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ABSTRACT

We characterize an uncatalogued bright-rimmed cloud located at the border of the infrared
dust bubble CN20 with the aim of investigating triggered star formation. In order to do this,
we carried out radio continuum observations at 8.9 GHz using the Jansky Very Large Array
(JVLA) interferometer with a synthesized beam size of 13 arcsec x 5 arcsec, and molecular
observations using the Atacama Submillimeter Telescope Experiment (ASTE) at the '3CO J
= 3-2 and CS J = 7-6 transitions. An analysis of the molecular observations and of Herschel
public data revealed the presence of a warm and dense clump with Ty, ~ 25 K and n(H,) ~
3 x 10° cm~>. The high angular resolution and sensitivity of the new radio continuum data
revealed an arc-like radio filament in excellent correspondence with the illuminated border of
the bright-rimmed cloud. This ionized boundary layer has an electron density of 176 cm—>. The
spatial distribution of the young stellar object candidates probably related to the bright-rimmed
cloud does not show clear evidence of a triggered origin. Finally, based on the evaluation of
the pressure balance between the ionized and molecular gas, we conclude that the ionization
front has stalled at the surface of the clump.
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1 INTRODUCTION

Bright-rimmed clouds (BRCs) are isolated molecular clouds lo-
cated at the edges of evolved Hn regions with their illuminated
borders facing towards the ionizing star(s). They are believed to be
potential sites of triggered star formation (e.g. Sandford, Whitaker
& Klein 1982; Bertoldi 1989; Lefloch & Lazareff 1994) through a
mechanism known as radiation-driven implosion (RDI), which was
first proposed by Reipurth (1983). BRCs are used as markers of the
location of the ionization front of an H 1 region, which are not easy
to define but are believed to contribute mainly as positive-feedback
in the formation of new stars.

Sugitani, Fukui & Ogura (1991) and Sugitani & Ogura (1994)
compiled optical catalogues (the so-called SFO Catalogues) of 44
BRCs in the northern sky and of 45 BRCs in the southern sky,
each associated with an IRAS point source of low dust tempera-
ture. Detailed characterizations of the physical properties of some
BRCs included in the SFO Catalogue were made based on submil-
limetre and radio continuum observations (e.g. Morgan et al. 2004;
Thompson, Urquhart & White 2004; Urquhart et al. 2006; Mor-
gan, Urquhart & Thompson 2009). Some authors have concluded
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that the RDI mechanism is in progress in many (but not all) of the
SFO BRCs and that massive stars are being formed in these regions
(Urquhart, Morgan & Thompson 2009). Studies such as those of
Sugitani, Tamura & Ogura (1995) and Smith et al. (2010), which are
based on infrared (IR) observations, indicate that BRCs are often
associated with a small cluster of young stars showing not only an
asymmetric spatial distribution with respect to the cloud but also a
possible age gradient. Furthermore , several studies based on numer-
ical simulations describe, with unprecedented detail, the physical
conditions of BRCs, predicting where and when the new generation
of stars should be formed (e.g. Gritschneder et al. 2010; Bisbas et al.
2011; Haworth et al. 2013; Kinnear et al. 2014). Haworth, Harries
& Acreman (2012) have shown, based on synthetic observations
derived from their numerical simulations, that the diagnostic tools
used to analyse the evolution of the BRCs are reliable. However,
distinguishing between triggered and spontaneously formed stars is
not an easy task. Based on a statistical study of the spatial distribu-
tions of the IR dust bubbles catalogued by Churchwell et al. (2006)
and the massive young stellar objects (MYSOs) catalogued in the
Red MSX Source Survey (Urquhart et al. 2008), Thompson et al.
(2012) suggested that the formation of about 14 to 30 per cent of the
MYSOs in the Milky Way might have been triggered by the action
of expanding bubbles/H 1 regions. As Dale, Haworth & Bressert
(2015) point out, it is very important to interpret with caution the
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Figure 1. Left: Two-colour composite Spitzer image (8 pum in cyan and 24 pm in red) of the infrared dust bubble CN20 (infrared counterpart of the diffuse
Hu region G000.6404-0.623). Cyan and red scales go from 60 to 200 MJy st~! and from 100 to 400 MJy sr~!, respectively. The blue contours represent the
radio continuum emission at 1.4 GHz extracted from the NVSS survey. Contours levels are at 0.004, 0.008 and 0.012 Jy beam™!. The yellow box indicates the
region mapped with the JVLA. The star represents the pointing of the ASTE observations. Right: H, image of the Hu region G000.640+0.623 as obtained
from the SuperCOSMOS H,, Survey (SHS). The green contours in both images represent the ATLASGAL emission at 870 pm. Contour levels are at 0.02,

