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ABSTRACT

Context. Circumstellar disks are expected to evolve quickly in massive young clusters harboring many OB-type stars. Two processes
have been proposed to drive the disk evolution in such cruel environments: (1) gravitational interaction between circumstellar disks
and nearby passing stars (stellar encounters); and (2) photoevaporation by UV photons from massive stars. The relative importance of
both mechanisms is not well understood. Studies of massive young star clusters can provide observational constraints on the processes
of driving disk evolution.
Aims. We investigate the properties of young stars and their disks in the NGC 6357 complex, concentrating on the most massive star
cluster within the complex: Pismis 24.
Methods. We use infrared data from the 2MASS and Spitzer GLIMPSE surveys, complemented with our own deep Spitzer imaging
of the central regions of Pismis 24, in combination with X-ray data to search for young stellar objects (YSOs) in NGC 6357 complex.
The infrared data constrain the disk presence and are complemented by optical photometric and spectroscopic observations, obtained
with VLT/VIMOS, that constrain the properties of the central stars. For those stars with reliable spectral types we combine spectra and
photometry to estimate the mass and age. For cluster members without reliable spectral types we obtain the mass and age probability
distributions from R and I-band photometry, assuming these stars have the same extinction distribution as those in the “spectroscopic”
sample. We compare the disk properties in the Pismis 24 cluster with those in other clusters/star-forming regions employing infrared
color–color diagrams.
Results. We discover two new young clusters in the NGC 6357 complex. We give a revised distance estimate for Pismis 24 of
1.7 ± 0.2 kpc. We find that the massive star Pis 24-18 is a binary system, with the secondary being the main X-ray source of the
pair. We provide photometry in 9 bands between 0.55 and 9 μm for the members of the Pismis 24 cluster. We derive the cluster mass
function and find that up to the completeness limit at low masses it agrees well with the initial mass function of the Trapezium cluster.
We derive a median age of 1 Myr for the Pismis 24 cluster members. We find five proplyds in HST archival imaging of the cluster,
four of which are newly found. In all cases the proplyd tails are pointing directly away from the massive star system Pis 24-1. One
proplyd shows a second tail, pointing away from Pis 24-2, suggesting this object is being photoevaporated from two directions simultaneously. We find that the global disk frequency (∼30%) in Pismis 24 is much lower than some other clusters of similar age, such
as the Orion Nebula Cluster. When comparing the disk frequencies in 19 clusters/star-forming regions of various ages and diﬀerent
(massive) star content, we find that the disks in clusters harboring extremely massive stars (typically earlier than O5), like Pismis 24,
are dissipated roughly twice as quickly as in clusters/star-forming regions without extremely massive stars. Within Pismis 24, we
find that the disk frequency within a projected distance of 0.6 pc from Pis 24-1 is substantially lower than at larger radii (∼19% vs.
∼37%). We argue for a combination of photoevaporation and irradiation with ionizing UV photons from nearby massive stars, causing
increased MRI-induced turbulence and associated accretion activity, to play an important role in the dissipation of low-mass star disks
in Pismis 24.
Key words. stars: pre-main sequence – protoplanetary disks – surveys – open clusters and associations: individual: Pismis 24

1. Introduction
The influence of nearby massive young stars on the evolution
of circumstellar disks is still not well understood. Spitzer observations have revealed a clear anti-correlation between the
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frequencies of circumstellar disks and the presence of massive stars in these clusters (e.g., NGC 2244, NGC 6611, Balog
et al. 2007; Guarcello et al. 2009). UV irradiation by hot, massive stars causing photoevaporation of disks around neighboring lower mass young stars is a favored mechanism to explain
the observed low disk frequencies near massive stars. In addition, massive stars preferentially reside in the centers of clusters
(Zinnecker & Yorke 2007) where stellar densities are extremely
high. In such environments stellar encounters, causing gravitational interaction between the circumstellar disks and nearby
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cluster members, are proposed to play a role in disk dissipation
(Pfalzner et al. 2006; Olczak et al. 2010). The relative importance of both mechanisms for the dissipation of circumstellar
disks is not well constrained. Young clusters harboring very massive stars need to be studied to shed light on this issue, Pismis 24
constitutes a well suited example of such clusters.
Pismis 24 is located in the Sagittarius spiral arm and contains dozens of massive OB-type stars, with two extremely luminous members: Pis 24-1 (O3 I) and Pis 24-17 (O3.5 III) (Massey
et al. 2001). High-resolution observations have resolved Pis 24-1
into a compact hierarchical triple system consisting of Pis 24-1
NE (unresolved spectroscopic binary) and Pis 24-1 SW (Maíz
Apellániz et al. 2007). Pis 24-1 NE and Pis 24-1 SW have an estimated mass of around 100 M each. The distance to Pismis 24
has been estimated in diﬀerent ways. Wilson et al. (1970) derive a kinematic distance to Pismis 24 of 1.0 ± 2.3 kpc. Neckel
(1978) obtain a distance of 1.74 ± 0.31 kpc to Pismis 24 using a
color–magnitude diagram. Employing the spectroscopic parallax
method, Massey et al. (2001) derive a distance of 2.56 ± 0.10 kpc
for Pismis 24. In the current work we re-address the distance to
Pismis 24 based on the positions of the most massive members in
the Hertzsprung-Russell diagram (see Sect. 3.2.1) and find that
the most likely distance is 1.7 kpc. We adopt this value throughout the current paper.
Our inventory of the stellar content of Pismis 24 has long
been limited to the massive members (Wilson et al. 1970;
Massey et al. 2001). Observations with the Chandra X-ray telescope have dramatically improved this situation and allowed
hundreds of lower mass members to be identified (Wang et al.
2007). A total of 779 X-ray sources have been found in the
Pismis 24 region, of which 616 sources have associated optical or infrared counterparts. With an estimated age of ∼1 Myr
(Massey et al. 2001) Pismis 24 is an extremely interesting laboratory for investigating the circumstellar disk evolution, with the
similarly old Orion Nebula Cluster as a local reference.
The Pismis 24 cluster resides within NGC 6357, a large complex of extended nebulosity. Within NGC 6357 there are three
known HII regions at diﬀerent evolutionary stages: G353.2+0.9,
G353.2+0.7, and G353.1+0.6 (Felli et al. 1990). G353.2+0.9,
located near the Pismis 24 cluster, is the youngest and brightest
region and was further resolved into three compact HII regions
using the high-resolution VLA observations (Felli et al. 1990).
Between G353.2+0.9 and the Pismis 24 cluster there is an ionization front shielding the cloud material from most of the UV
photons emitted from massive stars in the cluster. It is therefore
possible that G353.2+0.9 is ionized by its own internal sources
(Felli et al. 1990). Indeed, infrared observations have revealed
several embedded objects in G353.2+0.9 (Persi et al. 1986; Felli
et al. 1990; Wang et al. 2007). G353.1+0.6 is a more evolved HII
region which is expanding and interacting with molecular cloud
material on its northern side (Felli et al. 1990; Massi et al. 1997).
G353.2+0.7 is the most evolved and diﬀuse HII region and shows
no compact components (Haynes et al. 1979; Felli et al. 1990).
A dust continuum emission survey at 1.2 mm has revealed
73 dense cores in the NGC 6357 region, of which 5 have
masses above 200 M (Muñoz et al. 2007; Russeil et al. 2010).
Follow-up observations searching for molecular line emission
in 12 high-mass dense cores (≥100 M ) show that all of them
belong to the NGC 6357 complex. Among these, 6 dense cores
were identified as starless cores (Russeil et al. 2010).
In this paper we will first investigate the star formation activity in the NGC 6357 complex as a whole, and then focus on
the stellar and disk properties of the members of the central
cluster Pismis 24. We arrange this paper as follows. In Sect. 2
A119, page 2 of 21

Fig. 1. The FOVs of diﬀerent observations used in this paper. The background: 8.0 μm (GLIMPSE). The FOVs of our deep IRAC imaging are
shown with the dashed lines ([3.6] and [5.8] bands) and dotted lines
([4.5] and [8.0] bands). The dash-dotted lines present the FOV of the
Chandra X-ray observation. The solid lines show the FOVs for VIMOS
imaging and spectroscopy. The central line-filled regions were covered
with HST observations.

we describe the observations and data reduction. In Sect. 3 we
present our results which are then discussed in Sect. 4. We summarize our eﬀort in Sect. 5.

2. Observations and data reduction
This study is based on a large collection of observational data.
We use photometric data at optical, infrared and X-ray wavelengths, as well as spectroscopy in the 4800 to 10 000 Å range.
The field of view (FOV) for each of the individual datasets is
shown in Fig. 1.
2.1. Infrared photometry

Near-infrared photometry in the J, H, and Ks bands was taken
from the Two-Micron All Sky Survey (2MASS Skrutskie et al.
2006). Mid-infrared photometry at 3.6, 4.5, 5.8, and 8.0 μm obtained with the Spitzer Space Telescope IRAC camera (Fazio
et al. 2004) was taken from the the Galactic Legacy Infrared
Mid-Plane Survey Extraordinaire (GLIMPSE I Benjamin et al.
2003) survey, and supplemented with our own deep observations
(Program ID 30 726) in the central cluster regions.
2.1.1. 2MASS survey

The 2MASS survey imaged the entire sky in the J, H, and Ks
bands. We extracted the photometry of all the point sources in
NGC 6357 complex. The typical 3σ limits for the 2MASS survey are 17.1, 16.4 and 15.3 mag in J, H, and Ks , respectively
(Cutri et al. 2003).
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2.1.2. GLIMPSE survey

The GLIMPSE I survey covers the galactic plane (10◦ < |l| <
65◦ , |b| < 1◦ ) with imaging in the four IRAC bands (3.6, 4.5,
5.8, and 8.0 μm). We adopted the photometry of all the point
sources in NGC 6357 complex as given in the GLIMPSE catalogue, with photometric uncertainties below 0.2 mag in all four
IRAC bands. The typical 3σ limits for GLIMPSE survey are
15.5, 15.0, 13.0, and 13.0 mag at the 3.6, 4.5, 5.8, and 8.0 μm,
respectively (Churchwell et al. 2009). In the PISMIS 24 field,
where the number density of stars is high, the 3σ limiting magnitudes in regions without strong nebular background are estimated to be ∼15.2, 14.8, 13.0, and 12.6 mag in the four IRAC
bands, respectively.
2.1.3. Deep IRAC imaging of the central Pismis 24 region

We have performed deep observations towards the
Pismis 24 cluster with the Spitzer IRAC camera. The observations have been done on September 29, 2006, with exposure
times of 0.4 s and 10.4 s. We mosaiced images using the SSC
mosaic software MOPEX, and performed PSF photometry using
the IDL codes described in Fang et al. (2009). We compared our
photometry with the values given in the GLIMPSE catalogue
for common sources and found small systematic diﬀerences
between both data sets of −0.04, −0.007, −0.04, −0.1 mag in the
[3.6], [4.5], [5.8], and [8.0] bands, respectively. These diﬀerence
may be due to the slightly diﬀerent psf-fitting models. We
applied the corresponding scaling factors to our deep imaging
such that it has the same absolute flux levels as the GLIMPSE
data. The 3σ limiting magnitudes for our images are estimated
to be ∼15.7, 15.5, 14.0, and 13.0 mag, respectively, in the four
IRAC bands, in the region in the absence of nebulosity.
2.2. Optical photometry

