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ABSTRACT

Context. Most stars in the Galaxy were formed in massive clusters. To understand nature’s favorite mode of star formation and
the initial stages of the life of most stars one needs to characterize the youngest and resolved massive clusters in the Milky Way.
Unfortunately young massive clusters are challenging observational targets as they are rare, hence found at large distances, are still
embedded in their parental molecular cloud, and are swamped by relatively bright nebulae.

Aims. In this paper we propose to use deep subarcsec resolution NIR data to derive the basic parameters of the unstudied population
of massive cluster Westerlund 2.

Methods. We present deep JHK, images (~0.6” seeing) and photometry of Westerlund 2. This is the most complete photometric
census of the cluster’s population to date.

Results. We detect a total of 4701, 5724, and 5397 sources in the J, H, and K, bands respectively. By comparison with main-
sequence and pre-main-sequence model tracks, we determine an average visual extinction toward the cluster of 5.8 mag, a likely
distance of 2.8 kpc, and an age of 2.0 + 0.3 Myr for the core of the cluster. Although we have the sensitivity to reach beyond the
hydrogen burning limit in the cluster, we are only complete to about 1 M, due to source confusion. We find no evidence for a top-
heavy MF, and the slope of the derived mass function is —1.20 + 0.16. Based on the extrapolation of a field IMF, we roughly estimate

the total mass of the cluster to be about 10* M. We find compelling evidence for mass segregation in this cluster.

Key words. open clusters and associations: individual: Westerlund 2 — stars: pre-main sequence — infrared: stars

1. Introduction

Young stellar clusters are the basic units of star formation. The
clouds’ initial conditions and structure, as well as all the pro-
cess of star formation, are reflected on the clusters’ properties
given their young age and generally embedded state. Their mass
and spatial stellar distributions are the direct consequence of the
star formation process and can be used to constrain the mod-
els of molecular cloud evolution into stars (Lada & Lada 2003).
However, these studies are mostly hampered by the poor knowl-
edge of the basic parameters of each individual cluster, the dis-
tance being the most difficult to estimate accurately. In fact,
when this parameter is known it is possible to characterize the
cluster in terms of its stellar and sub-stellar populations, age
spread and star forming history, disk and binary fractions, and,
ultimately, determine its mass function which, in young clusters,
corresponds approximately to the initial mass function. Over
the last decade, the development of sensitive NIR detectors has
allowed the study of the youngest, optically invisible clusters

* Based on observations collected with the SOFI instrument at the
NTT at the La Silla Observatory, Chile, under the ESO program
074.C-0728(A).

** The tables with the photometry (Table 2) are only available in elec-
tronic form at the CDS via anonymous ftp to cdsarc.u-strasbg. fr
(130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?]/A+A/466/137

http://www.aanda.org

with different masses and in different environments (e.g., Lada
et al. 1996; Eisenhauer et al. 1998; Muench et al. 2002; Alves
& Homeier 2003; Kumar et al. 2003; Liu et al. 2003; Piskunov
et al. 2004; Homeier & Alves 2005).

Gum 29 (Gum 1955) (also known as RCW 49, Rodgers
et al. 1960), is a large HII region dominated by the compact
and massive cluster Westerlund 2 (hereafter W2, Westerlund
1961). The distance measurements in the literature place it be-
tween 2 to 8 kpc from the Sun in the direction of the tangent to
the Sagittarius-Carina spiral arm of our galaxy. Radio observa-
tions and comparison with galactic rotation models yield kine-
matic distances ranging from 2.3 to 6 kpc (Westerlund 1961;
Manchester et al. 1970; Wilson et al. 1970; Gianotti et al. 1972;
Goss et al. 1972; Caswell & Haynes 1987; Whiteoak & Uchida
1997). Optical (spectro-)photometric distances that make use of
some of the brightest stars in the cluster are also reported rang-
ing from 2.3 to 7.9 (Moffat & Vogt 1975; Moftat et al. 1991;
Brand & Blitz 1993; Piatti et al. 1998; Carraro & Munari 2004;
Uzpen et al. 2005). Finally, Shara et al. (1991) and Rauw et al.
(2005) have determined the distance to the Wolf-Rayet binary
star WR20a (see Fig. 2) to be of 4.6—6.3 and 7.9 kpc, respec-
tively. They assume it to be the distance to the cluster although
the membership of WR20a is yet to be established. This con-
flicting distance determinations illustrate well the difficulty in
deriving this fundamental parameter accurately.

http://dx.doi.org/10.1051/0004-6361:20066433
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Regarding the age of W2, Piatti et al. (1998) first estimated it
to be between 2 and 3 Myr using CCD integrated spectroscopy.
Later, Carraro & Munari (2004) report an age below 2 Myr
using main-sequence evolutionary tracks to fit their UBV pho-
tometry, and Rauw et al. (2005) derive an age between 1
and 2 Myr for WR20a.

In this paper we make use of deep NIR images of W2 to
expose and analyse for the first time its extended stellar pop-
ulation, and derive the basic parameters for this cluster, such as
distance, reddening, star formation history, frequency of NIR ex-
cess sources, and mass function. The paper is organized as fol-
lows. In Sect. 2 we describe the observations, data reduction and
photometry. In Sect. 3 we characterize our data, namely in terms
of the luminosity distribution, source density, reddening and ex-
cess fraction. Section 4 contains the discussion and determina-
tion of the age and distance for the cluster and the description
of the mass distribution. Finally, in Sect. 5 we summarize our
conclusions.

