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ABSTRACT

Concatenating data from the millimetre regime to the infrared, we have performed spectral
energy distribution (SED) modelling for 227 of the 405 millimetre continuum sources of Hill
et al. which are thought to contain young massive stars in the earliest stages of their formation.
Three main parameters are extracted from the fits: temperature, mass and luminosity. The
method employed was the Bayesian inference, which allows a statistically probable range of
suitable values for each parameter to be drawn for each individual protostellar candidate. This
is the first application of this method to massive star formation.

The cumulative distribution plots of the SED modelled parameters in this work indicate
that collectively, the sources without methanol maser and/or radio continuum associations
(MM-only cores) display similar characteristics to those of high-mass star formation regions.
Attributing significance to the marginal distinctions between the MM-only cores and the high-
mass star formation sample, we draw hypotheses regarding the nature of the MM-only cores,
including the possibility that the population itself comprises different types of source, and
discuss their role in the formation scenarios of massive star formation. In addition, we discuss
the usefulness and limitations of SED modelling and its application to the field. From this
work, it is clear that within the valid parameter ranges, SEDs utilising current far-infrared
data cannot be used to determine the evolution of massive protostars or massive young stellar
objects.

Key words: masers — stars: early-type — stars: formation — stars: fundamental parameters —
H u regions — submillimetre.

1 INTRODUCTION

The study of massive stars and their natal molecular environments
has seen a surge in interest and study in recent years. Despite this,
precise scenarios for the formation of massive stars, especially of
the earliest stages of their evolution, are still not forthcoming. This
may be attributed to a number of factors. The very nature of massive
star formation (i.e. rare, rapid, clustered and distant) impedes the
study of the earliest stages of their evolution, which are not easily
distinguished. Massive stars also form in turbulent and evolving
environments, e.g. jets, discs and outflows, which contribute to hin-
der extraction and interpretation of information from these regions.
Additionally, instrumental limitations, specifically the resolution of
current instruments, are not sufficient to probe the innermost work-
ings of the cocoons in which massive stars are forming.

*E-mail: thill@astro.ex.ac.uk

Previous studies have identified associations between young mas-
sive stars and methanol masers (Pestalozzi, Minier & Booth 2005),
Ultra Compact Hu (UC Hu) regions (Thompson et al. 2006), In-
frared Astronomical Satellite (IRAS) colour-selected sources (Wood
& Churchwell 1989) as well as Midcourse Space Experiment (MSX)
colour-selected sources (Lumsden et al. 2002). Methanol masers
and UC Hu regions, in particular, are thought to feature promi-
nently in the earliest stages of massive star formation (cf. Batrla
et al. 1987; Caswell et al. 1995; Minier et al. 2001; Beuther et al.
2002; Fadindez et al. 2004; Williams et al. 2004, and references
within).

Early work (e.g. Walsh et al. 1998) suggested that the methanol
maser was the earliest indicator of massive star formation prior
to the onset of H 1 regions that are signposted by radio continuum
emission. More recent work has focused on finding a precursor stage
to that signposted by radio continuum emission, which would mark
the very earliest stages of massive star formation. The hot molecular
core (HMC) and infrared dark clouds are such objects proposed

© 2008 The Authors. Journal compilation © 2008 RAS
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to satisty this criterion (cf. Olmi et al. 1996; Osorio, Lizano &
D’Alessio 1999; Hill et al. 2005, hereafter Paper I; Rathborne,
Simon & Jackson 2007). The methanol masers likely form during
these stages (Paper I; Longmore et al. 2006, 2007).

In Paper I we undertook a SIMBA (Swedish ESO Submillimetre
Telescope (SEST) IMaging Bolometer Array) millimetre contin-
uum emission survey towards regions displaying evidence of mas-
sive star formation, in search of cold cores that would mark the
earliest stages of their evolution. This survey revealed each of the
methanol maser and radio continuum sources targeted to be associ-
ated with millimetre continuum emission. Interestingly, this survey
also revealed evidence of star formation clearly offset from, and
devoid of, both the methanol maser and radio continuum sources
targeted. These sources were dubbed ‘MM-only’ cores.!

Preliminary analysis showed these MM-only sources to be
smaller and less massive than cores harbouring a methanol maser
and/or an UC Hu region. This conclusion was drawn, however,
assuming a constant temperature of 20 K across the sources in the
sample. At least 45 per cent of these ‘MM-only’ sources are also
without mid-infrared MSX emission. It was consequently proposed
that the MM-only core is a possible precursor to the methanol maser
stage of massive star formation, and thus traces an even earlier stage
— perhaps even the earliest stage in the formation of massive stars.
Follow-up submillimetre observations of these MM-only cores (Hill
etal. 2006, hereafter Paper II) revealed each of them to be associated
with submillimetre continuum emission, confirming their associa-
tion with cold, deeply embedded objects.

In order to ascertain the nature of the MM-only cores and any
role that they play in the formation and evolution of massive stars, it
is necessary to determine their ambient physical conditions, such as
temperature, luminosity and mass. Only in light of this information
is it possible to characterize the MM-only core and address hy-
potheses regarding their formation and/or whether they are indica-
tive of the earliest stages of massive star formation. Additionally,
in order to put the MM-only core into context within an evolu-
tionary sequence for massive star formation, a wide cross-section
of sources suspected of being at various evolutionary stages are
required.

In this paper, we combine the (sub)millimetre data from our
earlier work (Papers I and II), with existing submillimetre data
(Pierce-Price et al. 2000; Walsh et al. 2003; Thompson et al. 2006),
together with archival MSX data where applicable, and /RAS data
(more often than not as upper limits) to draw spectral energy distri-
bution (SED) diagrams for a large sample of sources detected with
SIMBA. The sample itself is a cross-section of sources suspected of
representing different evolutionary stages of massive star formation
(see Section 2.1).

2 MULTIWAVELENGTH COMPILATION
OF THE SIMBA SOURCES

In this section, we outline the source selection criteria, explore each
of the wavebands used for the SED fitting and explore infrared
associations for the sample.

!'In this paper, the term ‘cores’ refers to molecular cloud fragments that
were detected through millimetre dust continuum emission. These ‘cores’
have sizes and masses that span a large range which qualifies them to form
many young stellar objects (YSOs) or even protostellar clusters. Although
they are more widely labelled as ‘clumps’ in the literature, for consistency
with our earlier work we preferentially use the term ‘cores’ in this work.

© 2008 The Authors. Journal compilation © 2008 RAS, MNRAS 392, 768-782

2.1 The sample origin: (sub)millimetre observations

Our 1.2 mm SIMBA survey (Paper I) revealed a total of 405 mil-
limetres continuum sources, a large number of which are MM-only
cores as introduced in Section 1.

The SIMBA sample comprises four distinct classes of source,
distinguished by the presence, or lack thereof, of methanol maser
and radio continuum tracers. Class M sources are millimetre sources
with methanol maser sites but are devoid of radio continuum emis-
sion. Class R sources are millimetre sources with radio continuum
emission but without methanol maser emission. Class MR sources
are millimetre sources with both methanol maser and radio contin-
uum emission. The fourth class of source is the MM-only sample
which comprised sources with millimetre continuum emission, but
without methanol maser sites or UC H 11 regions.

The observation and data reduction method of each of the SIMBA
and Submillimetre Common User Bolometer Array (SCUBA) sur-
veys are as described in Papers I and II, respectively, and the reader
is referred to these for more information.

The millimetre (1.2 mm) and submillimetre (450 and 850 pum)
fluxes used in this work were extracted directly from the
(sub)millimetre continuum maps using the respective data reduction
and analysis packages (see Papers I and II). This procedure involved
distinguishing the source from the background and subtracting the
latter from the former using apertures defined to 10 per cent contour
level (of the peak flux) for each of the SIMBA and SCUBA sources.

The definition of the source size (contour level of 10 per cent)
is critical for SED analysis as it influences the amount of flux
input into the SED as well as the resultant parameters from the
model. Comparison of the integrated flux determined for a sample
of sources to a contour level of 5, 10 and 20 per cent of the peak
flux of the source reveals an integrated flux difference of less than
10 per cent for a 5 per cent contour and less than 15 per cent for
a 20 per cent contour, when compared with our assumed size of a
10 per cent contour. As discussed in Section 3.1, we assume a
20 per cent flux error for SED analysis which accounts for any
ambiguity in source size.

2.2 Infrared data

2.2.1 Infrared Astronomical Satellite

The IRAS was a joint scientific project between the United
Kingdom, the Netherlands and the United States. /RAS’ mis-
sion was to perform a sensitive and unbiased all-sky sur-
vey centred at four wavebands in the infrared regime: 12,
25, 60 and 100 pm. /RAS was launched in 1983 January and
ended its mission 10 months later in November, after surveying
96 per cent of the sky.?> The angular resolution of IRAS varies be-
tween about 30 arcsec at 12 wm to about 2 arcmin at 100 wm. For
more detail about the design and performance of IRAS, refer to
Beichman et al. (1988).

The IRAS Sky Survey Atlas (ISSA) is a publicly available set
of FITS images of the infrared sky, while the /RAS point source
catalogue (PSC) provides flux estimates of sources detected by
IRAS for each of the wavebands of observation.

The IRAS infrared fluxes at 60 and 100 um have been extracted
from the IRAS PSC for those sources with an /RAS association.
They are also used for the purposes of upper limit constraints to

2 See http://irsa.ipac.caltech.edu/IRASdocs/iras.html.
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SED analysis in the absence of a direct association. Note that we
do not use the other two IRAS wavebands at 12 and 25 pm as they
overlap that of the MSX satellite, which achieved better angular
resolution (see Section 2.2.2).

2.2.2 Midcourse Space Experiment

The MSX was a multi-discipline experiment sponsored by the Bal-
listic Missile Defence Organisation. Launched on 1996 April 24,
this infrared satellite operated at a temperature of 11 to 12K, and
spanned the infrared regime from 4.2 to 26 um. The four main
wavebands of MSX are centred at 8.3, 12.1, 14.7 and 21.3 um.

The MSX Galactic plane Survey mapped the Galactic plane for
|b|< 5°, and surveyed the part of the sky missed by /RAS in the
‘Survey of Areas Missed by IRAS’, as well as other surveys. An
overview of the astronomical experiments conducted with MSX is
given by Price (1995), while a complete description of the experi-
ments and data processing is given in Price et al. (2001).

The infrared instrument on MSX SPIRIT III had a spatial resolu-
tion of 18.3 arcsec and a sensitivity of 0.1Jy at 8.3um.

