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ABSTRACT
We present a multiwavelength study of the extended green object, G12.42+0.50, in this
paper. The associated ionized, dust, and molecular components of this source are studied
in detail employing various observations at near-, mid- and far-infrared, submillimetre, and
radio wavelengths. Radio continuum emission mapped at 610 and 1390 MHz, using the Giant
Meterwave Radio Telescope, India, advocates for a scenario of coexistence of an UC H II

region and an ionized thermal jet possibly powered by the massive young stellar object, IRAS
18079-1756, with an estimated spectral type of B1-B0.5. Shock-excited lines of H2 and [Fe II],
as seen in the near-infrared spectra obtained with UKIRT-UIST, lend support to this picture.
Cold dust emission shows a massive clump of mass 1375 M� enveloping G12.42+0.50.
Study of the molecular gas kinematics using the MALT90 and JCMT archival data unravels
the presence of both infall activity and large-scale outflow suggesting an early stage of massive
star formation in G12.42+0.50. A network of filamentary features are also revealed merging
with the massive clump, mimicking a hub-filament layout. Velocity structure along these
indicates bulk inflow motion.

Key words: stars: formation – ISM: H II regions – ISM: individual objects (G12.42+0.50) –
ISM: jets and outflows – infrared: ISM – infrared: stars – radio continuum: ISM.

1 INTRODUCTION

Massive stars (M � 8 M�) play a vital role in the evolution of the
Universe, given their radiative, mechanical, and chemical feedback.
They dictate the energy budget of the galaxies through powerful
radiation, strong winds, and supernovae events. Despite this, most
aspects of the processes involved in their formation are far less
understood in contrast to the low-mass regime. A universal theory
elucidating the formation mechanism across the mass range, though
much sought after, is still not well established. Tremendous efforts
have been going on, since the last decade or so to investigate
whether high-mass star formation can be understood as a ‘scaled-
up’ version of the processes involved in the low-mas domain via
the Core Accretion hypothesis. This advocates for formation of
high-mass stars from pre-stellar cores to form single or binary
protostars with enhanced accretion via a rotationally supported

� E-mail: namithaissac.16@res.iist.ac.in (NI); tej@iist.ac.in (AT)

disk that also launches protostellar outflows. This model adequately
circumvents the ‘radiation pressure problem’, while leaving many
questions open regarding the time-scales of collapse and frag-
mentation in massive cores. Alternate theories, like Competitive
Accretion and Protostellar Merger, have also been proposed as
viable mechanisms. The debate is still not sealed on the preferred
mechanism and the influence of prevailing conditions on each. On
the observational front, probing the early stages of massive star
formation, in particular, remains a challenge. Rarity of sources
(owing to fast evolutionary time scales), large distances, complex,
embedded and influenced environment and high extinction are
factors that hinder the building up of a proper observational data
base crucial for validating proposed theories. The current status
on the theoretical and observational scenarios of high-mass star
formation can be found in the excellent reviews by Tan et al. (2014)
and Motte et al. (2018), which also give an update on the literature
in this field.

A step towards strengthening the observational domain was taken
when the large-scale Spitzer Galactic Legacy Infrared Mid-Plane
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Figure 1. (a) Colour composite image of the region around G12.42+0.50 using IRAC 3.6 μm (blue), 4.5 μm (green), and 8.0 μm (red) bands. (b) A zoom-in
showing the EGO G12.42+0.50. IRDCs are shown with the ‘×’ symbol and the position of IRAS 18079-1756 associated with G12.42+0.50 is indicated with
a diamond mark. The cross marks the position of the 2MASS point source, J18105109-1755496. The location of the H2O maser is shown as a blue circle.
(c) and (d) are colour composites created from the UKIDSS J (1.25 μm), H (1.63 μm), and K (2.20 μm) band data, covering the same area as in (a) and (b),
respectively.

Survey Extraordinaire (GLIMPSE; Benjamin et al. 2003) unfolded
the presence of a significant population of objects displaying
enhanced and extended emission in the IRAC 4.5 μm band.
Following the conventional colour coding of GLIMPSE colour-
composite images, these objects were christened as ‘green fuzzies’
or ‘extended green objects’ (EGOs) by Chambers et al. (2009) and
Cyganowski et al. (2008). Post-detection, several studies focused
on ascertaining the nature of these objects and the research towards
identification of the spectral carriers responsible for the enhanced
4.5 μm emission were initiated (Marston et al. 2004; Noriega-
Crespo et al. 2004; Rathborne et al. 2005; Smith & Rosen 2005;
Reach et al. 2006; Davis et al. 2007; Chambers et al. 2009;
Cyganowski et al. 2009; De Buizer & Vacca 2010; Cyganowski
et al. 2011a,b; Lee et al. 2012; Takami et al. 2012; Chen et al.
2013). Some of the above studies have associated EGOs with
shock-excited H2 line and/or CO bandhead emission in protostellar
outflows. In addition, observations show that majority of EGOs
are co-located with infrared dark clouds (IRDCs) and with Class
II Methanol masers that are distinct signposts of massive star
formation (Szymczak, Pillai & Menten 2005; Ellingsen 2006;
Rathborne, Jackson & Simon 2006; Rathborne, Simon & Jackson
2007). Studies till date support a picture wherein EGOs can be

regarded as candidates for outflows from massive YSOs (MYSOs),
and hence, they offer a unique sample of sources to investigate the
early phases of massive star formation.

In this paper, we focus on the EGO, G12.42+0.50 catalogued as
a ‘possible’ outflow candidate and associated with the luminous
infrared source, IRAS 18079-1756 (Cyganowski et al. 2008).
The kinematic distance ambiguity towards G12.42+0.50 has been
resolved by He, Takahashi & Chen (2012). Following them and
Chen et al. (2010), we adopt a distance of 2.4 kpc in our study.
Vutisalchavakul & Evans (2013) estimate the far-infrared (FIR)
luminosity, from the IRAS fluxes, to be ∼104 L�. From literature,
G12.42+0.50 is designated as an ultracompact (UC) H II (Jaffe et al.
1984; Wu et al. 2007). G12.42+0.50 has been observed as part of
several surveys such as the Millimeter Astronomy Legacy Team
90 GHz (MALT90) survey (Foster et al. 2011; Jackson et al. 2013)
and the 6 cm Red MSX Source survey by Urquhart et al. (2009).
The latter was aimed at identifying candidate MYSOs. Apart from
this, a millimeter study of southern IRAS sources by Osterloh,
Henning & Launhardt (1997) reports IRAS 18079-1756 as an
outflow candidate from the red- and blueshifted molecular outflow
features observed in the CO (2–1) transition and a redshifted line dip
in the CS (2–1) transition. H2O maser emission is detected towards
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G12.42+0.50 (Jaffe, Guesten & Downes 1981; Cyganowski et al.
2013). Chen et al. (2011), in their study, have identified a 95 GHz
Class I methanol maser towards G12.42+0.50. In addition, a few
molecular line surveys also include G12.42+0.50 (Shirley et al.
2003; Cyganowski et al. 2013).

