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A B S T R A C T 

Bright-rimmed, cometary-shaped star-forming globules, associated with H II regions, are remnants of compressed molecular 
shells exposed to ultraviolet radiation from central OB-type stars. The interplay between dense molecular gas and ionizing 

radiation, analysed through gas kinematics, provides significant insights into the nature and dynamic evolution of these globules. 
This study presents the results of a kinematic analysis of the cometary globule, Lynds’ Bright Nebula (LBN) 437, focusing on 

the first rotational transition of 12 CO and C 

18 O molecular lines observed using the Taeduk Radio Astronomy Observatory. The 
averaged 

12 CO spectrum shows a slightly skewed profile, suggesting the possibility of a contracting cloud. The molecular gas 
kinematics reveals signatures of infalling gas in the cometary head of LBN 437, indicating the initial stages of star formation. 
The mean infall velocity and mass infall rate towards the cometary head of LBN 437 are 0.25 km s −1 and 5.08 × 10 

−4 M � yr −1 , 
respectively, which align well with the previous studies on intermediate or high-mass star formation. 

Key words: stars: formation – ISM: clouds – H II regions – ISM: kinematics and dynamics – ISM: molecules. 
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 I N T RO D U C T I O N  

assive, OB-type stars play a pivotal role in the evolution of their
arental molecular cloud due to their substantial radiative, mechan- 
cal, and chemical feedback into the circumstellar environment via 
tellar winds and ionizing radiation (Walch et al. 2012 ). Despite their
mportance, the formation of these stars remains poorly understood, 
oth theoretically and observationally. Core collapse and competitive 
ccretion are the two competing models proposed to explain the 
ormation of massive stars. In the core accretion model, the mass
s accumulated prior to the formation of the massive star and 
he star formation is similar to low-mass star formation including 
ormation via monolithic collapse, higher disc accretion and outflow 

Yorke & Sonnhalter 2002 ; McKee & Tan 2003 ; Tan et al. 2014 ;
otte, Bontemps & Louvet 2018 ). In contrast, the competitive 

ccretion model proposes that the mass is gathered throughout the 
tar formation process, as the gas is drawn towards the centre of the
luster (Bonnell et al. 2001 ; Bonnell & Bate 2006 ; Tan et al. 2014 ;
otte et al. 2018 ). 
Once formed, these stars act as the principal source of ultraviolet 

UV) radiation, which compresses and shapes the exposed material, 
hereby influencing the dynamics and chemistry of the surrounding 
nvironment. The high-energy photons emitted at the rates of 10 47 –
0 50 s −1 photoionize their environment, creating an o v erpressured 
onized bubble (Saha et al. 2022 ). This bubble subsequently expands, 
orming a thin, unstable shell at the boundary of the H II region.
 E-mail: aardra.s@res.christuniversity.in (SA); 
lesson.mathe w@christuni versity.in (BM) 
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he compressed molecular shell eventually leads to the formation 
f highly irregular and peculiar structures such as pillars, elephant 
runks, and cometary globules (CGs), which protrude into the 
onized gas. 

CGs are isolated, relatively small molecular clouds detached from 

he parental molecular clouds with a cometary or a tear-shaped 
orphology. CGs are found in the vicinity of OB associations in

he H II regions (Hawarden & Brand 1976 ; Sandqvist 1976 ; Sugitani,
ukui & Ogura 1991 ; Maheswar et al. 2007 ). These interstellar
louds are characterized by a compact, bright-rimmed head and a 
aintly luminous, diffuse tail extending away from the early-type 
tar. CGs are a subgroup of Bok globules with a size of ∼0.1–1.0 pc
Hawarden & Brand 1976 ; Zealey et al. 1983 ; Kajdic et al. 2010 )
nd mass ranging from 10 to 100 M � (Lefloch & Lazareff 1994 ;
aikala & Olberg 2007 ). They also exhibit high number densities
f 10 4 –10 5 cm 

−3 (Vilas-Boas, Myers & Fuller 1994 ; Bourke et al.
995 ; Haikala & Olberg 2007 ). Numerous studies also identify CGs
s potential sites of low-mass star formation (e.g. Williams et al.
977 ; Brand et al. 1983 ; Reipurth 1983 ; Mookerjea & Sandell 2009 ;
 ̈akel ̈a & Haikala 2013 ). 
The formation and evolution of CGs have been attributed to 

everal mechanisms, including collect and collapse (Elmegreen 
 Lada 1977 ), radiation-driven implosion (Sandford, Whitaker & 

lein 1982 ; Bertoldi 1989 ; Lefloch & Lazareff 1994 ), shadowing
Cerqueira et al. 2006 ; Mackey & Lim 2010 ), and collapse due to
hell curvature (Tremblin et al. 2012 ). However, these mechanisms, 
hich depend on idealized conditions, o v ersimplify the comple xities