We have imaged the cluster Pismis 24 in the R and I-band
filters using the Visible Wide Field Imager and Multi-Object
Spectrograph (VIMOS, Le Fèvre et al. 2003) at the ESO VLT.
The R-band observations were performed on 2008 April 1 and
6, and the I-band observations were done on 2008 May 1. In
order to increase dynamic range we took the images with five
exposures (1, 14, 45, 150, and 300 s) for every pointing. We
performed standard data reduction for optical imaging consisting of bias subtraction and flat-fielding. We then performed PSF
photometry on the reduced images, taking into account that the
PSF shows substantial variations in shape over the VIMOS FOV.
Instead of using a single PSF for a given observation, we divided
each image into 16 sub-regions. In each sub-region we extracted
a PSF model from the isolated stars, and used it to do PSF fitting
for each star in the sub-region. For every star that was detected
in multiple exposures of diﬀerent integration time, we adopt the
photometry from the longest exposure in which the peak level
of the star remains in the linear regime of the CCD. We calibrated the R-band photometry using observations of the standard fields SA 110 (for data taken on 2008 April 1) and Rubin
149 (for data taken on 2008 April 6). The I-band photometry
was calibrated using standard stars observed in the PG 0918 field
(Stetson 2000).
2.3. X-ray source catalogue

Pismis 24 cluster has been observed with the Imaging Array of
the Advanced CCD Imaging Spectrometer (ACIS-I) mounted on

the Chandra space telescope. In this region, 779 X-ray sources
are detected (Wang et al. 2007). In this paper, we match X-ray
sources to the sources detected in VIMOS R and I bands based
on positional coincidence, using a 1. 5 tolerance. The photometry in 9 bands between 0.55 and 9 μm for counterparts of X-ray
sources are listed in Table 1. Since Pismis 24 is located in the direction of the galactic center the density of unrelated background
sources is high, which complicates establishing cluster membership. Young stars can be identified due to their X-ray emission,
which is enhanced in comparison to field stars. The X-ray emission from high mass stars is thought to arise in shocks in their
fast, radiatively driven winds. Lower mass stars produce X-ray
emission due to magnetic reconnection flares similar to those
seen on the solar surface, but with X-ray fluxes 2 to 3 orders
of magnitude higher than seen in the field population. In this
work, we will use this X-ray emission to identify young stars associated with the young stellar cluster Pismis 24. The potential
contamination of our sample with X-ray bright AGN and foreground stars was shown to be <
∼4% (Wang et al. 2007) and is
thus not a major concern.
Since the central regions of the Pismis 24 cluster have a high
space density of sources and the accuracy of the optical and
X-ray positions is limited to typically 0. 6 and 1. 0, respectively,
matching the optical and X-ray positions requires care. Choosing
a large matching radius ensures that all real optical and X-ray
pairs are matched but may also result in substantial numbers of
“false positives”, i.e. a match between physically unrelated optical and X-ray sources. Choosing a small matching radius would
cause many physically associated pairs to be lost from the analysis. We chose 1. 5 as a compromise. To test for the number of potential false positives, we applied a positional shift of 25 to the
optical positions and then matched those to the X-ray catalog.
This indeed yields a fair number of false matches: roughly 1/6
of the number of matches in the original catalog. Thus, strictly
speaking, statistically about 1/6 of our sources could be false
positives. This, however, is a very pessimistic estimate: for individual sources it would mean that there is an optical source near
the X-ray position that is unrelated to X-ray source and that the
true X-ray source counterpart is much fainter in the optical than
the “false match”. This situation will not occur often, though for
individual cases it cannot, of course, be excluded with certainty.
2.4. Optical spectroscopy

Spectroscopic observations of the Pismis 24 cluster were performed with VIMOS in August 2008. The targets for the
VIMOS spectroscopy were selected from the sources found in
the VIMOS pre-imaging with a match (within 1. 0) to an X-ray
source from the catalogue of Wang et al. (2007). Once as many
of these as possible were accommodated by the slit mask, additional targets were added where space allowed to include stars
with fluxes in the range 11 < J < 14 in an attempt to identify
some intermediate mass stars which are least sensitive to X-ray
detection (Feigelson et al. 2003). We used a low resolution grism
combined with order sorting filter GG475 and a slit width of 1. 0,
resulting in an eﬀective spectral resolution of λ/δλ = 580 and a
spectral coverage from 4800 Å to 10 000 Å. The spectroscopic
data were reduced with the VIMOS pipeline, which was also
used to extract the raw spectra of the individual targets. These
were then flux-calibrated using observations of the standard star
LTT 6248.
In the following we will describe how we do the spectral
classification of our stars using the VIMOS spectra. We have
A119, page 3 of 21
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Fig. 2. Typical spectra (grey thick lines) from our VIMOS observations covering the range of spectral types from K3 to M3. Spectral templates
(thin lines) with the same spectral types and spectral resolution are also shown. The templates have been reddened to fit our VIMOS spectra. The
prominent Hα emission line and TiO absorption features are indicated. The wiggles on the spectra beyond 7600 Å are instrumental artifacts due
to the fringing.

adopted a two-step approach. In step one we estimate the spectral types from our spectra using the IDL package “Hammer”
(Covey et al. 2007). The Hammer code was originally designed
to classify spectra of stars in the absence of appreciable extinction. It uses 29 spectral “features” in the classification process,
among which two (“BlueColor” and “Color-1”) are related to
the broad-band spectral continuum slope. The latter cannot be
used for stars whose spectra are reddened due to absorption
by intervening dust. The remaining 27 diagnostics are “narrowband” features, and not aﬀected by extinction. In order to make
the Hammer code suitable for classifying our young stars, that
typically suﬀer several magnitudes of optical extinction, we removed the BlueColor and Color-1 features from the Hammer
code, keeping the remaining 27 diagnostics. We then ran the
code to classify all our spectra, giving initial estimates of the
spectral types. In the second step of the classification process we
tested the results by fitting spectral templates with spectral types
as derived using the Hammer code to the observed VIMOS spectra. The spectral templates are from the “Hammer” package. We
have two free parameters in this fit: the V-band extinction by
which the spectral template is reddened using a standard ISM
extinction law (Cardelli et al. 1989), and the scaling factor calibrating the spectral template to the observed absolute flux level.
The results were then visually inspected for each star to ensure a
satisfactory fit to the data was obtained. When the spectral template with initial spectral type from “Hammer” code could not
properly fit the observations, the input spectral type was varied
by several subclasses until we obtained a good match between
the observed spectrum and the spectral template. The spectral
type of the best-fitting template was finally adopted as the spectral type of each respective object. In Fig. 2 we show examples of
our VIMOS spectra with a range of spectral types from early K
to early M, representing the majority of the young stars in our
sample. In each case, we have overplotted the best-fitting spectral template. Over this wavelength range, the changes in the
A119, page 4 of 21

spectral shape are clearly visible, in particular the strength of
the TiO absorption bands is a prominent diagnostic for late K to
M type stars.
2.5. Complementary data sets

A part of the Pismis 24 star cluster has been observed with
the Hubble space telescope in the F502N, F656N, F673N, and
F850LP bands1 . We have used these HST images to search for
proplyds, i.e. young stars whose circumstellar disks are being
photoevaporated by UV photons from nearby massive stars, resulting in a head-tail shaped appearance (see Sect. 3.2.4a).
The 24 μm image of the NGC 6357 complex was taken from
the Spitzer MIPSGAL survey (Carey et al. 2009). Parts of the
24 μm Spitzer data were saturated, we fill in those regions using 21.3 μm data from the Midcourse Space Experiment (MSX,
Price et al. 2001) survey. We tied the flux scale of the MSX image to that of the MIPSGAL observations using the common
unsaturated regions, ignoring the relatively minor diﬀerences in
the spectral response between both images.
Imaging at 1.2 mm was performed with the SEST Imaging
Bolometer Array (Muñoz et al. 2007) and traces the dust continuum emission in high column density regions (Av ≥ 15 mag,
Russeil et al. 2010). These data were used to locate the dense
molecular regions in NGC 6357 complex.

3. Results
3.1. The NGC 6357 complex

In this section, we will present a global view of NGC 6357. We
will show the dust emission from mid-infrared to millimeter
wavelengths and then investigate the star formation activity
throughout the region.
1
We obtained these HST images from
http://hla.stsci.edu/hlaview.html
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Fig. 3. Spitzer color image of NGC 6357 complex (red: 24 μm, green: 8.0 μm, and blue:
4.5 μm). The 4.5 μm and 8.0 μm images are
from GLIMIPSE survey. The 24 μm image is
a combination of the images from MIPSGAL
and MSX surveys. The three HII regions
G353.2+0.9, G353.2+0.7, and G353.1+0.6 are
labeled. The position of the Pismis 24 cluster is
marked. The dashed lines depict the inner rims
of the three bubbles identified by Churchwell
et al. (2007).

3.1.1. Dust emission in NGC 6357

In Fig. 3 we show a three-color composite of the whole
NGC 6357 complex (4.5, 8.0, and 24 μm in blue, green, and red,
respectively), using data from the GLIMPSE survey at 4.5 and
8.0 μm), and the MIPSGAL surveys at 24 μm with the saturated
regions replaced with the data from MSX survey at 21.3 μm.
The emission in the 4.5 μm IRAC band traces the stars that appear as point sources, some diﬀuse emission emitted or scattered by dust, and Brα emission. The 8.0 μm and 5.8 μm IRAC
bands are dominated by the emission from Polycyclic Aromatic
Hydrocarbons (PAHs) (Povich et al. 2007), tracing the surface
of molecular clouds. The 24 μm emission is dominated by continuum dust emission.
The most striking aspect of Fig. 3 is that the whole region is
full of filamentary diﬀuse emission, with some “bubbles” where
PAH emission is faint or absent and 24 μm emission is dominating. In this field Churchwell et al. (2007) identified three
bubbles, named CS 59, CS 61, and CS 63, of which CS 61 is
the biggest. The bright HII region G353.2+0.9 lies near bubble
CS 61 (Felli et al. 1990). The Pismis 24 cluster appears to be
located within CS 61 and the strong UV field and stellar winds
from the massive cluster members are likely responsible for creating CS 61. The absence of 8.0 μm emission within CS 61 and
the “sharp” edges of the bubble at this wavelength (Fig. 3) can
be explained by the absence of PAHs within the bubble due
to their destruction by extreme ultraviolet (EUV) photons from
massive stars (Voit 1992). Surrounding CS 61 there are high density shells which are traced by the dust continuum emissions at
1.2 mm (see Fig. 4). Here, the EUV photon fluxes have already
been diminished due to absorption by gas and dust within the
bubble and PAHs can survive. There are still suﬃcient amounts

of UV photons of lower energy to excite the PAH molecules,
which then glow brightly and mark the boundary between the
dense cloud material and the cavities carved by the star clusters.
The bubbles CS 59 and CS 63 are much smaller than CS 61.
Near these bubbles the HII regions G353.2+0.7 and G353.1+0.6,
respectively, are located. Inside bubble CS 63 there are four
known OB stars (Neckel 1984), which are ionizing the HII region G353.1+0.6 (Felli et al. 1990) and have likely created this
bubble. Inside the bubble CS 59 there are no known massive stars
in the literature. Further observations are required to understand
the origin of this bubble. In contrast to bubble CS 61, there is
weak 8.0 μm emission inside bubbles CS 59 and CS 63, suggesting that their central stars cannot emit suﬃcient EUV photons to
destroy all the PAHs inside the bubbles.
In Fig. 4 we show the 1.2 mm dust continuum emission
with contours, overplotted on the 5.8 μm IRAC image. The
millimeter data, tracing the molecular clouds, tend to be concentrated in ring-like structures surrounding the bubbles CS 61,
CS 59, and CS 63. Similar structures of molecular gas have
been found around many mid-infrared bubbles (Deharveng et al.
2009; Beaumont & Williams 2010). They are thought to arise
due to the compression of the molecular clouds by the expanding shock fronts produced by stellar winds or the pressure-driven
expansion of the HII regions (Castor et al. 1975; Freyer et al.
2003).
3.1.2. Star formation in NGC 6357