0.08,0.15,0.2,0.3, 0.4 and 0.6 Jy beam~".

observations of star formation near feedback-driven structures such
as BRCs in terms of triggering.

2 DESCRIPTION OF CN20 AND ITS
ASSOCIATED BRC

CN20 is an irregular infrared dust bubble of about 9 arcmin in size
centred at RA 17"44™39%2; Dec. —28°02'02” (J2000) (Churchwell
et al. 2007). Fig. 1(left) shows a two-colour composite Spitzer im-
age of CN20 (8 pm in cyan and 24 pm in red). The green contours
represent the 870-um emission extracted from the APEX Tele-
scope Large Area Survey of the Galaxy (ATLASGAL; Schuller
etal. 2009). The 8 um emission (GLIMPSE; Benjamin et al. 2003),
which traces the photodissociation region (PDR), exhibits an elon-
gated morphology along the RA axis opened towards the western
and eastern borders. The 24 um emission (MIPSGAL,; Carey et al.
2009), which might be associated with very small grains, shows a
conspicuous nebulosity of about 1 arcmin in size towards the centre
of the bubble. This nebulosity shows a semishell-like morphology
opening towards the northern border with a point-like source at its
centre (clearer in Fig. 2). The 870-pm emission presents a clumpy
appearance and shows a clear correlation with the 8-pum emission
surrounding the periphery of CN20. In particular, the most striking
condensation located towards the southern border of CN20 har-
bours the ATLASGAL source AGAL000.631+00.604 (Contreras
et. al 2013). At 8 um, the most conspicuous feature is a bright
curved filament that encompasses the northern border of the above-
mentioned submillimetre source. This correspondence is character-
istic of a bright-rim feature.

Fig. 1(right) shows the H, emission extracted from the Super-
COSMOS H,, Survey (SHS; Hambly et al. 2001) of the H 1 region
G000.6404-0.623 (hereafter G0.64) related to CN20. The diffuse
emission that arises from the ionized gas fills the interior of the
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Figure 2. Three-colour composite image of the region of the BRC, with 8
pum in green, 24 pm in red, and the radio continuum emission at 8.9 GHz
in blue. Green and red scales go from 60 to 200 MJy sr~! and from 100 to
400 MJy sr !, respectively. Blue contour levels are at 0.5, 0.7, 0.9 and 1

mJy beam™!.
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bubble and is clearly fenced by the emission at 870 wm. This dif-
fuse H 1 region was first identified by Lockman, Pisano & Howard
(1996). These authors found a radio recombination line (RRL) at
a radial velocity of about 3.7 £ 0.8 km s~!, which, using a flat
rotation model for our Galaxy (with R = 7.6 £ 0.3 kpc and 6 =
214 4+ 7 km s~ '), corresponds to near and far distances of about
5 and 12 kpc, respectively. The kinematic distance ambiguity can
be resolved based on the detection of its associated diffuse optical
emission, which makes it unlikely that this Hu region is located
at the far distance. Thus, in what follows we assume 5 kpc as the
distance to CN20.

Fig. 1(left) shows in blue contours the radio continuum emission
at 1.4 GHz as extracted from the NRAO VLA Sky Survey (NVSS;
Condon et al. 1998). In particular, the contours show the position
of the radio source NVSS 17442-280421, which is located in pro-
jection onto the illuminated border of AGAL000.631+400.604. It is
possible that this emission could arise from the ionized gas typically
found at the border of BRCs, but the angular resolution of the NVSS
survey prevents a definitive conclusion on this issue.

