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Abstract. We present the results of spectral energy distribution analysis for 162 of the 405
sources reported in the SIMBA survey of Hill et al. (2005). The fits reveal source specific pa-
rameters including: the luminosity, mass, temperature, H» number density, the surface density
and the luminosity-to-mass ratio. Each of these parameters are examined with respect to the
four classes of source present in the sample. Obvious luminosity and temperature distinctions
exist between the mm-only cores and those cores with methanol maser and/or radio continuum
emission, with the former cooler and less luminous than the latter. The evidence suggests that
the mm-only cores are a precursor to the methanol maser in the formation of massive stars.
The mm-only cores comprise two distinct populations distinguished by temperature. Analysis
and conclusions about the nature of the cool-mm and warm-mm cores comprising the mm-only
population are drawn.
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1. Introduction

Despite the wealth of attention that massive stars have received of late, their formation
scenario is still largely unclear. This may be attributed to the fact that massive stars
form in clustered mode, deeply embedded in their natal molecular envelope where their
development is optically obscured prior to main sequence evolution. This, coupled with
the rapid timescales over which they evolve, as well as the fact that high-mass stellar
candidates are typically at further distances than their lower mass counterparts, hinders
the study of these objects.

Massive star formation regions are often found coincident with maser sources — in
particular the methanol variant (Pestalozzi et al. 2005), UC Hi regions (Thompson
et al. 2006), IRAS colour selected sources (Wood & Churchwell 1989a) and MSX colour
selected sources (Lumsden et al. 2002). More specifically, methanol masers and UC Hir
regions are thought to feature prominently in the earliest stages of massive star formation
(cf. Batrla et al. 1987, Caswell et al. 1995, Walsh et al. 1997, Minier et al. 2001, Beuther
et al. 2002, Fatndez et al. 2004, Thompson et al. 2006).

Methanol masers have been found associated with strong radio continuum emission
(i.e. Hir regions), IRAS far-infrared colour selected sources (e.g. Wood & Churchwell
1989b), Hy O and OH masers (Caswell et al. 1995) as well as millimetre and submillimetre
continuum emission (Hill et al. 2005, Walsh et al. 2003 respectively).
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Figure 1. Spectral energy distribution of the mm-only core G24.91940.088. IRAS 60 and
100pm upper limits are indicated on the diagram. Source specific parameters are as listed.

Early work (e.g. Walsh et al. 1998) suggested that the methanol maser was indicative
of the earliest stages of massive star formation prior to the onset of radio continuum
emission. More recent work has focused on finding a precursor to the methanol maser,
which would mark the very earliest stages of massive star formation. The hot molecular
core (HMC) is one such object proposed to satisfy this criterion (cf. Olmi et al. 1996,
Osorio et al. 1999, Minier et al. 2005).

Hill et al. (2005), herefater, Paper I undertook a millimetre continuum emission survey
toward regions displaying evidence of massive star formation in search of cold cores
that would mark the earliest stages of their formation. This survey revealed evidence of
star formation clearly offset from, and devoid of, both the methanol maser and radio
continuum sources targeted. Follow-up submillimetre observations of these ‘mm-only’
cores Hill et al. (2006), hereafter Paper II revealed each of them to be associated with
submillimetre continuum emission and hence cold deeply embedded objects.

2. Spectral energy distribution fitting

Combining the SIMBA and SCUBA data from Papers I and I, together with existing
submillimetre SCUBA data (Pierce-Price et al. 2000, Walsh et al. 2003, Thompson et al.
2006), as well as archival MSX data where applicable and in some instances IRAS, we
have drawn spectral energy distribution (SED) diagrams for the sources in our sample.
The SED is drawn using a two-component Levenberg-Marquardt least squares fit accord-
ing to equation 2.1. This relation models emission from a hot core embedded in a larger
cold or warm envelope (cf. Minier et al. 2005).

F, = [Q/l B, (Thot)] +Q.B, (Tcold) €y (2.1)

where F), is the flux density of the source, 2, and €. are the source solid angles for the
hot and the cold component of the source, respectively, B, is the Planck function for a
temperature of T}, and T.,4, and €, is the emissivity for the cold component, which is
equivalent to (1-e~™ ). For optically thin regions, €, approximates to 7, where 7, is given
by 70(v/15)”. The dust grain emissivity index (3) is assumed to be 2 for the sample, as
per Paper II.

SED fits were applied to 162 of the 405 sources in the SIMBA sample (see Fig. 1).
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Figure 2. Histogram distribution of the luminosity (left) and temperature (right) for the four
classes of source in the SIMBA sample.

