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Preface

Stars form mainly in clustered mode. Over time, these clusters evaporate and/or dis-
rupt, enriching the general field population. Cluster lifetimes can vary enormously,
ranging from a large population of short lived individuals that get shattered in a few
Myr while emerging from their parent clouds, to old globular clusters that have been
inhabiting the halo of Milky Way for more than 12 Gyr.

These characteristics confer multiple roles to the star cluster population. As stel-
lar birth sites they are laboratories for studying local and large scale star formation
processes, and later on, stellar evolution. Emergence from their gaseous and dusty
cocoons highlights the interaction of stellar systems with the interstellar medium
(ISM): If on one side, stellar winds will blow away the surrounding medium, on
the other side, this sweeping of the ISM will have dramatic consequences on the
kinematics of cluster stars, affect a cluster’s morphology, star loss to the field and
even its survival. Analysis of the Galactic cluster population, either as a whole or
in age groups has already provided a wealth of insight on the morphology and
dynamics of spiral arms, the various scales of Milky Way (disk heights, distance
to Galactic centre, extension of the warp, flare, and others), Galactic rotation,
formation and development of the Milky Way.

Estimates indicate that the Milky Way has around 200 billion stars (number
growing every few years) and presently hosts � 105 or more star clusters. However,
only about 2,500 open clusters have been identified and constitute a sample affected
by several well known selection effects. Less than a half of these clusters has
actually been studied, and this subset suffers from further selection biases.

Given the estimated number of present day clusters, one would expect that
available all sky surveys would have produced many thousands of identifications.
Yet, only �1,300 clusters, i.e. 1/3 of the optically visible clusters (�600 of 1,800)
and most of the infrared clusters (�700), have been discovered through automatic
or semi-automatic searches on large scale survey data products from ground
based (mainly DSS, 2MASS and GLIMPSE), and space (Hipparcos) endeavours.
Expectations are that the new generation of all sky surveys (UKIDSS, the VISTA-
based VHS and VVV, and Gaia) will add many more.
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vi Preface

The symposium “Star Clusters in the Era of Large Surveys” was held in Lisbon
on Sep 9–10 during JENAM 2010. It has been a meeting point for discussing what
and how can recent, on-going and planned large area surveys from ground and space,
availability of efficient reduction pipelines, development of analysis algorithms and
access to databases around the world, contribute to produce a leap in this research
field that has a strong European history.

Science topics addressed included:

• Cluster searches
• Clustered vs isolated star formation, large scale star formation, enrichment of the

field population
• Structure, populations and evolution of the Milky Way
• Cluster dynamics (internal and within the Milky Way)
• Variability of stars in clusters (from time resolved surveys)
• Analysis techniques for large samples
• Archiving

By any measure the meeting was a great success, proving that the time was right
for it. The credit for this goes to all the participants who made the meeting reach
beyond the mere presentation into a forum of prolific discussions. The “official
provokers” appointed by the SOC helped immensely by stimulating hours of lively
and fruitful debate. We thank the SOC for this and for enforcing a very focused
program which generated the good level of discussion during the meeting. It was
hard to leave well known researchers outside of the program, but in hindsight it was
the right decision. Finally, if only one thought remains from the meeting it is that
stellar clusters are indeed unique and fundamental tools to investigate a series of
important astrophysical problems, from planet formation to galaxy evolution. And
that the time to study clusters is now.

The invited “provokers” were Coryn Bailer-Jones, Emmanuel Bertin, Eli
Bressert, Laurent Eyer, Simon Goodwin, Simon Hodgkin, David Martı́nez-Delgado,
Giusi Micela, Nickolas Moeckel, Estelle Moraux, Tim Naylor, Martin Netopil, Sofia
Randich, John Stauffer, Paolo Ventura, Günther Wuchterl and Hans Zinnecker.

We would like to thank the tireless help of staff at the SIM laboratory and the
Faculty of Science of the University of Lisbon. Very special thanks to the LOC and
its extremely helpful and kind crew of student volunteers: Alexandra Guerreiro, Ana
Matos, Andreia Ribeiro, André Viana, Daniela Bolrão, Diogo Pereira, Gil Marques,
Gustavo Mil-Homens, Gustavo Sousa, Joana Oliveira, Joana Pires, João Calhau,
João Resende, João Retrê, Mariana Vargas, João Faria, Raul Mendes, Pedro Carvas,
Salomé Matos and Susana Fernandes.

The meeting would have not been possible without the support of the European
Astronomical Society, the Portuguese Astronomical Society and the Portuguese
Foundation for Science and Technology.

Lisbon, André Moitinho
Vienna João Alves
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xii Contents

A Detailed Spectroscopic Analysis of the Open Cluster NGC 5460 . . . . . . . . 215
Luca Fossati, Colin P. Folsom, Stefano Bagnulo, Jason Grunhut,
John Landstreet, Oleg Kochukhov, Claudia Paladini,
and Gregg A. Wade

A Kinematic Study of Open Clusters: Implications for Origin . . . . . . . . . . . . . 217
Dave Vande Putte, Thomas P. Garnier, Ignacio Ferreras,
Roberto Mignani, and Mark Cropper

The Luminosity Function of Globular Clusters Used
As a Distance Indicator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219
Daniela Villegas, and the ACS Fornax Cluster Survey team

Chemical Properties of the Hipparcos Red Clump . . . . . . . . . . . . . . . . . . . . . . . . . . . 221
Eduardas Puzeras and Gražina Tautvaišienė
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Coverage of proper motion surveys of the Pleiades. From E. Bertin et al., this volume.
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Optical Digital Galactic Plane Surveys
and Star-Cluster Science

Janet E. Drew, Roberto Raddi, and the EGAPS Consortia

Abstract Over the next few years, the optical surveys IPHAS, UVEX and
VPHAS+ will provide complete photometric coverage of the Galactic Plane within
the latitude range �5ı < b < C5ı. Of these surveys, IPHAS is the most complete.
Drawing on the work that has already been embarked upon using IPHAS r , i and
narrowband H˛ data, examples of the application of these very wide area surveys
to the study of star clusters and the structure of the Milky Way disc are outlined.

1 Introductory Remarks

The acronym EGAPS stands for “European Galactic Plane Surveys”, and refers to
a collection of optical Galactic Plane surveys that have their roots in the forming of
a consortium in 2003 to pursue a digital H˛ survey at �1 arcsec spatial resolution
across the entire northern Galactic Plane. This first survey, the INT/WFC H˛ Survey
of the Northern Galactic Plane (IPHAS, [1]). is now very close to completion.
Because it has also seen some exploitation already, that illustrates aspects of the
science we may expect from this set of interlinked surveys, it is the focus here.
The other surveys making up the set are UVEX [4] – underway since 2006 –
and VPHASC which is likely to begin in earnest during the southern Galactic
Plane season of 2012, after the VLT Survey Telescope has been confirmed as fully
operational.

IPHAS was itself inspired by the example of the last Siding Spring UK Schmidt
photographic survey which began the process of updating the known stock of

J.E. Drew (�) � R. Raddi
CAR/STRI, University of Hertfordshire, Hatfield, Hertfordshire, UK
e-mail: j.drew@herts.ac.uk

EGAPS Consortia
www.iphas.org; www.astro.ru.nl/uvex; www.vphas.org

A. Moitinho and J. Alves (eds.), Star Clusters in the Era of Large Surveys,
Astrophysics and Space Science Proceedings, DOI 10.1007/978-3-642-22113-2 1,
© Springer-Verlag Berlin Heidelberg 2012
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4 J.E. Drew et al.

compact H˛ emission line objects [11] across the southern Galactic Plane. Beyond
hemisphere, the key difference of course is the superior linear character of the digital
detectors over a wide dynamic range that are available as the Wide Field Camera
(WFC) on the Isaac Newton Telescope (INT): IPHAS is accordingly subject to
reliable photometric calibration, transforming the science opportunities.

The IPHAS survey footprint spans all Galactic longitudes north of the celestial
equator, and reaches to ˙5ı in Galactic latitude, amounting to a total area of 1,800
square degrees. This strip has been observed in double pass down to a limiting
magnitude of �20th in 3 filters: Sloan r and i , contemporaneously with narrowband
H˛. The FWHM of the H˛ transmission profile is 95 Å. The core observing concept
is that each field is observed through the three survey filters in unbroken succession,
and the telescope is then offset 5 arcmin in both right ascension and declination
and the sequence of exposures is repeated. This is to ensure that the derived survey
colours, r � H˛ and r � i are unaffected by secular variation and hence are valid.
None of the EGAPS constituent surveys is constructed as a variability survey: the
aim instead is assured SED information.

The median seeing obtaining in IPHAS data regarded as reaching the required
standard is 1.1 arcsec. Since the WFC imaging area is only �0.25 square degrees,
the total number of exposures collected has been 7635 � 2 � 3 D 45810. The
whole translates to a database containing of the order of 100 million distinct objects
(mainly unresolved point sources). A preliminary release of data was made in late
2007 [3] . Just how all the detected sources are spread across the Galactic Plane is
shown in Fig. 1. The next release, during 2011 in all likelihood, will cover almost

Fig. 1 IPHAS point source density across the northern Galactic Plane, as a function of Galactic
latitude. Each data point is the mean r source density for a single IPHAS field. At lower longitude,
fields in the Galactic midplane and towards the survey latitude bounds at b D ˙5ı exhibit the
lowest source densities typically. From [3]



Optical Digital Galactic Plane Surveys and Star-Cluster Science 5

the entire survey area. Some new observations are still needed to patch up limited
locations, particularly in the anticentre region of the Plane.

UVEX is the northern hemisphere blue complement to IPHAS, in that it uses
the same telescope, instrument and observing strategy. Like IPHAS it is pipelined
at the Cambridge Astronomical Survey Unit. The differences are in the filter set,
which is U , g, r and narrowband HeI 5876 and dates of execution. The filter sets of
the two surveys overlap in the r band for two reasons: (a) to facilitate the eventual
construction of optical SEDs, safely combining the data from both surveys; (b) to
provide the basis for proper motion studies of nearby unreddened – and typically
low luminosity – compact objects and low mass stars. In support of aim (b), it is a
deliberate policy for UVEX data-taking to lag IPHAS by at least 3 years (often 5).

2 IPHAS Science Goals: The Roles of Narrowband H˛

The distinguishing feature of IPHAS is the narrowband H˛ data. This yields the
traditional capability to select among the general stellar population of the Galactic
Plane for the presence of H˛ emission. But the fact of the photometric precision
bestowed by CCD detector technology also allows narrowband H˛, in combination
with the r; i broad band filters to provide good intrinsic colour (or, more loosely,
spectral type) discrimination. This flows from the sensitivity of the H˛ narrowband
measurements to absorption equivalent width differences at the level of � 2 Å on
objects brighter than � 19th magnitude. We discuss these two modes of use of
the survey data in the next two sections, restricting the discussion to applications
relevant to star-cluster science.

2.1 Hunting Emission Line Stars

Among stars, the very young and the very old are prone to present spectra
with H˛ emission either because they are accreting from or returning matter to
the circumstellar environment. In addition, the beginning/end states are generally
associated with heightened luminosity, which often implies the availability of
ionising photons. A survey such as IPHAS is thus expected to pick out: young stars
(T Tau and Herbig stars); relatively more evolved classical Be and some B[e] stars,
and Wolf–Rayet stars (where the H˛ line is substituted by HeII or even carbon-line
emission); a variety of compact interacting binaries; and of course both spatially
resolved and unresolved emission line nebulae.

IPHAS, in principle, provides a harvest of all types of emission line star across
all of the northern Galactic Plane. The photometric marker delivered by the survey
for line emission is an “excess” in r � H˛ relative to the “normal” value for this
colour. What is “normal” strongly depends on spectral type, and indeed reddening –
so in practice, r � H˛ is best plotted as a function of r � i in order to define an



6 J.E. Drew et al.

Fig. 2 The IPHAS colour–colour plane, and its use in the selection of candidate emission line
stars. The three tracks shown are main sequence tracks calculated for 3 different reddenings: E.B�
V / D 0, 1, and 2. Most stars in the Galactic Plane fall on or to the right of the unreddened
main sequence, and on or above the early-A reddening line (see [1]). Objects located above the
unreddened main sequence are, at a probability typically exceeding 90%, emission line objects.
The 338 data points plotted are the colours of stars in the Perseus Arm region shown in Fig. 3 – 306
have been followed up spectroscopically (coloured symbols), and only 9 have not been confirmed
as emission line stars

area of the colour–colour plane in which the combination of colours identifies the
presence of H˛ emission. An example of this is shown as Fig. 2: all the coloured
data points are confirmed emission line objects, lying above the track defining the
unreddened main sequence. Non-emission line stars, if plotted in this same diagram,
lie on, to the right of, or below the unreddened main sequence. Notice that reddened
main sequence stars with weak line emission may show too little excess in r � H˛

to rise above the unreddened main sequence in the colour–colour diagram. So whilst
it is true that IPHAS candidate emission line stars convert at an extremely high rate
to spectroscopically-confirmed emission line stars, it is also true that some reddened
emission line objects are likely to remain hidden in the main stellar locus (see [1]
for more discussion, including how more refined searches for candidate emission
line stars may be conducted).

The most populous categories of emission line objects are the classical Be stars
(early-mid B stars that are commonly near the terminal-age main sequence), and
young TTau/Herbig stars. The latter would be expected to cluster in and around star
forming regions. As relatively luminous objects drawn from the sparsely populated
top end of the stellar IMF, the classical Be stars will less often appear as clustered.
This is indeed what is seen – expressing itself as a tendency for the brighter
emission line objects to be more evenly distributed across the sky. These properties
are illustrated in Fig. 3 which shows how IPHAS emission line candidates from
the [18] catalogue are distributed along the Perseus Arm, in the longitude range



Optical Digital Galactic Plane Surveys and Star-Cluster Science 7

Fig. 3 The top panel places candidate emission line stars brighter than r D 17 on an integrated
extinction map for a section of the Perseus Arm (120ı < ` < 140ı). The lower panel shows
instead the candidate emission line stars fainter than r D 17. The emission line candidates are
derived from the catalogue of [18]. The contours and colour scale underlying the stars, represent
integrated line-of-sight extinction (data are from [15])

120ı < ` < 140ı, if brighter or fainter than r D 17 (from Raddi et al., in prep. –
see also Raddi et al., this volume). A relatively small proportion of the brighter
sources in the example shown are likely to be YSOs – and if they are YSOs, they
will be Herbig Ae/Be stars, mainly in the Perseus Arm, about 2–2.5 kpc away. Only
at fainter magnitudes is there a switch to a more clustered spatial distribution, as the
clustered YSO population starts to dominate.

A long-term IPHAS goal is to use the newly detected mainly classical Be stars
as a means to a (limited) mapping of the outer reaches of the northern Galactic
Plane. The feasibility is demonstrated by noting that a 16th magnitude classical Be
star, behind even 3 magnitudes of extinction is likely to be 6 kpc away from the Sun.
There are many hundreds of these, for which spectra have begun to be collected, and
around which we may search for faint relatively distant clusters. This endeavour will
be aided by the 3-D extinction mapping that IPHAS photometry is able to support –
to be discussed in the next section.

The gathering of statistics of emission line stars on more limited angular scales is
also an option for more focused studies of individual OB associations. An example
of this was presented by [17], in which deep spectroscopy of candidate emission line
stars in and around Cyg OB2 was obtained and examined. It was found there that the
centre of Cy OB2 has a rather meagre Herbig/T Tau population, while DR 15 over
a degree away to the south bristles with them. The comprehensive collection of data
of this kind can inform discussions of triggering and/or sequential star formation.
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2.2 Narrowband H˛ As an Intrinsic Stellar Colour Discriminant

It is well-known that the equivalent width of the H˛ line in absorption in the spectra
of main sequence stars reaches a maximum at early-A spectral type: in F, G and early
K stars the feature slowly weakens. Passing through late K and M stars, narrowband
H˛ observations yield a continuing trend in that the weakening H˛ absorption, that
promotes a rise in r � H˛ from A through to early K types, is replaced by the
appearance of a growing pseudo-emission, in band, created by TiO absorption eating
away stellar continuum to either side of the narrowband H˛. The net result is a
steady growth in r � H˛ index as a function of intrinsic colour working along the
main sequence from early-A to M. Significantly, the dependence of r � H˛ on
interstellar extinction is actually very much less. This contrast in sensitivity, when
combined with the undoubted sensitivity of broadband r�i to interstellar reddening,
results in a useful near-orthogonality in the IPHAS colour–colour diagram, such that
a progressively reddened main sequence track moves almost at right angles to itself.
This is evident from the tracks shown in Fig. 2.

This general pattern of behaviour has two useful consequences. First, the way
in which H˛ absorption equivalenet width peaks in the early-A spectral type range
renders the selection of A stars an easy thing to do. Examples of the science this
enables will be summarised in Sect. 2.3.

Secondly, the way in which the reddening main sequence sweeps out area in the
colour–colour diagram allows any point within the swept-out region to be uniquely
associated with a reddening and an intrinsic colour (or spectral type). This opens the
door to 3D extinction mapping, provided we know how to convert intrinsic colour
into an absolute magnitude. If we do, it permits photometric parallax on an industrial
scale. The challenge is how to do this for magnitude limited sightlines passing
through the Galactic Plane at low latitude: it is a very different proposition from the
one faced by the Sloan project targeting high galactic latitude. That it turns out to be
possible at all has a lot to do with the first sparse guess provided by the A stars falling
along the lower edge of the main stellar locus in the IPHAS colour–colour plane. It is
also helpful that it is true for many sightlines that most stars picked up by IPHAS are
indeed main sequence stars. Nevertheless there is no avoiding the need to be able to
devise an algorithm that allows intelligent luminosity class assignments, drawing on
colour-magnitude information. This step was taken in the work published by [13].

One of the ways in which the 3D mapping algorithm was tested was against pub-
lished parameters for a number of well-studied star clusters. And the comparisons
were successful. But it remains the case that this capability remains under review
and development – with the intention in the long run to achieve a 3-D mapping of the
entire Galactic Plane (after the completion of VPHAS+ in the southern hemisphere)
at a spatial resolution of 10 arcmin or better. With the incorporation of g photometry,
either from UVEX or VPHASC, the technique becomes more powerful because of
the greater sensitivity of g � i colour to reddening (compared with r � i ). Before
leaving this topic it is worth the comment that extinction-distance curves derived
from IPHAS photometry are typically most useful beyond a minimum distance of
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0.8–1 kpc. Inside this radius the surface density of useful (faint enough) stars is too
low for what, in the end, is a fundamentally statistical method.

2.3 Applications of A Star Selection

A detailed presentation of how to select early (A0-5) stars was given by [2]. This
particular work is half an appraisal of the “why” and “how” of A star selection from
IPHAS photometry, culminating in a couple of tests against classical photometry of
open clusters, and half an examination of the early A star content of Cyg OB2 and
environs.

The practicalities of A star selection amount to a trade off between precision
of outcome and the scale of the sample needed to achieve the desired science: this
arises from the simple fact that contamination of the selection will increase sharply
as more and more stars are skimmed off the lower edge of the main stellar locus in
the .r � Ha; r � i/ colour–colour diagram. Experience suggests that the width of
the selection in r � H˛ about the early-A reddening line (see Fig. 2) is best kept
to 0.05 or less for IPHAS data of a representative standard. Increasing the width of
the selection band beyond this value progressively drags in later-A and then F-type
stars with the consequence that the inferred mean distance of the selected objects
tends towards an over-estimate. The test-of-concept comparisons were made with
existing results on NGC 7510 and NGC 7791, and were satisfactory.

The selection technique was then applied to Cyg OB2 and its surroundings,
across a sky area of about 5 square degrees, taking in the area that has in the past
been claimed to all be part of the same high mass clustering [6]. A challenge in
doing this was to take into account how the absolute magnitude, Mr , of early A
stars is likely to be age-dependent, given the young age (1–3 Myrs; [5]) of the well-
known compact clustering of O and early B stars around the trapezium, VI Cyg
no. 8. Data on age versus absolute magnitude for early-A stars were obtained from
[16]. A further point to take on board is that the youngest, essentially pre main
sequence A stars (defined by intrinsic colour) are emission line objects, expected to
join the main sequence as B stars: these are not selected by this technique – only
those approaching, on or moving off the early-A stretch of the main sequence are.
In line with this reasoning, very few early A stars were found mixed in among the
concentration of OB stars. Instead, most were distributed over a 1–2 square-degree
region to the south and west, and needed to 5–7 Myrs old if they are to be at the
same distance as the OB stars.

This finding amounts to a strong indication that Cyg OB2 is the latest of two
or more phases of star formation activity in the area, the A stars perhaps being the
products of the last but one phase. This result is consonant with the finding that
the similarly massive cluster R136, in the LMC, has experienced at least 2 star-
forming phases [8], and also with the analysis of W3/W4 in the Perseus Arm, and
the large scale shell structure associated with it, where 3 closely-spaced generations
have been identified [10]. The older slightly-evolved early B stars found by [5],
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Fig. 4 The IPHAS-derived surface density of early A stars across the same part of the Perseus
Arm as shown in Fig. 3. The region is broken up into 10 � 10 arcmin2 elements that are colour
coded according to the number of early-A stars contained with that sky area

that she wondered might be foreground objects, may very well belong to the same
star-forming event as the early A stars.

An even wider-area selection of A stars has since been undertaken [14] – in the
Galactic Anticentre, with the aim of revisiting the claim that the stellar disc of the
Milky Way is truncated ([12], based on DENIS data). As this is not an application
directly relevant to star-cluster research, the reader is referred to this work for further
details. Suffice it to say, the reach of this study was out to a Galactocentric radius
of �15 kpc, which was sufficient to reveal that the disk is not so much truncated as
subject to a steepening decline in the early-A stellar density beyond �13 kpc.

From the perspective of searching for clusters by selecting early-A stars from
IPHAS data, we are at the beginning. Linked to the study of the emission line stars of
the Perseus Arm (see Fig. 3), we are starting to construct direct maps of the surface
density of early-A stars for the region. The current version of this, is shown as Fig. 4
(some small changes for the future can’t be ruled out as we continue to replace some
of the lowest quality data in a few locations). The outstanding points of note are
how the general surface densities tend to be low in the regions of current vigorous
star formation – clusters are to be found there, of course, but are too young for
significant concentrations of near main sequence A stars to be present. The most
prominent density spikes are indeed associated with known clusters, such as NGC
663 (` D 129:5ı, b D �0:9ı) and NGC 609 (` D 127:7ı, b D 2:1ı): both clusters
are plausible hosts for near main sequence A stars, and are given in the literature at
distances that plausibly link them to the Perseus Arm [7, 9].

3 Concluding Remarks

IPHAS is all but complete and UVEX is underway. After repeated delays, the
VLT Survey Telescope (VST) is now under construction and may go into service
in the second half of 2011. VPHASC the southern hemisphere merger of the
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IPHAS/UVEX concept has recently been reapproved as a Public Survey for the
VST. The concept for this survey is the contemporaneous collection of u, g, r , i

and H˛ images and photometry across the southern Plane, down to AB limiting
magnitudes in the range 21–22. In addition, it has been agreed that the jbj < 5ı
survey limit should be expanded to jbj < 10ı around the Galactic Centre region, in
order to capture most of the Galactic Bulge. This change will also ensure VPHASC
covers that part of the Bulge that VVV (see the article in this volume by V.Ivanov)
will cover at near-infrared wavelengths. The hoped-for window of execution of this
survey is 2012–2014. Given that there is also the prospect of a shallow H˛ survey
by Skymapper, the future is rosy for uniform photometric coverage of the southern
Milky Way.

In short, essentially all the science becoming possible with UVEX and IPHAS
in the north should become possible in the south a modest number of years further
on. It was mentioned in the introduction that, during 2011, it is intended to make a
further release of IPHAS data that will incorporate a global photometric calibration
(Miszalski et al, in preparation). The final goal for the absolute error and spatial
variation in the applied photometric scale is 0.02–0.03. This is likely to only be
achieved after a range of astrophysical tests have been applied across the database,
given that there is no similarly large overlapping digital optical survey available that
supplies a reliable pre-existing photometric framework. In this respect, near-infrared
survey astronomy is clearly ahead of the optical. In the 2011 release, the error in the
photometric scale may be �twice final target, whilst point-source random errors
will of course range from entirely negligible just inside the 13th-magnitude bright
limit up to � 0:1 at the 20th magnitude faint limit.

For the astronomy of Galactic star clusters, the EGAPS surveys offer the
opportunity for a uniform, essentially, all-sky approach to finding and characterising
the Milky Way’s cluster population. Allied to NIR survey data, and to the important
revelatory flood of Gaia astrometry coming in the next 5–10 years, this is surely the
threshold to a golden age.
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Mampaso, A.: Mon. Not. R. Astron. Soc. 384, 1277 (2008)

Janet Drew



Census of Milky Way Star Clusters
from Infrared Surveys

Valentin D. Ivanov

Abstract Recent near- and mid-infrared wide-field sky surveys are reviewed, and
their applicability for Milky Way star cluster studies are discussed. The on-going
VISTA Variables in Via Lactea survey is described. Finally, the first results from a
simulation addressing the completeness of cluster searches are presented.

1 Infrared Surveys Relevant for Milky Way Star Cluster
Studies

Cluster studies are hampered by extinction – clusters concentrate in the plane of
the Galaxy, and the optical surveys have been able to provide us with reasonably
complete cluster census only for the nearest 1–2 kpc (see Fig. 15 in [25]). Until a
decade ago it was impossible to carry out a wide-field infrared (IR) surveys that
would “see” through the dust (i.e., AKS D 0:112 � AV ; [30]) because of technolog-
ical limitations. However, the recent advances of the IR detectors made it possible
to carry out homogeneous observations of wide areas of the sky, comparable with
the state of the art wide-field optical surveys, and the new space missions such as
Spitzer, opened to us the mid-IR wavelength range. For the first time the Milky
Way cluster studies could rely on excellent quality preexisting data to find and
characterize clusters. Table 1 describes the near- and mid-IR surveys with depth
and sky coverage that make them suitable for these purposes.

The strategies of these surveys can be summarized as follows:

• 2MASS – simultaneous JHKS observations [32]
• DENIS – semi-simultaneous IGunnJKS [11]
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Table 1 Near- and mid-infrared surveys, relevant for Milky Way cluster studies

Survey Area Bands / Cluster searches Status and data products
deg2 5�-limit

2MASS All sky

J /16.5 mag
H /15.8 mag
KS /15.1 mag

Hundreds of new clus-
ters: Dutra and Bica
[8, 9], Ivanov et al.
[17], Bica et al. [1],
Borissova et al. [7],
Dutra et al. [10],
Froebrich et al. [12, 13]

Completed (1997–2001);
last DR Mar 2003;�471
million PSC C 2 arcsec
resolution JHKS atlas

DENIS 16700

Gunn I /18.5 mag
J /16.5 mag
KS /14.0 mag

Two new clusters (Reylé
and Robin [29])

Completed (1995–2001);
as of DR3 from Sept
2005:�355 million
PSC C IJKS atlas

UKIDSS
GPS

1800 – JHK
300 – H2

J /19.8 mag
H /19.0 mag
K/18.1 mag
H2/...

�170 new clusters
(Lucas et al., in prep.)

In progress (2006–2013),
as of DR6 (Oct 2009):
�604 million PSC C
�1 arcsec resolution
JHK atlas

VVV
300 – bulge
220 – disk

Z/21.5 mag
Y /20.7 mag
J /20.2 mag
H /19.3 mag
K/19.3 mag
(disk) Search in progress

Raw paw-prints public via
the ESO Data
Archive; first v. 1.0
tilesCcatalogs recently
available to the team via
CASU

GLIMPSE
ICIIC3D
C 360

220C60C
134C290
D�700

[3.6]/0.2 mJy
[4.5]/0.2 mJy
[5.8]/0.6 mJy
[8.0]/4.0 mJy

59 new clusters (Mercer
et al. [22])

In progress (2003–2012);
�100 million PSC
(up to GLIMPSE 3D)
C �2 arcsec resolution
atlas

• UKIDSS GPS – semi-simultaneous JHK imaging, and two more K-band re-visits
for proper motion and variability purposes [20]

• VVV – two visits during which semi-simultaneous YZ and JHKS images are
taken, and multiple (50–80) KS re-visits separated by up to 5 yrs (see Sect. 2 for
details) [27]

• GLIMPSE – simultaneous [3.6] and [5.8], and simultaneous [4.5] and [8.0]
imaging; two visits, separated by 20 s to 3 h [7]

The relative depth of the various surveys and a sensitivity versus area plot are
shown in Fig. 1. The sky footprints are shown in Figs. 2 and 3. While the depth
and the spatial resolution of the 2MASS allowed detailed study only of the closest
star clusters, the new generation of near-IR surveys (UKIDSS and VVV) lets us
to characterize the clusters, at least to some extent. For example, VVV revealed the
pre-main sequence population of some young clusters that would have been invisible
in 2MASS. Of course, studies of most clusters require spectroscopy which is
typically the most reliable method for measuring their distances, and all parameters
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Fig. 1 Relative depth of the various surveys (left), and sensitivity versus area plot (right)

that scale with distance, including their mass, total luminosity, and even the age –
for the clusters with no main sequence turn off point.

2 VISTA Variables in Via Lactea Survey

The VISTA Variables in Via Lactea (VVV) Survey was designed to probe the
time axis – producing a large-scale 3-dimensional map of the Milky Way with
the RR Lyr and Cepheid variables. The survey has two sub-components: the bulge
(�10<l<10 deg, �10<b<5 deg) and the disk (� 65 < l < � 10 deg, � 2 <

b < 2 deg), observed with nearly identical strategies, but with mildly different
integration times and depths. The total footprint spans 520 deg2 (green on Fig. 3),
and the final point source catalog is expected to contain 109 sources, including 106

variable stars of different types. Proper motion measurements with �5 yr baseline
will also be obtained.

The VVV has a broad range of corollary science goals related to clusters:
distances to some of them, based on their variable star members, and most
importantly – providing a broad new census of clusters including, in particular,
young ones containing obscured pre-main sequence stars. The VVV team has broad
experience in cluster identification and characterization [2–6,14–18,23–25], and we
will search for clusters on the deepest ever KS -band sub-arc-second image of the
Galaxy that will be created stacking together all multi-epoch VVV observations.

The yearly strategy of VVV involves a complicated timing schedule for random-
ized sampling of light curves, and for proper motion studies:

• 1 year : quasi-simultaneously ZYJHKS and 6 separate epochs in KS of the entire
survey area
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Fig. 2 Sky footprints of various surveys: top left – SDSS (large optical CCD survey, shown here
for comparison), top right – 2MASS, middle left – DENIS, middle right – GLIMPSE, without
the recent extensions are (all four maps are in Galactic coordinates), and bottom – UKIDSS (in
Equatorial coordinates; GPS is shown in violet, GCS in green, LAS in yellow, DXS in blue, and
USD in red). The top for plots are courtesy of the VizieR database, the bottom is courtesy of the
UKIDSS team (http://www.ukidss.org)

• 2 years : 6 separate epochs in KS of the entire survey area
• 3 years : 80 separate epochs in KS of the bulge – main bulge variability campaign
• 4 years : 70 separate epochs in KS of the disk – main disk variability campaign
• 5 years : 20 epochs in KS of the bulge and 9 of the disk; subset of pointings will

be observed more frequently; provides the large baseline for the proper motion
studies

The survey is on-going. Observations started in the first half of 2010, and high
level data products are being generated as of mid-2010, but they are still undergoing
quality control and verification, and have not yet been released to the general users.
For example, the entire data set from the first half a year of observations has been
re-reduced three times, to improve the data quality.
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Fig. 3 Sky footprints of the original VISTA surveys. The top and the bottom panels show
all telescope pointings necessary to cover the areas of the surveys, in Equatorial and Galactic
coordinates. The middle panel shows the subset of the pointings excepted to be observed during
the first year of VISTA operation

3 Incompleteness of the Milky Way Cluster Census
from the 2MASS

Finding and characterizing new clusters can be an exciting challenge, but the
discovery of yet a few more objects, as interesting and important as they may
be, does not help to address the question of the total population’s size – dust
obscuration makes the Milky Way cluster census incomplete for distances larger
than a few kpc. GLIMPSE demonstrated that even mid-IR surveys have difficulties
in detecting distant clusters because the [3.6] band is still noticeably affected by
extinction (AL D 0:058 � AV ; [30]), and the longer wavelengths are more sensitive
to extended dust emission than to stars.

To address the issue of completeness we began a project [19] to simulate the
cluster population of the Galaxy, to merge it with a real point-source catalog, and to
run a cluster search using various algorithms. It became clear form the beginning,
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Fig. 4 Color-magnitude diagrams for a cluster with total mass Mcl=17,000 Mˇ) and age of
10 Myr for various distances and optical extinctions AV , generated from the Padova isochrones
[21]. The horizontal dotted line shows the approximate 2MASS completness limit in the most
crowded regions of the Galaxy

that we can hope to derive incompleteness corrections for distances beyond a few
kpc for the most massive clusters only. Therefore, for now we will consider only
supermassive clusters (Mcl D17,000 Mˇ) with age of 10 Myr. The young age makes
the member stars intrinsically brighter, and somewhat alleviates the question of the
infant mortality. Synthetic color-magnitude diagrams for such clusters at different
distances and values of AV are shown in Fig. 4 to illustrate the depth necessary for
detecting their member stars.

We assumed that the clusters follow a spatial distribution close to that of the
stars in the Milky Way disk, and generated 105 clusters in na exponential disk-
like distribution (Fig. 5) with scale length Rcl

0 D 1:8 kpc and scale height Zcl
0 D

55 pc. The obscuring dust also has exponential distribution, with Rdust
0 D 3 kpc and

Zdust
0 D 200 pc. These values were adopted from the Besançon Milky Way model

[31]. The spatial distribution of the stars within the clusters was taken directly from
MASSCLEAN (Massive Cluster Evolution and Analysis Package; [28]).

Let us consider a “pencil” beam (3�3 deg) at l D C60 deg b D 0 deg (red
dots in Fig. 5). It contains 286 of all generated clusters. It is clear from the synthetic
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color-magnitude diagram (Fig. 4) that four stars at the red supergiant stage dominate
the cluster. We exclude from the sample the clusters for which more than one
of these four member star is rendered undetectable by the proximity to bright
foreground stars (taken from the real 2MASS point-source catalog [32]) because
the stars on the main sequence are too faint to be detected in the glare of the
bright cluster members, and therefore, the cluster can only be detected by the red
supergiants. This “cleaning” left us with only 24 clusters, or �8%, that remain
potentially detectable as groups of three or more stars with similar colors and
magnitudes. Note that 17 of these clusters are “local”, i.e. reside within 5 kpc from
the Sun.

The potential detectability does not guarantee that a cluster will be detected
because of the fore- and background star density variation, and the clumpy structure
of the dust. Therefore, the �8% is an optimistic upper limit for the 2MASS cluster
search in that direction. In reality, the detection rate even for supermassive red
supergiant phase clusters (that are the easiest to detect) in this direction will be
lower. Note that the better spatial resolution and depth of VVV with respect to the
2MASS will increase somewhat the detection rate.
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4 Summary

The modern near- and mid-infrared surveys provide observational bases for detailed
cluster census and characterization but the completeness rate of the cluster searches
even for the deepest surveys is likely to remain low.
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Time-Resolved Surveys of Stellar Clusters

Laurent Eyer, Patrick Eggenberger, Claudia Greco, Sophie Saesen,
Richard I. Anderson, and Nami Mowlavi

Abstract We describe the information that can be gained when a survey is done
multi-epoch, and its particular impact in open cluster research. We first explain
the irreplaceable information that multi-epoch observations are giving within
astrometry, photometry and spectroscopy. Then we give three examples of results
on open clusters from multi-epoch surveys, namely, the distance to the Pleiades, the
angular momentum evolution of low mass stars and asteroseismology. Finally we
mention several very large surveys, which are ongoing or planned for the future,
Gaia, JASMINE, LSST, and VVV.

1 Introduction

The organizers of the conference asked us to present the following subject: What
can time-resolved surveys of stellar clusters teach us? We show that time is an
essential dimension to gain knowledge in astronomy when we want to learn about
stars, clusters and the Galaxy. In this article, we focus on open clusters.

Astrophysics has some limited avenues to explore the Universe and its content.
Some main trends for survey strategies are to observe:

• Deeper/fainter
• Wider areas of the sky (with the whole sky as upper limit)
• “Sharper”, i.e., with a better resolution
• In different wavelenghts
• Multi-epoch, i.e., to observe many times the same region of the sky
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Table 1 Information from single- and multi-epoch surveys.

Meas. type Single-epoch Multi-epoch

position parallax, proper motion
Astrometry optical doubles (projected) binary orbits

AstroParam (Teff, logg) variation of AstroParam
metallicity
extinctiona

Photometry agea, distancea

variability types:
ecl. Bin/ planetary transits
pulsation
rotation
eruptive phenomena, etc.

AstroParam variation of AstroParam
elemental abundance line-profile variations

Spectroscopy radial velocity radial-velocity variations
stellar rotation

aClusters

In this text we explore the last item, noting that different astronomical sub-
jects/objects may be explored/discovered depending on the above choices for a
survey.

The three main pillars of astrophysics are astrometry, photometry and spec-
troscopy. We show in Table 1 what can be gained by doing a multi-epoch survey
with respect to single-epoch survey.

We obtain the best astrophysical constraints when several observables are
combined. For example bringing together the astrometric orbit and radial-velocity
measurements, allows to solve entirely a binary system (inclination, masses, radii,
semi-major axis, eccentricity); bringing together photometric and radial-velocity
observations allows the determination of the radius of certain pulsating stars such as
the Cepheids by the Baade–Wesselink method, etc.

It should be noted that even in single-epoch surveys, it is advisable to take multi-
epoch data of some regions as it allows to establish the precision (internal errors) of
the survey. For example, this has been done in SDDS and 2MASS.

2 Use of Multi-Epoch Observations for Open Clusters

We have shown above that multi-epoch observations allow to derive many astro-
physical quantities. Some of these quantities require fairly elaborated work, like
the modelling of eclipsing binaries. How do we know whether the models are
correct? If we consider that all stars of an open cluster have the same age and
initial chemical composition, we can compare astrophysical quantities derived from
measurements of different stars. Any significant difference between a star’s property
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and the property of another star within the cluster or the cluster property is of interest
and may point towards problems in stellar models or in the method employed to
derive the quantity. Open clusters are therefore unique tools to test the astrophysical
models.

Another interest of multi-epoch observations of open clusters is that a given
property can be compared for clusters of different ages and metallicities. The idea is
to see whether there is a dependence on metallicity or age, e.g., for the properties of
variable star populations. Of particular interest are the instability strip boundaries,
the fraction of variables within the instability strips, the variability amplitudes and
periods, etc. (cf. Anderson et al., these proceedings).

We present in the following sections three applications of multi-epoch surveys
for open clusters.

2.1 Example 1: The Distance to the Pleiades

Thanks to its multi-epoch astrometric observations and derived parallaxes, Hippar-
cos data allowed to precisely determine and compare the distance of the Pleiades
with the one obtained through the usual main sequence fitting technique. It resulted
in a well-known mismatch: Hipparcos locates the Pleiades at 118:3 ˙ 3:5 pc [21],
and with the new reduction at 120 ˙ 3:5 [22] closer than usually quoted results
(132 ˙ 4 pc, see e.g. [10]).

Various attempts have been undertaken to determine the distance, using the
interferometric binary Atlas [14, 20], the eclipsing binary HD 23642 discovered
thanks to Hipparcos (cf. [5, 13, 17, 19]) and the Hubble Space Telescope to derive
parallaxes of three star members of the Pleiades [16]. These studies give a distance
between 132 and 139 pc, so larger than the Hipparcos result. We will not debate
these results, but point out that all the methods were using multi-epoch observations,
indeed most methods to derive distances are using the time domain. Finally we note
that the Gaia mission should resolve this debate.

2.2 Example 2: Angular Momentum Evolution
of Low Mass Stars

The angular momentum evolution of low mass stars can be studied thanks to multi-
epoch photometric observations of open clusters. One cause for the variability
of low mass stars is the presence of spots on their surfaces. The period of the
photometric variations thus directly yields the stellar rotation period. Observing
open clusters of different ages (as derived from isochrone fitting) allows to describe
the angular momentum evolution. For a review of the subject we refer to [8] and
Moraux and Bouvier (these proceedings). We therefore briefly present here the
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results of the HATNet project (Hungarian-made Automated Telescope network,
cf. [1]) dedicated to the search of transiting exo-planets. These data allow other
scientific investigations, such as period determinations of F, G, K Pleiades stars [6],
or general variability of K and M dwarf stars [7]. Thanks to HATNet data, 14 new
Pleides members were discovered, and the number of known periods for the Pleiades
stars has been increased by a factor of 5. The HATNet results confirm previous
indications that the spin-down stalls at '100 Myr for the slowest rotating stars. The
HATNet results also reveal that inconsistencies remain for the radii, spectroscopic
and photometric stellar spin rates for low mass stars. With this example we also
want to show that large surveys with small telescopes (11-cm) can be scientifically
very productive for open cluster science.

2.3 Example 3: Observations of Solar-Like Oscillations
in Stellar Clusters

By directly obtaining observational constraints on the internal properties of stars,
the study of stellar oscillation modes or asteroseismology is a valuable technique
to improve our knowledge of the complex physical processes that take place in
stellar interiors and to progress thereby in their modelling. The study of solar
oscillations has provided a wealth of information on the internal structure of the
Sun and stimulated various attempts to obtain similar observations for other stars.
In past years, the spectrographs developed for exoplanet searches have achieved
the accuracy needed to detect solar-like oscillations in other stars from the ground,
while photometric measurements of solar-like oscillations are obtained from space
thanks to the CoRoT (CNES/ESA) and the Kepler (NASA) missions. Solar-like
oscillations are of course not restricted to solar-type stars but are expected in any
star exhibiting a convective envelope able to excite acoustic waves. In particular,
beautiful observations of solar-like oscillations in red giant stars have been recently
obtained.

The wealth of information contained in these detections of solar-like oscillations
for numerous red giants stimulated the theoretical study of the asteroseismic
properties of red giants and also population studies aiming at reproducing the
distribution of global asteroseismic properties for a large number of these stars.
Red giants in clusters are particularly interesting targets since they enable to
combine the capability of asteroseismic studies to probe stellar interiors with the
valuable additional constraints resulting from the common origin of stars in clusters
(same age and initial chemical composition). The first clear detection of solar-like
oscillations for red giants in an open cluster has been recently reported [18]. These
observations were obtained for the open cluster NGC 6819 during the first 34 days
of continuous science observations by Kepler using the spacecrafts long-cadence
mode of about 30 min. These observations led to the determination of the global
asteroseismic properties and oscillation amplitudes for red-giant stars with different
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luminosities, which gives valuable constraints on the predicted scaling relations of
these quantities with global stellar parameters. The asteroseismic measurements
provide also additional tests for cluster membership. These preliminary results,
based on data sampled at the spacecraft’s long cadence during about 1 month,
illustrate the valuable potential of solar-like observations in stellar clusters. Longer
time series using the spacecraft’s short cadence mode of about 1 min will yield
detections of oscillation modes in subgiant and turnoff stars. This should allow
testing important aspects of stellar evolution such as the mass-loss rate on the
red giant branch [11]. Since the rotational history of a star has a large impact
on its global and asteroseismic properties during the red giant phase [4], these
observations will also provide valuable constrains on transport processes during the
main sequence. Moreover, NGC 6819 is not the only cluster that will be observed
by Kepler, since there are four open clusters in Kepler’s field of view with different
ages and metallicities. The observation of solar-like oscillations for stars in stellar
clusters promise therefore great prospects for testing stellar evolution models and to
progress in our knowledge of stellar physics.

3 Some Surveys

There is an extremely large number of photometric surveys, past, present and
planned. Here, we will do a somewhat unfair selection and consider only a few
of them. First we discuss the Geneva open cluster survey aiming at the detection of
stellar variability and we continue with four very large surveys with broader science
cases. Open cluster science will probably benefit most when the data of these several
projects will be combined.