In this paper, we characterize the uncatalogued BRC located at the
southern border of the infrared dust bubble CN20. We also search for
evidence of triggered star formation through the RDI mechanism,
based on new radio continuum observations at 8.9 GHz carried out
with the JVLA and on new molecular line data obtained using the
ASTE.

3 OBSERVATIONS AND DATA REDUCTION

3.1 Radio continuum observations

The radio continuum observations towards the BRC were performed
in a single field (indicated by the yellow box in Fig. 1(left)) with
the JVLA! in its DnC configuration, on 2014 September 19 (project
ID:14B-069) for a total of 28 min on-source integration time. We
used the wideband 8-12 GHz receiver system centred at 9.5 and
10.5 GHz, which consists of 16 spectral windows with a bandwidth
of 128 MHz each, spread into 64 channels. The data were pro-
cessed through the VLA CASA Calibration Pipeline. The source
3C286 was used for primary flux density and bandpass calibra-
tion, while phases were calibrated with J1744-3116. We improved
the quality of the calibrated data by applying extra flagging before
imaging. Visibilities were weighted by applying a robust parameter
of 0.5 in mirIAD, which allowed us to obtain the same sensitivity as
with natural weighting but with a better beam shape (Briggs 1995).
The image deconvolution was performed with the task CLEAN in
MIRIAD. Finally, we reconstructed an image centred at 8.9 GHz with
a bandwith of 2 GHz. The resulting synthesized beam has a size of
13 arcsec x 5.3 arcsec, and the rms noise of the final map is about
24 uly beam™!.

3.2 Molecular observations

The molecular line observation was carried out on 2015 Au-
gust 28 with the 10 m ASTE (Ezawa et al. 2004). We used the
DASH345 GHz band receiver, which is a two-single-band SIS re-
ceiver remotely tunable in the LO frequency range of 324-372 GHz.
We simultaneously observed a single pointing of 3CO J = 3-2 at

! The Very Large Array of the National Radio Astronomy Observatory is
a facility of the National Science Foundation operated under cooperative
agreement by Associated Universities, Inc.
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330.588 GHz and of CS J = 7-6 at 342.883 GHz towards RA
17"44™46° 4; Dec. —28°04'58” (J2000). The integration time was
120 s. We used the XF digital spectrometer with the bandwidth and
spectral resolution set to 128 MHz and 125 kHz, respectively. The
velocity resolution was 0.11 km s~!, and the half-power beamwidth
(HPBW) was about 22 arcsec for both observed molecular lines.
The system temperature varied from Ty, = 150 to 300 K. The main
beam efficiency was about 0.65. The resulting rms noise of the
observations was about 0.06 K for both transitions.

4 RESULTS AND DISCUSSION

4.1 The radio continuum emission towards the bright-rimmed
cloud

Fig. 2 shows a three-colour composite image of the region of the
BRC with the §-pm emission displayed in green, the 24-pum emis-
sion in red, and the radio continuum emission at 8.9 GHz in blue.
The new higher-sensitivity and higher-angular-resolution radio im-
age shows that the radio emission is characterized by an irregular
morphology dominated by a bright arc towards the south. Interest-
ingly, this curved feature perfectly encompasses the outermost layer
of the photon-dominated region of the clump detected at 8 pum. The
morphological and spatial agreement between the radio and IR fea-
tures suggests that this radio emission corresponds to the ionized
boundary layer (IBL) of the BRC. Fig. 2 also shows that the ra-
dio continuum emission also encompasses three infrared structures,
namely the above-mentioned BRC towards the south, the bulk of
emission at 24 pum to the north, and a filamentary structure seen at
8 wm towards the west.

