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ABSTRACT

LDN 1616 is a cometary globule located approximately 8° west of the Orion OB1 associations. The massive OB stars in the
Orion belt region act as catalysts, triggering the star formation activity observed in the L1616 region which is a photodissociation
region (PDR). This paper provides an in-depth analysis of gas kinematics within the L1616 PDR, leveraging the Heterodyne
Array Receiver Programme on the James Clerk Maxwell Telescope to observe '*CO and C'®0 J = 3 — 2 emissions. Employing
the Clumpfind algorithm on the C'80 emission data, we identify three distinct clumps within this PDR. For each of these clumps,
we derive key physical parameters, including the mean kinetic temperature, optical depth, and velocity dispersion. In addition,
we compute the non-thermal velocity dispersion and Mach number, providing critical insights into the turbulent dynamics of the
gas. Comprehensive evaluation of mass, including virial and energy budget evaluations, are conducted to assess the gravitational
stability and star-forming potential of the identified clumps. While previous studies have proposed that radiation-driven implosion
(RDI) is the dominant mechanism initiating star formation in LDN 1616, our results suggest that the clumps may represent
pre-existing substructures within the PDR. This interpretation is supported by our estimation of a relatively low interstellar
radiation field (Gy), which, although insufficient to form clumps independently, may enhance gravitational instability through
additional compression. Thus, our findings offer a more nuanced perspective on the role of RDI, highlighting its capacity to

trigger star formation by amplifying the instability of pre-existing clumpy structures in PDRs like LDN 1616.

Key words: molecular data—ISM: kinematics and dynamics — (ISM:) photodissociation region (PDR).

1 INTRODUCTION

Star formation within molecular clouds is significantly influenced
by the dynamic interactions of winds and H 11 regions (Shore 2003).
These processes can either dissipate the cloud through radiative and
mechanical heating or trigger star formation through phenomena
such as champagne flows. The latter occurs when the breakout of a
shock wave from a hot H Il region surrounding OB stars causes a rapid
outflow of material. This outflow drives a shock into the molecular
cloud, compressing its dense core and potentially initiating local
gravitational collapse, thereby propagating star formation.
Cometary globules (CGs), first identified in 1976 (Hawarden &
Brand 1976), are a class of interstellar clouds distinguished by
their comet-like morphology, featuring compact, dusty heads and
elongated faintly luminous tails. Unlike typical dark clouds, CGs
are isolated neutral globules surrounded by hot ionized media. Two
primary models have been proposed to explain their formation: Brand
et al. (1983) suggested that CGs were initially spherical clouds
shocked by supernova blast waves, while Reipurth & Bragg (2021)
posited that ultraviolet (UV) radiation impinging on neutral clouds
within a clumpy interstellar medium shapes these globules. Discrim-
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inating between these models necessitates detailed knowledge of the
mass, density, temperature, and velocity distribution of the globules,
which can be derived from molecular spectral line measurements at
millimetre wavelengths.

The Lynds Dark Nebula LDN 1616 (Ramesh 1995), located
approximately 8° west of the Orion OB1 associations (Maddalena
et al. 1986; Stanke et al. 2002; Alcald et al. 2004; Lee et al.
2005; Lee & Chen 2007; Caballero et al. 2008; Saha et al. 2022),
exemplifies such a cometary cloud (see Fig. 1). The distance to the
globule is adopted as 384 & 5 pc (Saha et al. 2022). In the left panel
of Fig. 1, the positions of L1616, L1615, and CB 28 are delineated
within a red box superimposed on the Planck 857 GHz intensity map.
The ten ionizing OB stars situated in the Orion molecular cloud are
presented with star symbols, which are at the distances of 48—86 pc
away from L1616, except the star of spectral type B2 being at a
distance of 202 pc from L1616 (Saha et al. 2022). In the right panel,
the Wide-field Infrared Survey Explorer (WISE) 12 pm intensity
map displays the positions of the L1616 and L1615 clouds, along
with the Bok globule CB 28, marked by the red and yellow crosses,
respectively. The L1616 photodissociation region (PDR) extends
about 40 arcmin in the sky (Alcald et al. 2004), and it points towards
the east and exhibits active star formation (Nakano, Wiramihardja &
Kogure 1995; Stanke et al. 2002; Alcala et al. 2004). The L1616
PDR features the bright reflection nebula NGC 1788, excited by a
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Figure 1. Left: The Planck 857 GHz intensity map covers an area of 12° x 12° with an angular resolution of 5arcmin, showcasing the positions of the
prominent Orion stars, annotated with their spectral types. The numerical identifiers assigned to these stars correspond to those listed in table 1 of Saha et al.
(2022), who adopted the stellar sample from the earlier work of Ramesh (1995). A red box, approximately 1.5° x 1.5° in size, highlights the locations of L1616,
L1615, and CB 28. Right: A zoomed-in view of the red box from the left panel reveals the WISE 12 pm intensity map, spanning 1.5° x 1.5° with an angular
resolution of 6.5 arcsec. Red and yellow crosses mark the positions of the centres of the clouds L1616, L1615, and the CB 28 Bok globule. The white and black
boxes delineate the regions surveyed in '3CO (3-2) and C'80 (3-2) emissions within the L1616 PDR. The black plus sign and blue stars denote the locations
of the reflection nebula NGC 1788 and the intermediate-mass stars Kiso A-0974 15 and HD 293815, respectively.

star cluster (Stanke et al. 2002), with notable members including
the intermediate-mass stars Kiso A-0974 15 (B3e) and HD 293 815
(B9V) (Ramesh 1995; Gandolfi et al. 2008). Remarkably, the star
formation efficiency (SFE) within NGC 1788 is around 14 per cent,
significantly higher than typical reflection nebula-associated clouds
(Ramesh 1995). The SFE in the cloud ranges from 7 percent to
8 percent, aligning with the typical values observed in molecular
clouds situated near OB associations (Gandolfi et al. 2008).

For several reasons, studying gas kinematics in molecular line
emissions within molecular clouds is crucial for understanding
star formation processes. Tracing gas motion through molecular
line emissions, particularly from molecules like carbon monoxide
(CO), provides velocity information via Doppler shifts, revealing
gas dynamics within the cloud. Kinematic observations can pinpoint
regions undergoing gravitational collapse, which is essential for
identifying protostar formation sites. Additionally, analysing gas
kinematics reveals turbulence levels and scales, which influence star
formation rates and the initial mass function of stars. Combined
with line intensity measurements, kinematic data enable estimates
of gas mass and density, which is crucial for understanding star-
forming conditions. Furthermore, gas kinematics elucidate interac-
tions between magnetic fields and molecular gas, which is vital for
comprehending cloud support mechanisms and guiding gas flow
(Ching et al. 2018). Kinematic studies also illuminate feedback
processes from young stars and supernovae, impacting cloud tur-
bulence and subsequent star formation (Ruffa et al. 2019). Finally,
velocity mapping within molecular clouds identifies active or im-
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pending star formation regions, characterized by distinct kinematic
signatures.

In this study, we investigate the gas kinematics and physical
conditions of the L1616 CG to understand the ongoing star formation
activity within this PDR. Utilizing molecular emission data from the
13CO and C'80 J = 3-2 transitions, observed by the Heterodyne
Array Receiver Programme (HARP) on the James Clerk Maxwell
Telescope (JCMT) at an angular resolution of 15arcmin (Buckle
et al. 2010), we provide a detailed analysis. Section 2 outlines
our observations and data reduction procedures. Section 3 presents
the results, followed by an analysis of the physical properties in
Section 4. Section 5 discusses the scientific implications of our
findings, and Section 6 concludes with a summary of our research
on the L1616 CG.

