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ABSTRACT

We explore the physical environment of the Galactic mid-infrared (MIR) bubble [HKS2019] E71
(hereafter E71) through a multi-wavelength approach. E71 is located at the edge of a filamentary struc-
ture, as traced in Herschel images (250-500 pm), Herschel column density map, and molecular maps
in the velocity range [—20, —14] kms™!. It hosts a stellar cluster (radius~1.26 pc, distance~1.814-0.15
kpc) associated with radio continuum emission, including a centrally positioned B1.5-type massive star
(hereafter ‘m2’), along with an enhanced population of evolved low-mass stars and young stellar objects.
MIR images and molecular line maps reveal a PDR surrounding ‘m2’, exhibiting an arc-like structure
along the edges of E71. Regularly spaced molecular and dust condensations are identified along this
structure. The position-velocity map of 2CO (1-0) emission suggests an expansion of molecular gas
concentrated at the periphery of E71. Near-infrared spectroscopic observations with TANSPEC con-
firm the presence of the accretion process in a massive young stellar object (MYSO) located near
the edge of the bubble. High-resolution uGMRT radio continuum maps uncover substructures in the
ionized emission, both toward the MYSO and the center of E71. These findings support that ‘m2’ has
shaped an arc-like morphology through its feedback processes. The pressure exerted by ‘m2’ and the
velocity structure of the 12/13CO (1-0) emission suggest that the stellar feedback has likely driven out
molecular material, leading to the formation of the expanding E71 bubble. Our overall investigation
infers that the “collect and collapse” process might be a possible mechanism that can describe the
ongoing star formation activities around the E71 bubble.

Keywords: Stellar feedback (1602); H 11 regions (694); Interstellar medium (847); Star formation (1569);
Star forming regions (1565); Stellar wind bubbles (1635); Young stellar objects (1834)

1. INTRODUCTION molecular clouds: IR ‘bubbles’. These shell- or arc-
Large-scale infrared (IR) surveys (e.g., Churchwell lik.e features are f.orr-ned when expar.lding HiI regions,
et al. 2006; Wachter et al. 2010; Hanaoka et al. 2019) driven by the radiative and mechanical feedback from

massive star(s) (with masses > 8 M), interact with the
surrounding molecular material, leading to the forma-
tion of photo-dissociation regions (PDRs). The expan-
Corresponding author: Aayushi Verma sion of such bubbles can induce massive star formation
aayushiverma@aries.res.in along their peripheries (Zhang & Wang 2012; Dale et al.
2013), as the neutral gas is compressed, potentially be-

have revealed some of the most striking structures in
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coming gravitationally unstable, fragmenting into dense
cores, and forming a new generation of massive stars
(Elmegreen & Lada 1977; Deharveng et al. 2010; De-
wangan et al. 2020a; Kumar et al. 2020; Zhou et al.
2020). Therefore, studying these IR bubbles offers cru-
cial insights into the interaction between H 11 regions and
their host molecular clouds, as well as into the mecha-
nisms of triggered star formation.

This study focuses on the Galactic mid-infrared
(MIR) bubble [HKS2019] E71 (hereafter E71; o j2000 =
05"38™45% 4, 6 yo000 = +30°43'31"), which was first cat-
aloged by Hanaoka et al. (2019) using AKARI and Her-
schel photometric data and has not been extensively ex-
plored to date. The upper-left panel of Figure 1 shows
the Herschel column density map (see Section 2.6), offer-
ing a large-scale view of the target region. A partial ring
(or arc) of gas and dust is evident on the western side
with several dense clumps. The IRAS sources present in
this region are also marked with red diamonds. The cor-
responding dust temperature map (upper-right panel;
see Section 2.6) reveals elevated dust temperatures (i.e.,
Ty ~ 18 K) along the arc, suggesting radiative heating
from embedded massive star(s). Overlaid blue and red
contours denote '2CO integrated intensities in the ve-
locity ranges [—20, —14] km s~! and [—4, 2] km s™},
respectively (see Section 3.10.1), indicating the pres-
ence of two kinematically distinct molecular clouds in
the region. This panel also includes an overlay of Class1
YSOs to examine their spatial distribution relative to
the molecular gas. A clear spatial correlation is evident,
indicating that the region is actively forming stars. The
lower-left panel presents a WISE color-composite im-
age (22 pm in red; 12 pm in green). The 22 pm emis-
sion traces warm dust heated by stellar feedback, while
the 12 pm band captures polycyclic aromatic hydrocar-
bon (PAH) emission at 11.3 pm. The lower-right panel
shows a zoomed-in view of the WISE 12 um emission
map overlaid with WISE 22 ym emission contours (ma-
genta). A partial PAH ring, characteristic of a PDR, is
more prominently visible in this zoomed-in view, consis-
tent with feedback-driven shell morphology (Yadav et al.
2016; Kaur et al. 2020; Panwar et al. 2020). Stellar sur-
face density contours (cyan), derived from the United
Kingdom Infra-Red Telescope (UKIRT) Infrared Deep
Sky Survey and Two Micron All-Sky Survey’s combined
catalog (UKIDSS-2MASS catalog; see Section 3.3), are
overlaid in the zoomed-in panel, with a blue conver
hull outlining a stellar cluster enclosed within the E71
bubble (see Section 3.3). MSX sources are marked in
this panel with red triangles. The region also hosts
a massive young stellar object (MYSO), labeled ‘m4’
(OéJQooo = 05h38m47s.16, 0 72000 = +30041/18”.1), iden-

tified in the right panel of Figure 1 (Urquhart et al. 2011;
Lumsden et al. 2013; Purser et al. 2021). MYSOs rep-
resent an early evolutionary phase of massive OB-type
stars and are key to understanding massive star forma-
tion processes. They drive strong stellar winds (Bunn
et al. 1995) and bipolar molecular outflows (Shepherd &
Churchwell 1996), contributing to significant feedback in
their natal environments. This MYSO, located at a dis-
tance of 2.0 + 0.6 kpc (Kawamura et al. 1998), shows
He 1 and Bry lines with a P-Cygni profile, indicative
of strong outflows (Cooper et al. 2013). Very Large
Array (VLA) observations at 5.8 GHz further classify
it as a jet candidate (Purser et al. 2021). Urquhart
et al. (2011) detected the NHjz (1,1) and NHj (2,2)
emission with the systematic velocity of —16.14 kms~*
and —16.09 kms~!, respectively, towards this MYSO.
These velocities closely match with the average veloc-
ity (~ —16 kms™!) of the molecular cloud associated
with the E71 bubble (see Section 3.10.1). These features
strongly suggest a physical association of the MYSO
with the E71 bubble.

These multi-wavelength features make E71 an ideal
star-forming site for examining the influence of massive
stellar feedback on the interstellar medium (ISM) and
the potential triggering of subsequent star formation.

In this work, we conduct a comprehensive multi-
wavelength study of the E71 bubble. The structure of
this paper is as follows: Section 2 describes the observa-
tional datasets, reduction methods, and ancillary data
used. Section 3 details the stellar clustering and young
stellar objects’ (YSOs) population associated with E71
and the characterization of its surrounding physical en-
vironment. Section 4 discusses our findings in the con-
text of feedback and triggered star formation, while Sec-
tion 5 summarizes our main conclusions.

2. OBSERVATIONS AND DATA REDUCTIONS

2.1. Optical Photometric Observation and Reduction
2.1.1. SDSS g and i bands

The deep optical photometric observations of the E71
bubble were performed using the 4Kx4K CCD IM-
AGER mounted at the axial port of the 3.6-m Dev-
asthal Optical Telescope (DOT), Nainital (Kumar et al.
2018, 2022). These observations were carried out for
a 6'.5 x 6'.5 region (field of view (FOV) of IMAGER;
shown with a white square in Figure 1) on 2023 Novem-
ber 20 in SDSS ¢ and ¢ bands along with a few flat and
bias frames. The images were taken for a total integra-
tion time of 2 hours and 1.5 hours in g and ¢ bands,
respectively, in 2 x 2 binning modes. The basic data
reduction (image cleaning, photometry, and astrome-
try) was done using the standard procedure explained
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Figure 1. Upper left panel: Herschel column density map showing the large-scale view (35" x 35) of the E71 bubble, overlaid
with the locations of IRAS sources (red diamonds). Upper right panel: Herschel dust temperature map overlaid with the
locations of Class1 YSOs, and blue and red contours representing '>CO integrated intensity in the velocity ranges [—20, —14] km
s7! and [—4, 2] km s, respectively (Section 3.10.1). The lowest contour levels correspond to emission above the 5¢ threshold,
where o is the rms noise. This map is also overlaid with the molecular condensations, marked with yellow circles/ellipses.
Lower left panel: Color-composite image generated using WISE 22 pm (red) and WISE 12 um (green) emission. The image
is overlaid with yellow and white squares representing the 18’5 x 18’5 and 65 x 6!5 fields observed with the 1.3-m Devasthal
Fast Optical Telescope (DFOT) and the 3.6-m Devasthal Optical Telescope (DOT), respectively. The positions of identified
Class1 and Class11 YSOs (Section A) are shown as green and blue asterisks, respectively. Lower right panel: Zoomed-in view of
the WISE 12 pum emission of the lower left panel overlaid with the WISE 22 pm emission (magenta contours), with the lowest
contour at 250 counts with a step size of 8.75 counts. Additionally, this panel is overlaid with the locations of MSX sources
(red triangles) and near-infrared (NIR) stellar surface density contours (cyan) derived from the UKIDSS-2MASS catalog (see
Section 3.3), enclosed by a blue polygon representing the convex hull. The lowest isodensity contour level is 6.36 stars arcmin ™2
with a step size of 1.14 stars arcmin™2. The locations of candidate massive stars ‘ml, m2, m3, and m4’ are marked with black
squares in all panels.
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in Sharma et al. (2020). A color-composite image of the
i (red) and g (green) band images obtained by IMAGER
is shown in the upper panel of Figure 2. The instrumen-
tal magnitudes were then calibrated using PS1 DR2 data
(see Table 2). The obtained calibration equations are as
follows:

(9 — 1)sta = (0.9542 + 0.0237) X (g — 1)obs

(1)
+0.1721 4 0.0538

(gstd — Gobs) = (0.0060 = 0.0269) X (g — )sta

(2)
+5.1069 % 0.0628

where, gstq, istq are the standard magnitudes taken from
PS1 whereas gops, tops are the observed instrumental
magnitudes from DOT observations. We achieved a
magnitude limit of 24.7 mag in the g band with an error
less than 0.1 mag.

