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The SPHERE extreme adaptive optics
instrument was used to observe the cen-
tral core of the Large Magellanic Cloud,
R136, in the near-infrared. This chal-
lenging observation demonstrated the
capabilities of SPHERE for imaging dis-
tant clusters. More than one thousand
sources have been detected in Ks- and
J-band images in the small field of view
of IRDIS covering almost 2.7 x 3.1 pc of
the core of R136. Based on isochrone
fitting of the colour-magnitude diagram,
ages of 1 and 1.5 Myr for the inner
3-arcsecond core and the outer core of
R136 fit our data best. The mass func-
tion slope is -0.96 + 0.22 over the mass
range of 3 to 300 M. Using SPHERE
data, we have gone one step further in
partially resolving the core of R136, but
this is certainly not the final step and
higher resolution is still required.

30 Doradus, in the Large Magellanic
Cloud (LMC), is one of the most massive
and optically brightest HIl regions in the
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Local Group. In the heart of 30 Doradus,
the most massive and compact star clus-
ter R136 is located. This cluster hosts the
most massive stars known in the Local
Universe (Crowther et al., 2016; Crowther
et al., 2010). R136 provides a unique
opportunity to study the formation of
massive stars and their feedback on clus-
ter formation and evolution.

We used the second-generation Very
Large Telescope (VLT) SpectroPolari-
metric High-contrast Exoplanet REsearch
(SPHERE) instrument to observe the
central core of R136 in the near-infrared.
Using the small field of view (FoV) of the
SPHERE InfraRed Dual-band Imager and
Spectrograph (IRDIS), more than one
thousand sources have been detected in
Ks- and J-band data in the core of R136
(10.9 x 12.3 arcseconds) covering almost
2.7 x 3.1 pc at the distance of R136

(50 kpc).

SPHERE’s extreme adaptive optics (AO)
system results in the same resolution with
the VLT Melipal telescope in the Ks-band
as the Hubble Space Telescope (HST)
yields in the visible (0.055 arcseconds).

In the J-band the resolution of 0.035 arc-
seconds exceeds that of the HST, and
does so with a better pixel sampling of
12.25 milli-arcseconds per pixel.

Observations

We collected data in Guaranteed Time
Observation (GTO) runs to image R136
using the classical imaging mode of IRDIS
(Langlois et al., 2014). Observations were
performed in September 2015, with high
dynamic and high angular resolution
imaging in J- and Ks-bands, over a FoV
of 10.9 x 12.3 arcseconds, centred on
the core of the cluster (Figure 1). The see-
ing was 0.63 + 0.1 arcseconds during

the observations and the night was rated
as clear. Less than 10 % of the sky (above
30 degree elevation) was covered by
clouds, and the transparency variations
were lower than 10 %.

The SPHERE data consist of 300 frames,
each of 4.0 s exposure, in the two IRDIS
broad-band Ks and J filters (BB-Ks, BB-J).
The Wolf-Rayet star R136a1 was used to
guide the AO loop of SPHERE, confirming
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its better-than-nominal performance that
surpasses previous NAOS-CONICA
(NACO) and Multi-conjugate Adaptive
optics Demonstrator (MAD) observations.
The air mass during these observations
ranged from 1.54 to 1.67. The average
Strehl ratio (SR) in the J- and Ks-bands
was determined to be 0.40 + 0.05 and
0.75 £ 0.03, respectively.

In order to qualify our data, we compared
the reduced Ks-band images with pub-
lished images of R136 from HST (with the
Wide Field Planetary Camera 3, WFC3)

in the V-band and with the MAD imaging
(Campbell et al., 2010) in the Ks-band
(Figure 2). This comparison confirms that
our data present better spatial resolution
and point-spread function (PSF) sampling
which are more suitable for applying
deconvolution techniques. For the photo-
metry, we used the Starfinder package
(Diolaiti et al., 2000), implemented in the
Interactive Data Language (IDL). Star-
finder is designed for the analysis of AO
images of crowded fields such as the
Galactic Centre (Pugliese et al., 2002). It
enables determination of the empirical
local PSF from several isolated sources in
the image and uses this PSF to extract
other stellar sources across the FoV.

