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Abstract

We studied the influence of a massive star on a mid-infrared bubble and its surrounding gas
in the IRAS 16489-4431 star-forming region using multi-wavelength data. The Spitzer mid-
infrared band images revealed the shocked nature of the bubble. Analyses showed that the
bubble is developed by a massive star owing to its strong radiation pressure. Evidence of col-
lected material along the edge of the bubble was noted by the cold gas tracer line observed using
Atacama Millimeter/submillimeter Array (ALMA). The presence of dense dust cores with bi-
polar outflows and young stellar objects toward the collected material is suggestive of active
star formation possibly influenced by the expansion of the radiation driven bubble.
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1. Introduction

Massive stars (M, > 8 M), even though fewer in number, play a pivotal role in determining
the evolution and ecology of their host galaxies (Zinnecker and Yorke, 2007). They, in general,
affect their local environment throughout their life-time, by driving powerful jets and outflows,
strong stellar winds, and by radiating substantial amounts of ultraviolet photons. Owing to such
strong stellar feedback, they could either influence the surrounding gas for the formation of the
next generation of stars or disperse the natal environment into the interstellar medium and halt
further star formation (Deharveng et al., 2010).
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Figure 1: (a) A three-color composite image (red: 70 um, green: 8 um,
and blue: 4.5 um) of the region. The white rectangle shows our target
area for this study. A magenta diamond shows a Class II methanol
maser source, and an IRDC and pillar-like structures are also labelled.
(b) Spitzer-IRAC 8.0 um image of target area overlaid with integrated
H!'3CO™ contours in maroon drawn at [3,5,8,10] x o levels. The cyan
circle marks the MIR bubble. The cores are marked by ellipses and
labelled (C1-C4). The red and blue arrows are the SiO outflow lobes
associated with C1 (Baug et al., in prep).

Surrounding medium of a massive star gets ionized because of strong ultraviolet radiation,
and develops an ionized region (i.e., H1I region). Supersonic expansion of H II regions develop
shock fronts (Stromgren, 1939) and induce compression in neighboring molecular gas that mor-
phologically appears as a bubble-like structure. Such bubbles were widely identified in Spitzer
mid-infrared (MIR) 8 um band images (Churchwell et al., 2006, 2007).

Expansion of the MIR bubble could lead to the formation of new stars at the periphery of
the bubbles (Deharveng et al., 2010; Dale et al., 2012). The compressed gas at the periphery of
the bubbles may become gravitationally unstable and fragment into denser cores that can lead
to the formation of stars (Elmegreen and Lada, 1977). Evidence of such star formation inferred
by the presence of cluster of young stellar objects (YSOs), clumps and cores is found in several
studies (see e.g., Baug et al. (2016, 2019); Dewangan et al. (2020); Das et al. (2017)).

In this paper, we study one such region, IRAS 16489-4431 where observations have shown
the presence of a MIR bubble (Jayasinghe et al., 2019) and also cold mm-band cores around its
periphery. The bubble was identified using a citizen science survey on the three-color images
made using Spitzer Space Telescope Infrared Array Camera (IRAC; spatial resolution of ~ 2”)
and Multiband Imaging Photometer for Spitzer (MIPS; spatial resolution ~ 6”) 24 um band
images. The region is located at a near-kinematic distance of 3.26 kpc (Urquhart et al., 2018).
A three color composite image of the region is shown in Fig. 1(a). Presence of an infrared dark
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Table 1: Parameters of identified cores.

Core [RA;Dec] Size Int. Flux  Peak Flux Mass (M)
(No[*;°]) (mJy) (mJybeam ')  for Tgus=21K
p=1.5 p=2.0
2.0"x1.1" 2.7+0.1 1.4+0.1 9.9+0.2 34.3+0.8
1.77x0.9" 2.1£0.1 1.3£0.1 7.8£0.3 27.1£1.0
1.4"%x0.8"” 13.240.9 8.7+0.4 48.3+2.2 167.447.5
2.6"x1.7" 6.04+0.1 2.1+0.1 21.84+0.3 75.7£0.9
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cloud (IRDC) and pillars can be observed in the region. Presence of dust cores at the periphery
of the bubble makes this region important for exploring the influence of a massive star on its
surrounding gas. The paper is presented in the following manner. The data used in this paper
are presented in Section 2. The results of this study are described in Section 3. A discussion of
the results is presented in Section 4. Finally, we summarize the results in Section 5.

2. Data

ALMA data from ATOMS survey (Project ID: 2019.1.00685.S; PI: Tie Liu) are used in this
study. The region was observed on 3 November 2019 with ALMA 12-m array in band 3. In
this study, we used 3 mm continuum and H'3CO™ data with a beam size of ~ 2" x 2" having
rms noise of 0.2 mJy beam™! and 6.4 mJy beam™' per 0.122 MHz channel, respectively. More
details of the ALMA observations and data reduction can be found in Liu et al. (2020).

