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Abstract. Stellar feedback from massive stars can unbind and disperse large amount of molec-
ular gas, affecting the star formation efficiency. Based on ALMA and VLT observations in the
Antennae galaxies we study a massive (~107 Mg) and young (~3 Myr) SSC, B1, associated
with compact molecular and ionized emission, which suggests that it is embedded in its parent
cloud. However, we found contradictories and puzzling results on the structure and dynamics
of the matter around the cluster, indicating that SSC B1 is not embedded in its parent cloud
after all. We propose that radiation pressure was highly enhanced at the early stages of the
SSC formation, disrupting the parent cloud in <3 Myr. We show evidences of outflowing gas
from the parent cloud in the more extended CO gas. Higher angular resolution observations are
needed to validate this interpretation and to understand the origin and fate of the component
seen to be associated with SSC B1.
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1. Introduction

Star formation is an inefficient process. Observations of giant molecular clouds (GMCs)
in the Milky Way suggest that the highest star formation efficiency (SFE) occurs in mas-
sive (>10* M) GMCs reaching only 20% (Murray 2011). Many studies have considered
stellar feedback as a main energy source to maintain turbulence as star clusters are formed
and thus preventing star formation (e.g., Tan et al. 2006, Krumholz et al. 2006). Sev-
eral stellar feedback mechanisms have been proposed and analytically quantified (e.g.,
photoionization and expansion of HII regions, stellar winds, SN explosions, radiation
pressure). Eventually, the energy and momentum injected by the newly formed stars will
unbind and disperse the matter around them. How quickly this occurs is key to the SFE.

Massive stellar feedback is important to galaxy evolution and star formation history
in the universe. Observations of starburst galaxies suggest that P,,q is the main driving
mechanism of galactic molecular outflows (e.g., Geach et al. 2014), dispersing and dis-
rupting large amounts of molecular gas thus affecting the total SFE. At smaller scales,
P,aq is found to dominate within the shells close to the central SSC in the 30 Dor star
forming region (Lopez et al. 2011). Numerical simulations also indicate that P,q would
be the dominant stellar feedback mechanism close to massive star clusters where the
escape velocity is larger than the sound speed of the HII gas (Krumholz & Matzner 2009;
Murray et al. 2010). However, it is still unclear how this occurs in GMC scales since
observational support is insufficient.
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Figure 1. Intensity maps for SGMC 4/5. From the left to right, K-band continuum emission
contours overlaid on Hy 1-0 S(1), CO(3-2), Bry and continuum emission at 345 GHz. The peak
emission of the contours marks the position of SSC B1.

Super star clusters (SSCs) are one of the most extreme forms of star formation, being
compact (few parsecs size) and massive (>10° Mg). The are recurrently found in galaxy
interactions, common phenomena in the Universe. SSCs must be ubiquitous in the Uni-
verse. SSCs in nearby mergers are ideal sites to study massive stellar feedback. The An-
tennae galaxy (NGC 4038/39) is a nearby (22 Mpc, Schweizer et al. 2008) merger between
two gas-rich spiral galaxies that hosts a large number of SSCs (Whitmore et al. 1995).
In the region where the two disks interact, the overlap region, large amount of molecular
gas is observed to be fragmented into Super-Giant Molecular Complexes (SGMCs, Wil-
son et al. 2000), likely the birth places of SSCs. Interferometric observations show that
SGMCs are clumpy and present different velocity components (Herrera et al. 2012). In
this study we focus in the Antennae overlap region, where the most massive (>10° M)
and youngest (<10 Myr) SSCs are located (Mengel et al. 2005).

2. Observations

We use two datasets on the Antennae overlap region. First, observations obtained with
the SINFONI/VLT imager spectrometer facility, in the near-IR K-band which includes
Bry and several Hy rovibrational lines. Second, observations done with the ALMA in-
terferometer in the Cycle 0 early science process (PI: B. Whitmore). These observations
are done in Band 7 (345 GHz), which includes the CO(3-2) line and the dust continuum
emission. Detailed information of these datasets can be found in Herrera et al. (2012)
and Whitmore et al. (2014) for the VLT and ALMA observations, respectively.

3. A unique SSC in the Antennae overlap region

We search in our SINFONT field-of-views for SSCs still associated with compact molec-
ular (Hy) and ionized (Bry) gas emission. In SGMC 4/5 we found a unique SSC, B1,
which is also the most massive (~107 M) SSC in the overlap region. It is a bright target
to study how massive SSCs disperse their parent molecular clouds.

Fig. 1 shows the distribution of the Hy, CO, Bry and continuum emission. While the
molecular gas extends across the SGMC, the ionized gas and K-band continuum are
symmetrically distributed around the cluster. Fig. 2 presents the CO(3-2) channel maps
where we can distinguish two spatially and spectrally separated components. The low
velocity emission is mainly associated with SSC B1, while the higher velocity component
seems to surround the cluster in a bubble-like shape structure. We hypothesize that the
low velocity component traces the parent molecular cloud of SSC B1.

