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ABSTRACT

New sensitive CO (2-

1) observations of the 30 Doradus region in the Large Magellanic Cloud are

presented. We identify a chain of three newly discovered molecular clouds we name KN1, KN2 and
KN3 lying within 2-14 pc in projection from the young massive cluster R 136 in 30 Doradus. Excited
Hj 2.12pm emission is spatially coincident with the molecular clouds, but ionized Bry emission is not.
We interpret these observations as the tails of pillar-like structures whose ionized heads are pointing
towards R 136. Based on infrared photometry, we identify a new generation of stars forming within

this structure.

Subject headings: galaxies: Magellanic Clouds — ISM: clouds — ISM: Hi1 regions — stars: formation —

stars: protostars

1. INTRODUCTION

30 Doradus is a giant Hi region in the Large Mag-
ellanic Cloud (LMC). The LMC is a local group dwarf
galaxy that lies at a distance of 50kpc (Pietrzynski et
al. 2013), and has a mean stellar metallicity (Z) half of
the Sun (Rolleston et al. 2002). 30 Doradus hosts the
young massive cluster (YMC) R136. R 136 is a ~1.5-
3 Myr YMC that encloses a total cluster mass in excess of
10° Mg, within 10 pc (Selman & Melnick 2013). The clus-
ter contains roughly 200 massive stars (>8 M) within a
central region less than 6 pc, whose radiation and me-
chanical feedback profoundly impact the surrounding
medium (Schneider et al. 2017, subm.). R 136 is the
most massive YMC in our local neighbourhood that can
be adequately resolved spatially (at 50 kpc, the nominal
distance to R 136, 1”~0.25pc) enabling us observe in-
dividual objects at the star and molecular clump scale.
This makes R 136 an ideal laboratory to examine how
feedback from massive stars affects further star forma-
tion (e.g. Dale et al. 2012).

The mechanical and radiation output from R 136 has
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created a central cavity by sweeping the surrounding
molecular clouds (labelled as clouds 6 and 10 in Fig.1)
that extend up to 100 pc along the northeast-southwest
axis (Pellegrini et al. 2010). We adopt the cloud nomen-
clature of Johansson et al. (1998). Brightly illuminated
arcs delineate the interfaces between the cold gas and the
ionizing radiation, where subsequent generations of stars
are thought to have been triggered (Walborn et al. 2002).
Studies at optical (De Marchi et al. 2011; Kalari et al.
2014), near-infrared (nIR; Rubio et al. 1998; Brandner
et al. 2001), mid-infrared (mIR; Whitney et al. 2008;
Gruend! & Chu 2009; Walborn et al. 2013), far-infrared
(fIR; Seale et al. 2014) and sub-millimeter (Johansson et
al. 1998; Indebetouw et al. 2013) wavelengths have iden-
tified evidence for active star formation throughout the
30 Doradus nebula, consistent with the idea of multiple
star formation episodes.

We focus on the stapler nebula that lies 2-14 pc away
from R 136 (see Fig. 1) in projection. The stapler nebula
is the Hi region including and surrounding the stapler
shaped dark cloud that is seen in silhouette in the opti-
cal near R 136. The nebula spans an area of 1.1'x0.35’
centred on a=05"38"40°%, § = —69°05'36" and is elon-
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FiGg. 1.— B/V/IHa (=b/g/r) three colour HST image of 30 Doradus, spanning 2’ x 2/, centred near R 136. North is up and east is to the
left, with the scalebar on the lower left indicating 20”. At the distance to the LMC, 20” =5 pc. R 136 is visible as the bright star cluster at

a=05"42" and §=-69°06". The white dashed rectangle marks the boundary of the stapler nebula discussed in this work. CO (2-1) contours

are shown in white, with the beam size §iven by the lower left circle. The emission is integrated over the velocity range of 235-270km s
in steps of 0.4 Kkms™! and from 3.2-10 Kkms~! in steps of 0.8 Kkms~1.

Contour levels are from 0.8-2.4 Kkms™

gated with a position angle of 35°. A candidate young
stellar object (YSO) has been reported at the edge of the
elongated dark cloud by Walborn et al. (2013; marked
as S5 in that paper). The YSO is close to, but not co-
incident with a region of high density (n >10%cm™3)
reported by Rubio et al. (2009) using CS line observa-
tions. Known infrared excess objects, some of which are
thought to be disc/envelope bearing young stellar objects
(YSOs) are dotted towards the edge of the dark cloud ac-
cording to Rubio et al. (1998; their Figure 3). The liter-
ature evidence for dense molecular gas and YSOs in the
stapler nebula lying near R 136 indicates that star forma-
tion may be ongoing, which deserves further study. In
this paper we discuss the properties of molecular clouds
in the stapler nebula, and examine whether new stars are
being formed in these clouds.

This paper is organised as follows. In Section 2 we
describe the data used in this study. The results from
the analysis of CO (2-1) line observations are presented
in Section 3. We discuss the results obtained from nIR
emission line images of the stapler nebula in Section 4.
Based on archival infrared photometry, we identify YSOs
within the stapler nebula in Section 5. The picture ob-
tained from our results is described in Section 6. In Sec-
tion 7, a brief summary of our paper is presented along
with future work arising from our results.

—1

2. DATA
2.1. CO (2-1) observations

We conducted a deep CO (2-1) survey centred on the
30 Doradus Nebula using the Swedish-ESO submillime-
ter telescope (SEST) across March 1997- January 2001.
SEST was a 15m radio telescope located at La Silla,
Chile. The angular resolution at the CO (2-1) frequency
of 230 GHz is 23", which corresponds to a projected size
of 5.6 pc at the distance to the LMC.