In order to analyse the nature of the radio emission, we estimate
the spectral index between 1.4 and 8.9 GHz using the flux density
of 61 mly tabulated in the NVSS Catalogue at 1.4 GHz, and the
estimated value derived from our observations at 8.9 GHz. The radio
image at 8.9 GHz was convolved to the lower angular resolution
of the NVSS image (~45 arcsec), and rebinned to the same pixel
size. The flux density at 8.9 GHz was estimated as 147 mJy. Thus,
a spectral index o of 0.5 + 0.2 (S, ~ v*) was derived, which
is consistent with thermal radiation with a relatively high optical
depth.

4.1.1 The ionizing star candidates

Fig. 3 shows the H, emission distribution extracted from the Su-
perCOSMOS H,, Survey (SHS; Hambly et al. 2001). The blue and
green contours represent the radio continuum emission at 8.9 GHz
and the 870-pum emission, respectively. Radio continuum and H,
emissions are spatially correlated towards the west, where the 870-
um emission is below 0.02 Jy beam™!. Towards this region, con-
spicuous bright compact patches in the H,, emission can be seen. It
is important to note that clusters of ionizing stars typically have this
appearance. Thus, this region would be a good candidate to harbour
the ionizing stars responsible for originating the IBL. However, the
projected positions of these patches do not seem to generate the
morphology of the BRC.

On the other hand, the IBL radio feature is not detected in the
H,, emission, probably because of extinction effects originating in
the foreground dense clump traced at 870 wm. This might suggest
that the ionizing star is illuminating the BRC from behind, along
the line of sight.

A search for the ionizing star(s) responsible for the radio con-
tinuum emission in the region using the available OB-type stars
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Figure 3. H, emission distribution extracted from the SuperCOSMOS H,
Survey. The blue and green contours represent the radio continuum emission
at 8.9 GHz and the 870-pm emission, respectively. Blue and green contour
levels are at 0.5, 0.7, 0.9 and 1 mJy beam ™!, and at 0.02, 0.08, 0.15, 0.2, 0.3,
0.4and 0.6 Jy beam ™!, respectively. The magenta cross indicates the position
of the ionizing star candidate. The yellow cross represents the pointing of
the ASTE observations.

catalogues (e.g. Maiz-Apellaniz et al. 2013, 2004; Reed 2003) was
unsuccessful. Therefore, we searched for candidate stars following
the BJHK colour—colour criterion proposed by Comerén & Pasquali
(2012). We considered the near-IR sources of the JHK UKIDSS cat-
alogue (Lucas et al. 2008) in an area of 40 arcsec x 40 arcsec centred
at RA 17"44™43%; Dec. —28°03'53” (J2000). We applied a limiting
magnitude of Kg = 11.0 to the sample in order to reduce the number
of early-type stars in the background of the CN20 infrared bubble.
This limit corresponds to Mg = —3.05 (Martins & Plez 2006) at a
distance of 5 kpc, assuming a canonical foreground extinction of
Ay ~ 1 perkpc. In order to apply the colour—colour criterion we used
the UKIDSS sources with associated B magnitudes, which were ex-
tracted from the NOMADI catalogue (Zacharias et al. 2004). The
only source in the studied region that fits the selection criteria is
NOMAD1 0619-0748987 (magenta cross in Fig. 3). Considering
its tabulated Ky = 10.972 mag and its associated visual extinction
Ay ~ 7 (obtained from a (H — Ky) versus (J — H) colour—colour dia-

gram), we derive Mg = —3.3, which following the work of Martins
& Plez (2006) is in agreement, within errors, with a star of spectral
type O9V.

We also independently derived the predicted spectral type of the
ionizing star based on the number Nyy of UV ionizing photons
needed to keep a given amount of gas ionized, which is given by
Chaisson (1976) as Nyy = 0.76 x 10T, " v} S, DZ ., where T,
is the electron temperature in units of 10* K, Dy, is the distance in
kpc, vguy is the frequency in GHz, and S, is the measured total flux
density in Jy. Assuming that 7, = 1 and considering the integrated
flux density of 147 mly at 8.9 GHz, we obtain Nyy ~ 3.5 x 10¥

ph s7!, which is in agreement, within errors, with the tabulated

Bright-rimmed cloud at CN20 3687

value of Nyy ~ 3.6 x 10* ph s=!' for an 09.5V spectral type
(Martins & Plez 2006). Given that the two independent estimates of
the spectral type of the ionizing star are in agreement, we suggest
that NOMADI1 0619-0748987 is a good candidate to be at least one
of the ionizing stars in the region. Moreover, the fact that the star
is located towards the centre of the radio emission supports this
conjecture.