We estimate the mass of the GMC from the continuum emission at 345 GHz. We
approximate the spectral dependence on the dust emission with a gray body and assume
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Figure 2. CO(3-2) channel maps of SGMC 4/5. The position of SSC B1 is marked with a cross.
Top panel: channel maps from 1440 km s~ to 1550 km s~" by 10 km s~'. Contours start at 10c
with a spacing of 100. Bottom panel: CO channel maps from 1550 km s~} to 1670 km s~ ! by
10 km s~'. Contours start at 5¢ with a spacing of 5¢. Offset position are the same as in Fig. 1.

that the dust properties in the Antennae are the same as those in the Galaxy. For a typical
dust temperature of 20 K, we derive a GMC mass of 4.6x10” My. We also estimate
the molecular gas mass from the observed CO emission. Assuming the canonical Xco
conversion factor (Bloemen et al. 1986), we estimate the molecular mass to be 2.4x10%
Mg, 5 times larger than the value estimated from the continuum emission. This excess
can be accounted for by a difference on the X¢o factor. Zhu et al. (2003) found a Xco
factor of at least 5 times smaller than the canonical value for the entire overlap region
(at 1.5 kpc scale).

4. Physical structure of the matter surrounding SSC B1

We describe the physical structure of the molecular gas surrounding SSC B1 which we
associate with the low velocity component of the CO emission.

Gas pressure in the molecular gas. Radiation pressure is the pressure exerted by the
stellar radiation over the molecular gas that surrounds the central star cluster. We quan-
tify P,aq in the molecular gas surrounding SSC Bl as P,,q= L“_%

mnrs (1+7aa) (e.g., Murray
et al. 2010), where L) is the luminosity of SSC B1, R, is the HII radius and 7,,q accounts
for the trapping of the IR photons within the cloud. We compute P..q/kp=1.1x10%
(14+7paq) K cm ™3,

We model the HII region surrounding the SSC as an ionized nebula with dust grains.
For different values of Ri,, we solve the radiative transfer equation and measure the out-
ward radiation field (x) and P..q exerted at the surface of the photodissociation region
(PDR). We compare our grid with the outputs of the PDR Meudon code (Le Bourlot
et al. 2012), which predicts molecular line intensities from PDRs. We find that PDR
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models with xy=103-10* times the mean radiation field in the solar neighborhood and
a gas pressure of about 10° K cm™?, are needed to account for the observed Rg(1)=Hs
1-0/2-1 S(1) line emission. The x value is consistent with that estimated by Gilbert
et al. (2000) from the comparison of PDR models and several near-IR Hy line intensities
from single-slit spectroscopy. The estimated gas pressure of 10° K cm ™ agrees with the
measured molecular gas pressure, supporting low values of 7;,4. There is no significant
trapping of the IR photons within the cavity of the molecular gas surrounding SSC B1.

Gas pressure in the hot plasma. SSC Bl was detected as a compact X-ray source
by Chandra (Zezas et al. 2006). From its X-ray luminosity (Lx = 1.9x10%% erg s7!) we
find an electron density of 0.6 cm™3. For a temperature of T = 107 K, the pressure of
the hot plasma is Pyorx/kp = 1.9 n, T = 1.2x107 K cm™3.

The hot gas pressure is one order of magnitude weaker than the pressure of the molec-
ular gas. This difference indicates that there is a leak of hot gas within the cavity. The
parent molecular cloud is not a closed, homogeneous shell around the cluster, but it is
already broken. This is consistent with our finding that 7,,q is negligible. This result
also implies that the radius estimated for the molecular cloud is not an unique value.
The molecular gas surrounding the cluster is clumpy, with molecular clumps located at
different distances from the cluster.

5. Outflowing gas

The radiation pressure is not enough to compensate the gravitational attraction exerted
by SSC B1 and the mass of the cloud itself. Today, P,.q is weaker than the gravitational
force and cannot push away the molecular gas associated with SSC B1.

We speculate that at least a significant part of the natal cloud has already been blown
away and that the high velocity component is tracing outflowing molecular gas. This gas
would have been earlier accelerated by P,,q when it was much higher than today. We
estimate the momentum of the outflowing gas from the mass in the CO high velocity
component and the gas expansion velocity vey, estimated from the line width of this
component. To test the hypothesis that this gas was accelerated by P,.q over a time
scale of treed, we write Lei/c(1 + Trad )teed = MhighVeap, Where treea=Rhnigh /Vexp=2 My,
with Rpien ~100 pc the mean size of the bubble-like shape structure observed in this
component. We found a high value of 7,,4, possible when the parent cloud was not yet
disrupted. (In the numerical models by Murray et al. (2010), 7,4 reaches values of several
tens of units at the very beginning of the disruption of the matter). If we correct Myign by
the Xco factor estimated by Zhu et al. (2003), Tyaq will be ~2. We estimate the outflow
rate of the parent molecular cloud to be 18 Mg yr—! (using the corrected Xco factor),
assuming a SFE for SSC B1 of 5-10%.

