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Abstract

Massive stars (M 2 8 M), through their radiative, mechanical and chemical feedback,
play a vital role in the evolution of the galaxies and hence the Universe. Given their
enormous luminosity of the order of ~ 10° L, they dictate the energy budget of galax-
ies through powerful winds, strong radiations and supernova events. Despite being a key
player, most aspects of the processes involved in the formation of massive stars remain
unclear in both the observational as well as the theoretical front. Being deeply embed-
ded, short-lived, and rare, poses observational challenges in studying this mass regime.
Though several statistical studies have been conducted to explore the generic properties of
high-mass star-forming regions, observational studies focussing on individual star-forming
regions are few, especially towards the the initial stages of formation.

This motivates the investigation on the early phases of high-mass star formation presented
in this thesis. Towards achieving this goal, we probe two extended green objects, EGOs
G12.4240.50 and G19.88-0.53, using the data obtained from different telescopes covering
a wide wavelength range. These include dedicated observations as well as archival datasets.
These sources are selected based on their large angular extent and flux densities at 4.5 um
and also being embedded within infrared dark clouds. The nature of the associated ionized
gas emission is examined using low-frequency radio continuum observations carried out
using the Giant Meterwave Radio Telescope, India. The ionized component of both EGOs
display elongated morphology, with distinct radio components. The spectral index values,
lying in the range 0.3 — 0.7, derived from the radio flux densities, indicate that both the
regions are dominated by thermal bremsstrahlung emission. These values of spectral index
are consistent with the radio emission arising from an ionized thermal jet. Further, several
observational manifestations, like weak radio emission, linear morphology, and association
with large-scale molecular outflows with the jet candidate at its centroid, are consistent with
the thermal radio jet scenario interpretation from radio observations. Shock-excited lines
of Hs and [Felr], as seen in the near-infrared spectra towards these sources, obtained using
the United Kingdom Infrared Telescope, lend further support to the ionized jet scenario.
However, given the compact and almost spherical morphology of one of the radio compo-
nents associated with G12.42+0.50, we investigate the nature of the radio emission under
the UC H1I region framework under the assumption that the emission at 1390 MHz is op-
tically thin and arises from a spherical, homogeneous and isothermal medium. The Lyman
continuum flux hence derived, translates to an ionizing star of spectral type of B1-B0.5.

Given compelling evidence supporting, both, the UC H1I region and ionized jet scenarios,

1X



we are prompted to consider the coexistence of the UC H 11 region with the ionized jet, both
powered by the same massive young stellar object.

Cold dust emission mapped at far-infrared wavelengths, reveals massive dust clumps of
masses > 1000 M enveloping the EGOs. Zooming-in on the inner regions of these
clumps at millimeter wavelengths with high-resolution continuum data from SMA and
ALMA unravel the presence of dense and compact dust cores deeply embedded within
the cold dust clumps. Based on the mass and size estimates, all the dense cores detected
towards G12.42+0.50 and G19.88-0.53 have the potential to form high-mass stars. Signa-
ture of a hub-filament system is seen in the Spitzer-IRAC 8.0 um and far-infrared images of
G12.42+0.50 and is supported by the constructed H, column density and dust temperature
maps. Detailed investigation of the molecular gas kinematics using the archival dataset
from JCMT agrees with bulk motion in the filaments and suggests a likely picture of gas
inflow along the filaments to the massive dust clump enveloping G12.42+0.50. The gas
kinematics study using the archival datasets from the MALT90 survey and JCMT also un-
veils the presence of both infall activity and large-scale outflow, suggesting an early stage
of massive star formation in G12.42+0.50. Probing the gas kinematics using the archival
ALMA data reveals G19.88-0.53 as an active protocluster with high-mass star-forming
components spanning a wide evolutionary spectrum from hot cores in accretion phase to
cores driving multiple outflows to possible UC H1I regions.

Investigating the star-forming Planck Galactic Cold Clump, G133.50+9.01 using the molec-
ular line observations from the Purple Mountain Observatory reveals a picture of two collid-
ing clouds, G133a and G133b, triggering the formation of a complex network of filaments,
dense cores and YSOs. Observational evidence suggests the likelihood of the collision of
the two clouds, forming a shock-compressed layer in the intersection region, characterised
by broad bridging features, a characteristic signature of cloud-cloud collision. The shocked
layer exhibits an arc like morphology with enhanced excitation temperature and Hy column
density. Conforming with magneto-hydrodynamic simulations, the formation of a complex
network of filaments with 14 embedded dense cores is deduced from the SCUBA-2 850 yum
map, lying along the shocked layer, where the background magnetic field is amplified in
the direction perpendicular to the filaments. An over-density of Class I and II YSOs along
the intersection arc advocates for collision induced cluster formation in G133.50+9.01.
The in-depth, multiwavelength studies carried out as a part of this thesis work elaborates the
potential of such studies to decipher various components and processes involved during the
early phases of high-mass stars. Such detailed observational studies are key to establishing

the much needed database required to validate the proposed theories.
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3.14 (a) The grey scale shows the 4.5 ym map. The green contours represent

3.15

the ATLASGAL 870 um emission. The contour levels are 3, 9, 27, 72
and 108 times o (o ~ 0.06 Jy beam ™). The HCO™ spectrum shown in
blue and the H¥CO* spectrum shown in red are overlaid. The spectra are
boxcar-smoothed by five channels that corresponds to a velocity smooth-
ing of 0.6 kms~!. The dashed vertical lines indicate the LSR velocity es-
timated by averaging the peak positions of the H3CO™ line in all the re-
gions where the line is detected. The peak position of the 870 ym emission
is marked by a magenta ‘x’. (b) The HCO™ spectrum extracted towards
the ATLASGAL 870 pum peak . The best fit obtained using the ‘two-layer’
model is shown in red. The solid blue line represents the LSR velocity,
18.3km s~! derived from the optically thin H'*CO™ line and the dashed
blue line represents the LSR velocity obtained from the model fit. The
red arrow points to a blue-wing which could indicate a possible molecular

outflow. . . . . . e

(a) The Spitzer IRAC colour composite image of G12.42+0.50, overlaid
with the SMA 1.1 mm emission contours in black, with the contour levels
same as in Fig.3.7(k). The 2CO (3 — 2) emission integrated from the peak
of the blueshifted profile to the blue wings (9.3 — 15.8kms™1) is repre-
sented using blue contours and from the peak of the red profile to the red
wings (20.8 — 27.3kms™!) is represented using red contours. The con-
tours start from the 5o level for both the red and blue lobes and increases
in steps of 3¢ and 40, respectively (¢ = 2.7 Kkms™! for red lobe and
o = 2.3Kkms™! for blue lobe ). The yellow line defines the cut along
which the position-velocity (PV) diagram is made. The cut is selected in
such a way that it passes through the red and blue lobes and also through the
extended green emission. The red and blue lobes of the molecular outflow
lie along a similar axis as the ionized jet. (b) The colour scale represents
the 1.1 mm continuum emission from SMA observed towards G12.42+0.50
with the contour levels same as in Fig.3.7(k). Radio emission at 1390 MHz
is represented by yellow contours with the contour levels same as that in
Fig. 3.2(a). The restoring beams of the 1390 MHz map and 1.1 mm map are
indicated at the bottom- right and left of the image, respectively. The ‘X’s
indicate the positions of R1 and R2. The white circle marks the position of
the HoO maser in the vicinity of G12.42+0.50.. . . . . . . . .. ... ...
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3.16 The PV diagram of the >CO (3 — 2) transition along the cut shown in yel-

3.17

3.18

3.19

4.1

low in Fig. 3.15(a) at a position angle of 32°. The contour levels are 4, 9,
14 and 18 times o (0 ~ 1.0 K). The zero offset in the PV diagram corre-
sponds to the position of the central coordinate of G12.42+0.50 (ay2000 =
18M10™51.15, 619000 = —17°55'50”). The LSR velocity, 18.3kms™!, is
represented by the dashedred line. . . . . . .. .. ... ... ... ...,

Channel maps of '2CO (3 — 2) line associated with molecular cloud har-
bouring G12.42+0.50. Each box contains a pair of maps corresponding to
the red- and blueshifted emission at the same offset from the LSR velocity.
The channel widths are indicated at the top left of each map. The red con-
tours correspcend to the red wing and the blue contours correspond to the
blue wing. The contours start from the 30 level of each map and increases

instepsof 30. . . . ...

Channel maps of '2CO emission is shown here with each channel having
a velocity width of 0.5 km s~!. For each map, the black contours represent

the 2CO emission starting from the 30 level and increasing with a step of

The velocity peaks of 2CO (3 — 2) extracted along the filaments is over-
laid on the column density map of the region associated with G12.42+0.50

shown in grey scale. The positions of all the filaments are also labelled.

(a)IRAC colour composite image of the region around G19.88-0.53 where
the 3.6, 4.5, and 8.0 um bands are displayed in red, green, and blue, respec-
tively. Location of the identified IRDC is shown with the ‘X’ symbol. The
‘4’ marks the position of the MYSO located at 4.5 ym emission peak and
the black circles are the positions of the EGO knots discussed by De Buizer
& Vacca (2010). (b)UKIDSS colour composite image of the same region.
Here, J (1.25 pum), H (1.63 ym) and K (2.20 pm) band data are shown in

red, green, and blue, respectively. . . . . . ... ... oL Lo
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4.2 (a) The grey scale in this image corresponds to the 651.4 MHz map in the
band 550 — 850 MHz (Band 5). It has a beam size of 11.5” x 7.6”. (b)
The grey scale here shows the radio continuum map of G19.88-0.53 at the
frequency 1391.6 MHz in the band 1050 — 1450 MHz (Band 5) with the
contour levels 3, 4, 5, and 60 (0 = 45 uJy beam~!. This map has a beam
size of 4.3"” x 2.7”. Radio sources A — H, identified by Rosero et al. (2016),
are marked by filled circles and the three radio components IRAS 18264-
1152a, IRAS 18264-1152b and IRAS 18264-1152c, identified by Zapata
et al. (20006), are indicated by filled triangles. (c) The grey scale represents
the MAGPIS map at 20 cm that has a beam size of 6.2” x 5.4”. Contours
of the 4.5 ym emission are overlaid in red on all the maps, with the contour
levels 3,9, 30 and 1200 (0 = 5.0 MJy sr~1). The positions of the two radio
components, R1 and R2 are marked by ‘x’s, and the position of the MYSO
(De Buizer & Vacca, 2010) associated with G19.88-0.53 is indicated with
‘+” in all the maps. The beams of all the images are represented in black
ellipses. . . . . . . 103

4.3  Continuum subtracted Hs image of G19.88-0.53 from Varricatt et al. (2010).
The positions of the identified radio components, R1 and R2 are marked by
‘x’s. The contours of the 4.5 ym emission are given in red with the con-
tour levels same as Fig. 4.2. The blue line indicates the orientation of the
slit and the cyan rectangles are the apertures over which the spectra are
extracted. The MHOs (2203-2205,2245,2246) identified by Varricatt et al.
(2010), Lee et al. (2012), and loannidis & Froebrich (2012) are highlighted
in the black ellipses. The yellow contours trace the location and extent of
the Hs knots identified by Froebrich et al. (2011). . . . . . .. ... .. .. 105

4.4 The HK spectrum of G19.88-0.53 extracted over the apertures K1, K2 and
K3 covering three H, knots (refer Fig. 4.3). The spectral lines identified
along all the three apertures are marked over the spectra and the details of

these lines are givenin Table4.2. . . . . . . .. ... ... .. ... .. .. 106
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4.5

4.6

4.7

4.8

4.9

(a) Colour composite image of the region associated with G19.88-0.53,
using IRAC 3.6 um (blue), 4.5 um (green) and 8.0 ym (red) bands. The
white contours depict the APEX+Planck 870 ym emission with levels 2, 3,
4,5,9,20, and 260 (¢ = 0.3 Jybeam™!). The yellow contours represent
the 4.5 ym emission with the contour levels same as in Fig. 4.2. (b) The
high resolution 2.7 mm ALMA map towards G19.88-0.53 is depicted in the
colour scale. The positions of the two radio components and the six mm
peaks identified are marked on the map. The yellow contours represent
emission at 7 mm from Zapata et al. (2006) with contour levels at 4, 8, 18,
22, and 260 (0 = 53.8 uJybeam™!). The filled black triangles are the
positions of the radio peaks identified by these authors. The beams of the
2.7 and 7 mm maps are shown as filled red and yellow ellipses, respectively,

towards the bottom right of the image. . . . . . . . .. .. ... ... ...

Spectral energy distribution of the APEX+Planck clump associated with
G19.88-0.53 in the wavelength range 70 to 870 um. The integrated flux
density within the clump, represented by black circles is plotted in log-scale
with a 15% errcr bar. The best-fit modified blackbody model is represented
by the solid curve. The data point corresponding to 70 pum is excluded in
the SED fitting. . . . . . . . . .. ...

(a) Column density, (b) Temperature and (c) Reduced x? maps towards
G19.88-0.53 generated using the Herschel FIR data and the APEX+Planck
data. The aperture of the Clumpfind iidentified clump is overlaid on the

column density and temperature maps. . . . . . . ... ...

Spectra of the A/E — CH;OH lines detected towards the mm cores associ-
ated with G19.88-0.53 extracted from the high-resolution Band 7 spectral
cube. The dashed red and blue lines indicate the peak positions of the
A — CH30H and F — CH3OH lines, respectively.. . . . . ... ... ...

Low-resolution spectra of the (a) *CO (1 — 0) and (b) C'®*O (1 — 0) lines
towards G19.88-0.53. The area over which the spectra are extracted covers
all the cores. The vertical green line denotes the LSR velocity, 43.6 km s~
The red and blue arrows in (b) spans the range over which the integrated
intensity map is constructed to trace the outflow wings (discussed in Sec-
tond.7.2). . . . . e
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4.10

4.11

4.12

4.13

4.14

The J = 3 — 2 transition of C'”O towards the mm cores associated with
G19.88-0.53 from the (a) low-resolution (5.2"” x 2.6”) data averaged over
the beam and (b) high resolution (0.67” x 0.47") data averaged over a re-
gion covering each core. The magenta curve represents the best fit to each
spectrum. Double Gaussians are used to fit the spectra towards MMS5 and
MM6 (low-resolution) and MM6 (high-resolution). The dashed green line
denotes the LSR velocity of each core. The magenta lines in the spectra

mark the emissionpeaks. . . . . . .. ... oL

Same as Fig. 4.10/ for the C'®O (1 — 0) transition detected towards the mm
cores associated with G19.88-0.53 from the (a) medium-resolution (2.6” x
2.2") data extracted over the same region as in Fig. 4.10(a) and (b) high-

resolution (0.46” x 0.28") data averaged over a region covering each core.

Radio SED for component R1 (IRAS 18264-1152b) using the data points
at 1391.6 MHz, 8 GHz (3.6 cm) and 23 GHz (1.3cm). At 651.4 MHz, an
upper limit for the flux density is given. The straight line gives the linear
fit with spectral index estimate of 0.58 +=0.19. . . . . . . . .. .. ... ..

Multifrequency picture of the various components of the protocluster. The
ALMA 2.7mm map is depicted in the colour scale. The yellow contour
traces the 30 level of the 4.5,m emission. The red stars mark the positions
of the radio components R1 and R2 from the uGMRT map. The black filled
circles indicate the positions of the radio sources identified by Rosero et al.
(2016). The magenta triangles represent the radio components from Zap-
ata et al. (2006). The position of the MY SO associated with G19.88-0.53
is indicated with ‘x’. The filled yellow squares are the 44 GHz methanol
masers spots in the vicinity of G19.88-0.53 identified by Rodriguez-Garza
etal. (2017). . . . . e

Spectra of the A/ E—CH;OH lines detected towards G19.88-0.53 extracted
over three regions from the low-resolution Band 7 spectral cube. The top
panel is the spectrum extracted over the region covering MM1, MM3 and
MM4, middle panel corresponds to MM?2 and the bottom panel is over the
region covering MMS5 and MM6. The dashed red and blue lines indicate
the peak positions of the A — CH3OH and £ — CH3OH lines, respectively.
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4.15

4.16

4.17

4.18

The rotational temperature diagram of the CH3OH lines at the mm cores,
MM1 through MM6 towards G19.88-0.53. The circles indicate the data
points with 30 error bars. The linear least-squares fit is indicated by the
dashedline. . . . . . . .. .. . ...

(a) The Spitzer IRAC colour composite image of G19.88-0.53 with the 30
(0 = 0.12mJybeam™') ALMA 2.7 mm emission contours in black. The
moment zero map from the the low-resolution data of the C**O (1 — 0)
line integrated from 36.1 to 42.1 kms~! and from 45.1 to 51.1kms~! are
represented using blue and red contours, respectively. The contours start
from the 30 level for both the blue and red lobes and increase in steps
of 20 (¢ = 0.1 (blue); 0.2Jybeam ' kms~! (red)). Magenta ellipses
denote the location of the Hs knots identified by Lee et al. (2012); Var-
ricatt et al. (2010). (b) The 2.7 mm emission is depicted in the grey scale.
The positions of the mm cores are marked using ‘x’s. The moment zero
map from the high-resolution data of C'7O (3 — 2) line over the veloc-
ity ranges 36.1 to 42.1kms~! and 45.1 to 51.1kms~!, covering the blue
and red lobes are illustrated in blue and red contours, respectively. The
contours star from 5o level for both lobes and increase in steps of 40
(0 = 16.2mJybeam~*kms~'). The filled circles correspond to the ra-
dio sources detected by Rosero et al. (2016). (c) Same as (b) for the high-
resolution C'¥O (1 — 0) line integrated over the velocity ranges 41.6 to
43.6kms~! and 43.6 to 45.6kms™! covering the blue and red lobes, re-
spectively. The contours star from 3¢ level for both lobes and increase in
stepsof 1o (0 = 7.7mJybeamtkms™b).. . . ... ... ... ... ...

Channel maps of C!'7O (3 — 2) line associated with G19.88-0.53 with a
velocity resolution of 1kms™! from the high-resolution data. Each box
contains a pair of maps corresponding to the red and blueshifted emissions
at the same offset from the LSR velocity. Channel widths are indicated at
the top left of each map. The contours start from the 40 level of each map
and increases in steps of 8c. The positions of MM1, MM2, MM3, MM4,
MMS5, and MM6 are marked. . . . . . . . . . . ... ..

Same as Fig. 4.17, but for the high-resolution C'80 (1 — 0) data associated
with G19.88-0.53. The contours start from the 30 level of each map and

increasesinstepsof lo. . . . . . . . ..o

129



5.1

5.2

5.3

54

The cumulative reddening along four sightlines marked by crosses in Fig. 5.2(b).

The reddening plot towards sightline 1 overlaps with that towards sightline

3. The dashed vertical line indicates the estimated distance to G133.50+9.01.138

(a) The colour scale depicts the *2CO (1 —0) integrated intensity within the
velocity —19.4 to —16.9 km s~!. The contours of the *CO (1—0) emission
over the same velocity range is overlaid in black with levels starting from
30 and increasing in steps of 30 (¢ = 0.5 Kkms™!). (b) Same as (a) with
the integration velocity range —16.9 to —14.1kms™!. The 3CO (1 — 0)
contours start from 30 and increases in steps of 20 (¢ = 1.0 Kkms™}).
The white crosses mark the regions towards which the median cumula-
tive reddening is estimated to find the distance. The red circle describes a
region of radius 10" over which the young stellar population is identified
(Section 5.6). (c) Same as (a) with the integration velocity range —14.1
to —11.6kms~'. The *CO (1 — 0) contours start from 30 and increases
in steps of 20 (0 = 0.6 Kkms™t). (d)-(f) The 2CO (1 — 0) (black) and
13CO (1-0) (red) spectra extracted at three different positions of the cloud
complex G133.50+9.01, indicated by squares in (a)-(c). The vertical green
lines indicate the systemic velocities of G133a and G133b as estimated
fromthe 3CO(1—0)line. . . . . . ... ... ..

Chanel maps for region associated with G133.504+9.01. The grey scale
shows the ?CO (1 — 0) channel map. Each map has a channel width of
1km s™!. The contours of the *CO (1 —0) emission at each velocity chan-
nel is overlaid in red. The contours start at 30 (¢ = 0.5 Kkms™!) and

increasesinstepsof 20. . . . . ... L Lo

(a) The excitation temperature map of G133.50+9.01 derived from the peak
intensity of the '2CO (1 — 0) emission. (b) The H, column density map of
the region associated with G133.50+9.01 constructed following the steps
described in Section'5.2. The white contours correspond to the *CO (1—0)

1

emission within the velocity range —16.9 to —14.1kms™". The contour

levels are same as in Fig. 5.2(b). . . . . . . .. . ... . L.
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5.5

5.6

5.7

(a) Two-colour composite integrate intensity map of '>CO (1—0) integrated
between —19.4 to —16.9km s~! (blue) and —14.1 to —11.6 kms~! (red) of
the G133.50+9.01 complex. The 30 contour of the *CO (1 — 0) emission
(same as in Fig. 5.2a and c) at both velocity ranges is overlaid in blue and
red. A and B are the cuts along which the PV slices are extracted, sampling
G133aand G133b, respectively. (b) and (d) PV diagram of 12CO and *CO,
respectively along the cut A. (c) and (e) Same as (b) and (d) along the cut
B. The horizontal dashed line delineates the PV slices on either side of the
bend in B. The contours start at 30 and increases in steps of 40 (0 = 0.6 K
for 12CO and 0.3K for 3CO). The vertical dashed lines represent the
systemic velocities of G133a, G133b and the cloud at ~ —10kms~!. The
bridging features with intermediate velocity are marked by black arrows.
The positions of the bridging features on the PV cut is marked by green
circles in (a). The 2CO wings are indicated by white arrows and their

positions on the PV cut are indicated by black crossesin (a). . . . ... ..

The dust emission at 850 um in the region surrounding G133.50+9.01 is
presented here. The FellWalker retrieved apertures of the dust cores are
outlined in blue and are labelled according to their positions in the field.
The skeletons of the visually identified filaments are sketched in red. The
magenta line represents the orientation of the magnetic field with respect

tothe filaments. . . . . . . . . ...

WISE color-color diagram for the bands, 3.4, 4.6 and 12 ym used to iden-
tify and classify YSOs associated with G133.50+9.01. The dashed lines
denotes the criteria used by Koenig & Leisawitz (2014) to delineate the
YSO classes. Green circles denote the sources that do not satisfy the YSO

CIItEIIa. . . . . v o o e e e e e e



5.8

59

5.10

6.1

6.2

The mass of the dense cores, M, identified from the 850 ym map of
G133.50+9.01 is plotted as a function of effective radii, r and depicted
by blue circles. The red lines indicate the surface density thresholds of
116 My pc=2(~ 0.024 gcm™2) and 129 M, pc—2(~ 0.027 gcm™2) for ac-
tive star formation from Lada. Lombardi & Alves (2010) and Heiderman
et al. (2010), respectively. The shaded region delineates the low-mass star
forming region that do not satisfy the criterion m(r) > 870 Mg (r/pc)!-33
(Kauffmann et al., 2010b). The black dashed lines represent the surface
density threshold of 0.05 and 1gcm~2 defined by Urquhart et al. (2014)

and Krumholz & McKee (2008). respectively. . . . . . .. ... ... ...

(a) The H, column density map same as in Fig. 5.4(b). The green circle in-
dicates the region over which the YSOs are identified. (b) A zoom-in on the
arc which has an enhanced column density. The Class I and Class I YSOs
identified, as discussed in Section 5.6, are marked by red and blue stars,
respectively. The apertures of the 850 ym dense cores and the skeletons of

the filaments are overlaidon (b). . . . . . . .. . . ... ... ... ...

A schematic of the cloud-cloud collision in G133.50+9.01 depicting the
scheme of events from the time of collision of G133a (small cloud) with
G133b (large cloud). The orientation of the background magnetic field is

indicated by the maroonline. . . . . . ... ... ... ...........

Spitzer-IRAC colour composite image of EGO G34.26+0.15. Black con-

tours correspond to radio emission at 610 MHz (GMRT) with contour lev-

151

152

els at 3, 10, 30, 60, 100, 150, 210, 280, and 3150 (o = 2.5x107* Jy beam™1).160

SMA maps of the outflow emission from G023.01-00.41. (a) Grey scale
represents the 1.3 mm continuum map of the HMC associated with G023.01-
00.41. The red and blue contours correspond to the integrated '>CO (2—1)
emission within the velocity ranges indicated in the top right corner. The
blue and red velocities are symmetric with respect to the systemic velocity,
Viys- (b) Same as (a) for the 13CO (2 —1) line emission. (c) Same as (a) for
the C'80 (2 — 1) line emission. The gray-scale corresponds to the C%0O
bulk emission integrated over the FWHM of the CH3CN lines (more de-
tails can be found in Sanna et al. 2014). (d) Same as (a) for the SiO (5 — 4)
line emission with a zoom of two times the field of view. This figure is
taken from Sannaetal. (2014). . . . . . . . . . ... ... ...



6.3 Comparison between the disk emission and the emission from ionized ther-
mal jet. Dotted contours represent the CH3;OH (425 — 34 2) E line emission
indicating the emission from the disk. The radio emission at 22 GHz (gray
scale) and 45 GHz (red contours) detected towards G023.01-00.41 traces
an ionized thermal jet (Sanna et al., 2016). The black line indicates the
direction of the outflow perpendicular to the disk plane. The star marks the
position of the HMC driving the jet. This figure is taken from Sanna et al.
(2019). . . e
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Chapter 1

Introduction

The night sky has always intrigued the imagination of humankind since time immemorial.
It has driven the best of minds to explore its vastness and the mysteries that lay within. The
most fascinating of the night sky are the twinkling tiny specks, the stars. Stars constitute
the fundamental building blocks of the Universe and are the primary tracers that unravel the
history, structure and evolution of the Universe and its constituents. Hence, understanding
their formation and properties are of paramount importance in astrophysics. Furthermore,
the process of star formation influences the galaxy at all scales. While the numbers are
dominated by the low-mass population, massive stars (M = 8 M), with their enormous
luminosity of the order of 10° L., (Mottram et al., 2011), dictate the energy budget and
hence the evolution of the galaxy. This mass regime has profound influence on the sur-
rounding, ambient interstellar medium (ISM) through energetic stellar winds, large-scale
molecular outflows, powerful radiation and supernova events at different phases of their
lifetime. They emit copious amount of ultraviolet (UV) photons that can ionize the sur-
rounding medium, resulting in expanding shock waves that can both initiate and inhibit
star formation. As they approach the end of their spectacular life, massive stars bid adieu
with a supernova explosion, which is by far the most enigmatic and energetic of stellar
events. This cataclysmic event hurls the heavier elements synthesized in the stellar interior
during the nuclear burning stages into the ISM, thus enriching it and also triggering further
star formation. In spite of their consequential importance, most aspects (both theoretically
and observationally) of the processes involved in the formation of massive stars are far less
understood in contrast to the low-mass domain. Deciphering the initial stages of high-mass
stars is particularly challenging and forms the basis of the observational investigations pre-

sented in this thesis.



1.1 Star formation in a nutshell

Stars form from the gravitational collapse of interstellar clouds. This seemingly simple and
widely accepted statement encompasses a whole field of astrophysics that is still evolving.
The intricacies involved in the formation process, particularly for the massive stars, are
rather complicated. An overwhelming number of studies in the observational, theoretical,
and computational front, have been carried out over the last few decades (e.g. Bonnell,
Bate & Zinnecker, 1998; Kennicutt & Evans, 2012; Lada & Shu, 1990; McKee & Ostriker,
2007; Shu, Adams & Lizano, 1987; Zinnecker & Yorke, 2007). A broad overview of star
formation is discussed in this section.

Stars form within cold, dense complexes of the ISM. These stellar nurseries are the gi-
ant molecular clouds (GMCs). GMCs are massive condensations, primarily composed of
molecular hydrogen (Hy; ~ 70%), helium and traces of heavier elements. Given that the
H, molecule is homonuclear and symmetrical, it is not detected at the typical temperatures
of GMCs (10 — 15 K). Instead, low transitions (e.g. J =1 —0and J = 2 — 1) of the CO
molecule, which are easily excited at these temperatures, are used as proxy for Hs to trace
the molecular gas distribution and study their characteristics. As seen from large-scale CO
observations, GMCs are some of the largest structures in the Galaxy (e.g. the Orion nebula
with a size of ~120pc; Stahler & Palla 2004). Typically, the masses are of the order of
10* — 10° M., and sizes range around 50 — 200 pc (Beuther et al., 2007; Williams, Blitz
& McKee, 2000). The interstellar clouds can be broadly classified into three types: (1)
dark clouds, made of gas at very low temperature (T' ~ 10 — 20 K) with high extinction,
(2) diffuse clouds consisting of cold (T ~ 100 K) atomic gas with low extinction, barring
absorption at certain wavelengths, and (3) translucent clouds that are made of atomic and
molecular gas with intermediate extinction (Ferriere, 2001).

Observations reveal that GMCs are inhomogeneous or “clumpy” with local regions of en-
hanced density (e.g. Bronfman et al., 1989; Myers & Benson, 1983). Based on the observed
inhomogeneity and the associated substructures seen, Williams, Blitz & McKee (2000) pro-
pose a hierarchical classification into clouds, clumps, and cores. Clouds fragment to form
‘clumps’ that are agglomeration of material that further fragment into smaller units with
higher temperatures and densities, called the ‘cores’. These cores are the smallest struc-
tures in the cascading fragmentation of the GMCs. Depending on the stage of evolution
of the cores, they are further classified as cold molecular cores (CMCs) or hot molecular
cores (HMCs), the latter group involves internal heating due to newly forming stars. A

pictorial representation of this hierarchical structure inside molecular clouds is depicted in

2



Fig. 1.1. The physical properties of these substructures are compiled from various papers
(e.g. Beuther et al., 2007; Tan et al., 2014; Williams, Blitz & McKee, 2000) and presented
in Table 1.1. In addition to the clumps and cores, interesting filamentary nature of GMCs
is unveiled in large-scale mapping surveys of the Galactic plane in the far-infrared (FIR)
regime (e.g. Herschel infrared Galactic plane survey (Hi-GAL), Molinari et al. 2010; Gould
Belt Survey, André et al. 2010) carried out using the Herschel Space Observatory (Pilbratt
et al., 2010). The complicated networks of filaments are believed to originate due to the
supersonic turbulence in the ISM that pushes and compresses low-density gas into layers
(André et al., 2014, and references there in). The compression due to supersonic turbulence
along with gravity, causes the denser regions of the filaments to undergo gravitational col-
lapse to form stars. Apart from these regions of enhanced density, several high-density
clumps are also detected at locations where the filaments interact. Such structures, referred
to as ‘hub-filament systems’, are common sites of high-mass star formation (e.g. Myers,
2009; Peretto et al., 2012; Yuan et al., 2018). Typically, these filaments have length scales
of the order of ~1 pc and central width of ~0.1 pc (André et al., 2014). In some infrared
dark clouds (IRDCs), the filament lengths reach upto several tens of pc (e.g. Beuther et al.,
2011; Jackson et al., 2010).

Cloud (=10 pc)

Clump (~1 pc)

Filament
(~0.1 pc wide)

Core (~0.05-0.1 pc)

Envelope
(~300 —3000 AU)

Disk and star
(~10-200 AV)

Figure 1.1: A pictorial representation of a molecular cloud showing hierarchical structures.
This figure is taken from Pokhrel et al. (2018).

On galactic scales, the galactic tidal forces play a vital role and collapse happens if the gas
becomes dense enough for its self-gravity to dominate. In comparison, the mechanisms

differ at the GMC scale. Here, magnetic fields and turbulence become important along
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Table 1.1: Physical properties of structures within the molecular clouds complied from
various papers (Beuther et al., 2007; Tan et al., 2014; Williams, Blitz & McKee, 2000).

Component Size Mass Temperature  Density
(po) (M) (K) (cm™?)
GMC 50 — 200 10* — 10° 10— 15 10 — 300
Cloud 3—20 10° —10* 15— 30 10% — 104
Clump 05—-3 10® —10* 15— 40 10* — 108
CMC 0.1—-0.5 10%—-10? 30 — 100 10° — 107
HMC <0.1 102 100 — 200 105 — 108

with thermal pressure in counteracting gravity. The collapse process thus involves the
dissipation of magnetic and turbulent support. This is achieved through the mechanism
of ambipolar diffusion (also referred to as ion-neutral drift). The ionized particles in the
GMC:s are bound to the magnetic field, but the dominant neutral particles are not. Since the
ionization fraction of the GMCs is sufficiently low (~ 1075 or lower), the neutrals gradually
drift across the magnetic field lines and allow contraction to proceed. The clouds eventually
lose the magnetic and turbulent support, causing them to collapse on free-fall timescale.
At this stage, the cloud maintains equilibrium only through thermal pressure balancing
forces of self-gravity. Star formation ensues with density fluctuations in an initially uniform
medium. For an isothermal medium with initial average density, p, and temperature, 7', the
minimum mass for gravitationally unstable density fluctuation, the Jeans mass, is given as
(Spitzer, 1978)
5.57 ¢

My =i (1.1)

where, ¢ = (KT//m)/? (k is the Boltzmann constant and m is the average particle mass)
is the isothermal sound speed and G is the gravitational constant. Notwithstanding the
inconsistency in the above formalism arising by not taking the collapse of the background
medium into account (referred to as Jeans swindle; Binney & Tremaine 1987), Jeans mass
provides a good estimate of the minimum mass at which the system undergoes gravitational
collapse.

Density fluctuations are triggered by energetic events like shock propagation from a nearby
supernova explosion, intense UV radiation and stellar wind/jets from massive stars, or colli-

sion of GMCs. Once the gravity dominates the internal pressure, the collapse of a spherical
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cloud of uniform density p, occurs at the free-fall timescale (Shu, Adams & Lizano, 1987)

3T —05
tg = =3.4x10"n"%? 1.2
i (32Gp) x 10" n™"yr (1.2)

where G is the gravitational constant and n is the number density. For a typical molecular
cloud density of n = 10% — 10* cm ™2 (refer Table [1.1), the free-fall timescale, tg ~ 10° —
10° yr.

In the initial stages of contraction, the cloud is optically thin and hence the collapse hap-
pens isothermally. The gravitational energy lost during free-fall is radiated away without
heating the cloud. Since the temperature remains constant and the density is increasing, the
Jeans mass decreases. Any density fluctuations in the cloud leads to formation of clumps
and cores within the collapsing cloud as the Jeans mass condition is locally satisfied. Such
a cascading fragmentation results in the clumpy nature of the molecular clouds and the hi-
erarchical structure observed. The cascading fragmentation ceases as the density increases
and the cloud fragment becomes optically thick making the loss of potential energy as heat
less efficient. This increases the temperature, and eventually, a critical density is reached,
above which collapse becomes adiabatic, thus, inhibiting further fragmentation as the Jeans
mass now increases with increase in temperature. This results in the formation of the small-
est fragment which is classified as the core in the hierarchical structure. These cores act
as ‘seeds’ for single star or binary system formation. Subsequently, the ‘inside-out’ col-
lapse of this smallest fragment results in a ‘core-halo’ structure with a slowly contracting
central core surrounded by an infalling envelope. The collapse continues until, eventually,
the temperature at the core can exert a thermal pressure large enough to counter balance
the gravitational contraction, leading to the formation of a hydrostatic core — the form-
ing protostar. The following sections give a brief outline of the theories of low-mass and

high-mass star formation at different scales of the dense cores.

1.1.1 Formation of low-mass stars

The larger abundance of low-mass stars compared to high-mass stars (Kroupa, 2001);
(Salpeter, 1955) and the proximity of low-mass star-forming regions to the Sun have aided
the study of formation of low-mass stars in great detail. Understanding the processes in-
volved in the formation of low-mass stars is the first step in proceeding towards deciphering
the complexities associated with high-mass star formation. Excellent reviews on the theory
of low-mass star formation are presented by Shu, Adams & Lizano (1987), Lada & Shu
(1990) and Kennicutt & Evans (2012). A brief overview, adapted from these papers, is
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discussed in this section.

g
.

g

-

| E—
101y 10,000 AU 10,000 AU
» —4 - . - .
_ )
100 AU 100 AU 10 AU

Figure 1.2: A schematic sketch of the different stages in low-mass star formation. This
figure is taken from the PhD thesis of Steven H. Cuylle (2015) which was adapted from the
PhD thesis of Ruud Visser (2009).

Fig. 1.2/ shows a schematic sketch of the various stages in the formation of low-mass stars.
Low-mass star formation begins in slowly rotating cores of enhanced density within the
enveloping molecular cloud. The dense core collapses under gravity, leading to the forma-
tion of a central protostar surrounded by an infalling envelope. As the protostar contracts,
the angular momentum conservation causes the envelope to spin down to a circumstellar
disk, through which the protostar continues to accrete. The excess angular momentum is
carried away by stellar winds through the channels of weakest resistance, i.e., the poles
along the rotation axis, leading to collimated jets. These jets dig cavities in the surrounding
envelope, through which energy and momentum are injected into the envelope and expose
the surrounding ambient medium to winds and UV radiation from the forming star. Over-
time, the surrounding circumstellar material dissipates as the jets widen, leaving behind
a remnant disk where a planetary system might eventually form. The accretion stops in
about ~ 107 years, with the depletion of the accreting material. By this time, the temper-

ature and pressure at the centre of the protostar is high enough to trigger nuclear fusion
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reactions. Core hydrogen burning announces the beginning of the star’s journey in the

main-sequence.

1.1.2 High-mass star formation

Though the processes involved in low-mass star formation lay the foundation for exploring
the mechanisms involved in the formation of massive stars, theoretically, the models are not
directly transposable. The idea of a bimodal star formation theory, wherein the processes
involved in the low- and high-mass regimes were conceived to be different, dates back to
the studies by Herbig (1962), Mezger & Smith (1977) and Elmegreen & Lada (1977). The
two principal differences between low- and high-mass star formation are the timescales
over which they form and the size scales involved in their formation. As a consequence of
these differences, one is required to address the following fundamental issues pertaining to

high-mass star formation:

e Radiation pressure problem:
The time in which a protostar of mass M accretes matter from the surrounding enve-

lope, called the accretion timescale is defined as

M

face = 7 (13)
where M is the mass accretion rate. For low-mass stars, the typical mass accretion
rate is M ~ 107% Mg yr—'. At this rate, the accretion timescale for 1 M, 9 M,
and 15 M, is calculated to be 1 x 10°, 9 x 10°, and 1.5 x 10° yr, respectively. As
accretion continues, the gravitational potential energy is radiated away. The time over
which the protostar radiates its entire reserve of thermal energy while maintaining a
constant luminosity and before hydrogen burning ensues at the stellar core is called

the thermal timescale or the Kelvin-Helmholtz (KH) timescale, given by

. _aMm?
K= "RL

(1.4)

where, M, R, and L are the mass, radius, and luminosity, respectively, of the pro-
tostar. Iben (1965) estimated the KH timescales for 1 M, 9 M, and 15 M to be
5 x 107 yr, 1.5 x 10° yr, and 6 x 10* yr, respectively. Fig. 1.3/ shows the variation
of the accretion timescale at accretion rates of 10~ (red) and 1072 M, yr~! (green)

and the KH timescale for a range of masses. Comparing the two timescales, it is
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evident that the KH timescale is longer than the accretion timescale (txy > tacc)
in case of low-mass stars which implies that accretion is over before the hydrogen
burning begins. Whereas, in case of high-mass stars, the KH timescale is shorter
than the accretion timescale (txy << t.cc). This indicates that for spherical accretion
and any reasonable accretion rate, the stellar core begins to fuse hydrogen and en-
ters the main-sequence, while the star is still accreting and not has reached its final
mass. This holds even if enhanced accretion rate (1073 M yr—') is considered. The
crossover between txy and ... occurs at M =~ 8 M, for typical accretion rates of
107% My, yr~! (Cesaroni et al., 2007), upwards of which defines the high-mass do-
main. The onset of nuclear fusion exerts a large radiation pressure on the infalling
gas and dust. This can exceed the gravitational pressure, thereby halting further ac-
cretion and hence setting an upper limit on the final mass of the star. This is known
as the ‘radiation pressure problem’. Based on numerical calculations for a spheri-
cal, symmetrical accretion flow, the maximum mass a high mass star can attain is
~ 40 M, (Kahn, 1974; Kuiper et al., 2010; Wolfire & Cassinelli, 1987).