2. Data
2.1. Observations

The W2 data were taken with SOFI, NTT (La Silla, Chile) in the
night of March 18, 2005. The cluster (10"24™01%, —57°45’32")
was imaged in J, H and K with long exposures (12 x 10, 15 x 8
and 20 X 6 s, respectively) for the photometry of the faint stars
and short exposures (1.2 s each band) for the bright stars. The
long exposures were taken in Large Field Mode (field of view
of 49 x 4!9, pixel scale ~(0/288/pixel) to image the largest
possible area of the cluster whereas the short exposures were
taken in Small Field Mode (field of view of 2/4 x 24, resolu-
tion ~0” 144/pixel) to image the inner and most concentrated part
of the cluster. Due to the optics configuration, this mode is less
sensitive thus minimizing the saturation of the brightest stars,
mostly concentrated in the central part of the cluster.

We also observed a nearby control field (10"18™01%,
—57°15’31”") which lies at approximately the same Galactic lat-
itude. This field was imaged in Large Field mode in J, H and K;
with the same exposure times as for the science frames.

2.2. Data reduction

The reduction was done with IRAF following the standard
procedure: crosstalk correction, flatfield and illumination cor-
rection, sky subtraction, registering and averaging of the sub-
frames. The offsets between the sub-frames were determined
with JITTER. The final J, H and K frames were then registered
to one another and trimmed at the common area. After the trim-
ming the final area of the images for photometry was 3767 x4’11
for the long exposures and 1799 x 1!61 for the short exposures.
Figure 1 shows the color image of the cluster composed from
the three final long exposure frames in K (red), H (green) and
J (blue).

2.3. Source extraction and photometry

We used IRAF DAOFIND to detect the sources in the images.
In the long exposure images the routine searched for sources
with a PSF with full width at half maximum (FWHM) from 2.3
to 2.4 pixels (0766 to (0’69) and brighter than 5 times the mean
noise of the “empty” regions of each image. For the short ex-
posure images the FWHM ranged from 3.5 to 4.5 pixels (0750
to 0765) and the detection threshold was taken as 5 times the
mean noise in each image. We performed PSF photometry on the
stars of the cluster due to crowding in most of the image. This
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was done with IRAF DAOPHOT. The PSF was chosen from the
standard functions defined within IRAF to be the best fit to a
set of 22 to 23 stars chosen to be bright and isolated. The best
fit was always found for the “Penny” function, a Gaussian core
with Lorentzian wings, both for the long and short exposures.
The instrumental magnitudes were converted into the Persson
et al. (1998) photometric system and from there to the 2MASS'
photometric system according to the following set of equations:
SOFI to Persson (SOFI’s user manual):

Kp = 1.005(K, — 0.005.) (1)
Jp = J —0.007(J — Kp) 2)
Hp = H - 0.022(J - Kp) 3)
(Ko)p = K, +0.023(J — Kp). )

Persson to 2MASS (Carpenter 2001):

(Ks)2 = (Ks)p — 0.002(Jp — (Ky)p) — 0.01 )
H, = 1.019Hp — 0.017(K,)p — 0.002Jp — 0.005 ©6)
J> = 1.005Jp — 0.005(Ks)p — 0.008 (7

where the subscripts “P” and “2” indicate Persson and 2MASS
respectively. The SOFI magnitudes have no subscript.

The magnitudes of 7 to 10 isolated stars spread across the
frames were then compared with the 2MASS photometry for
the same stars thus obtaining an “instrumental zeropoint” for
the magnitude scale that already includes the airmass correction,
the mean aperture correction and the actual photometric zero-
point, given that these are all additive quantities to the magni-
tude scale. These zeropoints were then used to cross-calibrate the
magnitude scale of the short exposure images. The “instrumen-
tal zeropoints” calculated in this way are summarized in Table 1.
The difference in resolution between the 2MASS sample and our
own does not influence significantly the calibration as the chosen
stars are isolated and do not have bright companions. Perhaps for
this reason the mean rms for the calibration are relatively small.

The photometry from the long and short exposures were put
together including all the stars from the long exposures (higher
signal-to-noise) and those stars from the short exposures that
were saturated in the first.

2.4. Completeness limits

The completeness limits were determined for the long exposures
by adding artificial stars of increasing magnitudes to the orig-
inal frames. For each (0.5 mag) magnitude bin the stars were
added in fixed positions separated from the adjacent ones by
two PSF radii + 1 pixels (PSF radius ~10 pixels) according to
the model PSF used for the photometry, thus comprising a grid
with the maximum possible number of stars that does not add
to the crowding effect. The results are shown in Fig. 3: the sam-
ple is 90% complete for J = 17.88 mag, H = 17.00 mag and
K = 15.52 mag. The reason for these high completeness limits
is the high surface density of sources, leading to blending and
some confusion (see next section), and the presence of a non-
uniform background (the nebula).

These completeness limits are an average over the whole
frame and are not representative of the region close to the cen-
ter of the cluster where the very high stellar density make the

! The Two Micron All Sky Survey is a joint project of the
University of Massachusetts and the Infrared Processing and Analysis
Center/California Institute of Technology, funded by the National
Aeronautics and Space Administration and the National Science
Foundation.
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Fig. 1. Color composite of the long-exposure observed field of view in J (blue), H (green) and K (red). North is up and East is left.

Table 1. Instrumental zeropoints for the long and short exposure science
frames.

Band ZP; (mag) rms (mag)
J 23.039 0.095
Long exp. H 22.941 0.055
K 22.447 0.078
J 22.930 0.087
Short exp. H 22.848 0.054
K 22.302 0.025

source detection utterly inefficient. This can only be overcome
only with observations with adaptive optics. Our 5-0 sensitivity
limits are typically four magnitudes fainter than our complete-
ness limits.