The MSX images were examined for sources appearing in the
SIMBA source list. For those sources with a direct MSX association,
the mid-infrared flux density was determined from the calibrated
images. The maps were converted from B1950 Galactic coordinates
to J2000 equatorial coordinates. The maps were then converted from
Wm?sr~! to Jy, allowing for 6 arcsec’ pixels, and an additional
factor of 1.133 to convert from square pixels into a Gaussian area.
The final conversion factors for each of the wavebands were 6.84 x
10%, 2.74 x 10%, 3.08 x 10* and 2.37 x 10* Jy per Wm?sr~! at
8.3, 12.1, 14.7 and 21.3 um, respectively.

The flux of the source was then measured using the KARMA/KVIS®
package by applying an aperture around the sources and at various
points in the image considered to be the background. Contour levels
of 10 per cent of the peak source flux were overlaid and used to
define the ‘source’ aperture size. The resultant flux of the source
was then determined by measuring the flux inside each of the source
and background apertures, and subtracting the latter from the for-
mer. In most instances, the fluxes which were determined from the
MSX images were consistent with (to within 10 per cent of) the flux
reported by the MSX catalogue. However, as there are known prob-
lems with the fluxes reported in the MSX catalogue, we cautiously
opted to manually determine fluxes from the MSX images for all
sources.

For those sources with an MSX association, the infrared MSX
emission is used to draw the SED as described in Section 3.

2.3 Correlating the SIMBA data with other data

The aim of this paper is to draw SED diagrams for individual
sources in the SIMBA source list of Paper 1. Submillimetre associ-
ations with these data were explored in Paper II. For those SIMBA
cores which are resolved by SCUBA into multiple components, the
corresponding submillimetre flux for the SIMBA sources has been
used to draw the SED, with individual submillimetre components
summed together.

Extracting source-specific information from all sky surveys can
be difficult due to confusion in the images. The infrared images
from the /RAS and MSX satellites are examined here with respect
to each of the sources in the SIMBA images.

3 http://www.atnf.csiro.au/computing/software/karma/

As a consequence of the poor spatial resolution of /RAS compared
to that of SIMBA (24 arcsec), it was often not possible to conclude
an /RAS association with an individual SIMBA source. Generally,
the entire SIMBA map (240 x 480 arcsec?) falls within a single IRAS
source, that is the SIMBA instrument resolved the corresponding
IRAS source into multiple millimetre components. Very few sources
in the sample had a direct correlation with the /RAS peak of emission
and hence an /RAS source. An IRAS flux was generally only used
for isolated SIMBA sources. For all other sources, the /RAS flux
corresponding to the nearest coincident methanol maser and/or radio
continuum source was used as an upper limit in the SEDs. In both
of these instances, the /RAS flux was taken directly from the PSC.
In the few cases where a SIMBA source was completely devoid
of IRAS emission, falling in diffuse background emission instead,
an upper limit was obtained from the /RAS images according to
the procedure described for the MSX data (Section 2.2.2), and is
included in the SED plots.

Considering the resolution of /RAS, the usefulness of these data
for characterization and constraint of the cold component of our
SED fits is questionable. It may be argued instead that Spitzer data
would be a better choice, especially the 70 pm data which easily
supersede the resolution of the 60 um /RAS data. We have, however,
elected not to use the Spirzer data for our SED fits primarily as these
data are an, as yet, unpublished data set. While the data are available
for download, it contains many artefacts and saturated values, which
we are unable to quantify.

As mentioned in Section 2.2.2, the MSX satellite produced higher
resolution images than that of /RAS. However, as a result of an
excess of mid-infrared emission in the fields examined, it is often not
possible to distinguish individual associations due to confusion. For
instance, there can be extended PAH emission in the MSX 8, 12 and
14 um maps, which makes it difficult to extract the flux associated
with dust emission from a core. Consequently, although a SIMBA
source may not have a direct association with a MSX source, it does
not eliminate that same source from having associated mid-infrared
emission. Often, a SIMBA source falls within diffuse mid-infrared
MSX emission, yet they are not directly associated with a MSX peak
of emission (i.e. a MSX source). For any SIMBA source where a
MSX association was ambiguous, MSX data were not used. MSX
emission associated with multiple SIMBA sources was not used
unless it was obvious which SIMBA source is dominated by the
MSX flux.

In the case of G49.49—0.37, the SCUBA images reveal it to be
quite complicated at both 450 and 850 pum, resolving the SIMBA
sources into multiple components. The SIMBA sources also are
only partially sampled by our SCUBA data. Due to this inadequate
sampling, as well as confusion for associations with MSX and IRAS,
SED analysis was not performed for this entire region (20 sources).

3 SPECTRAL ENERGY DISTRIBUTION
ANALYSIS

The concatenation of the (sub)millimetre and infrared data
described in Section 2 enables the SED of each of the SIMBA
sources to be drawn.

3.1 Modelling procedure

We have modelled our sample according to a simple two-component
model denoting a central warm core surrounded by a colder dust
envelope (see Minier et al. 2005). The ‘hot’ component of this
model is assumed to radiate as a blackbody sphere, whilst the ‘cold’

© 2008 The Authors. Journal compilation © 2008 RAS, MNRAS 392, 768-782
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Table 1. Range of values explored for each of the
parameters of interest from the fitting procedure
using log-space sampling.

Parameter Range No. of values sampled

Teold 2.73-100K 100
Meow 1-10° Mg 100
Thot 100-1500K 25
Rhot 10°-10° R 25

component accounts for optically thin emission from the dust. The
emerging spectrum is then defined by

F, = [7B,(Thot) Ry, + Bu(Teota) Meoia (v)] /d°, (1)

where F, is the flux density of the source, Ry, is the radius of the hot
component of the source, B, is the Planck function for a temperature
of Tho and T'eoa, Mooig is the mass of the cold component, d is the
distance to the source and «(v) is the mass absorption coefficient.
In this instance, «(v) is assumed to vary as a power law with «())
= ko(A/Ag)2cm? g~! of dust at Ay = 1.2mm, as per the opacity
models of Ossenkopf & Henning (1994) (cf. Minier et al. 2005)
where kg = 1.0cm? g~'. We assume a dust-to-gas ratio of 100.

Equation (1) solves for four parameters: Ry, Thots Tcola and Meog-
Due to the ambiguities with SED fitting, it is not possible to constrain
each of these four parameters independently. The robust estimation
for the range of validity of the parameters instead requires the
potential correlations between each of the parameters to be taken
into consideration. With this in mind, we systematically explored
a grid of models by varying all four free parameters in order to
ascertain a solution. The range of values explored with the fitting
procedure is summarized in Table 1. SEDs were calculated for each
combination of these parameters, resulting in a total of 6.25 million
synthetic SEDs.

Comparisons between the models and the observations were
drawn according to a reduced x? value. For each of the individ-
ual sources, we computed a table of reduced x? sampling of the
whole parameter space. That is, the observed SEDs were compared
to all synthetic SEDs according to the calculated reduced x 2 values.
These tables of reduced x2 values are used in the following section
to estimate the range of validity for each of the different parameters
via the Bayesian inference method.

For the purpose of the x? calculations, each observational flux
was assumed to have a flux error of 20 per cent, except for those
450 um submillimetre and /RAS data where a 40 per cent error was
used. The error estimates for the (sub)millimetre data are consis-
tent with Paper II, whilst for the infrared data these estimates are
consistent with Minier et al. (2005) and are deemed reasonable for
fitting purposes.

For those sources devoid of coincident mid-infrared MSX emis-
sion, we have fit the (sub)millimetre data for the cold component of
equation (1) only, similar to what was done by Minier et al. (2005).
In the absence of an IRAS association, we have used the /RAS flux
as an upper limit in the fitting procedure.

The free—free emission contribution to the millimetre fluxes of
the sources in our sample is expected to be minor. Comparison
of cm-band radio continuum fluxes with our 1.2 mm continuum
fluxes indicates that the free—free contamination is typically a few
per cent, even for bright sources such as G5.89—0.39, which has
a free—free contamination to the 1.2mm flux of not more than
5 per cent. We therefore do not expect free—free emission to sig-

© 2008 The Authors. Journal compilation © 2008 RAS, MNRAS 392, 768-782

nificantly influence our fits and do not consider it in the fitting
procedure.

The luminosity of each source was determined through the in-
tegration of equation (1). We opt to limit the range for luminosity
integration between 1.2 mm and 8 pm, corresponding to the region
encompassed by our data. At longer wavelengths, there are no data
to constrain the SED curve, the shape of which is then reliant upon
the model alone. For consistency, we thus also limit the shorter
wavelengths to the actual data. We stress that the resultant luminos-
ity is representative of the luminosity between the range integrated
(1.2mm and 8 um) only and is not a direct representation of the
bolometric luminosity of the source (i.e. it is a lower limit to the
luminosity). In order to ascertain the effect that limiting the integra-
tion range had on the resultant luminosity, we also integrated the
luminosity over the wavelength range 0.1 um to 3 mm. Although
the luminosity for this range was roughly only 5 per cent greater on
average than the range encompassing our data (1.2 mm to 8 pm),
individual sources could vary as much as 40 per cent. Despite the
differences in the luminosity determined for each range, varying the
integration range had negligible effect on the shape of the cumula-
tive distributions in Fig. 2.

3.2 Validity range of parameters

To determine the range of validity for each of the four free parame-
ters, or two free parameters for the single-component analysis, we
used a Bayesian inference method (Press et al. 1992; Lay, Carlstrom
& Hills 1997; Pinte et al. 2007, 2008). This technique allows us to
estimate the probability of occurrence of each parameter value.
The relative probability of a single point of the parameter space
(i.e. one model) is proportional to exp (—x?/2), where x? refers
to the reduced x? of the corresponding model. All probabilities
are normalized at the end of the procedure so that the sum of the
probabilities of all models over the entire grid is equal to 1.

The Bayesian inference method of SED modelling does not only
give the best value for each parameter, but also produce a range
of suitable values for each parameter, with each value having an
associated probability of occurrence.

The Bayesian method relies on a priori probabilities for the pa-
rameters. For the purposes of our analysis, we assume that we do
not have any preliminary available information, choosing instead
a uniform a priori probability, which corresponds to a logarithmic
sampling of the parameters.

Fig. 1 presents the best-fitting SED (i.e. the model with the small-
est x2 value) and the relative figures of merit (probability distribu-
tion diagrams) estimated from the Bayesian inference method for
the temperature and mass of the cold component of the fit for three
individual sources. These results were obtained from marginaliza-
tion (i.e. summing) of the probabilities of all models, where one
parameter is fixed successively to its different values. The resulting
histograms indicate the probability that a parameter takes a certain
value, given the data and assumptions of our modelling. The width
of the probability curves is a strong indicator of how well the data
are constrained (see Section 4.1). The radius and temperature of the
hot component are considered as ‘nuisance parameters’ here. That
is, they are parameters that have an influence on the data but do
not have a direct physical interpretation and are thus not of prime
interest to us in this study.