1010

— txu

— tacc(M == MO/yr)
t‘d(:l:(M = 10_4 M@/yr)

10°

108

107

106

time (yrs)

108
10
10°

102
0 5 10 15 20 25 30
Mass (Mg)

Figure 1.3: A plot of the Kelvin-Helmholtz time scale and accretion time scale for varying
accretion rates of high mass stars and low mass stars. This figure is taken from Schilke
(2015).

o Fragmentation problem:
The other crucial issue involves the large scales of the star-forming clumps. High-

mass stars are believed to form in massive clumps. Theoretically (e.g. Bonnell &
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Bate, 2006; Krumholz, Klein & McKee, 2007; Seifried et al., 2011), it is seen that
density fluctuations within these clumps leads to fragmentation, thus making them
too small for the formation of massive stars. With improvements in resolution, sig-

natures of fragmentation are observationally seen as well (Zhang et al., 2009).

Regardless of these theoretical limitations, observational studies have found evidences for
the existence of stars with masses = 100 M, (e.g. Crowther et al., 2010; Heap et al., 1991).
Several theories have been proposed over the years to address the above limitations. The

most prominent theories under debate are discussed in the following section.

Proposed theoretical models

Over the years, tremendous efforts have been going on to model a universal theory elu-
cidating the formation mechanism of stars across the mass range. Extensive research is
being carried out to investigate whether high-mass stars formation could be understood as
a ‘scaled-up’ version of the processes involved in the low-mass domain via the core accre-
tion hypothesis. Alternate theories like competitive accretion and stellar merger are also
quite popular and widely studied. These models implore very different initial conditions
on the gas to collapse. Cloud-cloud collision is another mechanism that is gaining popu-
larity in triggering the formation of massive star in clusters. However, the debate is still
not sealed on which is the most viable mechanism for the formation of massive stars. The

proposed models are briefly discussed in this section.

e Monolithic collapse and core accretion

The core accretion model is essentially a scaled-up version of the standard model
of low-mass star formation. This model assumes a top-down fragmentation process,
wherein the molecular cloud fragments into smaller entities, the clumps and cores,
under the influence of self-gravity, turbulence and magnetic field. The fragmentation
ends in a gravitationally stable massive core which resists further collapse (Krumholz
& Bonnell, 2009; McKee & Tan, 2003). This theory works under the assumption
that the pre-stellar core mass function is directly correlated to the stellar initial mass
function (IMF).

Effects of supersonic turbulence and high pressure are incorporated in this model,
giving rise to the ‘Turbulent core’ model (McKee & Tan, 2003). The supersonic
turbulence maintains the quasi-static equilibrium of the massive core against grav-
itational collapse. The high pressure and density calls for high accretion rates of

material from the clump encompassing the massive core. This model starts with
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massive near-virial-equilibrium starless cores that will eventually collapse to form
individual stars. While abandoning spherical accretion, the star grows in mass via
enhanced accretion through a circumstellar disk with accretion rates as high as ~
10~* — 1073 M yr—! (Cesaroni et al., 2007). The radiation from the stellar core
escapes through the cavities created by the jets and outflows. Invoking disk accretion

coupled with jets adequately circumvents the radiation pressure problem.

Existence of high-mass starless cores is the key to support the above monolithic col-
lapse model. Tan et al. (2013) and more recently, Kong et al. (2017) have carried
out the Atacama Large Millimeter/submillimeter Array (ALMA) NoD* (3 — 2) ob-
servations to search for massive starless cores in IRDCs. The results of dynamical
analysis of six of the detected 141 cores are seen to be consistent with the proposed
core accretion model. The highlight of the results presented in Kong et al. (2017) is
the detection of a very massive core (~ 170 M,). Further studies towards confirming

the starless nature of this is proposed by the authors.

Competitive accretion

An alternate approach to model high-mass star formation is considered with the Com-
petitive Accretion hypothesis (Bonnell et al., 1997, 2001). Unlike monolithic col-
lapse, this model argues that the matter is accreted from different parts of the clump
while the star formation process has already begun. The parental cloud fragments
into several cores, all of which are potential star-forming cores depending on their
position in the cluster and the size of the accretion domain. A natural consequence of
this model is the formation of massive stars in clusters. A large reservoir of gas and
dust is available from which the protostars ‘compete’ for nourishment. Initially, none
of the cores have enough mass to form massive stars. Each core accretes at different
rates depending on its location in the cluster. Massive stars have a tendency to form
at the centre of the protocluster, where the gravitational potential is the largest. As
the protostars compete for the resources, the more massive protostars at the centre,
that have stronger gravitational fields, funnel matter to themselves. Because of the
limited gas reservoir, the accretion domains of the protostars begin to overlap. Thus,
protostars at a positional disadvantage are left to accrete matter from the overlapping

accretion domain (Zinnecker & Yorke, 2007).

An observational study consistent with this model is present by Liu et al. (2013).
These authors discuss the scenario for the protocluster, G10.6-0.4, wherein the cen-

tral core has the maximum mass, while the off-centre cores have much smaller
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Figure 1.4: A schematic model of the observed molecular structure of the protocluster,
G10.6-0.4. The model presents the hierarchical structure formation in a filamentary, OB-
cluster-forming molecular cloud. Light blue corresponds to the parent molecular cloud
and bright blue represents the denser regions of the cloud. The even denser filaments are
depicted in blue gradient. Embedded within the filaments are massive clumps shown in
red circles. A zoom-in on these clumps reveals dense cores. The protocluster is located
at the central region of the massive molecular envelope, the blow-up of which is shown
towards the top-left. More description on the massive molecular envelope can be found in
Liu, Zhang & Ho (2011). This figure is taken from Liu et al. (2012).
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masses. Fig. 1.4 gives a large-scale schematic representation of the molecular struc-
ture of the protocluster from Liu et al. (2012). The protostars in the G10.6-0.4 are
accumulating mass from the gas reservoir, with the filaments facilitating the mass
accretion on to the central cluster forming region. The overall collapse of the clump

and the accretion through the filaments favour the ‘Competitive Accretion Model’
for G10.6-0.4.
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o Stellar mergers

Stellar mergers or coalescence, as the name suggests, is the process where mas-
sive stars are formed through the physical merging of multiple low-mass progenitors
(Bonnell, Bate & Zinnecker, 1998). According to this model, the cores and protostars
follow the evolution sequence of low-mass stars in a dense and clustered environment
(~ 108 pc~3). This model was introduced to overcome the radiation pressure prob-

lem. However, such high densities required for mergers is seldom observed.

e Cloud-cloud collision

In recent years, there is growing observational evidence that cloud-cloud collision
can trigger star and cluster formation (e.g. Gong et al., 2017; Liu et al., 2018a.c; Sano
et al., 2018; Torii et al., 2015) and is proposed as a viable mechanism for massive
star formation. Hydrodynamic simulations of cloud-cloud collision by Habe & Ohta
(1992), Anathpindika (2010), Takahira, Tasker & Habe (2014), and Takahira et al.
(2018) consider the head-on collision between a small spherical cloud with a large
spherical cloud, which is referred to as the ‘Habe-Ohta’ model. A schematic diagram
of the sequence of events during cloud-cloud collision based on this model is given
in Fig. 1.5(a). In Phase 1, the spherical, small and large clouds approach each other
and collide. A compressed layer is formed at the interface creating a U-shaped cavity
in the large cloud in Phase 2, where the diameter of the cavity is almost equal to that
of the small cloud. In Phase 3, the small cloud has fully merged into the compressed
layer where dense cores and star(s) will eventually form. Surface density plots from
the simulation results obtained by Takahira, Tasker & Habe (2014) for cloud collision
at 10 km s~! are shown in Fig./1.5(b). Phase 1 is prior to the onset of collision, at time
0Myr. In the course of the collision, the small cloud decelerates due to collisional
interaction, thereby decreasing the collision velocity. Phase 2 is after a time lapse of
1.6 Myr, when the small cloud penetrates into the large cloud. The cavity created by
the collision is much clearer in Phase 2 [inner], which shows only the site of collision.
These simulations reveal that collisionally compressed interfaces form dense, self-
gravitating cores if the gas column density at the compressed layer becomes large

enough.

The ‘Habe-Ohta’ model, however does not consider the effects of magnetic field.
Based on their magneto-hydrodynamic (MHD) simulations, Inoue & Fukui (2013)
propose a scenario where supersonic collisions boost the magnetic field strength and

gas density in the shock-compressed layer. This results in an enhanced mass accre-
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Figure 1.5: (a) The schematic illustration of the sequence of events during cloud-cloud
collision based on the Habe-Ohta model between two spherical clouds of different sizes.
(b) Top view of the surface density plots from the simulation results obtained by Takahira,
Tasker & Habe (2014) for cloud collision at 10 kms~!. This figure is taken from Fukui
et al. (2020).

tion rate and also a large effective Jeans mass, the two prime ingredients for massive
star formation. The shocked layer collapses into dense filaments, where the magnetic
field is amplified in the direction perpendicular to the filament. The clouds are com-
pressed multi-dimensionally except in the direction perpendicular to the background
magnetic field, which results in filamentary structures. A number of pre-stellar cores,

accreting mass from the natal cloud are formed in these filaments.

Recent studies by Gong et al. (2017, 2019) show evidence of collision triggered clus-
ter formation of low- and intermediate-mass stars as well. In spite of the complexi-
ties involved in deciphering cloud kinematics from stellar feedback, observationally,
many cloud-cloud collision candidates have been discovered (Hayashi et al., 2020,
and references therein). If cloud collision is frequent in disk galaxies like the Milky
Way (Tasker & Tan, 2009), then detailed investigation of cloud-cloud collision can-
didates can shed crucial light on triggered star formation under different physical

conditions. Fukui et al. (2020) provide an excellent review on the current status of
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observations and theoretical understanding of cloud-cloud collisions and also dis-

cusses future directions in this area.

1.2 Evolutionary sequence in star formation

As discussed in previous sections, the evolutionary sequence followed by low-mass stars is
quite well established. But same cannot be said for high-mass stars. The pre-main sequence

evolutionary track of both low- and high-mass stars are summarized in this section.

1.2.1 Low-mass stars

Observationally, the pre-main sequence evolution of low-mass stars is classified in four
distinct stages: Class 0, I, II, and III on the basis of the spectral energy distribution (SED).
The classification scheme is based on the spectral index («) in the infrared wavelengths
(Adams, Lada & Shu, 1987), given by

_ dlog(\Sy)
~ dlog(\)

where S, is the flux density at wavelength A. SEDs of the different evolutionary stages of

(1.5)

low-mass star formation are presented in Fig. 1.6.

Class 0 objects are the youngest young stellar objects (YSOs) (age < 10*yrs) and are
deeply embedded with high accretion rates. They are invisible at optical wavelengths and
extremely faint at near-infrared (NIR) wavelengths. The SEDs of these sources peak in
FIR and submillimeter wavelengths. Class I objects (o« > 0) are more evolved (age ~
105 yrs) relative to Class O objects. They are still embedded within circumstellar disks
and envelopes and hence still optically invisible. The SEDs of these sources peak in mid-
infrared (MIR) and FIR wavelengths. After ~ 10 yrs, most the envelope is swept away
by stellar winds and outflows, thereby exposing the circumstellar disk. The YSOs in this
stage are identified as Class II YSOs, also known as T Tauri stars (—2 < « < 0). This
stage is characterized by strong emission lines and the YSOs are optically visible. The
Class II sources show large infrared excess because of the optically thick accretion disks.
As the material in the accretion disk is consumed, the mass accretion declines, revealing
the central protostar without any infrared excess. Some circumstellar material may exist as
a thin disk. The SEDs of the YSOs in this stage, called Class III YSOs (o < —2) display
a single reddened blackbody with negligible infrared excess. The Class III sources with an

age of ~ 107 yrs are close to the zero-age-main-sequence (ZAMS), where the temperature
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Figure 1.6: Schematic representation of the protostellar classification of low-mass stars.
The typical SED of each class is shown in thr right column. This figure is taken from the
PhD thesis of Purcell (2006).
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and pressure are high enough to trigger hydrogen fusion reaction in the core.

1.2.2 High-mass stars
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Figure 1.7: A schematic portrayal of the evolutionary stages in the formation of high-mass
stars. The middel-panel depicts each stage and their corresponding SEDs are given in the
top-panel. The bottom-panel describes the timeline of evolution. This figure is taken from
the website of Dr Cormac Purcell (http://web.science.mq.edu.au/~cpurcell/public/images).

In comparison to the evolution of the low-mass stars, the evolutionary track of high-mass
stars is not as clearly established. Before being visible at optical wavelengths, the massive
stars spend ~ 15% of their lifetime in an embedded phase (Churchwell, 2002; Zinnecker
& Yorke, 2007). Observations from MIR through radio wavelengths give a general idea of
the evolutionary progression of massive stars while in the embedded phase. The evolution
of massive protostars is presumed to follow a path where the star formation begins within
IRDCs in clumpy substructures. Subsequently, they evolve into HMCs, followed by hyper-
compact (HC)/ultracompact (UC) H1I regions. Fig. 1.7 illustrates a schematic picture of
the evolutionary sequence starting from the left. Each of the observable stages are briefly

described in this section.
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Infrared dark clouds and massive clumps

IRDC:s are believed to be the birth sites of massive stars and star clusters (Rathborne, Jack-
son & Simon, 2006; Rathborne, Simon & Jackson, 2007). They appear as distinct dark
extinction features against the bright diffuse Galactic background at infrared wavelengths.
These massive clouds have morphologies varying from elongated to compact structures.
On larger scales, they often display filamentary morphology that can extend to a hundred
parsec (Contreras et al., 2016; Jackson et al., 2010; Ragan et al., 2014), and at smaller
scales, they fragment into dense clumps and starless cores (Battersby et al., 2010; Zhang
et al., 2017). IRDCs are massive with masses ranging between 10? — 103 M, and typi-
cally have densities of n > 10° cm ™~ and temperatures, 7' < 20 K (Rathborne, Jackson &
Simon, 2006; Simon et al., 2006).

Towards submillimeter and millimeter wavelengths, the dust continuum observations reveal
significant substructures of clumps and cores within IRDCs. The clumpy nature of IRDCs
indicate that they are in the process of fragmentation (Contreras et al., 2016), and hence
represent the initial stages of star formation. Some of the clumps within IRDCs show
signatures of ongoing high-mass star formation, such as molecular outflows, bright CH;OH
and H,O masers, bright MIR emission, UC H 11 regions and massive YSOs (MYSOs) (e.g.
Sanhueza et al., 2010), while some are devoid of any star formation activity. The latter serve
as good candidates to probe the earliest phases of star formation, prior to collapse. Active
star formation is also observed at sites where multiple filaments converge, mimicking a
hub-filament system (e.g. Kumar et al., 2020; Myers, 2009; Peretto et al., 2012, 2014). The
presence of 70 ym emission has been used to distinguish between protostellar and starless
cores within these clouds. From their study of a sample of IRDCs, Ragan et al. (2012)
suggest that cores lacking 70 um emission are likely to be less evolved than those with

70 pm emission.

High-mass protostellar objects and hot molecular cores

High-mass protostellar objects (HMPOs) are a class of sources tracing the early stages of
high-mass star formation. They have the same star formation potential as that of infrared-
quiet clumps, but are more evolved, where infrared-quiet clumps are precursors to UC H1I
regions and cold enough not to be detected at NIR and MIR wavelengths (Motte, Bontemps
& Louvet, 2018, and references therein). HMPOs have luminosity > 3 x 10% L, and
host massive protostellar embryos. In the HMPO phase, high-mass protostars would have

accreted more than half of their final mass. This class of objects exhibits evidence of strong
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accretion, like bipolar outflows and active infall, and have mass accretion rates ranging
from 107% — 1072 M, yr~! (e.g. Wyrowski et al., 2016).

HMCs are compact (size < 0.1pc), dense (> 107 cm™?), and warm (> 100K) conden-
sations of molecular gas that are characterized by a rich chemistry of complex organic
molecules (Herbst & van Dishoeck, 2009). HMCs that have little to no emission at cen-
timeter wavelengths represent a stage where massive protostars draw their luminosity by
actively accreting matter and UC H1I regions have not formed yet (Beuther et al., 2007;
Kurtz et al., 2000). Further, they are too young and embedded to be detected at optical and
IR wavelengths. The HMC phase is a stage where accretion is active and are characterized
by temperatures that are higher than the enveloping molecular cloud. This causes the ice
from the dust grains to evaporate and contribute to the rich chemistry of the HMCs that
show large abundance of complex organic molecules like CH;OH, CH3CN, CH3OCHj3,
HCOOCHj3;. Molecular line studies towards HMCs provide a large database of thermal and
non-thermal molecular lines emission. Methanol (CH3OH) maser emission is a character-
istic feature of the HMC phase. At temperatures above 90 K organic species like CH;OH
and HyCO evaporate from the grain mantles. The gas phase reaction of these molecules
produce more complex molecules like HC3N and CH3CN. These complex molecules are

seldom seen in the cold interstellar medium making them excellent signposts of HMCs.

H 11 regions

Massive OB stars emit enormous amounts of UV photons. These UV photons ionize the
hydrogen in the surrounding ISM to form H 1I regions. Basically, these are photoionized
nebulae formed around massive stars. The H1I regions emit at radio wavelengths via ther-
mal free-free emission mechanism. In the initial stages, the MYSO(s) powering the H 11
region is obscured by the accreting envelope and the UV and optical radiation from the
star is absorbed by the ambient dust and re-emitted in the infrared. Based on their evo-
lutionary phase, H1I regions are classified as HC, UC, compact, and extended or classi-
cal H11 regions. HC HI1I regions are extremely compact with size < 0.01 pc and dense
(ne ~ 10° cm™2). They expand to form UC H1I regions that are still small having typical
sizes of ~ 0.1pc. They are still very dense with electron density, n, ~ 10*cm™2. These
eventually expand to larger and low density, compact H II regions with sizes ranging from
0.1 — 0.3 pc. Extended or classical H 11 regions can have sizes upto several parsecs and rep-
resent a more evolved state. Elaborate reviews on the nature of H IT regions can be found
in Wood & Churchwell (1989), Churchwell (2002), Hoare et al. (2007) and Anderson et al.
(2019).
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High-resolution interferometric observations have unveiled varying morphologies of the
UC H 11 regions. Based on the morphology of radio emission, they are further classified as
spherical, core-halo, shell, and cometary (Wood & Churchwell, 1989). Another morphol-
ogy, termed bipolar, is also included in the classification scheme (Deharveng et al., 2015).
The diverse morphologies of the HII regions can be attributed to several factors like age,
ionized and molecular gas dynamics, density of the ISM, and also the relative motion of

the ionizing star with respect to the surrounding medium (Churchwell, 2002).

1.2.3 Observational constraints

Although the proposed theoretical models have been able to explain various aspects of
high-mass star formation, a global, unified picture connecting all the models is still not
established. The deficiency of observational support owing to the intrinsic properties of
high-mass stars and their birth sites have hindered the efforts to constrain the models.
Observational investigation of high-mass star formation, especially the early evolutionary
phases is challenging since they are short-lived as compared to low-mass stars and remain
in an embedded phase for most of the pre-stellar and protostellar phases before entering the
main-sequence. This leads to high extinction, making the investigation of the early phases
of their evolution difficult. Adding to this, the number of high-mass stars in the Milky Way
is constrained by the stellar IMF (Kroupa, 2001; Salpeter, 1955) making them rare. As a
consequence of rarity, the statistical distribution of high-mass stars places them at large dis-
tance from the sun (21 kpc). Moreover, high-mass stars are often seen to form in clustered
environments leading to confusion. The large distances and confusion would call for high
angular resolution observations for the detection of high-mass stars and to investigate the
mechanisms involved in their formation. For instance, dense core structures within mas-
sive clumps of the G9.62+0.19 complex (Liu et al., 2017) and G286.21+0.17 (Cheng et al.,
2018) are revealed using high angular resolution observations made with ALMA.

Despite the challenges, state-of-the-art numerical simulations and tremendous advance-
ment in observational facilities have enabled us to probe high-mass star-forming regions

and obtain a better insight of the complex processes associated.

1.3 Extended Green Objects (EGOs)

The Galactic Legacy Infrared Mid-Plane Survey Extraordinaire (GLIMPSE, Benjamin et al.
2003) surveyed the Galactic plane using the Infrared Array Camera (IRAC) on-board

Spitzer Space Telescope at angular resolutions of < 2”. The survey detected the presence of
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a significant population of objects displaying enhanced and extended emission in the IRAC
4.5 ym 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), respectively. Cyganowski et al.
(2008) compiled a catalogue of more than 300 EGOs identified in the GLIMPSE I survey
area (10° < [ < 65° and 295° < [ < 350° b = %1°). Based on the morphology and
angular scale of the 4.5 ym emission, EGOs are catalogued as “likely” and “possible” out-
flow candidates. Additional four EGOs are catalogued as “outflow-only” candidates for
which the extended outflow emission is separated from the central source. Fig. 1.8 shows
the colour-composite images of three such EGOs catalogued by Cyganowski et al. (2008),
where (a) G35.20-0.74 is a “likely” outflow candidate, (b) G40.28-0.22 is a “possible” out-
flow candidate and (c) G19.01-0.03 is an “outflow-only” candidate. The signature extended
and enhanced emission at 4.5 pm is clearly seen. Subsequently, Chen et al. (2013a) updated
the catalogue with the identification of 98 more EGOs from the GLIMPSE II survey. Ma-
jority of the EGOs catalogued by Cyganowski et al. (2008) are bright and compact, but

more extended than point sources.

(a) G35.20-0.74 (b) G40.28-0.22 (c) G19.01-0.03

Figure 1.8: Spitzer-IRAC colour-composite images of a sample of EGOs using IRAC
3.6 um (blue), 4.5 ym (green) and 8.0 um (red) bands. These EGOs are catalogued by
Cyganowski et al. (2008) from the GLIMPSE survey.

Post-detection, several studies have focussed on ascertaining the nature of these objects
(Chambers et al., 2009; Chen et al., 2013b; Cyganowski et al., 2009, 2011a,b; Lee et al.,
2012; Marston et al., 2004; Rathborne et al., 2005; Takami et al., 2012). Extensive research
has been conducted in the recent years to identify the spectral carriers responsible for the
enhanced 4.5 ym emission (e.g. Davis et al., 2007; De Buizer & Vacca, 2010; Noriega-
Crespo et al., 2004; Reach et al., 2006; Smith & Rosen, 2005; Takami et al., 2012). Some
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of the above studies have associated EGOs with shock-excited H, line and/or CO bandhead
emission in protostellar jets.

De Buizer & Vacca (2010) were the first to report the direct spectroscopic identification of
the origin of the extended green emission. Their observations indicate that, for the “likely”
outflow source, G19.88-0.53, the extended 4.5 ;ym emission is seen within the outflow and
is possibly due to the Hy emission line at 4.695 ym covered by the IRAC 4.5 ym band.
The models of protostellar jets by Smith & Rosen (2005) also predict strong Hs lines from
outflows with the strongest Hy emission in the IRAC 4.5 ym band. Supporting evidence
for the 4.5 ym emission arising from protostellar outflows comes from the detection of
H, lines in the NIR spectrum towards the star-forming region, DR21, associated with a
bipolar outflow and harbouring an EGO (Davis et al., 2007). Here the emission at 2.12 ym
and 4.5 ym have very similar morphologies. Similarly, the IRS 5-37 ym spectra towards
the outflow system, HH 46/47, also associated with an EGO, reveals prominent Hy lines

arising from the outflow cavity (Noriega-Crespo et al., 2004).

1.3.1 Association with infrared dark clouds and methanol masers

As discussed earlier, IRDCs are known to be sites of the earliest stages of massive star
formation. IRDC:s are clearly visible in silhouette against the bright diffuse background in
the GLIMPSE images, especially at 8.0 um. Of all the EGOs catalogued, around ~ 67%
(Cyganowski et al., 2008) are seen to be embedded within IRDCs indicating that these
objects mostly trace the earliest phases of high-mass star formation. More evidence to
support this claim comes from the association of EGOs with methanol masers.

Majority of the EGOs sampled by Cyganowski et al. (2008) are associated with both,
Class I and Class I CH3OH masers and have 24 ym counterparts. However, the spa-
tial distribution of the Class I and Class II CH3;OH masers are different. Class I and
Class I CH30H masers are excited at different conditions. The 6.7 GHz Class II CH;0H
masers are radiatively pumped by the infrared radiation from the warm dust of the star-
forming regions. It excites the CH;OH molecules to a torsionally excited state (Cragg,
Sobolev & Godfrey, 2005, and references therein). Various studies have shown that the
6.7 GHz Class I CH30H masers are distinct signposts of massive star formation and are
not detected towards low-mass star-forming regions (Ellingsen, 2006; Szymczak, Pillai &
Menten, 2005). More than 73% of the “likely” outflow candidate EGOs and more than
27% of “possible” outflow candidate EGOs are associated with Class II CH3;OH masers
(Cyganowski et al., 2008). In their study, Chen, Ellingsen & Shen (2009) also discovered
that two-thirds of EGOs are associated with Class I CH;OH masers. The collisionally ex-
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cited Class I CH3OH masers have a strong correlation with molecular outflows traced by
SiO and Hs in high-mass star-forming regions (Johnston et al., 1992; Kurtz, Hofner & Al-
varez, 2004; Plambeck & Menten, 1990). However, several other studies (Kalenskii et al.,
2010; Kalenskii, Kurtz & Bergman, 2013, and references therein) have detected them to-
wards low-mass star-forming regions as well. While Class Il CH3OH masers are spatially
concentrated and usually coincident with the 24 ;m emission, the Class I CH3OH masers
are more spatially distributed and appear to trace the edges of the 4.5 ym emission. The
co-spatial distribution of the 6.7 GHz masers with 24 ym emission conforms with the pre-
diction that the warm dust near the MY SOs provide suitable condition for radiative pump-
ing of this maser species. Furthermore, Cyganowski et al. (2009) show that HCO™ (3 — 2)
detected towards all the EGOs in their sample display broad line wings, a signature of out-
flow, consistent with the expectation that 44 GHz Class I CH3OH masers are tracers of
molecular outflows. These results lend strong statistical support to EGOs being MYSOs in

an early evolutionary phase of active accretion and driving outflows.

1.3.2 Infrared association and mid-infrared colours

On comparison with IRAS sources, Cyganowski et al. (2008) found that while some of
the EGOs can be identified with IRAS point sources, the mean angular separation between
an EGO and the nearest IRAS point source is ~ 85”. Though most of the EGOs do not
seem to be associated with IRAS point sources, it does not necessarily mean the absence
of emission at IRAS wavelengths. Given the poor resolution of IRAS, the lack of emission
can be attributed to confusion or positional uncertainty.

EGOs are believed to be driven by outflows from massive protostars, with the spectral car-
riers possibly being molecular line of H, or CO bandhead or ionic line of [Fell] at 4.6 pm.
However, to substantiate this hypothesis, spectroscopic studies at MIR wavelengths cover-
ing the IRAC 4.5 yym band is very limited. From the spectroscopic study towards EGOs,
covering the IRAC 4.5 ym band, De Buizer & Vacca (2010) detected three individual EGO
knots around one of the two EGOs (G19.88-0.53) investigated. Fig. 1.9 shows the three
colour-composite image of G19.88-0.53 from De Buizer & Vacca (2010) and the L- and M-
band spectra extracted from the EGO knots and the central MYSO. The M-band spectrum
(sampling the IRAC 4.5 ym band) obtained using the Gemini Telescope’s near-infrared
spectrometer, NIRI, reveal strong H; emission line at 4.695 pm, supporting the above hy-
pothesis.

In the NIR domain, a few studies have focused towards narrow-band imaging and spec-
troscopy of EGOs (e.g. Caratti o Garatti et al., 2015; Lee et al., 2013, 2012; Onaka et al.,
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Figure 1.9: (a) Three colour-composite Spitzer-IRAC image of G19.88-0.53.The NIRI slit
position is shown by the white line. The MYSO and the three EGO knots (’Green Fuzzy’)
are marked by circles. (b) L- and M-band spectra extracted from the locations marked by
circles in (a). These figures are taken from De Buizer & Vacca (2010).

2016). The Hs (1 — 0) S(1) line at 2.12 um is an excellent tracer of shock-excited emission
arising from molecular outflow in the NIR regime. Lee et al. (2013, 2012) examined the
narrow-band Hs (1—0) S(1) images from the United Kingdom Infrared Telescope (UKIRT)
Wide Infrared Survey for H2 (UWISH?2) and the NIR continuum data from the UKIRT In-
frared Deep Sky Survey Galactic Plane Survey (UKIDSS-GPS) of 94 EGOs in the northern
Galactic plane. Their study revealed that most of the EGOs (~ 62%) classified as “likely”
outflow candidates are associated with Hy line emission from protostellar outflows. An
example of one such EGO, G34.20-0.74 from Lee et al. (2012), is described in Fig. 1.10,
showing clear extended green emission in the Spitzer-IRAC colour-composite image. The
emission at 24 ym mapped with the Multiband Imaging Photometer for Spitzer (MIPS) is
saturated. The UKIDSS K-band image also shows extended emission along the direction of
the 4.5 ym emission. The continuum-subtracted H, line image shows an hourglass shaped
bipolar H, outflow with a wide opening angle (~ 40°) in the north-east and south-west
direction.

With the aim of deriving the physical properties of massive jets from high-mass YSOs,
Caratti o Garatti et al. (2015) carried out NIR imaging (H, and K¢ bands) and low-
resolution spectroscopic (0.92 — 2.50 um) survey of 18 EGOs. The observed H, emis-

sion in these objects display diverse morphologies, starting from simple bipolar outflows to
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Figure 1.10: Images of the EGO G25.30-0.74. (a) Spitzer-IRAC colour-composite im-
age. (b) Spitzer-MIPS 24 ym image. The white part in the 24 ym map is saturated. (c)
Continuum-subtracted H, image. (d) UKIDSS K-band image. The contours represent the
4.5 pm emission, the levels of which are arbitrarily chosen for the best comparison of flux
density at 4.5 ym to that at other wavebands. The diamonds mark the positions of two
UCHT1 regions. The dashed ellipses highlight the H, outflow (Molecular hydrogen ob-
jects; MHO 2431 A-D). This figure is taken from Lee et al. (2012).

monopolar flows, precessing jets, and asymmetric lobes. Further, all the jets in the sample
show a high degree of collimation, indicating a possible disk origin for these jets. These
authors suggest that the Hy knots detected towards the source G34.20-0.74 indicate pre-
cessing jets, rather than a wide angle bipolar outflow. The spectra extracted towards the
knots also reveal strong H, emission lines as well as [FelI] lines. Of all the sources con-
sidered by Caratti o Garatti et al. (2015), [Fell] emission is detected towards ~ 50% of
them, which is also considered as a good tracer of jets/outflows. In terms of the physical
parameters derived, the massive jets associated with the 18 EGOs seems to be a scaled-up
version of their low-mass counterparts.

For EGOs with counterparts in other IRAC bands and at 24 ym, the flux densities at wave-
lengths > 4.5 ym is dominated by emission from the central MYSO. The IRAC colour-
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Figure 1.11: Colour-colour plot of EGOs taken from Cyganowski et al. (2008). Filled
and open circles correspond to the “likely" and “possible” outflow candidates, respectively,
with emission in all the IRAC bands and at 24 pm. The cross at the top left is the error bar.
The grid of YSO models is shown in the grey scale, from Robitaille et al. (2006). The black
lines delineate the different evolutionary stages. At the right are the youngest sources with
infalling envelopes (Stage I); the middle region correspond to sources with optically thick
disks (Stage II); and at the left are sources with optically thin disks (Stage III).

colour diagram of EGOs, classified as “likely” and “possible” outflow candidates with
emission at all IRAC bands and at 24 pym, is shown in Fig. 1.11. Each line in the plot de-
lineates the different evolutionary stages, Stage I, II, and III. These stages are based on the
nomenclature followed by Robitaille et al. (2006), where, Stage I objects have significant
infalling envelopes, Stage II and Stage III objects are characterized by optically thick and
thin disks, respectively. Majority of the EGOs in the above categories populate the region
of the colour-colour space corresponding to the youngest YSOs surrounded by an infalling

envelope (Stage I), indicating that EGOs trace the early stages of high-mass star formation.
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1.3.3 Kinematic signatures

As seen in Fig. 1.11, most of the catalogued EGOs are surrounded by accreting envelopes.
Thus, EGOs should trace a population of sources going through an active accretion stage
of massive protostellar evolution with ongoing outflow activity. Several molecular line
studies towards EGOs have tried to explore the gas kinematics of EGOs and the associated

molecular cloud. A brief literature review of these studies is presented in this section.

Protostellar infall

Several studies have focussed on examining infall activity towards EGOs (e.g. Chen et al.,
2010; He, Takahashi & Chen, 2012; Yu & Wang, 2015). As is well known, optically thick
molecular lines are excellent tracers of infall activity. The infall motion can be identified
from the asymmetric profile of an optically thick line (e.g. HCO™, HCN). A spherical
cloud undergoing collapse will have the collapsing region on the far side moving towards
the observer, and on the near side moving away. This gives rise to red and blueshifted
or double peaked line profiles with an absorption dip for an optically thick molecular line
emission from the cloud. In comparison, for an optically thin transition, the line profile is
symmetric and shows a peak at the self absorption dip which is also the systemic velocity
of the cloud. The double peaked line of the optically thick transition is characterized by a
blue-skewed profile, known as ‘blue asymmetric profile’.

In Fig. 1.12(a) is shown a schematic representation of the above scenario, adapted from
Evans (1999), wherein an infalling cloud is surrounded by a static envelope. Towards the
centre of the cloud, the velocity of the infalling material increases. In a spherically collaps-
ing cloud, a centrally peaked temperature and density distribution results in increase in the
excitation temperature towards the centre. The material with higher excitation temperature
is closest to the observer in the case of blueshifted emission, and for the redshifted emis-
sion, the material with lower excitation temperature is closest. In an inside-out collapse
model, the central collapsing region has a velocity distribution v o 7°° and is surrounded
by a static envelope. Such a distribution causes the velocity field to have two points with
same Doppler shift along any line-of-sight, as is illustrated in Fig. 1.12(b). In this figure,
the Doppler shift at points R1 and R2 will be the same (Vg; = Vr2) and at points B1
and B2 will be the same (V3; = Vi2). Hence, the redshifted emission from the point R2
with a higher excitation temperature will be obscured by the emission at R1, which has a
lower excitation temperature. Contrary to this, blueshifted emission from B2 is not affected

along the line of sight. The weaker redshifted peak results in the characteristic blue-skewed
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profile in collapsing clouds. The self-absorption dip arises because of the static envelope

surrounding the infalling region.
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Figure 1.12: (a) A schematic picture of spherical cloud undergoing collapse surrounded
by a static envelope. The magnitude of the velocity increases towards the centre. The
corresponding blue-asymmetric profile with a self-absorption dip for an optically thick line
is also plotted. (b) In this diagram, portraying a spherical cloud undergoing collapse, the
ovals trace the loci of constant line-of-sight velocity. These figures are taken from Evans
1999.

The blue-asymmetry is quantified by the asymmetry parameter, 6V (Mardones et al., 1997),

(Vinick — Vihin)
AVihin
where, Vinicx 1S the peak velocity of the optically thick line, Vi, is the peak velocity of
the optically thin line and AV}y;, is the FWHM of the optically thin line. According to

Mardones et al. (1997), the criteria for a bona fide blue-skewed profile is 0V < —0.25.

Such signature infall profiles are observed towards low-mass star-forming regions (Di

oV = (1.6)

Francesco et al., 2001; Mardones et al., 1997) and high-mass star-forming regions (Wu &
Evans, 2003; Wyrowski et al., 2016; Zapata et al., 2008). Apart from the blue-asymmetric
profiles, ‘inverse P-Cygni profiles’ or ‘redshifted absorption profiles’ are also generally
considered as evidence of gas infall (Liu, Wu & Zhang, 2013; Wu et al., 2009). In such
profiles, the redshifted absorption feature originates from the dense gas along the line of
sight and located towards the near side of the observer and moving away. The emission

component is due to the gas on the far side of the central source with its motion towards
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the observer.

Chen et al. (2010) carried out a systematic survey of molecular lines including HCO™ (1 —
0), 12CO (1 — 0), BCO (1 — 0), and C*®O (1 — 0) towards a sample of 88 EGOs in the
northern hemisphere using the Purple Mountain Observatory 13.7-m radio telescope. The
study aimed to search for evidence of infall and to derive the physical properties of these
sources. From the analysis of the optically thick HCO™ line and the optically thin C'80
line, Chen et al. (2010) found that a significant number of EGOs in the sample show active
infall. Typical infall velocity, ~ 2kms~! and mass infall rates, ranging from 4 x 102
to 1 x 107* M, yr~!, estimated are consistent with those of other massive star-forming
regions and also similar to the predicted theoretical values. Based on this, Chen et al.
(2010) conclude that EGOs possibly trace a population MYSOs in an actively accreting

initial phase of protostellar evolution.

Jets and outflows

Massive molecular outflows are a common feature seen in high-mass star-forming regions
(e.g. Beuther et al., 2002c; Liu et al., 2016b; Qiu et al., 2009). Outflows are seen mostly
during the early phases of star formation when the protostar is actively accreting matter
from the circumstellar material. Since EGOs trace a population of sources in an early
evolutionary stage and are believed to be driven by outflows, a handful of studies have
tried to examine the jet/outflow properties of these sources (e.g. Caratti o Garatti et al.,
2015; Cyganowski et al., 2011b). As discussed in Section 1.3.2, Caratti o Garatti et al.
(2015) derived the physical properties of Hy jets from the NIR observations towards a
sample of 18 EGOs. From the high angular resolution millimeter observations towards
two EGOs, G11.92-0.61 and G19.01-0.03, Cyganowski et al. (2011b) present substantial

evidence showing that these MY SOs drive massive bipolar outflows.

Tracers of jets and outflows

In the early stages, the outflows are embedded within the molecular cloud envelope. The
molecular transitions of Hy,(1—0) S(1) line at 2.12 ym in the NIR regime and the rotational
transition lines of the CO molecule in the millimeter regime are well-accepted tracers of
outflow activity in star-forming regions (Beuther et al., 2002c; Varricatt et al., 2010; Zhang
et al., 2001).

The CO molecule is easily excited and hence is an efficient tracer of the cold molecular
swept-up ambient material. Different transitions trace the kinematic structure of different

parts of the molecular cloud. Transitions from higher rotational levels of the CO molecule
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(e.g., J = 3 — 2) have higher critical density and hence their emission arises from denser
parts of the star-forming region like the dense dust cores. Whereas, lower level transitions
(e.g.,J =2—1,J =1—0) effectively trace the kinematics of the low-density regions of
the natal cloud (Rygl et al., 2013). In addition to this, the different isotopologues of CO are
tracers of different conditions of the molecular cloud. The 2CO is optically thick and can
map the spatial and kinematic extent of the outflow. On the other hand, 13CO and C'80 are
considered to be optically thin and are high-density tracers (Lo et al., 2015).