Observations were conducted in position switching
mode using a reference point free of CO(2-1) (at
a=05"37m54°% §=-69°04'24") for sky subtraction.
The backend narrow-band high-resolution spectrometer
(HRS) was used with a bandwidth of 80 MHz, and a
frequency resolution of 41.7 kHz, which translates to a
velocity resolution of 0.054kms~! at the frequency of

CO (2-1). The data were reduced using the GILDAS soft-

ware 1, with linear or third-order polynomial for baseline

fitting. The resultant spectra were smoothed to a veloc-
ity resolution of 0.25kms~!. The rms noise achieved in
a single channel is 0.07 K after 240s of integration. We
mapped the 30 Doradus region with 10” spacings and
detected CO (2-1) emission across 30 Doradus, includ-
ing the stapler nebula where CO (1-0) emission had not

! http://www.iram.fr/IRAMFR/GILDAS
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Fic. 2.— (a)The stapler nebula blown up from the HST mosaic in Fig. 1. The stapler region is outlined with the dashed white box. The
CO (2-1) contours integrated over the 235-240kms~!, 240-245kms~!, 245-250km s~ ! are shown in magenta, green and red respectively
and given in the bottom right corner, with the peak velocities of each cloud. The scale bar marks 10" (at the distance to 30 Doradus, 10" ~
2.5pc). (b) The total integrated CO (2-1) emission over entire velocity range with the colour scale giving the intensity of the emission in
102K kms~!. The CO contours from Fig.2a, and the region delineating the stapler nebula is shown in black dashed lines. (c) Greyscale
VLT-ISAAC image of Hy 2.12um emission showing the excited molecular gas in the stapler nebula. Stretch is in logarithmic scale. The
corresponding cold molecular gas from Fig. 2a, and the boundary of the stapler region is shown. The clumpy H2 emission coincides spatially
with the centres of each CO cloud knot. (d) Greyscale Bry emission, with the contours from Fig. 2a, and the boundary of the stapler nebula
overlaid. Stretch is in linear scale. In contrast to the Ha emission, the Brvy emission shows no strong spatial coincidence with the centres,
but rather with the weakest CO (2-1) contours. A description of the data presented in the figure is found in Section 2, with a discussion in

Section 4.

been previously detected (Pineda et al. 2009; Johansson
et al. 1998). In Fig.1, the CO (2-1) contours are over-
laid on a Hubble space telescope (HST) three colour opti-
cal BVIHa image of 30 Doradus, where the position of
CO (2-1) emission with respect to the R 136 cluster, and
its ionized surroundings can be visualized. Our observa-
tions represent a five-fold increase in sensitivity at twice
the spatial resolution of previous CO (1-0) observations
across the 30 Doradus nebula (see Pineda et al. 2009).
Higher angular resolution observations of the 30 Doradus
nebula are presented in Indebetouw et al. (2013), Ander-
son et al. (2014) and Nayak et al. (2016), but those data
do not cover the region studied here.

2.2. Near-infrared emission line imaging

We obtained nIR imaging of the 30 Doradus region in
Hs 2.12pum narrowband filter, and the Ks broadband fil-

ter using the ISAAC (Infrared spectrometer and Array
Camera) imager mounted on 8m Melipal (UT3) telescope
of the Very Large Telescope (VLT) situated in Paranal,
Chile (program ID 078.C-0487A). Toward the R 136 re-
gion, the mosaic covered a field of 5'x5" area. The av-
erage seeing measured from the images is ~0.8”-1.1".
Observations were taken in the ABBA sequence with the
sky image 30’ from the stapler nebula at o = 05"39™01%,
0 = —69°42'36"” in a region free of nebulosity within the
ISAAC field of view, ensuring adequate sky subtraction.
The total integration time on source was 1 hour for the
narrowband filter, and 100s for the K's broadband filter.
Data were reduced using the ISAAC pipelines, with flux
calibration carried out using Persson (1998) standards.
Astrometric calibration was refined using 2MASS. Bright
stars are saturated in the emission line images and have a
non-linear CCD response, meaning they cannot be com-
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pletely subtracted. This leads to circular bright residuals
(and in some cases vertical bleeding) in the emission line
images. We excluded these regions from further analysis
by masking them.

We used the Brvy 2.165um narrowband flux calibrated
image from Yeh et al. (2015). The image was obtained
using the NOAO Extremely Wide Field Infrared Imager
(NEWFIRM) mounted on the 4m Victor Blanco tele-
scope located at the Cerro Tololo Inter-American Ob-
servatory, Chile. The final Gaussian convolved image
resolution for the Bry narrowband image is 1”7, and is
comparable to the VLT Hj; 2.12um narrowband image.

2.3. Archival photometry

mlIR photometry of point sources in the stapler neb-
ula were estimated by Gruendl & Chu (2009) from im-
ages at 3.6, 4.5, 5.8 and 8.0um taken using the Spitzer
space telescope IRAC (Infrared Array Camera) as part
of the Spitzer legacy program SAGE (Spitzer Survey of
the Large Magellanic Cloud: Surveying the Agents of
a Galaxy’s Evolution; Meixner et al. 2006). The full
width half maximum (FWHM) of the images is 1.6”,
1.7, 1.7 and 2" respectively. Alternative photometry
of point sources from the same images are also presented
by Whitney et al. (2008), but Whitney et al. (2008) miss
a significant fraction of point sources in the 30 Doradus
region, as their study is motivated towards detecting re-
liable sources throughout the LMC via pipeline analy-
sis. Gruendl & Chu (2009) detect objects in the dense
and nebulous surroundings using detailed aperture pho-
tometry (see Section 6.3 of Gruendl & Chu (2009) for a
comparison). Photometry in the fIR at 100 and 160um,
and 250 and 350pm of point-like and extended sources
in the stapler nebula is given in Seale et al (2014), us-
ing images taken by the Herschel space telescope PACS
(Photoconductor Array Camera and Spectrometer), and
SPIRE (Spectral and Photometric Imaging Receiver) in-
struments respectively as part of the Hershel large pro-
gram HERITAGE (HERschel Inventory of The Agents
of Galaxy Evolution; Meixner et al. 2013). The FWHM
for these images are 8", 12", 18” and 25" respectively.
We utilize the photometry from Gruendl & Chu (2009)
and Seale et al. (2014) in this study.

3. MOLECULAR CLOUDS

Figure 1 shows the CO (2-1) integrated line emission
over the velocity interval 235270 kms~! as contours,
superimposed on the HST composite BV IHa image.
Strong CO (2-1) emission from Cloud 10 (northeast re-
gion of the map) and Cloud 6 (southwest region of the
map) previously reported by Johansson et al. (1998) is
seen along the northeast-southwest axis.