3.1 Geneva Open Cluster Survey

A long-term project devoted to the systematic search for variable stars in Galactic
open clusters, was started at Geneva Observatory in 2002. Between 2002 and 2010,
we observed 30 open clusters in both hemispheres using the 1.2-m Euler Swiss
Telescope at La Silla and the 1.2-m Mercator Flemish telescope at La Palma,
Spain. The open clusters in our sample range from metal-poor1 (e.g. hŒFe=H�i D
�0:52 dex, NGC 2324) to metal-rich (e.g. hŒFe=H�i D 0:10 dex, IC 4651), and from
very young (e.g. 14 Myr, NGC 3766) to “old” (e.g. 2 Gyr, NGC 7789). Euler and
Mercator share the same design, but have different fields of view: 11.50 � 11.5 0
for Euler and 6.50 � 6.50 for Mercator. The photometric observations were done
in the Geneva U , B , and V filters. The observations were scheduled so that the

1Literature data taken from WEBDA, http://www.univie.ac.at/webda/.

http://www.univie.ac.at/webda/
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Fig. 1 Colour-Magnitude
diagram of NGC 2447. We
detect variability on time
scales going from tens of
minutes to tens of days in 54
variable stars in total. Below
14 V -mag, we find one
slowly pulsating B star, one
ellipsoidal binary, seven ı Sct
stars, six � Dor stars and one
hybrid ı Sct – � Dor pulsator

detection and phase coverage of both long and short period variables was optimized.
All clusters were observed at least once per night during runs of 2 weeks, two to
three times per year. We aimed to improve our coverage for short period variables
by monitoring two clusters at higher cadence during each run. Observations of three
of the southern clusters were limited to a 2-month baseline. In total, we obtained
more than 2000 multi-band observations for each cluster.

Preliminary results have been published for NGC 1901 [3], NGC 5617 [2],
and additional publications are in preparation for IC 4651, NGC 2447, and
NGC 2437. A preliminary colour magnitude diagram for NGC 2447 including
identified variables is shown in Fig. 1. We reach a precision of 5 mmag in V for
the brightest constant stars. Reductions for the remaining clusters are ongoing. The
methods used for data reduction and variability investigation are described in Greco
et al. (in preparation) and [15].

3.2 Gaia

Gaia is a space mission of the European Space Agency (for further information
we refer to http://www.rssd.esa.int/Gaia). It will observe all objects brighter than
V � 20, recording the position, brightness, spectrophotometric and spectroscopic
measurements, to determine distances, proper motions, stellar basic parameters
and radial velocities. The mission duration is 5 years (with a possible extension
of 1 year), during which the satellite will observe the entire sky an average of 70
times. One billion stars will be observed, with a tentative estimate of 100 million
variables. The satellite will be launched from French Guyana in 2012. There will
be intermediate data releases (although it is too early to develop the details of these
releases) and the final results will be published in 2020–2021.

http://www.rssd.esa.int/Gaia
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The scientific impact of Gaia will be tremendous in many fields of stellar physics,
Galactic structure and Galactic history. Since it combines all the fundamental
measurement types (astrometry, photometry, spectroscopy), it will also impact the
subject of time-resolved science, particularly for open clusters.

Furthermore, if we want to unravel the formation history of our Galaxy, it
has become clear that also detailed abundances play a crucial role. This is why
across Europe there is an effort to get vast amounts of observing time from ESO
spectrographs (which is included in the GREAT2 initiative).

3.3 JASMINE

JASMINE is an acronym for Japan Astrometry Satellite Mission for INfrared
Exploration. This project was planned in three phases of three satellites: Nano-
JASMINE, Small-JASMINE, and JASMINE.

Nano-JASMINE (N-J), the first astrometric Japan satellite, should be launched
in 2011 from Brazil by a Cyclone-4 rocket. N-J is fully funded by NAOJ (National
Astronomical Observatory of Japan). The flight model will be completed this
December. The N-J catalogue will be opened after about 2 years of operation. The
observing strategy, whole sky scanning satellite, and method of the data analysis
for N-J are similar to those for Gaia. N-J should reach in a zw-band (0.61 �m)
an astrometric precision of 2–3 mas. It will observe more than 10 million stars,
complete to zw ' 12.

Small-JASMINE (S-J) is a project that will observe in an infrared band (Hw-
band:1.1–1.7micron). S-J will determine positions and parallaxes accurate to
10 �as and will have proper-motion errors of 9 �as/year for stars brighter than
HwD11.5 mag. It will observe small areas of the Galactic bulge with a single-beam
telescope whose primary mirror diameter is around 30 cm. If selected by JAXA
(Japan Aerospace Exploration Agency), the target launch date would be around
2016.

JASMINE is an extended mission of the S-J mission. It is designed to perform a
survey towards the Galactic bulge region (20 by 10 deg2) around the Galactic center
with a single-beam telescope whose primary mirror diameter is around 80 cm. It
will determine positions and parallaxes accurate to 10 �as and will have proper-
motion errors of 4 �as/year for stars brighter than KwD11 mag. JASMINE would
detect about one million bulge stars with the parallax uncertainty better than 10%.
If selected, JASMINE will be launched in the first half of the 2020s.

These projects should complement very well the Gaia mission, since Gaia will
observe in the visible G-band and will be more sensitive to extinction. S-J and
JASMINE will have J- and H-band photometry besides Hw-band, and Kw-band
for astrometry, but the detailed design for photometry has not been determined yet.

2http://www.ast.cam.ac.uk/GREAT/.
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3.4 LSST

LSST (cf. [9] and http://www.lsst.org) stands for Large Synoptic Survey Telescope.
It is an ambitious project of an 8.4-m telescope that will be situated in Chile (Cerro
Pachon). Observations will consist of measurements of positions and fluxes using
the 5 ugriz sloanC y bands. During the 10 years of the project length, LSST will
measure 1,000 times half of the sky. The beginning of the observations is foreseen
in 2017. The magnitude limit will attain 24.5 in a single image and 27 in stacked
images. The number of objects that will be observed by LSST is estimated to be
10 billion stars and 10 billion galaxies. When performance and magnitude ranges
are compared between Gaia and LSST, we remark there are many synergies.

3.5 VVV

We mention this ESO-survey because of its importance, but as it has been presented
by Ivanov (details in these proceedings, see also [12]), we will therefore not develop
it in this text.

Acknowledgements We would like to thank for their helpful comments Dr G.Bakos on Sect. 2.2
and Prof. N.Gouda on Sect. 3.3.
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SDSS-III/APOGEE: Detailed Abundances
of Galactic Star Clusters

Peter M. Frinchaboy, Gail Zasowski, Kelly Jackson, Jennifer A. Johnson,
Steven R. Majewski, Matthew Shetrone, Aaron Rocha, and the SDSS-III
collaboration

Abstract The Sloan Digital Sky Survey III/Apache Point Observatory Galactic
Evolution Experiment (SDSS-III/APOGEE) is a large-scale spectroscopic survey
of Galactic stars and star clusters. The SDSS-III/APOGEE survey is designed to
produce high-S=N , R D 27;500–31,000 spectra that cover a wavelength range
of 1.51–1.68�m. By utilizing APOGEE’s excellent kinematics (error �0.5 km s�1)
and abundances (errors D 0.1 dex), we will be able to study star cluster kinematics
and chemical properties in detail. Over the course of the 3-year survey beginning
in 2011, APOGEE will target 25–30 key open and globular clusters. In addition,
the large area coverage of the SDSS focal plane will also allow us to target stars in
100–200 additional star clusters during the main survey observations. We present the
strength of APOGEE for both open and globular star cluster studies and the methods
of identifying probable clusters members utilizing 2MASS and IRAC/WISE data.
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1 Introduction

Star clusters represent a key tracer for the dynamical and chemical evolution of
galaxies. The one galaxy for which we can investigate in detail is our own Milky
Way galaxy. While there have been wide ranging studies of Galactic star clusters,
there remains a key problem with studying Galactic evolution: lack of large uniform
samples. For photometric studies, this is starting to be possible with large-area
surveys (e.g., 2MASS, SDSS-I, VVV, Skymapper, LSST). Large kinematic samples
have begun to be derived utilizing proper motions (e.g., [1, 4, 5, 7, 12]) and radial
velocities (e.g., [9]). However, high-resolution spectroscopy studies, yielding high
accuracy radial velocities and detailed chemical abundances, are still limited to
small sets of clusters.1 The soon to be commissioned Sloan Digital Sky Survey
III/Apache Point Observatory Galactic Evolution Experiment (SDSS-III/APOGEE)
will provide for uniform data and analysis for a survey of up to 200 star clusters.

2 SDSS-III/APOGEE

The SDSS-III/APOGEE project is 3-year high-resolution spectroscopic survey that
will cover all major Galactic populations (thin disk, thick disk, bulge/bar, and halo).
The project utilizes a new 300-fiber-fed H -band (1.51–1.68�m) spectrograph [23].
The spectrograph will yield R D 27,500–31,000 spectra with S=N � 100 per
pixel for stars with H D 12:3. The goal of the survey is to derive precision radial
velocities (�v � 0:5 km s�1) and abundances (�ŒX=Fe� � 0:1 dex) for � 100; 000

stars. The survey has planned to study 15 different elements (including Fe, C, N, O,
˛-elements, odd-Z elements, iron peak elements, possibly even neutron capture).
The survey will coordinate observations with another SDSS-III survey, the Multi-
object APO Radial Velocity Exoplanet Large-area Survey (SDSS-III/MARVELS)
survey, which will necessitate that 75% of the observing time be spent in 58 key
fields (which contain �60 star clusters). The total APOGEE survey plans to target
220–230 unique field centers covering �1; 200 deg2 of the sky.

2.1 APOGEE Calibration Clusters

One area of APOGEE science and calibration is the study of key star clusters listed
in Table 1, with parameters taken from Harris catalog [14] for globular clusters and
the Dias catalog [6] for the open clusters. These key clusters will have at least one 7
deg2 plate configuration, up to 250 fibers, dedicated to likely cluster member stars.

1High-resolution studies of up to ten open clusters are starting to be published using CTIO/WIYN
Hydra (e.g., [8, 16]) and VLT/Flames+UVES (e.g., [2, 20, 21]).
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Table 1 APOGEE candidate calibration clusters
Name Type Diam [Fe/H] �ŒFe=H� Age (years) Log(Age) Dist(pc)

NGC 188 Open Cl 17’ �0.01 0.09 4.2 Gyr 9.632 2047
Pleiades Open Cl 110’ �0.03 0.06 135 Myr 8.131 150
Hyades M45 Open Cl 330’ C0.13 0.06 787 Myr 8.896 45
NGC 2168 M35 Open Cl 25’ �0.16 0.09 95 Myr 7.979 816
NGC 2243 Open Cl 5’ �0.49 0.05 1.1 Gyr 9.032 4458
Melotte 71 Open Cl 7’ �0.30 0.06 235 Myr 8.371 3154
NGC 2420 Open Cl 5’ �0.40 2.8 Gyr 9.45 2290
NGC 2682 M67 Open Cl 25’ �0.15 0.05 2.5 Gyr 9.409 908
NGC 6171 M107 Globular 17’ �0.90 0.10 GC GC 6400
NGC 6205 M13 Globular 25’ �1.51 0.10 GC GC 7700
IC 4725 M25 Open Cl 29’ C0.17 0.06 92 Myr 7.965 620
NGC 6791 Open Cl 10’ C0.35 0.02 4.4 Gyr 9.643 5853
NGC 6819 Open Cl 5’ C0.07 3.1 Gyr 9.490 2360
NGC 6838 M71 Globular 9’ �0.79 0.10 GC GC 6700
NGC 7078 M15 Globular 21’ �2.20 0.10 GC GC 10300
NGC 7089 M2 Globular 21’ �1.62 GC GC 11500
NGC 7789 Open Cl 25’ �0.20 1.7 Gyr 9.230 1820

For some of the open clusters (e.g., M67, NGC 188, NGC 6819) we have kinematic
membership and binary information available from the WIYN Open Cluster Study
(WOCS; [10, 15, 19])

We will explicitly target many stars which have already been observed at high
resolution (R > 30; 000) in the optical or near infrared to be used to compare SDSS-
III/APOGEE to other high-resolution studies. For these “calibration” cluster targets,
we will obtain large numbers of members that will be used to fully characterize
the clusters bulk chemical properties, but also allow science ranging for looking
for abundance variations on the individual element level to investigating isotopic
abundance variations as keys to understanding evolution along the red giant branch.

3 APOGEE Candidate Cluster Analysis

3.1 Photometry Analysis

The APOGEE project requires this cleaning for most clusters for two reasons:
(1) most open clusters are found at low Galactic latitude and thereby are heavily
contaminated with field stars. (2) Due to the large SDSS telescope field of view
[13], the minimum fiber-to-fiber distance is fairly large �1 arcmin, which only
allows for the targeting of a handfull of stars (�5–10) per cluster for the most
poorly studied, distant, and reddened clusters. The only all-sky photometry that will
be available for APOGEE targeting will come from two sources Two-Micron All-
Sky Survey (2MASS JHKS ; [22]) and the soon to be released Wide-field Infrared
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a b c

Fig. 1 Demostration of the RJCE technique. (a) Raw 2MASS CMD for a 4 deg2 field at (l; b) D
(42,0). (b) Field dereddened using the RJCE technique. (c) TRILEGAL [11] simulation of the
Galaxy for a field at (l; b) D (42,0)

Survey Explorer (WISE; [24]) mission. However, since many of the targets will be
in the Galactic midplane, and WISE has poor resolution (�6 arcsec), we will also
supplement our data set with Spitzer/IRAC Galactic Legacy Infrared Mid-Plane
Survey Extraordinaire (GLIMPSE I, II, 3D, 360; [3]) surveys, which provide better
resolution in the needed [3.6] and [4.5] micron bandpasses.

These surveys will provide five-band photometry JHKS [3.6][4.5] data which
allow us to derive star-by-star extinctions utilizing the Rayleigh–Jeans Color Excess
(RJCE) method (see Fig. 1), fully described in Majewski et al. [17]. The RJCE
method allows us to explicitly determine the AKS extinction to each star by using the
observed H -[4.5] color that is nearly constant for a large range of common spectral
types. The ability to derive extinctions and correct to relative distance ranges is
essential for a survey of the Galactic plane and bulge, and we can utilize this tool to
isolate potential cluster stars from the field population.

3.2 Cluster Analysis

In order to distinguish and isolate star cluster stars from foreground and back-
ground contamination, we utilize the AKS values derived from the RJCE technique
described above. We isolate a region of approximately twice the clusters catalog
radius [6] and divide it into 5 regions (see Fig. 2a). We utilize four “background”
regions and the cluster region (radius D RDias). The background is divided in
order to account for dust clouds, clusters near the edge of the GLIMPSE survey
region, and any other source of background variability. We difference the mean
field/background star numbers to the “cluster” star numbers within a given AKs

range, and scan this range across all available AKs values that have at least 15
stars (Mean field C cluster stars � 15; see Fig. 2b). The window of extinction
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Fig. 2 Sample analysis for the cluster NGC 6802 utilizing 2MASS+GLIMPSE data. (a) Galactic
latitude and longitude for all stars (gray) within the 2Rcl area to be analyzed, stars selected to
be likely members from the photometry extinction analysis are shown in black. Prime APOGEE
targets are circled. (b) Distribution of AKs for all stars in the NGC 6802 sample area, black points
denote stars with 1:1Rcl within the determined mean cluster AKs range. (c) Color-magnitude
diagram (CMD) for all stars in the analysis area (gray). The dashed box denotes the SDSS-
III/APOGEE target selection region. Black points denote stars selected as likely members from
their AKs . (d) CMD of only likely cluster members overplotted with the Padova Isochrone [18]
using the clusters parameters from [6]. Circled stars denote identified high-probability stars for
APOGEE target selection (also see the on-sky distribution in (a))

with the highest concentration of stars within the inner radius will reveal the cluster
(Fig. 2c, d). We then work to optimize the cluster isolation surveying a grid of AKs

width, AKs stepsize, and allowed �AKs
values.
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3.3 Preliminary Results

We present a first analysis for the cluster NGC 6802 to demonstrate the technique,
shown in Fig. 2. Figure 2a first shows the area explored by our analysis in Galactic
latitude and longitude. As described above, we selected likely cluster members
utilizing the AKs as shown in Fig. 2b. For NGC 6802 we find a low, but non-
negligible extinction or reddening to the cluster. A color magnitude diagram (CMD)
of the clusters (Fig. 2c) is generated which highlights the member stars with AKs

values within the window of extinction, where the dashed box in the center denotes
the area where the upcoming SDSS-III/APOGEE project will be targeting (8:0 <

H < 12:3 and J � KS � 0:5). Finally, we compare our “cleaned” cluster CMD
to the Padova isochrone utilizing catalog values [6] for NGC 6802 and find a good
match. By comparing the CMD with isochrone values, when available, we are able
to isolate candidate cluster stars with a high probablility for membership needed for
APOGEE targeting and science.
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Processing Data from Large Infrared Surveys

Simon Hodgkin, Mike Irwin, Jim Lewis, Eduardo Gonzalez-Solares,
and Aybüke Küpcü Yoldaş

Abstract At the Cambridge Astronomical Survey Unit (CASU1) we are responsi-
ble for the development and implementation of a number of pipelines for the routine
processing of large area near-infrared surveys. In this paper, we discuss some of the
challenges we face when tackling the large volumes of data generated nightly from
WFCAM on UKIRT and VIRCAM on VISTA.

1 Introduction

VISTA alone requires 3 distinct pipelines, run in 3 different places:

1. Paranal pipeline: data from VISTA are assessed for quality control (QC) in real
time at the summit using a simplified data reduction pipeline. Because these
reductions have to happen very rapidly and in a causal sequence, this pipeline
relies on previously prepared library calibration information.

2. Garching pipeline: the raw data are then collected onto USB discs, which are
shipped to Garching and ingested into the ESO raw data archive. A second
pipeline is run, used to monitor instrumental health, generate calibration infor-
mation and to provide library calibration frames for the summit pipeline. More
up-to-date calibration information is applied and the quality control results are
correspondingly better.

3. Cambridge pipeline: once the archive ingestion is done, the same USB discs are
forwarded to Cambridge for science data processing. When running the science

1http://casu.ast.cam.ac.uk/
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pipeline we are able to consider an entire night of data (or indeed a whole week of
data) as a single entity and hence we can use information which is not available
to the ESO pipelines. This leads to a much better result than can be obtained with
the QC pipelines.

The Cambridge pipeline products (astrometrically and photometrically calibrated
images and catalogues) can then be accessed by the survey participants either
directly from Cambridge, or via the VISTA and WFCAM Science Archives (VSA,
WSA) both hosted at the Royal Observatory in Edinburgh.

2 Processing of VIRCAM and WFCAM Images

Observing in the near infrared is a little like observing in the daytime, the vast
majority of interesting sources are much fainter than the bright and variable night-
time sky. Modern infrared detectors are now very sensitive, but they do tend to suffer
from significant instrumental features. The most pernicious of these are described
below, together with a short outline of how they are removed.

• Reset correction: this is similar but not the same as a debias operation in CCD
processing. Reset frames are taken for each exposure and are subtracted in the
data acquisition system. Although this is not a pipeline reduction step per se, it
is important to realise that this happens as it has an impact when estimating the
linearity of the detectors.

• Dark correction: the dark current is estimated from a series of exposures taken
with a dark filter inserted. Subtracting a mean dark frame also corrects several
other additive electronic effects, such as residual reset correction anomalies.

• Linearity correction: although the WFCAM detectors are linear, the VIRCAM
detectors do not have a linear response. To estimate the non-linearity of each
detector we need information on the readout timing, the exposure time and the
reset image timing (this is because there is no shutter on the camera and in
double-correlated sampling mode, the default, the reset frame is subtracted prior
to writing images to disk).

• Flat field correction: dividing by a mean twilight flatfield image removes the
small scale QE variations in the detector as well as the large scale vignetting
profile of the camera. We also use the global flatfield properties of each detector
to gain-normalise each detector to a common (median) system.

• Sky background correction: this removes the large scale spatial background
emission that comes from the atmosphere as well as several remaining additive
effects. The 2-D background map is estimated using several different algorithms
that combine the science images themselves with rejection or masking. Some-
times when large extended objects are present it is necessary to use offset sky
exposures to get a background map. Automating this correctly is one of the most
difficult parts of near-infrared image processing. Figure 1 shows an example of a
WFCAM image with and without sky subtraction.
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Fig. 1 Images from WFCAM with and without the skysubtraction applied

• Destripe: the readout electronics for the VIRCAM detectors introduce a low-
level horizontal stripe pattern into the background. Every exposure yields a
different pattern, but groups of four detectors, readout through the same IRACE
controllers, have the same pattern on a given exposure. This means there a great
deal of redundancy when it comes to estimating the stripe pattern. WFCAM
shows a similar pattern, but with a different symmetry due to the detector
properties.

• Jitter stacking: infrared detectors often have large numbers of cosmetic defects
implying infrared imaging is invariably done in a jitter mode, whereby an
observation of a region is broken up into several shorter exposures and the
telescope moved slightly between them. At this point in the reduction the jitter
series is shifted and combined to form a single image stack, using positions of
detected objects on all the detectors to compute the shifts. This allows bad pixel
regions in one exposure to be rejected in favour of good pixels in other exposures.

Two corrections not discussed above and not implemented for either VIRCAM
and WFCAM are: a fringe correction which is at a very low level for both
instruments and is automatically dealt with during sky subtraction, and a crosstalk
correction which is very significant in WFCAM (and very hard to remove without
compromising the images), and not seen with VIRCAM. We also looked for
evidence of persistence, which manifests itself as a glow on a detector where a
bright object was recently observed. For both the WFCAM and VIRCAM detectors
this turned out to be a very small and unpredictable effect which only occurred
when extremely bright stars (which are rare) are observed. In practice this effect is
negligible and is therefore ignored during pipeline processing.
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Fig. 2 The cumulative
density function of VIRCAM
WCS rms values on each
filter for all chips, using seven
nights of science verification
data from Oct 2009. For each
filter the number of chips
used, median and 10 and 90%
quantiles are shown
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3 Astrometric Calibration

The astrometric solution for each image taken with VIRCAM or WFCAM is derived
from 2MASS. The WCS distortion model used for both instruments is based on the
ZPN projection. For a purely radial distortion, this relates the true on-sky radial
distance from the optical axis to the measured radial distance in the focal plane in
the form:

r 0 D k1r C k3r3 C k5r5 C : : : (1)

where k1 is the plate scale at the centre, and k3, k5 etc describe the distortion
relative to the angular distance on the focal plane. For WFCAM, k5 is negligable.
For VIRCAM k1 D 0:3413 arcsec/pixel (i.e. 17.065 arcsec/mm) and in angular
units the distortion coefficients are given quite accurately by k3=k1 D 44 and
k5=k1 D �10300 (using angular measures in radians). Higher order terms are
negligible. After distortion correction the residuals from individual detector linear
fits can be used to monitor the quality of the 2MASS-based astrometric solution
which has a rms of around 80 milliarcseconds for both WFCAM and VIRCAM,
dominated by the 2MASS errors (see Fig. 2).

4 Photometric Calibration

The photometric calibration, like the astrometric calibration, is derived from
2MASS, following the methods outlined in [2]. The unsaturated 2MASS stars that
are observed in every VIRCAM/WFCAM exposure can be used to derive a single
photometric zeropoint for every image (after correcting the 2MASS photometry into
the appropriate observing filter system, see Fig. 3).
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Fig. 3 Hess diagrams to show the measurements of VISTA-2MASS colours for data taken on
clear nights in regions of low reddening. The blue lines show the colour equations currently in use

Stacking 2MASS zeropoints over long timescales allows us to measure residual
spatially-dependent illumination corrections in the data and, for WFCAM, to reach
accuracies of 2% in ZY and 1.5% for the JHK bands. With VIRCAM, the
illumination corrections look significantly smaller, and we are currently quanitfying
the accuracy of the calibration. Obvious benefits of this strategy include a reduction
in the observing time required to monitor photometric standards, and the ability
to recover the calibration for data taken through thin cirrus. A caveat is that
the photometric calibration becomes less robust for regions of extremely high
reddening, though this is a relatively small fraction of the sky.

In addition to astrometric effects the change in scale as a function of radius
also creates photometric complications. The aim of conventional flatfielding is to
create a flat background by normalising out perceived variations from uniformly
illuminated frames. If the sky area per pixel changes then this is reflected in a
systematic error in the derived photometry. However, since it is much simpler to
deal with “flat” backgrounds, this problem is either usually ignored or corrected
during later processing stages, together with other systematic photometry effects.
The amount of photometric distortion amounts to a 3.5% effect at the edge of the
field for VIRCAM, and 1.2–1.7% (wavelength-dependent) for WFCAM.
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5 From Pawprints to Tiles

A standard VIRCAM tile image is made up from 6 stacked pawprints each
containing 16 detector-level images. The sky level on all 96 component images is
adjusted to the same level and the components are then projected (drizzled) onto
a single Tangent Plane WCS image. During the projection the pixel intensities
with respect to sky are adjusted to account for the spatially-dependent photometric
distortion within the original ZPN pawprints. Thus no additional photometric
distortion correction is necessary for tiled products with VIRCAM (This is not
the case for WFCAM where the final products are pawprint based, because the
overlaps are not required to achieve full survey depth). Creating tiled images in this
simple way has the advantange of preserving edge structures and other artefacts to
aid in visual inspection of, say, candidate rare objects and enables most large scale
structures to be retained for further investigation (Fig. 4).

The drawback from a catalogue generating point of view is that edges between
detectors can often introduce spurious structures and also subsequent spurious
objects in the catalogues. For more reliable catalogue generation from tiles we pre-
filter each stacked pawprint image using a nebulosity filter (see below) to remove all
structure on scales of 30 arcsec and over. This filter is also fairly adept at reducing
edge effects between pawprints. These filtered images are tiled in exactly the same

Fig. 4 VIRCAM comprises 16 2k � 2k Ratheon detectors, each with a Field of view of 11:6 �
11:6 arcmin. 6 pointings are required for continuous uniform coverage. A single pointing is called
a pawprint (it made sense when we had 4 array devices with WFCAM), and 6 make a tile with a
combined field of view of 1�1.5 deg
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Fig. 5 The image shows the systematics in photometry arising from a standard VISTA 6 pointing
tile. The systematics vary from 0% in the centre (dark) up to 3% toward the corners (light)

way as previously but since the background is guaranteed to be completely flat for
each detector image, the resulting tile image is much more uniform, since it is by
design devoid of any large-scale background structure. The tile catalogues are then
created from these images (Fig. 4).

Each detector potentially has a different PSF and together with the varying seeing
conditions that can happen during the observation of a tile this means that there are
normally 96 different PSFs which contribute to a single tile (some of which are
combined in the overlap areas). In order to compute the corrections for the aperture
fluxes we assume that the PSF does not vary across the tile. This will inevitably
introduce spatial photometric distortions at the level of at least 1–2% over the tile,
and we are currently investigating ways of correcting this for VISTA tiles (Fig. 5).

6 The Nebuliser

Traditional methods for source detection first model the background with a single-
pass smoothly varying map. Sources are then detected as significant connected
pixels above the local background estimate (see e.g. [1,3]). This works well for most
of the sky, however in regions of bright, spatially-varying nebulosity, traditional
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Fig. 6 Spatially splitting the WFCAM image of M17 (left) into small-scale features (the stars,
centre) and large-scale features (the background and nebulosity, right) using iteratively clipped
non-linear filtering

background following is insufficient, even after increasing the resolution of the
background map. An example of such a region is illustrated in Fig. 6, which shows
WFCAM K-band observations of M17, taken as part of the UKIDSS Galactic Plane
Survey. To handle such data we are using a new aproach, nicknamed the Nebuliser
[4]. The Nebuliser works by constructing a non-linear iteratively smoothed version
of the image, which attempts to decouple objects from background on the basis of
their spatial frequency and hence generate a usable background map. The results of
running the algorithm on the M17 data are shown in Fig. 6

The algorithm is also extremely useful in the construction of tiles (see above).
The code for this algorithm is now available to the community in the CASUTools
package, which can be obtained from our website.2 For more information and
additional support, please contact us via email.3
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Properties of Star Clusters Found
and Investigated by Data from Large Surveys

Elena V. Glushkova, Sergey E. Koposov, Ivan Yu. Zolotukhin,
and Ramakant S. Yadav

Abstract An automated method capable of searching for star clusters in large
surveys has been applied to J , H , Ks data from 2MASS catalog. Totally, we found
and verified 168 new clusters; for 142 of them, we evaluated ages, distances and
color excesses using photometric data from the 2MASS and UKIDSS surveys. Most
of new clusters are older than 100 Myr and have distances within the range 1–4 kpc.
26 newly discovered objects are embedded clusters. An independent check against
UBVI photometric data obtained at a 104-cm Sampurnanad telescope demonstrated
a very good agreement of our results with these observational data. Some known, but
doubted or poorly studied clusters were also investigated using the 2MASS catalog.

1 Introduction

Some literature estimates put the total number of open clusters in the Galaxy at 105.
But 2095 clusters only were cataloged by Dias et al. in the latest version of their
catalog http://www.astro.iag.usp.br/�wilton. That is why the task of searching for
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new clusters seems to be promising. As most open clusters are concentrated near the
Galactic plane where extinction by interstellar dust is most severe, then the search
of infrared surveys should be most perspective. We performed such an investigation
using JHKs data from the 2MASS point source catalog by an efficient automated
method of searching stellar catalogs for star clusters of various radii. To decide
whether stellar groups detected by our method are real star clusters, we extended
our technique with a special verification method. The results of this investigation
have been published in two papers and on the special web site http://ocl.sai.msu.ru.

2 Discovery of New Clusters and Their Properties

Shortly, the method of searching is based on the convolution of cataloged density
maps with the filter of a special shape. In this case, a flat or even slowly changing
background produces a zero signal, whereas concentrations of stars exhibit a high
signal. We detected 11186 overdensities with the significance level of more than
4.5 � in the region of Milky Way within the interval of the galactic latitude
�24ı < b < 24ı. All these overdensities were checked with a special verification
procedure, and it was demostrated that most of them are not real clusters, but
fast background variations especially in the direction of the galactic center. The
verification procedure implies building the Hess-diagram for every overdensity peak
and then fitting an isochrone to .J; J � H/ diagram in such a way that the radial
density distribution for stars lying on the isochrone shows a noticeable concentration
toward the center, whereas the distribution for all other stars is almost flat. We
verified 168 new clusters among those 11186 overdensities. The known objects have
also been found: we detected and identified 565 open and 114 globular clusters.

So, 10339 overdensities turned to be nonclusters. However, this pattern may
contain real clusters – we simply could not verify them, because they are in the
region where the background varies too quickly, especially in the direction of the
galactic center. The second reason for which we cannot confirm all real clusters
from the list of overdensities is the magnitude limit (about 16m in J -filter) of
the 2MASS catalog. We could not fit isochrones and verify a number of clusters,
because only the upper part of their main sequence or red giant branch can be seen
in color-magnitude diagrams. If one uses the deeper survey UKIDSS GPS, then
one may confirm more clusters. The limiting magnitude in the J -filter is greater
by approximately 3:5m for UKIDSS GPS than that for 2MASS. For example, in
Fig. 1, the color-magnitude diagram for SAI 50 is shown. This CMD was built with
data from UKIDSS GPS and is reduced to the red giant branch only. If we cut this
diagram at the 16m which corresponds to limits in 2MASS, we will not detect any
cluster here. We investigated 22 cluster candidates found with data from 2MASS in
UKIDSS GPS. The reality of nine clusters has been confirmed, and we derived their
parameters such as the age, distance and color-excess. Four of these nine objects
can not be confirmed as real clusters using 2MASS data only.

http://ocl.sai.msu.ru
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Fig. 1 Color-magnitude
diagram of the new cluster
SAI 50 built with data from
UKIDSS GPS

Among our new clusters, 26 are embedded clusters. As a rule, they can not be
seen in visual passbands. Unfortunately, we could not fit isochrones for such clusters
and find their parameters.

For all other new clusters, we fitted isochrones and found their main parameters:
the age, distance to the cluster and extinction to the cluster direction. In Fig. 2, we
see the distribution of the clusters in the projection onto the galactic plane. The clear
lack of clusters in the direction to the galactic center should be attributed to the dis-
cussed impossibility to distinguish a real stellar concentration from rapid variations
of the background. Most of the newly discovered clusters are situated at distances
ranging from 1 to 4 kpc from the Sun. The sample is complete for open clusters
closer than 800–1,000pc. That is why we did not search for such objects. More
distant clusters can be detected, but cannot be verified with data from 2MASS only.

It is clear that most of the new clusters are old ones or clusters of moderate ages
with log.t/ > 8:0. The reason for that is pretty simple: all young and bright clusters
have already been discovered.

As a by-product of our work with data from 2MASS, we confirmed the reality
of 14 open clusters known earlier but labelled doubtful (according to the Dias et al.
catalog) and evaluated their parameters.
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Fig. 2 Distribution of new clusters projected on the galactic plane

3 Verification of New Clusters by Optical Observations

Most of new clusters are poor or projected against a rich background and can not
be detected “by eye”, but we may confirm them by our procedure of verification. In
addition, we are carrying out optical observations of a number of the new clusters
at different sites, in particular, at the 104-cm Sampurnanand telescope of ARIES
institute in India. At this site, we obtained UBVI CCD data for 6 new clusters.
Using these data, we derived ages, distances, color excesses and metallicities of the
clusters. Figure 3 shows the isochrones fitted to color–color and color-magnitude
diagrams for cluster Koposov 12 built using optical UBVI data and JHKs data from
2MASS. In the Table 1 the comparison of the parameters derived by 2MASS data
only and by UBVI CCD are shown. The accordance is quite good for less distant
clusters: 5% for Koposov 12 and 20% for Koposov 53, and there is a noticeable
difference of 50% for the more distant and poor cluster Koposov 77. For Koposov 12
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Fig. 3 Color–color and color-magnitude diagrams with fitted isochrones for cluster Koposov 12

Table 1 Comparison of the cluster parameters derived from optical data with those obtained with
2MASS data
Name E(B-V) Dist, pc log(t) Z E.B � V /K DistK log.t/K

Koposov 12 0.53 1950 8.65 0.008 0.30 2050 8.90
Koposov 53 0.40 4250 7.90 0.008 0.34 3450 <8.50
Koposov 77 0.63 3400 9.35 0.004 0.57 1750 9.65

and Koposov 53, we also investigated their mass functions with optical data and
calculated their proper motions using UCAC 3 catalog.

4 Conclusions

We performed an automated search of star clusters in the 2MASS catalog and
found 168 new clusters. Their parameters have been evaluated by JHKs data from
2MASS and UKIDSS GPS. Most of the new clusters are situated at the distances
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ranging from 1 to 4 kpc from the Sun, have diameters from 1 to 10 arcmin, and
their ages are greater than 100 Myr. Many new clusters can not detected “by eye”,
but we could verify them using a specially developed method and UBVI CCD
observational data.

Acknowledgements 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 Science Foundation.
This work is partially based on data obtained as part of the UKIRT Infrared Deep Sky Survey.
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Developments of the Open Cluster Database
WEBDA

Martin Netopil, Ernst Paunzen, and Christian Stütz

Abstract The database WEBDA offers a significant amount of data concerning
open clusters. It is intended to provide a reliable picture of the available data and
knowledge on open clusters and to offer a wide access to the existing observations
for professional as well as amateur astronomers. It includes astrometric data in the
form of coordinates, rectangular positions, and proper motions, photometric data in
the major systems in which star clusters have been observed, but also spectroscopic
data like spectral classification, radial velocities, and rotational velocities. It also
contains miscellaneous types of supplementary data like membership probabilities,
orbital elements of spectroscopic binaries, and periods for different kinds of variable
stars. We present the upcoming new interface and tools, which are needed to
visualise and analyse the increasing amount of data from wide field imagers, all-
sky surveys, and deeper investigations. Furthermore, we discuss the prospects of
WEBDA in the era of large sky surveys and its extension to star forming regions as
well as stellar associations.

1 Introduction

The potential of astronomical archives and databases is enormous, but sometimes
underestimated. The efficiency of the scientific output can be significantly increased
by using archives and catalogues. Not only does one avoid duplicity of work,
but they also provide collections of data, which in their sheer quantity cannot be
gathered by one researcher or group on his own.

The amount of published data is huge and is still growing annually with the
employment of the CCD technique and the use of more efficient instruments at
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larger telescopes. This includes observations, theoretical data (e.g. stellar atmo-
spheres, isochrones, atomic data), but also all kinds of catalogues. However, these
data are reduced and calibrated in different ways by the different authors. So, one
has to be cautious, if applying data without a critical assessment of the used methods
and reduction algorithm.

It is essential to have several sets of photometric and additional data (e.g.
membership probabilities and proper motions) available for a significant number
of star clusters. Currently, the only valuable database in this respect we know
is WEBDA. It is accessible via a web-interface,1 which has been developed at
the former Institute for Astronomy at the University of Lausanne (now EPFL),
Switzerland by Jean-Claude Mermilliod [2]. Since the 1st of October 2005 we
are maintaining and developing WEBDA on the WWW-Server of the University
of Vienna.

The database is intended to provide a reliable picture of the available data and
knowledge on open clusters and to offer a wide access to the existing observations
for professional as well as amateur astronomers. WEBDA offers astrometric data
in the form of coordinates, rectangular positions, and proper motions, photometric
data in the major systems in which star clusters have been observed, as well as
data originating from spectroscopy, like spectral classifications, radial velocities,
and rotational velocities (see Table 1). It also contains miscellaneous types of
supplementary data like membership probabilities, orbital elements of spectroscopic
binaries, and periods for different kinds of variable stars. About four million
individual measurements of objects, data for more than 1,000 open clusters, are
already included in the database. Finally, a whole set of bibliographic references
allows the community to easily locate the relevant publications for each individual
cluster.

2 The Past

The DataBase for Stars in Open Clusters (BDA) has been developed since 1987. In
the year 1995, the extensive collection of observational data covered already about
100 000 stars in some 500 NGC, IC, and anonymous clusters. Maps for about 200
clusters were already scanned and included in the database.

The database contained at that time about 6,000 files and its size was about
35 MByte. Due to its specific structure, it was more convenient to have a copy
installed on a local workstation. It was maintained on a Sun Sparc workstation, but
copies were also available for DEC stations from the Meudon observatory in Paris.

The database has been planned not only to store data, but also to offer a
versatile working environment covering many aspects of the study of open clusters.
It provided facilities to compare the data and to plot photometric diagrams.

1http://www.univie.ac.at/webda.
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Independently of the application software proposed, the main utility of the database
was prioritised to bring the extensive data collection into a uniform numbering
system, which allows to compare different datasets easily.

It was not only organized as a traditional relational database management system,
but also as an advanced file management system. Clusters instead of stars formed
the basic unit of the database. The structure, designed to provide a natural working
environment, uses the directory hierarchy supported by the Unix system. Each
cluster defined an independent directory identified by its name, containing the
available data in distinct files. The records in the various data files have the same
structure: star identification, source, data. They were organised sequentially and
compressed. The entries are sorted by star number and source reference. The
commands executing data requests presented a Unix style, with several options.
Their names were identical to the data type they handle.

Finally, in 1997 the WWW version of BDA was made available on-line under
the name of WEBDA.

3 The Present

The efficient and successful structure of the database is still the same as developed
in 1987. Around 100 individual worldwide accesses and data retrievals per day and
about 600 publications referring to WEBDA within the last 11 years demonstrate
the acceptance of the database within the scientific community.

Technically, WEBDA is located on the WWW-Server at the University of Vienna.
This guarantees a high bandwidth and an excellent availability. The current version
of WEBDA is based on cgi scripts using Perl within a frame layout. Furthermore,
the waiving of Browser Plug-ins like Java-Applets and the server-side preparation
of live data, allows easy and fast access to all available data, on all platforms with
all common browsers, even if using lower Internet bandwidths.

The complete database with all archived data, scripts, tables, bibliographic files
and maps has currently a size of 650 Mbyte.

The database engine WEBDA is a relational database built upon the package
“/rdb” developed by [1], which is a high performance relational database manage-
ment and application development system designed for Unix environments. With
the implementation on the new server in Vienna, several additional commands from
the Starbase 3.2.3 environment are also in use.

The Plot-routines are mainly based on Gnuplot 4.2.4 with some additional
programmes written in the GD Graphics Library, which is part of the local Perl
environment. The graphic files are prepared on the fly in the .png format. All these
packages are Open Source, available for widely different Operating Systems with a
large developing community.

The database is in a dynamic growing process as new data are published and
included. Table 1 lists an excerpt of the content of WEBDA based on the status
from the 25th of September 2010. In Fig. 1 one can see the number of clusters
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Fig. 1 The number of clusters included in WEBDA, studied in the major photometric systems.
We considered only clusters with more than 20 stars observed

observed in the main photometric systems. If considering only clusters with more
than 20 stars observed, in total about 650 different clusters are covered. A further
restriction to CCD data only, whereby one can expect a deeper investigation, not
much more than 400 individual clusters remain. Hence, sky surveys, especially those
concentrating on the galactic plane, are providing a valuable contribution to obtain
a more profound picture.

4 The Future

The published data in the research area of open clusters are growing almost expo-
nentially in the last years (see e.g. Fig. 2). Unfortunately, the quality of the published
data is not always satisfactory. This includes e.g. a not correct consideration of
bad CCD lines/columns, resulting in additionally identified “wrong” stars, but
more often an apparent wrong standardisation of the photometry. Since the main
philosophy of WEBDA is “Quality instead of quantity”, the published data are
not just included in a “copy and paste” way. The inclusion of new data and the
inevitably following quality assessment are still carried out manually with the help
of semiautomatic tools. In the scope of the ongoing development of the position
and coordinate assignment routines and the user interface (see below), also fully
automatic on demand quality assessment and maintenance routines are developed.

Another important point is the data mining of published and especially unpub-
lished data, which are not yet included in the database. “Unpublished” data in
this respect are results and data listed in a thesis and/or conference proceedings
(e.g. American Astronomical Society Meeting) which were never published in a
peer-reviewed journal. Starting point for the data mining is the highly efficient
Smithsonian/NASA ADS service, which allows sophisticated queries in three large



58 M. Netopil et al.

Fig. 2 The increase of stars in WEBDA during the last years in some major photometric systems

bibliographic databases. The results can then be cross checked with the bibliography
of WEBDA to find the missing references and data.

The availability of large surveys like SDSS or IPHAS, but even data from
individual studies using e.g. wide field imagers are causing problems to represent
the data still in a meaningful manner. Hence, new plotting routines are needed, what
regards especially to colour-magnitude diagrams, where a restriction to specific
colour ranges or diameters can be often necessary (see Fig. 3). An example of such
a new plotting routine, to be under way, can be found in Fig. 4. Additionally, also
the chart plots and the tool to compare different datasets will be improved, to offer
new capabilities with a more user-friendly interface.

Looking at the content of WEBDA (Table 1) it is obvious that it includes about
a factor of two more rectangular positions than equatorial coordinates. To close this
gap, the following tasks will be performed:

1. Transform B1950 into J2000 coordinates
2. Average equatorial coordinates
3. Transform rectangular positions into equatorial coordinates and vice versa
4. Find bad columns/rows and ghosts, wrongly identified as true stars in the

literature, with the help of IRAF routines
5. Find misidentified objects across different data sets

• Apply known proper motions to the objects
• Check known magnitudes and colours for duplicate entries
• Simple pattern recognition analysis

6. Documentation and publication of the original as well as revised identifica-
tions/coordinates together with all transformation coefficients/errors

With the help of the cleaned datasets and then available equatorial coordinates for
all objects, further data can be easily integrated such as those from catalogues and
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Fig. 3 The colour-magnitude diagram and plotted isochrone taken from WEBDA for the open
cluster NGC 6253 using the data by [3]. It is obvious that new plotting routines are needed to
present such large datasets still in a meaningful manner

all-sky surveys, for example UCAC3, 2MASS, SDSS, or IPHAS, only to mention
a few.

As a next step, star forming regions and stellar associations will be included in
the same manner as open clusters. This can be easily done on the basis of existing
catalogues of these aggregates.

With the success of the AstroGrid environment, it becomes obvious to transform
the WEBDA database into a Virtual Observatory (VO) compatible format. The
technical transformation of the present content into the VO format is rather easy,
since there is only a need to generate XML tables from /rdb ones. But to keep
the current quality standards as they are, and to find common identifiers is not
a straightforward process. However, for an efficient use of the comprehensive
capabilities of VO, the aforementioned transformation to equatorial coordinates
for all included objects is required. Still, numerous recent publications provide
rectangular positions only. Furthermore, for more than 100 open clusters no single
star with an equatorial coordinate entry is available in WEBDA. Therefore, also
rather time consuming identifications by eye and a comparison to e.g. UCAC3 is
necessary to close this gap.