For each parameter 6 with a density of probability p(@), this range
of validity is defined as the interval [0, 6,] where
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Figure 1. SED fits and probability distributions of the temperature and the mass for three sources, from top to bottom: G 12.02—0.03, G0.21—0.00 and
G 10.288—0.127. Left-hand panel: example SEDs. The blue and red lines represent the hot and cold components, respectively. The black line represents
the total SED fit. Crosses are observational data points whilst triangles are upper limits. Centre and right-hand panel: histograms of marginal probability
distributions for the temperature and mass of the cold component, respectively. The shaded component represents the range of validity of the parameters
presented in Table 2. This is the range of values that encloses the 68 per cent probability (i.e. the shaded area represents 0.68 of the area under the curve) as

defined in equation (2).

0>
p®)=p(6) and / p®)do =y 2
0

with y = 0.68. The interval [0, 6,] is a 68 per cent confidence inter-
val and corresponds to the 1o interval for a Gaussian distribution of
probability. Table 2 gives the range of validity of the parameters for
the cold component of the SED fit, with min and max representing
the lower and upper values of this range, respectively.

4 ANALYSIS

In this section, we discuss the method of our fitting approach and
analyse each of the three parameters derived from the SED analy-
sis: temperature, mass and luminosity with respect to the different
classes of source in the sample.

4.1 Method

SED diagrams have been drawn for 227 of the 405 sources appearing
in the SIMBA list of Paper I (56 per cent). Of these, 135 are two-
component SEDs modelling a hot and a cold component for a
source, whilst the remaining 92 are single-component fits which
model the cold component of a source only.

For 47 two-component SEDs, the cold component of the curve is
ill constrained as a consequence of the poor data sampling: only the

1.2mm SIMBA flux with IRAS upper limits. In this instance, the
number of free parameters (7.oq and M.,q) for the cold component
exceeds the number of data points available for analysis and it is not
possible to define a x2 value or constrain the resultant parameters
from these fits. These 47 ‘bad” SEDs are consequently excluded
from the following analysis and discussion, bringing the total num-
ber of SEDs analysed to 180 (44 per cent of the sample) and the
number of two-component fits to 88.

The three main parameters that we extract from the SED anal-
ysis are the dust temperature, dust mass and the luminosity. The
180 millimetres continuum sources comprise four distinct classes
of source, as discussed in Section 2.1. Table 3 indicates how many of
each class of source satisfy each of the single- and two-component
SEDs, as well as how many sources have a direct JRAS association.
Those sources that were fitted with /RAS upper limits are identified
by alpha (*) in Table 2.

For each of the sources with a near—far distance ambiguity, the
near-distance value of each parameter is assumed in the following
analysis (and for comparison with Paper I). As a check, in Paper I,
we examined the results for sources with no distance ambiguity
with the results from the sample, assuming the near distance for
197 sources with a distance ambiguity. The results were consistent
with each other and indicated the small influence of assuming the
near distance value for those with an ambiguity. We thus refrain from
presenting the far distance determinations of each of the parameters
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Table 2. Parameters resulting from SED modelling of 180 of the 405 sources in the SIMBA source list. For each of the temperature, mass and luminosity, the
range corresponding to a 1o (68 per cent) probability of occurrence is presented, with the i, and m,x values representing the lower and upper values of this
range, respectively.

Peak position Ident Fit Temperature Mass Luminosity
RA Dec. Source name®? tracer® type? Teold,y;, Teold,,, Mnin Max Liin Linax
(J2000) (J2000) (K) (K) Mgp) Mp) Le) Le)
06 07 46.29 —062305.0 G213.61-12.6 mr Single 2.8E+01 3.1E+01 9.3E+02 1.4E+03 7.6E+04  3.3E405
0609 06.50 +215042.0 G188.79+1.02 r SED 1.2E+01 34E+01 2.0E4-02 1.4E+403 2.5E4+02  2.9E+04
09 03 13.50 —485530.0 G269.45—147 mr SED 2.7E+00  3.5E401 3.1E4+02  7.6E403 6.1IE4+02  7.0E404
09 16 41.40 —475518.0 G270.25+0.84 m SED 2.7E400  2.9E+401 1.5E+02  3.8E+03 8.9E4+01 1.1E4+04
10 48 03.98 —582704.0 G287.374+0.65 m SED 2.7E+00  3.6E401 6.6E401 2.2E+03 1.3E+02  2.0E+04
10 57 33.00 —625910.0 G290.40—2.91 m SED 2.7E400  2.9E+401 6.6E401 1.9E+03 3.7E401 3.9E403
1112 18.06 —584619.0 G290.37+1.66 m SED 2.7E+00  3.5E401 5.0E401 1.4E+03 8.5E+00 1.1IE+04
113531.04 —631452.3 G 294.52—1.6% m SED 2.7E+00  3.2E401 1.1E401 1.5E+02 1.1E+01 1.1E+03
1211 47.64 —614629.5 G298.26+0.7 m SED 2.7E+00  3.6E401 8.7E+01 2.5E+03 7.5E+01 1.7E+04
123534.95 —630135.5 G301.14—0.2 mr SED 1.6E+01 3.9E+01 1.1E4-03 3.1E+04 6.0E+02  2.5E+05
12 43 32.10 —625505.8  G302.03—0.06 mr SED 2.7E+00  3.6E401 2.0E4+02  5.0E4+03 24E+02  4.5E4+04

13104325 —6243045 G 305.13740.069" mm Single 3.4E+01 3.9E+01 8.7E+01 1.3E+02 2.7E404  2.6E405
13165838  —6255252 G 305.833—0.196' mm Single 2.6E+401 2.8E+401 7.6E+01 1.0E+4-02 4.2E+03 1.8E+4-05

15314450 —563051.0 G 323.74-0.30% m SED 2.7E400  3.5E+401 27E+02  6.6E403 3.7E4+02  4.8E+04
16112690  —514157.0 G331.279-0.189 m SED 1.7E+01 3.6E+01 6.1E+02 1.3E+04 8.2E+02 1.4E+05
17455430  —284400.0 G 0.20440.051F mm Single® 1.3E401 3.5E401 4.0E+02 1.9E+4-03 5.2E4+02  2.0E+405
1746 04.61 —282451.0 G 0.4940.19 m SED* 8.1E4+00  3.2E401 5.7E+01 6.1E4-02 1.3E401 2.7E403
174607.09 —2841280  G0.266—0.034 mm Single® 1.2E+01 3.2E4+01 7.1E4+02  3.3E+403 54E+02  2.1E405
174607.70  —2845280 G 0.21—0.00 mr SED“ 8.4E+00  3.2E+401 7.1E+02  7.6E403 9.8E+01 3.7E+04
17460824  —282523.0 G 0.497+0.170% mm SED“ 7.0E+00  2.9E+01  4.3E+01 5.3E+02 9.6E+00 1.8E+03
17460952  —284336.0 G 0.24040.008F mm Single® 9.4E4+00  2.4E401 6.6E4+03  3.1E404 1.8E403  2.9E405
174610.67 —282331.0 GO0.527+0.181% r SED* 8.1E4+00  3.2E401 1.1E4-02 1.2E4-03 3.4E+4-01 6.6E+03
17461074  —284136.0 G O0.271+0.0221 mm Single® 1.0E+01 3.4E+01 3.1E+02 1.9E+03 2.5E+402 1.8E+405
17461135  —2842400 GO0.257+0.011% mm Single® 9.8E+00  2.5E+401 5.7E+03  2.7E404 1.6E+03  2.9E+405
17 46 53.41 —280727.0 G O0.834+0.181 m SED 1.3E4+01  4.5E401 1.0E+02  9.3E402 1.0E4+02  5.3E+404
174701.19  —284536.0 G 0.310-0.170F mm Single® 1.6E+4-01 6.7E+4-01 4.3E+01 2.7E4-02 3.8E4+02  8.1E405
174709.71 —284608.0 G 0.32—0.20 mr Single® 9.8E4+00  2.9E+401 33E4+03  2.0E404 1.4E4+03  4.4E4-05
174720.66 —284656.0 G 0.325-0.242% mm Single* 1.3E4+01  5.0E+401 1.3E4+02  7.1E402 3.6E+02  4.4E+405
17483159  —2800309  GI1.124—-0.065 mm Single 3.4E4+01  5.6E401 1.7E402  4.0E402 1.2E4+04  7.4E405
17 48 34.65 —280016.0  G1.134-0.073 mm Single® 1.2E4+01  5.8E+401 6.6E+01 5.3E4-02 2.3E4+02  7.2E+405
17 48 36.41 —280231.0 GI1.105-0.098 mm Single® 8.4E4+00  3.0E401 9.3E4+02  7.6E+403 6.3E4+02  4.0E405
17484246  —2801350 G1.13-0.11 r SED* 3.9E4+00  2.0E+401 2.5E4+03  9.3E+404 2.5E4+02  2.0E+05
174849.75  —2801040 GI1.14-0.12 m Single® 1.5E4+01  6.5E401 7.6E+01 5.3E+02 3.4E+4+02  9.3E+405
1750 15.11 —2754230  GO.55-0.85 mr Single® 9.4E4+00  2.9E+401 6.1E+02  3.8E403 2.5E4+02  1.4E4-05
17501877  —285319.0  GO0.549—0.868 mm Single® 1.4E401  6.2E401 7.1E4+00  5.0E+401 4.9E+01  2.0E+05
17502546  —285015.0  GO0.627—-0.848 mm Single® 1.5E+01 7.0E+4-01 5.3E4+00  3.8E+401 3.4E+401 2.0E405
175026.07  —285231.0 GO0.600—0.871 mm Single® 1.0E+01  4.2E401 1.9E+01 1.3E+02 4.0E+01 1.4E+05
17504650 —2639440 G 2.544+0.201 m Single 1.9E4-01 2.7E+401 1.7E+02  4.0E402 5.6E402 1.4E4-05
17590284  —2420550 G5.48-0.24 r SED“ 8.4E+00  3.4E401 1.4E4-03 1.5E+4-04 5.3E+02 1.9E4-05
17590753  —241919.0 G5.504—0.246 mm Single® 9.8E4+00  3.2E401 8.1E4+02  5.0E403 8.5E+02  4.1E405
180030.42  —240359.0 G5.89-0.39 r SED“ 4.1E4+00  1.9E+01 7.1E+02  2.3E404 9.6E+01  4.1E404
18004090 —2404120 G5.90-0.421 m SED“ 9.4E+00  4.0E401 3.5E+02  3.8E+403 1.3E+02  6.6E+404
180049.74  —-232025.0 G6.53—-0.10 r SED 1.3E401 3.5E401 33E4+03  2.7E404 5.6E4+03  6.6E+405
180054.58 —2316540 G 6.60—0.08" m SED* 49E+00  1.2E+01 1.0E4+00  4.0E4+00 49E-02 4.2E+401
18 02 49.31 —2148340  G8.11140.257 mm Single® 1.0E+01  6.2E401 6.1E4+00  7.6E+01 1.9E4+01  2.1E405
18025276 2147540  G8.12740.255 mm Single* 5.9E4+00  3.1E+401 3.8E401 6.1E4-02 2.2E+01 1.3E+05
18 02 56.21 —214738.0  G8.1384-0.246 mm Single® 6.8E400  3.2E401 1.0E+02 1.4E+03 4.4E+01 1.3E+05
1803 01.95 —214802.0 G8.13+0.22 mr SED* 6.5E+00  3.0E401 5.3E4+02 1.0E+4-04 8.1E+401 4.0E+4-04
180326.85  —242229.0 G5.948-1.125 mm Single®  7.8E+00  4.7E+401 3.5E4+00  5.0E+401 7.8E400  1.1E405
180329.19  —242149.0 G5.962—1.128 mm Single*  7.3E+00  3.2E401 7.1E400  8.7E+401 9.3E4+00  8.3E+404
18033388  —242141.0 G5975-1.146 mm Single® 8.7E400  5.4E+401  4.6E400  5.7E401 1.2E+01 1.5E+05
180336.80  —242208.0  G5971-1.158 mm Single® 1.3E401 5.4E+401 1.4E+4-01 1.0E+4-02 7.0E4-01 2.1E405
180341.49  —2422370 G597-1.17 r SED“ 3.2E+00  1.7E+401 1.3E+02  5.7E+403 1.6E+01  2.0E+404
18051333  —185030.0 G 10.104+0.72" r SED 5.3E4+00  2.0E401 1.0E+00  7.1E+00 1.3 E —01 3.3E+01
18061480  —203129.0 G9.63+0.19 mr SED* 7.8E4+00  3.1E+01 27E4+02  2.8E+403 5.2E+4+01 1.3E+4-04
18 06 18.91 —213721.0 G8.68—0.36 mr Single® 8.4E4+00  2.5E401 3.3E4+03  2.0E404 73E4+02  2.2E405
18062349  —213657.0 G8.686—0.366 m Single® 1.1E4+01 3.1E401 7.1E4+02  3.8E+403 4.7E4+02  2.0E+05
18075036  —201851.0  G9.99-0.03 m Single® 8.7E400  2.7E401 3.1E+02 1.9E+03 9.8E4+01  9.7E+404
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Table 2 — continued