We observe previously undetected CO (2-1) emission
originating from the region located between Clouds 6
and 10, close to R136 (see Fig.1). The emission ex-
tends along the southeast-northwest direction in projec-
tion. The distance of the emission from R 136 in pro-
jection is between 2 pc (emission is located to the north
of R136) to 14 pc away (in the northwest direction from
R136). This CO emission is approximately five times
weaker than the CO emission observed in Clouds 6 and
10. This emission is coincident spatially to the stapler
nebula in the optical image of Fig. 1a. The emission is re-
solved in CO (2-1) velocity as a chain of small and weak

clouds (Fig.la,b). We define the stapler region by the
extent of the CO (2-1) emission, which goes beyond the
visible stapler shaped dark cloud in the optical. This
boundary is marked in Fig. 1 with a dashed rectangle. We
named the CO clouds Knots (KN), as they form a chain
separated in velocity, as demonstrated by the position
velocity slice across the stapler nebula, and the CO (2-
1) spectra of each individual cloud shown in Fig.3. By
analysing the radial velocities and spatial distribution we
found that the KN clouds are composed of three clouds
we name KN1, KN2, and KN3 in order of decreasing
Right Ascension (labelled in Fig. 1a).

3.1. Physical properties

After identifying each cloud, we computed the central
velocity (Vigy) in the local standard of rest frame, and
velocity width (o) by fitting a Gaussian profile to the
total cloud spectrum. The major and minor axis sizes of
the profiles, in conjunction with the rms size of the beam
were used to compute the deconvolved radius (r). Given
the uncertainties on the Gaussian fit of the CO spectra
found for each cloud are around 30%, we estimate the
uncertainties on r to be 15%.

3.1.1. CO luminosity and mass

The CO cloud luminosity is computed as:
Lco [Kkms ™ 'pc2] = D? / / Tub(v)dvdQ (1)
QJv

where D is the distance to the source in pc (adopted as
50kpc), Twp the main beam temperature which is the
antenna temperature corrected for the efficiency of the
antenna (T, = T /7)), and  is the solid angle of the
subtended by the source.

The Hy mass of the clouds can be calculated from the
observed CO (1-0) luminosity assuming a linear conver-
sion between the velocity integrated CO emission (I-))
and the Hy column density (Nu,);

Nu, = X¢o [em™*(Kkms ™) '] I [Kkms™'],  (2)

where X is the CO-to-Hy conversion factor (Bolatto
et al. 2013; Roman-Duval et al. 2014). The total mass
of H2 (MH2) iS,

My, [Ms] = acoD? Mpc]Sco, (3)
where
2
- 1. mH2c
aco [MeMpc 2(Jykms 1) N :XCOW’ (4)

and the flux density S is,

Sco [Jykms™'] = / S, dv. (5)

The molecular gas mass is multiplied by 1.36 to include
the Helium contribution. This method is calibrated for
the J=1—0 transition. We use a ratio between the
CO J=2—1 and J=1—0 lines of 0.87 for 30 Doradus
Cloud 10 (the North Eastern cloud; see Fig. 1) found by
Johannson et al. (1998) to estimate the CO (1-0) lumi-
nosity.
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Fic. 3.— Top: The stapler nebula blown up from the HST mo-
saic in Fig. 1, with the stapler region is outlined with the dashed
white box. The outermost CO (2-1) contours integrated over the
235-240kms~—1, and 245-250kms~! are shown in magenta and
red respectively, with the second outermost contour of the 240—
245kms~1 also shown. The solid white line marks the position of
the slice shown in the middle panel. Middle: Position velocity slice
of the CO (2-1) cube in linear scale along the direction of the slit
given by the solid white line in the top panel. The slit cuts along
the centre of the stapler nebula. Bottom: CO (2-1) spectra of each
cloud extracted from the region bounded by the contours shown
in top panel. The dashed lines for each cloud is it’s Vi, given in
Table 1.

The conversion factor depends on both metallicity and
the ambient radiation field intensity (Maloney 1988).
As a consequence of strong radiation fields and poor
self-shielding in low metallicity environments, the CO
molecule is photo-dissociated as it does not self-shield
like the Hy molecule. Therefore, there is less CO com-
pared to the Hy abundance in the Magellanic Clouds than
in the Galaxy. This translates into higher values of X
in the LMC compared to the Galaxy. In general the con-
version factor increases with higher radiation fields and
decreases with higher metallicities. We adopt the me-

L L L L L L L L L 1 L
40 250 260 270 230 240 250 260 270 230 240 250 260 270

dian conversion factor in the LMC compiled from the
literature by Bolatto et al. (2013) of

Xco =88+0.3x10* [em (K kms™ )7, (6)

The adopted Xy factor is 3.8 times larger than the
canonical Galactic X of Bolatto et al. (2013). Our
adopted value is similar to that found by Herrera et al.
(2013) when comparing molecular and dust mass esti-
mates in the LMC N11 region; but higher than the value
of 6 x 1020 cm~2(K kms ')~ reported by Roman-Duval
et al. (2014). The resulting cloud masses if we adopted
the Roman-Duval et al. (2014) X would be reduced
by ~ 20%.

3.1.2. Virial mass

The virial mass (M) was computed assuming that
each cloud is spherical, is in virial equilibrium and has a
density (p) profile of the form p oc 7=1. The virial mass
is given by

My M) = 19002 [kms ] r [pc] (7)
according to MacLaren et al. (1988). The results of our
analysis for each cloud are given in Table 1.

3.2. Analysis
3.2.1. Larson’s Laws

Molecular clouds in virial equilibrium follow the empir-
ical power law relation o, o< r* (Larson 1981). « is gen-
erally agreed to be between 0.4-0.5 based on numerous
molecular cloud surveys of the Milky Way, and external
normal and dwarf Galaxies (Bolatto et al. 2008; Heyer
et al. 2009). The observed value of « is oft explained
by turbulence (McKee & Ostriker 2007; Lombardi et al.
2010). The velocity dispersion is considered to be a mea-
sure of the internal dynamics within the clouds, because
the observed line profiles, averaged over a cloud, have
Gaussian shapes and the line widths are broader than
the thermal line widths. It is a reasonable assumption
to make that the line profiles are produced by turbu-
lent motions of the gas inside the clouds (Solomon et al.
1987).

