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ABSTRACT

The Red MSX Source (RMS) survey has identified a samp#el@00 massive young stellar
objects (MYSOs), compact and ultra compaatidgions from a sample 62000 MSX and
2MASS colour selected sources. We have used the 100-m Graek tBlescope to search
for 22-24 GHz water maser and ammonia (1,1), (2,2) and (3@3son towards-600 RMS
sources located within the northern Galactic plane. We damified 308 HO masers which
corresponds to an overall detection rate-60 per cent. We find no significantttérence in the
detection rate for H regions and MYSOs which would suggest that the conditiogaired
to produce maser emission are equally likely in both phaSemparing the detection rates
as a function of luminosity we find the B detection rate has a positive dependence on the
source luminosity, with the detection rate increasing witlreasing luminosity.

We detect ammonia emission towards 479 of these massivegystans, which corre-
sponds to~80 per cent. Ammonia is an excellent probe of high densityajiasving us to
measure key parameters such as gas temperatures, opacitiemlumn densities, as well as
providing an insight into the gas kinematics. The averagetic temperature, FWHM line
width and total NH column density for the sample are approximately 22 K, 2 kiresd
2 x 10*°cm?, respectively. We find that the NH1,1) line width and kinetic temperature
are correlated with luminosity and finding no underlying elegence of these parameters on
the evolutionary phase of the embedded sources, we conttiatithe observed trends in the
derived parameters are more likely to be due to the energyubaf the central source afot
the line width-clump mass relationship.

The velocities of the peak#D masers and the N emission are in excellent agreement
with each other, which would strongly suggest an associdt@ween the dense gas and the
maser emission. Moreover, we find the bolometric luminasityhe embedded source and the
isotropic luminosity of the KO maser are also correlated. We conclude from the corraktio
of the cloud and water maser velocities and the bolometricraaser luminosity that there
is a strong dynamical relationship between the embeddedg/massive star and the,@
maser.
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1 INTRODUCTION

* Tables2 and 5 and full versions of Figs.3 and 7 are only dvaila  Massive young stellar objects (MYSOs) and ultra compact)(UC
in electronic form at the CDS via anonymous ftp to cdsartrassg.fr Hu regions are two of the earliest phases in the lives of OB .stars

(130.79.125.5) or via hitpcdsweb.u-strasbg/igi-birygeat?JA+A The MYSO phase begins when heating of the proto stellar enve-
+ E-mail: James.Urquhart@csiro.au (CASS) lope increases visibility of the object in the mid-infrayeaid ends


http://arxiv.org/abs/1107.3913v1
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/

2 J.S.Urquhart et al.

once the central star begins to ionize its surrounding enwient Table 1.Observed transition frequencies and excitation tempesitu
and forms an UC H region. These two phases are physically dis-

tinct from the earlier hot molecular core phase, which isgester- Frequenc§  Energy Masef Sensitivity
ally detectable at mid-infrared wavelengths (e.g al. Transition (GHz) (K) or Thermal

[2002). MYSOs also possess strong ionized stellar winds,(e.g NHs (1.1) 23.694471 234 thermal 52mK
[Bunn et all 1995); however, the radio emission from theselsvis m:3 gg; ;gg%igg 1624495 t:;rhm"” gg ::E
relatively weak £¢1 mJy at 1 kp 94) and easily dis HoO (616 — 503)  22.235180 n maser 0.12Jy

tinguishable from the slightly later radio-loud UGiltegion phase.

Itis likely that many MYSOs and UC trregions are still accreting, a Transition rest frequencies have been taken from the Los&sogue

as evidenced by their almost ubiquitous association witkhepful available fromi htp/physics.nist.goegi-bimicrotablegstart.p|.

bipolar OUtﬂOWSlEmiﬁ)- b Energy above the ground state in equivalent temperatukes thom
Models suggest that high levels of accretion in the earlyesta [1983).

of a massive star's development lead to a ‘swelling up’ ofghe ¢ Indicates whether a transition is a thermal line, a maseossiply both.

tostellar core due to trapped entropy (€.g.. Yorke & Bodenhk
[2008; | Hosokawa & OmuKai_2009; Hosokawa €tlal. 2010). The
length of this swollen phase is comparable to the Kelvinaitellz ) ) )
timescale, which for stars with a current massx@0 M, is only gomponents@@%)j usually resolved into five dis
a few thousand years. This means that once the accreted mass e finct components, the ratio of which can be used to calcufae
ceeds~20 M, the star arrives on the main-sequence, even if accre- OPtical depth of the transition.
tion is still ongoing (see aldo McKee & Tan 2003). At this foin H,O masers are known to occur in both high and low-mass
the star begins to ionize its surroundings and becomes aid@H  Star-forming regions (e.d.. Forster & Caswell 1999: Clansst al.
gion. This means that the MYSO phase is likely to be very brief [1996) and are thus an important signpost of ongoing stareitom.
(~ 10°yrs) and is limited to objects witburrentmasses lower than ~ Water masers are generally thought to be associated withcuiak
~20 M, Il). The UCiHregion phase lasts a fac- outflows 4 and references therein). Weusé
tor of 2-5 times longer, with a small dependence onfite stellar the H,O detection rates for our sample of MYSOs and iégions
mass|(Davies et Al. 2011; Mottram eflal. 2011). to investigate their statistical association as a funatioevolution-

The Red MSX Source (RMS;[ Hoareetal 2005; ary phase and luminosity.
Mottram et al.[ 2006; Urquhart etlal. 2008) Survey has estab- The structure of the paper is as follows: in Sect. 2 we discuss
lished a large £1200) and well-selected sample of MYSOs and the source selection, the observational setup and the eeta-r
compact and UC H regions, and a database of complementary tfion procedure. In Sect.3 we use the reduced spectra tawlater
multi-wavelength datfl. We have used arcsecond-resolution Physical properties of the star-forming environments. ¢otS4 we
mid-infrared imaging from the Spitzer GLIMPSE survey Presentthe results and discuss theirimplications. Weeptessum-

['2003) or our own ground-based imaging.(e.g Mary of our results and highlight our main findings in Sect. 5.

Mottram et al| 2007) to reveal multiple giod extended sources
within the MSX beam, as well as MYSOs in close proximity to
existing Hi regions. We have obtained arcsecond-resolution radio
continuum with ATCA and the VLAl (Urguhart et al. 2047, 2009)
to identify UC Hi regions and PNe, whilst observations6€O 2 OBSERVATIONS AND DATA REDUCTION
transitions|(Urquhart et &l. 2007, 2008) deliver kinemalt&tances

and luminosities, which allow us to distinguish betweenrbga
low- and intermediate-mass YSOs and genuine MYSOs. Finally The multi-wavelength data sets compiled as part of the RMS su

2.1 Source selection

we have obtained near-infrared spectroscopy ( vey have been used to classify the initial sample into a nurabe
2006) which allows us to distinguish the more evolved stars. different source types (see Urquhart et al. 2008 for an overview o
With the source classificationffectively complete, the next  the classification scheme). For these observations we leteetad
step is to examine the global characteristics of this Galside all RMS sources classified as a young stellar objectioregion. In
sample of massive young stars. This involves determiniagttys- some cases there is more than one embedded source locdid wit
ical and chemical nature of the environment as a way of gauthia the MSX beam {£18") or a source can display traits of bothiH
evolutionary status of our sample of MYSOs andriégions. In this regions and YSOs and is possibly in a transitional stage dwtw
paper we present the results of a set of thermal ammonia)(&ttdi the two; these sources are classified ag¥$0’ and were also in-
water (H:O) maser observations made with the 100-m Green Bank cluded in our sample. Finally, we have been unable to defétti
telescope (GBT) towards a sample-00 young massive stars. classify approximately 10 per cent of sources where thelablai

Ammonia_is_an excellent tracer of high-density gas data are contradictory; these are designated ‘y(midgto indi-
(~10fcm3; MHM9 Stahler & Pdlla 2005), and is relatively cate the uncertainty associated with them. Although theoritgj
unafected by depletion at lower temperatures compared to other of these sources are likely to be evolved stars, we inclueie tto

common molecular tracers such as CO (Bergin & Langer11997). avoid exclusion of any genuine YSOs that may still be lurkimg
The NH; (1,1), (2,2) and (3,3) inversion transitions are normally this group.

collisionally excited and the rotational temperature @& gas can This selection process produced a sample of 586 sources lo-
be determined from the intensity ratio of any two inversicant cated in the northern Galactic plane (i.e.° 120 | < 180). This
sitions. The inversion transition splits into 18 separagpefine sample provides a complete census of compact and W@dlons,

and MYSOs in the first and second quadrants. We complement thi
representative sample with a further eleven sources lddatthe
1 www.ast.leeds.ac.yigi-biyRMS/RMS_DATABASE .cgi. outer part of the southern Galactic plane (i.e.,220 < 240).
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Figure 1. Plots of the noise distribution of the four observed lines.