Parallel, the WEBDA user interface still has to be maintained and developed. As
mentioned before, all available data can be accessed without preparing the client
side in any other way than installing some web-browser. The VO Project does not
intend to reach this state at any point in the future. A challenge for the future will be
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Fig. 4 Screen shot of the future isochrone plotting routine in WEBDA, to be under way, applied
to data of NGC 7790 by [4]. One will be able to restrict the display to specific colour/magnitude
ranges, but also to diameters. Furthermore, errors of the given cluster parameters can be displayed,
in this case the error in age

the on demand analysis of the ever growing amount of data. Since WEBDA manages
with very little cross reference tables, we are in an excellent position to cope with
the expected accretion of data. Already the database engine is fast enough to service
requests on the webserver quicker than the time required to receive the data and to
display the webpage containing the results. However, it will become increasingly
important to visualise primarily relevant datapoints. Thus, intelligent and intuitive
filter routines have to be generated. Most pleasantly, this will concurrently also
reduce the amount of the transfered datastreams.
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Inferring Stellar Properties Using Colours,
Parallaxes and an HRD Prior

Coryn A.L. Bailer-Jones

Abstract Stellar parameters – effective temperature, metallicity, interstellar extinc-
tion etc. – are typically estimated from a spectrum or multiband photometry.
I outline a probabilistic method for estimating stellar parameters which uses not
only the spectral energy distribution but also the apparent magnitude, parallax
(if available) and the strong constraints provided by the Hertzsprung–Russell
Diagram. This (a) improves the accuracy and precision over use of just the spectrum,
and (b) ensures that the inferred parameters are both physically realistic and are
consistent with the distance, apparent magnitude and stellar physics. The method
provides full covariate probability distributions over the parameters, i.e. it provides
not just parameter estimates but also confidence intervals and the correlations
between the estimates. The latter is particularly important given the degeneracies
between some parameters, such as temperature and extinction. These degeneracies
are shown to be reduced by use of this method. Here I provide a short summary of
the method and show some results of its application to 85 000 Hipparcos–2MASS
stars and to the Hyades clusters. A full description and further results can be found
in Bailer-Jones (Mon. Not. R. Astron. Soc. arXiv:1009.2766, 2011).

1 Introduction

If we are lucky enough to have high resolution spectra of stars, then we can
normally measure their parameters with some precision. But obtaining such detailed
information on a large number of stars (107 or more) is currently out of the question,
and we have to resort to low resolution spectroscopy or multiband photometry.
This is the case with surveys such as SDSS, Pan-STARRS and LSST (five band
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Fig. 1 HRD prior. The colour scale shows log P.MV; T / normalized to have zero at its maximum.
Unoccupied areas are shown in white

photometry), and Gaia (very low resolution spectrophotometry). The parameter
accuracy we can achieve with such data alone is limited.

What other information is available to help improve performance? The
Hertzsprung–Russell Diagram (HRD) describes the location of stars in the .MV; T /

(absolute magnitude, effective temperature) plane, and for virtually any stellar
population it is very sparsely and non-uniformly populated (see Fig. 1). That is, a
priori we can place strong and plausible constraints on the relative probability of
different combinations of the stellar parameters.

Stellar parametrization in large, deep surveys faces another problem, namely
interstellar extinction (AV). In principle this can also be estimated from the
photometry, but it is frequently degenerate with Teff (see Fig. 2, explained further
in the next section). This problem is sometimes ignored in survey projects by
assuming that the stars have negligible extinction (e.g. at high Galactic latitudes), or
by using an extinction map. The first solution is inadmissible for surveys near the
Galactic plane or near molecular clouds, and extinction maps often have low spatial
resolution or are not three-dimensional (they may only give the integrated extinction
to the edge of the modelled Galaxy).

Extinction is a major issue for the all-sky Gaia survey. Yet herein also lies an
opportunity. Gaia will measure positions, parallaxes ($) and proper motions with
an accuracy of up to 10 microarcseconds for almost all 109 stars in our Galaxy
brighter than G D 20. It will also obtain low resolution optical spectrophotometry
and apparent magnitudes in the G band (a “white-light” band much broader than



Inferring Stellar Properties Using Colours, Parallaxes and an HRD Prior 65

0
1

2
3

0
1

2
3

0
1

2
3

4500 5500 6500 4500 5500 6500 4500 5500 6500 4500 5500 6500 4500 5500 6500 4500 5500 6500

Effective temperature, T / K

E
xt

in
ct

io
n,

 A
0 

/ m
ag

Fig. 2 Posterior probability density function (PDF) from the p-model (colours only) over 18 stars
with 6 different true temperatures (columns) and three different true extinctions (rows). Three
contours are shown for each star, enclosing 90, 99 and 99.9% of the total posterior probability. For
comparison, the true parameter values are shown with the red cross

the V band). If we knew AV then we could estimate the absolute stellar magnitude
(MV), a fundamental stellar property, via the relation

V C 5 log $ D MV C AV � 5: (1)

However, we also have to estimate AV from the data. How can we do this?

2 Method

The solution is to approach the problem probabilistically. Where we have noise
we have uncertainties; these are best represented by probability density functions
(PDFs). The Bayesian approach allows one to include all available information
as PDFs in a self-consistent manner, and to propagate these PDFs through the
calculation to provide not only parameter estimates but confidence intervals on these
estimates.

Let us consider the problem of estimating just the two parameters � D .AV; T /.
We have three pieces of information:

1. The spectrum (p), which constrains T and AV

2. The quantity q D V C 5 log $ , which constrains MV C AV from (1)
3. The HRD, which constrains MV and T (Fig. 1)

The goal is to determine P.�jp; q/. The spectrum we can predict given � using a
forward model, which is the result of a fit to a set of labelled data [2]. This is the
“training” phase in machine learning speak. Combined with a suitable photometric
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noise model, the forward model provides P.pj�/. Adopting a noise model for
the apparent magnitude and parallax measurement allows us to write item (2) as
P.qj�; MV/. Applying Bayes’ theorem we can then arrive at an expression for
P.�jp; q/ in terms of these quantities. It involves marginalizing over the unknown
MV to give a (non-parametric) two-dimensional PDF over � for given measurements
p and q.

3 Demonstration and Application to 85 000 Hipparcos–2MASS
Stars

This method has been tested by using it to estimate AV and T for 5280 FGK stars
with known “true” parameters using BVJHK photometry and Hipparcos parallaxes.
These data are derived from a set of 880 stars with T estimated from high resolution
spectroscopy by [4], to which I have applied artificial reddening to provide variance
in AV. First I use just the four colours to determine P.pj�/ for each star and
take the mean of this distribution as the parameter estimates (the p-model). The
parameter accuracy (mean of absolute residuals) is 5.5% in T and 0.3 dex in AV. The
probabilities of different solutions for these parameters for 18 example stars were
shown in Fig. 2. Note the significant degeneracy between the parameters. When
introducing the parallax, apparent magnitude and an HRD prior (to give the pq-
model), these errors are reduced to 3.5% and 0.2 dex respectively, an increase in
accuracy of around 40%. (We can also apply the method using just the colours and
HRD prior but no measurement of q. Even this improves accuracy by 13% over the
p-model.) Posterior probability distributions from this model are plotted in Fig. 3.
Note how much smaller the confidence ellipses are, which reflects the increase in
the precision of the parameter estimates.
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Fig. 3 Posterior probability distribution for the pq-model (i.e. including the HRD prior, parallax
and apparent magnitude) for the same stars as shown in Fig. 2
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Fig. 4 HRD for the Hipparcos–2MASS stars derived from the p-model (left) and pq-model (right)
shown as a density plot (achieved via smoothing with a Gaussian kernel). The number of stars per
unit area is normalized to a value of 1.0 at the maximum density (separate normalization in each
plot)

Fig. 5 The mean extinction (AV) from the pq-model along the line of sight to the Hipparcos stars,
plotted in Galactic coordinates

I then applied the method to a set of 85 000 Hipparcos stars for which I obtained a
reliable astrometric cross match with 2MASS (to give BVJHK photometry), but for
which the “true” parameters are unknown. Many of these stars (42%, it turns out)
are not FGK stars, so their parameters cannot be estimated reliably by this method.
(I identify these stars by their inferred PDF peaking at or very close to the edge of
the parameter space.) Once we have estimated AV and T we can estimate MV (or
rather a PDF over it) from (1) and so plot the stars in an HRD: see Fig. 4. These are
discussed in more detail in [1]. As the Hipparcos sample covers the whole sky, we
can also combine the individual extinction measurements to produce an extinction
map; a 2D map is shown in Fig. 5. The median distance to these stars is 170 pc (90%
have distances between 40 and 730 pc).
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Fig. 6 HRD for 137 Hyades stars with parameters determined using colours, parallaxes and
apparent magnitudes. Individual stars are coloured according to their estimated extinction, AV

As an additional test, I identified 137 stars in my sample in the list of 218
Hipparcos Hyades members from [3]. The HRD diagram (pq-model) for these
objects is plotted in Fig. 6. As expected, the majority of these have very low
extinctions, yet a significant number of the cooler stars have relatively large
extinctions. Further investigation of this is beyond the space available in this paper.

A catalogue of parameter estimates (plus uncertainties) from both the p-model
and pq-model for 46 900 stars is available online1 or from CDS, Strasbourg. More
results and discussion of the method can be found in [1].

4 Why You Shouldn’t Use Conventional Methods

I finish this brief article with some arguments against using conventional machine
learning methods (e.g. neural networks, support vector machines) for estimating
stellar parameters. By “conventional” I mean multidimensional, nonlinear regres-
sion algorithms which attempt to model the parameters as a function of the input
data, i.e. fit a function f .�jp/. These methods can give overall good performance
in some applications – and I have published work using them – but here are some
drawbacks

1http://www.mpia.de/homes/calj/qmethod.html.
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• f .�jp/ is an inverse function and so may not be unique. Especially at low
spectral resolution or low SNR, a single p may correspond to a broad range
of �, or even isolated islands of parameter space.

• This function is likely to be cumbersome and difficult to fit when p is heteroge-
neous, i.e. includes not only colours/fluxes but also a parallax or something based
on it.

• Support vector machines, neural networks and related methods are fundamentally
non-probabilistic for continuous parameter estimation, so they cannot recognise
degeneracies, multiple solutions or naturally deliver meaningful error bars.
(Techniques exist for forcing probabilities out of these methods, but these are
convenient fixes rather rigourous solutions.)

• These methods cannot naturally or explicitly include domain knowledge or
prior information. This could lead to inconsistent or non-physical solutions,
plus misses an opportunity to include additional information which could
improve performance. Probabilistic methods are much more flexible, for example
allowing a simple combination of independent solutions based on different pieces
of information.

• These methods are not robust to missing information: setting an input to zero
is not the same thing! With a probabilistic method, on the other hand, you can
usually marginalize over missing input data.

The only real advantage of conventional method is that they are generally much
faster, i.e. are cheaper.
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AstrOmatic Software in the Era of Large Stellar
Photometric Surveys

Emmanuel Bertin, Philippe Delorme, and Hervé Bouy

Abstract AstrOmatic software packages have been developed through the years
for processing and analysing large quantities of astronomical imaging data in
a consistent and fully automated way. I discuss the performance of the latest
generation of AstrOmatic software from the angle of wide-field stellar studies, and
present ongoing development efforts to overcome some limitations of the current
algorithms.

1 Introduction

The AstrOmatic software suite originated as a set of companion tools to the
SEXTRACTOR source extraction package. Since the first public availability of
SEXTRACTOR in 1995, a total of 10 packages have been released, dealing with
various aspects of the management of photometric data, such as image analysis,
calibration, and weighting. The companion packages have been developed in the
framework of several projects such as DeNIS [9], EIS [7], TERAPIX [4], EFIGI
[1], and more recently, DESDM [16].
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SEXTRACTOR and other AstrOmatic packages were originally meant to operate
at high galactic latitude, primarily for extragalactic surveys. Stellar imaging surveys
rely entirely on photometric and astrometric measurements done in fields with
a much wider range of source densities. Open cluster surveys are often affected
by contamination with nebulous features and halos around bright stars, especially
for wide-field instruments with refractive field correctors. Crowding, irregular
backgrounds, extended artefacts: this is not the environment SEXTRACTOR has
originally been designed for.

Nevertheless, over the past years, collaboration with stellar astronomers has
made it possible to implement certain features that make AstrOmatic software better
suited to photometric stellar surveys, while retaining processing efficiency and full
automation. In the following sections we present two examples of such experimental
(but already operational) software features: Point Spread Function (PSF)-fitting and
automated proper-motion measurements. In the conclusion, we draw a list of other
potential improvements to AstrOmatic software that are relevant to the processing
of stellar photometric surveys.

2 PSF Fitting

Contrary to more specialised packages such as DAOPHOT [18], SEXTRACTOR is
meant to deal with any kind of astronomical object, and therefore imposes very few
constraints on the shape of detected sources. In SEXTRACTOR, detection is based on
the principle of matched filtering and image segmentation [11], not on local peak-
finding. Moreover, the extraction engine must take a fairly conservative approach to
deblending overlapping sources. For instance, SEXTRACTOR identifies close pairs
of stars as elongated objects instead of actual blends of point sources. This makes
source extraction in crowded stellar fields unreliable.

To address this problem, an experimental PSF-fitting module has been added to
SEXTRACTOR; it has been used for several studies in various regimes of stellar den-
sity [6,8,13,14,17]. Given a point-source model, the module makes the assumption
that every detection is a point-source, or a group of point sources, and finds the com-
bination of point-source models that fits best (in the �2 sense) the data. Adjustable
parameters for each point-source are simply the flux and the two coordinates.

2.1 Modelling the PSF with PSFEX

The point source model (the local PSF) is derived at an earlier step of the
processing. The modelling of the PSF is managed by a separate package: PSFEX

(PSF Extractor)1, which uses a specific type of SExtractor catalogue as input.

1available at http://astromatic.net/software/psfex.

http://astromatic.net/software/psfex
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PSFEX starts by identifying detections that are likely to be point-sources, based
on heuristics such as finding the position of the stellar locus in a magnitude vs
half-light-radius diagram [12]. PSFEX models the PSF as a linear combination of
basis vectors (actually small images). The basis vectors are tabulated at a resolution
chosen to minimise aliasing, which makes it possible to recover the PSF even
in severely undersampled images. The vector basis may be the pixel basis, the
Gauss–Laguerre basis [15], the Karhunen–Loève basis derived from a set of actual
point-source images, or any user-provided basis. PSFEX fits the image of every
point-source ps with a projection on the local pixel grid of the linear combination of
basis vectors �b by minimising the �2 function of the coefficients cb

�2.c/ D
X

s

 
ps � fsR.xs/

X

b

cb�b

!T

Ws

 
ps � fsR.xs/

X

b

cb�b

!
; (1)

where fs is the flux within some reference aperture, and Ws the inverse of the
pixel noise covariance matrix for point-source s. R.xs/ is a resampling operator
that depends on the image grid coordinates xs of the point-source centroid:

Rij .xs/ D h
�
xj � 	:.xi � xs/

�
; (2)

where h is a 2-dimensional interpolant (interpolating function), xi is the coordinate
vector of image pixel i , xj the coordinate vector of model sample j , and 	 is
the image-to-model sampling step ratio (oversampling factor). PSFEX is able to
model smooth PSF variations by making the cb coefficients (1) themselves a linear
combination of polynomial functions of the source position within the image.

�2 minimisation is fast, but restricts the current modelling process to images with
noise in the Gaussian regime. The point-source selection and modelling process is
iterated several times to minimise contamination of the sample by image artefacts,
multiple stars and compact galaxies. An example of a variable PSF model derived
from an image with PSFEX is shown Fig. 1. More details about the working of
PSFEX can be found in [3].

2.2 Fitting Multiple PSFs to a Single Detection

PSF models are fitted to source images using non-linear �2 minimisation, based on a
simple error gradient descent. The fitting algorithm starts with adjusting the position
and amplitude of a single model, and examines the residuals of the fit to identify the
largest peak that lies away from that position by a fraction of the PSF Full Width at
Half Maximum. A new fit is then performed, which involves an extra PSF initially
located at the position of the residual peak. The process is iterated, and new PSFs
are progressively incorporated until the lowest PSF amplitude drops below some
fraction of the background noise or until a maximum number of PSFs is reached
(2–10 depending on the data and the science case). Figure 2 shows an example of fit
residuals on a star field after PSF-fitting.
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Fig. 1 Reconstruction of the
PSF at regular intervals over
the 1ı field of view of the
Megaprime imager, from the
CFHTLS “D4” field

Fig. 2 Example of multiple-PSF fitting on a star field. Left: original image data. Right: residual
image after all PSF models have been subtracted from the original data

3 Stellar Proper Motions

An increasing number of high quality, wide-field astronomical images are becoming
publicly available on archive servers. The time base covered by these data is now
exceeding 10 years, which makes it a very valuable medium to conduct Proper
Motion (PM) studies on large scales. Unfortunately archive data come unequally
calibrated, both for photometry and astrometry; this is a serious issue when trying to
combine data from different epochs, taken through different instruments and filters
and in various observing conditions.
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3.1 Astrometric Calibration with SCAMP

The SCAMP package2 [2] is the AstrOmatic tool for astrometric and photometric
calibration of astronomical images. SCAMP operates on SEXTRACTOR catalogues,
and has been designed from the start to derive a “global” astrometric solution
for several instruments at the same time, taking advantage of multiple detections
in overlapping exposures to improve relative accuracy. Early versions of SCAMP
would consider proper motions rather a nuisance. However it quickly became evi-
dent that the software could at the same time be used to directly generate catalogues
with relative proper motions computed for every source entering the solution.

Under favourable conditions, systematics in the relative calibration of ground-
based wide-field images can be kept at the level of a few milliarcsec (mas). At these
angular scales, Differential Chromatic Refraction (DCR) is often a dominant source
of disturbance for ground-based observations done through broadband optical
filters. Hopefully, SCAMP can correct for the systematic shifts with colour of stars
that have been observed in at least two different passbands, provided that the average
colour does not vary too much over the field of view (Fig. 3).
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Fig. 3 Correcting for Differential Chromatic Refraction (DCR) in SCAMP: the figure shows
residuals in the relative x and y positions of stars as a function of magnitude difference (colour
index) for two sets of MEGACAM exposures taken at relatively high airmass (� 1:6) through
different filters (P1 and P2). Regression lines define the colour-dependent correction applied by
SCAMP to correct for DCR

2available at http://astromatic.net/software/scamp.

http://astromatic.net/software/scamp
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3.2 Computing Proper Motions

Relative PMs are estimated after calibration and reprojection to a common coor-
dinate system, by fitting a straight line to the positions of the detections of every
source as a function of time. An example of a preliminary proper motion diagram
obtained with SCAMP from the dataset of Fig. 4 is plotted Fig. 5.

Deriving PMs that are consistent over large survey areas, when a substantial
fraction of the detected sources have significant proper motions, requires an iterative
approach in SCAMP: identify a set of objects with known PMs, or background
(extragalactic) sources at rest [10], correct all source coordinates for PMs calibrated
with respect to this set, recompute a new astrometric solution, and refine the initial

Fig. 4 Coverage chart, as generated by SCAMP, of a proper motion survey based on archive
data in the Pleiades region [5]. Polygons represent the footprints of 646 exposures taken over
11 years with the CFH12k, MEGACAM, SuprimeCam, and WFC instruments. The large disk in
the background is the imprint of 2MASS catalogue sources downloaded automatically from the
CDS server
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Fig. 5 Relative proper
motions computed by
SCAMP from the Pleiades
region archive data of Fig. 4.
The clump on the lower right
side is from stars in the
Pleiades group

proper motion estimates. This is a tricky task for deep surveys conducted in stellar
cluster fields, because of large coherent motions, high galactic extinction, and a lack
of unsaturated catalogued sources with reliable PM measurements. We are currently
developing heuristics to automatise the process in such demanding environments.

4 Conclusion and Outlook

Both examples above – although still somewhat experimental – illustrate our current
efforts to implement new features that will make AstrOmatic software a more pow-
erful tool for stellar cluster studies. Other improvements in SEXTRACTOR planned
for the near future will concern the background subtraction in crowded/nebulous
regions and adaptive deblending. On the astrometric side, and based on the wealth
of information gathered on various mosaic cameras over the past years, we plan on
offering the possibility to derive astrometric solutions by adjusting pre-computed
distortion models. This will make the results more robust in the most confused
sky regions, where the large fraction of source mismatches between overlapping
catalogues can cause “kicks” in the solution on the smaller scales.

Acknowledgements EB gratefully acknowledges the organisers of this symposium for offering
financial support, and for their patience and understanding as editors of these proceedings.
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Cluster Parameter Determinations
for Large Datasets

Tim Naylor

Abstract I review the current methods of extracting parameters from cluster
colour-magnitude diagrams, and compare them with the requirements for extracting
the new information available from the next generation of optical and infrared
sky surveys. I conclude that the basic statistical tools are beginning to emerge,
but that there are significant problems with optical pre-main-sequence isochrones
which will severely limit our ability to determine parameters for pre-main-sequence
populations. In addition we need better tools to use the information relating
background and foreground contamination which the sky surveys will provide.

1 Introduction

The new generation of sky surveys give us some remarkable opportunities, but also
some testing challenges for extracting astrophysical parameters from their colour-
magnitude diagrams (CMDs). The main advantages of these surveys for cluster
work are the very large number of clusters surveyed, the fact all the clusters are
observed in the same, well constrained photometric system, and that all the clusters
have large areas around them which can be used to measure fore- and background
contamination. If we can use these advantages to effect, we should be able to make
significant improvements in the measurements of age, distance, metallicity and mass
functions for these clusters. In addition we will be able to measure radial profiles and
examine mass segregation, though it is not clear these will be significantly improved
by the new data.

Modern CMD fitting tools, such as those discussed below have the potential
to give precise answers, in the sense that they yield small formal uncertainties.
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However, the accuracy of those answers, i.e. the degree to which they reflect the
true underlying parameters can be undermined by three factors.

(1) The photometric calibration. This offers two potential advantages for large
surveys. First how well the calibration is understood, which determines how
accurately we can move from the flux distributions of models to predicted mag-
nitudes. This involves understanding both the bandpass of the instrument, and
the photometric zero point. With the large surveys currently being undertaken,
both these are well characterised, giving us a significant advantage over work
undertaken by an individual observer over, say, the two weeks of a classical
observing run. However, its is almost certain that at the level of precision
we can achieve from the fitting tools will exceed the remaining systematic
uncertainties from either the calibration or the models. This brings us to the
second important advantage of large survey photometry, that the comparability
between clusters should be excellent, allowing us to be more confident of
differences in parameters between clusters.

(2) The isochrones themselves. As I shall show later, in some circumstances the
models are very poor fits to the data. In straight (frequentist) statistical terms
this is a major problem, as one must first fit the dataset allowing (at least)
the parameters of interest to vary. Then having obtained a good fit, one can
determine the uncertainties in those parameters. If the fit is not a good one (as
it often is not in isochrone work) one cannot make a determination of either the
parameters or their uncertainties.

(3) Finally, if working with purely photometric data, there will inevitably be some
contamination by non-members. The obvious way of dealing with this is to
estimate the background contamination, but as yet there is no general way
including this in the fitting methods, yet it is crucial if we are to remove any bias
it introduces, and to ensure our parameter uncertainties allow for the effects of
background contamination.

2 Fitting Isochrones to Colour-Magnitude Diagrams

An isochronal population of single stars in a CMD should lie along a line
represented by the isochrone. In principle this could then be fitted by a model, using
classical �2 fitting, which would then yield a quality of fit statistic, and uncertainties
in any parameters fitted. In practice there are two major problems with such an
approach. First, any real cluster population contains multiple stars, which smear the
sequence to brighter magnitudes. Second, the datapoints have uncertainties in both
colour and magnitude. The second issue can be dealt with, provided the curvature
of the isochrone is not too large, using an approximation which makes the problem
similar to that for fitting a straight line to data with uncertainties in both dimensions
[8]. (Interestingly the details of this approach have recently been revived [10] in
a method to use the density of stars along the isochrone as a fitting parameter.)
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However, the first issue cannot be addressed with �2 fitting. The traditional answer
to this problem has been to simply overlay a series of isochrones on the data, and
pick the one which appears to give the best description, and perhaps select two
extreme examples which might just fit the data to illustrate the range of a given
parameter. Clearly this method lacks in objectivity and the precise meaning of
the uncertainties is unclear. Crucially, however, for our purposes, it will clearly be
unsuitable for large numbers of clusters, due to its lack of automation.

The obvious line of attack for this problem is to bin datapoints into CMD
pixels, creating what is sometimes referred to as a Hess diagram. The values in
each pixel can then be compared with a model using Poissionion statistics. Such
a technique is widely used in extra-galactic work (see review [7]) and is also
successful when determining star formation histories for populations with relatively
smooth star formation as a function of time (e.g. [16]). The problem with applying
such a technique to an isochronal population is that these populations have a very
well defined, narrow, single-star sequence. Binning the data smears the sequence,
throwing away much of the potential for precision parameter determination. This
situation is exacerbated by the fact that the best samples for cluster work are often
spectroscopically selected, reducing still further the number of stars, and often
making binning impractical.

To solve this problem, one has to leave the data unbinned. There have been
various attempts to solve this problem by creating simulated CMDs, which have
a similar number of stars in them as the data, and then compare the distributions on
a point-by-point basis.

The best known of these is that of Tolstoy and Saha [27]. Whilst having the
advantage of leaving the data unbinned, such an approach has the disadvantage
that the model is now sampled in a sparse manner, compared with the binning
approaches, which can sample the model in a continuous manner.

There is now a new generation of methods which keep the data unbinned, and
compare it with a continuously sampled CMD generated from the model. The most
widely used for these for cluster work is probably my own 
2 technique [20, 21]
which in addition to our own work [13, 18, 20] has been used by several other
groups [3, 4, 15]. The basic philosophy of these techniques can be illustrated by
reference to Fig. 1. The colour scale in the background is the model, created by
simulating a cluster of a million stars, and then binning them onto a fine grid in
CMD space. Thus this represents the expected density of stars in the CMD. The
green circles enclose the error bars for the data. A minimalist version of 
2 (which
would not take the uncertainties of the datapoints into account) would consider
the values of the model at the position of each datapoint, and then multiply these
together to give a goodness of fit parameter. One can then conceive of varying
(say) the distance modulus by moving the colour scale up and down with respect
to the datapoints, choosing the best fit value as the highest value of the goodness
of fit parameter. There are two changes needed to make this into 
2. First one must
allow for the uncertainties by, for each datapoint, multiplying the model by a two-
dimensional Gaussian representing the uncertainties, and then integrating under the
resulting function. Second, rather than simply taking the product of these integrals,
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Fig. 1 An example of a 
2 fit
to main-sequence data. The
model is the colour scale,
which represents the expected
density of datapoints, and the
data are represented by
encircled error bars. In this
case the fit is in both distance
modulus (which moves the
model up and down) and age
(which moves the upper part
of the sequence left or right).
The data are for NGC6530,
and yield a probability that
the data are explained by the
model of 67%, an age of
5.5˙0.6 Myr and a distance
of 1.42 kpc with an
uncertainty (which is
dominated by systematics) of
2%. See [20] for details

one uses the sum of the twice the negative logarithms. This results on a statistic
which behaves in a very similar way to �2; indeed �2 turns out to be special case
of 
2.

There are two other methods in the literature which should give very similar
answers to 
2, given the similarity of their underlying mathematics, but this has yet
to be proved. Jørgensen and Lindegren [14] consider each star in the CMD, and ask
the question what range of physical parameters could produce a star at that point;
producing a likelihood distribution for that parameter (in Bayesian terms a posterior
probability distribution). The likelihood distributions for each star for a given
parameter can then be multiplied together to produce a likelihood distribution for the
whole cluster. A similar Bayesian approach has been taken for cluster parameters
by von Hippel and collaborators [6,28], and the underlying statistics (though not the
implementation) are the same for the Hernandez, Valls-Gabaud and Gilmore method
[9] of determining star formation histories for non-isochronal populations.

3 The Isochrone Models

The most serious problems with model isochrones are for pre-main-sequence stars
in the optical. Figure 2 shows the Pleiades, where the stars beyond about V � I D 2

are still in their pre-main-sequence phase. The cluster is known to be about 125 Myr
old from the I -band luminosity of the most luminous pre-main-sequence stars not to
show lithium depletion [26], and from fitting the upper main-sequence stars around
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Fig. 2 The V vs V � I colour magnitude diagram for the Pleiades, with various 100 Myr models.
(At V � I D 3 the models are, from top to bottom: SDF00, BACH98 and DAM97.) The data are
from the compilation of [25]. The isochrones are from [5, 24] and [1]

100 Myr [19] or more precisely perhaps 115 Myr [20]. However, as can be seen, all
the 100 Myr pre-main-sequence models lie below the sequence redward of V �ID2.
This problem is well known, and has been previously illustrated nicely for the
Pleiades [25] and is discussed in [1]. It is thought to be a problem with the opacities
in the optical, but it remains a significant limitation as (a) the largest separation of
the isochrones with age (and hence potentially the greatest sensitivity to age) is in
the optical and (b) using IR colours and luminosities can be problematic for pre-
main-sequence stars due to the presence of discs. The classical way of countering
this problem is to empirically correct the effective temperature – colour relationship,
but this destroys any ability to determine masses using the isochrone.

In [12] and [18] we assigned ages to clusters in a relative sense, using the fact that
the luminosity of the pre-main-sequence declines with age, but this does not give
sequences that can be used for fitting. Given that there seems to be little prospect of
the theory improving, it is clear that better empirical corrections must be determined
for fitting the pre-main-sequences in the large optical surveys.

4 Foreground and Background Star Subtraction

Both 
2 and von Hippel’s Bayesian method have only been used for samples which
are very likely to be composed entirely of members of their respective clusters, there
being no contamination from foreground or background stars. The reason for this
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is that any star which lies off the predicted sequence (and is presumably a non-
member) will return a probability of zero, which will then lead to probability for the
whole model of zero.

There is, therefore, a superficial intellectual attraction in a process which will
remove background and foreground stars from the CMD, leaving one with a clean
CMD to fit with the above tools. A commonly used method to attempt this is to
construct a CMD for a region of sky away from the cluster, which is representative
of contamination. One then removes from the cluster CMD the star which is closest
to each star in the “background” CMD [22]. More recently, more sophisticated
versions of this technique have been developed which divide the CMD into boxes
and then remove from the cluster CMD the same number of stars as are found in
a background box (e.g. [23]). “Boxless” versions of this examine the number and
location of near neighbours of stars in the cluster CMD, in the background field to
assign them membership probabilities [2, 17].

Which of these methods is most appropriate depends upon exactly what one
requires the background subtraction to achieve. If it is simply to identify a sequence
by eye, probably the nearest neighbour removal is adequate. Where one is looking
for over densities in the colour magnitude diagram which might indicate a cluster,
the box techniques should work, provided the boxes are not larger than the structure
in CMD one is looking for. The real issue is for formal fitting, where if one is to be
statistically correct, one should simultaneously fit a model of both the background
and the cluster to the data. To achieve this one would need to be able to sample the
background onto an arbitrary grid, and add this to a model for the cluster such as that
given in Fig. 1. In the absence of such a method, it may be that the techniques which
derive the probability that a star is a non-member may provide a route forward.
When fitting using Bayesian techniques it is possible to introduce a “safety net”
which hypothesises that our model is entirely wrong for some unspecified reason
(see Sect. 4.4 of [11]), which is given a very low prior probability. One can deal
with individual datapoints in a similar way, and in a sense this is what the 
2 soft
clipping [21] of datapoints achieves. However, von Hippel and collaborators express
this more explicitly [6] with a binary switch which allocates a star to the field or the
cluster. If this could be extended so one looked at the distribution of membership
probabilities (determined from the background data) for those stars assigned to the
field, and compared it with an expected distribution there may be a way of dis-
favouring models which allocate either too many or too few stars to the background.

5 Conclusions

Many of the techniques required to make the best use of the next generation of
sky surveys for parameter determinations for clusters are in place. In particular
the statistical techniques for fitting isochrones to the data are now maturing.
However, there are still problems with the isochrones themselves, particularly for
optical CMDS of pre-main-sequence clusters. The largest gap is probably in using
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determinations of background and foreground contamination in cluster CMDs to
improve our fitting. The large surveys give us much better data for determining the
contamination than we have had heretofore, which should provide the impetus for
us to develop the techniques to use this information properly

Acknowledgements My thanks go to Rob Jeffries, Nathan Mayne, Stuart Littlefair and Cameron
Bell with whom I have spent many productive hours developing techniques in this field.
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General discussion
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Abstract We present http://ocl.sai.msu.ru, a modern web application with an
integrated rich set of third-party analysis tools aimed at facilitating astrophysical
research with the Open Cluster Catalog of the Sternberg Astronomical Institute
(Koposov et al. Astron. Astrophys. 486:771, 2008; Glushkova et al. Astron. Lett.
36:75, 2010). Discovered using Virtual Observatory (VO) technologies, almost
200 new open clusters are presented in a way that allows further exploitation of
the multiple VO-compatible datasets through the single web site serving as an
entry point. As more datasets become available (e.g. UCAC3 with proper motions
Zacharias et al. Astron. J., 139:2184, 2010), new research perspectives arise with
this set of open clusters making it possible to do quick-look science online,
which have successfully been demonstrated during several VO-Science tutorials.
If populated with a more comprehensive set of open clusters, this tool may become
a new WEBDA prototype in the VO era. In this manuscript we also briefly describe
steps of a demonstration shown as a contributed talk at JENAM-2010 conference to
give an overlook of what kind of original research studies it is now possible to do
online.
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1 Introduction

For many years the astronomical community has been using public databases to
organize and share scientific data. Researchers that deal with open clusters were
among the pioneers of this work. Well-known WEBDA service [5, 6] available
since early 1990s is the brightest example of this kind and its value is deservedly
acknowledged by hundreds of refereed publications that made use of its content.

Since that time an amount of various data products, analysis environments and
scientific applications has grown up significantly and an international effort has
been launched to coordinate these advances, named Virtual Observatory. Broadly
speaking, this is an interoperability infrastructure between all parties involved
in the research process, aimed at facilitating it by making routine operations
transparent. The goal is to free more researcher’s time for essentially creative
stages of his/her everyday work and to increase the number of publications per
gigabyte of a data (which is the equivalent to processing a steadily growing data
volume by a research community of the constant size at the same completeness
level, important point in the era of data intensive astronomy). After several years
of technological development the VO is ready for a scientific exploitation which is
obviously characterized by an increasing number of VO-based scientific projects
(see e.g. [2, 9] for recent ones).

Following these trends we have developed a VO mash-up application with the
main purpose to facilitate dissemination and scientific usage of the results of our
studies, Open Cluster Catalog of the Sternberg Astronomical Institute, developed in
[4] and [3]. The web application provides continuous publication of ongoing catalog
compilation, and is available as a dedicated web site at http://ocl.sai.msu.ru. Besides
the standard access via a web browser to the catalog of individual cluster pages
with Hess-diagrams, color-magnitude diagrams (CMDs), 2MASS or DSS cluster
images, and catalogs of photometric data (for clusters with CCD observations), the
web site offers the catalog exported to CSV, DAT, and VOTable formats as well
and implements a standard VO programmatic access interface for positional queries
called ConeSearch.1 Moreover, it is possible to start VO client applications, such
as TOPCAT2 or CDS ALADIN3, by a single click in a web browser with the catalog
preloaded for quick-look analysis of the whole sample and all accompanying data
we provide for individual clusters. Special built-in module smoothly integrates web
browser with VO applications transparently for a user, essentially forming online
data analysis environment.

In the next section we define major blocks of the described web application
with some level of technical details important for reusing our experience. In the
last section we briefly outline the steps of the demonstration shown live at the

1http://www.ivoa.net/Documents/latest/ConeSearch.html.
2http://www.star.bris.ac.uk/�mbt/topcat/.
3http://aladin.u-strasbg.fr/.

http://ocl.sai.msu.ru
http://www.ivoa.net/Documents/latest/ConeSearch.html
http://www.star.bris.ac.uk/~mbt/topcat/
http://aladin.u-strasbg.fr/
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JENAM-2010 meeting in order to showcase the scientific potential of this prototype
application.

2 Web Application Internals

The web application itself is built on a standard stack of popular open source
technologies, namely DJANGO4 framework, written in PYTHON5 programming
language, and POSTGRESQL6 database management system.

The fact of PYTHON usage gives the application enhanced extensibility because
of the modular structure of the language and availability of many third-party
astronomical modules. In particular, the application makes use of MATPLOTLIB7

module for drawing diagrams, ASTROLIB COORDS8 – for coordinates conversions,
and ATPY9 – for table manipulations.

We also intensively employ DJANGO automated testing system to detect possible
regressions that could be introduced in the course of the code development.
Apart from this good practice, we emphasize strong benefits of using DJANGO

administrator’s interface as it solves most of the problems of content management
by non-technical staff, which are probably familiar to almost any research group
trying to maintain its own data published online.

Another important block of the presented web application is its advanced
cross-platform client toolkit which comprises 2 open source components: browser
JAVA plugin WEBSAMPCONNECTOR10 and a wrapping JAVASCRIPT library SAMP-
WEBTOOLS.11 Technically, JAVA plugin, when loaded, makes browser a SAMP12

client able to intercommunicate with other applications by means of SAMP, Simple
Application Messaging Protocol. JAVASCRIPT wrapper is used to conveniently con-
trol JAVA plugin behaviour from within user interface (utilizing JAVA-JAVASCRIPT

interaction). It loads/unloads the JAVA plugin after user switches on/off VO mode,
gets from it and displays in a browser list of connected SAMP applications or
launches them with WEBSTART technology (if detects that necessary tools have not
been started), also sends them datasets from the web site through SAMP upon user
request. In this scenario web browser acts like a data browser, which is used to
locate necessary datasets on a web site and then easily send them to dedicated VO

4http://www.djangoproject.com.
5http://www.python.org.
6http://www.postgresql.org.
7http://matplotlib.sourceforge.net.
8http://www.scipy.org/AstroLib/.
9http://atpy.sourceforge.net.
10http://vo.imcce.fr/webservices/samp/.
11http://github.com/iz-sai/samp-webtools.
12http://www.ivoa.net/Documents/latest/SAMP.html.

http://www.djangoproject.com
http://www.python.org
http://www.postgresql.org
http://matplotlib.sourceforge.net
http://www.scipy.org/AstroLib/
http://atpy.sourceforge.net
http://vo.imcce.fr/webservices/samp/
http://github.com/iz-sai/samp-webtools
http://www.ivoa.net/Documents/latest/SAMP.html
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applications prudently launched before, where in turn all scientific analysis takes
place.

The purpose of this subsystem is to actually form a VO environment ready for
scientific analysis by automated launch of third-party applications TOPCAT and
ALADIN and tight integration of a browser into this environment. Initially developed
in [1, 8], this technology helps to overcome important problem of the present
day Virtual Observatory: too steep entrance for researchers. On the contrary, in a
proposed solution with the minimal technical requirements (a web browser and a
JAVA installed) within several mouse clicks everybody is able to conduct his/her own
research online, transparently using forefront VO infrastructure without necessity to
know and understand its internals.

3 Scientific Usage

This section presents concise series of steps necessary to repeat the demonstration
shown at JENAM-2010 conference. It is aimed to give an overlook of what science
is possible with the system described above by example of determining a proper
motion of previously unstudied open cluster.

1. Point a web browser to http://ocl.sai.msu.ru. At the time of writing, JAVA

applet we make use of is known to have problems working in SAFARI browser
on MAC OS due to deficiencies of their JAVA implementation, but authors of
WEBSAMPCONNECTOR will likely be able to solve these issues in future. All
other browsers are supported, though we recommend using MOZILLA FIREFOX

to follow these steps.
2. Click on VO mode: turn on link in the VO menu at the top right corner of

the browser screen. Then press Open and OK in every window raising. Small
(500 KB) JAVA applet will be loaded into the browser and will check if there
are necessary VO applications (ALADIN and TOPCAT) running in the system. If
not, the applet will offer to launch TOPCAT. When TOPCAT is downloaded and
launched, the green icon will appear in the VO menu at the top right, indicating
that the system is ready. After that, click on the start link in the VO menu just
below the Aladin item to launch ALADIN. Now it is possible to conveniently
interact with VO applications through the web browser. Note that reload of the
JAVA applet after every web page reload takes some moments, so user has to wait
until green icon in the VO menu is on before start working with a web page. It
indicates that a web browser is connected to the SAMP hub and one can go on
with his/her actions. Do not click on a web page when the status is connecting.
Please also work in one tab; do not open many.

3. Go to Catalog page. In a moment the catalog will be loaded automatically in all
running VO tools. The table displayed in a browser window will change in VO
mode as well: there are checkboxes appeared on the left of every row, RA-Dec
coordinates became clickable, and by moving cursor over the table rows one can

http://ocl.sai.msu.ru


Open Clusters Science in the Virtual Observatory Era 91

now highlight them. Make sure that catalog was loaded by choosing Graphics
! Sky in TOPCAT menu. You should see a cloud of points along the Galactic
plane. Note that highlighting rows in the web browser (by mouse movement or
by ticking checkboxes on the left) also highlights points on a spherical plot.

4. We pick some nearby clusters to analyze their proper motions using UCAC3
catalog [7]. Clusters should not be too distant as UCAC3 magnitude limit
implies that there are no stars with measured proper motions further than about
2 kpc. Sort the catalog by distance clicking on Distance column header in
the web browser. Then examine clusters’ CMDs to choose more rich clus-
ter as these are easier to deal with. Press Activation action: no action but-
ton in the main TOPCAT window, then choose View URL as Image ! set
Image Location Column to cluster cmd file url! Image Format: PNG.
cluster cmd file url is a precomputed CMD based on 2MASS data we
used when constructed the Catalog. Then press OK button in the bottom of the
window. Once you select a row or some point, a window with additional plot will
appear. You can move mouse cursor slowly over the table in the web browser and
see changing diagrams in a dedicated window. We shall continue with SAI 57
cluster, but one may want to go along with another ones (SAI 61, SAI 137,
or SAI 27 are good illustrations also).

5. Load UCAC3 data for this cluster. To do so, click on underscored coordinates of
SAI 57 in the cluster list on the web page and ALADIN will automatically load
DSS2 cluster image, over-plotting UCAC3 objects within cluster’s radius. Then
right click on UCAC3, SAI 57 plane in a stack list in ALADIN and choose
Broadcast selected tables to... ! topcat to send UCAC3 data to TOPCAT.

6. Plot proper motion diagram for SAI 57 in TOPCAT. Select UCAC3, SAI 57
table in Table List. Press Scatter Plot toolbar button. Then select pmRA and pmDE
columns as X and Y axes, correspondingly. Press Add auxiliary axis button in
the plot window and add brightness as a third axis, e.g. Jmag column. Add
uncertainties to the diagram: press Toggle X error bars on/off, and same for Y
axis. Note that error columns were recognized automatically. You should now
see a colored cloud of points with error bars that is effectively meaningless: there
is no dominant proper motion visible on this diagram. The reason for that is
presence of many background stars that blur weak cluster’s signal in their noise.
Press Display statistics for each column toolbar button and examine mean and
standard deviation for proper motion columns. We now attempt to increase the
contrast and to discern open cluster proper motion signal from background noise.

7. Go to SAI 57 individual web page by clicking on its name in the web browser.
Locate the photometric data available for this cluster at the bottom of the page
((J, J-H) precomputed isochrones derived with [4] method and 2MASS data are
available for all clusters). If you move the cursor over isochrone data link, the
Broadcast button will appear next to it. Click on it to send (J, J-H) isochrone
data to VO applications. In TOPCAT select UCAC3, SAI 57 table in Table List
and press Scatter Plot toolbar button. Type the following expressions in axes
specifications: Jmag-Hmag for X and Jmag for Y. Tick Flip checkbox just next
to Y axis expression for the diagram to look conventionally. Then overplot an
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isochrone: press Add a new data set button on a toolbar below the plot and choose
SAI 57: (J, J-H) isochrone as a Table and J-H and J as an axes. Click
on the blue square in Row Subsets and make these points smaller in the raised
window (Size 1 is convenient).

8. We aim to increase contrast on proper motion diagram for cluster’s stars. For this
purpose pick up those stars that lie in the vicinity of an isochrone. Press Draw a
region on the plot to define a new row subset button on a Scatter Plot main toolbar
and draw the region along the isochrone. Then press this toolbar button again
and type the name of a subset we have just defined, e. g. isochrone stars,
then press Add Subset button. Points of this subset will be denoted with new
symbols at proper motions diagram. Turn off error bars there and see if the
selected stars tend to group to some particular place on a diagram. Click on
isochrone stars symbol inside Row Subsets section of the scatter plot
window and change symbols to open circles of Size 5 for convenience. Examine
subset’s statistics by pressing Display statistics for each column toolbar button
and choosing isochrone stars subset there. If mean value and its standard
deviation do not indicate steadily detected proper motion of the cluster, try to
exclude or include some points paying attention at CMD. Basically, one should
examine both plots and find the place on the proper motion diagram where stars
that lie nearby isochrone at the CMD huddle together. You should then be able
to see the cluster’s proper motion “signal” in the statistics of well defined subset.

More detailed version of these steps as well as other recipes for quick-look online
research possible with given web application are published in the VO section of its
web site at http://ocl.sai.msu.ru/vo/.