Figure4a displays the position of the KN clouds in
the o,—r diagram. Also shown are results from Heyer
et al. (2009) summarising the canonical relation found
for Galactic clouds of ¢, = 0.72r%%; and clouds in the
30 Doradus region (from Pineda et al. 2009; having a
resolution of 43”; and from Nayak et al. (2016) hav-
ing a resolution of 2”), and in the LMC (excluding 30
Doradus) from Wong et al. (2011) whose study had a
spatial resolution of 45”. Note that the Pineda et al.
(2009) and Nayak et al. (2016) clouds do not cover the
central region of 30 Doradus near R 136, and there are no
spatial overlaps between the KN clouds and the clouds
they identify. The molecular clouds associated with the
stapler nebula lie above the canonical o,—r relation for
Galactic clouds. Interestingly, the other detected clouds
in 30 Doradus from Pineda et al. (2009) and Nayak et
al. (2016) also lie above the canonical relation. Although
the departure from the relation is not at the same scale
as the KN clouds, this might still indicate that the ob-
served o,—r relation might be a function of distance from
R 136, and a more global property of 30 Doradus.
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F1G. 4.— (a) Linewidth size relation for CO (2-1) clouds identified near R 136 (circles). The positions of clouds in the 30 Doradus region
from Pineda et al. (2009) are shown as triangles, and green crosses mark clouds identified in the LMC by Wong et al. (2011). Blue squares
are Galactic molecular clouds from Heyer et al. (2009), which follow the canonical relation of ¢,=0.72 R%-3. (b) The 0,2 /r-Xy, relation
of the stapler molecular clouds, plotted alongside those from the literature (symbols same as Fig. 4a). The solid line gives the approximate
0,2 /r value for increasing Y, of an isolated virialized cloud confined by self-gravity. The dashed lines marks the equilibria for external
pressures between P/kB~103 to 109 cm~3 K of a centrally concentrated cloud approximated by hydrostatic equilibrium. The LMC (incl.
those in 30 Doradus) and Galactic molecular clouds appear confined by self-gravity, whereas the KN clouds require pressures >10% cm =3 K
to confine them. The high line widths therefore reflect that the clouds are likely confined by external pressure.

The position of the KN molecular clouds in the o,—
r diagram implies either of two scenarios; the clouds
are collapsing or expanding, or the observed line widths
are the manifestation of external pressures that keep the
clouds in equilibrium. Since collapse velocities are gen-
erally only ~ 40% larger than equilibrium velocity dis-
persions for a self-gravitating cloud, the observed large
linewidths for the sizes of the KN clouds are probably not
the result of collapse (Ballesteros-Paredes et al. 2011).
Neither are they likely to result from expansion because
there is no obvious shell or hole structure that usually
accompanies expansion.

We examine whether the observed large o, are the
manifestation of external pressures necessary to keep the
clouds in equilibrium. In Fig.4b, we plot the mass sur-
face density (¥g,) against the o,2/r value of the KN
clouds, along with those in the Milky Way from Heyer
et al. (2009); in 30 Dor from Pineda et al. (2009) and
Nayak et al. (2016); and in the LMC from Wong et
al. (2011). Isolated virial clouds confined by self-gravity
follow a linear relation in the ¢,2/r vs. ¥y, plot (for
e.g. see Heyer et al. 2009). The values of clouds from
the literature fall along this expectation. However, the
KN clouds alone depart from the expected relation, and
are likely confined by external pressure and not in virial
equilibrium. Following the simplifying assumptions of
Field et al. (2011), we plot isobars of external pressure
(in terms of P/kp) according to their prescription. The
lines reflect the external pressure necessary to confine
clouds for a given ¢, /r assuming clouds with a centrally
concentrated internal density structure approximated by
hydrostatic equilibrium. From Fig. 4b, we see that exter-
nal pressures of ~ 106 cm™3K are necessary to keep the
KN clouds confined. These values are in general agree-
ment with Chevance et al. (2016), who report that the
stapler nebula is located in a region with gas pressure ~
0.85-1.2x10% cm 3K, with the peak found in KN2 (see
Fig. 15 in Chevance et al. 2016).

3.2.2. Variation in properties as a function of distance from
R 136

The Wi, and My, of each cloud are plotted as a func-
tion of projected distance from R 136 in Fig.5. The ve-
locity of the clouds increases as a function of projected
distance from R 136. The velocity of the KN3 cloud
loosely matches the radial velocities of the stars within
R 1362%. The KNI cloud is closest in projection to R 136
and is blue shifted with respect to the mean velocity of
stars in the cluster. This suggests the KN1 cloud, (and
likely KN2 and KN3 clouds as suggested by the lack of
background stars) lie slightly in front of the cluster. The
clouds appear to be moving away from the cluster as
function of projected distance from it (Fig. 5a).

The My, of each cloud also increases as the projected
distance from R 136 increases (Fig.5b). The KN1 cloud
mass is approximately 2 times lower than the KN3 cloud.
Under the assumption that the molecular clouds detected
in CO (2-1) were initially all of similar densities, and pho-
toionization from R 136 alone is evaporating the molecu-
lar cloud, then KN1 must be closer to R 136 (considering
it as the only source of external photoionization) because
the ionizing flux decreases to the inverse square with dis-
tance.

3.3. Line of sight distances

Our main results concerning the detection of cold
molecular gas near R 136 suffers from possible projection
effects. Although the cold molecular gas detected in the
CO (2-1) observations lies within 2-14 pc in projection of
the R 136 cluster, the actual distance may likely be fur-
ther in the line of sight direction allowing for the clouds to
possibly survive photoionisation. Chevance et al. (2016)
analyse the physical distance of the CO gas in 30 Doradus
to the stars, by comparing the incident radiation field on
the gas modelled against fIR observations in fine struc-
ture lines of the emitted radiation field measured from

