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ABSTRACT
The Red MSX Source (RMS) survey has identified a large sample of massive young stellar
objects and ultra compact H II regions from a sample of ∼2000 MSX and Two Micron All
Sky Survey (2MASS) colour selected sources. Using a recent catalogue of molecular clouds
derived from the Boston University-Five College Radio Astronomy Observatory (BU-FCRAO)
Galactic Ring Survey (GRS), and by applying a Galactic scaleheight cut-off of 120 pc, we solve
the distance ambiguity for RMS sources located within 18◦ 〈|l|〉 54◦. These two steps yield
kinematic distances to 291 sources out of a possible 326, located within the GRS longitude
range. Combining distances and integrated fluxes derived from spectral energy distributions,
we estimate luminosities to these sources and find that >90 per cent are indicative of the
presence of a massive star. We find the completeness limit of our sample is ∼104 L�, which
corresponds to a zero-age main-sequence star with a mass of ∼12 M�. Selecting only these
sources, we construct a complete sample of 196 sources.

Comparing the properties of the sample of young massive stars with the general population,
we find the RMS clouds are generally larger, more massive, and more turbulent. We examine
the distribution of this subsample with respect to the location of the spiral arms and the Galactic
bar and find them to be spatially correlated. We identify three significant peaks in the source
surface density at Galactocentric radii of approximately 4, 6 and 8 kpc, which correspond to
the proposed positions of the Scutum, Sagittarius and Perseus spiral arms, respectively. Fitting
a scaleheight to the data we obtain an average value of ∼29 ± 0.5 pc, which agrees well with
other reported values in the literature, however we note a dependence of the scaleheight on
galactocentric radius with it increases from 30 to 45 pc between 2.5 and 8.5 kpc.

Key words: stars: early-type – stars: formation – ISM: clouds – Galaxy: kinematics and
dynamics.

1 IN T RO D U C T I O N

Throughout their lives massive stars (M� > 8 M�) play an impor-
tant role in many aspects of astrophysics including many of the most
energetic phenomena in the Universe. They deposit huge amounts
of energy into the interstellar medium in the form of UV radia-
tion, which leads to the creation of H II regions, and kinetic energy
via molecular outflows, powerful stellar winds and supernova ex-
plosions. Massive stars are also responsible for the production of

�E-mail: James.Urquhart@csiro.au

enriched material that alters the local chemistry. These feedback
processes play an important role in regulating star formation within
the surrounding environment, possibly triggering the formation of
future generations of stars, and ultimately driving the evolution of
their host galaxy (Kennicutt 2005).

Given the profound impact massive stars have, not only on their
local environment but also on a Galactic scale, it is crucial to un-
derstand the environmental conditions and processes involved in
their birth and the earliest stages of their evolution. The life cycle
of massive stars once they have emerged from their natal molecular
cloud is generally thought to be understood. However, the processes
involved in their formation and the early stages of their evolution
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are still shrouded in mystery, with our understanding lagging behind
that of low-mass star formation.

Massive stars are much rarer than their low-mass counterparts
and consequently are generally located much farther away than re-
gions of low-mass star formation. Furthermore, massive stars evolve
extremely rapidly, reaching the main sequence while still deeply em-
bedded within dense cores. The formation of massive stars and the
earliest stages of their evolution are therefore hidden behind many
magnitudes of visual extinction, only observable at infrared (IR)
and millimetre wavelengths. Moreover, massive stars are known to
form exclusively in clusters (e.g. de Wit et al. 2004), which makes
it difficult to attribute derived quantities to individual sources. Con-
sequently, the known samples are too small to test many aspects
of massive star formation theories, and due to the various selection
criteria, are probably unrepresentative of the class as a whole.

We have conducted a new galaxy-wide search (the Red MSX
Source or RMS survey1) with the specific aim of identifying a large
well-selected sample of massive young stellar objects (MYSOs).
Observationally, an MYSO is defined as a stellar object which is
mid-IR bright and processes sufficient luminosity to form a massive
star (greater than a few times 103 L�) but shows no evidence that a
H II region has begun to form (i.e. no radio emission and no spatially
extended mid-IR emission). To place MYSOs in an evolutionary
context they are somewhat later than the hot molecular core stage,
which is not generally found to be mid-IR bright (e.g. De Buizer
et al. 2002), but have not yet begun to ionize their surroundings
sufficiently to produce a detectable H II region. Although our efforts
are directed towards identifying MYSOs, we are also sensitive to
the slightly later ultra compact (UC) H II region stage. It is unclear
whether core hydrogen burning has begun in the MYSO phase,
however their association with strong molecular outflows indicates
accretion is going on. As the MYSO evolves and moves towards
the main sequence, it will begin to form an H II region which will
eventually halt accretion at which point the final mass of the star is
set. The MYSO and UC H II stages are two of the earliest and most
important in the evolution of massive stars, since they encompass
the transition between accretion and UV dominated regimes.

Before we can determine each source’s luminosity and thus, con-
firm the presence of a massive young star, we need to estimate
its heliocentric distance. Kinematic distances can be derived using
the source velocities in conjunction with a Galactic rotation model
(e.g. Clemens 1985; Alvarez, May & Bronfman 1990; Brand &
Blitz 1993). However, for sources located within the solar circle
(Galactocentric radii <8.5 kpc) there are two possible kinematic
distances for any given velocity, equally spaced on either side of the
tangent point, commonly referred to as the near and far distances.
Kinematic distance ambiguities affect approximately ∼70 per cent
of our sample, and therefore represent a serious hurdle that needs to
be addressed before many of the important source parameters can
be calculated.

In this paper we assign kinematic distances to ∼300 young mas-
sive star candidates located in the northern Galactic plane by cor-
relating their spatial positions and velocities with a catalogue of
molecular clouds, derived from 13CO data from the Galactic Ring
Survey (GRS), for which the near–far distance ambiguities have
been solved. In the next section (Section 2), we give a brief overview
of both the RMS and GRS surveys and describe the procedure used
to identify associations. In Section 3, we present a summary of the
RMS-cloud associations, assign distances and calculate luminosi-

1 http://www.ast.leeds.ac.uk/RMS

ties for RMS sources. In Section 4 we derive the physical sizes
and masses of all GRS clouds and compare the properties of those
associated with a subsample of the most luminous RMS sources
with those that are not currently forming massive stars. We discuss
the Galactic distribution of our sample of young massive stars with
respect to the positions of the spiral arms and Galactic bar in Sec-
tion 5. In Section 6 we present a summary of the results and our
conclusions.

2 SURVEY D ESCRI PTI ONS AND DATA SE TS

2.1 RMS survey

The RMS survey is based on a search of the MSX mid-IR survey of
the Galactic plane (Price et al. 2001). Using the MSX point source
catalogue (Egan et al. 2003) we colour-selected a large sample
of candidate MYSOs and UCH II regions (Lumsden et al. 2002).
This initial sample was further refined using near-IR photometry
obtained from Two Micron All Sky Survey (2MASS) (Cutri et al.
2003; Skrutskie 2006) to eliminate blue objects, and from visual
inspection of the MSX images to remove the more extended sources.
Our colour-selection and subsequent filtering produced a sample of
∼2000 MYSO candidates (Lumsden et al. 2002).