2.1.2. Completeness of the Photometric Data

The photometric data might be incomplete due to sev-
eral factors, such as the instrument’s detection limit,
crowding of the stars, nebulosity, etc. We estimated the
completeness factor (CF) of the photometric data using
the ADDSTAR routine of Image Reduction and Analysis
Facility (IRAF; see Sharma et al. 2008 for details). A
few fake stars of known magnitude and position are ran-
domly added to the observed frames, which are reduced
following the same method as the original frames. CF
is then estimated as the ratio of recovered stars to the
number of artificially added stars in the image frame, in
different magnitude bins. As anticipated, the resultant
completeness of the photometric data decreases as we go
to the fainter magnitudes (see lower panel of Figure 2).
The stars of ~24 magnitudes were detected in g and 4
bands with a > 50% CF.

2.1.3. Narrow-band Hoo and Johnson R band

We also observed the E71 bubble using the 1.3-m
Devasthal Fast Optical Telescope (DFOT), Nainital, on
2023 November 20, in narrow-band Ha and Johnson R
band using a 2K x 2K CCD camera having a FOV of
18.5 x 18'.5 (Sagar et al. 2012, shown with a yellow
square in Figure 1). Several flat and bias frames were
also taken during the observations. The image clean-
ing was done using the standard procedure explained in
Sharma et al. (2020). The R band image was scaled to
the Ha image after accounting for the FWHM differ-
ence of the stellar profiles and then was subtracted from
it to get the Ha line image (Karthick et al. 2014).

2.2. Optical Spectroscopic Observation and Reduction
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Figure 2. Upper Panel: Color-composite image of the E71
bubble, generated using the g and ¢ band images (green and
red, respectively) of 6'.5 x 6'.5 region (FOV of DOT that en-
tirely covers the bubble). The locations of probable massive
stars ‘m1, m2, and m4’ are also marked with yellow squares.
Lower Panel: Completeness factor in g and ¢ bands as a
function of magnitude derived using the ADDSTAR routine of
IRAF.

Given that this region exhibits typical HII region
characteristics and clear signs of stellar feedback, we
searched for massive star candidates based on their posi-
tions in the optical Hertzsprung—Russell (HR) diagram
or the color-magnitude diagram (CMD; Sharma et al.
2024, 2006), using PAN-STARRS1 (PS1) DR2 photo-
metric data (see Figure 3; Chambers et al. 2016). Three
such candidates were identified, labeled as ‘m1’, ‘m2’,
and ‘m3’ (coordinates are mentioned in Table 1) and
marked in all the panels of Figure 1. Follow-up spec-
troscopic observations of these sources were conducted
using the Hanle Faint Object Spectrograph Camera
(HFOSC) on the 2.0-m Himalayan Chandra Telescope
(HCT), Hanle, India, on 2023 December 04. Obser-
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vations were made with GRISM 7 (wavelength range
3800-6840 A, resolving power R~1200). For wavelength
calibration, an FeAr calibration lamp was observed on
the same night.

« PANSTARRS Sources
10+ O Probable Massive Stars -
—— ZAMS (pastorelli) 1.81 kpc

12+ EOml i

Figure 3. g versus (g —¢) CMD for the optical sources
detected by PS1 DR2 data. The black curve represents the
ZAMS isochrones by Pastorelli et al. (2019), corrected for the
distance 1.81 kpc and Ay =2.63 mag. The probable massive
stars (‘ml, m2, and m3’) are marked with black squares.

Table 1. Coordinates of the probable massive stars

Name Q72000 4.72000
(hh:mm:ss.ss)  (dd:mm:ss.ss)

ml 05:38:55.85 +30:40:53.37
m2 05:38:44.30 +30:43:20.08
m3 05:38:55.70 +30:46:54.02

The data were reduced with IRAF packages following
the procedure illustrated in Jose et al. (2012). Aperture
extraction, line identification by lamp, and dispersion
correction were achieved by APALL, IDENTIFY, and DIS-
PCOR tasks, respectively. And finally, the normalized
wavelength-calibrated spectra were achieved using the
CONTINUUM task.

2.3. Optical-NIR Spectroscopic Observation and
Reduction

We carried out the spectroscopic observations of the
MYSO ‘m4’ using the TIFR-ARIES Near Infrared Spec-
trometer (TANSPEC) mounted at the main port of 3.6-
m DOT (Sharma et al. 2022). It observes in two spectro-
scopic modes: (a) relatively high-resolution/ medium-
resolution cross-dispersed (XD) mode and (b) a lower
resolution prism mode, covering from optical (0.55 pm)
to near-infrared (NIR; 2.5 pum) bands. We took the
spectra of ‘m4’ in XD mode with 1” slit, which serves
a median resolution (R) of about 1500. We followed
the standard reduction procedures to obtain the spec-
trum of ‘m4’. We used the APALL task from IRAF
to extract spectra from multiple spectral orders in the
2D spectral image. Wavelength calibration was then
performed using the module available in pyTANSPEC
pipeline (Ghosh et al. 2023). We have normalized the
output spectrum using the CONTINUUM task for differ-
ent orders and then combined them to generate the final
spectrum.

2.4. Molecular line data

We utilized the molecular 12CO (1-0), 13CO (1-0), and
C'0 (1-0) line data observed by Purple Mountain Ob-
servatory (PMO) 13.7 m millimeter-wave radio telescope
as a part of the Milky Way Imaging Scroll Painting
(MWISP) project (DengRong et al. 2018; Su et al.
2019). The channel width for *2CO (1-0), 3CO (1-0),
and C'80 (1-0) spectral data cubes are 0.16, 0.17, and
0.17 kms™!, respectively, and the grid spacing and the
beam size are ~30” and ~50", respectively. The rms
noises were estimated to be ~0.51K (12CO), ~0.24K
(13CO), and ~0.25K (C*®0), with the pixel brightness
expressed in Typ (main beam temperature) units. Out
of 12CO (1-0), CO (1-0), and C80 (1-0); 2CO (1-0)
is the most consistent to reveal the spatial extent of the
diffused gas (with a gas density of ~102 cm~3) due to its
enormous abundance (Su et al. 2019). Since we did not
observe any strong emission in C**O (1-0) transition, we
have not included that in our study. The further study
is restrained above the 50 threshold emission (o being
the rms noise) to get the fundamental physical features
and eliminate any baffling artifact.

2.5. Radio Continuum Data

We carried out the radio interferometric observations
at 1260 MHz (Band 5) of the E71 bubble using the
upgraded Giant Metrewave Radio Telescope (uUGMRT;
Swarup et al. 1991; Gupta et al. 2017) on 2023 November
01 (PI: Aayushi Verma; Proposal ID: 45_.074). uGMRT
provides enhanced sensitivity for continuum imaging
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and exquisite uv coverage to map diffuse, extended emis-
sion. For our analysis, we utilized the GMRT Wideband
Backend (GWB) data, corresponding to a bandwidth of
200 MHz. To authorize the flux density scale, we observe
the flux calibrator 3C147 at the beginning and the end
of the observation, and the phase calibrator 05554398
in between while observing the target source E71.

The data was reduced using the Common Astron-
omy Software Applications (CASA) software (CASA
Team et al. 2022), including the following steps: sev-
eral iterations of “flagging” the corrupt data due to ra-
dio frequency interference (RFI) using FLAGDATA task
and “calibration” (including flux density, delay, band-
pass, gain calibration using SETJY, GAINCAL, BANDPASS,
FLUXSCALE, and APPLYCAL tasks), splitting and averag-
ing the calibrated target data using MSTRANSFORM task
and imaging with a few rounds of self-calibration using
TCLEAN task. Finally, the primary beam correction was
performed using the task UGMRTPB', which has been
written particularly for the uGMRT. The beam size and
the rms noise of the final image were ~ 2.4” x 2.0” and
~ 5.0 uJy/beam, respectively.

2.6. Other Ancillary Data

We used several ancillary data sets from optical to ra-
dio wavelength regimes, concisely specified in Table 2.
The Herschel column density, differential column den-
sity, and temperature maps (spatial resolution ~12")
were downloaded directly from the open website?. These
maps have been procured for the EU-funded ViaLactea
project (Molinari et al. 2010a) utilizing the Bayesian
Point Process Mapping (PPMAP) technique (Molinari
et al. 2010b) at 70, 160, 250, 350, and 500 pm wave-
lengths Herschel data (Marsh et al. 2015, 2017).

3. RESULT AND ANALYSIS
3.1. Spectral Analysis of ‘m2 and m3’

The obtained wavelength-calibrated normalized spec-
tra of ‘m2 and m3’ are presented in the upper panel of
Figure 4 with blue and green colors, respectively. The
spectrum of ‘ml’ was not used in our analysis as the
signal-to-ratio was too weak. We applied various spec-
tral libraries and criteria reported in the literature for
the spectral classification of probable massive stars (see
also Jacoby et al. 1984; Walborn & Fitzpatrick 1990;
Ramirez-Preciado et al. 2020). The spectra of OB-type
stars consist of several hydrogen, and helium lines along
with some other atomic lines, such as C1i1, Mgii, O11,

L https://github.com/ruta-k/uGMRTprimarybeam-CASA6

2 http://www.astro.cardiff.ac.uk /research/ViaLactea/

Sitir, Sitv. The strength of the Hell line gets weaker
for late O-type stars, and it is last visible in B0.5-type
stars (Walborn & Fitzpatrick 1990). Since we could not
find these lines, we determined that the spectral types
of ‘m2 and m3’ are later than B0.5. Then we applied the
criteria reported by Ramirez-Preciado et al. (2020) on
the spectra of ‘m2 and m3’ and searched for the pres-
ence of Balmer lines at 4104, 4340, 4860, and 6562 A
and Si1v line at 4089 A, that exist in the spectrum of
‘m2’ whereas are absent in the spectrum of ‘m3’. The
presence of these lines in the spectrum of ‘m2’ implies
that its spectral type is between B0 and B2, whereas the
absence in the spectra of ‘m3’ implies that its spectral
type is later than B2. Then for ‘m2’, we further com-
pared its spectrum with the spectral library reported
by Jacoby et al. (1984) and concluded its spectral type
as B1.5. Following the criteria reported by Ramirez-
Preciado et al. (2020) for ‘m3’, we find that the HeI line
at 4471 A is stronger than the Mg11 line at 4481 A, so we
constrain its spectral type between B3-B5. Further com-
paring its spectrum with the spectral library reported by
Jacoby et al. (1984), we conclude its spectral type is B3.

Since we did this classification using low-resolution
spectra, we expect an uncertainty of +1 in the classi-
fication of its subclass.