4.2 The bright-rimmed cloud characterization

4.2.1 The ionized boundary layer

Based on the radio continuum emission of the IBL we can estimate
the electron density of the layer and the ionizing photon flux im-
pinging upon the illuminated face of the BRC. We estimate for the
IBL an integrated flux density at 8.9 GHz of about 45 mlJy.

Assuming that all of the ionizing photon flux is absorbed within
the IBL, we determined the photon flux, ®, and the electron density,
ne, using the equations detailed by Lefloch, Lazareff & Castets
(1997) and modified by Thompson et al. (2004):

® =124 x 105, 700192 [cm 2 s7'] (M
S T035,0.1\ /2
ne = 122.21 (77) [CIII_3], (2)

where S, is the integrated flux density in mly, v is the frequency
in GHz, 0 is the effective angular diameter over which the flux
density is integrated in arcseconds, nR is the shell thickness in
pc, and T, is the electron temperature in K. Assuming an average
electron temperature of about 10* K and 1 = 0.2 (Bertoldi 1989),
and considering an effective § of about 60 arcsec and a clump
radius of R ~ 44 arcsec (about 1 pc at a distance of 5 kpc), we
derive values for the photon flux and electron density of ® ~ 4.8 x
10°cm~2s7! and n. ~ 176 cm™3. The main sources of error in the
electron density estimate come from the assumption on 7 and from
the uncertainty in the distance. When combined, these give an error
of about 50 per cent.

In spite of the large error, the mean electron density value ob-
tained for the IBL is significantly higher than the critical value of
ne ~ 25 cm~3, above which an IBL is able to develop around a
molecular clump (Lefloch & Lazareff 1994). This reinforces the
hypothesis that the clump is being photoionized by a nearby mas-
sive star. However, it is not clear to what extent the ionization has
influenced the evolution of the cloud, and what role, if any, it played
in triggering star formation.

On the other hand, we can also estimate the spectral type for
the ionizing star based on the above-derived IBL photon flux by
assuming a star located at the position of the source NOMAD1
0619-0748987, which is at a projected distance of about 1 pc from
the BRC (see magenta cross in Fig. 3). At this distance, the ionizing
photon flux collected by the IBL represents about 12 per cent of
that emitted by the star. Thus, we derived a number of UV ionizing
photons, Nyy, for the exciting star of about 5.1 x 10v ph s~!, which
suggests that the spectral type of the ionizing star would be between
a0O9%V and a 09.5V (Martins & Plez 2006), in good agreement with
the results of Section 4.1.1.

4.2.2 Dust properties of the bright-rimmed cloud

The characterization of the neutral material of the BRC allows us
to evaluate the influence that the ionization front may have had on
the formation of a new generation of stars. Herschel observations,
with their widespread wavelength coverage, provide a useful tool

MNRAS 458, 3684-3690 (2016)
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Figure 4. Best-fit to the spectral energy distribution of the bright-rimmed
cloud in the submillimetre range using Herschel data at 160, 250, 350 and
500 um and ATLASGAL data at 870 pum.

for studying the dust properties of the interstellar medium (ISM).
The spectral energy distribution (SED) fitting at these wavelengths
has been widely used to reveal the physical properties of molecular
clouds, such as the dust temperature, Tyuy, and the H, column
density. Assuming dust emission in the optically thin regime, the
surface brightness, /,,, can be expressed as a greybody function for
a single temperature:

I, = K\/O(V/UO)/S Bv(Tdusl)leHN(HZ)v (3)

where B, (Tq,s) is the blackbody function for a dust temperature
Tausts 1 1s the conversion factor from H, to total gas mass, assumed
to be 2.8 (e.g. Sadavoy et al. 2013) with a helium abundance of about
25 per cent, my is the atomic hydrogen mass, and kvo(v/vo)? is the
dust opacity per unit mass, where « ¢ is assumed to be 0.1 cm? g~!
at 1 THz (Beckwith et al. 1990) under a gas-to-dust ratio of 100 and
B =2 (Anderson et al. 2012).