2 The mean radial velocity of the stars translated to local stan-
dard of rest frame is ~2554+5kms™! (Evans et al. 2015)
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TABLE 1
PROPERTIES OF THE MOLECULAR CLOUDS.
Name R.A. Dec. Visr oy Lco r My, Myir
(J2000) (J2000) (kms~1) (kms™!) (Kkms !pc?) (pc) (102 Mg) (102 Mg)
30Dor-KN1 5738™45°  —69°06'00”7 237.2+0.1  4.0+0.7 154.24+21.3 3.93+0.58  2.7£0.2 10.9+£3.3
30Dor-KN2  5738™m40° —69°05'30" 244.440.2 4.4+0.1 243.6+£3.7 3.351+0.5 4.240.3  11.25+1.8
30Dor-KN3 538365 —69°05/30” 250.040.2  5.040.3 320.8+44.3 2.96+0.44  5.3+0.4  12.83+2.5
Projected distance from R 136 (arcmin) Projected distance from R 136 (arcmin)
0.2 0.3 0.4 0.5 5 . 0. 0.9 0.2 0.3 0.4 0.5 0.6 0.7 0.9
R e e O L e e o s e — 60—
255 — R 136 Systemic Vi, ] [
5.5 KN3 .-+
[ —_
KN3 .-~ 5.0 g >
2501 DR :
—~ S 4.5F 7
[ j r _é
g S 40F -~ TKN2 7
f: 245 e . = : .
f .-~ KN2 :: 35F - A
240 ] S0P kvt 7 ]
KN1 _ [ e ]
— e | 2.5 7 -
(a) | P (b) 3
[2=q) IR T S U R RO L T S S S S I S A S RS SRS B
2355 1 6 8 0 12 14 2.0 1 6 8 0 12 14

Projected distance from R 136 (pc)
Fia. 5.

Projected distance from R 136 (pc)

(a) The peak velocity in the local standard (Vig;) of rest frame of each cloud, is plotted as a function of projected distance from

R 136. The upper y-axis gives the projected distance in arcmin, while the lower y-axis scales in parsecs assuming a distance of 50 kpc. The
best fit relation is given by the dashed line, and has a slope of ~1.5. (b) The mass of each cloud My, , is plotted as a function of projected
distance from R 136. The upper y-axis gives the projected distance in arcmin, while the lower y-axis scales in parsecs assuming a distance

of 50 kpc. The best fit relation is given by the dashed line.

the known massive star population. By comparing the
luminosity of the photodissociation region (which forms
the interface between the photoionizing radiation from
the stars and the gas) against their predictions, they are
able to constrain the line of sight distance of the pho-
todissociation regions from R 136 with uncertainties of
4pc. Based on their results (Figure 20 in Chevance et
al. 2016), the stapler nebula lies less than 20 pc away in
the line of sight direction from R 136, which itself lies at
the centre of a sphere of about 6 pc in radius. This dis-
tance agrees well with the line of sight distance measured
from line ratios of ionized lines in optical spectra by Pel-
legrini et al. (2010). From their Fig. 12, we find that the
distance of the KN clouds is less than 20 pc away in our
line of sight from R 136.

We also consider that if the CO gas is close to R 136,
and coincident with the dust, there is likely to be a gra-
dient (reflecting the gradient in the projected Vi) in
the dust temperature, and the total fIR luminosity aris-
ing from the photodissociation region. Such a gradient
is visible in both the dust temperature maps (Guzman
2010), and also in the total fIR luminosity which peaks at
KN2, and decreases towards KN3 (see Fig. 1 of Chevance
of et al. 2016). Therefore, although our observations are
unable to resolve the line of sight distances to the KN
clouds from R 136, based on corroboration from multi-
ple independent sources in the literature, we find that
the line of sight distance to the KN clouds from R 136 is
<20pc. The molecular clouds in the stapler nebula lie
between 2-14 pc in projected distance, and <20 pc in the
line of sight distance from R 136.

4. NEAR-INFRARED EMISSION LINE IMAGING

The Hy 2.12pm emission line image is shown in Fig. 1c,
with the CO (2-1) contours overlaid. Strong Hs emission
is spatially coincident with the CO (2-1) emission of the
molecular clouds, and shares similar morphology. The
Hs emission is clumpy, with numerous knots and a retic-
ulated pattern. In contrast, detected ionized gas (Bry) at
the position of the CO (2-1) molecular clouds is weak and
diffuse (see Fig. 1d). This diffuse Bry emission is associ-
ated with filaments and arc-like structures of ionized gas
vivid in Ha (brown in Fig. 1a). This convinces us that
the strong Hs nlIR emission is the warmer component
of the cold molecular gas traced by the CO detections,
whereas the diffuse Bry emission lies slightly beyond the
ionized surface of the molecular cloud although no clear
demarcation is noted. The Brvy morphology is not spa-
tially coincident with the Hy and CO (2-1) emission.

The Hy/Bry ratio can be used to disentangle
shock/collisionally excited Hy from fluorescence excita-
tion. This is because the shocks and collisional exci-
tation affect primarily the Hy gas, leaving the ratio of
Hs/Bry above unity, whereas fluorescence acts on both
the molecular and ionised gas leading to a ratio below
unity. Using the absolute flux ratio, we find that the
H, /Bry ratio never exceeds 0.5 at an angular resolution
of 1” in the stapler nebula, agreeing with the findings of
Yeh et al. (2015). This indicates that the excited nIR
H, is primarily excited by the ultraviolet (UV) radiation
from R 136 acting on the surfaces of the molecular gas,
with the filamentary Brvy arising from the same source.
The KN clouds therefore must lie in front of us given
the morphology of the clumped Hs emission, and lack
of background stars. We note that it is possible that
shock excited emission is prevalent on smaller scales (a
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few tenths of a parsec, or <0.5” at the distance to 30
Doradus) caused by outflows from massive protostars re-
siding within the KN molecular clouds, but our current
angular resolution limitations in the nIR narrowband im-
ages (~1") prevent us from examining the same in detail.
Future high angular resolution integral field unit (IFU)
nlR spectroscopy would help towards constraining this
further, as shocked gas will likely be offset in velocity.