nvolved by neglecting the interplay of physical processes such as 
agnetic fields, turbulence and protostellar feedback. Therefore, the 

mpact of these mechanisms on cloud dynamics and star formation is
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h permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. The WISE colour-composite image of LBN 437 with the WISE 4.6 
μm band assigned in blue, the 12 μm band in green, and the 22 μm band in 
red. The white arrow indicates the direction of ionizing radiation from 10 Lac. 
The square in red highlights the region selected for the analysis of molecular 
line emission. The plus symbol in red denotes the molecular concentration, 
Condensation A, described by Olano et al. ( 1994 ). The asterisks in blue depict 
the four H α emission line sources in the cometary head of LBN 437. 
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ot well understood. Using three-dimensional numerical simulations,
remblin et al. ( 2012 ) investigated the interplay between ionizing
adiation and turbulent molecular cloud and the subsequent formation
f the CGs. Studies also reveal that the formation of CGs is affected
y the initial morphology and the clumpiness of the molecular cloud
e.g. Walch et al. 2013 ). But the origin of CGs is still uncertain,
hether they are the result of pre-existing dense structures in the

urrounding interstellar medium advected through the ionization
ront (Reipurth 1983 ) or flow instabilities (Garcia-Segura & Franco
996 ; Williams 1999 ). 
The CG Lynds’ Bright Nebula (LBN) 437 ( l = 96 ◦, b = −15 ◦) is

ocated at the edge of an elongated molecular cloud complex Kh149
Khavtassi 1960 ) at the boundary of H II region, S126 (Sharpless
959 ). The formation of the cometary head of LBN 437 and the
riggered star formation occurring in the cloud is attributed to the
nteraction of the cloud with the ionizing radiation from the Lac
B1 members (Olano, Walmsley & Wilson 1994 ). The brightest
f the Lac OB1 members is the star 10 Lac with a spectral type
9V, located south-east of LBN 437, at an angular distance of
1.8 ◦. The nuclear region of LBN 437 also coincides with a

eflection nebula, DG187 (Dorschner & G ̈urtler 1964 ). LBN 437
acks a prominent tail and resembles a comma-like morphology.
onsidering the spatial and kinematic coincidence of the cloud with

he Lac OB1 members, Olano et al. ( 1994 ) estimated the distance
o LBN 437 as 460 pc. Later, using a near-infrared photometric
ethod, Soam et al. ( 2013 ) determined a distance of 360 ± 65 pc to
BN 437. 
Olano et al. ( 1994 ) resolved the southern part of Kh149 into two

ondensation nuclei, namely Condensation A and B in 12 CO and
3 CO molecular line observations. Their observations of 12 CO line
rofiles provided evidence of blue-skewness, with the blueshifted
eak more intense than the redshifted peak. Ho we ver, the underlying
inematic processes driving these features remained unexamined.
he molecular concentration named Condensation A in the cometary
ead is associated with an optical reflection nebula and houses
 group of H α emission line sources, namely LkH α 230, LkH α

31, LkH α 232 and LkH α 233. It contains a cold, elliptical, dense
ore traced by NH 3 emission. LkH α 233 (or V375 Lac) in the
ondensation A, identified as a Herbig A4e star (Hern ́andez et al.
004 ), shows emission lines such as H α, [O I ] 6300 Å, [S II ] 6717
in its spectrum (Lee & Chen 2007 ). The formation of these young

tars might be triggered by radiation-driven implosion, in which UV
adiation from a luminous star such as 10 Lac causes the e v aporation
nd compression of the molecular cloud (Olano et al. 1994 ). The
ess-massive Condensation B near the end of the cometary tail is not
ssociated with any optical stars. Fig. 1 shows the Wide-Field Infrared
urvey Explorer ( WISE ) colour-composite image of the LBN 437
sing 4.6 μm (blue), 12 μm (green), and 22 μm (red) images of size
 

◦ × 1 ◦. Assuming 10 Lac to be the ionizing source, we indicate the
irection of ionizing radiation from 10 Lac towards LBN 437 using
 white arrow. We also depict the four H α emission line sources and
ondensation A in the cometary head of LBN 437. Soam et al. ( 2013 )

tudied the magnetic field geometry at the periphery of LBN 437
sing the R-band polarimetry and found that the magnetic field lines
n the globule follow the curvature of the globule head. But before this
cenario, with no effects of the ionizing radiation, the initial magnetic
eld lines were found to be perpendicular to the direction of the

onizing radiation. This change in orientation is attributed to the drag
hat the magnetic field lines experienced due to the ionizing radiation
rom the same source responsible for the cometary morphology of
BN 437. 
NRAS 540, 2279–2288 (2025) 

c  
Previous studies by Olano et al. ( 1994 ) and Soam et al. ( 2013 ) have
dentified that the ionizing radiation from Lac OB1 members shapes
he cometary morphology of LBN 437 and can possibly trigger star
ormation in the cometary head. This can, in turn, affect the gas
otion in LBN 437. Although Olano et al. ( 1994 ) investigated the