In Fig. 1, we present the near-infrared (NIR) and the mid-infrared
(MIR) colour-composite images of the field of G12.42+0.50
developed from the UKIDSS (Section 2.3) and Spitzer-IRAC
(Section 2.4) data, respectively. The images not only reveal the
characteristic, extended, and enhanced 4.5 μm emission defining the
EGOs but also show extended K-band nebulosity associated with
G12.42+0.50. The morphology of the K-band emission is more con-
fined to a narrower north-east and south-west stretch with a distinct
dark lane in between. A network of filamentary structures are seen
towards the south-west and west, being more prominent in the NIR
colour composite image. These filaments seem to converge towards
G12.42+0.50, suggesting a ‘hub-filament’ scenario. Such systems
have been detected in other star-forming complexes and discussed in
various studies (Peretto et al. 2013; Yuan et al. 2018). Two IRDCs,
SDC 12.427+0.502, and SDC 12.408+0.512 from the catalogue of
Spitzer dark clouds by Peretto & Fuller (2009) are seen to lie on
either side of G12.42+0.50 and marked on the images in Fig. 1.

In presenting the multiwavelength study towards the
G12.42+0.50, we have organized the paper in the following way.
Section 2 outlines the observations and data reduction details, along
with the archival data bases used for this study. Section 3 deals with
the various results obtained. In Section 4, we discuss the results,
where we explore different scenarios to explain the nature of the
radio continuum emission and elaborate on the gas kinematics. The
summary of this comprehensive study is compiled in Section 5.

2 OBSERVATIONS AND ARCHIVAL DATA

2.1 Radio continuum observation

The ionized emission associated with G12.42+0.50 is probed at low
radio frequencies of 610 and 1390 MHz using the Giant Metrewave
Radio Telescope (GMRT) located at Pune, India. GMRT consists
of an array of 30 antennas, each of diameter 45 m and arranged in a
Y-shaped configuration. The central square consists of 12 antennas
spread randomly over an area of 1 km2 with the shortest baseline
being ∼100 m. The remaining 18 antennas are uniformly stretched
along the three arms (∼14 km each), providing the longest baseline
of ∼25 km. This hybrid configuration enables radio mapping of
small-scale structures at high-resolution, along with large-scale
diffuse emission at low resolution.

Our GMRT observations were carried out on 2017 August 22 and
2017 July 21 at 1390 and 610 MHz, respectively, with a bandwidth
of 32 MHz over 256 channels. We selected the radio sources 3C 286
and 3C 48 as primary flux calibrators. The phase calibrators, 1911-
201 (at 1390 MHz) and 1822-096 (at 610 MHz), were observed
after each 40-min scan of the target to calibrate the phase and
amplitude variations over the full observing run. The details of the
observations are given in Table 1. Data reduction is performed using
the NRAO Astronomical Image Processing Software (AIPS). The
data sets are carefully examined to identify bad data (non-working
antennas, bad baselines, RFI, etc.), using the tasks UVPLT and
TVFLG. Subsequent flagging of the bad data is performed using
the tasks UVFLG, TVFLG, and SPFLG. After flagging, the gain and
bandpass calibration is carried out following standard procedure.
Channel averaging was restricted to keep the bandwidth smearing
negligible. The calibrated and channel averaged data are cleaned

Table 1. Details of GMRT observations towards G12.42+0.50.

Details 610 MHz 1390 MHz

Date of observation 2017 July 21 2017 August 22
Flux calibrators 3C 286 3C 286, 3C 48
Phase calibrators 1822-096 1911-201
Integration time ∼5 hr ∼5 hrs
Synthesized beam ∼7.6 arcsec ×

4.8 arcsec
∼3.0 arcsec ×
2.4 arcsec

rms noise (μJy beam−1) 94 29.7

and deconvolved using the task IMAGR by adopting the wide-field
imaging procedure (‘3D’ imaging) to account for the w-term effect.
Primary beam correction is done using the task PBCOR.

Galactic diffuse emission contributes to the system temperature,
which becomes relevant at low frequencies (especially at 610 MHz).
Since our target source is close to the Galactic plane and the flux
calibrators are located away from this plane, rescaling of the final
images becomes essential. The scaling factor is estimated under the
assumption that the Galactic diffuse emission follows a power-law
spectrum. The sky temperature, Tsky at frequency, ν was determined
using the equation

Tsky = T 408
sky

(
ν

408 MHz

)γ

, (1)

where γ is the spectral index of the Galactic diffuse emission and is
taken to be −2.55 (Roger et al. 1999) and T 408

sky is the sky temperature
at 408 MHz obtained from the all-sky 408 MHz survey of Haslam
et al. (1982). We estimate the scaling factors to be 1.25 and 2.46 at
1390 and 610 MHz, respectively. These values are used to rescale
our images.

2.2 Infrared observations

2.2.1 Spectroscopy

NIR spectroscopic observations towards G12.42+0.50 were carried
out with the 3.8-m United Kingdom Infrared Telescope (UKIRT),
Hawaii. Observations were taken with the UKIRT 1–5 μm Imager
Spectrometer (UIST; Ramsay Howat et al. 2004). UIST consists
of a 1024 × 1024 InSb array. In spectroscopy mode, the camera
with a plate scale of 0.12 arcsec pixel−1 was used. The observations
were made using the 4 (∼0.48-arcsec)-pixel wide and 120-arcsec
long slit. Spectra were obtained in two grism set-ups, namely HK
and KL that cover the spectral range of 1.395–2.506 and 2.229–
2.987 μm, with spectral resolution of 500 and 700, respectively.
Flat-field and Argon arc lamp observations were made ahead
of the of the target observations on each night. The slit was
oriented at an angle of 55◦ east of north centred on G12.42+0.50
(αJ2000 = 18h10m51.s1, δJ2000 = −17◦55′50′′), so as to also sample
the outflow-like, extended feature towards the south-west of the
central bright source. The telluric standard, SA0 160915, an A0V
type star, was observed for telluric and instrumental corrections.
Since the target has an extended morphology, nodding along
the slit would result in overlapping features. Thus, the science
target observation was performed by nodding between the target
and a blank sky position. However, for the standard star, the
source was nodded along the slit in an ABBA pattern between
two positions A and B along the slit (Perez & Blundell 2009;
Ramı́rez et al. 2009). Details of the observation are given in
Table 2.
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Table 2. Details of UKIRT-UIST spectroscopic observations towards
G12.42+0.50.

Date Grism Exposure Integration Standard star
(yyyymmdd) time (s) time (s)

20150402 HK 120 720 SAO 160915
20150405 KL 50 300 SAO 160915

Table 3. Details of UKIRT-WFCAM imaging observations made
towards G12.42+0.50.