H, line emission at NIR and MIR wavelengths are powerful tracers of shock-excited gas
from protostellar jets. The jets are heated to typically a few 1000 K, giving rise to thermal
emission from shock fronts. In addition, silicon monoxide (SiO) is also believed to be
a tracer of collimated molecular jets and shocks in the ISM because it is formed due to
the sputtering of Si atoms from the grains due to fast shocks (Hatchell, Fuller & Millar,
2001; Lopez-Sepulcre et al., 2011; Miettinen et al., 2006). Protostellar jets are revealed by
Si0 emission towards several high-mass star-forming regions (e.g. Cesaroni et al., 1999;
Codella et al., 2013; Leurini et al., 2013).

Massive molecular outflows often co-exist with ionized jets (Anglada, 1996; Purser et al.,
2016). Jets are believed to entrain gas and dust from the cocooning molecular cloud. Ton-
ized jet, moving away from the protostar through the polar axis, carrying away excess
angular momentum, is a source of momentum to drive Hy outflows as well as large-scale
molecular outflows. The detection of jets provide an indirect evidence for the presence of

circumstellar accretion disk around the protostar (Cesaroni et al., 2006).

Properties of jets and outflows

Emission from ionized jets dominates the centimeter wavelength, where the emission orig-
inates due to the thermal free-free emission mechanism. Typically, ionized jets have spec-
tral index values of the range of 0.4 — 0.9 (e.g. Panagia & Felli, 1975; Purser et al., 2016;
Reynolds, 1986; Sanna et al., 2016), where the spectral index, « is defined as

S, o< v (1.7)

Here S, is the flux density at frequency v. From the centimeter observation of a number of
outflow sources, Anglada (1996) has complied a list of characteristic features exhibited by

ionized jets which are as follows.

1. Elongated morphology of the centimeter emission at subarcsecond scales with a high

degree of collimation.
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2. Weak radio emission, with flux densities of the order of ~ 0.5 — 10 mJy.

3. Alignment with large-scale molecular outflows, with the driving source(s) at the cen-

troid of the outflow.
4. Rising or flat spectral index as one would expect for a thermal free-free emission.
5. Association with both high and low-luminosity objects.

6. The dynamical timescales of the jet should only be a few years, indicating that the

emission traces an extremely early stage of evolution.

In recent years, several observational studies have also shown spectral index values, o <
—0.1, along the jet axis, away from the cores around the knots of ionized emission. Such
values of spectral index are consistent with the presence of non-thermal emission (e.g.
Masqué et al., 2019; Obonyo et al., 2019; Vig et al., 2018). This behaviour of radio spec-
trum is attributed to synchrotron emission, arising due to the relativistic motion of charged
particles accelerated by the strong shocks from protostellar jets. This interpretation is sup-
ported by several theoretical studies as well (Anglada, Rodriguez & Carrasco-Gonzilez,
2018, and references therein). The radio spectrum from protostellar jets may have contri-
bution from both thermal as well as non-thermal components. The two can, however, be
separated by examining the SEDs over a large range of radio frequencies. The non-thermal
emission is expected to dominate at low frequencies.

Observed outflows from protostars are seen to have varying degrees of collimation. The
youngest YSOs drive highly collimated jets/outflows, a result of their accretion from the
circumstellar disk surrounding them. The collimation factor of the outflows appears to de-
crease with age and lumninosity of the source (e.g. Arce et al., 2007; Beuther & Shepherd,
2005). The dynamical timescale of the outflows is a crucial parameter from which one
can estimate the evolutionary stage of the driving source. This quantity is given by the

expression (Qiu et al., 2009)

Tayn = (1.8)

max

where Lg,,, is the half length of the end-to-end extension of the outflow and vy, is the
maximum flow velocity from the systemic velocity of the molecular cloud harbouring the
protostar. Relatively shorter timescales of the order of ~ 10* yr indicate that the outflow
is driven by dense compact cores or HMCs. However if the timescales are > 10° yr, the

driving source is more evolved and has begun to power an UC H 11 region (Qiu et al., 2009,
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and references therein).

Given that EGOs exhibit different characteristics at different wavelengths, the best way to
comprehensively scrutinize the nature of these objects would be to follow a multiwave-

length approach.

1.4 Motivation and outline of this thesis

An extensive literature review into formation of stars revealed the importance of studying
the earliest phases of high-mass star formation. This thesis work focusses on the early
stages of the formation of high-mass stars through a multifrequency path. As is clearly
evident from the discussion presented earlier, EGOs offer a potential sample to probe the
early phases of massive star formation. EGOs are a fairly new class of protostellar objects
discovered, having interesting morphologies and statistical properties.Various surveys and
statistical studies aimed at understanding the general properties of these sources, brought to
light the association of these sources with collimated H, jets/outflows and massive molec-
ular outflows. Recent studies have speculated that EGOs, in all likelihood, would in fact
harbour protoclusters rather than single protostars (Towner et al., 2019). So as to get a better
insight into individual EGOs and their specific nature, we formulated the research problem
of carrying out observational investigation of a selected sample of EGOs (G12.42+0.50
and G19.88-0.53) through various bands of the electromagnetic spectrum starting from ra-
dio wavelengths to NIR wavelengths. Though there exists ample literature supporting the
presence of ionized jets from young protostellar objects through high-frequency radio ob-
servations, the studies dedicated to probing them at low radio frequencies is very limited.
This thesis work aims to specifically look for evidence of ionized jets arising from EGOs
through the low-frequency radio bands. This low-frequency domain also offers an added
advantage of identifying non-thermal emission from jets.

EGO G12.42+0.50 is catalogued as a “possible” outflow candidate with an extended mor-
phology and large integrated flux density of 1.4 Jy (Cyganowski et al., 2008) in the IRAC
4.5pum band. G19.88-0.53, on the other hand, is catalogued as a “likely” outflow can-
didate, with discernible 4.5 ym emission knots (Fig. 1.9a) and integrated flux density of
0.6Jy. The large angular extent and flux densities of these EGOs, along with them being
embedded within IRDCs, make these sources excellent representatives of EGOs tracing the
earliest stages of high-mass star formation.

We use the low-frequency radio continuum observations made using the Giant Meterwave
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Radio Telescope (GMRT), India to probe the ionized emission associated with the sources
of interest. Supporting NIR imaging and spectroscopic observations with the UKIRT,
Hawaii, help understanding the nature of the jets/outflows powered by the target source.
With additional, high-quality archival data available for the targets, the gas kinematics and
dust emission are also studied. A rigorous in-depth study of these sources unveiled many
interesting results. Further, while attempting to understand the scenario of cluster forma-
tion in G133.50+9.01, molecular line data of the complex revealed a very exciting picture
and led us to explore cloud-cloud collision signatures and present the interpretation. In

presenting the work done, the thesis is structured in the following way

e Chapter 1: This (the current chapter) chapter gives an overall introduction to star
formation with particular emphasis on the formation of high-mass stars - the theo-
retical models and the evolutionary sequence. This chapter also introduces EGOs
and gives a brief discussion on the nature of these objects and the current status of

research towards these objects.

e Chapter 2: This chapter presents the details of various observations conducted along
with an elaborate discussion on the associated data reduction techniques. Details of
various archival datasets that have been used to investigate the nature of the different

components associated with the target sources is also presented in this chapter.

e Chapter 3: This chapter deals with the study of the EGO, G12.42+0.50, to probe the
early phases of high-mass star formation. The associated ionized, dust, and molecular
components of this source are studied in detail employing various observational and
archival data at NIR, MIR, FIR, (sub)millimeter and radio wavelengths. The radio
continuum emission advocates for a scenario of coexistence of an UC H I1 region and
an ionized thermal jet possibly powered by the same MYSO. Study of the molecular
gas kinematics reveals the presence of both infall activity and large-scale outflow, and
also bulk gas inflow along a complex network of filaments, mimicking a hub-filament

system.

e Chapter 4: A multiwavelength analysis of star formation associated with the EGO,
G19.88-0.53 is discussed in this chapter. With multiple detected radio and millimeter
components, G19.88-0.53 unveils as harbouring a protocluster rather than a single
MYSO. An ionized thermal jet is detected which is found to be associated with a
massive, dense and hot ALMA 2.7 mm core driving a bipolar CO outflow. Detailed

investigation of the gas kinematics unveils G19.88-0.53 as an active protocluster with
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high-mass star-forming components spanning a wide evolutionary spectrum from
hot cores in accretion phase to cores driving multiple outflows to possible UC H11

regions.

Chapter S: In this chapter, we present a likely cloud-cloud collision candidate,
G133.50+9.01, triggering the formation of filaments, cores, and a stellar cluster.
Morphologically, the cloud complex appears to be made of two colliding molecular
clouds, the intersection region of which is characterized by broad bridging features,
characteristic of collision. The shock-compressed layer formed at the interaction
front resembles an arc-like structure with enhanced excitation temperature and Hy
column density. A complex network of filaments is detected at 850 ym with embed-
ded dense cores, all spatially well correlated with the shock-compressed layer. A
stellar cluster revealed through an overdensity of identified Classes I and II YSOs

along the intersection arc corroborates with a likely collision induced origin.

Chapter 6: The final chapter summarizes the results and interpretations from the
thesis. A brief discussion on the ongoing work related to the radio data analysis
of EGO G34.26+40.15 is also presented. In addition, the future scope and plans for

proceeding beyond the thesis work is also outlined in this chapter.
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Chapter 2

Observation, Data Reduction and Archival
Data

The study carried out in this thesis follows a multiwavelength approach. The selected star-
forming regions are probed at infrared, submillimeter, millimeter, and radio wavelengths.
Fig. 2.1 shows the potential of each wavelength regime towards an in-depth investigation
of the various components of the complexes under study. Data from various telescopes
operating at different wavelength regimes are employed to build a comprehensive picture
and to understand the underlying physical processes associated. Data from Legacy as well
as the upgraded GMRT are used to examine the nature of the ionized gas emission from
the EGOs. Emission from shock indicators is probed at NIR and MIR wavelengths by
carrying out imaging and spectroscopic observations using UKIRT. MIR and FIR data from
Spitzer Space Telescope, Herschel Space Observatory and the APEX Telescope Large Area
Survey of the Galaxy (ATLASGAL) are used to probe the nature of the associated warm
and cold dust components. The properties of compact dense cores are explored using high-
resolution millimeter observations from Submillimeter Array (SMA) and the archives of
ALMA. Observed and archival molecular line data from various telescopes are utilised
to investigate the kinematics of the molecular cloud and dense cores associated with the
regions under scrutiny. This chapter outlines the details of the observations carried out and
the data reduction procedures adopted. In addition, the various archival datasets used are

also discussed.
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Figure 2.1: Block diagram of various observational and archival data used for the multi-
wavelength study of the high-mass star-forming complexes investigated in this thesis.

2.1 Low frequency radio interferometric observations us-
ing GMRT

While radio astronomers have the great advantage of being able to carry out observations
using ground based facilities, large wavelengths limit the angular resolution attainable
(@ ~ A\/D). In order to obtain high-resolution radio maps, radio astronomers use single
dish telescopes with large diameters operating at shorter wavelengths (centimeter and mil-
limeter). However, to attain subarcsecond resolutions at meter wavelengths, one employs a
technique called ‘aperture synthesis’ based on interferometry. A radio interferometer mea-
sures the interference pattern from an antenna pair. The output from each antenna pair is
multiplied and time averaged to get a complex spatial coherence function in the uv plane
called the ‘visibility’. Visibilty is a function of three variables, (u, v, w) that define the co-

ordinate system of antenna spacing. For a coplanar array, the visibility relates to the source
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brightness as the Fourier transform of the source brightness, given by

V(u,v,0) = // I(1,m)e~2mi+om) g1 dm (2.1)

where, V' (u, v, 0) is the visibility between two points in the uv plane with baseline coordi-
nates (u,v,0). I(l,m) is the intensity of the source which is a function of (/,m), that are
direction cosines of the source in the (u, v) coordinate system. This expression is valid un-
der the consideration that the observation is coplanar, i.e. w = 0, and the source brightness
distribution is limited to a small region of the sky.

As the large synthesised aperture is only sampled at the antenna locations, the visibilities in
the uv plane will not be continuous. But with the rotation of the Earth, over the period of the
observation run, one samples more and more of the uv plane. With a long observation run
using large arrays like GMRT with 30 antennas, the sampling of the uv plane is sufficiently
dense to allow extremely high quality reconstruction of intricate details of complex radio
sources. This technique of using the Earth’s rotation to improve the uv coverage is called

the ‘Earth rotation aperture synthesis’.

2.1.1 Radio continuum observations

Radio continuum observations towards G12.42+0.50 and G19.88-0.53 were carried out at
low radio frequencies using the GMRT (with the upgraded configuration, uGMRT for the
second source) located at Pune, India. GMRT offers a hybrid configuration of 30 antennas
arranged in a Y-shaped layout. Each antenna is a parabolic dish with a diameter of 45 m.
The three arms contain 18 evenly placed antennas and provide the largest baseline of ~
25km. The central 1 km x 1 km region houses 12 antennas that are randomly oriented with
shortest possible baseline of ~ 100 m. Fig. 2.2 shows the location, the Y-shaped layout
of the GMRT antennas, and a close-up view of a few antennas. This hybrid configuration
enables radio mapping of small-scale structures at high-resolution, along with large-scale,
diffuse emission at low-resolution. A comprehensive overview of GMRT systems can be
found in Swarup (1991), and discussions on the upgradation are presented in Gupta et al.
(2017).

The radio continuum observations aim to probe the nature of the ionized gas emission
associated with the sources under study. The observations were made with these sources at
the phase centre. Since the amplitude of the visibility function is proportional to the flux
density of the source, it can be converted to the flux density of the target source. For this,

we measured the visibility of a source of known and non-variable flux density to get the
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! GMAT ARRAY CONFIGURATION

Figure 2.2: (a) Y-shaped array configuration of the GMRT antennas. The length of the
three arms are ~14 km each and the central region is ~ 1 km x 1 km. (b) A close-up view
of three antennas of GMRT. (Images are taken from http://gmrt.ncra.tifr.res.in)

flux density of the target source. These sources with known flux densities are called flux
density or primary calibrators. Due to the changes in the upper ionosphere, the complex

antenna gain also varies with time. In order to account for this, periodic observations of
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an unresolved source of known structure were made between target observations. This
source is referred to as the phase calibrator, the flux density of which is calibrated using
the flux density of the flux calibrator. To probe our regions of interest, at all angular scales,
full synthesis observations were carried out. The observing sequence followed is depicted
in Fig. 2.3 where each observing run requires at least two observations of the primary
flux calibrator(s), usually at the beginning and end of the observation cycle. Observations
of the phase calibrator is interspersed between target observations. Typically the target
is observed for ~ 40 mins followed by the phase calibrator for ~ 5 mins with the cycle
continuing over the allotted timeframe. For our observations we have used VLA calibrators
3C286 and 3C48 as primary flux calibrators and 1822-096, 1911-201 and 1743-038 as
phase calibrators. To sample the complex morphology of the sources and obtain high-
fidelity imaging, the integration time was fixed so as to achieve low rms noise of few tens

of pJy and adequate uv coverage. The details of the observations are listed in Table 2.1.

Starting scan Ending scan
(" Flux calibrator ) Flux calibrator
L (15 rlnins) ) (15 r;lins)
( Phase calibrator R Phase calibrator
(5 mins) ) (5 mins)

!

Source
(40 mins)

Phase calibrator Source
(5 mins) (40 mins)

Figure 2.3: Flow chart of sequence followed for GMRT observations.

2.1.2 Data reduction procedure

GMRT radio continuum data reduction is carried out using the National Radio Astronomy
Observatory (NRAO) Astronomical Image Processing Software (AIPS). It is a software
package for calibration, data analysis, and imaging of radio astronomical data. A flow

chart illustrating the tasks involved is shown in Fig. 2.4. A brief overview of the procedure
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Table 2.1: Details of radio continuum observations using GMRT.

Details G12.42+0.50 G19.88-0.53
610 MHz 1390 MHz 550—850 MHz 1050—1450 MHz
(Band 4) (Band 5)

Date of Observation 21 July 2017 22 August 2017 19 June 2018 18 June 2018

Proposal code 32_063(S2) 32_063(S1) 34_047(S1) 34_047(S2)
(PI: N. Issac) (PI: N. Issac) (PI: N. Issac) (PI: N. Issac)
Bandwidth (MHz) 32 32 300 400
Flux calibrators 3C286 3C286, 3C48 3C286 3C286
Phase calibrators 1822-096 1911-201 1822-096 1743-038
Integration time (hrs) ~ b ~ 5 ~ b ~H
Synthesized beam 7.6" x 4.8" 3.0" x 2.4" 11.5" x 7.6" 4.3" x 2.7"
rms (p1Jy beam™1) 94 29.7 100—150 44—47

and tasks involved is given below.

1. Loading data into AIPS and indexing:
The raw data obtained from GMRT come in a binary format with “.Ita’ extension. To
make these compatible with the AIPS environment these are converted to the FITS
format using the tasks LTISTSCAN and GVFITS. Once the raw data are converted to
FITS format these are imported into the AIPS environment using the task FITLD.
This task reads the uv data from the FITS file and creates a file with extension
“FITLD’ in AIPS. A set of extension tables containing the information regarding
history, antenna names, source list, frequency, bandwidths, etc. are included within
this file. The task INDXR indexes the uv data files and creates the NX table. This task
also creates the calibration table, CL1 with null entries that will serve as a template

to the new CL tables generated subsequently.

2. Preliminary flagging and calibration:
The initial portion of each scan may be corrupted. This happens because the tele-
scope may be slewing when data acquisition is switched on. The task, QUACK is
used to remove these initial (~ 0.3 mins) data points from each scan. The flagged
data are written to a flag (FG) table in the uv data file. The data can be displayed
using the task TVFLG to identify non-working antennas. The bad antennas, if any,
are then flagged using the task UVFLG. It is crucial that bad antennas be removed be-
fore the calibration process, since the presence of these antennas during calibration

could result in inaccurate antenna gains. Since each frequency band is divided into
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Figure 2.4: Flow chart illustrating the sequence of tasks from AIPS used for the calibration
and imaging of GMRT radio continuum data.

multiple channels (256 channels for Legacy GMRT and 2048 channels for uGMRT),
a reference channel (usually near the middle of the band) is selected for initial flag-
ging and calibration purposes. Also, an antenna (typically one within the arms of the
Y-shaped array), with low noise is chosen as a reference antenna. These are done by
inspecting the uv data using TVFLG.

Once the bad antennas are removed, the data are then calibrated. As a first step
in the calibration cycle, we use the task SETJY to assign the flux density of the
flux calibrators. The flux density values of the VLA flux calibrators, that we have
used in our observations exist within this task. This is followed by the calibration
task, CALIB, which computes the antenna based gains for the primary calibrators
to be applied to the uv dataset. A solution (SN) table containing the complex gain
solutions is created and attached to the uv file. Following calibration, we use the task

GETJY to determine the flux density of the phase calibrator. Finally, the solutions
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from the SN table is applied using the task CLCAL. This creates a new CL2 table
which contains the flux calibration of all the sources. This task completes one cycle
of calibration. The calibrated data are then examined using the display tasks TVF LG
and UVPLT with the DOCALIB=1, so as to display the calibrated data. Any bad data
points corrupted by radio frequency interference (RFI), bad baselines or time ranges
are identified and flagged. The calibration process is repeated after removing the SN
and CL2 tables. The flagging-calibration loop is continued till all (as far as possible)

bad data points are removed.

. Bandpass calibration:

The initial steps of calibration discussed are done over one channel. However, the
antenna gains vary over the passband, mainly due to the antenna based band-shape
and residual fixed delay errors. The bandpass calibration is performed over all the
channels to correct for the frequency dependence of the antenna gains using the task
BPASS. This task writes the bandpass response functions to the BP table. For our
observations, the flux calibrator also serves as the bandpass calibrator. The bandpass
functions from the BP table are visualized using the task POSSM. Using this plot,
bad channels are identified and flagged using UVFLG. Following the removal of bad
channels, the calibration loop is repeated beginning from CALIB after deleting the
SN, CL2 and BP tables.

. Channel averaging and calibration:

Once the initial calibration steps are completed, the channels are averaged employ-
ing the task SPLAT. This is done to improve the signal-to-noise ratio and it also
reduces the data volume. However, averaging leads to bandwidth smearing effects.
Bandwidth smearing is the chromatic aberration in the image when the visibilities
from a finite bandwidth are gridded as if monochromatic. Hence, channel averaging
is restricted to keep the bandwidth smearing negligible. The maximum number of

channels that can be safely averaged at GMRT frequencies are given below:

e 1280 MHz: 40 — 48 channels (5 — 6 MHz)

e 610 MHz: 24 — 32 channels (3 — 4 MHz)
The output ‘SPLAT’ file has fewer number of channels than the original uv dataset.
The flagging-calibration loop is re-run on all the averaged channels starting from

SETJY, to remove bad data from all the channels and to improve the calibration so-

lutions. The calibrated SPLAT file has multiple sources. For the purpose of imaging,
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we separate out the target source from the SPLAT file using the task SPLIT, after
applying the calibration solutions. The calibrated uv data file of the target source is
written to the SPLIT file.

. Imaging and self-calibration of the target source:

While performing wide-field imaging, the w-term effect (non-coplanarity) comes
into picture when a 2D sky brightness map is constructed from 3D image volume.
When imaging a large angular region, the sky can no longer be treated as a 2D plane,
especially at low frequencies. The use of the standard CLEAN task will create distor-
tions around sources and this effect becomes increasingly serious with the distance
from the phase centre. To account for this distortion, one must make use of a wide-
field imaging algorithm that involves constructing facets. In AIPS, task SETFC pro-
duces facets, creating an output ‘BOXFILE’ which contains the information about
the facets. For a source of size #, the number of facets required, [V, is the ratio of the
solid angle of the mapped region (9]%) to the solid angle of the synthesised beam (62),

given as

26} B

3 (2.2)

where B, 1s the longest projected baseline and A is the wavelength. The final cali-
brated uv data of the target source from the SPLIT file are used to generate the bright-
ness distribution of the target field using the the task TMAGR. The output BOXFILE
from SETFC is used as an input to this task. TMAGR does the Fourier transform of the
visibilities and generates the ‘dirty beam’. The convolution of the dirty beam with the
source brightness gives the ‘dirty map’. The CLEAN algorithm (Hogbom, 1974) in
the TMAGR task performs the deconvolution. This algorithm represents the radio sky
as a number of point sources and uses an iterative method to determine the location
and strength of these sources. Boxes are drawn around the point sources which are
called the CLEAN components that are CLEANed during each minor iteration cy-
cle. The Fourier transform of the CLEAN components are computed and subtracted
from the visibility data at the end of each major iteration cycle and a residual dirty
image is computed. The source model constructed after the CLEANing consists of
the CLEAN components, which is convolved with the CLEAN beam and then added
to the residual image. The output from the TMAGR task consists of multiple images
depending on the number of facets. These images are then combined to construct a

single image using the task FLATN.
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The quality of the image is significantly affected by the temporal fluctuations of the
the Earth’s atmosphere, which can affect the response of the antennas. The phase
errors due to these fluctuations can be minimized by carrying out phase-only self-
calibration of the visibility, based on the model image from the output of IMAGR.
The task CALIB is used for performing the task of self-calibration. Several iterations

of self-calibration are done until the phase variations are minimum.

The quality of the images are further improved by removing low-level noise from the
uv data file. The model image consisting of the CLEAN components are subtracted
from the uv data file using the task UVSURB. This creates an output ‘. UVSUB’ file.
Bad data, if any, from the residual uv data file are flagged and the CLEAN compo-
nents are added back using the same task. The output of this is written to a . UVADD’
file. The IMAGR task is run on the UVADD file. The image is again inspected and
UVSUB is repeated, if required.

. Primary beam correction and rescaling:
The final image is required to be corrected for the reduced sensitivity at the edges
of the primary beam. To achieve this, the image is divided by the response of the

primary beam using the task PBCOR.

The system temperature of GMRT, at a particular frequency, is given by,

Tsys = Lsky + Terc (23)

where T, is the effective receiver temperature and 7Ty, is the sky brightness tem-
perature due to the Galactic diffuse emission. At higher frequencies, the sky temper-
ature is negligible compared to the effective receiver temperature. However, towards
lower frequencies (e.g., 610 MHz), the contribution from Galactic diffuse emission
becomes significant, and this is particularly relevant for observations made close
to the Galactic plane (Marcote et al., 2015). Since our sources (G12.42+0.50 and
G19.88-0.53) are close to the Galactic plane and the flux calibrators are located away
from this plane, rescaling of the final images becomes necessary. The scaling fac-
tor is estimated under the assumption that the Galactic diffuse emission follows a

power-law spectrum. The sky temperature at frequency, v is determined using the
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equation

;
T = TH® [ —2— 2.4
Ky T Peky (408MHZ ’ 24)

where -y is the spectral index of the Galactic diffuse emission which is taken to be
-2.55 (Roger et al., 1999) and T3 is the sky temperature at 408 MHz obtained from
the all-sky 408 MHz survey of Haslam et al. (1982). The correction to the system
temperature to account for the Galactic diffuse emission, (T + Tiys) /Tsys is used to
scale the fluxes at each frequency. The task RESCALE is used to rescale the images

with the estimated scaling factor.

2.2 NIR Observations using UKIRT

NIR imaging and spectroscopic observations were carried out using UKIRT, a 3.8-m in-
frared reflecting telescope located in Mauna Kea, Hawaii. UKIRT consists of four in-
struments namely, Wide-Field Camera (WFCAM), UKIRT 1-5 ym Imager Spectrometer
(UIST), UKIRT 1-2.5 pm Fast-Track Imager (UFTI), and Michelle 10-20 ym imager and
long-slit spectrograph. Observations towards G12.42+0.50 and G19.88-0.53 were carried
out using WFCAM and UIST.

2.2.1 Imaging

We imaged G12.4240.50 in the broad-band H filter and the narrow-band filter centred on
the [Fell] line at 1.644 ym using the UKIRT-WFCAM, (Casali et al., 2007). WFCAM
consists of four 2048 x 2048 HgCdTe Rockwell Hawaii-II arrays, each with a field of view
of 13.65" x 13.65" and a pixel scale of 0.4” pixel .. Details of the imaging observations are
included in Table 2.2. The initial data reduction process is carried out by the Cambridge
Astronomical Survey Unit (CASU).

Table 2.2: Details of UKIRT-WFCAM imaging observations towards G12.42+0.50.

Date Filter Exposure Integration
(yyyymmdd) time (s) time (s)
20170705 H 5 180
20170705  [Fel] 40 1440
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Continuum subtraction of the narrow-band [Fell] image is performed following the steps
described in Varricatt, Davis & Adamson (2005). This procedure employs multiple Starlink
packages. The sky background is fitted and removed from the images using the KAPPA
tasks SURFIT and SUB. It is crucial to align images before subtracting one from the other.
The [Felr] and H-band images are aligned using the task WCSALIGN. Since the seeing
conditions were different for the [Fell] and H-band observations, the image with lower
point spread function (PSF) is smoothed to the full width at half maximum (FWHM) of the
image with larger PSF. This minimizes residuals seen in the continuum-subtracted images
owing to varying PSFs. For scaling the broad-band image, sky-subtracted flux counts of
discrete point sources in both the narrow-band and broad-band images are measured. The
average value of the ratio of the fluxes (H/[FelI]) is computed and used to scale the H-
band image. Subsequently, the scaled H-band image is subtracted from the [Felr] image to

construct the continuum-subtracted image [Fell] line image.

2.2.2 Spectroscopy

Spectroscopic observations towards G12.42+0.50 and G19.88-0.53 were obtained with
UKIRT-UIST, (Ramsay Howat et al., 2004). UIST consists of a 1024 x 1024 InSb array.
In spectroscopy mode, the camera with a plate scale of 0.12” pixel ! was used. Observa-
tions were carried out using the 4 (~ 0.48")-pixel-wide and 120” long slit. The spectra
of G12.42+0.50 and G19.88-0.53 were obtained using the HK grism set-up that covers the
spectral range of 1.395 — 2.506 pm with spectral resolution of 500. The spectroscopic ob-
servation of G12.42+0.50 was also done using the KL grism set-up that has a wavelength
coverage of 2.229 — 2.987 um with spectral resolution of 700. Flat-field and Argon arc
lamp observations were performed ahead of the target observations on each night. The
slit was oriented such that it samples the extended, 4.5 ym emission associated with the
EGOs under study. In Fig. 2.5, the orientation of the slit for observation is displayed on
the Spitzer-IRAC colour composite image of G12.42+0.50. Selected telluric standard stars
were observed with the same instrument settings as for the target. This spectra is required
for telluric and instrumental corrections. Since the target sources have an extended mor-
phology, nodding along the slit would result in overlapping of the extended emission fea-
tures. In order to avoid this, 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 M. & Blundell, 2009; Ramirez et al., 2009). Details of the observation are given in
Table 2.3.
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Table 2.3: Details of UKIRT-UIST spectroscopic observations towards G12.42+0.50 and
G19.88-0.53.

Source Date Grism  Exposure  Integration Standard star Slit position Slit orientation
(yyyymmdd) time (s) time (s) (spectral type)  a(J2000) 6(J2000) (east of north)
G12.42+0.50 20150402 HK 120 720 SAO 160915 181051.1  -17 5550.0 55¢
(AOV)
G12.42+0.50 20150405 KL 50 300 SAO 160915 181051.1  -17 5550.0 55¢
(AOV)
G19.88-0.53 20150402 HK 120 720 SAO 142372 1829147 -115016.7 88°
(ASIV/V)

Dec (J2000)

-17:56:00.0 |

53.8 52.8 519 509 49.918:10:49.048.0

RA (J2000)

Figure 2.5: Spitzer-IRAC colour composite image of EGO, G12.42+0.50. The orientation
of the slit is represented by a red rectangle, the dimensions matching the slit.

The initial data reduction is carried out by the ORAC-DR pipeline at UKIRT. The pipeline
takes care of bad-pixel masking and flat-fielding of each frame of the standard star and
target observation. Flat-fielding is done with the flat frame observation made ahead of the
target observation on the same night. The sky frames are subtracted from the standard star

frames to eliminate airglow lines. Following this, the frames are grouped and averaged into
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a single standard star spectral frame. The ORAC-DR pipeline also groups the frames of
the target observation into a single target spectral frame. Subsequent procedures involved
in the reduction of the standard star and the target source are carried out using suitable
tasks from the Starlink packages, FIGARO and KAPPA (Currie et al., 2008). A flow chart
describing the steps involved and the Starlink tasks used to reduce the standard star and the

target spectra is given in Fig. 2.6 and the steps involved are briefly described here.

' ORAC-DR '

Standard star Target

v v
( )

Extract positive and negative beam

Sky subtraction

. POLYSKY
and combine

PROFILE, OPTEXRACT,
ICDIV, ISHIFT, IADD v

- J .
l [ Remove cosmic rays J

BCLEAN

Wavelength calibration
ARC, XCOPY, AXLABEL, >
AXUNITS Y
~ l / [ Wavelength calibration J
- AXLABEL, AXUNITS, XCOPY
Division by blackbody
L BBODY, FWCONV, IDIV y >
A
- l N [ Telluric correction ]
Remove photospheric lines IDIV
ISEDIT
- J
| |
( )
Make 2D spectrum Extract final spectrum
S MANIC y [ EXTRACT ]

Figure 2.6: Flow chart illustrating the sequence of steps involved and the tasks used in the
reduction and extraction of the spectra from UKIRT spectroscopic data.

1. Standard star spectra:
For each observing run, during the standard star observation, the source was nod-
ded along the slit in an ABBA pattern between two positions A and B. Thus, the

sky-subtracted, grouped frame has a positive and a negative beam. The positive and
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negative spectra are extracted from the standard star spectral image. The negative
spectrum is inverted and shifted with respect to the positive spectrum. The two are
then added and divided by a factor of 2 so that the flux is not overestimated. Subse-
quent to this, the wavelength calibration of the standard star spectrum is performed
using the Argon arc lamp observation and the known wavelength line list of the
Argon HK and KL spectra. Following wavelength calibration, the standard star spec-
trum is divided by a blackbody spectrum of temperature similar to the photospheric
temperature of the standard star using the task BBODY, so as to normalize it before
performing telluric correction of the target spectrum. Prior to telluric correction of
target source spectrum, the photospheric lines are removed from the standard star
spectrum by a careful interpolation of the continuum across these lines using the
task ITSEDIT. The photospheric lines from the standard star are identified from the
UKIRT technical reference section!. The stellar spectrum is then projected onto a
2D plane using the task MANTIC thus creating a spectral image of the standard star

spectrum.

2. Target source spectra:
As our target sources have extended emission, sky subtraction is done by subtracting
the off-slit sky from the on-target spectral image, following which the subtraction of
the residual sky is achieved with the FIGARO task, POLYSKY. Subsequent to sky
subtraction, the rows of bad data, if any, and the cosmic rays from the CCD image
are removed using the task BCLEAN. This task runs a non-interactive algorithm on
a CCD image to detect and remove bad rows and cosmic rays. Wavelength calibra-
tion of the target spectral image is performed employing the wavelength calibrated
standard star spectral image as the reference spectrum. Finally, telluric correction of
the target spectrum is achieved by dividing the bad-pixel masked, flat-fielded, sky-
subtracted and wavelength calibrated target spectral image by the reduced standard
star spectral image. As the sky conditions were not photometric during our observa-

tions, we have not performed the flux calibration of any of the target sources.

The final reduced spectral image of the target source is examined and compared with the
UKIDSS K-band images of the EGOs G12.42+0.50 and G19.88-0.53 to identify the re-
gions showing extended and/or knotty K-band emission. Spectra are then extracted along

different apertures sampling the extended K-band emission.

Uhttps://'www.ukirt.hawaii.edu/astronomy/calib/spec_cal/brackett.html

48


https://www.ukirt.hawaii.edu/astronomy/calib/spec_cal/brackett.html

2.3 SMA observation

G12.42+0.50 was observed using the Submillimeter Array (SMA) on 2008 July 1 and 8.
SMA operates in the millimeter and submillimeter regime covering the wavelength range
0.3 — 1.7mm. Commissioned in 2003, SMA is the first imaging interferometric telescope
operating at submillimeter wavelengths. It consists of 8 movable antennas, where each
antenna is composed of a smooth parabolic reflector, 6 m in diameter. The observation of
G12.4240.50 was carried out in its extended configuration. The phase reference center is
Qo000 = 18M10™51.8%, 6y0000 = —17°55'56”. In both observations, QSO 1924-292 was
observed for gain correction and Callisto was used for flux-density calibration. The abso-
lute flux level is accurate to about 15%. Bandpass is corrected by observing QSO 3C454.3.
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
~ 0.9kms™!. 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 datasets. The visibility
data are calibrated with the IDL superset MIR package and imaged with the MIRIAD pack-
age. 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” x 1.0” and ~ 3mJy beam™!,

respectively.

2.4 SCUBA-2 850 um data

The dust continuum observation towards the cloud complex G133.50+9.01, at 850 um
was carried out in November 2014 using Submillimeter Common-User Bolometer Array 2
(SCUBA-2, Holland et al. 2013) on the James Clerk Maxwell Telescope (JCMT). JCMT is
a 15-m telescope single-dish telescope operated by the East Asian Observatory. It operates
in the submillimeter wavelength regime. The SCUBA-2 instrument is an array that oper-
ates at 450 ym and 850 pm simultaneously with a total of 5120 bolometers per wavelength.
It has a field of view of ~ 45 arcmin? and can provide an effective beam size of 9.8” at
450 ym and 14.5” at 850 um bands (Dempsey et al., 2013). For the 850 um observation
towards G133.50+9.01, the “CV Daisy” mapping mode was used with a mapping area of
about 12” x 12”. The data are reduced using SMURF in the Starlink package. The rms level

is around 18.1 mJy beam™!.
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2.5 TRAO observation

The molecular line data for the J = 1 — 0 transition of *CO towards G12.42+0.50 were
obtained from the Taeduk Radio Astronomy Observatory (TRAQO). TRAO is a 14 m radio
telescope with a single-horn receiver system operating in the frequency range of 86 to
115 GHz and is located on the campus of the Korea Astronomy and Space Science Institute
(KASI) in Daejeon, South Korea. The primary reflector has a surface accuracy of < 130 pm
rms, and the telescope also has a pointing accuracy better than 10”. The main FWHM beam
sizes for the 12CO (1 —0) and *CO (1 —0) lines are 45” and 47", respectively. The system
temperature ranges from 150K, for 86-110 GHz to 450K, for 115 GHz and '2CO (Liu
et al., 2018b).

2.6 PMO observation

The 2CO (1—0) and '*CO (1—0) lines towards the molecular cloud complex G133.50+9.01
was observed with the Purple Mountain Observatory 13.7-m telescope (PMO-13.7 m) in
August 2013, as a part of PMO survey of Planck Galactic Cold Clumps (Liu, Wu & Zhang,
2012; Wu et al., 2012; Zhang et al., 2018). The nine beam array receiver system in single-
sideband mode was used as the front end (Shan et al., 2012). The half-power beam width
(HPBW) is 56” and the main-beam efficiency is ~ 0.45. *2CO (1 — 0) and **CO (1 — 0)
lines were obtained simultaneously. FFTS spectrometers were used as back ends, which
have a total bandwidth of 1 GHz and 16384 channels, corresponding to a velocity resolution
of 0.16 km s~ for the 12CO (1 — 0) and 0.17 km s~ for the '3CO (1 — 0). The on-the-fly
(OTF) observing mode was utilized. The scan speed was 20” s~! and the mapping area is
22" x 22'. These data are smoothed with a beam size of ~ 63”. The typical rms noise level
per channel is 0.3 K in T% for the '?CO (1 — 0) and 0.2 K for the '*CO (1 — 0).

2.7 Archival datasets

In addition to the dedicated observations carried out towards the regions of study, in this
thesis we have made extensive use of available archival datasets to probe the nature of emis-
sion from different components associated with the star-forming regions. In the discussion

that follows, brief descriptions of the surveys and the datasets are given.
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2.7.1 NIR data from UWISH2 and UKIDSS survey

The UKIRT Widefield Infrared Survey for Hy (UWISH2) is a 180 deg? survey of the
Galactic Plane to probe the 1 — 0S(1) ro-vibrational line of Hy (A = 2.122 ym) (Froe-
brich et al., 2011). The UWISH2 survey began in July 2009 and was completed in Au-
gust 2011. This survey used the WFCAM at UKIRT to survey the inner Galactic plane
(10° <1 S 65°% —1.3° < b S +1.3°). Observations were made using a narrow-band filter
(AN = 0.021 pm) centred at 2.122 pm with integration time of 720 s per pixel. The median
seeing of the images is ~ 0.7”. The H, images have a 50 detection limit of point sources
of K ~ 18mag and a surface brightness limit of 1071 W m™~2 arcsec™ when averaged
over the typical seeing. CASU processed UWISH2 image of the region associated with
G12.4240.50 is retrieved from the archives.

We also use the K-band (2.2 ym) image obtained as part of the UKIRT Infrared Deep Sky
Survey Galactic Plane Survey (UKIDSS-GPS, Lucas et al. 2008) from the WFCAM Sci-
ence Archive. GPS is one of the five surveys within UKIDSS and surveys > 1800 deg?
of the northern and equatorial Galactic plane at Galactic latitudes —5° < b < +5° in
the J, H and K filters. The K-band UKIDSS image and the narrow-band H, image from
the UWISH2 survey are used to construct the continuum-subtracted H, line image of
G12.42+0.50. Continuum subtraction is carried out following the same procedures out-

lined in Section 2.2.1.