The high velocity component is also observed in the Hy 1-0 S(1) emission. Fig. 3
shows the spectra for the v=1-0 and 2-1 S(1) Hy line emission. The v=2-1 line can
be fitted with a single Gaussian curve while v=1-0 requires two components. The right
panel shows in solid contours the high velocity component of Hy overlaid to the CO high
velocity component. The spatial extent of both high velocity components are similar.

The Rg(;) ratio is commonly used to disentangle between Hy gas heated by UV radi-
ation or collisions (e.g., Herrera et al. 2011). We find Rg(;)=0.36 and <0.18 for the low
and high Hy velocity components, respectively. The former ratio can be accounted for
by UV heating of the gas in PDRs. The latter can be observed towards PDRs with high
radiation fields (>10%) and gas pressure (>10° K cm~3). However, since this component
is extended and there is no evidence for extended massive stellar population, we favor
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Figure 3. Hy 2-1/1-0 S(1) ratio in the SGMC 4/5. Left panel: spectra for v=1-0 S(1) (v=2-1)
H, in thick line (thin line, scaled by a factor 3.4). The dashed lines are the gaussian fits for
the spectra. Right panel: color image shows integrated intensity of the CO(3-2) high velocity
component. Dashed and solid contours are the Hs emission integrated in 1300-1512 km s~* and
1580-1760 km s~ !, respectively. Offset position are the same as in Fig. 2.

shocks as main gas heating mechanism. Values in the range 0.1-0.2 are reproduced in
J- and C-shock models (Kristensen 2007) for gas with densities in the range 10*-10°
em ™% and shock velocities from 15 to 50 km s~!. This supports the idea that the high
velocity component is tracing outflowing gas. Evidence of high velocity ionized gas can
be observed in the Bry line emission. At the velocities of the low velocity component (<
1600 km s~1), the Bry emission is symmetrical. An excess of ionized gas emission, where
the CO(3-2) has a low column density, is observed at velocities of 1600-1700 km s~*,
that we interpret as an evidence of escaping ionised gas.

6. Discussion

In our interpretation, today is too late to witness the direct disruption of the natal cloud
of SSC B1. For a source of similar characteristics, Murray et al. (2010) predicted that
the disruption occurs in < 1 Myr. We argue that the outflowing gas from the disruption
of the parent cloud is traced by the high velocity component. The bottom panel of Fig.
2 shows the channel maps of this component, which surrounds SSC B1 in a bubble-like
shape structure with an inner radius of about 100 pc. Similar gas dynamics have been
observed in the starburst galaxies M82 and NGC 253 (Weiss et al. 1999; Sakamoto et al.
2006), which have been interpreted as expanding super-bubbles.

Uncertainties on different parameters do not significantly impact our interpretation.
First, there is an uncertainty on the Xco factor, which implies an uncertainty on the
molecular mass obtained from the CO luminosity for both velocity components. Second,
there is an uncertainty on the efficiency of the formation of SSC B1l. Even though low
SFE (5%-10%) are common in Galactic molecular clouds, larger values have also been
reported towards massive star forming regions. We have been conservatives by applying
the commonly used values for both factors. By doing this, the results on the high velocity
component are coherent indicating that most of this gas would be outflowing gas from
the parent molecular cloud disruption. The non-detection of red-shifted gas towards the
line of sight of the cluster, as typically observed in expanding shells, can be explained
by the presence of the low velocity component. This component is very dense and it
may be hiding the red-shifted outflowing gas. The origin and fate of the gas which is
the closest to SSC B1, the low velocity component, is not clear since we cannot resolve
structures smaller than 50 pc. In any case, the results on this component are somehow
contradictories and thus difficult to interpret. Its virial parameter indicate that it is
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self-bound. However, the cluster escape velocity (at the distance of the internal cavity
which is determined by the Bry size) is 49 km s~! while the observed CO line width
is 59 km s™!, yielding an expansion velocity of at most 30 km s~'. Another source of
confusion is given by a star forming region likely happening very close to SSC B1. Brogan
et al. (2010) detected a water maser where the dust continuum (Fig. 1, peak emission at
the position [0.5,0.4]), HCO+(4-3) line, and mid-IR continuum emission (Snijders et al.
2006) peak. The velocities of the HyO maser and the HCO+(4-3) line coincide. The
no detection of Brvy, K-band continuum nor Hy emission suggest that this source is an
extremely young star forming region.

If our interpretation is not correct, we do not really understand how the cluster will get
rid of its surrounding matter to match the observed values of SFE. This component is still
very massive, comparable with the mass of the cluster, and even more it is self-bound.
Further observations are needed to quantify and test our proposed scenario. Specifically,
higher resolution observations will reveal the spatial distribution of the gas very close to
the cluster, i.e. the gas observed in the low velocity component.
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