Using the infrared data from the 2MASS and GLIMPSE surveys we can make an inventory of the disk-bearing young star
population in the whole NGC 6357 complex, and thus investigate the global recent star formation activity. The infrared excess
A119, page 5 of 21
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Fig. 4. 1.2 mm emission (contours) over-plotted
on the IRAC [5.8] image of the NGC 6357
complex. The beam size of 1.2 mm emission is
24 . The red filled circles mark the Flat/class I
objects, and the open triangles mark the class II
objects. The asterisks indicate known massive
stars. The dashed lines depict the inner rims of
the three bubbles identified by Churchwell et al.
(2007). In regions A and B, the YSO distribution shows arcs centered on the bubble CS 61.

emission due to the dusty circumstellar disks causes the infrared
colors of stars with disks to be distinctly diﬀerent from those
of diskless objects. However, young cluster members that have
already lost their disks cannot be robustly distinguished from unrelated field objects based on infrared colors alone. Therefore, in
this section, we restrict ourselves to studying the disk-bearing
stars only to trace recent star forming activity in NGC 6357
complex.
We use the infrared color-color diagrams [3.6]–[4.5] vs.
[4.5]–[8.0] and [3.6]–[4.5] vs. [5.8]–[8.0] to select candidate
young disk-bearing stars. The selection criteria are as follows.
In the [3.6]–[4.5] vs. [4.5]–[8.0] color–color diagram, objects
are marked as YSOs if they meet the following criteria (following Simon et al. 2007):
(1) [3.6]–[4.5] > 0.6 × ([4.5]–[8.0]) − 1.0,
(2) [4.5]–[8.0] < 2.8,
(3) [3.6]–[4.5] < 0.6 × ([4.5]–[8.0]) + 0.3,
(4) [3.6]–[4.5] > −([4.5]–[8.0]) + 0.85.
In the [3.6]–[4.5] vs. [5.8]–[8.0] color-color diagram, YSOs
must obey the criteria:
(1) [3.6]–[4.5] ≥ 0, and [5.8]–[8.0] ≥ 0.4 (Allen et al. 2004),
(2) [3.6]–[4.5] ≥ 0.67 − ([5.8]–[8.0]) × 0.67,
where the latter criterion serves to remove the contamination
arising from uncertainties in the IRAC photometry. Finally, we
clean the thus constructed YSO catalog from contamination by
AGNs and galaxies, and exclude 4 objects, according to the criteria of Gutermuth et al. (2008). Based on their IRAC spectral
index we divide the YSOs into class I/flat, and class II types
(Lada 1987). In Fig. 5, we show IRAC color-color diagrams
of all detected objects, indicating the color boundaries used for
A119, page 6 of 21

the selection of YSOs and showing the class I/flat and class II
sources as well as the objects not marked as disk-bearing YSOs
with diﬀerent colors. In total we identify 64 class I/Flat sources
and 244 class II sources in the field of Fig. 4.
In Fig. 4, we show the spatial distribution of the objects identified as young stars with disks in NGC 6357, to which we will
in this subsection simply refer as “YSOs”, reminding the reader
that the population of young stars without disks that is almost
certainly also present is not included here. Inside the three bubbles CS 61, CS 59, and CS 63 the number density of YSOs is
obviously enhanced, suggesting recent star formation in these
regions. In most star-forming regions a strong positional coincidence between young class I/flat YSOs and dense molecular
cores is observed (e.g. Evans et al. 2009; Fang et al. 2009).
However, in the NGC 6357 complex this correlation is less obvious. The reason for this is currently unclear, possibly the parental
molecular clouds of these YSOs have only recently been eroded
by nearby massive stars, and star formation is still inactive in the
molecular shells surrounding the bubbles.
A closer inspection of Fig. 4 reveals an interesting aspect
of the spatial distribution of the class I/flat sources: in the regions marked “A” and “B” they appear to form arcs subtending the bubble CS 61. If we approximate the distribution of the
sources in regions A and B with a circle we find that the center of the best-fitting circle lies very close to the center of bubble CS 61. This is suggestive of some role of the massive stars
in CS 61 in (triggering) the presumably recent formation of the
class I/flat sources in regions A and B. Similar configurations,
of young stars forming an arc around an older stellar population, have been found in other star forming regions, e.g., Tr 37,
RCW 82, RCW 120 (Sicilia-Aguilar et al. 2005; Pomarès et al.
2009; Deharveng et al. 2009).
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Fig. 5. a) Spitzer/IRAC [3.6]–[4.5] vs. [5.8]–[8.0] and b) [3.6]–[4.5]
vs. [4.5]–[8.0] color–color diagrams. YSO candidates are selected using the criteria described in Sect. 3.1.2, and classified as class I, flatspectrum, or class II objects by their spectral index estimated from four
IRAC bands. The filled circles denote class I and flat-spectrum objects,
open triangles class II objects.

Fig. 6. a) H − Ks vs. H−[3.6] and b) H − Ks vs. H−[4.5] color–color
diagrams. The solid lines show the intrinsic colors of diskless stars.
The dashed lines and arrows present the extinction laws. The lengths
of arrows show a extinction of 2 mag at K band. The open diamonds
are the YSO candidates which show excess emission in both [3.6] and
[4.5] bands.

The aforementioned criteria for YSO selection require that
the stars have been detected in all four IRAC bands. This may
cause many low-mass, low luminosity members to be missed
due to the limited sensitivity and the strong nebular background
in the IRAC [5.8] and [8.0] bands. To probe also the low-mass
population, we resort to H − Ks vs. H − [3.6] and H − Ks vs.
H − [4.5] color–color diagrams. In Fig. 6, we show two colorcolor diagrams on which the colors of unobscured diskless stars
are indicated, together with the reddening vector (Indebetouw
et al. 2005). Stars without a clear infrared excess lie in a narrow
band on the top-left side of, and roughly parallel to, the reddening vector. Some of these will be cluster members that have
already lost their disks, or at least the hot inner parts thereof,
but most will be unrelated foreground or background stars. The
stars to the bottom-right side of the reddening vector have too red
H −[3.6] and H −[4.5] colors to be explained by the reddening of
diskless stars, indicating that they have substantial excess emission above the photospheric level at near-infrared wavelengths.
Thus, we identify these sources as YSOs if they show excess
emissions in both the IRAC [3.6] and [4.5] bands. In the following we will refer to them as “lower-luminosity YSOs”, as
opposed the brighter part of the sample that was detected in all
four IRAC bands. This distinction, however, is set merely by observational detection limits and the respective stars likely form
the fainter and brighter part of the same population.
In Fig. 7 we show the distribution of lower-luminosity YSOs
selected as described in the previous paragraph and illustrated in

Fig. 6, together with brighter class I/flat and class II objects that
were detected in all IRAC bands. We plot the position of each
of the lower-luminosity YSOs and also calculate their surface
density, which we plot as contours in Fig. 7. In the NGC 6357
complex there are three regions where the distribution of the
lower-luminosity YSOs shows an obvious overdensity, which
coincide with the concentrations of the higher luminosity YSOs.
All three coincide with the bubbles discussed earlier. The overdensity of low-luminosity YSOs associated with bubble CS 61 is
the Pismis 24 cluster, the other two are newly discovered young
clusters that are spatially coincident with bubbles CS 59 and
CS 63. We will refer to them as the “CS 59 and CS 63 clusters” hereafter. The spatial association of clusters and bubbles
in NGC 6357 can be understood since clusters form in dense
parts of molecular clouds, whereafter the high UV flux and stellar winds of the massive cluster members create the bubbles.
Contrary to the central regions where we have X-ray and
optical data in addition to the Spitzer photometry, the YSO
identification in the largest part of the GLIMPSE field relies
solely on color-color diagram analysis. This makes the sample
more susceptible to contamination by galactic and extra-galactic
sources unrelated to the cluster. NGC 6357 is located in the
galactic plane looking inward through the Milky Way (l = 353◦ ,
b = +0.9◦ ) and the galactic extinction in that direction is so high
that most extra-galactic sources will be eﬀectively absorbed even
at 4.5 μm. Galactic contamination may arise from post-main
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Fig. 7. 1.2 mm emission map of NGC 6357
complex. Filled circles mark the Flat/class I objects, open triangles mark the class II objects.
The filled asterisks show known massive stars
in Pismis 24. The open diamonds show the
YSO candidates selected from Fig. 6. The surface density of YSO candidates is denoted with
contours. Three overdense regions are identified, corresponding to Pismis 24 and two newly
found clusters.

sequence objects, mostly in the background, and young stars
in foreground or background star-forming regions. The number
density of the former sources is expected to be low and their distribution uniform, and thus the post-main sequence population
should not substantially aﬀect our results in a statistical sense.
The contamination from young stars is more diﬃcult to evaluate. They would mostly be distributed in clusters or loose associations, and to remove them requires knowing their distances.
The fact that many young objects are spatially coincident with
high-density gas, and the young clusters of high-mass stars occupy holes in the gaseous distribution suggest that the YSOs and
the surrounding gas are physically related. Furthermore, Russeil
et al. (2010) have shown that the molecular gas spatially associated with cluster CS 59 and CS 63 has similar radial velocity to
that of NGC 6357, suggesting they are at the same distance.
3.2. The Pismis 24 cluster

In this section we will zoom in on the Pismis 24 cluster. First we
will re-assess the distance to Pismis 24. Then we will investigate
the stellar properties of the cluster and derive the stellar masses
and ages. Finally we will study the disk properties and frequency
of the cluster members and compare them with those of other
clusters.
3.2.1. Distance to Pismis 24

There are some discussions in the literature about the distance
of Pismis 24, and published estimates range from 1.0 to 3.0 kpc.
The most commonly adopted distance of 2.56 kpc was derived
by Massey et al. (2001) using observations of six massive stars,
adopting their absolute magnitudes and intrinsic colors from
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the observed spectral types under the assumption that there is
a unique absolute magnitude corresponding to each spectral
type and luminosity class, and matching these to the observed
photometry. However, as shown in Fig. 8 the spectral types of
massive stars do not uniquely constrain their absolute magnitudes without knowledge of their ages. In this work, we use the
isochrone-fitting method to estimate the distance to Pismis 24
and the age of the massive stars that are used as distance indicators. Therefore we need to put these stars on the HR diagram,
which requires knowledge of the total luminosities and spectral
types. We adopted the spectral types and optical photometry in
the B and V bands from Massey et al. (2001) and complemented
the optical data with photometry in the J, H, and Ks bands from
the 2MASS catalog. We then performed SED fitting following
the method described in Fang et al. (2009): we take a Kurucz
model atmosphere spectrum with a fixed eﬀective temperature
corresponding to the observed spectral type, and fit a reddened
and scaled version of this model spectrum to the observed photometry. In this fit we thus have only two free parameters: visual
extinction AV and the stellar angular diameter θ. We adopt a standard extinction law (Cardelli et al. 1989) with a total to selective
extinction ratio of RV = 3.1. We used the BVJHK band photometry to do the SED fitting. We calculated model fluxes by integrating the intensity of the (reddened) model atmospheres over
the spectral response curve of the system for each filter. The synthetic photometry was then compared with the observations. By
varying the parameters and minimizing the resulting χ2 we obtain the optimum values for extinction and the angular diameter
of each star, from which we can derive the luminosities of the
stars assuming a distance.
We used the six O-type main-sequence stars (see Fig. 8) to
estimate the distance of Pismis 24. By requiring that the six stars
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Fig. 8. HR diagrams for six O-type main-sequence massive stars (Pis 24-2, 13, 16, 3, 15, 10, filled circles), and two B-type main-sequence stars
(Pis 24-12, 19, open circles) in Pismis 24. The massive stars are marked with numbers (see Table 2). The dashed lines represent the zero-age main
sequence locus. The thin solid lines show the isochrones of 2, 3, 4, 5, 6, 8, and 10 Myr. The thick solid lines present the best-fitting isochrones of 1,
2.2, and 2.7 Myr in panels a)– c), respectively. The evolutionary tracks are from Schaller et al. (1992). The fitting gives a distance of 1.7 ± 0.2 kpc.
d) HR diagram for massive stars with an assumed distance of 2.56 kpc. There is no single isochrone that fits all six O-type main sequence stars.