2.5. Accuracy

We used the parameters sharpness and chi given by ALLSTAR
to exclude the stars with “bad” photometry. These parameters
measure the roundness of the object and the goodness of the
PSF fit and were considered acceptable between —1 and 1 and
below 4, respectively. We consider these parameters to be better

tracers of photometry quality than the actual “photometric error”
from ALLSTAR because they measure directly the geometrical
definition of the PSF and how well it represents the actual PSF
in the frames, therefore accounting in some way for the residuals
left from the subtraction. The “photometric error”, on the other
hand, depends on many parameters, among which the detector-
related properties that are often ill-determined for the combined
images. Figures 4 and 5 show the cuts we applied and how they
reflect on the “photometric error” for the SOFI data. By perform-
ing the cuts in sharpness and chi we eliminate most of the scatter
in the magnitude-error plot while keeping the majority of the ob-
jects with an error less than 0.15 mag. If we were to eliminate
the stars following a simple “error less than 0.15 mag” criterion
we would keep a significant fraction of the objects whose round-
ness is not typical of stars (e.g., galaxies, blended doubles, hot
pixels) or with bad PSF fits and eliminate some with good fits
and adequate roundness. The mean photometric errors after the
cuts are of 0.06 mag for J and 0.05 mag for H and K.

We can also estimate the mean photometric error from the
completeness tests by calculating the difference between the in-
put magnitude of the artificial stars and the one measured. This
approach is more direct and therefore better, in principle, than
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Fig. 3. Variation of completeness with magnitude in the long exposures.
We achieve 90% completeness in these images for K; = 15.5 mag,
H = 17.0 mag and J = 17.9 mag.

the one used before. However, this difference is only a mea-
sure of the photometric error as long as other sources of error
do not dominate. At brightness levels J = 19.5, H = 18.7 and
K = 18.0 mag for this sample (hereafter blending limits) blend-
ing effects begin to be important: the faint artificial stars that
are located very close to the brighter underlying stars of the
cluster are blended with them and treated as one single object
by DAOPHOT with a measured magnitude 10% brighter than
the input magnitude. The mean errors from the completeness
tests for the stars brighter than the blending limit are 0.04, 0.05
and 0.06 mag in (SOFI) J, H and K, respectively and are in rel-
atively good agreement with the previously determined values.
The photometric errors in the short exposures are dominated
by the distortions in the image so the cuts in chi and sharp-
ness would not be meaningful. However, since the final sam-
ple includes only the brightest stars, for which the errors are
small (0.02, 0.04 and 0.03 mag for J, H and K respectively),
no error cuts are necessary in this sample. Since the distortions

are taken into account automatically when constructing the PSF
profile the residuals from the PSF subtraction are small.

2.6. Astrometry

The astrometry for the SOFI images was calculated by compar-
ing the positions of some isolated stars with stars in 2MASS.
The routines CCMAP and CCSETWCS in IRAF calculated the
transformation parameters and applied the transformations to
within 0.03” (1-0).

3. Results

In the present survey we detect 4701 sources in J, 5724 in H
and 5397 in K;. Although most of the cluster sources are brighter
in K the number of sources detected in H is larger due to the also
larger exposure time.

Even though the distance to the cluster is only discussed in
Sect. 4.1 we will use the value of 2.8 kpc whenever necessary.

3.1. Cluster radius and stellar density distribution

Figure 6 shows the radial distribution of the surface density of
sources from 2MASS. Only the sources with quality flags A or B
in all bands were plotted. We chose to use 2MASS rather than
our own sample because our data does not extend beyond a ra-
dius of ~2" which would be insufficient for a significant anal-
ysis of the extent of the cluster. The profile is centered in the
peak of the stellar density distribution. As expected, the den-
sity is maximum close to the centre and decays into the fore-
ground/background level as the distance to the centre increases.
The minimum around 3’ is probably due to the presence of the
nebula that sets the detection threshold to higher flux values.
This minimum does not allow for an accurate estimate of the
cluster’s size but the density appears to be flat for radii larger
than 5’, 4.1 pc at a distance of 2.8 kpc. However, given the rel-
atively high completeness limits of 2MASS (K = 14 mag, see
Sect. 3.4), even this value may be underestimated if the fainter,
lower-mass population is more widely spread.

Figure 7 shows the 2-D contours for the K -band stellar sur-
face density in the surveyed area. The star counts were obtained
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Fig. 4. Error panel for the long exposures. The lines indicate the cuts in sharpness and chi applied to the raw photometry.

by subdividing the region into a rectilinear grid of overlapping
squares, counting the number of stars in each square and divid-
ing by the area of the square. The squares were 12" X 12" in size
and were separated by 6", the Nyquist spatial sampling interval.
The lowest and highest contours correspond to densities of 25
and 3362 sources/arcmin? respectively.

3.2. Reddening

Panel a of Fig. 8 shows the (J — K;) — K color—magnitude dia-
gram (CMD) for our field of view. We immediately see that the

fainter (K; > 14 mag) sources in our sample are divided into
two plumes, presumably the foreground stars in the blue plume
and the cluster stars in the redder plume, whereas the bright-
est (K < 12 mag) stars are mostly vertically aligned around
(J = K;) = 0.8 mag. We have determined the global reddening
toward the cluster by fitting the 1 Myr main-sequence isochrone
of the Geneva tracks (Lejeune & Schaerer 2001) reddened by
some amount to this vertical distribution?. Given the lack of

2 The difference between curves of different ages merely translates
into a vertical shift that does not affect the position of the vertical,
brightest part of the isochrone and thus the extinction determination.
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Fig. 6. Radial stellar density distribution from 2MASS K; < 14 mag
sources.

information on the metallicity of the cluster we chose to use the
models corresponding to the solar value Z = 0.02. According
to Carraro & Munari (2004) the effect of increasing metallicity
is to shift the isochrones toward older ages, larger distances and
smaller reddening, although they do not quantify this effect. The
effect of extinction is to move objects to fainter magnitudes and
redder colors (larger (J — K5)) along the extinction vector defined
by the equations (Rieke & Lebofsky 1985):