3. Results and analysis

The SED fit provided three main parameters: the dust temperature, luminosity and
the mass. These were then used to determine the hydrogen number density (ng, ), the
surface density (X) and the luminosity-to-mass ratio (L/M). Together with the radius
and distance from our earlier work, eight parameters are known for each source.

We have compared each of these eight parameters with respect to the four classes of
source found in the sample (see Paper I) through histogram and cumulative distribution
plots (see figures 2 and 3) as well as Kolmogorov-Smirnov (KS) tests.

Analysis revealed (Hill 2006) the mm-only sample to be comparable in terms of mass
and radii to sources harbouring a methanol maser and/or radio continuum source. In-
triguingly, the mm-only sample are also cooler and less luminous (see Fig. 2 and 3) with
smaller luminosity-to-mass ratios than these sources. As well as corroborating these re-
sults, the KS tests for the temperature, luminosity and L /M indicate that the mm-only
cores are distinctly different from the methanol maser and/or radio continuum associated
cores for these parameters. At least 45 per cent of the mm-only cores are also without
mid-infrared MSX emission.

These results are consistent with cooler, younger examples of massive star formation,
suggesting that the mm-only core is indicative of the very earliest stages of massive star
formation, prior to the onset of methanol maser emission.

4. A bimodal distribution for the mm-only core?

The mm-only sample was identified as comprising two populations which are distin-
guished by temperature (Fig. 2). For the following analysis, the mm-only sample was
segregated into cool-mm and warm-mm components, creating five classes of sources in
total.

According to the cumulative distribution plots (cf. Fig. 4) the cool-mm sources are
less luminous with smaller L/M and radii, and higher densities (ng, and ¥) than the
warm-mm sources as well as those sources with a methanol maser and/or radio contin-
uum source. The KS tests indicate that the cool-mm sources are not drawn from the
same population as the warm-mm sources, nor the sources with radio continuum and/or
methanol maser emission for the luminosity, luminosity-to-mass ratio, Hy number density
and the surface density. However no such distinction could be discerned for the mass.

https://doi.org/10.1017/51743921307012665 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921307012665

Profiling young massive stars

1.0 [T

L mm-only
L maser
_._ maser+radio
L _ radio

ARRARS 7 RS Aan

0.81—

mm-only
maser
maser+radio

radio

= 0.6

Fraction
L
Fraction
T

- 04

- 0.21—

0 1 2 3 4 5 6 7 1.0 1.2 1.4 1.6 1.8
Log Lumninosity (Lsun) Log Temperature

Figure 3. Cumulative distribution plots of the luminosity (left) and temperature right) for the
four classes of source in the SIMBA sample.
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Figure 4. Cumulative distribution plots of the luminosity (left) and temperature (right)
highlighting the two populations of mm-only core (cool-mm and warm-mm).

The warm-mm sources on the other hand display little distinction from the methanol
maser and/or radio continuum sources for all of the parameters tested. These results led
us to conclude that the cool-mm and warm-mm sources are two distinct populations of
the mm-only core. The cool-mm sources are the least luminous sources in the sample,
with lower luminosity-to-mass ratios as well as higher Hy and surface densities. However
they are of comparable mass and radii to the warm-mm and maser sources.

We propose that the warm-mm sources are indicative of the earliest stages of massive
star formation prior to the onset of methanol maser emission, whilst the cool-mm sources
are examples of starless cores as described by (Vazquez-Semadeni et al. 2005). High
resolution observations of these cores, to search for embedded sources, are necessary in
order to ascertain which of them are forming stars, and which will remain starless, and
so test this hypothesis.

5. Future work

A caveat of this work is that the separation of the mm-only core into two distinct
populations was concluded from a simple greybody fit to the SED, which enabled a
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temperature estimation in addition to the mass and luminosity of the dust cores. This
distinction may be in error, a result of the limited number of data points available to fit
the SEDs for these sources.

Ammonia (NHj) is an excellent tracer of dense molecular gas. It can be used to probe
the physical conditions of the molecular cloud in which cores are forming and can be
used to determine physical conditions of the gas, such as temperature, density and optical
depth (cf. Longmore et al. 2006). Intriguingly, Longmore et al. (these proceedings) report
observations where the youngest star formation regions in their sample are devoid of
methanol maser emission, traced solely by their NH3 emission.

We anticipate a direct correlation between future NHj observations of our sample,
with the millimetre continuum emission detected by SIMBA, as per the results of Pillai
et al. (2006)). Ammonia will therefore provide an independent determination of the tem-
perature of our mm-only cores, with insights into their role in the formation of massive
stars.
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