Acknowledgements IZ participation in the JENAM-2010 meeting was supported by VO-Paris
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GALExtin: A VO-Service for Estimating
Galactic Interstellar Extinction

Eduardo Amôres, André Moitinho, Vladan Arsenijevic, and Laerte Sodré

Abstract The distribution of interstellar matter is a fundamental aspect of the
structure of our Galaxy. Its knowledge is critical for determining distances and
color corrections, for star counts and brightness models of the Galaxy, and also
for extinction corrections of spectra, among other applications. In this context, we
are developing a VO-Service called GALExtin that provides interstellar extinction
estimates for any direction in the sky using available 2D maps, 3D models, catalogs
with extinction and diffuse emission measurements. The service is naturally useful
for estimating interstellar extinction toward star clusters.

1 Interstellar Extinction

One of the critical steps in the study of both individual objects and Galactic
structure consists in the determination of interstellar extinction. However, due to
the clumpiness of the distribution of interstellar dust, it is difficult to model its
distribution. Several works have been produced aiming at modeling the distribution
of interstellar extinction in the Galaxy, such as [1,3,7,11,13] (see1), [9,10,12] among
others. In addition, maps have been elaborated which provide integrated extinction
along lines of sight, such as those of [4, 5, 14] for the whole Galaxy, [15] and [6]
for the Galactic center region, as well as map of AV of [8] for the whole Galaxy
(jbj < 40o) based on the star counts.

The resolution and coverage of the different models and maps must be taken into
account in studies of extinction. There are models that provide good estimates in the

1http://www.astro.iag.usp.br/�amores.

E. Amôres (�) � A. Moitinho � V. Arsenijevic
SIM, U. of Lisbon, Campo Grande, Edifı́cio C8, Piso 5, 1749-016 Lisboa, Portugal
e-mail: amores@sim.ul.pt; andre@sim.ul.pt; arsenije@sim.ul.pt

A. Moitinho and J. Alves (eds.), Star Clusters in the Era of Large Surveys,
Astrophysics and Space Science Proceedings, DOI 10.1007/978-3-642-22113-2 12,
© Springer-Verlag Berlin Heidelberg 2012

93

http://www.astro.iag.usp.br/~amores
amores@sim.ul.pt
andre@sim.ul.pt
arsenije@sim.ul.pt
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solar neighborhood up to distances �1.0 kpc, while they fail to describe extinction
beyond that distance. Conversely, there are models that provide better values at
3.0 kpc being imprecise at smaller distances. Depending on the assumptions used
in their elaboration, some models can be used only for a given region of the sky.

For star cluster studies, reliable extinction estimates toward globular and open
clusters is essential for obtaining accurate distances, among other properties.

2 GALExtin

Interstellar extinction has a transverse importance across all fields of astronomy,
from stellar studies in which one wants to know the extinction toward given objects
from their coordinates and distances (3D Models), to extragalactic astronomy where
the contribution of the extinction of our Galaxy along the line of sight must be taken
into account.

In the context of providing a useful tool for estimating interstellar extinction,
we are developing a VO-Service called GALExtin which provides 3D estimates of
interstellar extinction along any direction and distance in the sky. The engine behind
GALExtin is based on available 2D maps, 3D models and catalogs of measurements
of extinction and diffuse emission, such as CO, HI, near and far-infrared, among
others.

Since GALExtin is available as a service, users are relieved of installing the
programs and large files required by most of the models and maps.

Users provide a list of coordinates and distances for which GALExtin then
produces an output list with extinction estimates for each object for a chosen model.
GALExtin will be available on-line at the website http://www.galextin.org.

Acknowledgements E. Amôres and V. Arsenijevic acknowledge support from FCT under
grants no. SFRH/BPD/42239/2007 and SFRH/BPD/47498/2008, respectively. This work has been
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YSO Clusters on Galactic Infrared Loops

Gábor Marton, Zoltán Tamás Kiss, L. Viktor Tóth, Sarolta Zahorecz, László
Pásztor, Munateka Ueno, Yoshimi Kitamura, Motohide Tamura, Akiko
Kawamura, and Toshikazu Onishi

Abstract The AKARI all sky survey (Murakami et al. Publ. Astron. Soc. Jpn.
59:369, 2007) was investigated for YSO candidates. Distribution of candidate
sources have been analysed and compared to that of galactic CO and medium scale
structures. Clustering and other inhomogenities have been found.

1 YSO Candidate and Area Selection

Exploring the AKARI FIS BSC [11] was started by checking the colours of known
objects. AKARI FIS colour-magnitude diagram was used to select YSO candidates,
where Œ�� D logF�. YSOs were taken from SIMBAD, [4] (Spitzer obs.) and [4]
(AKARI IRC obs.). For 66% of the known YSOs: 0 < Œ90� � Œ140� < 0:5, and
Œ90� > 1:0, see Fig. 1. 86% of extragalactic objects of SIMBAD were fallen into
the black parallelogram. We have found YSO number density (NYSO) fluctuation
relative to the CO line intensity [3]. In the Tau-Aur-Per region (TAP, 157 < l <
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Fig. 1 Magnitude-colour
diagram of known YSOs and
extragalactic objects. Gray
area is populated by known
YSOs. *: identified YSOs, C:
extragalactic objects.

Fig. 2 Small embedded
groups of AKARI FIS YSO
candidates in the TAP region
with Galactic Infrared Loops
(GIRLs) in the background.
Small dots YSOs that are not
members of groups, big
asterisks group members. 16
of the 29 identified groups are
located on the GIRL shells.

171; �22:5 < b < �7:5) we found 100 < NYSO=W.CO/ < 150 instead of the
average values of 20. The surface distribution (�YSO) of the AKARI YSO candidates
has also been compared to that of the GIRLs [5]. Groups were identified by the
minimum spanning tree method, as described by [4], using a cut-off distance of
16 arcmin (that corresponds to 0.64 pc at a distance of 140 pc).

2 Results

We found 236 AKARI YSO candidates with the described selection method in the
TAP region. �YSO /E(B-V) was found to be 1.5, 2.24, 1.86 for inside loop, on loop
and between loop areas, respectively.

29 groups were found, 136 YSO candidates are group members. 10 groups have
more than 3 elements, 5 groups have more than 10 elements. 16 groups are located
on the GIRL shells, see Fig. 2. The biggest group has 28 elements. The centre of
this group is at (l,b): (160.15, 18.6), and it is part of the widely studied IC 348 open
cluster, which contains more than 300 confirmed members [1] with a mass and age
distribution peak at 0.2 Mˇ and 2 Myr, respectively [2, 6–8, 10].
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VVV Search for New Young Clusters Towards
the Star Forming Regions in Our Galaxy: First
Results

Jura Borissova, Radostin Kurtev, Stuart Folkes, Étienne Artigau,
Valentin Ivanov, Dante Minniti, Philip Lucas, Francisco Penaloza, Stuart Sale,
Eduardo Bica, Charles Bonatto, Márcio Catelan, Maren Hempel, Monica
Zoccali, Ignacio Toledo, Douglas Geisler, Christian Moni Bidin, Andrea
Ahumada, Rodolfo Barba, Richard de Grijs, Andrés Jordán, and Gustavo
Baume

Abstract One of the main goals of the “VVV – Vista Variables in the Via Lactea”
ESO Large Survey is to search for new star clusters of different ages. In order to
trace the early stages of star clusters formation we carrying out a survey of infrared
star cluster candidates and stellar groups in the directions of known massive star
formation regions. To date, we have identified 47 candidates. Most of them appear
compact (with small angular sizes) and very young.
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VISTA Variables in the Vı́a Láctea (VVV) is one of the six ESO Public Surveys
selected to operate with the new 4-m Visible and Infrared Survey Telescope for
Astronomy (VISTA). VVV is scanning the Milky Way bulge and an adjacent section
of the mid-plane, where star formation activity is high. The survey will take 1,929 h
of observations during 5 years and will cover an area of 520 deg2. The final product
will be a deep near-IR atlas in five pass bands, a catalogue of more than 106 variable
point sources and a 3-D map of the inner Milky Way [4].

In order to trace the early epochs of cluster formation, we are carrying out a
survey of infrared star clusters and stellar groups. Our search will focus on sight
lines towards known massive star formation regions associated with: methanol
maser emission; hot molecular cores [3]; Galactic bubbles outlined by GLIMPSE
[1, 2]. The pipeline processed and calibrated J,H,Ks images were obtained from the
Cambridge Astronomical Survey Unit (CASU). The Ks-band images were inspected
by eye to identify any stellar overdensities. The composite J,H,Ks color images were
subsequently examined for each candidate cluster. Prior to any color-magnitude
investigation one of the main criterions to define the star cluster candidates was
to find at least 10 candidate members with similar colors.

To date, we have inspected 21 tiles (1.5�1.1 deg each) associated with known
HII regions from the VVV disk area and 4 tiles from the VVV bulge area. We
have identified 47 candidate star clusters or young stellar groups. Most of the
newly identified candidate star clusters and stellar groups appear compact with
small angular sizes (few arcmin). It seems that almost all the candidates are very
young, as most of the mass is still concentrated in the gas (Fig. 1, left). Indeed, the
color -magnitude diagram of VVV-CL028 (Fig. 1, right) shows well populated Main
Sequence and some stars with infrared excess.
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Fig. 1 Left: The VVV composite J,H,Ks color image of VVV-CL028. The field of view is
approximately 2.2 � 1.8 arcmin. Right: The Color-magnitude diagram of the cluster. The solid
circles are for radius 0.6 arcmin around cluster center. The solid lines is [5] Main sequence
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New Milky Way Star Cluster Candidates
from DSS and 2MASS

Matthias Kronberger, Piet Reegen, Bruno Sampaio Alessi, Dana Patchick,
and Philipp Teutsch

Abstract We present 27 open cluster candidates, including 24 previously unknown,
that were found during an ongoing visual inspection of First and Second Generation
Digitized Sky Survey (DSS) and Two Micron All Sky Survey (2MASS) images.
Employing 2MASS and UKIDSS photometry, 10 of these candidates and three
earlier published objects have physical parameters determined by isochrone fitting
of their [J,J-H] and [J,J-K] colour-magnitude diagrams (CMDs) and [J-H, J-K]
colour–colour diagrams. In order to decontaminate the cluster CMDs from stars
belonging to the Milky Way fore- and background, a statistical approach is applied
that determines the statistical significance of the density differences between the
cluster CMD and the CMD of the Milky Way background. The studied clusters
have ages ranging from a few Myr to �1 Gyr, are only moderately reddened
(E.B � V / � 1:1) and are situated at distances between 0.95 and 5.5 kpc.

The availability of deep all-sky surveys in the visual and near infrared has lead to
a renaissance of the search for new star clusters. Most of these efforts are based on
automated methods that survey for overdensities in star density maps [1–4]. Quite
obviously, such approaches are very efficient in detecting clusters with good contrast
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Table 1 List of open cluster candidates

ID RA J2000 DE J2000 Size’ log(t) E(B-V) d (kpc) Typeb

Teutsch 175 01:11:22.0 C57:33:12 5.5 �7:2 0:60 ˙ 0:40 0:95 ˙ 0:15 prob.
Teutsch 176 01:18:47.5 C59:26:38 1.3 poss.
Teutsch 177 01:43:43.5 C60:59:12 4.5 �7:5 0:54 ˙ 0:08 1:75 ˙ 0:30 poss.
Kronberger 88 01:52:33.0 C53:02:36 5.25 	9 0:32 ˙ 0:09 	4 poss.
Kronberger 89 05:11:06.0 C28:07:24 2.5 poss.
Kronberger 90 05:37:56.0 C41:26:42 1.5 poss.
Teutsch 134 05:50:17.9 C28:10:27 1.5 emb.
Alessi 122 06:36:21.0 C10:54:19 1.75 emb.
Kronberger 91 06:44:23.5 C19:24:06 4.5 poss.
Kronberger 92 06:52:12.4 C02:13:21 1.75 emb.
Alessi 59a 06:52:18.8 C02:11:27 2.5 �7:6 0:59 ˙ 0:05 3:50 ˙ 0:30 prob.
Teutsch 178 07:38:06.7 �21:33:48 2.0 8:35 ˙ 0:35 0:20 ˙ 0:10 2:25 ˙ 0:25 poss.
Teutsch 179 07:45:30.3 �20:49:42 2.0 emb.
Teutsch 180 10:32:02.4 �57:00:18 3.5 8:70 ˙ 0:20 0:60 ˙ 0:10 1:35 ˙ 0:25 poss.
Patchick 57 12:17:09.0 �62:57:24 3.5 9:05 ˙ 0:10 0:45 ˙ 0:05 1:70 ˙ 0:20 prob.
Teutsch 181 15:54:45.0 �54:22:48 3.75 8:80 ˙ 0:15 0:75 ˙ 0:05 0:98 ˙ 0:07 poss.
Teutsch 182 15:58:29.0 �53:39:18 3.75 8:55 ˙ 0:10 1:10 ˙ 0:10 1:50 ˙ 0:15 prob.
Teutsch 183 18:26:57.7 �14:06:12 5.0 8:80 ˙ 0:05 0:59 ˙ 0:06 2:65 ˙ 0:10 prob.
Kronberger 93 19:30:49.2 C18:59:21 0.5 emb.
Kronberger 94 19:31:08.8 C18:28:26 1.25 emb.
Kronberger 68a 20:00:36.4 C30:35:23 2.25 8:65 ˙ 0:10 0:95 ˙ 0:05 5:50 ˙ 0:80 prob.
Kronberger 95 21:18:01.5 C60:05:13 4.25 emb.
Teutsch 158 21:22:36.8 C56:03:16 1.3 poss.
Kronberger 96 22:16:29.6 C55:30:48 2.5 9:05 ˙ 0:05 0:80 ˙ 0:06 5:00 ˙ 0:10 prob.
Kronberger 97 22:18:38.8 C56:10:57 2.0 emb.
Teutsch 127a 22:18:59.3 C56:07:25 7.0 �6:8 0:85 ˙ 0:10 3:50 ˙ 0:50 prob.
Kronberger 98 22:29:08.9 C64:50:16 0.75 emb.
aPreviously classified as possible cluster candidate [5]
bprob. probable cluster; poss. possible cluster; emb. probable embedded cluster

to the surrounding field. However, they may fail in finding clusters with a low star
density relative to the Milky Way fore- and background, and clusters with only little
coverage of their member stars in the underlying star catalogue.

Table 1 presents 27 objects that have been missed by recent open cluster surveys
and thus, probably fall into these categories. 24 of them represent new open cluster
candidates; the remaining three objects (Alessi 59, Teutsch 127 and Kronberger
68) were listed in an earlier publication [5] but had not been verified yet as open
clusters. All objects were discovered in the course of an ongoing visual inspection
of the Milky Way using DSS and 2MASS [6] images. Candidates bright enough to
be studied with 2MASS or, if available, UKIDSS [7] photometry were analysed
using [J,J-H] and [J,J-K] CMDs, [J-H,J-K] colour–colour diagrams, and Padova
solar metallicity isochrones calculated for the JHK photometric bands [8]. The
influence of pollution of the cluster CMDs by field stars was minimized by applying
a statistical approach employing [J,J-H] and [J,J-K] Hess diagrams of the cluster
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candidate and the surrounding Milky Way field. This approach is based on the
assumption that the number of field stars in an infinitesimally small region of a CMD
represents a Poisson distribution P�. If the cluster and field star densities �C and
�F are now different from each other, the statistical significance of this difference
can be retrieved by integrating the product P�.X D �C / � P�.X D �F / over the
characteristic parameter �.

With this method, we could determine approximate ages, reddenings, and
distances for 10 of the 27 probable or possible open cluster candidates. For another
three candidates, at least some of these parameters could be retrieved. The remaining
objects are either embedded clusters, or too faint to be studied with the available
photometric data.
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Valentin Ivanov, Étienne Artigau, Stuart Folkes, Douglas Geisler,
Dante Minniti, Philip Lucas, and Stuart Sale

Abstract Young massive clusters are usually deeply embedded in dust and gas.
They represent excellent astrophysical laboratories for revealing the enigma of star
formation processes and the early stages of stellar evolution. Wide-field infrared
surveys are a modern tool for studying hidden clusters. “Vista variables in Vı́a
Láctea - VVV” (Minniti et al. New Astron. 15:433, 2010) is an ESO/Chile/VISTA
public deep near-IR survey, covering the Galactic Bulge and Southern Galactic disk.
This is the next step of our systematic study of the cluster content of the inner Milky
Way. Here we present our first analysis of the young hidden clusters Mercer 35,
69 and 70. It is based on VVV and SOFI/NTT JHKS photometry and follow-up
NIR spectroscopy. All of the investigated clusters are young (t � 10 Myr). The
basic cluster parameters are obtained from photometry. The follow-up spectroscopy
of probable cluster members shows that the brightest star in Mercer 35 presents
characteristics of a red supergiant!
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1 Introduction

Young massive clusters are usually deeply embedded in dust and gas. Some of them
are “visible” only in the infrared domain. They also represent excellent astrophysical
laboratories for the investigation of the most massive stars and of the early stages of
stellar evolution. Wide-field infrared surveys are a modern tool for studying hidden
clusters. “Vista variables in Vı́a Láctea – VVV” [4] is an ESO/Chile/VISTA public
deep near-IR survey, covering the Galactic Bulge and Southern Galactic disk where
the star formation activity is high. It will take 1,929 h over the next 5 years, covering
around 109 point sources within an area of 520 sq deg and is well suited to finding
and characterising such objects.

This is the next step of our systematic study of the cluster content of the inner
Milky Way [1–3]. Here we present our first analysis of the young hidden clusters
Mercer 35, 69 and 70. It is based on VVV and SOFI/NTT JHKS photometry and
follow-up NIR spectroscopy. Our results from the photometry are summarized in
Table 1 and Fig. 1a, and from the spectroscopy in Fig. 1b.

2 Results

All of the investigated clusters are young (t � 10 Myr).
The follow-up spectroscopy of some of the brightest probable cluster members

shows characteristics of supergiant stars. In the Milky Way there are two known
massive clusters in the red supergiant (RSG) phase. It is possible that a cluster once
thought to be of relatively low mass can turn out to be quite massive on further
inspection. Perhaps there are more massive clusters amongst the many clusters that
have already been identified (Fig. 1b).

Table 1 The results of JHKS photometry of the target clusters. All distances assume R0 D
8.00 kpc

Mercer 35 Mercer 69 Mercer 70

E.J �KS/ D 2:4˙ 0.1 E.J �KS/ D 1:5˙0.1 E.J �KS/ D 2:0˙0.1

AV (mag) D 15:1˙0.5 AV (mag) D 9:5˙0.5 AV (mag) D 12:8˙0.5

(m�M)0 D 14:0˙0.5 (m�M)0 D 13:4˙0.5 (m�M)0 D 13:0˙0.5

dSun(kpc) D 6:3 ˙ 1:5 dSun(kpc) D 4:9˙1.2 dSun(kpc) D 4:0 ˙ 1:0

dGC(kpc) D 6:8˙1.1 dGC(kpc) D 4:5˙0.9 dGC(kpc) D 5:0 ˙ 0:8

x(kpc) D �4.4˙0.9 x(kpc) D �3:8 ˙ 1:0 x(kpc) D �4:5 ˙ 0:8

y(kpc) D �5.2˙1.2 y(kpc) D �2:5 ˙ 0:6 y(kpc) D �2:0 ˙ 0:5

z(pc) D 9 ˙ 2 z(pc) D 41 ˙ 10 z(pc) D 40 ˙ 10
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Fig. 1 (a) CMDs of the target clusters: as observed (top), statistically decontaminated (bottom).
(b) The brightest star of the cluster Mercer 35 shows a typical red supergiant spectrum. The best
match is the M4.5 II star HD172380. Spectra obtained with OSIRIS IR camera, SOAR telescope
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Galactic distribution of young very massive clusters. From M. Messineo et al., this volume.



Optical Surveys of Young Open Clusters

Estelle Moraux and Jerôme Bouvier

Abstract Wide field optical surveys have been proved to be a key tool to study the
population of young open clusters. The avent of very large optical CCD cameras
over the past 10 years allowed to obtain a complete census of the stellar population
in clusters down to the substellar limit. The high efficiency of the cameras combined
to their large FOV enable the survey of several hundreds to thousands cluster
members in a limited amount of time, allowing in addition the study of their proper
motion and variability.

In this contribution I first present recent results on the low mass part of the mass
function in open clusters, and discuss whether it depends on local conditions and
how it evolves with age. In a second part, I present results obtained by the Monitor
project, an unprecedented large scale, high cadence, photometric monitoring survey
of young open clusters ideally suited to measure stellar rotation periods and
constrain angular momentum evolution models.

1 Introduction

A fairly large number of wide-field optical CCD-mosaic cameras have been
available to the astronomical community during the last decade. The largest one so
far is MegaCam at CFHT with a field of view of 1 � 1 deg. It consists of 36 2 � 4 K
CCDs with a pixel scale of only 0.187”/pixel. Other cameras are about 4 times
smaller with a FOV of about 30’ � 30’. For example, there is SuprimeCam on the
8 m class telescope Subaru (34’ � 27’, 10 CCD, 0.20”/pixel) or the Mosaic camera
on 4 m class telescopes (Mosaic I at NOAO/KPNO and Mosaic II at CTIO/Blanco;
36’ � 36’, 8 CCD, 0.26”/pixel). Other wide-field cameras are also available on 2 m
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class telescope (e.g. on the INT/WFC), and of course there is VST at ESO that
should be available soon.

Thanks to their very large field of view, these optical cameras are ideal to
study nearby open clusters – with little extinction – as it is possible to cover them
within a few pointings. A complete census of the cluster population from the stellar
domain down to substellar masses (to a few tenths of Jupiter masses) is doable
in a relatively small amount of observing time, enabling the study of the mass
function in various environments. Moreover the large field of view combined to
the camera high efficiency allow to investigate the variability of cluster members to
measure rotation periods to constrain the angular momentum evolution, to search
for eclipsing binaries to constrain evolutionary models, to look for planetary transits
around young stars.

In this contribution, I will highlight some results obtained by our group con-
cerning (1) the mass function of young open clusters that have been derived using
wide-field optical cameras (Sect. 2), and (2) the angular momentum evolution of low
mass stars focussing especially on the Monitor project (Sect. 3).

2 The Mass Function of Young Open Clusters

2.1 A Universal Mass Function for Open Clusters?

Rich and nearby young (10–100 Myr) open clusters are ideal environments to
estimate robust mass functions over a wide mass range, from the substellar domain
up to massive stars, as most of the sources of uncertainties are reduced. Their youth
ensures that brown dwarfs are still bright enough for being easily detected in the
optical and a complete census of the cluster population is achievable with the current
wide-field cameras thanks to their richness and relative compactness on the sky.
After a first phase of photometric selection, bona fide cluster members can be dis-
tinguished from interloping field dwarfs using spectroscopic diagnostics of youth,
such as lithium or gravity sensitive features. The common proper motion shared by
all the cluster’s members – a property specific to nearby open clusters – also offers
an additional and very powerful criterion to build large samples of confirmed cluster
members. Then, masses can be determined relatively easily as cluster members
constitute an homogeneous population, at the contrary of the star forming region
and galactic field population. Extinction is most often insignificant and scatter in
the intrinsic properties (age, distance, metallicity) minimal – nearby cluster age
and distance are usually known to better than 20% and sometimes to within a few
percent. Cluster member masses can thus be derived converting their luminosity
with the help of a unique mass-luminosity relationship delivered by evolutionary
models, that are also better constrained and less uncertain for ages >10 Myr.

Large and unbiased samples of low mass cluster members have been unearthed
during the last decade, from which system (i.e. not corrected from binarity) present
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Fig. 1 The system mass
function of young open
clusters from low mass brown
dwarfs to massive stars, i.e.
from 30MJup to 3 Mˇ. Each
cluster MF is fitted by the
same log-normal distribution

day mass functions (PDMF) have been derived. Figure 1 show the results obtained
for some clusters with an age between 30 to 120 Myr. From 30 Jupiter masses to
a few solar masses, the cluster PDMF are all reasonably well fitted by the same
Scalo-like log-normal distribution


L.m/ D dn

d log m
/ exp

�
� .log m � log m0/

2

2�2

�
;

with m0 D 0:25 Mˇ corresponding to the peak of the distribution and � D 0:52

representing its width. The fact that there is very little evidence for cluster to cluster
variation suggests that the cluster MF does not depend much on environmental
conditions such as density or turbulence, pointing towards a universal initial mass
function for open clusters. Moreover, the galactic disk mass function is also very
similar (m0 � 0:25 Mˇ, � � 0:55; [4]) which is in favour of this argument as the
field population consists in majority of stars that were born in cluster or association.

2.2 The Dynamical Evolution of Open Clusters

As a cluster evolves, dynamical processes act to deplete its lowest mass members.
How the cluster’s PDMF relates to the initial mass function is then a matter of
concern. It is therefore necessary to investigate the effect of the cluster dynamical
evolution on the shape of the mass function. For clusters younger than �100 Myr
(or a few crossing times), the fact that all the cluster’s PDMF and the field mass
function are similar indicate that this effect is negligible, at least in the mass range
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Fig. 2 Left: NGC 2516 (�150 Myr), M35 (�200 Myr) and Hyades (625 Myr) PDMF compared to
the Pleiades one (120 Myr). The mass functions have been normalized at � 1 Mˇ. Right: Fraction
of brown dwarfs remaining in the cluster as a function of crossing time (from [1])

0.03–3 Mˇ. The shape of the mass function of star forming regions in this mass
domain is also consistent with what is found for open clusters, supporting this
argument.

For older clusters, we then compared their PDMF to the Pleiades one, taken as
the reference (see Fig. 2, left panel). We can clearly see that the mass function is
depleted with age at low masses while it does not change for masses larger than
�0:8 Mˇ and for ages � 600 Myr, which is consistent with the predictions of
dynamical evolution models (e.g. [1]; Fig. 2, right panel). We find that the cluster’s
mass functions can still be fitted by a log-normal distribution but with a peak mass
m0 that increases with age and a decreasing width � (see also [6]).

We should emphasize that the pertinent parameter to consider for dynamical
evolution is not just the absolute age of the cluster but its age relative to its crossing
time tcross. For denser clusters for example, the crossing time is smaller leading to
faster evolution. Thus even young (�10 Myr) clusters can present a deficit of brown
dwarfs and low mass stars if they are/were dense. This idea has been developed by
[15] who suggested that the peculiar mass function (no objects below 0.1 Mˇ) and
binary properties (no binary with separation larger than 30–50 AU) of the young
(�9 Myr) association 	-Cha can be explained by dynamical evolution despite its
young age if the initial cluster’s configuration was very compact.

2.3 Kinematic Studies

In order to estimate the crossing time (tcross D 2Rv=�v) of a cluster and constrain its
dynamical state, we need to measure the velocity dispersion of the cluster members
as a function of mass with an accuracy better than 1 km/s. This is now becoming
possible with proper motion studies using deep wide field optical cluster surveys
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Fig. 3 Left: Coverage of the optical surveys that have been performed in the Pleiades. Right:
Preliminary proper motion diagram obtained for the Pleiades. The cluster locus appear clearly
around (15,�35) mas/yr. Observations from 3 observatories (CFHT, INT, Subaru) and 5 instru-
ments covering a period of 12 years were used. The final accuracy is better than �1 mas/yr for
bright sources. A total of 520Gb of data was used to build this diagram

that have been performed in the early 2000 as a first epoch. A number of nearby
clusters have indeed mean transverse motions of a few tens of mas/yr (e.g. Pleiades,
Hyades, Taurus), making it possible to measure their members’ motion with an
accuracy better than 1 mas/yr (corresponding to 1 km/s at 200 pc) over �10 years.
Proper motion studies are in addition a very powerful tool to distinguish cluster
members and in particular to look for objects that have been lost by the cluster due
to secular dynamical evolution.

In 2009 and 2010, we observed the Pleiades cluster using MegaCam at CFHT
in order to obtain a new epoch for the INT/WFC, CFHT-8K and CFH12K,
and Subaru/SuprimeCam data available from the archives. Despite using multi-
instrument and multi-wavelength datasets, our preliminary proper motion analysis
indicates that with a time baseline of 8–10 years we can reach an unprecedented
accuracy, better than 1 mas/yr (< 0:6 km/s at 120 pc) using E. Bertin’s AstrOmatic
softwares (see Fig. 3) down to i’ 23.5.

3 Stellar Variability

3.1 The Monitor Project

Monitor is a large scale monitoring survey of nine young (1–200 Myr) nearby open
clusters (see Fig. 4) using worldwide 2–4 m class optical telescopes that started in
2005. Its primary goal is to search for eclipses by very low mass stars, brown dwarfs
or planets in the light curves of the lowest mass cluster members (see [2]) and to
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Fig. 4 Distribution in
distance and age of the
9 target clusters. The size of
the circle representing each
cluster scales with the
number of monitored cluster
members. The color-coding
indicates whether we have
completed the analysis
(green) of the rotational
periods of the cluster or not
(magenta)

constrain formation and early evolution models for these objects. The data are also
ideally suited to the study of angular momentum evolution in low mass stars, as well
as other forms of variability associated with flaring or time-variable accretion.

The large field of view and high efficiency of optical cameras allowed us to
monitor several hundreds of low mass stars in each cluster with a time sampling
better than 5 min over a few weeks. The light curve analysis revealed periodic
modulation due to the presence of cold spots at the surface of the stars and we
were able to measure hundreds of rotational periods between 0.2 and 20 days
in NGC 2362, NGC 2547, M50, NGC 2516 and M34 [9–12] and [14]. This
unprecedented sample combined to other rotational studies from the literature (e.g.
ONC, [8]; NGC 2264, [5]; Pleiades, [7]) is bringing strong constraints on angular
momentum evolution models and on star-disk interaction (see e.g. [3, 13]). Data
around 10–20 Myr are still needed however to better constrain the PMS spin-up
models and the disk dissipation timescale.

3.2 h & � Persei

The double cluster h & � Persei with an age of 13 Myr is the ideal target for this
purpose. Being very rich and compact, we can monitor >10;000 stellar members
with a mass between 0.3 and 1.4 Mˇ in one MegaCam FOV. This cluster is thus also
a very promising target to look for eclipsing binaries since we expect to discover a
few tenths of them.

During a first monitoring campaign in Sept.–Oct. 2008 focussing on h Per, we
observed this cluster using the 1.5 m telescope at Maidanak (Uzbekistan), 2.6 m at
Byurakan (Armenia) and CrAO (Crimea) for a total of >100 h per blocks of 2 h
spread randomly over 2 months.
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Among about 10,000 h Per photometric candidate members identified from
colour-magnitude diagrams, we selected 2287 with light curves containing more
than 800 measurements (and up to 986) from CFHT and Maidanak. We chose
to perform the period analysis combining only the CFHT and Maidanak datasets,
which have the lowest errors and very similar sampling, while the CrAO and
Buyrakan datasets, of lower quality, were used to check the reliability of the detected
periods.

Periodic signals were searched in the light curves using 3 methods: Lomb-
Scargle periodogram, CLEAN-DFT and String-Length (SL). In all cases, we probed
a range of periods from 0.2 to 20 days. The phase diagrams were visualized to decide
on the reliability of the derived period and, in case the results were discrepant,
to decide on the correct period if any. CLEAN proved very reliable to detect the
periods of sinusoidal-like light curves, while SL was sometimes, though rarely,
found superior for non sinusoidal signals (e.g double-spotted light curves). From
the visual inspection of the phase diagrams, we classified 430 objects as clearly
periodic and 155 as possibly periodic. The period distribution as a function of mass
is shown on Fig. 5 (left panel).

This period sample at an age of 13 Myr combined to previous results at different
ages yields a complete view of the rotational history and evolution of low mass stars
and brings strong constraints on angular momentum evolution models (see Fig. 5,
right panel). In particular, it is found that a weak coupling between the core and the
envelope is necessary to reproduce the slow rotators for solar type stars [13]. This
results in a strong shear across the radiative/convective boundary while the rapid

Fig. 5 Left: Periods detected for h Per candidate members as a function of mass (black: robust
periods, red: possible periods). Periods are plotted on a linear scale in the upper panel, on a log
scale in the lower one. Right: Rotational angular velocity ! plotted as a function of time for stars
with masses 0:9 < M=Mˇ < 1:1. Inverted and direct triangles show the 25th and 90th percentiles
of !, used to characterize the slow and fast rotators respectively. Solid lines: modeled evolution of
surface rotation for slow (red) and fast (blue) rotators. Dashed lines: rotation of the radiative core.
A disk lifetime of 5 Myr is assumed for both models
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rotators behave more like solid bodies, which may have some impact on lithium
depletion and explain the observed scatter of lithium abundance in main sequence
solar-type stars [3].

4 Summary

To summarize, optical wide-field surveys of young open clusters have unearthed
large homogeneous sample of cluster members with the same and precise age,
distance and metallicity. This allowed robust estimates of cluster present day mass
function from the stellar domain down to �30MJup. Results seem to suggest that
there is a universal IMF for open clusters that is well represented by a lognormal
distribution with m0 � 0:25 Mˇ and � � 0:52, and that these parameters are
evolving to larger m0 and smaller � when the cluster evolves dynamically resulting
in a depletion of brown dwarfs and low mass stars for ages larger than �10tcross.
High precision proper motion studies are now becoming possible thanks to the
large time baseline (�10 years) with available from the archives, which allow to
investigate the kinematics structure of open clusters in preparation to Gaia. Finally,
variability studies of cluster members have yielded an unprecedented large number
of rotation periods (often as a byproduct of transit search) leading to new important
constraints on angular momentum evolution models.

These optical surveys are now being nicely complemented by near-infrared
surveys in order to look for planetary mass objects in cluster and estimate the IMF
down to a few Jupiter masses, as well as to study the circumstellar disk variability.
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Probing the Low-Mass End of the IMF
in Star-Forming Regions: A WIRCam/CFHT
Survey

Catarina Alves de Oliveira, Estelle Moraux, Jerôme Bouvier,
Andrew Burgess, Hervé Bouy, Chiara Marmo, and Patrick Hudelot

Abstract One of the most attempted goals of star formation theories is to determine
the dominant process by which brown dwarfs form and the implications of the
environment on its outcome. Current theories must be able to reproduce not only
the observed shape of the IMF, but predict observable properties of clusters such
as multiplicity, mass segregation, frequency and sizes of discs, accretion, etc. The
new observational frontier is therefore the detection and characterization of very low
mass objects in star forming regions, to confront model predictions from numerical
simulations of the collapse of molecular clouds to the observed properties of YSOs.
This is the main driver behind a WIRCam large program that has been conducted
at CFHT to detect BD with masses between 1 and 30 Jupiter masses in a sample of
6 young clusters. I will present the main results obtained so far for the � Ophiuchi
molecular cloud and IC 348, where a spectroscopic follow-up of many of these
candidates is being conducted using several facilities (TNG, GTC, NTT, VLT,
Gemini) to ascertain their spectral types and masses, and ultimately, to construct
the low-mass end of the IMF for those star forming regions.

1 Introduction

Although there is a generally accepted theory on how a star forms through the
collapse of a molecular cloud core and contracts to the main-sequence [12, 24],
two major breakthroughs in the mid-1990s have added a new complexity to the star
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formation field: the discovery of exoplanets [16,20] and brown dwarfs (BDs, M<75
MJup, [7,19,22]). As brown dwarfs have masses bridging the lowest mass hydrogen-
burning stars and giant planets, any picture of star and planet formation has to
account for them. Their discovery has lead to several formation scenarios: turbulent
fragmentation of molecular clouds into very low mass cores [9, 21], collapse and
fragmentation of more massive pre-stellar cores, gravitational instabilities in discs
[25], premature ejection from pre-stellar cores [23], and photo-erosion of cores
[11]. Most theoretical models predict that the formation of brown dwarfs should
depend on parameters such as local cloud density, temperature and magnetic field.
Yet, observational results so far suggest that the lower IMF, i.e., the ratio of BDs
to stars, is fairly independent of local conditions [2, 18]. It is also quite unclear
whether these formation scenarios can be extrapolated down into the planetary mass
regime (M<13MJ up) [5] or whether isolated planetary mass objects may have other
formation channels. This problematic is the main driver behind an on-going large
program using the Wide Field IR Camera (WIRCam) at the Canada France Hawaii
Telescope (CFHT), originally designed to fully characterize a series of young stellar
clusters chosen to represent different environments, and detect brown dwarfs down
to a few Jupiter masses.

2 The WIRCam/CFHT Survey of Nearby Star-Forming
Regions

Using the WIRCam at the CFHT telescope, we conducted a deep near-IR survey
of the following nearby star-forming regions: � Ophiuchi, IC348, NGC 1333,
Serpens, NGC 2264, and � Ori. The WIRCam is a wide-field camera operating
in the near-IR, consisting of four 2048�2048 array detectors, and with a pixel
scale of 0.3”. The four detectors make a total field of view of approximately 21’
in one pointing. All clusters mentioned above were observed in the Y, J, H, and
Ks filters, while IC348 was also observed with two narrowband methane filters,
CH4-off and CH4-on. Depending on the area each cluster occupies on sky, between
one and seven pointings were needed to map the entire region. All images were
reduced in an analogous way. First, the individual images are processed by the ‘I’iwi
reductions pipeline at the CFHT, which includes detrending (e.g. bias subtraction,
flat-fielding, non-linearity correction, cross-talk removal), sky subtraction, and
astrometric calibration. The more detailed reduction is then handled by Terapix
[15], the data reduction centre at the Institut d’Astrophysique de Paris (France)
responsible for carrying out the final quality assessment of the individual images,
determining precise astrometric and photometric calibrations, and produce the final
stacked images by combining the dither and individual exposures. The photometric
calibration of the WIRCam data is done with 2MASS stars in the observed frames
as part of the nominal pipeline reduction. To extract the photometric catalogues,
we used PSFEx (PSF Extractor), a software tool that computes a PSF model from
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well-defined stellar profiles in the image, and the SExtractor programme [4] to
compute the photometry for each detected object. Candidates brown dwarfs are then
chosen by comparing their colours to those predicted by the evolutionary models
from the Lyon group [3, 4], and to previously confirmed members of each cluster.
We also make extensive use of multi-wavelength archive data for characterization
of the candidates, from the optical (using, for example, Subaru archival images) to
the mid-IR using the various public surveys from the Spitzer Space Telescope.

3 Selection of Results

In this section, we will present a selection of results for the young clusters which
were firstly studied, the � Ophiuchi cluster [1] and IC 348 [6].

3.1 The � Ophiuchi Cluster

The � Ophiuchi cluster is one of the youngest (�1 Myr) and closest star-forming
regions (120–145 pc, [13, 14]), with an estimated population of �300 members
[26]. The high visual extinction in the clouds core, with AV up to 50–100 mag,
make it one of the most challenging regions to study low-mass young stellar objects
and before our survey, only 15 brown dwarfs are known in this cluster. With the
WIRCam survey, we covered the entire core of the cluster in a total area of �0.7 deg2

down to a completeness limit of J�20.5 and H�K�19.0. According to models, this
allows us to detect young objects down to 3 MJ up through 10 mag of AV . The final
photometric catalogue contains approximately 57,000 objects.

Using the Lyon group models [3,4], we select candidate members if their colours
fell redward from the model isochrones in the J vs. J-H, J vs. J-Ks , and Ks vs. H-
Ks colour-magnitude diagrams. From these, only objects that had colours consistent
with them being young and substellar in the J-H vs. H-Ks colour–colour diagram
are kept. After removing previously known members from the list, we find 110
substellar candidates, 80 of each had not previously been associated with the cloud.
By extensive use of archive multi-wavelength data, we find evidence of mid-IR
excess for 27% of the candidates and a variability behaviour consistent with that of
YSOs for 15%. To confirm their youth and hence membership, we carried out a pilot
spectroscopic follow-up using SofI/NTT and NICS/TNG to acquire low-resolution
near-IR spectra. We identify six new brown dwarfs with spectral types ranging
from �M6.5 to �M8.25. We also confirm the previously derived spectral type for a
very low-mass star close to the substellar limit, and based on the SED constructed
from optical to mid-IR photometry, we report the discovery of a candidate edge-on
disc around this star. Preliminary results of recent spectroscopic observations using
ISAAC/VLT, indicate the discovery of 15 additional brown dwarfs. These include
a candidate L0, which according to the models should be close to the deuterium
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Fig. 1 WIRCam/CFHT
colour-magnitude diagram for
� Oph. Black dots are the
candidate members selected
from near-IR photometry
and squares show the
ones followed-up
spectroscopically. Triangles
show the previously known
brown dwarfs within out
magnitude limits. The solid
line represents the DUSTY
1 Myr isochrone labelled with
Solar mass, and the dashed
lines the �75 MJup limit,
with increasing amount of
visual extinction
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burning limit. In an unrelated study, two candidate brown dwarfs from our study
have also been confirmed has substellar members [17]. In total, �23 new brown
dwarfs are found in this cluster with our survey, more than doubling the number of
previously known substellar members (Fig. 1).

3.2 IC 348

The IC 348 young cluster is located at a distance of 300 pc [10] and has an estimated
age of 3 Myr. About 360 stellar members are known to date, and assuming a log-
normal IMF [8], we thus estimate that this young stellar cluster should host at least
60 members in the substellar regime, double the number of BDs identified so far in
this cluster. In fact, a scarcity of brown dwarfs has been claimed to exist in IC 348
in comparison to other star forming regions (e.g. Orion). However, there are several
indications that the census of the cluster substellar population is far from complete.

One of the most exciting results from the WIRCam survey, is indeed the discov-
ery of 3 T-dwarf candidates in this cluster, using the deep methane images. After
thoroughly analysis of all colour/colour and colour/magnitude diagram analysis,
including available optical deep images, two candidates have been rejected for being
too bright at optical wavelengths. One good candidate remains though, with an
estimated spectral type of T6. Theoretical models suggest a mass of a few MJ up

for this object at 3 Myr. Its methane colours, luminosity, significant extinction and
spatial location, are consistent with it being a member of IC 348. With just a few
Jupiter masses, this young T-dwarf candidate is one of the youngest, lowest mass
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objects found so far in a star-forming region. Furthermore, we find that its frequency
is consistent with the extrapolation of current lognormal IMF estimates down to the
planetary mass domain.

Using the near-IR imaging data for this cluster, we try to uncover the remaining
substellar population. We identified 20 substellar candidates which will be followed-
up this Fall with two spectroscopic runs using Osiris/GTC and NIRI/Gemini. The
WIRCam study improves upon previous surveys by probing a larger area at an
increased sensitivity which we hope will allow us to derive a complete census
of the BD population down to �7MJ up over a cluster halo with a radius of 17’,
corresponding to the largest unclipped radius permitted by our survey.

4 Final Remarks

The first results from our WIRCam/CFHT survey of nearby star-forming regions,
demonstrate the success of deep near-IR surveys in uncovering young brown dwarfs
down to the planetary regime. The confirmation of the photometric candidates relies,
however, on extensive spectroscopic follow-up runs on 8-m class telescopes. These
studies reflect a clear need for a multi-object near-IR spectrograph to the European
community.

Finally, the scientific return of this large survey will be further expanded
with upcoming studies of outflows and discs on the newly found brown dwarf
populations, which will provide important constraints to the current brown dwarf
formation theories.

Acknowledgements We thank Loic Albert and Emmanuel Bertin, for their help with the
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Dynamics in the Embedded Phase: Accretion,
Collisions, Contraction

Nickolas Moeckel

Abstract Numerical studies of the early evolution of star clusters have traditionally
been based on full hydrodynamic treatments (hampered by the large computational
burden) or a purely gravitational N-body approach (limited by not considering the
cluster’s natal gas). I will discuss recent work that pushes the N-body techniques
toward a more realistic gas treatment. In particular I will focus on the behavior
of forming clusters as they accrete gas, leading to compact configurations that are
robust to gas expulsion, and in extreme cases to the collisional growth of very
massive stars.

1 Introduction

Compared to a cluster-scale hydrodynamic simulation, n-bodycodes enjoy a tremen-
dous advantage in the amount of computational resources required to run an
experiment. During the weeks or months a current state-of-the-art hydrodynamic
simulation of the collapse of a turbulent cloud takes to run, a complete parameter
survey can be completed using an n-bodycode. The obvious trade off is the inability
of the n-bodycode to handle gas in any but the crudest approximations.

Thus in order to use n-bodytechniques to study the very early, embedded phase
of star cluster evolution, care must be taken to use appropriate initial conditions.
In particular, spherical, equilibrated stellar distributions bear little resemblance to
the filamentary and sub-clustered structure of star forming regions. The forward-
looking work of Aarseth and Hills [1] set the stage for considerations of clumpy
initial conditions, used by several later authors to investigate the possible dynamical
roots of early mass segregation [3, 13, 14].
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There is a limit to how much one can gain by playing with initial conditions
however, and at some point the need for a gas treatment of some sort will need to be
addressed. Gas is, after all, the dominant contributor to the gravitational potential in
the embedded phase.