2 OBSERVATIONS AND DATA REDUCTION

Observations of *CO and C!®0 in L1616 were conducted 2023
September—November with the HARP (Buckle et al. 2010) on the
JCMT under the project code E23BU009 (P.I. Janik Karoly). The
observations were taken in weather bands 3 and 4 (0.08 < T25G6H, <
0.20). Each observation covers a 10'x 10 field of view (fov)
centred on the bright 12 um emission seen in Fig. 1. The original
footprint was centred at RA = 05:07:00, Dec = —03:21:06 but
after preliminary reductions, the western region of L1616 was on
the edge of the fov, so we moved the central coordinates to RA =
05:06:53, Dec = —03:21:06. The total on-target integration time was
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Figure 2. The CG L1616 is vividly portrayed in a WISE two-colour image, accentuating its remarkable features at 12 um (rendered in red) and 4.6 um (in blue),
with angular resolutions of approximately 6.5 arcmin and 6.4 arcsec, respectively. The image encompasses an area of approximately 10 arcmin x 10 arcmin.
Superimposed on this image are white contours that trace the '3CO (3-2) emission, integrated over a velocity range of 6.35-9.12kms~!, with contour levels set
at0.41, 1.38,2.76,4.13,5.51, 6.89, 8.27,9.64, 11.02, and 12.40 K km s~!. These contours are drawn at 3¢ above the background level, where o & 0.14 Kkm g1
represents the standard deviation of the background emission. In addition, yellow contours delineate the C'80 (3-2) emission, integrated over the same velocity
range, with contour levels at 0.55,0.92, 1.85,2.77, and 3.69 Kkm s~ ! These contours are similarly drawn at 3o above the background, where o & 0.18 Kkm s~!
is the standard deviation of the background emission. The *CO and C'80 emission data are derived from JCMT-HARP observations, boasting an angular

resolution of 15 arcsec.

~25.5 hrs. The observed velocity resolution for '3CO (3-2) and C'*0
(3-2) transitions is 0.05kms~' and the respective rest frequencies
are 330.59 and 329.33 GHz.

The observations were conducted with one of the HARP observing
modes, the '*CO and C'8O position-switch basket weave raster
mapping with 1/4 array scan spacing. HARP has a main beam
efficiency of 0.61 at 345 GHz (Buckle et al. 2010).

The data were reduced using the oracdr_acsis
pipeline  (Jenness & Economou 2015) and the RE-
DUCE_SCIENCE_NARROWLINE recipe. The data were reduced
using a 12arcsec pixel scale to increase the signal-to-noise and
sample the JCMT/HARP beam size. The '3CO and C'80 data were
reduced separately. Upon initial reductions of the data, the HARP
receptors HO2 and H12 were consistently flagged as ‘bad’ and so
were removed from the data reduction process.

3 RESULTS

The formation of CO, a simple yet abundant molecule in the
interstellar medium, primarily occurs through gas-phase reactions.
One notable advantage of using CO isotopologues, such as '*CO
and C'80, as tracers of molecular clouds is their resilience against

destructive reactions due to their strong binding energies (Stahler &
Palla 2008).

The choice of using '*CO and C'®O stems from their distinct
characteristics. *CO emission, being optically thick compared to
C'80, is particularly useful for studying diffuse regions within the
cloud. In contrast, C'*O emission, being optically thin, is better
suited for probing denser regions. By leveraging these isotopologues,
we aim to thoroughly characterize the gas dynamics and associated
physical conditions within the L1616 PDR, thereby gaining deeper
insights into the star formation processes occurring within this PDR.

3.1 Moment maps and spectral profiles of molecular emissions

The WISE 12 um emission, which traces polycyclic aromatic hy-
drocarbon (PAH) activity, is contrasted with the WISE 4.6 um
emission, representative of diffuse dust structures. These emissions
are combined into a two-colour composite image to accentuate
the characteristics of the L1616 PDR, specifically highlighting its
dust and PAH contributions, as illustrated in Fig. 2. The spatial
distribution of '*CO (3-2) and C'80 (3-2) emissions within this
region are delineated by white and yellow contours, respectively.
From this visualization, it becomes evident that the '3CO (3-2)
emission envelopes both the WISE 12 and 4.6 um emissions, with
a more pronounced extension toward the western side compared
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Figure 3. Left: The integrated intensity (moment-0) map of '*CO, spanning the velocity range from 6.35kms~! to 9.12kms~!, is illustrated for the CG L1616,
featuring contour levels at 0.41, 1.38, 2.76, 4.13, 5.51, 6.89, 8.27, 9.64, 11.02, and 12.40 Kkm s~!. These contours are defined at 3¢ above the background
emission, where o ~ 0.14 K km s~! represents the standard deviation of the background noise. Within this map, three distinct clumpy regions, designated as R1,
R2, and R3, have been identified as zones of particularly intense '3CO emission. Right: The integrated intensity (moment-0) map of C'30, covering the same
velocity range from 6.35 to 9.12km s71 s presented for the CG L1616, with contour levels set at 0.55, 0.92, 1.85, 2.77, and 3.69 Kkm s~1. These contours
are delineated at 30 above the background level, where o ~ 0.18 Kkms ™! denotes the standard deviation of the background emission. Within this map, three
prominent clumpy regions, identified as C1, C2, and C3, are recognized as areas of particularly intense C'3O emission. The blue plus sign indicates the location
of the reflection nebula NGC 1788, while the black and red stars mark the positions of the two intermediate-mass stars, Kiso A-0974 15 and HD 293815,

respectively.

to other directions. In contrast, the C'®0 emission displays a more
modest extension to the west, only slightly exceeding the spatial
extent of both WISE emissions. While the '3CO and C'80 emissions
are visible in the centre of the 12 pum emission, they are more intense
next to the western sharp edge in the WISE 12 pm image (R3 and
C2). The more extensive spread of '*CO emission compared to C'30
emission indicates that '3CO effectively traces the outer, more diffuse
regions of the cloud. In contrast, C'80 serves as a better tracer for
the denser, central regions of the cloud.

Fig. 3 shows the integrated intensity (moment-0) maps of '3CO
(left) and C'®O (right) over the velocity range 6.35-9.12 km s~!, with
contours at 3o above the background noise (o is the standard devia-
tion of the background emission). In '*CO, emission is dominated by
three luminous regions —R1, R2, and R3 (east to west) — which exhibit
higher average integrated intensities than the surrounding areas. The
mean, peak, and median integrated intensities within the 3CO emis-
sion region, delineated by the outermost contour at 0.41 K km s, are
3.33 +0.05, 12.49 + 0.05, and 2.54 + 0.05 Kkms~!, respectively.

The C'®0O map, constructed over the same velocity range and
contour threshold, highlights three bright clumps — C1, C2, and C3
(east to north-west) — concentrated in the denser central regions. The
mean, peak, and median integrated intensities within the C80 emis-
sion region, bounded by the outermost contour at 0.55 Kkms~!, are
0.98 £ 0.07, 2.97 4 0.07, and 0.88 +0.07 K km s~!, respectively.
Moment-0 uncertainties were derived by propagating the rms noise
across the integrated velocity channels.

Spatial comparison shows that '*CO regions R1 and R2 coincide
with C'30 clump C1, while R3 corresponds to C2. The higher optical
depth of 3CO enhances the contrast between R1 and R2, whereas
optically thin C'30 more effectively traces dense interiors, making
C1, C2, and C3 prominent. Given its sensitivity to dense gas, the
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subsequent clump analysis (Section 4.2) focuses on C1, C2, and C3
using C'30 data.

Fig. 4 illustrates the spectral profiles of the entire 3CO (3-2)
emission region (in black) and the C'®0 (3-2) emission region (in
blue), as presented in Fig. 3. The Gaussian fits over these spectra (in
red for 3CO and green for C'30) facilitate the precise determination
of the systemic velocities (Vi sg), revealing the bulk motion of gas
within the L1616 PDR. The systemic velocities are estimated to be
approximately 7.83kms~! for '*CO and 7.57kms~! for C'30, as
indicated by the red and green-dashed lines on the spectral profiles,
respectively.

Fig. 5 presents the intensity-weighted mean velocity (moment-1)
maps of 3CO (left) and C'30 (right) emissions, both constructed
over the same velocity range as their corresponding moment-0 maps.
These maps are overlaid with the integrated intensity contours of
13CO and C'80 from Fig. 3. In the L1616 PDR, the northeastern
area and the R3 region within the '*CO emission display redshifted
velocities, while the R1 and R2 regions exhibit blueshifted velocities
relative to the systemic velocity of approximately 7.83kms~'. The
mean moment-1 value within the entire '>3CO emission region is
estimated to be 7.88 kms~!, with the velocity range extending from
a maximum of approximately 8.77kms~' to a minimum of about
6.77kms™1.