Peak position Ident Fit Temperature Mass Luminosity
RA Dec. Source name®? tracer® type? Teold, Teold,y, Min Mnax Liin Linax
(J2000) (J2000) (K) (K) Mp) Mp) Le) Le)
18 07 53.21 —2018 19.0 G10.001-0.033 r SED* 7.0E+00 3.4E+01 5.0E+01 8.1E+02 9.9E+00 2.5E+03
18 08 38.47 —195148.0 G 10.4740.021 mr SED* 7.3E+00 2.6E+01 7.6E+03 9.3E+04 7.1E+02 1.5E+405
18 08 45.47 —19 54 30.0 G 10.44—-0.011 m Single¥ 1.3E+01 4.2E401 3.5E+02 1.9E+03 6.4E+02 4.3E4-05
18 08 45.85 —200542.0 G 10.287—0.110% mm Single¥ 7.8E+00 2.6E4+01 8.7E+01 6.1E402 6.1E401 9.4E+04
18 08 49.25 —2005 58.0 G10.284—0.126 m SED* 7.8E+00 3.4E+401 5.7E+401 7.1E+02 2.0E+01 7.1E+03
18 08 52.66 —2005 58.0 G 10.288—0.127% mm Single® 1.3E401 4.8E401 1.6E+01 1.0E+02 6.2E+01 1.4E+405
18 08 56.07 —2005 50.0 G10.29-0.14 mr SED* 7.3E+00 2.9E401 2.0E4-02 2.5E403 5.2E401 1.5E4-04
18 09 00.04 —2003 34.0 G 10.343—0.1421 m Single® 1.3E401 4.2E401 4.3E401 2.0E+02 8.2E+01 1.1E+05
18 09 03.49 —2002 54.0 G 10.359—0.149% mm Single® 1.1E401 4.7E4+01 2.2E+401 1.7E+02 3.7E+01 1.2E+05
18 09 21.03 —-201925.0 G10.15-0.34 r Single¥ 3.8E4+00 1.9E+401 9.3E+02 2.3E404 1.8E+402 4.1E+4-05
18 10 15.59 —195445.0 G10.63—0.33B mm Single® 1.1E401 5.2E+401 2.0E+02 1.9E+403 5.5E+02 1.1E4+06
18 10 18.42 —195429.0 G10.62—0.33 m SED* 7.0E+00 3.0E401 8.1E+02 1.1E4-04 2.0E+4-02 4.6E+04
18 10 19.00 —204525.0 G9.88—0.75 r SED* 7.8E+00 2.6E401 8.1E+02 7.6E+03 8.9E+01 1.6E+04
18 10 23.56 —204309.0 G9.924—0.749 mm SED¥ 4.9E+00 2.5E401 5.7E401 1.1E403 1.6E+01 7.3E4-03
18 10 28.77 —195548.0 G10.62—0.38 mr Single® 8.7E+00 2.8E+401 8.7E+03 6.1E+04 2.3E+03 8.0E+05
18 11 23.87 —193220.0 G11.075-0.384 mm SED* 4.9E+00 2.5E401 5.7E401 1.1E4+03 1.6E+01 7.3E403
18 11 31.80 —193044.0 Gl11.11-0.34 r SED* 8.1E4+00 2.8E+01 8.1E+02 7.6E+03 1.2E+02 2.8E+04
18 11 35.76 —193044.0 G11.117-0.413 mm Single¥ 1.2E401 3.6E4+01 1.3E4+02 6.1E402 1.3E4+02 1.2E+405
18 11 51.40 —17 31 30.0 G 12.8840.48F m Single¥ 8.1E+00 2.6E401 1.1E403 7.6E403 2.6E4-02 1.4E+4-05
18 11 52.90 —18 36 03.0 G 11.948—0.003% mm SED 2.7E+00 4.3E401 1.5E+02 3.8E+03 6.9E+02 1.2E+05
18 11 53.64 —173002.0 G 12.914+0.493% mm Single® 6.8E+00 2.9E+01 6.6E+01 7.1E+02 3.5E+01 9.0E+04
18 1201.34 —183155.0 G 12.02—0.03% m SED 1.4E401 2.7E401 2.3E+02 9.3E+02 2.2E+02 1.1IE+04
1812 11.11 —18 41 30.0 G 11.903—0.140% mr Single¥ 4.7E4-00 1.7E401 3.5E+02 5.7E403 3.3E+01 6.5E+04
18 12 15.61 —18 44 58.0 G 11.861—0.183% mm Single¥ 1.4E+401 5.6E401 1.2E+01 7.6E4+01 5.3E401 1.5E+05
1812 17.30 —184002.0 G 11.93—0.141 m Single¥ 1.0E401 2.6E+01 1.5E+02 7.1E+02 8.5E+01 8.5E+04
18 12 19.55 —183954.0 G 11.942—0.157% mm Single® 8.7E4+00 3.4E+401 7.6E+01 7.1E+02 5.0E+01 9.6E+04
18 1233.13 —183005.0 G12.112—-0.125 mm Single 2.5E+01 2.7E401 1.2E+4-03 1.6E+03 4.1E4+04 2.8E405
18 12 39.31 —182413.0 G12.20-0.09 mr Single 1.0E+401 3.0E+401 8.7E+03 4.6E4-04 4.2E403 9.2E+05
18 1243.25 —182509.0 G12.18—0.12A m Single¥ 1.3E401 4.3E+01 8.1E+02 5.0E+403 1.3E+403 8.9E+05
18 1244.37 —182421.0 G12.216—0.119 mm Single® 1.2E401 3.6E+01 1.9E+03 1.0E+04 2.6E+03 8.4E+05
18 12 50.64 —184031.0 G 11.99—0.271 m SED* 8.7E4+00 3.2E+401 7.6E+01 7.1E+02 1.5E+01 3.6E+03
18 12 54.72 —18 11 04.0 G12.43-0.05 r SED 1.1E401 3.0E4-01 1.9E+4-03 1.3E4-04 1.1E403 1.6E+4-05
18 13 54.14 —180141.0 G 12.68—0.18F m SED* 7.3E+00 2.8E+01 9.3E+02 8.7E+03 2.5E+02 2.8E+04
18 13 58.08 —185414.0 G11.94—0.62B mm Single¥ 6.8E+00 1.9E401 7.1E+02 5.0E+03 1.6E4+02 1.0E+05
18 14 00.90 —185318.0 G11.93-0.61 mr SED* 7.8E+00 3.0E+01 6.1E+02 7.6E+03 7.4E+01 2.8E+04
18 14 07.04 —1800 37.0 G 12.722—0.218% mm SED* 5.9E4+00 2.1E401 3.1E+02 4.3E403 9.7E+01 1.6E+04
18 14 33.90 —175144.0 G12.90-0.25B mm Single 8.4E+00 3.6E401 1.3E+02 1.2E4-03 6.1E+01 1.3E405
18 14 35.54 —16 45 36.0 G13.87+0.28 m SED 9.1E+00 3.7E401 5.3E4+02 7.6E+03 3.0E402 1.2E+4-05
18 14 36.13 —17 54 56.0 G 12.859—0.272% mm SED* 6.5E+00 3.2E+01 1.7E+02 3.3E+03 3.4E+01 1.0E+04
18 14 38.94 —175152.0 G 12.90—0.261 m SED* 7.3E+00 2.9E+01 9.3E+02 1.3E+04 1.3E+02 3.3E+04
18 16 22.10 —194119.0 G 11.49—1.48" m SED 1.1E401 2.8E+401 4.3E401 3.1E+02 1.3E+01 2.2E403
18 17 02.17 —16 14 28.0 G 14.6040.01F mr SED“ 8.1E4+00 2.9E+01 1.5E402 1.6E+403 2.1E+01 4.3E403
1819 12.03 —204723.0 G10.84-2.59 r Single¥ 7.8E+00 2.5E+01 1.5E+02 1.1E+403 6.6E+01 8.3E+04
18 20 23.10 —161131.0 G 15.03—-0.671 mr Single® 8.4E+00 3.4E+401 1.1E403 1.0E+04 4.7E402 4.0E4-05
1821 09.10 —14 31 40.0 G 16.58—0.05% m SED* 7.6E+00 2.6E4+01 6.1E+02 6.6E+03 3.4E+01 9.4E+03
18 21 14.61 —143252.0 G 16.580—0.079" mm Single¥ 5.1E+00 1.0E401 4.0E4-02 2.2E+03 1.2E+01 3.2E+04
18 25 01.30 —131527.0 G18.15-0.28 r Single¥ 3.2E+00 1.7E401 5.7E+01 2.2E+03 1.1E+01 8.7E+04
182507.33 —131423.0 G18.177-0.296 mm Single¥ 1.0E401 4.8E401 2.8E+01 2.7E402 4.7E401 1.6E+05
18 25 41.65 —131016.0 G18.30—0.39 r SED 9.8E+00 3.5E+01 2.0E+02 3.3E+03 6.5E+01 3.3E+04
1827 16.34 —115351.0 G 19.61-0.1F m SED“ 8.4E+00 3.4E+401 1.5E+02 1.9E+403 1.4E+01 7.8E4-03
1827 37.86 —115640.0 G 19.607—0.234% mr SED 7.8E+00 3.5E+01 5.3E+02 1.3E+04 1.7E402 7.9E4-04
1827 55.30 —115248.0 G19.70—0.27A" m SED 1.7E401 3.9E+01 5.3E+02 1.3E+04 1.6E+03 2.3E+05
18 29 24.20 —1516 06.0 G 16.86—2.15% m SED¥ 6.8E+00 1.8E+01 7.1E4+02 5.0E+403 5.6E+401 2.6E+403
18 29 33.60 —151550.0 G 16.883—2.188" mm Single¥ 1.0E+401 3.2E401 1.1E401 6.6E401 9.4E4-00 4.0E4-04
18 31 02.64 —09 49 38.0 G 21.8740.01F mr SED* 8.4E+00 3.2E+01 2.8E+01 2.7E+02 8.8E+00 2.1E+03
18 3143.02 —09 22 28.0 G22.36+0.07 m SED“ 2.7E+00 1.3E401 1.7E402 1.3E+04 1.4E+401 3.3E+03
18 33 53.06 —08 07 23.0 G23.7140.17 r SED* 7.3E+00 2.8E+01 1.1E403 1.1E+04 1.7E+02 5.9E+04
18 33 53.60 —08 08 51.0 G23.689+0.159 mm Single¥ 1.2E+01 4.7E401 8.7E+01 4.6E4-02 2.1E+02 2.9E+05
18 34 09.23 —071745.0 G 24.4740.49F r SED“ 9.1E+00 3.7E401 8.1E+02 1.0E+04 1.9E+02 1.9E+4-05
18 34 20.90 —055948.0 G25.65+1.04 mr SED* 7.8E+00 2.6E401 6.1E+02 5.7E+03 8.1E+01 1.3E+04
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Table 2 — continued
Peak position Ident Fit Temperature Mass Luminosity