2 Adding Accretion to N-Body Codes

A common way to include the bulk effect of an embedding gaseous component
in a n-bodycode is to include an extra term in the force calculation, associated
with the potential of a gas distribution. For the commonly-used Plummer sphere,
the additional terms are readily derived and included in the star’s motions, e.g.
[11,12]. One step toward including a more realistic treatment of gas in n-bodycodes
is to include some interaction between the stars and the gas beyond this basic
gravitational interaction. In the context of star formation, including accretion is a
clear choice. In the limit that the gas is motionless the stars will decelerate as they
gain mass, and the dynamical evolution of the cluster is altered. This modification
to the code NBODY6 [2] was implemented by Moeckel and Clarke [15]. The first
application of the code was to study the accretion-driven shrinkage of a forming
cluster, leading to high stellar densities and collisions, an idea introduced over a
decade ago [5].

2.1 Accretion Prescription and Initial Conditions

Our clusters begin their evolution as Plummer spheres with 32,768 (‘32 k’) stars
embedded in a matching background potential identified with the natal gas. The
stars begin in the mass range 0.03–3.0 Mˇ, with a power-law mass function 
.m/ /
m�2:35. For the first Myr of the simulation, the stars grow in mass with a constant
mass-doubling time. That is, the shape of the mass function is preserved. After
1 Myr the stars have gained an order of magnitude of mass, so that the mass function
spans 0.3–30.0 Mˇ. As the stars grow in mass, the mass of the gas potential is
globally lowered to conserve mass.

We choose the gas mass such that at the end of the 1 Myr accretion phase, the star
formation efficiency is 30%. The accreted gas is assumed to have zero momentum;
thus the stars decelerate as they grow in mass. After 1 Myr the gas is removed
instantaneously. Many of these choices are plausible but somewhat arbitrary; the
idealized nature of these experiments should be kept in mind. Figure 1 shows the
relative mass densities of stars and gas at various times in one of the runs. Notable in
this plot, between 0.3 and 0.65 Myr the stars begin to dominate the potential at the
core of the cluster, which has two consequences: the stars in the stellar-dominated
region are able to undergo normal relaxation effects like mass segregation and core
collapse; and when the gas is expelled, the stars in the center of the cluster are in a
region of higher effective star formation efficiency than the global value of 30%.
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Fig. 1 Mass densities for one of our runs at four times in the cluster’s evolution, ranging from the
initial conditions to just after the gas is expelled. The black histogram shows the stars, while the
smooth gray line shows the gas density

2.2 Cluster Contraction

As the stars decelerate, they fall into deeper into the cluster center. This results in
the stars concentrating in the center of the cluster, seen in the density plots in Fig. 1
and the Lagrangian radii (i.e. the radius enclosing a fixed mass fraction of the stars
in a cluster) in Fig. 2. The evolution of the Lagrangian radii in particular show an
interesting qualitative change that occurs in the contraction of the clusters.

Focusing on the left panel of Fig. 2, which is the same run as shown in Fig. 1,
we see that through much of the accretion phase the cluster is accreting nearly
homologously, a result seen in single mass Monte Carlo studies of this cluster
accretion process [7]. Some time after the stellar mass dominates, the high mass
stars (dark lines) and low mass stars (light lines) begin to diverge. This is the
signal of mass segregation and the Spitzer instability [17] driving the cluster to core
collapse. In the left panel, this process begins to occur during the accretion phase of
the cluster. In the right panel, it begins only after the gas is expelled at 1 Myr.
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clusters with different initial radii. The black lines show the Lagrangian radii of the stars in the top
third of the mass range, while the light gray lines show the lightest third. Bottom row: collision trees
for the same clusters. Light gray dots are collision partners, connected by lines to their product.
Larger black dots are still around at the end of the 3 Myr simulation, so they represent the end of a
collision chain

The difference lies in the initial virial radii of the clusters. Both clusters evolve
to the point seen in Fig. 1 where the stars dominate the potential. The more compact
cluster, with an initial virial radius of 1.5 pc compared to 2.25 pc on the right, has
a higher stellar density at that point, and consequently the relaxation timescale is
shorter. These cluster parameters lie on either side of a dividing line: more compact,
and relaxation effects (notably core collapse) have time to manifest themselves
during the accretion phase; initially larger, and relaxation effects don’t have time to
appear until after the gas is expelled. This difference is reflected in the peak density
attained, and this is directly related to the collision rate.
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2.3 Collisions

Collisions between stars begin to occur at an interesting rate compared to star
formation timescales once stellar number densities reach � 107 [6]. While this is a
much higher density than seen in the local environment, in these experiments it is
easy to attain these densities during core collapse. The bottom row of Fig. 2 shows
collision trees for the two simulations shown. In these figures, light gray dots show
the time and mass of two stars involved in a collision, and they are joined by lines
to the collision product. In these simulations the collisions are ideal and conserve
mass and momentum, and there are no stellar evolution effects such as powerful
winds from very massive stars; the masses are thus strict upper limits. Larger black
dots are those collision products that are still extant at 3 Myr, i.e. they are the end
product of a collision chain. Recall that 30 Mˇ was the maximum mass reached by
accretion; in these experiments any object above that mass was necessarily formed
by collisions.

It is immediately apparent that the cluster on the left, starting from a more
compact configuration, has had hosted many more collisions, and has an object
that has attained a higher mass. There are similarities, however. In both cases the
collisions begin just before core collapse (identified visually as the minimum of the
innermost Lagrangian radii), and in both clusters a single star undergoes a runaway
sequence, dominating the total collisional growth. This occurs in all the simulations
we have run, not just the two shown here, and is similar in character to simulations of
the collisional growth of potential IMBH progenitors, e.g. [16]. The mass function
resulting from this runaway sequence is not smooth. This is evidently not a way to
continuously fill in the high end of the stellar mass function, but potentially a way to
reach the very high masses associated with some of the more exotic objects known.
The generic result of these collision sequences is a dominant object in excess of
100 Mˇ, over three times the maximum mass reached by accretion.

Experiments with lower-n clusters do not result in the necessary densities for
collisions to occur. This is due to the short relaxation times associated with less
populous clusters of otherwise similar parameters, and the increased effectiveness of
a hard binary in inflating the core. A shorter relaxation time makes the clusters enter
core collapse from a less dense configuration, and when a hard binary is formed at
the cluster center it rapidly expands the innermost Lagrangian radii. Thus the peak
density is lower and experienced for a shorter amount of time, and collisions do not
occur.

2.4 Expansion

Gas expulsion has long been implicated in the dissolution of clusters [10], and a
large body of numerical work has comprehensively explored parameters space, e.g.
[4]. A first-order consideration of the problem leads to the star formation efficiency
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Fig. 3 Surface density profile at 1 Myr (gray histogram) and 2 Myr (black histogram) for the
cluster in the left column of Fig. 2. The dashed gray curve is the surface density of the Arches
[8]. All clusters with runaway collision events before or soon after gas expulsion share these high
densities

as the key parameter in determining the fate of a cluster after expansion. However,
in order to use a single parameter one either makes assumptions about the spatial
distribution of the stars and gas and the stars’ velocities, or else folds those elements
into the word “effective” in “effective star formation rate” [9]. In the case of these
clusters, the concentration of stars in the center leads to a locally effective star
formation rate much higher than the global 30%.

The result is that the instantaneous expulsion of gas has little effect on the inner
cluster; the majority of stars remain bound, and the cluster hardly expands at all.
The accretionally-induced contraction of the stellar component of the cluster is thus
a means to enhanced cluster survival. This is true for the lower-n clusters as well;
while collisions are only to be expected in populous clusters with numbers of order
104 or higher, the contraction and robustness of the cluster to gas expulsion are seen
in all accreting clusters.

The lack of expansion also means that the very high densities that are attained
by the accretionally-driven contraction are largely maintained. This is problematic
when comparing the simulated clusters to observations. The surface density for
clusters with a large number of collisions is an order of magnitude higher than
the densest Galactic cluster, the Arches [8] (see Fig. 3). It seems unlikely that
this runaway process has played a role in our local universe, although a more
sophisticated treatment of the gas expulsion and stellar evolution are required to
truly reach that conclusion.

3 Future Directions

The work discussed here represents a first step at making n-bodytechniques more
suitable for studying clusters in the embedded phase. The future of this area must
lie in continuing down this path. The most obvious steps are including gas heating
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and more sophisticated accretion prescriptions, allowing the gas potential to react to
the changing stellar potential in a self consistent way, and most crucially breaking
free of spherical symmetry. There remains a great deal of work to be done on cluster
dynamics at the transition from gas-dominated to gas-free. Existing hydrodynamic
and n-bodycodes are not well-suited to statistically meaningful studies of this
regime, and the continued development new techniques and methods is the first
order of business.

Acknowledgements My thanks to the organizers for the invitation, and to Sverre Aarseth for the
use of hisGPUs and debugging help during this project.
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Unraveling the Initial Conditions of Star
Formation in Serpens North

Ana Duarte-Cabral, Nicolas Peretto, Gary A. Fuller, and Clare L. Dobbs

Abstract The Serpens North Cluster is a nearby low mass star forming region
which is part of the Gould Belt. It contains a range of young stars thought to
correspond to two different bursts of star formation and so provides the opportunity
to study different stages of cluster formation. Here we present recent results based
on a detailed analysis of molecular line and dust continuum data of this region. By
studying the dynamics, column density and dust temperature structure of Serpens
we propose that a cloud-cloud collision has been responsible for the trigger of the
most recent episode of star formation. This scenario has been explored using SPH
simulations. These simulations are able to successfully explain the similarities and
differences observed in the two sub-protoclusters composing Serpens North.

1 Dust Continuum View of Serpens North

Located at �260 pc [16], the optical extinction map of the Serpens Molecular Cloud
(MC) covers more than 10 deg2 [1]. However, the majority of the star formation in
the cloud is occurring in three clusters covering approximately 1.5 deg2 [7]. The
most active region is the Serpens North Cluster which has a surface density of YSOs

A. Duarte-Cabral (�) � G.A. Fuller
Jodrell Bank Centre of Astrophysics, School of Physics and Astronomy,
University of Manchester, Manchester, UK
e-mail: Ana.Cabral@postgrad.manchester.ac.uk; G.Fuller@manchester.ac.uk

N. Peretto
Service d’Astrophysique, CEA Saclay, France
e-mail: nicolas.peretto@cea.fr

C.L. Dobbs
Max-Planck-Institut für extraterrestrische Physik, Garching & Universitäts-Sternwarte München,
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of 222 pc�2, compared to 10.1 pc�2 in the rest of the Serpens MC [9]. In this Serpens
North cluster (hereafter Serpens), the average gas density is around 104 cm�3 [7]
with H2 column densities greater than 1022 cm�2 in the cores. The high density of
protostars seems to indicate an early stage of evolution where the cluster gas may
still be infalling into the cores [13, 17, 18]. The star formation rate in Serpens is
56 MˇMyr�1pc�2, � 20 times higher than in the rest of the cloud [9].

Amongst the youngest YSOs found in Serpens there are ten Class 0 and I proto-
stars which are detected in 850 �m dust continuum emission (e.g. [3,12]), hereafter
referred to as submillimetre sources (shown on Fig. 1). These are distributed within
�0.2 pc2 and divided between two sub-clusters, one to the northwest (NW) and one
to the southeast (SE). These submillimetre sources power a number of outflows,
which have been studied using several different approaches (e.g., [2, 3, 6, 8, 11]).
Figure 1 also shows the Spitzer MIPS 24 �m emission tracing young protostars
classified as Class I or 0. The oldest objects in the area shown on the image are a
few flat spectrum sources [9,14]. The presence of Class II and Class III objects (not
shown in Fig. 1) dispersed over a larger area suggests that the region has undergone
two episodes of star formation. The first, responsible for these dispersed pre-main
sequence stars (the Class II and III sources), occurred about 2 Myr before the most

Fig. 1 Serpens region as seen in 850 �m dust continuum emission with SCUBA [3] in contours
at 0.4, 0.6, 1, 1.4, 1.8, 2.4 and 5 Jy beam�1 . The compact 850 �m sources are also labeled. In grey
scale is the 24 �m from Spitzer MIPS [10]
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recent burst which formed the submillimetre and 24 �m protostars (Class 0, I and
flat spectrum sources), 105 yr ago [9, 14].

2 Column Density and Gas Temperature in Serpens

We used a large set of CO isotopologue lines obtained with the IRAM 30 m and
the JCMT (sub-)millimetre telescopes in order to be able to reconstruct the spatial
distribution of the excitation temperature and column density of the gas.

From the dust continuum emission, the volume densities in the Serpens sub-
clusters are typically higher than the critical densities of each of the three transitions
observed here. We therefore initially calculated the gas properties assuming LTE
(local thermodynamic equilibrium) using a rotation diagram analysis. Despite its
uncertainties, the rotation diagram method is robust in retrieving the column density
structure and trends throughout the region, as well as the approximate absolute
column densities.

The excitation temperature map of the region shows the NW and SE sub-clusters
to have different temperature structures. The NW appears very homogeneous with
no significant temperature peaks and with temperatures ranging from 9 to 10 K. In
contrast the SE region has both higher temperatures, ranging from �10 to 14 K and
a much more peaked distribution. Interestingly, this enhanced temperature in the
south does not peak on the SMM protostars but rather between them.

The C18O column density map (Fig. 2, right) calculated from the rotation diagram
recovers more of the dust structure than the temperature map. Both the south and
north sub-clusters are evident as denser regions, even though the dust and gas

Fig. 2 Maps of the excitation temperature (left) and column density (right), in colour scale,
derived from the rotation diagram method (LTE). The dotted black contours show the dust 850 �m
emission at 0.6, 1.2 and 1.8 Jy beam�1
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column densities peaks are not always coincident, especially in the SE. The mean
C18O column densities are very similar in the north and the south. The regions with
higher gas column density (the entire NW sub-cluster and the filament between
SMM11 and SMM2 in the SE sub-cluster) have a lower temperature. Conversely
the regions with slightly lower gas column density (between SMM2, SMM4, SMM3
and SMM6 in the SE sub-cluster) have higher temperature. The region south-west
of the NW sub-cluster which appears to have a relatively high gas column density
seems to have very similar properties to the rest of the NW sub-cluster and yet it is
not detected in dust emission. These results are confirmed by non-LTE modeling at
some key positions (see [5]).

3 Dynamics of Serpens North

On the basis of a study of the line centroid velocity of Serpens, previous studies
[15] argued that the region is undergoing global rotation. However, position-velocity
diagrams of RA slices along the C18O map are incompatible with this interpretation
(Fig. 3). For simple rotation we would expect to see a smooth gradient along the
velocity axis as the RA changes. This is indeed compatible to what we see, for
instance, in the NW sub-cluster (Fig. 3, left panel). On the other hand, we observe
two clearly separate velocity components in the southern part of Serpens (Fig. 3,
right panel) which merge together when moving to the north of the SE sub-cluster
(Fig. 3, central panel). At this point, the two components are barely distinct lines,
producing broad, non-gaussian profiles. The SE filamentary structure seen in dust
follows this region where the two clouds overlap and merge (see the “dust” lanes on
Fig. 3).

A dynamical interaction between two such clouds in the SE sub-cluster, could
explain the differences observed in the temperature/column density structure of the

Fig. 3 Position-velocity diagrams of C18O J D 1! 0 at constant declination: in the NW at
1ı1505800 (left) and in the SE at 1ı1302800 (centre) and 1ı1104800 (right). Right Ascension varies
from 18h30m06s to 18h29m46s for all panels. The dashed lanes labeled as “dust” represent the
regions whose 850 �m emission is above 0.6 Jy beam�1 [4, 5]
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two sub-protoclusters (cf Sect. 2). Ultimately, it may have been at the origin of this
episode of star formation.

4 Dedicated SPH Simulations of Cloud–Cloud Collisions

In order to test the proposal that the structure and star formation in Serpens results
from triggering by a cloud-cloud collision we have performed a set of Smoothed
Particle Hydrodynamics (SPH) simulations which are compared in detail with the
observations. Each of the simulations started with two cylinders, to approximate
filamentary clouds, heading toward each other [4]. We tried various initial conditions
with different impact parameter, inclination angles, velocity fields and masses. The
results from this study support the idea that Serpens’ current star formation may,
indeed, have been triggered by a collision of two filamentary clouds (Fig. 4).

This model is able to reproduce both the column density structure, a centrally
condensed filament aligned in a NW–SE direction, and the two velocity components
seen where the collision is occurring, mimicking the SE sub-cluster. This suggests
that the SE sub-cluster of Serpens is the direct result of a collision prompting star
formation in the collision layer. The same simulations did not, however, produce a
second sub-cluster, similar to the NW sub-cluster of Serpens. Therefore, this sub-
cluster does not seem to be the direct result of the collision and is most likely
just marginally affected by it. This suggestion was already supported by the NW
sub-cluster’s “well behaved” temperature profile and velocity structure, as well as
the uniform age of sources within the sub-cluster. However, the similar stage of
evolution of the sources from the two sub-clusters and their proximity, suggests that
the two events are not totally independent.

Fig. 4 Right: Column density map for the SPH run which we consider to best describe the SE
sub-cluster. Right: Horizontal PV diagram of the same run, at y D �0:07 pc, showing the column
density weighted velocity as red crosses. Figures from [4]
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A simulation with elongated cylinders and increased masses provides a possible
explanation. The presence of a marginally stable region in the northern part of one
of the colliding filaments before any interaction between the clouds, can have its
collapse quickened by perturbations driven by the cloud–cloud collision.

5 Conclusions: Cloud Collision as a Trigger for Star
Formation in Serpens

We consider a cloud–cloud collision scenario to be a viable description of the
driving of the star formation history in Serpens. Not only can it reproduce the
observed velocities and column densities, as it offers a plausible explanation for
why the two sub-clusters are so similar and yet so different. The complexity of the
region is better explained with such a collision scenario, which is in essence similar
to a shear-motion (also suggested by [15]), rather than rotation.
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Do All Stars in the Solar Neighbourhood Form
in Clusters?

Eli Bressert, Nate Bastian, and Robert Gutermuth

Abstract We present a global study of low mass, young stellar object (YSO)
surface densities (˙) in nearby (<500 pc) star forming regions based on a compre-
hensive collection of Spitzer Space Telescope surveys. We show that the distribution
of YSO surface densities is a smooth distribution, being adequately described by a
lognormal function from a few to 103 YSOs per pc2, with a peak at �22 stars pc�2.
The observed lognormal ˙ is consistent with predictions of hierarchically structured
star-formation at scales below 10 pc, arising from the molecular cloud structures. We
do not find evidence for multiple discrete modes of star-formation (e.g. clustered
and distributed). Comparing the observed ˙ distribution to previous ˙ threshold
definitions of clusters show that they are arbitrary. We find that only a low fraction
(<26%) of stars are formed in dense environments where their formation/evolution
(along with their circumstellar disks and/or planets) may be affected by the close
proximity of their low-mass neighbours.

1 Introduction

It is often stated that most if not all stars form in clusters. This view is based largely
on near-infrared (NIR) studies of star-forming (SF) regions within several hundred
parsecs of the Sun [27,30]. However, combining high-resolution mid-infrared (MIR)
data with the NIR makes YSO identification more robust and less likely to suffer
from field star contamination, which leads to better tracing of YSO surface densities.
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This means that with only NIR imaging, there are large uncertainties in the number
of stars at low values of YSO surface densities (˙YSO) [8].

With the launch of the Spitzer Space Telescope [36] we are now able to
differentiate YSOs and contaminating sources based on colour information and
hence can study the distribution of YSOs independently of the surface densities.
Large field-of-view (FoV) Spitzer observations of SF regions [1, 16] found that
YSOs extend well beyond the densest groups in their environment and continue to
the edge of the survey and presumably, beyond. Several Spitzer surveys that cover
nearly all the SF regions within 500 pc of the Sun were combined and presented
by [7].

The spatial distribution of forming stars, i.e. do they form in clusters, is important
for many reasons and here we list several. What spatial distributions of star forming
environments lead to Galactic stellar clusters and why do they constitute such a
low fraction of the stellar population? Are there multiple discrete modes of star
formation, such as clustered and distributed, that manifest themselves as peaks
in a surface density distribution (e.g. [8, 33–35])? What fraction of star forming
environments are dense enough to affect the YSOs and alter their disk and planet
formation/evolution [1, 20], which we refer to as dense environments.

Outside the Milky Way we see that star-formation proceeds hierarchically from
�10 pc (the resolution limit of most extragalactic surveys) to kpc scales (e.g. [4, 5,
10,11,17]). If star formation occurs hierarchically down to 0.1 pc, then it is unlikely,
and indeed not expected, that all stars form in gravitationally bound young stellar
clusters. The availability of large FoV Spitzer surveys of nearby star-forming regions
allows us to test how far down in scale this hierarchy proceeds. By hierarchical
structure we mean a smoothly varying non-uniform distribution of densities, where
denser subareas are nested within larger, less dense areas [13, 32].

In this paper we will investigate (1) whether there is evidence for multi-
modality in the surface densities of YSOs, (2) what fraction of stars form in dense
environments in the local neighbourhood and (3) the relevance of the various cluster
definitions provided by [1, 8, 21, 25, 27].

2 Data and Biases

Multiple Spitzer surveys were used to generate a comprehensive and statistically
significant dataset to investigate the spatial surface density properties of forming
stars in the solar neighbourhood. The surveys are the Gould’s Belt (GB) survey
(Allen et al. in preparation), Orion survey (Megeath et al. in preparation), Cores to
Disks (c2d) survey [15], and the Taurus survey [31]. The GB and Orion catalogs
have not been publicly released yet. There are more than 7,000 YSO detections in
the combined catalogs at distances between 100 and 500 pc.

Spitzer data are necessary for this study as low ˙YSO can be differentiated from
field star populations, unlike NIR only studies where field star contamination can
be problematic. The comprehensive YSO population represents a global view of the
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low-mass star-forming region in the local neighbourhood from low to high surface
densities. These Spitzer surveys combined represent the most complete census of
star formation within 500 pc of the Sun available to date.

Data treatment on distances, exclusion of the central region of the Orion Nebular
Cluster, rejection of Class III objects, and potential contaminants are described in
[7]. After the data correction process, we have 3857 YSOs remaining to estimate
the surface densities presented in this paper.

3 ˙YSO Distributions

Our primary tool for analysing the surface densities is computing the local
observed surface density of YSOs centred on each YSO’s position, where
˙YSO D .N � 1/=.�D2

N / and N is the Nth nearest neighbour, and DN is the
projected distance to that neighbour (see [9]). Throughout this work we will adopt
N D 7, although we note that all results have been tested for N D 4 � 22 and no
significant differences were found. Figure 1 shows the surface density distribution
of all YSOs in our sample.

In order to see the fraction of YSOs above a given ˙ threshold, we show the
combined ˙YSO distribution (shown as a cumulative fraction normalised to the
number in each combined survey) for the three surveys used in this study in Fig. 1a.
Note that the GB/Taurus distribution lies to the left of the c2d survey. This is simply
due to the GB/Taurus focussing on lower density regions than c2d. The cumulative
distribution for the Orion survey only reaches 0.73 in Fig. 1a and 0.81 in Fig. 1c,
where all the surveys have been combined, due to the exclusion of the ONC (see
[7]). In Fig. 1c we show the cumulative distribution of all YSOs included in our
survey, while in Fig. 1b we split the survey into class I and class II objects.

4 Results

It has been long assumed that two distinct modes of star formation exist for
YSOs, “clustered” and “distributed” (e.g. [8, 19, 27]), but the notion has been
questioned after Spitzer results hinted otherwise [1]. If there are indeed two modes,
then we would expect to see a bi- or multi-modal profile in cumulative surface
density distribution plots such as Fig. 1a, c. Instead we see smooth and featureless
distributions from the low to high stellar surface densities for the c2d, GB, Taurus,
and Orion surveys. We find that the ˙YSO distribution of low-mass stars in the solar
neighbourhood can be well described by a lognormal function, as seen in Fig. 2,
with a peak at �22 YSOs/pc2 and a dispersion �log10˙ D 0:85.

The spatial distribution of the YSOs in these SF regions is expected to be close
to primordial since their YSOs, in particular Class Is and Class IIs, are �2 Myr old
[22, 24]. In order to place stricter constraints on this, we now split the complete
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a

b

c

Fig. 1 (a) The cumulative fraction of surface densities for the GB+Taurus, c2d, and Orion surveys.
Each SF region included in the distributions has N(YSOs) 	10 and a sufficient field-of-view to
properly calculate stellar surface densities. The Orion survey stops at 73% for the cumulative
fraction since the ONC is excluded. We adopt a 65% disk fraction for all of the SF regions. We
normalised each curve by the number of YSOs in each survey. (b) With the GB+Taurus, c2d, and
Orion surveys combined we see Class I & II distributions having similar profiles with a small offset
in density, showing that we are likely seeing the primordial distribution of the YSOs. (c) With all
of the Spitzer surveys combined we compare several cluster definitions. The vertical grey lines
from left to right are Lada and Lada [27], Megeath et al. (in preparation), Jørgensen et al. [25] ,
Carpenter [8], and [21] stellar density requirements for clusters. These values correspond to 3, 10,
20, 32, and 60 YSOs pc�2 and intersect the corrected cumulative distribution profile, implying that
87, 73, 62, 55, and 43% of stars form in clusters, respectively. The percentages correlate to what
fraction of stars form in “clusters” based on the various definitions. The black vertical line is for
a dense environment where ˙ 	 200 YSOs=pc2. The fraction of YSOs in a dense environment is
<26%
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Fig. 2 Top panel: The surface density distribution of the total sample of YSOs in the solar
neighbourhood used in this work (black). A lognormal function with a peak at � 22 YSOs/pc2

and a dispersion �log10˙ D 0:85 is shown as a dashed line. Bottom panel: The same as the top
panel but now broken into the three respective surveys

sample into Class I and II objects, which can be roughly attributed to an age
sequence. The cumulative ˙ distributions of Class I and II YSOs are shown in
Fig. 1b. We see that the two distributions have similar smooth density spectra,
however they are slightly offset. The ˙ of the Class I/II objects are calculated by
finding a YSO’s Nth nearest YSO. Once this is done for the YSOs we separate
the Class I/II objects. ˙ is calculated this way since Class Is and Class IIs are
not always spatially distinct from one another [21]. Class IIs are known to be
slightly more dispersed than Class Is in high density regions [21] reflecting early
dynamical evolution. However, the similar distribution between these classes leads
us to conclude that the distribution of observed ˙ is mainly primordial in nature.

In Fig. 1c we show five vertical grey lines that refer to the defined densities
required for a collection of YSOs to be considered “clustered” [8, 21, 25, 27, 28].
The vertical lines fall on the same featureless slope and do not correspond to any
preferred density. The black vertical line, which corresponds to dense environments
(as defined in [20]), shows that <26% of YSOs are forming in environments
where they (along with their disks and planets) are likely to interact with their
neighbours.
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5 Discussion and Conclusions

We conclude that stars form in a broad and smooth spectrum of surface densities and
do not find evidence for discrete modes of star formation in the ˙ of low mass YSOs
in the solar neighbourhood. The observed lognormal surface density distribution is
consistent with predictions of hierarchically structured star-formation, which arise
from similar structures in molecular clouds [12,14]. Our results suggest that clusters
are not fundamental units in the star formation process, but simply the high density
tail end of a continuous distribution. A small fraction (<26%) of stars form in dense
environments where their formation and/or evolution is expected to be influenced
by their surroundings.

By comparing our global surface density distribution with the summary of cluster
definitions in [7], we find that the fraction of stars forming in clusters is crucially
dependent on the adopted definitions (ranging from �40 to 90%). Since star/cluster
formation happens in a dynamic environment [2, 6, 29] it may be impossible to
define what will become a stellar cluster in these early stages, as the final object
that remains bound is simply the dynamically mixed part of a larger, initially
hierarchical, distribution. In this scenario a cluster can only be clearly defined above
the surrounding distribution once it is dynamically evolved where tage/tcross > 1, as
defined by [18].

Star forming environments provide the initial conditions from which star clusters
may eventually form, albeit rarely. Since the probability density function of
molecular gas varies with environment, as does the tidal field experienced by the SF
regions, it is likely that the fraction of YSOs ending up in bound star clusters varies
with environment [14] and the observed ˙YSO is not universal. Future investigations
will extend this work out to 2 kpc where proto-stellar cores and high-mass SF
regions will be included, and testing whether star formation primarily occurs when
˙gas is above a specific threshold (e.g. [3, 23, 26, 27])
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Uncertainties in the Age Scale for Young Open
Clusters and Moving Groups

John R. Stauffer

Abstract Young open clusters provide the template data for calibrating nearly all
methods of age-dating field stars. Despite the potential for open cluster ages to be
quite precise – and despite a large amount of observational effort – the age scale for
young open clusters is still controversial, with correction factors of a factor of 2 or
more proposed. I will discuss some of the causes for this uncertainty, and touch on
the role of future large surveys in helping to resolve the issue.

1 Current Cluster Ages and Astrophysical Uncertainties

There has been no recent attempt to, for example, reanalyse all of the available
data for the nearby open clusters and derive a set of “best”, homogenous ages for
those clusters. As a result, one can often find a range of published ages in the recent
literature for even the best known clusters. Thus, there is need for improvement even
at the level of creating a consistent set of “best” ages for the best known clusters.
However, for most clusters, the disagreement is at the factor of two level, and often
at only the 50% level. For example, the Pleiades is most often described as having
an age somewhere in the 100–150 Myr range. For many purposes, simply being able
to sort clusters accurately into an age order is sufficient – and that can be done pretty
well.

In any case, for the youngest clusters (age < 5 Myr), a single age is sometimes an
over-simplification because there are portions of the “cluster” with clearly different
ages. In NGC2264, the “Spokes” (sub-) cluster is claimed to be < 100,000 years old,
but “halo” members of NGC2264 are probably a few Myr old. In the Orion Nebula
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Cluster, the Trapezium stars may be 1–2 Myr old, but stars are still forming in the
BN/KL complex, located only 0.1 pc away (in projection anyway).

In this talk, I will describe the primary age dating techniques for open clusters
and moving groups, and briefly outline why their results are uncertain. I will end
with my prescription for how to improve the open cluster age scale using data that
will likely be acquired in the next decade or so, primarily be the upcoming very
large surveys.

2 Summary of Open Cluster Age Dating Techniques

The primary open cluster age dating techniques are: (a) Upper Main Sequence turn-
off ages; (b) Pre-Main Sequence Turn-on ages; (c) Lithium depletion boundary; and
(d) kinematic trace back. Ages can also be estimated from secondary indicators
such as rotation periods, chromospheric activity indices (e.g. R’(HK)), coronal
activity indices (e.g. Lx/LBol ), etc. However, these secondary indices must all be
independently calibrated and those calibrations trace back to the primary techniques
above.

2.1 Upper Main Sequence Turn-Off Ages

This is of course the most venerable of the cluster age dating techniques, with the
use of the upper main sequence (UMS) turn-off point as an age indicator dating
back more than 50 years [13]. It is a particularly valuable technique because it is
applicable to clusters of almost any age. However, because a standard IMF provides
few very high mass stars, for ages less than a few tens of Myr the method is only
applicable to quite rich clusters.

Speaking as somewhat of an outsider (my own interests are relatively young
clusters, where the best ages derive from techniques involving low mass stars), my
own view of the UMS turn-off method is that it is in significant need of an update.
The last/most-often-quoted UMS turn-off calibration paper is now almost 20 years
old [10]. The primary problems contributing uncertainties to the UMS ages then
– the amount of convective core overshoot and the possible dependence of this on
stellar mass, and the amount of mass loss during the RGB phase – are still the
primary sources of uncertainty.

Figure 1 illustrates both the good and the bad in the usage of post-main sequence
evolutionary models for age-dating open clusters. The post-main sequence age for
Alpha Per is 52 Myr (or less – other theoretical models generally give even younger
ages). However, ages derived from fitting PMS isochrones or the lithium depletion
boundary (LDB) age yield ages of 75–100 Myr for the cluster. The disagreement
is less than a factor of two, but the claimed uncertainties in the UMS and LDB



Uncertainties in the Age Scale for Young Open Clusters and Moving Groups 157

Padua Overshoot Tracks
Girardi et al. 2002

35, 50, 70, 90, 110 Myr

Fig. 1 Color-magnitude diagram for the Alpha Persei open cluster. The object at M(V) � �5 is
the star Alpha Per – an F supergiant. The location of stars in this part of the HR diagram is a very
sensitive function of both mass and age, with this particular set of tracks yielding an age of about
52 Myr for Alpha Per the star (and hence for Alpha Per the cluster, assuming the star is indeed a
member of its eponymous cluster)

ages are quite small – implying that one or both of the methods have an additional
uncertainty source that is poorly handled in the current generation of models.

2.1.1 Pre-Main Sequence Turn-On and Isochronal Ages

Low-mass stars take tens of millions of years to finish their contraction to the
main sequence. Therefore, both the magnitude down to which stars lie on the
ZAMS and the displacement of the cluster sequence above the ZAMS faintward of
that point can be used as age indicators. This method has been in use for nearly
50 years [4]. The method works quite well at sorting clusters by age, with the
youngest cluster being the one whose PMS isochrone lies highest above the ZAMS.
However, absolute calibration is made challenging by the fact that – particularly
at masses below 0.6 Mˇ – the theoretical evolutionary models do not accurately
yield isochrones whose shapes match empirical isochrones, at least in part due to
missing opacities and inadequate treatment of convection by the theoretical models.
However, it is probably also true that there are physical processes that affect the
SEDs of real low mass stars that simply are not yet generally included in the
theoretical models. Young, low mass stars are chromospherically active and have
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Fig. 2 Color-magnitude diagram comparing stars in the Pleiades (age D 100 Myr) to stars in the
much older Praesepe cluster (age D 650 Myr). The Praesepe distance modulus has been slightly
“fudged” to account for its slightly above solar metallicity. Theoretical models predict that the
PMS turn-on point at 100 Myr should occur at about M(V) D 8, and hence the Pleiades stars fainter
than that should lie above the Praesepe stars. Instead, the faintest Pleiades stars lie systematically
below the Praesepe stars – presumably due to spots and chromospheres causing their B-V colors
to be bluer than for the older, comparatively less active Praesepe stars

heavily spotted photospheres - both of which likely make the colors of a young, low
mass star different in detail from the colors of an old star of the same mass and
effective temperature [16]. Related to this, the strong B fields of young, low mass
stars may inhibit convection – resulting in radii and effective temperatures that differ
from otherwise similar stars without such B fields [17]. Figure 2 illustrates one part
of the problem – showing that the low mass stars in the 100 Myr Pleiades cluster lie
below the ZAMS defined by the 650 Myr Praesepe cluster stars.

One approach to overcoming this difficulty is to use an empirical isochrone at
one age to “tune” the theoretical isochrones and then apply the “tuned” isochrones
to clusters of other ages [5]. The better solution for the future is to incorporate the
additional physics into the theoretical evolutionary models.
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Table 1 Clusters with LDB age estimates as of 2010

Cluster Isochr. age LDB age Reference
(Myr) (Myr)

IC4665 �25 28 Manzi et al. [9]
NGC2547 �30 35 Jeffries and Oliveira [7]
IC2391 �35 50 Barrado et al. [2]
Alpha Per 50 90 Stauffer et al. [15]
Pleiades 100 130 Stauffer et al. [14]

2.1.2 Lithium Depletion Boundary Ages

This method, originally proposed by [3], is based on the fact that stars below about
0.065 Mˇ never get hot enough in their cores to burn lithium, while somewhat more
massive stars do eventually burn lithium – with the age for lithium ignition being
younger for higher mass stars. Because all stars less massive than 0.3 Mˇ are fully
convective, once lithium burns in the core it disappears from the entire star very
quickly. Therefore, for the fully convective stars in an open cluster one expects the
higher mass stars to show no lithium but that there will be a mass below which
all stars retain essentially their primordial lithium abundance. Measurement of this
lithium depletion boundary (LDB) in a color-magnitude diagram should therefore
be a sensitive function of the age of the cluster. Bildsten in fact argued that the
physical processes involved in this mechanism involved very few free parameters,
and that the LDB should be a more reliable age estimate than either UMS or PMS
isochrone fitting.

The lithium depletion boundary has now been measured in at least five clusters.
A comparison of the LDB age to isochronal ages for these clusters is provided in
Table 1. At young ages, the LDB and isochronal ages are in reasonable agreement,
but for age > 40 Myr, the LDB ages are systematically greater by 30–50%.

There are two operational difficulties with the LDB age-dating method. The
first is that the method is only applicable to clusters younger than about 250 Myr
– at older ages, the location of the boundary becomes essentially invariant with
age, given plausible uncertainties in the observational data. The second is that the
method requires obtaining moderately high S/N, moderately high resolution spectra
of intrinsically faint stars – even with 8m class telescopes, the requisite spectra can
only be obtained for clusters nearer than about 500 pc. Both constraints combine
to make it unlikely that a large sample of clusters will ever have their LDB age
determined – and therefore one cannot establish a completely independent, LDB-
based open cluster age scale. However, one can use the LDB ages as a means to
calibrate better the open cluster age scale derived from other methods.

As indicated in Table 1, for age> 40 Myr, the LDB ages are systematically
larger than the isochronal ages. This could simply indicate that the isochronal
ages are under-estimated. However, two recent papers suggest possible physical
reasons for larger than expected uncertainties in the LDB ages. Yee and Jensen [17]
argue that because B fields may inhibit convection in low mass stars, the radii and



160 J.R. Stauffer

effective temperatures at a given mass and age will differ from model predictions.
Therefore, even if the stellar mass of the LDB can be predicted accurately by
theoretical models (as claimed by [3]), the measurables are luminosity and a T(eff)
surrogate – and converting those measurables to mass may introduce significant
additional uncertainties into the LDB age estimate. Baraffe and Chabrier [1] raise
another issue. They show that episodic accretion during PMS evolution can lead
to significantly higher central temperatures compared to stars of the same mass and
age lacking such accretion. This could make the lithium depletion boundary broader
or less distinct.

2.1.3 Kinematic Traceback Ages

This method is not applicable to bound, open clusters – but is applicable to their
cousins – young moving groups. Young moving group members are defined as being
stars in the solar neighborhood sharing a similar space motion and having a common
age (i.e. they were born as a group in a molecular cloud, but the gas was dispersed
and the group became unbound). While by definition the members of the group
have very similar space motions, it is expected that their motions will differ in detail
because of the intrinsic velocity dispersion of the group before it became unbound.
Therefore, if one can measure the space motions and distances of the members of a
moving group very accurately, it should be possible to trace the locations in space of
each star back in time. The age at which the stars were most tightly packed together
should then correspond to the age of the group. (or at least the age since the group
became unbound).

The advantage of this method is that its basis lies primarily in geometry and not
physics. In order to integrate the motions back in time, the method also requires
adopting a specific galactic stellar model. However, for relatively young clusters
(age<20 Myr), the derived ages are not a strong function of the assumed model.

The group whose age can best be estimated by this method with existing data
is the Beta Pic moving group (BPMG). Ortega [11] derives an age of 11 Myr for
the BPMG using kinematic traceback, with an expected uncertainty of only about
1 Myr. Mamajek (priv. comm.) derives a very similar kinematic age for the BPMG.
This age estimate agrees well with the PMS isochronal age for the BPMG.

A significant difficulty with the kinematic traceback method is that it requires
both very accurate membership lists and very accurate observational data (space
motions and distances). This difficulty is illustrated by the two published kine-
matic traceback ages for the TW Hydra moving group – 8.3˙0.8 Myr [12] and
4.7˙0.6 Myr [8]. Both age estimates claim to have very small uncertainties, but the
two ages disagree strongly with each other – presumably due to inclusion of non-
members in one or both studies or to underestimates of the uncertainties in the space
motions. The other main problem with this method is that it provides an accurate
cluster age only if the age when the cluster became unbound was quite small (say,
less than 1–2 Myr).
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3 The Role of Large Surveys: Towards a Better Calibration
of Cluster Ages

The coming tidal wave of data derived from large ground and space-based surveys
will certainly provide many possible routes to improving the open cluster age scale.
This derives not only from the huge volume of data, but also from the fact that in
many cases the data will be both extremely accurate and very homogenous. My
current best route towards an improved age scale follows – but other paths may also
be equally good.

I would start with the kinematic traceback method and GAIA data. Use the
GAIA data to identify all members of the known, nearby young moving groups
and accurately measure their space motions (possibly requiring use of ground-based
telescopes to determine accurate new radial velocities for these stars). Hopefully,
also identify several new young moving groups from analysis of the GAIA data.
Derive accurate kinematic ages for these 5–10 young moving groups whose ages
will presumably be in the range 10–30 Myr.

Use the GAIA photometry and distances (possibly supplemented with additional
photometry from one or more all-sky surveys) to define empirical PMS isochrones
for these moving groups. In the best of all worlds, use those empirical PMS
isochrones to guide construction of a new set of theoretical models that provide good
fits to the empirical isochrones. In a more likely real world, take the best theoretical
models of the time and tune them (in a similar fashion to what was done by [5]) so
that they match the empirical isochrones.

Use those calibrated PMS isochrones to then determine ages for a large number
of clusters over a wider range of ages (e.g. 5–100 Myr), using distances from GAIA
and photometry from GAIA, LSST, SkyMapper, Pan-STARRS, etc.

Use data from TESS or ASTRO, proposed NASA Explorer-Class missions that
will target a million or more field M dwarfs for exoplanet transit searches, to
determine how B fields affect the radii and T(eff) of M dwarfs, and thereby improve
the empirical calibration of the LDB ages. Tie the LDB ages to the PMS ages for
the clusters with both sets of data.

For all of the above clusters that are old enough and rich enough, use the PMS
and LDB age estimates to calibrate the UMS models (i.e. assume the PMS/LDB
ages are correct, and adopt overshoot and mass loss parameters that yield UMS
turnoff ages that best match the PMS/LDB ages). Accurate UMS ages could then be
determined for all of the more distant/older clusters which are not amenable to age
estimates from the other techniques.

I will retire long before very much of the above can be accomplished, but I hope
that the younger generation will have a good time pursuing this or a similar effort.
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Are There Age Spreads in Star Forming
Regions?

Rob D. Jeffries

Abstract A luminosity spread at a given effective temperature is ubiquitously seen
in the Hertzsprung–Russell (HR) diagrams of young star forming regions and often
interpreted in terms of a prolonged period (� 10 Myr) of star formation. I review
the evidence that the observed luminosity spreads are genuine and not caused by
astrophysical sources of scatter. I then address whether the luminosity spreads
necessarily imply large age spreads, by comparing HR diagram ages with ages
from independent clocks such as stellar rotation rate, the presence of circumstellar
material and lithium depletion. I argue that whilst there probably is a true luminosity
dispersion, there is little evidence to support age spreads larger than a few Myr. This
paradox could be resolved by brief periods of rapid accretion during the class I pre
main-sequence phase.

1 Introduction

When newly born stars emerge from their natal clouds as class II and class III pre
main-sequence (PMS) objects, they can be placed in a Hertzsprung–Russell (HR)
diagram. Low-mass (<2 Mˇ) stars take 10–100 Myr to descend the Hayashi track
and settle onto the zero-age main-sequence, so the HR diagram can be used, in
combination with theoretical models, to estimate individual ages for PMS stars or
construct the age distribution of a group of PMS stars. The HR diagrams of young
star forming regions (SFRs) usually have an order of magnitude range of luminosity
at a given effective temperature (Teff, see Fig. 1), and this luminosity dispersion is
often interpreted as star formation that has been ongoing for �10 Myr within a single
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Fig. 1 The HR diagrams and inferred age distributions for samples of stars in the Orion Nebula
cluster (ONC, data from [9]). (Left) Upper plot shows isochrones (from [31], labelled in Myr) and
stars in the ONC separated by infrared excess. Open symbols are stars with �.I � K/ > 0:3 (data
from [16]). Lower diagram shows the age distributions which have identical means and similar
dispersions. (Right) A similar plot, but the open symbols are stars with Laccrete=Lbol > 0:1 (from
[9]). Again, the lower plot shows the age distributions of these samples are very similar

SFR or young cluster (e.g. for young, nearby SFRs – [24, 25]; for massive young
clusters – [3] or even for resolved star clusters in other galaxies – [8]).

The presence and extent of any age spread is an important constraint on models
of star formation. A significant (�10 Myr) spread would favour a “slow” mode,
where global collapse is impeded by, for example, a strong magnetic field (e.g. [33].
Age spreads that were �1 Myr however, could be explained by the rapid dissipation
of turbulence and star formation on a dynamical timescale (e.g. [10]). The reality
or not of age spreads is also important from a practical point of view. Ages from
the HR diagram are used to understand the progression of star formation (e.g.
triggering scenarios, collect-and-collapse models) and the age-dependent masses
estimated from an HR diagram are usually the only way of determining the initial
mass function. In this short review, I ask:

1. Are the luminosity spreads (at a given Teff) in the HR diagram real?
2. If so, do these necessarily imply a wide spread of ages within an individual

SFR?
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2 Luminosity Spreads?