In order to perform the SED fitting with Ty, and N(H,) as free
parameters, we estimated the surface brightness of the clump at five
wavelengths, using level 2 (with PASSED status) Herschel public
data (OBsId 1342204102 and 1342204103) at 160, 250, 350 and
500 pwm, and the tabulated flux at 870 wm for the associated AT-
LASGAL source AGAL000.6314-00.604. The Herschel data were
smoothed to the same angular resolution of 36 arcsec, which is the
one corresponding to the 500-pm band. The estimate of the infrared
fluxes was carried out in a region the size of the ATLASGAL source
(Regr ~ 44 arcsec). A background subtraction for each image was
carried out using several reference areas away from the bubble.

The free parameters were determined by minimizing the x? be-
tween the observed fluxes and those given by equation (3), using the
MPFITS package (Markwardt 2009) (see Fig. 4). We derived average
values of Ty = (25 & 2) Kand N(H;) = (1.4 £ 0.3) % 1022 cm™2.
The mass and the volume density, n(H,), of the BRC were estimated
as (5.2 £2.1) x 10° M and (3.1 £ 1.5) x 10° cm™.

4.2.3 The molecular gas towards the bright-rimmed cloud

Fig. 5 shows the '*CO J = 3-2 (upper panel) and CS J = 7-6
(bottom panel) spectra obtained towards RA 17"44™46°.4; Dec.
—28°04'58” (J2000), in positional coincidence with the emission
peak of the ATLASGAL source AGAL000.6314-00.604 (see yellow
star in Fig. 1-left). The '*CO J = 3-2 exhibits a single component

MNRAS 458, 3684-3690 (2016)
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Figure 5. '>CO J = 3-2 (upper panel) and CS J = 7-6 (bottom panel)
spectra obtained towards the central position of the ATLASGAL source
AGAL000.6314-00.604 (see star in Fig. 1-left). The single-component Gaus-
sian fits are shown in red. The vertical line marks the central velocity of the
RRL related to G0.64. All velocities are in the local standard of rest.

centred at Visg ~ —0.7 kms~! with an intensity peak of 8.3 K and
a line width Av ~ 3.2 kms™!. The profile does not show evidence
of broadening, which would be expected in a perturbed gas. The
central velocity of the component exhibits a shift of about 4 kms™!
towards lower velocities with respect to the RRL velocity of G0.64
(Lockman et al. 1996), which suggests that the BRC is located
along the line of sight between us and CN20. Thus, the ionizing star
would be illuminating the farther border of the clump, which would
explain the non-detection of H, emission related to the IBL.

Assuming local thermodynamic equilibrium (LTE) conditions, it
is possible to set Tex = Tqust = 25 K (see Section 4.2.2) and to derive
the '3CO column density from

mw o Tex +0.88

N(3C0O) =828 x 108efrd —= — [ z5dv 4)

—hv
1 — exp( T

(e.g. Buckle, Curtis & Roberts 2010), where for the J = 3-2 tran-
sition hv/k = 15.87. Taking into account that the 3CO J = 32
spectrum does not show evidence of self-absorption and/or satura-
tion, we can consider this transition to be optically thin, and the
following approximation can be used:

i 1
/ = T~ I(Teo) / Tnd. ®)
with
hv/k
I(T) ©)

- exp(f—;) -1’

where Tpg = 2.7 K and [ Trpdv ~ 26 K kms™".
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From the estimated N('*CO) ~ 1.2 x 10'® cm~2, and assuming
the [H,]/[*CO] ratio to be 77 x 10* (Wilson & Rood 1994), we de-
rive an H, column density, N(H,) ~ 9.2 x 10*' cm™2, in agreement
with the results of Section 4.2.2.