The RMS survey is a multiwavelength programme of follow-
up observations designed to identify genuine MYSOs and UCH II

regions. These observations have been designed to identify and
remove other kinds of embedded or dusty objects such as plan-
etary nebulae, evolved stars and nearby low-mass YSOs (Hoare
et al. 2005; Urquhart et al. 2008). To date, we have used arcsec-
ond resolution mid-IR imaging from the Spitzer GLIMPSE survey
(Benjamin et al. 2003) or our own ground-based imaging (e.g.
Mottram et al. 2007) to reveal multiple and/or extended sources
within the MSX beam, as well as MYSOs in close proximity to
existing H II regions. We have obtained arcsecond resolution radio
continuum images with the Australia Telescope Compact Array and
the VLA (Urquhart et al. 2007, 2009a) to identify UC H II regions
and PNe, whilst observations of 13CO transitions (Urquhart et al.
2007, 2008, 2009b) deliver kinematic velocities. Finally, we use
near-IR spectroscopy (e.g. Clarke et al. 2006) to distinguish the
more pathological evolved stars and confirm source classifications.

By combining these IR, millimetre and radio wavelength ob-
servations with complementary archival data we have identified
approximately 1300 UC H II regions and candidate MYSOs located
throughout the Galactic plane (b < 5◦; Urquhart et al. 2008).

2.2 The BU-FCRAO Galactic Ring Survey

The 13CO (J = 1–0) GRS covers a total area of 75.4 deg2 between
18◦ < l < 55.◦7 and |b| < 1◦ and is fully sampled with a pixel size
of 22 arcsec. The processed data cubes with Galactic longitudes
l < 40◦ have a VLSR range = −5 to 135 km s−1, while those with
l > 40◦ have VLSR range = −5 to 85 km s−1. The spectral resolution
for both velocity ranges is 0.21 km s−1.

In a recent paper, Rathborne et al. (2009) used the CLUMPFIND

algorithm (Williams, de Geus & Blitz 1994) to analyse this ho-
mogeneous, fully sampled data set, resulting in the identification
of 829 molecular clouds distributed throughout the GRS region.
This work was complemented by Roman-Duval et al. (2009), who
used archival H I data from the VLA Galactic Plane Survey (VGPS;
Stil et al. 2006) to break the near–far kinematic distance ambi-
guity towards 750 molecular clouds (∼90 per cent of all clouds
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identified). The combination of a complete set of molecular clouds
and kinematic distances provides an enormously important cata-
logue that can be used for determining distances to star-forming
regions, allowing their distribution, luminosity functions, etc., to be
mapped with respect to the large-scale Galactic structure.

2.3 Resolving the kinematic distance ambiguity

Obtaining heliocentric distances to our sources is a crucial element
of our campaign as without these we cannot accurately calculate
source luminosities, and thus, distinguish between nearby low and
intermediate-mass YSOs from the more generally more distance
MYSOs. As mentioned in the introduction, kinematic distance am-
biguities affect a large proportion of our sample (∼900 sources in
total) and these need to be resolved before we obtain a robust sample
of young massive stars.

There have been a number of studies devoted to resolving dis-
tances ambiguities using a variety of methods. Dame (1991) found
correlations and anti-correlations between near-IR extinction and
molecular clouds traced by CO emission could be used to resolve
the ambiguity towards molecular clouds. This method worked by
assuming that the anti-correlation was the result of dust associated
with foreground clouds. Paladini, Davies & De Zotti (2004) used
a statistical approach to derive a luminosity–physical diameter cor-
relation for H II regions. Downes et al. (1980), Araya et al. (2001,
2002) and Sewilo et al. (2004) have used a combination of H110α

radio recombination lines and formaldehyde (H2CO) absorption
measurements to assign near and far solutions for H II regions.

Although these studies have had reasonable success in resolving
ambiguities, they tend to be used only for a particular type of object
and/or require a specific set of conditions and so are not universally
applicable. Another technique that has been applied successfully
to both UC H II regions and YSOs combines 21-cm H I absorption
with a molecular tracer such as 13CO and implicitly assumes that
the source is still embedded within its natal molecular cloud. For
H II regions this technique relies on the principle that if a continuum
source is located at the near distance, the H I data will not show
any absorption from clouds with velocities between that of the H II

region and the tangent point, since these are located behind the
continuum source with respect to our line of sight. If absorption is
present in the H I data at distances between the continuum sources
and the velocity of the tangent point, the source must be located at
the far distance (e.g. Kuchar & Bania 1994; Kolpak et al. 2003).
For YSOs, this technique looks for H I self-absorption at the same
velocity as the source, and works on the principle that if the source’s
host cloud is located at the near distance it would lie in front of a
significant column of warmer H I, resulting in absorption by cold H I

associated with the cloud. Conversely, the absence of an absorption
dip would imply the source is located at the far distance (e.g. Jackson
et al. 2002; Busfield et al. 2006).

In this study, we will focus on the subsample of UC H II regions
and MYSO candidates located within the GRS longitude range.
Combining these two data sets has the potential to solve the distance
ambiguities towards approximately one-third of our inner-Galaxy
sources, and 75 per cent of the sources located in the northern
Galactic plane. The distance ambiguities in this region have been
solved using a combination of the two H I absorption techniques
described in the previous paragraph for a flux-limited sample of
molecular clouds (Roman-Duval et al. 2009). Both methods have
been used for molecular clouds that are also found to be associated
with a H II region with the results of both techniques being check
to ensure consistency between the two. The distance solutions have

been checked with many of the previous surveys and the results are
found to be in reasonable agreement. Therefore the GRS catalogue
provides robust distances to a complete sample of molecular clouds
located within the first quadrant of the Galactic plane.

2.4 Matching RMS sources with GRS clouds

In the northern Galactic plane, we have 427 RMS sources located
within the solar circle that are affected by these kinematic distance
ambiguities. Searching this sample we have identified 306 young
massive stars (UC H IIs and MYSO candidates) located within the
GRS region. In order to obtain kinematic velocities for these, we
extracted spectra from the GRS data cubes and fitted them with
Gaussian profiles. In cases where more than one significant emission
peak was present in the CO spectrum, we have used archival maser
or high-density gas tracers to determine the source velocity (see
Urquhart et al. 2008, for more details). In total, we have been able
to assign a unique velocity to 300 MYSO candidates and compact
H II regions within the GRS region.

By comparing the Galactic longitudes and latitudes and the veloc-
ities of the RMS sources with those derived for the clouds reported
by Rathborne et al. (2009), we are able to identify the population of
clouds that are responsible for giving birth to the next generation of
massive stars in the Galaxy. To find a match, we began by searching
within the GRS in a small region around the coordinates of each
RMS source. This region was 5 × 5 × 11 resolution elements in
the l × b × v directions corresponding to 15 arcmin in Galactic
longitude and latitude and 4.67 km s−1 in velocity. This search re-
turned a unique cloud match for 116 RMS sources. For a further
175 sources, multiple clouds were found within the search radius.
In the majority of these case, there were only a few pixels from
a neighbouring cloud and, to determine a match, we selected the
cloud that contributed the most pixels within the search region.

We failed to find any cloud association for 15 of the 306 RMS
sources; we present a list of these sources in Table 1. Of these,

Table 1. Summary of unmatched RMS sources located within the GRS
region.