2.2 GBT Observations

Observations were made of the B, 1), (2,2) and (3,3) inversion
transitions and the $#0 maser transition towards a sample of 597
young massive stars identified by the RMS survey (see Talle 1 f
transition rest frequencies). These observations wererdadng
six sessions starting on the®™8f November 2009 and ending on
the 10" of December 2010 using the Green Bank telescope (GBT),
operated by the National Radio Astronomy Observ&ory

All three NH; transitions were observed simultaneously, elim-
inating many of the sources of uncertainty while allowingnmna
key parameters such as excitation, rotation and kinetipésaa
tures, column densities, and optical depths to be calallifea
large sample of MYSOs andiHregions. The observations were
performed in frequency-switch mode in order to remove skyrco
butions and a noise diode was observed in switching modaghro
out the observations in order to achieve absolute flux clitm on
the T, scale to an accuracy of10 percent. The natural spectral
resolution of the raw data was 6.1 kHz(Q.08 km s'). A standard
integration time of 70 seconds was used for each sourcdtingsu
in a typical r.m.s. noise of 100 mK per channel with mediarieys
temperatures of 61 K. Weather conditions were stable foolal
serving sessions: typical pointingrsets were-5” in azimuth and
~3" in elevation with a half-power beam-width e80".

2.3 Data reduction

The data were reduced using the GBTHMata analysis package.
Bad scans were removed and channels outside the regioreof int
est were discarded. Temperature scale corrections forsatmeoic
opacity were made using the zenith values provided fromlloca
weather models. A high-order polynomial was fitted to emissi
free channels and subtracted from all spectra to removdifase
anomalies before any emission features were fitted.

2 The National Radio Astronomy Observatory is a facility of tational
Science Foundation operated under cooperative agreemehsdociated
Universities, Inc.

3 httpy/gbtidl.nrac.edp
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Figure 2. Ammonia spectra towards the MSX source G133.34760648
as an example of a source with both emission and absorptienfull ver-
sion of this figure can be found in FIgAL.

The reduced spectra were Hanning-smoothed to a resolution
of ~0.32kms! and a sensitivity of 50 mK channél In Fig[1 we
present histograms of the noise distributions of the fougeoled
transitions. Noise values are given in mK for the ammoniadira
tions; however, for the water masers we have converted thede
ature scale to the more commonly used Jansky scale usindg®fie G
gain value of 1.5 K Jy*f§

The final reduced spectra were calibrated to the corrected
antenna temperature scal€,j, and converted to the telescope-
independent main-beam temperature scBIg); assuming a main-
beam diciency ¢mp) of 0.89".

The NH; emission seen towards the vast majority of sources
can be attributed to a single molecular cloud located albadihe
of sight. Multiple clouds, identified through multiple sped com-
ponents, are seen towards only nine sources. More complex em
sion structure is seen towards six where the spectra appds t
combinations of emission and absorption; these spectiiaaited
a bright continuum source in the beam (i.en kgion). In all of
these cases the velocity ranges of the absorption and em»&ér-
lap, making it dificult to obtain reliable parameters. We present the
emission detected towards one of these sources ifllFig. 2w
tra seen towards all six of these sources can be found iEFHofA
the Appendix). Since the results obtained by fitting thesxsp
are unlikely to be reliable, we simply present these spewittzout
further analysis.

3 DERIVING PHYSICAL PROPERTIES

In this section we will describe the methods used to detegmin
physical properties of the dense environments in which gauas-
sive stars are forming.

4 The gain factor and main beanffieiency have been taken from ‘The
Proposer’s Guide for the Green Bank Telescope’.



Table 2. Observed parameters.
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NH3 (1,1) NHs (2,2) NH (3,3)
MSX Namé Typé’ RA Dec Tex Trot Tkin Log[N(NH3)] Tmb® Visr AV T(m1.1) Tmb Visr AV Tmb Visr AV H20
(J2000) (J2000) (K) (K) (K) (cm?) (K) (kms?1)  (kmsl) (K) (kms?1)  (kmsl) (K) (kms1)  (kmsl)

G010.384402.2128 1 18:00:22.68 -18:52:080 45 148 16.0 15.0 12 554 0.72 111 0.4 5.44 0.77 . y
G010.441300.0101 2 18:08:38.23 -19:53:57.4 37 168 185 15.7 0.6 66.37 2.63 1.54 0.3 66.88 08 3. 0.2 66.28 454 n
G010.471800.0206 2 18:08:39.67 -19:52:03.0 41 207 240 16.2 1.0 67.40 5.73 217 0.8 67.55 90 5. 0.8 67.50 7.88 y
G010.506%02.2285 1 18:00:34.58 -18:45:17.6 57 145 155 15.4 2.4 21.79 1.31 1.83 0.9 21.86 69 1. 0.2 21.94 3.24 y
G010.629100.3385 2 18:10:19.32 -19:54:129 69 172 191 15.9 36 -454 1.86 3.39 25 451 257 11 -442 3.19 n
G010.631100.3864 2 18:10:30.26 -19:55:30.0 151 278 355 15.4 20 -3.49 5.07 0.25 16 -4.84 6.41 20  -4.95 7.56 y
G010.841102.5919 1 18:19:12.16 -20:47:32.2 6.1 237 285 15.1 1.0 12.27 1.91 0.41 0.7 1225 16 2. 0.4 12.33 2.36 y
G010.885600.1221 1 18:09:08.13 -19:27:23.0 40 201 230 15.3 0.6 19.67 2.13 0.77 0.3 19.69 51 2. 0.1 19.84 3.70 y
G010.959200.0217 2 18:09:39.57 -19:26:258 65 238 288 15.1 0.9 21.41 2.90 0.29 0.6 2161 51 3. 0.4 21.20 4.24 y
G010.965%00.0083 2 18:09:43.36 -19:26:28.6  --- 0.2 19.16 3.98 0.2 18.36 3.20 0.1 19.42 1.87 y
G011.110900.4001 2 18:11:32.27 -19:30:40.6 51 191 216 15.7 16 0.12 3.04 1.33 0.9 0.01 3.68 05 -0.14 4.30 n
G011.172300.0656 2 18:10:25.22 -19:17:46.3 - <0.2 . n
G011.325201.8040 4 18:17:12.89  -19:59:36.9  --- 0.4 9.00 0.95 y
G011.375701.6770 2 18:16:50.47 -19:53:20.4  --- 0.2 14.62 2.06 0.1 14.49 1.74 n
G011.375701.6770 2 18:16:50.47 -19:53:20.4  --- 0.3 7.68 1.01 0.2 7.76 0.96 n
G011.420%01.6815 3 18:16:56.86 -19:51:07.2 6.0  17.8  19.9 155 25 9.18 1.88 1.50 1.3 9.20 2.22 0.4 9.23 2.56 n
G011.500+01.4857 3 18:16:22.58 -19:41:19.3 82 214 249 14.9 1.4 10.40 1.74 0.33 0.8 1041 97 1. 0.2 10.24 3.26
G011.901900.7265 1 18:08:58.89 -18:16:28.2  --- 0.2 24.28 1.77 0.2 24.46 1.69 . n
(G011.945400.0373 2 18:11:53.47 -18:36:18.3 <0.2 n
G012.0266:00.0317 1 18:12:02.04 -18:31:541 37 187 211 15.6 0.7 110.85 1.97 1.59 0.4 110.81 2.50 0.2 110.56 3.41 n
G012.199300.0342 3 18:12:23.66 -18:22:51.6 46 195 222 15.7 1.3 50.86 2.62 1.52 0.8 50.88 21 3. 05 51.65 471 y
G012.431401.1117 2 18:16:51.33 -18:41:30.1 59 214 249 15.4 19 39.73 1.97 0.99 1.2 39.68 44 2. 0.9 39.57 3.20 y
G012.593200.5708 4 18:15:10.43 -18:17:30.8  --- 0.2 15.87 1.60 n
G012.860600.2737 2 18:14:36.67 -17:54:56.5 57  17.8  19.9 15.8 23 36.77 2.15 234 1.4 36.69 65 2. 0.6 36.60 2.76 n
G012.890900.4938 3 18:11:50.69 -17:31:145 6.1 201  23.0 16.0 23 32.92 3.22 2.23 1.6 3283 87 3. 1.0 32.81 4.24 y
G012.909600.2607 1 18:14:39.71 -17:51:590 85 219 257 15.9 4.0 36.73 354 1.55 2.8 36.88 68 3. 2.0 36.89 455 y
G013.010500.1267 4 18:14:22.25 -17:42:47.8 38  --- 0.4 10.42 3.23 0.85 n
G013.010500.1267 4 18:14:22.25 -17:42:47.8 38  --- 0.4 10.43 3.20 0.82 - y
G013.184600.1069 3 18:14:38.76 -17:33:050 52 166 182 15.7 21 53.39 1.61 2.83 1.2 5338 07 2 0.6 53.18 3.60 n
G013.1846:00.1069 3 18:14:38.76 -17:33:050 41  --- 1.0 36.79 0.86 1.45 - n
G013.331600.0407 1 18:14:41.78 -17:23:26.1 59 154  16.7 15.6 2.7 54.68 1.44 2.39 13 5465 871 0.4 54.51 3.79 n
G013.656200.5997 1 18:17:24.36 -17:22:145 6.0 182 204 15.9 2.8 47.45 2.08 352 2.1 47.49 84 2 2.0 47.58 331 y
G013.888500.4760 3 18:17:24.67 -17:06:27.3 56  --- 07 22.68 0.92 0.31 n
G014.032900.5155 1 18:17:50.61 -16:59:57.1 57 209 243 14.8 0.6 20.34 1.47 0.31 0.3 2042 39 1. 0.1 20.63 212 n
G014.216600.6344 1 18:18:38.70 -16:53:37.3 38 146 157 15.2 0.6 19.75 1.36 1.10 0.2 19.74 78 1. y
G014.331300.6397 2 18:18:53.49 -16:47:42.7 72 208 241 15.8 2.8 22.26 2.87 1.55 1.9 2231 233 15 22.65 355 y
G014.433500.6969 1 18:19:18.23 -16:43:559 52 186  21.0 15.1 1.2 17.50 1.38 0.76 0.6 17.65 66 1. 0.2 17.96 1.97 n
G014.488600.0219 2 18:16:46.27 -16:20:34.4 35 173  19.1 15.8 05 22.88 3.01 1.70 0.3 2290 05 4. 0.1 22.69 413 n
G014.598200.0202 2 18:16:59.68 -16:14:50.6 4.1 199 228 15.6 1.0 26.62 1.90 1.48 0.6 2656 53 2. 0.4 26.72 464 y
G014.608%00.0127 1 18:17:0256 -16:14:30.1 51 201 231 15.9 1.8 24.63 2.92 2.02 1.3 2463 64 3. 1.1 24.60 450 y
G014.9796.00.6649 3 18:20:15.60 -16:14:103 3.7 209 242 15.0 0.6 18.91 0.76 1.04 0.3 1883 17 1. 0.2 19.09 1.70 n
G014.995800.6732 1 18:20:19.43 -16:13:31.0 48 231  27.7 16.0 1.1 19.43 479 1.34 0.8 1922 28 5. 05 19.07 5.04 y
G015.035700.6795 2 18:20:25.51 -16:11:355  --- 0.4 19.20 2.59 05 19.40 2.85 0.6 19.70 2.78 y
G015.093900.1913 1 18:17:20.86 -15:43:47.2  --- 0.1 29.93 2.02 y
G015.128800.6717 1 18:20:34.75 -16:06:26.2 31 248 303 155 0.3 18.99 117 1.63 0.2 1880 74 1. 0.1 17.67 3.43 y
G016.143800.0074 2 18:20:04.77 -14:53:31.2 39 162 177 155 0.9 44.84 1.84 1.54 0.4 44.86 46 2. 0.2 44.90 3.75 y
G016.712201.3119 1 18:16:26.85 -13:46:249 58 152 165 15.1 1.8 20.31 1.12 0.93 0.6 2026 39 1. . n
G016.798%00.1264 1 18:20:55.27 -14:15:32.0 42 141 151 15.3 1.2 15.19 0.71 2.44 0.5 1519 88 0. n
G016.805500.8149 1 18:18:25.96 -13:55:37.9 55 130 137 14.9 2.0 19.73 0.54 1.38 0.5 19.75 70 0. . y
G016.868902.1552 1 18:29:24.26 -15:1542.1 80 188 212 16.0 4.4 18.58 2.99 2.44 3.0 1854 82 3. 2.0 18.49 5.03 y