In the C'®O emission, the C2 clump region (coinciding with
R3) exhibits redshifted velocities, while the C1 clump (associated
with R1 and R2) and C3 clump display blueshifted velocities
relative to the systemic velocity of 7.57kms~!' for C!®0. The
mean moment-1 value within the entire C'®0O emission region is
estimated to be 7.62km ™!, with the velocity range extending from
a maximum of approximately 8.03kms~! to a minimum of about
7.31kms~!.
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Figure 4. The average spectral profiles of '3CO (3-2) (in black) and C'30 (3-2) (in blue) emissions towards the entire '>*CO and C'80 emission regions in the
L1616 CG. The red and green solid curves represent the Gaussian fits applied to the '3CO and C'30 spectra. The systemic velocities, indicated by the red and
green dashed lines, are approximately 7.83 kms~! for 13CO (3-2) and 7.57 kms~! for C!80 (3-2), respectively.

moment 1 map (km/s) moment 1 map (km/s)
8.0 8.0

7.5 8.5 7.5

[ E— | I Z E— |
-3°15 130 (J=3-2) moment 1 map = " _3°15" C180 (J=3-2) moment 1 map
" s = - "
s . ! i
l. | | -
UL -l 18'
5 . L
3 LI "g
s 2 ; . s 21 -
5 ol S S .
W | w "
] I. = - e | ]
ol |
p 7 A pYUB
. : T . .
g > - . .
27 [ K] . zZl -
- I I n " " L N
5hp7m155 00 06M455 305 5h07m15s 00s 06M455 308
RA (J2000) RA ()2000)

Figure 5. Left: 13CO intensity-weighted mean velocity (moment-1) map created in the velocity range between 6.35 and 9.12kms~! overlaid with 13CO
integrated intensity contours. Contour levels are at 0.41, 1.38, 2.76, 4.13, 5.51, 6.89, 8.27, 9.64, 11.02, and 12.40 Kkm sl Right: c8o intensity-weighted
mean velocity (moment-1) map created in the same velocity range between 6.35 and 9.12kms~! overlaid with C'30 integrated intensity contours. Contour
levels are at 0.55, 0.92, 1.85,2.77, and 3.69 K kms~!.
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Figure 6. Left: 13CO velocity dispersion (moment-2) map created in the velocity range between 6.35 and 9.12km s~! overlaid with '*CO integrated intensity
contours. Contour levels are at 0.41, 1.38, 2.76, 4.13, 5.51, 6.89, 8.27, 9.64, 11.02, and 12.40 Kkms™'. Right: c3o velocity dispersion (moment-2) map
created in the same velocity range between 6.35 and 9.12 km s~1 overlaid with C!30 integrated intensity contours. Contour levels are at 0.55, 0.92, 1.85, 2.77,

and 3.69 Kkms™!.

In Fig. 6, we present the velocity dispersion (moment-2) maps
of 13CO (left) and C'%0 (right) emissions, generated over the same
velocity range as the moment-0 maps. These maps are overlaid with
the integrated intensity contours of '>CO and C'80. Notably, the R3
clumpy region exhibits a higher velocity dispersion compared to the
R1 and R2 regions within the '3CO emission. The moment-2 map
for 1*CO emission reveals a velocity dispersion range from 0.06 to
1.40kms~!, with a median value of approximately 0.52kms~! and
an average of around 0.54kms™'.

In the C'®0 emission, the C2 clump shows a higher velocity
dispersion than the C1 and C3 clumps. The moment-2 map for
C'80 emission indicates a velocity dispersion range from 0.17 to
0.66 kms~!, with a median value of approximately 0.37 kms~! and
an average of around 0.38kms~!.

The observed enhancement in the velocity dispersion of the C2
clump of C'®0 emission, corresponding to the R3 region in *CO
emission, likely signifies the presence of deeply embedded class 0
sources (MMS1 A to MMS1 D) within this clump as discussed in
Section 4.1. The radiative influence of these protostellar objects may
be driving the observed increase in velocity dispersion, indicating
their role in shaping the kinematic properties of the surrounding gas.

4 ANALYSIS

In this section, we explored the physical characteristics of the denser
clumps, as traced by C'80 (3-2) emission. To achieve this, we
first delineated the extent of the '*CO cloud and identified the
distinct C'80 clumps, followed by a detailed analysis of the physical
properties of the clumps.

4.1 Identification of 3CO cloud and C'30 clumps

The '3CO emission region within the L1616 PDR is delineated by
the area where the integrated intensity exceeds the 3o threshold. This
covers a wide area where WISE 12 micron emission is emitted (see
Fig. 2).

MNRAS 542, 2953-2967 (2025)

The identification of clumps in the C!®0 emission data was
rigorously confirmed using the Clumpfind algorithm, which necessi-
tates the specification of a threshold value as an input parameter
to effectively identify and delineate clumps within the emission
profiles (Berry 2015). This method was adeptly applied, as depicted
in the middle panel of Fig. 7, which illustrates the three clumps —
Cl, C2, and C3 — detected in C'®0 emission. The figure clearly
demonstrates the spatial correspondence between clump C2 and
region R3, where the peak C!'80 emission is observed at RA:
5M06™m44%, DEC: —3°21'42”. It also indicates that portions of clump
C1 manifest in the '3CO emission as the R1 and R2 regions with peak
C'30 emission at RA: 5"06™56°, DEC: —3°20'30", where the optical
depth of '3CO emission is relatively lower compared to the rest of the
C1 clump. However, due to the higher optical depth, clump C3 with
peak C'0 emission at position RA: 5"06™38°, DEC: —3°19'30",
does not exhibit a corresponding clumpy region in the '*CO emission.
Since the optical depth of clump C3 (7;5(C3) &~ 0.39) exceeds that
of the clumps C1 (£3(C1) ~ 0.24) and C2 (713(C2) ~ 0.29) in C'80
emission, as derived in Section 4.2, it is reasonable to expect a
correspondingly higher optical depth in '*CO emission, which could
potentially account for its non-detection. This figure also illustrates
that clump C1 encompasses the location of the reflection nebula NGC
1788, which is illuminated by a cluster of stars, including two of the
brightest intermediate-mass stars, HD 293 815 (Ramesh 1995) and
Kiso A-0974 15, marked by red and black stars, respectively. Addi-
tionally, clump C1 encompasses the positions of mid-infrared sources
(MIR 1-5) at 11.9 pum, as identified by Stanke et al. (2002) taken from
the 2MASS survey, where they are marked by red plus signs. It is
noteworthy that the positions of the MIR 3 and MIR 4 sources align
with the location of the star Kiso A-0974 15, a phenomenon likely
attributable to the observational resolution. This clump harbours
three pre-main sequence (PMS) stars, depicted as white triangles, as
identified in the study by Alcald et al. (2004). Among them, the stars
located at RA: 5"06™51%, DEC: —3°19'34”, and RA: 5"06™53%, DEC:
—3°20'50" correspond to L1616 MIRS and L1616 MIRI, L1616
MIR?2, respectively. The third star, positioned at RA: 5"06™55%, DEC:
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Figure 7. Middle: Identification of clumps using the Clumpfind algorithm. The three clumps, C1, C2, and C3, are delineated in the C'80 emission region. The
yellow plus sign marks the location of the reflection nebula NGC 1788, whereas the red and black stars denote the positions of the stars HD 293 815 (Ramesh
1995; Gandolfi et al. 2008) and Kiso A-0974 15 (Stanke et al. 2002), respectively. The red plus signs indicate the locations of MIR sources, and the cyan dots
represent the positions of MMSI1 sources (Stanke et al. 2002). Two PMS stars are embedded within the C1 clump, while a third is situated in its immediate
vicinity denoted by the white triangles (Alcald et al. 2004). Left: Average 13CO (3-2) (black) and C'80 (3-2) (blue) spectral profiles corresponding to clumps
C1 (top), C2 (middle), and C3 (bottom). The red and green solid curves represent the average Gaussian fits to the '3CO and C'80 spectra, respectively. Right:
Spectral line profiles of 13CO (3-2) emission (black) and C'80 (3-2) emission (blue) corresponding to the clumps C1 (top), C2 (middle), and C3 (bottom),
extracted towards the pixel located at the peak of the C'80 emission in each respective clump.