Date Filter Exposure Integration
(yyyymmdd) time (s) time (s)

20170705 H 5 180
20170705 [Fe II] 40 1440

The initial data reduction is carried out by the ORAC-DR pipeline
at UKIRT. Subsequent reductions are carried out using suitable tasks
from the Starlink packages, FIGARO and KAPPA (Currie et al.
2008). The spectra from the two nodded beams of the reduced
spectral image of the standard star are extracted and averaged
after bad-pixel masking and flat-fielding. The averaged spectrum is
then wavelength calibrated using the observed Argon arc spectrum.
Photospheric lines are removed from the standard star spectrum
after a careful interpolation of the continuum across these lines.
The standard star spectrum is then divided by a blackbody spectrum
of the temperature similar to the photospheric temperature of the
standard star. Since our target involves extended emission, sky
subtraction is done by subtracting the off-slit sky from the on-
target spectral image followed by the FIGARO task POLYSKY
that subtracts the residual sky. Subsequent to this, correction for
telluric lines is achieved by dividing the bad-pixel masked, flat-
fielded, sky-subtracted and wavelength calibrated target spectral
image by the standard star spectral image. As the sky condi-
tions were not photometric, we have not performed the flux
calibration.

2.2.2 Imaging

We imaged G12.42+0.50 in the broad-band H filter and the narrow-
band filter centred on the [Fe II] line at 1.644 μm using the UKIRT
Wide-Field Camera (WFCAM; Casali et al. 2007). The WFCAM
consists of four 2048 × 2048 HgCdTe Rockwell Hawaii-II arrays
each with a field of view of 13.65 arcmin × 13.65 arcmin and a pixel
scale of 0.4 arcmin pixel−1. Details of the imaging observations are
included in Table 3. The data reduction was carried out by the
Cambridge Astronomical Survey Unit (CASU).

Continuum subtraction of the narrow-band [Fe II] is performed
following the steps described in Varricatt, Davis & Adamson (2005),
employing multiple Starlink packages. The sky background was
fitted and removed from the images using the KAPPA tasks SURFIT
and SUB. The [Fe II] and H-band images are aligned using the
task WCSALIGN. Since the seeing conditions were different for the
[Fe II] and H-band observations, the image with lower point spread
function (PSF) was smoothed to the full width at half-maximum
(FWHM) of the image with larger PSF. For scaling the broad-
band image, sky-subtracted flux counts of discrete point sources in
both the narrow-band and broad-band images were measured. The
average value of the ratio of the fluxes (H/[Fe II]) was computed
and used to scale the H-band image. Subsequently, the scaled H-

band image was subtracted from the [Fe II] image to construct the
continuum subtracted image.

2.3 NIR data from UWISH2 and UKIDSS survey

The UKIRT Widefield Infrared Survey for H2 (UWISH2) is a 180
deg2 survey of the Galactic plane to probe the 1–0 S(1) ro-vibrational
line of H2 (λ = 2.122 μm) (Froebrich et al. 2011). This survey
used the WFCAM at UKIRT. CASU processed data of the region
associated with G12.42+0.50 was retrieved. We have also used the
K-band image obtained as a part of the UKIRT Infrared Deep Sky
Survey Galactic Plane Survey (UKIDSS-GPS; Lucas et al. 2008)
from the WFCAM Science Archive. Continuum subtraction of the
H2 image is carried out following the same procedures detailed in
Section 2.2.2.

2.4 MIR data from the Spitzer Space Telescope and the
Midcourse Space Experiment

In order to probe the emission at the MIR bands, we made use of
the images of the region around G12.42+0.50 from the archives
of the Spitzer Space Telescope and the images from the Midcourse
Space Experiment (MSX) survey (Price et al. 2001). The Infrared
Array Camera (IRAC) is one of the instruments on the Spitzer Space
Telescope that has simultaneous broad-band imaging capability at
3.6, 4.5, 5.8, and 8.0 μm with angular resolutions ∼2.0 arcsec (Fazio
et al. 2004). The MSX survey mapped the Galactic plane in four
MIR spectral bands 8.28, 12.13, 14.65, and 21.3 μm at a spatial
resolution of ∼18.3 arcsec. In order to investigate the physical
properties of the dust core associated with G12.42+0.50, we use
the 12.13 and 14.65 μm MSX band images, and the level-2 PBCD
8.0 μm image of the GLIMPSE survey.

2.5 FIR data from Hi-GAL survey

FIR data used to study the nature of the cold dust emission was
retrieved from the archives of the Herschel Space Observatory. This
is a 3.4-m telescope that covers the spectral regime of 55–671 μm
(Pilbratt et al. 2010). We use the level 2 processed images from the
Photodetector Array Camera and Spectrometer (PACS; Poglitsch
et al. 2010) and Spectral and Photometric Imaging Receiver (SPIRE;
Griffin et al. 2010) observed as a part of the Herschel infrared
Galactic plane survey (Hi-GAL; Molinari et al. 2010). The Hi-
GAL observations were carried out in ‘parallel mode’ covering 70,
160 μm (PACS) as well as 250, 350, and 500 μm (SPIRE). The
images have resolutions of 5, 13, 18.1, 24.9, and 36.4 arcsec at 70,
160, 250, 300, and 500 μm, respectively.

2.6 APEX+Planck data

The APEX+Planck image is a combination of the APEX Telescope
Large Area Survey of the Galaxy (ATLASGAL; Schuller et al.
2009) at 870 μm, which used the LABOCA bolometer array and the
850 μm map from the Planck/HFI instrument. The combined data
cover emission at larger angular scales, thus revealing the structure
of the cold Galactic dust in more detail (Csengeri et al. 2016). The
combined image has an angular resolution of 21 arcsec.

2.7 SMA observation

G12.42+0.50 was observed using the Submillimeter Array (SMA)
on 2008 July 1 and 8 in its extended configuration. The phase
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Figure 2. (a) The grey scale shows the high-resolution radio continuum map of G12.42+0.50 at 1390 MHz with the contour levels 3, 6, 9, 18, 63, 150, and
172 times σ (σ ∼ 29.7 μJy beam−1). The beam size is ∼3.0 arcsec × 2.4 arcsec. Positions of R1 and R2 are also labelled. The contours of the 6 cm radio
map are overlaid in cyan with the contour levels 3, 4, 6, 12, 21, and 24σ (σ ∼ 0.15 mJy beam−1) and the beam size is ∼2.2 arcsec × 1.1 arcsec. (b) The
radio continuum map of G12.42+0.50 at 610 MHz with contour levels 3, 6, 18, 38, and 60 times σ (σ ∼ 94 μJy beam−1). The beam size is ∼7.6 arcsec ×
4.8 arcsec. The positions of the two radio peaks detected in the 1390 MHz map is indicated by ‘x’. The restoring beams in the 1390 and 610 MHz bands
are represented as open ellipses towards the bottom left of each image and of the 6 cm map is represented as an open cyan ellipse towards the bottom right
in (a).