MSX name VLSR Near dist. Far dist. RGC
(km s−1) (kpc) (kpc) (kpc)

G019.8922+00.1023 45.7 3.6 12.4 5.3
G025.3058+00.5308 – – – –
G025.4948−00.2990 – – – –
G026.1094−00.0944 – – – –
G027.2220+00.1361c 112.8 6.9 8.2 3.9
G032.2718−00.2260 22.3 1.6 12.8 7.2
G034.6243−00.1300 23.0 1.6 12.4 7.2
G039.4943 − 00.9933a 53.2 3.6 9.5 6.2
G039.8651+00.6474 – – – –
G042.0977+00.3521 20.7 1.4 11.2 7.5
G043.9674+00.9938b −19.7 14.1 14.1 10.0
G047.0998+00.4799 – – – –
G047.9002+00.0671c 72.0 5.3 5.3 5.9
G052.7528+00.3343 15.2 1.0 9.2 7.9
G053.9584+00.0317 41.6 4.1 5.9 6.9

aSource assigned to the near distance as the far distance would imply a source
location more than four times the Galactic scaleheight from the mid-plane
and is thus unlikely.
bSource velocity lies outside the velocity range covered by the GRS.
cThis source is located within ∼0.5 kpc of the tangent point and has been
assigned the tangent point velocity.
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the GRS molecular line observations towards two failed to detect
any significant level of emission in the observed velocity range.
The CO results towards four sources are inconclusive with mul-
tiple components with similar line strengths being detected and
no other tracer is available. We note that the velocity assigned to
G043.9674+00.9938 was derived from the CS molecular transition
observations presented by Bronfman, Nyman & May (1996) and
falls outside the velocity range covered by the GRS, which explains
why we were unable to find a match for this particular source. The
limited velocity range covered by the GRS survey may also ex-
plain the lack of any detected CO emission towards the two sources
towards which no CO emission is detected.

This leaves eight sources with assigned velocities but for which
no associated cloud has been identified. One possible explanation
for this is that an incorrect velocity has been assigned to the RMS
source. Another possibility is that the host cloud has not been de-
tected by the CLUMPFIND algorithm. To investigate these possibilities,
we compared the 13CO spectra with other molecular transitions re-
ported in the literature towards these sources to check the velocity
assignment was consistent with previous studies. For seven sources,
we find CS (J = 2–1) emission (Bronfman et al. 1996) at the same
velocity as the 13CO emission. The CS rotational transition has a
much higher critical density than the 13CO transition, and thus, the
presence of the two transitions at the same velocity makes it unlikely
the assigned velocities are incorrect.

Having confirmed that the velocities assigned to the RMS sources
are likely to be correct, we need to investigate why we have been
unable to associate them with a molecular cloud. In order to in-
vestigate the spatial extent of the emission surrounding each of
these sources, we produced integrated velocity maps of the 13CO
emission around each source at the assigned velocity. In Fig. 1 we
present an example of one of these integrated 13CO maps showing
the emission coincident with RMS source G019.8922+00.1023 in
both position and velocity. This reveals a relatively bright, com-
pact region of emission coincident with the RMS source. We find a

Figure 1. Integrated 13CO J = 1–0 emission in a 15 × 15 arcmin2 region
around G019.8922+00.1023. The position of the RMS source is indicated
by a cross. The image was produced by integrating the GRS cube over
a velocity range of three times the velocity dispersion either side of the
source’s assigned velocity. The FCRAO beam size is shown in the bottom
left-hand corner.

similar situation for the other sources, however, the 13CO emission
in nearly all cases is quite weak (T∗

A ∼ 0.4–1.2 K) and it is there-
fore likely that the emission associated with these small clouds fell
below the criteria used to generate the GRS catalogue (Rathborne
et al. 2009).

3 D I STANCES A ND LUMI NOSI TI ES

Roman-Duval et al. (2009) used the Clemens (1985) Galactic rota-
tion model to determine the kinematic distances to the GRS sample
of clouds. However, to maintain consistency with previous pub-
lished work on the RMS sample (i.e. Urquhart et al. 2007, 2008),
we have recalculated their distances using the Brand & Blitz (1993)
rotation model, assuming a distance to the Galactic Centre of 8.5 kpc
and a solar velocity of 220 km s−1. The difference in derived dis-
tances between the two models is small (typically ±0.3 kpc) com-
pared to the error associated with kinematic distances, which are
of order ±1 kpc in this part of the Galaxy, and therefore the actual
choice of rotation curve does not have any impact our findings.

3.1 RMS–GRS cloud associations

We have identified the molecular clouds associated with 291 RMS
sources. In Table 2, we present a summary of the GRS-cloud

Table 2. Summary of GRS cloud parameters and RMS source associations.

GRS Cloud Radii Tex τ MLTE No. RMS
Name (pc) (K) Log10[M (M�)] Sources

G021.34+00.84 – 7.01 0.14 – –
G021.34−00.16 20.3 9.12 0.10 4.13 –
G021.39−00.01 21.5 9.49 0.12 4.35 –
G021.39−00.26 29.0 7.68 0.13 4.46 2
G021.39−00.56 18.9 10.10 0.09 4.08 –
G021.44+00.44 – 7.53 0.11 – –
G021.44−00.71 13.8 9.99 0.12 3.82 –
G021.49−00.26 15.9 7.48 0.14 3.17 –
G021.49−00.71 45.0 8.25 0.10 4.60 –
G021.54+00.24 36.1 7.64 0.12 4.40 –
G021.54−00.01 37.7 9.91 0.10 4.59 –
G021.54−00.11 18.8 9.27 0.11 3.70 –
G021.59+00.49 4.7 12.05 0.08 2.73 –
G021.59−00.06 15.4 7.68 0.12 3.45 –
G021.59−00.06 26.8 7.68 0.12 4.31 1
G021.59−00.11 26.9 7.31 0.15 4.09 –
G021.64+00.14 2.9 6.96 0.16 1.67 –
G021.69+00.09 14.6 8.55 0.09 3.37 –
G021.69+00.59 – 8.50 0.10 – –
G021.69−00.01 19.0 7.12 0.14 3.92 1
G021.69−00.06 43.6 8.68 0.10 4.55 –
G021.74+00.09 53.7 8.47 0.10 4.63 –
G021.74−00.01 24.4 9.97 0.09 4.18 –
G021.84+00.59 18.2 5.96 0.21 3.23 –
G021.84−00.26 23.1 10.54 0.09 4.44 –
G021.89−00.56 30.2 9.37 0.11 4.92 –
G021.94+00.04 13.0 6.60 0.16 3.56 –
G021.94+00.14 34.8 8.76 0.11 4.73 –
G021.99−00.06 32.6 7.72 0.11 4.18 –
G022.04+00.19 26.2 10.35 0.10 4.54 –

Note: only a small portion of the data is provided here; the full table is
available in electronic form as Supporting Information with this article, or
at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.125.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/.
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Figure 2. The number of RMS sources found in each molecular cloud.

parameters and the number of associated young massive stars [only
a small portion of the table is provided here; the full table is available
in electronic form as Supporting Information with this article or at
the CDS via anonymous FTP to cdsarc.u-strasbg.fr (130.79.125.5)
or via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/]. Given the
angular size of the molecular clouds identified by Rathborne et al.
(2009), we might expect to find multiple regions of star formation
within a significant number of clouds and this is indeed the case.
We find the RMS sources are associated with 204 clouds, with 53
clouds being found to be associated with two or more sites of star
formation.

In Fig. 2, we present a histogram of the number of RMS sources
found in each cloud. The majority of clouds are associated with a
single RMS source, with the number of clouds falling off rapidly as
a function of RMS source density. We find two clouds that have an
RMS source count of nine (G043.19−00.01 and G049.49−00.41;
Rathborne et al. 2009). Being associated with so many potential
sites of massive star formation distinguishes these clouds as two of
the most intense regions of massive star formation in this part of the
Galaxy. G049.49−00.41 is part of the W49 giant molecular cloud,
which is the most massive cloud in the Galaxy outside the Galactic
Centre (Simon et al. 2001). The second cloud, G043.19−00.01,
is coincident with a well-known OH maser source (OH 43.8−0.1;
Braz & Epchtein 1983) and a variable H2O maser (Lekht 2000).