Three well-isolated stars (no neighbours
within 0.47 arcseconds) were used to
extract the PSF in the J- and Ks-band
data separately. The extracted PSFs from
the J- and Ks-band data were used as
input for the stellar source detection by
Starfinder. The full width half maximum
(FWHM) of the extracted PSFs are 54.71
and 65.16 milli-arcseconds in the J- and
Ks-band data, respectively. As a conse-
quence, 1110 and 1059 sources were
detected in the J- and Ks-bands, respec-
tively, with a signal-to-noise ratio (S/N)
better than two. The AO correction
efficiency degrades as a function of dis-
tance from R136a1, which is the refer-
ence star for the AO loop. At the borders
of the FoV, the isoplanatic limits are
approached. Overall, the PSF is not cen-
tro-symmetric at large distances from
R136al1. We took these distortions into
account to estimate the local statistical
errors, which become significant for
those sources that are more distant from
the centre of the image than typically

3 arcseconds.


http://doi.eso.org/10.18727/0722-6691/5023

Figure 1. (Upper left) Zooming into the core of R136
(275 arcseconds), from a large-field BVR image with
FORSH1 to the core of R136 (upper right) from an HST
WFC3 JH-band image (59 arcsecond field-of-view),
showing the area imaged by SPHERE IRDIS.

Figure 2. (Lower) Comparison of images of the R136
core with the highest available angular resolution.
The FoV of all the images in the upper row is the
same as the IRDIS data (10.9 x 12.3 arcseconds);

the lower row of images are zoomed into the very
core of R136 (FoV of 1.5 x 1.5 arcseconds). From
left to right: HST/WFC3 (V-band), MAD (Ks-band),
and SPHERE/IRDIS (Ks-band).
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Astronomical Science

Age and extinction

To estimate the stellar ages and the
extinction in the core of R136, we used
the effective temperature (T, and lumi-
nosity (log L) of 54 stars that were stud-
ied spectroscopically by Crowther et

al. (2016). We also chose a grid of isoch-
rones at different ages (from 0.1 up to

8 Myr) with the LMC metallicity (£ = 0.006)
from the latest sets of PARSEC evolution-
ary models (Bressan et al., 2012), a theo-
retical library' that includes the latest set
of stellar phases from pre-main sequence
to main sequence and covering stellar
masses from 0.1 to 350 M. By fitting the
isochrones to each star, we estimated its
age and intrinsic colour with error bars.
An age range of 1.8 *53 Myr is the most
probable for these stars. The extinction
in J- and Ks-bands is 0.45 + 0.5 and

0.2 + 0.5 mag, respectively.

Figure 3 (upper) shows the colour-magni-
tude diagram (CMD) of detected sources
in J- and Ks-band IRDIS data with their
error bars. The CMD is plotted for the
whole FoV (818 sources), in the very core
of the cluster (r < 3 arcseconds), and
outside (r > 3 arcseconds), from left to
right. The PARSEC isochrones at four dif-
ferent ages (0.6, 1.0, 1.5 and 2.0 Myr)

are also plotted in this figure using a dis-
tance modulus of 18.49 to R136 and
central extinction values in J (0.45 mag)
and K (0.2 mag).

We note that, based on the CMD isoch-
rone fitting, ages of 1 Myr for the inner
core (r < 3 arcseconds) and 1.5 Myr
outside the core (r > 3 arcseconds) fit
the data best. Interestingly, the age of
stars in the very core (r < 3 arcseconds)
is younger than in its outer region. This
result appears to be consistent with

the older population found beyond the
core of R136, like the northeast clump
observed by Sabbi et al. (2012), and, at
a greater distance (3 arcminutes), the old
cluster Hodge301, studied by Grebel &
Chu (2000). In future it should be possible
to understand this apparent age trend in
R136, and also in the 30 Dor region, in
terms of formation. Moreover, a key ques-
tion is how the younger population in the
centre of the cluster can be explained by
star cluster formation scenarios (Winsch
et al., 2017). We note that this age differ-
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ence between the two regions can also
be explained by an observational bias,
because the central region of R136 is
very compact and bright so the incom-
pleteness level is very low.