—3°20'02", has been classified as Kiso A-0974-14 in their study and
is also recognized in Stanke et al. (2002). Notably, the positions of the
MIR sources identified by Alcald et al. (2004) exhibit slight offsets
from those reported by Stanke et al. (2002). Meanwhile, clump C2
surrounds the 1.2 mm dust continuum sources, specifically MMS1,
depicted by cyan dots. The MMSI1 source is further resolved into
several subcomponents, with MMS1 A being the most luminous.
Other fainter sources include MMS1 B, located 10’ west and 6’ north;
MMSI1 C, positioned 15" west and 4’ south; and MMS1 D, situated 22’
west and 3’ north relative to MMST1 A, as described by Stanke et al.
(2002).

4.2 Physical properties of C'30 clumps

The pixel count and corresponding coordinates for each clump region
were initially determined, followed by the extraction of individual
pixel spectra. Subsequently, the average spectrum for each clump
was derived by aggregating the spectra from all pixels within the
region.

The left panel of Fig. 7 presents the average spectral profiles of
the three clumps — C1 (top), C2 (middle), and C3 (bottom) — in '*CO
(black) and C'80 (blue) emission. While the averaging of spectra
across all pixels within each clump tends to smooth out localized
features, the self-absorption signature typically observed in '*CO
emission within dense regions is not clearly evident in clump C1,
likely due to this averaging effect. However, in clumps C2 and

C3, the 3CO profiles exhibit faint indications of self-absorption,
suggesting the presence of optically thick gas components. The
velocity of the Local Standard of Rest (Vi sg) reflecting the bulk
motion of the clump regions, corresponding to the velocity at
which the majority of gas molecules move, derived from Gaussian
fits to the average C'80 spectra of clumps C1, C2, and C3 are
7.50 £0.01,7.85 £ 0.01, and 7.51 £ 0.01 km s~!, respectively. The
quoted uncertainties correspond to the standard errors obtained from
the covariance matrices of the Gaussian fits. These measurements
align well with the observations presented at the moment 1 map of
C'80 emission (Fig. 5).

The one-dimensional velocity dispersion (ojp) values derived
from the Gaussian fits over the C'®O spectral profiles of the clumps
are 0.35+0.01kms~! for Cl, 0.62+0.01kms~! for C2, and
0.32 £ 0.01 kms~! for C3, which are consistent with the distribu-
tions observed in the moment 2 map (Fig. 6). The uncertainties in
velocity dispersion represent the standard errors derived from the
covariance matrices associated with the Gaussian profile fittings.
The relatively enhanced velocity dispersion in clump C2 is attributed
to protostellar outflow activity associated with the embedded Class
0 protostar system MMS1 A-D (Stanke et al. 2002). In contrast,
clump C1, which hosts a population of PMS stars (Ramesh 1995;
Stanke et al. 2002; Alcala et al. 2004; Gandolfi et al. 2008), shows
no signatures of active outflow, resulting in a comparatively lower
velocity dispersion. Clump C3, devoid of any evident star formation
activity, exhibits the narrowest velocity dispersion, consistent with a
quiescent molecular environment.

MNRAS 542, 2953-2967 (2025)
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Astronomical observations targeting a specific molecular transi-
tion are most responsive to gas densities that approximate the critical
density of the tracer (Stahler & Palla 2008). Under the assumption
of local thermodynamic equilibrium (LTE), the gas density is con-
sidered to be equal to this critical density. Accordingly, all physical
parameters of the clump structures have been derived under LTE
conditions, wherein the population distribution of molecular energy
levels adheres to the Boltzmann statistics. Within the LTE framework,
the kinetic temperature of the gas is presumed to be equivalent to the
excitation temperature.

Due to the unavailability of '2CO (3-2) observations for the
L1616 cloud, the excitation temperatures of the clumps have been
estimated by assuming that the '3CO (3-2) transition is optically
thick within the identified dense clump regions. This assumption is
physically justified, as the '>CO line is often subject to significant
self-absorption in high-density environments, which can render it
unsuitable for reliable temperature estimation. In such regions, *CO
becomes optically thick and can thus serve as a more robust tracer
of excitation conditions (Myers, Linke & Benson 1983; Buckle et al.
2010). This is further supported by the presence of self-absorption
features evident in the '*CO (3-2) spectral profiles (shown in black)
in the right panel of Fig. 7, which correspond to the pixels at the peak
of C'80 emission in each clump. Similar self-absorption signatures
are also observed in other pixels within the clumps, providing strong
evidence that the '*CO emission is indeed optically thick in these
regions. Accordingly, the use of '*CO emission to derive excitation
temperatures is well-supported by previous studies (Buckle et al.
2010) and is particularly appropriate in the context of dense clump
analysis. Under this assumption and within the LTE approximation,
it is further presumed that the relative populations in the lower
rotational states of the '*CO and C'30 isotopologues are identical.
Consequently, the excitation temperatures derived from '*CO (3-2)
emission are assumed to be representative of those for the C'#0 (3-2)
transition as well.

The excitation temperature of the molecular gas can be esti-
mated by employing the standard radiative transfer equation for an
isothermal slab. This formulation, commonly known as the detection
equation, quantifies the observed emission line intensity as a function
of the excitation temperature, background radiation, and optical
depth (Stahler & Palla 2008; Mangum & Shirley 2015; Rawat et al.
2024):

TR = £ (Te) — J (Tso)] [1 — exp(—113)] , 1)

where 7,3 denotes the optical depth at the line centre of the '*CO
spectral profile, and Tn'iebak is the peak main-beam temperature.
The main-beam temperature is related to the observed antenna
temperature through:

‘ Tpeak
Tt =—2—, @
Tmb

where 1y, = 0.61 represents the main beam efficiency for both the
13CO (3-2) and C'30 (3-2) transitions, adopted from Buckle et al.
(2010). The beam filling factor f is assumed to be unity (Buckle
et al. 2010; Rawat et al. 2024).

The function J(T') is given by:

Ty

Ty=— >
S =y 3
xp [ — | —
P T
where T is defined as:
hv
To = —, 4
= )
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with & being Planck’s constant, v the rest frequency of the molecular
transition, and kg the Boltzmann constant. For the transitions
analysed in this study, 7y takes on values of 15.89K for the
3CO (3-2) line and 15.81K for the C'®0O (3-2) line, respec-
tively, based on their rest frequencies. The background radiation
temperature, Tpg, is assumed to be 2.7 K, corresponding to the
cosmic microwave background, and is accounted for in radiative
transfer calculations as a baseline against which line excitation is
measured.

Under the assumption that the '3CO (3-2) transition is optically
thick, the second term in equation (1) asymptotically approaches
unity, thereby simplifying the expression. Substituting equation (3)
and adopting the corresponding values of 7 and Tgg, the excitation
temperature can be expressed analytically as:

15.89K
B3 —2)= . (5)
15.89K
In {1+

T peak + 0.044 K

Using equation (5), the excitation temperature (7,,) was computed
on a pixel-by-pixel basis within each identified clump. For the C1
clump, T, ranges from a maximum of 24.6 + 0.2 K to a minimum
of 13.1 £ 0.2 K, with a mean value of approximately 16.7 K and a
median of 16.6 K. In the C2 clump, the excitation temperature spans
from 19.4 £ 0.2t0 10.6 & 0.1 K, yielding a mean and median of 14.3
and 14.1 K, respectively. The C3 clump exhibits the lowest excitation
temperatures, varying between 13.7 £ 0.2 and 10.8 + 0.2 K, with
corresponding mean and median values of 12.3 and 12.4 K. The
uncertainties in excitation temperature are propagated from the
uncertainty in the antenna temperature (7, ), which was derived from
the standard errors of the Gaussian amplitude fitted to the spectral
line profiles.