3.2. Spectroscopic Analysis of the MYSO ‘m4’ in
optical-NIR regime

Tonized atomic emission lines provide insights into the
excitation conditions of the YSOs and its environment.
Key features also serve as tracers for various phenom-
ena, such as accretion in the inner disc region (e.g., Bry),
the presence of outflows (e.g., Hy and shocked [Fe 11]),
and circumstellar discs, indicated by CO bandhead emis-
sion and fluorescent Fe 1I lines (Jones et al. 2022). The
NIR spectrum of ‘m4’ has been presented by Cooper
et al. (2013) using United Kingdom Infra-Red Telescope
(UKIRT) imager-spectrometer (UIST) instrument, but
with a low spectral resolution (A/AMX) of ~500. So we
reobserved it through TANSPEC, serving a compara-
tively higher spectral resolution of ~1500. We present
the wavelength-calibrated normalized spectrum of ‘m4’
in the lower panel of Figure 4 with red color. The aim is
to confirm the nature of MYSO using optical-NIR, emis-
sion features. The spectrum exhibits a diverse range of
emission lines from atomic and molecular species. We
observe a strong He I emission line at 1.083 pm, which is
likely due to a composite origin, including contributions
from an accretion shock, from the funnel flow, and from
wind (Edwards et al. 2003). We observed a Br+y emission
line at 2.165 pm, which is also a crucial tracer of mag-
netospheric accretion (Connelley & Reipurth 2018). We


https://github.com/ruta-k/uGMRTprimarybeam-CASA6
http://www.astro.cardiff.ac.uk/research/ViaLactea/

[HKS2019] E71 7

Table 2. Ancillary data sets employed for the current study (optical to radio wavelength regime).

Survey Wavelength/s

~ Resolution Reference

Pan-STARRSI Surveys® (PS1; g and i)
Gaia DR3P (magnitudes, parallax, and PM)
Two Micron All Sky Survey® (2MASS)
UKIRT InfraRed Deep Sky Surveyd (UKIDSS)
Spitzer GLIMPSE360 Survey®
Wide-field Infrared Survey Explorer’ (WISE)
Herschel Infrared Galactic Plane Survey®

4866 and 7545 A 0".25
330-1050 nm
1.25, 1.65, and 2.17 pum 2.5
1.25, 1.65, and 2.22 pym
3.6 and 4.5 pym
3.4, 4.6, 12, 22 um
70, 160, 250, 350, 500 um 5.8, 12" 18", 25" 37"

Chambers et al. (2016)

0.4 mas Gaia Collaboration et al. (2016, 2023)

Skrutskie et al. (2006)
0.8,0".8,0".8 Lucas et al. (2008)
2 2 Benjamin et al. (2005)
6.1, 6".4,6".5, 12" Wright et al. (2010)
Molinari et al. (2010a)

NRAO VLA Sky Survey” (NVSS) 21 cm 45" Condon et al. (1998)
Milky Way Imaging Scroll Painting (MWISP)  12CO (1-0) and '3CO (1-0) 50"/ Su et al. (2019)
a  https://catalogs.mast.stsci.edu/panstarrs/
b https://www.cosmos.esa.int /web/gaia/dr3
¢ Skrutskie et al. (2003)
d

http://wsa.roe.ac.uk/

GLIMPSE Team (2020)

Wright et al. (2019)

& http://archives.esac.esa.int/hsa/whsa/
https://www.cv.nrao.edu/nvss/postage.shtml

o

oy

also observe strong hydrogen recombination lines from
the Brackett (Br) series at 1.5346, 1.544, 1.556, 1.58849,
1.611, 1.641, and 1.681 pum along with Paschen (Pa) se-
ries in emission (Pag at 1.282 pum, Pad at 1.005 pm,
and Pay at 1.094 pm), which are significant character-
istic tracers of magnetospheric accretion (Ghosh et al.
2023). We observed the Ca 11 IR triplet (IRT) emission
lines at around 0.8500, 0.8545, 0.8664 pm, which are
considered to form in the magnetospheric accretion pro-
cess (Muzerolle et al. 1998). We observe the Ha emission
line at 0.6563 pm, which suggests a combination of hot
spots, the accretion process, stellar rotation, and mag-
netic field topology, in addition to the accretion rate
(Alcald et al. 2014). We observe some metallic lines
also, such as [Fe 11] at 1.257 and 1.644 pm, which are
usually found in the shock-excited gas and protostellar
jets (Giannini et al. 2013; Pecchioli et al. 2016) and su-
pernova remnants (Lee et al. 2019). The protostellar
jets from young stars significantly influence star forma-
tion and disk evolution dynamics. They control the pro-
cess of stellar accretion by eliminating the angular mo-
mentum generated by the accreting material in the disk
and customizing the inner disk physics, which influences
the evolution of proto-planetary systems. The shaded
region depicts the atmospheric absorption window at
Maunakea®. Due to several accretion tracer lines, we
conclude that the MYSO ‘m4’ is undergoing accretion
processes. One important finding to highlight here is
that we do not observe any P-Cygni profile, as reported

3 http://twiki.cis.rit.edu/twiki/bin/view/Main /
MaunaKeaTol00kmAtmosphericTransmissions

by Cooper et al. (2013); though we have observed it with
a higher resolution (~1500) TANSPEC instrument than
UIST imager-spectrometer (resolution ~500). Further
investigation on ‘m4’ is beyond the scope of this study.

3.3. Stellar Clustering associated with the E71 Bubble

Kharchenko et al. (2013) reported a stellar cluster
within E71 at a distance of 1.715 kpc, with an extinction
value (E(B —V)) of 1.02 mag, derived from isochrone
fitting on 2MASS data. We employed the nearest neigh-
bor (NN) technique, as described by Gutermuth et al.
(2005), on an NIR catalog compiled from 2MASS and
UKIDSS data. Sources with J-band magnitudes <13
were taken from 2MASS, while fainter sources (J ; 13)
were adopted from UKIDSS. This technique was used
to investigate the structure and stellar clustering within
the region. We derived a stellar surface density map to
decipher the stellar clustering associated with the E71
bubble. For this, we fluctuated the radial distance with a
grid size of 6” such that it encloses the twentieth nearest
star. The stellar surface density o at [i, j] grid position
is calculated by:

7]\[ 3
) ©)

Here 7% (i, j) denotes the projected radial distance of
grid position ([i, j]) to the N** nearest star.

We overlaid the surface density contours on the lower
right panel of Figure 1 with cyan color. The lowest
level is 20 above the mean value (6.36 stars arcmin=?2),
with a step size of 1o (1.14 stars arcmin=2). A clear

clustering of stars is visible inside the ring of dust and
gas at aj2000 = 05"38™43%.8 and 0 72000 = +30°43'43".

U(imj) =
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Figure 4. Upper Panel: Wavelength-calibrated normalized spectra of ‘m2 and m3’, observed using HFOSC. Lower Panel:

Wavelength-calibrated spectrum of m4, observed using TANSPEC.

We define the area of the cluster (Acjyster) through its
convez hull* (or Qhull) using the formula (Schmeja &
Klessen 2006, Sharma et al. 2016, Sharma et al. 2020),

Apunt

1 _ Mhull »
Ntotal

Acluster = (4)

Where npy;; is the total number of objects on the
perimeter of the hull, and neee; is the total number
of objects inside the hull. We have shown this clus-

4 Conwez hull is a polygon enclosing all points in a grouping with

internal angles between two contiguous sides of less than 180°.

ter’s convex hull (blue polygon) in the lower right panel
of Figure 1 and will refer to it as ‘Cll’ in our study.
Aciuster 15 measured as 18 arcmin? for Cl1. The radius
of the Cll (Rejyster), which is the radius of the circle
having an area equal to A.yster, is then estimated as
= 2'.4 = 1.26 pc, considering the cluster is located at a
distance 1.81 kpc (see Section 3.4). As can be observed
from the lower-right panel of Figure 1, the cluster CI1
is located inside the bubble of gas and dust. R is
defined as half of the farthest distance between two hull
objects/stars, which comes out to be 2.23 = 1.17 pc.
The aspect ratio (= R2,./R? ) of Cl1 is then calcu-

circ cluster
lated as 0.9, indicating more or less this cluster’s circular
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morphology. The physical parameters for Cl1 are tabu-
lated in Table 3.

3.4. Membership Probability Analysis and Distance
Estimation of the Bubble

Distance estimation is crucial for constraining various
physical parameters of star clusters, such as their size,
mass, and age. According to Hanaoka et al. (2019), E71
is located at a distance of 3.3 £ 0.4 kpc, with an angular
radius of 1’.65 and a covering fraction of 0.54.

To re-estimate the distance of the cluster associated
with the E71 bubble, referred to as Cl1 (see Section 3.3),
we utilized the most precise parallax measurements
available to date from Gaia DR3 (Gaia Collaboration
et al. 2023). We considered stars with parallax errors
< 0.2 mas within a 9’ x 9’ region, which encompasses
the entire bubble as well as the locations of m1’, m2’,
m3’, and m4’. Converting parallax measurements into
distance estimates is non-trivial due to the need for pos-
itive distances and the non-linear nature of the trans-
formation (Luri et al. 2018). The most effective method
for addressing this is through a probabilistic approach.
Bailer-Jones et al. (2021) proposed a robust method that
uses parallax to generate the full likelihood distribution
for distances. An added benefit of this approach is its
lower uncertainty compared to kinematic distance esti-
mates, especially for stars located within 5 kpc (Karska
et al. 2022).

We estimated the membership probabilities of stars
using the supervised algorithm FASTMP (fast Member-
ship Probabilities), which does not require the prior se-
lection of field stars (Perren et al. 2023). This repre-
sents an advantage over several earlier methods that ne-
cessitated such a selection (Balaguer-Niinez et al. 1998;
Balaguer-Nunez et al. 2004). Figure 5 displays the Gaia
DR3 G vs. (Gpp —Grp) CMD, where the color bar de-
notes the membership probabilities assigned by FASTMP.
Stars with membership probabilities > 80% were iden-
tified as cluster members and are marked accordingly
on the CMD. It is worth noting that the identified clus-
ter members are predominantly bright sources. This
is a direct consequence of the stringent parallax error
criterion we adopted—specifically, limiting parallax un-
certainties to < 0.2 mas. We determined the mean dis-
tance to the cluster members in Cl1 as d = 1.81 +0.15
kpc. The cluster center identified by FASTMP is located
at Q. j2000 = 05h38m5151 and (;JQOOO = +30043/49N.8
(marked as a blue x in Figure 9(b)), which is consis-
tent with the cluster center derived from NIR data (see
Section 3.3). Interestingly, our analysis classifies star
‘m2’ as a cluster member, while ‘m1’, ‘m3’, and ‘m4’
are not (cf. Figure 5). ‘ml’ and ‘m3’ may thus be-

long to the field population. ‘m4’, being a deeply em-
bedded MYSO, likely suffers from unreliable parallax
or photometric measurements in optical surveys. Given
its confirmed membership, ‘m2’—the only massive star
among the identified members—could serve as the ion-
izing source of the E71 bubble.