Considering the errors on the extinction,
we can estimate the stellar mass range
for each star at a given age. We esti-
mated the stellar masses only for com-

Figure 3. Upper: Colour-magnitude diagram (CMD)
in 3D showing the number density of stars. The CMD
is plotted for the whole FoV (left), in the very core of
the cluster (r < 3 arcseconds, centre) and outside

(r > 3 arcseconds, right). Solid red, black, pink, and
yellow lines depict PARSEC isochrones (corrected
for distance modulus of 18.49 and central values

of extinctions, A, = 0.45 mag and A, = 0.2 mag) at
the ages of 0.5, 1, 1.5 and 2 Myr, respectively.
Lower: Generalised histogram of the stellar masses
(mass function, MF) at 0.6, 1 and 1.5 Myr. PARSEC
models were used to estimate the stellar-mass range
for each source using the extinction range.
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mon sources between J and Ks data,
using their magnitudes fitted to PARSEC
isochrones at three different ages: 0.6, 1,
and 1.5 Myr. The histogram of mass, i.e.
the mass function (MF), is plotted on the
basis of a Gaussian distribution for each
stellar mass. The Gaussian uncertainty in
the mass of each star was accounted for
when constructing the MF.

Figure 3 (lower) shows the generalised
histogram of the mass (MF) at three dif-
ferent ages (0.6, 1, and 1.5 Myr). The MF
slopes for the 1 and 1.5 Myr isochrones
are I'y y,r = =0.90 £ 0.18 and Ty 5y =
—0.98 + 0.18, respectively, for the mass
range of 3 — 300 M,,. These values are
lower limits to the steepness because of
incompleteness and the central concen-
tration of bright stars. The derived MF

is limited by the resolution of the instru-
ment and also by the detection limit of
the observation. In future, using higher
angular resolution data, we may resolve
binaries and low-mass stars, which affect
the shape of the MF.

Visual companions

For each star detected in both J- and
Ks-bands, we determined the distance
between the star and its closest neigh-
bour. Figure 4 shows the number of
detected neighbouring stars in Ks and J
versus their separation in arcseconds.
More than 250 star pairs have a closest
neighbour at a separation of less than
0.2 arcseconds. Over 90 % of massive
objects (brighter than 16.7 mag in Ks and
15 mag in J) have a closest neighbour

at a separation less than 0.2 arcseconds.

Figure 4 shows the separation between
close-by stars versus their distance from
R136a1l in the core. This figure indicates
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that even the sources at larger radii have
close visual companions, so that the
large number of close visual companions
is not just an effect of 2D projection on
the sky across the FoV.

The most massive stars, R136a1, R136b
and R136¢, have visual companions
detected in the near-infrared. R136a3 is
also resolved as two stars with the PSF
fitting technique. Both stars of the pair
have a high correlation coefficient (above
70 %) with the input PSF. The separation
between the R136a3 primary and second-
ary is about 58.9 + 2.1 milli-arcseconds,
which is larger than the FWHM of the
PSF. We note that even the closest visual
companions, like R136a3, are physically
distant from each other (0.059 arcseconds
corresponds to 2890 au). This visual
separation implies a period of more than
104 yr for a binary system, so that these
sources are probably not gravitationally
bound to each other.

Future prospects

Using SPHERE data, we have gone one
step further and partially resolved the
core of R136, but this is certainly not the
final step. R136 needs to be observed in
the future with higher resolution, such as
with the Extremely Large Telescope (ELT)
and the James Webb Space Telescope
(JWST) over a wide wavelength range
(and field of view). JWST, while more sen-
sitive than our VLT observations, will
remain confusion-limited in the core.
However, it will provide sensitive observa-
tions from 1-28 um, over a field of several
square arcminutes, enabling us to place
the R136 cluster in context. The ELT,

with its enhanced spatial resolution, will
be our best chance to resolve the core,
assess the low-mass end of the initial

Figure 4. Histogram of
the separation of the
close detected sources
versus their distance
from the core of R136.

mass function (IMF), and put models of
dynamical evolution to serious test. This
future work may help us understand
massive star formation, the impact mas-
sive stars have on their environment, and,
ultimately, the formation and evolution

of massive star clusters as possible sites
for the emergence of stellar black hole
binaries whose mergers have recently
been detected as sources of gravitational
waves.
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Links

T PARCSEC evolutionary models:
http://stev.oapd.inaf.it/cgi-bin/cmd
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