‘Te19 ueynbin 's ¢

2 A superscript dagger symbol appended to the MSX name iredgzatrce detections where we have been unable to fit the hypsdiellite features of the NH1,1) emission.
b source types are as follows: (1)iHegions; (2) YSOs; (3) WYSOs; (4) YoungOld stars® For non-detections we give ar3ipper limit.
Notes: Only a small portion of the data is provided here, thigdble is only available in electronic form at the CDS vigaymous ftp to cdsarc.u-strasbg.fr (130.79.125.5) chitjay/cdsweb.u-strasbg/tgi-bin/gcat?JA+A/.
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Figure 3. Example of the NH emission detected towards a young mas- 2 4 6 8 4 6 8 10 12 14
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inversion transitions and the fit to the data is presentedigt3- 70 ‘ ‘ ‘ 100 F TR
We detect NH (1,1) emission towards80 of the sample with the 60
hyperfine structure seen towards the majo_nltga?q per cent) of t_he % 50 {; 801 7]
observed sources, and used an IDL routine to simultaneditsly 3 4 3 60t ]
all 18 hyperfine components and to derive the optical depth an 2 30 v
line widths. The hyperfine structure is generally too weakamb- ‘g 20 ‘g 401 ]
served in the NK(2,2) and (3,3) transitions: for these lines (aswell ¢ 10 » 20t :
as the remaining NK(1,1) lines) we have obtained corrected an- 0 ‘ ‘ ‘ 0 7
tenna temperatures by fitting a single Gaussian profile torthie 145 15.0 15.5 16.0 0.1 0.2 0.3 0.4 0.5 0.6
line. In all cases the Ni(1,1) and (2,2) line widths have been ob- Log [Column Density (cm™)] Beam Filling Factor (7y)

tained by fitting the hyperfine components to their respeatiain
line emission to remove thefects of line broadening due to opti-  Figure 4. Distributions of measured and derived parameters for the ob
cal depth. The resulting fits to the data are shown in[Fig. 3thed served sample. The mean and standard derivation, and maxémd mini-
fitted parameters, velocity, line width, optical depth aodrected mum values of each distribution are presented in Table 3.
antenna temperature are presented in Tahle 2.

We obtain the total optical depth( 1)) of the NH; (1,1) tran-
sition from the hyperfine fitting performed. If we assume titnet
optical depth ratios between the hyperfine transitions gteleto Ta = o[ I(Tex) = I(Tpg)][1 — €77@2m], @)
the ratios of the theoretical transition intensiti

) then the optical depth of the BHKL1,1) main quadrupole where,

transmon t@1m) is approximately half that of the total optical

depth. We can now estimate the excitation temperaflisg (sing 3,(T) = hv/k ] )
the detection equation assuming the gas is in local therqualile- (eM/kT —1)

rium (LTE), a background temperature of 2.73 K and a beamdilli The rotation temperaturd () associated with the N&{(2,2)

factor (7q) of unity; the beam filling factor is a measure of the frac-  and (1,1) transitions can be calculated using the line gitiess and
tion of the telescope beam that is filled by the source. Udieg t  the (1,1) main quadrupole transition optical de

main line optical depthr{,1m)) of the NH; (1,1) transition, we ob- [1983):

tain the excitation temperature using:

-To
Trot = 0282 A(22 ) [K] s (3)
In {T(llm) ln[ T Taaim (1- e_T(“"“))]}
5 The full version of FigB and Tahl@ 2 are only available ircalenic form _ EenEan

at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (1302B95) or via whereT, ~ 415K is the temperature associated with
httpy/cdsweb.u-strasbg/fgi-bir/qcat?JA+A/. the energy dference between (1,1) and (2,2) levels, and ; .,
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Table 3. Summary of derived parameters

Parameter Number Mean Median o1 Min Max
Tmb (K) 479 11 0.7 10 01 6.9
AV (kms™1) 479 19 17 0.9 0.2 7.8
T(11) 386 22 21 16 03 9.2
Tex (K) 386 53 49 15 31 151
Trot (K) 365 193 192 38 102 390
Tkin (K) 365 221 214 5.9 105 608
Log[N(NH3) (cm2)] 365 153 153 04 144 165
Beamy 365 Q28 027 Q09 Q09 063
Log[S,(H,0) (IY)] 298 11 0.9 10 -05 58
Log[ [ Syn,0) By kms™)] 298 13 12 11 -17 6.7
H,0 Vel. Range (kms') 298 247 152 325 0.00 3620
Log[L (H,0) (Lo)] 298 -5.0 -5.0 13 -89 12

and T35 m)
tures of the main quadrupole transition of the NH,1) and (2,2)
lines, respectively. The next step is to relate the rotatonpera-
ture to the kinetic temperature of the gas. Empirical resugveal
that at low temperatures<(15 K) the rotation and kinetic temper-
ature are approximately equivalent; however, they begideid-
ate at higher temperature and thus analytic expressiorerestit
mate the rotation temperatures for kinetic temperatureseio K
(Walmsley & Ungerechts 1983: Ho & Townes 1983). Far< T,

a relationship between excitation and kinetic temperatoag be
calculated by consideration of (1,1), (2,2), and (2,1)estainly

(Swift et al[2005 83), such that:

Tiin

Tt =
S 8 In|1+ 0.6 x exp(

(K] (4)

=157

ol

The kinetic temperatures calculated using Eqn.3 may be
overestimated for sources whefgy To. The mean rotation
temperature is~20K and so this is not a concern for the vast
majority of our detections. However, we do find a handful of
sources where this might be an issue (e.g., G019-6082357
and G049.490300.3694).

are the measured corrected peak antenna tempera-

15

Excitation Temperature (K)
T

Rotation Temperature (K)

Figure 5. Plot comparing the derived excitation and rotation temijpees.
The red dashed line indicates the line of equality. The blackcal line in-
dicates the minimum cloud temperatures expected due tmbédat cosmic
rays and the far-uv radiation fiele 10 K;mg), whilst the black hor-
izontal line indicates the temperature of the cosmic mienawbackground

If excitation conditions are homogeneous along the beam and ggiation.

all hyperfine lines have the same excitation temperatues the
column densities at a gived,K = J) transition can be written as a

function of thetotal column densityl(Mangum et al. 1992):

T
N(l,l) =6.60x 1014AV(1’1)T(1’1’m)ﬁ [Cmfz] (5)

where N1y is the column density of the N(1,1) transition,
AV (13 is the FWHM line width of the NH (1,1) transition in
km st andy(y 1) is the transition frequency in GHz. Finally we esti-

mate the total ammonia column density foIIow @m

{2

In Fig.[4 we present histograms showing the distributions of
the various parameters derived in this subsection andmraseim-
mary of the derived parameters in Tdble 3.