egion using multiple molecular line tracers, their study did not
xamine the kinematic structure of the cloud. Hence, a detailed
inematic analysis is crucial to understand the dynamics of the
olecular gas and the physical processes driving star formation

n this region. The molecular line observations of CO are critical
n understanding the dynamics of the cloud as the y pro vide direct
vidence of gravitational collapse and aid in understanding the early
tages of star formation (Schneider, N. et al. 2015 ). They also explain
he influence of UV radiation and stellar feedback from the nearby

assive stars on the gas dynamics. The rotational transitions of CO
n the millimetre wavelengths are primary tracers of molecular gas
n the clouds (Pe ̃ naloza et al. 2016 ). 12 CO and C 

18 O molecular lines
race various velocity components within the CGs, revealing features
uch as outflow, turbulence, and rotation. In particular, the lower J
otational transitions of CO reveal the molecular outflow occurring
n the star-forming regions (Bally 2016 ; Cortes-Rangel et al. 2020 ).
 robust understanding of these physical mechanisms active in the
Gs will provide useful insight into cloud dynamics and their impact
n the star formation process. 
In this study, we perform the kinematic investigation of molecular

as associated with the cometary head of LBN 437 using molecular
ata extracted from the Taeduk Radio Astronomy Observatory
TRAO). A detailed study of the molecular gas associated with the re-
ion and the critical inspection of the molecular line profiles correlate
he gas kinematics with the dynamic processes occurring in the cloud.
o the best of our knowledge, this is the first study dedicated to prob-

ng the molecular gas kinematics of LBN 437, thereby offering a new
erspective on its star formation dynamics. The complementary opti-
al depths of C 

18 O (optically thin) and 12 CO (optically thick) probes
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Figure 2. (a) Channel map of the 12 CO (1– 0) emission co v ering a velocity 
range of −0.238 to −0.159 km s −1 . The green contour represents the half- 
maximum contour o v er which the 12 CO (1– 0) and C 

18 O (1– 0) spectra are 
averaged. (b) The spectral line profiles of 12 CO (1– 0) and C 

18 O (1– 0) 
emission av eraged o v er the half-maximum contour and fitted with a single 
Gaussian. The fit to the 12 CO spectrum is depicted in red and C 

18 O in green. 

W  

6  

μ  

d

3

3

T
s  

k  

2  

u
i
(  

c  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/540/3/2279/8140061 by Indian Institute of Astrophysics user on 12 June 2025
istinct cloud components; C 

18 O reveals the denser, embedded cores 
nside the cloud, whereas 12 CO mainly traces the surface layers 
Urquhart, Morgan & Thompson 2009 ). The combination of 12 CO 

nd C 

18 O used in this study provides a reliable first-order approxima-
ion of the large-scale gas dynamics, even though the addition of other
olecular tracers would provide a more thorough characterization of 

he cloud. This paper is organized as follows: Section 2 describes the
bserv ational and archi v al data used in the study. Section 3 elaborates
n the CO emission observed towards the cometary head of LBN 437
nd the velocity structure of the molecular gas. Section 4 discusses
he kinematic signatures of molecular gas, such as the infall motion. 
ection 5 compiles the summary of the study. 

 OBSERVATIONA L  A N D  A R C H I VA L  DATA  

.1 Obser v ational data 

o understand the kinematics of molecular gas in LBN 437, an On-
he-Fly (OTF) mapping observation of the cometary head of LBN 

37 was performed in 12 CO (1–0) and C 

18 O (1–0) molecular lines
imultaneously. This was carried out using the SEcond QUabbin 
bservatory Imaging Array (SEQUOIA) at the TRAO, which is 

quipped with high-performing 16-pixel monolithic microwave 
ntegrated circuit (MMIC) preamplifiers in a 4 × 4 array. Located 
t the Korea Astronomy and Space Science Institute in Daejeon, 
outh Korea, TRAO is a 13.7-m Radio Telescope with a single-horn 
eceiver system, operating in a frequency range of 86–115 GHz. 
he system temperature ranges from 150 K (86–110 GHz) to 450 K

115 GHz; CO). Since the optical system offers two sidebands, it is
ossible to observe the 12 CO (1–0) and C 

18 O (1–0) molecular lines
imultaneously. 

The primary beam efficiency and beam size half power beam 

idth at 115 GHz were found to be 54 ± 2, and around 44 arcsec,
espectively. Orion A in the SiO line was chosen as the source to
oint and focus the telescope. The pointing of the telescope was as
ccurate as 5–7 arcsec. The velocity resolution achieved was found 
o be ∼0.1 km s −1 . The sky signals were subtracted in the position
witch mode. During the observation, the system temperature was 
etween 500 and 650 K. The integration time of the observation was
180 min to achieve an rms of 0.3 K in T A ∗. The data reduction was

one using the CLASS software of the GILDAS package. 