are located above the zero-age main sequence locus, we estimated a lower limit on the distance, which is ∼1.4 kpc. We performed isochrone fitting to these six stars, assuming they formed
coevally (see Fig. 8). Using 1.4 kpc as the lower limit of the distance, we varied the distance and age of the objects and found
that the O-stars can be fitted by isochrones with ages of ∼1–
2.7 Myr and distances of 1.7 ± 0.2 kpc (see Fig. 8). This puts
NGC 6357 at the same distance as the NGC 6334 cloud (Persi
& Tapia 2008), its direct neighbor on the sky, and suggest that
both clouds are physically related instead of merely being close
in projection. Additional support for this is given by radio observations that show that the average radial velocity of NGC 6357
is similar to that of NGC 6334 (both ∼−4 km s−1 ), and that there
are filamentary structures apparently connecting both complexes
(Russeil et al. 2010).
To test the influence on the resulting distance of a diﬀerent
RV value, we varied RV from 3.1 to 3.5 (Bohigas et al. 2004).
We fitted the SEDs of the massive stars using the same method
as described above, and derived their luminosities which are
slightly higher (∼9%) than those estimated with RV = 3.1. We
also did isochrone fitting to the six O-type main-sequence stars,
which gave a slightly lower (5%) distance than that derived with
RV = 3.1. Therefore, we conclude that the distance estimate for
Pismis 24 depends only very mildly on the assumed extinction
law.
3.2.2. The heart of Pismis 24

There are 12 known massive stars in the Pismis 24 cluster for
which spectral type estimates exist. With the revised distance

of 1.7 kpc we estimate their total luminosities, masses, and foreground extinctions. The results are listed in Table 2. The median
visual extinction of these stars is 5.8 mag with a standard deviation of 0.5 mag. Since these stars have likely already dissipated
all their circumstellar material, the observed extinction should
be entirely due to absorption by foreground dust.
In Fig. 9 we show an HST F850LP image of the center of
Pismis 24. In these high-resolution observations Pis 24-18 is resolved into a binary system with a separation of 0. 45, corresponding to a projected distance of ∼765 AU at 1.7 kpc. Wang
et al. (2007) detected X-ray emission from Pis 24-18. We find
that the secondary component of Pis 24-18 matches the position of the detected X-ray source more closely, and therefore
is the more likely counterpart of the X-ray source. In the whole
field shown in Fig. 9 there are 253 X-ray sources (Wang et al.
2007). Among these, 220 sources have detected optical or infrared counterparts. We used all detected X-ray sources with optical/IR counterparts to calculate the surface density of the numbers of stars in the region, and find values of ∼800 pc−2 within
a projected radius of 0.1 pc from Pis 24-1 and ∼350 pc−2 within
0.3 pc from Pis 24-1.
3.2.3. The low- and intermediate-mass population
in Pismis 24

In this section we will inventory the stellar content of the
Pismis 24 star cluster in the low- and intermediate mass range.
We will estimate the extinction distribution for the spectroscopy
sample, for which we have reliable spectral types from our
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Table 2. Parameters for massive stars in Pismis 24.

Name
Pis 24-1NE
Pis 24-1SW
Pis 24-17
Pis 24-2
Pis 24-13
Pis 24-16
Pis 24-3
Pis 24-15
Pis 24-10
Pis 24-18
Pis 24-12
Pis 24-19

RA
(J2000)
17 24 43.497
17 24 43.481
17 24 44.73
17 24 43.28
17 24 45.79
17 24 44.45
17 24 42.30
17 24 28.95
17 24 36.04
17 24 43.29
17 24 42.27
17 24 43.69

Dec
(J2000)
–34 11 56.86
–34 11 57.21
–34 12 02.7
–34 12 44.0
–34 09 39.9
–34 11 58.9
–34 13 21.3
–34 14 50.7
–34 14 00.5
–34 11 41.9
–34 11 41.2
–34 11 40.7

Spta
O3.5 If*
O4 III
O3.5 III
O5.5 V(f)
O6.5 V((f))
O7.5 V
O8 V
O8 V
O9 V
B0.5 V
B1 V
B1 V

Lumb
(L )
5.89
5.81
5.93
5.47
5.33
5.50
4.98
5.03
4.77
4.47
4.03
4.06

Av c
(mag)
5.54
5.52
6.34
5.83
6.39
7.24
5.82
5.47
5.80
6.45
5.58
6.09

Massd
(M )
74
66
78
43
35
38
25
25
20
15
11
11

Notes. (a) Spectral types from Massey et al. (2001) and Maíz Apellániz et al. (2007); (b) the total luminosities for Pis 24-1NE and Pis 24-1SW are
derived with the absolute V-band magnitudes using the bolometric corrections from Vacca et al. (1996), assuming a distance of 1.7 kpc. The total
luminosities for other stars are estimated from SED fitting (see Sect. 3.2.1); (c) besides Pis 24-1NE and Pis 24-1SW, the visual extinction for other
stars come from SED fitting (see Sect. 3.2.1). The visual extinction for Pis 24-1NE and Pis 24-1SW are from Maíz Apellániz et al. (2007); (d) the
stellar masses are derived using the evolutionary tracks from Schaller et al. (1992).

(a) Spectral types and extinction

Fig. 9. HST F850LP image of the center of Pismis 24. The open circles mark the counterparts of X-ray sources previously identified in
Wang et al. (2007). The open diamonds represent counterparts of X-ray
sources newly identified in the current work. The massive stars in this
field are marked with numbers (see Table 2). The inset shows the HST
F550M image of Pis 24-18, which is resolved into a binary system. The
plus sign marks the position of the X-ray emission source detected by
Wang et al. (2007).

spectroscopic observations. We will assume that the cluster
members without spectroscopy follow the same extinction distribution, in a statistical sense, as the “spectroscopic” sample.
We will use an R vs. R − I color–magnitude diagram, in which
we de-redden all detected objects according to the derived extinction distribution, to estimate the mass and age distributions
of all cluster members by comparison to the theoretical pre-main
sequence tracks of Dotter et al. (2008).
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In total we have obtained the spectral types of 306 stars in the
field of Pismis 24. We have identified 151 of these as cluster
members based on positional coincidence with a detected X-ray
source. 155 stars in the spectroscopic sample were not detected
in the X-ray data, and were considered to be unrelated field objects. We did not use the Li I λ6707 absorption line or Hα emission line as the indicator of youth properties due to the reasons:
(1) the spectral resolution of our spectra is too low to detect the
weak Li I λ6707 absorption line; (2) the spectra may suﬀer from
Hα line contamination from the surrounding nebula. In Fig. 10a
we show the spectral types of all stars in the spectroscopic sample. For the nonmembers the distribution is approximately flat
between late K and late M spectral types. The distribution of the
cluster members peaks around K5 and decreases towards later
spectral types. In Fig. 10a we also show a calculated distribution
of spectral types for a model cluster with an age of 1 Myr and
a mass function as observed in the Trapezium cluster (Muench
et al. 2002). Assuming that the Pismis 24 cluster and Trapezium
clusters have a similar IMF, we use the model spectral type distribution to evaluate the completeness level for the range of spectral types probed. As shown in Fig. 10, the model distribution
predicts many more M-type stars than are present in our spectroscopic sample, suggesting that the latter is substantially incomplete for the late spectral types. Assuming a foreground visual
extinction of 6 mag and a distance of 1.7 kpc, the R-band magnitude for a PMS star with a spectral type of M3 and an age of
1 Myr is ∼23 mag (Dotter et al. 2008), which is indeed very faint
for spectroscopic observations even with the VLT.
We used the observed R − I colors and the intrinsic colors
of the stars in the spectroscopic sample to estimate their extinctions, adopting the extinction law of Rieke & Lebofsky (1985).
The intrinsic colors corresponding to each spectral type were
taken from Bessell et al. (1998). In Fig. 10b we show the resulting extinction distributions for the cluster members and the
unrelated field stars. The two populations show very diﬀerent extinction distributions. The unrelated field stars show a relatively
flat distribution between ∼0 and ∼15 mag, whereas the cluster
members show a strongly peaked distribution centered around
5–6 mag. The median extinction of the members of Pismis 24 is
∼5.3 mag, which is consistent with the extinction estimates of
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Fig. 10. a) The spectral-type distribution of our spectroscopic sample.
The filled histogram shows the distribution of stars without X-ray emission. The open histograms display the distribution of X-ray emission
stars. The dotted line connecting filled circles show the predicted distribution of spectral type for a 1 Myr cluster with an IMF like that of
the Trapezium cluster. The distribution is normalized to the number of
K4-K6 stars. b) The distribution of extinction for the spectroscopic sample. The filled histogram shows the distribution of stars without X-ray
emission. The open histogram shows the distribution of X-ray emitting
stars. The dash-dotted line denotes the Gaussian fit to the open histogram, peaking at AV = 5.5 mag with a FWHM of 2.2 mag.

the known massive stars in the cluster (see Sect. 3.2.2). Fitting
the observed extinctions with a Gaussian distribution yields a
peak value of 5.5 mag and a FWHM of 2.3 mag. In the following we will use the fitted Gaussian distribution of extinctions to
derive the probability distribution of masses and ages for each
cluster member for which we have only photometric observations but no spectroscopy.
(b) Mass and age of Pismis 24
In Fig. 11a we show the R vs. R − I color–magnitude diagram
for all stars detected in the Pismis 24 field. For comparison we
also plot model isochrones of 0.1, 1, 3, and 30 Myr (Dotter
et al. 2008). The isochrones have been reddened by the visual
extinction of 5.5 mag (see Sect. 3.2.3a). It can be noted that
most of cluster members fall within the 0.1–3 Myr isochrones. In
Fig. 11b, we show the dereddened R vs. R − I color–magnitude
diagram for our spectroscopic sample, along with the model
isochrones of 0.1, 1, 3, and 30 Myr (Dotter et al. 2008).
We estimated the masses and ages of the spectroscopic
members of Pismis 24 from the dereddened R vs. R − I color–
magnitude diagram (see Fig 11b) by comparison with the theoretical PMS evolutionary tracks (Dotter et al. 2008). There are
several sets of pre-main sequence evolution tracks presented by
various authors (e.g. D’Antona & Mazzitelli 1997; Baraﬀe et al.
1998; Palla & Stahler 1999; Siess et al. 2000; Dotter et al. 2008).
In this work, we will adopt the PMS evolution tracks from Dotter
et al. (2008), as these have the best resolution in both mass and
age. We stress, however, that there are substantial systematic differences between the diﬀerent sets of tracks (see Hillenbrand &
White 2004; Hillenbrand et al. 2008, for a detailed discussion
of the various sets of PMS evolutionary tracks available in the
literature), and our motives for choosing those by Dotter et al.
(2008) are pragmatic. Qualitatively, analyses such as ours do not
depend on the specific set of tracks chosen, as long as the parameters of every object and every cluster are determined using the
same set of theoretical tracks.