Roman-Duval et al. (2009) resolved the distance ambiguities to
185 of the RMS–GRS cloud associations, which are themselves host
to a total of 268 RMS sources. We are therefore able to assign kine-
matic distances to ∼90 per cent of the matched RMS sources. Fur-
thermore, examination of the remaining RMS sources in the GRS
region without an assigned cloud identified four sources for which a
distance can be assigned (see superscripts and footnotes in Table 1
for individual source details). One of these (G043.9674+00.9938)
has a velocity outside the GRS range that corresponds to a location
outside the solar circle, and therefore is not subject to a kinematic
distance ambiguity. Another source (G025.3981+00.5617) is as-
signed to the near distance through an analysis of its heights above
the Galactic mid-plane (see following subsection for details). Fi-
nally, we find two sources that are located within ∼0.5 kpc of the
tangent point and so have been assigned the distance of the tangent
point. Including these four sources, we have resolved the distance
ambiguities towards 272 RMS sources.

Figure 3. Distribution of heights above the mid-plane as a function of
Galactic longitude for RMS sources with assigned distances (grey) and the
heights that correspond to the near and far distances (shown in red and blue,
respectively) for high-latitude sources (i.e. |b| > 1◦).

3.2 Distances to high latitude sources

In the previous section, we matched RMS sources with molecu-
lar clouds identified within the GRS and obtained distances to 272
young massive stars. However, in order to obtain a fully represen-
tative sample, we also need to resolve the distance ambiguities to
sources located within the GRS longitude range but with |b| >

1◦. Although we have obtained 13CO velocities towards a further
20 sources in this category, there are currently no archival H I data
available at their Galactic latitudes, and thus, we cannot employ ei-
ther the H I self-absorption or continuum absorption methods used
by Roman-Duval et al. (2009). However, the larger angular separa-
tion of these sources from the Galactic mid-plane would correspond
to unrealistically large distances from the plane if a source were lo-
cated at the far distance.

In Fig. 3, we plot the height above the Galactic mid-plane for
the 20 sources with |b| > 1◦, corresponding to the near and far
distances. In addition to the high-latitude sources, we also show
the distribution of heights of sources with assigned distances, and a
scale that corresponds to four times the Galactic scaleheight (see the
discussion in Section 5). Comparing the heights of the RMS sources
with assigned distances with those of the high-latitude sources, it
is very unlikely that any of them are located at the far distance. We
have therefore assigned the near distance to these sources.

Using a combination of association with molecular clouds of
known distance, and applying the scaleheight cut-off described in
the previous paragraph, we have been able to assign distances to
292 RMS sources from our initial sample of 326 located within
the GRS longitude range. This corresponds to ∼90 per cent of the
sample.

3.3 Luminosity

Luminosities have been calculated for each source with an assigned
distance by fitting a spectral energy distribution (SED) to a set of
IR to millimetre flux measurements. Near- and mid-IR fluxes have
been taken from the 2MASS and MSX point source catalogues.
Far-IR fluxes were obtained from either MIPSGAL or the IRAS
Galaxy Atlas (IGA; Cao et al. 1997) images, using a set of 2D
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Figure 4. An example of an SED fit to IR and submillimetre fluxes. The
flux values and their associated errors are shown as circles and vertical lines
respectively, upper limits are shown as inverted triangles. The solid black
line shows the best fit to the data while the grey lines trace the next 10 best
SED fits to the data.

background-fitting aperture photometry routines (see Mottram et al.
2010, for details). The MIPSGAL data are generally superior to the
IRAS data although, in many cases, the MIPSGAL images were
found to be saturated at the location of the RMS sources and could
not be used. Finally, (sub)millimetre fluxes were obtained from
archival Submillimetre Common-User Bolometer Array (SCUBA;
Di Francesco et al. 2008), SIMBA (Faúndez et al. 2004; Hill et al.
2005; Beltrán et al. 2006) and MAMBO (Beuther et al. 2002) data.

SEDs were constructed for each source using the model fitter
produced by Robitaille et al. (2006, 2007). In Fig. 4 we present the
measured fluxes and subsequent SED fit to the data obtained for the
RMS source G025.7161+00.0486. Source luminosities were cal-
culated by integrating under the SED and multiplying by the square
of the assigned distance. A detailed description of the photometry
routines used to extract fluxes from the MIPSGAL and IRAS im-
ages and a full discussion of the procedures will be presented in an
upcoming paper (Mottram et al., in preparation).

In Fig. 5 we present the luminosity distribution of all the RMS
sources located within the GRS longitude range that have assigned
distances. The left-hand panel contains a histogram of the source

luminosity function which peaks at approximately 104 L�, con-
firming that we are finding a significant number of young massive
stars. The latest stellar spectral type that can ionize its surroundings
and form an H II region is a B3 which has a corresponding mass of
∼5.2 M� and a luminosity of ∼550 L� (Meynet & Maeder 2000;
Martins, Schaerer & Hillier 2005), and thus, we define sources with
luminosities larger than this as a massive star. We find that 290 of
the 292 RMS sources (∼99 per cent) with assigned distances have
larger luminosities than would be expected from a B3 star – as-
suming the observed luminosity arises from a single embedded star.
Massive stars are known to form exclusively in clusters. However,
Wood & Churchwell (1989) showed that for a realistic initial mass
function the most massive member of a cluster is only a couple of
spectral classes lower than that determined by assuming the lumi-
nosity was due to a single star. Taking this into account, we find
that any RMS source with a luminosity greater than 104 L� (i.e.
equivalent to a star of spectral type B1 or earlier) is likely to contain
a massive star. Applying this limit to identify a bona fide sample of
massive young stars we find approximately two-thirds (193) of our
sources have luminosities over 104 L�, and are therefore luminous
enough to host massive young stars. We note that these fractions
only apply to the current sample since there is likely to be number
of high-mass stars that fall below our detection threshold.

In the right-hand panel of Fig. 5, we present a plot showing
the distribution of source luminosities as a function of heliocen-
tric distance along with the MSX 21-μm limiting sensitivity. The
sensitivity has been estimated by first calculating the flux in the
MSX 21 μm (band E) using FE = 4.041 × 10−14 S21 Wm2 (Cohen,
Hammersley & Egan 2000), where S21 is the MSX 21-μm detec-
tion limit (∼2.7 Jy). This value is then multiplied by a factor of
24, calculated from the ratio of bolometric fluxes, determined from
SED fits, to the MSX band E fluxes (Mottram et al., in prepara-
tion). The fairly homogeneous distribution in heliocentric distance
of RMS sources above 104 L� would suggest that our sample of
young massive stars is complete for luminosities above this across
the Galaxy. To properly determine the completeness limit requires
modelling of the luminosity function, which is beyond the scope
of this paper and will be the subject of a subsequent paper (Davies
et al., in preparation); however, preliminary results are consistent
with the completeness level derived from Fig. 5. In Table 3 we
present a summary of each RMS source located within the GRS

Figure 5. Left-hand panel: distribution of RMS source luminosities. The bin size used is 0.5 dex. Right-hand panel: luminosity distribution as a function of
heliocentric distance. The dark line and light grey shaded region indicates the limiting sensitivity of the MSX 21-µm band and its associated uncertainty.
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Table 3. Summary of RMS source parameters located within the GRS longitude range.