231

TTOI

58
3

-412

14
TI’OI

e
3

1
NNH3 = N(l,l) 1+ §exp(

-994
Tro )] fem
(®)

3.2 Beam filling factor

In Egn.1 presented in the previous subsection we assumed the
beam filling factor to be of order unity; however, having cadted
the excitation and rotation temperatures of the molecuer \ge
are in a position to test this assumption. In Elg. 5 we preaectt-
ter plot comparing the derived excitation and rotation terafures;
the dashed line indicates the line of equality whege= T, This
plot clearly shows that the rotation temperatures are syatieally
~4 times higher than the excitation temperatures. The dimita
temperatures are calculated from a single transition aswhas the
beam is uniformly filled (i.e.nz ~ 1). The assumption that the
beam is uniformly filled results in unfeasibly low inversitransi-
tion excitation temperatures (typicalys K). The rotation temper-
ayjure is derived from the line intensity ratio of the NH.,,1) and
(2,2) transitions and therefore the beam filling factorffe&ively
divided out and thus provides a more reliable estimate ofytise
temperature.

The assumption of LTE includes the inversion transitiorns$ an
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Figure 6. Distribution of the diferences between the velocity assigned from
13CO data and the velocity of the NH1,1) inversion transition. In the
upper left corner we give the statistical parameters of thgibution; these
have been calculated for all sources where the absoluteityeliifference

is less than 5kms. Note thex-axis has been truncateg7 kms?t; the
details of the two sources that have velocityfeliences greater than this
can be found in Tabld 4.

implies thafT, should be equal t®,.. Hence, our derived values of
Tex are actually= T, xng and we can estimate the beam filling fac-
tor from the ratio of the excitation and rotation temperasyi.e.,

ng = Tex/Trot- We note the non-linear nature of Eqn. 1, however,
given thatJ(T) ~ T in Eqn. 2 forT > hv/k, which corresponds
to a temperature of 1.1 K a& 23 GHz and so is nearly always the
case for these transitions, we find that Eqn. 1 is approximéte

ear inT. We derive minimum and maximum beam filling factors
of 0.1 and 0.6 respectively, with a mean value~@*.3; this com-

pare well to the values reported|by Pillai e @O%)é0.3—0.5)

from ammonia mapping observations of a small sample ofriaffa
dark clouds (IRDCs) and Rosolowsky et al. (2008 ¢0.3) from
GBT observations of dense cores in Perseus. The observaifon
Pillai et al. ) were conducted with th&&sberg 100-m tele-
scope and have a similar resolution and sensitivity to theeeb
vations presented here. Since it is unlikely that the ineargansi-
tions would be sub-thermally excited, whilst the rotaticansitions
are thermalised, the implication is that the low beam filliagtors
are real and so there is likely to be high-contrast subsitraatithin
the GBT beam.

Table 4.RMS sources where theffirences between the assighé@O ve-
locity and NH; (1,1) velocities are greater thaor&i.e.,|AV| > 2.1 kms1).

MSX Name Vsr(13CO)  Visr(N H3) AV
(kmsh) (kms1) (kms1)

G031.413400.3092 o7 963 24
G010.441300.0101 68 664 25
G035.199201.7424 42 450 26
G016.951200.7806 223 249 26
G045.465800.0457 594 621 28
G014.433500.6969 204 175 29
G030.720600.0826 904 937 33
G015.128800.6717 27 190 37
G038.257700.0733 1% 119 57
G030.104300.0738 101 883 128
G017.114100.1130 a4 931 487

3.3 NH;-CO velocity comparison

The RMS project has previously usE€O rotational transitions to
determine source velocitiels (Urquhart el al. 2007, P00#)kine-
matic distances, using the Galactic rotation curve of Bi&ifg
m). However, we detected multiple velocity components
13CO towards approximately 60 per cent of our sources. In the ma
jority of these cases it was straightforward to identify dwerect
velocity component. However, there were a small number iichivh
the velocity assignment was less reliable. With the;NHserva-
tions in hand we are in a position to check the previous vsloci
assignments and make corrections where necessary. In wig. 6
present a histogram showing thefdrence between the assigned
13CO velocity and the Nkl (1,1) velocity. A cursory inspection

of this plot reveals the velocity assigned from the CO sjperdr

in excellent agreement with the NHelocities. Indeed there are
only eleven sources where the velocitiefati by more than @
(~2.1kms?); this corresponds to approximately 2 per cent of the
sample. In Tablgl4 we give the names and velocities for tHesere
sources.

Inspection of the individuaf3CO profiles [(Urquhart et &l.
[2008) for all sources in Tablé 4 with velocityftirences less than
5kms? reveals the presence of two or more blended components,
or a single emission feature with uncharacteristicallyalrdine
width of ~5-7 km s, which probably indicates that a number of
velocity components have been blended into a single feaflre
differences in the CO and NHelocities for these sources can eas-
ily be understood in terms of blended components along tieedf
sight. The remaining three sources have velociffedénces greater
than 5 km s'; inspection of their CO spectra reveals the presence of
several distinct emission features and, given thag ié+h tracer of
dense gas, it is likely that the wrong CO component was asdign
We have used the NHvelocity to determine the kinematic prop-

Further evidence of the presence of substructure comeserties of these three sources and have updated the RMS siataba

from high-resolution observations of a sample of high-nsiss
forming clumps observed with the Compact Array reported by
Longmore et all(2007). These authors found typical clurpssof
~10-18" with multiple cores being detected within the@imary
beam in approximately half of the fields observed. Using &t
filling factor we estimate the typical angular diameter tosbai-

lar to those reported hy Longmore et al. (2007), which at tkam
distance of our sample-6 kpc), corresponds to physical diameters
of 0.2-0.4 pc. These observations are therefore probingecntdr
clumps that are likely going to form single stars or small tiple
stellar systems rather than whole clusters.

accordingly.

3.4 Water maser properties

In Fig.[? we present the water-maser spectrum observed dewar
the MSX source G043.16790.00943 This particular source is an

6 The full version of this figure, showing all 308 spectra, isitble
in electronic form at the CDS via anonymous ftp to cdsartrasbg.fr
(130.79.125.5) or via httgcdsweb.u-strasbg/égi-biryqcat?JA+A/.
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Table 5. Water maser properties.

MSX Name Typé r.m.s. Vimin Vimax Vpeak VNH; LoglS,] Log[[S,dV] Log[Ln,0)] LoglLpol”
(Jybeam?)  (kms?1)  (kms?1) (kms?l) (kms? Jy) (Jy kms?) (Lo) (Lo)
G229.571%00.1525 2 Qo 404 609 467 528 180 208 -4.07 411
(G236.815801.9821 2 a1 373 652 520 528 186 243 -3.76 380
G038.354300.9519 2 @9 112 130 123 169 057 044 -7.09 196
G232.076602.2767 2 9 414 485 420 421 0.69 Q74 -5.64 371
G220.458%00.6081 2 @9 236 336 305 296 102 104 -5.64 318
G224.607501.0063 2 8 279 297 287 167 041 038 -6.86 319
G079.885502.5517 2 Qo -2.0 202 4.2 59 0.99 143 -5.75 355
G079.874901.1821 1 Qo -7.4 31 -4.2 -4.3 127 125 -5.93 383
G082.033302.3249 1 9 -4.8 80 -0.8 03 120 155 -5.63 351
G083.707103.2817 2 @9 -7.1 84 -6.3 -3.6 059 086 -6.32 375
G080.862400.3827 2 9o -9.6 42 -7.7 -19 136 164 -5.54 375
G081.865200.7800 2 a2 -285 465 106 94 322 381 -3.37 370
G081.878900.7822 1 a1 -132 209 106 81 273 330 -3.88 449
G081.713%00.5792 2 Qo -7.8 152 14 -3.6 134 172 -5.45 383
G081.72268:00.5699 1 ao -44.8 338 -55 -2.8 3.06 321 -3.97 280
G081.752200.5906 2 Qo -5.6 274 0.6 -4.0 084 121 -5.97 339
G081.713300.5589 1 ao -6.6 7.7 -0.1 -3.8 031 085 -6.33 342
G081.762400.5916 2 a1l -148 329 -9.1 -4.4 051 096 -6.22 300
G081.663200.4651 2 a0 81 225 84 193 0.63 052 -6.66 254
G084.194001.4388 2 Qo -0.2 410 387 -1.8 0.56 089 -6.29 367
G085.410200.0032 3 a0 -39.6 -129 -325 -358 184 224 -3.74 450
G084.950500.6910 2 @9 -345 -296 -339 -34.9 0.20 018 -5.81 428
G095.0531+03.9724 2 a1 -919 -825 -884 -84.1 163 178 -3.79 428
G093.161601.8687 2 a1l -70.0 -70.0 -70.3 -631 0.72 036 -5.43 417
G097.526803.1837 3 a2 -1115 -526 -76.1 -70.0 242 311 -2.65 469
G094.261500.4116 2 Qo -76.8 -356 -36.4 -46.6 0.77 104 -5.02 410
G094.463%00.8043 2 ao -486 -435 -46.2 -44.6 103 116 -4.90 450
G096.435301.3233 3 a1l -70.0 -625 -69.9 -689 -0.03 007 -5.68 427
G094.602801.7966 2 a2 -60.2 -39.8 -56.0 -439 243 288 -3.64 437
G095.002601.5779 2 Qo -46.6 -384 -458 -40.6 141 139 -5.13 348

@ Source types are as follows: (1)itfegions; (2) YSOs; (3) HYSOs; (4) YoungOld stars.
b Bolometric luminosities have been calculated using thegjretted fluxes derived @011).
Notes: Only a small portion of the data is provided here, thigdible is only available in electronic form at the CDS visoaymous ftp to cdsarc.u-strasbg.fr

(130.79.125.5) or via httgcdsweb.u-strasbg/égi-biryqcat?JA+A/.

|
GP43.1679+00.0095 H,0
|

6x10°

4x10°
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Figure 7. Example of BO maser emission detected towards the MSX
source G043.16790.0095. The vertical dashed lines indicate the min-
imum and maximum velocity ranges over which maser emiss®n i
detected. The full version of this figure includes spectrierta to-
wards 597 sources and is only available in electronic formthat
CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.795)26r via
httpy/cdsweb.u-strasbg/@gi-birygcat?JA+A/.