2.7.2 MIR data from the Spitzer Space Telescope

The MIR wavelengths enable us to probe the warm dust environment associated with the
EGOs. For this we make use of the MIR images available from the archives of the Spitzer
Space Telescope. This telescope, that operated in the infrared regime, was launched in
2003. Spitzer carried three instruments on-board, namely, the Infrared Array Camera
(IRAC, Fazio et al. 2004), the Multiband Imaging Photometer for Spitzer (MIPS, Rieke
et al. 2004), and the Infrared Spectrograph (IRS, Houck et al. 2004). The IRAC instru-
ment has simultaneous broadband imaging capability at 3.6, 4.5, 5.8, and 8.0 um with
angular resolutions ~ 2”. The large-scale Galactic plane survey, GLIMPSE, was carried
out using IRAC. In order to probe the emission at MIR wavelengths towards G12.42+0.50
and G19.88-0.53, we use the level-2 Post-Basic Calibrated data (PBCD) images from this
survey. The GLIMPSE images are retrieved from NASA/IPAC Infrared Science Archive
(IRSA).

Zhttps://sha.ipac.caltech.edu/applications/Spitzer/SHA/
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2.7.3 MIR data from the Midcourse Space Experiment

The Midcourse Space Experiment (MSX, Price et al. 2001) Galactic Plane Survey mapped
the Galactic plane (|b| < 5°), areas missed by the Infra-Red Astronomical Satellite (IRAS),
and regions of high source density. With a spatial resolution of ~ 18.3”, it mapped the
Galactic plane at four MIR spectral bands, 8.28, 12.13, 14.65, and 21.3 ym. 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 pym MSX band images. The images are obtained from NASA/IPAC
IRSA.

2.7.4 MIR data from WISE

To identify the stellar population associated with G133.50+9.01, we use the MIR archival
data from the Wide-field Infrared Survey Explorer (WISE, Wright et al. 2010). WISE
mapped the sky at the MIR wavelengths, 3.4, 4.6, 12, and 22 pm, with angular resolutions
of 6.1, 6.4, 6.5, and 12.0”, respectively. We retrieve sources from the ALLWISE? catalog
using NASA/IPAC IRSA. ALLWISE combines the data from the WISE cryogenic and
NEOWISE (Mainzer et al., 2011) post-cryogenic survey phases. Combining the two data
products, ALLWISE provides enhanced photometric sensitivity and accuracy, and better

astrometric precision.

2.7.5 FIR data from Herschel Hi-GAL survey

FIR data used to study the nature of the cold dust emission is retrieved from the archives
of the Herschel Space Observatory. This 3.5-m telescope, which was launched in 2009,
covers the spectral regime of 55 — 671 ym (Pilbratt et al., 2010). On-board Herschel are
the Photodetector Array Camera and Spectrometer (PACS, Poglitsch et al. 2010), Spectral
and Photometric Imaging Receiver (SPIRE, Griffin et al. 2010), and the Heterodyne Instru-
ment for the Far Infrared (HIFI, de Graauw et al. 2010). To study the nature of the cold
dust emission associated with G12.42+0.50 and G19.88-0.53, we retrieve images from the
archives of the Hi-GAL survey (Molinari et al., 2010). This survey is an Open Time Key
Program of the Herschel Space Observatory that photometrically mapped the inner Milky
Way (|]I| < 60°; |b| < 1°) in five wavebands, 70, 160, 250, 350, and 500 um. Hi-GAL
observations were carried out in ‘parallel mode” with PACS covering 70 and 160 pym and
SPIRE covering 250, 350, and 500 ym. We use the level 2 processed images from PACS

3http://wise2.ipac.caltech.edu/docs/release/allwise/

52


http://wise2.ipac.caltech.edu/docs/release/allwise/

and SPIRE, having resolutions of 5, 13, 18.1, 24.9 and 36.4” at 70, 160, 250, 300, and
500 pm, respectively.

2.7.6 Submillimeter data from APEX+Planck

The dust emission mapped at submillimeter wavelengths traces the initial stages of high-
mass star formation as they probe the denser parts of the ISM where stars form. ATLAS-
GAL (Schuller et al., 2009) is a project aimed at the systematic survey of the inner Galactic
plane with the Large APEX Bolometer Camera (LABOCA) array. LABOCA is an array
of 295 bolometers with its bandpass centred at 870 yum. This instrument is mounted on
the Atacama Pathfinder Experiment (APEX), a 12-m telescope located in Chajnantor. The
ATLASGAL survey mapped ~ 400 deg? of the inner Galaxy with a resolution of 19.2” and
pixel size of 6”. Apart from this, the Planck/High Frequency Instrument (HFI, Lamarre
et al. 2010) surveyed the sky at 353 GHz as part of the Planck mission. The Planck satel-
lite was launched in 2009 with the aim of measuring the spatial anisotropies of the cosmic
microwave background (Planck Collaboration et al., 2011). It observed the sky at nine fre-
quency bands covering the range 30 — 857 GHz with angular resolutions varying from 32.3'
to 4.6’. The HFI instrument provides high-sensitivity dust maps at 353 GHz (850 pm), with
an angular resolution of 4.6". Csengeri et al. (2016) combined the images from the AT-
LASGAL survey and the images from Planck/HFI. The combined APEX+Planck maps,
with bandpass centred at 850 um, covers emission at larger angular scales, thus revealing
the structure of the cold Galactic dust in more detail. The combined image has an angular
resolution of 21” and a pixel size of 3.4”. We extract the combined APEX+Planck images
of the regions associated with G12.42+0.50 and G19.88-0.53 to examine the properties of
the cold dust clump enveloping the EGOs.

2.7.7 (Sub)millimeter data from ALMA

ALMA archival data at 2.7mm (Band 3) and 870 um (Band 7) are used to study the
G19.88-0.53 complex. ALMA is the world’s largest ground-based facility operating in
the (sub)millimeter regime. ALMA comprises of a large array of fifty 12-m antennas,
and a compact array of four 7-m antennas and twelve 7-m antennas. The observations to-
wards G19.88-0.53 were carried out during 2017-2018 (PI: S. Leurini #2017.1.00377.S).
The high- and medium-resolution ALMA observations were obtained with the 12-m array
in the FDM Spectral Mode and the low-resolution observations used the 7-m array in the

ACA Spectral Mode. The high-resolution 2.7 mm continuum map, with a beam size of
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0.46” x 0.28”, is used to identify the compact dust cores associated with G19.88-0.53.
Along with the continuum observations, data cubes in both the bands are also retrieved
to probe the kinematics of the dense cores associated with G19.88-0.53. Three datasets
with resolutions, 16.9” x 8.0”, 2.6” x 2.2”, and 0.46” x 0.28” and velocity resolution of
0.67kms~! in Band 3 (84 — 116 GHz) and two datasets with resolutions 5.2"” x 2.6"” and
0.67" x 0.47" and velocity resolution of 0.86 kms~! in Band 7 (275 — 373 GHz) are used.
In Band 3, rms of 4.2, 3.6 and 17 mJy are achieved for high-, medium- and low-resolution
observations, respectively. In Band 7, rms of 3.5 and 17 mJy are achieved for high- and
low-resolution observations, respectively. Analysis of molecular line data is carried out
using CLASS90 (Continuum Line Analysis Single-dish Software), a GILDAS" software
(Grenoble Image and Line Data Analysis Software).

2.7.8 Molecular line data from MALT90 survey

To understand the gas kinematics in the G12.42+0.50 complex, molecular line data to-
wards this region are obtained from the Millimeter Astronomy Legacy Team 90 GHz sur-
vey (MALT90, Foster et al. 2011; Jackson et al. 2013). This survey was aimed at charac-
terising the physical and chemical evolution of high-mass star-forming regions and probed
over 2000 dense clumps across the Galaxy identified from the ATLASGAL 870 pym survey.
The MALTO0 survey, carried out using the Australia Telescope National Facility (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~!. 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 list of all the 16 transitions

covered in this survey is given in Table 2.4, adopted from Jackson et al. (2013).

2.7.9 Molecular line data from HARP-JCMT

Apart from the molecular line data from the MALT90 survey, we also make use of the
CO line observation towards G12.42+0.50 from JCMT. The molecular line data for the
J = 3 — 2 transition of 2CO, 3CO and C*™O are downloaded from the archives of the
Heterodyne Array Receiver Program (HARP, Buckle et al. 2009) mounted on JCMT. HARP
is a Single Sideband (SSB) 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 x 4 grid, with an on-sky projected beam separation

“http://www.iram.fr/IRAMFR/GILDAS
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Table 2.4: Spectral lines in the MALT90 survey. This table is adopted from Jackson et al.
(2013).

Transition Frequency (MHz) Tracer

NoH* (1 —-0) 93173.772 Density, chemically robust
BCS(2-1) 92494.303 Optical depth, column density, Vi sg
H4l o 92034.475 Ionised gas

CH3CN 5(0) — 4(0) 91987.086 Hot core

HC3N (10 — 9) 90978.989 Hot core

BC3MS(2-1) 90926.036 Optical depth, column density, Visg
HNC (1 -0) 90663.572 Density; cold chemistry

HCBCCN (10 — 9) 90593.059 Hot core

HCO™T (1-0) 89188.526 Density; kinematics

HCN (1 — 0) 88631.847 Density

HNCO4(1,3) — 3(1,2) 88239.027 Hot core

HNCO4(0,4) —3(03)  87925.238 Hot core

CH(1-0)3/2—1/2 87316.925 Photodissociation region

HN3C (1 —0) 87090.859 Optical depth, column density, Vi,sg
SiO (1 —0) 86847.010 Shock/outflow

HB3CO* (1 -0) 86754.330 Optical depth, column density, Visg

of 30”. At 345 GHz the beam size is 14” (Buckle et al., 2009).

2.7.10 Dust polarization data from Planck

To determine the orientation of the magnetic field in the region associated with G133.50+9.01,
we use the Planck 353 GHz (850 pm) dust continuum polarization data (Planck Collabo-
ration et al., 2016a). The polarization data including the Stokes I, Q and U maps used are
from the Planck Public Data Release 2 Full Mission Map with PCCS2 Catalog® (Planck

Collaboration et al., 2016b). These maps have a beam size of ~ 5" and a pixel size of ~ 1’.

Employing all the observational and archival datasets detailed in this chapter, we have
carried out extensive multiband analysis of a selected sample of sources. The analyses,
discussed in subsequent chapters, gives a wider perception of the different components of

the star-forming regions under investigation and also their associated environments.

Shttps://irsa.ipac.caltech.edu/applications/planck/
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Chapter 3

Initial phases of high-mass star formation:
A multiwavelength study towards the ex-
tended green object G12.42+0.50

As discussed in Chapter 1, EGOs are believed to be tracers of the earliest stages of high-
mass star formation. Investigations of these objects reveal crucial information regarding the
complex mechanisms, like infall and jets/outflowsm, that are associated with high-mass star
formation. Although statistical studies at NIR wavelengths and of molecular lines at sub-
mm wavelengths towards EGOs are abundant, comprehensive multiwavelength scrutiny of
individual EGOs, though important, is sparse. In addition, dedicated radio observations are
also limited.

The formation processes of stars are known to be associated with high-velocity collimating
winds involving MHD processes occurring in the protostellar accretion disk. Particularly,
in MYSOs, photoionization is a dominant feedback process that ionizes the disk wind.
Within a few tens to hundreds AU from the central protostar, the wind is paritally ionized
giving rise to free-free radio emission. As we move to the larger scale wind-ISM interac-
tion, the entrainment of molecular gas by the jet manifests as outflows. Given the strong
accretion phase in MYSOs, the energetics of the associated jets and outflows will be pro-
nounced, scaling with the mass of the driving source. Jets are also signposts of disk-fed
accretion process. Thus a detailed study of the nature of the radio emission and molecular
gas kinematics of EGOs of a selected sample of EGOs would be a significant contribu-
tion to the field of massive star formation. In Chapters 3 and 4, we investigate two EGOs,
G12.42+0.50 and G19.88-0.53, respectively, using dedicated observations with GMRT and
UKIRT supported with the valuable archival data.

In this chapter, we focus on the EGO, G12.42+0.50 catalogued as a “possible” outflow can-
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didate 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 2.4kpc in our study. Vutisalchavakul & Evans (2013) estimate the far-infrared (FIR)
luminosity, from the IRAS fluxes, to be ~ 10*L.. From literature, G12.42+0.50 is desig-
nated as an UC H 1I (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. H,O maser emission is detected towards G12.42+0.50
(Cyganowski et al., 2013; Jaffe, Guesten & Downes, 1981). 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 (Cyganowski et al., 2013; Shirley
et al., 2003).

In Fig. 3.1, we present the NIR and the MIR colour-composite images of the field of
G12.42+0.50 developed from the UKIDSS (Section 2.7.1) and Spitzer-IRAC (Section 2.7.2)
data, respectively. The images not only reveal the characteristic, extended and enhanced
4.5 pym emission defining the EGOs, but also show extended K-band nebulosity associated
with G12.42+40.50. The morphology of the K-band emission is more confined to a narrower
north-east and south-west stretch with a distinct dark lane in-between. A network of fila-
mentary 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 sug-
gesting 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 G12.4240.50 and marked

on the images in Fig. 3.1.

3.1 Emission from ionized gas

The radio continuum maps at 1390 and 610 MHz, probing the ionized gas emission asso-
ciated with G12.42+0.50, are shown in Fig. 3.2. The 1390 MHz map reveals the presence
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Figure 3.1: (a) Colour composite image of the region around G12.42+0.50 using IRAC
3.6 um (blue), 4.5 um (green) and 8.0 um (red) bands. (b) A zoom-in showing the EGO
G12.42+0.50. IRDCs are shown with the ‘x’ 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 H,O maser
is shown as a blue circle. (c) and (d) are colour composites created from the UKIDSS J
(1.25 pm), H (1.63 ym) and K (2.20 um) band data, covering the same area as in (a) and
(b), respectively.

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 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
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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 direction. 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 3.1 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 (CASA)! (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.

Table 3.1: 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 (” X //) Peak flux (mJy beam ™ 1) Integrated flux (mJy)

Component RA Dec 610 1390 5* 610 1390 5* 610 1390 5*
(J2000) (J2000) MHz MHz MHz MHz MHz MHz MHz MHz MHz

R1 18 1051.10 -17 55 49.30 2.6 X 0.6 19 x 1.7 14 x 12 44 53 35 4.7 79 6.2
R2 18 10 50.76 -17 55 52.80 - 15x12"f 1.1 x 06T - 0.6 1.1 - 0.7 1.1

f Upper limits which is half the FWHM of the restoring beam.
* Values for R1 are from Urquhart et al (200¢) and for R2 they are estimated from the available map.

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, «,
is defined as S, o v*, where, S, is the flux density at frequency ». 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 — 47K\) 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 50 (o 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” x 4.8"), are presented

Uhttps://casa.nrao.edu
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Figure 3.2: (a) The grey scale shows the high resolution radio continuum image of
G12.42+0.50 at 1390 MHz with the contour levels 3, 6, 9, 18, 63, 150, and 172 times o
(o ~ 29.7 nJy beam™!). The beam size is ~ 3.0” x 2.4”. 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 24 o (0 ~ 0.15 uJy beam™!) and the beam size is ~ 2.2” x 1.1”. (b) The
radio continuum map of G12.42+0.50 at 610 MHz with contour levels 3, 6, 18, 38, and 60
times o (0 ~ 94 puJybeam™!). The beam size is ~ 7.6” x 4.8". 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).
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Figure 3.3: (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 50 (0 ~ 0.4 X
10~* Jy beam™!) 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.

in Fig. 3.3 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

61



varying optical depth (Curiel et al., 1993; Kobulnicky & Johnson, 1999; Rodriguez et al.,
1993; 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; Purser
et al., 2016; Reynolds, 1986; 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 contin-
uum from MYSOs (De Buizer & Vacca, 2010; Noriega-Crespo et al., 2004; Takami et al.,
2012), are invoked to identify the spectral carriers of the enhanced 4.5 ym emission. The
picture of shocked emission from outflows suggests the spectral carriers to be molecular
and atomic shock indicators like Hy and [Fell] as well as the broad CO bandhead. All of
these have distinct features within the 4.5 ym IRAC band. However, Simpson et al. (2012),
while investigating the population of MYSOs in the G333.2-0.4 region, opine that the ex-
cess 4.5 um could not be attributed to the H, 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 H,
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 ym and the NIR are few (Caratti o Garatti et al., 2015; De Buizer &
Vacca, 2010; Onaka et al., 2016), thus keeping the debate on their nature ongoing. In the
NIR domain, a few studies have focussed towards narrow-band imaging (Lee et al., 2013,
2012). Based on the UWISH2 survey images, Lee et al. (2013, 2012) present a complete

H> line emission census of EGOs in the Northern Galactic Plane.

3.2.1 Narrow-band imaging

H, 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 Hy line emission. In order to carefully
scrutinize the NIR picture of G12.42+0.50, we revisit the Hy line emission from images

retrieved from the UWISH?2 survey. In addition, we also probe the [Fell] line image which

62



Dec (J2000)

-17:56:00.0

Dec (J2000)

17:56:00.0 |

20.0
52.0 51.0 18:10:50.0 49.0

RA (J2000)

52.0 51.0 18:10:50.0 49.0
RA (J2000)

Figure 3.4: (a) Continuum subtracted H, image made using the UWISH2 survey data.
(b) Continuum subtracted [Fell] 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 ym emission with the levels 3, 60, 120, and 2200
(0 ~ 1.5MJysr~!). The red rectangles show the orientation of the slit and denote the
apertures used for spectra extraction (see text in Section 3.2.2).
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is a robust indicator of shocks as compared to the Hs lines (Shinn et al., 2014).

Following the procedure outlined in Section 2.2.1 we construct the continuum subtracted
H, and [Fel] line images which are presented in Fig. 3.4. In the continuum-subtracted
H, 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 ym emission coinciding with the location of
the 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 H, 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 [Fell] image shows a weak, extended emission

coinciding with the brighter part of the H, line emission.

3.2.2 NIR spectroscopy

As is clear from earlier discussions, studies towards identifying the spectral carriers of the
4.5 pym emission are crucial in understanding the nature of EGOs and confirming their as-
sociation with MYSOs. Given the lack of sensitive spectrometers in the 4.5 ym region,
spectroscopy in the NIR becomes indispensable. We probe G12.42+0.50 with NIR spec-
troscopy to understand further the results obtained from narrow-band imaging. From the
continuum-subtracted line images shown in Fig. 3.4 and the UKIDSS K-band image shown
in Fig. 3.1, presence of faint nebulosity around the peak position (that coincides with the
4.5 ym peak) and towards the south-west is clearly visible. The slit orientation shown in
Fig. 3.4 ensures that the regions harbouring the radio components and the extended H, 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. 3.4) are shown
in Fig. 3.5. The top-panel of Fig. 3.5 shows the spectrum over aperture Al with the line
details listed in Table 3.2. This aperture covers the radio component R1 and portions of the
extended H, emission seen towards the north-east of the 4.5 um peak. The spectrum shows
clear detection of three emission lines of molecular Hy with the most prominent feature
being the 1 — 0S(1) line at 2.122 um. No Hs line is detected in the blue part (1.5 — 1.8 m)
of the spectrum but there is a weak [Fell] line detected at 1.644 ;ym These lines of Hy and
[Felr] are commonly observed in outflows/jets. In addition, He I at 2.059 pum is also seen in

the extracted spectrum. Apart from the emission lines, the continuum slope is seen rising
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towards the red thus, indicating a highly reddened source. Fig. 3.5 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. 3.6, we present the extracted spectra in the KL band. The displayed spectra has been
truncated at 2.45 pym due to poor signal-to-noise ratio owing to less than optimal sky trans-
parency. In aperture Al, three additional emission lines of molecular Hy are prominent.

The other two apertures do not show the presence of any spectral feature. The detected
lines are listed in Table 3.2.
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Figure 3.5: The HK spectrum of G12.42+0.50 extracted over the apertures Al, A2 and
A3. The aperture Al covers the radio component R1 and the extended Hy emission seen
towards the north-east, A2 covers the second radio component R2 and A3 samples the de-
tached, 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 3.2. No emission lines above the noise level
are detected in the spectra extracted over A2 and A3.

The observed Hy 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-
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Figure 3.6: The KL spectrum of G12.42+0.50 extracted over the apertures Al, A2 and
A3. The regions covered by all the three apertures are the same as given in Fig. 3.5. The
identified spectral lines along aperture Al are marked over the spectrum with the details
given in Table 3.2. No emission lines above the noise level are detected in the spectra
extracted over A2 and A3.

Table 3.2: Lines detected in the spectra extracted from aperture Al towards G12.42+0.50.

Line Wavelength (pm)
[Fer11] 1.644
H, 1-0 S(3) 1.958
He 2.059
Hs 1-0 S(1) 2.122
Hs 1-0 S(0) 2.224
Hy 1-0 Q(1) 2.407
H, 1-0 Q(2) 2413
H, 1-0 Q(3) 2.424

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 (Caratti o Garatti et al., 2015; Davis et al., 2003; Veena et al., 2016). UV fluo-
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rescence excites higher vibrational levels. The H, lines detected in G12.42+0.50 originate
from the upper vibrational level, v = 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 H, 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, APEX+Planck
and SMA wavelengths (3.6 ym—1.1 mm) in the region associated with G12.42+0.50 is
shown in Fig. 3.7. 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 ex-
cited polycyclic aromatic hydrocarbons in the photodissociation regions are known to be
the dominant contributors. In the shorter IRAC wavelengths (3.6, 4.5 um), where mostly
the stellar sources are sampled, emission from the stellar photosphere would also be ap-
preciable. Apart from this, shock-excited H, line emission and diffuse emission in the Brav
and Pf( lines would also exist. Further, in case of H II regions, one expects significant con-
tribution from the Ly« heated dust (Hoare, Roche & Glencross, 1991). The morphology
in the IRAC bands is similar and the emission becomes more prominent at 8.0 ym. Dark
filamentary features (bright in the negative images shown) are seen in silhouette towards
the south-west in the 8.0 um map. The skeletons of the six clearly identified filamentary
features are overlaid on the 8.0 ym 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 ym im-
ages. Two infrared dust bubbles MWP1G012417+005383 and MWP1G012419+005399)
are found to be associated with this feature and are marked in Fig. 3.7(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 emission associated with G12.42+0.50
becomes enhanced and more extended. From the APEX+Planck combined 870 um map,
we identify two clumps using the 2D Clumpfind algorithm (Williams, de Geus & Blitz,
1994) with 20 (¢ = 0.3 Jybeam™!) threshold and optimum contour levels. The aper-
tures of the identified clumps are overlaid on the 870 um map in Fig. 3.7(j). While one
of the clumps, hereafter Cl1, 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’. From the H'3*CO* molecu-
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Figure 3.7: Dust emission in the region associated with G12.42+0.50 at the mid- and
far-infrared wavelengths (3.6 ym — 1.1 mm). All the images from (a)-(j) have the same
field of view. Skeletons of six clearly identified filaments are overlaid on the 8.0 and
350 pum maps. The position of the EGO, G12.42+0.50 is shown within a purple cir-
cle on the 3.6, 4.5, 5.8 and 8.0 um 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 um map, (d). (d) and (j) show the retrieved aperture of clump C1. An-
other clump detected towards south-east of G12.42+0.50 is shown in the 870 ym map, (j).
(k) shows the SMA 1.1 mm map with the contour levels 3, 12, 21, 30 and 39 times o
(0 ~ 3mJybeam™1t). The blue ‘x’s on the 1.1 mm map mark the positions of the radio
components R1 and R2.

lar line data (Section 3.4), we estimate the LSR velocity of this clump to be 31.5 km s~
Comparing this with the estimated LSR velocity of G12.42+0.50 (18.3 kms™1), it is un-
likely that the clump has any association with G12.42+0.50. The identified filaments now
appear in emission and are shown on the 350 ym 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
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in Section 3.6.3. 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 which

coincides with the radio component R2.

3.3.1 Properties of SMA cores

From the SMA 1.1 mm map shown in Fig. 3.7(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 = 0.12M, <el.439()\/mm)*1(T/10K)*1 _ 1)
Ko ' (F, d V[ 2\ 3.1
0.0l cm2 g1 Jy 100 pc mm '

#, = 0.1(r/1000 GHz)? cm?g ! (3.2)

where the opacity is

£ is the dust emissivity spectral index which is fixed at 2.0 (André et al., 2010; Beckwith
et al., 1990; Hildebrand, 1983). F, is the integrated flux density of each component, d is
the distance to the source and A is the wavelength taken as 1.1 mm. The temperature, 7" 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 1.1 mm SMA cores are presented in
Table 3.3. 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 SMA?2 qualify as potential high-mass star-forming
cores satisfying the criterion, m(r) > 870 M (r/pc)'-3® (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
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Table 3.3: 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) Dec (J2000) ("x" (mly) (mJybeam™!)  (Mg)

SMA1 181051.3  -175546.3 1.4x0.5 190 109 14.8
SMA2 1810514 -175548.1 1.3x0.4 221 136 17.2
SMA3 181050.8 -175552.8 1.5x0.7 57 34 5.5

following functional form (Lis & Menten, 1998)
S, =1 a B,(T1) + Q2 (1 —a) B,(Ty)[(1 —e™™) (3.3)

where
T, = pa,muk, N(Hs) (3.4)

where S, is the integrated flux density of C1, {2; and €2, are the solid angles subtended by
the apertures used for estimating the flux densities at the FIR and MIR wavelengths, respec-
tively. a is the ratio of optical depth in the warmer component to the total optical depth,
B,(T}) and B,(T3) are the blackbody functions at dust temperatures 7; and 75, respec-
tively, pg1, is the mean molecular weight (taken as 2.8; Kauffmann et al., 2008), my; is the
mass of hydrogen atom and N (H,) is the hydrogen column density The dust opacity, k,, is
given by Eqn. 3.2, For opacity, we assume the function x, = 0.1(~/1000 GHz)® cm? g1,
where ( is the dust emissivity spectral index for which, a value of 2.0 is adopted as in the

previous section.

Table 3.4: Integrated flux densities of the dust core associated with G12.42+40.50.

Wavelength (um) 3.6 45 58 80 12,13 14.65 70 160 250 350 500 870

Flux density (Jy) 06 09 33 84 577 129.8  1942.6 25755 1140.7 5353 1825 359

In addition to the Spitzer-IRAC, Herschel and ATLASGAL wavebands, we have also in-
cluded flux densities from the MSX survey? at 12.13 and 14.65 jum to constrain the model
in the MIR wavelength. The integrated flux densities of the dust clump at the MIR wave-
lengths are measured within the area defined by the 40 contour level of the 8.0 ym image
(274 arcsec?) and longward of 70 ym, the integration is done over the area defined by the

Clumpfind aperture for C1 (13720 arcsec?). Background emission is estimated using the

“https://irsa.ipac.caltech.edu/applications/MSX/MSX/
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Figure 3.8: Spectral energy distribution of the dust core associated with G12.42+0.50 in
the wavelength range of 3.6 to 870 ym. Assumed 15% errors are indicated. The solid curve
represents the best fit two-component model with a warm component at 183 K and a cold
envelope at 25 K.

same apertures on nearby sky region (visually scrutinized to be smooth) and subtracted.
Estimated flux densities are listed in Table 3.4. Launhardt et al. (2013); Schuller et al.
(2009) use a conservative 15% 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 7, 75, N(H;) and a taken as
free parameters. The best fit temperature values are 25.0+1.0K (cold) and 183.2+12.0K
(warm), respectively. The model fit also gives an estimate of the hydrogen column density,
N(Hy) = 2.1 x 10* 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 be-
low 8.0 um while fitting the model. This is because the emission at 4.5 and 5.8 ym may
largely be dominated by shock excitation and the 3.6 ;sm emission may arise from even hot-
ter components. The SED and the best fit modified blackbody are shown in Fig. 3.8. The
bolometric luminosity estimated from the two-component SED model over 8.0 — 870 um
is 2.8 x 10* 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 x 10 L, (Osterloh, Henning & Launhardt, 1997) where flux densities
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between 2.1 — 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 which cover the wavelength range (160 — 500 m) and the combined APEX+Planck
data at 870 pm. The dust temperature and the line-of-sight average molecular hydrogen col-
umn 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; Battersby
et al., 2011; Das et al., 2018; Peretto et al., 2010), we exclude the 70 ym data point as the
optically thin assumption would not hold. In addition, the emission here would have signif-
icant contribution from the warm dust component thus modelling with a single-temperature
blackbody would over-estimate the derived temperatures. Given this, the model fitting is
done with only five points which 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 APEX+Planck in the same units. The units of the SPIRE
map which is in MJy sr~! is converted to Jy pixel = which is the unit for the 160 zzm PACS
map. Similarly, the APEX+Planck map that has the unit of Jy beam™" is also converted
to Jy pixel ™. 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", respectively which are the parameters of the 500 ym 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 APEX+Planck
map, we use a Gaussian kernel. These preliminary steps are carried out using the software
package, HIPE?

The maps include sky/background emission which 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; Das et al., 2017, 2018; Launhardt et al.,
2013; Ramachandran et al., 2017) the background values, I, are estimated to be -2.31,

3The 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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2.15, 1.03, 0.37 and 0.08 Jy pixel_1 at 160, 250, 350, 500 and 870 pm, respectively. The
negative flux value at 160 um 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
a12.8" x 12.8 region centred at ajagp = 18710™41.8°, 859000 = —17°57'23”. The model
fitting algorithm was based on the following formulation (Battersbyv et al., 2011; Launhardt
et al., 2013; Mallick et al., 2015; Ward-Thompson & Robson, 1990):

Sy(v) —Iyy(v) =B, (v, Ty) Q (1 —e™ ™) (3.5)

where 7, is given by Eqn. 3.4, S, is the observed flux density, B, (v, T},) is the Planck
function, T} is the dust temperature, {2 is the solid angle in steradians, from where the flux
is measured (solid angle subtended by a 14” x 14” 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,
Ty and column density, N (H,) as free parameters. The dust temperature and column den-
sity maps generated are displayed in Fig. 3.9 along with the reduced x? map. The reduced
x* map indicates that the fitting uncertainties are small with a maximum value of 4 to-
wards the bright central emission where the 250 pm image (Fig. 3.7g) 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 pm is overlaid on the
maps. Using 3 x 3 pixel grids, local column density peaks are identified above 30 threshold
(0 = 2.3 x 10! cm~2). 11 additional clumps were thus identified located within the 3o
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 that coincide with
G12.4240.50 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, SMA?2 and peak
position of R1. The mean dust temperature and column density of C1 is found to be 19.9K
and 3.3x10%2 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 um. 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.
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Figure 3.9: (a) Column density, (b) Temperature and (c) Reduced x? maps towards G12.42+0.50 generated using the Herschel FIR
data and the APEX+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 ym map is overlaid on the column density and temperature maps.
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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/7)%® (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 semi-major and
semi-minor 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 = ,qumHApixelEN(H2) (3.6)

where A is the area of a pixel in cm?, g, is the mean molecular weight (2.8), my is
the mass of hydrogen atom. The volume number density of the clump is estimated using

the expression,

) = 74%%;}1 (3.7)
The peak position, radius, mean temperature and column density, integrated column den-
sity, mass, and volume number density of the identified clumps are listed in Table 3.5. The
clump enclosing G12.42+40.50, C1 is the largest and most massive clump having a radius
0.8 pc, column density 3.3 x 10?2 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 x 102 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).

Table 3.5: Derived physical parameters of identified clumps associated with G12.42+0.50.
The peak position, radius, mean temperature and column density, total column density,
mass, and volume number density of the identified clumps are listed.

Clump Peak position Radius MeanT,; Mean N(H2) Y N(H2) Mass n(Hz)
RA (J2000)  Dec (J2000) (pc) (K) (1022 cm=2) (1022 cm™—2) (Mg) (103 cm—3)
Cl1 18 1049.64  -17 55 59.40 0.8 19.941.9 33409 232 1375 10.4
C2 18104275  -17 57 08.92 0.3 16.14£0.4 1.240.1 1.0 59 10.7
C3 181036.91 -175502.54 0.4 17.140.8 0.740.1 L5 92 4.2
C4 181037.83  -17 58 04.57 0.4 16.740.7 0.940.1 2.1 127 49
C5 181027.03 -175817.79 0.4 17.740.9 0.7£0.1 1.1 66 4.4
C6 181023.08  -17 59 55.48 0.4 18.14£0.9 0.740.1 1.2 70 43
c7 181019.16  -17 59 27.19 0.2 18.240.8 0.740.1 0.4 24 7.2
C8 181043.71  -17 58 04.98 0.5 15.840.6 1.240.2 3.6 214 6.0
9 181038.76  -18 00 24.61 0.2 15.640.7 1.240.2 0.7 41 11.1
Cl10  181035.81 -180052.40 0.3 16.040.8 1.1£0.2 0.9 55 9.5
Cl1 181043.67  -18 00 24.95 0.7 16.340.8 1.0£0.2 6.0 359 3.5
Cl2 18103873 -180202.59 0.2 16.3£1.1 0.840.2 0.5 29 9.7
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Given that the clump, C1, is in global collapse (refer Section 3.6.1), we estimate the mass of
the most massive star, M., that can form in clump, using a stellar IMF of Kroupa (2001),

following the formulation (Svoboda et al., 2016),

ost Mc ] s M (3.8)
@ .

Mns = 20 lo.s x 1064 M,
Here, o is the star-forming efficiency in the clump which is assumed to be 30% in this
work (Lada & Lada, 2003) and M is the mass of the clump. The most massive star that
can form in this clump is estimated to be ~ 24 M. This indicates that the clump, CI,

associated with G12.42+0.50 is indeed capable of bearing massive stars.
3.4 Molecular line emission from G12.42+0.50

Table 3.6: Details of the detected molecular line transitions towards the clump, C1 en-
veloping G12.42+0.50. The details are extracted from Table 2 of Miettinen (2014) and
Table 2 of Foster et al. (2011).

Transition Comments

HBCOT (1 -0) six hyperfine (hf) components; high-density and ionization tracer
CoH(1—0)3/2—1/2 three hf components; photodissociation region tracer

HCN (1 —0) three hf components; high-density and infall tracer

HCO™ (1 -0) high-density, infall, kinematics and ionization tracer

HNC (1 —0) three hf components; high-density and cold gas tracer

HC3N (10 — 9) six hf components; High-density and hot-core tracer

NoH* (1 —0) 15 hf components, seven have a different frequency;

high density and CO-depleted gas tracer

The molecular line emission provides information on the kinematics and chemical structure
of a molecular cloud in addition to throwing light on its evolutionary stage. Data from
the MALT90 survey, JCMT archives and observation from TRAO are used to probe these
aspects in the star-forming region associated with G12.42+0.50.

Of the 16 molecules covered by the MALT90 survey, 7 molecular species, namely HCO™,
H'3CO*, HCN, HNC, C,H, NoH* and HC3N are detected towards the clump C1 en-
veloping G12.42+0.50. The details of the detected transitions taken from Miettinen (2014)
and Foster et al. (2011) are listed in Table 3.6. Miettinen (2014) also gives an excellent

review on the physical conditions and environment required for the formation of these
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Figure 3.10: Spectra of the optically thin molecular lines (H'*CO*, HC3N, CoH and
N,H™) associated with G12.42+0.50 obtained from the MALT90 survey. The spectra are
extracted towards the peak of the 870 yum ATLASGAL emission. The dashed blue line
indicates the LSR velocity, 18.3 km s, estimated from the the optically thin H3CO™ line.
The magenta lines indicate the location of the hyperfine components for each transition.
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Figure 3.11: Same as Fig. 3.10 but for the optically thick transitions of HCO™, HCN, and
HNC.
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Table 3.7: Parameters of the optically thin molecular lines detected towards G12.42+0.50.
The line width (AV'), main beam temperature (7},,) and velocity integrated intensity
(| Tp) are obtained from the h £'s fitting method of CLASS90 for all the molecules except
for H¥CO™, for which a single Gaussian profile is used to fit the spectrum. The column
densities (/V) of molecules are estimated using RADEX, and their fractional abundances
() are determined using the mean Hs column density of the clump, C1.

Transition AV Tt [ T N x
(kms™!) (K) (Kkms™ (10%em™2) (1079
H¥COT 2.9 1.2 3.6 0.1 0.3
NoH* 3.2 2.5 8.5 4.1 12.4
HC3N 3.0 1.3 4.1 1.4 4.2
CoH 2.7 1.3 3.8 55 16.7

species. The spectrum of each molecule is extracted towards the 870 pm, ATLASGAL
emission peak. The spectra of the optically thin molecular species, H'3CO*, C,H, NoH™T
and HC3N, are shown in Fig. 3.10 and the spectra of the optically thick molecular species,
HCO™, HCN and HNC, are plotted in Fig. 3.11. We use the hyperfine structure (hfs)
method of CLASS90 to fit the observed spectra for the optically thin transitions of CoH,
N,H* and HC3N. Since the molecule H3CO* has no hyperfine components, a single
Gaussian profile is used to fit the spectrum. The Gaussian fit yields a LSR velocity of
18.3km s~!, which is consistent with the value estimated using the NoH™ line of the same
survey (18.3kms™'; Yu & Wang 2015). The fit to the spectra are indicated by solid red
line, and the LSR velocity and the location of the hyperfine components are indicated by
the dashed blue and solid magenta lines, respectively in Fig. 3.10. The retrieved line pa-
rameters that include the peak velocity (Visr), line width (AV'), main beam temperature
(T up) and the velocity integrated intensity ( f T..1) are tabulated in Table 3.7. Beam correc-
tion is applied to the antenna temperature to obtain the main beam temperature using the
equation, T,., = T4 /nmn (Rathborne et al., 2014), where 7,1, is assumed to be 0.49 (Ladd
et al., 2005) for the MALT90 data.

To estimate the column density of these transitions, we use RADEX, a one dimensional
non-local thermodynamic equilibrium radiative transfer code (van der Tak et al., 2007).
The input parameters to RADEX include the peak main beam temperature, background
temperature assumed to be 2.73 K (Purcell et al., 2006; Yu & Wang, 2015), kinetic tem-
perature, which is assumed to be same as the dust temperature (Liu et al., 2016a; Sanhueza
et al., 2012; Yu & Xu, 2016), line width, and Hs number density. The dust temperature
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and Hy number density towards the clump, C1 of G12.42+0.50 are taken from Table 3.5
presented in Section 3.3.4. The column densities of the optically thin transitions are also
tabulated in Table 3.7. From the mean hydrogen column density of the clump, we also
calculate the fractional abundances of the detected molecules. These estimates are in good
agreement with typical values obtained for IR dark clumps and IRDCs (Miettinen, 2014;
Vasyunina et al., 2011).

From Fig. 3.11, it is evident that the J = 1 — 0 transitions of the molecules, HCO™, HCN
and its metastable geometrical isomer, HNC, display distinct double-peaked line profiles
with self-absorption dips coincident with the LSR velocity. The blue-skewed profile seen
in HCO™ is very prominent with the blueshifted emission peak being much stronger than
the redshifted one. In case of the HCN transition, the central hyperfine component shows
a blue-skewed double profile where the redshifted component is rather muted in the noise.
Such blue asymmetry is usually indicative of infalling gas (Wu & Evans, 2003; Wyrowski
et al., 2016). In Section 3.6.1, we discuss in detail the HCO™ line profile. In compari-
son, in the HNC transition, the blueshifted and redshifted peaks have similar intensities.
Similar line profiles are detected towards the star-forming region AFGL 5142 (Liu et al.,
2016b). These authors have attributed it to low-velocity expanding materials entrained
by high-velocity jets. An alternate reason could be of a collapsing envelope. In case of
G12.4240.50, however, no conclusive explanation can be proposed given the resolution of
the data. Higher resolution observations are hence required to resolve the kinematics and
explain the double peaked profile of HNC.

Table 3.8: The retrieved parameters, peak velocities, velocity widths and peak fluxes of the
molecular transitions 2CO (3 — 2), 13CO (3 — 2), C**O (3 — 2) and *CO (1 — 0) towards
G12.42+0.50. R and B in parentheses denote the red and blueshifted components.