.2 Archi v al data 

.2.1 Planck data 

lanck provided the first all-sky map of the polarized thermal 
mission from the galactic dust at submillimetre wavelengths (Planck 
ollaboration 2016a ). The high frequency instrument (HFI) optically 
oupled to the Planck telescope through cold optics at 4, 1.6, 
nd 0.1 K is designed around 52 bolometers cooled to 0.1 K and
bserve the sky over a frequency range of 100–857 GHz (Planck 
ollaboration 2014 ; Planck Collaboration 2016b ). In this study, we 
sed the Planck emission map at 353 GHz with an angular resolution
f 5 arcmin to examine the cold dust emission in the cometary head
f LBN 437. We also used the Planck -HFI brightness emission map
t 857 GHz with an angular resolution of 5 arcmin to estimate the
ass of the cometary head of LBN 437. 

.2.2 Wide-Field Infrared Survey Explorer data 

he WISE (Wright et al. 2010 ) provided a digital image atlas of the
ntire sky in four mid-infrared bands at 3.4, 4.6, 12, and 22 μm ( W 1,
 2, W 3, and W 4, respectively). The angular resolution was 6.1, 6.4,
.5, and 12.0 arcsec, respectively. We used the WISE 4.6, 12, and 22
m images of LBN 437 to understand the properties of the warm
ust emission associated with the cloud. 

 RESULTS  

.1 Molecular emission in LBN 437 

he CO molecular line emission sheds light on the evolutionary 
tage of a molecular cloud, its physical properties, gas properties and
inematics (Liu, Wu & Zhang 2013 ; Ortega et al. 2013 ; Pe ̃ naloza et al.
016 ; Rawat et al. 2024 ). The diverse molecular line profiles help
nderstand the kinematics of expansion, outflows, infall and rotation 
nside the molecular cloud. We analysed the first rotational transition 
 J = 1–0) of 12 CO and C 

18 O molecular line emission towards the
ometary head of LBN 437. Since the first rotational transitions of the
MNRAS 540, 2279–2288 (2025) 
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M

Table 1. Peak v elocities, v elocity widths, and peak flux es of the 12 CO (1–
0) and C 

18 O (1–0) spectra av eraged o v er the half-maximum contour in the 
12 CO intensity map (shown in Fig. 2 ). 

Transition V peak �V T mb 

(km s −1 ) (km s −1 ) (K) 

12 CO (1– 0) −0.033 ± 0.002 0.564 ± 0.002 13.78 ± 0.05 
C 

18 O (1– 0) −0.163 ± 0.018 0.270 ± 0.018 0.643 ± 0.037 

Figure 3. The zeroth moment map ( −20 km s −1 to 20 km s −1 ) of 12 CO (1–
0) o v erlaid on the 353 GHz Planck map. The contours start from 3 σ level 
and increases in the steps of 8 σ where σ = 0.167 K m s −1 . 
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Figure 4. Zeroth moment map of 12 CO (1– 0) emission in the cometary head 
of LBN 437. The specified velocity range is from −20 to 20 km s −1 . 

Figure 5. Zeroth moment map ( −20 to 20 km s −1 ) of 12 CO (1– 0) o v erlaid 
on the WISE colour-composite image of LBN 437. The contours start from 

3 σ level and increases in the steps of 8 σ where σ = 0.167 K m s −1 . 
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O molecule are indicators of outflo w acti vity, these are excellent
or studying the star-forming regions (Zhang et al. 2001 ; Beuther
t al. 2002 ). The optically thick 12 CO molecular line is an ef fecti ve
racer of the kinematic and spatial extent of the outflow, whereas the
ptically thin C 

18 O line is a tracer of high-density cloud cores (Lo
t al. 2015 ). 

We present the averaged 12 CO and C 

18 O spectra over the half-
aximum contour in the 12 CO intensity map. We fit a single Gaussian

rofile to the C 

18 O (1–0) and 12 CO (1–0) molecular emission to
erive the main beam temperature ( T mb ), velocity width ( �V ) and
he peak velocity ( V peak ). The channel map with the half-maximum
ontour is shown in Fig. 2 (a), and the fitted profiles are shown in Fig.
 (b). The retrieved parameters are listed in T able 1 . W e observe a
lue-skewness in the averaged 12 CO (1– 0) spectrum, indicating that
he cloud is undergoing contraction, a characteristic often associated
ith regions of active star formation. The line asymmetry suggests

hat the molecular gas in the cometary head is collapsing. Such
eatures are often observed in star-forming regions, where spectral
ine asymmetries have been interpreted as evidence of gravitational
ollapse (Leung & Brown 1977 ; Zhou et al. 1993 ; Myers et al. 1996 ;
eretto et al. 2013 ; Jackson et al. 2019 ). To obtain the main beam

emperature ( T mb ), we applied the beam correction to the antenna
emperature ( T A ∗) using the formula T mb = T A 

