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Abstract. Using multi-wavelength data sets, we studied the star-formation activity in H1I region Sh 2-61
(hereafter S61). We identified a clustering in the region and estimated the membership using the Gaia proper
motion data. The physical environment of S61 is inspected using infrared to radio wavelength images. We also
determined the Lyman continuum flux associated with the HII region and found that the HII region is formed
by at least two massive stars (S1 and S2). We also analyzed the 12C0 (J = 3-2) JCMT data of S61, and a shell
structure accompanying three molecular clumps are observed towards S61. We found that the ionized gas in
S61 is surrounded by dust and a molecular shell. Many young stellar objects and three molecular clumps are
observed at the interface of the ionized gas and surrounding gas. The pressure at the interface is higher than in

a typical cool molecular cloud.

Keywords. Star formation—H I regions.

1. Introduction

Massive stars play a crucial role in the evolution of
their host galaxies through their stellar winds, strong
ultra-violet radiation and supernova explosions. The
strong feedback from the massive stars deeply affects
the natal molecular cloud by changing the physical
condition of the cloud. The massive stars, which are
often seen associated with the young star cluster, H1I
regions in a typical star-forming region, can increase or
decrease the star-formation rate in their surroundings.
The increase and decrease in the star-formation rate are
termed as positive and negative feedback of the massive
star, respectively. The relative impact of the positive and
negative feedback process depends upon the immediate
environment around the massive star itself (Shima ez al.
2017). However, formation of the second generation of
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stars due to the positive feedback of massive stars is
reported in the literature (Deharveng et al. 2005; Pandey
et al. 2022), but still lack statistically significant sample
to conclude on the theoretical models responsible for it.

The target for the present study is the galactic H1II
region Sh 2-61 (hereafter S61; axo00 = 18"33™m20,
82000 = —4°58'0", FOV ~ 4.2" x 4.2'). The star-
forming complex Avedisova 437 (Avedisova 2002),
hosting the target region, lies above the galactic plane
(b = 1.68°) in the constellation of Aquila. The cloud
hosting the target site is shown in Figure 1(a), which
extends from north-west to south-east direction; it also
hosts a young massive star-forming region RAFGL
5502 (Avedisova 2002). The clump accommodating
RAFGL 5502 hosts a 6.7 GHz methanol maser (Yang
et al. 2019), a massive protostar (Cooper et al. 2013),
while S61 seems comparatively older, hosting evolved
massive stars (Hunter & Massey 1990a; Hernandez
et al. 2004). The target region S61 hosts a Herbig
Ae/Be star AS310 (hereafter S1; aan00 = 18"33™21.95,
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(a) Color—composite image covering a large FOV (~10" x 10’) around our studied target. The image is made using

12CO moment-0 map (red), WISE 22 pm (green), 4.5 pm (blue) band images. The massive stars inside the FOV are marked
with star symbols, and the target region studied in the present work (S61) is marked with a green box. (b) Color—composite
image of S61 (FOV ~ 4.2’ x 4.2") made using UKIDSS K (red), H (green), J (blue) band images. The massive stars in S61
are marked with star symbols, while small green circles denote the member stars. A large circle of radius 1".2 enclosing the
identified clustering, massive stars and most of the member stars are shown with cyan color.

82000 = —4°58'05.9”) (Herndndez er al. 2004) along
with B type massive stars S61-2 (hereafter S2, aago0 =
18P33M21.445, 85000 = —4°58/08.2"), S61-3 (hereafter
S3; 2000 = 18h33m22.07s, 32()0() = —4058,41.3”) and
S61-4 (hereafter S4; axgo0 = 18M"33™18.78%, 82000 =
—4°5812.7") (Hunter & Massey 1990a). S61 was ini-
tially misclassified as a planetary nebula, now known
to be an HII region (Frew et al. 2013; Anderson et al.
2014), ionized by at least three B type stars (Hunter &
Massey 1990a), the region is also reported in the HII
region catalog of Anderson et al. (2014). Most of the
previous studies on the target region (e.g., Manoj et al.
2006; Vioque et al. 2018) are mainly focused on the
Herbig star S1, such as determining mass, age, lumi-
nosity and studying emission line activity of the star. In
Figure 1(a), we have shown a color—composite image of
alarge region (FOV ~ 10" x 10’), showing the morphol-
ogy of the cloud hosting the target site S61. The image
is made using the '>’CO moment-0 map (red), WISE
22 pm (green) and Spitzer 4.5 wm (blue) images. In the
image, our target site is enclosed within a box showing
morphology, such as an embedded cluster, massive stars
and signature of a feedback-driven structure. Despite
this interesting morphology, no previous effort has been
made in determining the cluster parameters, studying
dust and gas distribution, cloud morphology, census of
young stellar objets (YSOs), role of stellar feedback and
star-formation activity in the region. Therefore, we have