A, = 588((-] - Ks)inl - (-] - Ks)obs) (8)
(Ks)obs = (Ks)int +0.1124, (9)

where A, is the visual extinction and (J — Kj)in and (J — K)o
are the intrinsic and observed colors respectively. The light line
in panel a of Fig. 8 represents the unreddened main-sequence,
whereas the dark line represents the same track reddened by A, =
5.8 = 0.5 mag, our best fit to the data.
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Having been derived for the brighter stars with little or no
scatter in color, this value of extinction represents the overall
reddening toward the cluster despite the obvious amount of dif-
ferential intra-cluster extinction of the fainter, lower-mass stars.
This is consistent with the most massive, centrally concentrated
members of the cluster having blown a cavity in the cloud thus
dissipating most of the gas and dust from the centre, and this hav-
ing approximately the same line-of-sight extinction. This sce-
nario is confirmed by the images from Spitzer that clearly show
a central cavity (Churchwell et al. 2004). The differential extinc-
tion within the cluster is generally lower than ~10 mag.

3.3. Excess sources

The (H — K;)/(J — H) color—color (CC) diagram for our field
of view (Fig. 9, panel a) clearly shows two distinct groups of
sources, the foreground stars with less extinction and closer to
the empiric main sequence dwarf locus, and the cluster popu-
lation with higher extinction and a greater number of sources.
The diagram is color-coded so that the brighter stars appear with
a larger symbol and in blue whereas the smaller, red to yellow
points represent the fainter sources. The scattering from these
two groups increases with increasing magnitude of the sources
reflecting the also increasing photometric errors.

In panel b of Fig. 9 we show the colors of the cluster
(and background) sources. We removed the foreground by con-
servatively discarding the sources in the bluer plume of the
K;—(J-Kjs) color—magnitude diagram in Fig. 8. The overplotted
main-sequence on this panel is reddened by A, = 5.8 mag, the
global extinction determined in the previous section, and is in
good agreement, as expected, with this view of the data. Despite
the random scatter we can see an excess of sources to the right
of the reddening band indicative of the presence of sources with
intrinsic excess emission probably due to circumstellar disks
and/or envelopes as would be expected from a young cluster.
We derive an estimate of their number by counting the cluster
sources that fall to the right of the reddening band and subtract-
ing the number of those that fall to the left to account for the
photometric errors in this plot since this area of the CC diagram
does not have a physical meaning. We thus count 265 objects
with JHK; excess out of the 2337 objects that likely belong to
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the cluster and are detected in all three bands, which corresponds
to a fraction of 11% of the cluster stars. This value is only a lower
limit for the excess fraction because (1) J, H, and K; are not the
most sensitive bands to excess emission and (2) our complete-
ness limits correspond to a mass close to 1 Mg (see Sect. 4.2)
which means we are not sensitive to the excesses of the less
massive stars. We would need deep observations in the L band
to have a more reliable estimate of this number. For reference,
Whitney et al. (2004) report a 26% of stars with excesses using
Spitzer survey data, although they note there may be contamina-
tion from reddened main-sequence stars and incompleteness in
the low-mass end resulting from the bright completeness limits.

In panel b of Fig. 9 it is possible to see a small group of
12 bright stars located to the right of the reddening band. Given
the generally small photometric errors associated with these
bright stars this could be interpreted as the signature of circum-
stellar matter in the form of envelopes or disks. Four of these
stars are isolated and present clear PSFs, two other have good
profiles but have relatively close neighbors and the remaining
six have either very slightly elongated profiles or are located
close to other bright stars. Although this may not be meaning-
ful given that these stars “passed” the error cuts, there is still the
possibility that there are other objects within a projected distance
smaller than the resolution element of SOFI. If this is not an arti-
fact, these stars should be early B- and possibly even late O-type
stars (mass in the range ~5 to 20 M, for the adopted distance and
age, see Fig. 13 in Sect. 4.2). If this excess emission is confirmed
by longer wavelength observations (e.g., L-band) this would be
suggestive of massive stars having a common formation process
to lower mass stars. These stars are mostly seen in projection
toward the densest parts of the cluster, which favors their mem-
bership, but do not comprise any special structure. These stars
may then represent a population of very young, massive stars in
this cluster. The fact that they have associated infrared excess
emission would not be odd since the bright star to the north of
the centre of the cluster (star MSP18 in Fig. 2), identified as
an O7 supergiant by Moffat et al. (1991) and as spectral type
04V((f)) by Uzpen et al. (2005), although saturated in our im-
ages, presents a large mid-IR excess (Uzpen et al. 2005). In our

frames this star appears to be the main member of a small cluster
of stars, presumably a more recent site of star formation that we
speculate could have been triggered by the main star formation
event, the formation of W2. Moreover, Fig. 1 clearly shows large
amounts of dust in the form of dark patches to the West of the
cluster, indicating that there is still enough material in the cloud,
and particularly near the cluster, to have ongoing star formation.

The bright stars located at high reddening are probably dis-
tant background giants seen through the cluster’s nebula and left-
over molecular cloud.

3.4. K-luminosity distribution

Given the delicate position of the cluster in the tangent of the
Sagittarius-Carina spiral arm the contamination of the science
field is significant and must be accounted for. We did this by
statistically subtracting the foreground and background objects
estimated by a nearby field observed with the same exposure as
the science frames so that it has the same depth. The control field
observed for this analysis lies at the same galactic latitude as the
cluster, at an angular distance of 1°65. Ideally the control field
should be clear from extinction, but such field was not possible
to obtain for this rather complex region of the Galaxy. Figure 10
shows the (J — H) — (H — K;) color—color diagram for the con-
trol field (grey dots) where we can clearly see the large range
of extinction toward individual stars. The overplotted colors of a
circular 20’ x 20" 2MASS field (black dots) centered on the clus-
ter but excluding the sources located inside the science field area
show the contamination to be spread across a large area indicat-
ing that the situation would most likely not be improved by the
choice of another field. Again, only the sources from 2MASS
with quality flags A or B were selected. Figure 10 illustrates
well how difficult it is to find an unreddened control field along
a spiral arm tangent. There are too many molecular clouds to
be able to find an extinction-free line-of-sight. Still, this control
field is the best representation of the reddened/unreddened fore-
ground/background stellar population toward W2 and we will
use it as such in the following analysis.
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Fig. 11. K, differential luminosity function for the 2MASS field (dotted
line) and the control field (solid line). The KLFs were appropriately
scaled to the area of the science field.