Transition \% AV Tib
(kms™1) (kms™1) (K)
200(3-2) 21.0(R) 158(B) 28(R) 3.7(B) 10.7(R) 29.1(B)
BCOB—-2) 199(R) 16.6(B) 20R) 39B) 7.7(R) 21.9(B)
C®0(3-2) 193((R) 174B) 12@R) 24B) 6.6(R) 11.2(B)
BCO(1-0) 17.8 3.0 13.3

The rotational transition line data of the isotopologues of the CO molecule, 2CO (3 —2),
13CO (3 — 2) and C*™O (3 — 2) taken from archives of JCMT and *CO (1 — 0) observed
with TRAO are used to understand the large-scale outflows associated with G12.42+0.50.
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Figure 3.12: (a) Rotational transition lines of isotopologues of the CO (3 — 2) observed
towards G12.42+0.50 fitted with double Gaussians. The spectra of 12CO, ¥*CO and C'*0O
are boxcar-smoothed by three, eight and eleven channels which correspond to velocity
smoothing of 1.2, 3.4 and 4.6 km s~!, respectively. The fit to the 12CO spectrum is depicted
in green, 13CO in blue and C'80 in red. The dashed magenta line corresponds to the LSR
velocity, 18.3km s~!. The positions of the red- and blueshifted components are indicated
in green, blue and red lines for 2CO, *CO and C'®O lines respectively. (b) Spectrum of
the J = 1 — 0 transition of 3CO obtained from TRAO. The Gaussian fit to the spectrum
is sketched in red. The dashed blue line corresponds to the LSR velocity. The spectrum
shows a blue shifted single peak, indicated by a red line. The red and blue lobes are not
resolved, probably due to larger beam size of TRAO compared to JCMT.
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The rotational transitions of the CO molecule is an excellent tracer of outflow activity
in star-forming regions (Beuther et al., 2002c; Zhang et al., 2001). Different transitions
trace different conditions of the ISM and probe different parts of the cloud. While the CO
J = 3 — 2 transition has a distinct upper energy level temperature and critical density of
33.2Kand 5 x 10*cm™3, respectively (Kaufman et al., 1999), the lower J CO transitions
effectively trace the kinematics of low density material of the cloud (Rygl et al., 2013).
Typically, the 2CO line is optically thick and the 3CO and C**O lines are optically thin
and are high density tracers. While >CO can effectively map the spatial and kinematic
extent of the outflows and *CO can map them to some extent, the C'8O can trace the cloud
cores under the optically thin assumption (Lo et al., 2015). The spectra of these molecular
species are extracted towards the peak of the 870 ym, ATLASGAL emission and shown in
Fig. 3.12(a) and (b). The spectra of the isotopologues of CO (3 — 2) transition show red
and blueshifted profiles. However, the 1*CO (1 — 0) transition shows a single component,
blueshifted profile. This is due to the large beam size of TRAO where the blue and the red
components are unresolved. A double Gaussian is used to fit the spectra of 2CO (3 — 2),
13CO (3 — 2) and C'80 (3 — 2), and a single Gaussian profile is fitted to the 1*CO (1 — 0)
line. The fitted profiles are also shown in the Figures. The retrieved parameters are peak
velocities, velocity widths, and peak fluxes which are listed in Table 3.8. Beam correction
is applied to the antenna temperature, taking 7, to be 0.64 for the JCMT (Buckle et al.,
2009) and 0.54 for TRAO (Liu et al., 2018b). Detailed discussion on the outflow feature

will be presented in Section 3.6.2.

3.5 Nature of radio emission

Based on the GMRT maps and the radio spectral index estimation, two scenarios unfold
in understanding the nature of the radio emission. The thermal radio emission could be
explained as due to individual UC H1I regions or given the association with an EGO, one
can explore the case of an ionized jet. We discuss the possibilities of these two scenarios

in the following sections.

3.5.1 UCHII region

We first investigate under the UC H 11 region framework. Morphologically, R1 appears to
be a compact, spherical radio source. The association of R1 with a hot molecular core
(~183 K; Section 3.3.2) supports the interpretation of the emission as being due to pho-

toionization, since hot cores are often associated with UC H1I regions (Beltran et al., 2016;
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Churchwell, 2002; Kurtz et al., 2000). Assuming the continuum emission at 1390 MHz
to be optically thin and arising from a homogeneous, isothermal medium, we derive the
Lyman continuum photon flux (Ny), the emission measure (EM) and the electron num-
ber density (n.). These physical parameters are estimated using the following formulation
(Schmiedeke et al., 2016)

Ny WIS TITT v 1% a2
— | =4.7T71 x 1 — | | = — 39
[s—l] 7Tl 10 Jy|| K | GHz pc (39)
EM S v 0.1 ‘T 0.35 0 —2
=3.217 x 107 | = - 1
{pc cm—ﬁ} 321710 [Jy} [GHZ} K} [arcsec] (3.10)

n G 1051, 7005170175 g ~L5[ 5705
| =2.576 x 10%| =~ _ — 3.11
Lm—?’] % [Jy} [GHZ] [K} [arcsec] [pc] ( )

where S, is the integrated flux density of the ionized region, 7 is the electron temperature,
v is the frequency, 6, is the deconvolved size of the ionized region, and d is the distance to
the source. We estimate 7, from the derived electron temperature gradient in the Galactic
disk by Quireza et al. (2006). We use their empirical relation, 7, = (5780 + 350) + (287 £
46) R, where Rg is the Galactocentric distance. R is estimated to be 5.7 kpc following
Xue et al. (2008). This yields an electron temperature of 7416+437 K. The derived physical
parameters of the UC H I region are listed in Table 3.9.

Table 3.9: Physical parameters of the radio continuum emission from the UC H1I region
associated with component R1 of G12.42+0.50.

Source  Osrc  Radius Te Npy log (NLy) EM Ne tdyn
(o X) (10%% s71) (pcem=%)  (em=3) (107 3yp
R1 1.8 0.01 74164437 4.1 45.6 1.8 x 105  9.4x 103 0.4

If a single ZAMS star is responsible for the ionization of this UC H1I region, then from
Panagia (1973), the estimated Lyman continuum photon flux corresponds to a spectral type
of B1 — B0.5. Following Davies et al. (2011), the Lyman continuum flux from the UC H11
region is suggestive of a massive star of mass ~ 9 — 12 M. As discussed earlier, the
estimate is made under the assumption of optically thin emission. Hence, this result only
provides a lower limit, since the emission at 1390 MHz could be partially optically thick as
is evident from our radio spectral index estimations. In addition to this, several studies show
that there could be appreciable absorption of Lyman continuum photons by dust (Arthur
et al., 2004; Inoue, Hirashita & Kamaya, 2001; Paron, Petriella & Ortega, 2011). It is
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further noticed that if the total infrared luminosity of G12.42+0.50 (2.8 x 10%, Section3.3.2)
were to be produced by a ZAMS star, it would correspond to a star with spectral type
between B0 — 09.5 (Panagia, 1973). Taking a BO star, the Lyman continuum photon flux is
expected to be 2.3 x 10*" s~1. At optically thin radio frequencies such a star could generate
an H1I region with a flux density of ~ 400 mJy, which is higher than observed flux density
value of 7.9 mJy observed. This could be suggestive of the central source going though
a strong accretion phase, with it still being in a pre-UC H1I or very early UC HII region
phase (Guzmadn, Garay & Brooks, 2010). An intense accretion activity could stall the
expansion of the HII region which results in weaker radio emission. The above picture is
congruous with the infall scenario associated with R1 and the evidence of global collapse
of the molecular cloud associated with G12.42+0.50. Detailed discussion on molecular gas
kinematics are presented in Section 3.6.1.

From the Lyman continuum photon flux and the electron density estimates, we compute the
radius of the Stromgren sphere, that is defined as the radius at which the rate of ionization
equals the rate of recombination, assuming that the H IT region is expanding in a homoge-
neous and spherically, symmetric medium. The radius of the Stromgren sphere, R; is given

by the expression,

1/3
R, = ( 3Ny ) (3.12)

dndap
where o is the radiative recombination coefficient taken to be 2.6 x 10~ cm? s~ (Kwan,
1997) and ng is the mean number density of atomic hydrogen which is estimated to be
2.1 x 10* cm ™2 from the clump detected in the column density map (Section 3.3.3). Thus,
the radius of the Stromgren sphere, R for the resolved component, R1 is calculated to be

0.007 pc. Using this, the dynamical age the H 11 region is determined from the expression

AR][/R 7/
oo [32] (B2)

where Ry 1, is the radius of the H1I region, ¢; is the isothermal sound speed in the ionized

medium, which is typically assumed to be 10kms™'. Rpyyy is estimated to be 0.01 pc by
taking the geometric mean of the deconvolved size given in Table 3.1. The dynamical age
of the UC H I region associated with component R1 is determined to be 0.4 x 103 yr. Since
this estimation is made under a not so realistic assumption that the medium in which the
H 11 region expands is homogeneous, the results obtained may be considered representative
at best. The derived physical parameters of the UC H1I region are tabulated in Table 3.9.
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The estimated values of electron density and emission measure are in the range found for
UCH1 regions around stars of spectral type B1 — B0.5 (Kurtz, Churchwell & Wood,
1994). Furthermore, the size estimates for UC H1I regions are proposed to be < 0.1 pc
(Kurtz, 2002; Wood & Churchwell, 1989), in agreement with that derived for the compo-
nent R1. The dynamical timescales obtained indicate a very early phase of the UCHII
region (Churchwell, 2002; Wood & Churchwell, 1989). Wood & Churchwell (1989) esti-
mate that it would take ~ 10% yr for an UC H1I region to expand against the gravitational

pressure of the confining dense molecular cloud.
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Figure 3.13: The UKIRT-UIST spectrum extracted over a 6 pixel wide aperture centered
on the radio component, R1 is shown here. The spectral range is chosen to be the same as
the VLT-ISAAC spectrum towards the infrared source, IRAS 18079-1756, associated with
G12.42+0.50, studied by Kendall, de Wit & Yun (2003). The absorption lines identified by
these authors are indicated in the plot.

On a careful scrutiny of the point sources in the region, it is seen that a red 2MASS*
source (J18105109-1755496; J = 13.727, H = 11.011, K = 9.351) is located at the peak
position of R1 (within ~ 0.3"”). Investigating its location in JHK colour-colour diagrams
(e.g Fig. 6(d) of Das et al. (2017)) suggests a highly embedded Class II YSO which in
all likelihood could be the ionizing source. Detailed spectroscopic observations of this
source is presented in Kendall, de Wit & Yun (2003). In the observed wavelength range
of 1.67 — 1.75 um, the VLT/ISAAC H-band spectra, presented by these authors, show the
presence of broad absorption features of He I (~ 1.7 ym) and hydrogen. We did a careful
examination of our UKIRT spectroscopic observations. We extracted the spectrum over a
6 pixel wide aperture (estimated from other stellar sources along the slit) centred on R1, a

zoom in of which is shown in Fig. 3.13. The spectral range is chosen such that it matches

“This publication makes use of data products from the Two Micron All Sky Survey, which is a joint project
of the University of Massachusetts and the Infrared Processing and Analysis Center/California Institute of
Technology, funded by the NASA and the NSF
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the VLT spectrum of Kendall, de Wit & Yun (2003) (refer Fig. 5 of their paper). Inspite of
the poor signal-to-noise, the spectrum does show hint of the Br 11 line and possibly the Br
10 line as well as detected by Kendall, de Wit & Yun (2003). Based on these absorption
lines and the absence of the 1.693 ;sm He II absorption line, Kendall, de Wit & Yun (2003)
suggest this source to be a main-sequence star of spectral type B3 (43 subclasses). This is
consistent with the spectral type derived from our measured radio flux densities. However,
the absence of emission lines in their observed spectra prompted the authors to speculate a
late evolutionary stage. This contradicts the results obtained from our HK and KL spectra
which show the presence of several emission lines that are listed in Table 3.2, indicating
an early evolutionary phase. The results from the molecular line analysis discussed in
Section 3.6 is also in agreement with this picture. The compact component R2 can either
be an independent UC H 1I region or an externally ionized density clump. If we consider
it as an UCH 11 region then the observed Lyman continuum flux translates to an ionizing
source of spectral type B3 — B2 (Panagia, 1973) and a mass of 6 — 9 M, (Davies et al.,
2011).

3.5.2 A possible thermal jet?

Even with the compelling possibility of R1 being an UCH II region, we explore an al-
ternate scenario along the lines of a possible thermal jet. This is motivated by the very
nature of G12.42+0.50 which is identified as an EGO and hence likely to be associated
with jets/outflows. Further, several observational manifestations are consistent with the
characteristics of thermal radio jets listed in Anglada (1996) and Rodriguez (1997).

G12.42+0.50 is a weak radio source (integrated flux density < 10 mly) displaying a linear
morphology, including components R1 and R2, in the north-east and south-west direc-
tion. It is also seen to be associated with a large scale molecular outflow (Fig. 3.15(a),
Section 3.6.2) with the candidate jet located at its centroid position and the observed elon-
gation aligned with the outflow axis. From the radio spectral index map shown in Fig. 3.3,
we see that along the direction of the radio components R1 and R2, the spectral index varies
between ~ 0.3 — 0.7. These values of spectral index are consistent with the radio contin-
uum emission originating due to the thermal free-free emission from an ionized collimated
stellar wind (Anglada et al., 1998; Panagia & Felli, 1975; Reynolds, 1986). Similar range
of spectral index values are also cited in literature for systems harbouring thermal radio
jets (Anglada et al., 1994; Guzman, Garay & Brooks, 2010; Sanna et al., 2016). Additional
support for the thermal jet hypothesis comes from the angular size spectrum. Guzmén

et al. (2016) and Hofner et al. (2017) have discussed the trend of the angular size spectrum
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where the jet features show a decrease in size with frequency as expected from the varia-
tion of electron density with frequency (Panagia & Felli, 1975; Reynolds, 1986). In case
of G12.42+0.50, the 1390 MHz and 5 GHz sizes show this trend with the upper limit from
610 MHz being consistent. It should be noted here that in the 5 GHz map, all structures upto
~ 20" would be well-imaged (Urguhart et al., 2009). However, the size dependence is not
conclusive given the resolution of the two maps. Presence of shock-excited emission lines
in the NIR (Section 3.2) further corroborates with this ionized jet scenario. Additionally, a
H50O maser is seen to be associated with G12.42+0.50 (Cyganowski et al., 2013), located
at an angular distance of ~ 12" from the radio peak. The position of this is indicated in
Fig. 3.1(b) and (c) and Fig. 3.15(b). H,O masers have often been found in the vicinity of
thermal radio jets, and in some cases both the thermal jet and H,O masers are powered by
the same star (Gomez, Rodriguez & Marti, 1995).

The two competing schemes deliberated above are in good agreement with our observation
making it difficult to be biased towards any. However, recent studies speculate about the
co-existence of UC/HC H1I regions and ionized jets. From the investigation of the nature
of the observed centimeter radio emission in G35.20-0.74N, Beltran et al. (2016) discuss
the possibility of it being a UC H 11 region as well as a radio jet being powered by the same
YSO suggesting an interesting transitional phase where the UC H1I region has started to
form while infall and outflow processes of the main accretion phase is still ongoing. Similar
scenario is also invoked for the MYSO, G345.4938+01.4677 by Guzman et al. (2016).
Both these examples conform well with our results. Guzman, Garay & Brooks (2010)
discuss about a string of radio sources which are likely to be the ionized emission due to
shocks from fast jets wherein the separation of the inner lobe from the central object is
~ 0.03 pc. Garay et al. (2003) also examines a radio triple source in which case the central
source harbours a high-mass star in an early evolutionary phase and ejects collimated stellar
wind which ionizes the surrounding medium giving rise to the observed radio emission. In
this case, the separation between the central source and the radio lobe is ~ 0.14 pc. For
G12.42+0.50, component R2, at a distance of ~ 0.07 pc from R1, can also be conjectured
to be a clumpy, enhanced density region (SMA3) ionized by the emanating jet. The star-
forming region of G12.42+0.50 has also been speculated to be harbouring a cluster (Jaffe
et al., 1984; Kendall, de Wit & Yun, 2003). With the detection of R1, R2, SMAI1 and

SMAZ2, it reveals itself as a potentially active star-forming complex.
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3.6 Kinematic signatures of gas motion

3.6.1 [Infall activity

The double-peaked, blue-asymmetric HCO™ line profile with a self-absorption dip shown
in Fig. 3.11/is a characteristic signature of infall activity (De Vries & Myvers, 2005; Peretto,
André & Belloche, 2006; Peretto et al., 2013; Yuan et al., 2018). In order to probe the gas
motion in the entire clump associated with G12.42+0.50, we generate a grid map of the
HCO™ line profile which is presented in Fig. 3.14(a). HCO™ line profiles are displayed
in blue. For comparison, we also plot the optically thin transition, H'*CO™, in red. The
grey scale map shows the 4.5 ym map emission with the ATLASGAL contours (in green)
overlaid. The spectra shown here are averaged over regions gridded to an area given by
the square of the beam size (36”) of the Mopra radio telescope. The HCO™ spectrum
displays blue-skewed line profiles in all the grids within ATLASGAL contour revealing a
strong indication of the clump in global collapse. For the molecular cloud to be collapsing,
the gravitational energy of the cloud has to overcome the kinetic energy that supports it
from collapsing. The gravitational stability of the cloud can be inspected using the virial
parameter, a.;, = 502R/(GMc) which needs to be lower than unity (Bertoldi & McKee,
1992) for a collapsing cloud. o is the velocity dispersion which is taken from the FWHM
of the optically thin H'3CO™ line and is estimated to be 1.2 kms™!. Taking R and M as
the radius and mass of the clump, C1, the virial parameter, «;, is calculated to be ~ 0.9. In
comparison, Yuan et al. (2018) obtain a value of 0.58 for the EGO G022.04+0.22 and Pillai
et al. (2011) in their study of massive cores obtain values in the range 0.1 — 0.8. Given
the presence of infall and outflow activity, that could significantly increase the velocity

dispersion, the derived estimate towards G12.42+0.50 is likely to be an overestimate.

Table 3.10: The infall velocity, V;, and mass infall rate, Minf of the clump, C1 associated
with G12.42+0.50, estimated using the blue-skewed optically thick HCO™ line

VLSR ‘/inf 5‘/ Minf
(kms™) (kms™h) (1073 Mg yr™1)
18.3 1.8 -0.6 9.9

To support the picture of protostellar infall, we estimate the infall velocity and mass infall

rate. First, to quantify the blue-skewness of the HCO™ profile, we calculate the asymmetry
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Figure 3.14: (a) The grey scale shows the 4.5 ym map. The green contours represent the
ATLASGAL 870 ym emission. The contour levels are 3, 9, 27, 72 and 108 times o (o0 ~
0.06 Jy beam ™). The HCO™ spectrum shown in blue and the H'*CO™ spectrum shown
in red are overlaid. The spectra are boxcar-smoothed by five channels that corresponds to
a velocity smoothing of 0.6 kms~!. The dashed vertical lines indicate the LSR velocity
estimated by averaging the peak positions of the H**CO™ line in all the regions where the
line is detected. The peak position of the 870 ym emission is marked by a magenta ‘x’.
(b) The HCO™ spectrum extracted towards the ATLASGAL 870 yum peak . The best fit
obtained using the ‘two-layer’ model is shown in red. The solid blue line represents the
LSR velocity, 18.3kms~! derived from the optically thin H**CO™ line and the dashed
blue line represents the LSR velocity obtained from the model fit. The red arrow points to
a blue-wing which could indicate a possible molecular outflow.
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parameter, 0V, using the following expression (Yu & Wang, 2013),

(‘/;hick — ‘/thin)
AVvthin

oV = (3.14)
Here, 0V is defined as the ratio of the difference between the peak velocities of the optically
thick line, Viy;qc and the optically thin line, Viy,;,, and the FWHM of the optically thin line
denoted by AV;pi,. Using values of Vi, = 18.3kms™! and AV, = 2.9kms™! from the
Gaussian fit to the H'3CO™ line and Vi = 16.5km s™', the peak of the blue component
of the HCO™ line, §V is estimated to be —0.6. According to Mardones et al. (1997), the
criteria for a bona fide blue-skewed profile is 6V < —0.25. Furthermore, we estimate
the mass infall rate (M) of the envelope using the equation, M,s = 47 R*Vinep (Lépez-
Sepulcre, Cesaroni & Walmsley, 2010), where Vin¢ = Vipin — Vinick = Vinsco+ — Viaco+ is the
infall velocity and p is the average volume density of the clump given by p = M/ %wR?’.
The clump mass, M and radius, R are taken from Section 3.3.4. The infall velocity, Vi,¢
and the mass infall rate are estimated to be 1.8 km s~ and 9.9 x 1073 M, yr~!, respectively.
The mass infall rate estimate is higher compared to the value of 6.4 x 1073 M, yr~! derived
by He et al. (2015). As discussed in Section 3.3.4, our clump mass and radius estimates
are higher. Nevertheless, both the estimates fall in the range seen in other high-mass star-
forming regions (Chen et al., 2010; Liu et al., 2013; Lopez-Sepulcre, Cesaroni & Walmsley,
2010).

To further understand the properties of the infalling gas, we extend our analysis and fit the
HCO™ line with a ‘two-layer’ model following the discussion in Liu et al. (2013). Here,
we briefly repeat the salient features of the model with a description of the equations and
the terms. In this model, a continuum source is located in between the two layers, with
each layer having an optical depth, 7, and velocity dispersion, ¢, and an expanding speed,
Viel With respect to the continuum source. This is the infall velocity introduced earlier.
Vial 1s negative if the gas is moving away and positive when there is inward motion. The

brightness temperature at velocity, V' is given by

ATy = (Jr — Jo)[1 —exp(—1)] + (1 = ®)(Jp — Jp) X [1 — exp(—7 — 71)]  (3.15)

where
Jo=0J.+ (1 —D)J, (3.16)
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and

[— V - Vrel — V;:on 2]

Tt = Toexp ( ‘;;2 ) (3.17)
[— rel — ‘/;:on 27

Ty = To€Xp (V+ ‘;;2 ) (3.18)

Here J., Js, J;, Jy are the Planck temperatures of the continuum source, the “front” layer,
the “rear” layer and the cosmic background radiation, respectively. J is the blackbody

function at temperature, 7" and frequency, v and is expressed as

hv 1
= — 3.19
/ k exp(Ty/T) — 1 19

where Ty = hv/k, h is Planck’s constant, and & is Boltzmann’s constant. ® and V., are
the filling factor and systemic velocity (or the LSR velocity) of the continuum source, re-
spectively. The HCO™ profile and the fitted spectrum (in red) are displayed in Fig.3.14(b).
The LSR velocities determined from the model fit (dashed blue) and the optically thin
transition of H*CO™ (solid blue) are also shown in the figure. The blue component of
the HCO™ line shows a clear presence of broadened wing likely to be due to outflow. To
avoid contamination from this outflow component, we restrict the velocity range between
16.1 — 21.0 km s~! while fitting the model. The model derived parameters are listed in Ta-
ble 3.11. The model fitted values are fairly consistent (slightly smaller) with our previous

estimates.

Table 3.11: Best fit parameters retrieved from the model for the self-absorbed HCO™ line
observed towards G12.42+0.50.

To @ Jc Jf Jr V;:ont g ‘/rel
K K K (ms) (kms") (kmsh)

1.3 03 139 74 10.6 17.9 0.7 1.3

3.6.2 Outflow feature

Massive molecular outflows are ubiquitous in star-forming regions (Beuther et al., 2002c)
and often co-exist with ionized jets (e.g. Anglada, 1996; Purser et al., 2016). The jets are
believed to entrain the gas and dust from the ambient molecular cloud, thus driving molec-

ular outflows. According to several studies, broad wings of the optically thick lines like
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HCO™ are well accepted signatures of outflow activity (e.g. Klaassen & Wilson, 2007;
Schneider et al., 2010; Smith et al., 2013). As mentioned in the previous section, broad-
ening of the blue wing of the infall tracer line of HCO™ is seen in G12.42+0.50. Given
the association with an EGO and the alignment with a large scale CO outflow features, the
origin of the broad blue wing can be attributed to be due to the outflow. Alternate scenarios
like unresolved velocity gradients (Tackenberg et al., 2014) or gravo-turbulent fragmenta-
tion (Klessen et al., 2005) have been invoked for broadened wings but are less likely to
be the case here. In this section, we focus on the rotational transition lines of CO that
are well known tracers of molecular outflow, and investigate the outflow kinematics of the
molecular cloud associated with G12.42+0.50 using the archival data of the isotopologues
of CO (3 — 2) transition from JCMT and *CO (1 — 0) observation from TRAO.

The red and blueshifted velocity profiles of the CO transitions shown in Fig. 3.12(a) can be
attributed to emission arising from distinct components of the CO gas that are moving in
opposite directions away from the central core. We note that the peaks have different shifts
with respect to the LSR velocity with the 12CO (3 —2) line showing the maximum shift and
C'80 (3 — 2) line has the minimum shift. The peaks of the red component of '>CO (3 — 2),
13CO (3 — 2) and C*®O (3 — 2) transitions are shifted by 2.5, 1.6 and 1.0 kms™! from the
LSR velocity. For the blue component the shifts are 2.5, 1.7 and 0.9 km s~ respectively.
12C0O molecule, having the lowest critical density among the three, effectively traces the
outer envelope of the molecular cloud, hence showing the maximum shift and the C**O
molecule, the densest among the three species is a tracer of the dense core of the molecular
cloud and thus shows the minimum shift.

In order to map the outflow in the vicinity of G12.42+0.50, we construct the zeroth moment
map of the two components using the task, TMMOMENTS in CASA. The zeroth moment map
is the integrated intensity map that gives the intensity distribution of a molecular species
within the specified velocity range. The '?CO (3 — 2) emission is integrated from the
peak of the blueshifted profile to the blue wings that corresponds to the lower velocity
channels ranging from 9.3 — 15.8 km s™! for the blue component and from the peak of the
redshifted profile to the red wing that corresponds to the higher velocity channels ranging
from 20.8 — 25.3km s~! for the red component. The contours are shown overlaid on the
Spitzer IRAC colour composite image in Fig. 3.15(a). The figure reveals the presence of
two distinct, spatially separated red and blue lobes. High-velocity gas is also seen towards
the tail of the blue component. The location of the 1.1 mm dense cores, SMA1, SMA?2
and SMA3 are also marked in this figure. The central part covering the brightest portion
of the IRAC emission (location of the EGO), is shown in Fig. 3.15(b) with the spatial
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Figure 3.15: (a) The Spitzer IRAC colour composite image of G12.42+0.50, overlaid with the SMA 1.1 mm emission contours
in black, with the contour levels same as in Fig. 3.7(k). The 2CO (3 — 2) emission integrated from the peak of the blueshifted
profile to the blue wings (9.3 — 15.8 km s™1) is represented using blue contours and from the peak of the red profile to the red wings
(20.8 — 27.3km s 1) is represented using red contours. The contours start from the 5o level for both the red and blue lobes and
increases in steps of 30 and 40, respectively (0 = 2.7 K kms™! for red lobe and o = 2.3 K km s~ for blue lobe ). The yellow line
defines the cut along which the position-velocity (PV) diagram is made. The cut is selected in such a way that it passes through the
red and blue lobes and also through the extended green emission. The red and blue lobes of the molecular outflow lie along a similar
axis as the ionized jet. (b) The colour scale represents the 1.1 mm continuum emission from SMA observed towards G12.42+0.50
with the contour levels same as in Fig. 3.7(k). Radio emission at 1390 MHz is represented by yellow contours with the contour levels
same as that in Fig. 3.2(a). The restoring beams of the 1390 MHz map and 1.1 mm map are indicated at the bottom- right and left of
the image, respectively. The ‘x’s indicate the positions of R1 and R2. The white circle marks the position of the H,O maser in the
vicinity of G12.42+0.50.
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distribution of the ionized gas overlaid on the 1.1 mm dust emission. To corroborate with
the zeroth moment map showing the outflow lobes, in Fig. 3.16, we show the position-
velocity (PV) diagram constructed along the outflow direction (position angle of ~ 32°;
east of north) highlighted in Fig. 3.15(a). The direction along which the PV diagram is
made is chosen such that both the red and blue lobes are sampled and it also covers the
region of extended 4.5 ym emission of G12.42+0.50. The zero offset in the PV diagram
corresponds to the position of the central coordinate of the EGO, G12.42+0.50 (aj2000 =
18M10™51.1%, 30000 = —17°55'50"). As expected, the PV diagram also clearly reveals
distinct red and blue components of the 2CO (3 — 2) emission from the LSR velocity of
the cloud represented by a red dashed line. Towards the lower region of the PV diagram
we can trace a weaker redshifted 12CO (3 —2) component consistent with the high-velocity

tail seen in the zeroth moment map.
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Figure 3.16: The PV diagram of the 12CO (3 — 2) transition along the cut shown in yellow
in Fig. 3.15(a) at a position angle of 32°. The contour levels are 4, 9, 14 and 18 times
o0 (0 ~ 1.0K). The zero offset in the PV diagram corresponds to the position of the
central coordinate of G12.4240.50 (ajo000 = 18"10™51.1°%, 559000 = —17°55'50”). The
LSR velocity, 18.3 km s~ is represented by the dashed red line.

To further probe the velocity structure of the cloud associated with G12.42+0.50, we gen-
erate channel maps of the ?CO (3 — 2) emission following the method outlined in Sanna
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et al. (2014). To define suitable velocity ranges and identify the blue and redshifted outflow
emission, we set the inner limits of the velocity at ~ V,sg = FWHM /2, where FWHM is
the H¥CO™ linewidth. Taking the offset to be +£1.5kms™! from the LSR velocity, the
inner velocity limit for the red and the blueshifted lobes are estimated to be 19.8 kms~*
and 16.8 km s*, respectively. The channel maps constructed are shown in Fig.3.17. Each
grid displays a pair of maps with a velocity width of 1km s~!. Prominent outflow features
begin to appear at velocities ~ 13.8 and 21.8kms~! from the blue and red components,
respectively. Beyond these velocities there is no contribution from the central core. Closer
to the LSR velocity, the emission is rather complex making it difficult for the outflow fea-
tures to be discernible. This is understandable since near the LSR velocity, the emission
from the outflow components is likely to be contaminated by the infall motion and contri-
bution from the diffuse gas. The channel maps are comparable to those presented by Qiu
et al. (2009) for the region G240.314+0.07 with similar complex velocity structure near the
LSR. The channel maps also show the presence of a redshifted component between veloc-
ities 20.8 — 22.8 km s~! overlaping with the blue lobe towards the south-west. As will be
discussed later in Section 3.6.3, such a velocity distribution can be indicative of accretion
through filaments.

Morphologically, the spatially separated red and blue lobes associated with G12.42+0.50
resembles a wide-angle bipolar outflow seen in the star-forming region G240.31+0.07 stud-
ied by Qiu et al. (2009). These authors suggest the wide-angle bipolar outflow as the am-
bient gas being swept up by an underlying wide-angle wind and is driven by one of the
three mm peaks located close to the geometric centre of the bipolar outflow. Only a hand-
ful of studies have found the presence of wide-angle bipolar molecular outflows associated
with high-mass star formation (e.g. Oiu et al., 2009; Shepherd et al., 1998). Shepherd
et al. (1998) investigate the likely driving source of the poorly collimated molecular out-
flow associated with G192.16. Coexistence of wide-angle CO outflow with shock-excited
H; emission, prompted them to conclude that the G192.16 outflow is powered by the com-
bination of a disk-wind and a jet. Given the likely association of G12.42+0.50 with an
ionized jet supported by the presence of shock-excited NIR Hj lines, we propose a similar
picture of coexistence of disk-wind and a jet, where the wide-angle bipolar CO outflow is
likely to be driven by the underlying wide-angle wind.

Of crucial importance is the identification of the driving source for this outflow. Marseille
et al. (2008) elucidates about the star-forming region IRAS 18151-1208, where two de-
tected bipolar outflows are shown to be powered by two mm sources, MM1 and MM?2.

They have also detected a third mm core, MM3 that does not show any outflow activity.
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Figure 3.17: Channel maps of ?CO (3 — 2) line associated with molecular cloud har-
bouring G12.42+0.50. Each box contains a pair of maps corresponding to the red- and
blueshifted emission at the same offset from the LSR velocity. The channel widths are
indicated at the top left of each map. The red contours correspond to the red wing and the
blue contours correspond to the blue wing. The contours start from the 30 level of each
map and increases in steps of 3o.

Beuther et al. (2002c¢), in their statistical study of massive molecular outflows, state that
a large fraction of their sample show bipolar outflow and these are seen to be associated
with massive mm sources and in most cases, are centred on the mm peaks. As seen in
Fig.3.15, two mm cores (SMA1 and SMA?2) are located towards the centroid of the bipolar
outflow associated with G12.42+0.50. These are shown to be potential high-mass star-
forming cores, Further, the absence of radio emission and IR sources imply a very early
evolutionary phase. We further investigate whether SMA1 and/or SMA?2 are the powering
sources of the CO bipolar outflow in G12.42+0.50.

Following Qiu et al. (2009), the dynamical timescale of the outflow seen associated with
G12.42+0.50 is computed using the expression, T4y, = Lfiow/Umax, Where Lgoy, ~ 1.2 pc
is the half length of the end-to-end extension of the flow and vy, ~ 9.0 km s~ is the max-
imum flow velocity from the LSR velocity of the cloud. This yields a dynamical timescale
of the outflow that is 1.3 x 10°yr. Comparing with the results obtained by Qiu et al.
(2009), Shepherd et al. (1998) and Shepherd, Testi & Stark (2003), our estimated value
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is in agreement with massive molecular outflow from an UC H 11 region. This result sup-
ports our unfolding picture of radio component R1, where coexistence of an UC H 11 region
and an ionized thermal jet is seen and the large-scale CO outflow can also be attributed to
the UC H1I region. However, it should also be kept in mind that unlike Qiu et al. (2009),
there is no SMA core coinciding with R1. Moreover, their results are based on interfero-
metric observations, whereas, the JCMT CO outflow data used here are from single-dish
measurements. In these single-dish observations, the inner outflow jets are mostly unre-
solved and the measurements are less sensitive to high-velocity outflow emission resulting
in an overestimation of the dynamical ages. Hence, one cannot rule out the possibility of
SMAT1 and/or SMA?2 being the outflow driving sources similar to the case of AFGL 5142
(Liu et al., 2016b). If indeed the binary cores, SMA1 and SMA?2 are the outflow driving
cores, then the nature of the radio emission in R1 (and R2) can be thought of as ionized
jet emission driven by the mm cores which also drives the large scale CO outflows de-
tected. Possibility of multiple outflows from the mm cores and the UC H1I region also
exists (Beuther et al., 2002a; Beuther, Schilke & Stanke, 2003). This advocates for high-

resolution observations for a better understanding.

3.6.3 Hub-filament system

From the above discussion we hypothesize a picture of global collapse of the molecular
cloud harbouring the EGO, G12.42+0.50. Interestingly, Fig. 3.7(d) and (h), unfold the pres-
ence of large scale filamentary structures along the south-west direction of G12.42+0.50, all
merging at the location of the clump, C1 enveloping G12.424+0.50. As mentioned earlier,
the concurrence of a collapsing cloud with converging filaments suggest a hub-filament
system. In literature, hub-filament systems are common in sites of high-mass star for-
mation (e.g. Liu et al., 2016b; Peretto et al., 2013; Yuan et al., 2018). In such systems,
converging flows are detected where matter funnels in through the filaments into the hub,
where accretion is most pronounced. Morphologically, the molecular cloud system associ-
ated with G12.42+40.50 resembles the hub-filament system associated with the star-forming
region, G22 (Yuan et al., 2018) and the IRDC, SDC335 (SDC335.579 — 0.292) (Peretto
et al., 2013). To delve deeper into this picture, we investigate the velocity structure of the
filaments. To proceed, we construct the channel maps of the '2CO emission which are
illustrated in Fig. 3.18. The velocity ranges are selected by examining the JCMT 2CO
data cube and choosing the range where the 12CO emission is detected. The velocity width
of each channel is chosen to be 0.5kms™! similar to that used by Leurini et al. (2019)
to investigate the C'®O (2 — 1) emission associated with IRDC, G351.776-0.527. The
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spatial coincidence of the ?CO emission with the filaments is remarkable. The gas as-
sociated with the filaments is consistently redshifted with respect to the LSR velocity of
the clump, C1. The velocity of the cloud along the filaments peak in the velocity range of
~ 18 — 23 km s™!. The variation in velocity suggests bulk gas motion along the filaments.
From the channel maps we can see that the velocity of the molecular gas along the filament
decreases as it approaches the central core, with the maximum velocity at the south-west
end of the filament. It has to be noted here that the 'CO (3 — 2) transition is also a tracer of
molecular outflow and as shown in Section 3.6.2, G12.42+0.50 is also an outflow source.
Hence, the decrease in velocity near the clump, C1 may be attributed to the interaction with
the molecular outflow.

118.0-18.5

—17°53'20"

-17°56'40"

—18°00'00"

Dec (J2000)

~18°03'20"
18"11M00%  10™30%
RA (J2000)
Figure 3.18: Channel maps of 2CO emission is shown here with each channel having a
velocity width of 0.5 km s~!. For each map, the black contours represent the 12CO emission
starting from the 30 level and increasing with a step of 30.
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Figure 3.19: The velocity peaks of 12CO (3 — 2) extracted along the filaments is overlaid
on the column density map of the region associated with G12.42+0.50 shown in grey scale.
The positions of all the filaments are also labelled.

To further elaborate on the velocity structure, we extract the spectra of '2CO (3 — 2) along
the filaments with a step size of half the angular resolution (~ 15”/2) of the JCMT-HARP
observation. The peak velocities estimated by fitting 1D Gaussian profiles to the spectra are
shown in Fig. 3.19 as colour-coded circles overlaid on the Hy column density map. Along
the filaments, F1 and F6 it can be seen that the velocity is within the range 17 — 19 km s™!,
closer to the LSR velocity, and increasing towards the clump, C1. However, along the
filaments F2, F3, and F4 the velocity is on the higher side of the LSR velocity, ranging
from 19 — 21 kms~! and decreasing towards the central clump, C1. But in the case of
filament, F5, we do not clearly notice any velocity gradient, and the values are seen to
vary in the range 19 — 20 kms~!. Similar velocity gradients along filaments are detected
in star-forming regions such as SDC335 (Peretto et al., 2013), G22 (Yuan et al., 2018) and
AFGL 5142 (Liu et al., 2016b). Following these authors, we also attribute the velocity gra-
dients to be due to gas inflow through filaments. A number of other mechanisms have also
been proposed, which include filamentary collapse, filament collision, rotation, expansion

and wind-acceleration to explain the observed velocity distributions (Peretto et al., 2014).
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If the velocity distribution were to be explained by expansion scenario, we should have
observed red-skewed velocity profiles of optically thick lines (HCO™, HCN and HNC) to-
wards the clump, C1 (Liu et al., 2018b). On the contrary, we observe blue-skewed velocity
profiles, hence rendering the expansion picture to be unlikely. Further, we do not observe
any cloud collision signature of enhanced line-widths at the junction (Yuan et al., 2018).
The molecular outflow likely to be driven by the thermal jet in the clump, C1, cannot possi-
bly explain the red-skewed velocity along the filaments, F'2 — F'5, since these fall along the
blue lobe of the detected outflow. Also, in general, outflows are located between filaments
(Liu et al., 2016b). Hence, on comparison with earlier studies and the lack of evidence to
prove otherwise, we infer that the observed velocity gradient is a result of gas inflow along
the filaments, although there could be contribution from the outflowing gas. Nonetheless,
12C0 (3 —2) being an optically thick molecular line transition, cannot effectively probe the
velocity distribution within the filaments. Thus, high resolution observations of optically
thin lines would give a better picture. As discussed in Section 3.3.4, 11 eleven clumps,
C2 — C12, lie along the identified filaments. It is also seen that along the filaments the dust
temperature is lower than C1. The mass estimates show that these are less massive than the
central core (clump, C1). Yuan et al. (2018), in the study of the hub-filament system asso-
ciated with G22, finds two clumps more massive than the other clumps along the filament.
These clumps, that dominate the emission at wavelengths longer than 24 ym are the most
active star-forming regions in G22. This concurs well with G12.42+0.50, where the most

massive clump, C1, is an active star-forming clump.