The CS J = 7-6 spectrum shows a single component centred at
about —0.1 kms™', with an intensity peak of 0.3 K and a Av ~
1.5 kms~!. The detection of CS J = 7-6 suggests the presence of
high-density gas in the interior layers of the BRC.

4.3 Triggered star formation within the bright-rimmed cloud?

It is not easy to identify triggered star formation through the RDI
mechanism . Triggering is usually inferred by correlating particular
stars with some feedback-driven structure. Usually, the spatial distri-
bution of the newly formed stars and eventually some age gradient
relative to the ionization front are considered in order to discern
whether triggering is plausible. In the case of the RDI mechanism,
a useful way to test whether this process is occurring in the interior
of a molecular clump is to evaluate the pressure balance between
the ionized gas of the IBL and the neutral gas of the illuminated
molecular cloud.

4.3.1 Young stellar object population

We identified potential young stellar objects (YSOs) in the region
following the colour criterion proposed by Gutermuth et al. (2009)
based on Spitzer data. Using the Spitzer Catalogues, Glimpse II
Spring 08 and MIPSGAL at 24 pm, we searched for candidate
sources in a box of size ~ 8 arcmin centred at RA 17"44m43s 3;
Dec. —28°04'00”.6 (J2000), discarding sources with 1o error
> 0.2 mag. Following Gutermuth et al. (2009), we excluded sam-
ple contaminants such as star-forming galaxies, broad-line active
galactic nuclei, unresolved knots of shock emission and resolved
polycyclic aromatic hydrocarbon (PAH) emission. The classifica-
tion scheme proposed by the authors additionally includes three
phases, using 2MASS data in order to identify more YSO can-
didates (YSOc). However, as the infrared bubble CN20 is much
farther away than the sources analysed in the study of Gutermuth
et al. (2009), 2MASS photometry would be severely affected by
foreground interstellar extinction, inducing heavy contamination
from the foreground field stars. Thus, we found two Class I and
15 Class II YSOc in the region, which are displayed in Fig. 6. The
spatial distribution of Class II YSOc does not show any particular
concentration towards the BRC, with only four of them placed in
projection onto the molecular condensation. Interestingly, among
the two Class I YSOc in the region, one is spatially coincident
with the photon-dominated region related to the BRC, which might
suggest that a process of triggered star formation is starting in the
clump.

In the literature there is some observational evidence (e.g. Ikeda
et al. 2008; Chauhan et al. 2009; Smith et al. 2010) that triggered
star formation in BRCs should exhibit an age gradient, with the
youngest YSOs deeply embedded in the cloud, and the older ones
close to the rim of the cloud or distributed inside the expanding H 11
region. In addition, Sugitani et al. (2000) showed that YSOs formed
inside BRCs tend to lie close to the line joining the centre of mass of
the cloud to the ionizing star, in agreement with Bisbas et al. (2011),
who showed, based on numerical simulations, that star formation
in a BRC is concentrated in a dense filament along the axis of
symmetry of the cloud, some distance behind the ionization front.
In our case, if we consider the three YSOc located in projection

Bright-rimmed cloud at CN20 3689

Figure 6. Spitzer two-colour image (8 pm in cyan and 24 pm in red) of the
bright-rimmed cloud region. Cyan and red scales go from 60 to 200 MJy s~
and from 100 to 400 MJy sr—!, respectively. The yellow contours represent
the ATLASGAL emission at 870 pm. Contour levels are at 0.02, 0.08, 0.15,
0.2, 0.3, 0.4 and 0.6 Jy beam~'. The red and green circles represent the
Class I and Class II young stellar objects, respectively.

near the IBL (assuming that the Class II YSOc are related to the
BRC; see Fig. 6), the older ones (Class II) are located closer to
the ionizing star than the youngest source (Class I), which would
suggest, despite the scarce statistics, an age gradient. However, the
spatial distribution of these YSOc does not show any particular
concentration onto the axis of symmetry of the cloud. Thus, this
BRC does not exhibit clear evidence that the star formation within
has been triggered.