T 100
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o  Cluster Stars
O Probable Massive Stars
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12¢ m3 m2 E
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o 4] R g
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161 . mél §
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205 1 2 3 4 80

Ggp — Ggp (Mag)

Figure 5. Gaia DR3 G vs. (Ggp — Grp) CMD where
the color bar represents the membership probabilities (in %)
computed by FASTMP in a 9" x 9’ region. The locations of
‘ml, m2, m3, and m4’ are also marked.

To validate this distance estimate, we analyzed the
statistically cleaned g versus (¢ —4) CMD shown in Fig-
ure 6, constructed using deep optical photometric obser-
vations from the 3.6-m DOT. The CMD has been statis-
tically decontaminated by subtracting the contribution
of field stars, estimated from the CMD of a nearby ref-
erence field (see Sharma et al. 2017 for methodological
details). The CMD displays the distribution of the iden-
tified cluster members, along with the intrinsic zero-age
main sequence (ZAMS; solid black curve) from Pastorelli
et al. (2019), corrected for a distance of 1.81 kpc and
a visual extinction of Ay = 2.63 mag. The adopted
extinction value was derived from the Bayestarl9 3D
dust map (Green et al. 2019; Wang & Chen 2019). The
ZAMS provides a good fit to the observed CMD, thus
reinforcing the distance estimate of 1.81 kpc for the Cl1
cluster (for details of CMD and isochrone fitting, see
Phelps & Janes 1994). The positions of stars ‘m2’ and
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‘

m4’ on the CMD further support their classifications
as a Bl.5-type star and a very young, massive stellar
object, respectively.

10 - - ; '
e Optical Sources
¥ Class|YSO
Y¢r Class 11 YSO
12B1.5 O Cluster Members (Gaia) |
= ZAMS for 1.81 kpc
—— 1 Myr Isochrone
14t I
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Figure 6. g versus (g — i) CMD for statistically cleaned
stars within Cl1. The black and green solid curves represent
the ZAMS and 1 Myr isochrones by Pastorelli et al. (2019),
corrected for the distance 1.81 kpc and Ay =2.63 mag. The
blue dashed line represents the reddening vector. The evo-
lutionary tracks of different masses are also shown with grey
color. The cluster members (red circles) and ‘m2’ and ‘m4’
are also marked.

3.5. Initial Mass Function (IMF)

The Initial Mass Function (IMF) is a fundamental sta-
tistical tool used to understand star formation within
a given volume of space. It describes the distribution
of stellar masses formed during a single star formation
event. Mathematically, it is expressed as a power law
N(logm) o mf" with its slope defined as

dlog ¢
= .
dlogm

()

The notation ¢ = N (logm) represents the total num-
ber of stars per unit interval in logarithmic mass. We
used the g versus (g — i) CMD generated through the
deep optical data from IMAGER mounted at 3.6-m
DOT (Figure 6) corrected for the field star contamina-
tion and incompleteness of the data (see Section 2.1.2).

We adhered to the procedures described in the works of
Pandey et al. (2020) and Sharma et al. (2017). Briefly,
we constructed CMDs of g versus (g — ¢) for both the
cluster and a nearby reference field. We then divided
both CMDs into uniform grids with bin sizes of Ag =1
mag and A(g — i) = 0.5 mag. Within each bin, we
calculated the number of stars in both the cluster and
field CMDs and estimated the number of likely cluster
members by subtracting the field counts from the clus-
ter counts. To statistically clean the cluster CMD, we
removed a corresponding number of stars—those clos-
est in position within the CMD—from the cluster field,
effectively minimizing the contribution of unrelated fore-
ground and background stars.

It is reported that the higher-mass stars predomi-
nantly follow the classical Salpeter Mass Function (MF;
Salpeter 1955). In contrast, the IMF becomes less well-
constrained at lower masses, where it tends to flatten
below 1 Mg and shows a relative deficit of stars at the
lowest mass end (Kroupa 2002; Chabrier 2003; Lim et al.
2015; Luhman et al. 2016). Our analysis yields a distinct
change in the slope of MF (T') at ~0.7 Mg (Figure 7).
Such a break in the MF slope has also been reported in
previously observed clusters (e.g., Sharma et al. 2007;
Jose et al. 2008). We defined the bins in logm in such
a way that their size in log scale should be uniform and
have at least 2 stars in them. By using least-squares
fitting, we found that I" is —1.98 + 0.33 within the mass
range ~ 0.7 < M/Mg < 5.2, while it is +1.58 £ 0.47 in
the mass range ~ 0.2 < M/Mg < 0.7.

2.0
1.5 -

1.0 -

0.5 1 I I
0.04 ¢ Data

---- =158 = 0.47
—-051 ---- I'=-1.98 +0.33

log¢

-06 -04 -02 00 02 04 06
logm

Figure 7. A plot of the MF distribution for the stars
within Cl1 identified using deep optical data from IMAGER
mounted at 3.6-m DOT. Here, ¢ marks N(logm), the error
bars mark :I:\/N errors. The red and green dashed line shows
the least squares fit to the MF distribution.

3.6. Extraction of the YSOs Embedded in the Bubble
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Since the E71 bubble shows signatures of recent star
formation, a young stellar population, i.e., YSOs, should
be associated with it. Since YSOs have a circumstellar
disk around them, we identified them based on their
excess IR emission (refer to Appendix A for further de-
tails). We uncovered that 8 Class 1 and 139 Class 11
YSOs are present in the 35 x 35’ area of our target
region. We have shown this population in the lower
left panel of Figure 1 with green and blue asterisks,
respectively. We wanted to extract the core (bound
groups of YSOs having similar star formation history)
and active region (AR; a region with active star for-
mation). To do so, we have used an empirical technique
called ‘Minimal Spanning Tree’ (MST; Gutermuth et al.
2009). This technique is used to separate out the group-
ings while preserving the underlying geometry. The ex-
tracted MST has been shown in Figure 8(a). To ex-
tract the AR and core, we first plotted the histogram
of the MST branch lengths (i.e., separation between
YSOs, shown in Figure 8(b)), which displays a peak at
smaller lengths with a longer tail for larger MST branch
lengths. This distribution points towards substantial
subregion(s) above a fairly uniform and elevated surface
density. By setting a threshold for MST branch lengths,
we can identify sources that are closer than this limit,
allowing us to isolate populations contributing to local
surface density enhancements. To attain this threshold,
we fitted two lines in the shallow and steep data points
of the cumulative sum (CS) plot of the MST branch
lengths (see Figure 8(c)) and estimated the point of in-
tersection of these two lines as the critical MST branch
length (Ioriticar) for the core. We have plotted a magenta
vertical line at this point. In like manner, we estimated
the lcriticar for the AR by choosing a point in the cumu-
lative sum plot where the less-sloped line exhibits a gap
in the distribution of the MST branch lengths. Il.ritical
is measured to be ~ 70" for core and ~ 200" for AR.
After separating out these YSOs, we enclosed them with
their respective convex hulls (shown with magenta color
for core and yellow color for AR) in Figure 8(a). We
then estimated the physical parameters of the identified
core, AR, corona (i.e., the region which is outside the
core but is enclosed by the AR), and is mentioned in
Table 3 (see Sharma et al. 2016, for methodologies).

We also calculated the star formation efficiency (SFE;
€) to explore the efficiency of the formation of new stars
from the available molecular gas in Cl1, AR, and the
core. It defines how effectively molecular gas mass is
converted into stars,

MStar

cE=E———-
MCloud + MStar

Here, Mgy, denotes the mass of the young stellar pop-
ulation, i.e., YSOs. Since most of the YSOs lie in the
faint magnitude limits (see Figure 6), we considered a
typical value of Mgy, as 0.5 Mg (Chavarria et al. 2014;
Sharma et al. 2016). Mgiouq denotes the mass of the
molecular cloud and is given as (Dewangan et al. 2017a):

M = HHy TMH Apizel EN(HQ) (7)

Here, (17, denotes the mean molecular weight per hy-
drogen molecule (i.e., 2.8), apiger denotes the area sub-
tended by 1 pixel, and N(H3) denotes the total column
density of that particular region (we used Herschel col-
umn density values for this purpose).

Another key parameter to infer the primitive struc-
ture of the star-forming regions is the Jeans fragmenta-
tion/Jeans length (A s), which is defined as the minimum
radius of a homogeneous isothermal molecular cloud
of mean temperature 7" and density pg to undergo a
gravitational collapse. Mathematically (Chavarria et al.
2014),

157\ Y?
A= (20 8
; (mameo) , (3)

Here, my refers to the atomic mass of the hydrogen,
and pg is the mean density expressed as,

3Mr
e 9
po 47TR?}I 9)

Here, M represents the total mass of the cluster
(molecular cloud and stars), and Ry is the radius of
the cluster (= Reuster)-

All of the above parameters for Cl1/core/AR/corona
are listed in the Table 3.

3.7. Physical Environment around E71 Bubble

We used ancillary data sets ranging from optical to
radio to better comprehend the star formation activities
(such as the distribution of YSOs, dust, gas, ionized gas,
etc.) in the target region. The emission at longer wave-
lengths is primarily thermal emission from cold, dense
gas. In contrast, the emission at shorter wavelengths
is predominantly due to photospheric emission from the
stellar sources.

Figure 9(a) depicts the color-composite image of the
WISE 22 pm, Spitzer 3.6 um, and 2MASS K (2.17 pm)
band images overlaid with the surface density contours
(cyan color; see Section 3.3) and identified YSOs (see
Section A). The WISE 22 pm traces the distribution of
warm dust emission, and the feedback from the massive
star(s) might be one of the reasons for that. Whereas,
the Spitzer 3.6 um image traces the PAH bands at 3.3
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and purple, respectively. (b) and (c): Histogram and CS plot of the MST branch lengths, respectively, plotted to estimate the
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Table 3. Various parameters extracted for Cl1, AR, Core, and Corona (the region which is outside the core but is enclosed by

the AR).

Parameters

Cl1 Core AR Corona

YSOs enclosed within the convex hull 30 91 113 22

Fraction of Class 1 YSOs

Rcluster (pC)
Rcirc (pC)
Aspect Ratio

0.03 0.04 0.05 0.09
1.26 212 298 -
1.17  2.87 3.75 -
0.86 1.84 1.59 -

Mean Branch Length/Separation between YSOs (pc) - 0.26 0.33 0.62

Mass (x102Mg)
Ay (pe)
SFE (%)

1.53 7.39 14.20 12.67
1.35 135 1.61 -
12.82 8.46  5.65 2.38

pm formed at PDRs. These PDRs might be created
due to strong UV radiation from the massive star(s).
The surface density contours seem entirely inside the
partial ring (or bubble) of gas and dust. ‘m2’ is found
to be located near the peak of the stellar clustering. The
spatial distribution of YSOs suggests that star formation
activity is ongoing within the target bubble.