We have also utilized the archival survey data from Two Micron All Sky Survey (2MASS;
Skrutskie et al., 2006), Spitzer Space Telescope Galactic Legacy Infrared Mid-Plane Survey
Extraordinaire (GLIMPSE; Benjamin et al., 2003), Multiband Infrared Photometer for Spitzer
(MIPS Carey et al., 2005), Wide-field Infrared Survey Explorer (WISE; Wright et al., 2010),
and Herschel Photoconductor Array Camera and Spectrometer (PACS; Pilbratt et al., 2010).

3. Results
3.1. Cores: identification and mass estimation

We identified the dust continuum cores in the ALMA 3 mm dust continuum image using
the Python-based ASTRODENDRO package (Rosolowsky et al., 2008) that uses the dendrogram
algorithm. We considered only those leaves (structures with no sub-structures) as cores that
have area more than 33 pixels (i.e., size of the beam in pixel) in ALMA 3 mm dust continuum
image and have signal-to-noise ratio of more than 5. We identified four dust continuum cores
(marked in Fig. 1(b)) and further refined their parameters using the CASA-IMFIT task (listed in
Table 1).

With the assumption that dust emission is optically thin, the masses of the four identified
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Figure 2: (a) ALMA 3 mm continuum map of IRAS 16489-4431 over-
laid with Herschel dust temperature contours in black dashed lines
drawn at 21, 22, 24 and 26 K. (b) Spitzer ratio map (Ch2/Chl) of the
target region. The position of Class I, Class II YSOs and the massive
influencing star are marked by red pluses, blue squares and a yellow star,
respectively. The yellow dashed circle shows a tentative outer (drawn
by-eye) periphery of the shocked gas. The remaining symbols are the
same as they are in Fig. 1.

cores are estimated using the equation from Hildebrand (1983),

FyD*Ry
B v (Tdust) Ky
where Fy is integrated flux, D is distance to the region, Ryq is gas-to-dust ratio (adopted as 100),

Taust is dust temperature, &, = 10(v/1.2THz)P is the dust opacity where f3 is the spectral index.
For dust temperature, we examined the Herschel dust temperature map (Marsh et al., 2017).

M core —

Figure 2(a) shows the 3-mm ALMA dust continuum map of the region overlaid with Herschel
dust temperature contours generated by Marsh et al. (2017) using a Point Process Mapping
(PPMAP) algorithm on multi-band Herschel dust continuum images. The final resolution of
the temperature map is ~ 12”. As can be seen in Fig. 2(a), all the identified dust continuum
cores are located around 7g,s contour of 21-22 K. Thus, we adapted an average Ty, of 21 K
for all the cores. The mass of the cores were estimated for two 3 values of 1.5 and 2.0 and are
listed in Table 1.

3.2.  Young Stellar Objects

We identifed Young Stellar Objects (YSOs) using three different color-color and color-
magnitude criteria, and then merged them together. We first applied [3.6]-[24]/[3.6] color cri-
teria of Guieu et al. (2010) and Rebull et al. (2011) to identify young sources. Then, we utilize
MIR ([5.8]-[8.0])/([3.6]-[4.5]) color criteria given in Gutermuth et al. (2009) to classify sources
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Table 2: Photometric magnitudes of the influencing source

Jmag Hmag Kmag Wlmag Wzmag W3mag W4mag
13.49+0.04 12.2740.06 11.51+0.05 7.584+0.03 7.46+0.02 3.324+0.010 -0.160+0.02

that are not detected or saturated in 24 ym images. There are also sources that are not detected
in 8 um band but detected in other IRAC bands, and for those we used ([3.6]—-[4.5])/([4.5]-
[5.8]) color-color scheme of Hartmann et al. (2005); Getman et al. (2007). For unified YSOs
catalog, we finally performed a cross-matching of all the YSOs candidates, and removed the
duplicacy (see Baug et al., 2016, for more details). We found a total of eight Class I and five
Class II sources within the targeted regions. The positions of the identified YSOs are marked in
Fig. 2(b).

3.3. Shocked bubble

IRAS 16489-4431 region contain a bubble at RA: 253.15107°, Dec: —44.60557° having
an angular radius of 0.2" (Jayasinghe et al., 2019). Ratio map of Spitzer-IRAC images (e.g.,
Ch2/Chl) can trace shocked regions as Ch2 includes shock excited H, emission and do not
include any PAH features (Povich et al., 2007). Note that PAH emission can be triggered by
both shock and ultra-violet radiation, but the H, line in Ch2 is solely shock excited. Thus, a
bright extended emission in the ratio map can be inferred as a clear shocked region. On the
otherhand, a dark extended emission in the ratio map is indicative of a tentative boundary of the
shocked region. A clear shocked morphology can be noted in the ratio map shown in Fig. 2.