studied this region using recently available high quality
multi-wavelength archival data sets (cf. Table 1).

The structure of this paper is as follows: The mor-
phological parameters are estimated in Section 3 and
Section 4. The physical environment of the H1I region is
examined using the multi-wavelength data sets in Sec-
tion 5. In Section 6, we discussed the star-formation
processes in S61 and concluded in Section 7.

2. Data sets

The archival data sets used in the present study are tab-
ulated in Table 1. We made our near-infrared (NIR)
catalog by obtaining the JHK magnitudes of all the
sources inside the S61 region from the UKIDSS Galac-
tic Plane Survey (GPS).! We applied the selection
criteria of considering only those sources, which have
H and K band uncertainties <0.1 mag.

3. Stellar clustering in S61

We have performed the stellar surface density analy-
sis in this region to identify the grouping/clustering of

Lhttp://wsa.roe.ac.uk:8080/wsa/.
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Table 1. Details of archival data set used in the present study.
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Survey

Details

Optical

The AAO/UKST SuperCOSMOS Ho Survey

NIR

United Kingdom Infrared Telescope Infrared Deep
Sky Survey

MIR

Warm-Spitzer GLIMPSE360 Survey

Wide-field Infrared Survey Explorer

FIR

Herschel infrared Galactic Plane Survey (Hi-Gal)

Sub-millimeter

JCMT SCUBA-2 Guaranteed Time projects

JCMT Science Archive (1?CO (J = 3-2))

Radio

NRAO VLA Sky Survey

SHS; resolution ~1-2"; Parker et al. 2005

UKIDSS; resolution ~0.8”; Lucas et al. 2008

A = 3.6 and 4.5 pum; resolution ~2”; Benjamin et al. 2005
WISE, A = 22 pm; resolution ~12"; Wright et al. 2010

A = 160 pm; resolution ~12”; Molinari et al. 2010

ID: M11BGTOI; A = 850 pm; resolution ~14".4; PI: Wayne S. Holland
345 GHz,; resolution ~14”; Project = MO8BH15; Buckle et al. 2009

NVSS; A = 21 cm; resolution ~46"; Condon et al. 1998

stars. The surface density distribution of the stars is esti-
mated using the nearest neighbor (NN) method, which
has been described in our previous publications (Pandey
et al. 2020, 2022). In this method, we determine the
local density of stars in each position of a uniform grid
by measuring the projected radial distance to the Nth
nearest neighboring star. The projected radial distance
can be used to determine the local density value at each
grid point (cf. Gutermuth et al. 2005). In the present
work, we used a grid size of 10” and varied radial dis-
tance to accommodate 20th NN in the UKIDSS (cf.
Table 1) NIR photometric catalog. The resultant den-
sity distribution of the stars is shown as yellow contours
in Figure 1(b). The lowest density contour is lo (6
star arcmin~2) above the mean stellar density (28 star
arcmin~2) and the step size is 2 star arcmin 2. A star
cluster (hereafter 61cluster) of elongated morphology
is clearly identified in this region. We have identified
the active region (undergoing star formation) of S61
as a circle centered at asopo: 18733™225.721, 812000:
—4°58'20.36” with a radius of 1”.2 (shown with a cyan
circle in Figure 1b), which encloses the identified clus-
ter named as 61cluster, massive stars (see Section 1) and
most of the member stars of S61 (see Section 4). The
member stars (green circles) and active region (cyan
circle) are shown in Figure 1(b).