Since we only observed a control field for the long expo-
sures we lack information about the contamination in the range
of magnitudes K; = 9.2 mag to 11.3 mag. This was overcome
by combining the information in the 2MASS control field for
the bright objects and our control field for the faint. In Fig. 11
we present the comparison between the Ks-luminosity function
(KLF) for our control field and the 2MASS field. The KLFs were
both appropriately scaled to the area of the science frame to ac-
count for the different sizes of the fields of view. The complete-
ness limits available in the literature for 2MASS are highly de-
pendent on the galactic latitude and are not specified for this
particular region. Since we know our sample to be complete up
to Ks = 15.5 mag it is reasonable to assume the 2MASS field
to be complete as far as the histograms overlap, which happens
until the K5 = 14 mag bin considering the error bars. We there-
fore use the information from 2MASS up to this bin, because it
covers a larger area hence having a higher signal-to-noise, and
the information from our control field for fainter objects.
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Fig.12. KLF for the cluster before (light line) and after (dark line)
the control-field subtraction. The vertical dashed lines indicates the
90% completeness limit for the sample and the hydrogen burning limit
for the derived distance and age (see Sect. 4.1).

The cluster’s differential KLF is presented in Fig. 12 before
(light line) and after (dark line) the control field subtraction. The
brightest non-saturated star in our sample has K; = 9.25 mag.
According to this KLF, 4516 of the stars in the field should be-
long to the cluster. Although this is merely a lower limit for the
total number of cluster members given the relatively high com-
pleteness limit, this is the most extensive catalog so far for this
cluster.

4. Analysis and discussion
4.1. Age and distance

The distribution of fainter stars in the CMD (Fig. 8) shows a
great deal of structure that can be used to constrain the dis-
tance and age of the cluster to some extent. The most prominent
feature in the CMD is the presence of a vertical concentration
around (J—K;) ~ 1.8 mag (panel a of Fig. 8) that traces the set of
Hayashi tracks, the first and convective stages of contraction of
the pre-main-sequence (PMS) for stars less massive than 2.5 M,
(Stahler & Palla 2005). These vertical, descending tracks do not
separate well in (J — K;) for the different masses, causing the
PMS stars in these stages to concentrate on a narrow range of
color and rendering the bulk of this region almost useless for the
determination of distance and age. What we can use, however,
is its brighter limit to infer an upper estimate for the distance as
we know the age of these objects cannot be smaller than zero.
If the brightest PMS stars are on the birthline (have an age of
zero) the empirical PMS models of Palla & Stahler (1993) imply
a distance smaller than 3.7 kpc. Nevertheless, we note that this
is an unlikely upper limit because (1) the centre of the cluster
is almost clear of material as can be assessed by the fact that it
is already visible at optical wavelengths, (2) the excess fraction
in the cluster is very low and (3) the cluster is highly compact
and nearly spherical, suggesting some degree of dynamical re-
laxation. Regarding the first point, assuming a typical star for-
mation efficiency of a few percent, the amount of gas and dust
necessary to form a cluster as massive W2 (see Sect. 4.2) should
be of the order of several times 10° M to 10° M. For very
young ages one would therefore expect, comparatively, a more
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embedded cluster, with a larger amount of differential reddening,
as in the case of Trapezium cluster (Muench et al. 2002).

After completing the homologous contraction along the
Hayashi tracks a PMS object continues its path toward the zero
age main sequence (ZAMS) along the Henyey tracks. These
mark the growth of radiative cores in the contracting objects and
are roughly horizontal in the CMD, comprising a bridge between
the Hayashi track area and the main sequence (MS). In the case
of a coeval population, the data in this transition region would
therefore be distributed along a specific isochrone in the form
of a single horizontal arc leaving the remaining transition region
unpopulated. The data from W2 presents at least two such arcs,
as well as some diffuse “inter-arc” objects suggesting continuous
star formation perhaps marked by (at least) two relatively well
defined episodes. The brightest of these arcs (K ~ 13 mag) be-
comes very prominent when we highlight the sources only from
the central regions (panels b and ¢ of Fig. 8), in this case from a
1’-side square centred in the peak of the stellar density distribu-
tion. At the minimum distance available in the literature for W2
(2.3 kpe, Brand & Blitz 1993) this arc would correspond to the
2.6 = 0.1 Myr isochrone, setting this value as the age of the
youngest stellar population in the cluster. Although marginally
compatible with the presence of the O7V stars found by Moffat
et al. (1991) in the cluster core, this age does not accommodate
the presence of the O6V stars found by the same authors and
even less that of the O4V star suggested by Uzpen et al. (2005)°.
We therefore adopt an intermediate distance of 2.8 kpc, the value
that best suits a minimum age between 1.5 and 2 Myr (the life-
time of an O4 to OG6 star in the MS) for the arc. We are assuming
this arc to represent the most recent global event of star forma-
tion, which does not exclude the eventual formation of individual
stars after this period.