reference centre was αJ2000 = 18h10m51.s8, δJ2000 = −17◦55′56′′).
In both observations, QSO 1924-292 was observed for gain cor-
rection and Callisto was used for flux-density calibration. The
absolute flux level is accurate to about 15 per cent. Bandpass was
corrected by observing QSO 3C 454.3. The 345 GHz receivers
were tuned to 267 GHz for the lower sideband and 277 GHz for
the upper sideband. The frequency spacing across the spectral
band is 0.812 MHz or ∼ 0.9 km s−1. The 1.1 mm continuum
data were acquired by averaging all the line-free channels over
both the upper and lower spectral bands in the two data sets.
The visibility data are calibrated with the IDL superset MIR
package and imaged with the MIRIAD1 package. The MIRIAD task
SELFCAL is employed to perform self-calibration on the continuum
data. The synthesized beam size and rms noise of the continuum
emission from combining both compact and extended configuration
data are ∼ 1.5 arcsec × 1.0 arcsec and ∼ 3 mJy beam−1, respec-
tively. The lines are not imaged due to low signal-to-noise ratio
levels.

2.8 Molecular line data from MALT90 survey

To understand the gas kinematics in our region of interest, molecular
line data were obtained from the MALT90 survey (Foster et al.
2011; Jackson et al. 2013). The survey, carried out using the
ATNF Mopra 22-m telescope, has simultaneously mapped the
transitions of 16 molecules near 90 GHz with a spectral resolution
of 0.11 km s−1. The Mopra Telescope is a 22-m single-dish radio
telescope operated by The Commonwealth Scientific and Industrial
Research Organisation’s Astronomy and Space Science division.
The data reduction was performed using CLASS90 (Continuum and
Line Analysis Single-dish Software), a GILDAS2 software (Grenoble
Image and Line Data Analysis Software).

1http://admit.astro.umd.edu/miriad/
2http://www.iram.fr/IRAMFR/GILDAS

2.9 James Clerk Maxwell Telescope archival data

The molecular line data for the J = 3–2 transition of 12CO, 13CO, and
C18O were downloaded from the archives of the Heterodyne Array
Receiver Program (HARP) mounted on the James Clerk Maxwell
Telescope (JCMT) operated by the East Asian Observatory. JCMT
is a 15 m telescope and is the largest single-dish astronomical
telescope that operates in the submillimetre wavelength region
of the spectrum. HARP is a Single Sideband array receiver that
can be tuned between 325 and 375 GHz and has an instantaneous
bandwidth of ∼2 GHz and an Intermediate Frequency of 5 GHz. It
comprises of 16 detectors laid out on a 4 × 4 grid, with an on-sky
projected beam separation of 30 arcsec. At 345 GHz, the beam size
is 14 arcsec (Buckle et al. 2009).

2.10 TRAO observation

The molecular line data for the J = 1–0 transition of 13CO was
obtained from the Taeduk Radio Astronomy Observatory (TRAO).
TRAO is a 14 m radio telescope with a single-horn receiver
system operating in the frequency range of 86–115 GHz and
is located on the campus of the Korea Astronomy and Space
Science Institute (KASI) in Daejeon, South Korea. The main
FWHM beam sizes for the 12CO (1–0) and 13CO (1–0) lines are
45 and 47 arcsec, respectively. The system temperature ranges from
150 K for 86–110 GHz to 450 K for 115 GHz and 12CO (Liu
et al. 2018).

3 RESULTS

3.1 Emission from ionized gas

The radio continuum maps at 1390 and 610 MHz, probing the
ionized gas emission associated with G12.42+0.50, are shown in
Fig. 2. The 1390 MHz map reveals the presence of a linear structure
in the north-east and south-west direction comprising of an extended
emission with two distinct and compact components, labelled R1
and R2 in the figure. The component R1 is well resolved, whereas R2
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Table 4. Peak coordinates, peak and integrated flux densities, and deconvolved sizes of the components R1 and R2 associated with G12.42+0.50.

Peak coordinates Deconvolved size (arcsec × arcsec) Peak flux (mJy beam−1) Integrated flux (mJy)

Component RA (J2000) Dec. (J2000) 610 MHz 1390 MHz 5 GHza 610 MHz 1390 MHz 5 GHza 610 MHz 1390 MHz 5 GHza

R1 18 10 51.10 −17 55 49.30 2.6 × 0.6 1.9 × 1.7 1.4 × 1.2 4.4 5.3 3.5 4.7 7.9 6.2

R2 18 10 50.76 −17 55 52.80 – 1.5 × 1.2b 1.1 × 0.6b – 0.6 1.1 – 0.7 1.1

aValues for R1 are from Urquhart et al. (2009) and for R2 they are estimated from the available map.
bUpper limits which is half the FWHM of the restoring beam.

seems to be barely resolved. In this figure, we also plot the contours
of the high-resolution 6 cm (5 GHz) map obtained using VLA by
Urquhart et al. (2009) as part of the RMS survey towards candidate
massive YSOs. Both components are also visible in the 6 cm map. In
comparison, the lower-resolution 610 MHz shows a single, almost
spherical emission region with the peak position coinciding with
R1. However, a discernible elongation is evident towards R2. In
addition, the 1390 MHz map shows a narrow extension in the north-
west and south-east directions. Given that the maps (especially
1390 MHz) have low-level stripes in the said direction, it becomes
difficult to comment on the genuineness of this feature.

Table 4 compiles the coordinates, peak and integrated flux
densities of R1 and R2. The deconvolved sizes and integrated
flux densities are estimated by fitting 2D Gaussians using the task
IMFIT from Common Astronomy Software Application (CASA3;
McMullin et al. 2007). At 610 MHz, the components are not
resolved so the values obtained are assigned to R1 and hence should
be treated as upper limits. For the component R1, the 5 GHz values
are quoted from Urquhart et al. (2009). As for the component R2,
that is barely resolved in both 1390 MHz and 5 GHz maps, we have
set an upper limit to its size at both frequencies. This is taken to be
the FWHM of the respective restoring beams (Urquhart et al. 2009).
Further, at 5 GHz, we take the peak flux density to be the same as
the integrated flux density.