A picture of ionization fronts emerges, with the pho-
todissociation region extincted from our line of sight by
the cold molecular gas. These structures could resemble
the dense “pillars” or structures observed in the galaxy
in regions such as M16 and NGC 3603 (Sankrit & Hes-
ter 2000), but are smaller in scale at ~0.1-0.3 pc, and in
the 30 Doradus Nebula by Pellegrini et al. (2010). From
the observed emission line imaging and CO (2-1) obser-
vations it appears that the clouds are being ionised on
the backside. We are viewing the KN molecular clouds
face on, and they are likely the tail of pillar-like struc-
tures (we refer the reader to Pound 1998 for a descrip-
tion of pillar morphology; or to Fig.7) with the ionized
head pointing towards R 136. The observed velocity line
widths of the CO (2-1) line are then likely caused due to
the velocity gradient between the head and tail of pillars
(e.g. Pound 1998). Following the Bertoldi (1989) an-
alytical theory of photoevaporating clouds, during pho-
toevaporation clouds form a cometary structure similar
to pillars. Neutral gas at the head is pushed back by
the ionization front stripping the outer envelope. The
difference in velocity between the slowly moving head to
the tail with respect to ionizing stars develops a velocity
gradient, that is manifested as velocity line width seen
in Fig.4, also providing a natural explanation for the
observed molecular cloud properties. The observed ve-
locity line widths is in a similar range to those observed
in M16 using CO observations (Pound 1998). Our results
are well supported by the work presented in Chevance et
al. (2016). The stapler nebula is prominent in forbid-
den mIR and fIR line emission from [Si1], [C11], and [O1]
(Fig. 1 in Chevance et al. 2016), which are key tracers
of photodissociation regions.

5. CANDIDATE MASSIVE YOUNG STELLAR OBJECTS
5.1. Identification of YSO

Our aim is to detect any on-going star formation
through the identification of YSOs using archival in-
frared photometry. The youngest YSOs (Class 0 objects)
will only be visible at A >10um, while older Class I/II
sources will be visible at shorter (>2um) wavelengths.
Using Spitzer 3.6-24pm, and Herschel 100-350pm pho-
tometry (details in Section 2.3; and images are presented
in Fig.6), we classify point or point-like sources based
on either the spectral energy distribution (SED) slope
in the 3.6-24um wavelength range, or by examining the
parameters derived from fitting modified blackbody and
YSO models across the entire wavelength range. We
require detection in at least three bands in each cata-
logue to classify the object as a source. We then check
for any counterparts with the coordinates of the detec-
tion in the Herschel 100pum within a crossmatch radius
of 6.7 (which is the convolution kernel at 100um) and
the Spitzer coordinates. We find a known Spitzer source
in KN2 (KN2-A, or S5 in Walborn et al. 2013), a Her-

schel source without a Spitzer counterpart in KN2 visible
at 100-350pm (KN2-B), and one Herschel source with a
Spitzer counterpart within 0.9” in KN3 (KN3-A). The
thumbnails of these sources in the Spitzer and Herschel
bands are shown in Fig. 6.

For SED fitting, we utilize three methods to derive
the properties of the source. First, we fit the photom-
etry of each source with the YSO models of Robitalle
(2017). The model grid covers 20000 radiative trans-
fer YSO models covering a mass range of 0.1-50Mq. It
should be noted that the SED fits are not intended to
provide accurate parameters, but as a crude guide to the
nature of each sources and that these models are lim-
ited in nature compared to the available free parameters
(Offner et al. 2012). Secondly, we use a modified black-
body fit to the far-IR Herschel sources to constrain the
temperature of the emitting source, 73,. The observed
flux can be reproduced as a blackbody with frequency
flux density F, as

Fy = B(Ty)(1 —e ™) (®)

Here, B, (T,) is the blackbody emission at T}, and 7,
is the optical depth constrained by a power law at fre-
quency v by 7, o v?. B = 1.5 in the LMC (Galliano
et al. 2011). Thirdly, only for the Spitzer sources we
employ the slope of the SED fit (asgp), where

dlog(\Fy) ©)
dlog)

We consider only the flux between the wavelengths
3.6-24.0 pum which classify well Class I/II sources (e.g.
Greene et al. 1994). The results of our analysis are
presented in Table 2, and described in the following sub-
sections.

QSED —

5.2. Description of YSOs in the clouds
5.2.1. KN1 cloud

KN1 contains no identified mid or far infrared source.

5.2.2. KN2 cloud

KN2 is extremely promising as a future site of high
mass star formation. KN2-B is a Herschel source de-
tected in 100-350pm imaging (marked in Fig. 6). There
exists no near counterpart mIR source. The nearest mIR
source is KN2-A which lies to its immediate south west,
and at the very edge of the CO emission. This source an-
gularly coincides with the dense region observed in CS to
the south of KN2 by Rubio et al. (2009). CS is a tracer
of dense gas with densities n, upwards of 10° cm™3.

KN2-B is classified as a high-mass YSO based on the
Herschel classification scheme devised by Seale et al.
(2014) for YSOs in the Magellanic Clouds. Following
their three classification criteria (see Sec. 4.4 of that pa-
per for further details), we find KN2-B meets all three
as it is (i) the dominant source of fIR photometry and is
clearly defined in at least 3 Herschel bands at 30 above
the background (ii) It is not identified as a background
galaxy/interloper (iii) it has 24um emission as seen in
Fig.6. The source has marked PolyAromaticHydrocar-
bon (PAH) emission from the 8.6pm feature.

We achieve an excellent fit for KN2-B with the SED
models of Robitalle et al. (2017). The best fit has a
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F1G. 6.— Ks-250pum inverted colour thumbnails with the positions of KN2-B (bottom) and KN3-A (top) overlaid as dashed circles. The
stretch is in logarithmic scale. Each circle has a radius of 5", while the cross marks the position of R 136. The scalebar in the bottom right
corner is of 20", or &5 pc at the distance to the LMC. The FWHM of each image is given by the solid circle above the scalebar. From
the images, KN2-B and KN3-A are not visible at short wavelengths, but have PAH emission associated with them in the 8um image (the
PAH feature is at 8.6um, and falls within the bandwidth). At 24pm, emission likely arising from protostellar heating of the surroundings
is visible at the position of KN2-B, but not in KN3-A. At longer wavelengths of 100 and 160pum from the Herschel imaging, both KN2-B
and KN3-A are visible as point-like sources. However, at 250pum, KN2-B only appears significant, with KN3-A extended. Also shown are
the outermost contours for each of the KN clouds from Fig.2a. In the 3.6pm, the position of KN2-A is given by the arrow. The source is

not bright at K's or wavelengths >10pm.