MSX name RA Dec. GRS cloud name Distance Height RGC Luminosity
(J2000) (J2000) (kpc) (pc) (kpc) Log10(L�)

G017.9642+00.0798 18:23:20.82 −13:15:05.4 G017.99+00.09 2.27 3.2 6.4 3.2
G017.9789+00.2335 18:22:49.08 −13:09:59.0 G017.99+00.09 1.50 6.1 7.1 2.6
G018.1409−00.3021 18:25:04.46 −13:16:26.7 G018.24−00.41 4.36 −23.0 4.6 4.5
G018.1504−00.2794 18:25:00.62 −13:15:18.3 G018.24−00.41 4.36 −21.2 4.6 4.5
G018.3029−00.3910 18:25:42.48 −13:10:20.2 G018.34−00.36 2.98 −20.4 5.7 4.7
G018.3412+01.7681 18:17:58.15 −12:07:24.9 – 2.96 91.3 5.8 4.4
G018.3706−00.3818 18:25:48.26 −13:06:29.5 G018.39−00.41 3.67 −24.5 5.1 3.5
G018.6608+00.0372 18:24:50.42 −12:39:20.8 G018.69+00.04 10.86 7.0 3.9 4.4
G018.6696+01.9631 18:17:54.09 −11:44:32.2 – 2.95 101.1 5.8 4.0
G018.7621+00.2634 18:24:12.91 −12:27:37.8 G018.64+00.29 14.09 64.8 6.6 5.3
G018.8246−00.4673 18:26:59.01 −12:44:47.0 G018.94−00.26 4.60 −37.5 4.4 3.9
G018.8319−00.4788 18:27:02.35 −12:44:43.0 G018.89−00.51 4.65 −38.9 4.4 3.7
G018.8330−00.3004 18:26:23.64 −12:39:40.3 G018.69−00.06 12.41 −65.1 5.2 5.0
G019.0741−00.2861 18:26:48.14 −12:26:28.3 G019.09−00.26 4.62 −23.1 4.4 5.2
G019.4902+00.1350 18:26:04.26 −11:52:36.1 G019.39−00.01 2.44 5.8 6.2 3.7
G019.6053−00.9012 18:30:02.59 −12:15:23.7 G019.59−00.91 3.07 −48.2 5.7 3.9
G019.6085−00.2357 18:27:38.30 −11:56:41.2 G019.64−00.26 12.57 −51.7 5.4 5.7
G019.6106−00.2531 18:27:42.28 −11:57:03.9 G019.64−00.26 12.57 −55.5 5.4 4.4
G019.7268−00.1132 18:27:25.20 −11:46:59.1 G019.59−00.06 11.67 −23.1 4.7 4.5
G019.7403+00.2799 18:26:01.48 −11:35:16.4 G019.24+00.34 1.90 9.3 6.7 3.2
G019.7540−00.1279 18:27:31.48 −11:45:56.8 G019.59+00.09 8.00 −17.9 2.9 4.6
G019.8817−00.5347 18:29:14.35 −11:50:30.1 G019.89−00.56 3.52 −32.8 5.3 4.1
G019.8922+00.1023 18:26:57.28 −11:32:10.6 – – – – –
G019.9224−00.2577 18:28:18.83 −11:40:37.5 G019.94−00.21 4.59 −20.6 4.5 3.3
G019.9386−00.2079 18:28:09.88 −11:38:22.9 G019.94−00.21 4.59 −16.6 4.5 3.4
G020.0801−00.1360 18:28:10.41 −11:28:51.6 G019.74−00.26 12.62 −30.0 5.5 5.7
G020.5143+00.4936 18:26:43.51 −10:48:12.6 G020.49+00.49 – – – –
G020.7121−00.0754 18:29:09.09 −10:53:35.1 G020.79−00.06 11.66 −15.3 4.8 4.4
G020.7438−00.0952 18:29:16.96 −10:52:27.1 G020.79−00.06 11.66 −19.4 4.8 4.9
G020.7491−00.0898 18:29:16.39 −10:52:01.2 G020.79−00.06 11.66 −18.3 4.8 5.1

Note: only a small portion of the data is provided here; the full table is available in electronic form as Supporting Information with this
article, or at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.125.5) or via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/.

longitude range including positions, associated GRS cloud name,
assigned kinematic distance, height above the mid-plane, Galacto-
centric distance and bolometric luminosity [only a small portion
of the table is provided here; the full table is available in elec-
tronic form as Supporting Information with this article, or at the
CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.125.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/].

4 C LOU D P ROP ERTIES

In this section we will discuss the Galactic distribution of molecu-
lar gas and compare the physical properties of clouds found to be
associated with the RMS sample of young massive stars. To facil-
itate these discussions we need to calculate a few key parameters
currently unavailable in either of the Roman-Duval et al. (2009) or
Rathborne et al. (2009) papers.

4.1 Deriving cloud masses and physical sizes

In this subsection we will estimate masses and physical radii for
every cloud that has an unambiguous distance, and for which an ex-
citation temperature has been calculated by Rathborne et al. (2009).
The observed radius of each cloud has been estimated using the
projected area of the cloud on the sky, A, given by Rathborne et al.
(2009) via

Robs =
(

A

π

)0.5

. (1)

To correct for the spatial resolution, we use the following:

Rclump =
[
R2

obs −
(

θFWHM

2

)2
]0.5

, (2)

where θFWHM is the effective beam size of the smoothed GRS cube.
Rathborne et al. (2009) calculated the optical depths and exci-

tation temperatures for all of the clouds by combining 12CO (J =
1–0) data from the University of Massachusetts-Stony Brook survey
(Sanders et al. 1986) and the 13CO data from the GRS. They cal-
culated typical optical depths and excitation temperatures of ∼0.13
and 9 K, respectively. We can now use these results to estimate the
mass of the individual clouds. Following the method outlined by
Bourke et al. (1997), it is possible to estimate the total mass of a
cloud using a single optically thin molecular transition and assum-
ing an appropriate abundance ratio. Since only a single transition is
used, the mass is determined assuming local thermodynamic equi-
librium (LTE) and is referred to hereafter as the LTE mass (MLTE).
We use the following equation taken from Bourke et al. (1997):

MLTE

M�
= μm

2.72mH

[H2/
13CO]

7 × 105

(
D

kpc

)2

× 0.312

1 − exp(−5.29/Tex)

∫ ∫
Tmb dv d�, (3)

where the μm is the mean molecular mass per H2 molecule, mH

is atomic mass of hydrogen, D is the heliocentric distance, v is in
km s−1 and � is the source solid angle in arcmin2. We have assumed
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Figure 6. Left-hand panel: distribution of GRS cloud LTE masses. The bin size used is 0.5 dex. Right-hand panel: LTE mass distribution as a function of
heliocentric distance. In both the plots, the whole sample of GRS clouds is shown in grey while the GRS clouds associated with an RMS source with a
luminosity greater than 104 L� are shown in red.

an abundance ratio of H2 to 13CO of 7 × 105 (Frerking, Langer
& Wilson 1982; Bourke et al. 1997), a mean molecular mass of
1.36 mH, taking account of the He content of the gas. Distances were
taken from Roman-Duval et al. (2009) and the Tex from Rathborne
et al. (2009). The

∫ ∫
Tmb dv d� term in equation (3) is equal to the

total integrated intensity which has been calculated for each cloud
and presented in Rathborne et al. (2009). We present the derived
values for cloud LTE masses in column 5 of Table 2.

We have estimated the LTE masses for 734 GRS clouds. In the
left- and right-hand panels of Fig. 6 we present the distribution of
LTE cloud mass and plot the distribution of cloud mass as a function
of heliocentric distance. In both of these plots, we show the whole
catalogue of clouds in grey and indicate the clouds associated with
RMS sources with a luminosity above 104 L� in red.