∗ / ηmb , where ηmb 

s the main-beam efficiency (Rathborne et al. 2014 ). We considered
mb for TRAO as 0.54 following Liu et al. ( 2018 ). The peak velocity
btained from the Gaussian fit to C 

18 O (1–0) line provides the local
tandard of rest velocity ( V LSR ). We found the V LSR of the region to
e close to 0.0 km s −1 . 
NRAS 540, 2279–2288 (2025) 
.2 Continuum emission in LBN 437 

Gs abundant in cold dust serve as direct indicators of star formation
ctivity in these regions. Unlike molecular gas, dust in CGs responds
ifferently to external radiation. Dust grains absorb high-energy pho-
ons and re-emit in infrared, heating the surrounding gas. Ho we ver,
he ionizing radiation causes the molecular gas at the periphery of
he cloud to undergo photoe v aporation (Soam 2021 ). Examining
he spatial correlation between dust emission and molecular gas
istribution within CGs is key to understanding the impact of ionizing
adiation in shaping the internal structures of CGs, which can trigger
tar formation or dissipate the cloud (Maheswar & Bhatt 2008 ;
hauhan et al. 2011 ; Saha et al. 2022 ; Sharma et al. 2022 ). The
lanck 353 GHz map is pivotal in this analysis to understand

he distribution of cold dust and its spatial correlation with the
olecular gas emission in the cometary head of LBN 437. The

53 GHz frequency, corresponding to a wavelength of 850 μm, falls
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Figure 6. Channel maps of 12 CO (1– 0) emission associated with the cometary head of LBN 437. The velocity width of each channel is 0.079 km s −1 . 
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ithin the far-infrared to submillimetre range, where dust emission 
s predominant, particularly from the cold dust grains. This makes 
he Planck 353 GHz emission map sensitive to the emission from
he cold dust grains. Fig. 3 shows the 0.5 ◦ × 0.5 ◦ Planck map at
53 GHz o v erlaid with the zeroth moment map of 12 CO emission.
he contours of the 12 CO zeroth moment map trace the same regions
here the emission from the cold dust is observed, demonstrating 

he spatial correlation between the distribution of molecular gas and 
old dust emission in the cometary head of LBN 437. A strong
orrelation suggests that the cometary head retains enough material 
ensity, which can cause the region to collapse and subsequently 
orm stars. 

.3 Velocity structure 

erforming gas kinematics is crucial for understanding the velocity 
tructure of the cloud. Fig. 4 presents the zeroth moment map of
2 CO (1– 0). This map displays the intensity distribution of 12 CO (1–
) molecular species inte grated o v er the designated velocity range
rom −20 to 20 km s −1 . In Fig. 5 , we o v erlay the zeroth moment
ap of 12 CO emission o v er the 1 ◦ × 1 ◦ WISE colour-composite
mage of LBN 437 to analyse the relationship between the gas and
arm dust emission in the cometary head of LBN 437. The moment

ero contours trace the same re gions e xhibiting warm dust emission,
ndicating a coupled nature between the gas dynamics and warm 

ust emission in the observed regions. Understanding this coupling 
s essential to comprehend the physical processes occurring in the 
ometary head. The warm dust emission, traced by the WISE image,
ev eals re gions heated either by external UV radiation from the Lac
B1 members or by feedback from young stars within the cloud. The
olecular gas kinematics, derived from the 12 CO emission, unco v er

he response of the molecular gas to these processes. The alignment
f moment zero contours with warm dust emission suggests that 
he cometary head of LBN 437 is a dynamically active star-forming
egion. The cloud morphology appears to be strongly influenced by 
nvironmental factors such as UV radiation from the massive stars. 
his radiation likely induces feedback-driven compression, shaping 

he cometary structure and triggering star formation. 
To illustrate the velocity structure of the cloud, we generate the

hannel map of 12 CO emission associated with the region, as depicted
n Fig. 6 . The velocity intervals specified in the channel map are
etermined by analyzing the 12 CO TRAO data cube and detecting the
MNRAS 540, 2279–2288 (2025) 
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M

Figure 7. Spectral grid map of 12 CO (1– 0) emission o v erplotted on the WISE 12 μm image of the cometary head of LBN 437. The line emission is binned into 
21 × 21 grid, each of size 45 arcsec o v er which the 12 CO (1– 0) spectrum is extracted. In the spectral grid, the radial velocity ( V rad ) on the X -axis ranges from 

−3 to 3 km s −1 , and the main beam temperature ( T mb ) on the Y -axis ranges from 0 to 20 K. 
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2 CO emission. The width of each channel is chosen as 0.079 km s −1 .
he channel map reveals a distinct shift in the peak emission of 12 CO
cross the different velocity ranges. 