Hartmann (2001) identified many sources of astrophysical and observational scatter
that contribute to an apparent spread in the luminosities of PMS stars at a given
Teff. These include the likelihood that many “stars” are unresolved multiples; that
individual stars may be subject to a range of extinction and reddening; that PMS
stars can be highly variable; that the luminosity contributed by accretion processes
could vary from star-to-star; that in (nearby) SFRs the stars are at a range of
distances; and that placing stars on a HR diagram requires temperature (or spectral
type or colour) and luminosity (brightness) measurements which have observational
uncertainties. Hartmann concluded that efforts to infer star formation histories
would be severely hampered by these effects and that the luminosity and hence age
spreads claimed by [25], among others, must be extreme upper limits. [17] showed
that it is difficult to verify or indeed quantify luminosity spreads, and hence infer
age spreads, unless (a) observational uncertainties are small and (b) both the size
and distribution of other astrophysical sources of luminosity dispersion are well
understood.

One approach to tackle these difficulties is to quantify spreads that could be
contributed by individual sources of dispersion and model the outcome. [5] used
photometric measurements at more than one epoch to empirically assess the affects
of variability on two young SFRs (� Ori and Cep OB3b) with significant (compared
to observational uncertainties) scatter in their colour-magnitude diagrams (CMDs).
This approach takes account of correlated variability in colours and magnitudes and
the non-Gaussian distribution of variability-induced dispersion. A coeval population
was simulated using the observed levels of variability, the likely effects of binarity
and observational errors. This model was found to significantly underpredict
the observed dispersion. In other words, variability (on timescales of years or
less), binarity and observational error could only account for a small fraction of
the luminosity dispersion. On the other hand, [32] examined the slightly older
Upper Sco SFR and showed that the large observed luminosity spreads could
perhaps be entirely explained by a coeval population affected by a combination
of observation errors, distance dispersion and binarity. However, the additional
dispersion (particularly due to distance uncertainties) was so large in this case
that additional scatter equivalent to a real age dispersion of ˙3 Myr remained a
possibility.

A more sophisticated statistical approach has been taken by [8] who, using a
maximum likelihood method akin to that proposed by [23], fitted a 2-dimensional
synthetic surface density to the CMD of a SFR in the Large Magellanic Cloud.
The model includes contributions from unresolved binarity, variability, differential
extinction and accretion. These authors conclude that the luminosity spread in the
CMD is too large to be accounted for by the “nuisance” sources of dispersion and
interpret the additional scatter as a spread in ages of FWHM 2.8–4.4 Myr.

An alternative for investigating the reality of the luminosity dispersions is to
examine proxies such as radius or gravity that would be expected to show a
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corresponding dispersion, but whose measurement is not so greatly affected by the
additional astrophysical sources of scatter. An example is the use of rotation periods
and projected equatorial velocities to estimate the projected radii, R sin i , of PMS
stars in the Orion Nebula cluster (ONC, [19]). These measurements are largely
unaffected by binarity, variability, differential extinction, distance or accretion.
Assuming that spin-axes are randomly oriented, the distribution of R sin i can be
modelled to estimate mean radii and the extent of any true spread in radius at a
given Teff. The results confirm that a factor of 2–3 (FWHM) spread in radius exists
at a given Teff and this concurs with the order of magnitude luminosity spread seen
in the HR diagram of the same objects.

In summary, although there are few detailed investigations to draw on, the evi-
dence so far suggests that the luminosity spreads seen in SFRs are mostly genuine.
Only a fraction of the dispersion can be explained by observational uncertainties,
variability, binarity and accretion.

3 Age Spreads?

If the luminosity dispersions are genuine, then it is natural to plot a set of HR
diagram isochrones, estimate an age for each star and hence infer an age distribution.
However it is possible that physical causes other than age could contribute to a real
dispersion of luminosity in the HR diagram of young PMS stars. Accretion could
perturb the evolution of the central star, inducing a luminosity spread even in a
coeval population [34]. To investigate the fidelity of ages deduced from the HR
diagram we can compare these ages with those estimated using independent clocks.
These include the depletion of photospheric lithium, the evolution of stellar rotation
and the dispersal of circumstellar material.

3.1 Lithium Depletion

Lithium is ephemeral in the photospheres of young, low-mass stars. Once the central
temperature of a star reaches the Li ignition temperature, (�2:5 � 106 K) convective
mixing leads to almost complete Li depletion unless the PMS star leaves the Hayashi
track and develops a radiative core (see [18]). In principle the level of Li in the
atmosphere of a low-mass PMS star is a mass-dependent clock. Palla et al. [26] and
Sacco et al. [30] have searched for Li-depleted stars that are bona-fide members of
the Orion Nebula cluster and the � Ori and � Ori associations. They do find a few
such objects (a few per cent of the total) and using models for Li depletion, infer
ages for them of >10 Myr, compared to HR diagram ages of 2–5 Myr for the bulk of
the PMS population. These observations are consistent with the presence of a small
fraction of older objects, co-existing with the bulk of the younger PMS population,
arguing in favour of a large age spread.
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Whilst this interpretation is possible, there are some problems. First, the bimodal
distribution of Li abundances (i.e. most stars are undepleted with a small fraction of
extremely Li-depleted objects) does not seem consistent with a smooth underlying
distribution of ages and indeed contamination by older, non-members of the cluster
has been suggested [27]. Second, although in some (but not all) cases, the Li-
depletion age for these stars matches the HR diagram age, they are not fully
independent age indicators. The central temperature of the star, which controls
the Li-burning, will depend on the stellar radius (and hence luminosity in the HR
diagram). If for some reason the star had a smaller radius than expected at a given
age and therefore appeared older in the HR diagram, its central temperature would
also be higher and it would have a greater capacity to burn Li.

3.2 Rotation Rates

Young, PMS stars typically rotate with periods of 1–10 d. There is strong evidence
that PMS stars with circumstellar disks and active accretion rotate more slowly on
average than those without disks (e.g. [7, 29]). A widely accepted idea is that stars
which are accreting from a disk are braked by the star-disk interaction and held at a
roughly constant spin period [28]. Once the disk disperses, or below some threshold
accretion rate, the brake is released and the star spins up as it rapidly contracts
along the Hayashi track. Thus, the rotation rate of PMS stars should broadly reflect
the age of the population – an older population should have fewer strong accretors
(see Sect. 3.3), have had more time to spin-up, and hence should contain a greater
proportion of fast rotators than a younger population. As the lifetime of accretion
is of order a few Myr, then age spreads of 10 Myr should manifest themselves as
big differences in the rotation period distributions of the “older” and “younger”
populations.

This rotation clock has been investigated by [21]. They divided the PMS
populations of several nearby SFRs into “old” (low luminosity) and “young” (high
luminosity) samples and compared their rotation period distributions. The null
hypothesis that the samples were drawn from the same distribution could be rejected
at high significance levels, but the surprising result is that the faster rotating sample
is actually the one containing the “young” objects. If the luminosity spreads were
truly caused by an age spread, the “disk-locking” model would predict the opposite
result. Littlefair et al. interpret this by assuming the populations in each SFR
are coeval, but the luminosity spreads are introduced through differing accretion
histories which also influence the stellar rotation rate (see Sect. 4).

3.3 Disk Dispersal

It is well known that the lifetime of circumstellar material around young PMS
stars, traced by the fraction of objects exhibiting infrared excesses or accretion
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diagnostics, is on average a few Myr (e.g. [6, 12, 15, 20]). The precise reasons for
disk dispersal are still unclear, but if the fraction of stars accreting strongly from a
circumstellar disk does decrease with age then we would expect to see fewer active
accretors among any older population within a single SFR.

Surprisingly little work has been done in this area. Hartmann et al. (1998) found
that mass accretion rates did decline with increasing HR diagram age in Taurus
and Chamaeleon. Bertout et al. [4] claimed that accreting classical T-Tauri stars in
Taurus appeared significantly younger in the HR diagram than their weak-lined,
non-accreting counterparts. On the other hand, Hillenbrand et al. (1998) find no
correlation between age and the fraction of PMS stars in the ONC with near-infrared
excesses. These studies are difficult because they are afflicted by a number of biases
and selection effects.

In preparation for this review I examined a new catalogue of sources in the
ONC by [9], which they claim to be complete to very low luminosities. They have
estimated the luminosity and effective temperature of stars using a careful star-by-
star estimate of accretion luminosity and extinction. Their catalogues give estimated
masses and ages based on the models of [31]. Figure 1 shows HR diagrams and
deduced age distributions, where the samples have been divided according to (a)
whether the I � K excess over a photospheric colour is >0:3 (data from [16]) or
(b) whether the accretion luminosity is >0:1 Lbol. Neither of these accretion/disk
diagnostics shows a significant age dependence within the ONC, the mean ages and
age distributions of the subsamples are indistinguishable. I am currently exploring
any possible biases (e.g. dependences of age and the likelihood of possessing a disk
on position within the cluster) that might explain these results.

Taking the results at face value suggests either: (i) Any true age spreads are
much less than the few Myr characteristic timescale for the cessation of accretion
and dispersal of circumstellar material and that a star’s position in the HR diagram
is not primarily age dependent. (ii) The scatter in the luminosities caused by the
nuisance sources discussed in Sect. 2 is so large that it erases the expected age-
dependent decrease in the fraction of stars exhibiting accretion or disk signatures.
For the reasons discussed in Sect. 2 I regard this latter possibility as unlikely. In
either case (i) or (ii) it would mean that the HR diagram could not be used to claim
a large age spread or to estimate the star formation history.

4 Episodic Accretion: A Possible Explanation

The idea that early accretion could alter a PMS star’s position in the HR diagram and
make it appear older have been around for some time (e.g. [22,34]). Recently it has
been realised (e.g. by [11]) that accretion onto very young stars may be transient
or episodic, with very high accretion rates (�10�4 Mˇ yr�1) occurring for brief
periods of time (�100 yr). “Episodic accretion”, which would take place during
the early class I T-Tauri phase, has been modelled by [35] and its consequences
for the PMS HR diagram are explored by [2]. They find that if the accreted energy
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is efficiently radiated away, then a short phase of rapid accretion compresses the
PMS star, leading to a smaller radius and lower luminosity. The star will not
relax back to the configuration predicted by non-accreting models for a thermal
timescale ('20 Myr for the PMS stars I am discussing), and hence interpreting
the HR diagram using non-accreting models would lead to erroneously large ages.
A distribution of accretion histories in a coeval SFR could lead to a luminosity
spread and the appearance of an age spread. As there may be no connection between
accretion rates in the class I phase and later accretion as a class II T-Tauri star this
could effectively randomise the ages determined from the HR diagram for young
class II and class III PMS stars.

The model may also account for the apparent spin-down of PMS stars with age
and for the small proportion of stars which appear to have anomalously high Li
depletion. A PMS star with a true age of say 3 Myr, that had been subjected to
relatively slow accretion rates during the class I phase would have contracted over
3 Myr from a larger radius and spun-up significantly. A coeval PMS star that had
previously accreted at much high rates would already be smaller, less luminous
and appear older, but would be relaxing back to its equilibrium configuration on a
20 Myr timescale and so would have undergone very limited contraction and spin-up
(Littlefair et al. 2010). The same stars would have smaller radii and higher central
temperatures than their slow-accreting counterparts and could therefore burn Li
more readily [1].

5 Conclusions

The evidence to date suggests that the luminosity dispersion seen in the HR
diagrams of young SFRs has a significant component that cannot be attributed to
“nuisance” sources such as binarity, variability and accretion. However, attempts
to verify the consequent age spreads implied by the positions of PMS stars in the
HR diagram have mixed success. In particular, the rotation rates of PMS stars
and the fraction of stars showing active accretion or evidence for circumstellar
material within a single SFR do not show the expected decrease with age. “Episodic
accretion” potentially resolves this paradox – a very high rate of accretion during
the class I phase could drive PMS stars out of equilibrium and towards smaller
radii and lower luminosities. A distribution of early accretion rates would effectively
scramble ages determined from the HR diagram for a population of class II and class
III PMS stars.

If this scenario is borne out by further work, then the traditional HR diagram is
a poor tool for estimating the ages of young (<20 Myr) PMS stars and also perhaps
for estimating age-dependent masses. Large scale survey work may instead have to
rely on less precise but potentially more accurate clocks such as rotation rates or the
presence of circumstellar material, although of course these may not be universal
and could have significant environmental dependencies.
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The Relevance of X-ray Surveys for the Study
of the Properties of Young Open Clusters

Giusi Micela

Abstract Pre-main sequence solar-type stars are at least three order of magnitude
more X-ray luminous than mid-aged stars such as the Sun, making X-ray surveys
a very powerful tool to study young stars. Specifically X-ray observations of
star forming regions or young open clusters are very effective to identify cluster
members among the huge number of older field stars present in the same sky
region. This capability is very useful in particular to select stars that have already
dissipated their disks (weak line type or Class III stars), that cannot be identified
with more traditional means such as infrared surveys. As a consequence X-ray
surveys are crucial to obtain complete samples needed for the study of global
properties of the clusters, such as Initial Mass Functions (IMF) and disk frequency.
I will present some examples of such studies with special emphasis on the role of
X-ray observations.

1 Introduction

High energy phenomena are common during star formation and at young age. In fact
X-ray luminosity decays by 3–4 order of magnitudes from the Pre Main Sequence
(PMS) phase to the solar age (e.g. [13]), with most of the evolution occurring
starting from the Zero Age Main Sequence (ZAMS).

The evolution of stellar coronal emission is strictly linked to the rotational history
of the stars. In fact the X-ray emission is produced by hot plasma in stellar coronae,
generated by a dynamo powered by stellar rotation. In turn, winds, channelled
by coronal magnetic fields, are responsible for the magnetic braking and for the
consequent angular momentum evolution. The star spins down and X-ray emission
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decreases with a continuous feedback mechanism. During this evolution also the
corona itself evolves, becoming colder and less dynamical.

In addition to the effects on physics of the outer atmosphere and stellar rotation,
the coronal evolution produces important effects in the stellar neighborhood and
has important implication for the studies of young stellar populations. For example,
during the PMS phase, the copious high energy emission produced by the star ion-
izes the circumstellar disk, modifying its physical conditions, affecting its evolution
and the subsequent planetary formation. Furthermore in the more evolved phase the
intense X-ray emission may heat or even (partially) evaporate the atmospheres of
close planets [14, 16].

Another important consequence of high activity level of young stars, relevant for
the theme of this paper, is the capability of X-ray observations to identify young
stars. Indeed, thanks to their intense X-ray emission, young stars dominate the
stellar population observed in shallow or intermediate X-ray surveys, specially in
the direction of star forming regions.

2 X-ray Data of Clusters and Star Forming Regions

The discovery of the relevance of X-ray observations for the study of young stars
dates at eighty. The first decade, the Einstein and Rosat age, was a period of
discoveries. Most of the star forming regions and clusters within 200 pc were
observed. The intense X-ray emission of young stars and their strong variability was
observed and the population of Weak line T Tauri Stars (WTTS – pre-main sequence
stars with no strong emission lines) was identified for the first time (e.g. [21]).

In the last decade, stellar X-ray astrophysics has entered in a more mature
phase: thanks to the large area of XMM and the superb angular resolution of
Chandra, it has been possible to probe clusters and massive SFRs up to few kpc,
exploring a much larger parameter space, and detecting stars over a larger mass
range. The two observatories are very complementary. In fact the large effective
area of XMM/Newton makes possible spectral and time analyses relevant for the
study of origin of X-ray emission, while the exceptional high spatial resolution of
Chandra (fraction of arcsec in the central area of the field of view) allows us to study
unambiguously weak sources in very crowded areas as the massive SFRs.

Major results have been obtained on:

• SFR and open cluster morphologies
• Age spreads and sequential star formation
• Disk frequency
• Mass segregation
• Stellar initial mass function

A significant fraction of the exposure time of Chandra and XMM/Newton has
been devoted to young star science, with a few large projects dedicated to specially
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interesting regions. The archives of the two satellites contain now a large number of
observations of open clusters and star forming regions, some still not fully exploited.

In the following I will illustrate a couple of examples of X-ray observations to
elucidate how the stellar population studies of star forming regions and young open
clusters may take advantage of X-ray observations.

3 Disk Frequency in Massive Star Formation Regions:
The Case of NGC 6611

In this section I will present the study of disk frequency as a function of the
environment conditions. In particular I will discuss the analysis of the role of UV
radiation from massive stars in evaporating circumstellar disks around nearby stars
in NGC 6611, a cluster in the center of the complex of the Eagle nebula.

The region has been studied adopting a multiwavelength approach, with different
bands probing different components of stellar systems. In particular the optical
band allows determining the stellar properties, infrared observations are the tool to
identify disks, and X-rays are used as membership criterion since, as we discussed
above, essentially all the X-ray stellar sources in the direction of a SFR may be
considered cluster members. We note that X-rays are the most effective way to
identify disk-less members that do not present any infrared excess.

Three X-ray observations have been obtained with Chandra (PI: Guarcello). Stars
detected in X-rays with optical photometry consistent with the cluster distance
and age have been selected as candidate members. Those without NIR excess are
our disk-less members, for a total of 1117 selected stars. Their spatial distribution
follows very clearly the structure of the cluster [9].

Since disk-less stars have purely photospheric colors, without any contamination
due to the presence of a disk, they are an ideal population to determine the main
properties of the cluster. Therefore using this sample we have determined a cluster
distance of 1,750 pc, an age in the 1–3 Myr range, an average absorption <Av> �
2:6 and a core radius of 1.3 pc [7].

Having identified stars with and without disk we are able to derive, in principle
without biases, the frequency of disks. Since we want to explore the effect of
massive stars on circumstellar disks of low-mass members, we have computed the
UV flux emitted from OB stars incident on low-mass members with and without
disk. Then we have computed the disk frequency as a function of the incident UV
flux. Figure 1 is the resulting histogram in four UV flux bins, where bin size has
been chosen to have comparable statistics. While the disk frequency is consistent
with being constant in the first three bins, a decrease of disk frequency for the bin
at the highest flux is evident. We consider this decrease as the evidence of disk
photoevaporation induced by massive stars, that at the NGC 6611 age appears to be
relevant up to a distance of 1 pc from the massive stars (the typical distance from an
OB star corresponding to the highest UV flux bin).
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Fig. 1 Histogram of disk frequency for four bins of different UV incident flux produced by
massive stars. Solid line is obtained using Spitzer data, while dotted line are data obtained in
[7] based only on JHK data. Bin size has been chosen to have comparable statistics in each bin
(from [9]

With the multiwavelenght approach outlined above, we have derived a number
of results for NGC 6611. In particular the X-ray membership criterion applied to
NGC 6611, has allowed us to:

• Identify disk-bearing and disk-less YSOs in the whole Eagle Nebula.
• Observe disk photoevaporation in NGC 6611 close to OB stars (d <1 pc).

Photoevaporation is independent from the stellar mass.
• Identify a large scale age gradient with a chronology of star formation in M16

incompatible with large-scale star formation triggering by OB stars.

These results are reported in [7–9].

4 Star Formation in the Outer Galaxy

In this section I will present another case in which the X-ray observations have a
critical role in assessing the population properties of a young SFR. In particular I
will present a project focused on NGC 1893 aiming at studying the processes of star
formation in the outer Galaxy.

NGC 1893 is a young cluster at about 12 kpc from the Galactic Center. The
region is fairly rich of massive stars [11, 12, 19], with indication of a large PMS
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population [17, 20]. Its properties make NGC 1893 a very good target to study the
star formation processes in the outer Galaxy, where the conditions should be less
conducive to star formation than in the solar neighborhood or in the inner Galaxy:
the interstellar radiation field is weaker, prominent spiral arms are lacking and there
are fewer supernovae to act as external triggers of star formation. Metal content
is, on average, smaller, decreasing radiative losses and therefore increasing cloud
temperatures and consequently pressure support.

We have studied the region adopting, as in the case of NGC 6611, a multiwave-
length approach, in which different energy bands probe different components of the
stellar systems. Also in this case the optical band is used to determine the stellar
properties, infrared observations are the tool to measure the disk properties and X-
rays are used as membership criterion. In particular we have collected the following
observations

• Dolores@TNG:4 (8.6 � 8.6) fields – V(10–1000 s), R(10–700 s), I(10–1480 s),
H˛(60–1400 s)

• Cafos@CalarAlto: 1 (16) field – V(15–1500s), R(10–600s), I(10–1500s),
H˛(10–1500s)

• NICS@TNG:16 (4.2�4.2) fields – J(500s), H(600s), K(700s)
• ACIS@Chandra: 17�17 field (0.5–8.0 keV), 450 ksec
• IRAC@Spitzer: mosaic of 26�30 at 3.6, 4.5, 5.8, 8.0

Infrared observations show that the region is rich of star with excesses, indicating
the presence of a large population of disk-bearing stars. Figure 2 shows the color–
color Spitzer diagram for the stars in the region. Circles identify counterparts of
X-ray sources, that occupy both the regions typically populated by Class II and
Class III stars, while triangles mark class I stars [3].

X-ray detections have been used to identify cluster members, and those without
any excess in infrared have been classified as Class III members. The emission
of these stars is exclusively photospheric, implying that their position in the HR
diagram is uncontaminated by any other contributions. Therefore the Class III
sample may be used, as in the NGC 6611 case, to derive the cluster parameters
that will be unaffected by the typical problems related to the disk and/or accretion
presence. Figure 3 shows the HR diagram, where the Class III stars clearly mark the
cluster locus.

Main results from the analysis of this project include:

• The confirmation that NGC 1893 is a rich cluster with a conspicuous population
of PMS stars with1057 members with circumstellar disk and 391 diskless
members [15].

• The derivation of the mean cluster reddening E(B-V) D 0.6 ˙ 0.1, and the cluster
distance d D 3600 ˙ 200 pc. Note that previous literature values were very
uncertain, in a (3,250�6,000) pc interval.

• Class II and III YSOs show very similar age and mass distributions.
• We estimate a disk fraction of about 70% in agreement with that found in cluster

of similar age [10].
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Fig. 2 IRAC col–col diagram: 116 Class II stars identified. Large symbols mark X-ray mem-
bers [3]

The work is still ongoing and we plan to derive in the next future the Mass
Function of the cluster to be compared with that obtained for nearby, coeval clusters.
Also for this goal the X-ray selection is a precious tool for a complete member
census.

5 Disk Frequency in Young Clusters

The results derived from several authors on disk frequency at young age strongly
rely on the selection method for disk- and disk-less members. Several diagnostics
exist to identify the disk presence or accretion (near infrared for inner disk, far
infrared for outer disk, H˛, or UV excess for accretion, etc) that may be not
completely consistent. In order to compare different clusters to study age evolution
or environment effects, it is needed a uniform disk/accretion indicator. In any case,
the class III indicator is always based on X-ray observations.

Table 1 shows a selection of results obtained from several SFRs where column 3
indicates the method used for disk detection. In all the cases X-rays have been used
to select Class III stars. Even considering the inhomogeneity of the used methods
few peculiar cases with very low disk frequency may be noted. We noticed in
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Fig. 3 H-R diagram of NGC 1893: blue symbols mark X-ray detections, red points are X-ray
detections without NIR excess (Class III members – 391 stars). [15]

Table 1 Summary of disk frequency for several clusters. Boldface percentage indicate the cases
with anomalous low disk frequency

Names Age (My) Disk indicators Disk frequency (%) Reference

ONC 1 near-IR, M>1 Mˇ 20.6 [1]
NGC 6611 1 near-IR, M>0.5 Mˇ 35 [9]
Cyg OB2 2 near-IR, M>1 Mˇ 4.4 [2]
NGC 6530 2–3 near-IR, M>0.5 Mˇ 20 [4]
Tr 16 3 near-IR, M>0.5-1Mˇ 15 [1]
NGC 2264 3 Spitzer 38 [18]
NGC 1893 3 near-IR 70 [15]
NGC 2362 5 H˛ (IR) 5 (12) [5]
NGC 6231 5–7 near-IR, M>1 Msun 4 [6]

particular the very low disk fraction in Cyg OB2, very rich of massive stars. Other
cases with low disk frequency are: NGC 6231, a slightly older cluster that seem to
have stopped the star formation process, and NGC 2362, a cluster of similar age,
characterized by a short episod of star formation. We stress that in all the cases the
class III stars are a substantial fraction of , and in a few cases dominate, the stellar
populations in these SFRs.
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6 Summary

In this paper I have discussed some examples of the role of X-ray observations for
the study of the low-mass stellar population in young open clusters. In particular
I focused on the analysis of disk frequency, for which X-rays are the only tool to
select disk-less stars. However this was just an example, in all the cases for which
completeness is an issue X-ray observations have an unique role. Examples include
the study of the Initial Mass Function, the morphology, the dynamical evolution, the
mass segregation, and the star formation history.

Likely only with the exploitation of Gaia data and its capability to measure
accurate distances and proper motions, it will be possible to use an alternative
method, based on kinematics. However X-rays may be still used to eliminate the
residual field contamination.

Chandra and XMM/Newton are doing an excellent job in producing high quality
X-ray data of open clusters and SFRs. A wealth of observations are already available
(some still to be analyzed), and constitute a precious instrument for the study of star
forming regions.
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Chandra Observations of Cygnus OB2

Nicholas J. Wright, Jeremy J. Drake, Janet E. Drew, and Jorick S. Vink

Abstract Cygnus OB2 is the nearest example of a massive star forming region,
containing over 50 O-type stars and hundreds of B-type stars. We have analyzed two
Chandra pointings in Cyg OB2, detecting �1,700 X-ray sources, of which �1,450
are thought to be members of the association. Optical and near-IR photometry
has been obtained for �90% of these sources from recent deep Galactic plane
surveys. We have performed isochrone fits to the near-IR color-magnitude diagram,
deriving ages of 3:5C0:75

�1:0 and 5:25C1:5
�1:0 Myrs for sources in the two fields, both

with considerable spreads around the pre-MS isochrones. The presence of a second
population in the region, somewhat older than the present-day O-type stars, has
been suggested by other authors and fits with the ages derived here. The fraction of
sources with inner circumstellar disks (as traced by the K-band excess) is found to
be very low, but appropriate for a population of age �5 Myrs. We measure the stellar
mass functions and find a power-law slope of � D �1:09˙0:13, in good agreement
with the global mean value estimated by Kroupa. A steepening of the mass function
at high masses is observed and we suggest this is due to the presence of the previous
generation of stars that have lost their most massive members. Finally, combining
our mass function and an estimate of the radial density profile of the association
suggests a total mass of Cyg OB2 of � 3 � 104 Mˇ, similar to that of many of our
Galaxy’s most massive star forming regions.
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1 Introduction

Star formation occurs on scales ranging from small star forming regions (SFRs)
to the massive superstar clusters seen in merging galaxies, yet our current under-
standing of star formation is mainly derived from observations of nearby small star
forming regions, yet the conditions in these low-mass regions are very different
to those found in the massive SFRs that contain hundreds to thousands of OB
stars and millions of low-mass stars. High stellar densities, strong stellar winds
from OB stars, and a large UV flux are likely to influence the products of the star
formation process such as the initial mass function (IMF), the binary fraction, and
the properties of proto-planetary disks. Unfortunately the majority of massive SFRs
are found at great distances making them difficult to study. The exception to this is
Cygnus OB2, which at a distance of 1.45 kpc [5] is the closest known massive SFR,
containing �65 O-type stars and thousands of OB stars [2, 5, 8, 11]. However, the
complications of high extinction, a large spatial area, and the inevitable foreground
contamination caused by observing in the Galactic Plane have hindered previous
attempts to study the low-mass population in the region. To overcome this, we have
used Chandra observations to separate the X-ray luminous pre-MS population from
the contaminating galactic foreground. Combining these observations with optical
and near-IR photometry from recent deep photometric surveys of the Galactic plane
we have been able to isolate the pre-MS population in the region.

2 Cygnus OB2 Membership and Foreground Contamination

Wright and Drake [15] presented a catalogue of 1696 X-ray sources extracted from
Chandra observations of two fields in the center of Cyg OB2. The catalogue also
includes optical and near-IR photometry from the IPHAS [3], 2MASS [14] and
UKIDSS [10] surveys. X-ray selection is highly effective for selecting pre-MS stars,
but to remove any remaining foreground contaminants in the catalog we employed
the IPHAS (r 0�H˛, r 0 � i 0) color–color diagram (CCD, Fig. 1) where the main
sequence does not redden onto itself but sweeps out an area in the color–color
plane (e.g. [3, 4]), allowing differently reddened stellar populations to be separated.
Employing this method we removed 46 sources (�3%), leaving a catalog of 1455
high-confidence members of Cyg OB2 that Wright et al. [16] showed was complete
to �1 Mˇ (excluding late B and A-type stars that do not all emit X-rays).

3 Near-IR Stellar Properties

The integrated properties of the region were studied in the near-IR due to the
availability of deep near-IR photometry for the majority of sources. Figure 2 shows
(J , J �H ) color-magnitude diagrams (CMDs) for sources in the two fields. Pre-MS
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Fig. 1 IPHAS (r 0�H˛, r 0 �i 0) CCDs for all sources in the Chandra observational footprints (left)
and for sources with Chandra associations (right). Blue lines show unreddened main-sequences
[3], while red lines are the main-sequence tracks for AV D 4:0 and 7.0. Sources removed from the
catalogue as foreground sources are shown as red crosses

Fig. 2 Near-IR CMDs for Cygnus OB2 sources in the central (left) and north–western (right)
fields with pre-MS isochrones (red lines, [13]) for ages and extinctions of 3.5 and 5.25 Myrs, and
AV D 7:5 and AV D 5:5, respectively. Mean photometric errors for each magnitude interval are
shown as red crossed on the right

isochrones [13] were fit to this data to determine the age and extinction using a
simple goodness-of-fit test and weighting each source using its color and magnitude.
A bootstrapping technique was used to determine 95% confidence intervals for
all fitted quantities. We find different ages for the two fields of 3:5C0:75

�1:0 and
5:25C1:5

�1:0 Myrs for the central and north–western fields, respectively. However, the
difference between these two ages is within the uncertainties of the two fits.

Figure 3 shows the (J � H , H � Ks) CCD for the two fields, which was used
to identify stars with circumstellar disks based on their near-IR excesses (in the
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Fig. 3 Near-IR CCDs for Cygnus OB2 sources in the central (left) and north–western (right) fields
with a main sequence (blue lines, [7]), the classical T-Tauri star locus (red line, [12]), and reddening
vectors (dashed lines) shown. Sources falling within the T-Tauri region are marked as crosses and
the most highly reddened object in the field is shown as a large dot. The mean photometric errors
on the two colors is shown in the top left corner of each figure in red

absence of longer-wavelength data). We find 63 and 23 sources in this region of the
color–color plane, 5.9 and 7.9% of our catalogue in the central and north–western
fields respectively. These fractions are significantly lower than that found from near-
IR studies of other similar age star forming regions [6], which has previously been
suggested as evidence for the impact of environment, particularly the strong UV
flux, on the evolution of protoplanetary disks [1]. While our results do support such a
theory, with the fraction of circumstellar disks lower in the center of the star forming
region where the UV radiation field from OB stars is stronger, the difference is both
statistically small and over-simplifies the dynamical and 3-dimensional structure of
the region. An alternative explanation is that we are sampling an older generation of
star formation as well as the 2 Myr population. A disk fraction of 5–10% is perfectly
reasonable for a population with an age of �5 Myr [6].

4 The Stellar Mass Function in Cygnus OB2

Figure 4 shows mass functions (MF) for sources in Cyg OB2, exhibiting a clear
power law slope (excluding A and late B-type stars) down to our completeness
limit of �1 Mˇ, but steepening at higher masses. We fit a slope of � D �1:09˙
0:13 in the combined fields, in agreement with the apparently universal value of
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Fig. 4 Mass functions for all sources in Cygnus OB2 with stellar masses derived from near-IR
photometry and existing spectroscopic observations. Left: MF for both fields combined; right: MF
for the central (full line) and north–western (dashed line) fields. �2 fits to the MFs (within the
completeness limits) are shown as red lines

� D �1:3 [9]. When the two fields are considered separately we find negligibly
different slopes of � D �1:08 ˙ 0:15 in the central field and � D �1:09 ˙ 0:10 in
the north-western field. Previous measurements of the MF in Cyg OB2 have mostly
been derived from spectroscopy of the massive stars, the most recent measurement
by Kiminki et al. [8] resulting in a slope of � D �2:2 ˙ 0:1. We find here that
the MF is not as steep as this, but confining our sample only to the O-type stars we
find a slope of � D �2:72 ˙ 0:52, in agreement with this work. We suggest that
the steep high-mass slope of the MF is not intrinsic but is a product of the older
stellar populations in the region having lost their most massive members, thereby
steepening the MF.

5 The Age, Star Formation History, and Total Mass
of Cygnus OB2

The main constraints on the age of Cyg OB2 have previously been derived from the
massive stars in the region. Hanson [5] estimated an age of 2 ˙ 1 Myrs but noted
that as the search for OB stars in the region was extended to larger radii the fraction
of evolved massive stars increased, contaminating the sample of Cygnus OB2
with non-members. Many of these stars were found to the south of the original
association [2] in a region where Drew et al. [4] have since uncovered a population
of A-type dwarf stars with an age of 5–7 Myr. We have derived ages of 3:5C0:75

�1:0

and 5:25C1:5
�1:0 Myrs for the central and north–western fields, which could suggest a

significant age spread across the Cygnus OB2 association. Furthermore, our findings
of an age-steepened mass function and a considerably reduced circumstellar disk
fraction lend weight to the argument of a previous generation of stars in the region.
In such a picture our central field includes the young OB-star dominated association,
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while the north–western field also includes older stars from a previous generation of
star formation. We cannot yet know to what extent there are two distinct generations
of stars present, or whether there is a real age spread.

While it is likely that Cygnus OB2 is far from spherically symmetric, we can
use a simple King profile to estimate the total size and mass of the association.
Fitting a radial profile to our observations and combining it with our mass function
(extrapolated down to 0.01 Mˇ using a multi-stage power-law IMF [9]) we estimate
a total stellar mass of .3˙1/�104 Mˇ for the entire association. Such a mass implies
that there were originally �75 O-type stars, slightly larger than the currently known
number of 65, but supporting our argument that some of the most massive stars
have expired. This size is comparable to that of many of the most massive known
star forming regions in our Galaxy, confirming the role of Cygnus OB2 as the prime
location to study the influence of massive stars on the low-mass stellar population.

6 Conclusions

We present an analysis of �1,450 stellar X-ray sources detected in the Cygnus OB2
association using complementary optical and near-IR photometry. We derive inte-
grated ages, near-IR disk fractions and stellar masses, from which me measure the
mass function. Evidence for an age spread, a low disk fraction, and an steep, high-
mass slope of the mass function all argue for the presence of an older population of
stars in the region. Finally we combine our results to estimate the total mass of the
association as 3 � 104 Mˇ, comparable to many of our galaxy’s most massive star
forming regions. The recently completed Chandra Legacy Survey of Cygnus OB2
will take this work wider and deeper and will help probe the star formation process
in our nearest massive star forming region.
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Young Massive Stellar Clusters in the Milky
Way: the Cl1813-178 and GLIMPSE 9 Clusters

Maria Messineo, Ben Davies, Donald F. Figer, Christine Trombley,
Elena Valenti, Francisco Najarro, John MacKenty, Karl Menten,
R. Michael Rich, Rolf P. Kudritzki, Simon Clark, and Valentiv Ivanov

Abstract Most of the stars, if not all, form in clusters, and clusters are generally
found in large complexes. However, only a few of such complexes produce young
massive clusters. We present first result of an ongoing study to fully map in time
and space stellar clusters in two Galactic giant molecular clouds with the aim of
understanding how star formation proceeded in the cloud, and of identifying the
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triggering mechanism. The W33 and GAL23.3-0.3 complexes are both located in
the inner Galaxy, and are rich of HII regions, supernova remnants, and candidate
clusters. The W33 complex contains one of the most massive Galactic stellar cluster
with a mass of (104) Mˇ, and an age of 4.5 Myrs. The cluster location at the edge
of the molecular complex suggests that this is a secondary episod of star formation.
The GAL23.3-0.3 appears to contain much older massive stars (�15 Myr).

1 Introduction

An understanding of the mechanisms of formation, evolution, and end state of
massive stars is fundamental for the studies of galaxies at all redshifts. Massive
stars contribute to the chemical enrichment of the interstellar medium with their
strong winds and by exploding as supernovae. Moreover, massive stars are the most
luminous stars, can easily be detected in external galaxies, and provide distance
estimates; they are the sources of the most energetic phenomena in the Universe,
gamma ray bursts (e.g. [20]). Massive stars are typically found in young massive
clusters (M > 103Mˇ). They are usually identified by their ionizing radiation, or
by locating massive stellar clusters. Only a few hundred clusters so massive are
currently known in the Galaxy [13, 19].

More than 1,500 new candidate stellar clusters have been recently discovered
from infrared surveys of the Galactic plane (2MASS, DENIS, SPITZER/GLIMPSE),
doubling the number of stellar clusters previously known from optical surveys [6].
Among these candidates, several young clusters rich in massive stars may be hidden
[13]. Clusters detected at infrared wavelengths are typically further away than
those from optical surveys, therefore sampling a different Galactocentric region.
Moreover, with infrared observations it is possible to study obscured/embedded
stellar clusters in large complexes, which are the basic units of star formation. By
analyzing various episodes of star formation in the same cloud one can identify
the triggering mechanism, and locate special conditions that are required for the
formation of extremely massive and compact (“starburst”) stellar clusters. It is
unclear why only a few “starburst” clusters are present in the Milky Way [18], and
it is unclear if these clusters form in special environments, and if certain Galactic
locations are more favorable to their formation (e.g. the central molecular zone
and the endpoints of the Galactic Bar, [4, 13]). Therefore, the availability of large
surveys of the Galactic plane at radio and infrared wavelengths opens a golden
epoch for detecting and studying new massive clusters in large complexes, and to
understand the formation, evolution, and environments of massive stars.

We have ongoing programs to map spatially and temporally the distribution of
stellar clusters in two giant molecular clouds, W33 and GAL23.3-0.3, which are
rich of HII regions and SN remnants, suggesting the presence of massive episodes
of star formation (Fig. 1).
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Fig. 1 Galactic distribution of stellar clusters detected at optical wavelengths (dots) taken from
[6]. Known young stellar clusters with masses > 104 Mˇ are shown with crosses [13, 16, 17].
Hexagonal symbols show the location of the Cl1813-178 and GLIMPSE9 clusters, which are
discussed in this proceeding. The Galactic center is at (0,0) and the Sun is at (0,8). Spiral arms
are taken from [3]

2 Stellar Clusters in W33

The main W33 complex is located in the inner Galaxy, at a distance of about
4 kpc, and extends over an area of roughly 29�23 pc [2]. Massive star formation
in this complex was already suggested in the 1980s from studies of radio continuum
emission and radio recombination lines (e.g. [8]). However, a comprehensive study
of its stellar population is still missing. W33A is a well known massive young stellar
object [5]. A massive stellar cluster, Cl 1813-178, associated with W33 was reported
by [12]. Six other candidate stellar clusters, detected at infrared wavelengths, and
possibly associated with the same complex, are listed by [14].

The W33 complex is of particular interest because it hosts also a large number
of HII regions and supernova remnants (SNR). The Cl 1813-178 cluster coincides
with the SNR G12.82-0.02 and G12.72-0.00 [12], while the BDS2003-115 cluster
coincides with the SNR G12.83-0.02 [14].

Cl 1813-178 cluster is on the Western edge of the W33 complex, while W33A
and the associated SNR G13.1875+0.0389 are on the Eastern edge of the W33
complex. This confirms that the most recent massive star formation has taken place
in several regions in the periphery of the W33 complex. Furthermore, while W33A
is still accreting, the Cl1813-178 has an age of about 4.5 Myr. Therefore, star
formation in the W33 region covers a large time span [14] (Fig. 2).
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Fig. 2 Examples of K-band spectra of early-type stars detected in the Cl 1813-178 [14]

2.1 Cl 1813-178

The Cl 1813-178 cluster was serendipitously discovered as a stellar overdensity in
2MASS images, by combining 2MASS images with radio and X-ray information.
The cluster is projected into the G12.72-0.00 and G12.82-0.02 supernova remnants
(SNR), and the highly magnetized pulsar associated with the TeV � -ray source
HESS J1813-178.

A near-infrared spectroscopic survey of the brightest cluster members is pre-
sented by [14] (See Fig. 2). Among the 61 observed stars, 25 massive stars were
detected. Two Wolf–Rayet (WR) stars of type WN7, a candidate luminous blue
variable (LBV), and 21 OB stars were identified. Among the OB stars, a O8-O9If
star and a O6-O7If star were discovered. Eight of these evolved stars show also X-
ray emission, as detected by the Chandra and XMM satellites [7, 9]. The hardness
of the X-ray emission from the two WN7 stars strongly suggests binary systems.
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Messineo et al. [14] derived an average interstellar extinction of AKs D 0.8 mag
and a spectrophotometric distance of 3:8 ˙ 1:6 kpc, which is consistent with the
(stellar) kinematic distance of 4:8˙C0:25

�0:28 kpc. The mixture of evolved massive stars
is reminiscent of other Galactic young massive clusters, such as Westerlund 1,
Quintuplet, Galactic center, and Cl 1806-20. By assuming the kinematic distance,
the derived values of AKs, and bolometric corrections, stellar luminosities were
estimated, therefore, stellar masses by comparing the luminosities with evolutionary
tracks from the Geneva group [14]. A likely cluster age of 4–4.5 Myr was derived,
however, a spread in age of about 1 Myr cannot be excluded. By assuming a Salpeter
mass function, a cluster mass of 1:0˙0:2�104 Mˇ was obtained. The Cl 1813-178
cluster is a new addition to the list of 14 young massive stellar clusters known in the
Milky Way.

Fig. 3 HST/NICMOS H�KS vs. KS color-magnitude diagrams (CMD) of the GLIMPSE9 cluster
[15]. The cluster CMD is shown on the left panel. A CMD of a control field is shown in the central
panel. A CMD of the cluster field after statistical decontamination is shown in the right panel.
The vertical line indicates an isochrone of 15.0 Myr and solar metallicity from the Geneva group,
which was shifted to a reddening of AKs D 1.5 mag and a distance of 4.2 kpc. Dotted lines show
isochrones corresponding to a population of 0.5 Myr, and 3 Myr with solar metallicity (Siess et al.
2000). The diamond symbols indicate spectroscopically detected RSGs, while squares indicate
BSGs, a plus symbol indicate candidate early-type stars, and triangles giant stars
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3 Stellar Clusters in the Giant Molecular Cloud GAL23.3-0.3

A study of the GLIMPSE9 cluster, number 9 in the list by [11], is presented
in [15]. A well defined cluster sequence appears in the HST/NICMOS H�KS

versus KS diagram (Fig. 3). Low-resolution K-band spectroscopy reveals three red
supergiants (RSG) and two blue supergiants (BSG) among the brightest members.
A spectrophotometric distance of 4:2 ˙ 0:4 kpc is derived, an average interstellar
extinction AKs D 1.6 mag, and an age between 15 and 27 Myr. A minimum cluster
mass of 1;600 ˙ 400Mˇ is estimated.

The GLIMPSE9 cluster is located in the direction of the GAL23.3-0.3 giant
molecular cloud, and the stellar cluster distance agrees well with that inferred for
the complex by [10] and [1], therefore confirming their physical association.

A stellar population possibly associated with the same giant molecular cloud
is seen in other regions of the cloud: two regions are associated with the
SNR/W41, one region with the SNR G22.9917-0.3583, and another region with
SNR G22.7583-0.4917. A program with SINFONI on the VLT is ongoing to
observe candidate massive stars in the GAL23.3-0.3 molecular cloud. A preliminary
analysis shows the presence of a few RSGs in direction of the SNR/W41 (Fig. 3).
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Multiple Populations in Globular Clusters:
The Role of AGB and Super-AGB Stars

Paolo Ventura and Roberta Carini

Abstract Spectroscopic and photometric investigations of Globular Cluster stars
indicate that these structures are not formed by a simple stellar population, rather
they harbour two or three distinct groups of stars, differing in their surface chemical
composition. Given that these anomalies are not observed in field stars, these results
suggest that some self-enrichment mechanism acted in Globular Clusters, so that
new stars are formed from the ashes of the early evolution of stars belonging to the
first generation. In this review we focus our attention on the possible role played
by stars of intermediate mass, i.e. those objects with mass 5 � M=Mˇ � 8,
that evolve through the thermal pulses phase, and eject into the interstellar medium
their envelope, whose chemical composition may have been altered by Hot Bottom
Burning experienced by the most massive objects during the quiescent phase of
H-burning.