In order to get an in-depth knowledge of the nature of the
observed radio emission, we generate the spectral index map using
our 1390 and 610 MHz maps. The spectral index, α, is defined as
Sν ∝ να , where, Sν is the flux density at frequency ν. GMRT is
not a scaled array, hence, each frequency is sensitive to different
spatial scales. To circumvent this, we generate new maps in the uv
range (0.7–47 Kλ) common to both frequencies. Keeping in mind
the requirement of same pixel size and resolution, pixel and beam-
matching is taken into account while generating the new maps.
The spectral index map is then constructed using the task COMB
in AIPS. Further, to ensure reliable estimates of the spectral index,
we retain only those pixels with flux density greater than 5σ (σ
being the rms noise of the map) in both maps. The generated
spectral index map and the corresponding error map, which has
the same resolution as that of the 610 MHz map (∼7.6 arcsec ×
4.8 arcsec), are presented in Fig. 3. As seen from the figure, the
spectral index values vary between 0.3 and 0.9 with the estimated
errors involved being less than ∼ 0.15, barring a few pixels at
the edges. These values indicate that the region is dominated by
thermal bremsstrahlung emission of varying optical depth (Curiel
et al. 1993; Rodriguez et al. 1993; Kobulnicky & Johnson 1999;
Rosero et al. 2016). Moreover, spectral index values in the range of
0.4–0.9 are also typically seen in regions associated with thermal
jets (e.g. Panagia & Felli 1975; Reynolds 1986; Purser et al. 2016;

3https://casa.nrao.edu

Figure 3. (a) Spectral index map of G12.42+0.50 between 1390 and
610 MHz. Black curves represent the spectral index levels. The blue contour
shows the 5σ (σ ∼ 0.4 × 10−4 Jy beam−1) level of the 610 MHz map used
to construct the spectral index map. The red ‘x’s mark the positions of the
radio components, R1 and R2. The dashed purple line indicates the possible
direction of the ionized jet. The spectral index varies from 0.3 to 0.7 along
the possible jet axis. The error map is shown in (b). The errors involved are
�0.15, barring a few pixels at the edges.

Sanna et al. 2016). We will revisit these results obtained in a later
section, where we explore various scenarios to adequately explain
the nature of the radio emission.

3.2 Emission from shock indicators

As discussed in the introduction, there is growing evidence in
literature associating EGOs with MYSOs, notwithstanding the
ongoing debate regarding their exact nature. Several mechanisms,
like shocked emission in outflows, fluorescent emission or scattered
continuum from MYSOs (Noriega-Crespo et al. 2004; De Buizer &
Vacca 2010; Takami et al. 2012), are invoked to identify the
spectral carriers of the enhanced 4.5 μm emission. The picture of

MNRAS 485, 1775–1799 (2019)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/485/2/1775/5322185 by KASI user on 11 M
arch 2019

https://casa.nrao.edu


Extended green object G12.42+0.50 1781

shocked emission from outflows suggests the spectral carriers to be
molecular and atomic shock indicators like H2 and [Fe II] as well as
the broad CO bandhead. All of these have distinct features within
the 4.5 μm IRAC band. However, Simpson et al. (2012), while
investigating the population of MYSOs in the G333.2–0.4 region,
opine that the excess 4.5 μm could not be attributed to the H2

lines as these would be too faint to be detected at this wavelength.
Instead, they support a scattered continuum or the CO bandhead
origin. From the L- and M-band spectra of two EGOs, De Buizer &
Vacca (2010) show the H2 line hypothesis to be consistent with
one of them (G19.88-0.53), while in the other target (G49.27-0.34),
the spectra shows only continuum emission. So far, spectroscopic
studies of EGOs in the 4.5 μm and the NIR are few (De Buizer &
Vacca 2010; Caratti o Garatti et al. 2015; Onaka et al. 2016), thus
keeping the debate on their nature ongoing. In the NIR domain, a
few studies have focused towards narrow-band imaging (Lee et al.
(2012, 2013). Based on the UWISH2 survey images, Lee et al.
(2012, 2013) present a complete H2 line emission census of EGOs
in the northern Galactic plane.

3.2.1 Narrow-band Imaging

H2 line emission towards G12.42+0.50 has been investigated in
Lee et al. (2012). They ascribe the extended emission seen in
the continuum-subtracted image to be the result of residuals of
continuum subtraction rather than real H2 line emission. In order
to carefully scrutinize the NIR picture of G12.42+0.50, we revisit
the H2 line emission from images retrieved from the UWISH2
survey. In addition, we also probe the [Fe II] line image that is
a robust indicator of shocks as compared to the H2 lines (Shinn
et al. 2014).

Following the procedure outlined in Section 2.2.2, we construct
the continuum subtracted H2 and [Fe II] line images that are
presented in Fig. 4. In the continuum-subtracted H2 image, the
morphology is similar to that obtained by Lee et al. (2012). An
extended emission is seen towards the peak of the 4.5 μm emission
coinciding with the location of the radio component R1. Ideally,
a narrow-band continuum filter should enable a better continuum
subtraction but in the absence of the same, we have ensured PSF
matching and proper scaling of the broad K-band image. Contrary
to the suggestion by Lee et al. (2012), we believe that the extended
H2 line emission detected in the continuum-subtracted image is
genuine. This finds strength in the spectra obtained and discussed
in the next section. In addition, diffuse line emission is seen towards
the north-east and east of R1 as well towards the south-west.
The continuum-subtracted [Fe II] image shows a weak, extended
emission coinciding with the brighter part of the H2 line emission.

3.2.2 NIR spectroscopy

As is clear from earlier discussions, studies towards identifying the
spectral carriers of the 4.5 μm emission are crucial in understanding
the nature of EGOs and confirming their association with MYSOs.
Given the lack of sensitive spectrometers in the 4.5 μm region, spec-
troscopy in the NIR becomes indispensable. We probe G12.42+0.50
with NIR spectroscopy to understand further the results obtained
from narrow-band imaging. From the continuum-subtracted line
images shown in Fig. 4 and the UKIDSS K-band image shown in
Fig. 1, presence of faint nebulosity around the peak position (that
coincides with the 4.5 μm peak) and towards the south-west is
clearly visible. The slit orientation shown in Fig. 4 ensures that

Figure 4. (a) Continuum subtracted H2 image made using the UWISH2
survey data. (b) Continuum subtracted [Fe II] image made using UKIRT-
WFCAM observations towards G12.42+0.50. The positions of the identified
radio components R1 and R2 are indicated. The blue contours represent the
4.5 μm emission with the levels 3, 60, 120, and 220σ (σ ∼ 1.5 MJy sr−1).
The red rectangles show the orientation of the slit and denote the apertures
used for spectra extraction (see the text in Section 3.2.2) .

Table 5. Lines detected in the spectra extracted
from aperture A1 towards G12.42+0.50.

Line Wavelength (μm)

[Fe II] 1.644
H2 1–0 S(3) 1.958
He I 2.059
H2 1–0 S(1) 2.122
H2 1–0 S(0) 2.224
H2 1–0 Q(1) 2.407
H2 1–0 Q(2) 2.413
H2 1–0 Q(3) 2.424

the regions harbouring the radio components and the extended H2

line emission towards the north-east of the peak and the detached
elongated nebulosity towards the south-west are probed.