 DISCUSSION  

.1 Spectral map of molecular emission 

 grid map of the molecular emission observed in the cometary head
f LBN 437 facilitates an understanding of the gas motion within
he cloud. We construct the grid map of 12 CO molecular line profiles
NRAS 540, 2279–2288 (2025) 
n the cometary head of LBN 437 by binning the line emission into
 21 × 21 grid, each of size 45 arcsec o v er which the spectra is
 xtracted. We o v erlay the grid map on the 12 μm WISE image of the
ometary head of LBN 437, as shown in Fig. 7 . The spectral map of
2 CO molecular emission reveals asymmetric signatures in the 12 CO
ine profiles. The asymmetric profiles are most significant in the
icinity of the LkH α sources seen as bright sources on the spectral
ap. The predominant blue-skewness indicates the occurrence of

loud contraction, consistent with scenarios of gravitational collapse.
o we ver, the 12 CO line profiles are not blue-skewed uniformly in

very bin. There are also some localized regions where we observe
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Figure 8. 12 CO (1– 0) channel map of cometary head of LBN 437 with a 
velocity range of −0.238 to −0.159 km s −1 . The red squares are the regions 
of size 45 arcsec o v er which the spectra of 12 CO and C 

18 O are averaged. 
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early Gaussian profiles. Notably, the optically thick 12 CO emission 
n the inner regions of the cometary head shows a dominant blue-
kewness, reinforcing the evidence for infall motion and suggesting 
hat the cometary head of LBN 437 is undergoing contraction. 

.2 Kinematic signatures of infalling gas 

he infall motion of molecular gas, typically identified through the 
olecular line profiles and their asymmetries, supports the model of 
 gravitationally collapsing cloud (Gao & Lou 2010 ). As discussed in
ections 3.1 and 4.1 , the averaged 12 CO spectrum and spectral map of

2 CO molecular emission display asymmetric line profiles, notably, 
lue-skewness. We analyse the asymmetric line profiles of 12 CO 

elative to the optically thin C 

18 O. To examine and quantify the infall
otion of the molecular gas in the observed regions, we estimate the

nfall velocity and the mass infall rate towards the cometary head of
BN 437. 

.2.1 Blue-skewed line profiles of 12 CO 

ptically thick lines are well-known tracers of gas motion along 
he line of sight (e.g. Fuller , W illiams & Sridharan 2005 ; Smith
t al. 2012 ; Peretto et al. 2013 ). Due to their sensitivity to excitation
radients, these lines are generally used to infer the dynamic 
rocesses occurring in the cloud. The appearance of ‘blue-skewness’ 
n the line profiles of optically thick lines serves as a spectral signature
f the infall motion (Zhou & Evans 1994 ; Mardones et al. 1997 ; Lee,
yers & Tafalla 1999 ; Fuller et al. 2005 ; Jackson et al. 2019 ; Zhou

t al. 2021 ). In the infall scenario with the excitation temperature
ncreasing towards the centre and a radial temperature gradient, the 
lueshifted gas arises from the inner envelopes at a higher excitation 
emperature than the redshifted gas emerging from the outer envelope 
Snell & Loren 1977 ; Zhou & Evans 1994 ; Evans 1999 ). Hence, in
 blue-skewed spectral line profile, the blueshifted peak is observed 
o be more intense than the redshifted peak. Searching for ‘blue- 
kewness’ in the line profiles of optically thick spectral lines is a
rimary technique for identifying the gravitational collapse occurring 
n the cloud (Gao & Lou 2010 ; Peretto et al. 2013 ; K uznetso va,
artmann & Ballesteros-Paredes 2018 ; Jackson et al. 2019 ). 

.2.2 Characterizing infall motion 

ince the 12 CO spectra show blue asymmetry in their line profiles,
t is essential to quantify the degree of observed blue-skewness. A
obust quantity characterizing the degree of line asymmetry is the 
symmetry parameter, δV . This dimensionless parameter is defined 
s the ratio of the difference between the peak velocities of the
ptically thick line ( V thick ) and the optically thin line ( V thin ) and
he full width at half-maximum (FWHM) of the optically thin line
 �V thin ). The criterion for a significant blue-skewed line profile is that
he asymmetry parameter, δV < −0.25 (Mardones et al. 1997 ). We
uantify the blue asymmetry by estimating δV in 16 regions where
e visually observed a blue-skewed line profile. These regions of size
5 arcsec are o v erlaid on the 12 CO (1– 0) channel map of the cometary
ead of LBN 437 with a velocity range of −0.238 to −0.159 km s −1 

s depicted in Fig. 8 . Following Mardones et al. ( 1997 ), we estimate
V using the equation, 

δV = 

( V thick − V thin ) 

�V thin 
. 