Hu region associated with the W49A star-forming complex, ded t
water maser detected towards this region is the brightediave

found with a peak flux value of 6 x 10° Jy. Maser spectra of-
ten consist of a number of distinct emission peaks, usuefirred

to as maser spots, spread over a range of velocities. Thieatert
dashed lines in Fi§l7 show the minimum and maximum velazitie
over which maser spots are found abovea @etection limit to-
wards this object.

For all of the maser emission detected we measure the peak
flux and velocity of the brightest maser spot, the integrdbex
and the minimum and maximum velocities over which the maser
spots are distributed. These values are tabulated in Tabietbe
upper panels of Fifll8 we present the peak and integrated flux-
density distributions and in the lower left panel of this figuve
present a histogram of the total velocity range over whiemtlaser
spots are seen in each spectrum. The median peak flu8 Jy
with minimum and maximum peak fluxes of 0.26 and>8.@° Jy
respectively. The largest velocity range of maser spotseéns
towards G043.167000.0095, which has a range of 362 kmh.s
However, only six sources have total velocity ranges lathan
100kms?, and the majority {60 per cent) have total velocity
ranges of 20km or less. In the lower right panel of F[d.8 we
present the isotropic #0 maser luminosity distribution which is
discussed in the following paragraphs. A summary of minimum
maximum, mean, and median values can be found in the last four
rows of Tabl€3B for the four distributions presented in Eig. 8
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Figure 8. The distributions of derived water maser properties. The up
per panels show the peak and integrated flux distributioa Kih size is
0.5dex). The lower panels show the total velocity range owvieich the
maser spots are seen in each spectrum and the isotropicasities. For
the velocity distribution a bin size of 10 kmshas been used and the
axis has been truncated at 150 krhs- only one source has a total velocity
range larger than this. The luminosity distribution usegaslze of 0.5 dex.

Kinematic distances have been determined from source-veloc
ities derived from'3CO (Urquhart et al. 2008, 2007), or the NH
observations presented here, using the Galactic rotatiore of
Brand & Blit (1993), assuming the distance to the Galacgia-c
tre is 8.5kpc and the angular velocity of the Sun is 220kins
We have resolved the twofold kinematic distance ambiguigt t
affects sources located within the Solar circle using archifal
data (see_Urguhart etlal. 2011 for details). These kinentisic
tances have been adjusted for sources found to be assowidied
complexes that have well-determined distances and focesudor
which maser parallax and photometric distances are al@ilab

4 RESULTS AND ANALYSIS
4.1 Detection statistics

Emission from the ammonia (1,1) inversion transition isedetd
towards 477 sources, with water-maser emission seen teward
308 sources. These correspond to detection rates of 8lmerce
and 52 percent (i.e., 47591 and 30%97) for NH; and the HO
masers, respectively. We find that 273 of the water masesosie
tionally associated with dense gas as traced by the ammuoniga e
sion. We present a summary of detection rates for the fonsitra
tions for the observed sample in Table 6, as well as a breakdow
into the four source classifications. The uncertaintiehéndetec-
tion rates have been calculated using binomial statistics.

The detection rates for thed¥ SO, Hi-region and YSO sam-
ples are very similar for the ammonia transitions, with theep-
tion being NH (3,3), which is significantly higher~60 per cent)
for the two Hi-region samples compared to the sample consist-
ing exclusively of YSOs. The NH(3,3) inversion transition has a
higher excitation energy than the NKL,1) and (2,2) lines{125K
above the ground-state energy), and therefore the highectd®
rate for the NH (3,3) transition found towardsiHegions probably
reflects the presence of warmer gas, which is consistentthéte
regions being more luminous giod more evolved.

The water-maser detection rates for the YSOs andégion
samples are also very similaxg0 per cent), indicating that the
conditions required to produce water-maser emission awealkyq
likely in both phases (cf. Urquhart et al. 2009). The detectiate
found towards i regions is comparable with that reported by
Kurtz & Hofnel (2005) from a set of observations made towards
a smaller sample conducted with the 100-fieEsberg telescope
with a similar sensitivity to the data presented here.

The ammonia (1,1) and water-maser detection rates are both
significantly lower ¢2 and 3o, respectively) for the yourigld
classification type, a strong indication that this groupudes a
significant number of evolved stars. The®maser and Nki(1,1)
and (2,2) detection rates for the yoyolg group are~50 per cent
lower than for the other three source types, while the detecate
for the NH; (3,3) transition is a factor of three lower than the H
sub-samples but only a factor of two lower than the YSOs.

No ammonia or water maser emission is detected towa@s
RMS sources classified as either a YSQyY¥BO or Hui region.

To investigate these non-detections we present a cumelldiss
tribution plot showing the heliocentric distance disttiba of the
ammonia and water maser detections and non-detectiong.[B.Fi

Intotal we have estimated distances to 573 of the RMS sources |ngpection of this plot reveals that the non-detections paes-

observed as part of this programme; this includes 295 ssucce
wards which water maser emission is detected. We use these di
tances to estimate the isotropic luminosity for each wat@senby
integrating all of the emission in each channel abavead using

the following equation taken from Anglada et al. (1996):

D
kpc

f Sydv

L(H20)
Jykms?

Lo

] =230x 108 [ @)

whereD is the distance to the source and the integral extends over

all components of the spectrum over.3 he estimated water maser
and bolometric luminosities obtained using the boloméefttizes
calculated by Mottram et all_(2011) can be found in the last tw
columns of TablE]5. The water maser properties derived hére w
be discussed in detail in Sect.}.5.

erentially located at larger distances than sources tavatdch
ammonia angr water masers are detected. For example, we find
roughly three-quarters of the ammonia angOHmaser detections
are located within 7 kpc compared with half of the non-détest
Given the small beam filling factor estimated in Secil 3.2 ted
larger distances associated with the non-detections, welwde
that many of the non-detections result from sources faliaipw

our observational sensitivity. These non-detections hesefore
probably due to beam dilution rather than a lack of dense gg®a
ciated with any of these sources.

4.2 Detection rates and luminosity

In Sect[4.]l we reported the NHK1,1) and HO detection rates for
the observed sample and as a function of each classificafien t
Overall, we found the NE (1,1) and HO detection rates to be
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Table 6. Observation and detection statistics.

NH3 Detection Statistics

H,O Detection Statistics

Source Type Observed Detected Ratio Hyperfine Ratio (2,2) tioRa (3,3) Ratio Observed Detections Ratio
YSO 275 235 0.880.02 199 0.8%0.03 198 0.840.03 109 0.4&80.04 275 142 0.520.03
Hu region 214 167 0.780.03 129 0.720.04 149 0.820.03 126 0.7%0.04 220 115 0.520.03
Ho/YSO 71 60 0.8%0.04 48 0.8@0.06 51 0.880.05 47 0.780.06 71 40 0.560.06
Youngold 31 17 0.550.09 10 0.590.16 8 0.4#0.16 4 0.240.14 31 11 0.350.09
Total 591 479 0.810.02 387 0.820.02 406 0.8%0.02 286 0.680.02 597 308 0.520.02

aThe first, second and third columns give the source type,uher of observations and the total number of sources t@wanich NH; emission is detected,
respectively. In the fourth column we give the overall détecrate. In columns 5-10 we give the total number of souvdesre the (1,1) hyperfine structure
is clearly detected and the numbers and detection ratefdd2{2) and (3,3) transitions; the detection ratios fos¢hansitions are given as a proportion
of the number of NH detections (i.e., Column 3) rather than the number of ssusbserved. In Columns 11-13 we give the number of sources\ausfor

H,O masers, the number of detections and the detection rates.
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Figure 10. Luminosity distribution plots and detection rates as a fiamcof luminosity. In the left and middle panels we presehirainosity histogram and
cumulative distribution function for the 580 RMS sourceshwa derived luminosity (black) and the NH1,1) and HO detections (coloured red and blue
respectively). In the right panel we present theg\, 1) and HO detection rates as a function of luminosity; thed\#,1) and HO data points are shown as
red circles and inverted blue triangles respectively. Therdars presented in these plots have been calculatethemshinomial statistics. The red and blue
dashed lines show the results of a least-squared fit to theddd HO data respectively. For the luminosity histogram and caiud distribution function
plot we have used a bin size of 0.5 dex, whilst for the detaciatistic plot we use a variable bin width so as to includexan number of sources in each

bin.
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Figure 9. Cumulative distribution functions showing the relativelitre
centric distances for the ammonia and water maser detsctard non-
detections.The distribution of all NHand water maser detections is shown
is shown as a thick black line, while the NH1,1) and HO and non-
detections are shown in red, blue and green, respectively.