Figure 9(b) depicts the color-composite image gener-
ated using the Herschel 500 pym and 350 ym band im-
ages (red and green, respectively) and overlaid with the
location of identified cluster members with membership
probabilities > 80% (Section 3.4). The Herschel far-
infrared (FIR) images reveal a partial ring or a shell-like
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structure of the E71 bubble with peak intensity coincid-
ing with the location of MYSO ‘m4’.

Figure 9(c) demonstrates the Spitzer ratio map (4.5
pm/3.6 pm emission) smoothed using the median
smoothing of five pixels. Since the Spitzer 3.6 ym and
4.5 pm bands have similar point spread functions, they
can be efficiently divided to omit the point sources and
continuum emission (cf. Dewangan et al. 2017b). This
ratio map depicts some bright and dark regions; the
darker regions point out the 4.5 um emission due to
prominent Br-a emission at 4.05 pm and a molecular
hydrogen line emission (v = 0 — 05(9)) at 4.693 pm.
In contrast, the brighter region points out the 3.6 um
emission due to PAH emission at 3.3 um, which creates
a PDR. This PDR may have resulted from the strong
UV radiation emitted by the massive star(s) interact-
ing with the surrounding molecular cloud. When we
look carefully at the Spitzer ratio map, we can observe
a prominent distribution of PDRs, whose morphology is
more or less analogous to a ‘lotus flower’. ‘m2’ and the
stellar clustering are located in the innermost cavity of
this distribution, whereas ‘m4’ is located just behind the
PDRs.

We also generated the extinction (Ay) map using the
(H — K) colors of main-sequence (MS) stellar sources
(excluding YSOs), employing the nearest-neighbor (NN)
method (cf. Gutermuth et al. 2005, 2009). Since both
the stellar surface density map and the Ay map were
derived from the same photometric catalog, they share
comparable depth and sensitivity, allowing for a direct
comparison between stellar distribution and the associ-
ated gas and dust content. A detailed description of the
extinction map generation is available in Verma et al.
(2023).

Figure 9(d) shows the Herschel column density map
overlaid with the extinction contours, enabling a clearer
view of embedded structures. The extinction contours
were generated starting from a base level of Ay = 8
mag, with a step size of 0.85 mag. Both the column
density and Ay maps reveal a partial ring-like (or arc-
like) structure of gas and dust encompassing the stellar
cluster. The MYSO ‘m4’ is notably located along this
arc at a position of elevated column density.

Additionally, this map is overlaid with magenta and
blue polygons representing the convezx hulls of the YSO
core, identified through MST analysis, and the stellar
cluster Cl1, derived from the NIR catalog (see Sec-
tions 3.6 and 3.3, respectively). The extinction and stel-
lar density maps clearly indicate that Cl1 is embedded
within a region of elevated extinction, reflecting the in-
fluence of surrounding gas and dust. Furthermore, the
spatial coincidence between the convezr hull of the YSO

core and areas of higher column density suggests that a
new generation of stars is actively forming within these
denser environments.

3.8. Distribution of the Ionized Gas

Figure 10 depicts the Hor emission at 6563 A observed
using 1.3-m DFOT (see Section 2.1.3). It is an excel-
lent indicator of star formation activities due to its less
susceptibility to extinction or metallicity than the other
optical emission lines, such as [O 1] (Moustakas et al.
2006). It traces the distribution of the diffused (warm)
ionized gas. We observe an arc of Ha emission near ‘m2’
and ‘m4’. We have also overlaid this map with the NVSS
1.4 GHz radio continuum emission (Figure 10(a), green
contours). We see some diffuse radio emission which
is almost circularly distributed around ‘m2’, inside the
stellar clustering Cl1 (shown with blue polygon). This
kind of radio emission is a typical feature of an H1I re-
gion formed due to the strong UV feedback from the
massive star(s) (Zavagno et al. 2010; Samal et al. 2014).

The coarse beam size of NVSS (~ 45" x 45”; Con-
don et al. 1998) limits the identification of small-scale
structures, and the finer distribution of the ionized gas
remains unidentified. Thus, to figure that out, we plot-
ted the uGMRT 1260 MHz emission contours (beam size
~ 24" x 2.0") on the Ha image (shown in Figure 10(b)
with red contours). We observe the uGMRT radio emis-
sion as an arc around ‘m2’ (completely inside the bound-
ary of Cl1, shown with blue polygon). The ionized gas
seems to be density-bounded by the PDRs, as indicated
by 12 pm emission (orange contours in Figure 10(b)), in
the western direction.

We estimated the Lyman continuum flux Ny (pho-
tons/s) using the following equation (Matsakis et al.
1976):

2
Nyv (s71) = 7.5 x 10%0 x [iﬂ X {kl;w] X

T, 1704 L 101
[104} % [GHZ]

Here S, denotes the integrated flux in Jy, D is the
distance in kpc of the target region (1.81 kpc for E71),
T, is the electron temperature, and v is the frequency
of the band in which the source is observed (in MHz).
We considered T, = 10000 K, considering that all ioniz-
ing flux was produced by a single massive OB star. We
determined S, as 17 £ 0.8 mJy (around ‘m2’) by inte-
grating the flux down to the lowest contour at 3o level
(¢ ~ 5 uJy/beam is the rms noise). Using these values,
we determined Ny as 4.32 x 10%° photonss ™!, which is
lower than that reported by Clark & Porter (2004) for

(10)
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Figure 9. (a) Color-composite image generated using the WISE 22 pym, Spitzer 3.6 um, and 2MASS 2.17 um (K-band) emission
(red, green, and blue, respectively) overlaid with the isodensity contours (cyan) and the locations Class I and Class 11 YSOs
(green and blue asterisks), respectively. The lowest level for the isodensity contours is 6.36 stars arcmin™2 with a step size of
1.14 stars arcmin™2. (b) Color-composite image generated using the Herschel 500 um, Herschel 350 pm emission (red and green,
respectively) overlaid with the locations of cluster members (red circles) and cluster center (blue ’x’) identified using FASTMP
algorithm. This map is also overlaid with the blue contours, representing '>CO integrated-intensity in the velocity ranges [—20,
—14] kms™! (c.f. Section 3.10.1) where the lowest contours represent the emission above 50 value (¢ being the rms noise).
The extent of these contours can be seen in the upper right panel of Figure 1. (c) Spitzer ratio map (4.5 pm/3.6 pm emission),
smoothed using median smoothing of 5 pixels. (d) Herschel column density map overlaid with the extinction (Ay) contours
(the lowest contour level is 8 mag with a step size of 0.85 mag) and the convex hull of the core (magenta polygon; Section 3.6).
Panels (¢) and (d) are overlaid with a blue polygon representing Cl1 (see Section 3.3).

a B1.5-type (for e.g, ‘m2’) massive star (= 1.00 x 1046 been absorbed by dust grains before contributing to ion-
photonss~!). We believe that the remaining Ny has ization (Inoue 2001; Dewangan et al. 2020Db).
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Figure 10. Ha emission (using DFOT) to trace the distribution of the ionized gas. It is overlaid with the (a) NVSS 1.4

GHz radio continuum contours (green), the lowest level to generate these contours is 1.50 mJy beam™

! with a step size of 0.25

mJybeam™'; and (b) the uGMRT 1260 MHz radio continuum contours (red). The lowest level to generate these contours is 12
pJybeam ™! with a step size of 2.5 uJybeam ™. The WISE 12 pum intensity contours have been shown with the orange color,
with the lowest contour at 1100 counts and the step size of 302 counts. Locations of ‘m2, m4, and m4’’ are also marked. Both
panels are overlaid with a blue polygon representing Cl1 (see Section 3.3). The inset in panel (b) represents the zoomed-in view
of the radio emission around ‘m4’ and ‘m4” to get a clearer picture. The respective beam shapes of NVSS (~ 45”) and uGMRT
1260 MHz (~ 2.4 x 2.0"") are shown in the bottom left corners of both the panels.

Our high-resolution and sensitive uGMRT radio ob-
servations reveal two distinct radio continuum peaks:
one is coincident with ‘m4’ and another is at a location
~25" west of it (this will be referred to as ‘m4’’ through-
out the paper). The radio emission peaks at ‘m4’ and
‘m4"’ correspond to sources A and B identified by Purser
et al. (2021), respectively, who proposed that source A
is likely an MYSO, while source B is a probable Her-
big-Haro object. They also coincide with peaks of MIR
emission.

The MYSO phase begins when the protostellar enve-
lope is sufficiently heated to become detectable in the
MIR, and it concludes with the formation of an ultra-
compact H 1I region, which results from the ionization of
the surrounding medium by the emerging massive star.
Although MYSOs are key to understanding early mas-
sive star formation, they are difficult to detect at op-
tical and infrared wavelengths due to high extinction
and their lack of strong HII region signatures. How-
ever, in the last few years, several weak and compact ra-
dio sources associated with MYSOs have been detected
(Hoare et al. 1994; Purser et al. 2021).

We computed the ionizing photon fluxes for ‘m4’ and
‘m4”’ as Nyy = 5.1 x 10** and 4.0 x 10** photonss™!,
based on measured flux densities of S, = 2.0 + 0.3 and
1.6 £ 0.3 mJy, respectively. These ionizing photon rates

correspond to B2-type stars (considering ZAMS) power-
ing them, consistent with previous classifications (Pana-
gia 1973).

We also estimated the spectral index «a for ‘m4’
and ‘m4” using flux measurements from our observed
uGMRT Band 5 data (mentioned in the previous para-
graph) and those reported by Purser et al. (2021) for
VLA C-band (5.8 GHz) data (0.11 and 0.07 mJy for ‘m4’
and ‘m4”; respectively). We assumed a power-law de-
pendence of the form S, o« v“, where v is the frequency.
The resulting spectral indices are & = —1.90 =+ 0.12 for
‘m4’ and o = —2.05 &+ 0.19 for ‘m4”’, respectively. If
a > 0.1, the regions are generally attributed to ther-
mal emission (Olnon 1975), whereas aw < —0.5 typically
indicates that non-thermal processes dominate (Kob-
ulnicky & Johnson 1999). This reveals the existence
of non-thermal synchrotron emission for both ‘m4’ and
‘m4” and rules out the UC Hu scenario. The non-
thermal emission results from jets driven by MYSOs,
where particles interact with the magnetic fields of the
jet or the surrounding medium. Non-thermal radio emis-
sions from MYSOs have also been reported in previous
studies (Obonyo et al. 2019). However, the aforemen-
tioned values of « should be considered with caution, as
they are approximate, and determining the exact spec-
tral index will require low-frequency data along with
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high-frequency data that share the same UV coverage
and beam size.