The HK spectra extracted over the three identified apertures
(marked in Fig. 4) are shown in Fig. 5. The top-panel of Fig. 5
shows the spectrum over aperture A1 with the line details listed in
Table 5. This aperture covers the radio component R1 and portions
of the extended H2 emission seen towards the north-east of the
4.5 μm peak. The spectrum shows clear detection of three emission
lines of molecular H2 with the most prominent feature being the
1–0 S(1) line at 2.122 μm. No H2 line is detected in the blue
part (1.5–1.8 μm) of the spectrum but there is a weak [Fe II] line
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1782 N. Issac et al.

Figure 5. The HK spectrum of G12.42+0.50 extracted over the apertures A1, A2, and A3. The aperture A1 covers the radio component R1 and the extended H2

emission seen towards the north-east, A2 covers the second radio component R2 and A3 samples the detached, extended emission seen towards the south-west.
The shaded area marks the region of poor sky transparency. The identified spectral lines along aperture A1 are marked over the spectrum with the details given
in Table 5. No emission lines above the noise level are detected in the spectra extracted over A2 and A3.

Figure 6. The KL spectrum of G12.42+0.50 extracted over the apertures A1, A2, and A3. The regions covered by all the three apertures are the same as given
in Fig. 5. The identified spectral lines along aperture A1 are marked over the spectrum with the details given in Table 5. No emission lines above the noise level
are detected in the spectra extracted over A2 and A3.
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Extended green object G12.42+0.50 1783

Figure 7. Dust emission in the region associated with G12.42+0.50 at the MIR and FIR wavelengths (3.6 μm–1.1 mm). All the images from (a) to (j)
have the same field of view. Skeletons of six clearly identified filaments are overlaid on the 8.0 and 350 μm maps. The position of the EGO, G12.42+0.50
is shown within a purple circle on the 3.6, 4.5, 5.8, and 8.0 μm IRAC maps. The location of the two infrared dust bubbles (MWP1G012417+005383 and
MWP1G012419 + 005399) are indicated by white ‘x’s on the 8.0 μm map, (d). (d) and (j) show the retrieved aperture of clump C1. Another clump detected
towards south-east of G12.42+0.50 is shown in the 870 μm map, (j). (k) shows the SMA 1.1 mm map with the contour levels 3, 12, 21, 30, and 39 times σ (σ
∼ 3 mJy beam−1). The blue ‘x’s on the 1.1 mm map mark the positions of the radio components R1 and R2.

detected at 1.644 μm These lines of H2 and [Fe II] are commonly
observed in outflows/jets. In addition, He I at 2.059 μm is also
seen in the extracted spectrum. Apart from the emission lines, the
continuum slope is seen rising towards the red thus, indicating
a highly reddened source. Fig. 5 also plots the extracted spectra
over the apertures A2 and A3 in the middle and lower panels,
respectively. Aperture A2 covers the second radio component R2
and aperture A3 samples the detached, extended emission seen
towards the south-west. No emission lines above the noise level are
detected in these and the spectra displayed are flat.

In Fig. 6, we present the extracted spectra in the KL band.
The displayed spectra has been truncated at 2.45 μm due to poor
signal-to-noise ratio owing to less than optimal sky transparency.
In aperture A1, three additional emission lines of molecular H2 are
prominent. The other two apertures do not show the presence of any
spectral feature. The detected lines are listed in Table 5.

The observed H2 line emissions seen in the spectra of
G12.42+0.50 can be attributed to either thermal or non-thermal
excitation. The thermal emission mostly originates from shocked
neutral gas in outflows/jets that are heated up to a few 1000 K,
whereas the non-thermal emission is understood to be due to UV

fluorescence by non-ionizing UV photons. These two competing
mechanisms populate different energy levels, thus yielding different
line ratios (Davis et al. 2003; Caratti o Garatti et al. 2015; Veena et al.
2016). UV fluorescence excites higher vibrational levels. The H2

lines detected in G12.42+0.50 originate from the upper vibrational
level, ν = 1 suggesting a low level of excitation. The absence of high
vibrational state transitions supports the shock-excited origin of the
detected lines. Lack of fluorescent H2 line emission in G12.42+0.50
may also be due to veiling of UV photons from the central star due to
high extinction. Nevertheless, given the association with an outflow
source, shock-excited origin is most likely the case.

3.3 Emission from the dust component

The dust emission at MIR and FIR wavelengths sampled in
the IRAC, Hi-Gal, ATLASGAL-Planck, and SMA wavelengths
(3.6 μm−1.1 mm) in the region associated with G12.42+0.50 is
shown in Fig. 7. In the IRAC bands, various emission mechanisms
come into play and contribute towards the warm dust component
(Watson et al. 2008). Thermal emission from the circumstellar
dust heated by the stellar radiation and emission from the UV
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excited polycyclic aromatic hydrocarbons in the photodissociation
regions are known to be the dominant contributors. In the shorter
IRAC wavelengths (3.6, 4.5 μm), where mostly the stellar sources
are sampled, emission from the stellar photosphere would also
be appreciable. Apart from this, shock-excited H2 line emission
and diffuse emission in the Br α and Pf β lines would also exist.
Further, in case of H II regions, one expects significant contribution
from the Ly α heated dust (Hoare, Roche & Glencross 1991). The
morphology in the IRAC bands is similar and the emission becomes
more prominent at 8.0 μm. Dark filamentary features (bright in
the negative images shown) are seen in silhouette towards the
south-west in the 8.0 μm map. The skeletons of the six clearly
identified filamentary features are overlaid on the 8.0 μm map. In
addition, an extended emission feature is seen towards the north-
west of G12.42+0.50, being prominent in the 5.8, 8.0, and 70 μm
images. Two infrared dust bubbles (MWP1G012417+005383 and
MWP1G012419+005399) are found to be associated with this
feature and are marked in Fig. 7(d). No further literature is available
on these bubbles so we drop them in further discussion.

As we move towards the longer wavelengths, cold dust emis-
sion associated with G12.42+0.50 becomes enhanced and more
extended. From the ATLASGAL-Planck combined 870 μm map, we
identify two clumps using the 2D Clumpfind algorithm (Williams,
de Geus & Blitz 1994) with 2σ (σ = 0.3 Jy beam−1) threshold and
optimum contour levels. The apertures of the identified clumps are
overlaid on the 870 μm map in Fig. 7(j). While one of the clumps,
hereafter C1, is associated with G12.42+0.50, another clump lies
towards the south-east of G12.42+0.50 at an angular distance of
∼6 arcmin. From the H13CO+ molecular line data (Section 3.4),
we estimate the LSR velocity of this clump to be 31.5 km s−1.
Comparing this with the estimated LSR velocity of G12.42+0.50
(18.3 km s−1), it is unlikely that the clump has any association with
G12.42+0.50. The identified filaments now appear in emission and
are shown on the 350 μm map. Interestingly, these filaments seem
to converge towards clump C1. As mentioned in the introduction,
the morphology has an uncanny resemblance to a hub-filament
structure, detailed discussion of which is presented in Section 4.2.3.
Furthermore, in the high-resolution 1.1 mm SMA map, the inner
region of the cold dust clump, C1 associated with G12.42+0.50 is
seen to harbour two, dense and bright compact cores labelled on
the map as SMA1 and SMA2. Additionally, a few bright emission
knots are detected in the SMA map including the one highlighted
as SMA3 that coincides with the radio component R2.