RA Dec. Source name®? tracer® type? Teold, Teoldy, Min Mnax Lin Linax
(J2000) (J2000) (K) (K) Mp) Mp) L) L)
18 34 31.30 —08 42 47.0 G 23.25-0.24F m Single® 1.0E+01 2.8E401 7.6E401 3.5E402 3.5E4+01 6.6E+04
18 34 36.16 —08 42 39.0 G 23.268—0.2571 mm Single® 5.4E4-00 1.7E+01 8.1E+402 8.7E+03 5.4E+01 7.2E+04
18 34 39.20 —083141.0 G 23.43—0.187 m Single® 1.0E+01 2.5E+01 1.9E+03 8.7E403 7.6E+02 1.8E+05
18 36 06.69 —07 1347.0 G 23.75440.0951 mm Single® 9.1E4+00 3.2E+01 3.1E402 2.5E+03 1.6E+02 1.5E+05
18 36 12.60 —071211.0 G 24.784-0.08F m Single¥ 7.8E4+00 2.3E401 5.7E+03 4.0E+04  9.5E+02 2.4E+4-05
1836 17.86 —07 08 52.0 G 24.8440.081 m Single” 1.0E+01 3.4E401 5.3E402 3.3E403 3.6E402 2.0E+405
18 36 25.92 —07 05 16.9 G 24.919+0.088" mm SED 9.8E+00 3.2E+01 8.1E+402 8.7E+03 2.9E+402 8.5E+04
18 38 03.00 —06 24 09.0 G25.70+0.04 mr SED“ 7.0E4+-00 3.0E+01 1.9E+03 2.7E4+04 2.3E402 7.9E+04
1839 03.94 —062413.0 G 25.82—0.17F m Single¥ 8.7E+00 2.3E401 1.9E+03 1.0E+04  44E+02 1.5E+05
18 42 42.60 —04 15 39.0 G 28.14—0.00f m SED 1.3E4+01 3.7E401 2.0E4-02 1.4E+403 1.0E+02 3.9E4+04
18 42 54.89 —04 07 40.0 G 28.287+0.0107 mm Single® 1.0E+01 3.9E+01 1.0E+02 8.1E402 1.4E+02 2.1E+05
18 42 58.10 —04 13 56.0 G 28.20—0.041 mr SED“ 7.8E400 2.8E+01 2.2E+03 2.7E4+04 2.5E4+02 6.3E+04
1843 02.91 —04 14 52.0 G 29.193—0.073% mm Single¥ 1.0E+01 4.3E401 6.6E+01 5.3E+02 1.3E+02 2.4E+05
18 44 15.17 —04 01 56.0 G28.28—0.35 mr SED“ 5.7E4-00 2.9E+01 1.7E+02 4.3E+03 3.2E+01 2.2E+04
18 44 21.57 —04 17 35.0 G 28.31-0.387 m SED“ 9.4E4+00  4.3E401 1.3E+02 1.6E+03 8.2E+01 7.1E+04
18 4552.76 —024229.0 G 29.888+0.0017 mm Single® 5.4E4+00 2.3E4+01 2.7E402 4.3E+03 1.1E+02 3.3E+05
18 45 54.36 —024245.0 G 29.889—0.006T mm Single¥ 5.1E4+00 1.6E+01 2.3E402 2.8E+403 3.0E4+01 1.2E+05
18 45 59.70 —024117.0 G 29.918—0.014" mm Single¥ 6.8E+00 3.0E401 6.6E+01 8.1E+402 7.7E4+01 3.8E405
18 46 00.23 —02 45 09.0 G 29.86—0.04F m SED“ 1.0E+01 4.2E401 2.7E402 2.5E403 1.1E4-02 4.3E4+04
18 46 01.30 —02 45 25.0 G 29.861—0.053" mm Single® 1.0E+01 5.6E+01 7.6E+01 8.1E4+02 2.8E402 1.0E+06
18 46 02.37 —024557.0 G 29.853—0.0621 mm Single® 1.2E+01 5.4E+01 1.3E+02 1.1E+03 5.0E4+02 1.0E+06
18 46 03.97 —023925.0 G29.96-0.02B mr SED“ 7.3E400 3.4E+01 1.9E+03 3.1E4+04 2.2E402 1.6E+05
18 46 05.04 —024229.0 G 29.912—0.045T mm Single¥ 1.1E4+01 3.7E+01 8.1E4+02 5.0E+03 1.3E+03 6.3E+05
18 46 06.11 —024125.0 G 29.930—0.0407 mm Single¥ 1.2E+01 5.8E401 6.6E401 5.3E402 3.5E402 1.1E4+06
18 46 09.84 —024125.0 G 29.937—0.0541 mm SED“ 3.5E4-00 1.8E+01 1.3E4+02 5.7E403 2.4E401 1.6E4-04
1846 11.45 —024205.0 G29.945-0.059 mm Single¥ 3.2E4+00 2.0E+01 2.0E4-02 8.7E+03 5.7E+01 4.1E+05
1846 12.51 —023909.0 G 29.978—0.050" m Single¥ 1.2E+01 4.2E+01 4.6E+02 2.5E403 1.1E403 7.2E+05
18 46 58.62 —02 07 27.0 G 30.533—0.0231 mm SED“ 9.1E400  4.3E401 2.8E+401 3.5E402 5.1E4+00  7.3E403
18 47 06.97 —014642.0 G 30.855+0.1497 mm Single 2.7E+01 3.0E+01 6.1E402 9.3E+02 3.9E404 2.8E+05
18 47 08.57 —014402.0 G 30.8940.167 m SED 1.3E+01 3.7E+01 2.0E402 1.4E+03 1.0E+02 3.9E+04
1847 13.37 —01 44 58.0 G 30.894+0.1407 mm Single® 8.4E4+00 2.8E+01 4.0E+02 2.8E+03 1.5E+02 1.2E+05
1847 15.50 —01 47 06.0 G 30.869+0.1161 r SED 2.7E400 3.4E+01 5.3E402 1.5E+04  5.1E+02 7.5E+04
18 47 18.37 —02 06 15.0 G 30.59—0.04F m SED 1.2E+01 3.6E401 1.7E4+02 1.2E+03 7.6E+01 2.4E+4-04
18 47 26.71 —01 44 50.0 G 30.924+0.0921 mm Single 1.6E+01 3.6E+01 1.1E+02 7.1E+02 9.8E+01 1.2E+05
18 47 34.77 —011247.0 G31.41+0.30 mr SED“ 4.2E+00 1.3E+01 1.1E4+04 2.5E+05 3.7E4+02 1.9E+04
18 47 34.90 —015641.0 G 30.760—0.0271 mm SED“ 3.8E400 1.9E+01 3.1E+402 7.6E+-03 6.2E+01 1.0E+05
18 47 35.43 —02 01 59.0 G 30.682—0.0721 mm Single® 7.3E4-00 3.0E401 5.3E402 5.7E403 1.4E4+02 1.5E+405
18 47 35.80 —015529.0 G30.78—0.02 m SED“ 6.1E4+00 2.3E401 1.6E+03 2.7E404 1.4E+02 1.2E+05
18 47 35.97 —020103.0 G 30.705—0.065T m Single¥ 9.4E4+00 2.6E401 3.3E+03 1.7E+04  9.2E+02 2.3E+05
18 47 38.10 —015745.0 G 30.76—0.05F mm SED 1.7E+01 5.6E+401 3.5E402 1.9E+03 1.5E+04 1.1E4+06
18 47 39.17 —015841.0 G 30.740—0.060T mm Single® 8.4E400 2.9E+01 9.3E+02 7.6E+03 2.8E402 1.7E405
18 47 41.30 —02 00 33.0 G 30.716—0.0821 mm SED“ 5.4E4-00 2.5E+01 7.1E+02 2.0E404  5.5E+401 1.6E+04
1847 41.83 —015945.0 G 30.729—0.0781 mm Single® 1.0E+01 3.4E+01 3.5E4+02 2.2E+03 2.6E402 1.6E+05
18 47 45.94 —015425.0 G 30.81-0.057 m Single¥ 9.1E4+00 2.3E401 8.7E+03 4.6E+04 2.0E+403 3.2E+05
18 48 01.58 —013601.0 G 31.119+0.0291 mm Single¥ 9.4E+00 3.4E401 2.3E400 1.6E+01 3.1E400  2.4E+04
18 48 10.23 —012758.0 G31.256+0.061 mm Single® 1.0E+01 3.2E+01 2.7E4+02 1.6E+03 2.8E+402 1.7E+05
18 48 11.87 —012622.0 G31.284-0.06 mr SED? 7.3E400 2.8E401 1.4E+03 2.0E404 1.6E+02 3.6E+04
18 49 32.57 —01 28 56.0 G31.40-0.26 r SED“ 7.8E4-00 3.2E+01 1.1E+03 1.3E404 2.1E402 9.0E+04
1849 34.17 —012944.0 G31.388—0.266 mm Single¥ 1.4E+01 6.0E401 3.3E4+01 2.3E402 2.1E+402 5.6E+05
18 50 30.70 —00 02 00.0 G32.80+0.19 r SED? 7.0E4+00 2.9E+01 1.0E+04 1.4E+05 1.4E+03 5.0E+05
18 52 08.00 400 08 10.0 G33.13-0.09 mr Single¥ 1.1E4+01 2.6E401 1.2E+03 5.0E+403 6.4E402 1.6E+05
18 52 50.73 400 55 28.0 G33.92+0.11 r SED? 7.3E4+00 2.7E+01 3.3E+03 4.0E4+04  4.4E+02 1.1E+05
1853 17.97 +01 14 57.0 G34.256+0.150 m Single¥ 9.8E+00 2.7E401 6.6E403 3.5E4+04  2.5E403 5.0E+05
18 53 59.97 +02 01 08.0 G35.02+0.35 mr SED? 5.4E+00 2.5E+01 7.1E+02 2.0E404  5.5E+401 1.6E+04
18 56 00.67 +022251.0 G35.57+0.07 r SED“ 7.6E+00 3.2E+01 9.3E+02 1.3E4+04  2.0E4+02 6.2E+04
18 56 03.87 +022323.0 G35.586+0.061 mm Single® 1.1E+01 3.7E+01 3.5E4+02 2.2E+03 4.3E+02 2.7E+05
18 56 05.47 +022227.0 G35.575+0.048 mm SED“ 5.4E4+00 2.5E401 7.1E4+02 2.0E404  5.5E+01 1.6E+04
18 57 09.00 +01 38 57.0 G35.05-0.52 r SED? 8.4E400 3.6E+01 6.1E402 7.6E+03 1.8E+02 7.0E+04
19 00 06.91 +03 59 39.0 G37.475-0.106 m Single® 1.0E+01 4.8E+01 8.7E+01 8.1E402 1.6E+02 4.0E+05
19 00 16.00 +04 03 07.0 G37.55—0.11 r SED 1.7E4+01 3.9E+01 5.3E402 1.3E+04 1.6E+03 2.3E+05
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Table 2 — continued