The poor knowledge of distance is a source of uncertainty
when comparing model isochrones to the data. The effect of dis-
tance is a shift of the isochrones in magnitude (i.e., vertically) as
determined by the distance modulus equation:

m—-M=-5+5logd
mg, = mgy, + 510g (d]/dz)

(10)
(1)

where M is the absolute magnitude and m, m,, and mg,, are the
apparent magnitudes at distances d (pc), d; and d, respectively.
For this reason all the ages determined in this paper will be af-
fected if the true distance to the cluster is different from 2.8 kpc.
For this distance we estimate the age of the cluster core (as traced
by the aforementioned arc) to be 2.0+0.3 Myr (panel ¢ of Fig. 8).
We still find a significant population above (brighter) this arc,
made up mostly by stars which are not far from the core. These
may represent a yet younger (0.7 + 0.3 Myr) population or may
simply reflect the statistical effects of binarity associated with
the 2 to 3 M, stars that populate the Ky ~ 13 mag arc. The other
prominent arc is one magnitude fainter (K; ~ 14 mag, panel d
of Fig. 8) and is well fit by isochrones between 3.0 and 4.8 Myr,
suggesting either continuous star formation over this period or a
star formation episode somewhere in this range.

Regarding the PMS isochrone fitting we note that the exact
shape of each isochrone is not provided by the models because
they are poorly sampled in mass. Although we could make an
educated guess about the shape of a given isochrone consider-
ing the different evolutionary times and interpolating carefully
over the absent masses, we chose not to do so to avoid a “fit by

3 According to Massey (2003) a 40 M, O6 star will spend less
than 2 Myr in the MS, whereas a 60 M, O4 star will reach the giant
phase in less than 1.5 Myr.

J. Ascenso et al.: Near-IR imaging of Galactic massive clusters: Westerlund 2

hand” that would be difficult to explain. Instead, we have used a
numerical interpolation of a quadratic function to draw the line
that joins the model points (panels ¢ and d of Fig. 8). The close
groups of points over the isochrones contain the color and mag-
nitude for the same mass over the range of ages that fit each arc.
Despite our efforts to build “correct” isochrones, we still expect
the real isochrone in panel ¢ to be broader than the plotted line
especially toward redder colors for K; < 14 mag, thus compos-
ing a better fit to the data. Also, in panel d, the unnatural bump
in the isochrone close to Ky ~ 14.3 mag is caused by the fact
that we include information regarding the range of possible ages
rather than the information about a single age.

Alternatively, one could estimate the age of the cluster by
knowing the extinction, the distance, and the spectral types of
some of its stars using the method of spectral parallax. In this
case, the comparison between the model and observed bright-
ness for the corresponding spectral types would yield the age.
Moftat et al. (1991) have identified a few O7V and O6V stars
in the cluster based on optical spectroscopy. Of these we have
photometry for two of the O7V stars (hereafter MSP167 and
MSP203) and two of the O6V stars (hereafter MSP151 and
MSP157), all identified in Fig. 2. This classification is some-
what in conflict with our photometry in the sense that (1) there
is a difference of K; ~ 0.7 mag between the two O7V stars
that cannot be explained by our photometric error bars and (2)
the two stars identified as O6V are fainter than the ones iden-
tified as O7V contrary to what is expected. Star 203 of Moftat
et al. is one of the stars that possibly presents NIR excess in the
CC diagram (see Sect. 3.3). Nevertheless, if the spectral classifi-
cation of Moffat et al. (1991) for the O7V stars is accurate, then
they would be, according to the models of Lejeune & Schaerer
(2001)*, between 1 and 3 Myr for a distance of 2.8 kpc respec-
tively. As mentioned earlier, Uzpen et al. (2005) classify star
MSP18 (Fig. 2) as an O4V star, which represents a discrepancy
of three subclasses with respect to the classification of Moffat
et al. Although this is a particular star with clear IR excess that
can lead to misidentifications, if the same tendency was to be
applied to the other stars, the ages derived in this way would be
significantly underestimated for whatever adopted distance.

Binarity may be an important caveat to our results: if most
stars in the sample are in binary or multiple systems, our distance
may be underestimated as we are assuming them to be brighter
than they actually are. The effect of unresolved binaries could
explain the vertical scatter relative to each of the arcs. In the
worst case scenario binaries will be 0.75 mag brighter than a
single star, which corresponds to a maximum increase of 1 kpc
in distance for the unlikely case of all or the vast majority of
stars in the arcs are in equal-mass binary systems.

All these points considered, we adopt a distance to the cluster
of 2.8 kpc and an age of ~2 + 1 Myr for the cluster core with the
possibility of coexistence with a younger (less that 1 Myr) and/or
an older (up to 4.8 Myr), possibly more extended populations.

The distances we estimate for W2 are well within the limits
found in the literature, although they are in better agreement with
the lowest values, especially the one derived by Brand & Blitz
(1993) — 2.3 kpc — based on velocity fields for the Galaxy (see
discussion of distances in Sect. 1). We consider our estimate to

4 The magnitudes and colors from the models were converted into
spectral types by assuming the luminosity scale from Vacca et al. (1996)
and matching it with the predicted model luminosities. For approxi-
mately the same luminosities, the effective temperatures from the mod-
els Lejeune & Schaerer (2001) are generally underestimated with re-
spect to Vacca et al.
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Fig. 13. Mass-luminosity relation for an age of 2 Myr and a distance of
2.8 kpc. The dotted and solid lines represent the MS and PMS MLR
respectively. The dashed line represents the final MLR used to derive
the mass function. The light vertical line at K; = 13.5 mag illustrates
the triple degeneracy in the MLR. The horizontal dotted lines limit the
mass bins used for the mass function.

be quite robust as it is based on good statistics rather than a small
number of stars and uses the more appropriate PMS tracks to fit
the data instead of the main-sequence or ZAMS. The excellent
agreement of the models with the data is a good indicator that
the underlying physics in these models is capturing the essence
of the star formation process.

4.2. Mass distribution

We derived an approximate mass function (MF) for the cluster
from the KLF (Sect. 3.4) by assuming a given mass-luminosity
relation (MLR). Our ML relation (Fig. 13) was constructed from
the 2-Myr isochrones from Palla & Stahler (1993) for masses
between 0.1 and 2 M, and from Lejeune & Schaerer (2001) for
higher masses.