3.7 Summary

We carried out a comprehensive multiwavelength study towards the EGO, G12.42+0.50

and its associated environment. Our main results are summarized as follows

1. The radio continuum emission mapped at 1390 MHz reveals a linear structure ex-
tended in the north-east and south-west direction with the presence of two compact
radio components, R1 and R2 that are unresolved at 610 MHz. The peak emission at

610 MHz is coincident with the component R1.

2. We explore different scenarios to explain the nature of the ionized emission. Under
the UC H11 framework, assuming the emission at 1390 MHz to be optically thin, the
observed Lyman continuum flux translates to an ionizing source of spectral type of

B1 — B0.5. An alternative picture of ionized thermal jet is examined, given vari-
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ous observed characteristics including the spectral index values of 0.3 — 0.9 in the
region. We are prompted to consider the co-existence of the UC H I region with an
ionized jet being powered by the same YSO. IRAS 18079-1756 (2MASS J18105109-
1755496), a deeply embedded Class II YSO is likely to be the driving source.

. Presence of shock-excited Hs and [Fell] line emission is confirmed from NIR narrow-

band imaging and spectroscopy in concurrence with the jets/outflows picture.

. A massive central clump, C1 is identified from the 870 ym map which envelopes the
detected radio and the enhanced and extended 4.5 ym emission. The clump has a
mass 1375 M, and total luminosity 2.8 x 10* L.,. Two-component modeling shows
the presence of an inner warm component surrounded by an extended outer, cold

envelope traced mostly by the FIR wavelengths.

. Seven molecular species from the MALT90 survey are detected towards the EGO,
G12.42+0.50. The optically thick lines, HCO* and HCN show signatures of pro-
tostellar infall. From the blue-skewed profile of the HCO™ line, infall velocity and

mass infall rate are estimated to be 1.8 kms™! and 9.9 x 1073 M yr—1.

. From the line observations of the J = 3 — 2 transition of the molecular species 2CO,
13CO and C*®0, we detect the presence of a wide-angle bipolar outflow. From the
dynamical age, 1.3 x 10° yr, of the bipolar outflow it seems likely that the UC H 11
region drives the same though the possibility of the SMA cores (SMA1 and SMA?2)

being the powering source(s) cannot be ruled out.

. Signature of a hub-filament system is seen in the 8.0 yum and FIR images and is
supported by the constructed column density and dust temperature maps. A detailed
study of the gas kinematics agrees with bulk motion in the filaments and suggest a

likely picture of gas inflow along the filaments to C1.

. A conjectured hypothesis of the EGO, G12.42+0.50, satisfying the multiwavelength
observations, could be an active star-forming complex where very early evolutionary
cores (SMAI1 and SMA?2) are seen. Apart from this, an accreting (likely through
filaments) MYSO in an initial phase of an UC H1I region and driving a large-scale
molecular outflow entrained by a likely ionized thermal jet is detected.
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Chapter 4

Multiwavelength investigation of extended
green object G19.88-0.53: Revealing a pro-

tocluster

In this chapter, we conduct a rigorous multiwavelength investigation of the region asso-
ciated with the EGO, G19.88-0.53, which is catalogued as a “likely" outflow candidate
associated with the infrared source, IRAS 18264-1152 (Cyganowski et al., 2008). The
kinematic distance ambiguity to G19.88-0.53 has been resolved and it is placed at the near
distance of 3.31 kpc (Ge et al., 2014; Roman-Duval et al., 2009). The bolometric luminosity
of the Red MSX Source (RMS), G019.8817-00.5347, associated with IRAS 18264-1152 is
estimated to be 7.8 x 10? L., (Lumsden et al., 2013). This number has been recently re-
fined to 4.7 x 103 L, in the RMS survey website!. Class I and I methanol masers and H,O
maser are detected towards the region (Beuther et al., 2002d; Chen et al., 2011; Sridharan
et al., 2002).

Fig. 4.1 displays the infrared (IR) morphology of G19.88-0.53. The colour composite im-
ages use the Spitzer-IRAC (Fazio et al., 2004) and the UKIDSS-Galactic Plane Survey (Lu-
cas et al., 2008) bands. Both plots show extended emission in the east-west direction with
the enhanced IRAC 4.5 pm emission elongated westwards beyond the UKIDSS K band
nebulosity. The Simbad database also reveals the presence of an IRDC possibly associated
with G19.88-0.53 and is marked in the figure.

Uhttp://rms.leeds.ac.uk/cgi-bin/public/RMS_DATABASE .cgi
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Figure 4.1: (a)IRAC colour composite image of the region around G19.88-0.53 where the
3.6, 4.5, and 8.0 um bands are displayed in red, green, and blue, respectively. Location
of the identified IRDC is shown with the ‘X’ symbol. The ‘+’ marks the position of the
MYSO located at 4.5 um emission peak and the black circles are the positions of the EGO
knots discussed by De Buizer & Vacca (2010). (b)UKIDSS colour composite image of the
same region. Here, J (1.25 ym), H (1.63 ym) and K (2.20 pm) band data are shown in red,
green, and blue, respectively.

4.1 Low-frequency radio emission

Using the uGMRT, we probe the low-frequency domain of the ionized emission associated
with G19.88-0.53. In Band 4, none of the sub-band images have detection above the 3o
level, while faint, elongated emission is seen in the Band 5 maps. Two sub-band images
at 651.4 and 1391.6 MHz are shown in Fig. 4.2(a) and (b), respectively. The 1391.6 MHz
map clearly reveals the presence of an elongated, two-component emission feature in the
east-west direction. The two distinct and compact radio components are labelled R1 and
R2. The deep uGMRT maps in Band 5 with a rms level of ~ 45 uJybeam™! enables
the detection of the weak ionized emission. For comparison, in Fig. 4.2(c), the 20 cm
(1.4GHz) VLA map (rms of 0.3mJybeam™1) retrieved from the MAGPIS? archive is
displayed, where no emission is detected. The contours of the 4.5 ym emission plotted
show that the radio emission is confined to the central part of the EGO.

The radio emission associated with G19.88-0.53 has been studied by Zapata et al. (2006),
Rosero et al. (2016), and Rosero et al. (2019) using VLA. Based on observations at 3.6 cm
(8.5GHz), 1.3cm (22.5GHz) and 7mm (43.3 GHz), Zapata et al. (2006) classify this

Zhttps://third.uclnl.org/gps/
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Figure 4.2: (a) The grey scale in this image corresponds to the 651.4 MHz map in the band 550 — 850 MHz (Band 5). It has a
beam size of 11.5” x 7.6”. (b) The grey scale here shows the radio continuum map of G19.88-0.53 at the frequency 1391.6 MHz
in the band 1050 — 1450 MHz (Band 5) with the contour levels 3, 4, 5, and 60 (o = 45 puJy beam™!. This map has a beam size of
4.3" x 2.7". Radio sources A — H, identified by Rosero et al. (2016), are marked by filled circles and the three radio components
IRAS 18264-1152a, IRAS 18264-1152b and IRAS 18264-1152c, identified by Zapata et al. (2006), are indicated by filled triangles.
(c) The grey scale represents the MAGPIS map at 20 cm that has a beam size of 6.2” x 5.4”. Contours of the 4.5 um emission
are overlaid in red on all the maps, with the contour levels 3, 9, 30 and 1200 (¢ = 5.0 MJysr~!). The positions of the two radio
components, R1 and R2 are marked by ‘x’s, and the position of the MYSO (De Buizer & Vacca, 2010) associated with G19.88-0.53

is indicated with ‘x’ in all the maps. The beams of all the images are represented in black ellipses.




Table 4.1: Physical parameters of radio components R1 and R2 associated with G19.88-
0.53.

Component Peak position Peak flux density
RA (J2000) Dec (J2000) (mJybeam™)

R1 1829143 -115022.3 0.25+0.01
R2 1829147 -115023.0 0.20+0.01

source as a ‘triple stellar system’ and identify three radio components (IRAS 18264-1152a,
b, and c), the positions of which are shown in Fig. 4.2. In the recent paper, Rosero
et al. (2016) present high-sensitivity, subarcsecond resolution observations at 6cm (4.9
and 7.4 GHz) and 1.3 cm (20.9 and 25.5 GHz), where twelve compact radio sources are de-
tected towards G19.88-0.53. Eight among them, sources A—H, lie within the 3¢ level of the
4.5 ym emission and are marked Fig. 4.2. The component R1 is co-spatial (within ~ 1”)
with the radio sources, F and IRAS 18264-1152b. Component R2 has similar positional
match with the radio source, A. The position of the MYSO located at the 4.5 ym emission
peak (De Buizer & Vacca, 2010) also agrees well with the coordinates of R2. However,
this component is not detected in the VLA maps presented by Zapata et al. (2006).

The position of the components and the peak flux densities are listed in Table 4.1. Compo-
nent R1 is barely resolved and component R2 is unresolved in the uGMRT maps. It is thus
difficult to get a reliable estimate of the integrated flux density for these unresolved sources
with weak emission (Rosero et al., 2016; Urquhart et al., 2009). Hence, in the estimation
of the spectral index we use the peak flux density. Following the discussion in Urquhart
et al. (2009), the upper limits to the deconvolved sizes of R1 and R2 are taken to be half the
FWHM of the restored beam size. This gives a value of 2.1” x 1.3” for the components.

4.2 Near-infrared line emission

As propounded by several authors (Caratti o Garatti et al., 2015, and references therein),
shock-excited lines of Hy, and [Fell] and broad bandheads of CO are the spectral carriers
responsible for the enhanced 4.5 ym emission of EGOs. Of the few spectroscopic studies
of EGOs (e.g. Caratti o Garatti et al., 2015; De Buizer & Vacca, 2010; Issac et al., 2019;
Onaka et al., 2016), De Buizer & Vacca (2010) focussed on MIR spectroscopy of two
EGOs including G19.88-0.53 using the NIRI instrument on the Gemini North telescope.

The spectra extracted towards the three associated knots of G19.88-0.53 show the presence
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of the shock-excited 0 — 0 S(9) line of H, at 4.695 ym. Moreover no continuum emission
was detected towards these knots. In our study, we investigate the NIR regime to identify
shock indicators and confirm the association of G19.88-0.53 with protostellar outflows.

Dec (J2000)
N
o
o

17.0 18:29:15.0 13.0
RA (J2000)

Figure 4.3: Continuum subtracted H; image of G19.88-0.53 from Varricatt et al. (2010).
The positions of the identified radio components, R1 and R2 are marked by ‘x’s. The
contours of the 4.5 ym emission are given in red with the contour levels same as Fig.
The blue line indicates the orientation of the slit and the cyan rectangles are the apertures
over which the spectra are extracted. The MHOs (2203-2205,2245,2246) identified by
Varricatt et al. (2010), Lee et al. (2012), and Ioannidis & Froebrich (2012) are highlighted
in the black ellipses. The yellow contours trace the location and extent of the Hy knots
identified by Froebrich et al. (2011).

The H, line image towards G19.88-0.53, presented in Varricatt et al. (2010) reveals the
presence of a bipolar outflow in the east-west direction which is consistent with CO out-
flow detected by Beuther et al. (2002c). Same results were obtained by Lee et al. (2012)
using the UWISH2 survey and they enlist G19.88-0.53 as an EGO with a large-scale (an-
gular scale of ~ 1.6") bipolar outflow. In Fig. 4.3/ we display the continuum-subtracted Hy
line image from Varricatt et al. (2010) where the orientation of the slit position for UIST

observations is marked. The identified apertures, K1, K2, and K3, over which the spectra
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are extracted are also highlighted in the figure. Molecular hydrogen objects (MHOs) from
the catalogue of molecular hydrogen emission-line objects® (Davis et al., 2010) are also in-
dicated. MHO 2245 and MHO 2246 are new additions to the catalogue by Lee et al. (2012)
and lToannidis & Froebrich (2012), respectively. Identified locations and extent of Hs knots
from Froebrich et al. (2011) are also shown in the figure. Apertures K1 and K2 probe the
knots in MHO 2204 and K3 samples the central knot in MHO 2203. The extracted spectra
are shown in Fig. 4.4 where we see strong detections of several H lines. The lines detected

and their corresponding wavelengths are listed in Table 4.2.
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Figure 4.4: The HK spectrum of G19.88-0.53 extracted over the apertures K1, K2 and K3
covering three Hy knots (refer Fig. 4.3). The spectral lines identified along all the three
apertures are marked over the spectra and the details of these lines are given in Table 4.2.

The Hs lines detected in the spectra could have either a thermal or a non-thermal origin.
Jets and outflows that are heated to typically few 1000 K can give rise to thermal emission
from shock fronts. Whereas, non-thermal emission is ascribed to fluorescence produced
by non-ionizing UV photons. Shock excited emission arises from low levels of excitation,
whereas UV fluorescence populates both high and low-v states (Caratti o Garatti et al.,
2015; Davis et al., 2003). Our spectra do not show the presence of transitions with v > 6.
In addition, the ratio of 1 — 0S(1)/2 — 1 S(1) is estimated to be ~ 8 : 1. These suggest
the origin of the detected H, lines to be due to thermal excitation. However, the absence of

relevant fluorescent Hy emission in G19.88-0.53 can also be attributed to high extinction

3http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/S11/A24
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Table 4.2: Lines detected in the spectra extracted along the apertures K1, K2 and K3
towards G19.88-0.53.

Line Wavelength (pm)
Hy 1 —-0S(7) 1.7480
Hy; 1 —0S(6) 1.7880
Hy 1 —0S(5) 1.8358
Hy, 1 —-0S#4) 1.8920
Hy 1 —0S(3) 1.9576
Hy, 1 -0S(Q2) 2.0338
H; 2 —1S(3) 2.0735
Hy, 1 —-0S() 2.1218
Hy 1 -0 S(0) 2.2235
Hy 2 — 1 S(1) 2.2477

that screens the UV photons emanating from the central star. Nonetheless, morphological
resemblance of the extended Hy emission knots to a bipolar jet and the association with
an outflow source supports the shock excitation scenario. The shock-excited origin of the
detected Hy lines confirms that the transitions of this molecule within the IRAC 4.5 ym
band are among the spectral carriers responsible for the enhanced ‘green’ emission that
classifies G19.88-0.53 as an EGO.

4.3 Emission from dust

IRAC bands trace the thermal emission associated with the warm dust component and
emission from the polycyclic aromatic hydrocarbons excited by the UV photons in the
photodissociation regions. However, emission from the stellar photosphere dominates the
shorter wavelength bands (3.6 and 4.5 um) (Watson et al., 2008). In addition to this, the
4.5 pm band includes emission from shock-excited Hy lines and CO (v= 1 — 0) band
at 4.6 ym with contribution from the Bra: and Pff3 lines. The spatial distribution of dust
emission towards G19.88-0.53 is shown in Fig. 4.5(a), which is a colour composite image
generated using the IRAC 8.0, 4.5, and 3.6 ym bands. The APEX+Planck 870 psm contours
are overlaid along with the contours of the 4.5 ym emission. A clump is clearly identified
at 870 pum. Warm dust sampled at 8.0 um is seen to be extended towards the south and
west of the clump and, at 870 um, a clearly discernible large-scale filamentary structure is

visible with the clump located within it.
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4.3.1 Dust clump

From the APEX+Planck 870 um map, a clump is identified using the two-dimensional
Clumpfind procedure (Williams, de Geus & Blitz, 1994) with a 30 (¢ = 0.3 Jy beam™)
threshold and optimum contour levels. The aperture of this clump coincides with the 3o
level contour of the 870 yum emission. To investigate the nature of the cold dust associated
with the identified clump, we assume the FIR emission to be optically thin and model
the same with a modified single-temperature blackbody following the formalism discussed
in detail in Section 3.3.3. The SED and the best fit modified blackbody are shown in
Fig. 4.6. The model derived dust temperature and line-of-sight column density values are
18.61.2K and 5.3 & 1.0 x 10* cm~2, respectively. The mass of the clump is estimated
to be 1911 M. This is in good agreement with the estimate of ~ 2100 M, derived by
Beuther et al. (2002b, 2005) from the 1.2 mm emission. Both these values derived from dust
emission are lower by a factor of ~ 2 in comparison with the value of 3900 M, obtained
from the H**CO™ line emission (Qiu et al., 2007). The discrepancy could be due to the fact
that the H**CO™ line traces the lower density gas and could even be slightly optically thick
as opposed to the optically thin assumption we have employed while estimating the clump
mass. Moreover, the H'3COT is likely to be affected by outflows and shocks associated

with the clump. The derived clump parameters are listed in Table 4.3.

Table 4.3: Physical parameters derived for the clump identified to be associated with
G19.88-0.53. The peak position of the 8§70 ym emission, radius, mean temperature and
column density, mass, and volume number density of the clump are listed.

Peak position Radius Mean7; Mean N(Hy) Mass n(Hs)
RA (J2000) Dec (J2000)  (pc) (K) (102 cm=2) (My) (103cm™3)

1829 14.14 -115028.57 0.7 18.6£1.2 5.3£1.0 1911 18.0

The line-of-sight average Hy, column density and dust temperature maps of G19.88-0.53
are generated by a pixel-by-pixel modified single-temperature blackbody model fitting un-
der an optically thin assumption, similar to G12.42+0.50, following the method discussed
in Section 3.3.3. Herschel FIR maps covering the wavelength range of 160 — 500 pm and
the combined APEX+Planck map at 870 um, convolved and regridded a common resolu-
tion and pixel size of 36 and 14", respectively, are used for the pixel-by-pixel modified
blackbody modelling. We estimate the background flux, /;, at each band, which includes

the emission from the cosmic microwave background and the diffuse Galactic emission,
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Figure 4.5: (a) Colour composite image of the region associated with G19.88-0.53, using
IRAC 3.6 pm (blue), 4.5 pm (green) and 8.0 um (red) bands. The white contours depict the
APEX+Planck 870 ym emission with levels 2, 3,4, 5,9, 20, and 260 (o = 0.3 Jy beam ™).
The yellow contours represent the 4.5 ym emission with the contour levels same as in
Fig. 4.2. (b) The high resolution 2.7 mm ALMA map towards G19.88-0.53 is depicted in
the colour scale. The positions of the two radio components and the six mm peaks identified
are marked on the map. The yellow contours represent emission at 7 mm from Zapata et al.
(2006) with contour levels at 4, 8, 18, 22, and 260 (¢ = 53.8 uJy beam™!). The filled
black triangles are the positions of the radio peaks identified by these authors. The beams
of the 2.7 and 7 mm maps are shown as filled red and yellow ellipses, respectively, towards
the bottom right of the image.
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Figure 4.6: Spectral energy distribution of the APEX+Planck clump associated with
G19.88-0.53 in the wavelength range 70 to 870 um. The integrated flux density within
the clump, represented by black circles is plotted in log-scale with a 15% error bar. The
best-fit modified blackbody model is represented by the solid curve. The data point corre-
sponding to 70 um is excluded in the SED fitting.

from relatively uniform and dark region devoid of bright, diffuse or filamentary emission
at a distance of ~ 0.5° from G19.88-0.53. The hence generated temperature and column
density maps are displayed in Fig. 4.7 together with the reduced x? map.The fitting un-
certainties are small as is clear from the reduced x? map, with the highest value of ~ 4.
The Clumpfind retrieved aperture of the cold dust clump is overlaid on the dust temperature
and Hs column density maps in Fig. 4.7. From the H, column density map, we can see an
enhanced density region over the clump aperture. A high temperature region is also seen in

the dust temperature map within the clump having a peak temperature of 20.2 K.

4.3.2 Millimeter cores

The high-resolution ALMA 2.7 mm dust continuum map displayed in Fig. 4.5(b) shows
the presence of six dense, compact dust cores labelled MM1 — MMG6. Contours of the
7mm VLA map from the study by Zapata et al. (2006) is overlaid on the image. The
7 mm emission is more extended, especially in the east-west direction. In an earlier study,
Qiu et al. (2007) have mapped IRAS 18264-1152 at 1.3 and 3.4 mm with Plateau de Bure
Interferometer. They identify two peaks at both the wavelengths. Their western peak seems

to be in the vicinity of cores, MM1 — MM4 and the eastern component likely associated
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with cores, MM5 and MM6. Parameters of the identified mm cores are listed in Table
4.4. The deconvolved sizes of the cores are estimated by fitting 2D Gaussians to each
component using the 2D fitting tool of CASA viewer. MM3 and MM4 are unresolved in the
map, hence the quoted size, integrated and peak flux density refer to the combined region

covering both the cores.

Table 4.4: Physical parameters of the 2.7 mm cores associated with G19.88-0.53.

Core Peak position Deconvolved size  Integrated flux density ~ Peak flux density VLSRR AV
RA (J2000)  Dec (J2000) (""x'y (mly) (mJy beam—1) (kms~—1)  (kms™1)
MM1 1829 14.4 -115024.5 0.65x%0.44 10.7 34 442 6.0
MM2 1829 14.4 -115022.6 1.49x0.94 30.9 35 453 5.7
MM3 1829 14.4 -11 50 24.0 0.98x0.50 11.9* 2.3* 43.3* 4.5*
MM4 1829144 -115023.7 0.98%0.50 11.9* 2.3* 43.3* 4.5*
MM5 1829 14.8 -115025.3 0.74%0.26 5.4 1.9 433 23
MM6 1829 14.8 -115024.3 0.62x0.46 39 1.1 423 1.6

* MM3 and MM4 are unresolved in the map, hence the quoted deconvolved size, integrated, peak flux density, LSR velocity, and velocity
width refer to the combined region covering both the cores.

4.4 Molecular line emission

Molecular line observations are tools for understanding the kinematics and chemical envi-
ronment of a molecular cloud and and its stage in the evolutionary sequence. In this work,
we use archival data from ALMA to study the emission from molecular lines in the region
associated with G19.88-0.53.

4.4.1 CH30H line emission

A forest of CH30H lines are detected towards the mm cores in ALMA Band 7 (275 —
373 GHz) within a frequency interval of 3GHz (337.1 — 340.1 GHz). This is expected
as the CH;OH molecule is believed to be present in massive star forming regions from
the very early stages (Wirstrom et al., 2011). For identification of the lines, the data cube
is corrected for the LSR velocity of 43.6 kms~! (Beuther et al., 2002b; Qiu et al., 2007).
Subsequently, the detected lines are identified by comparing with the rest frequencies re-
ported in the molecular databases, NIST* (Lovas, 2004), CDMS’ (Miiller et al., 2005), and
JPLS (Pickett et al., 1998). The CDMS and JPL databases are interactively loaded on the

4http://physics.nist.gov/cgi-bin/micro/table5/start.pl
Shttps://cdms.astro.uni-koeln.de/cdms/portal
®https://spec.jpl.nasa.gov
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spectra employing the Weeds extension of CLASS90. The extracted spectra towards the
mm cores are plotted in Fig. 4.8/ displaying the identified set of A— and £ — CH3OH lines
corresponding to the J = 7 — 6 transition. It should be noted here that for cores MM3
and MM4, the separation is less than the beam size, hence the combined spectrum is plot-
ted in the figure. CH3OH lines are seen to be much stronger towards MM1 and MM?2 as
compared to the other cores. The accurate identification of the detected lines enables us to
determine the LSR velocities of the individual cores which are listed in Table 4.4.
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Figure 4.8: Spectra of the A/E — CH3OH lines detected towards the mm cores associated
with G19.88-0.53 extracted from the high-resolution Band 7 spectral cube. The dashed
red and blue lines indicate the peak positions of the A — CH30H and £ — CH3OH lines,
respectively.

4.4.2 Emission in isotopologues of CO

In the ALMA Band 3 (84 — 116 GHz) and Band 7 (275 — 373 GHz), we detect three CO
transitions, '*CO (1-0), C'®O (1—-0) and C'7O (3—2), with rest frequencies 110.2013543,
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109.7821734, and 337.7061123 GHz, respectively. The rotational transition lines of the
isotopologues of CO are well known tracers of both outflow and inflow motion (Beuther
et al., 2002c; Kutner & Tucker, 1975; Wu et al., 2009; Zhang et al., 2001). Transitions from
different energy levels probe the kinematic structure of different parts of the molecular
clouds. Since transitions from higher rotational levels of CO molecules have a higher
critical density, their emission arises from high density regions like the dense cores. On the
other hand, emission lines corresponding to lower J transitions trace the kinematics of the

low density regions of the molecular cloud (Rygl et al., 2013).
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Figure 4.9: Low-resolution spectra of the (a) *CO (1 — 0) and (b) C'™®O (1 — 0) lines
towards G19.88-0.53. The area over which the spectra are extracted covers all the cores.
The vertical green line denotes the LSR velocity, 43.6 kms~!. The red and blue arrows
in (b) spans the range over which the integrated intensity map is constructed to trace the
outflow wings (discussed in Section 4.7.2).

Low-resolution spectra probing the *CO (1 —0) and C'®O (1 — 0) molecular line emission
is plotted in Fig. 4.9. The beam covers all the cores. Single Gaussians are used to fit these
spectra. The ¥CO (1 — 0) line peaks at the LSR velocity of the dust clump. Multiple
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Figure 4.10: The J = 3 — 2 transition of C!”O towards the mm cores associated with
G19.88-0.53 from the (a) low-resolution (5.2"” x 2.6”) data averaged over the beam and
(b) high resolution (0.67” x 0.47”) data averaged over a region covering each core. The
magenta curve represents the best fit to each spectrum. Double Gaussians are used to fit the
spectra towards MMS and MM6 (low-resolution) and MM6 (high-resolution). The dashed
green line denotes the LSR velocity of each core. The magenta lines in the spectra mark
the emission peaks.

peaks noticeable in C'80 (1 — 0) spectrum are the combined effect of the cores and the
peak velocities are consistent with the LSR velocities derived for the cores. In case of
the C'7O (3 — 2) line, spectra from the lower resolution Band 7 data cube are extracted
over the beam area covering three regions (1) MM1, MM3, and MM4 (2) MM2, and (3)
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Figure 4.11: Same as Fig. 4.10 for the C'80O (1 — 0) transition detected towards the mm
cores associated with G19.88-0.53 from the (a) medium-resolution (2.6” x 2.2") data ex-
tracted over the same region as in Fig. 4.10(a) and (b) high-resolution (0.46” x 0.28") data
averaged over a region covering each core.

MMS5 and MM6 and shown in Fig. 4.10(a). Region (1), covering MM1, MM3, and MM4,
shows a clear red wing. However, for region (2), probing MM2, the wing is not very
prominent. In case of region (3), an inverse P-Cygni profile is seen. A double Gaussian
is used to fit this profile. Fig. 4.10(b) shows the high-resolution spectra of this line. As
discussed earlier, since the separation between MM3 and MM4 is less than the beam size,
the spectrum is extracted over a region covering both cores. Given the signal-to-noise
ratio of the high-resolution spectra for MM 1, MM3, and MM4 it is difficult to interpret the
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Table 4.5: Parameters of the isotopologues of the CO molecule detected towards G19.88-
0.53 from spectral data cubes at different spatial resolutions. The LSR velocity (Vi sr),
line width (AV), intensity and velocity integrated intensity ( | I,dV") of each transition are
obtained from the single or double Gaussian profiles fits to the extracted spectra.

Core VLsR AV Intensity [1,dV
(kms ") (kms™") (Jybeam™!) (Jybeam 'kms™!)

13CO(1-0)

Low-resolution (16.9” x 8.0")

MM1-MM6 43.7 6.7 4.9 34.8

C"0 (3 -2)

Low-resolution (5.2"” x 2.6")

MM1, MM3 & MM4 43.8 4.0 3.0 12.7

MM2 44.1 3.6 4.0 15.3

MMS5 & MM6 42.8(B) 2.5(B) 1.8 (B) 4.6 (B)
488(R) 28 (R) 0.1 (R) -0.3 (R)

High-resolution (0.67" x 0.47"")

MM1 43.8 24 0.1 0.3

MM2 4477 3.7 0.2 0.7

MM3 & MM4 434 2.3 0.2 04

MMS5 43.6 1.1 0.04 0.04

MM6 42.1B) 17(B) 0.09 (B) 0.2 (B)
452@R)  09(R)  -0.02(R) -0.02 (R)

C0O(1-0)

Low-resolution (16.9” x 8.0")

MM1-MM6 44.2 3.0 1.9 6.0

Medium-resolution (2.6” x 2.2

MMI1, MM3 & MM4 44.0 34 0.2 0.6

MM2 44.1 29 0.2 0.8

MM5 & MM6 429 2.2 0.1 0.3

High-resolution (0.46” x 0.28")

MMI1 43.2 1.0 0.01 0.01

MM2 44.6 29 0.01 0.04

MM3 & MM4 43.1 1.6 0.02 0.03

MM5 43.8 1.7 0.004 0.01

MM6 43.2 1.9 0.004 0.01

second red-shifted peaks seen as genuine additional components. These features are mostly
broad outflow wings. Core MM6 displays a distinct inverse P-Cygni profile and is fitted by
a double Gaussian.
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Medium resolution C**O (1 — 0) line spectra extracted over the same three regions used
for the C170 (3 — 2) spectra are plotted in Fig. 4.11(a) with the high-resolution spec-
tra presented in Fig. 4.11(b). Similar features are seen though the signal-to-noise of the
high-resolution spectra, especially for MMS5 and MMB6, is poor compared to that of the
C'70 (3 — 2) line spectra. Also, the medium resolution combined spectrum for MM5 and
MM6 shows an additional red-shifted narrow component which is difficult to understand.
This component is, however, not detected in the high-resolution spectrum extracted over
the same region, and hence could possibly be an artifact. Line parameters for the three
transitions of CO determined by fitting Gaussian profiles using CLASS90 are listed in Ta-
ble 4.5.

4.5 Ionized jet

Given that G19.88-0.53 is classified as an EGO, and hence likely associated with a jet/outflow,
we are prompted to investigate the nature of the associated radio emission. As seen in
Fig. 4.2(b), the ionized emission associated with G19.88-0.53 exhibits a linear morphology
consisting of the components R1 and R2 in the east-west direction. The radio emission
from both the components is weak (~ 0.2 mJy) and they are located towards the centroid
of a large scale (~ 1’) molecular outflow (Fig. 4.16a, Section 4.7.2). These traits are in
agreement with the typical observational features expected in ionized jets (Anglada, 1996;
Obonyo et al., 2019; Purser et al., 2016; Rodriguez, 1997; Rosero et al., 2019).

The spectral index is a crucial parameter that helps in understanding the nature of the ra-
diation mechanism. This is defined as S, o v“, where, S, is the flux density at frequency
v. As discussed in Section 4.1, G19.88-0.53 is not detected in Band 4. Further, weak
emission in Band 5 would render the in-band spectral index estimation highly unreliable
as has also been discussed by Rosero et al. (2016). Emission at 1391.6 MHz encompasses
the component IRAS 18264-1152b. This makes it possible to use this uGMRT sub-band
and VLA maps from Zapata et al. (2006) to derive the spectral index of R1. An accurate
determination of the spectral index requires same spatial scales to be probed at the frequen-
cies used. The synthesized beam sizes of uGMRT 1391.6 MHz and VLA 8 GHz (3.6 cm)
maps are nearly identical indicating similar uv coverage and hence similar spatial scales
probed. This is not the case for the 1.3 cm data. For this, we convolve the map to the match
the resolution of the other two frequencies. The radio SED is shown in Fig. 4.12. For
651.4 MHz, we obtain an upper limit for the flux density (rms of the map) which is shown

in the plot. For the VLA maps, we use the peak flux density as well. The fit to the radio
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SED of component R1 (IRAS 18264-1152b) yields a spectral index value of 0.58 £ 0.19.
that corroborates well with radio continuum emission originating due to the thermal free-
free emission from an ionized collimated stellar wind (Rosero et al., 2019, and references
therein). For component R2, similar analysis of spectral index estimation is not possible

given that this component is not detected in the VLA maps of Zapata et al. (2006).

1.0 $

log(S,) (mJy)

0.11-"

1.0 10.0
log(v) (GHz)

Figure 4.12: Radio SED for component R1 (IRAS 18264-1152b) using the data points at
1391.6 MHz, 8 GHz (3.6 cm) and 23 GHz (1.3cm). At 651.4 MHz, an upper limit for the
flux density is given. The straight line gives the linear fit with spectral index estimate of
0.58 £ 0.19.

The spectral index estimation of R1 obtained from the combination of uGMRT and VLA
maps of Zapata et al. (2006) is in excellent agreement with value of 0.6 &= 0.1 derived by
Rosero et al. (2016) using flux densities at four central frequencies (4.9 and 7.4 GHz at
6 cm and 20.9 and 25.5 GHz at 1.3 cm). In comparison, Zapata et al. (2006) obtain a lower
value of 0.27 £ 0.06. The 3.6 cm flux density of IRAS 18264-1152b used by these authors
would also include emission from IRAS 18264-1152a and IRAS 18264-1152c thus render-
ing a shallower slope. Based on the weak emission, elongated morphology, association
with molecular outflows and rising spectral index values, the radio emission favours shock
ionization over the HII region picture. Hence, Rosero et al. (2019) list source F (R1) as a
ionized jet/wind candidate. Inference of a likely thermal jet or a partially optically thick
HII region is drawn by Zapata et al. (2006) as well. The identification of R1 as a thermal
jet is well supported by the detection of several shock-excited Hs lines in the UKIRT-NIR
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spectra of G19.88-0.53 presented in Section 4.2. To the best of our knowledge, this is the
first detection of the ionized jet associated with G19.88-0.53 at the lower frequency regime
of uGMRT. Similar result is obtained for EGO G12.42+0.50 discussed in Chapter 3. The
authors propose the coexistence of a thermal jet and a UC H1I region driven by the same
MYSO to explain the observed radio, mm, and IR emission for G12.42+0.50.

4.6 A protocluster revealed

EGO G19.88-0.53 has been proposed as an outflow powered by a MYSO (De Buizer &
Vacca, 2010) and a multiple outflow source (Varricatt et al., 2010). Several studies (e.g.
Cyganowski, Brogan & Hunter, 2007; Cyganowski et al., 2011b) have shown that MYSOs
are actually protoclusters harbouring protostars with different masses and in various stages
of evolution. Given the predilection of high-mass stars to form in clustered environments, it
is likely that EGOs, in fact harbour protoclusters rather than single high-mass stars. Based
on SOFIA FORCAST imaging and archival infrared data of twelve EGOs, Towner et al.
(2019) suggest the number of massive sources per EGO to be between 0.9 to 1.9. Similar
inferences have been drawn from studies towards other identified EGOs (e.g. Brogan et al.,
2011; Cyganowski et al., 2012).

The 870 ym clump cocoons the EGO G19.88-0.53 where the extended 4.5 ym emission
lies towards the centre as is seen in Figure 4.5(a). In Fig. 4.13, we present the various radio
and mm sources associated with this EGO. The 2.7 mm dust emission, with the cluster of
detected cores lie deeply embedded within the 4.5 ym emission. Portion of the 30 contour
of the 4.5 ym emission is seen in the region displayed in the figure. Within the dust emis-
sion lie the two radio components R1 and R2 mapped at 1391.6 MHz with uGMRT. As
discussed in the previous section, R1 (VLA source F) is most likely an ionized thermal jet.
Regarding component R2 (VLA source A) and the other six compact VLA sources (B, C,
D, E, G, and H) located within the EGO, Rosero et al. (2016) discuss the likelihood of them
being H 1I regions around rapidly accreting massive stars that quench the UV photons thus
giving rise to weak radio sources. They also keep alive the debate of these being ionized
jets instead. Zapata et al. (2006) also suggest that the component IRAS 18264-1152¢ (VLA
source E) is likely to be an optically thick H1I region. These authors detect an additional
component IRAS 18264-1152a of similar nature taking the number of distinct radio sources
to be nine. Furthermore, from the analysis of ALMA 2.7 mm high-resolution continuum
map, we discover six compact cores located within the EGO. Table 4.6 lists the radio and

mm sources and their cross-identification.
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Figure 4.13: Multifrequency picture of the various components of the protocluster. The
ALMA 2.7mm map is depicted in the colour scale. The yellow contour traces the 3o
level of the 4.5um emission. The red stars mark the positions of the radio components
R1 and R2 from the uGMRT map. The black filled circles indicate the positions of the
radio sources identified by Rosero et al. (2016). The magenta triangles represent the radio
components from Zapata et al. (2006). The position of the MYSO associated with G19.88-
0.53 is indicated with ‘x’. The filled yellow squares are the 44 GHz methanol masers spots
in the vicinity of G19.88-0.53 identified by Rodriguez-Garza et al. (2017).

Table 4.6: Identified radio and mm components of the protocluster associated with G19.88-

0.53.
Compact radio sources ~ Radio components Radio components Millimeter cores
VLA! VLA? uGMRT 1391.6 MHz3  ALMA 2.7mm 3 Remark
A - R2 MYSO*/Tonized jet
B - - UC H 1//Ionized jet
C - - UC H 1/Ionized jet
D - MM3 & MM4 UCH 11/Ionized jet
E IRAS 18264-1152¢ - MMI1 UC H 1/Ionized jet
F IRAS 18264-1152b R1 MM2 Tonized jet
G - - - UC H 1//Ionized jet
H - UC H 1/Ionized jet
- IRAS 18264-1152a - UCH 11/Ionized jet
- - MMS5 Dense core
- - MM6 Dense core

IRosero et al. (2016); 2 Zapata et al. (2006); 3This work; 4De Buizer & Vacca (2010)
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Given the detection of several radio components and mm cores, the picture of a protocluster
with multiple (eleven) members is clearly perceivable. The observational signatures of the
members show clear evidence of different evolutionary phases. However, high-sensitivity
radio surveys of ionized jets have shown association with extended lobes and string of radio
knots (e.g. Garay et al., 2003; Guzman. Garay & Brooks, 2010; Hofner et al., 2017; Purser
et al., 2016). From the alignment of the radio sources B, C and F, and the spectral index
of F, one can visualize a similar scenario. It is thus plausible that we are probing a string
of knots of a single ionized jet driven by R1/MM2/F. Similarly, the components A and G
could be part of this jet system though the possibility of another jet driven by R2/MYSO/A
cannot be ruled out. If these radio components are indeed knots/lobes of the identified jet-
systems, then the number of distinct members of the detected protocluster would be less
than eleven. Further studies are required to interpret the exact nature the compact radio

sources.

4.6.1 CHj3OH rotational temperature

Molecular line transitions can be used to analyse the core properties. As seen in Fig. 4.8,
multiple transitions of CH3OH are detected towards the mm cores associated with G19.88-
0.53. This motivates us to use rotational temperature diagram (RTD) (also referred to as
Boltzman diagram) to estimate the rotational temperature and the beam averaged column
density of the identified mm cores. To generate the RTDs, we use the low-resolution (5.3" x
2.6"”) ALMA data cubes. Given the beam size, we extract the spectrum covering three
regions (1) MM1, MM3, and MM4, (2) MM2, and (3) MMS5 and MM6. The retrieved
spectra are shown in Fig. 4.14 and the line parameters are listed in Table 4.8,4.9, and 4.10.
The detected methanol lines have linewidths of several km s~ and none show unusually
high line intensities. Thus these are unlikely to be associated with maser excitations.