Peak position Ident Fit Temperature Mass Luminosity
RA Dec. Source name®? tracer® type? Teold, Teold,y, Mnin Minax Lmin Limax
(J2000) (J2000) X) X) Mp) Mp) Le) Le)
1943 10.03 42344590 G 59.79440.076 mm Single® 9.1E4+00  3.4E+01 3.8E401 3.1E4+02  2.5E+401 6.5E+04
194310.62  +234403.0 G 59.7840.06 r SED* 7.8E400  2.6E401 3.1E+02  2.8E4+03  4.9E+01 6.8E+03

“Distance values are reported in Paper 1.

bSource names given to two (or less) decimal places are consistent with those reported by Walsh et al. (1998), Minier et al. (2001) and Thompson et al. (2006)
which were targeted in the SIMBA survey (Paper I). Note that in a few instances, there may not be a direct translation between their Galactic name and their
equatorial coordinates. Source names given to three decimal places denote those sources identified by SIMBA, with the extended Galactic names intended to
distinguish closely associated sources. The source names are consistent with table 5 of Paper L.

“Denotes (any) association with methanol maser sites (m) and/or UC Hu regions (r). Those sources associated with both a methanol maser and a radio
continuum source are depicted by (mr). The MM-only sources which are devoid of both of these sources are denoted (mm).

4This column depicts the type of SED applied to the source. ‘SED’ indicates that a two-component SED has been applied, whilst ‘Single’ indicates that a
single cold-component fit has been applied to the source. An alpha (%) in this column denotes those sources that were fit with JRAS upper limits.

TSources which have a distance ambiguity.

Table 3. Table indicating how many of each class of source sat-
isfy the different types of SEDs applied to the sample. Column
1 indicates whether a two- or single-component SED has been
applied. Column 2 indicates the class of the millimetre source.
Column 3 indicates the number of sources with an /RAS associa-
tion, whilst Column 4 indicates the number of sources that have
been fit with the /RAS upper limits.

Source IRAS Upper
class fit limit fit
)] () (3) )]
Two- (MM) MM-only 3 11
component M) Maser 16 15
(88) (MR) Maser+radio 4 16
(R) Radio 7 16
Single (92) (MM) MM-only 5 56
™) Maser 1 18
(MR) Maser+radio 1 8
(R) Radio 0 3

in this work and refer the reader to Paper I for the far distances, and
equation (1) for the appropriate scaling factor where the far distance
value is more applicable. Sources with a distance ambiguity are
denoted by dagger () in Table 2.

Table 2 presents the temperature, mass and luminosity of each of
the 180 sources for which SED models were drawn. Fig. 1 provides
an example SED and probability curves for both the temperature
and mass of three sources. The top and middle panels of this fig-
ure display the respective plots for a two-component SED, whilst
the bottom panel illustrates a single-component fit. The top panel
presents a well-constrained source with sharply peaked probability
curves for both the temperature and mass. The middle and bottom
panels, on the other hand, present sources with less well constrained
data, i.e. the SED has had the /RAS upper limits incorporated. Fig. 1
illustrates the need for observations spanning a broad range of the
wavelength parameter space of the SED, as well as ample and tightly
constrained data for obtaining sharp probability curves, i.e. strong
constraints on the parameters (e.g. G 12.02—0.03, top panel). When
less data are available (e.g. G0.21—0.00 and G 10.288—0.127, mid-
dle and bottom panels, respectively) for SED analysis, the resultant
probability curves are wider and uncertainties on the derived param-

eters are larger. In this instance, estimating the model parameters
from the best-fitting values is simply not accurate enough.

Class-comparative histogram and cumulative distribution plots
for the temperature, mass and luminosity of the sample are usually
built by sorting the individual sources into bins according to the
values for parameters obtained for the best SED models. However,
we have shown that these ‘best values’ can be attached to significant
uncertainties that should be taken into account when doing statistical
studies of the complete sample.

For a given source, instead of incrementing the parameter bins
corresponding to the ‘best value’ by 1, we increment all bins by
the Bayesian probability that the parameter takes this value, with the
sum of all probabilities being 1. For well-constrained sources, the
probability is sharp and peaks at the ‘best value’ (see Fig. 1). In this
instance, our procedure is almost equivalent to the classical one. For
less well-constrained sources however, a larger number of bins are
incremented by a small amount. With this method, uncertainties on
the derived parameters of individual sources are automatically taken
into account in the cumulative distribution plots and more weight
is given to well-constrained sources. That is, less well constrained
sources essentially have flat distributions and they do not contribute
to the shape of the histogram or cumulative plots.

Cumulative distribution plots for each parameter are presented in
Fig. 2. For comparative purposes, these distributions depict each of
the four classes of source (see Section 2.1) on a single plot for each
parameter. In an attempt to ascertain whether the MM-only cores
have characteristics similar to sources with star formation activity,
we also drew cumulative distributions comparing the MM-only
sample with the star formation activity sample (the combination of
Classes M, MR and R sources) for each parameter.

As we are primarily interested in the dust properties, temperature
comparisons amongst the sources are made using the 7,4 compo-
nent of the sources, rather than the 7}, value which has only been
determined for those sources with a full two-component SED. The
mean and median values of the temperature, mass and luminosity
for each of the classes of source, as well as the combined maser
and radio continuum sources (Classes M, MR and R) and the entire
sample, are presented in Table 4.

In order to ascertain the influence of the different types of fit,
single- or two-component, on the cumulative distributions, we sep-
arated these two populations and drew cumulative distributions for
each parameter for each fit type. The cumulative plots of each com-
ponent (i.e. fit type) displayed little difference from the composite
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Figure 2. Cumulative distributions of the SIMBA sources. The distributions of the individual classes are displayed on each of the plots, with the key on the
top-left plot indicating which class of source is represented by which distribution. Top left: distribution of temperature. Top right: distribution of mass. Bottom
left: two-dimensional probability distribution of the temperature and the mass parameters. Bottom right: distribution of luminosity.

Table 4. Mean and median as derived from the SED analysis of the four classes of source. For a breakdown of the number of sources within
each class for which different SEDs were applied, refer to Table 3.

Class Whole All except MM-only
Parameter MM-only (MM) Maser (M) Maser+radio (MR) Radio (R) Sample (M+MR+R)
Temperature (K) Mean 16.0 13.8 12.5 124 14.2 13.1
Median 16.6 14.9 13.2 13.0 15.0 13.9
Mass M) Mean 4.6E+02 9.6E+4-02 3.3E403 2.0E4-03 9.5E402 1.6E+03
Median 4.5E402 8.9E+402 3.0E+03 2.2E+03 9.4E+402 1.6E+03
Luminosity (L)  Mean 5.6E+03 2.9E+403 4.8E+03 3.3E403 4.2E+03 3.4E+03
Median 5.2E403 3.3E403 5.7E4+03 5.4E403 4.7E403 4.4E+03
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Table 5. Results from the KS test of temperature, mass and luminosity
for the four classes of source as well as the star formation activity sample.
Column 1 indicates the parameter being tested. Columns 2 and 3 list the
classes of source being tested. Column 4 gives the resultant KS probability
that the objects in Columns 2 and 3 are from the same parent distribution. If
this probability is <0.01, it is generally concluded that the samples are not
drawn from the same population.