We searched for a possible influencing source of the bubble. Photometric search revealed
one potential source (RA: 253.14996°, Dec: —44.60615°) with a strong flux that could form the
observed bubble. For confirmation, a fit to the observed fluxes (listed in Table 2) was performed
using the SED-fitter tool of Robitaille et al. (2007). The input distance and interstellar visual
extinction (Ay) ranges were set to 3.0-3.6 kpc and Ay ~ 3-30, respectively. Among the fitted
models (see Fig. 3(a)), the models satisfying 2 — xgest < 3 were only considered in computing
the mass of the source. The estimated mass of 7.9 £ 0.7 M, is referring to a B2-B1 type star.

For a better knowledge of the feedback from the influencing star leading to the formation of
the bubble, we computed different pressure components following the similar method outlined
in Baug et al. (2019). The pressure due to radiation was estimated using, Prag = Lpo1/ 47rch,
where Ly, is the bolometric luminosity of the star and Dj is the separation from the source. The
pressure due to stellar wind was computed using, Py = MV / 47rD§, where M is the mass-loss
rate and V is the velocity of stellar wind. We did not compute the pressure for ionized gas as
no radio continuum emission is detected within the bubble even in the recent CORNISH-South
Survey (Irabor et al., 2023).

The pressure components as a function of separation from the driving source is shown in
Fig. 3(b). We showed the P;,q for two masses, the lower limit of the fitted mass (M ~ 7.2 M)
and 7.9 M.,. The corresponding bolometric luminosities of 2690 and 3900 L, are adopted from
Lang (1999). For the calculation of Py, V ~ 700km s~! and M of ~ 10~%4 M, yr~! for a typical
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Figure 3: (a) SED fit to the fluxes (black dots; with typical 20% uncer-
tainty) of the influencing source using the SED fitter tool of Robitaille
et al. (2007). The solid black curve and gray curves are the best fit
model and other good fits, respectively. (b) Plot of different pressure
components exerted by the influencing star as a function of separation
from the source. Radiation pressure for 7.9 M. and 7.2 M., stars are
shown in red and blue solid curves. The wind pressure is shown in a
red dashed curve. The gray area marks the pressure exerted by a typical
cold giant molecular cloud with temperature of 20 K and a particle den-
sity of 103-10* cm 3. The blue and green-dotted lines mark the average
separation of the bubble edge and star-forming cores, respectively, from
the influencing star.
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B1V star were obtained from Oskinova et al. (2011). Figure 3(b) shows that the radiation pres-
sure dominates over stellar pressure and is sufficiently higher than the typical pressure exerted
by cool giant molecular cloud (~ 107 12=10~!" dynes cm™2 for a typical cloud temperature of
20K and a particle density of 103-10* cm~3 (Dyson and Williams, 1980)).

4. Discussion

The primary aim of our study here is to assess the influence of a massive star on its sur-
rounding gas. Jayasinghe et al. (2019) had reported the presence of a shocked-bubble in this
region. Our analysis of IRAC-band images established the shocked nature of the bubble, and
we also found that the bubble is developed by the strong radiation field driven by a massive
7.9£0.7M,, star. In past decades, there have been several observational studies reported trig-
gered star formation at the periphery of the MIR bubble (Povich et al., 2008; Smith et al., 2010;
Yuan et al., 2014; Zhou et al., 2020).

Based on the smoothed particle hydrodynamic simulations of ionized-induced star forma-
tion in bound and unbound systems, Dale et al. (2012, 2013) argued that triggered star formation
is most likely to occur at bubble edges or pillars, whereas spontaneous star formation could oc-
cur in both bubble edge and within the bubble cavity. Also in Dale et al. (2013) the authors
suggested that the triggered stars formed at the bubble wall are younger than that are formed
spontaneously and have strong accretion.

Our study shows the presence of collected materials (i.e., H3CO™ gas) towards the periph-
ery of the bubble. Active star formation is also noted within the compressed material around
the bubble inferred from the presence of YSOs and star-forming cores. In addition, one of the
star-forming cores is associated with bi-polar outflows, a typical signature for a young proto-
stellar core. The presence of a Class II methanol maser source toward the southern periphery
of the bubble is indicative of active massive star formation. In brief, all the signatures in the
IRAS 16489-4431 region hint toward an active star formation around the periphery of an ex-
panding MIR bubble driven by a massive 7.9 0.7 M, star.

5. Summary

We performed a multiwavelength analysis of the local environment of the IRAS 16489-
4431 region associated with a MIR bubble. Analysis of Spitzer-IRAC band images revealed
shocked gas surrounding the edge of the bubble. We identified a possible massive 7.9 +0.7 M,
source which is driving the MIR bubble by its strong radiation pressure. ALMA cold gas tracer
showed evidence of collected gas around the bubble periphery where all the dense cores are
located. One of these cores is associated with bi-polar outflows indicative of active young star
formation. The identified YSOs, specifically the Class I sources, are generally located around
the edge of the shocked region. Overall, our analyses suggest that the radiation pressure from
the 7.9 £0.7 M, star has triggered the formation of the bubble and also might have influenced
the star formation activity around the bubble periphery.
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