Considering the molecular emission to be optically thin, the column density of the upper

level, IV, can be computed from the integrated line intensity following the expression,

B 8wk

-1 -1
W= M/h(lybeam )dV (kms™) /mps 4.1)

where A, is Einstein coefficient and 7,¢ is the beam-filling factor, taken to be 1 since the
emission region is larger than the beam size (Ren et al., 2012). Further, under conditions
of local thermodynamic equilibrium, the measured line intensities are proportional to the
level populations that are characterized by a single rotational temperature. The rotational

temperature, 7., and the beam averaged column density, N1 can be determined using the

122



—
LT f
: T [ MMT, MM3 & MM4 ]
10+t oo ! A/E=CH30H
= I } : [ | 4
8 R
L !
~ | [
= Do |
= 5 - ! P I —
> I } : I : }
2 [ I T
O I ! | | i
E I LWL
0 | R |
B | | | [N |
E | E L E iEiE iE iE iE }E‘ E E ‘
338000 338200 338400 338600 338800 339000
Rest Frequency (MHz)
| T T [l
AN AAA A
: A ! MM2
I I
- 10 | B | A/E-CH;OH
g R
Ne) ey |
Porob !
> ! } [ :
2T IR :
2 o
‘0 : Lo | i
g . o
= r [ ! I
= 0 1 YNV 1 :
1 | [ : ! I
[ | RN |
E E EEE EEEFE E
338000 338200 338400 338600 338800 339000
Rest Frequency (MHz)
T ‘A,‘Ai‘ T
L MMS & MM6
~ 10 A/E—CH;0H
& r ]
O
[}
e}
N i
>
2 5 b
> L
‘©
% J\
“E L
| 1
I I
Foo b FEE, (F

338000 338200 338400 338600 338800 339000
Rest Frequency (MHz)

Figure 4.14: Spectra of the A/FE — CH3OH lines detected towards G19.88-0.53 extracted
over three regions from the low-resolution Band 7 spectral cube. The top panel is the spec-
trum extracted over the region covering MM 1, MM3 and MM4, middle panel corresponds
to MM2 and the bottom panel is over the region covering MMS5 and MM6. The dashed
red and blue lines indicate the peak positions of the A — CH30H and £ — CH3OH lines,
respectively.

expression (Blake et al., 1987; Liu et al., 2002; Remijan et al., 2004),

ln(ﬂ) = ln( N ) — Eu
gu Qrot Trot

=In {2.04 x 10%°

[ I,(Jybeam™")dV (kms™")
0,0, (arcsec?)r3(GHz)Spu2(debye?)
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where, N, g, and F, are the upper-level column density, rotational degeneracy factor,
and energy, respectively, Q,.(= 1.23T15) is the rotational partition function (Remijan
et al., 2004; Ren et al., 2012), 6, and 6, are the beam sizes, v is the rest frequency, S is
the line strength, p is the dipole moment, and the integration of I, over velocity, V, is
the integrated line intensity. Values for E, and Sp? for detected transitions are retrieved
from splatalogue - database for astronomical spectroscopy’ and compiled in Table 4.7.
The generated RTDs towards the mm cores are plotted in Fig. 4.15. Linear least-square
fits to the data points gives the estimate of the rotational temperature, 7;,; and the beam
averaged column density, N1 of the cores and are listed in Table 4.11. For cores MM,
MM3, and MM4, the estimates would be an average value of the three clumps as is the
case with the estimates for MMS5 and MM6. Estimated values of T,,; and Nt lie in the
range ~ 47 — 116 K and ~ 0.7 — 4 x 10'® cm ™2, respectively with core MM2 being the
hottest with a rotational temperature of 115.9 K. The rotational temperatures for the cores
are greater than the average cold dust temperature of 18.6 K deduced for the dust clump
(Section 4.3.1). The difference in these temperatures could be that the CH3OH emission
arises from the hot cores. The gas and dust could also be thermally decoupled and the
higher rotational temperatures could be the result of enhanced collisional excitations of the
molecular gas by shocks in the outflow region. A large scatter is seen in the combined RTD
of MM5 and MM6 possibly indicating more than one temperature components. However,
higher resolution and better signal-to-noise ratio data are required to address this.

To examine the assumption of optically thin transitions, we derived the optical depth of the

CH3OH lines adopting the following expression from Ren et al. (2012)

c3v41n?2 hv
T = 787TV3\/%AVNHAH {exp (k?Tmt) - 1] (4.3)

The estimated values are listed in Table 4.8,4.9, and 4.10. Only two transitions for the
combined cores of MM1, MM3, and MM4 show values ~ 0.1. Rest of the lines are far
more optically thin. Considering 7 (18.6 K) instead of 7}, to account for temperature
uncertainties, if any, also gives optically thin estimates for the transitions. In case of opti-
cally thick lines, effects of optical depth can be taken into account by multiplying the term
N,/g. with a correction factor C; = 7/(1 — e ") and subsequently fitting for the rota-
tional temperature iteratively (Ren et al., 2012). We also estimate the relative abundance of
CH3OH with respect to the H, molecule and tabulate the values in Table 4.11 along with

the Hy number density.

http://'www.cv.nrao.edu/php/splat/
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Table 4.7: Spectroscopic parameters of the A — CH30H and £ — CH3OH lines detected
towards G19.88-0.53 taken from the spectroscopic databases, CDMS and JPL from spalat-
alogue.

Transition ~ Frequency E, S
Ji (MHz) (K)  (debye?)
A — CH30H

To — 69 338408.698 64.98 5.66
T¢ — b6 338442.367 258.7 3.01
75 — 65 338486.322 202.88 5.57
Ty — 64 338512.632 145.33 3.82
73 — 63 338543.152 114.79 4.61
7o — 69 338639.802 102.72 5.23
29 — 31 340141.143  44.67 0.31
E — CH3;0H

33 — 4y 337135.853 61.64 0.99
To — 6p 338124.488 78.08 5.65
7_1—6_4 338344.588  70.55 5.55
T¢ — b6 338430.981 253.95 1.50
7T 5—06_5 338456.521 189.00 2.76
75 — 65 338475.217 201.06 2.76
T_4—6_4 338504.065 152.89 3.81
Ty — 64 338530.256 160.99 3.82
7 3—06_3 338559.963 127.71 4.64
T3 — 63 338583.216 112.71 4.63
71 — 64 338614.936  86.05 5.68
Ty — 69 338721.693 87.26 5.14

Menten et al. (1986), in their study of F-type methanol lines towards a few Galactic
molecular line sources concluded that these lines originate from hot clumps embedded
in the molecular gas and have densities ~ 10° — 107 cm =3, temperatures ~ 100 K, and
sizes ~ 1 pc. The abundance relative to the Hy, molecule was found to be in the range of
10~7 — 107°. In another study of molecular clouds, Leurini et al. (2007) study the early
phases of high-mass stars, particularly the protostellar objects and IRDCs, using methanol
as a diagnostic tool. In their study, they discuss on the origin of CH3OH lines which could
arise from the different components of the protostellar object, which includes the overall
emission from the clump and the dense, hot core. In some cases contribution of outflow

emission is also included. Temperatures, densities, and abundances fall in the range of
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Table 4.8: A— CH30H and £ — CH3OH lines towards MM 1, MM3 and MM4 of G19.88-
0.53. Columns 1 and 2 are the transitions and the corresponding frequencies, respectively.
Columns 3-5 are the parameters and the uncertainties from the Gaussian fits to each line;
they are line flux ( f 1,dV), LSR velocity (Visr), and the line width (AV'). Column 6 is
the optical depth for each transition with two values, the first for 7}, and the second for
T, = 18.6 K, respectively.

Transition Frequency Visr f 1,dV AV TTeor /Ty
Jy (MHz) (kms™')  (Jybeam'kms ') (kms!)

A — CH30H

To — 69 338408.698 43.6+0.4 40.3+0.9 41404 0.112/0.496
76 — 6g 338442.367 44.9+0.1 1.6+0.1 5.6+0.3 0.003/0.015
75 — 65 338486.322 44.7+0.1 2.540.1 5440.2 0.005/0.023
Ty — 64 338512.632 43.740.1 11.94+0.5 4.240.2 0.032/0.142
73 — 63 338543.152 44.840.4 15.7+0.4 54404 0.033/0.147
Ty — 69 338639.802 43.9+0.4 9.0+0.6 43404 0.024/0.106
29 — 34 340141.143 44.3+0.03 2.4+0.1 4.740.1  0.006/0.025
E — CH3;0H

33 — 49 337135.853 44.6+0.1 1.8+0.05 5.0+0.1 0.004/0.016
To — 69 338124.488 43.6+0.01 23.940.2 3.740.03 0.073/0.324
7_1—6_1 338344.588 43.6+0.01 36.440.2 3.940.02 0.105/0.466
76 — 6g 338430.981 44.940.1 1.540.1 6.0+0.3  0.003/0.013
7 5—06_5 338456.521 44.840.2 1.94+0.2 5.0+0.6  0.004/0.019
75 — 65 338475.217 44.8+1.1 1.7+0.8 4.74£2.1 0.004/0.018
T 4—6_4 338504.065 44.0+0.1 4.0+0.2 6.1+0.4 0.007/0.033
Ty — 64 338530.256  44.3+0.2 3.240.3 6.2+0.7  0.006/0.026
7_3—6_3 338559.963 44.1+0.1 4.740.3 4.940.3 0.011/0.048
73 — 63 338583.216  43.940.1 6.91+0.3 4.740.2 0.017/0.075
7, — 64 338614.936 43.7+0.4 18.9+0.5 3.9+0.4 0.055/0.246
Ty — 69 338721.693 44.4+0.4 30.3+0.7 4.0+0.4 0.085/0.380

17—-36K,2x10° -3 x10%cm™3, and 7 x 1071% — 2 x 1078, respectively, if the molecular

transition occurs from the bulk emission of the clump. The range changes to 60 — 300 K,

e 10%cm~3, and e 1077, respectively for hot cores. The estimated values for cores as-

sociated with G19.88-0.53 indicates the origin of the CH3;OH emission from hot cores,

especially for MM1 to MM4.
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Table 4.9: Same as Table 4.8 for MM?2 towards G19.88-0.53.

Transition Frequency Visr f 1,dV AV Tl / TTy
(MHz) (kms™1) (Jybeam'kms™) (kms )

A — CH30H

To — 69 338408.698 44.14+0.02 27.540.2 4.1+£0.04 0.054/0.335
T¢ — Og 338442.367 45.6+0.4 2.8+0.5 5.0+1.1 0.004/0.028
75 — 65 338486.322 45.4+0.2 3.8+0.3 52404 0.006/0.037
Ty — 64 338512.632 44.440.1 11.340.6  4.3+0.3 0.021/0.131
73 — 63 338543.152 45.5+0.2 143409 54404 0.022/0.135
Ty — 69 338639.802 44.54+0.02 8.24+0.1 4.040.1 0.016/0.102
29 — 31 340141.143 45.3+0.4 3.6+0.1 5.0+0.4 0.006/0.036
E — CH3;0H

33 — 49 337135.853 45.540.1 2.3+0.1 4.440.1 0.004/0.026
To — 69 338124.488 44.340.4 18.740.4 4.240.4 0.036/0.227
7_1—6_1 338344.588 44.240.01 25.740.1 4.1+£0.02 0.051/0.316
76 — 6g 338430.981 45.7+0.4 23404 4.740.9 0.004/0.025
T_5—6_5 338456.521 45.3+0.4 3.24+0.1 5.0+£0.4 0.005/0.032
75 — 65 338475.217 45.3+0.2 3.0+0.2 4.7+£0.4 0.005/0.032
T_4—6_4 338504.065 45.0+£0.2 47404 5.3+0.5 0.007/0.045
Ty — 64 338530.256 45.240.1 4.140.1 5.240.2 0.006/0.040
7_3—6_3 338559.963 44.940.2 5.3+0.5 4.540.5 0.009/0.059
73 — 63 338583.216 44.8+0.1 6.9+0.2 4.6+0.2 0.012/0.076
7, — 64 338614.936 44.4+0.4 154404 4.0+:04 0.031/0.193
Ty — 69 338721.693 44.9+0.01 23.940.1 4.3£0.01 0.045/0.280

4.6.2 Nature of mm cores

To decipher the nature of the mm cores, we estimate the masses. This is done following
the formalism described in Cheng et al. (2018). Assuming optically thin emission, the core

masses can be expressed as

M = 0.0417 M, <60.533()\/1.3mm)*l(T/20K)*1 _ 1) F,
mly
-1 2 3
x il d A (4.4)
0.00638 cm? g—1 2.4kpc 1.3 mm
where the opacity
%, = 0.1(r/1000 GHz)” cm? g™ (4.5)
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Table 4.10: Same as Table 4.8 for MM5 and MM6 towards G19.88-0.53.

Transition Frequency Visr f 1,dV AV Tl / TTy
(MHz) (kms™1) (Jybeamtkms™) (kms )

A — CH30H

To — 69 338408.698 42.74+0.01 9.6+0.6 2.1+£0.04 0.091/0.230
Ty — 64 338512.632 42.8+0.04 2.3+0.1  3.1+0.1 0.015/0.038
73 — 63 338543.152 44.0+0.05 3.2+0.1 4.240.1 0.015/0.039
Ty — 69 338639.802 42.940.02 1.6+0.03 2.940.1 0.011/0.027
20 — 3 340141.143 43.0+0.1 0.2+0.02 2.540.3 0.002/0.005
E — CH30H

To — 69 338124.488 42.84+0.01 4.540.2 2.14£0.04 0.043/0.109
7_1—6_1 338344.588 42.9+0.01 13.3+0.1 2.5+0.02 0.107/0.271
7 3—06_3 338559.963 42.540.1 0.3+0.04 2.3+0.4 0.003/0.007
73 — 63 338583.216 42.7+0.4 0.8+0.3 2.7£1.0 0.006/0.015
71 — 64 338614.936 43.1+0.1 5.540.2  3.0+0.1 0.036/0.092
Ty — 69 338721.693 43.740.02 9.4+0.1 3.0+0.03 0.062/0.158

with (3, the dust emissivity spectral index, fixed at 2.0 is the same as used for modelling
the FIR SED. F), is the integrated flux density of each component, d is the distance to the
source and A is the wavelength taken as 2.7 mm. Since we do not have the information of
dust temperatures at the dense core scales, we use the estimated 7, values in the above
expression to derive masses. Compared to the average dust temperature of the clump, these
temperatures would be a better choice to represent the hot cores. The mass estimates range
between 10 — 30 M, and are listed in Table 4.11. Angular sizes given in Table 4.4 are
converted to linear sizes and listed in the table. From the estimated masses and sizes, the
detected cores satisfy the criterion, m(r) > 870 M (r/pc)'-** (Kauffmann et al., 2010b)
and qualify as high-mass star forming cores. In comparison to the numbers discussed by
Towner et al. (2019), we detect as many as eleven possible distinct massive components in
the G19.88-0.53 protocluster that include MY SOs driving ionized jets/outflows and UC H 11

regions.
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Figure 4.15: The rotational temperature diagram of the CH3OH lines at the mm cores,
MMI1 through MM6 towards G19.88-0.53. The circles indicate the data points with 3o
error bars. The linear least-squares fit is indicated by the dashed line.

Table 4.11: Derived parameters of the mm cores associated with G19.88-0.53.

Core Radius Trot Nt Nr/N(Hy) Massy,, n(Hs)
(1073 pc) (K) (10" cm™2) (1077 (Ms)  (10%cm™3)
MM1 5.4 82.7+13.4 3.3+04 0.6 14.5 3.2
MM2 10.1 11594235  3.940.5 0.7 29.6 1.0
MM3 & MM4 6.6 82.7+13.4 3.3+04 0.6 16.1 1.9
MMS5 5.2 47.2421.7 0.7+0.3 0.1 13.1 3.2
MM6 5.3 47.2421.7 0.7+0.3 0.1 9.5 22
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4.7 Kinematics of the protocluster G19.88-0.53

4.7.1 Infall signature in MM6

As discussed in Section 4.4, CO transitions from higher energy levels are likely tracers
of the inner parts of molecular clouds. The C'7O (3 — 2) molecular transition shows an
inverse P-Cygni profile for core MM6. Inverse P-Cygni profiles are generally considered
as evidence of gas infall (Liu, Wu & Zhang, 2013; Wu et al., 2009). In such profiles,
the redshifted absorption feature originates from the dense gas along the line-of-sight and
located towards the near side of the observer and moving away. The emission component
is due to the gas on the far side of the central source with its motion towards the observer.
Although several studies have attributed the presence of an inverse P-Cygni or redshifted
absorption profile to possible gas inflow to the central core (e.g. Keto, Ho & Reid, 1987;
Liu et al., 2013; Liu, Wu & Zhang, 2013; Qin et al., 2008; Zapata et al., 2008), detailed
investigations of inverse P-Cygni profiles of CO lines in high-mass star forming regions are
fairly limited (e.g. Beltran et al., 2011; Klaassen et al., 2011; Wu et al., 2009).

Table 4.12: The infall velocity, Vs and mass infall rate, Minf of core MMG6 associated with
G19.88-0.53, estimated using the C17O (3 — 2) line.

Core  Visr VR Vint My
(kms™Y) (kms™') (kms™Y) (1073 Mgyr b

MM6 42.3 45.2 2.9 16.1

We make use of the C'7O (3 — 2) line profile to estimate the infall velocity and the mass
infall rate of the compact core, MM6 associated with G19.88-0.53. The infall velocity is
estimated as Viys = |Visr — Vr| (Beltran et al., 2011), where Vj is the peak of the red-
shited absorption. From the infall velocity, the mass infall rate is determined following the
expression Mg = 47 R?Viyep (L6pez-Sepulcre, Cesaroni & Walmsley, 2010), where p is
the average volume density of the cores, given by p = M/ %WR3. From the estimated core
mass and radius, the infall velocity and mass infall rate are calculated to be 2.9 kms~! and
16.1 x 1072 M, yr—!, respectively and listed in Table 4.12. The infall velocity and mass in-
fall rate are consistent with the typical values of several km s~! and ~ 10731072 M, yr~!,

respectively, found towards hot molecular cores (Liu, Wu & Zhang, 2013).
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4.7.2 Outflow activity

Co-existing with ionized jets, molecular outflows are ubiquitous in active star forming cores
(e.g. Beuther et al., 2002c; Purser et al., 2016). These outflows are understood to be driven
by the jets that entrain the gas and dust from the surrounding clump. Based on a large
number of studies, broad wings of CO lines are accepted as signatures of molecular outflow
(Beuther et al., 2002¢; Qiu et al., 2009). The detection of the isotopologues of CO towards
(G19.88-0.53 enables us to investigate the associated outflow(s). Towards this, we construct
the zeroth moment map of the C*®*O (1—0) emission from the low-resolution cube using the
CASA task, IMMOMENTS. The velocity range to integrate is estimated from the extracted
spectra discussed earlier and shown in Fig. 4.9(b). Following Sanna et al. (2014) and Issac
et al. (2019), we define the inner limits of the velocity at ~ Visg £ FWHM/2, where
FWHM is the C'80 linewidth. Thus, for the blue wing, the emission is integrated over the
velocity range of 36.1 to 42.1 kms~!. Similarly, for the red wing the integration is done
from 45.1 to 51.1kms~!. The spatial extent and morphology of the outflow is revealed
in Fig. 4.16(a). To facilitate morphological correlation of the outflow with the EGO, the
contours of the blue and red lobes are overlaid on the Spitzer IRAC colour composite image.
Magenta ellipses denote the location of the Hs knots identified by Lee et al. (2012) and
Varricatt et al. (2010) from the continuum subtracted Hy image. Two distinct and spatially
separated outflow lobes in the north-east and south-west direction are identified with the
central part of G19.88-0.53 located towards the centroid of the outflow. The direction and
location of the blue lobe is towards MHOs 2203 and 2205. In their survey of massive
molecular outflows in high-mass star forming regions using the 2CO (2 — 1) transition,
Beuther et al. (2002c) discuss the detection of a bipolar CO outflow towards the infrared
source, IRAS 18264-1152, associated with G19.88-0.53. The orientation is consistent with
that seen in Fig. 4.16(a).

The figure also shows the 2.7 mm emission outlined by the black contour. A zoomed-in
picture of the 2.7 mm map covering the central part of the extended green emission is dis-
played in Fig. 4.16(b) and (c). We investigate outflow signatures in the high-resolution
C'70 (3 — 2) and C*®O (1 — 0) emission in Band 7 and Band 3 cubes, respectively. From
a visual inspection of the outflow wings seen in the spectra presented in Fig. 4.10, the
moment zero maps of the C'7O (3 — 2) over the velocity ranges 36.1 to 42.1kms~! and
45.1 to 51.1kms~! are constructed. The contours of the moment zero maps are over-
laid in Fig. 4.16(b). Similarly, for the C*®*O (1 — 0) emission, the moment zero maps are
built over the velocity ranges 41.6 to 43.6kms~! and 43.6 to 45.6 kms~!, the contours of
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which are overlaid on Fig. 4.16(c). Since the high-resolution C*®O (1 — 0) data have poor
signal-to-noise ratio in comparison to the high-resolution C*7O (3 — 2), no emission was
detected above the noise beyond the outer limits, 41.6 and 45.6 km s~ of the blue and red
lobes, respectively. Interestingly, from the contours of the moment zero maps overlaid in
Fig. 4.16(b) and (c), the high-resolution data traces another relatively collimated outflow in
the south-east and north-west direction with core MM2 located in the close vicinity of its
centroid.

To delve further, we generate channel maps of the high-resolution C'7O (3 — 2) transition
shown in Fig. 4.17. The emission in the velocity range 39.1 — 42.1kms~! is elongated to-
wards south-east of core MM2, whereas the emission with velocities 45.1—48.1 km s~!, the
elongation is towards north-west of MM2 thus giving clear indication of the presence of an
outflow. The channel map of the high-resolution C*®O (1 —0) transition, shown in Fig.4.18
corroborates this picture where the emission with velocities 41.6 —43.6 km s~! is elongated
towards south-east of core MM2 and the emission with velocities 44.6 — 45.6kms™" is
elongated north-west of MM2. Close to the LSR velocity of the MM2 (44.6 kms™1), as
expected, there is overlap of emission from the blue and the red components. The small
projected velocities seen is possibly due to the effect of small inclination angle.

Using the high-resolution SiO(2 — 1) emission, Qiu et al. (2007) detected the presence of
two quasi-perpendicular collimated outflows, one in the south-east and north-west direction
and one in the north-east direction. Our high-resolution ALMA map probes the central por-
tion of the outflow presented in Qiu et al. (2007). A close visual scrutiny of the figures pre-
sented by these authors indicate that the south-east and north-west SiO outflow is aligned
with the C'7O (3 — 2) and C'80 (1 — 0) outflows displayed in Fig. 4.16(b) and (c). Com-
parison with the Hy outflows and the MHOs show a possible alignment with MHO 2204.
Further, the direction of north-east SiO(2 — 1) outflow is consistent with MHO 2245. SiO is
believed to be an excellent tracer of collimated molecular jets and shocks in the interstellar
molecular clouds, since it is formed due to the sputtering of Si atoms from the grains due to
fast shocks (Hatchell, Fuller & Millar, 2001; Lépez-Sepulcre et al., 2011; Miettinen et al.,
2006). In studies of several massive star forming regions, protostellar jets were revealed by
SiO emission (e.g. Cesaroni et al., 1999; Codella et al., 2013; Leurini et al., 2013). From
their study of the massive star formation region IRAS 19410+2336, Widmann et al. (2016)
conclude that the SiO emission is possible from the high-velocity C-type or CJ-type shocks
associated with protostellar jets. uGMRT results have identified an ionized jet with the core
MM2 which is in excellent agreement with the collimated outflow from high-resolution
C'80 (1 — 0) transition and the co-spatial SiO outflow of Qiu et al. (2007). Several studies
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Figure 4.16: (a) The Spitzer IRAC colour composite image of G19.88-0.53 with the 30 (¢ = 0.12mJy beam~!) ALMA 2.7 mm
emission contours in black. The moment zero map from the the low-resolution data of the C'8O (1 — 0) line integrated from 36.1
to 42.1kms~"! and from 45.1 to 51.1 kms~! are represented using blue and red contours, respectively. The contours start from the
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denote the location of the Hs knots identified by Lee et al. (2012); Varricatt et al. (2010). (b) The 2.7 mm emission is depicted in the
grey scale. The positions of the mm cores are marked using ‘x’s. The moment zero map from the high-resolution data of C7O (3—2)
line over the velocity ranges 36.1 to 42.1 kms~! and 45.1 to 51.1 kms™!, covering the blue and red lobes are illustrated in blue and
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The filled circles correspond to the radio sources detected by Rosero et al. (2016). (c) Same as (b) for the high-resolution C*O (1-0)
line integrated over the velocity ranges 41.6 to 43.6kms™! and 43.6 to 45.6 kms~! covering the blue and red lobes, respectively.
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point to the possibility that the massive outflows are powered by mm sources (e.g. Beuther

et al., 2002c; Marseille et al., 2008). From the spatial extent and the maximum velocity of

14%
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the flow, the dynamical timescale (Tgyn = Lfow/Umax) 1S estimated to be of the order of
10* yr which is typical of outflows originating from mm cores rather than UC H 11 regions
(Qiu et al., 2009; Shepherd, Testi & Stark, 2003; Shepherd et al., 1998). This lends crucial
support to our conclusion of R1 (MM2) being an ionized jet.

Based on multiwavelength data, the results and discussion presented in this chapter enables
us to draw a comprehensive picture of the star forming region associated with G19.88-0.53.
The EGO, which is embedded in a massive cold clump within an IRDC, is unveiled to be a
young and active protocluster harbouring several massive components in early evolutionary
phases. In conjunction with ionized and H, jets, the kinematic picture reveals multiple

molecular outflows driven by one or more members of the protocluster.

4.8 Summary

From the multi-frequency and multi-phase study of the EGO, G19.88-0.53 an interesting
picture of it being a protocluster is revealed with multiple components spanning a wide
evolutionary spectrum from hot cores in accretion phase to cores driving multiple outflows

to possible UC H 11 regions. The main results are summarized below:

1. G19.88-0.53 is located within a massive dust clump of mass 1911 M, identified
from the 870 ym map with the 4.5 m emission towards its centre. Deeply embedded
within this are nine distinct radio components and six dense mm cores unraveling a

protocluster.

2. Deep uGMRT observations detect weak radio emission associated with G19.88-0.53.
The radio continuum emission at 1391.6 MHz exhibits a linear structure consisting
of two radio components, R1 and R2, in the east-west direction. The spectral index

estimate of the radio component, R1, 0.58 4= 0.19, confirms it as a thermal jet.

3. The shock-excited Hy emission is established from the NIR spectroscopy in concor-

dance with the jet/outflow scenario.

4. Six dense and compact dust cores (MM1-MM6) are identified from the high resolu-
tion ALMA map at 2.7 mm map. The brightest of these cores, MM2, is coincident
with the radio component R1. Based on the mass and size estimates, the cores qualify

as high-mass star forming cores.

5. RTDs from detected CH3OH transitions yield rotational temperature and beam aver-

aged column densities that are consistent with hot cores.
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6. The J = 3 —2 transition of C*”O towards MM6 show a clear inverse P-Cygni profile
which is a signature of protostellar infall.

7. From the J = 1 — 0 transition of the C*®*O, we detect the presence of a large scale
molecular outflow in the direction of one of the lobes of the bipolar Hy outflow.
At higher resolution an additional collimated, bipolar outflow in the south-east and
north-west direction is detected likely powered by MM2. This suggests that G19.88-

0.53 harbours multiple outflows.
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Chapter 5
G133.50+9.01: A likely cloud-cloud colli-

sion complex triggering the formation of

filaments, cores and a stellar cluster

In this chapter, we investigate the Planck Galactic Cold Clump (PGCC), G133.50+9.01,
using molecular line observation. Located in the field of the classical Cepheid SU Cas,
a young cluster associated with G133.50+9.01 is identified by Majaess. Turner & Gieren
(2012) using 2MASS and WISE photometry. The cluster that contains countless young
stellar objects (YSOs) deviates from spherical symmetry and exhibits an apparent diameter
of 3’ x 6’. Zhang et al. (2018) detected 18 dust cores from the 850 um map. We present
new results on this complex based on a comprehensive analysis of the CO line kinematics
and morphology in conjunction with infrared and sub-mm data to understand the related

stellar population and dust component.

5.1 Distance to G133.50+9.01

Citing the nature of CO and HI emission, Majaess. Turner & Gieren (2012) speculate that
the cluster may coincide with the complex in the foreground of SU Cas (which is at a
distance of 418 4= 12 pc) or, beyond it at a distance, d < 950 pc. In their study, Zhang et al.
(2018) use the Bayesian distance estimation method proposed by Reid et al. (2016). Here,
trigonometric parallaxes from the Bar and Spiral Structure Legacy Survey and Japanese
VLBI Exploration of Radio Astrometry are combined with the probability density function
(PDF) for kinematic distance, displacement from the plane, and proximity to individual
parallax sources to generate a combined PDF. Taking the observed centroid velocity of
the *CO (1 — 0) line, Zhang et al. (2018) estimate the distance to G133.50+9.01 to be
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0.61 +0.14 kpc. In this work, we implement an alternate approach to estimate the distance
following the method outlined in Gong et al. (2017). This procedure makes use of the
3D dust reddening map' from Green et al. (2019). The dust reddening maps presented by
these authors are based on 2MASS and Pan-STARRS 1 photometric data in combination
with GAIA parallaxes. The distance to estimated by measuring the cumulative reddening,
E(B — V), along the line-of-sight. Four sightlines, marked by crosses in Fig. 5.2(b), are
selected. The median cumulative reddening towards these four sightlines are plotted as
a function of the distance in Fig. 5.1. The reddening plot towards the sightlines 1 and 3
overlap. The plot shows a steep rise in (B — V) at a distance of ~ 840pc. Such a
steep rise can be attributed to the dust reddening in G133.50+9.01. E(B — V) towards the
sightline 4 shows an additional steep rise at a distance of ~ 4.2 kpc. This possibly indicates
the presence of a background, unrelated cloud. In the analysis presented in this chapter, we
have taken 840 pc as the distance to G133.50+9.01.
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Figure 5.1: The cumulative reddening along four sightlines marked by crosses in
Fig. 5.2(b). The reddening plot towards sightline 1 overlaps with that towards sightline
3. The dashed vertical line indicates the estimated distance to G133.50+9.01.
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5.2 CO morphology of G133.50+9.01 complex

Morphology of the G133.50+9.01 complex is deciphered using molecular line observations
of CO. The 12CO (1—0) emission is usually considered to be optically thick throughout the
molecular cloud, and hence an excellent tracer of its spatial extent, rather than the density
distribution. The '*CO (1—0) emission, on the other hand, is less optically thick and probes
the denser regions of the molecular cloud. The integrated intensity maps of *CO (1 — 0)
and 3CO (1 — 0) line emission towards G133.50+9.01 in three velocity ranges are shown
in Fig. 5.2(a)-(c). Similar morphology is displayed in both emission lines. The molecular
cloud has an elongated morphology in the north-east direction in the velocity range —19.4
to —16.9kms™! as is evident from Fig. 5.2(a), an arc like morphology in the velocity
range —16.9 to —14.1kms™!, shown in Fig.'5.2(b). In the range —14.1to —11.6kms™!, a
hemispherical, ‘boomerang-like’ morphology with a cavity opening towards the north-east
and extended emission towards the north-west is noticeable in Fig. 5.2(c). The emission
morphology seen in the above velocity ranges suggests the likely presence of two coalesc-
ing molecular clouds (hereafter G133a and G133b) associated with G133.50+9.01. The
12C0 (1 — 0) and ®*CO (1 — 0) spectra extracted, sampling these clouds and the intersec-
tion region is plotted in Fig. 5.2(d)-(f). The spectra corresponding to G133a and G133b
have single peaked line profiles. From the peak of the *CO (1 — 0) line, the systemic ve-
locities of G133a and G133b are estimated to be —16.9 kms~! and —14.1 km s~!, respec-
tively. The intersection region clearly shows two velocity components. From the spectra
of the interaction region presented, it is seen that for cloud G133b, the peak velocity of the
13CO (1 —0) line is offset from the estimated systemic velocity of —14.1 km s~*. This can
be attributed to the interaction of the colliding clouds resulting in an intermediate velocity
in the intersection region.

Fig./5.2(d)-(f) show an additional velocity component at ~ —10km s~! in all three spectra
presented. To understand this, we construct channel maps of 12CO (1—0) and 13CO (1-0)
emission in the velocity range —19.0 to —7.0kms~!. These are plotted in Fig. 5.3, As
can be seen from the maps, emission from G133a and G133b peaks in the velocity range
—18.0to —16.0kms~! and —15.0 to —13.0 km s~!, respectively. An arc like morphology,
as seen in Fig. 5.2(b) is evident at intermediate velocities. In the channel maps for the
velocity range, —12.0 to —9.0kms~!, another component is visible which is consistent
with the spectra in Fig. 5.2(d)-(f). As discussed in Section 5.1, the reddening plot along
the sightline covering this component (# 4) shows two steep rises at distances 0.84 kpc and

4.2kpc. Given that the velocity is ~ —10kms™!, this cloud is likely to be at a similar
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Figure 5.2: (a) The colour scale depicts the *?CO (1 — 0) integrated intensity within the
velocity —19.4 to —16.9km s~*. The contours of the 13CO (1 — 0) emission over the same
velocity range is overlaid in black with levels starting from 30 and increasing in steps
of 30 (¢ = 0.5Kkms™!). (b) Same as (a) with the integration velocity range —16.9 to
—14.1kms™!. The ¥CO (1 — 0) contours start from 30 and increases in steps of 20 (0 =
1.0 K kms™1t). The white crosses mark the regions towards which the median cumulative
reddening is estimated to find the distance. The red circle describes a region of radius
10" over which the young stellar population is identified (Section 5.6). (c) Same as (a)
with the integration velocity range —14.1 to —11.6kms~!. The 3CO (1 — 0) contours
start from 30 and increases in steps of 20 (0 = 0.6 Kkms™!). (d)-(f) The 2CO (1 — 0)
(black) and 3CO (1 — 0) (red) spectra extracted at three different positions of the cloud
complex G133.50+9.01, indicated by squares in (a)-(c). The vertical green lines indicate
the systemic velocities of G133a and G133b as estimated from the **CO (1 — 0) line.

distance as that of G133a and G133b with a background, unassociated cloud farther away.
Under the assumption of local thermodynamic equilibrium, the total mass of the molecular
clouds can be estimated from the optically thin **CO emission. Following Sziics, Glover
& Klessen (2016), the column density of 13*CO is calculated and from the abundance ratio

of 13CO to Hy, the H;, column density is estimated. To determine the **CO column density,
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Figure 5.3: Chanel maps for region associated with G133.50+9.01. The grey scale shows
the '2CO (1 — 0) channel map. Each map has a channel width of 1kms™'. The contours
of the '*CO (1 — 0) emission at each velocity channel is overlaid in red. The contours start
at 30 (0 = 0.5 Kkms™!) and increases in steps of 20.

the effective line-of-sight excitation temperature is determined. Combining the radiative
transfer equation and the Rayleigh-Jeans law, the brightness temperature can be expressed

as,

1 1 -
Twv =To (eTO/Tex — 1 oTo/Tos 1) (1—e™) (5.1)

Here T, = hv/kg, h is the Planck’s constant, kg is the Boltzmann’s constant, 7},, = 2.7K
is the background temperature, and 7 is the optical depth. Assuming that the '2CO (1 — 0)
emission is optically thick (7 > 1), the excitation temperature per pixel of 2CO (1 — 0)
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spectral cube is given by

5.5 -
T =55 (14 g (5.2)
Tmb,poak + €1
where, T2

b peak 18 the peak intensity of "*CO (1 — 0) at each pixel, 5.5 K = hv(**CO) /k,
and constant ¢; = 0.82 for Ti,; = 2.7 K. From the "*CO (1 — 0) spectral cube, the 7,13 ..
map is built, from which, using Equation 5.2, the excitation temperature map of 2CO (1 —
0) is constructed which is shown in Fig. 5.4(a). We assume that the excitation temperatures
of 12CO (1 —0) and 3CO (1 — 0) are equal along the line-of-sight. Substituting for 7, and
the 1*CO (1 — 0) peak brightness temperature in Equation 5.1, the pixel-wise optical depth

can be derived following the equation,

713 . -1
i3 = “In [1 . m;,geak { (65.3/TCX . 1> . 02}

is the peak brightness temperature of 1*CO (1—0), 5.3 K = hv(}3CO) /kg,

and c; = 0.16. Assuming that the excitation temperature equals the kinetic temperature for

(5.3)

13
where, T03 e

all the energy states and the levels are populated according to Boltzmann distribution, the

13CO column density is calculated from the optical depth using the following expression

13
N(PCO) = 8.0 x 104 x — 18 S Tun(0)de

1—e s 1— e 53T

5.4)

[ T3 (v)dv is the integrated intensity over velocity in units of kms™'. Fig. 5.4(b) shows
the H, column density map constructed with a constant [**CO/*?CO)] isotopic ratio of 77
(Wilson & Rood, 1994) and a [H,/'*CO] abundance ratio of 1.1 x 10* (Frerking, Langer
& Wilson, 1982).

Considering the region within the 3o level of the 1*CO (1 — 0) emission integrated over the
velocity range —19.4 to —11.6 kms™!, the mean line-of-sight H, column density, N (H,),
is calculated to be 8.7 x 10*! cm 2. Subsequently, the total mass of the molecular cloud
complex (= N (Hy)un,muA; A is the physical area of the cloud complex, my is the mass
of hydrogen atom) is estimated to be 2.6 x 10° M. Here, the mean molecular weight,
(1, 1s taken to be 2.8. The individual masses of G133a and G133b are computed to be
1.1 x 103 M, and 1.4 x 10® M, respectively, with the assumption that both clouds have
equal contribution to the mass at the intersection.

Fig.5.4(a) shows the '2CO (1 — 0) excitation temperature map overlaid with the contours

of BCO (1 — 0) emission integrated over the velocity range —16.9 to —14.1kms™!. The
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Figure 5.4: (a) The excitation temperature map of G133.50+9.01 derived from the peak
intensity of the 2CO (1 — 0) emission. (b) The H, column density map of the region
associated with G133.5049.01 constructed following the steps described in Section 5.2.
The white contours correspond to the *CO (1 — 0) emission within the velocity range
—16.9 to —14.1 km s~!. The contour levels are same as in Fig.5.2(b).

intersection of the clouds, G133a and G133b reveals an open arc structure. The 13CO
emission also follows a similar arc like morphology. The radius of curvature of the arc is

~ 1.6 pc. The excitation temperatures within this arc varies from 13 — 20 K and is higher
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than that of the ambient cloud (~ 11 K). The Hy column density map given in Fig. 5.4(b)

also reveals a density enhancement along this arc.

5.3 Cloud kinematics
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Figure 5.5: (a) Two-colour composite integrate intensity map of 2CO (1—0) integrated be-
tween —19.4to —16.9km s~ (blue) and —14.1to —11.6 km s~! (red) of the G133.50+9.01
complex. The 30 contour of the '*CO (1 — 0) emission (same as in Fig.5.2a and c) at both
velocity ranges is overlaid in blue and red. A and B are the cuts along which the PV slices
are extracted, sampling G133a and G133b, respectively. (b) and (d) PV diagram of 12CO
and 13CO, respectively along the cut A. (c) and (e) Same as (b) and (d) along the cut B.
The horizontal dashed line delineates the PV slices on either side of the bend in B. The
contours start at 30 and increases in steps of 40 (o = 0.6 K for 2CO and 0.3 K for *CO).
The vertical dashed lines represent the systemic velocities of G133a, G133b and the cloud
at ~ —10kms~!. The bridging features with intermediate velocity are marked by black
arrows. The positions of the bridging features on the PV cut is marked by green circles in
(a). The 2CO wings are indicated by white arrows and their positions on the PV cut are

indicated by black crosses in (a).
The 2CO (1—0) and ¥*CO (1—0) position-velocity (PV) diagram of the G133.50+9.01
complex is constructed to understand its velocity structure. Fig. 5.5(a) depicts the two-

colour composite integrated intensity map of >CO (1 — 0) integrated between —19.4 to
—16.9kms~! (blue) and —14.1 to —11.6kms~*(red). The 30 contours of the integrated
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13CO (1 — 0) within the same velocity ranges is overlaid. PV slices are extracted along
two directions, A and B, highlighted in Fig. 5.5(a). These slices probe G133a and G133b,
respectively. Both, 12CO (1 — 0) and '*CO (1 — 0) emission show intermediate “bridging
features” between the peak velocities, —16.9 and —14.1 km s~! highlighted by black arrows
in Fig. 5.5(b), (c) and (e). Apart from these, in Fig. 5.5(b) and (c), high-velocity 2CO

wings are also evident.