As seen in Sect. 3.2 we have both main sequence and pre-
main sequence objects in the sample. If we forget, for now, the
foreground main sequence sources (blue plume in panels @ and d
of Fig. 8) we can divide the extracted sources into a well de-
fined PMS sources region (Ks > 14.2 mag) and MS sources re-
gion (K < 12.7 mag). For this reason it is fair to construct a
MLR based on the PMS tracks for the first and the MS tracks
for the latter. However, for the sources with intermediate bright-
ness, the case is not clear cut as MS objects with 3 to 5 Mg
will have the same brightness as PMS objects with 2 to 3 M
(see Fig. 13). Furthermore, still in this range of brightness, the
2.5 < M/My, < 3 PMS objects have already begun the hy-
drogen burning through the CNO bi-cycle and have developed
a convective core making them, at this time, fainter than the
2 < M/My < 2.5 PMS objects still in the Henyey track (see
chap. 16 of Stahler & Palla 2005, for a discussion of the physical
phenomena involved). This adds yet another level of ambiguity
to the MLR in this range of masses (Fig. 13). Since we have no
way to separate the sources appropriately in order to lift the triple
degeneracy and create a one-to-one correspondence between the
mass and the Ks-luminosity of the sources, we chose to consider
all sources brighter than K5 = 14 mag as MS objects thus obtain-
ing the MLR represented by the dashed line in Fig. 13. In this
way we are overestimating the mass of the 2 to 3 My PMS
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Fig. 14. Mass function for the cluster before (light line) and after (dark
line) the control-field subtraction. The linear fit to the histogram for
M > 1 M, is represented by the dashed line.

objects by as much as 2.5 M thus underestimating the number
of stars with mass between 2 and 3 M, while overestimating the
number of stars in the range of 3 to 5 M. We note that in order
to be more robust, the following mass-function analysis should
be reassessed in a more accurate manner similarly to what was
done for the Trapezium by Muench et al. (2002).

We applied this MLR to our list of K5 magnitudes for the sur-
veyed science and control fields and constructed the mass func-
tion for the sample. Figure 14 shows the mass function before
(light line) and after (dark line) the control field subtraction.
Given the young age of the cluster, this should roughly corre-
spond to the cluster’s initial mass function (IMF). Assuming the
same distance (2.8 kpc) for the whole sample, we are overesti-
mating the mass of the foreground stars as they appear brighter.
However, since we adopt the same distance for the cluster and
control fields, those foreground sources should statistically can-
cel out in the control field subtraction. Should the distance be
greater than our derived value, all the masses in the following
analysis would be underestimated by a factor of (%)2.

The best linear fit to the mass function above the complete-
ness limit (~0.8 M) yields a slope of —1.20 + 0.16 (dotted
line in Fig. 14). Given all the approximations made in building
this mass function this value is surprisingly compatible with the
Salpeter (1955) slope of —1.35. Since we are only detecting a
small fraction of the faint stars in the crowded centre, the low-
mass bins are likely underestimated, which means that the real
slope should be slightly steeper. The high completeness limit of
our sample does not allow for any conclusion about the turn-off
point or the behavior of the mass function beyond 0.8 M.

The slight deficit of sources in the log(M/My) = 0.3
and 0.5 bins and the small “bump” in the log(M/My) = 0.7 bin
are a consequence of the MLR as discussed above. We have per-
formed several tests and concluded that the inaccuracy and the
artifacts introduced by the mixed population of MS and PMS ob-
jects and the subsequent choice of MLR are not large enough to
influence the slope of the MF or the scaling of the Kroupa (2001)
and Muench et al. (2002) IMFs within the error bars.

The integration of the cluster’s MF without corrections for
completeness or saturated stars yields a total mass of 3756 M,
2809 M, of which lie within the completeness limit. This limit
is set for the faint end but does not account for the brighter
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saturated stars in our sample. For this reason, we can say our
mass estimate is complete only from the mass that corresponds
to the level of saturation which, in turn, depends on the expo-
sure time, thus having different values for the long and short
exposures fields. Therefore, for the sake of completeness in the
higher masses, we can count the saturated stars and estimate a
lower limit of their contribution to the mass. We count three sat-
urated stars in the short exposure frames. For these exposures the
saturation level is Ky = 9.25 mag which, at the assumed distance,
corresponds to a mass of 25 My, so the three stars should add a
mass of at least 75 M, to the previously derived values. In the
long exposures we count twenty-nine saturated stars, of which
we will exclude the Wolf-Rayet binary WR20a whose combined
mass was measured to be ~160 M (Rauw et al. 2005). The long
exposures have a saturation level around K = 11.33 mag, which
corresponds to a mass of 11 My. The remaining twenty-eight
stars will then add at least 308 M, to the total mass. Putting
everything together (including the WR binary) we obtain an ex-
tra 543 M, yielding a total mass larger than 4299 M, for the
detected sources. The stars with M > 1 My should therefore
comprise at least 3352 M, of the total mass of the cluster. Since
we do not have the precise estimate for the mass of the saturated
stars we did not include them in the MF but we note that their
presence should add at least one mass bin to the histogram (rela-
tive to the short exposures saturation limit) and possibly increase
the higher-mass existing bins.