1 Introduction

The spectroscopic and photometric investigations of stars in Globular Clusters (GS)
run in the last decades suggested that GC can hardly be considered as simple stellar
populations, and that what we observe today is probably the overlapping of more
stellar generations, that formed at two or three different epochs, separated by an age
gap negligible compared to the total age of the cluster.

On the spectroscopic side, the early discovery that GC giants do not show a
uniform surface chemistry, but rather exhibit strong star to star differences among
the individual stars [10, 11], was recently confirmed for stars in a less advanced
evolutionary stage [7], for which any possible in situ mechanism can be ruled out,
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Fig. 1 Left: The oxygen-sodium anticorrelation observed in GC stars (open circles) compared
with yields from AGB and super-AGB stars with mass 5 Mˇ � M � 7:5 Mˇ (filled circles).
Filled triangles indicate the yields from super-AGB stars by [16]. Right: The evolution of the
surface content of oxygen in models of intermediate mass during the AGB phase. We indicate for
any element X [X/Fe]=Log(X/Fe)-Log(X/Fe)ˇ

leaving only the difference in the chemistry of the gas from which the stars formed
as a plausible explanation. The chemical anomalies define abundance patterns
among the chemical species up to Aluminum, the most clear and firmly established
of which is the Oxygen-Sodium anticorrelation [3], that has been confirmed to exist
(though to different extents) in practically all the GC examined (see the left panel
of Fig. 1). Two clear results coming from these investigations are the constancy of
the overall content of C+N+O [9], and of the abundances of all the elements heavier
than Aluminum, and in particular of the iron content.

Photometrically, recent analysis of Omega Centauri [12] and NGC 2808 [13]
have highlighted the presence of multiple main sequences, that can only be
interpreted on the basis of a difference in the helium content, the stars in the
bluest sequence being more helium rich. This finding nicely fits within the helium
enrichment previously invoked to account for the blue clumps and the anomalous
morphology of the Horizontal Branches (HB) of the same clusters [6].

The aforementioned findings, and particularly the discovery that stars with the
anomalous chemistry involve scarcely evolved objects, still on the main sequence,
and thus not capable of any advanced nucleosynthesis beyond the proton-proton
chain, pushed the debate towards a self-enrichment mechanism, according to which
an early generation of stars evolved rapidly inside the cluster, and ejected into the
interstellar medium gas previously processed by advanced p-capture nucleosynthe-
sis, from which new stellar generations have formed.

Among the few candidates proposed so far, we focus on the intermediate masses
during their Asymptotic Giant Branch (hereinafter AGB) phase [18]. These stars,
whose mass is below � 6 � 6:5 Mˇ, are known to develop a degenerate core made
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up of carbon and oxygen soon after the core helium burning phase is concluded,
and experience a strong nucleosynthesis at the bottom of their external envelope
(commonly named Hot Bottom Burning, HBB) [2, 14] in the following AGB
phase, characterized by periodic thermal instabilities, known as Thermal Pulses
(hereinafter TP). We also discuss the evolutionary properties of the super-AGB stars,
with mass in the range � 6 � 8 Mˇ1, that develop a core made up of Neon and
Oxygen before undergoing the AGB evolution [15].

2 The AGB Evolution

All stars with mass in the range 1 � 6 Mˇ evolve through the AGB phase, during
which a CNO burning shell supplies for most of the time the overall energy release,
with periodic ignitions of a helium-rich layer below [8]. These stars loose all their
external convective mantle before evolving to the White Dwarf stage, and are thus
possible efficient polluters of the interstellar environment.

A robust prediction concerning the surface chemistry of this class of objects is
that their yields are expected to be enriched in helium, the increase in the helium
content increasing with the initial mass. This is a consequence of the second dredge-
up, which these stars experience shortly after the consumption of helium in the core,
when the surface convective zone penetrates inwards, reaching layers previously
touched by CNO burning, and thus enriched in their helium content. The extent
of the inwards penetration increases with the core mass. Because this phase is
preliminary to the following AGB evolution, the predictions are much more reliable,
and less sensitive to all the uncertainties affecting the TP phase.

There are two physical mechanisms by which these stars can alter their surface
chemistry:

• In the phases following the thermal pulse, when the CNO burning shell is
temporarily extinguished, the base of the convective envelope can penetrate
sufficiently inwards to reach layers previously touched by 3˛ nucleosynthesis,
with the consequent carbon enrichment of the whole mantle. This process is
known as Third Dredge Up (TDU).

• In more massive AGBs, the bottom of the convective zone becomes so hot as
to favor HBB conditions: an advanced p-capture nucleosynthesis occurs, with
the consequent decrease in the surface oxygen, and the increase in the nitrogen
content. When the temperature exceeds � 70 MK, the Ne–Na and Mg–Al chains
are activated, with the increase in the surface sodium and aluminum, and the
decrease in the magnesium abundance.

1The range of mass involved in the AGB and super-AGB evolution is made uncertain by the core-
overshoot during the two major phases of H- and He-burning. In this work we adopted a moderate
extra-mixing from the core; the quoted value would be shifted upwards by � 2 Mˇ if overshooting
was neglected.
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The yields of AGBs depend strongly on which of the two above mechanisms
dominates. When HBB is active, we expect to see essentially the signature of
p-capture nucleosynthesis, with a constant C+N+O, and, more generally, the abun-
dances of the various elements will reflect the equilibrium values, corresponding
to the temperature at the base of the convective zone. On the contrary, TDU favors
a rapid increase in the carbon content of the envelope; although this latter can be
partly converted into nitrogen in the following quiescent phase of H-burning, the
overall C+N+O content increases.

HBB is expected to dominate in the high masses domain: the higher core masses
favor higher temperatures at the bottom of the convective zone, thus leading to
HBB conditions. Since HBB is commonly accompanied by a rapid increase in the
luminosity, these stars are also expected to experience a smaller number of TPs, thus
leaving little room for TDU to operate. Lower mass stars, not experiencing HBB,
are predicted to live longer and to experience many TDU episodes: their yields will
be therefore expected to be carbon rich.

The theoretical modelling of AGB evolution suffers of many uncertainties,
associated to the treatment of convection [19], mass loss [20], molecular opacities
for C-enriched mixtures [22, 23]. It is however possible to define a qualitative
behavior of the yields from AGBs with mass: stars whose initial mass exceeds
a threshold value Mthresh will be dominated by HBB, whereas lower masses
are dominated by TDU. The value of Mthresh is rather uncertain, and depends
essentially on the assumed extra mixing from the core during the two phases of
core burning, and on the convective model adopted.

The right panel of Fig. 1 shows the evolution of the surface content of oxygen in
stars of different initial mass, ranging from 3 Mˇ to 6 Mˇ. We note that stars below
4 Mˇ are dominated by TDU (oxygen is seen to increase during the evolution),
whereas HBB prevails above 5 Mˇ. Stars in the middle will reflect the effects of
both mechanisms.

The efficiency of HBB in stars with mass exceeding 5 Mˇ can also be seen in the
two panels of Fig. 2, that shows the variation of the surface abundance of sodium
(Left) and Aluminum (Right) in the same models as in Fig. 1. Note that in the more
massive models the early production of sodium due to the combined effects of the
second dredge-up and of the early burning of 22Ne is later compensated by the
activation of the destruction channel via proton capture by sodium nuclei, which
causes the surface abundance of sodium to diminish. These models are expected to
produce sodium, but the sodium yields are predicted to be anticorrelated with stellar
mass.

3 The SAGB Phase

Stars with masses in the range 6 Mˇ < M < 8 Mˇ ignite carbon in conditions
of partial degeneracy and undergo a following phase of thermal pulses, with a
degenerate core made up of oxygen and neon [15].
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Fig. 2 The same as the right panel of Fig. 1, but concerning the evolution of the surface sodium
(left) and aluminum (right)

Their core mass is so high that HBB conditions are easily achieved, indepen-
dently of the convection model adopted. The most relevant unknown physical
ingredient is in this case the treatment of mass loss, as can be inferred by the
comparison of SAGB models presented by different research groups. When a mass
loss rate scarcely dependent on the luminosity, such as the classic recipe by [17],
is adopted, these models are expected to loose their massive envelopes after a long
series of TPs, during which the base of the envelope becomes so hot to induce a very
advanced p-capture nucleosynthesis, with a drastic reduction of the surface oxygen,
and also of the sodium content (see the full triangles in Fig. 1, that indicate the
yields predicted in this case) . On the contrary, when a treatment of mass loss with
a steep increase with the luminosity is used [1], the consumption of the envelope is
much faster, and the yields are predicted to be sodium rich (see the filled circles in
Fig. 1).

In this latter case we find that the trend between the stellar mass and the degree
of nucleosynthesis achieved at the bottom of the convective envelope is reversed:
the higher the mass, the less extreme is the chemistry of the yields in terms of the
depletion of oxygen and production of aluminum [21]. This can be seen in Fig. 3,
that shows the simultaneous variation of the oxygen and sodium mass fraction in
models with mass in the range 6 Mˇ < M < 8 Mˇ. All the models follow he
same path, but for increasing mass the evolution is halted earlier, before a very
advanced nucleosynthesis can be reached. Note in particular the behavior of the
8 Mˇ (indicated with full triangles in the figure), that is predicted to consume the
whole envelope when only a modest depletion of oxygen is completed.
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Fig. 3 The simultaneous variation of the surface abundances of oxygen and sodium in models
of masses 6 Mˇ (solid), 6.5 Mˇ (dotted), 7Mˇ (dashed), 7.5 Mˇ (dot–dashed) and 8 Mˇ (full
triangles) evolved through the AGB or super-AGB phase. The full square marks the end of the
super-AGB evolution of the 8 Mˇ model

4 The Self-Enrichment Scenario by Massive
AGBs and SAGBs

The previous sections outlined how the yields by AGBs and SAGBs are uncertain,
and are extremely sensitive to the physical description of convection, overshooting,
and mass loss. The only exception is the helium manufactured by these stars, that
is expected to approach � 40% for the highest masses investigated. This prediction
is rather robust, because the increase in the surface helium is preliminary to the
TP phase. The helium enhancement predicted is in excellent agreement with the
quantity required to fit the blue main sequences of the most massive GCs, and also
to account for the distribution of HB stars in the same structures.

The left panel of Fig. 1 shows that models produced by our group, in which
convection is modeled according to the FST prescription and mass loss is treated
according to the Blocker’s recipe, predict yields of the ejecta that are in good
agreement with the chemistry of the stars in Globular Clusters with the most
anomalous composition, in terms of oxygen depletion, and aluminum and sodium
enhancement.

An appealing explanation for the formation of the population with the anomalous
chemistry is that the stars most contaminated are formed directly from the winds of
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the most massive SGBs, whereas the intermediate chemistries would be the outcome
of depletion of this gas with pristine gas survived within the cluster [5].

A problem remains with the mass budget available. The observations indicate the
fraction of contaminated stars is � 50%, whereas the mass budget available from
massive AGBs is only � 10% of the total mass available. A common and plausible
explanation that could solve this discrepancy is that the GCs suffers a huge loss
of stars from the outskirts of their structure, that preferentially involves stars of
the original population, because the new stars with the contaminated chemistry are
formed in the central regions, due to radiative cooling of the gas ejected [4, 5].
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Günther Wuchterl comments on age spreads



Chemical Properties of the Open Cluster
Population

Sofia Randich

Abstract In the last 15 years the number of open clusters with accurate abundance
determination has significantly increased, allowing the investigation of several
topics in the context of star formation and evolution, as well as of the formation and
evolution of the Milky Way. Here I provide an overview of the chemical properties
of the open cluster population. In particular, I will discuss the overall distribution
of iron and other elements as a function of cluster age and position in the Galactic
disc, focusing on a few recent results.

1 Introduction

Determination of the chemical composition of open star clusters is critical to address
a broad variety of astrophysical issues. Measurements of the abundance pattern in
star forming regions (SFRs) provide an independent tool to investigate triggered
star formation scenarios (e.g, [1, 4] and references therein); to unveil possible
common origin of groups, loose associations, and super-clusters (e.g., [5, 21]); to
compare the metal content of T Tauri stars around which planets might be forming
now, with that of old stars where planets have been detected (e.g, [7, 18]). On the
other hand, Galactic open clusters (OCs) are since long recognized as one of the
best tools to trace the chemical content of the Galactic thin disc (e.g., [8, 17]); in
particular, old clusters can provide reliable information on the status of the disc
at epochs earlier than 3–4 Gyr ago, which is crucial for a better comprehension
of the overall Galaxy formation and evolution. Finally, accurate knowledge of
the cluster metallicity and composition is vital to derive correct ages and masses
from isochrone fitting of color-magnitude diagrams, with important implications
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for empirical determinations of the initial mass function and the study of the secular
evolution of stellar properties.

2 Available Measurements

Whereas metallicity can be determined using photometry and low resolution spec-
troscopy, only high resolution spectra allow deriving accurate abundances of a large
number of elements (e.g., [11]). Thanks to the big advancements in instrumentation
and, in particular, to availability of efficient, multi-object spectrographs on 8 m-
class telescopes, the last 15 years have witnessed major achievements in this field.
Significant progress has indeed been made in terms of data quality and accuracy of
the measurements; in terms of number of OCs with metallicity determination from
high resolution spectroscopy; in terms of coverage in cluster age, distance from
the Sun, and Galactocentric distance; in terms of number of elements for which
abundances can be determined. Specifically, high resolution metallicities had been
derived for less than 15 OCs in 1995 [8], for �30 clusters in 2000 [11], and for �40

OCs in 2004 [9]. Now (Nov. 2010), thanks to the contribution of several groups
in Europe and the US, not only high resolution [Fe/H] estimates are available for
more than 70 clusters, but the cluster sample includes very young close-by SFRs, as
well as very distant and old OCs. Also, besides iron, accurate abundances are now
routinely obtained for ˛, Fe-peak, and neutron capture (s- and r-process) elements.

3 The Iron Distribution

In Fig. 1 we show the metallicity distribution of OCs. The figure shows that they
cover the [Fe/H] range from about three times below solar ([Fe/H] D �0:5) to
[Fe/H] �0:2, with a small tail of super metal-rich clusters. The average is [Fe/H]
D �0:04, with a dispersion of the order of 0.2 dex. The median is [Fe/H] D �0:03,
while the 25th and 75 percentiles are [Fe/H] D C0:06 and �0:2, respectively.

3.1 Age-Metallicity Relation

The lack of an age-metallicity relation for the OC population has been known since
at least 15 years [8]. The current and updated large sample of clusters with high
quality [Fe/H] measurements allows us to re-address the issue, based on larger
statistics and higher quality data. In Fig. 2 we plot [Fe/H] as a function of age for the
clusters shown in Fig. 1 and SFRs with available metallicity determination. This, at
variance with previous studies, allows us to extend the age interval to very young
clusters. The figure confirms the lack of a relationship between metallicity and age;



Chemical Properties of the Open Cluster Population 201

Fig. 1 Overall metallicity distribution of OCs. The histogram is derived using [Fe/H] from various
sources in the literature. Specifically, metallicities for most of the clusters are taken from the
compilation of [12], with the update of [13]. To these we added another few OCs not considered in
[12] and [13]. The sample shown in the figure does not include SFRs and young associations

Fig. 2 [Fe/H] as a function of age for the clusters shown in Fig. 1 and SFRs. Metallicities for these
were taken from [18] (� Oph, Chamaeleon, Lupus, Corona-Australis), [1] (ONC, Orion OB1b),
[7] (Taurus), Biazzo et al. ([2] –� Ori, 25 Ori). Ages of the OCs were taken from [12] and [13],
or derived consistently. Filled blue circles indicate clusters closer than 500 pc to the Sun. The
horizontal line indicates the solar [Fe/H]

namely, old OCs do not have systematically lower [Fe/H] than younger ones and
actually several old clusters are present with a solar or above solar [Fe/H] content.
The figure however shows that clusters younger than about 1 Gyr are characterized
by a much smaller dispersion than older clusters and that very few of the former have
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a significantly subsolar iron content (e.g., [Fe/H] < �0:2). More quantitatively, OCs
older than 1 Gyr have a mean metallicity [Fe/H]av: D �0:08 ˙ 0:20, while for the
younger ones we find [Fe/H]av: D 0:01 ˙ 0:11, i.e., a similar average, but a factor
of two smaller dispersion.

Is the lack of metal-poor young clusters real or due to some observational bias?
Figure 2 indeed shows that most of the clusters younger than 1 Gyr have distances
from the Sun below 500 pc. This suggests that we might be missing metal-poor
young clusters, which would be located at farther distances from the Sun, while
the young cluster population with available metallicity only samples the solar
neighborhood.

3.2 Star Forming Regions and Young Associations

In very recent years significant progress has been achieved in the determination
of the abundance pattern of low-mass (T Tauri) members of SFRs and young
associations ([1] and references therein). Whereas until a few years ago metallicity
measurements were scarce and yielded discrepant results, high quality determina-
tion for about 10 SFRs are now available. These data show that none of the regions
sofar studied has a metallicity above solar; most surprisingly, most of them have a
slightly sub-solar metallicity, with the Orion Nebula Cluster being the most metal-
poor one ([Fe/H]D �0:14˙0:04). Also, SFRs younger than 10 Myr have on average
a lower [Fe/H] than young OCs with ages in the range 10–150 Myr (see Fig. 2). Both
the SFR and young cluster samples are relatively small and additional homogeneous
measurements are needed. With this caveat in mind, Biazzo et al. noted that, given
the young age of the clusters, stellar migration is unlikely the reason for the possible
difference in the [Fe/H] distributions of the OCs and SFRs. Hence, this difference is
likely to reflect a difference in the interstellar gas from which members of SFRs and
young clusters formed. This in turn must be a relic of the process of star formation in
the solar neighborhood, rather than an effect of chemical evolution, given the short
timescales involved and the fact, that in any case chemical evolution would yield
that the younger regions (i.e., the SFRs) are more metal-rich than the older clusters.

Furthermore, the homogeneous study of the abundance pattern in Orion by
Biazzo et al. (2011, in preparation), also allowed them to eventually exclude
significant group-to-group variations in ˛ elements, which would be the signature
of local enrichment due to Supernova explosion.

Finally, the lack of metal-rich SFRs represents a puzzle within the context
of the metallicity-planet connection, since, as well known, gas giant planets are
preferentially found around metal-rich stars. On the one hand, as suggested by [18]
this might mean that metal-rich stars hosting gas giant planets have migrated into
the solar neighborhood from the inner parts of the Galaxy, where the probability of
forming planets would therefore be higher (see also discussion in [7]). On the other
hand, the lack of metal-rich T Tauri stars in SFRs, might indicate that the probability
of finding newly formed planets around them is low.
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4 Radial Metallicity Gradient

Radial abundance gradients and their evolution with Galactic age are among the
most critical empirical constraints that one can put on the star formation history
in the Galactic disc, the initial mass function, gas flows, and, more in general, on
Galactic chemical evolution models For instance, the variation with time (or lack
thereof) of the iron abundance gradient is the consequence of the disc formation
process and different predictions (e.g., time-flattening evolution or the opposite) are
made by different models (e.g., [3, 16]). Several studies of OCs have addressed the
issue of the metallicity gradient, but no final agreement on both its shape and its
time evolution has been reached sofar. It is now commonly accepted that a gradient
is present, i.e. [Fe/H] decreases with increasing Galactocentric distance (RGC). This
is normally explained in most Galactic evolution models by assuming different
infall and star formation rates for the inner and outer disc. However, three different
interpretations are proposed on the empirical side for the exact shape and slope of
the gradient; each of the three implies different scenarios of inner disc vs. outer
disc evolution. Twarog et al. [20] suggested that the decreasing trend is the result
of two different plateaus, one around solar metallicity and for RGC below 10 kpc,
and a second one, with a metallicity around [Fe/H] D �0:3, for larger RGC values.
[15] instead conclude that the gradient is consistent with a rather shallow slope
(� � 0:05 ˙ 0:01 dex kpc�1) and with a gentle change around 12 kpc, where the
gradient becomes flat. Finally, [12] and [13] –see also Fig. 3) suggest a steeper slope

Fig. 3 [Fe/H] as a function of the Galactocentric distance. The latter has been derived adopting
a solar RGC equal to 8.5 Kpc (see [12] ). The red solid line represents the best fit to all points,
assuming a single slope (�0:04 ˙ 0:005 dex kpc�1); the blue dashed line instead indicates the fit
up to 12 kpc (slope equal to �0:085 ˙ 0:01 dex kpc�1) and a flat gradient for larger radii
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(of the order of �0:1 dex kpc�1) up to a given radius, after which the distribution
becomes flat. We believe that the current sample of OCs and, in particular, the
inclusion in the sample of the tree clusters located at small radii [13], confirm a
steep slope for the inner clusters and a flattening afterwards, with a rather abrupt
transition. Available data, in particular the paucity of OCs with RGC between 12 and
15 kpc, do not allow constraining the exact radius where the change of slope, and
thus the transition between inner and outer disc, occur.

Also, it is not yet ascertained whether there is an evolution of the gradient with
age. Whereas [12] and [13] found hints of evolution, with the gradient becoming
flatter at younger ages, the sample of young clusters at large RGC and in the inner
part of the disc is still small. Additional measurements are therefore needed to draw
firm conclusions on this issue.

5 Other Elements

The abundances of ˛, Fe-peak, and neutron capture elements and their ratios to
Fe are crucial to get insights on the importance of stars with different masses and
evolutionary lifetimes in the heavy element enrichment of the interstellar medium,
as well as to put constraints on stellar yields. As mentioned in the Introduction,
in recent years a significant step forward has been made in measurements of
abundances of several OCs. The main results are discussed below.

Several recent studies have compared [X/Fe] ratios in OCs with the pattern
of field stars (e.g., [10, 13, 15, 19]). All these studies concur that OCs show a
rather homogeneous [X/Fe] abundance pattern, although some scatter is present,
most likely due to random and systematic measurement uncertainties. Both the Fe-
peak and the ˛ elements show, within uncertainties, close-to-solar ratios and are
consistent with the distribution of field stars in the thin disc. Interestingly, [5] and
[1] found that young nearby clusters and SFRs are also characterized by a solar
abundance pattern, suggesting that the solar neighborhood has undergone very little
(if any) chemical evolution since the formation of the Sun.

5.1 Abundance Gradient

All the elements show a [X/H] gradient very similar to the iron gradient; in other
words, the trend of [X/Fe] with RGC is flat, although at any given RGC a rather large
dispersion of [X/Fe] values is seen. This result is consistent with Galactic chemical
evolution models, since the gradient is determined for all elements by the radial
dependence of the star formation rate and infall. Claims were made that clusters
at large RGC might show some enhancement in ˛-elements (e.g., [22]), which was
interpreted as due to a different star formation history in the outer parts of the disc
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and, in particular, to accretion of enriched material. Friel et al. [10] suggest that
the enhancement is instead consistent with the [O/Fe] vs. [Fe/H] trend for field stars
(higher O for lower [Fe/H]) and with the under-solar metallicity of the outer clusters.

5.2 Age Evolution

Similarly to iron, most of the other elements do not show any age evolution and old
OCs are characterized by the same abundance pattern as younger ones [15]. Two
exceptions are however found which are discussed below.

Oxygen. Friel et al. [10], based on their own measurements for six clusters and
on a compilation of data from the literature, found that oxygen appears enhanced in
old OCs with respect to young ones. They suggested that this might be due to the
fact that older clusters have formed from material more enriched by Type II SNe
than younger counterparts. However, they caveat that systematic effects in oxygen
abundance determination might play a role; the trend should therefore be confirmed
based on a larger and more homogeneous oxygen dataset.
s-process elements. D’Orazi et al. [6] determined barium abundances in a sample of
�20 clusters. Surprisingly, they found that an age-metallicity relationship does hold
for this s-process element, since young clusters are characterized by systematically
higher [Ba/Fe] ratios than older ones. Their results were based on stars that have
inherited Ba from previous generations and have not produced it yet; thus the
enhancement must be due to enrichment of the interstellar medium from which the
stars formed. D’Orazi et al. [6] showed that their chemical evolutionary model could
reproduce the observed trend only by introducing different Ba yields from low-mass
AGB stars. In particular, they needed an overproduction of Ba in stars with masses
between 1 and 1.5 Mˇ. If the enhancement of Ba in young clusters is real and not
due to systematic effects (like., e.g., NLTE due to chromospheric activity of young
stars), the same enhancement should be observed for other s-process elements.
For this reason, we measured additional s-process elements; namely, yttrium and
zirconium, belonging to the first peak of the heavy element abundance distribution,
along with lanthanum and cerium, which belong to the second peak of the same
distribution (Maiorca et al., in preparation). Note that none of the lines used for
the analysis is known to suffer from NLTE effects. In Fig. 4 we plot [Ce/Fe] as a
function of cluster age. Similarly to the results for Ba, the figure clearly shows that
Ce increases with decreasing stellar age; in particular, [Ce/Fe] is around solar (or
below) for clusters older than 1 Gyr, while it is enhanced by �0:2 � 0:3 dex for
the younger counterparts. Similar behaviour is seen for Y, Zr, and La. This not only
confirms the results of [6], but knowledge of the [X/Fe] vs. age pattern for different
elements allows putting further constraints on the efficiency of the s-process in low-
mass stars.
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Fig. 4 Ratio of cerium over iron ([Ce/Fe]) as function of cluster age for a sample of clusters
studied by Maiorca et al. (in preparation). The horizontal line denotes the solar ratio
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Deep and Extended Multiband Photometry
of the Galactic Globular Cluster M71

Alessandra Di Cecco, Giuseppe Bono, Matteo Monelli, Peter B. Stetson,
Rosa Becucci, Scilla Degl’Innocenti, Pier G. Prada Moroni,
and Roberto Buonanno

Abstract We present the preliminary results of the ground-based (MegaCam@
CFHT) and space-based (ACS@HST) photometry for the Galactic globular cluster
M71. By comparing data and theory, we found that the age (11:0 ˙1:5 Gyr) of M71
agrees well with the bulk of the more metal poor globular clusters.

1 Introduction

The age of the globular clusters (GCs) provides key information concerning the
epoch of the Galaxy’s birth. In particular, the metal-rich GCs are considered
essential age tracers for investigating the formation of the Galactic halo, thick disk
and bulge. M71 is one of the most metal-rich ([Fe/H] D �0:73, [5]) GCs and it is
located at low Galactic latitude (l D 56:74ı, b D �4:56ı). This cluster is affected
by a moderate reddening (E(B-V) D 0:25), a low mass, and a low central density
(Log.�c/ ' 3 Lˇ pc�3). In a previous investigation based on Ströngrem photometry,
[4] found that this cluster is �2 Gyr younger than the the bulk of the more metal poor
GCs.
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2 Dataset and Results

We used ground-based data acquired with MegaCam@CFHT (FoV: 1ı x 1ı,
scale: 0.18700/pixel) and space data from ACS@HST (FOV: 20200 � 20200, scale:
0.0500/pixel). The complete MegaCam data consists of 50 dithered images, taken in
the 5 SDSS bands: u0, g0, r0, i0, z0 (see [2] for details). Up to now, we used the images
acquired by the two central chips (total FoV: 7’ � 35’ around the cluster center) in
four bands (g0, r0, i0, z0). The space data came from HST archive and were acquired in
the F814W and F606W bands.1 For each frame we performed PSF photometry using

a b c d

Fig. 1 CMD of the GC M71. Panels (a), (b), (c) show the CFHT data. Panel (d) shows ACS
data. The dashed and the solid lines show 10 and 12 Gyr cluster isochrones at fixed chemical
composition

1GO: 10775, PI: Sarajedini
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DAOPHOT IV and ALLSTAR [6]. Individual catalogs of the chips were rescaled to
a common reference system using DAOMATCH/DAOMASTER and then we ran
ALLFRAME [7] on the entire dataset. The calibration curves were estimated by
using �2; 000 local standard stars from [1]. The color-magnitude diagrams (CMDs)
for the CFHT data are plotted in panels (a), (b), (c) of Fig. 1. The ACS data are
shown in panel (d) of Fig. 1. The overplotted isochrones were calculated at fixed
chemical composition ([Fe/H] D �0:75, [˛/Fe] D 0:3, Y D 0:255; see [3] for a more
detailed discussion concerning the adopted input physics). By adopting the same
true distance modulus (� D 13.00) and the reddening value (E(B-V) D 0:23 ˙0:02)
within current uncertainties, we found that the age of M71 is 11:0 ˙ 1:5 Gyr in all
the CMDs of Fig. 1. It is interesting to note that the age found for M71 is, within the
uncertainties, similar to the age obtained for one of the most metal poor GCs (M92,
[3]) by using the same theoretical framework.
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Chromospheric Activity and Lithium
Abundance in NGC2516

Angela E. Messina, Alessandro C. Lanzafame, and Innocenza Busà

Abstract We present new measurements of lithium abundance and chromospheric
activity in the NGC2516 open cluster using FLAMES-VLT archive data. These
supplement existing data and provide new information on the spread of lithium
abundance and the chromospheric activity index R0

HK at approximately the Pleiades
age. Comparison with theoretical models and with other observational data for the
lithium abundances of NGC2516 shows that the hotter stars in our sample have
a higher lithium depletion than average. Finally, the chromospheric activity index
R0

HK, compared to other know cluster data, seems to give a lower chromospheric
age than the one provided from lithium abundance.

1 Data Source and Analysis

The data of this work consist of archive VLT/FLAMES spectra of the open cluster
NGC 2516. Spectra around the CaII H & K lines cover the range between 385.4 and
404.9 nm, with a resolution R�19,600. Spectra around the lithium doublet cover the
wavelength range between 643.8 and 718.4 nm, with R � 8,000. The calculation of
the lithium abundance and of the chromospheric index of R0

HK is described in [6].
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INAF - Osservatorio Astrofisico di Catania, Via S. Sofia 78, 95123 Catania, Italy

A. Moitinho and J. Alves (eds.), Star Clusters in the Era of Large Surveys,
Astrophysics and Space Science Proceedings, DOI 10.1007/978-3-642-22113-2 30,
© Springer-Verlag Berlin Heidelberg 2012

211

angela.messina@oact.inaf.it


212 A.E. Messina et al.

lo
gN

(L
il)

lo
g 

R
' H

K

3

2

1

0

Teff (K) B–V
6500 6000 5500 5000 4500 0.4

–5.0

–4.8 4Gyr

625Myr

130Myr
χ2

 = 1.50931

–4.6

–4.4

–4.2

–4.0

–3.8

0.5 0.6 0.7 0.8 0.9

this work
Pleiodes
Hyodes

M67

this work
Jeffries et al '98

Chaboyer et al '95 [Fe/H]=0.0
Chaboyer et al '95 [Fe/H]=–0.1
Chaboyer et al '95 [Fe/H]=+0.1
Baraffe et al '98 [Fe/H]=0.0
Siess el al 2000 [Fe/H]=0.0

1.0

Fig. 1 Lithium abundances vs Teff (left) together with data from [3] and a comparison with
theoretical models [1,2,7] at 150 Myr. The chromospheric activity index log R0

HK vs B �V (right)
is compared with clusters of different age and the log R0

HK vs. age empirical relation (all from [5]).
A linear fit to NGC 2516 members data are also shown. In both figures, diamonds indicate binaries
and squares not members

2 Comparison with Theory and Other Data

The derived lithium abundance supplemented by data from [3] have been compared
with theoretical models at 150 Myrs (Fig.1, left panel). The models of [1] and [2]
(with �0:1 < ŒFe=H� < 0) agree quite well with the data; the model of [7] shows a
deficient depletion for star hotter than 5,000 K and an excessive depletion for cooler
stars. The hotter stars in the sample show a higher Li depletion, somewhat correlated
to their relatively lower v sin i .

The log R0
HK dependence on B � V is compared with other clusters (Fig.1, right

panel) and with the log R0
HK vs. age empirical relation of [5]. The log R0

HK points
are just above the age of Pleiades (130 Myr), and their media give a chromospheric
age of �120 Myrs, in the range of 0:5 < B � V < 0:9.
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A Deep Photometric Survey of the Double
Cluster h & � Per

Cátia V. Cardoso, Estelle Moraux, and Jerôme Bouvier

Abstract We performed a deep multi-band photometric survey of the central
regions of the young (�13 Myr) and very rich double cluster, h & � Persei,
extending the membership down to the boundary region between stellar and sub-
stellar domain (0.07MSun). We used data from CFHT (WIRCAM and MEGACAM)
in I, Y, J, H and Ks bands. To select the candidate members we produced CMDs that
we compared with the isochrones, and previous known members from photometric,
spectroscopical, X-ray, proper motion, disk and H alpha emission studies. We
selected several thousand candidate members in h & � Persei, down to late M dwarfs
in a field of view of 20 by 20 arcmin for each cluster.

h & � Persei is a young very dense double cluster (e.g., Mayne et al. [5] through
pre-main sequence isochrone fitting derived an age of 13 Myr; Currie et al. ([2],
presented the most complete spectroscopic study of this double cluster 11,000 stars,
ongoing X-ray study by Caramazza et al.).

Using data from CFHT (WIRCAM and MEGACAM) in I, Y, J, H and Ks bands
and additional known candidate members from other studies (e.g. [2]) we made a
candidate member selection based on the BT-Settl isochrone model [1].

To estimate our completeness and saturation levels we compared our obser-
vations to the Besançon Galactic Models. To obtain an estimate of the cluster
parameters we fitted a King profile [4] to the two clusters simultaneously plus a
field contamination, rc and rt are the core radius and tidal radius, respectively. The
cluster centre was derived by Bragg and Kenyon [3], because due to saturation of
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Fig. 1 (a) Radial star density profile, with the double King profile fitted to the data. h Per on the
left and � Per on the right. The central bins were removed because of incompleteness due to the
presence of bright stars in the field. This profile was calculated in a horizontal strip across the centre
of the two clusters to minimize the contamination differential due to the presence of the companion
cluster. (b) h Per (black squares) and � Per (grey circles) Stellar Mass Function. In our candidate
selection we estimate to be complete to �0.1MSun

bright stars in the core region we have a limited precision. The area covered by our
observations does not allow us to constrain both the tidal radius and the field stars
density. We estimated the tidal radius using equation (10) of Pinfield et al. [6], that
assumes a circular orbit of the cluster around the Galactic centre, we have taken the
cluster mass values from [2]. The estimate of the field contamination derived using
the King profile was negligible. So in this preliminary work we will be presenting
an uncorrected for field contamination stellar mass function.

With our multi-band photometric study we have selected 16,000 candidate cluster
members down to brown dwarfs (�0.06 MSun). We have estimated from King
profiles the cluster extent and concentration. We presented preliminary results of
the deepest Stellar Mass Function for h & � Persei down to 0.1 MSun
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A Detailed Spectroscopic Analysis of the Open
Cluster NGC 5460

Luca Fossati, Colin P. Folsom, Stefano Bagnulo, Jason Grunhut,
John Landstreet, Oleg Kochukhov, Claudia Paladini, and Gregg A. Wade

Abstract In stellar astrophysics, the study of the atmospheres of early-type stars
plays a very special role since they display a variety of different phenomena, such
as diffusion of chemical elements. To understand the actual role of all these physical
phenomena, it is important to seek constraints from observations and for this
purpose open cluster stars are particularly interesting they have: the same original
chemical composition and age, and accurate age determinations. Here we present
the results obtained for the stars observed in NGC 5460 with the FLAMES multi-
object spectrograph of the ESO VLT. We find that the abundance of several elements
increases with temperature between 7,000 and 10,500 K and decreases from 10,500
to 13,000 K. No correlation between abundance and � sin iwas found.

1 Introduction, Abundance Analysis and Results

The chemical compositions of early-type field stars have been studied by several
authors, but the published results tend to be inhomogeneous and not easy to
combine. Our goal is to determine abundance patterns in early-type cluster members
of different ages. Therefore, we performed a large observational campaign obtaining
spectroscopy of a large number of early-type stars in a sample of ten open clusters,
homogeneously distributed in age from log t D 6:8 to log t D 8:9. The observed
clusters and the instruments used for the observations are presented in [4].

All our results regarding the Praesepe open cluster are published in [2,3,6]. This
work is dedicated to the analysis of NGC 5460, that we observed with the FLAMES
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Fig. 1 Abundances relative to the Sun [1] of the most analysed elements as a function of Teff for
B- (open squares), A- (open circles), F-type (open triangles) and He-weak stars (crosses)

multi-object spectrograph at the ESO VLT. Parameter determination and abundance
analysis were performed making use of the methodology, codes and tools described
in [2, 3].

Figure 1 displays the abundances of Mg and Fe against Teff: the abundance
increases with Teff up to Teff�10,500 K and decreases for higher temperatures.
A linear fit shows that these correlations are significant for both Mg and Fe.

Further analysis allows us to conclude that errors in the parameters produced
such trends. We also find it to be unlikely that our LTE approximation could be
the source of the abundance correlations with Teff for both Mg and Fe [5, 7], while
diffusion processes could be responsible for the correlations observed.
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A Kinematic Study of Open Clusters:
Implications for Origin

Dave Vande Putte, Thomas P. Garnier, Ignacio Ferreras, Roberto Mignani,
and Mark Cropper

Abstract The Galactic population of Open Clusters provides an insight into
star formation in the Galaxy. The open cluster catalogue by Dias et al. Astron.
Astrophys. 389, 871 (2002) is a rich source of data, including kinematic information.
This large sample made it possible to carry out a systematic analysis of 481 open
cluster orbits, using parameters based on orbit eccentricity and separation from
the Galactic plane. These two parameters may be indicative of origin, and we find
them to be correlated. We also find them to be correlated with metallicity, another
parameter suggested elsewhere to be a marker for origin in that high values of any of
these two parameters generally indicate a low metallicity ([Fe/H] Solar < �0:2 dex).
The resulting analysis points to four open clusters in the catalogue being of extra-
Galactic origin by impact of high velocity cloud on the disk: Berkeley 21, 32, 99,
and Melotte 66, with a possible further four due to this origin (NGC 2158, 2420,
7789, IC 1311). A further three may be due to Galactic globular cluster impact on
the disk i.e of internal Galactic origin (NGC 6791, 1817, and 7044).

1 Open Cluster Database and Orbit Calculations

Orbit calculations require values for the six positional and velocity parameters.
Several large compilations exist, and we chose DAML [1], Version 2.10. It lists
1787 OCs, and the required information is available for 481 clusters, of which 111
also have metallicity data. These subsets of DAML constituted our database for this
work. The orbits are generated as described in [2], using an analytical model of the
Galactic potential.
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2 Orbit Analysis

The orbital parameters are the maximum height above the plane (zmax), and 	

which is the orbit width in the disk plane, divided by the average orbit radius in
the disk plane. The larger these parameters, potentially the more unusual the origin
of the cluster. We find the orbital parameters to be correlated between them, and to
be correlated with decreasing metallicity. We set the threshold for unusual origin
at zmax > 0:9 kpc, 	 > 0:5, and metallicity [Fe/H] < �0:2 dex, based on the
probability distributions of these parameters in the selected database. Thirty-five
clusters meet at least one criterion for unusual origin. Clusters Berkeley 21, 32, 99,
and Melotte 66 are the only ones satisfying all three criteria. In addition to mergers,
alternative explanations could account for the origins of these OCs. For example,
Berkeley 21, 32, 99, and Melotte 66 could result from low metallicity, extra-Galactic
high velocity clouds in the halo being shocked by a Globular Cluster. NGC 2158,
2420, 7789, and IC 1311 meet the metallicity and criteria, so could also be due to
these causes. NGC 6791, 1817, and 7044 meet the 	 criterion and have metallicities
near Solar, so they could be due to a Globular Cluster shocking the disk, and
imparting a motion that is not circular. Nine other clusters meet only the metallicity
criterion, and could thus be due to a merger with a body containing these clusters, or
with the clusters being caused by merger. Another 15 clusters meet one criterion
only, but the remainder of their relevant data do not permit conclusions about their
origin.

3 Conclusion

Orbital and metallicity analysis of the Open Clusters in DAML provides a tool for
suggesting a variety of OC formation mechanisms. Eight clusters may be the result
of Globular Cluster impacts with low metallicity, high altitude extra-Galactic high
velocity clouds: Berkeley 21, 32, 99, Melotte 66, NGC 2158, 2420, 7789, IC 1311.
Globular clusters impacting gas clouds in the disk could have produced three further
Open Clusters: NGC 6791, 1817, 7044. Another eleven that meet only the metal-
licity criterion could be the result of mergers. Another fifteen satisfy one criterion
for unusual origin, but data are not sufficient to reach a conclusion on origin. Time
has been granted to spectroscopically observe seven of the top eight candidates for
unusual origin. The full list of cluster candidates is given in Table 4 of [2].
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The Luminosity Function of Globular Clusters
Used As a Distance Indicator

Daniela Villegas, and the ACS Fornax Cluster Survey team

Abstract We report on the results of a study of the properties of the globular
cluster luminosity function (GCLF) as a distance indicator, performed using the
homogeneous data set provided by the ACS Virgo and Fornax Cluster Surveys. The
relative Virgo–Fornax distance modulus derived from our study is systematically
lower than the values derived by other distance indicators and in particular is
0.2 mag lower than the value obtained by using surface brightness fluctuation
measurements on the same data-set. Overall, the results discussed here indicate
that the GCLF parameters vary continuously and systematically as a function of
galaxy luminosity (i.e., mass) and may be influenced by the cluster environment as
suggested by cosmological simulations.

1 Context

This contribution summarises the results of a study of the globular cluster luminosity
function (GCLF) of 132 early-type galaxies [5]. We aimed to perform a precise
test of the use of the turnover magnitude of the GCLF (�) as a distance indicator
by comparing the relative distance between the Virgo and Fornax clusters derived
using this method to the one derived from a surface brightness fluctuations (SBFs)
analysis performed on the same data-set.

Each of the 132 galaxies included on this study was observed with ACS during a
single HST orbit, as part of the ACS Virgo Cluster Survey [2] and the ACS Fornax
Cluster Survey [4]. The globular cluster system of each galaxy was studied using
a maximum likelihood approach to model the intrinsic GCLF using a Gaussian
distribution after accounting for contamination and completeness effects.

D. Villegas (�)
European Southern Observatory, Karl Schwarzschild Str. 2, 85748 Garching, Germany
e-mail: dvillega@eso.org

A. Moitinho and J. Alves (eds.), Star Clusters in the Era of Large Surveys,
Astrophysics and Space Science Proceedings, DOI 10.1007/978-3-642-22113-2 34,
© Springer-Verlag Berlin Heidelberg 2012

219

dvillega@eso.org


220 D. Villegas, and the ACS Fornax Cluster Survey team

2 Results

The main results of this study can be summarised as follows:

– Using the GCLF turnover magnitude as a distance indicator on this very
homogeneous data set, we derive a relative distance modulus between the Virgo
and Fornax clusters of 0.21 ˙ 0.04 mag, which is 0.21 mag lower than the one
derived using SBF measurements of the same data (0.42 ˙ 0.03, [1]).

– Setting the relative Virgo�Fornax distance as that given by SBF implies a
difference in the value of � in the two closest clusters of galaxies, suggesting that
this quantity is influenced by the environment in which a globular cluster system
is formed and evolves. The observed discrepancy in the absolute magnitude of
the GCLF turnover in Virgo and Fornax can be accounted for if the globular
cluster systems in the Fornax cluster were on average 3 Gyr younger than those
in Virgo.

– We performed numerical simulations in order to determine how much of the
observed dispersion in the value of � is intrinsic. These simulations considered
the three main factors driving the spread: cluster depth, measurement errors,
and the intrinsic scatter in the turnover magnitude. The simulations allow for
an additional dispersion of 0.21 mag in the case of Virgo and 0.15 mag for
the Fornax cluster, that cannot be accounted for by the cluster depth or the
observational errors alone, and therefore corresponds to an intrinsic dispersion
in the value of �.

– The measured GCLF turnover is found to be systematically fainter for low
luminosity galaxies, showing a �0.3 mag decrease in dwarf systems, although
we suffer from large uncertainties in that galaxy luminosity regime. This might
be at least partly accounted for by the effects of dynamical friction.

– Overall, we find that GCLF parameters vary continuously and systematically as
a function of galaxy luminosity (i.e., mass) and may be inuenced by the cluster
environment as suggested by cosmological simulations [3].
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Chemical Properties of the Hipparcos Red
Clump

Eduardas Puzeras and Gražina Tautvaišienė

Abstract Hipparcos data have allowed the identification of a large number of
clump stars in the solar neighbourhood. We discuss our present knowledge of
their distributions of metallicities, CNO abundances, carbon isotope ratios and
memberships of the first ascent giants and helium-core-burning stars.