4.3.2 Testing the radiation-driven implosion mechanism through a
pressure-balance analysis

An analysis of the balance between the external and internal pres-
sures, Py and Py, respectively, provides useful information about
the influence of the ionization front on the evolution of the BRC.
Considering the results of previous sections and following Morgan
et al. (2004), the pressures are defined as

Pim = Uzpim, (7)

Pexe = 2pexeC”, ®)

where o is the square of the velocity dispersion, defined as o2 =
Av?/(81n2), with Av the line width taken from our observations of
the 3CO J = 3-2 transition, pi, is the mass density of the clump,
Pext 18 the mass density within the IBL (considering electrons and
protons), and ¢ ~ 11.4 km s~! is the isothermal sound speed in the
ionized interclump gas (e.g. Bertoldi 1989; Urquhart et al. 2006). In
order to estimate the ionized gas pressure for the IBL, we considered
the electron density calculated in Section 4.2.1 and estimated ey,
obtaining Pey/kg = (5.4 £ 2.5) x 10° cm™3 K, which is among the
lowest external pressure values derived in similar regions (see e.g.
Morgan et al. 2004). In order to estimate the internal pressure of the

MNRAS 458, 3684-3690 (2016)

9T0Z ‘TT 1SNBNY U0 314D P PepISIBAIUN 1 /BI0'S[LIN0 [0 JX0'SeIuw//:dny Wouy pepeo|uMoq


http://mnras.oxfordjournals.org/

3690 M. E. Ortega et al.

condensation, we used the H, volume density, n(H,), calculated in
Section 4.2.3, and estimated piy, yielding Pi, /kg = (1.2 £ 0.5) x
108 cm—3 K.

The comparison of the two pressures reveals that Py, > Pey by
more than one order of magnitude, which suggests, even considering
errors, that the ionization front has stalled at the surface of the
clump, probably until the effects of mass evaporation and increasing
recombination within the IBL raise the ionized gas pressure to
equilibrium with the interior pressure (Lefloch & Lazareff 1994).
This result shows that it is unlikely that a shock is propagating
farther into the condensation, meaning that the RDI mechanism is
not operating in this clump.

We wonder whether triggered star formation could occur in the
future in this BRC. Bisbas et al. (2011) give an expression for
the critical ionizing photon flux arriving at a BRC, ¢crir ~ 6 X
108 em™s™" x (McrLoun/M@)™": above this value the cloud is
simply dispersed, without any star formation being triggered. In our
case, the estimated ionizing photon flux, ¢ ~ 4.8 x 10° cm™2s™!
(see Section 4.2.1), is several orders of magnitude higher than the
critical one, ¢crir ~4 x 10 cm~2 s, which suggests that triggered
star formation will not occur in this illuminated clump.

5 SUMMARY

We have presented new radio continuum observations at 8.9 GHz
obtained using the Karl Jansky VLA and new molecular observa-
tions at the '3CO J = 3-2 and CS J = 7-6 transitions obtained using
the ASTE towards an uncatalogued BRC located at the border of
the infrared dust bubble CN20. The molecular observations together
with Herschel data show the presence of a warm and dense illumi-
nated clump. The high angular resolution and sensitivity of the new
radio continuum data have revealed an arc-like radio filament in
excellent correspondence with the illuminated border of the BRC.
We estimated an electron density for this IBL of 176 cm 3, which
is several times higher than the critical density above which an IBL
can form and be maintained. From a pressure-balance analysis be-
tween the IBL and the molecular gas, we suggest that the ionization
front has stalled at the surface of the molecular condensation, and
therefore that the radiative-driven implosion mechanism will not
be operating in this BRC. We have also studied the star formation
activity in the region based on colour—colour criterion. The spatial
distribution of the YSOc does not show evidence of a triggered
origin.
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