The results are listed in Table 3. For the cluster members
without spectroscopic observations we cannot accurately estimate the mass and age of any individual object since we do not
know the foreground extinction towards individual stars. Instead,
we derived a mass and age probability function for each object
by drawing 2000 random samples from the extinction probability function derived from Fig. 10b. Thus we obtain 2000 “virtual” positions in the R vs. R − I color–magnitude diagram for
each observed star, each corresponding to a specific mass and
age, and as a whole properly sampling the extinction distribution function (see Appendix A for a detail description). The ensemble of the mass and age estimates of the cluster members
yields a good representation of the actual cluster mass and age
distributions, which are shown in Fig. 12.
In Fig. 12a we compare the mass distribution of Pismis 24
cluster with the IMF of the Trapezium cluster. The Trapezium
IMF and the observed mass function of the Pismis 24 cluster
are very similar down to ∼0.4 M . At masses below 0.4 M
both distributions are clearly diﬀerent, with a substantial lack
of observed stars in Pismis 24 compared to the Trapezium cluster, which we attribute to incompleteness in the Pismis 24 sample. The average 10σ detection limits in the VIMOS imaging
data in the R and I-bands are 22.5 and 21.1 mag, respectively.
These limits vary from region to region due to the highly variable nebular background levels, in particular in the R-band. From
PMS evolutionary tracks we obtain apparent brightnesses of
22.3 mag in R-band and 19.4 I-band, respectively, for a PMS
star with a mass of 0.4 M , an age of 1 Myr, and an extinction
of AV = 6 mag (Dotter et al. 2008). This confirms that the relative lack of Pismis 24 members with masses below 0.4 M is
at least to a large extent an observational bias due to the limited
sensitivity of our VIMOS images.
The mass distribution of the spectroscopic members is much
flatter than that of all known cluster members in the mass range
between ∼1.5 M and ∼0.4 M (see Fig. 12a), again indicating
that a large fraction of the low mass population has not been
included in the spectroscopic data. In addition the age distribution of the spectroscopic members and all known members of
the Pismis 24 cluster (see Fig. 12b) look very similar, though the
former sample is very incomplete. From these distributions, we
estimate the median age of Pismis 24. The spectroscopic members give a median age of 0.9 Myr, and all known members give
a median age of 1.0 Myr.
As shown in Fig. 12b, the ages of the known members in
Pismis 24 show large spread. To investigate the statistical significance of the observed spread in age, we performed a simple Monte Carlo simulation. We first explored the possibility of
coeval star formation in Pismis 24. We used Monte Carlo techniques to generate a coeval population of 0.9 Myr old stars at a
distance of 1.7 kpc with a mass function of the Trapezium cluster. For each model star, we obtained the magnitude in R and
I bands using the evolutionary tracks from Dotter et al. (2008)
according to the assumed mass and age. To mimic the observed
photometric uncertainties, we varied the model photometry by
adding random oﬀsets drawn from a Gaussian distribution with
a 1-sigma deviation of 0.1 mag. To simulate the eﬀect of extinction, we reddened the photometry with values drawn at random from the extinction probability function for Pismis 24 (see
Fig. 10b), and included only synthetic stars with R-band magnitudes brighter than 23 mag to well reproduce the observed color–
magnitude diagram shown in Fig. 11a. In one simulation, we
produced a cluster with 1000 stars. We derived the age distribution from the model cluster with the same method that we
applied for Pismis 24. We have performed 10 simulations, and
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Fig. 11. a) R vs. R − I color–magnitude diagram for the stars detected on the VIMOS images. The dashed lines are PMS isochrones of 0.1, 1,
3, and 30 Myr (Dotter et al. 2008). The solid line represents the ZAMS (Schaller et al. 1992). The isochrones are reddened by the mode of the
extinction distribution of the spectroscopic members of Pismis 24 cluster. The grey density map presents the distribution of all detected sources on
the VIMOS images. The filled circles show the counterparts of X-ray sources. The open diamonds mark the X-ray emission stars that have been
observed with VIMOS spectroscopy. The open circles present the stars without detected X-ray emissions that have been observed with VIMOS
spectroscopy. b) The dereddened R vs. R − I color–magnitude diagram for the spectroscopic sample. The extinction for each star is estimated by
comparing the observed R − I color with the intrinsic R − I color expected from the spectral type. The symbols are same as in panel a).

Fig. 12. a) The mass distribution of all X-ray emitting stars (open histogram), and X-ray emitting stars with well determined spectral types (filled
histogram). The filled circles show the Trapezium IMF, scaled to match the open histogram. The dash line shows the completeness limit of the
X-ray observations (∼0.4 M ). b) The age distribution of all X-ray emitting stars (line-filled histograms) and X-ray sources with well determined
spectral types (filled histograms). Both distributions yield a similar median age of ∼1 Myr. The solid-line histograms show the coeval model. The
dashed-line histograms represent the model with an age distribution of 0.9 ± 0.9 Myr.

obtained an average age distribution from them. The resulting
age distribution is shown in Fig. 12b. The age spread inferred
from the observations is larger than what can be explained by an
intrinsically coeval population with the aforementioned observational uncertainties. Therefore, we explore the possibility of an
intrinsic age spread for the members in Pismis 24. We modified
the original Monte Carlo simulation by randomly sampling the
ages from a uniform distribution between 0–1.8 Myr, and repeating the calculations in an otherwise identical way. The resulting
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simulated age distribution (Fig. 12b) assuming an intrinsic age
distribution matches the observations substantially better than a
coeval population. Still, the modeled peak in the age distribution around ∼1 Myr is somewhat higher than the observed distribution, which may be due to other eﬀects unconsidered in our
simulations, e.g., stellar variability, unresolved binary, accretion
activity including accretion history and current accretion rates,
scattering eﬀect from circumstellar disks (e.g. Burningham et al.
2005; Baraﬀe et al. 2009; Guarcello et al. 2010). The stellar
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Fig. 13. A photoevaporating disk candidate in Pismis 24. Panels a)–d) are centered on RA = 17:24:45.26, Dec = −34:11:30.5 (J2000). Panels a)–
c) are HST images in the F502N, F656N, and F673N bands, which cover [O III], Hα and [S II] respectively. Panel d) shows the HST image in
F850LP band. In each panel, the arrow shows the projected direction of Pis 24-1 relative to the target. The inset in each panel shows a zoom-in of
the proplyd in each HST band.

variability and unresolved binarity can induce the scatter of the
apparent luminosity, therefore inducing an apparent spread in
ages. Episodic accretion histories has also been proposed to
explain the observed spread in HR diagrams by Baraﬀe et al.
(2009). They show that an evolution including short episodes
of vigorous accretion followed by longer quiescent phase can
reproduce the observed luminosity spread in HR diagrams at
ages of a few Myr years in the very low-mass range. Besides the
accretion history, current accretion activity can produce excess
emission, rendering the colors of young stars bluer and increasing the observed luminosity (Da Rio et al. 2010). The scattering
from circumstellar disks also makes the optical colors of young
stars bluer, therefore aﬀecting the derivation of physical parameters, e.g., extinction, and luminosity (Guarcello et al. 2010). All
these eﬀects introduce scatter in the distribution of young populations on the HR diagram.
3.2.4. Disk properties in Pismis 24

(a) Photoevaporating disks caught in the act
In Fig. 13 we show an extended object with the characteristic
shape of proplyds (Hester & Desch 2005). These have been
found in many star-forming regions harboring massive stars,
e.g. the Orion Nebula (O’dell et al. 1993), NGC 3603 (Brandner
et al. 2000), NGC 2244 (Balog et al. 2006), etc. The proplyds

are interpreted as the outer disks of young stars that are being
photoevaporated by EUV and FUV radiation from nearby massive stars. The energetic photons from neighboring massive stars
heat gas in the outer disks to temperatures such that the sound
speed exceeds the local escape velocity, allowing the gas to flow
away (Hollenbach et al. 2000). This scenario has been reproduced by simulations (see e.g. Richling & Yorke 2000). The tail
of proplyd-1 is pointing away from the most massive stellar system in the Pismis 24 cluster, Pis 24-1, suggesting that the latter
is responsible for its creation. Proplyd-1 is located ∼0. 34 from
Pis 24-1, corresponding to a projected distance of 0.28 pc.
In Figs. 13a,b,c,d we show proplyd-1 in the HST F502N,
F656N, F673N and 850LP bands, respectively. In all four bands
proplyd-1 shows a bright, spatially extended head, but its tail
appears diﬀerent in each band. In the F502N band the tail of
proplyd-1 appears more diﬀuse and extended than in the F656N
and F673N bands. The F502N, F656N, and F673N bands cover
the [O III]5007, Hα, and [S II] 6717,6731 emission lines, respectively. The diﬀerent appearance of the tails in the diﬀerent bands
can be attributed to the abundance of their agent. The Hα and
[S II]6717, 6731 lines reach their maximum intensity at the hydrogen ionization front (H I-front), whereas the [O III]5007 line
attains its maximum outside of the H I-front where EUV photons can still reach the oxygen and ionize O II (Richling & Yorke
2000). In the F850LP band proplyd-1 is firstly presented with a
head-tail shape in high resolution (∼0.1). The tail shows a clear
cone-like peak shape with extended diﬀuse emission, similar to
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projected distances from proplyds 2–5 to their ionizing stars are
around 0.3–0.5 pc, suggesting that massive stars like Pis 24-1
and Pis 24-2 can directly photoevaporate disks out to distances
of at least 0.5 pc. Note that the five proplyds are too faint to be
detected by the 2MASS survey and by Chandra. Therefore, we
do not include them when estimating the disk frequency in the
diﬀerent distance bins from the massive stars in Pismis 24 since
we need to count the disk frequency at a uniform mass completeness level.
(b) The disk frequency in Pismis 24

Fig. 14. Four new photoevaporating disk candidates in Pismis 24. Panels
a)–d) are the images from HST in the F850LP band, centered on
RA =17:24:47.65, Dec = −34:11:25.4 (J2000), RA = 17:24:45.88,
Dec = −34:11:24.7 (J2000), RA = 17:24:46.27, Dec = −34:11:19.7
(J2000), and RA = 17:24:47.19, Dec = −34:12:10.8 (J2000), respectively. The numbers 1, and 2 on each panel are corresponding to Pis 241, and Pis 24-2. The arrow on each panel shows the direction from
Pis 24-1 or Pis 24-2 to each proplyd.