3.9. Feedback Pressure employed by the Massive Star
(mgi
The feedback pressure exerted by the massive star on
its surroundings has a pivotal role in the self-regulation
of active star formation. This pressure consists of three
components (see Bressert et al. 2012):

1. Pressure exerted by H1I region:

3N,
P _ 2 _woTuv 11
HIT = WMEC, (,/ pr— D2> . (11)

2. Radiation Pressure:

Lo
Pra = ) 12
d 4dmweD? (12)
and
3. Ram pressure employed by the stellar wind:
MyVy
Pwind - 47TD§ . (13)

Here, p is the mean molecular weight of the ionized
gas (= 0.678; Bisbas et al. 2009), my is the atomic mass
of hydrogen, cs is the sound speed in the photoionized
region (= 11 kms™!; Stahler & Palla 2004), N, is the
Lyman continuum photons, ap is radiative recombina-
tion coefficient (= 2.6 x 10713 x (10*K/T,)*" cm®s~1,
Kwan 1997), Dy is the projected distance between the
massive star and the location at which the pressure is
to be calculated, Ly, is the bolometric luminosity, M,,
denotes mass-loss rate and V,, is wind velocity of the
ionizing source.

For B1.5V type star, the values for N,, = 1.00 x 106
photonss~! (Clark & Porter 2004), M, = 1.02 x
1078 Mgyr~! (Pauwels et al. 2023), V,, = 1200
kms~!(Pauwels et al. 2023) and Ly, = 9332.54 Lg
(Pauwels et al. 2023).

We took Dy = 1.1 pc as the projected distance be-
tween ‘m2’ and MYSO ‘m4’. These values yield Py =
2.1 x 107, Pryg = 8.1 x 10712, Pyjpg = 5.2 x 10713
dynescm™2 and thus total pressure (= Pgr; + Prag +
Pyind) exerted by ‘m2’ on ‘m4’ is 2.9 % 10~ dynescm™2.
Since ‘m2’ is located almost at the center of the bubble,
the pressure exerted by ‘m2’ on the periphery of the
ET71 bubble will approximately be equal to the pressure
exerted by ‘m2’ on ‘m4’.

3.10. Molecular (CO) Morphology
3.10.1. Dynamics and Morphology of the Molecular Gas

This section examines the molecular gas dynamics and
morphology around the E71 bubble. We selected a large-
scale view around the bubble to know the morphology of
the local molecular cloud. Using the PMO CO data, we
found the existence of two molecular clouds in the ve-
locity range [—20, —14] kms™! and [—4, 2] kms™! in
this region (see Figure 11). We have also found a molec-
ular clump in the intermediate velocity range [—12, —8§]
kms™!.

On inspecting the integrated-intensity maps, we no-
ticed that the molecular cloud in the velocity range [—20,
—14] kms™! has a bubble morphology and seems to be
associated with the E71 bubble. This morphology is
also associated with a filamentary structure extending
towards the northwest direction. We further analyze the
dynamics and morphology of the molecular cloud, par-
ticularly focusing on [—20, —14] kms™! velocity range,
in the subsequent sections.

3.10.2. Moment Maps

We have shown the 12CO (1-0) and '3CO (1-0) Inte-
grated Intensity (moment-0 or m-0), Intensity-weighted
velocity (moment-1 or m-1), and Intensity-weighted dis-
persion (linewidth) maps for the E71 bubble in Fig-
ure 12. The 2CO (1-0) and 3CO (1-0) m-0 maps (pan-
els (a) and (d) of Figure 12, respectively) confirms the
bubble-like structure at E71, which is associated with a
larger filamentary structure. The location of ‘m4’ has
the maximum emission. The m-1 maps (panels (b) and
(e) of Figure 12) reveal that the entire bubble is almost
at uniform velocity (—16 kms™!). The linewidth maps
(panels (c) and (f) of Figure 12) for both transitions
show maxima towards the arc of the bubble, suggesting
gas flows and/or outflow activities in it.

3.10.3. Position- Velocity (PV) Diagrams

We observed in the moment maps (Figure 12) that
the E71 bubble is adjacent to a filamentary structure,
though there is a significant fluctuation in velocity. To
gain a better understanding of these fluctuations, we
generated position-velocity (PV) maps along the paths
AB and CD (shown in the left panel of Figure 13) using
the 12CO (1-0) spectral data cube. The thought behind
electing these paths is that we want to see the velocity
variation along the (filament + bubble) and the bubble.
While inspecting the PV map along the path AB (mid-
dle panel of Figure 13), we observed a velocity spread
along both sides of ~ —16 kms~!, this spread is more
(~3 kms™!) towards A, i.e., towards the bubble. The
PV maps along the arc CD (right panel of Figure 13)
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Figure 11. Integrated-intensity map for the *CO (1-0) emission over the velocity intervals (in kms™') mentioned in each
panel. The emission is shown above 50 value (o being the rms noise). All the panels are overlaid with the locations of probable
massive stars (black squares), and panel (a) is marked with the locations of classified YSOs (Class I with green asterisks, and

Class 11 with blue asterisks).

reveal that the bubble structure has a velocity spread
along both sides of ~ —16 kms™!, suggesting its ex-
panding nature. The mean velocity along arc CD is
approximately —16 kms~!, with a spread over [—18,
—14] kms™! (see right panel of Figure 13), yielding an
inferred expansion velocity of ~2 kms™!.

Along the arc CD, a molecular clump is detected at
~ 2/, coinciding with the location of the MYSO ‘m4’.
This clump exhibits a brightness temperature of ap-
proximately 15.5 K. Notably, this location also hosts two
probable UC H 1I regions. In the linewidth map, this re-
gion displays a higher velocity dispersion compared to
the rest of the bubble’s periphery (panels (¢) and (f) of
Figure 12). This enhanced velocity dispersion may be
attributed to strong outflow activities associated with
the embedded MYSO and the adjacent UC H1I regions.

3.10.4. Physical Parameters

We derived various parameters using the Gaussian
model fitting on the non-averaged *CO (1-0) spectral
cube in the velocity range [-20, —14] kms™! using the
following set of equations (Fuller & Myers 1992; Fiege
& Pudritz 2000):

1 1
AVZE, = AV5 +8In2kT (m — )

Mobs
A‘/t%t _ k7T + A‘/ozbs kT
8m2 _ m  \ B2 o (14)
2

= 01520t = Cg + (aobs - U%)

_ 2 2
=C; +OnT

and

Mline,virial =

ONT 2 -1 T

1+( . ) X{IGM@pc X (1()[{)}
(15)

Here, Vops and oups (= Vops/V8In2) are the full
width at half maximum (FWHM) and velocity disper-
sion (standard deviation), respectively, of the Gaussian
fit of the obtained spectrum; or (= \/kT/meps) and
ont are the thermal and non-thermal velocity disper-
sion, respectively; T is the excitation/kinetic tempera-
ture; ¢ (= \/kT/m) is the speed of sound; mps is the
mass of the *CO (1-0) molecule (29 amu); and m is
the mean molecular weight of the medium (2.37 amu);
and Miine viriar s the virial line mass. Assuming that
the dust and gas temperatures are coupled via collisions
(Goldsmith 2001; Mallick et al. 2023), we used Ty from
the Herschel temperature map as the gas kinetic tem-
perature 1. However, a substantial difference between
Ty and T may still exist under certain physical condi-
tions. We have mentioned the derived parameters at
local peaks of 13CO (1-0) m-0 emission (C1, C2, C3,
and C4; marked in panel (d) of Figure 12 with green
squares), IRAS sources (I1, 12, and I3; marked with red
diamonds in the upper left panel of Figure 1), and MSX
sources (S1, S2, S3, and S4; marked with red triangles
in the lower right panel of Figure 1) in the Table 4.
The spectra have been extracted at these locations for
square-shaped regions of size 30" x 30”. Though there
are more IRAS and MSX sources, we selected only those
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Figure 12. m-0, m-1 and linewidth maps (column-wise) for 2CO (1-0) and **CO (1-0) emission, respectively in the velocity
range [—20, —14] kms™'. The emission is depicted above 50 value (o being the rms noise for the respective spectral cubes).
The green squares in panel (d) mark the location of the local peak emission.
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Figure 13. Left Panel: '2CO (1-0) m-0 map overlaid with elected paths AB and CD to extract the PV maps. Middle and right
panels: PV Diagrams extracted using *2CO (1-0) along AB and CD, respectively. The blue curves in the right panel represent
the expansion of the E71 bubble.

that do not overlap with each other and are related to the bubble and the filamentary structure. We used
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the above-estimated values also to calculate the ratio
of thermal-to-non-thermal pressure (Pryr = ¢2/0%1)
and the Mach number (= onr/cs) (Lada et al. 2003).
Pryt reveals the dominance of the non-thermal pres-
sure component over the thermal pressure component in
the molecular cloud, whereas the Mach number indicates
the presence of supersonic motion. Thus, these values
indicate supersonic non-thermal emission phenomena.

We also determined the mass of the filamentary struc-
ture adjacent to the E71 bubble (traced by path AB in
Figure 13). We converted the *CO (1-0) integrated in-
tensity (lisco) in the [—20,—14] kms~! range into Hs
column density by considering the local thermal equi-
librium (LTE) assumption using the relation (Sofue &
Kohno 2020),

N, (*CO) = Xisc0.0 Isco (16)

where

Xisgo,g =15 %10 Q[Hyem *(K kms™ )~ (17)

is the conversion factor for 13CO (1-0) transition. The
factor () is given as

1
=Q(T.., Tp(* S — :
Q Q( ex) B( CO)) 1—eT1_ e*TOllo/T(:m

(18)
Here T,, is the excitation temperature, be estimated
as,

T115 -1
0 K
(12C0) max + 0.83632)
(19)
and 7 is the optical depth for 1¥CO (1-0) transition,
estimated as,

T, =T xin (1
o 0 xlIn —I—TB

13 110 -1

7 =—In <1— IEB( CO)maz/Ty > K

(eTo'"/Tex — 1)=1 — 0.167667
(20)

Here, T¢'5 and T3'Y are the Planck temperatures,
To = hv/k, at corresponding frequencies, and T'p is the
main beam temperature.

The total mass of the filament is estimated to be
~116 Mg.

We also determined the masses of the molecular con-
densations in the red-shifted ([—4, 2] kms™!) and
the blue-shifted ([—20, —14] kms~!) molecular clouds
(marked with yellow color in the right panel of Figure 1),
considering their morphology as circular/elliptical (sizes
are mentioned in Table 5), using the aforementioned

method, and the obtained the values of the total mass
of the core, as shown in Table 5.