4. Membership and distance estimation

We have used the proper motion (PM) data of the
recently released Gaia DR3 (Gaia Collaboration et al.
2021) to identify stars that belong to S61. In panels (a, b,

c) of Figure 2, we have plotted PM components us and
e €0s(8) in the form of a vector point diagram (VPD).
We considered all the stars within the active region
(within the cyan circle drawn in Figure 1b), which
have PM error <3 for plotting VPD diagram. Panel (a)
shows the VPD for all the stars, while panels (b) and
(c) show VPDs for the most probable stars and field
stars, respectively. The most probable member stars are
chosen visually by selecting stars inside a 0.6 mas yr~!
radius around the centroid of the cluster in PM space
(g cos(8) = —0.22 mas yr_1 and s = —2.91 mas
yr_l) (panel b). Panels (d, e, f) of the Figure 2 shows
color—magnitude diagrams (CMDs) (d) for all the stars,
(e) for the probable member stars and (f) the field
stars. The selection of the most probable member star is
always a comprise between selecting the stars sharing
the mean PMs, but are field stars and neglecting the stars
whose PMs are poorly defined, but are member stars. We
obtained the mean value of PMs and the corresponding
dispersion for the member star as (pq cos(d) = —0.22
mas yr~!, s = —2.91 mas yr~!, 0. ~ 0.5 mas yr—!)
and for the field star as (i, = —0.67 mas yr 1, Wyf =
—3.54 mas yr~!, oxf = 2.94 mas yr~! and oyr =3.60
mas yr~!). These values are further used to generate the
frequency distribution function and estimate the mem-
bership probability. The method is used and discussed
in Sharma et al. (2020) and Pandey ef al. (2020).

The membership probability is the ratio of the distri-
bution of the cluster star to all the stars, given by the
below-mentioned equation:

ne X @y (i)
ne X @U3I) +ny x ¢“;(i)'

Pu(i) = )
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Figure 2. Left panel: (a, b, ¢) Vector point diagrams and (d, e, f) CMD for all the stars (a, d), probable member stars (b, €)
and field stars (c, ). Right panel: (g) The membership probability, (h) PM errors and (i) parallaxes are plotted as a function
of G magnitude. The green circles denote the member stars identified in the present analysis (see Section 4) and red triangles
are the eight stars with very accurate parallax values (see Section 4).

In the above equation, (¢;) and (¢}i) represent the fre-
quency distribution function for the cluster and field
stars, respectively. n. (=0.17) and n ¢ (=0.83) denote
the normalized number of stars in cluster and field
region, respectively. Based on above numbers, we have
calculated the membership probability for all the stars
in our selected region of S61, i.e., ~4.2" x 4.2" (cf.
Figure 1b). The right-panel of Figure 2 shows (g) the
distribution of membership probability, (h) error in PMs
and (i) parallax against the G mag. We adopted the
membership criteria of considering only those stars as
members with membership probability >80% (shown
with green circles in panels (g) and (i)), which gives us
18 member stars in S61. This method effectively sepa-
rates the member stars in the brighter magnitude ends,
but is not that effective at the fainter end (see panels (g,
h, i) of Figure 2). The reason behind this discrepancy
is the higher uncertainties in PMs as we go towards the
fainter magnitude ends.

Few distance estimates of this region are available
in the literature. Hunter & Massey (1990a) and Hunter
et al. (1990b) reported the distance as 2.3 kpc, which is
determined with mean of the kinematic and photomet-
ric distances of the early type stars. The other distance
estimate is 3.3 kpc by Fich & Blitz (1984), which is cal-
culated using CO velocity of the associated molecular
cloud and CO rotation curve of the galaxy. We have also
calculated the distance of 61cluster using the parallax

of the member stars. We found that out of the 18 mem-
ber stars of S61, eight stars have very accurate parallax
values (i.e., error < 0.1 mas, red triangles in panel (i) of
Figure 2) and have distance estimated by Bailer-Jones
et al. (2021). We took the mean distance value of these
member stars and constrained the cluster’s distance as
2.4 £+ 0.2 kpc.