3.3.1 Properties of SMA cores

From the SMA 1.1 mm map shown in Fig. 7(k), SMA1 and SMA2
show up as dense, compact cores possibly in a binary system. SMA3,
on the other hand, looks more like a clumpy region of density
enhancement. Following the method described by Kauffmann et al.
(2008), the masses of the SMA components are computed using the
equation

M = 0.12 M�
(

e1.439(λ/mm)−1(T /10 K)−1 − 1
)

×
(

κν

0.01 cm2 g−1

)−1 (
Fν

Jy

) (
d

100 pc

)2 (
λ

mm

)3

, (2)

where the opacity is

κν = 0.1(ν/1000 GHz)β cm2 g−1. (3)

β is the dust emissivity spectral index that is fixed at 2.0 (Hildebrand
1983; Beckwith et al. 1990; André et al. 2010). Fν is the integrated

flux density of each component, d is the distance to the source,
and λ is the wavelength taken as 1.1 mm. The temperature, T is
taken to be 26.8 K for SMA1 and SMA2 and 22.7 K for SMA3,
from their positions in the dust temperature map (Section 3.3.3).
The peak positions and flux densities, integrated flux densities,
the deconvolved sizes, and the masses of the of the 1.1 mm
SMA cores are presented in Table 6. The deconvolved sizes and
integrated flux densities of the cores are evaluated by fitting 2D
Gaussians to each component using the 2D fitting tool of CASA

viewer. From the mass and size estimates, SMA1 and SMA2 qualify
as potential high-mass star-forming cores satisfying the criterion,
m(r) > 870 M�(r/pc)1.33 (Kauffmann et al. 2010b).

3.3.2 SED modelling of C1

In an attempt to understand the properties of the dust clump (C1)
associated with G12.42+0.50, we model the infrared flux densities
with a two-component modified blackbody using the following
functional form (Lis & Menten 1998)

Sν = [�1 a Bν(T1) + �2 (1 − a) Bν(T2)](1 − e−τν ), (4)

where

τν = μH2 mHκνN (H2). (5)

Here, Sν is the integrated flux density of C1, �1, and �2 are the
solid angles subtended by the apertures used for estimating the flux
densities at the FIR and MIR wavelengths, respectively. a is the ratio
of optical depth in the warmer component to the total optical depth,
Bν(T1) and Bν(T2) are the blackbody functions at dust temperatures
T1 and T2, respectively, μH2 is the mean molecular weight (taken as
2.8; Kauffmann et al. 2008), mH is the mass of hydrogen atom, κν

is the dust opacity, and N(H2) is the hydrogen column density. For
opacity, we assume the function κν = 0.1(ν/1000 GHz)β cm2 g−1,
where β is the dust emissivity spectral index for which, a value of
2.0 is adopted as in the previous section.

In addition to the Spitzer-IRAC, Herschel, and ATLASGAL
wavebands, we have also included flux densities from the MSX
survey4 at 12.13 and 14.65 μm to constrain the model in the MIR
wavelength. The integrated flux densities of the dust clump at the
MIR wavelengths are measured within the area defined by the 4σ

contour level of the 8.0 μm image (274 arcsec2) and longward
of 70 μm, the integration is done over the area defined by the
Clumpfind aperture for C1 (13 720 arcsec2). Background emission
is estimated using the same apertures on nearby sky region (visually
scrutinized to be smooth) and subtracted. Estimated flux densities
are listed in Table 7. Schuller et al. (2009) and Launhardt et al.
(2013) use a conservative 15 per cent uncertainty in the flux densities
of the Herschel bands. We adopt the same value here for all the
bands. Model fitting is carried out using the non-linear least square
Levenberg–Marquardt algorithm with T1, T2, N(H2) and a taken
as free parameters. The best-fitting temperature values are 25.0
± 1.0 K (cold) and 183.2 ± 12.0 K (warm), respectively. The
model fit also gives an estimate of the hydrogen column density,
N (H2) = 2.1 × 1022 cm−2. This result shows that the dust clump in
G12.42 + 0.50 consists of an inner warm component surrounded
by an extended outer, cold envelope traced mostly by the FIR
wavelengths. It should be noted here that we have excluded the
data points below 8.0 μm while fitting the model. This is because
the emission at 4.5 and 5.8 μm may largely be dominated by shock

4https://irsa.ipac.caltech.edu/applications/MSX/MSX/
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Table 6. Physical parameters of the 1.1 mm continuum emission near G12.42+0.50.

Component Peak position Deconvolved size Integrated flux Peak flux Mass
RA (J2000) (h m s) Dec. (J2000) (◦ ′ ′′) (arcsec × arcsec) (mJy) (mJy beam−1) (M�)

SMA1 18 10 51.3 −17 55 46.3 1.4 × 0.5 190 109 14.8
SMA2 18 10 51.4 −17 55 48.1 1.3 × 0.4 221 136 17.2
SMA3 18 10 50.8 −17 55 52.8 1.5 × 0.7 57 34 5.5

Table 7. Integrated flux densities of the dust core associated with G12.42+0.50.

Wavelength (μm) 3.6 4.5 5.8 8.0 12.13 14.65 70 160 250 350 500 870

Flux density (Jy) 0.6 0.9 3.3 8.4 57.7 129.8 1942.6 2575.5 1140.7 535.3 182.5 35.9

excitation and the 3.6 μm emission may arise from even hotter
components. The SED and the best-fitting modified blackbody are
shown in Fig. 8. The bolometric luminosity estimated from the two-
component SED model over 8.0–870 μm is 2.8 × 104 L�. It is a
factor of 1.6 higher to that obtained by Vutisalchavakul & Evans
(2013), who use the IRAS band flux densities. However, our values
are in fair agreement to the estimate of 3.2 × 104 L� (Osterloh
et al. 1997), where flux densities between 2.1 and 1.3 mm are
included.

3.3.3 Nature and distribution of cold dust emission

We probe the nature of the cold dust associated with G12.42+0.50,
using the Herschel FIR bands that cover the wavelength range of
160–500 μm and the combined ATLASGAL-Planck data at 870 μm.
The dust temperature and the line-of-sight average molecular
hydrogen column density maps are generated by a pixel-by-pixel
modified single-temperature blackbody model fitting. While fitting
the model, we assume the emission at these wavelengths to be
optically thin. Following the discussion in several papers (Anderson
et al. 2010; Peretto et al. 2010; Battersby et al. 2011; Das et al.
2018), we exclude the 70 μm data point as the optically thin
assumption would not hold. In addition, the emission here would

Figure 8. Spectral energy distribution of the dust core associated with
G12.42 + 0.50 in the wavelength range of 3.6–870 μm. Assumed 15 per cent
errors are indicated. The solid curve represents the best-fitting two-
component model with a warm component at 183 K and a cold envelope at
25 K.

have significant contribution from the warm dust component thus
modelling with a single-temperature blackbody would overestimate
the derived temperatures. Given this, the model fitting is done with
only five points that lie on the Rayleigh–Jeans tail.