We evaluated the number density of the cores (n(Hz)),
which is defined as the ratio of their total mass to their
volume (Stahler & Palla 2005), i.e.,

Meor Meore
n(Hy) = ——core e (97)
‘/core:U/mH (g’iTabC)/J,mH

Here, M ore, Reore, and Vo, represent the mass, ra-
dius, and volume of the core, respectively. p = 2.8 is
the mean molecular weight (Kauffmann et al. 2008), and
my is the atomic mass of the Hydrogen atom. The vari-
ables a, b, and c represent the lengths of the semi-axes
corresponding to the three axes of the cores. As we did
not have specific information regarding the length of the
third axis, we typically considered ¢ to be the average
of the semi-major and semi-minor axes. The calculated
number densities are listed in Table 5. These values
align with the typical number densities found in dense
cores (Schulz 2005).

4. DISCUSSION

The E71 bubble and its surrounding region exhibit
multiple signatures of recent and ongoing star forma-
tion, including the presence of Class 1 YSOs, young and
massive stars, PDRs, warm and cold gas and dust, ion-
ized gas, and molecular clouds. These characteristics
collectively highlight E71 as a compelling and active site
of star formation. To investigate the ongoing star for-
mation activity in this region, we employed a compre-
hensive multi-wavelength approach.

This panel also includes an overlay of Class1 YSOs to
examine their spatial distribution relative to the molec-
ular gas. A clear association is observed, suggesting that
the target region is actively forming stars.

4.1. The stellar cluster and E71 bubble

We first examined the stellar density distribution us-
ing deep NIR data and identified a stellar cluster, CI1,
situated within the E71 bubble. This cluster has an
estimated radius of ~1.26 pc and hosts a massive star
of spectral type B1.5. Based on this classification, we
estimate an upper age limit of approximately 12 Myr
for Cl1. Using a probabilistic approach with Gaia DR3
parallax data, we determine the cluster’s distance to be
~1.81+0.15 kpc. The massive star ‘m2’ is confirmed as
a member of Cl1.

We also derived the I' through least-square fitting for
Cl1 and found that it has a break in the I at ~0.7 M®.
We calculated that I' = —1.98 +0.33 and +1.58 £ 0.47
within the mass ranges ~ 0.7 < M/Mg < 5.2 and ~
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Table 4. Physical parameters derived using the *CO (1-0) molecular line data.

Regions Q72000 372000 FWHM T Cs or ONT Pryr  Mach  Mynewir
(hh:mm:ss) (dd:mm:ss) (kms™1!) (K) (kms™!) (kms™!) (kms™!) Number (Mg /pc)
Local Peaks of m-0 Emission:
C1 05:38:48 +30:41:11 1.99 19.96 0.26 0.08 0.85 0.10 3.18 356
C2 05:38:27 +30:44:41 1.51 14.75 0.26 0.08 0.64 0.17 2.42 217
C3 05:38:50 +30:47:10 1.52 14.68 0.23 0.06 0.65 0.12 2.84 212
C4 05:38:13 +30:51:40 1.08 14.00 0.22 0.06 0.46 0.24 2.05 117
IRAS Sources:
I1 05:38:38 +30:42:51 1.69 18.43 0.25 0.07 0.72 0.13 2.81 262
12 05:38:44 +30:45:36 0.97 16.85 0.24 0.07 0.41 0.36 1.66 101
13 05:38:02 +30:53:20 0.62 14.04 0.22 0.06 0.26 0.76 1.15 52
MSX Sources:
S1 05:38:40 +30:41:29 0.90 17.67 0.25 0.07 0.38 0.44 1.51 92
S2 05:38:40 +30:42:23 1.11 18.43 0.25 0.07 0.47 0.30 1.84 129
S3 05:38:38 +30:44:00 0.96 17.85 0.25 0.07 0.41 0.39 1.61 102
S4 05:38:41 +30:46:00 1.10 15.52 0.23 0.07 0.47 0.25 1.98 122

Table 5. Various parameters for the molecular condensations marked in the right panel of Figure 1

Name 72000 472000 Size (Major x Minor Axes) Total Mass Number Density
(hh:mm:ss) (dd:mm:ss) (pc x pc) (Mg) (x10% em™3)
B1 05:38:48 +30:40:37 1.02x1.02 76.8 2.0
B2 05:38:27 +30:45:49 0.57x0.44 12.5 2.7
B3 05:38:52 +30:47:33 1.01x0.65 22.5 1.1
R1 05:39:19 +30:47:30 0.76x0.76 20.54 1.2
R2 05:39:02 +30:40:53 1.14x0.90 42.2 1.1

0.2 < M/Mg < 0.7, respectively, a trend reported in
several previous studies of young clusters.

MIR/FIR observations reveal an arc or ring of gas and
dust encircling CI1 and regularly spaced molecular and
dust condensations. The arc/ring-like structure is also
evident in our extinction and stellar density maps, which
indicate that Cl1 is surrounded by a high-extinction en-
vironment. Moreover, the spatial overlap between the
convex hull of the YSO core and regions of enhanced
column density suggests that new star formation is oc-
curring within these dense regions.

Analyses of WISE 12 pm emission, Spitzer IRAC band
ratio maps (4.5 pm/3.6 ym), NVSS 1.4 GHz radio con-
tinuum data, and Herschel intensity and column density
maps reveal a lotus-shaped PDR centered around Cl1
and ‘m2’. The ionized gas within this cavity appears to
be density-bounded. Elevated dust temperatures along
the arc further support the influence of stellar feedback
in shaping the environment.

Interestingly, this high-extinction arc also hosts a
deeply embedded massive MYSO, designated as ‘m4’
These features point to active high-mass star forma-

tion, likely influenced by the feedback from Cl1. High-
resolution uGMRT radio observations reveal two dis-
tinct radio continuum peaks: ‘m4 and m4” (see also
Purser et al. 2021), supporting their identification as
candidate UC H 11 regions powered by B3-type stars.

Given that Cl1 lies near the center of the E71 bubble
and that ‘m2’ is its only massive member, we propose
that ‘m2’ is the primary ionizing source driving the ex-
pansion of the bubble. To quantify its influence, we cal-
culated the pressure exerted by ‘m2’ on the surrounding
medium. At the location of MYSO ‘m4’; this pressure
is estimated to be 2.9 x 107! dynescm~2. This ex-
ceeds the internal pressure of a typical molecular cloud,
which is ~ 107!11-107!? dynescm ™2, assuming a parti-
cle density of ~ 103-10* cm™2 and a temperature of 20
K (see Table 2.3 of Dyson & Williams 1980). Thus, the
feedback from ‘m2’ is likely sufficient to compress the
surrounding gas and trigger star formation.

We therefore infer that the formation of MYSO ‘m4’
may have been triggered by the radiative and mechan-
ical feedback from ‘m2’. This supports a scenario in
which Cl1 formed first, and subsequent feedback from
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its massive member(s)—particularly ‘m2’—sculpted the
E71 bubble and initiated a new generation of star for-
mation at its periphery. According to Deharveng et al.
(2005), the “collect and collapse” process typically pro-
duces a compressed shell that can be observed at MIR,
submillimeter, and millimeter wavelengths, with mas-
sive clumps or cores distributed at regular intervals
along the shell. Our findings align well with their results.
Similar feedback-driven processes have been reported in
other Galactic bubbles (e.g., Sharma et al. 2017; Verma
et al. 2023), consistent with the “collect and collapse”
mechanism (Elmegreen & Lada 1977; Elmegreen 1998).

4.2. YSO distribution in the region

Using the deep NIR photometric catalog, we have
identified a total of 8 ClassT and 139 Class1l YSOs in
the E71 region. These YSOs are spatially distributed
across the entire E71 bubble and its surrounding area,
correlating well with the observed MIR emission and
regions of molecular condensation. Notably, the major-
ity of Class1 YSOs are concentrated along the arc of gas
and dust that delineates the E71 bubble, suggesting that
this structure is currently an active site of star forma-
tion. On the other hand, YSOs do not exist along the
filamentary cloud associated with the E71 bubble. We
looked for the multitemperature maps of the differen-
tial column density that help to interpret more complex
systems by distinguishing various physical components
along the line of sight (Marsh et al. 2015). We find
that the filamentary structure associated with the E71
bubble appears for temperatures below ~ 16 K only, and
the non-existence of the YSOs indicates that no star for-
mation has taken place yet, and it is at an early stage
of fragmentation. We infer that the formation of fila-
ments occurs before star formation in the cold ISM and
is related to processes occurring within the clouds them-
selves.

Using MST analysis, we were able to isolate two
prominent groupings from the extended YSO distribu-
tion: a dense YSO core and a more spatially extended
aggregate region (AR). The core appears to be located in
the inner region of the E71 bubble, encompassing both
the Cl1 cluster and the surrounding gas and dust arc,
highlighting a localized region of heightened star forma-
tion activity. In contrast, the AR spans a broader area
beyond the bubble.

We estimated various structural parameters and star
formation indicators for these regions, summarized in
Table 3. Our analysis shows that both the AR and core
are larger and more elongated than Cl1, with the AR
exhibiting a slightly higher fraction of Class1 YSOs. CI1,
on the other hand, contains the lowest fraction of ClassI

YSOs, indicative of its relatively older age compared to
the other two regions. Furthermore, the YSOs in Cl1 are
more tightly grouped, pointing to a more gravitationally
bound system having the same star formation history.

In both the AR and the core, the mean separation
between YSOs (~0.33 and 0.26 pc, respectively) is less
than the local A; (~1.61 and 1.35 pc, respectively), im-
plying the possibility of non-thermally driven fragmen-
tation (Chavarria et al. 2014; Verma et al. 2024). Non-
thermal fragmentation describes the process by which
molecular clouds break into smaller pieces due to in-
fluences beyond just thermal pressure, such as turbu-
lence or magnetic fields. These non-thermal forces play
a crucial role in controlling how the cloud fragments and
eventually lead to star formation activities.

We also evaluated the SFE for the three regions. The
core exhibits higher SFE than the AR, while CI1 shows
the highest SFE among them. This is possibly due to
Cl1’s more evolved nature and the effects of stellar feed-
back, such as winds and radiation, that may have cleared
away gas. Interestingly, we also find no clear corre-
lation between SFE and the fraction of Class1 YSOs.
This lack of correlation is consistent with earlier studies
(Chavarria et al. 2014; Pandey et al. 2020), suggesting
that while SFE can indicate how efficiently gas is con-
verted into stars, it may not directly reflect the current
proportion of the youngest stellar population.

4.3. Molecular gas distribution and kinematics in the
r€gION

We investigated the molecular gas morphology sur-
rounding the E71 bubble using high-resolution and sen-
sitive CO observations from PMO. Two distinct molec-
ular cloud components were identified in the velocity
intervals [—20, —14] kms™! and [—4, 2] kms™! within
the observed field. The cloud in the [—20, —14] kms™!
range appears to host an arc-like structure (denoted as
arc CD in the left panel of Figure 13), corresponding
to the E71 bubble, with peak 2CO (1-0) and **CO (1-
0) emission coinciding with the location of MYSO ‘m4’
and probable UC H 11 regions. This association is fur-
ther supported by the m-0, m-1, and m-2 moment maps
of both 2CO (1-0) and *CO (1-0).