The mass distribution shown in the left-hand panel of Fig. 6
peaks at masses ∼104−4.5 M�, which is smaller than the masses
generally reported for giant molecular clouds (GMCs, ∼105−6 M�;
Solomon et al. 1987). The lower masses derived for the GRS clouds
are consequence of using the weaker 13CO transition rather than
the 12CO transition normally used to determine the properties of
GMCs. We are therefore not tracing the full extent of the GMCs and
missing a significant amount of emission from the more extended
low-density envelope. We can obtain an estimate of the proportion
of the GMCs traced by the 13CO emission by making a few simple
assumptions. In the lower panel of Fig. 7, we present a histogram
of the mass density per kpc−2 as a function of galactocentric radius.
Assuming that the region sampled by the GRS is representative of
the Galaxy as a whole and integrating the emission over 2π, we
estimate the total mass of molecular gas would be 6.3 × 107 M�.
Comparing the mass estimated from the 13CO emission with the
value of ∼9 × 108 M� derived by Blitz & Williams (1999) for the
total mass in GMCs [based on work by Dame (1993) and Hunter
et al. (1997)] reveals that only a small fraction (∼7 per cent) of the
entire GMC has sufficient column density to have been detected by
the GRS.

4.2 Galactic distribution of molecular gas

In this subsection we use the cloud LTE masses derived in the previ-
ous subsection to investigate the distribution of molecular material

as a function of Galactic longitude and Galactocentric radius. In
Fig. 7 we present two histograms showing these relationships for
all of the GRS clouds (grey) and the subsample of clouds associ-
ated with young massive stars above the RMS completeness limit
(red). In the upper panel we show the total integrated LTE mass as a
function of Galactic longitude, while in the lower panel we present
the mass surface density distribution as a function of Galactocentric
radius to remove any bias due to the uneven areal coverage of the
GRS.

The distribution of LTE mass as a function of Galactic Longitude
(upper panel of Fig. 7) for the GRS catalogue and the subsample
associated with RMS sources reveal two distinct peaks, the strongest
of the two is located at l ∼ 20◦–25◦, with the second peak located
at l ∼ 30◦–35◦. These peaks correspond with the concentration
molecular gas coincident with the end of the Galactic bar and the
line of sight along the tangent of the Scutum arm. These peaks also
coincide with two peaks seen in the longitude distribution of the
old star population reported by Benjamin et al. (2005). It is also
worth noting that there is no evidence of a peak in the LTE mass
distribution at the expected longitude of the Sagittarius arm tangent
(l ∼ 46◦–50◦). The similar absence of a peak in the distribution
of the old star population was noted by Benjamin (2008) and has
led to speculation that the Galaxy has two principle spiral arms,
Scutum-Centaurus and Perseus, and two secondary or minor arms
(Benjamin 2008; Churchwell et al. 2009). We will investigate this
in more detail in the next section.

In the lower panel Fig. 7 we present the mass surface density
distribution as a function of Galactocentric radius. This distribution
reveals three peaks, the strongest is ∼4–4.5 kpc, a slightly weaker
peak ∼6–6.5 kpc and one at ∼7.5–8 kpc. These peaks correspond
to the expected galactocentric radii of the Scutum, Sagittarius and
Perseus arms.

4.3 Properties of RMS–GRS cloud associations

In the previous section, we identified the molecular clouds involved
in the formation of young massive stars by matching the RMS
sources with the GRS clouds. In this section, we will compare
the properties of GRS clouds that are associated with the forma-
tion of the next generation of young massive stars, and those that
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Figure 7. Distribution of LTE mass as a function of Galactic longitude
and mass surface density as a function of Galactocentric radius. The whole
sample of GRS clouds is shown in grey while the GRS clouds associated
with an RMS source with a luminosity greater than 104 L� are shown in
red.

are not associated. In the right-hand panels of Figs 6 and 7, we
present plots showing the distribution of RMS source luminosities
and GRS cloud LTE masses as a function heliocentric distance;
these plots show that we are virtually complete to young massive
stars and GRS clouds above ∼104 L� and ∼103 M�, respec-
tively. In total, Rathborne et al. (2009) identified 829 molecular
clouds of which 595 have masses greater than ∼103 M�. Of these,
129 clouds are also associated with an RMS source with a lumi-
nosities greater than ∼104 L�; in the following analysis, we refer
to these clouds as massive star-forming clouds and the remaining
464 clouds as non-massive star-forming clouds.

In Fig. 8 we present normalized histograms and cumulative dis-
tribution function (CDF) plots for a number of physical parameters
for both the massive star-forming clouds (red) and the non-massive
star-forming clouds (grey). These histograms and CDF plots clearly
illustrate the significant differences between the two samples of
clouds.

We used Kolmorgorov–Smirnov (KS) tests to evaluate the signifi-
cance of the parametric differences between the two cloud samples.
We are able to reject the null hypothesis that the two population
are drawn from the same parent population with confidence val-

ues above 3σ for all of the parameters mentioned in the previous
paragraph. The only parameter that is not significantly different be-
tween the two cloud samples is the optical depth (τ ). In Table 4 we
present a summary of the averages, minimum and maximum values
and the result of KS tests comparing the massive star-forming and
non-massive star-forming clouds.

The clouds associated with massive star formations are in gener-
ally larger, more massive and, perhaps not surprisingly, are found to
have significantly higher column densities. Furthermore, the mas-
sive star-forming clouds are warmer and more turbulent as indicated
by the higher excitation temperatures and larger velocity dispersion
than found towards the non-massive star-forming clouds. The only
parameter that is not significantly different between the two cloud
samples is the optical depth (τ ).

5 G ALAC TI C D I STRI BUTI ON O F YOUNG
O B S TA R S

In this section we will use the distance and luminosity results ob-
tained previously to investigate the spatial distribution of massive
stars in the Galaxy. Regions of massive star formation are almost
exclusively found to be associated with the spiral arms where molec-
ular clouds are thought to form (Kennicutt 2005). The Galactic dis-
tribution of massive young stars is, therefore, an important probe of
Galactic structure.

In Fig. 9 we present two plots showing the Galactic distribution
of our complete sample of young massive stars. In both the plots,
the positions of the RMS sources (LBol. ≥ 104 L�) are indicated by
filled red circles, the sizes of which provides an indication of their
bolometric luminosities. For RMS sources that have been associated
with a molecular cloud, we have assumed the RMS source distance
is the same as its host cloud. Using the systemic velocity of the
cloud smoothes out localized velocity perturbations that might lead
to larger scatter in the distances. Distances for the high-latitude
sources (i.e. |b| > 1◦) have been taken from Urquhart et al. (2008).

The left-hand panel of this figure simply presents the positions
of the sample without the addition of Galactic features to lead
the eye. Examining the distribution shown in this plot, there are
no immediately obvious structures, however, one can begin to see
structures that suggest the presence of spiral arms between the locus
of tangent points and the solar circle.

In the right-hand panel of Fig. 9 we plot the positions of the RMS
sources over an image of the Galaxy produced by Robert Hurt of
the Spitzer Science Center in consultation with Robert Benjamin
(University of Wisconsin-Whitewater). This image attempts to syn-
thesize all that has been learnt about Galactic structure over the past
50 yr including: a 3.1–3.5 kpc Galactic bar at an angle of 20◦ with
respect to the Galactic Centre–Sun axis (Binney et al. 1991; Blitz &
Spergel 1991; Dwek et al. 1995), a second non-axisymmetric struc-
ture referred to as the ‘Long Bar’ (Hammersley et al. 2000) with a
Galactic radius of 4.4 ± 0.5 kpc at an angle of 44◦ ± 10◦ (Benjamin
et al. 2005), the near and far 3-kpc arms, and the four principle arms
– Norma, Sagittarius, Perseus and Scutum-Centaurus. The position
of the arms is based on the Georgelin & Georgelin (1976) model,
which has been modified to incorporate Very Long Baseline Array
maser parallax measurements (e.g. Xu et al. 2006) and refined direc-
tions for the spiral arm tangents from Dame, Hartmann & Thaddeus
(2001). The Perseus and Scutum-Centaurus arms have been empha-
sized in this image to reflect the overdensities seen in the old stellar
disc population towards their expected Galactic longitudes tangent
positions (Benjamin 2008; Churchwell et al. 2009).