The first step towards the generation of the temperature and
column density maps is to have the maps from SPIRE, PACS,
and ATLASGAL-Planck in the same units. The units of the SPIRE
map which is in MJy sr−1 is converted to Jy pixel−1 which is
the unit for the 160 μm PACS map. Similarly, the ATLASGAL-
Planck map that has the unit of Jy beam−1 is also converted to
Jy pixel−1. The maps are at different resolutions and pixel sizes.
The pixel-by-pixel routine makes it mandatory to convolve and
regrid the maps to a common resolution and pixel size of 36 and
14 arcsec, respectively, which are the parameters of the 500 μm
map (as it has the lowest resolution). Convolution kernels are taken
from Aniano et al. (2011) for the Herschel maps. Since no pre-made
convolution kernel is available for the ATLASGAL-Planck map, we
use a Gaussian kernel. These preliminary steps are carried out using
the software package, HIPE.5

The maps include sky/background emission that is a result of the
cosmic microwave background and the diffuse Galactic emission.
In order to correct for the flux offsets due to this background
contribution, we select a relatively uniform and dark region (free of
bright, diffuse or filamentary emission) at a distance of ∼0.25◦ from
G12.42+0.50. The same region is used for background subtraction
in all the five bands. Using the method described in several papers
(Battersby et al. 2011; Launhardt et al. 2013; Das et al. 2017, 2018;
Ramachandran et al. 2017) the background values, Ibg are estimated
to be −2.31, 2.15, 1.03, 0.37, and 0.08 Jy pixel−1 at 160, 250, 350,
500, and 870 μm, respectively. The negative flux value at 160 μm
is due to the arbitrary scaling of the PACS images.

To probe an extended area encompassing G12.42+0.50 and the
related filaments, we select a 12.8 arcmin×12.8 arcmin region
centred at αJ2000 = 18h10m41.s8, δJ2000 = −17◦57′23′′. The model
fitting algorithm was based on the following formulation (Ward-
Thompson & Robson 1990; Battersby et al. 2011; Launhardt et al.
2013; Mallick et al. 2015):

Sν(ν) − Ibg(ν) = Bν(ν, Td ) � (1 − e−τν ), (6)

where τ ν is given by equation (5), Sν is the observed flux density,
Bν(ν, Td) is the Planck function, Td is the dust temperature, � is

5The software package for Herschel Interactive Processing Environment
(HIPE) is the application that allows users to work with the Herschel data,
including finding the data products, interactive analysis, plotting of data,
and data manipulation.
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Figure 9. (a) Column density, (b) temperature, and (c) reduced χ2 maps
towards G12.42+0.50 generated using the Herschel FIR data and the
ATLASGAL-Planck data. The Clumpfind retrieved clump, C1, and the
visually identified clumps from the column density map are marked on
the maps. The ‘x’s mark the positions of the peak column densities of each
clump in the column density map. Skeletons of the filaments identified from
the 8.0 μm map is overlaid on the column density and temperature maps.

the solid angle in steradians, from where the flux is measured (solid
angle subtended by a 14 arcsec × 14 arcsec pixel) and the rest of the
parameters are the same as used in the previous section. Following
the same procedure discussed in Section 3.3.2, SED modelling
for each pixel is carried out keeping the dust temperature, Td and
column density, N(H2) as free parameters. The dust temperature
and column density maps generated are displayed in Fig. 9 along

with the reduced χ2 map. The reduced χ2 map indicates that the
fitting uncertainties are small with a maximum value of 4 towards
the bright central emission where the 250 μm image (Fig. 7e) has
a few bad pixels. The column density map reveals a dense, bright
region towards clump, C1 that envelopes G12.42+0.50. Also, clear
is increased density along the filamentary structures identified in
Section 3.3. The apertures of the clump C1 identified from the
870 μm is overlaid on the maps. Using 3 × 3 pixel grids, local
column density peaks are identified above 3σ threshold (σ = 2.3 ×
1021 cm−2). 11 additional clumps were thus identified located within
the 3σ contour. Subsequent to this, a careful visual inspection is
done and ellipses are marked to encompass most of the clump
emission.

Two high-temperature regions are seen in the dust temperature
map coinciding with G12.42+0.50 and the two bubbles discussed
earlier. The warmest temperature in the map is found to be 28.6 K
and is located a pixel to the north-east of SMA1, SMA2, and peak
position of R1. The mean dust temperature and column density
of C1 is found to be 19.9 K and 3.3×1022 cm−2, respectively. It
has to be noted here that the mean temperature we obtain here is
less than the temperature of the cold component we estimate from
the two-component model by ∼ 5 K. This is because, unlike the
two-component modelling, here we do not include the emission
at 70 μm. Similarly, the column density we obtain here is greater
than the column density estimated using the two-component fit by
a factor of ∼1.6. A striking feature noticed is the distinct low dust
temperatures along the filaments.

3.3.4 Properties of cold dust clumps

Several physical parameters of the identified clumps are derived.
The enclosed area within the Clumpfind retrieved aperture of C1
is used to determine the effective radius, r = (A/π)0.5 (Kauffmann
et al. 2010a), where A is the area. For the visually identified clumps
(C2–C12), the effective radius is taken to be the geometric mean
of the semimajor and semiminor axes of the ellipses bounding the
clumps. From the derived column density values, we estimate the
mass of the dust clumps using the following expression:

MC = μH2
mHApixel�N (H2), (7)

where Apixel is the area of a pixel in cm2, μH2 is the mean molecular
weight (2.8), and mH is the mass of hydrogen atom. The volume
number density of the clump is estimated using the expression

n(H2) = 3 MC

4πR3μmH
. (8)

The peak position, radius, mean temperature and column density,
integrated column density, mass, and volume number density of
the identified clumps are listed in Table 8. The clump enclosing
G12.42+0.50, C1, is the largest and most massive clump having a
radius 0.8 pc, column density 3.3 × 1022 cm−2, and mass 1375 M�.
He et al. (2015) derives the radius, column density, and mass of the
clump associated with G12.42+0.50 to be 0.57 pc, 1.3 × 1023 cm−2,
and 724 M�, respectively. Apart from a larger size estimated by
us, the other factors contributing to this difference in the estimated
values of mass and column density are the different opacity and
dust temperature values adopted by He et al. (2015).

3.4 Molecular line emission from G12.42+0.50

The molecular line emission provides information on the kinematics
and chemical structure of a molecular cloud in addition to throwing
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