These spatial variations in excitation temperature reflect the
distinct star formation activity within each clump. The elevated
temperatures in C1 are attributable to the presence of PMS stars,
which contribute additional thermal energy to the gas. Although C2
harbours Class 0 protostars, its excitation temperature remains lower
than that of C1, likely due to the deeply embedded nature and early
evolutionary stage of these protostars. In contrast, C3 shows the
lowest excitation temperatures, consistent with the absence of any
apparent star formation activity.

After deriving the excitation temperature, the optical depth for
C'30 (3-2) emission can be derived from equation (1) by substituting
the values of excitation temperature. The optical depth equation can
be written as follows,

18
Tmb,peak 1

15.81 exp('ST'Sl) -

- =—In| 11—

- <2.89 x 10*3)

©)

Using equation (6), the optical depth of the C'*0 (3-2) emission
line was calculated on a pixel-by-pixel basis within each clump. In
the C1 clump, the optical depth ranges from a minimum of 0.03 to
a maximum of 0.46, with an average value of approximately 0.24.
For the C2 clump, the optical depth varies between 0.08 and 0.73,
yielding a mean value of about 0.29. In contrast, the C3 clump
exhibits the highest optical depths, spanning from 0.13 to 0.75, with
a mean around 0.39.

Additional physical parameters, such as the line width of spectral
profiles and the three-dimensional velocity dispersion, are derived
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Table 1. Kinematic and turbulent properties of clumps C1, C2, and C3 in the L1616 PDR traced by C'30 (3-2) emission.

Region (Tiin) 7 AV 03D VLsrR Oth Ont,3D cs M
(K) (kms~!) (kms~!) (kms~") (kms~1) (kms~!) (kms~!)

CI clump 16.7 0.24 0.83 0.61 7.50 0.07 0.59 0.24 2.4

C2 clump 14.3 0.29 1.46 1.08 7.85 0.06 0.98 0.22 4.4

C3 clump 12.3 0.39 0.76 0.56 7.51 0.06 0.69 0.21 34

using the following two fundamental equations:

AV = 2.3501]), (7)

O3p = \/§UID- (8)

The three-dimensional velocity dispersion provides a more holistic
view of the internal motions within the cloud, considering the
full velocity distribution across all spatial dimensions. Together,
these parameters offer a comprehensive characterization of the
molecular cloud’s physical and dynamical properties, contributing
to our understanding of its structure, composition, and evolutionary
processes.

Table 1 provides a detailed summary of the key physical param-
eters characterizing the clumps C1, C2, and C3 within the L1616
PDR. The listed quantities include the average excitation temperature
(Tx), optical depth (t), full width at half maximum (FWHM or
AYV), three-dimensional velocity dispersion (o3p), and the systemic
velocity (Visr), offering critical insights into the local kinematics
and thermodynamic conditions of each clump.

4.2.1 Column density, mass, and virial parameters estimation

The physical extent of each clump was determined by calculating
the total area based on the pixel count and pixel scale, using the
following relation:

A
Yeff = o , )
T

where Ay denotes the effective projected area of a clump. Adopting
a distance of 384 pc to the L1616 CG (Saha et al. 2022), the resulting
effective radii for the clumps C1, C2, and C3 are estimated to be
approximately 0.128 £ 0.002, 0.093 £ 0.001, and 0.078 =+ 0.001 pc,
respectively. The uncertainty in the determination of rey primarily
arises from the uncertainty associated with the distance measurement.

Utilizing the derived average excitation temperature values, as
discussed above, we have successfully computed the average column
densities pertaining to the C1, C2, and C3 clump regions within the
L1616 PDR using the following relations (Garden et al. 1991; Buckle
et al. 2010),

15.81
N(C™®0) = 8.26 x 10" exp ( - )

ex

Tex + 0.88
XL/tdvcm’z, (10)
1 —exp (—15.81)

Tex

where we have used the approximations,

1 T
dv = I dvore = 1. .
/T v J(Tex)_J(TBc,)l—e*f/ pdv (fort > 1) (11)

and

1
/rdv:m/ﬂnbdv(ferr < 1). (12)

The hydrogen column density based on C'80 (3-2) (Castets &
Langer 1995; Rawat et al. 2024) emission are obtained using the
following equation,

(N(Hp))eiso = 7 x 100N (CRO). (13)

Using equations (10), (12), and (13), the column densities of
C'80 and H, molecules were derived for each pixel within the
identified clumps without optical depth correction because C'*0
(3-2) emission is optically thin in the clumps.

For clump C1, the C'®0 column density spans from 1.3 x 10"
to 2.2 x 10" cm™2, corresponding to an H, column density range
of 9.0 x 10%°-1.5 x 10*2 cm™2. The mean column densities across
C1 are calculated to be 1.0 x 10> cm™2 for C'#0 and (7.2 + 1.2) x
10*' cm~2 for H,.

In the case of clump C2, the C'®0 column density ranges from
5.6 x 10 to 4.1 x 10" cm~2, with the associated H, column
density varying between 3.9 x 10?! and 2.9 x 1022 c¢cm™2. The
average values within this clump are 1.8 x 10" cm™2 for C'*0 and
(1.34+0.2) x 10?2 cm™2 for H,.

For clump C3, the C'30 column density lies between 8.4 x 10'*
and 2.2 x 10" cm~2, while the corresponding H, column density
ranges from 5.9 x 10*' to 1.6 x 102 cm™2. The mean column
densities within C3 are estimated to be 1.5 x 10" cm~2 for C'%0
and (1.1 £0.1) x 102 cm™2 for H,. The uncertainty in the column
density arises through the propagation of errors, primarily stemming
from the uncertainty in the excitation temperature, which plays a
crucial role in its derivation.

The molecular gas mass within each clump has been calculated
using the following relation:

M. = MHzmHApixelzN(Hz)- (14)

Here, up, represents the mean molecular weight, adopted as 2.8
(Kauffmann et al. 2008), my denotes the mass of a hydrogen atom,
and Apixe is the area of a pixel in units of cm?. The resulting molecular
gas masses for the clumps C1, C2, and C3 are estimated to be 8.2 &
0.2, 7.7 £0.2, and 4.5 £ 0.1 Mg, respectively. The uncertainty in
the mass estimation is primarily propagated from the uncertainties
in both the distance to the L1616 cloud and the column density.

In the study by Yonekura et al. (1999), a single core was identified
in the C'®0 (1-0) emission, and its mass was estimated to be
161 Mg, based on an assumed distance of 460 pc to the L1616 cloud.
Their observations were conducted with an angular resolution of
2.7 arcmin, which is significantly coarser than the resolution of our
JCMT-HARP data, approximately 15 arcsec. Adopting the same
distance of 460 pc, we estimated the masses of the three clumps
identified in our analysis to be 11.8, 11.1, and 6.5 Mg, respectively,
yielding a total mass of about 29.4 M,. The discrepancy in the mass
estimates is likely attributable to the lower spatial resolution of their
observations, which may have resulted in the blending of multiple
structures into a single core. In contrast, our higher-resolution data
reveal the presence of three distinct clumps within the L1616 cloud
region.

MNRAS 542, 2953-2967 (2025)
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Table 2. Derived physical parameters of clumps C1, C2, and C3 in the L1616 PDR from C'30 (3-2) emission.

Region (N(Ha)) reff Mass (n(H>)) Myir a -W Exin
(x10?2 cm=2) (pc) Mg) (x10*cm™3) Mp) (x10%7) (x10%07)
C1 clump 0.72 0.13 8.2 1.37 10.8 1.32 458 3.00
C2 clump 1.27 0.09 7.7 3.29 20.9 2.70 5.55 7.46
C3 clump 1.07 0.08 45 3.35 8.9 1.96 2.27 223

The additional physical characteristics of the molecular clumps
— particularly the volume number density of molecular hydrogen
(nm,) — were derived using the following relation (Pineda, Caselli &
Goodman 2008; Rawat et al. 2023):

3M.