5. Physical environment of S61
5.1 Morphology of S61

The physical environment of S61 is traced by investigat-
ing the multi-wavelength images spanning from NIR to
sub-mm wavelengths. In Figure 3(a), we show a color—
composite image of the region in a FOV of 4.2 x 4.2
arcmin?. The image is made by using the WISE 22 pum
(red), Spitzer 4.5 pm (green) and K band (blue) images
and is also overplotted with the surface density contours
(see Section 3). This image shows a dust lane (traced
using 4.5 wm emission) extended from the northeast to
the southwest direction. The clustering identified in the
present work extends similarly and is bounded by this
dust lane from the west direction. A dust clump harbor-
ing the massive stars (S1 and S2) lies at the center of
the extended dust lane, where the dust envelope in the
WISE 22 pum emission can be seen.
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(a) Color—composite image of S61 made using WISE 22 pm (red), Spitzer 4.5 pm (green) and NIR K band (blue)

images. The surface density contours (see Section 3) are also overplotted on this image with magenta color. (b) Spitzer ratio
map (4.5 pm/3.6 pm) of the region. (c) Herschel 160 pm overplotted with the NVSS radio contours (white color), a circle
of radius 45” centered at massive star S1 and S2 (cf. Section 5.4), is also shown with red color. The lowest NVSS contour is
at 0.03 Jy per beam and the step size is 0.03 Jy per beam. (d) JCMT SCUBA-2 (850 iwm) image of S61 is also overplotted
with its own contours, the lowest contour is at 0.7 mJy (arcsec) > and the step size is 0.3 mJy (arcsec) 2. Three prominent
clumps (cl, c2 and c3) are also marked in the image. The star symbols in all the images show the massive stars in S61. All

the images cover the same FOV as in Figure 1(b).

We have also produced the Spitzer ratio map
(4.5um/3.6 wm) of this region, which is shown in Fig-
ure 3(b). The technique used for making the Spitzer
ratio map and its effectiveness is discussed in Dewangan
et al. (2017b). The Spitzer 3.6 pm band accommodates
the prominent poly-cyclic aromatic hydrocarbon (PAH)
band at 3.3 um. when compared, 4.5 um band is a useful
tracer of the shocked hydrogen gas, hosting several Hp
line transitions (Ybarra & Lada 2009) and also the Br-«
emission (at 4.05 pm). The dark region in the ratio map
tracing the photo-dissociation regions (PDR) (for more
details, see Dewangan et al. 2017b) is mainly distributed
in a ring-like structure around the massive stars having
bright patches near them. The PDR structure shows that

the gas/dust surrounding the massive stars is getting sig-
nificantly heated by them. The bright diffused region at
the location of the massive stars, also accompanied by
the radio continuum emission (Figure 3c¢), indicates the
Br-o emission due to photoionization. Note that a bright
patch in the bottom left corner of the image does not
belong to S61. The few other bright spots not accom-
panied by radio continuum emission favor the (H»)
line emission and could be due to the outflow activity
of young stars.

Figure 3(c) shows the color image of the region
made using the Herschel mid-infrared (MIR) 160 pum
image. The Herschel image shows a cold dust clump
near the position of the massive stars S1 and S2, and
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Figure 4. Ho image of S61, the symbols have the same
meaning as in Figure 3.

the NVSS radio continuum contours are centered on
them.

We also show the JCMT SCUBA-2 850 wm image
of the region in Figure 3(d). The image is also over-
plotted with its brightness contours. The 850 pwm
emission shows three prominent clumps with other-
wise diffuse emission in the region. The most prominent
clump (c1) accommodates the massive stars S1 and S2,
while the other two clumps (c2 and c3) are seen in
the south direction of the massive stars S4 and S3,
respectively.

5.2 Ionized gas in S61

Morphology of the ionized gas in S61 is traced using
the NVSS radio continuum image (1420 MHz) along
with Ho image. If we look at the NVSS radio contin-
uum contours overplotted over the Herschel 160 pm
image (Figure 3c), the radio emission looks concen-
trated towards the central clump (cl) encircling the
massive stars S1 and S2. The massive stars S1 or S2
or both seem to be the ionizing source/sources respon-
sible for creating this H1I region. The other two massive
sources (S3 and S4) are located at the boundary of this
H11 region. The Ha emission, as seen in Figure 4, is
predominantly distributed towards the clump c1. An arc
structure, probably separated from the main clump cl
by a dust lane, is also seen towards the south of massive
stars S4 and S3.