C© 2010 CSIRO. Journal compilation C© 2010 RAS, MNRAS 410, 1237–1250



1246 J. S. Urquhart et al.

Figure 8. Histograms for a selection of derived parameters chosen to show the distribution of physical parameters of clouds associated with the formation of
massive stars (red) and the non-massive star-forming clouds (grey).

Table 4. Summary of general parameters derived from the GRS clouds with masses above 103 M�. We have separated this sample of clouds into two groups:
those found to be associated with a young massive star above the RMS completeness limit (i.e. LBol. ≥ 104 L�) are classified as massive star forming with all
other clouds being classified as non-massive star forming clouds.

Non-massive star-forming clouds Massive star-forming clouds
Parameter Min Max Mean Median Std. dev. Min Max Mean Median Std. dev. KS test

Log[LTE mass (M�)] 3.0 5.4 4.1 4.1 0.6 3.1 5.6 4.6 4.6 0.5 
0.01
Log[cloud radii (pc)] 0.9 2.3 1.7 1.7 0.2 1.2 2.3 1.8 1.8 0.2 
0.01
Log[peak H2 col. den. (cm−2)] 21.0 22.6 21.8 21.8 0.3 21.4 23.0 22.1 22.1 0.3 
0.01
FWHM VLSR (km s−1) 0.8 8.6 3.6 3.4 1.2 2.0 9.8 4.3 4.0 1.4 
0.01
Excitation temperature (K) 4.3 16.3 9.1 8.7 1.8 5.2 17.4 9.9 9.8 2.3 
0.01
τ 0.07 0.49 0.12 0.12 0.04 0.08 0.34 0.12 0.11 0.03 0.48

Comparing the distribution of our sample of young massive stars
with the arms shown in the right-hand panel of Fig. 9 reveals them
to be strongly correlated. The highest density of massive stars is
coincident with the end of the Galactic bar and the proposed location
of the start of the Scutum-Centaurus arm. The high concentration
of young massive stars towards the end of the bar also correlates
with the strongest peak in the gas mass distribution (as traced by the
13CO luminosity; see Roman-Duval et al. 2009 for more details).
Both distributions peak approximately at the leading edge of the bar,
falling off steeply in the direction of rotation, and tailing off behind
the bar. This high density of massive stars is also coincident with
the corotation radius (∼4.5 kpc). It is therefore unclear whether the

high density of massive stars is the result of dynamical interaction
between the bar and the spiral arms or corotation.

We also note the correlation between the massive young stars
and the Sagittarius and Perseus arms, this is particularly strong
towards the Perseus arm. We note that the correlation of RMS
sources with the far section of the Sagittarius arm is not as strong
as seen towards the near section, with a number of sources lying
between the Sagittarius and Perseus arms in the model. This may
suggest that the model needs small adjustments or that we have a
small systematic error in these sources. Comparing the position of
the tangent-circle sources and the far 3-kpc arm we see correlation
between them, which suggests they are associated. In Fig. 10, we
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Figure 9. Galactic distribution of the complete RMS sample of MYSOs and UC H II regions with bolometric luminosities ≥104 L� in the GRS field. In both
panels we show the kinematic positions of our sample as red-in-black circles, the sizes of which give an indication of their respective luminosities. In the upper
right corner of each plot, we give the luminosities for a sample of ZAMS stars. In the left-hand panel, we plot the positions of our sample without any Galactic
structure information to lead the eye. In the right-hand panel, we have superimposed the RMS source distribution over a sketch of how the Galaxy is thought
to appear if viewed face-on. This image has been produced by Robert Hurt of the Spitzer Science Center in consultation with Robert Benjamin and attempts to
synthesize many of the key elements of Galactic structure using the best data currently available (see text for more details). The position of the Sun is shown by
the small circle above the image centre. The Roman numerals in the corners refer to the Galactic quadrants and the two thick lines originating from the location
of the Sun enclose the region of the Galactic plane covered by the GRS. The dot–dashed circles represent the locus of tangent points and the solar circle.

Figure 10. Histogram showing the surface density distribution of young
massive stars as a function of Galactocentric radius. Errors have been calcu-
lated assuming Poisson statistics (i.e.

√
N , where N is the number of sources

in each bin).

show the source density per kpc−2 of young massive stars as a
function of Galactocentric radius. This plot clearly reveals three
significant peaks at approximately 4, 6 and 8 kpc. Inspection of
the spatial distribution plot (Fig. 9) shows that the strongest peak
at 4 kpc coincides with the intersection of the Long Bar and the
Scutum-Centaurus arm, and that the second and third peaks are
at the Galactocentric radii of the Sagittarius and Perseus arms,
respectively. The distribution with Galactocentric radius is only
dependent on the Galactic rotation curve and not on the solution

of near–far ambiguity. Therefore, the correlation of these peaks
with the structures in the spiral-arm model lends support to their
existence.

A similar Galactocentric radial distribution is seen in the 13CO
data presented in Fig. 7 and has been reported for 12CO by Clemens,
Sanders & Scoville (1988) and for a large sample of H II regions by
Anderson & Bania (2009), however, in the case of the H II regions
they do not find a peak at ∼ 8 kpc. It is not clear why there is
a peak in the distribution of young massive stars at this distance
from the Galactic Centre which is not seen in the Anderson &
Bania (2009) sample of H II regions. However, there is evidence
of streaming motions in H I data at all three Galactocentric radii,
which are a strong indication that these are the locations of spiral
arms (McClure-Griffiths & Dickey 2007).

A recent study of infrared dark clouds (IRDCs; Jackson et al.
2008) reported finding a significant concentration of sources at
∼8 kpc in the first quadrant. Given then the identification of IRDCs
is biased towards more nearby clouds, the authors assumed their
sources were all located at the near kinematic distance, and thus,
the observed source enhancement was due to a high density of
sources in the solar neighbourhood. Jackson et al. (2008) consider
the possibility that the peak could be due to sources located at the far
side of the Galaxy, possibly associated with a distant spiral arm, but
conclude that this is less likely. We can rule out any possibility that
the peak found at ∼8 kpc in our sample is due to high concentrations
of sources located in the vicinity of the Sun, since the luminosity
cut has filtered out nearby low- and intermediate-mass objects. The
correlation of the ∼8-kpc peaks in both the IRDCs and our sample
of massive stars suggests that the peak of IRDCs seen at 8 kpc may
in part be due to a high concentration of IRDCs associated with the
Perseus arm at the far side of the Galaxy.
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Figure 11. Distribution of RMS sources as a function of Galactic longitude.
The histogram of the whole sample of young massive stars is shown in red
with sources associated with the Sagittarius arm shown in yellow. Errors
have been calculated assuming Poisson statistics.

The positional coincidence of a large number of young massive
stars with the proposed location of the Sagittarius arm seen in Figs 9
and 10 provide convincing evidence that a significant amount of star
formation is taking place within this arm. Inspection of the source
density would suggest there are similar levels of star formation
associated with all three spiral arms in this Galactic quadrant. These
results are consistent with a model of the Galaxy consisting of four
principle arms. However, these results appear to be in contradiction
with the results of the 4.5-μm number counts (Benjamin et al.
2005) that trace the longitude distribution of the old stellar disc
populations; these data fail to show any evidence of an overdensity
in the old stellar disc population at the expected tangent direction
of the Sagittarius arm (l = 46◦–50◦).