= ° (15)
4”re3ffMHzmH

nH,

The derived average values of number density for the clumps C1,
C2, and C3 are (1.440.6) x 10*cm™3, 3.3+ 1.5) x 10*cm™3,
and (3.3 £ 1.6) x 10*cm™3, respectively. The uncertainties in the
derived number densities originate from the propagated errors in
both the mass and effective radius of the clumps.

To evaluate the gravitational boundedness and dynamical stability
of the clumps, we computed the virial mass (M,;) and the virial
parameter (o), assuming spherical geometry and a radial density
profile of the form p o r;ﬂﬂ with 8 =2 (Rawat et al. 2023), using
the following equations,

Myir = 1267 (AV)?, (16)
Mvir (17)
o = .
M.

The virial masses estimated for the C1, C2, and C3 clumps are
10.8 £ 1.6, 20.9 £ 1.5, and 8.9 & 3.2 M, respectively. The uncer-
tainty in the virial mass arises from the propagated errors in the clump
radius and the velocity dispersion, the latter derived from the standard
deviation of the Gaussian fit to the C'80 spectral line profile. Notably,
the FWHM, AV used in equation (16) represents the average of all
pixel-wise line widths within each clump, rather than the line width
derived from the mean spectrum shown in the left panel of Fig. 7.
This method avoids potential overestimation of AV and yields more
accurate virial mass values. The resulting virial parameters for C1,
C2, and C3 are 1.3 £0.2, 2.7 +0.2, and 2.0 £ 0.7, respectively.
The estimated uncertainties in the virial parameter arise from the
propagated uncertainties in both the virial mass and the clump mass.
Since the virial parameter for clump C1 falls below the critical
threshold defined by the density index g = 2, this indicates that this
clump is gravitationally bound. Such conditions are consistent with
regions undergoing active star formation or poised on the brink of
collapse. In contrast, clump C2 exhibits a virial parameter exceeding
this threshold, suggesting that it is gravitationally unbound. This
dynamical state may be attributed to the influence of protostellar
feedback, particularly the outflows associated with the embedded
Class 0 protostars, which can inject sufficient kinetic energy to
counteract gravitational confinement. For clump C3, the virial
parameter is found to be close to the critical value corresponding
to a density profile index of 2. This suggests that C3 is likely in
a state of near virial equilibrium, rather than being gravitationally
bound.

A detailed summary of these derived physical parameters for
clumps C1, C2, and C3 is presented in Table 2.

MNRAS 542, 2953-2967 (2025)

4.2.2 Turbulent kinematics analysis in C'*O emission in clump
regions

To explore the turbulent characteristics within the clump regions
Cl1, C2, and C3 of the L1616 cloud, we computed the non-
thermal velocity dispersion and the Mach number, following the
methodologies of Palau et al. (2015) and Sepulveda et al. (2020). The
three-dimensional non-thermal velocity dispersion (o, 3p) is related
to its one-dimensional counterpart (o, 1p) through the expression:

Ont, 3D = \/go'm, ID- (18)

The one-dimensional non-thermal velocity dispersion is derived from
the observed total velocity dispersion (o1p) and the thermal velocity
dispersion (oy,), where the latter is given by:

k Tin
On = 4| (19)
Mimy

Here, kg is the Boltzmann constant, Ty, is the kinetic temperature
within each of the clump regions, and u; is the mean molecular
weight of the tracer species (taken to be 30 for C'80; Rawat et al.
2024). The non-thermal component is then calculated as:

Ont, ID = O'IZD — a[ﬁ. (20)

To characterize the level of turbulence relative to thermal motion,
we estimated the Mach number (M), defined as the ratio of the 3D
non-thermal velocity dispersion to the thermal sound speed (c;):

Ont, 3D

M= . 1)

Cs

The sound speed, cs, is given by:

kg Ty
o= o, 2)
Hmy

where p represents the mean molecular weight per free particle,
adopted as 2.37 for a molecular gas with typical interstellar compo-
sition (Kauffmann et al. 2008; Rawat et al. 2024).

Using equation (21), we derived the Mach numbers for the Cl1,
C2, and C3 clumps as 2.4, 4.4, and 3.4, respectively. The notably
elevated Mach number observed in the C2 clump likely reflects
enhanced turbulent motions, potentially driven by the outflow activity
associated with embedded Class O protostellar sources. It is important
to emphasize that the turbulent parameters presented in this analysis
represent the mean of these values computed across all individual
pixels within each clump. This approach mitigates the risk of
overestimating turbulence parameters that can arise when using the
line width obtained from a Gaussian fit to the averaged spectrum of
the clumps (as shown in the left panel of Fig. 7).

Table 1 presents the parameters that provide further insight into
the turbulence levels within these clump regions.
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Figure 8. '3CO (3-2) (in black) and C'80 (in blue) spectral profiles of 16 regions, each with a size of 98 arcsec x 98 arcsec obtained by 7 x 7 binning of the
beam, superimposed on the '*CO integrated intensity map. The map is overlaid with C'¥O moment 0 contours (in red) at levels of 0.55, 0.92, 1.58, 2.77, and
3.69 Kkms~!. Each spectrum has been smoothened using a Gaussian filter with a o value of 1 kms™' for '3CO emission and 2km s~ for C'80 emission to
enhance the signal quality. For clearer visualization, the C'80 spectra have been scaled by amplifying the antenna temperature (T) by a factor of 2.

4.2.3 Gravitational potential energy and kinetic energy estimation

The gravitational potential energy (W) of the clump regions was
estimated by assuming a radial density profile of the form p o r~#,
in accordance with the prescriptions of MacLaren, Richardson &
Wolfendale (1988) and Bertoldi & McKee (1992). For a power-law
index B = 2 and under the assumption of spherical symmetry, the
gravitational potential energy is given by:

3 GM?
=—Ty——=, (23)
5 Fefft
where y = 1':2’73/ /35 = % for = 2, and G is the gravitational constant.

The internal kinetic energy, which reflects the contribution from
thermal and non-thermal turbulent motions within the gas, was
evaluated using the expression (Buckle et al. 2010):

1 2
Eyin = 5 cO3p, (24)
where o3p denotes the three-dimensional velocity dispersion aver-
aged over all pixels within each clump.

The gravitational potential energy and kinetic energy of the clump
C1 are estimated to be —(4.6 £0.3) x 10°7J and (3.0 £0.6) x
10%® J, respectively. For C2, these values are —(5.6 +0.3) x 10%°]
and (7.540.6) x 10’ ], while for C3, they are —(2.3£0.1) x
103 J and (2.2 £0.9) x 10 J.

The uncertainties associated with the gravitational energies have
been propagated from the errors in clump mass and effective radius,

whereas the uncertainties in kinetic energy were derived based on
the propagated errors in mass and the one-dimensional velocity
dispersion.

These calculated values of gravitational binding and internal
kinetic energies provide crucial insights into the dynamical states
of the clumps identified in the C'30 emission. A detailed summary
of these energetics is presented in Table 2.

For the C1 clump, the absolute value of the gravitational potential
energy exceeds the internal kinetic energy, indicating that this
structure is gravitationally bound within the C'*O emission region.
In contrast, the C2 clump exhibits a kinetic energy that surpasses
its gravitational potential energy, suggesting that it is gravitationally
unbound and dynamically supported against collapse. For clump C3,
the magnitudes of gravitational and kinetic energies are nearly equal,
indicating that the clump is in a state close to virial equilibrium. This
is supported by the energy ratio 2 Eyi, /| W| =~ 2.0, which is consistent
with the condition expected for a system in virial balance.

4.3 Gas kinematics of *CO cloud and C¥0 clumps

Fig. 8 presents the spectral profiles of 16 regions, each approximately
98 arcsec x 98 arcsec in size, extracted from the 3CO and C'30
emission maps. These regions, delineated by black boxes superim-
posed on the *CO (3-2) integrated intensity map overlaid by C'30
(3-2) moment O contours, correspond to 7 x 7 binning of the JCMT-
HARP observation’s 14 arcmin beam size.
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In the pursuit of identifying infall signatures, a critical criterion
involves resolving double velocity peaks in the *CO (3-2) spectra (in
black), with the blueshifted component displaying a higher intensity
than the redshifted component. Simultaneously, the C'*0 (3-2)
spectral profile (in blue) should exhibit a single velocity peak whose
position coincides with the dip between the two peaks in the '*CO
spectrum.