ut of the 16 regions considered, 11 regions exhibit δV < −0.25,
hus showing a significant blue-skewed 12 CO line profile. The 12 CO 

pectra with a significant blue-skewed line profile ( δV < −0.25)
re depicted in Fig. 9 along with the C 

18 O spectra. We fit a double
aussian to the 12 CO emission to account for the skewness observed.
he double Gaussian and single Gaussian fit to the 12 CO and C 

18 O
ine profiles are shown in blue and red, respectively. The LSR velocity 
stimated by identifying the peak positions of the C 

18 O line is also
ndicated using a vertical dashed line. The regions mentioned in the
lots correspond to the regions marked on the 12 CO (1– 0) channel
ap of the cometary head of LBN 437, as shown in Fig. 8 . 
To reinforce the idea of gas infall motion occurring in the cometary

ead of LBN 437, we determine the infall velocity in the regions
haracterized by an infall signature. Infall velocity ( V inf ) is defined
s the difference in the peak velocities of the optically thin and thick
ine. It can be represented as V inf = V thin − V thick . We calculate
 inf only in the regions that show significant blue-skewness with 
V < −0.25. Including regions with δV > −0.25 might introduce
ncertainties in the estimated V inf , as the skewness might be caused
ue to non-infall dynamics such as rotation (Redman et al. 2004 ). We
stimate an average infall velocity of 0.25 km s −1 in the cometary
ead of LBN 437. Table 2 shows the asymmetry parameter and infall
elocity estimated in regions of size 45 arcsec where the spectra of
2 CO emission show a blue-skewness. Here, the Gaussian fit to the
 

18 O spectra yields V thin and the peak velocity of the blueshifted
omponent of 12 CO yields V thick . The velocity width of the C 

18 O line
ields �V thin . 
We determine the mass infall rate ( Ṁ inf ) in the observed region

sing the equation given by L ́opez-Sepulcre, Cesaroni, and Walmsley 
2010 ): 

Ṁ inf = 4 πR 

2 V inf ρ, 

here ρ, the a verage v olume density, is given by M 

4 / 3 πR 3 
and V inf 

s the average infall velocity. We determined the mass infall rate
y considering the average V inf estimated from regions exhibiting 
ignificant blue-skewness as these regions are the best tracers of 
nfall motion with minimum contamination from other non-infall 
ynamics. Although localized variations may e xist, the av eraged 
 inf reasonably approximates the dominant infall features and thus 
MNRAS 540, 2279–2288 (2025) 
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M

Figure 9. Spectra exhibiting a significant blue-skewed 12 CO line profile (with δV < −0.25) are presented. The 12 CO and C 

18 O emissions are averaged over 
regions marked by squares of size 45 arcsec (shown in Fig. 8 ). C 

18 O spectra are boxcar smoothed by three channels corresponding to a velocity smoothing of 
0.24 km s −1 . The fit to 12 CO spectrum is depicted in blue and C 

18 O in red. The vertical, dashed magenta line corresponds to the LSR velocity estimated from 

the peak position of C 

18 O spectra. 
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erves as a valid estimate of the global mass infall rate. In addition,
e also lack detectable C 

18 O emission in the other regions, which
urther limits our measurement of blue-skewness. We estimate the
f fecti ve radius ( R) using the equation, R = ( A / π ) 0 . 5 , where A is
he area enclosed by the 3 σ contour corresponding to the 12 CO
RAO data. This method of estimating the ef fecti ve radius simply
ssumes that the region is circularly symmetric. Ho we ver, CGs are,
y definition, tear-shaped and significantly elongated. This can cause
ystematic errors in the estimated ef fecti v e radius. F or instance, a
pherical assumption can underestimate the extent along the major
NRAS 540, 2279–2288 (2025) 
xis, resulting in an o v erestimated av erage density. A better way to
stimate the ef fecti ve radius would be to use moment analysis or fit
n ellipse to the projected shape (Rosolowsky & Leroy 2006 ; Ge, Du
 Yuan 2024 ). 
Furthermore, we also estimate the mass ( M) from the Planck

57 GHz emission following the relation given by Hildebrand ( 1983 ),

M = 

S νDd 2 

K νB ν( T ) 
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Table 2. Estimated 12 CO asymmetry parameter ( δV ) and infall velocity 
( V inf in km s −1 ) in regions where the spectra are averaged over a size of 45 
arcsec. V thick and V thin are the peak velocities of 12 CO and C 