Correlation Source class Versus source class KS prob
1 ) (3) 4)
Temperature (MM) MM-only (M) masers 9.2 E—-01
(MR) Maser-+radio 8.5E—-01
(R) Radio 9.4 E-01
M+MR+R 6.3 E-01
(M) Maser (R) Radio 1.0E4-00
Mass (MM) MM-only (M) Masers 5.5 E-01
(MR) Maser+radio 42 E—-03
(R) Radio 39E-02
M+MR+R 8.6 E—03
(M) Maser (R) Radio 6.0 E-01
Luminosity (MM) MM-only (M) Maser 9.2 E—01
(MR) Maser-+radio 1.0E+00
(R) Radio 1.0E+00
M+MR+R 9.7 E-01
(M) Maser (R) radio 1.0E4+00

data presented in Fig. 2 for each of the temperature, mass and
luminosity, and are thus not presented here.

Kolmogorov—Smirnov (KS) tests were also performed from the
cumulative distributions, in order to test the hypothesis that the MM-
only sources are drawn from the same parent distribution as the other
three classes of source (M, MR and R). KS tests were applied to
the temperature, mass and luminosity. The results from the KS tests
can be found in Table 5, with discussion of each parameter in the
following sections.

Generally, in order to conclude that two distributions are not
drawn from the same sample, the KS probabilities must be small,
<0.01. As a calibration measure, the KS tests were applied to
Classes M and R sources for each of the parameters mentioned
above. The results indicate that the likelihood of these two classes
of source being from different distributions, for all three parameters
tested, is small (see Table 5).

4.2 Temperature

The cumulative distribution plot of the temperature (Fig. 2, top left)
indicates that there is little distinction between the four classes of
source in the sample. The sources with radio continuum associations
(Classes MR and R) appear to be the coolest of the sample, whilst
conversely the MM-only cores are the warmest of the sample. We
caution, however, that this distinction is very slight, as indicated
by the KS tests which confirm that these data do not allow us to
strongly discriminate between the different classes of source with
respect to their temperature.

The median temperature (i.e. the value corresponding to the 0.5
fraction value in Fig. 2) of the MM-only sample is 17 K, the maser
sample (Class M) is 15 K, the maser+radio sample (Class MR) is
13 K, and the radio sample (Class R) is 13 K. These median values
are not inconsistent with the 20 K temperature assumed in Paper I
for purposes of mass derivation and they emphasize the small dif-
ference between the samples in terms of temperature. The cumula-

tive distribution of the sources with known star formation activity
(Classes M, MR and R) indicates that collectively these sources are
marginally cooler on average than Class MM-only sources i.e. the
sources apparently without star formation activity.

The shape of each of the individual class distributions in a cumu-
lative plot is also a useful diagnostic tool. The linear shape of the
temperature profile of Classes MR and R sources indicates that there
is little constraint on their temperature as determined from our SED
analysis. Only an upper limit of 40-50 K can be firmly established.
We also draw attention to the fact that the cumulative distribution of
the temperature shows values <5 K. As the cumulative distribution
reports the sum of all probabilities over all temperatures, this is
simply the tail end of the temperature distribution, and we do not
attribute any significance to these low temperatures.

Interestingly, the cumulative distribution of the maser sample
(Class M) directly traces the temperature profile of the entire sample
(not shown). This perhaps indicates that the maser sample displays a
global temperature profile typical of a large cross-section of massive
star formation sources, and more specifically our entire sample. That
is, the maser population may be considered the ‘standard’ massive
star formation population (this is explored further in Section 5.3).

4.3 Mass

The cumulative distribution plot of the mass (Fig. 2, top right)
indicates that MM-only sources are the least massive of the sample,
whilst the sources with both a methanol maser and aradio continuum
source (Class MR) are the most massive of the sample. As per the
temperature distribution, the maser sample again traces the mass
distribution of the whole sample (not shown).

From these cumulative distributions and the KS tests (Table 5), the
null hypothesis that the samples are drawn from the same population
can clearly be rejected when comparing the MM-only sample with
those sources associated with both a methanol maser and a radio
continuum source (i.e. Class MR). This suggests that the MM-only
sample is not from the same parent distribution as sources with
both a maser and a radio continuum source for the mass parameter.
Notably, the null hypothesis can also be rejected when comparing
the MM-only sources with the combined star formation sample
(Classes M + MR + R). This is not surprising considering that
this sample comprised sources that have already been proven to be
distinct from the MM-only sample (i.e. Class MR). There is also
a weak suggestion that the MM-only sample is not from the same
distribution as sources with a radio continuum association (Class R)
for the mass. No distinctions could be discerned regarding the mass
of the methanol maser sample (Class M).

If we compare the cumulative mass distribution (Fig. 2, middle)
with the same plot produced in Paper I (fig. 4) for an assumed tem-
perature of 20 K, we find many similarities. Fig. 4 of Paper I shows
that the MM-only sources were the least massive of the sample, fol-
lowed by the methanol maser sources, the radio continuum sources,
with the Class MR sources the most massive in the sample. This re-
sult also holds true for the cumulative mass plot in this paper, which
depicts a more robust estimate of the mass, taking into account the
uncertainties on the temperature, rather than assuming a fixed one.

The cumulative distribution of the combined star formation activ-
ity sources (Classes M, MR and R) indicates that these sources are
more massive on average than the MM-only sources. Median values
for each sample are given in Table 4 which further corroborates this
result.

Fig. 2 (bottom left) shows the two-dimensional probability plot
of the temperature and the mass. It is clear from this plot that these
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two parameters are highly correlated, which is hardly surprising
given the nature of the modelling. The shading on the plot indicates
the probability of occurrence for both the temperature and mass of
the source in our sample, marginalizing the contribution of the hot
component for those sources where it is applicable. From this plot,
itis possible to ascertain the most likely combination of temperature
and mass values for the sources in our sample.

The two-dimensional probability plot corroborates the cumula-
tive plot of temperature indicating the low probability of the sources
in our sample having temperatures of <5 K. The most likely tem-
perature of the sources in our sample is between 10 and 20K,
again confirming that our sources are cold, as well as the results of
our earlier work in Paper 1. The two-dimensional probability plot
also indicates that the sources in our sample span a wide range of
mass values, with the most probable mass roughly around 10* M.
The most likely combination of these parameters for our sources
is a temperature of 17K and a mass of 5.7 x 10* M. This plot
also illustrates that the very low and high temperatures (<5 and
>50K, respectively) correspond to very high and low masses (> 10°
and S10Mg), respectively). Although these combinations of pa-
rameters are plausible solutions to the SED analysis, they do not
correspond to physically meaningful solutions, and the low, but non-
negligible, associated probabilities should be interpreted with care.

4.4 Luminosity

The cumulative distribution of the source luminosity is also pre-
sented in Fig. 2 (bottom right). These plots, in addition to the KS
tests, indicate that there is little difference, if any, between the dif-
ferent classes of sources in the sample in terms of their luminosity.
Again, we attribute little significance to low-luminosity values in
the distribution, which are simply the tail-end values of the prob-
abilities which accordingly have a low probability of occurrence.
Interestingly, the distributions for each of the different classes of
source in the sample do not display the same shape or gradient. The
mean and median values of the luminosity for each of the different
classes in the sample are presented in Table 4.

5 DISCUSSION

5.1 Massive star formation: luminosity, mass and SED
modelling

Identification and characterization of young massive stars at all
stages of their evolution, especially of the earliest stages, is es-
sential in addressing and defining evolutionary scenarios for their
formation. Among the meaningful physical parameters, the mass
and luminosity estimates of massive star-forming cores could play
a pivotal role in their characterization and classification, possibly
providing insight into their evolutionary status in a similar way that
they do for low-mass protostar classification from Class O to Class I
objects (e.g. André et al. 2000).

There are many different data analysis techniques to determine
the mass and luminosity of candidate young massive (proto)stars.
Assuming a temperature, the mass estimate is usually derived from
knowledge of the (sub)millimetre continuum fluxes (e.g. Motte
& André 2001; Paper I). Whilst assuming a temperature across
a source sample is useful for first-order approximations of the phys-
ical properties (e.g. mass) of a source, in reality all sources in a
region (Motte & André 2001) or survey (Paper 1) will not be at
the same global temperature. We cautioned in Paper I that temper-
ature assumption for mass determinations could lead to under- or
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overestimations of the mass if the temperature was in fact cooler
or warmer, respectively. It should be expected that different classes
of source, such as methanol maser and radio continuum sources,
which originate under different conditions, will also have different
physical characteristics — including (but not limited to) their temper-
ature and mass. For a large sample size, comprising different classes
of source, we therefore should not expect a global temperature to
apply to a particular star formation complex or sample.

SED modelling could, in contrast, provide us with useful es-
timates of the luminosity, temperature and mass of star-forming
cores if the observational data are well constrained (e.g. Burton
et al. 2004; Minier et al. 2005). In this instance, data are typically
fitted with SED components that reproduce the cold core emission
in the far-infrared-millimetre domain and the warm infrared emis-
sion that could be caused by a cluster of young stars. The shape
of a SED, as well as the position of the SED maxima in the far-
infrared-submillimetre and mid-infrared domains, can be indicative
of evolutionary stage (e.g. Minier et al. 2005). Compiling a high-
quality well-constrained data set for SED modelling (cf. Minier
et al. 2005) is, however, difficult, especially with the present lack
of suitable high-resolution data covering the peak of the SED at
~100 um. The extension of this method to large source numbers
makes this an arduous task at best. This method is limited to small
numbers of well-studied individual sources.

Various radiative transfer models have also been developed which
build large grids of SED models for YSOs to which observational
data can be compared and fitted. However, radiative transfer models,
such as those of Whitney et al. (2003) and Robitaille et al. (2006),
have been mainly developed for low-mass (proto)stars. These au-
thors are principally concerned with modelling mid-infrared emis-
sion from low-mass YSOs in relatively nearby star-forming regions.
Their conclusions rest on the characteristics of the warm, mid-
infrared dust emission surrounding these (proto)stars, and their ori-
entations to our line of sight. Applying these SED fitting techniques
has recently been attempted by Molinari et al. (2008). However,
there are many caveats and limitations to SED modelling of young
massive (proto)stars such as the presence of multiple sources and
the confusion due to large distances (Robitaille 2008), which need
to be taken into consideration.