In Fig. 8 for 1*CO emission, in Region 3, two distinct peaks appear
at velocities of 7.97 and 8.44kms~!. Similarly, Region 6 reveals
peaks at 6.90 and 7.68kms~!, while Region 9 exhibits peaks at
6.74 and 8.10kms~!. However, in these regions (3, 6, and 9), the
redshifted components are more prominent than their blueshifted
counterparts, suggesting the absence of gas infall motion.

Conversely, in 1*CO emission in Region 4, the blueshifted peak at
7.70kms~! is more intense than the redshifted peak at 8.33 kms™'.
A similar trend is observed in Region 7, where the blueshifted peak
at 7.75kms~! dominates over the redshifted peak at 8.25kms~!.
However, the C'80 emission from Region 4 is deemed negligible,
and therefore, not considered in the analysis. Furthermore, in the
C'80 spectrum of Region 7, no single velocity peak aligns with the
dip between the double peaks in the '*CO spectrum. This lack of
alignment indicates the absence of infall motion in Region 7 which
is proximal to the C2 clump.

5 DISCUSSION

5.1 Star formation potential and comparative analysis of dense
clumps

Based on both the virial parameter and energy budget analyses, clump
C1 appears to be gravitationally bound, clump C2 is unbound, and
clump C3 is found to be in a state close to virial equilibrium. As
discussed in Section 4.1, clumps C1 and C2 exhibit clear signatures
of star formation activity, while no such activity has been detected
within C3. Although C2 hosts Class O protostars, the clump appears to
be gravitationally unbound, likely due to feedback from protostellar
outflows, as suggested by Stanke et al. (2002), which may have
injected sufficient energy to overcome the gravitational binding and
suppress further collapse.

The C1 clump, on the other hand, contains MIR sources (Stanke
et al. 2002) and pre-main-sequence stars (Alcald et al. 2004), and
remains gravitationally bound, reinforcing its role as an active and
potentially ongoing site of star formation. Although clump C3
currently shows no observable signs of ongoing star formation,
its near-virial equilibrium state suggests that it may evolve into an
active star-forming region in the future, provided that the appropriate
physical conditions — such as sufficient mass accumulation or
external triggering — are met.

For a comparative perspective, we examine the physical properties
of clumps identified by Walker-Smith et al. (2013) in the NGC 2068
region, based on JCMT-HARP observations of C'80 (3-2) emission.
NGC 2068 is a prominent reflection nebula embedded within the
Orion B molecular cloud, situated at a distance of approximately
415 pc (Walker-Smith et al. 2013), and hosts a population of young
stellar objects (YSOs) with estimated ages as young as ~10° yrs
(Strom et al. 1975). In their analysis, the effective radii of the
identified C'®0 clumps span from 0.03 to 0.10pc, while clump
masses range between 0.7 and 11.9 Mg. The corresponding virial
masses lie between 0.2 and 2.7 M, yielding virial parameters in the
range 0.1-0.8 — suggesting that all clumps are gravitationally bound.
The one-dimensional velocity dispersions (oip), derived from the
C'80 spectra at the peak emission positions, range from 0.16 to
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0.42kms~!, with a mean of approximately 0.28 km s
in their table A2.

In contrast, our investigation of the L1616 region using the
Clumpfind algorithm reveals the effective clump radii in the range of
0.08-0.13 pc, broadly consistent with the effective radii reported for
NGC 2068. The masses of the L1616 clumps fall between 4.5 and
8.2 Mg, overlapping with the mass distribution found in NGC 2068.
However, the one-dimensional velocity dispersions obtained from
Gaussian fitting of the C'80 spectra at the peak C'®0 emission (right
panel of Fig. 7) — measured as 0.26, 0.65, and 0.21 km s~ for clumps
C1, C2, and C3, respectively — yield a mean value of 0.37kms™',
which is approximately 1.3 times higher than the mean reported for
NGC 2068. Notably, the virial masses derived in our study, ranging
from 9 to 21 Mg, are significantly greater than those reported by
Walker-Smith et al. (2013), and the associated virial parameters lie
in the range 1.3-2.7.

This marked discrepancy in virial mass and virial parameter
indicates fundamental differences in the dynamical states of the
clumps within the two regions. In NGC 2068, where YSOs are
already present, the gravitational binding of clumps appears well
established. Conversely, in L1616, only clump C1 satisfies the grav-
itational boundedness criterion. Clump C2, despite its association
with the Class O protostars, appears gravitationally unbound, while
clump C3 - though devoid of current star formation activity —
exhibits a virial state close to equilibrium. These variations likely
reflect differences in the underlying physical conditions, evolutionary
stages, and external environmental influences shaping the molecular
cloud structures in NGC 2068 and L1616.

It is important to highlight that in the study by Walker-Smith
et al. (2013), the clump masses derived from C'®0 emission were
estimated under the assumption of a uniform excitation temperature
of 16.1K for all clumps. This value was adopted from the mean
excitation temperature of the entire NGC 2068 region, as derived
by Ikeda, Kitamura & Sunada (2009) using NHj3 transition measure-
ments. Such a simplification inherently introduces some uncertainties
in the mass estimates, as acknowledged by the authors. In contrast,
our analysis accounts for spatial variation by estimating the clump
masses using their respective excitation temperatures, which are
found to be on average 16.7 K for clump C1, 14.3 Kfor C2,and 12.3 K
for C3. These values demonstrate that the excitation temperatures
within individual clumps in L1616 are broadly consistent with the
mean excitation temperature reported for the entire NGC 2068
complex. Although the excitation temperatures reported by Ikeda
et al. (2009) are derived from NHj transitions, which typically
trace denser gas than our 'CO-based measurements, the close
agreement of these temperature values suggests a broadly similar
thermal environment across the two regions despite the difference in
molecular tracers employed.

5.2 Shaping and star formation in the L1616 cloud: effects of
ionizing radiation

As illustrated in the left panel of Fig. 1, the ten ionizing stars
originally identified by Ramesh (1995) were subsequently adopted
by Saha et al. (2022) as the primary influencing sources potentially
responsible for triggering star formation in L1616. In their analysis,
Saha et al. (2022) examined the dynamics of YSOs in the L1616
region (Stanke et al. 2002; Alcala et al. 2004; Gandolfi et al. 2008;
Zari et al. 2018) using astrometric parameters from Gaia Early Data
Release 3 (EDR3; Brown et al. 2021), particularly the proper motions
in right ascension (/44) and declination (us), measured relative to
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these ten massive OB stars (see fig. B1 of Saha et al. 2022). Based
on the classification by Herndndez et al. (2005), stars 2 and 4 are
associated with the Orion OBlbc subgroup, whereas stars 7, 8, 9,
and 10 belong to Orion OBla. Star 1 is a confirmed member of the
o Orionis cluster, as cataloged in the Mayrit data base (Caballero
2008), while star 3 is associated with € Orionis (Lesh 1968; Saha
et al. 2022). Both o Orionis and € Orionis are members of the Orion
OB1b subgroup, as suggested by Voss et al. (2010). Stars 5 and 6 are
identified as members of Orion OBlc, following the classification
of Simén-Diaz (2010). Consequently, the identified stars span the
Orion OB1la, OB1b, and OB 1c subgroups, with none belonging to the
Orion OB1d association — known to represent a younger star-forming
population compared to the other subgroups (Bally 2008). Among
these, € Orionis (B0 Ia; star 3) emerges as the principal influencing
source for both the morphology and star formation activity in the
L1616 cloud, as the peak CO emission is spatially oriented toward the
direction of its radiation field, an interpretation originally proposed
by Ramesh (1995) and later supported by Saha et al. (2022).