~80 per cent and 50 per cent, respectively, and found thag treds
ues are similar for both the YSO anditlegion samples. In this
subsection we will use the RMS source luminosities to ingast

whether or not there is any dependence of the detection oates
source luminosity.

In the left and middle panels of F[g.110 we present the lumi-
nosity distribution for the 580 RMS sources with a derivedhitu
nosity (thick black line; hereafter we will refer to this spi@as the
RMS luminosity sample) and of the sources towards whichy NH
(red line) and HO masers (blue line) are detected. In the right panel
of this figure we present the NHred circles) and water maser (blue
triangles) detection rates as a function of luminosity.

Comparing the luminosity distribution RMS luminosity sam-
ple with that of the NH-detected sample reveals them to be indis-
tinguishable from each other. However, comparing the lasity
distribution RMS luminosity sample with that of the ®&-detected
sample we notice a slight increase in the number of more loasin
sources associated with& masers. A Komolgorov-Smirnov (KS)
test was used to compare the®imasers sample with the RMS lu-
minosity sample but found them not to be measurahfiecént.

The plot presented in the right panel of Figl 10 reveals the NH
(1,1) detection rate to be constant over the whole rangerof-lu
nosities. However, this plot implies that the®l detection rate has
a positive dependence on the source luminosity, with thectien
rate increasing with increasing luminosity. The correlatcodti-
cient is~0.8 which, forN = 9, is significant with a probability of
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Figure 11. Comparison plots of the main beam temperatures and FWHM
line widths of the NH (1,1), (2,2) and (3,3) transitions. The dashed red
lines mark the line of equality.

< 1percent of arising by chance. A linear least-squares fiteo t
data in Fig. 10 predicts the following relationship:

RMS—QO
RMSu

where Ly is the bolometric luminosity in solar luminosities and

Log[ ] = (0.094=+ 0.014)x log(Lpo) — (0.66 + 0.07) (8)

twice what would be expected from heating from the interstel
lar radiation field alone~(10 K;[Evand 1999). These temperatures
would require the presence of either an internal or extdreating
source, and since we know that the observed objects arei-assoc
ated with embedded massive stars, the former is consideoed m
likely. We also find the mean line width for the NH1,1) detec-
tions is~2 km s, which is approximately ten times broader than
the thermal linewidth (approximately 0.2 kmisfor gas tempera-
tures~20K). These line widths must be due to systematic motions
within the gas such as infall, molecular outflows, stellands,
cloud rotation or internal random motions referred touebulence

Fig.1d1 presents scatter plots comparing fhg, and line
widths of the NH (1,1), (2,2) and (3,3) transitions, revealing a
strong correlation between the (1,1) and (2,2) line widthgBp.
Importantly, the line width ratio for the (1,1) and (2,2)risitions
is close to unity indicating that the two transitions arecitng a
similar volume of gas — this was implicitly assumed when deri
ing the physical parameters in Sect. 2.2.1. ComparisoneoNtH;
(1,1) and (3,3) transition data reveals a much lower levebofela-
tion for both parameters, with the NK3,3) transition showing sys-
tematically lower main beam temperatures and broader lidéhsa:
The higher gas temperatures required to excite the (8t8) tran-
sitions would suggest that the observed emission is enfitbad a
smaller volume of warmer gas located nearer to the embedualed o
ject than the NH (1,1) emission, which is tracing the cooler outer
envelope. The broader line widths found for the \B,3) emission
are also consistent with this transition tracing warmey@nohore
turbulent gas closer to the embedded object.

Inspection of the mean parameters determined for the IRDC
cores, YSOs, andidregions reveals trends for increased linewidth
and kinetic temperature with evolution phase. Similardsehave
been reported in the literature and these could be relatibe tevo-
lutionary phase of the embedded object as has been sugdmsted

RMS,,0/RMSy is the expected detection rate as a function of lu- ISridharan et a1/ (2005) from a sample of 56 candidate higssma

minosity with a sensitivity o~0.1 Jy beam® (107). The resultant fit

starless cores, high-mass protostellar objects and W&Hions.

to the HO maser detection rate is shown as a dashed blue line inthe ygwever. as we will show in the following section this intefa-

right panel of Fig_ID. The detections rates of the YSO andeH
gion samples indicate similar trends, however, lower sampm-
bers and the larger associated uncertainties preventmgiirawing
any firm conclusions for these samples.

4.3 Derived NH; parameters

In TabldT we present mean values for the parameters derived i
Sect[ 3.1 for the whole observed sample and broken down gesou
classification. In this table we include the mean values far t
‘young/old’ sample for completeness and, since the values of the
various parameters associated with thg¥¥$O sample are almost
indistinguishable from those derived for tha Fegion sample, we
will not discuss the properties of either of these two sasplale-
tail. We complement the results presented in Table 7 witbesl
reported by Pillai et al[ (2006) for a sample of IRDC cores tra
notcoincident with strong compact mid-infrared emission aageh
masses of a few hundred MThese IRDC cores therefore consti-
tute a sample of massive starless cores (as indicated bgckef
mid-infrared emission that would indicate the presenceXs$@® or
Hu region) that pre-date the YSO and kegion phases. Combined,
these three well-defined classes of objects (IRDC cores,sy 8@l
Hu regions) should broadly cover the main evolutionary stages
massive star formation.

Looking at the global properties of the whole observed sam-
ple we find that the mean kinetic temperature-0 K, which is

tion is overly simplistic.

4.4 NH; correlations

In the previous subsection we noted a number of trends seée in
derived parameters of the IRDC cores, YSO andrefjions sam-
ples. We observed a trend for increasing kinetic tempezadnd
line width as we moved between the IRDC core, YSO, andédd
gion samples. Since these three classifications represesodu-
tionary sequence, these trends would seem to suggest amyimgle
connection. However, Mottram etlal. (2011) showed thatetliea
difference in the luminosity distributions of the YSO andrdgion
samples, with the hregions typically being an order of magnitude
more luminous. Given the luminosityftiérence between the sam-
ples itis possible that the trends seen in the derived pdeamare
actually related to the luminosity of the samples rathenpeisso-
ciated with evolutionary progression.

To investigate the correlation between the derived;Nid-
rameters and source type amdluminosity, we present six scatter
plots in Fig[I2. In the upper panels of this figure we comphee t
sources’ column densities with théli;,, AV and Ly, Whilst in
the lower panels we compare the latter three parametersatth
other. In these plots we show the distribution of the YSO andeH
gion sub-samples in red and blue, respectively, and giv& tear-
man correlation cdécients (rho) in the top left corner of each plot;
all non-zero correlation cdicients are significant with a probabil-
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Table 7.Mean values derived from the NHransitions. The errors shown in parenthesis are the sthredeor on the mean.

Trot Tkin T Log(N(NHz))  Tmp1) AV(11) Tmb(22) AV (22 Tmb@33) AV (33)
Source Type (K) (K) (cm¥ (K) (kms™1 (K) (kms™1 (K) (kms™1)
IRDC core@ 13.34 (0.54) 13.76 (0.56) 4.25(0.92) 15.43(0.16) 3.1290.5L.45 (0.14) 1.14 (0.41) 1.51(0.23) 1.42(0.39)
YSO 17.84 (0.24) 20.12(0.35) 2.25(0.11) 15.22(0.02) 1387 1.66(0.05) 0.66(0.04) 1.70(0.10) 0.48 (0.04) 3.189D
Huregion  20.89 (0.35) 24.58 (0.57) 2.33(0.14) 15.44(0.03)1610.06) 2.20(0.11) 0.64(0.04) 2.37(0.17) 0.50 (0.04) 14R44)
Hi/YSO 20.80 (0.43) 24.41(0.69) 1.81(0.19) 15.24(0.05) 1Q111) 2.41(0.21) 0.64(0.08) 2.20(0.22) 0.40(0.07) 3.288D
Youngold 1574 (0.59) 17.18 (0.75) 2.91(0.61) 15.29(0.12) 1M8Z) 0.74(0.11) 0.52(0.14) 1.41(0.19) 0.31(0.13) 2.4%7p
19.22 (0.20) 22.12(0.30) 2.24(0.08) 15.30 (0.02) 1.274D.0L.91 (0.06) 0.65(0.03) 2.00(0.08) 0.47 (0.03) 3.62 (.20
aThe values presented in this row have been taken from Pilkl €2006).
—_ 16.5; rho = 0.46 ) . * —_ 16.5; . '*: - 16.51 tho = 0.37 . B
IE : IE : IE "—.
S 16.0f { & 160f 1 & 180 .
> . > >
‘@ [ K 5 r =
& 15.5[ 1 & 155F 1 & 155 1
o [ o [ o
e : ‘ :
5 150f {1 5 150F ¢ . 1 5 150 .
o r o r [e3
(©) r (©) r O
= 1 B = I =
9 145 T 1 9 145F 1 9 145 8
L 1 L L L L L 7\ L L L L L J L L L L L L
0 1 2 3 4 5 6 10 20 30 40 50 60 2 3 4 5 6 7
FWHM Line Width (km s™') Kinetic Temperature (K) Log[Luminosity (Le)]
oof ; ; 3 ‘ — 6 T .
P rho = 0.66 ] 60F  rho = 0.51 A rho = 0.63 oo
g § B g ,,I //.' ]
° 50; E > 50? /i E _:\
ERE: {3 : : 1
g 405— o E g 405— EI . ]
I D e E 5ol [
PR S A P 3 ]
2 IS5 S E - <
) ..saym"' : 1 %o 1 S
2E gl ER )
10; .‘( L L L L L \7; 105"‘\"”‘/\ - L L L L 75 L L
0 1 2 3 4 5 6 1 2 3 4 5 6 7 6 7