We calculated the Lyman continuum flux associated
with the HII region, which can be further used to con-
strain the spectral of the ionizing source/sources. The
equation used for calculation is expressed as follows

J. Astrophys. Astr. (2023) 44:76

(Schmiedeke er al. 2016):

S D \?
Nuv(s™h = 7.5 x 10% (—”) (—)
Jy kpc

x (10? >_O.45 (G:{z)o.l : @

In the above equation, Nyy denotes the Lyman con-
tinuum photons per second, 7, denotes the electron
temperature (taken as 10,000 K), v is the frequency,
Sy is the integrated flux and D is the distance of the
H1I region (taken as 2.4 kpc, see Section 4). This cal-
culation assumes that a single massive source generates
the ionization flux. We applied the task ‘jmfit’ of AIPS
on the NVSS (1.4 GHz) map to estimate the integrated
flux. The values of the integrated flux for S61 is found
to be 0.17 & 0.002 Jy (6 = 0.0018 Jy per beam) and
the diameter of the H1I region is found to be ~79.5”
(0.9 pc). The obtained value of Nyy is found to be 46.88
(between B0.5V and BOV spectral type; Panagia 1973),
which is greater than the combined Nyy of S1 and S2
(two B1 type of stars, combined Nyy = 45.59; Panagia
1973), and the radio continuum emission is peaking at
their positions. The HII region seems to be formed by
at least these two massive stars (S1 and S2).

The dynamical age of S61 is obtained by using the
equation given by Dyson & Williams (1980a), which is
expressed as follows:

4R, Run\ '’
w= ()% 1) ©

where c; is the isothermal sound velocity in the ionized
gas (cg = 11 km s~1) (Stahler & Palla 2005), Ry is
the radius of HII region and R; is the Stromgren radius
of H1l region, which is given by:

1/3
® = () @

where ng is the initial ambient density (in cm ) and B2
is the total recombination coefficient to the first excited
state of hydrogen B, = 2.6 x 10~!3 (Stahler & Palla
2005). We have estimated the dynamical age of S61 as
0.2 (0.6) Myr for ng = 103 (10*) cm—3.

5.3 Molecular gas kinematics in S61

We traced the distribution of the molecular gas and
investigated the gas kinematics in S61 using the '>CO
(J = 3-2) JCMT data. The extracted velocity profile of
the '2CO from S61 is shown in Figure 5. The molecular
gas in S61 is traced in a velocity range of 20-34 km s~
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In Figure 6(a), we show '2CO intensity map of S61.
A shell structure is visible on the map, accommodating
the three prominent molecular clumps. We have also
previously seen the dust clumps at these positions (see
Section 5.1). The massive stars S1 and S2 lie at the inner
edge of the clump c1, while massive stars S4 and S3 are
situated nearby the clump c2 and c3, respectively.

5.4 Pressure calculation at the boundary of S61
We also examined the effect of feedback from the

massive stars in S61 by calculating the total feed-
back pressure. The total feedback pressure consists of

10
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Figure 5. Velocity profile of the 12CO (J = 3-2) towards
Sé61.
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the stellar wind pressure (Pying) (Bressert e al. 2012;
Dewangan et al. 2017a), radiation pressure (Prq), and
the H1I region pressure (Pyy), which are given by the
following equations (for details, see Bresserter al. 2012)

Prag = Lbol/47TCDs2» ®)
[ 3N
. 2 uv
Py = MMHC ( m) s (6)
Pyina = My Vy /47 D5 (7

In the above-mentioned equations, Ly, denotes the
bolometric luminosity of the ionizing source, Dy is the
distance at which pressure has to be calculated, my is
the hydrogen atom mass, cs is the sound speed in the
photoionized region (=11 km s~!; Bisbas et al. 2009).
Nyy in the above equation denotes the Lyman contin-
uum flux, o p is the radiative recombination coefficient,
and Mw and V,, are the mass-loss rate and the wind
velocity of the ionizing source, respectively.