The tangent direction of the Sagittarius arm lies only a couple of
kpc in front of the Perseus arm, and it is possible that the overdensity
is being masked by a high stellar background associated with the
Perseus arm. This is impossible to test using the old stellar disc
population since there is no velocity data available. However, we
can test this hypothesis using the RMS sample. In Fig. 11, we present
a plot of the source density as a function of Galactic longitude for
all sources with luminosities >104 L� (red histogram) and for
the subset of these located between galactocentric radii of 5.5 and
6.5 kpc (yellow histogram); this annulus effectively isolates sources
associated with the Sagittarius arm. Inspection of the distribution
of the whole sample reveals no evidence of an enhancement in the
source density at the Sagittarius tangent. However, looking at the
distribution of the subset of sources associated with the Sagittarius
radius, there is an obvious increase in the source density towards the
expected tangent position. The small numbers of sources in each
longitude bin and, consequently, the relatively large errors make
it hard to arrive at a definitive conclusion. However, this analysis
shows that background contamination is a viable explanation.

5.1 Galactic latitude distribution

In Fig. 12 we plot the distribution of young massive stars as a func-
tion of distance from the Galactic mid-plane. In the upper panel, we
present a histogram showing distribution of all RMS sources within
the solar circle (2.5 kpc < RGC < 8.5 kpc). The distribution of the
whole sample peaks between 0 and 20 pc above the plane, which is

Figure 12. The Galactocentric latitude distributions of the RMS sources
plotted in the left-hand panel. Errors have been calculated assuming Poisson
statistics.

consistent with the value found by other authors (Reed 2006, and
references therein). The latitude distribution is not particularly sym-
metrical, falling off more quickly above the plane than below. Thus,
the scaleheight has slightly different values above and below the
plane; the scaleheights are ∼17 and 42 pc, respectively. The skew
is probably the result of our viewing angle from a distance above
the plane of ∼20 pc (Reed 2006). Fitting a scaleheight to the whole
data set we obtain an average value of 29 ± 0.5 pc, which agrees
extremely well with the value measured by Reed (2000) from the
distribution of nearby main-sequence OB stars.

In the lower three panels of Fig. 12, we present histograms of
the latitude distribution as a function of galactocentric radius (RGC).
These plots reveal the Galactic latitude distribution to be depen-
dent on RGC, with the scaleheight increasing with distance from the
Galactic Centre. The scaleheight increases from ∼30 pc between
2.5 kpc < RGC < 4.5 kpc to ∼45 pc between 6.5 kpc < RGC <

8.5 kpc (see panels for scaleheights obtained for the different
galactocentric bins and their associated uncertainties). This increase
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in scaleheight with radius has also been seen in studies of the H I

emission within the Milky Way (Malhotra 1995) and in external
edge-on galaxies (Rupen 1991). The increase in the scaleheight as
a function of galactocentric radius of both the young massive stars
and H I is approximately linear. However, the scaleheight of the H I

disc increases twice as quickly (from ∼100 and ∼220 pc between
3 and 8 kpc).

In addition to the correlation between stellar scaleheight and disc
radius, these plots also reveal that the centroid of the scaleheight
oscillates above and below the Galactic mid-plane. This is again
broadly in line with the distributions of both CO and H I emission
(Malhotra 1995, and references therein).

6 SU M M A RY

We have derived distances and luminosities to a large sample of
MYSO candidates and UCH II regions identified by the RMS sur-
vey. Distances to the majority of the sample have been obtained
by cross-correlating with a sample of molecular clouds (i.e. |b| <

1◦ and 17.◦8 < l < 54.◦4; Rathborne et al. 2009) for which the
distance ambiguities have been resolved using archival H I data
(Roman-Duval et al. 2009). In this way, we have obtained kine-
matic distances to 272 sources. Using these, we have calculated the
Galactic scaleheight for MYSOs and applied a 4σ cut in order to
break the distance ambiguity to high-latitude sources located within
the same longitude range (i.e. |b| > 1◦ and 17.◦8 < l < 54.◦4). These
two steps have provided kinematic distances to 292 sources out of a
possible 326 located within this longitude range which corresponds
to ∼90 per cent of our sample.

We used these assigned distances in conjunction with SED fits
to calculate RMS source luminosities. We find 290 RMS sources
have luminosities large enough to indicate the presence of a zero-
age main-sequence (ZAMS) star with a spectral type of B3 or
earlier. From analysis of the luminosity distribution as a function of
heliocentric distance, we estimate that our sample of young massive
stars is complete for luminosities greater than ∼104 L� out to a
distance of ∼15 kpc. In total we have identified 193 RMS sources
with luminosities consistent with the presence of young massive
stars above this completeness limit.

We estimate the masses of 734 of the clouds in the GRS cata-
logue and, examining the mass–heliocentric distance distribution,
we estimate that the catalogue is complete to clouds with masses
greater than 103 M� within ∼15 kpc. Selecting only clouds above
this completeness limit and comparing the properties of those as-
sociated with young massive stars (i.e. >104 L�) with the remain-
der of the clouds, we find significant differences. The clouds in-
volved in massive star formation are, in general, larger, have higher
column densities, have significantly larger masses and are more
turbulent. Typical values for these parameters are radius �60 pc,
log[N(H2)] � 22 cm−2, mass �2.5 × 104 M� and FWHM VLSR �
4.3 km s−1.

The Galactocentric distribution of massive stars and molecular
gas reveals strong peaks at approximately 4, 6 and 8 kpc that cor-
relate with streaming motions seen in H I data (McClure-Griffiths
& Dickey 2007), which is a strong indication that the mass and
stellar density enhancements are associated with the spiral arms.
Furthermore, the Galactic distribution of these young massive stars
is found to be spatially correlated with the proposed locations of the
Scutum, Sagittarius and Perseus spiral arms. We find a high concen-
tration of stars with the location of the end of the Galactic bar and
the Scutum spiral arm; this is also coincident with a bright region
of molecular gas reported by Roman-Duval et al. (2009). There is

a strong positional correlation between the massive stars and the
Perseus and Sagittarius arms. We find similar levels of massive star
formation associated with all three spiral arms. These results are
consistent with a model of the Galaxy consisting of four principle
arms.

Using the latitude distribution of massive stars, we calculate the
Galactic scaleheight for the whole sample of young massive stars
to be ∼29 ± 0.5 pc, which is in excellent agreement with the
value reported by Reed (2000) derived from a sample of nearby
main-sequence OB stars. However, measuring the scaleheight of the
sample as a function of galactocentric radius we find the scaleheight
increases with increasing distance from the Galactic Centre.

In this paper, we derive distances and luminosities to a sample of
∼300 MYSOs and UCH II regions identified from our programme
of follow-up observations designed to examine the global character-
istics of this galaxy-wide sample of massive young stars. Analysis
of H I data is currently underway to derive distances and luminosi-
ties for a further ∼1000 sources; these results will be presented in a
future publication. If the results found for the sample presented here
are indicative of the remaining sources the RMS survey will fulfil
its promise of returning the largest, well-selected, and galaxy-wide
sample of young massive stars yet produced.
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Additional Supporting Information may be found in the online ver-
sion of this article:

Table 2. Summary of GRS cloud parameters and RMS source as-
sociations.
Table 3. Summary of RMS source parameters located within the
GRS longitude range.
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functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.

This paper has been typeset from a TEX/LATEX file prepared by the author.

C© 2010 CSIRO. Journal compilation C© 2010 RAS, MNRAS 410, 1237–1250