the appearance in Hα. We estimate the length from the head to
the tail of proplyd-1 in the F850LP band to be ∼1. , corresponding to a projected length of ∼1700 AU, comparable to the values
found in simulations (Richling & Yorke 2000).
Proplyd-1 was also detected in our VIMOS images, with
fluxes of 20.02 ± 0.11 mag in R band, and 19.17 ± 0.07 mag in
I band. Its R − I color of 0.85 mag is unusually blue compared
to that expected for a young low-mass star in Pismis 24: for a
1 M star with an age of 1 Myr and behind 5.5 mag of visual
extinction we would expect an R − I color of ∼2 mag from PMS
evolutionary models (Dotter et al. 2008). The comparatively blue
R − I color of Proplyd-1 could be due to (1) a dominant contribution of the Hα emission line from the photoevaporating disk
to the R-band flux; (2) the scattering eﬀect by the evaporation
circumstellar disks. Proplyd-1 is not present in the 2MASS catalog. In the GLIMPSE catalog it is detected in the [3.6], [4.5], and
[5.8] bands, with fluxes of 11.13 ± 0.09 mag, 10.54 ± 0.31 mag,
and 9.30 ± 0.10 mag, respectively. These infrared fluxes indicate
that proplyd-1 still has an optically thick inner disk.
In addition to the previously known proplyd-1, we find
four new proplyd candidates in the F850LP image, hereafter
named Proplyd-2, Proplyd-3, Proplyd-4, and Proplyd-5, which
are shown in Fig. 14. Proplyd-2, 3, 4 show tails pointing away
from Pis 24-1, suggesting that the latter is responsible also for
these proplyds. Careful inspection of proplyd-5 reveals two tails,
a long one pointing away from Pis 24-2 and a shorter tail pointing away from Pis 24-1. This suggests that proplyd-5 is being
photoevaporated by two neighboring massive stars simultaneously, with Pis 24-2 dominating in this case. In our VIMOS
images we have detected proplyd-2 and proplyd-5. Similar to
proplyd-1, they show unusually blue R − I colors (0.51 mag and
0.28 mag, respectively), confirming their proplyd nature. The
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We will now analyze the “disk frequency” in the Pismis 24 star
cluster, i.e. which fraction of cluster members (still) show nearinfrared excess emission indicative of optically thick material in
the inner disk regions. We will use the H − Ks vs. H − [3.6]
and H − Ks vs. H−[4.5] color–color diagrams to identify stars
with inner disks. These colors are more suitable than the classical IRAC [3.6]–[4.5] vs. [5.8]–[8.0] color–color diagram in the
case of Pismis 24, since requiring objects to be detected in all
IRAC bands causes the sample to be strongly biased towards
relatively luminous sources and sources with disks. By including only the data from the two most sensitive IRAC bands we
get a much more representative sample. Exclusion of the 5.8
and 8.0 μm IRAC bands does cause potential transition disk
objects, that show infrared excess only in the long wavelength
IRAC bands, to be excluded from the disk frequency statistics.
In Fig. 15 we show the colors of all 279 cluster members that are
detected in each of the H, Ks , [3.6], and [4.5] bands. We identify
stars as having inner disks if they show excess emission in both
the IRAC [3.6] and [4.5] bands. In total, 83 cluster members harbor inner disks, yielding an inner disk frequency of 30 ± 3% in
Pismis 24.
For comparison we estimate the inner-disk frequencies of
YSOs in other star formation regions (SFRs) using the same diagnostic as employed for the Pismis 24 cluster. A detailed description for each SFR is presented in Appendix B. In order to
make a meaningful comparison we should calculate the disk frequency statistics for YSOs in the same mass range in each region since disk frequencies can depend on stellar mass (e.g. Lada
et al. 2006; Luhman et al. 2008a; Fang et al. 2009; Hernández
et al. 2007b), especially for YSO populations older than 3 Myr
(Kennedy & Kenyon 2009). The lowest mass that we use for selecting YSOs for our comparative disk frequency study is set
by the mass completeness limit of the Pismis 24 data. In the
latter cluster the mass completeness is mainly limited by the
2MASS H and Ks band data. Given a foreground extinction of
Av ∼ 6 mag, the 2MASS H and Ks band magnitude limits of
∼15 and 14.3 mag (10σ), and an age of 1 Myr for Pismis 24, the
mass completeness for detection of the photospheric emission in
the 2MASS data is approximately ∼0.5 M , and we will therefore consider only objects with masses above this limit in our
comparative study. The resulting inner-disk frequencies ( fid ) of
each SFR as a function of their ages is shown in Fig. 16. For
comparison we also plot the age-dependency of the accretor frequency, which is also proxy for the presence of material in the
inner disk, as obtained by Fedele et al. (2010) by fitting an exponential profile to the observed accretor frequencies of a number of star forming regions. In most SFRs the inner disk frequency that we derive matches the accretor frequency behavior
derived by Fedele et al. (2010) very well. Four clusters, however, show substantially lower inner disk frequencies: Pismis 24,
NGC 2244, NGC 6611 and γ vel clusters. These four clusters all
harbor extremely massive stars (see Table B.1).
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Fig. 16. The inner disk frequencies ( fid ) in diﬀerent star formation regions as a function of age. The frequencies are estimated from H − Ks
vs. K −[3.6] and H −Ks vs. K −[4.5] color–color diagrams. The frequencies are estimated for stars with masses larger than 0.5 M , which is the
mass completeness limit for Pismis 24 cluster. The dashed line is the
fit to inner disk frequencies of the four clusters, Pismis 24, NGC 2244,
NGC 6611, and γ vel, which gives fid = e−t/1.0 , whereas the solid line is
the fit to all other star formation regions, which is fid = e−t/2.3 . Here t is
the age in Myr.

Fig. 15. a) H − Ks vs. H − [3.6] and b) H − Ks vs. H − [4.5] color–color
diagrams for X-ray emitting stars in Pismis 24 cluster. The filled circles
represent all the members of Pismis 24 cluster detected in H, Ks , [3.6],
and [4.5] bands. The dashed lines and arrows represent the extinction
laws. The solid lines are the locus of colors for diskless stellar photospheres estimated from stellar model atmospheres (Brott & Hauschildt
2005). The arrow length denotes one magnitude of extinction in the
K band. The open diamonds show the cluster members with inner disks
which show excess emission in both [3.6] and [4.5] bands.

To see whether the inner disk frequency depends on location within the Pismis 24 cluster we calculated it in four projected distance bins from Pis 24-1 (the dominant UV-photon
emitter): ≤0.6 pc, 0.6–1.2 pc, 1.2–1.8 pc, and 1.8–2.4 pc. The result is shown in Fig. 17. In the innermost distance bin the disk
frequency is ∼19%. In the other three bins it is approximately
constant at a substantially higher value of ∼36–38%. The decrease of the disk frequency near Pis 24-1 is a ∼2σ eﬀect in
our data. Decreased disk frequencies in the immediate vicinity
of massive stars have been found in several massive clusters,
e.g. NGC 2244, NGC 6611, and the Arches cluster (Balog et al.
2007; Guarcello et al. 2009; Stolte et al. 2010), suggesting rapid
destruction of circumstellar disks in such environments.
In Fig. 18, we show the disk frequency as a function of stellar mass in the Pismis 24 cluster. The adopted mass for each
star is the median value of its mass probability function (see
Sect. 3.2.3b). As shown in Fig. 18, the disk frequency increases
with decreasing stellar mass in Pismis 24. This is diﬀerent from
the behavior in some small clusters or isolated SFRs at similar
ages of ∼1 Myr (e.g. NGC 2068/2071, L1641, and Taurus, Fang
et al. 2009; Luhman et al. 2010), but similar to the one in some

Fig. 17. The inner disk frequency as a function of projected distance
from Pismis 24-1, the most massive stellar system in the Pismis 24 cluster. Absolute number counts for each bin are given at the top of the
panel.

relative older clusters (e.g. IC 348, Tr 37, and IC 1795, Kennedy
& Kenyon 2009; Roccatagliata et al. 2011). Within Pismis 24
we have compared the spatial distribution of cluster members of
sub-solar mass with that of members of 1 M or more. The two
distributions are not significantly diﬀerent, and therefore we cannot attribute the lower disk frequency around YSOs with masses
above 1 M to comparatively close proximity to the massive
stars. Our observations suggest that the disks around ∼solar and
intermediate mass stars evolve faster than those around lower
mass stars in massive clusters like Pismis 24.
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Fig. 18. The inner disk frequency as a function of stellar mass. The
dashed line marks the completeness limit of the sample.

4. Discussion
4.1. Disk evolution in Pismis 24

As shown in Fig. 16 the inner disk frequencies ( fid ) in most SFRs
follow the evolutionary function fid = e−t/2.3 . Clusters in which
extremely massive stars are present (Pismis 24, NGC 2244,
NGC 6611, and γ Vel), however, show a substantially quicker reduction of the inner disk frequency. For the later four clusters, fitting the same functional shape fid = e−t/τ0 , we find τ0 ∼ 1.0 Myr.
Therefore, the average inner disk lifetime in these massive cluster is only half of that in clusters without extremely massive
stars. The disks in these massive clusters are then rapidly dissipated, but which physical mechanism is driving this development? A range of processes have been proposed to explain
disk dissipation, including viscous evolution, gravitational interactions, and photoevaporation by the central star or neighboring massive stars. The latter two mechanisms, stellar encounters
and photoevaporation, are potential explanations for the comparatively low disk frequency in massive clusters like Pismis 24.
4.1.1. Stellar encounters

The stellar encounter mechanism involves a circumstellar disk
and a nearby passing star. Mutual gravitational interaction can
induce a significant loss of mass and angular momentum from
the disk (Pfalzner et al. 2006; Olczak et al. 2006; Pfalzner &
Olczak 2007; Olczak et al. 2010). Simulations of stellar encounters in a cluster environment like the ONC have shown that stellar encounters are a potentially very important disk dissipation
mechanism in the first several Myrs. When the stars involved
in the encounters have unequal masses the disks are most affected. Therefore, in dense clusters like the ONC, the massive
stars dominate the disk-mass loss (Olczak et al. 2006). The disks
around these massive stars are also dissipated more quickly than
those around intermediate- and low-mass stars (Pfalzner et al.
2006). Simulations show that, when the disk radii are scaled with
the stellar mass, the disk frequencies decrease with increasing
stellar masses due to stellar encounters in such cluster environments (Pfalzner et al. 2006). New calculations simulating a range
of cluster environments show that the disk mass loss increases
with the number density of stars in the cluster, but is not aﬀected
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by the total number of cluster members (Olczak et al. 2010).
In less dense clusters, i.e. four times sparser than the ONC, the
simulations still show substantial disk dissipation due to stellar
encounters (Olczak et al. 2010).
We estimated the number density of stars in Pismis 24 from
the members selected from the Chandra observations. The X-ray
data are complete down to ∼0.4 M , and the IMF of Pismis 24
closely resembles a standard IMF as that of the Trapezium cluster in the mass range accessible to observations. In order to
calculate the total number density of stars with masses larger
than 0.08 M (the minimum mass used in the simulations of
Olczak et al. 2010), we assumed that the IMF of Pismis 24 follows the standard curve also at masses below 0.4 M , where
we do not have proper observational constraints. We furthermore assumed the cluster members to be spherically distributed.
In this way we derived the number density of stars to be approximately 1.5 × 104 pc−3 within 0.1 pc around Pis 24-1, and
2.1 × 103 pc−3 within 0.3 pc around Pis 24-1, somewhat lower
than those in ONC, where the number density of stars to be
approximately 2.4 × 104 pc−3 within 0.1 pc around the ONC center, and 3.1 × 103 pc−3 within 0.3 pc around the ONC center.
Simulations predict that the disk frequency is reduced to approximately 85% of the assumed initial disk frequency of 100% due
to the stellar encounters in clusters with such number densities of
stars (Olczak et al. 2010). Even though this decrease is substantial, it falls short of explaining the observed inner disk frequency
within 0.6 pc around Pis 24-1, which we have shown to be only
19 ± 6%. Therefore, stellar encounters alone can hardly account
for the quick dissipation of disks in the Pismis 24 cluster.
4.1.2. Photoevaporation