FWHM Line Width (km s™")

Log[Luminosity (Le)]

Log[Luminosity (Le)]

Figure 12.Scatter plots showing the correlation between the columsitdeTyi,, AV andLyg. The YSO and H region sub-samples are shown in red and blue
respectively. The Spearman correlationfoents are given in the top left corner of each plot. The bliatked line shows the result of linear least-squared fits
to all of the plotted data, whilst the red and blue dashed|si®w the results of linear least-squared fits to the YSO aneglon sub-samples respectively.

ity of arising by chance ok 1 percent. We find a correlation be-
tween five of the six pairs of plotted parameters and in thasex

we have performed a linear fit to the combined YSO andrét
gion samples which is shown as dotted black line. In casesenvhe
we find a moderate correlation (i.e., @fho <0.75) we have made
separate linear fits to the YSO and kegion sub-samples to inves-
tigate possible dierences in the overall trends; these are shown as
dashed red and blue lines respectively. The intercepts raliegts

for all of these fits are presented in Table 8.

Visual inspection of the upper panels of Figl 12 reveal there
no correlation between column density ahgh and only a weak
correlation between column density and the other two patensie
The correlation between tHgi, AV and Ly parameters is signifi-
cantly stronger than found for the column density with valagrho
> 0.5. However, we note that the correlation for these pararsét
lower for the YSO and H region samples with only a weak corre-

lation being found for the kregions. The correlation between the
Twin andAV (lower left panel of FigIP) is particularly strong with
a correlation coféicient of 0.66. Moreover, the YSOs andi lie-
gions dominate either end of what appears to be fairly cantis
distribution. This would seem to support the trend of insieg
line width and kinetic temperature with evolution touchgmbm in
Sectio4.B. However, turning our attention to the lowerdtedand
right panels of Fid. 112 we find that both of these parameterslao
correlated with the sources’ bolometric luminosity.

[Churchwell et &ll. [(1990) found a similar, although weaker,
correlation between the kinetic temperature and linewidth far-
infrared luminosity from NH observations of a smaller sample of
UC Hu regions (84) made with theflelsberg 100-m telescope. The
authors suggested that the line width-luminosity corietatan be
understood as either: 1) the amount of mechanical energysited
into the ambient molecular cloud (e.g., via molecular outfipstel-
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Table 8.Gradients and intercepts of linear least-squared besb fitetplots
presented in Fi.12. These fits have been performed in lpgiace.
Plot Group Intercept Gradient rho
N(NH3s) vs.AV All 14.28+0.31 4.1¢1.16 0.46
N(NH3z) vs. Lo All 11.62+0.25 0.930.06 0.37
All 0.71+0.03 0.1%0.01 0.51
Tkin VS Lol YSO 0.69:0.04  0.160.01 0.49
Hi 0.21+0.15 0.260.03 0.30
All 10.59+0.07 4.21%0.05 0.66
Tkin VS.AV YSO 10.69:0.07 4.040.05 0.63
Hu 13.55:0.32  3.290.15 0.49
All -1.10+0.06  0.340.02 0.63
AV VS. Lpgl YSO -1.280.11 0.4@:0.03 0.56
Hu -1.71+0.25 0.460.06 0.44

lar winds) being directly proportional to the luminosity the em-
bedded source; or 2) the line width-clump mass relation@hep,

1), with the more luminous, and presumably more ma
sive, stars forming out of more massive clumps. The coiozidte-
tween kinetic temperature and luminosity would indicatat tine
heating of the gas is dominated by the radiation depositethéy
embedded star into its natal environment.

The distributions presented in the right panels of [Eid). 1§ su
gest that there is a dependence of line width and kinetic ¢eatpre
on bolometric luminosity. It is clear from these correlatiplots
that the embedded sources are having a measurfibtt en their
surrounding molecular environment. Given that these obsens
are sampling clumps with sizes ranging from 0.1-0.5 pc ié&sbn-
able to conclude that it is the energy output of a young mastar
that is driving the increases in temperature and line widtwever,
it is not yet clear if there is also a weaker underlying dejeece
on the evolutionary phase of the embedded sources.

Inspection of the plots and fit parameters presented in Bhble
would suggest there is a significanffdrence between the gas tem-
perature and line width, and the gas temperature and thehsity
for the Hi region and YSO sub-samples. There is no significant dif-
ference between the line width-luminosity relationshiptfe two
samples, which would suggest that it ifdiences in the kinematic
gas temperature that is the parameter of interest. In amptte®
investigate the gas temperature and line widtfiedences for the
Hu regions and YSO sub-samples we have removed the luminos-
ity dependence using their respective fit parameters; ffestavely
normalises both parameters. In [Eigl 13 we present norndaltitse
tograms and cumulative distribution plots showing th@edéences
between the YSO andiHregion samples after the luminosity de-
pendence has been removed. These plots reveal liffe@ece be-
tween the two normalised parameters. Komolgorov-Smirt) (
tests used to compare the two samples found that the prababil
ties that YSOs and Hregions were drawn from the same parent
population were 3 per cent and 4 per cent for the normaliseetiki
temperature and line width parameters respectively. Wetbie
conclude that the observed trends in Table 7 are more likebet
due to the energy output of the central sourceanithe line width-
clump mass relationship than the evolutionary state of thieeal-
ded source.

4.5 H,O maser correlations

Given the ubiquitous nature of water masers within the Giglac
plane it is possible that a number of the detected maserbaret
sult of chance line of sight alignments within the field or aht
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Figure 13. Histograms and cumulative distribution plots showing tife d
ferences between the YSO and kegion samples after the luminosity de-
pendence has been removed. The distributions of the YSO amddibns
samples are shown in red and blue respectively.
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Figure 14.Distribution of the dfferences between the velocity of the bright-
est water maser spot and that of the ammonia emission.

maser located within a telescope sidelobe rather than gemsiso-
ciation; however, given the GBT4dfeaxis design, sidelobe contam-
ination is significantly lower than for traditional singtish tele-
scopes and so the latter possibility is less of a coffcdmthis
section we will investigate the degree of correlation bemvéhe
water maser and N{Hemission in order to ascertain whether they
are arising from the same molecular gas, and if so, whetleee ik
a direct connection between the maser and the embeddedvenassi
young star.

In Fig.14 we present a histogram of thefeience in veloc-

7 ‘The Proposer’s Guide for the Green Bank Telescope’.
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ity between the most intense water maser spot and that oktieed
molecular gas traced by the Nldmission. This plot reveals that the
velocities of the two transitions are in excellent agreeimeith a
Pearson correlation cfiient of 0.92. The mean velocity ftier-
ence is —3.8 with a standard deviation~g20 km s*. Computing
the standard error on the mean, we find that this small, negati
offset from zero is significant at the3-o- level. However, the stan-
dard deviation is inflated by a small number of high-veloaity-
liers in the distribution. If we exclude the 25 sources whib&eve-
locity difference is larger than 20 km'swe find that the mean and
standard deviation reduce to —1.1kms? and 6 kms?, respec-
tively. The associated standard error on the meanQds38 km s?,

so the revised mean is still nearlyv3away from zero. Thus there
appears to be a realfeet from zero in the mean relative veloc-
ity of the maser emission. The distribution also has a sliietv
(~0.26 kms?) towards blue-shifted sources, with a negative me-
dian value £0.82kms?). So not only are there more blue-shifted
than red-shifted masers but they also have higher relagi@ci
ties. This probably means that the blue-shifted maser $potsto
be slightly brighter than their red-shifted counterpartd ao more
of them are detected.

In Fig.[13 we plot the NKvelocities against the velocity of the
brightest maser spot. The black horizontal lines shownigfot
indicate the velocity range over which maser spots are sserds
each source. The data presented in[Eib. 15 illustrate thelation
between the molecular gas and the range of maser velocities a
the excellent correlation between the velocity of the lieghmaser
spots and the molecular gas. For the vast majority of southes
peak maser velocity and NHvelocity are within 20 km's' of each
other, but there are 25 sources in which the velociffedénce is
larger. The light yellow stripe running through the plotgeated in
Fig.[13 indicates the region where the®imaser velocity is within
+20km s? of the NH; emission. This number is further reduced
if we take the total velocity range of the maser spots seearisv
each source into account; of these 25 sources we find thatklae N
velocity of five lie within the maser velocity range, and fithers
are located within 20 knT$ of a maser spot.

There are 15 sources-§ per cent of our sample) for which
there is>20km s difference between the velocity of the nearest
maser spot and the velocity of the molecular cloud. Targhlidel
and HO observations conducted by Churchwell étlal. (1990) and

|Anglada et al.[(1996) (that have approximately the samdutisn
and sensitivity to the observations we present here) regohnie de-

tection of a similar proportion of sources with large vetpdifsets.
[Churchwell et &l [(1990) concluded that these are simpkyratpi-
tously matched sources that are located nearby on the skyhich
arise from physically distinct regions located along theséine of
sight. However, the strong variability of water masers/antim-
ited sensitivity could also explain the large velocityfeiences.