If we assume a field IMF as defined by Kroupa (2001) given
by the equation

-1.3 M/Mg > 0.5
a=1¢-0.3 008 <M/M;<0.5 (12)
0.7 0.01 < M/Mg, < 0.08
where
1
do_gN o M™@ (13)
dlogM

to be a good representation of the mass distribution in the clus-
ter and scale it appropriately, we will obtain a correction for the
higher (M > 1 M) masses of 719 My, relatively close to our
lower estimate, and a total mass of 7004 M. Within the uncer-
tainties, that easily change this estimate by a factor of two, the
derived stellar cluster mass is of the same order of magnitude of
the most massive clusters known in the Galaxy, namely W49A
(5-7 x 10* M, Homeier & Alves 2005), the Quintuplet cluster
(6.3 x 10> My, Figer et al. 1999), Arches (2 x 10* M, Figer
2005), NGC 3603 (7 x 10* Mg, Stolte et al. 2004, 2006), or
Westerlund 1 (5.6 x 10* M, Clark et al. 2005). However, con-
trary to the results of Figer et al. (1999) for the Quintuplet and
Stolte et al. (2006) for NGC 3603, we do not find evidence for a
top-heavy mass function.

For a cluster this massive, the above IMF predicts the most
massive star to be 126 M. One would therefore expect to
find 13 stars brighter than our highest saturation limit (K; =
9.25 mag, M ~ 25 M;). From the 29 stars saturated in the
long exposures and not present in the short exposures we be-
lieve that 7 at least are brighter than this limit. If we add the three
stars saturated in the short exposures we would still have a deficit
of 3 (+1.7) stars more massive than 25 M. The fact that we
do not observe them indicates that they were either not formed
or already evolved into supernovae. Interestingly, X-ray studies
performed by Goldwurm et al. (1987) consider the possibility of
an X-ray bubble associated with the cluster being powered by
a supernova remnant, an event which could indeed be powerful
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Fig. 15. Spatial distribution of stars of different masses in the SOFI field.
The x-axis represents the distance in declination to the centre of the field
of view.

enough to produce such an effect. More recently, the analysis
of Townsley et al. (2005) reveal the presence of a non-thermal
component in their Chandra X-ray data that they interpret as
the possible signature of a supernova remnant. Even though it is
known that a cluster of high mass stars alone can power such a
bubble one cannot rule out the possibility of a supernova being
the source of energy. In our images we cannot see the presence
of a remnant but the “missing stars” in the mass function hint at
its presence. In order to settle this issue it is necessary to estab-
lish the membership of WR20a as well as to conduct a deeper
energy analysis of the area.

In this sense we would still like to comment on the position
of WR20a (see Fig. 2). This binary lies 35”5 (0.5 pc at a distance
of 2.8 kpc) away from the centre of the cluster and appears in the
literature as a likely cluster member given its proximity to the
centre of the cluster and the rarity of such objects (Moffat et al.
1991; Carraro & Munari 2004; Whitney et al. 2004; Rauw et al.
2005). As it would be difficult to explain the process by which it
might have been ejected from the centre of the cluster where it
might have formed it is also hard to miss the coincidence that the
most massive central stars are organized in a bean-shaped struc-
ture that opens exactly in the direction of WR20a. If indeed an
extremely energetic phenomenon has occurred in the past some-
where between what is now the cluster and WR20a we might
expect the kick to be strong enough to open a cavity in the cen-
tral concentration ejecting at the same time the massive binary.
This would be supported by the fact that the binary is not clus-
tered as one would expect if it was the centre of another site of
massive star formation. Although this analysis is merely specu-
lative, we can entertain this idea further by recalling the X-ray
studies described in the previous paragraph.

Finally, regarding mass segregation, Fig. 15 shows the dis-
tribution in declination of the different mass stars in our field
of view. The distribution of the lower mass (<5 M) stars de-
cays very gradually toward the outer edges of the image, al-
though the plot suggests that it continues to spread for an area
wider than our image. The steeper decline of the distribution to
the south reflects the presence of the bright ionized shell of gas
that sets the detection limit to brighter values. The intermediate
mass (5—15 M) stars concentrate mostly in the inner 3’5 and
the most massive stars are located in the inner 1’, except for the
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WR binary (not plotted here because it is saturated in our sam-
ple) that lies well outside this range. These distributions strongly
favor mass segregation in the sense that the massive stars appear
to concentrate toward the cluster core. These data are inconclu-
sive regarding the distribution of low mass stars in this region
given the high source detection threshold in the crowded centre.
However, it is clear that we do not observe a deficit of these stars
in the core with respect to the outer regions.

5. Conclusions

We have analysed near-IR JHK; photometric data of the in-
ner ~3’9 of the Westerlund 2 embedded cluster and derived
a set of basic parameters for the cluster. Our sample is com-
plete up to 1 My, although our sensitivity limit goes well below
the hydrogen burning limit. The parameters we derive are the
following:

By comparison with main- and pre-main-sequence tracks we

derive a mean global extinction of A, = 5.8 £0.8 mag toward

the cluster and an intra-cluster extinction that does not gen-
erally exceed 10 mag.

— We find a distance to the cluster of 2.8 kpc and an age of
2.0 £ 0.3 Myr for the core of the cluster, although we cannot
exclude the possibility of continuous star formation over a
period of the order of 3 Myr for a area larger than the core of
the cluster.

— The fraction of sources that present JH K excess emission is
11% of the cluster sample, a lower limit to the actual fraction
given the high completeness limits and the fact that these
bands are not ideal for excess studies.

— The mass function for this cluster is compatible with a
Salpeter power-law until completeness (slope of —1.20 +
0.16) and the total mass, as estimated by the extrapolation of
a scaled field IMF, amounts to 7004 M. This IMF predicts
the existence of a 125 M, star that we do not observe in our
images. We find no evidence for a top-heavy mass function.

— We find compelling evidence for spatial segregation of the

massive stars that are found to concentrate toward the core

of the cluster.

We have also analysed the 2MASS data for this cluster to try
to determine its physical extent. By comparison with our data,
we find the 2MASS catalog for this region to be complete up to
K, = 14 mag. Although the data are not ideal, we find the radius
of the cluster, as given by 2MASS K; < 14 mag stars, not to
extend beyond 5’.
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