x?/datapoint<3 and is shown in Fig.7. The parame-
ters of the best fit model were a stellar temperature of
1850041000 K, which translates to a stellar mass exceed-
ing 20 My, with the M,y /M, from the model fit sugges-
tive of a Class 0 massive YSO (Fig.7).The temperature
estimated from the blackbody fit is 28.8 +4 K, with the
integrated logarithm of luminosity log L/ Lz=4.59 which
further indicates a Class 0 classification (André et al.
2010). The luminosity of the source is much higher than
expected for starless clouds heated by the ambient ra-

diation field, considering which it is likely a true high-
mass YSO (Seale et al. 2014). The estimated extinc-
tion from the SED fit (of Ay=6.9) suggests that the
candidate protostar is shielded from external photoion-
ization. Moreover, the external heating at wavelengths
longwards of 100um does not affect significantly the SED
(Pavlyuchenkov et al. 2012). Finally, as noted in Sec. 5.1,
the parameters estimated from the SED fits with the Ro-
bitalle (2017) models may be ambiguous due to the lim-
ited range of parameters considered, but they do provide
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Fiag. 7.— SED of KN2-B with best-fit models from Robitalle
(2017), overlaid with Herschel 100-350pum photometry and corre-
sponding error bars. The best fit model (with x2/datapoint<3)
with a stellar temperature of ~18500 K is shown as a solid black
line. Other models with x2/datapoint<5 are also shown as solid
grey lines.

a crude guide to source classification. We also stress that
KN2-B is classified as a high-mass YSOs based on the in-
dependent schemes of Seale et al. (2014) based on source
intensity and morphology; and the SED models of Ro-
bitalle et al. (2017) based on the flux distribution of the
source in the fIR. The age of KN2-B from the model fit is
< 0.1 Myr, and is smaller by an order of magnitude than
the crossing timescale of the cloud (the crossing timescale
is the length over the velocity) of 0.66 Myr.

KN2-A is likely a Class II source based on its Spitzer
colours. The aggp slope derived from the 3.6-8um pho-
tometry is 1.2240.2, which falls into the Class II cate-
gory (Greene et al. 1994). Our classification as a Class IT
YSO from the SED slope agrees with the Gruendl & Chu
(2009) classification based on the position of the KN2-A
in Spitzer colour-colour and colour-magnitude diagrams.
We note the there is no 24um counterpart to KN2-A,
and it also does not have a Herschel counterpart accord-
ing to the procedure followed Seale et al. (2014), who
cross match Spitzer and Herschel catalogues in the LMC.
They adopt a cross match radius of 0.5x FWHM to cross
match the two catalogues in crowded regions. If we still
consider that some of the fIR flux from KN2-A is as-
signed towards KN2-B, we find that 25% of the fIR flux
of KN2-B is required to change the classification of KN2-
A from Class II to Class I. There is no high mass Class
IT YSOs population on the northern side.

5.2.3. KN3

KN3-A is a bright Herschel source and is extended in
100-350um imaging. The Herschel detection lies within
0.9” of a Gruendl & Chu (2009) Spitzer source. We con-
sider the mIR and fIR detection to be of the same source,
as they lie well within the FWHM of the Herschel and
Spitzer imaging. Gruendl & Chu (2009) classified the
source as likely originating from dust, and we see that
their exists no point-like or otherwise 24pm counterpart.
The whole SED fits rather poorly with the models of
Robitalle et al. (2017), with the best fits achieved when
discarding the 4.5m photometry of x?/datapoint >100.
Examination of the 24um imaging reveals no distinct

point-like source (Fig. 6; right dashed circle). Given the
flux at long wavelengths, and the visible extended emis-
sion in the imaging we cannot classify the source as a
YSO conclusively. A modified blackbody fit suggests a
peak temperature of 31.54+6 K, with the integrated to-
tal luminosity slightly less than 10* Lo. This lies at
the boundary of the classifying scheme between inter-
stellar starless clouds heated by the ambient radiation
field (Seale et al. 2014), and YSOs. The ambiguous clas-
sification, and lack of any clear point-like source in the
nlR and fIR images suggests that this source is likely
a starless dust cloud, probably heated by the ambient
ionizing field.

A comparison of the multi-wavelength images in Fig. 6
demonstrates the differences between KN2-B and KN3-
A. At 24um, diffuse emission in star-forming regions is
likely to originate from heated gas from inner regions
of protostars (Chambers et al. 2009). In KN2-B, the
24pum emission is clearly detected at 30 level with respect
to the immediate surroundings. In KN3-A, 24um emis-
sion above the 30 threshold is not detected. At 100um,
and 160um, both sources appear as point sources. But,
at longer wavelengths, the KN3-A source is extended or
disappears (see the 250pum image), suggesting that it is
more likely to be dust, rather than a protostellar candi-
date when compared to the nature of the source detected
at the position of KN2-B in the 250pm image.

6. A PICTURE OF THE STAPLER NEBULA IN R136

From our deep CO (2-1) observations, we identified
three molecular clouds separated in velocity we name
KN1-3 lying within 14 pc in projection; and <20 pc in
the line of sight from the YMC R 136. These clouds lie
north of R136 and stretch for 14 pc in projection from
southeast to northwest. This axis is perpendicular to
the previously identified giant molecular clouds by Jo-
hansson et al. (1998). The Viy of the clouds ranges
from 237kms~! for the cloud directly above R136 in
projection to 250 km s~ for the furthest cloud, which is
similar to the mean radial velocity of the stellar pop-
ulation in R 136. These clouds display relatively large
linewidths for their radii, lying above the predicted rela-
tion for clouds in virial equilibrium according to Larson’s
first law. By plotting o,?/r of the KN clouds as a func-
tion of their ¥p,, we show that KN clouds depart sig-
nificantly from the relation for virialized, isolated clouds
confined by self-gravity. The KN clouds are most likely
confined by external pressures upwards of ~10% cm™2 K
in this scenario. Nonetheless, the results from our CO (2-
1) line observations show that there are three molecular
clouds lying near R 136, whose Vg increase as a func-
tion of projected distance from the cluster. The resolved
clouds are not in virial equilibrium, but are highly tur-
bulent requiring external pressure to confine them.