In a recent study of water masers M&tzolo),
large changes in the velocity of the brightest maser peale wer
found for four sources by comparing the emission spectrantak
in two epochs separated by a period of 10 months. Taking sourc
(G336.983-0.183 as an example, they found only a single maser
spot at approximately 75 km st in their 2003 observations. How-
ever, in the spectrum obtained in 2004 they found two mas#ssp
at approximately-75 and 45 km's. It is therefore possible that the
strong variability of water masers can sometimes resuhiéldrge
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Figure 15. Comparison of the velocities of the NHemission and KO
maser. The red circles show the velocity of the 7\¢ission and the ve-
locity of the brightest HHO maser spot, whilst the horizontal black line in-
dicates the velocity range over which the maser emissioetiscted. The
dashed line shows the line of equality where the two velegidire equal and
the the light yellow stripe running through the plot indestregion where
the H,O maser velocity is within=20 km s of the NH; emission.

a strong correlation between velocities of the J\ahd HO tran-
sitions for~95 per cent of the sources and it is therefore likely that
they are associated with each other.

By making the assumption that all of the detected water
masers are associated with the molecular clouds, we cas-inve
tigate the distribution of high-velocity features, whicle wlefine
as those which vary from the clouds’ systemic velocity by enor
than 30kms! (c.f. [Caswell & Breeh 2010). We find 10 sources
that show both high-velocity red- and blue-shifted featuB3 that
show only blue-shifted features, 17 that show only redtsdifea-
tures and 213 sources that show no high-velocity featuresé
that there are almost twice as many sources with high-wglbkie-
shifted features. A similar distribution of high-velocited- and
blue-shifted features has been reported by Caswell & B2@h)
who interpreted the excess of blue-shifted features asnadsithe
youth of the embedded object as there was also a strong &orrel
tion with these blue-shifted features and methanol masérgh
are considered to be exclusively associated with the safleses
of high-mass star formation.

This excess in blue-shifted, high-velocity maser emiss&n
flects the small but significant skew in the general distidsutie-
scribed above and is likely to be related to expansion orraont
tion in the core or envelope gas. Further analysis wouldirequ
detailed modelling of the velocity field and density disttion.
We compared the maser parameters with the column dengities a
line widths obtained from the ammonia data and as a functfon o
source type to identify any correlations that might provaay fur-

velocity differences observed towards some sources. So althoughther insight into this excess of blue-shifted emission, &asv, these

we find large velocity dierences between a small number of wa-
ter masers and the molecular gas it is not yet clear that trese
from physically separate regions. It is clear, however there is

proved inconclusive.
Having established that the observed water-maser emission
very likely to be associated with the same molecular clouitsinv
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Figure 16. Comparison of the bolometric luminosity of RMS sources with
the isotropic water maser luminosity. The blue dots showluh@nosities

of all maser detections for which we have resolved the digtambiguity
while the red dots show the source luminosities of a distéingeed sample
(see text for details). The dashed line shows the lineactuiséeast-squares
fit to the data. The partial Spearman correlationfiégcient and the and re-
sults of the fit to the data are given in the top left of the plot.

which the MYSOs and Hregions are forming, the next step is to
see if we can identify a direct connection between the masssis
the embedded young massive star. In [Eig). 16 we present @isca
plot comparing the isotropic maser luminosity calculatedsec-
tion[3:2 with the RMS luminosity. On this plot we show the dist

bution of all of the HO detections in blue and a smaller distance

limited sample is shown in red. The distance limited sample i
cludes all sources with heliocentric distances less thgmc3iith
luminosities greater than 100Q land should therefore be relatively
undfected by the Malmquist bias that can lead to false correlatio
The dashed lines show the bisector least-squared fits t@athedd
clearly shows that the water maser luminosity is correlatital the
bolometric luminosity for the whole and distance limitedngdes,

and that the fits are in good agreement with each other. As-an ad

ditional check we calculate the partial Spearman cor@iatoefi-

cient using the square of the distance as an independemheia
a value of 0.44 would suggest the correlation is real. Frogliti

ear hisector least-squares fit to all of the plotted data viaiolthe
following relationship:

Lh,0 = a(l—bol)ba 9

whereLypg is the RMS bolometric luminosity aral= (7.1 + 0.3 x
102 andb = (1.47 + 0.76). We conclude from the correlation of
the cloud and water-maser velocities and the bolometricaaskr
luminosity that there is a strong dynamical relationshipseen
the embedded young massive star and th® lshaser as has been
previously suggested from similar studies of star formiegions

(e.g. D: Anglada eflal. 1996).

4.6 Ammonia (3,3) maser?

We detected thermal NH(3,3) emission towards 290 sources
which corresponds to approximately 50 per cent of the sawiple

G030.7206-00.0826 NH;
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Figure 17. The NH; (1,1), (2,2) and (3,3) spectra detected towards
G030.7206-00.0826. The NH (3,3) emission is clearly made up from two
components, a broad component thermal in nature and a strtitig com-
ponent possibly indicating the presence of an ammonia m#sefits to
these two components are coloured red and blue respectively

emission could be approximated by a single Gaussian prbiiile-

ever, the NH (3,3) emission detected towards the MSX source
G030.7206-00.0826 consists of two distinct components, a broad
component associated with the thermal emission from theedmb
ded source and a second narrow-lined component. The ammonia
spectra for this source are presented in[Eif. 17.

We have fitted the NKI(3,3) emission with two Gaussian pro-
files to account for the broad and narrow-lined componene Th
fitted linewidth of the narrow component is 1.1 km snd it has
a peak flux density of5Jy, which makes it the narrowest NH
(3,3) line detected in the sample. Since this narrow-linechmo-
nent does not have a corresponding feature seen at the same ve
locity in the NH; (1,1) and (2,2) emission profiles it is unlikely
to be thermal in nature. Given its unusually narrow line Witltis
is likely to be a maser transition. It is not possible to canfthe
nature of this emission feature with the current data and wagta
further observations.

Another suspected NHmaser (G23.330.30) has recently
been reported b all) from theO Southern
GalacticPlaneSurvey (HOPS) 12-mm surve@OOS).
(G23.33-0.30 has a flux density of 9.7 Jy, which is comparable with
the flux density of the narrow-lined emission feature regtiere.
.ml) note that although the N@3,3) transition has
been detected as a maser in a number of star forming regians (e
DR 21 (OH) —|Mangum & Woottéh 1954; W51 al.
[1995; G5.890.39 — Hunter et dl. 2008) it has never been stronger
than 0.5 Jy and thus, if these two masers can be verified theldwo
be the strongest NH3,3) masers reported to date.

G030.7206-00.0826 is associated with a bright unresolved ra-
dio source £0.5Jy at5 GH5) and has been clas-
sified as an H region with a bolometric luminosity of 4x10* L.
.1) found G23.38.30 to be positionally coinci-
dent with an IRDC and a cold dust continuum source and thus
it therefore seems likely that these maser candidates iariser
forming regions. However, since only two NH3,3) maser can-
didates have been reported from the 100 square degreeyetrve

tt

served. In all but one of these cases we found that the oliserve by HOPS and from the GBT observations €600 high-mass
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star forming regions reported here, we would conclude thighb
masers of this type are relatively rare.

5 SUMMARY AND CONCLUSIONS
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with an overall detection rate of50 per cent. NH emission is de-
tected towards 479 sources80 per cent of the sample) with the
NH; (1,1) hyperfine structure being clearly detected towari80
sources, and thus allowing the kinetic temperature, dptiepth
and column density to be determined for a large number of ireass
star-forming regions. The average kinetic temperatureHRNine
width and column density for the sample are approximateli,22
2kms?t and 2x 10" cm?, respectively.

We find the detection rates for both the®masers and NH
emission is similar for both MYSO andiHregion sub-samples.
Combining these results with a large database of complement
observations we analyse these parameters as a functiomiofds-
ity and evolutionary phase, and correlate these physicaditons
with HO maser emission. Our main findings are as follows:

(i) There is no significant dierence in the KD maser detec-
tion rate for Hi regions and MYSOs which would suggest that the
conditions required to produce maser emission are equéiy|
in both phases. Comparing the detection rates as a functikbn o
minosity we find the HO detection rate has a positive dependence
on the source luminosity, with the detection rate incregasiith
increasing luminosity.

(i) We find that the NH (1,1) line width and kinetic temper-
ature are correlated with luminosity. It is clear from thesere-
lations that the embedded sources are having measurfibt#se
on their surrounding molecular environments. Finding ndeuly-
ing dependence of these parameters on the evolutionarg fias
the embedded sources, we conclude that the observed tretids i
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source angbr the linewidth-clump mass relationship.
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sion for each relevant source are in excellent agreemehtegith
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(iv) We find excellent agreement between velocities of sesirc
using**CO observations and those obtained fromsNdnsitions.
We find only three sources where the velocity assigned us$iag t
CO data is incorrect.

These observations are a first step in examining the global
characteristics of this Galaxy-wide sample of massive gostars
and will form the cornerstone for more detailed studies of &
lected sub-samples.
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APPENDIX A: COMPLEX AMMONIA SPECTRA
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Figure A1l. Complex spectra obtain towards six RMS sources that shafeeee of both emission and absorption.
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