08 cores and
the presence of powerful outflows supports the existence of infall. The CH3CN line width
in G24A1 is maximum at the center of the core: this may be an optical depth effect, but
is also consistent with infall, as in this case the maximum velocity dispersion along the
line of sight is attained just for the line of sight passing through the center.

Clear evidence for rotation has been found in G24A1 and G24A2. This is seen as
a velocity gradient measured in the CH3CN lines, perpendicular to the direction of the
corresponding outflow axes, as shown in Fig. 3. Numerical simulations have demonstrated
that the rotation velocity varies most likely linearly with R, consistently with the fact
that Keplerian rotation is impossible for disks more massive than ~100 M. The rotating
cores are hence self-gravitating massive disks, which cannot be supported by centrifugal
forces. In this situation, coherently with the scenario in Sect. 4, fragmentation on a
centrifugal radius several times smaller than the core radius may occur.

With this in mind, it is interesting to note that recent EVN observations (Moscadelli
pers. comm.) of the CH3OH masers in G24A1 and G24A2 have revealed that the maser
spots are distributed consistently with the CH3CN velocity gradient, although over re-
gions ~3 times smaller (0.023 and 0.020 pc) and covering velocity ranges ~3 times larger
(9.1 and 5.7 km s~!). This is consistent with conservation of angular momentum from
the large to the small scale inside the cores: indeed the centrifugal diameters (0.030 and
0.012 pc) and corresponding velocities (13 and 7.4 km s~!) of the G24A1 and G24A2
disks agree with those of the two groups of CH3OH maser spots. The dynamical masses
needed for equilibrium are 55 and 19 My for G24A1 and G24A2 respectively. From
the free-free continuum emission of the UC HiI region in G24A1, Codella et al. (1997)
estimate a spectral type 09.5 for the exciting star, corresponding to a stellar mass of
~20 Mg. This must be summed to the mass of the gas inside 0.023 pc, which is 31 Mg
for a mean density of 10% cm™3. The total mass (star plus gas) is consistent with the
55 Mg computed from the CH3OH velocity spread in G24A1.

5.2. Possible evolutionary sequence

Beside G24A1 and G24A2, also another core, G24C, has been found in the G24.784-0.08
region (see Fig. 3). Unlike the two HMCs, this has a relatively low temperature (~30 K)
and faint CH3CN emission. However, various facts indicate that also this core might be
forming high-mass stars: its mass is comparable to that of the two HMCs (~200 Mg),
is associated with HoO maser emission, and powers a bipolar molecular outflow with
properties typical of outflows from massive stars. Also in this case, evidence for rotation
about the outflow axis is seen, this time in the CS(3-2) line (Beltran et al. 2004).

A fourth core, G24D, is detected only in the millimeter continuum, which does not
allow a temperature estimate. Assuming a temperature <30 K, the mass is >100 M),
suggestive of a cold, high-mass protostellar core.

Finally, it is worth noting that the UC HII region not associated with G24A1, named
G24B by Codella et al. (1997), presents only free-free emission not only at centimeter
wavelengths but also in the millimeter. This indicates that unlike the other UC Hi1 region,
G24B is not embedded in a dense, dusty core.

Given the relatively large number of objects revealed in the G24.78+0.08 clump, one
may attempt a classification sorting G24A1-D according to a possible evolutionary se-
quence. In fact, in this case one is dealing with sources formed in the same environment,
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Figure 3. Disk/outflow systems in the high-mass star forming region G24.784-0.08 (Beltrén
et al. 2004). The straight lines represent the axes of the bipolar outflows detected by Furuya
et al. (2002). The starred symbols indicate the positions of the millimeter continuum peaks,
while the filled circle in G24 A1 represents the UC HiI region detected by Codella et al. (1997).
Top left: Maps of the outflows (contours) overlayed on images of the CS(3-2) (towards G24C)
and CH3CN(12-11) (towards G24A1 and G24A2) emission integrated under the line. Solid and
dashed contours correspond respectively to blue- and red-shifted gas. Bottom left: Map of the
CS(3-2) line velocity observed by Cesaroni et al. (2003) towards G24 C. The grey scale is
expressed in km s™'. Top and bottom right: Maps of the CH3CN(12-11) line velocity towards
G24 Al and G24 A2.

so that any difference between them may be attributed more likely to age effects than to
different initial conditions. Table 1 summarises the properties of G24A1-D in order to
outline similarities and differences. For each object we report temperature, presence of
dust continuum and/or line emission, and association with outflows, disks, masers and
UC Hii regions. As the star formation process goes on, the temperature should increase
as a consequence of the increasing stellar luminosities, outflows should appear in asso-
ciation with rotating accretion disks, and eventually UC HII regions should form and
expand determining the destruction of the HMC.

These facts suggest the sequence outlined in Table 1: G24D — C — A2 — Al —
B. G24D is presumably cold, being detected only in the millimeter continuum but not
in molecular tracers; also, it is not associated with any signpost of star formation, so
that we believe it to be the youngest. G24C is warm and associated with a disk/outflow,
consistently with the presence of HoO (Forster & Caswell 1989) and class I CH3OH masers
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Table 1. Summary of properties of the cores in the G24.784-0.08 high-mass star forming

region

Object name G24D G24C G24A2 G24A1 G24B
temperature (K) - 30 120 120 -

dust emission Y Y Y Y N
line emission N Y Y Y N
bipolar outflow N Y Y* Y N
rotating disk N Y Y Y N
H>0O maser N Y Y Y N
class I CH30OH maser N Y Y Y*“ N
class II CH3OH maser N N Y Y N
UC Hil region N N N Y Y

® could be associated with either or both G24A1 and/or G24A2.

(Beltran pers. comm.), which are also believed to be outflow tracers. Class II CH;OH
maser emission is detected only in G24A1 and G24A2 (Walsh et al. 1998; Moscadelli pers.
comm.), which also present outflow and rotation as well as class I CH3OH, HoO, and OH
maser emission: the high temperature of these two cores suggests that luminous stars
have already formed in them, as proved by the strong mid-IR source detected in G24A2.
However, G24A1 is likely more evolved as witnessed by the presence of an embedded UC
Hi1 region. Finally, G24B is detected only in the free-free continuum, suggesting that this
UC Hi1 region is old enough to have dispersed the parental core.

The evolution from G24D to G24B must occur over a free-fall time of the parsec-scale
clump, so that the age spread between these objects cannot exceed ~10° yr.

6. Conclusions

The present knowledge of HMCs suggests that these objects could highlight the very
sites of massive star formation inside parsec-scale clumps undergoing collapse in their
innermost regions. In fact, comparison between the masses and luminosities of HMCs
indicates that their masses are comparable to those of the embedded stellar clusters.
Although highly speculative at the moment, recent observations seem to lead support to
a star formation scenario according to which HMCs would lie in the collapsing region of
the clumps, where the infalling gas spins up for conservation of angular momentum. This
process could eventually lead to fragmentation of the HMC over a scale characterised
by equilibrium between gravitational and centrifugal forces. The fragments may then
form accretion disks rotating about the newly formed stars. The increasing evidence of
outflows, infall, and rotation in high-mass star forming regions on scales smaller than
0.1 pc looks like a promising forward for more sensitive and higher resolution studies of
HMCs with new generation instruments such as ALMA.
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