Additionally, we identified a filamentary structure ad-
jacent to the E71 bubble (traced by path AB in Fig-
ure 13). This filament is characterized by a low dust
temperature (Ty < 16 K; see Figure 15) and a lack of
associated YSOs. This suggests that it is a cold, quies-
cent structure, likely below the critical density threshold
required for gravitational collapse and subsequent star
formation. We therefore classify it as a non-star-forming
filament.
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We also examined the kinematics along the E71 bub-
ble and the adjacent filament. A higher velocity disper-
sion is observed along the bubble, indicative of molecu-
lar gas expansion (with expansion velocity ~2 kms~1)
likely driven by the embedded HII region. However,
there is an important point to be considered. The right
panel of Figure 1 clearly shows that the red-shifted
molecular cloud (ranging from [—4, 2] kms™!) and
blue-shifted molecular cloud (ranging from [—20, —14]
kms~!) appear to form a disrupted molecular shell. In
this scenario, the blue and red molecular clouds cor-
respond to components that are approaching/receding.
This suggests an expansion velocity of approximately
11 kms™!. Nevertheless, since the blue-shifted cloud
aligns more closely in morphology with the E71 bubble,
we have chosen to focus our analysis on that cloud alone.

To further probe the gas dynamics, we computed
the ratio of thermal-to-nonthermal pressure (PrnT) and
Mach numbers at several locations within the E71 bub-
ble. These calculations confirm the presence of super-
sonic non-thermal motions, consistent with feedback-
driven expansion phenomena. We find that Pyt is
highest in the filamentary region (C4) and lowest at the
location of ‘m4’ (C1). This suggests that the contribu-
tion of non-thermal pressure is comparatively smaller in
the filament than at ‘m4’. Consequently, the molecu-
lar gas within the filament appears to be less disturbed
and more dynamically settled. Such conditions are con-
sistent with the filament being in a quiescent state, as
previously discussed in this section.

4.4. Ovwerall physical scenario of the region

High-resolution CO observations reveal two distinct
molecular components in the E71 region. One is associ-
ated with the E71 bubble and exhibits signs of feedback-
driven expansion, hosting active star-forming features
such as a massive arc and the filamentary structure CD.
Numerous YSOs are identified in the massive arc with
Class1 sources predominantly concentrated along the
dust arc, indicating recent star formation activity near
the E71 bubble. In contrast, an adjacent cold filament
remains quiescent and devoid of YSOs. Kinematic anal-
ysis confirms expanding gas and supersonic turbulence
within the bubble, consistent with feedback from a cen-
tral ionizing source. The stellar cluster Cl1, located in-
side the bubble, contains a B1.5-type massive star (m2),
likely responsible for shaping the bubble through its ra-
diative and mechanical feedback. Multi-wavelength data
reveal a PDR, warm dust, and ionized gas, all support-
ing a triggered star formation scenario. This feedback
appears to have initiated the formation of the deeply
embedded MYSOs/harbig-haro object, ‘m4’ and ‘m4”,

along a surrounding high-extinction arc. We also ob-
serve several regularly spaced molecular and dense con-
densations distributed along the PDR, which serve as
strong evidence supporting the “collect and collapse”
mechanism (Deharveng et al. 2003; Pirogov 2015; Zhou
et al. 2020).

5. SUMMARY AND CONCLUSION

We present a comprehensive study of the galactic MIR,
bubble E71 observed using various telescopes through
a multi-wavelength approach. E71 exhibits various en-
couraging and amusing signatures of star formation ac-
tivities. We made the following conclusions through our
study.

1. We performed the optical spectroscopy of the
probable massive stars ‘m2’ associated with Cl1
using HFOSC and classified it as a B1.5-type star.
Thus, we put an upper age limit to the cluster
Cl1 as ~12 Myr as the main sequence lifetime of
a Bl.5-type star. We observed various prominent
accretion tracers, i.e., He 1 1.083 pm, hydrogen re-
combination lines from the Brackett and Paschen
series, Ca 11 IRT, Fe 11 1.257 pum in the optical-
NIR spectra of the MYSO ‘m4’ obtained through
TANSPEC, indicating the accretion processes in
‘m4’.

2. We noticed a stellar clustering of slightly elongated
morphology (radius = 1.26 pc) inside the E71 bub-
ble. We applied a probabilistic approach on Gaia
DR3 PM data to isolate the cluster members and
determined the distance of the bubble (= 1.81 +
0.15 kpc). We also confirmed this distance through
the CMD of the deep-optical IMAGER data.

3. The MF slope derived for Cl1 indicates a break
around ~0.7 Mg. In the mass range ~ 0.7 <
M/Mg < 5.2, we determined a slope of ' =
—1.98 £+ 0.33, while in the lower mass range of
~ 0.2 < M/Mg < 0.7, the slope changes to
I'=+41.58 +0.47.

4. We also detected a young stellar population show-
ing excess IR emission and performed MST anal-
ysis to isolate the cores and the ARs of the cluster
associated with the E71 bubble. Since we identi-
fied both Class 1 and Class 11 YSOs, we can in-
fer that star formation activities continue to take
place surrounding the E71 bubble. Using MST
analysis, two main YSO groupings were found: a
dense core (within the bubble) and a more ex-
tended aggregate region (AR) (outside the bub-
ble). The core includes the Cl1 cluster and over-
laps the high-density arc, marking it as an area of
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intense, ongoing star formation. CI1 has the lowest
Class1 fraction and most compact YSO grouping,
suggesting it is older, and the AR shows a slightly
higher ClassI fraction, indicating younger stellar
content.

5. We detected an arc-like structure of gas/dust
around the massive star ‘m2’ utilizing the Herschel
MIR/FIR maps. This arc of gas/dust surrounds
the diffuse radio emission in the NVSS 1.4 GHz ra-
dio continuum map. The Spitzer ratio map also in-
dicates the interaction of massive star(s) and their
surrounding gas/dust. We also detected a PDR re-
gion around the central massive star, evident from
the WISE 12 pm emission, Spitzer ratio map (4.5
um/3.6 pm). The MYSO ‘m4’ is found to be lo-
cated on the southern part of the arc of gas/dust.

6. The high-resolution uGMRT observation confirms
the existence of extended emission in a cavity
around massive star ‘m2’ and compact radio emis-
sion at the location ‘m4’ and ‘m4’’, suggesting the
existence of the radio emission, powered by B2-
type stars.

7. The E71 bubble is associated with a filamentary
molecular cloud in the velocity range [—20, —14]
kms~! with regularly spaced molecular and dust
condensations along its arc. It is possible that ‘m2’
has created a ring of gas and dust, where a new
generation of young stars has formed.

8. The position-velocity map of 12CO (1-0) emission
suggests that the molecular gas concentrated at
the periphery of the E71 bubble, is expanding with
an expansion velocity of ~2 kms~!. Velocity dis-
persion and supersonic non-thermal motions con-
firm expansion dynamics in the bubble, driven by
feedback from the central H1I region.

9. All these signatures hint toward positive feedback
from the massive star ‘m2’ and the possible forma-
tion of MYSO ‘m4’ due to it, and suggest that the
“collect and collapse process” might be a possible
model that can describe the ongoing star forma-
tion activities around the E71 bubble.
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A. IDENTIFICATION OF YSOS IN THE REGION

Identification and classification of YSOs is an essential task in understanding the physical processes occurring in the
star-forming regions. YSOs are identified based on their excess IR emission. We used the GLIMPSES360 catalog of
the Spitzer Science Centre by employing the classification scheme of Gutermuth et al. (2009). The [K - [3.6]]o versus
[[3.6] - [4.5]]p two-color diagram (TCD; see left panel of Figure 14) gives 1 Class 1 and 57 Class 11 YSOs in the target
region.

We also used UKIDSS data along with 2MASS data by choosing brighter sources (with J magnitude <13) from
2MASS and the fainter sources (with J magnitude >13) from UKIDSS. In such a way, we created an NIR catalog.
We used the classification scheme of Ojha et al. (2004) on this data. The (J — H) versus (H — K) TCD, plotted in
the middle panel of Figure 14, gives 8 Class 1 and 102 Class 11 YSOs in the target region. The three parallel lines are
drawn from the tip of the giant branch, the base of the main sequence branch, and the tip of intrinsic Classical T Tauri
stars (CTTS, these are basically reddening vectors. The sources falling in the “F” region are either Class I1I sources or
the field stars; in the “T” region, either Class 11 YSOs or CTSS; and in the “P” region are classified as Class 1 YSOs.

Furthermore, we used the MIR data of the ALLWISE catalog of WISE and followed the scheme of Koenig & Leisawitz
(2014). According to this scheme, a selection criterion is applied on all four WISE bands to first get good quality WISE
data, then the extra-galactic contaminants such as AGNs, star-forming galaxies, and transition disks are separated
out. We identified 2 Class 1 and 18 Class 11 using ([3.4] - [4.6]) versus ([4.6] - [12]) TCD (see right panel of Figure 14).

We then cross-matched all the YSOs identified using the above three classification schemes with a search radius of
1’ and identified 8 Class 1 and 139 Class 11 YSOs in our target region.
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Figure 14. TCD for the YSOs identified within 35’ x 35’ region. Left panel: [K - [3.6]]o vs. [[3.6] - [4.5]]o TCD, classification
of YSOs is based on the scheme given by Gutermuth et al. (2009). Middle panel: (J — H) vs. (H — K) CMD, classification is
based on the scheme given by Ojha et al. (2004). The parallel dashed lines (red) represent the reddening lines drawn from the
tip (spectral type M4) of the giant branch (left red line), from the base (spectral type A0) of the MS branch (middle red line),
and the tip of intrinsic CTTS line (right red line). Right Panel: [W1—W2] vs. [W2— W3] TCD, classification of YSOs is based
on the scheme given by Koenig & Leisawitz (2014). Green and blue asterisks represent Class I and Class 11 YSOs, respectively.

B. DIFFERENTIAL COLUMN DENSITY

The differential column density provides insight into understanding the distribution of molecular gas with respect
to the temperature by tracing different phases of the gas. In Figure 15, we have shown the differential column
density for our target region. We observe a filamentary structures up to T; = 15.58 K; however, at T; = 18.40 K, it
seems like a bubble only. We conclude that the structures below ~ 16 K are unaffected by the presence of YSOs or
protostellar outflows. Additionally, we see a bubble-like structure at T; = 15.58 K in the southern direction (marked
in Figure 15(e)).
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