18 O lines in 
km s −1 , respectively, and the FWHM of C 

18 O line in km s −1 is �V thin . 

Region V thin V thick �V thin δV V inf 

1 −0.22 −0.14 0.54 0.15 –
2 −0.13 −0.24 0.49 −0.22 –
3 −0.3 −0.21 0.8 0.11 –
4 −0.05 −0.44 0.82 −0.48 0.39 
5 −0.27 −0.43 1.08 −0.15 –
6 −0.16 −0.39 0.96 −0.24 –
7 −0.14 −0.37 0.61 −0.38 0.23 
8 −0.14 −0.37 0.78 −0.29 0.23 
9 −0.08 −0.39 0.73 −0.42 0.31 
10 −0.18 −0.36 0.38 −0.47 0.23 
11 −0.13 −0.36 0.4 −0.58 0.23 
12 −0.13 −0.5 0.63 −0.59 0.37 
13 −0.21 −0.49 0.33 −0.85 0.28 
14 −0.17 −0.31 0.47 −0.3 0.14 
15 −0.18 −0.32 0.33 −0.42 0.14 
16 −0.03 −0.19 0.4 −0.4 0.16 
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here S ν is the flux density obtained from the 857 GHz Planck
mission, D is the dust-to-gas mass ratio (assumed as 0.01), d is the
istance to the cloud (taken as 360 pc), K ν is the dust opacity (adopted
s 1.85 cm 

2 g −1 from Ossenkopf and Henning 1994 ), and B ν ( T ) is the
lanck function estimated assuming the dust temperature to be 27 K, 
s determined for LBN 437 by Saikhom et al. (in preparation). The
f fecti ve radius estimated for the region is 0.53 pc. The mass of the
egion is 352 M � and the mass infall rate calculated is 5.08 × 10 −4 

 � yr −1 . Previous studies reported that the mass infall rate in an
ntermediate or high-mass star-forming regions is about 10 −4 –10 −2 

 � yr −1 (e.g. Wu et al. 2009 ; Liu et al. 2013 ; Qin et al. 2015 ; Yang
t al. 2021 ; Yu et al. 2022 ), while that associated with a low-mass
tar-forming region varies between 10 −6 and 10 −5 M � yr −1 (Rygl 
t al. 2013 ; He et al. 2015 ; Kim et al. 2021 ). This suggests that the
bserv ed re gion in the cometary head of LBN 437 is a possible site
or forming high-mass stars. Hence, from the observation of infall 
racers and estimated mass infall rate, it is evident that the cometary
ead of LBN 437 is actively accreting material from the ambient 
edium, thereby supporting ongoing star formation. In addition, the 

resence of LkH α sources in the cometary head suggests that star
ormation is taking place in a clustered environment. This scenario 
s consistent with the competitive accretion model of high-mass star 
ormation wherein protostars accrete by drawing material from a 
arge common gas reservoir (Bonnell et al. 2001 ; Bonnell & Bate
006 ; Tan et al. 2014 ; Beltr ́an et al. 2021 ; Zhang et al. 2024 ). 
Our findings demonstrate that the cometary head of LBN 437 

s gravitationally contracting. The molecular gas kinematics further 
ho ws e vidence of gas infall in the cometary head, highlighting the
otential formation of high-mass stars. 

 SUMMARY  

revious studies on LBN 437 have extensively examined the impact 
f Lac OB1 stars on its origin, morphology and magnetic field 
rientation. Nevertheless, there appears to be a dearth of literature 
hat addresses the kinematic properties of the cloud. The main 

oti v ation for this work is to investigate the kinematics of molecular
as in the cometary head of LBN 437. We analysed the first rotational
ransition (1– 0) of the 12 CO and C 

18 O molecular lines obtained using
RAO. The results are summarized below. 

(i) We examined the averaged spectra of 12 CO and C 

18 O molecular
ine profiles. The region has V LSR close to 0.0 km s −1 , indicating that
he cloud is stationary relative to the stars in the immediate vicinity.

e find that the averaged 12 CO spectrum shows a slightly skewed
rofile, revealing the possibility of the cloud as contracting. 
(ii) We examined the gas motion in the cometary head by plotting

he spectral grid map of 12 CO emission. We identified asymmetric 
ignatures in the line profile of 12 CO emission, in particular, the blue-
kewed line profiles in the inner region of the cometary head, near
he LkH α sources. 

(iii) The presence of blue-skewed 12 CO line profiles suggests that 
he gas infall motion is occurring in the cometary head of LBN 437.
o support the idea of infall, we estimated the infall velocity and mass

nfall rates towards the cometary head of LBN 437 as 0.25 km s −1 

nd 5.08 × 10 −4 M � yr −1 , respectively. The estimated mass infall
ate aligns with that observed in the high-mass star-forming regions, 
ndicating that the cometary head of LBN 437 is a potential site of
igh-mass star formation. 
(iv) The estimated mass infall rate indicates a collapse phase, 

ith accretion rates high enough to facilitate the formation of high-
ass stars. In conjunction with the presence of LkHa sources, this

mplies that LBN 437 might be undergoing clustered star formation 
onsistent with models of competitive accretion. 

Ho we ver, we require additional molecular line observations to- 
ards LBN 437 to fully comprehend the kinematic structure of the

loud and the impact of the ionizing radiation from the Lac OB1
tars on the gas motion in LBN 437. 
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