5.4 Dust filaments and cores

Fig. 5.6 shows the 850 ym dust emission towards G133.50+9.01. A visual inspection of
the 850 ym map reveals that the emission from the dust component has a filamentary struc-
ture in the north-south direction that bifurcates at the ends. The skeletons of the filaments
are overlaid on the image. Localized dust peaks are seen along the filaments. We use
the FellWalker clump identification algorithm (Berry, 2015), which is part of the Star-
link CUPID package, to identify the dust cores in this region. A detection threshold of
2.50 (0 = 18.1mJybeam™') is used and pixels outside the 2.50 level are considered
noise. Using this method we detect 14 dust cores along the filaments that are named ac-
cording to their positions in the field. Relative to the central core, C1, four cores, N1-N4,
extend towards the north and five cores, S1-S5, extend towards the south along one of the
filaments. The remaining four cores, NE1 and SE1-SE3 lie along the other filaments in the
north-east and south-east directions, respectively. The retrieved apertures of these cores are
superimposed on the 850 ym map shown in Fig. 5.6. Correlation with Fig. 5.4(b) shows
that the detected cores are located within the arc structure displaying enhanced column
density. The mass of each core is estimated from the total 850 ym flux density integrated
within the core aperture. Assuming thermal emission from optically thin dust, the follow-

ing expression is used,

S, d?
HI/BI/<Td)

Here, S, is the flux density at 850 um, d is the distance, T} is the dust temperature of the

Mo = (5.5

cores taken to be the mean excitation temperature, 15.3 K, within the open arc structure,
and k,, = 0.1(/1200 GHz)” is the dust opacity. (3, the dust emissivity index, is assumed to
be 2. The effective radii, r = (A/7)%?, of the dust cores are determined from the area, A,
enclosed within the retrieved apertures. Peak positions, radii and masses of the dust cores
are tabulated in Table 5.1.
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Figure 5.6: The dust emission at 850 pm in the region surrounding G133.50+9.01 is pre-
sented here. The FellWalker retrieved apertures of the dust cores are outlined in blue and
are labelled according to their positions in the field. The skeletons of the visually identified
filaments are sketched in red. The magenta line represents the orientation of the magnetic
field with respect to the filaments.

5.5 Magnetic field orientation

Planck polarization data is used to determine the magnetic field orientation in the vicinity of
G133.50+9.01. Following the IAU convention, the linear polarization angle (PA) is given
by, Yia = 0.5 X arctan(—U/Q) in the Galactic coordinate system (Planck Collaboration
et al., 2015). The plane of sky orientation of the magnetic field is obtained by adding 90°
to the PA (X' = ¢1au + 90°). The position angle of the magnetic field in the equatorial
coordinate system, FKS3, is then estimated following the discussion in Corradi, Aznar &
Mampaso (1998), where

cos (l — 32.90)

: : (5.6)
cosb cot 62.9° — sinb sin (l - 32.90)

Y = arctan

Here, 1 is the angle subtended by the directions of the equatorial north and the Galac-
tic north at each pixel of the Planck polarization maps. The orientation of the magnetic

field at each pixel with Galactic coordinates, [ and b is then transformed from the Galactic
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Table 5.1: Physical parameters of the identified dust cores associated with G133.50+9.01.

Dust Core Peak position Radius Mass
a(J2000) ("™*) 4(J2000) (°'")  (pe)  (Mo)
C1 254 30.33 69 20 39.80 0.20 86.0
N1 254 34.11 69 21 51.80 0.12 279
N2 25431.84 69 23 39.80 0.09 10.8
N3 25431.84 69 24 15.80 0.06 2.8
N4 25435.63 69 24 43.80 0.07 2.5
NE1 2544321 69 23 19.78 0.08 9.5
S1 2 5425.80 69 19 47.79 0.14 346
S2 25417.49 69 19 27.76 0.06 5.2
S3 254 25.05 69 18 43.79 0.09 8.6
S4 254 30.34 69 17 47.80 0.05 2.5
S5 2542431 69 17 23.79 0.05 2.6
SE1 254 37.89 69 19 15.80 0.12 133
SE2 254 47.70 69 19 15.76 0.05 2.0
SE3 254 46.94 69 18 27.76 0.07 3.7
coordinate system (') to the equatorial system () using the relation,
x=x-v (5.7)

The mean magnetic field orientation is determined by taking the average of the y values
that lie within the 30 level of the **CO (1 — 0) emission over the velocity range —19.4 to
—11.6kms~!. The orientation is estimated to be 99.1 & 5.6° east of north and is traced in

Fig. 5.6 with respect to the filaments identified from the 850 ym map.

5.6 Associated young stellar population

Using 2MASS- K and WISE photometry data, Majaess, Turner & Gieren (2012) have dis-
covered a crowded cluster of 53 YSOs associated with G133.50+9.01. We revisit the cluster
detection and YSO identification by considering a larger (radius of 10’) region, centred at
02:54:31.4 +69:20:32.5, which effectively samples the entire G133.50+9.01 cloud com-
plex. The circular region over which the YSOs are identified is sketched in Fig. 5.2b and
Fig. 5.9. For YSO identification, we implement the colour classification scheme of Koenig
& Leisawitz (2014) using the improved ALLWISE catalogue (Cutri & et al., 2013). After

removal of fake or spurious sources and extragalactic contaminants, a WISE colour-colour
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diagram is constructed and shown in Fig. 5.7. Using the colour criteria set by Koenig &
Leisawitz (2014), we identify 11 (39%) Class I and 14 (50%) Class II sources in our field.
Sources not satisfying the prescribed criteria could be either Class III/weak disk YSOs,
blue transition disk objects, or AGB stars. Comparing our results with that of Majaess,
Turner & Gieren (2012), we find that 41 (~ 77%) of the sources classified as YSOs by Ma-
jaess, Turner & Gieren (2012), are filtered out as spurious sources on using the stringent

and improved source reliability approach proposed by Koenig & Leisawitz (2014).
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Figure 5.7: WISE color-color diagram for the bands, 3.4, 4.6 and 12 um used to identify
and classify YSOs associated with G133.50+9.01. The dashed lines denotes the criteria
used by Koenig & Leisawitz (2014) to delineate the YSO classes. Green circles denote the
sources that do not satisfy the YSO criteria.

5.7 Signatures of cloud-cloud collision

The observed CO morphology and kinematics suggest a cloud-cloud collision scenario for
G133.50+9.01 with two distinct cloud components, G133a and G133b. We analyse this
complex along the lines discussed in Gong et al. (2017) for the dark cloud L1188. Before
we discuss the distinct observational features seen, it is crucial to examine the possibility

of the two cloud components being gravitationally bound. The virial mass of the cloud
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complex can be estimated using the expression (Pillai et al., 2011),
50°R
G

where, R is the effective radius of the cloud and (= AV /v/81n2) is the velocity disper-
sion. Both these parameters are obtained using the 13CO (1 —0) line. R is taken to be equal

My, = (5.8)

to (A/m)%5, where A is the area considered to derive the total cloud mass and is estimated
to be ~ 2.1 pc. Fitting a Gaussian profile to the '*CO (1 — 0) spectrum of the entire cloud,
we get the line width, AV to be 3.5 km s~!. Similar line width is obtained for the spectrum
of the intersection region. Taking this, the velocity dispersion is calculated to be 1.5 km s~!.
Using these values, we compute the virial mass to be 5.8 x 103 M, which is more than
twice the total mass of the cloud complex, 2.6 x 10® M. Within the uncertainties involved
in the mass estimations, it is seen that the total mass of the G133.50+9.01 cloud complex
is not large enough to be able to gravitationally bind the two clouds. This suggests that the
physical association of G133a and G133b with each other must be an accidental event.

In recent years, numerical hydrodynamical simulations and observational studies (e.g. Fukui
et al., 2018; Takahira, Tasker & Habe, 2014; Torii et al., 2017) have shed light on the various
characteristic signatures of cloud-cloud collision. As is evident in Fig. 5.2, the two clouds,
G133a and G133b, are separated by a velocity difference of ~ 2.8 km s~!. This separation
provides a lower limit to the relative collision velocity. The actual collision velocity might
be higher than this because of the projection effect (Fukui et al., 2015). As propounded
by Inoue & Fukui (2013) and Fukui et al. (2015), the isotropic turbulence is enhanced at
the collision-shocked layer, irrespective of the direction of collision. Hence, the velocity
spread at the shocked layer can be taken to be similar as the relative collision velocity.
Following this, we assume the relative velocity to be the FWHM of the 2CO (1 — 0) line
extracted over the intermediate velocity range (—16.9 to —14.1 kms~!) that corresponds
to the shock-compressed layer. The FWHM of this line is found to be 5.0kms~!. Com-
paring with the velocity difference between the two clouds, the relative collision velocity
translates to a relative motion of the two clouds of ~ 56° with respect to the line-of-sight.
Another pronounced observational signature of cloud-cloud collision is the “bridging fea-
tures" detected in the PV diagram. Haworth et al. (2015a,b) made synthetic '2CO PV di-
agrams using the cloud-cloud collision model data simulated by Takahira. Tasker & Habe
(2014). From these observations it was found that the shocked layer is characterised by
broad intermediate velocity features, that bridge the colliding clouds in the velocity space.
The bridging features often appear at the spots of collision. Several recent studies have

provided observational confirmation of such features in the colliding cloud complexes (e.g.
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Fukui et al., 2016; Gong et al., 2017; Torii et al., 2017). On examining the PV diagram of
G133.50+9.01 along the two identified directions A and B as depicted in Fig. 5.5, we find at
least four bridging features clearly visible in the '>?CO (1 —0) and *CO (1 —0) emission in
the intermediate velocity range of —16.9 to —14.1kms~!. The green circles in Fig.5.5(a)
indicate the positions where the bridges appear along the PV cuts. These positions corre-
spond to the spots of collision of the two clouds consistent with the discussions in Fukui
et al. (2018). The presence of these bridging features suggests the existence of turbulent gas
in the shocked layer that is excited by the collision of the clouds. In addition, the velocity
structure in G133.50+9.01 further reveals three high-velocity 12CO (1 — 0) wings, W1, W2
and W3. The locations of these identified wings along the PV cuts are shown in Fig. 5.5(a).
As discussed by Gong et al. (2017, 2019), these high-velocity wings could stem from the
outflow(s) driven by one or more YSOs or protostellar cores that have been identified in
the intersection region (see Section 5.8).

We examine the cloud at —10kms™! in the plotted PV diagrams. This cloud displays
a rather diffuse morphology in the PV diagrams and is well separated from G133a and
G133b. Along the cut B shown in Fig. 5.5c, an apparent connecting feature is seen but
does not resemble a typical ‘bridging’ structure expected in collision events. Thus, in all
likelihood this cloud could well be in the foreground and not physically associated with the
G133.50+9.01 complex.

The morphology of the G133.50+9.01 cloud complex as seen in Figs. 5.2(a)-(c) and 5.5(a),
unveils the picture of an elongated and smaller cloud, G133a, likely in collision with the
larger cloud, G133b which displays a ‘boomerang-like’ structure with a cavity opening in
the north-east direction. This is in concordance with simulations done by Anathpindika
(2010), Habe & Ohta (1992), Takahira, Tasker & Habe (2014) and Torii et al. (2017).
These authors show that when two clouds of different sizes collide, the smaller cloud cre-
ates a cavity on the surface of the larger cloud. Evidence supporting this picture was first
perceived in the Galactic H II region, RCW 120 (Torii et al., 2015). Here, the observed
infrared bubble (or ring) morphology is well explained by cavity creation due to cloud-
cloud collision rather than attributing the same to the conventional expansion of HII region

scenario for the bubble origin.

5.8 Induced filament, core and cluster formation

As discussed in Section 5.4, distinct filaments are identified which are located in the inter-
section region of clouds G133a and G133b. As seen in Figs. 5.6 and 5.9(b), the filaments
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Figure 5.8: The mass of the dense cores, M, identified from the 850 ym map of
G133.50+9.01 is plotted as a function of effective radii, r and depicted by blue circles.
The red lines indicate the surface density thresholds of 116 M, pc=2(~ 0.024 gcm™~?) and
129 M, pc=2(~ 0.027 gcm™2) for active star formation from Lada, Lombardi & Alves
(2010) and Heiderman et al. (2010), respectively. The shaded region delineates the low-
mass star forming region that do not satisfy the criterion m(r) > 870 M (r /pc)*** (Kauff-
mann et al., 2010b). The black dashed lines represent the surface density threshold of 0.05
and 1 gcm~? defined by Uraguhart et al. (2014) and Krumholz & McKee (2008), respec-

tively.

detected in G133.50+9.01 present a hub-filament structure. Filament formation is generally
understood from the hierarchical collapse of molecular clouds (Motte, Bontemps & Lou-
vet, 2018, and references therein). Following the Hydrodynamic simulations by Habe &
Ohta (1992) and Anathpindika (2010), it is seen that the sites of cloud-cloud collision are
characterised by a shock compressed layer due to a bow-shock driven by the smaller cloud
into the larger cloud. This augurs well with alternate hypothesis for filament formation that
has been presented by Inoue & Fukui (2013) and Inoue et al. (2018). Based on their numer-
ical studies using isothermal MHD simulations, these authors conclude that the collision of
inhomogeneous clouds lead to the formation of dense filaments in the shock compressed
layer, where the magnetic field is amplified in the direction perpendicular to the filament.

The clouds are compressed multi-dimensionally except in the direction perpendicular to
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Figure 5.9: (a) The Hy column density map same as in Fig. 5.4(b). The green circle
indicates the region over which the YSOs are identified. (b) A zoom-in on the arc which
has an enhanced column density. The Class I and Class II YSOs identified, as discussed in
Section 5.6, are marked by red and blue stars, respectively. The apertures of the 850 ym
dense cores and the skeletons of the filaments are overlaid on (b).
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the background magnetic field, which results in filamentary structures.

In the case of G133.50+9.01, the shock compressed layer created at the interacting front
manifests as an open arc structure in the *>CO (1 — 0) and 3CO (1 — 0) maps in the inter-
mediate velocity range, —16.9 to —14.1 km s~ as is seen in Fig.'5.2(b). This arc has a high
excitation temperature (13 — 20 K), compared to the ambient medium and an enhanced H,
column density, evident from Fig. 5.4. The increase in the Hy column density within the
arc can be due to the multi-dimensional compression of the shocked layer. The filaments
detected in the 850 ym map of G133.50+9.01 follows the same orientation of the arc struc-
ture. The direction of the magnetic field in the region associated with G133.50+9.01 is
determined in Section 5.5, and is sketched in Fig. 5.6. Concurrent with the results from the
MHD simulation by Inoue & Fukui (2013), the background magnetic field, probed using
Planck data, is seen to be oriented perpendicular to the filamentary structure. It should be
noted that the arc could also be the result of stellar feedback (radiation pressure, expanding
HII region, outflows from YSOs). From our literature survey, we find no HII region asso-
ciated with G133.50+9.01, however given the YSOs detected, one cannot conclusively rule
out stellar feedback.

Collision induced enhanced density in the intersection region triggers formation of dense
cores that accrete matter from the natal filaments. We have detected 14 dust cores in
G133.50+9.01, the masses of which are estimated and found to lie within ~ 2 — 86 M,
with sizes ranging between ~ (.05 — 0.2 pc. In comparison, Zhang et al. (2018) detect
18 dust cores from the 850 um continuum map. They use the GaussClumps algorithm for
core identification, where only the cores with peak intensities above 50 are considered.
Correlating the dust cores identified by these authors with the ones we extracted using the
FellWalker algorithm, we find that majority of the core peaks match. Further, the central
core, C1, detected by us encompasses five core peaks identified by Zhang et al. (2018).

In Fig. 5.8, which is adapted from Yuan et al. (2017) and Liu et al. (2020), we correlate the
mass and effective radius of the clumps and interpret their nature. As is discernible from
the figure, the dust cores associated with G133.50+9.01 lie comfortably above the mass
surface density threshold for active star formation proposed by Lada, Lombardi & Alves
(2010) and Heiderman et al. (2010). Probing the mass regime possible, we examine the
empirical relation, m(r) > 870 M (r/pc)'#3, given by Kauffmann et al. (2010b) for high-
mass star forming cores. From the estimated mass and radius, the cores associated with
G133.50+9.01 do not qualify this threshold and hence should be devoid of high-mass stars.

2

This is somewhat contrary with regards to the limit of 0.05 g cmm ™ on surface density set by

Urquhart et al. (2014) for massive star formation. Barring one, all the active star-forming
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cores are above this threshold. Hence, it is likely that the more massive cores in our sample
are potential high-mass star-forming regions.

We also probe the star formation activity associated with G133.50+9.01 by inspecting the
distribution of the identified YSOs in the region. In Fig.5.9(a), we show the YSOs overlaid
on the column density map. Of the 25 YSOs detected, a distinct cluster of 18 YSOs is seen
to be located in the intersection region. Fig. 5.9(b) shows an enlarged view with the detected
filaments and cores overlaid. From the relative collision velocity of the clouds which is
estimated to be 5.0kms™!, we compute the timescale of collision between G133a and
G133b. The ratio of the cloud size, 4.2 pc, to the relative collision velocity gives a collision
timescale of ~ 0.8 Myr. It should however be noted that this gives an order-of-magnitude
estimate, at best. The value might vary by a factor of ~ 2 owing to projection effects in
space and velocity and to the unknown configuration of the clouds before collision (Fukui
et al., 2014). Nonetheless, the timescale derived is longer than the typical lifetimes of
Class I YSOs and is comparable to the lifetime of Class I YSOs. As discussed in Dunham
et al. (2015) and Evans et al. (2009), the age estimates of Class I and Class II YSOs are 0.4-
0.7 Myr and 2+ 1 Myr, respectively. The scenario that has unfolded in G133.50+9.01 gives
compelling evidence of this being a bona fide case of collision induced cluster formation.
Similar results are obtained in several other studies focused towards cloud collision and

induced cluster formation (e.g. Gong et al., 2017; Torii et al., 2011).

5.9 Conclusions

Gas kinematics studied using the CO lines show a picture of colliding clouds G133a and
G133b triggering the formation of a complex network of filaments, dense cores and YSOs
in G133.50+9.01 complex. Fig. 5.10 depicts a schematic of the chain of events occurring.
Clouds G133a and G133b with a velocity difference of ~ 2.8 kms~" are likely to have
collided forming a shock-compressed layer in the intersection region. Conforming to MHD
simulations, the formation of a complex network of filaments is deduced from the 850 pm
map. 14 dust cores that accrete matter from the natal filaments are also identified. The over-
density of Class I and II YSOs along the intersection arc advocates for collision induced
cluster formation in G133.50+9.01. Keeping in mind that the PMO observations presented
in this chapter might not have sampled the entire complex, an accurate interpretation of
the morphology of the colliding clouds is difficult. Further, the resolution of the data used
is not adequate to correlate the observed scenario with either the spherical cloud collision
models (e.g. Habe & Ohta, 1992; Takahira, Tasker & Habe, 2014) or filamentary cloud
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Figure 5.10: A schematic of the cloud-cloud collision in G133.50+9.01 depicting the
scheme of events from the time of collision of G133a (small cloud) with G133b (large
cloud). The orientation of the background magnetic field is indicated by the maroon line.

collision simulations (Li. Klein & McKee, 2018). Nonetheless, observational features seen
makes G133.504+9.01 an interesting candidate to probe cloud-cloud collision. With follow-
up high-resolution molecular line and dust continuum observations, viable models can be

explored to explain the observed signatures.
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Chapter 6

Conclusion and Future Work

High-mass stars play a major role in deciding the fate of the Universe. Despite being a ma-
jor contributor to the energetics and chemistry of galaxies, our understanding of high-mass
star formation is sparse, more so for the initial phases of their formation. A universal theory
elucidating the formation mechanism across the mass range, though is much sought after,
is still elusive. The potential of high-sensitivity and high-resolution observation in address-
ing and validating the proposed theories is well chronicled. With the aim of exploring the
poorly understood processes involved in the early stages of high-mass star formation, in-
depth observational investigation of a few high-mass star-forming regions is carried out in
this thesis work. The GLIMPSE survey, with its detection of a large population of EGOs,
that are now believed to trace the earliest phases of high-mass star formation, opened an
excellent window of opportunity for research in this direction. The work in this thesis
is primarily focussed towards these objects. Following a multiwavelength approach has
enabled in constructing a detailed account of the star formation activity and also helped
in studying the surrounding medium of the regions under scrutiny. Key results from this
research work, that utilized several dedicated observations as well as data from archives,
are summarised in this chapter. In addition, potential future research that is planned to be

undertaken is briefly discussed.

6.1 Summary of investigations

A multiwavelength study of the EGO, G12.42+0.50 and its associated environment is
the first case study and presented in Chapter 3. Low-frequency radio continuum map
of G12.42+0.50 at 1390 MHz reveals a linear structure extended in the north-east and
south-west direction, comprising of two compact radio components, R1 and R2. The low-

resolution 610 MHz map shows a single component coincident with R1, and a discernible
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elongation is evident towards R2. Two scenarios unfold in understanding the nature of the
radio emission. Given the spherical and compact morphology of R1, the radio emission is
investigated under the UC H1I region framework. Assuming the emission at 1390 MHz to
be optically thin and arising from a homogeneous and spherical medium, the Lyman con-
tinuum flux from R1 translates to an ionizing source of spectral type of B1 — B0.5 that is
suggestive of a star of mass ~ 9 — 12 M. Motivated by the very nature of G12.42+0.50,
which is identified as an EGO and hence likely associated with jets/outflows, we explore
an alternate scenario along the lines of a possible ionized jet. The spectral index values of
0.3 — 0.9 along R1 and R2, and various observed characteristics are consistent with radio
emission originating due to thermal free-free emission from an ionized jet. Presence of
shock-excited Hy and [Felr] line emission, as confirmed from NIR narrow-band imaging
and spectroscopy, lend support to the jets/outflows picture. With compelling evidence ad-
vocating for both the UC H1I region and ionized jet scenario, we are prompted to consider
the co-existence of the UC H 1T region with an ionized jet being powered by the same YSO.
A massive clump, C1, of mass 1375 M, and total luminosity 2.8 x 10* L, is identified from
the APEX+Planck 870 m map, which envelopes the detected radio and the enhanced, ex-
tended 4.5 ym emission. The high-resolution 1.1 mm SMA map probes the inner regions of
the clump where it harbours two, dense and bright compact cores, SMA1 and SMA2. Two-
component modelling of C1 reveals the presence of an inner warm component enveloped
by an extended outer, cold component.

Of the seven molecular species, from the MALT90 survey, detected towards G12.42+0.50,
the optically thick lines, HCO* and HCN show signatures of protostellar infall. The infall
velocity and the mass infall rate are estimated to be 1.8 kms~! and 9.9 x 1073 My yr—!,
respectively, from the HCO™ line. The molecular line observations of 2CO (3 — 2),
BCO (3 — 2) and C'®0 (3 — 2) towards G12.42+0.50 are obtained from the archives of
JCMT. From these observations we detect the presence of a wide-angle bipolar outflow.
The dynamical timescale, 1.3 x 10° yr, of the bipolar outflow suggests that it is likely
driven by the same source powering the UC H 1I region, though the possibility of the SMA
cores (SMAT1 and SMA?2) being the driving source(s) cannot be ruled out. The 8.0 ym and
FIR images unfold the presence of large-scale filaments, all converging at the location of
the clump, C1, resembling a hub-filament system. A detailed study of the gas kinematics
agrees with bulk motion in the filaments, suggesting a gas inflow along the filaments to C1.
Overall, G12.4240.50 renders the picture of an active star-forming region with very early
evolutionary cores, and an accreting MYSO in the initial phase of an UC H1I region and

driving an ionized jet.
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The next investigation is focussed towards G19.88-0.53, where an interesting picture of it
being a protocluster is deciphered and the detailed study of the complex associated with
G19.88-0.53 is presented in Chapter 4. With multiple detected radio and mm components,
G19.88-0.53 unravels as harbouring a protocluster, rather than a single MYSO. G19.88-
0.53 is cocooned within a massive cold dust clump of mass 1911 M, identified from the
APEX+Planck 870 ym map. The extended 4.5 ym emission lies towards the centre of the
clump. ALMA 2.7 mm dust emission, with a cluster of six dense cores (MM1-MM6) lie
deeply embedded within the 4.5 ym emission. Within the dust emission lies two radio
components detected from deep uGMRT observations. At 1391.6 MHz, the weak radio
emission exhibits a linear structure comprising of radio components, R1 and R2, in the
east-west direction. The spectral index estimate of 0.58 £ 0.19, confirms the component
R1 as a thermal jet. Concurrent with the thermal jet scenario is the strong detection of
shock-excited Hy emission lines in the NIR spectra extracted towards G19.88-0.53. The H,
emission exhibits a bipolar outflow morphology in the direction of the ionized jet.

We construct RTDs of the six dense cores from the detected CH3OH transitions. The
rotational temperatures and beam averaged column densities determined from the RTDs
are found to be consistent with HMCs. Based on the mass and sizes, these qualify as
potential high-mass star-forming cores. The ionized jet is found to be associated with the
brightest of the dense cores, MM2. From the J = 1 — 0 transition of C'®0, a large-
scale molecular outflow is detected in the direction of one of the lobes of the bipolar H,
outflow. High resolution observations reveal an additional collimated, bipolar outflow in the
south-east and north-west direction, likely powered by MM2 indicating that G19.88-0.53
harbours multiple outflows. The C'7O (3 — 2) transition towards core, MM6, shows clear
inverse P-Cygni profile, a signature of protostellar infall. From this molecular transition,
the infall velocity and the mass infall rate towards MM6 are estimated to be 2.9 kms™*
and 16.1 x 1073 M yr~!, respectively, and are consistent with the typical values found
towards HMCs. A detailed investigation confirms G19.88-0.53 as an active protocluster
with high-mass star-forming components spanning a wide evolutionary spectrum from hot
cores in accretion phase to cores driving multiple outflows to possible UC H 11 regions.

In another interesting study detailed in Chapter 5, we present compelling evidence of the
complex, G133.50+9.01 being a bona fide cloud-cloud collision candidate with signatures
of induced filament, core, and cluster formation. The CO line observations from PMO
reveal that the G133.504+9.01 complex is comprised of two colliding clouds, G133a and
G133b, with systemic velocities —16.9kms~* and —14.1 km s~!, respectively. The mor-

phology of the cloud complex unveils the picture of the elongated smaller cloud, G133a, in
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collision with the larger cloud, G133b, which displays a ‘boomerang-like’ structure with
a cavity opening in the north-east direction. The PV diagram of G133.50+9.01 along the
directions of both clouds reveals at least four bridging features in the intersection region of
the clouds, a characteristic signature of cloud-cloud collision. Collision of the clouds leads
to the formation of a shock-compressed layer in the intersection region which manifests as
an open arc structure with enhanced density and temperature. Conforming to MHD simu-
lations, a complex network of filaments is detected in the SCUBA 850 pm image, spatially
well correlated with the shock compressed layer. The direction of the magnetic field probed
using Planck data, is seen to be oriented perpendicular to the filamentary structure, as ex-
pected in a cloud-cloud collision event. Fourteen dust cores, that are possibly accreting
matter from the natal filaments, are also identified from the 850 ym image. The masses of
the cores lie within ~ 2 — 86 M, with sizes ranging between ~ 0.05 — 0.2 pc. It is likely
that the more massive cores in the sample are potential high-mass star-forming cores. We
probe the star formation activity associated with G133.50+9.01 by inspecting the YSO pop-
ulation in the region. Of the 25 YSOs detected, 18 are seen to be located in the intersection
region along the direction of the filaments. The over-density of Class I and II YSOs along
the intersection arc advocates for collision induced cluster formation in G133.50+9.01.

Though statistical studies on massive star formation are plenty in literature, dedicated
multiband studies, aimed at providing deeper insight into individual star-forming regions
are few. Notwithstanding the abundance of information that can be availed from large-scale
surveys and statistical studies of the star-forming complexes, the importance of detailed
multiwavelength studies is well established. With a multiwavelength approach, this thesis
work has extensively scrutinized a selected sample of high-mass star-forming regions, ex-
ploring the properties of various components associated with the regions studied. A broader
perspective of massive star formation is gained by employing various observational tech-
niques at different wavelengths. While the results from NIR spectroscopic and imaging
observations of the studied EGOs conform with the hypothesis that EGOs are driven by
jets/outflows from a protostar(s) in the early stages of evolution, low frequency radio ob-
servations of these sources confirm the presence of ionized jets associated with them. In-
vestigation at mm and sub-mm wavelengths reveal kinematic signatures such as mass infall
and molecular outflows towards the HMCs as well as the cold dust components associated
with these EGOs. In addition, the study of the molecular cloud complex G133.50+9.01
provides crucial evidence supporting cluster formation triggered by cloud-cloud collision.
Each source and its associated environment, critically examined in this thesis work, has a

different story to tell, unravelling the intricacies involved, and thus confirming the impor-
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tance of exhaustive exploration of individual high-mass star-forming regions.

6.2 Ongoing work

Probing the ionized emission from EGOs at low radio frequencies

As an extension to this thesis work, we have initiated a search for ionized jets towards EGOs
using uUGMRT. EGO G34.26+0.15 is one of the four “outflow-only” sources catalogued by
Cyganowski et al. (2008), associated with a well known star-forming region that harbours
H50 and CH3OH masers (e.g. Imai et al., 2011; Kim, Kim & Kim, 2019). Fig. 6.1/ shows
the Spitzer-IRAC three colour composite image of G34.26+0.15. Extended green emission
towards the north-west direction is clearly seen in this figure. Located at a distance of
3.8 kpc, G34.26+0.15 is associated with an UC H1I region and two HC H 11 regions, where
the UC H 11 region has a cometary morphology and the HC components have sizes 1000 —
1300 AU (Avalos et al., 2006). Gas infall motion have also been detected towards the
cometary UC H1I region associated with this source (Liu, Wu & Zhang, 2013).

Dec (J2000)

13:48.0 T

RA (J2000)

Figure 6.1: Spitzer-IRAC colour composite image of EGO G34.26+0.15. Black contours
correspond to radio emission at 610 MHz (GMRT) with contour levels at 3, 10, 30, 60, 100,
150, 210, 280, and 3150 (o = 2.5 x 10~* Jy beam™}).
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Low-frequency radio continuum observations are carried out towards this EGO at Band 4
(550—850MHz) and Band 5 (1050— 1450 MHz) of uGMRT. The radio continuum emission
associated with G34.26+0.15 at 610 MHz is depicted by black contour lines in Fig. 6.1.
The radio emission shows two distinct components. The component towards the east has
an extended morphology similar to the emission at 8.0 ym in the colour-composite image.
The radio component towards the west extends in the direction of the extended 4.5 ym
emission. Imaging of this source at other frequencies is underway. With the low-frequency
radio maps, we intend to compute the spectra index values to get a better picture of the
nature of radio emission associated with G34.264+0.15. Archival molecular line data will

be used to get a comprehensive picture of this complex.

6.3 Future work

The work done in this thesis provides a prologue to future endeavours in the investigation
of the early stages of other star-forming regions. Some of the works that are planned for
the future towards gaining a better understanding of the field of high-mass star formation

is discussed in this section.

e Early stages high-mass star formation: tracing hot molecular cores

Large-scale surveys like ATLASGAL and Structure, excitation, and dynamics of the
inner Galactic interstellar medium (SEDIGISM) give a broad view of the distribu-
tion of the molecular component within the Galactic interstellar medium. However,
deep and high-angular resolution studies of these regions is not as extensive. The
HMC phase marks the beginning of the formation of a protostar. They have little
to no emission at centimeter wavelengths and are also too young and embedded to
be detected at optical and IR wavelengths. This makes the emission from HMCs

exclusive to millimeter and submillimeter wavelengths.

High angular resolution probing of the hot cores at mm and sub-mm wavelengths will
give a plethora of information regarding the evolutionary phase of the protoclusters
and sub-structures at the scales of the core (~ 10,000 AU). Interferometric study of
a large sample of HMC:s in active star-forming regions can reveal if the cores in the
cloud are likely to evolve to a massive star or a cluster of low- and/or high-mass stars.
Since the HMC phase is a stage where accretion is active and has a temperature that is
higher than the ambient molecular cloud, the chemical nature of these objects would

differ from that of the cold molecular clouds. Also, kinematically, the hot core phase
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is characterised by highly collimated jets/outflows. Molecular line mapping of the
hot cores will give insights into their chemical makeup and also help in understanding

the intricacies involved in the kinematics of these objects.
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Figure 6.2: SMA maps of the outflow emission from G023.01-00.41. (a) Grey scale rep-
resents the 1.3 mm continuum map of the HMC associated with G023.01-00.41. The red
and blue contours correspond to the integrated '2CO (2 — 1) emission within the velocity
ranges indicated in the top right corner. The blue and red velocities are symmetric with
respect to the systemic velocity, Viys. (b) Same as (a) for the *CO (2 — 1) line emission.
(c) Same as (a) for the C*¥O (2 — 1) line emission. The gray-scale corresponds to the C%0O
bulk emission integrated over the FWHM of the CH3CN lines (more details can be found
in Sanna et al. 2014). (d) Same as (a) for the SiO (5 — 4) line emission with a zoom of two
times the field of view. This figure is taken from Sanna et al. (2014).

Recent years have seen several studies focussed towards deciphering the properties
of HMC:s. For instance, Sanna et al. (2014) have carried out subarcsecond resolution

observations using SMA to unveil the gas structure and kinematics of a HMC in the
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high-mass star-forming region, G023.01-00.41. The study is focussed on the com-
parison of the gas dynamics in the inner HMC, having scales << 0.01 pc, with that is
inferred for scales = 0.1pc. It is found that the HMC drives a well-collimated CO
and SiO outflow. Fig. 6.2 shows the SMA outflow maps from both these molecules
from the HMC associated with G023.01-00.41. The HMC is located at the centroid
of the outflow, illustrated by the red and blue contours in all the maps. Such stud-
ies, though extremely crucial in detecting and probing the nature of HMCs, are very
limited. With the proposed plan we intend to build an extensive database of HMCs
and their properties through subarcsecond continuum mapping at millimeter wave-
lengths, and also probe their kinematic signatures with high-resolution molecular line

observations.

Tracing disk-jet systems in high-mass star-forming regions

Circumstellar accretion disks are intimately coupled with jets/outflows that allow the
conservation of angular momentum, while protostars actively accrete matter through
the disk. The role of disks in the formation of high-mass stars is being widely in-
vestigated (e.g. Cesaroni et al., 2006; Krumholz et al., 2009). Circumstellar disks
are believed to alleviate or solve the radiation pressure problem, because they chan-
nel the accretion through the disks and allow a large portion of the stellar photons
to escape through cavities carved by bipolar jets along the disk axis, thus allowing
the star to grow beyond the the “classical” maximum of 8 M, (Kuiper et al., 2010).
There are models predicting massive star formation in a disk-jet system, where the
circumstellar disks could reach radii between 1000-2000 AU (Harries, Douglas &
Ali, 2017; Kuiper et al., 2011). But the observational evidence to support the inter-
play between disks and jets at these scales is very limited, as opposed to low- and
intermediate-mass stars. Also, the scenario of the accretion through disks in early-O

type stars is still rather elusive.

In their recent work, Sanna et al. (2019) compare the relative orientation of the disk
profile with that of the radio thermal jet emission detected at 22 GHz and 45 GHz to-
wards G023.01-00.41 (Sanna et al., 2016) and found they are clearly perpendicular to
each other as is evident in Fig. 6.3. From ALMA observations, targeted at the HMC
associated with G023.01-00.41, at wavelengths near 1 mm, Sanna et al. (2019) have
resolved a molecular disk-jet system around a young star that has currently attained a
mass of 20 M. From the kinematic analysis of this system, the authors infer that the

disk is close to free-fall and slowly rotating with sub-Keplarian velocities. This study
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provides substantial evidence for accretion through disks in high-mass protostars and
driving high collimated jets. To get a wider picture, a large sample of known outflow
sources will provide promising targets for the search for circumstellar disks around
MYSOs. EGOs are excellent outflow candidates, driven by highly collimated Hy
jets/outflows, suggesting a disk origin. They would, hence, represent an impressive

statistical sample to look for disk-jet systems in high-mass star-forming regions.

Blue
lobe

Red
lobe

Figure 6.3: Comparison between the disk emission and the emission from ionized thermal
jet. Dotted contours represent the CH3OH (45 » — 31 2) E line emission indicating the emis-
sion from the disk. The radio emission at 22 GHz (gray scale) and 45 GHz (red contours)
detected towards G023.01-00.41 traces an ionized thermal jet (Sanna et al., 2016). The
black line indicates the direction of the outflow perpendicular to the disk plane. The star
marks the position of the HMC driving the jet. This figure is taken from Sanna et al. (2019).

We propose to carry out (sub)mm continuum observations at subarcsecond resolu-
tions to detect circumstellar disks around MYSOs driving jets. The high angular
resolution observations, employing interferometric technique, can isolate the driving
sources of the jets. With high-resolution NIR and MIR spectroscopic observations
of these systems, we intend to probe the spectral signatures of circumstellar disks as
well as the jets. In addition, with radio continuum observations, one can get valu-
able insight into the nature of these jets by examining the signatures of thermal and

non-thermal emission. Through a multiwavelength approach, this work will yield a
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comprehensive database of disk-jet systems in high-mass star-forming regions.

e Search for cloud-cloud collision candidates

Given that high-mass stars often form in clustered environments, there is growing ev-
idence supporting cloud-cloud collision induced massive star and cluster formation.
According to a recent review by Fukui et al. (2020), only a handful of observational
studies (~ 50) have been able to provide evidence for cloud-cloud collision triggered
high-mass star formation. The theoretical models for two-cloud collisions (Habe &
Ohta, 1992) describes three observational signatures of cloud-cloud collision: (1) the
complementary distribution of the colliding clouds with each other, (2) a connecting
feature between the two clouds called the “bridging-feature”, and (3) a ‘U’ shape or
a ‘boomerang-like’ morphology in the final phase. The gas dynamics in cloud-cloud
collision events is highly directional due to the collision velocity. This is in contrast
with the isotropic gas dynamics of a turbulent cloud without collision. These mor-
phological signatures can be used to identify cloud-cloud collision candidates from

large-scale *>CO and ¥*CO maps over a large range of cloud sizes, from 1 pc to 1 kpc.

With large-scale molecular line data, we aim at identifying cloud-cloud collision
candidates from the various morphological signatures they exhibit. The study can
further be extended to probe these candidates at (sub)mm wavelengths to investigate
the nature of the shock-compressed layer developed at the interface of the collision

and the dense filaments and cores formed there.

The field of high-mass star formation is vast wherein every aspect has plenty in store to
be explored and investigated. The research work carried out in this thesis has enabled the
building of a strong foundation in utilizing observations across the spectrum to understand
key aspects of high-mass star formation. The various techniques explored as part of the
investigations have strengthened the skills to take on the future challenges in this very

exciting and promising field of stellar astrophysics.
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