In Section 5.2, we found that the spectral type of
the ionizing source of this HII region has a spectral
type between B0.5V and BOV, and the massive stars
S1 and S2 are responsible for creating this HII region.
We calculated the total pressure at the boundary of S61,
where molecular clumps and YSOs (cf. Appendix) are
observed. We considered B0.5V as the spectral type of
the ionizing source and average distance of the molecu-
lar clumps from the massive central stars as 45” (1.1 pc
at a distance of 2.4 kpc). A circle of radius 45" centered
at massive central stars is shown in Figure 3(c). For a
B0.5V star, we adopted the values of Ly, = 19952 L,

()

RGB:'2CO (R)+ 160 um (G)+ Ha (B)

4578

Dec [J2000]

amoe 24200
RA [J2000]

16°

Figure 6. (a) Velocity-integrated 12co map (20-34 km s~1) of S61. (b) We show a color—composite image of S61 made
using '2CO moment-0 map (red), Herschel 160 jum image, and Ha (blue) images. The NVSS radio continuum contours are
shown with green color. The lowest NVSS contour is at 0.03 Jy per beam and the step size is 0.03 Jy per beam. In both figures,
YSOs identified in the present study are marked with the magenta circles.
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My ~ 2.5 x 107 Mg yr—!, V,, ~ 1000 km s~ and
Nuv = 2.9 x 10*” (Dewangan et al. 2017b). The val-
ues of Py, Prad, Pwind are estimated as 1.19 x 10719,
1.89 x 10~" and 1.16 x 10~13 dynes cm ™2, respec-
tively. The total pressure (P = Pgy + Prad + Pwind)
value is estimated as 1.38 x 10~ dynes cm™2.

6. Star-formation activity in S61

The recent star-formation activity in S61 is traced by
massive stars, cluster of stars, YSOs and the molecular
clumps. In this section, we have discussed the implica-
tions of the observed morphology and investigated the
processes of star formation in S61.

In Figure 6(b), we show the color—composite image
of S61 made by using the !2CO intensity map (red), Her-
schel 160 pm (green) and He (green) images. The figure
shows a cometary morphology, where the Ho emission
is seen to be surrounded by the 160 pm and molecular
emission. This morphology suggests that the interac-
tion of the ionized gas (traced by the Ho emission and
radio continuum contours) with the surrounding dust
and gas has possibly formed this structure. This kind
of morphology, where the dust/gas emission encloses
the ionized gas emission, is also quite common in the
galactic bubbles (Churchwell et al. 2006). We have
also seen three prominent molecular clumps at the
interface of the ionized gas and the surrounding gas,
suggesting that the gas’s compression from the ion-
ization front could have formed these clumps. The
ratio map (shown in Figure 3) also shows the PAH
emissions at the interface of ionized emission and sur-
rounding gas, strongly suggesting the impact of the H11
region. We also see a few YSOs distributed towards
the molecular clumps, where the ionized gas and sur-
rounding cloud will interact (cf. Figure 6a). Most of
these sources are class I with only two class I sources,
which could have formed due to the ionizing feed-
back from the massive stars. This kind of morphology,
where the feedback from the massive star triggers the
star formation in the surrounding molecular cloud, is
observed in various HII regions, such as Sh 2-301
(Pandey et al. 2022), Sh 2-217 (Brand et al. 2011),
Sh 2-212 (Deharveng et al. 2008) and RCW 120 (Zav-
agno et al. 2010). We also compared average age of
the YSOs with the dynamical age of S61. The esti-
mated dynamical age (0.2 (0.6) Myr) of the H1I region
(considering ambient density of ng = 103 (10" cm™?)
does not seem to be high enough to trigger the forma-
tion of YSOs, which are considered to have an average
age of 0.46 and 1-3 Myr (Evans et al. 2009). The total
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pressure at the boundary of the H1I region, where the
molecular clumps and YSOs are distributed, is found
to be 1.38 x 10710 dynes cm~2 (see Section 5.4). The
obtained pressure value is one magnitude greater than
the pressure of a cool molecular cloud (they consid-
ered to have the pressure of Pyic ~ 10-1-10-12
dyne cm~2 at a temperature of ~20 K and a parti-
cle density of ~103-10* cm™3, Table 7.3 of Dyson &
Williams (1980b)). The higher pressure value could be
due to the feedback from the massive stars that could
have compressed the surrounding molecular cloud. The
overpressure at the boundary of HII region and mor-
phological suggestions are two observational signposts
of feedback—triggered star formation. The other sign-
posts, such as the difference between age of young stars
and dynamical age of the feedback agent, age gradient
among the age of young stars, and elongation of young
star cluster towards the feedback agent are common in
the feedback-triggered star formation sites (Dale et al.
2015). A simultaneous occurrence of many signposts
mentioned above can only be put as suggestive evi-
dence for the feedback-triggered star formation. Since
there are processes like cloud—cloud collision (Fukui
et al. 2021) and accretion through filaments (Baug et al.
2018) that act at a larger scale, and can trigger star
formation. We also need to inspect larger area around
the target region to explore the possibility of other
processes acting at a larger scale before making any
conclusion regarding feedback-triggered star forma-
tion, which is going to be a prospect for future studies
in the region.