1 Introduction

The Hipparcos catalog ([4]) contains about 600 clump stars with parallax error
lower than 10%. This accuracy limit corresponds to a distance of about 125 pc within
which the sample of clump stars is complete. Now it is important to investigate
their distributions of masses, ages, colors, magnitudes and metallicities, which may
provide useful constraints to chemical evolution models of the local Galactic disk.

C, N, O, and Fe abundances in Galactic clump stars were recently investigated
by means of high-resolution spectroscopy. Abundances of iron peak elements in a
sample of 62 red clump stars were investigated by [5]. For a subsample of 34 stars
[6] have determined abundances of carbon, nitrogen, oxygen and 12C=13C isotope
ratios. Abundances of C, N and O in 177 clump giants of the Galactic disk were
determined by [3]. A sample of 63 red clump stars, mainly located in the southern
hemisphere, was investigated by [1]. A spectroscopic analysis of a sample of nearby
giants, with red clump stars among them, was done by [2]. From this study we have
selected 138 red clump stars.
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Fig. 1 C, N, O, and Fe abundance distributions in the samples of Galactic clump stars investigated
by [1, 3–6] and [2]

2 C, N, O, and Fe Abundance Distributions

Up to date analyses of clump stars of the Galaxy show the following characteristics:
[Fe/H] range from C0:4 to �0:7 dex with the majority of stars concentrated at solar
metallicity value with a scatter of ˙0:2 dex; [C/Fe] range from �0:4 to 0.1 dex with
the maximum at �0:25 dex; [N/Fe] range from 0.0 to C0:5 dex with the maximum
at C0:25 dex; [O/Fe] range from �0:2 to 0.3 dex with the maximum number of stars
around the solar value.

According to 12C=13C isotope ratios determined by [6], the investigated stars
fall into two groups of helium-core-burning and first accent giants in almost equal
numbers. In the paper by [3], according to nitrogen abundance values, there were
found 21 clump giants, about 54 clump candidates and about 100 usual giants.
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Chemical Composition of a Kinematically
Identified Stellar Group in the Milky Way

Edita Stonkutė, Gražina Tautvaišienė, Birgitta Nordström,
and Renata Ženovienė

Abstract We present the preliminary results of a project aimed at high resolution
spectral analysis of stars in a kinematically identified stellar group, suspected to
belong to a remnant of a disrupted satellite galaxy. The 16 stars analysed by now
have a metallicity around �0:7 dex, an average isochrone age of about 12 Gyr, their
chemical composition is homogeneous and distinct from the Galactic disk dwarfs.
This provides further evidence of their common and maybe extragalactic origin.

1 Introduction

The formation and evolution of the Milky Way is quite complex and still not fully
understood. Helmi et al. [4] have used a homogeneous data set of about 14.500
F- and G-type stars from the Nordström et al. catalogue [5], which has complete
kinematic, metallicity and age parameters, to search for signatures of past accretions
in the Milky Way. There were found three groups of stars which in so called APL
space cluster around a region of roughly constant eccentricity, they have distinct
metallicity [Fe/H] and age distribution, providing hints of their common origin [4].

From high-resolution spectra obtained with the FIES spectrograph at the Nordic
Optical Telescope, La Palma, we measured abundances of oxygen, ˛-elements and
other heavier chemical elements in stars belonging to the third group identified by
Helmi et al. [4]. The method of analysis can be found in our previous paper [8].
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Fig. 1 Chemical element abundances for our program stars (black dots). The data for the Milky
Way disk dwarfs by [3] (plus signs), [1] (open triangles) and [2] (open circles). The Galactic
chemical evolution models by [6, 7] are shown with solid lines

2 Detailed Chemical Composition

From the detailed chemical composition of the stars investigated we see that the
sample is chemically homogeneous (Fig. 1). The average value of [Fe/H] for the 16
stars investigated in this study is �0:7 dex. Abundances of oxygen, ˛-elements and
the r-process element europium are overabundant in comparison to the Galactic disk
dwarfs [1–3] and the modeled trends [6,7]. The distinct chemical composition of the
stars is providing further evidence of their common and maybe extragalactic origin.
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Star Disk Interaction in T Tauri Stars: Analysis
of the MgII Lines

Fátima López Martı́nez and Ana Inés Gómez de Castro

Abstract The Mg II resonance doublet is produced in the cromosphere of T Tauri
Stars (TTSs) at 2795/2802 Å. The Mg II feature is the strongest in the near-
ultraviolet spectra of TTSs. These profiles display a broad emission with a central
narrow absorption. In some profiles blueshifted absorption is observed overimposed
to the broad emission indicating the presence of a wind. The narrow central
absorption is produced in the interstella/circumstellar medium. Henceforth, the Mg
II is a fundamental tracer of the TTSs atmospheres and circumstellar environments.

1 Study of MgII Lines in T Tauri Stars

There are 73 observations of the MgII lines in TTSs in the International Ultraviolet
Explorer (IUE) and Hubble Space Telescope (HST) data archive. This provides
an excellent sample to study the environment of TTSs. The profiles of 19 TTSs
have been studied, some of them have more than one observation. The observations
from the HST have been carried out with the instruments STIS (with filter/grating
E230M) and HRS (filter/grating G270M). The IUE observations are obtained in the
high dispersion mode.

Most of the stars have strong IR excesses, pointing out the existence of
circumstellar disks. Stars cover a broad range of masses, but the most of them have
ages of around 106 years (approximately the inner disk dispersal time). The MgII
profiles are shown in Fig. 1.
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Indication of Mass Segregation in LMC
Star Clusters

Grigor B. Nikolov, Mary Kontizas, Anastasos Dapergolas, Maya K. Belcheva,
Valeri Golev, and Ioannis Bellas-Velidis

Abstract In this contribution we present our investigation on mass segregation in
selected LMC star clusters. As a diagnostic of mass segregation we use: (1) Colour-
magnitude diagrams at various distance from each cluster centre; (2) Radial-density
profiles at various magnitude ranges; and (3) comparison with dynamical models
which provide core-radius, a measure of a cluster’s compactness.

1 Results

We construct the number-density profiles for 6 Large Magellanic Cloud (LMC)
clusters of various age based on WFPC2 images from the HST archive.1 The
dependence of the derived from model fitting [1] core-radius with magnitude as
presented in Table 1 is used to trace mass segregation. In the investigated clusters
here we see trend in two clusters already suspected in mass-segregation, NGC 1711
[3] and NGC 2157 [2]. For NGC 1711 and NGC 2157 there is clearly a trend of
increasing core-radius with magnitude. Clusters NGC 1898, NGC 2031, NGC 2157

1http://archive.stsci.edu
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Table 1 Derived core-radius for each magnitude bin

Name mag rc Name mag rc

NGC 1711 15–16 8.61 ˙ 3.66 NGC 2011 15–16 0.07 ˙ 8.39
16–17 7.09 ˙ 0.54 16–17 7.89 ˙ 1.76
17–18 12.38 ˙ 0.98 17–18 15.00 ˙ 0.61
18–19 12.21 ˙ 0.63 18–19 9.89 ˙ 0.76
19–20 10.27 ˙ 0.61 19–20 6.80 ˙ 3.69
20–21 15.27 ˙ 0.10 20–21 10.64 ˙ 0.49
21–22 13.29 ˙ 1.24 21–22 9.31 ˙ 1.81
22–23 11.88 ˙ 0.51 22–23 15.60 ˙ 1.33
23–24 16.28 ˙ 0.39 23–24 10.75 ˙ 2.23

NGC 1984 15–16 3.82 ˙ 1.55 24–25 14.38 ˙ 0.67
16–17 3.92 ˙ 0.85 NGC 1898 16–17 19.44 ˙ 6.01
17–18 7.62 ˙ 1.05 17–18 3.66 ˙ 2.04
18–19 7.38 ˙ 1.90 18–19 2.64 ˙ 2.98
19–20 8.91 ˙ 0.71 19–20 7.49 ˙ 0.47
20–21 6.01 ˙ 0.37 20–21 10.95 ˙ 0.43
21–22 7.85 ˙ 0.92 21–22 13.01 ˙ 0.62
22–23 3.28 ˙ 1.07 22–23 13.17 ˙ 0.30
23–24 2.00 ˙ 2.27 NGC 2214 16–17 5.63 ˙ 1.21

NGC 2031 16–17 6.79 ˙ 0.56 17–18 14.75 ˙ 2.18
17–18 5.34 ˙ 0.35 18–19 11.55 ˙ 0.75
18–19 11.92 ˙ 0.39 19–20 11.45 ˙ 0.50
19–20 12.86 ˙ 0.40 20–21 10.15 ˙ 0.32
20–21 14.02 ˙ 0.27 21–22 15.18 ˙ 0.20
21–22 11.51 ˙ 0.58 22–23 14.35 ˙ 0.41
22–23 18.60 ˙ 0.85 23–24 14.79 ˙ 0.99
23–24 17.84 ˙ 0.69 24–25 10.40 ˙ 0.20
24–25 20.58 ˙ 0.58

and NGC 2214 also indicate presence of mass segregation, unlike NGC 1984 and
NGC 2011.
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Carbon and Nitrogen As Tracers of Stellar
Evolution in Red Clump Stars of Open Clusters

Gražina Tautvaišienė and Šarūnas Mikolaitis

Abstract The carbon and nitrogen abundances, C/N and especially carbon isotope
ratios 12C=13C are key tools for stellar evolution studies. In this presentation we
overview available up to date analyses of C and N abundances in red clump stars of
open clusters along with our recent results obtained for the open clusters NGC 6134
and IC 4651. The clump stars have accumulated all chemical composition changes,
which have happened during their evolution along the giant branch and during the
helium flash, thus are very trustful sources of information. A comparison of the
observational data with theoretical models of stellar evolution shows that processes
of extra-mixing in stars of 2–3 Mˇ turn-off masses are larger than predicted.

1 Introduction

Carbon and nitrogen are important products of nucleosynthesis processes in stellar
interiors, and the evidence of their abundance variation during stellar evolution is a
signature of physical mixing processes between the atmosphere and deeper layers
of a star. Such abundance alterations may be well traced in open clusters. They
provide a unique possibility for investigation of a number of stars of nearly the same
age, distance and origin, as open cluster stars are claimed to be formed in the same
protocloud of gas and dust. Open clusters have a high reliability of mass, distance,
evolutionary phase and abundance determinations.

In this contribution, we overview results of recent high-resolution (R �
80;000 � 30;000) spectral studies in which red clump stars of open clusters
were analyzed: abundances of carbon, nitrogen and 12C=13C isotope ratios were
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Fig. 1 The averaged carbon isotope ratios (left) and carbon to nitrogen ratios (right) in clump
stars of open clusters as a function of stellar turn-off mass. Results from [4,5] are marked by filled
squares; from [6] – open triangles; from [7,8] – open squares; from [3] – open circles. The models
of the 1st dredge-up and thermohaline mixing are taken from [2] and shown by solid and dotted
lines, respectively. The CBP model of extra-mixing by [1] is plotted as a dashed line

investigated in NGC 6134 and IC 4651 by [4,5]; in M 67 and NGC 7789 – by [7,8];
in open clusters NGC 3532, 5822, 6134, 6281, 6281, 6633 and IC 4756 – by [6].
Gilroy [3] obtained 12C=13C ratios in NGC 752, 2360, 2682 and IC 4756 open
cluster red clump stars.

2 Comparison of Observational Data with Theoretical Models

In Fig. 1, we compare observational data with the theoretical model of extra-
mixing called “cool bottom processing” (CBP, [1]) and the most recent model of
thermohaline mixing (TH, [2]). The comparison shows that processes of extra-
mixing in stars of 2–3 Mˇ turn-off masses are larger than predicted by theoretical
stellar evolution models.
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Observations of the IMF in Clusters

Joana Ascenso and João Alves

Abstract The Initial Mass Function (IMF) is a seemingly a universal outcome
of the star formation process. Over the last five decades it has been measured in
young clusters and associations, in old globulars and in the field, in the Milky
Way and in neighboring galaxies, covering regions spanning a wide range of
physical conditions. The result is always similar: a Salpeter-like mass distribution
for the higher masses and a subsequent flattening for lower masses. As we analyse
more distant and dense clusters, however, our ability to measure the IMF properly
becomes severely hampered by crowding.

1 Introduction

The determination of the IMF of any population depends on our ability to detect
its members and to determine masses. Mass is not a direct observable, hence the
difficulty of deriving accurate and consistent IMFs for different regions, having to
rely heavily on assumptions and on the knowledge of other properties like distance
and age that are, by themselves, very challenging to ascertain. The previous step –
detecting the cluster’s members – may be as hampering or more to the determination
of the mass function. I will focus on the problem of completeness and how it impacts
the study of stellar clusters. Details on the IMF in clusters can be found in recent
excellent reviews by, e.g., [2–8].
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2 The Problem

Our ability to detect all stars in a cluster determines the accuracy of our IMF. Stars
can go undetected for several reasons, both observational and characteristic of the
star forming region itself.

2.1 Sensitivity

The most obvious consequence of having time-limited observations is that we
cannot detect objects fainter than some brightness limit, compromising our ability
to sample the IMF in the lowest mass range.

2.2 Resolution

Resolution is a limiting factor in all observations. The first consequence of not being
able to resolve (visual) multiples is that the luminosities of “individual” objects, that
actually comprise two or more stars are overestimated, counting as more massive
stars. This will affect the shape of the IMF, mostly in the low-mass end, especially
if using logarithmic mass bins. The other consequence is one of demographics:
blending stars means we lose cluster members.

2.3 Variable Extinction and Nebula

Other factors influence the completeness in embedded clusters. Variable extinction,
for example, cannot be avoided, and in most cases clusters have also bright and
variable nebulas permeating the stellar distribution. This causes problems of variable
completeness across the field, either by dimming the brightness of the stars, or by
reducing the contrast between the background and the objects, overall lowering the
ability to detect faint stars.

3 A Solution

The best way to estimate the completeness of a given sample is to perform artificial
stars experiments. These consist in adding artificial stars of different brightnesses to
the observed cluster image and trying to recover them with the correct brightness
using the exact same method used for the detection and photometry of the science
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stars [1]. Knowing the completeness limit of a sample will delimit the mass range
over which one feels confident that the IMF is fully sampled, but this information
can be used further to correct their sample of incompleteness by dividing the
observed mass function by the completeness profile (e.g. [9], but see also discussion
in [1]).

Using synthetic clusters, we found that thorough completeness tests provide
reasonable completeness corrections for incompleteness due to sensitivity and
resolution. In particular, for seeing limited images of a 104 Mˇ cluster at 3 kpc,
we push the confidence limit by 4 mag in the K-band, accurately correcting the
luminosity function up to the 20% completeness limit. Although many authors have
done this in the past, this procedure had never been validated before. We find that the
success of these corrections depend greatly on the completeness assessment method
and on the individual cluster properties, hence the recommendation to model each
cluster observed rather than to apply the completeness corrections blindly.
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Dynamical Evolution of Rotating Globular
Clusters with Embedded Black Holes

Jose Fiestas and Rainer Spurzem

Abstract The dynamical evolution of globular clusters with embedded black holes
is investigated. The interaction between the black hole and stellar component in
rotating clusters is followed by using NBody and 2D C 1 Fokker–Planck numerical
techniques. The models can reproduce the Bahcall–Wolf solution f / E1=4

(n / r�7=4) inside the zone of influence of the black hole in a relaxation time scale.
We explore the system dissolution due to mass-loss in the presence of an external
galactic tidal field.

1 Method and Results

Total disruption and accretion of stars inside disruption radius is realised by (� is a
magnification factor in order to accelerate performance)

rd � � r?.Mbh=m?/1=3 (1)

J. Fiestas (�)
Zentrum für Astronomie, University of Heidelberg, Mönchhofstrasse 12-14, 69120 Heidelberg,
Germany
e-mail: fiestas@ari.uni-heidelberg.de

R. Spurzem
Zentrum für Astronomie, University of Heidelberg, Mönchhofstrasse 12-14, 69120 Heidelberg,
Germany

National Astronomical Observatories of China, Chinese Academy of Sciences, Beijing 100012,
China
e-mail: spurzem@ari.uni-heidelberg.de

A. Moitinho and J. Alves (eds.), Star Clusters in the Era of Large Surveys,
Astrophysics and Space Science Proceedings, DOI 10.1007/978-3-642-22113-2 41,
© Springer-Verlag Berlin Heidelberg 2012

235

fiestas@ari.uni-heidelberg.de
spurzem@ari.uni-heidelberg.de


236 J. Fiestas and R. Spurzem

Fig. 1 Disruption rates realized in NBody (thick lines) and Fokker–Planck rotating (King) models
(thin lines) including stellar accretion at the BH tidal radius [2]

The gravitational dominance of the central BH over the surrounding stars vanishes
at a radius defined by

rh D GMbh

�2
c

(2)

We use initial rotating King models with the parallel NBODY6CC [3], imple-
mented with total stellar accretion [2] and the PHIGPU code, performed in 85 nodes
of a GPU hardware at the Laohu cluster (NAOC, Beijing), which makes possible
high particle number simulations (N � 106) in a reasonable computing time
(days to few weeks). N -body results have been calibrated with our own developed
2 � D C 1 orbit-averaged Fokker–Planck model [1] (Figs. 1 and 2).

Acknowledgements We thank the SPP 1177 and the special funds of Chinese Academy of
Sciences for the use of the GPU cluster in Beijing.
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Fig. 2 Evolved rotational velocity profile. Model: W0 D 3:0, !0 D 0:9. The cluster rotates as
initially in the outer parts and develops rotation in the inner parts. Some stars develop counter-
rotation. The influence radius is shown with the vertical dashed-line

References

1. Fiestas, J., Spurzem, R.: Mon. Not. R. Astron. Soc. 405, 194 (2010)
2. Fiestas, J., Porth, O., Berczik, P., Spurzem, R.: submitted to Mon. Not. R. Astron. Soc. (2011)

arXiv:1108.3993
3. Spurzem, R.: Comp. Appl. Maths. 109, 407 (1999)



Stellar Populations in the Super Star Clusters
NGC 3603 and 30 Doradus

Loredana Spezzi, Giacomo Beccari, Guido De Marchi, Francesco Paresce,
Marco Sirianni, Morten Andersen, Nino Panagia, and the WFC3 SOC

Abstract We highlight the main results of a multi-wavelenght study of the super
star clusters NGC 3603 and 30 Doradus, recently observed with Wide Field
Camera 3 (WFC3) on board the HST.

1 Context

NGC 3603 and 30 Doradus are massive young (e.g., few Myr) clusters located in
the Galaxy (d�7 kpc) and in the Large Magellanic Cloud (d�52 kpc), respectively.
Because of their relative proximity, the copious numbers of massive O-type stars
together with large numbers of lower-mass stars, still associated to gas and dusty
nebulosities left over from the parental cloud, these clusters represent small-scale
resolved prototypes of the star-burst clusters commonly seen in active galaxies and,
as such, represent an ideal opportunity to shed light on the many unclear facets of
the star formation mechanism (see, e.g., [3]).

We conducted a multi-wavelength survey of NGC 3603 and 30 Doradus with
new WFC3 on board the HST in the UV, optical and near-IR combining the use of
broad-band and narrow-band filters. For a detailed description of these observations
and the data reduction procedure we defer the reader to [1, 2].
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Fig. 1 Left: Density contour plots of the two populations of PMS stars in 30 Doradus, separated
by �10 Myr. The youngest population (dotted line) is clearly more centrally concentrated than
the older population (solid line), whereas the latter dominates the eastern portion of the field [2].
Right: H˛ excess emission stars in NGC 3603 (black dots) are shown on the color-magnitude
diagram (CMD). As expected, most of the objects lie in the canonical PMS region of the CMD
(YPMS, box on right-hand side). Surprisingly, a number of sources are located on or near the
ZAMS (OPMS). The two populations are well separated by a 10 Myr PMS isochrone [1]

2 Highlights

The unprecedented photometric capabilities and the resolving power of the new
WFC3 camera allowed us to find, for the first time, clear evidence of multiple stellar
populations in both clusters with an age spread of 1 to 20–30 Myrs. The spatial
distributions of the cluster stars indicate that the older population is more widely
and uniformly distributed over the cluster field than the much clumpier younger
population (Fig. 1, left). A reasonable separation of the main components of these
populations can now be made by the use of their H˛ excess (Fig. 1, right), a good
indicator of their pre-main sequence (PMS) status, allowing a better understanding
of the stellar mass function and its evolution in time.

Acknowledgements This paper is based on Early Release Science observations made by the
WFC3 Scientific Oversight Committee. We are grateful to the Director of the Space Telescope
Science Institute for awarding Director’s Discretionary time for this program.
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Dynamical Expansion of Star Clusters

Mark Gieles

Abstract Most globular clusters have half-mass radii of a few pc with no apparent
correlation with their masses. This is different from elliptical galaxies, for which
the Faber-Jackson relation suggests a strong positive correlation between mass
and radius. Objects that are somewhat in between globular clusters and low-
mass galaxies, such as ultra-compact dwarf galaxies, have a mass-radius relation
consistent with the extension of the relation for bright ellipticals. Here we show that
at an age of 10 Gyr a break in the mass-radius relation at � 106Mˇis established
because objects below this mass, i.e. globular clusters, have undergone expansion
driven by stellar evolution and hard binaries. From numerical simulations we find
that the combined energy production of these two effects in the core comes into
balance with the flux of energy that is conducted across the half-mass radius by
relaxation. An important property of this “balanced” evolution is that the cluster
half-mass radius is independent of its initial value and is a function of the number
of bound stars and the age only. It is, therefore, not possible to infer the initial mass-
radius relation of globular clusters and we can only conclude that the present day
properties are consistent with the hypothesis that all hot stellar systems formed with
the same mass-radius relation and that globular clusters have moved away from this
relation because of a Hubble time of stellar and dynamical evolution.

1 Introduction and Results

The half-mass radius of old globular clusters in the Milky Way depends only weakly
on mass [7]. A negative correlation between radius and mass is found for the
clusters in the outer halo [1,6]. Because this is also found for extra-galactic globular
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Fig. 1 Mass M , and half-mass radius Rrh, values for hot stellar systems. The lines show the
evolution of the mass-radius relation using the extension of the Faber–Jackson relation as initial
conditions. At an age of 10 Gyr the objects with M . 106Mˇ(globular clusters) have evolved to a
constant relaxation time-scale and this is why their mass-radius relation is different from the more
massive Ultra Compact Dwarf galaxies (UCDs) and Dwarf Globular Transition Objects (DGTOs),
whose mass-radius relation is still close to the initial one

clusters [4] the mass-radius relation, or lack thereof, is an important aspect of the
fundamental plane relations of globular clusters [5].

Here we consider the expansion of star clusters driven by mass loss due to
stellar evolution and hard binaries and we present a description for the radius
evolution including both effects, based on results of N -body simulations [2].
Combining scaling relations for the (adiabatic) expansion of clusters because of
stellar evolution with relations for expansion due to 2-body relaxation we present
a simple formula for the radius evolution as a function of initial mass, radius and
age (equations (6) and (7) in [2]). Applying this result to a Faber–Jackson type
initial mass-radius relation (the representation in units of mass and radius are taken
from [3]) we show that at an age of 10 Gyr a break occurs at � 106Mˇ(see Fig. 1).
This break can be thought of as the boundary between collisional systems and
collision-less systems.
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The Metallicity Gradient in the Galactic Disk
Revealed by Cepheids and Open Clusters

Patricia Cruz and Jacques R.D. Lépine

Abstract We have collected results from individual observations of metallicities
of Cepheids and open clusters from the literature in order to investigate the ŒFe=H�

gradient in the Galactic disk. We re-computed the distances of the Cepheids based
on the period-luminosity and period-intrinsic color relations, and the distances
of open clusters with more precise ways of computing the effect of interstellar
extinction. The data obtained were analyzed using the short distance scale of the
galactocentric distance of the Sun, R0 D 7:5 kpc. We have concentrated our study
on the Galactic distributions of ŒFe=H�. We discuss the existence of a sudden step
down in metallicity at a galactic radius of about 8:6 kpc, followed by a relatively
flat region, and we report the existence of an azimuthal gradient. The same break
in the metallicity gradient was previously presented by other authors, and it has
been detected in samples of other objects as well. We also discuss two different
hypotheses for this feature, which both are based on the connection between the
spiral structure and star-formation rate of the Galaxy.

1 Introduction and Analysis

Cepheids and open clusters have been used as tracers of the Galactic structure
and evolution. Their value lies in the accuracy of distance determination, metal
content and age, that provide information about the Galactic disk. Many works have
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Fig. 1 Left: (Top) ŒFe=H� distribution with new values of RGC . (Bottom) The gap near RGC D 8:6.
Right: Azimuthal gradient of ŒFe=H�

confirmed the existence of a chemical gradient in the Galactic disk, although there
is still no agreement between the results. The aim of this study is to investigate
the evidence of a sudden discontinuity, a possible multi-modal gradient, and their
connection to the corotation pattern. The data considered for this study was a set of
214 Cepheids and 133 open clusters from the literature.

Metallicity gradients based on the sample have been presented by several
authors adopting different values of R0. The galactocentric distances of the sam-
ple were re-calculated assuming R0 D 7:5 kpc [3], and the new distribution of
ŒFe=H� reveals the existence of a gap, near to RGC D 8:6 kpc, that divides the
sample. The distribution shows that the inner region of the disk have a steeper
gradient, followed by a “plateau” at solar vicinity. The gradient is shallower
towards greater distances. With that in mind, it seems necessary to separate the
ŒFe=H� distribution in three distinct zones, considering a multi-modal gradient. The
gradients are (dŒFe=H�=dRGC): RGC < 7 kpc: �0:124 dex/kpc, 7 < RGC < 8:6 kpc:
�0:016 dex/kpc, and RGC > 8:6 kpc: �0:080 dex/kpc. We have found an azimuthal
gradient, with a slope of 0:0055 dex/deg. The range of 7 < RGC < 10 kpc was
chosen to reduce the dispersion caused by the scatter in metallicity (Fig. 1).

2 Discussion

A metallicity gradient based on Cepheids and open clusters is presented for re-
calculated values of RGC . The new ŒFe=H� distribution reveals some important
features. There is a marked minimum in the density of objects at 8:6 kpc. The
gradient is better described by a multi-modal function, which confirms the results
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of [2] and others. A possible explanation for our results is associated to the
corotation point, at 8:3 kpc [1], that generates a gap of gas and a minimum of star
formation – that we believe to have been observed at 8:6 kpc. This gap of gas is
expected to be quite large (1 kpc), creating two isolated regions, which could be the
reason of the gradient discontinuity.

We report for the first time the existence of an azimuthal gradient of metallicity,
revealed by Cepheids and open clusters. The increase of Fe abundance shown here
could represent a possible enrichment of the gas when it passes through the spiral
arms, or even be due to a combination of radial flow and rotation of the Galaxy. The
existence of this azimuthal gradient shows the importance of galaxys spiral structure
in the history of stellar formation. We will search for ŒO=H� gradients found with
other tracers, aiming to find patterns similar to those presented in this work.
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1. Amôres, E.B., Lépine, J.R.D., Mishurov, Y.: Mon. Not. R. Astron. Soc. 400, 1768 (2009)
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Spitzer’s View of NGC2264’s Circumstellar Disk
Population

Paula S. Teixeira, Charles J. Lada, Massimo Marengo, and Elizabeth Lada

Abstract We present a Spitzer study of the pre-main sequence population of the
young cluster NGC 2264. The disk population is divided into three classes, based
on individual spectral energy distributions: optically thick disks, in a homologous
manner depleted or anemic disks, and radially depleted transition disks. Our analysis
indicated that there may be two distinct evolutionary paths; disks evolve from
optically thick to anemic via the first path, and from optically thick to transition
in the second. Most of the disks seem to follow the first path. It is yet unknown what
physical mechanism triggers this evolutionary differentiation – it could be directly
connected to the nature of planet formation within the disk.

1 The Pre-main Sequence Population of NGC 2264

NGC 2264 is a rich star forming region, <5 Myr old, located at �800 ˙100 pc away
in the Monoceros constellation, and is hierarchically structured [3]. Its pre-main
sequence (PMS) population was first identified by [8] and has been extensively
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studied since (see review by [2]). We re-visited this cluster to better characterize
the PMS population and explore disk evolution using the Spitzer Space Telescope.
NGC 2264 was observed by the Spitzer InfraRed Array Camera (IRAC) and by
the Multiband Imaging Photometer for SIRTF (MIPS). We used data from the
Guaranteed Time Observations programs 37 (P.I.: G. Fazio) and 58 (P.I.: G. Rieke).

2 Disk Evolution

We built spectral energy distributions (SED) for 1,404 sources that were detected in
all four IRAC bands (3.6, 4.5, 5.8, and 8 �m). The sources were classified, according
to their SED slope following [4], into sources with (1) optically thick disks (OTD),
(2) anemic disks (AD), (3) transition disks (TD), and (4) naked photospheres. We
found 377 sources that have circumstellar material: 271 OTD, 116 AD, and 5 TD.
The spatial distribution of these three groups of sources is quite distinct: the sources
with OTDs are mostly embedded and preferentially located in two regions of the
cluster (near IRS 1 and in the Spokes cluster). Sources with ADs and TDs, on
the other hand, were not embedded and are spatially distributed throughout the
region in a more uniform manner. All these facts indicate that sources with OTDs
are less evolved than the other two groups of sources. We placed the sources on
H-R diagrams after careful dereddening to quantify this result. We found that there
is a wide spread in the H-R diagrams, however, the median age of sources with
optically thick disks is 1 Myr younger than the median age of sources with either
anemic or transition disks. We therefore postulate that there are two evolutionary
paths OTDs can follow, namely, one where they are in a homologous manner
depleted throughout their entire radial extent (ADs), or another where they are
radially depleted, i.e., the inner disk disappears at a faster pace than the outer
disk (TDs). Interestingly, the fraction of sources with TDs is �10%, similar to the
fraction of FGKM stars that host giant planets within 30 AU [1]. We refer the reader
to [5, 6] and [7], where we explain in detail all of these results.
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Super Star Clusters in IR-Luminous Interacting
Galaxies: The NIR Luminosity Function

Petri Väisänen, Zara Randriamanakoto, Stuart Ryder, and Seppo Mattila

Abstract We present a pilot study of a larger on-going survey to detect SSCs in
LIRGs using K-band Adaptive Optics imaging. We show the first significant sample
of NIR luminosity functions of extragalactic SSCs, which appear to be significantly
shallower than typical power-law slopes determined from optical studies of lower
IR-luminosity systems. We also present the first brightest cluster vs. star-formation
rate of the host galaxy relation derived in the NIR.

1 Introduction

Very massive (103 to 107 Mˇ) young “super star clusters” SSCs, have been found in
large numbers in strongly star-forming interacting galaxies. Can the most massive
ones only form in those extreme conditions? How do the galaxy properties affect
the outcome? What is their subsequent evolution and life, which ones survive and
perhaps end up as (old) globular clusters? These questions are studied in our on-
going survey of a few dozen strongly star-forming galaxies using near-IR Adaptive
Optics (AO). The galaxies are at distances ranging from 40 to 180 Mpc, span the
range from starbursts to ULIRGs, and are at various stages of merging, interaction,
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or isolation. VLT/NACO is used for the main survey, and here we report a pilot study
using the Gemini/ALTAIR/NIRI instrument [4,5]. Both instruments deliver a spatial
resolution of � 0:1”, and the data are very well complemented with existing HST
optical data for many of the targets. As a first step to analyze the SSC populations
we construct their luminosity function (LF), which can then be used to constrain
e.g. the cluster initial mass functions and SSC formation and disruption models.

2 The NIR Luminosity Function and Brightest SSC Versus SFR

We performed aperture photometry on point sources in the complex background
conditions of the galaxies along with relevant completeness corrections and blend-
ing simulations. The resulting SSC candidate number counts are fitted with a
power-law of the form ˚.L/dL / L�˛dL. The fitted power-law indexes are typ-
ically ˛ � 1:6 ˙ 0:2 for our initial sample of galaxies (Fig. 1). This is significantly
shallower than most slopes observed in the optical, which tend to be close to
two (e.g. [3]). Our LF slope could perhaps indicate mass-dependent disruption
of the SSCs, or environment and/or SFR dependent cluster IMFs: most other
determinations are from less luminous IR-galaxies. [1] recently derived a similar
slope for the LIRG Haro 11. We stress that these results will soon be checked with
a larger sample and (even) more careful photometric completeness and blending
analysis and modelling.

Fig. 1 Left: preliminary K-band SSC LFs in our pilot sample. Points and histograms show the
completeness corrected SSC number counts against MK absolute magnitude, and the straight (red)
lines the weighted least-squares fit with the index ˛ indicated. Right: the relation between the
brightest SSC in the galaxy vs. the host galaxy SFR determined from its IR luminosity. The dashed
line shows the best fit to the data points, and the relation is also shown at the top
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We also looked for a relation between the brightest K-band SSC vs. the SFR of
the host galaxy. This is the first such relation derived for a NIR SSC sample, and is
similar to equivalent relations in the optical (e.g. [2]). We note that these relations
indicate that the V � K colour of the brightest SSC reddens with SFR.
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Loredana Spezzi makes a comment

Mark Casali and Janet Drew



Populations of Variable Stars in Open Clusters

Richard I. Anderson, Nami Mowlavi, and Laurent Eyer

Abstract We present our work in progress that explores links between properties
of variable star populations and their host open clusters. Information from WEBDA
and the Dias catalog [2] has been considered. We explain the context, consider open
cluster red giants as tracers of a Galactic age-metallicity relationship, and outline
the intended future direction and prospects of this project.

1 Context

Open clusters (OCs) can be seen as snapshots probing stellar evolution as a
function of age and metallicity. The variable star content of an OC may depend
on these (and further) parameters. Thus, there exists great potential for providing
stringent constraints on stellar evolution theory by investigating how variable star
populations differ among OCs. The following information is particularly useful
in this respect: instability strip boundaries and (im-)purity; relative variable star
fractions; variability properties; metallicity; memberships; multiple star fractions.

We consider published literature on variable star studies in OCs. As a first step,
we take information from two sources: the WEBDA OC database and Dias OC
catalog [2]. While WEBDA is not a variable star database, it does provide some
information on certain types of stars, e.g. periodic variables or red giants (RGs).
RGs can be considered (candidate) variable stars, since different kinds of variability
occur during the RG phase, and many RGs exhibit solar-like oscillations (e.g. [3]).
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Fig. 1 [Fe/H] against age for OCs with RGs. Data from WEBDA and [2]. Binned number of RGs,
NRG, indicated in greyscale. Open circles: NRG < 10; grey filled circles: 10 � NRG � 50; black
filled circles: NRG > 50. Some entries may be erroneous: e.g. Ruprecht 97 ([Fe/H]/log(age) D
�0:59=8:34) is actually close to solar metallicity [1]

Additionally, RGs are ideal to determine abundances or binary fractions (e.g. [5]
to [4]). Finally, since cluster membership can be reliably determined for RGs,
chemical abundance measurements from open cluster red giants can contribute to
the understanding of the age-metallicity relationship, cf. Fig. 1: older OCs harbor
more RGs and show a larger spread in [Fe/H].

2 Outlook

As a next step, we will carefully check the references in WEBDA and [2] (e.g.
for cluster ages, since automatic age determinations are prone to errors due to
presence of Blue Stragglers or contamination from non-members), and continue
by considering additional sources. Supplementary data from archives or new
observations, e.g. abundance determinations for individual clusters, will help to
complete the picture. The inhomogeneity of the information investigated poses a
major challenge, e.g. since systematic uncertainties may vary between sources.
Nevertheless, we are confident that stellar evolution will benefit from combining
published literature results from studies on stellar variability in OCs in such a
systematic way.
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Tracing the Structure of the Perseus Arm
with IPHAS

Roberto Raddi, Janet E. Drew, Stuart E. Sale, Danny Steeghs,
and the IPHAS Consortium

Abstract Research aiming to describe the spiral structure of the Milky Way disc
has to confront both difficulties in obtaining distances and the high interstellar
extinction found in the Galactic plane. We present a study of a section of the Perseus
Arm, between Galactic longitudes .120ı; 140ı/ and Galactic latitudes .�1ı; C4ı/,
including a number of young clusters. Determination of physical parameters of
young stellar objects (YSO) and mapping of the A-star surface density are used to
analyse evidence of young structures (typically 10–100 Myrs old) defined in space.

1 Introduction

The anatomy of the Perseus Arm has been investigated in a recent census of known
open clusters [2]. Several star formation sites – typically at a distance of � 2–
3 kpc – present evidence of multiple phases of star formation on large and/or small
spatial scales, lasting up to � 20 Myr [1] and [4]. With a line of sight generally
free of a significant density of foreground stars, a wide area study of the Perseus
Arm is made possible by the comprehensive reach of a survey like the INT/WFC
Photometric H˛ Survey of the Northern Galactic Plane (IPHAS) [3]. A large scale
search for emission line objects both associated with recent star formation (Herbig
Ae/Be, classical T Tauri stars) or � 10–30 Myr old clusters (classical Be stars) can
be used as a powerful tool to produce a precise “radiography” of the age/spatial
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profile of the Arm. [7] proved the efficiency of IPHAS photometry in picking H˛

emitters out of the crowd. As the IPHAS colours themselves do not distinguish
among different classes of emission line stars, spectroscopic follow-up observations
are needed to achieve this (see e.g. [6]).

2 Data Analysis and Discussion

About 300 H˛ emitters (13 � r 0 � 17) have been observed out of a sample of 338
emission line candidates in the area, with �� � 6 Å at FLWO/FAST. 73 have been
re-observed at INT/IDS and NOT/ALFOSC, with �� � 2–4 Å and S=N > 20. The
latter spectra have been typed by comparing them with templates from the INDO–
US library. Interstellar reddening has then been determined for this same subset, by
dereddening the spectra against appropriate model atmospheres (Castelli & Kurucz,
ATLAS9).

To place each of our sample of stars with a reliable spectral type along its
sight-line, we used the algorithm MEAD, described in [5]. MEAD derives line of
sight extinction curves from IPHAS photometry, by using large numbers of field
non-emission stars (early-A to mid-K). Preliminary work has shown the expected
gathering of Perseus Arm young stars towards recent star formation loci. Further
investigation has to be done on a more numerous and sparser population of – more
likely – classical Be stars, to determine their relationship with the Arm. A further 27
spectra, collected at INT/IDS in Oct. 2010, will enhance coverage of the surveyed
area.

We are also examining the A star surface density across the region, in order to
locate young structures. This may provide a further tool to interpret the organization
and uncover eventual clustering of � 10–100 Myr old population (a figure and more
discussion can be found in Drew et al. in this volume).
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Setting up the T35 Telescope at Sierra Nevada
Observatory for Detecting Variable Stars
in Open Clusters

Susana Martı́n-Ruiz, Francisco J. Aceituno, and Juan Gutiérrez Soto

Abstract The T35 is a 14” telescope installed at the Sierra Nevada Observatory
(Granada, Spain). This telescope is equipped with a large format CCD camera for
detecting AF-type pulsating stars in the open clusters. In order to test the accuracy
of V measurements obtained with T35, we observed one of the target variable stars
using the uvby photometer at the 90-cm telescope. Here, we compare the light curves
obtained in both photometries.

1 Motivation

The advantage of studying pulsating stars in open clusters is that they offer us addi-
tional constrains for testing the stellar models respect to the isolated stars. Therefore,
systematic observations of a significant sample open clusters are necessary to detect
stellar variability. In order to carry out this project, we need a telescope of modest
aperture (30–40 cm) with a wide field CCD camera to reach the desired S/N in a
reasonable time.

The T35 telescope is located at the Sierra Nevada Observatory (SNO) (2,896 m
altitude). It is a 35.5-cm Schmidt–Cassegrain telescope with a 4,008 � 2,762 CCD
Camera. The field of view is 31.70 � 21.14 arcmin with a scale of 0.2475 arcsec per
pixel. Detailed information on T35 can be found in [3].
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Fig. 1 Light curves of the binary star HD 172,189 in the V -Johnson filter obtained with the T35
telescope (top) and in the y-Strömgren filter obtained with the 90-cm telescope (bottom)

2 Observations and Results

In order to test the precision of measurements, we observed the variable star
HD 172,189, member of the open cluster IC 4,756. HD 172,189 (V D 8.85 mag, A2)
is an eclipsing binary with a ı Scuti pulsating component [1, 2]. This star is a
perfect target for probing the accuracy of variability in and out of eclipse. The
observations with T35 were performed during four nights using UVBI Johnson
filters. In order to achieve a signal-to-noise of more than 1,000 in the V -filter, an
integration time between 6 and 8 s was used depending on the night. Image reduction
was carried out using the MaxIm DL package and HD 172,248 (V D 8.97 mag, B9)
was choosen for the comparison star. The binary star was also measured during the
first two nights using the uvby multicolour photometer at the SNO 90-cm telescope,
with HD 172,365 (V D 6.40 mag, F8) as the comparison star. Figure 1 shows both
light curves in the V -Johnson and y-Strömgren bands. As can be seen, despite
the precision of y data (4–5 mmag) being around 4 mmag better than V data, the
V measurements are good enough for detecting amplitudes up to a hundredth of a
magnitude. Better results can be obtained if, in addition to observing with better
atmospheric conditions, telescope tracking is optimized. To solve this problem, an
external auto-guiding system is being implemented.
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The Substellar Population of the � Orionis
Cluster

Victor J.S. Béjar, Karla Peña-Ramı́rez,
and Maria R. Zapatero Osorio

Abstract We present a deep I , Z photometric survey (Icompl D 22 mag) covering
a total area of 1.12 deg2 in the � Orionis cluster. Using I , I � Z color-magnitude
diagrams, we have selected 165 photometric candidates (I D16–24 mag), which
correspond to a mass interval from 0.11 down to 0.006 Mˇ. Using J -band
photometry, we have found that 120 of 147 candidates within the completeness of
the survey (�80%) follow the infrared photometric sequence of the cluster; we will
consider them as likely members. Using J , H , K-band data from UKIDSS and
mid-infrared data from IRAC/Spitzer, we have found that 6–11% of the bona fide
candidates have near-infrared flux excesses, and about 34 ˙ 8% show mid-infrared
flux excesses, probably related to the presence of disks. We have determined that the
mass spectrum from 0.11 to 0.013 Mˇ is a rising function that can be represented
by a power-law distribution (dN/dm�m�˛) with an exponent ˛ D 0:4–1.1.

1 Search and Candidate Selection

We have obtained a deep IZ photometric survey (Icompl D 22) covering a total
area of 1.12 deg2 in the � Orionis cluster (352 pc, 2–4 Myr; [4, 5]). Details of the
observation can be found in Table 1. From I , I � Z color–magnitude diagrams,
we have selected 165 candidates in the magnitude range I D 16–24. According
to evolutionary theoretical models [1], they have estimated masses in the range of
0.11–0.006 Mˇ for the age of 3 Myr. J -band photometry (See Table 1) of candidates
within the completeness magnitude of the survey (I D 16–22 mag.) allows us, using
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Table 1 Observing log

Telescopes Instruments Plate scale Band Exp. time Observation dates

INT WFC 0.33 (”/pix) IZ 3�1,200 s 1998 Nov 12, 13
1998 Sep, 1999 Jan–Dec,

TCS CAIN-II 1.00 (”/pix) J 60–1,000 s 2000, Jan, Feb
3.5 m CAHA Omega’ 0.40 (”/pix) J 1,000 s 1998 Oct 16

Fig. 1 Mass spectrum (dN/dm) for the 3 Myr isochrone from the Lyon group. The best power-law
fit (m�˛) with ˛ D 1:1 is represented by the red line. The separation between stars, brown dwarfs
and planetary-mass objects is shown by vertical dashed lines. Data points error bars are Poissonian

an I , I � J color–magnitude diagram, to determine that 120 of 147 (�80%) follow
the infrared photometric sequence of the cluster and hence, they are considered as
bona fide cluster member candidates.

2 Disk Frequency and the Substellar Mass Function

Using the available JHKs photometry from the UKIDSS catalogue and 3.6, 4.5, 5.8
and 8.0 �m photometry from the IRAC/Spitzer data, we have built different color–
color diagrams to identify sources with flux infrared excesses. We found that 6–10
of 93 bona fide candidates present near-infrared excesses (6–11%) and 21 over 61
(34˙8%) show mid-infrared excesses. This flux excesses are probably related to the
presence of disks, most of them transition disks.

We have obtained the mass spectrum (dN/dm) from the I-band luminosity
function and the mass-luminosity relations given by theoretical models [1], using
color and Teff-spectral type relations and bolometric corrections from [2, 3] to
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transform Teff and luminosities into observables (see Fig. 1). The mass spectrum
is a rising function from 0.11 to 0.013 Mˇ and can be represented by a power law
(dN/dm�m�˛) with ˛ D 0:4 � 1:1.
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