In a cluster environment like Pismis 24, where dozens of massive
stars are present, photoevaporation is another mechanism to dissipate the circumstellar disks around the intermediate- and lowmass cluster members. UV photons from massive stars can heat
the gas in the disk surface to temperatures at which the sound
speed of the gas exceeds the velocity needed to escape the gravitational potential well of the star, inducing a gas flow away from
the disk (Johnstone et al. 1998; Hollenbach et al. 2000). In photoevaporation models a neutral gas flow from the disk surface is
driven by non-ionizing FUV photons. EUV photons do not reach
the disk surface because they are absorbed by the outflowing material. Further from the disk, where the densities are lower, EUV
photons can penetrate and ionize the outflowing gas, forming an
ionization front (Johnstone et al. 1998; Störzer & Hollenbach
1999; Richling & Yorke 2000).
The mass-loss rates from photoevaporating disks depend on
a number of parameters, in particular on the intensity of the impinging UV field (especially the FUV flux), the disk radii, and
the stellar masses. Model calculations predict the mass loss rates
from disks due to photoevaporation in the Trapezium cluster
to be on the order of 10−7 M yr−1 up to a projected distance
of 0.2 pc away from the ionizing massive star θ1 C Ori, which
has a spectral type of O6 (Johnstone et al. 1998; Störzer &
Hollenbach 1999; Henney & Arthur 1998). Spectroscopic observations have confirmed these mass-loss rates (Henney & O’Dell
1999). The photoevaporation process eﬀectively dissipates circumstellar disks from the outside inward, up to the gravitation
radius (rg ), where the escape velocity equals the sound speed,
which in turn is determined by the UV heating (Hollenbach et al.
2000). For a star with a mass of 0.5 M the gravitation radius is
estimated to be ∼60 AU, assuming that the disk surface is heated
to 1000 K (Adams et al. 2004). Adams et al. (2004) show that
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when the disk radius is less than rg the mass loss rates are still
considerable down to 0.2 rg .
In the Pismis 24 cluster there are tens of massive stars and the
total FUV photons luminosity is estimated to be ∼10 times that
of Trapezium cluster. Therefore we expect photoevaporation to
be very eﬀective in dissipating the outer disks, down to several
tens of AU, around young stars within a distance of 0.6 pc from
the center of Pismis 24. The timescale for this dissipation could
be less than 0.5 Myr, assuming an initial disk mass of 0.05 M
and mass-loss rates similar to those observed in the Trapezium
cluster.
Adams et al. (2004) predict that the photoevaporationinduced mass-loss rates become very low at disk radii below
0.2 rg . It is almost impossible to photoevaporate disks down to
radii r ≤ 0.1rg if the heating of gas in the disk surface is dominated by FUV photons that heat the gas to ∼1000 K (Hollenbach
& Adams 2004). When also EUV photons can reach the disk
surface the gas temperature can reach ∼104 K. If recombination dominates the opacity to EUV photons the mass-loss rate
is given by the following approximate formula:
Ṁ ≈ 9 × 10−8
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where Φ is the EUV photon flux, d is the distance of the circumstellar disk from the ionizing massive star, and rd is the disk radius (Johnstone et al. 1998; Adams 2010). In the Pismis 24 cluster the EUV fluxes are dominated by the triple system Pis 24-1,
from which the EUV photon flux is estimated to be ∼1050 photons per second. For a circumstellar disk with an initial mass of
0.05 M an outer radius of 100 AU, and a surface density profile
Σ ≈ r−3/2 , there will be ∼3.5 × 10−3 M of material within 1 AU,
where the hot dust causing the excess emission in the IRAC [3.6]
and [4.5] bands resides. To photoevaporate this amount of material at sub-AU radii within a time span of 1 Myr requires a
mass-loss rate of ∼3.5 × 10−9 M yr−1 induced by EUV photons,
which is available only very close to Pis 24-1, within 0.02 pc.
Thus, the rapid dissipation of inner disks at radii below ∼1 AU
around Pismis 24-1 cannot be explained by the direct eﬀect of
photoevaporation alone, since most of the cluster members are
at distances 0.02 pc. Additional physics is required to explain
the low inner disk frequency in the Pismis 24 cluster.
Clarke (2007) couples the mass-loss profiles from Adams
et al. (2004) with a viscous disk evolution model. In her model,
the inner parts of the circumstellar disk are continuously being
accreted onto the central star while the outer part is dissipated by
the photoevaporation due to UV irradiation from nearby massive stars. Once the outer parts of disk have been stripped of
their gas in the photoevaporative flow, the inner disk can no
longer be replenished by material from larger radii. The inner
disk is then quickly drained by viscous accretion onto the central star. Adopting an accretion rate of 2.5 × 10−8 M yr−1 , the
median accretion rate for ∼solar mass T-Tauri stars in the Taurus
star-forming region (Najita et al. 2007), viscous accretion can
drain the inner disk within a radius of 30 AU within 1 Myr, given
an initial circumstellar disk mass of 0.05 M , a disk radius of
100 AU, and a surface density profile Σ ≈ r−3/2 . Therefore, the
combination of viscous accretion and photoevaporation can effectively dissipate the circumstellar disks of young stars within a
radius of ∼0.6 pc from the center of Pismis 24 cluster. The dissipation timescale can be less than 1 Myr, depending on the initial
disk masses.

The mass-loss rates from photoevaporation are less sensitive to the intensity of the FUV field than on the disk radius.
When the FUV fluxes decrease by a factor of ten the mass-loss
rates are reduced only by a factor of 2–3 (Adams et al. 2004).
Therefore the mass-loss rate from a circumstellar disk induced
by photoevaporation can still be 3–5 × 10−8 M yr−1 at a distance
of 2 pc from the massive stars. This is still a substantial mass
loss rate and a disk with a mass of 0.05 M can be dissipated
on a timescale of ∼1 Myr. For disks that are located at substantially larger distances from the massive stars, direct photoevaporation is likely of minor importance. Still, the radiation from the
massive stars substantially increases the local EUV field and can
contribute importantly to the ionization of material in the disk
surface layers. This may in turn strongly increase the viscosity
of the disk material through the magneto-rotational instability
(MRI), of which occurrence and strength depends on the ionization fraction inside the disk (Stone et al. 2000), and lead to increased accretion rates and reduced disk dissipation timescales.
4.2. Hot inner disk evolution and transition disks

The inner disk frequencies ( fid ) in clusters that do not harbor
extremely massive stars (see Sect. 3.2.4b and Fig. 16) follow the
approximate age dependency fid = e−t/2.3 , where t is the cluster
age in Myr. The inner disk frequencies are estimated using H−Ks
vs. H − [3.6], and H − Ks vs. H − [4.5] color–color diagrams,
and thus sources that show infrared excess only at wavelengths
longer than ∼5 μm are considered to be (inner-) “diskless” in
the fid statistic. This means that a substantial fraction of the socalled “transition disks” (TD) are not included in the numerator
of the fid statistic as we apply it. If one would include all four
IRAC bands in calculating the disk frequency2, sources without excess emission in the 3.6 and 4.5 μm IRAC channels but
with infrared excess in the 5.8 or 8.0 μm IRAC band would be
counted as having a disk. This approach was chosen by Fedele
et al. (2010), who find a decay of the disk frequency with cluster age according to fdisk = e−t/3.0 . Note that here we distinguish
between the “inner disk frequency” fid , as traced by the data at
λ<
∼ 5 μm, and the “disk frequency” fdisk as traced by observa3
tions at λ <
∼ 9 μm . Thus, the disk frequency fid as traced only by
the IRAC [3.6] and [4.5] bands decreases more quickly than fdisk
as calculated including also the [5.8] and [8.0] channels. The
diﬀerence can be attributed to the presence of transition disks,
and from the above-mentioned relations we can easily calculate
which fraction of the disk population is made up by the transi−t/3.0
− e−t/2.3
tion disks: fTD = e e−t/3.0
, where t is in units of Myr. In the
2

In Pismis 24 this would bias the sample towards comparatively luminous sources or sources with optically thick disks due to the limited
sensitivity in the IRAC 5.8 and 8.0 μm bands, and hence we use data
from the more sensitive 3.6 and 4.5 μm bands only. In more nearby
clusters the long wavelength IRAC channels are suﬃciently sensitive to
detect “naked” photospheres down to substantially lower stellar masses,
and meaningful disk frequencies can be calculated using data from all
four IRAC bands.
3
In the current discussion we adopt the latter statistic as the total disk
frequency, thereby ignoring the fact that some objects exist that have no
infrared excess at λ ≤ 9 μm but do show excess emission at e.g. 24 μm.
Therefore, the fdisk statistic gives only a lower limit to the actual frequency of circumstellar disks. This approach is brought about by practical limitations: the availability and sensitivity of longer wavelength
(MIPS) data is substantially less favorable than for the IRAC data. Also
crowding/confusion is more problematic at long wavelengths, in particular for distant clusters like Pismis 24.
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Fig. 19. The frequencies of TDs (diamonds) and classical TDs (filled
circles) among the disk population in diﬀerent clusters/aggregates,
including NGC 1333, L1688, NGC 2068/2071, IC 348, OB1b, η Cha,
OB1a/25 Ori. The observational data are obtained from Muzerolle et al.
(2010), besides the age of NGC 2068/2071 which is from Fang et al.
(2009). The left-pointing arrows indicate that the ages for NGC 1333,
and L1688 are up-limits. The TD sample include classical TDs and
weak excess TDs from Muzerolle et al. (2010). The dashed line is the
−t/3.0 − e−t/2.3
predicted frequency ( fTD = e e−t/3.0
) of TDs among all the disk population as a function of age. The solid line is the predicted frequency
( fCTD = 0.44 fTD ) of classical TDs among all the disk population as a
function of age.

following we will compare this function to fTD values given in
the literature.
Muzerolle et al. (2010) use spectral indices between photometry in various IRAC and MIPS bands to select TDs in clusters and aggregates in the NGC 1333, L1688, NGC 2068/2071,
IC 348, Orion OB1a/25 Ori and OB1b, and η Cha. They use excess emission in the IRAC 5.8 μm and MIPS 24 μm bands to
divide the TDs into three subclasses: classical TDs, weak excess
TDs, and warm excess TDs. The classical TDs show little or no
excess emission in [5.8] band and strong excess emissions in the
MIPS [24] band. Weak excess TDs are similar to classical TDs
in the IRAC [5.8] band, but are comparatively faint in the MIPS
[24] band. The warm excess TDs show obvious excess emission
in the IRAC [5.8] band. When comparing the fraction of the disk
population that is considered to be a transition disk ( fTD ) we
only count the classical and weak excess TDs in the sample of
Muzerolle et al. (2010), because warm excess TDs usually show
substantial excess emission in the short wavelength IRAC bands
and are thus not counted as transition disks in our fTD statistic. In Fig. 19 we plot our derived fTD and compare it with the
TD fractions in diﬀerent SFRs from Muzerolle et al. (2010). We
find good agreement between fTD (t) curve that we derive from
the comparison of fid (t) and fdisk (t) and the more direct determination of fTD (t) by Muzerolle et al. (2010).
Among the whole TD sample of Muzerolle et al. (2010) there
are 44% classical TDs. By scaling our fTD function by a factor
of 0.44, we obtain the fraction of the total disk population constituted by classical transition disks: fCTD = 0.44 fTD . In Fig. 19
we also show fCTD , which well matches the fCTD observed by
Muzerolle et al. (2010).