7. Conclusion

In this paper, we studied S61 with the multi-wavelength
data sets. Conclusions drawn from the study are as
follows:

e We identified a stellar clustering in S61 using the
UKIDSS NIR data. From the population of mem-
ber stars, the distance to this region is estimated
as 2.4 £+ 0.2 kpc.

e The region’s dust distribution is examined using
the Spitzer and Herschel archive images. The dust
is found to be distributed in a shell kind of struc-
ture enclosing the Hoe emission and ionized gas.
We also found PDR structure distributed in a ring-
like structure around the massive stars (S1 and
S2), showing heating of the dust.

e We traced the morphology of ionized gas in S61
using the NVSS radio continuum data and Ho
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(a) We show NIR CMD (H-K/K) of the sources detected in H and K bands, a cutoff value of H-K = 1.5 was

obtained using a nearby field region. The probable YSOs are shown with red circles and, a vertical dashed line marks the
cutoff value. (b) [[3.6]-[4.5]]o vs. [[K]-[3.6]]o TCD of all the sources inside the S61 region. We used the color criteria by
Gutermuth et al. (2009) to identify and classify the YSOs. We show the classified class T and class T YSOs with green and

red circles, respectively.

image. The ionized gas is found to be distributed
in a circularly symmetric way, peaking at the
position of massive stars S1 and S2. We also cal-
culated the Lyman continuum flux and dynamical
age of the H1l region, which are found to be 46.88
and (0.2-0.6) Myr, respectively. We found that
the spectral type of ionizing source is between
BO0.5V and B0V, and the massive sources S1 and
S2 might be collectively responsible for creating
the H1I region.

e We also examined the kinematics of the molec-
ular gas in S61 using '2CO (J = 3-2) JCMT
data. A molecular shell accompanying the three
molecular clumps is observed towards S61.

e The dust and molecular gas in S61 are found to
be surrounding the ionized gas and massive stars.
We also detected significant PAH emissions at the
interface of ionized gas and dust/molecular gas.
The YSOs and molecular clumps are found to be
distributed at the interface.
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Appendix: Identifying young stellar objects

We have used UKIDSS NIR data along with Spitzer
mid-infrared (MIR) data to identify the YSOs in the S61
region. Figure 7(a) shows the H-K vs. K NIR CMD
made using the UKIDSS NIR data. The YSOs in the
NIR CMD are found to be redder than the field stars
due to their circumstellar material. In this scheme, stars
above a certain cutoff value are designated probable
YSOs (Baug et al. 2018). Using the H-K vs. K CMD
ofa nearby field (Olz()()()i 18h32m28s, 5]2000: —4058/48//)
we estimated the cut off value as 1.5. The red dots in
Figure 7(a) show the probable YSOs identified using
the UKIDSS data; the vertical dashed line is marking
the cutoff value. Figure 7(b) shows the [[3.4]-[4.5]] vs.
[H-K;] TCD, made using the Spitzer data, we adopted
the method of Gutermuth et al. (2009) to identify and
classify the YSOs.
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