The incident far-ultraviolet (FUV) radiation field impinging upon
the L1616 globule, expressed in units of the Habing field Gy
(1.6 x 103 ergem™2s~!) (Habing 1968), was estimated using the
formulation provided by Codella et al. (2001) and originally derived
by Sternberg & Dalgarno (1989):

Gy =170 L (d\~ T4 14.4 1 B (25)
= — | — exp|( — | — s
0 Lo \ipe) ™ [P\ 7,

where L is the stellar luminosity, d is the projected distance between
the ionizing star (Saha et al. 2022) and the globule, and 7} is the
effective stellar temperature normalized to 10* K. Luminosities and
temperatures for the stellar sources contributing to the FUV field
were adopted from table 1 of Panagia (1973), as indicated in Fig. 1.
However, for certain spectral types (B2.5V, B1.5V, and 09.7V), the
relevant stellar parameters are not listed. In such cases, we adopted
interpolated values by averaging the luminosities and temperatures
of adjacent spectral subtypes: B2 and B3 for B2.5V, B1 and B2 for
B1.5V, and 09 and BO for 09.7V. Additionally, a star denoted as
B2 in Saha et al. (2022), lacking a specific luminosity class, was
identified in the SIMBAD data base as type B2 IV/V.

Applying equation (25) to our sample, we derive a cumulative
FUV flux incident on L1616 of G, =~ 3.73. Notably, ¢ Orionis
alone contributes an FUV flux of approximately 2.65, while the
remaining stars individually provide only ~0.6-19 per cent of this
value. The highest secondary contribution (19 per cent) arises from
the 09.7 V star (star 6). This FUV flux distribution strongly supports
the conclusions of Ramesh (1995) and Saha et al. (2022), reinforcing
the interpretation that € Orionis is the dominant ionizing source
driving the PDR L1616. This derived total FUV flux is consistent
with modestly irradiated environments: the interstellar radiation field
spans from Gy & 1.7 in quiescent regions up to Gy > 10° in extreme
environments near luminous O-type stars within 0.1 pc of dense
molecular material (Hollenbach & Tielens 1997). The estimated flux
implies that the L1616 globule lies within a moderate PDR influenced
by nearby OB-type stars.

To further characterize the depth of FUV penetration into the
molecular cloud, we estimate the visual extinction, Ay, across the
C'®0 (3-2) emission region using the canonical relation (Bohlin,
Savage & Drake 1978; Rawat et al. 2023):

Ay — N(Hp)
"7 9.4 x100cm2mag!’

(26)

yielding an average extinction of Ay & 9.7. This extinction is in
excellent agreement with the threshold reported by Hollenbach &
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Tielens (1997), who modelled static photon-dominated regions and
demonstrated that the transition from atomic to molecular oxygen
gas typically occurs at Ay ~ 10. Beyond this layer, the attenuation
of FUV photons becomes significant. Hence, our derived Ay and G
values together confirm that L1616 resides in a well-developed PDR,
shaped by the radiation from nearby OB stars in the Orion complex.

Our JCMT-HARP observations, which probe deeper into this PDR,
reveal three prominent clumps — C1, C2, and C3 — embedded within
the C'80 (3-2) emission region (see Fig. 7). Notably, the MIR
sources associated with clump C1 exhibit stellar ages of the order of
10° yr, consistent with the evolutionary age of the nearby star HD
293 815 (Stanke et al. 2002). In contrast, clump C2 hosts Class 0
protostars, representing an earlier stage of stellar evolution, thereby
suggesting a temporal gradient in star formation activity across the
cloud.

The L1616 globule is predominantly shaped by the radiative and
mechanical influence of massive stars belonging to the Orion OB1a,
OBI1b, and OB1c subgroups (Saha et al. 2022). According to Bally
(2008), the OB1a subgroup comprises stars with ages of 8—12 Myr,
OB1b members have age between 1.7-8 Myr, and OB1lc members
range between 2—-6 Myr. These chronological constraints imply that
the onset of star formation within L1616 is a relatively recent event,
likely triggered by the radiative influence of older, nearby OB stars.
The age difference between the C1 and C2 clumps also supports a
sequential star formation scenario, with C1 preceding C2 (Stanke
et al. 2002).

Regarding the mechanism responsible for triggering this star for-
mation episode, several lines of evidence disfavour the possibility of
a supernova-driven origin. Stanke et al. (2002) argue that supernova
shocks propagating through the Sco-Cen association would likely
traverse low-density intercloud media (<10° cm™3), rendering them
inefficient at compressing molecular clouds. Furthermore, the shock
velocities in such media are typically a few tenths of kms~!, far
below the 10kms~! required to induce collapse in dense cores, as
discussed by Preibisch & Zinnecker (1999).

Instead, we propose that radiation-driven implosion (RDI) is the
dominant mechanism behind the initiation of star formationin L1616,
consistent with the interpretations put forth by Stanke et al. (2002)
and Saha et al. (2022). In this scenario, pre-existing dense clumps
are compressed by ionizing FUV radiation, resulting in triggered
gravitational collapse. This interpretation is supported by both the
morphology and age structure of the region. The observed clumps
(C1, C2) lie along an east-to-west progression that is consistent
with sequential triggering, with C1 — the easternmost and closest to
the ionizing OB stars — forming first. The absence of evident star
formation in C3 suggests it has not yet received sufficient external
pressure to overcome internal support mechanisms.

The cometary morphology of L1616 can be understood as a
consequence of the interplay between RDI and the rocket effect. As
described by Saha et al. (2022), RDI leads to the compression and
eventual equilibrium of dense clumps with the surrounding ionized
medium, while the rocket effect results in the acceleration of the
cloud material away from the ionizing sources, thereby producing
an elongated, lower density tail-like structure. This combination of
physical processes elegantly accounts for the cloud’s morphology, the
sequential nature of star formation, and the presence of embedded
clumps at varying evolutionary stages.

Despite the modest FUV radiation field, L1616 demonstrates that
radiative feedback can still drive clump evolution and trigger collapse
when pre-existing density enhancements are present. Even a weak
but sustained FUV field can induce pressure imbalances, especially
in regions that are already gravitationally marginal. The triggering
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here is not primarily due to high radiation intensity but rather to the
susceptibility of dense clumps to compression.

6 SUMMARY

This study explores the gas kinematics and physical characteristics
of the CG L1616, a prominent PDR, with the aim of uncovering
the mechanisms driving star formation within it. In this study, we
report for the first time the identification of three distinct clumps
that are actively involved in star formation processes. By estimating
the velocity dispersion, non-thermal velocity dispersion, and Mach
number for the identified clumps — C1, C2, and C3 — within the
L1616 PDR, we find compelling evidence of dynamic activity,
particularly in clump C2. The elevated Mach number observed in
C2, which harbours Class 0 protostars as reported by Stanke et al.
(2002), suggests the presence of outflow activity. However, due to the
absence of '2CO (3-2) data, we are unable to conclusively identify
the characteristic outflow wing features in the spectral profiles shown
in Fig. 8.

We assess the gravitational stability of the clumps through both
virial parameter and energy budget analyses, which collectively
indicate that clump C1 is gravitationally bound and clump C3 is
in a state of near-virial equilibrium. Clumps C1 and C2 currently
exhibit signs of active star formation, while C3 — though presently
quiescent — appears well-positioned to develop into a star-forming
core in the near future. In contrast, despite the presence of YSOs
within clump C2, its gravitationally unbound nature suggests that it
is unlikely to sustain further star formation activity going forward.

The estimated FUV flux incident on L1616, derived from stellar
sources identified in Fig. 1, is not sufficiently intense to independently
trigger the formation of dense clumps. Therefore, we propose that the
clumps identified in this study were pre-existing structures within the
L1616 PDR. Such clumpy substructures are commonly observed in
photon-dominated regions, as noted by Hollenbach & Tielens (1997).
In this scenario, RDI acts upon these pre-existing overdensities,
enhancing their compression and driving them toward gravitational
instability, ultimately initiating star formation. Furthermore, the
sequential nature of star formation observed in L1616 is consistent
with the progressive action of RDI across the region. The combined
influence of RDI and the rocket effect, as discussed by Saha et al.
(2022), likely contributes to the characteristic cometary morphology
of the L1616 globule.
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