5. Summary
We have performed a detailed observational study of the massive star-forming region NGC 6357, with a special focus on the
central cluster Pismis 24. Our study includes X-ray data from
the literature, optical photometry and spectroscopy performed
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with VLT/VIMOS, HST archival data, infrared data from the
literature as well as our own Spitzer imaging of the central cluster, and millimeter data.
Using infrared color–color diagrams we have searched for
disk-bearing YSOs in the whole NGC 6357 complex. These are
concentrated in three clusters: the known Pismis 24 cluster and
two newly discovered clusters that are associated with the known
bubbles CS 59 and CS 63.
We have re-assessed the distance to Pismis 24 by fitting
model isochrones to six O-type stars in the HR diagram. We
find good fits for isochrones of 1 to 2.7 Myr and distances of
1.7 ± 0.2 kpc. This puts the NGC 6357 complex at the same distance as the NGC 6334 complex, its close neighbor on the sky,
suggesting that both clouds are physically related. Other evidence in the literature supports this notion.
Using high resolution HST imaging we find that the massive
star Pis 24-18 is a binary system. Positional information suggests
that the secondary component is responsible for the X-ray emission detected from this system.
We have performed an optical imaging and spectroscopic
survey of Pismis 24, the main cluster in the NGC 6357 region,
using X-ray observations to identify the cluster members. Using
a combination of optical photometry and spectroscopy we estimate stellar masses, ages, and foreground extinction values of
the brightest part of the population (the “spectroscopic sample”). Using the well defined extinction distribution observed
in the spectroscopic sample we have derived the mass and age
probability function of a much larger sample of young stars for
which we have good photometry but that were too faint for spectroscopy. We find that the cluster mass function of Pismis 24
closely resembles the IMF of the Trapezium cluster down to the
completeness limit of our data of ∼0.4 M . The median age of
the cluster members is approximately 1 Myr.
We have detected five proplyds in the Pismis 24 cluster, four
of which were previously unknown. The massive stellar system Pis 24-1 is the main source responsible for four of the proplyds. The fifth proplyd shows two tails: one pointing away from
Pis 24-1 and the other from Pis 24-2, suggesting that this object
is being photoevaporated from two directions simultaneously.
Adopting a distance of 1.7 kpc for Pismis 24 cluster we estimate the projected distances of these proplyds from their ionizing sources to be ∼0.4–0.5 pc.
We employed H − Ks vs. H − [3.6] and H − Ks vs. H − [4.5]
color–color diagrams to statistically investigate the disk frequency in the Pismis 24 cluster. We find that the disk frequency
in Pismis 24 is much lower than that in clusters of similar age but
without extremely massive stars. Three other clusters harboring
extremely massive stars also show comparatively low disk frequencies. The dissipation timescale for the inner disk regions in
massive clusters like Pismis 24 is only roughly half of the value
observed in the clusters/star-forming regions without extremely
massive stars. We discussed possible scenarios to explain the low
disk frequency in Pismis 24. We concluded that stellar encounters cannot be the main mechanism responsible for destroying
disks in Pismis 24, and argued that a combination of photoevaporation and irradiation with ionizing UV photons from nearby
massive stars, causing increased MRI-induced turbulence and
associated accretion activity, play an important role in the dissipation of low-mass star disks in Pismis 24.
We also find that the disk frequency depends on the location of objects within the Pismis 24 cluster: within 0.6 pc from
the dominant massive stellar system Pis 24-1 the disk frequency
is substantially lower than at larger radii. This provides direct
observational evidence that extremely massive stars can aﬀect
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Fig. A.1. a) The distribution of extinction sampled from the extinction probability function
derived from Fig. 10b. The dashed line shows
the the extinction probability function. b) The
locations of source ID#14 (see Table 1) on
R vs. R − I color–magnitude diagram. The
source ID#14 has been dereddened with the
extinction values in panel a). The filled circle
show the location of source ID#14 with highest
probability. The black thick line represent the
positions where source ID#14 is located with
>68.3% probability. The dashed lines are PMS
isochrones of 0.1, 1, 3, and 30 Myr (Dotter et al.
2008). The thin gray lines are the evolutionary
tracks for PMS stars with masses of 0.1, 0.3,
0.4, 0.5, 0.7, 0.9, 1.2, 2.0, and 3.0 M , respectively. The mass and age distributions of source
ID#14 derived from its locations on R vs. R − I
color–magnitude diagram are shown in panel c)
and d), respectively.

the evolution of disks around intermediate- and low-mass stars
in their vicinity. The observed disk frequency increases with decreasing stellar mass.
The disk frequency as traced by excess emission in the
IRAC [3.6] and [4.5] bands only decreases more quickly with
cluster age than the disk frequency derived when including also
the [5.8] and [8.0] bands. The diﬀerence is due to the transition disk population that shows no infrared excess in the shortwavelength IRAC bands but does have excess emission in the
long-wavelength bands. From these observations we derive the
occurrence of transition disks among the total disk population, as
a function of time, which agrees well with previously published
statistics.
Acknowledgements. Many thanks to M. Gennaro for providing the model colors of stars for 2MASS and Spitzer bands, and to the anonymous referee for
comments that help to improve this paper. M.F. acknowledges the support by
NSFC through grants 10733030 and 11173060. A.S.A. acknowledges the support by the Deutsche Forschungsgemeinschaft (DFG), grant SI 1486/1-1. R.R.K.
acknowledges the support of an STFC studentship and post-doctoral support
from a Leverhulme research project grant (F/00 144/BJ). This research has
made use of the SIMBAD database, operated at CDS, Strasbourg, France. This
publication makes use of data products from the Two Micron All Sky Survey,
which 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. This work is in part based on observations made with the Spitzer
Space Telescope, which is operated by the Jet Propulsion Laboratory, California
Institute of Technology under a contract with NASA. This research is based
on observations made with the NASA/ESA Hubble Space Telescope, and obtained from the Hubble Legacy Archive, which is a collaboration between
the Space Telescope Science Institute (STScI/NASA), the Space Telescope
European Coordinating Facility (ST-ECF/ESA) and the Canadian Astronomy
Data Centre (CADC/NRC/CSA).

Appendix A: Estimating masses and ages
of Pismis 24 cluster members without spectra
We cannot accurately estimate masses and ages for cluster members without proper spectral typing because we do not know the

extinction towards these individual objects. In this appendix, we
explain how we derive the mass and age probability functions
for those stars. We use source ID#14 as an example. To estimate its mass and age, we first obtained 2000 random samples
from the extinction probability function derived from Fig. 10b.
In Fig A.1a we show the distribution of sampled extinctions.
Then, we de-reddened the photometry of source ID#14 with
each of the 2000 extinctions, and obtained 2000 positions on the
R vs. R − I color–magnitude diagram. In Fig A.1b we show the
range of locations within which source ID#14 lies with 68.3%
probability. From each position of source ID#14 on the R vs. R−I
color–magnitude diagram, we estimate the mass and age through
comparison to the PMS evolutionary tracks from Dotter et al.
(2008). Repeating the R vs. R − I CMD placement 2000 times
we obtain 2000 mass and age estimates that are consistent with
the observed photometry of source ID#14 and with the statistical
extinction distribution of the cluster, and we obtain the mass and
age probability function for this object. In Fig. A.1c and d, we
show the resulting mass and age probability functions. The age
probability function of source ID#14 shows a much narrower
distribution than its mass probability function because the reddening vector in the R vs. R − I color–magnitude diagram is
approximately parallel to the PMS isochrones.

Appendix B: Disk frequencies in different star
formation regions
In Table B.1, we list each SFR used in Fig. 16. In the table, there
are 18 SFRs, of which median ages range from ∼1–11 Myr. To
allow a comparative study on disk frequencies of diﬀerent SFRs,
we only select YSOs with masses ≥0.5 M in each SFR since
the disk frequencies show dependence on stellar masses. To do
this in each SFR, we use H-band magnitudes as a measure of
YSO masses. For each SFR, we estimate the H-band magnitude
for a 0.5 M PMS star with the median age of the SFR from
the PMS evolutionary tracks of Dotter et al. (2008), and use this
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Table B.1. The fractions of YSO with [3.6] and [4.5] band excess emissions in diﬀerent SFRs.
(1)
Name
Taurus
IC 348
NGC 2068/71
ONC
OMC 2/3
Ori 1b
25 Ori
λ Ori
NGC 7160
Cep OB 3b
Cep B+S155
NGC 2264
NGC 2362
Mon R2
NGC 2244
NGC 6611
Cha I
σ Ori
NGC 7129
γ vel
Tr 37

(2)
Distance
(pc)
140
315
450
450
450
440
330
400
900
725
725
800
1480
830
1400
2000
165
440
1000
350
900

(3)
Age
(Myr)
1.5
2.5
0.9
1.0
3.0
5.0
8.0
5.0
11.0
2.5
1.5
3.1
5.0
2.0
2.0
1.0
2.6
3.0
3.0
5.0
4.0

(4)

(5)

Ref.
(1)
(3)
(4)
(6)
(9)
(11, 12)
(11, 12)
(14)
(15)
(17)
(17)
(18)
(20)
(22)
(24)
(26)
(28)
(30)
(31)
(33)
(15)

Spt
...
B5 V
B1.5 V
O6 V
...
O9.5 V
B1 V
O8 III
B1 II-III
O7 V
O7 V
O7 V
O9 Ib
...
O5 V
O5 V
O9.5 V
...
WC
O6.5 V

(6)
YSO
criteria
X, IR
X, SP
SP
X
X
SP
SP
OP, IR, SP
SP
X
X
X, Hα, IR, Sp
X, IR, SP
X
X
X
SP, IR
X, IR, SP, PM
X
X, PM
SP, X

(7)
Ref
(2)
(3)
(5)
(7)
(10)
(13)
(13)
(14)
(15)
(17)
(17)
(19)
(21)
(23)
(25)
(26)
(29)
(30, 31)
(32)
(33)
(15, 34)

(8)
DF
(%)
54 ± 8
32 ± 6
78 ± 16
63 ± 4
39 ± 6
6±2
3±2
4±3
4±2
33 ± 5
42 ± 11
37 ± 3
6±2
39 ± 6
22 ± 4
33 ± 3
50 ± 13
25 ± 4
29 ± 9
0.5 ± 0.4
42 ± 5

(9)
Limit
(mag)
9.4
11.5
11.3
11.6
11.9
12.8
12.6
12.6
15.0
13.0
13.4
13.6
15.5
13.4
14.5
14.8
10.0
12.4
14.2
12.3
14.2

(10)
IRAC
(2)
(3)
(4, 5)
(8)
(8)
(13)
(13)
(14)
(16)
(17)
(17)
(19)
(21)
(8)
(8)
(27)
(29)
(30)
(32)
(33)
(16, 34)

Notes. Column 3: the median age of each SFR. Column 4: the references for the median age of each SFR. Column 5: the spectral types for the
most massive star in each SFR. Column 6: the criteria for YSO selection. X: stars with X-ray emission, IR: stars with excess emission at infrared
bands, Hα: Hα photometry, Sp: members confirmed by spectroscopy, PM: photometric members. Colomn 7: the references for YSO selections.
Column 8: the fractions of stars with excess emissions in [3.6] and [4.5] bands. Column 9: H-band magnitude limit for a PMS star with a mass of
0.5 M , and the corresponding age in each SFR, assuming a visual extinction of 3 mag. Column 10: the references for Spitzer IRAC data.
References. (1) Briceño et al. (2002); (2) Luhman et al. (2010); (3) Lada et al. (2006); (4) Fang et al. (2009); (5) Flaherty & Muzerolle (2008);
(6) Hillenbrand (1997); (7) Getman et al. (2005); (8) this paper; (9) Peterson (2005); (10) Tsujimoto et al. (2002); (11) Briceño et al. (2005);
(12) Briceño et al. (2007); (13) Hernández et al. (2007a); (14) Barrado y Navascués et al. (2007); (15) Sicilia-Aguilar et al. (2005); (16) SiciliaAguilar et al. (2006); (17) Getman et al. (2009); (18) Sung et al. (2004); (19) Sung et al. (2009); (20) Moitinho et al. (2001); (21) Currie et al.
(2009); (22) Carpenter et al. (1997); (23) Kohno et al. (2002); (24) Park & Sung (2002); (25) Wang et al. (2008); (26) Guarcello et al. (2007);
(27) GLIMPSE archive data; (28) Luhman (2004, 2007); (29) Luhman et al. (2008a); (30) Luhman et al. (2008b); (31) Hernández et al. (2007b);
(32) Stelzer & Scholz (2009); (33) Hernández et al. (2008). (34) Mercer et al. (2009).

H-band magnitude as lower limit to select YSOs in that SFR.
The H-band limit magnitude for each SFR is listed in Table B.1.
We obtain photometry of each YSO in H, Ks , [3.6], and [4.5]
bands. The H and Ks band photometry are from the 2MASS survey, and the photometry in IRAC [3.6] and [4.5] bands from the
literature and our work. The references for that the IRAC [3.6]
and [4.5] photometry come from are listed in Table B.1. For the
four SFRs, ONC, OMC 2/3, Mon R2, and NGC 2244, their photometry in IRAC bands come from our work. For these SFRs,
we download BCD images from Spitzer archive, mosaiced the
images with Mopex software, and performed psf-fitting photometry on the mosaiced images with IDL codes described in Fang
et al. (2009). Similar to what we have done for Pismis 24 cluster,
we estimate the disk frequency of each SFR using H − Ks vs.
H − [3.6], and H − Ks vs. H − [4.5] color–color diagrams. The
YSO is considered as having an inner disk if it shows excess
emission in [3.6] and [4.5] bands. The resulting disk frequency
of each SFR is listed in Table B.1.
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