5.2 Our approach: SED modelling with Bayesian inference
method

In our approach to SED analysis, we adopted a very simple de-
scription for the calculations of synthetic SEDs, rather than using
detailed radiative transfer modelling. This approach was chosen for
two reasons.

Detailed radiative transfer modelling requires a large number of
free parameters (generally more than 10) which describe the spa-
tial distribution of the dust grains and the source illumination, for
example. When the available observational data are limited, this
kind of modelling results in degeneracies between each of these
parameters, preventing firm constraints from being established. As
we have only partial wavelength coverage of the SED, only the
characteristic parameters of our sources, such as the temperature,
mass and luminosity, can be extracted in a quantitative way. We thus
chose to restrict the number of free parameters for our SED mod-
elling. Although providing a less accurate description, this simple
model provides a valid alternative to estimate the main parameters
of the sources.

In addition, only simple, analytical models allow systematic
sampling of the parameter space in a reasonable period of time
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(6.25 x 10° models in a four-dimensional parameter space). This
subsequently allows statistical studies of a large number of models,
via Bayesian inference, to be undertaken in order to determine the
interplay between parameters and establish robust ranges of valid-
ity on the parameters. Such a work, especially when dealing with a
large number of sources, is beyond current modelling capacities if
radiative transfer models are used. For instance, a large numerical
effort of SED modelling of YSOs has been undertaken by Robitaille
et al. (2006), whose current grid of models includes a total num-
ber of 200 000 SED models, sampling a 14-dimensional parameter
space. This limited number of models cannot provide a systematic
sampling of the parameter space and the authors needed to bias
the explored parameter space to accommodate the computing time
required. As a result, trends and correlations between parameters
are difficult, if not impossible, to apprehend with such a grid of
models (see Robitaille (2008) for a more detailed description of the
limitations in the use of their grid of models to estimate parameters).

5.3 Interpreting the distinction between mass and luminosity
of our source samples

Using the first application of the Bayesian inference method of SED
modelling to massive star formation, we have estimated a range of
values for the temperature, mass and luminosity for sources from the
SIMBA survey of Paper I. We have performed a statistically robust
analysis of each of these parameters across the different classes of
source in the sample, with the aim of characterizing and classifying
them.

If we attribute some significance to the small distinction be-
tween the cumulative distributions of the various object classes,
MM-only cores to UC Hn regions (Fig. 2 and Table 5), two con-
clusions can be reached. First, the cumulative distribution of the
methanol maser sources, for each parameter, is very much repre-
sentative of the entire sample. This result (Fig. 2) coupled with the
fact that methanol masers are exclusive signatures of high-mass star
formation confirms that our sample is representative of high-mass
star formation. In addition, the MM-only cores are less massive on
average than cores with a methanol maser and/or radio continuum
association and hence those sources known to support massive star
formation. This is in agreement with Paper I, despite the differ-
ent approaches to mass determination. The cumulative distribution
plots of the temperature and luminosity (Fig. 2) display only small
distinctions between the different classes of source in the sample,
which is more the case for the luminosity than the temperature.
Notably, there is no significant difference between the MM-only
sample and the combined star formation sources, i.e. those sources
with a methanol maser and/or radio continuum source (Classes M,
MR and R). This result suggests that the MM-only sample has
similar characteristics as sources with known star formation sites.
However, the KS tests indicate that the MM-only cores are not from
the same parent population as sources with both a methanol maser
and a radio continuum association (Class MR) with respect to their
masses.

Fig. 3 introduces a luminosity versus mass diagram (hereafter ML
diagram) for our sample of cores. A similar diagram was proposed
for Class 0 and Class I low-mass protostars by André et al. (2000),
who presented the protostellar envelope mass versus the bolometric
luminosity for individual protostars or multiple protostar systems.
Comparatively, in this work, the derived masses in Table 2 overes-
timate any protostellar envelope mass because the (sub)millimetre
emission fluxes are integrated over more than a full width at half-
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Figure 3. Mass—luminosity diagram for the different classes of source in
the sample. Each of the points represents the median value (i.e. the val-
ues at which the cumulative probability distribution is 0.5) of the mass
and luminosity of the individual sources (green cross: mm; red plus sign:
m; blue triangles: mr and pink circles: r). The contour levels represent the
regions enclosing 68 per cent of the Bayesian probability for a given class
of sources (green full line: mm; red dashed line: m; blue dot—dashed line:
mr and pink dot-dot-dash line: r). The full and dashed straight lines depict
the M = L and M = L relations, respectively.

maximum beam. The masses reported in Table 2 almost certainly
include contributions from both the core and diffuse-extended gas,
whilst the luminosities are rough estimates of the source bolometric
luminosity. Consequently, if a dominant source is responsible for
both the luminosity and the mass of the core, then the ML diagram
could prove a useful diagnostic of the evolutionary status of this
dominant object.

Fig. 3 plots the median value (the value corresponding to 0.5 on
the cumulative distributions) of mass and luminosity for each of the
sources in the sample, as well as the 68 per cent Bayesian probability
of occurrence for each source class (the latter is explored in the
following section). The masses and luminosities span 10-10* M,
and 10>~10° L), respectively. These ranges are comparable to those
presented in fig. 9 of Molinari et al. (2008), although our objects
have higher masses on average. Molinari et al. (2008) undertook a
method of approach different from that of our own, in which they
assigned millimetre emission fluxes to the massive star-forming
objects by removing emission from the diffuse clumpy medium.
Their resultant masses are consequently lower for their sources
compared with this work. They also fitted their SED to a grid of
models that were computed according to Whitney et al. (2003).

In Fig. 3, the MM-only cores appear to segregate into two groups
with the division loosely defined by the line of M= L%°. The first
group of MM-only sources lies in the same region of the plot as
the sources with known star formation activity (methanol maser
and/or radio continuum sources), i.e. Classes M, MR and R. The
other group of MM-only sources exhibits lower masses or higher
luminosities and are clearly separated from Classes M, MR and R
sources.

In summary, the cumulative distribution plots produced from our
SED models as well as the KS tests and the ML diagram reveal that
some MM-only sources are distinct from those sources with a radio
continuum association in terms of the mass parameter. These results
are consistent with Paper I. In Paper I, it was also revealed that the
MM-only cores have the smallest radii of the sample and at least
45 per cent are without mid-infrared MSX emission. The
characteristics of some MM-only cores — the least luminous and
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infrared quiet ones — are consistent with less evolved examples
of massive star formation. However, we cannot exclude the pos-
sibility that some MM-only cores may be dominated by lumi-
nous intermediate-mass protostars, hence less massive but still rela-
tively luminous cores. Finally, some fraction of the MM-only cores
may even represent the ‘failed’ cores hypothesized by Vazquez-
Semadeni et al. (2005). More likely, the MM-only cores represent
various classes of prestellar and protostellar sources.

5.4 Significance of luminosity versus mass diagram

Alternatively, if we do not attribute any significance to the small
distinction between the various source samples in Fig. 2, these
results may simply reflect the limited information that can be ex-
tracted from our SED analysis, especially considering the poorly
constrained data in the far-infrared regime. There are many limita-
tions to the interpretations of SEDs and ML diagrams for high-mass
star-forming cores. For instance, the luminosity estimates are poorly
constrained in the far-infrared domain, and the angular resolution of
SEST at 1.2 mm is insufficient to exclude the possibility of multiple-
source components — indeed Longmore et al. (2006) have detected
a few massive infrared protostars or YSOs within 6000 AU, corre-
sponding to 24 arcsec at 4 kpc (i.e. with our current data, we would
not expect to see this).

To account for this, Fig. 3 also presents the two-dimensional
Bayesian probability contours enclosing the 68 per cent Bayesian
probability of occurrence for both the mass and the luminosity. It
can be seen that the mass and the luminosity encompass a much
larger range of values than depicted by the median values on the
plot (see Section 5.3). The MM-only cores could occupy the range
100M@ and 10°L¢y or 10* Mg and 10L¢ of Fig. 3 with equal
probability. That is, these results suggest that the MM-only cores
could be either star-forming regions in quite an advanced stage
hosting embedded, luminous stars (10° L) or alternatively very
massive quiescent clouds (10L). Moreover, we observe a simi-
larly wide range of probable luminosity and mass for the UC Hu
regions and the methanol maser sources in our sample, despite the
fact that these sources are well identified at high angular resolution.
The Bayesian inference method demonstrates that SED fitting, with
the currently available far-infrared data sets, cannot provide us with
reliable evolutionary tracks in the ML diagram for high-mass star
formation.

6 CONCLUSIONS

We have performed SED analysis for 227 of the 405 sources de-
tected in the SIMBA survey of Paper I. Using the Bayesian inference
method of analysis we have determined a range of suitable values,
with associated probabilities, for each of the parameters of tem-
perature, mass and luminosity. Each of these parameters have been
analysed with respect to the different type of source in the sample
and hence their associations (or lack thereof) with methanol maser
and/or radio continuum sources. The cumulative distribution plot
of the mass for the different source classes is consistent with our
earlier work.

If we attribute little significance to the class distinction for each
parameter of mass, luminosity and temperature, then the MM-only
cores have the same characteristics as sources with known star
formation activity (Classes M, MR and R), yet they display no
overt signs of star formation. Following this, the MM-only cores
are excellent candidates for early-stage protostars or massive YSOs.
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Attributing significance to the marginal distinctions between the
MM-only sources and those sources with methanol maser and/or
radio continuum associations for each of the temperature and lumi-
nosity, and factoring in the results of the mass, radius and lack of
mid-infrared associations for almost half, we can interpret that the
MM-only core is a younger, smaller and less evolved example of
massive star formation. That is, they represent an evolutionary stage
of massive star formation, prior to the development of methanol
maser emission and are thus indicative of the earliest stages of mas-
sive star evolution. However, we cannot exclude the possibility that
the MM-only cores are examples of ‘failed’ cores or instead will
support intermediate-mass star formation. Alternatively, the MM-
only core could comprise a cross-section of sources supporting both
arguments. Spectral line observations (e.g. of turbulent linewidths
and/or chemical state) of these MM-only cores are necessary in
order to determine which of them, if any, are forming massive stars.

It is clear from this work that SED modelling is heavily reliant
upon well-constrained and robust data which is well sampled in
wavelength space. There is a clear dependency of the stringency of
the fit upon the quality of the data. From our Bayesian inference SED
analysis, it is clear that in the absence of reliable far-infrared data,
which would serve to constrain the peak of the SED, it is not possible
to draw reliable evolutionary tracks in the mass versus luminosity
diagram of high-mass star formation. Future observations with the
Herschel Space Observatory will provide greater constraints in the
crucial far-infrared/submillimetre regimes for SED modelling.
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