Brvy and H; nIR emission line imaging reveal that the
CO clouds coincide with the dense Hy clumpy structures,
while Brvy is diffuse and exhibits little spatial coincidence
with the CO clouds. The lack of background stars at op-
tical wavelengths (Fig.1) suggests that these clouds lie
in front of the cluster. Based on the Hy/Bry ratio, we
suggest that these clouds are UV-heated by stellar radi-
ation emanating from R 136. These results suggests that
both the Hy nIR emission, and CO emission arise from
molecular clouds near R 136. The molecular clouds lie in
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TABLE 2
CANDIDATE CLASS 0/I YSOs FROM Spitzer AND Herschel PHOTOMETRY.
1D Wavelength (um) R.A. (J2000) Dec. (J2000) Class QSED Comments
KN2-A 1.2-8 05738™3957 —69°05'38.1” 11 1.2240.2 S5 in Walborn et al. (2013)
KN2-B 100-350 057383951  —69°05'33.8" 0 - T, =2944 K; point like in 24um imaging
KN3-A 3.6-500 05"38™36°3 —69°05'24"”  Dust(?) 2.6540.7 T,=31.5+7K; extended in 24um imaging
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FiG. 8.— Schematic of the stapler nebula. The model is flattened in the y direction, with the direction of the observer in z-axis indicated.
Ionising radiation from the massive R 136 stars (yellow asterisks, with the mean radial velocity given in the local standard of rest frame)
photoionises (given by yellow arrows) the blue shifted cold molecular gas lying in pillar-like features (solid lines), leading to the observed

CO (2-1) line widths. This leads to a photoionisation region in the head

of the pillar from where the Bry emission arises (grey thick lines).

The tail of the pillar is comparatively colder, where the cold molecular gas is detected. The individual molecular clouds are identified along

with their central velocities in the local standard of rest frame. In KN2,

we detect the candidate protostar KN2-B (given by the large blue

star), which is likely a forming high mass star. The previously known YSO candidate KN2-A is also shown as a small blue star.

front of R 136 from our perspective. The backside of the
molecular clouds is being ionised by R 136 leading to dif-
fuse Bry emission and weak Ha emission. The excited Hy
emission coincides with the peak of CO emission further
giving weight to our view of photodissociated molecular
clouds near R 136.

Finally, a search for results of on-going star formation
yields interesting results. KN1 shows no signs of active
star formation. In fIR Herschel 100-350pum photometry,
we identify a likely Class 0/I object KN2-A correspond-
ing to the peak of the molecular cloud KN2. It is known
from previous CS observations that the densities near
this source exceed n >105. Near this source (within 5”)

lies a Class II object KN2-A visible in Spitzer imaging,
which has been classified as a YSO by Gruendl & Chu
(2009) and Walborn et al. (2013). Towards KN3, we
detect a Herschel 100-160pm source (KN3-A) close to a
Spitzer source identified by Gruendl & Chu (2009). How-
ever, inspection of both the Spitzer and Herschel imaging
suggests KN3-A is likely dusty in nature, which agrees
with the Gruendl & Chu (2009) classification.

The complete scenario can be visualised in the toy
model shown in Fig.8 along the observer’s viewpoint.
The natal molecular cloud of R 136 has an arc like struc-
ture, protruding in front of it along our line of sight,
and lying directly above it and stretching towards the
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north west in projection forming an arc shaped struc-
ture. The structure may have been carved out from an
initially spherical cloud. After the formation of the clus-
ter, the natal molecular cloud has been steadily ionised
giving rise to excited Hs emission. The excited boundary
lies on the backside of the molecular cloud from the ob-
server’s viewpoint. The radiation from R 136 is eroding
the molecular clouds, possibly leading to the formation of
structures similar to the “pillars of creation” observed in
galactic regions such as M 16. The observer may be visu-
alising the tail of such pillars face on. The observed high
velocity line widths could then be explained as a mani-
festation of the expected velocity differences between the
head and tail of a photoevaporating cloud. Alternatively,
the results also support the picture that the KN clouds
may likely be confined by external pressures. High an-
gular resolution IFU spectroscopy of the clouds which
will reveal their gas kinematics and ionization structure
(McLeod et al. 2015) can help differentiate between the
two proposed scenarios. Massive star formation is occur-
ring in the middle molecular cloud or pillar, while the
remaining two molecular clouds show no active signs of
massive star formation.

7. SUMMARY AND FUTURE WORK

Our results present a picture of three CO molecu-
lar clouds separated in velocity lying <20 pc in front of
R 136, and between 2-14 pc away in projection from the
cluster. We appear to view the tail of pillar-like struc-
tures whose ionised heads are pointing towards R 136.
The observed high line widths of the molecular clouds
for their sizes with respect to the canonical o,-r relation
are likely due to the gas being pushed away from the
head of the pillar-like structures by the ionization radi-
ation produced by the massive stars in R 136, or due to
external pressure confining the clouds. A massive YSO
(KN2-B) is detected inside the KN2 molecular cloud, in-
dicating active star formation. These results suggest that
1.5-3 Myr R 136 cluster is in the process eroding the KN
molecular clouds. During this process a new generation
of stars is able to form from the reservoir of cold molecu-
lar gas that is in the process of being destroyed by stellar
feedback in structures that may be similar to the pillars
of creation seen in Galactic regions such as M 16 and

NGC 3603 from a different perspective.

We have demonstrated that with sensitive CO (2-1) ob-
servations, molecular clouds of ~10% M, exist surpris-
ingly close to the YMC R 136. This observation chal-
lenges the results of most simulations of feedback from
massive stars in YMC (see Dale 2015 for a review),
where feedback is able to successfully expel gas close to
YMCs within a few Myrs. Future high angular resolution
sensitive observations of multiple molecular lines using
the current generation of interferometers (for e.g. us-
ing the Atacama Large Millimeter/submillimeter Array
(ALMA) which can achieve a resolution comparable to
optical/nIR imaging in CO lines) may reveal in exquisite
detail the structure, and densities of these clouds. Com-
bined with observations of the photodissociation region
from fine structure lines (Chevance et al. 2016), one
can gather enough information about the densities, pres-
sures, and radiation field acting on the KN clouds and
the Hir region to predict if the clouds are dense and mas-
sive enough to survive photoionisation and form a new
massive stellar cluster, or whether star formation will be
abruptly terminated due to feedback. In a broader sense,
sensitive radio observations in CO lines may reveal previ-
ously undetected molecular clouds lying close to YMCs,
that may nurture a new generation of star formation.
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