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Abstract
Dwarf spheroidal galaxies (dSphs) in the Local Group are fundamen-

tal laboratories to constrain not only cosmological theories concerning the
so-called hierarchical paradigm, but also to trace back in time the star for-
mation history and the chemical enrichment of these systems. dSph are good
candidate to be the building blocks needed to assemble big galaxies in the
hierarchical scenario. The high Mass-to-Light (M/L) ratio estimated seem
to indicate that they are Dark Matter dominated. However, photometric
survey have brought the evidence of the presence of extra-tidal stars around
these objects. This could be the signature of tidal interaction between dSphs
and the Galaxy, and may explain the high M/L estimated. The study of
stellar populations of these nearby objects may help us to understand the
nature of these elusive galaxies, and how they interact with the Galaxy. We
present in this thesis the result of a photometric campaign aimed at study-
ing the stellar content of two particularly interesting objects, namely the
Carina dSph galaxy and the globular cluster Omega Centauri. Carina is the
prototype of dSph with complex star formation history. It hosts at least
three different populations, which formed in bursting episodes spaced out
by long quiescent phases. The main events occurred ≈11, 5 and less than 1
Gyr ago. The lack of gas, and the fact the last the last perigalacticon pas-
sage occurred ≈2Gyr ago, make the formatiom of the youngest population
a real puzzle. Morevore, the spatial distribution of older and younger stars
appear different, the former being more centrally concentrated while the old
population is distributed in a sort of diffused halo. The possible detection of
extra-tidal stars has been debated in the literature, but no firm detection has
been established yet. We present a photometric a spectroscopic study of the
stellar populations the Carina dSph. We investigated the stellar content on
the central region, and exploited the wide field imagers available on medium
class telescope to investigate the occurrence of extra-tidal stars. The other
topic of this thesis is Omega Centauri. This peculiar cluster is considered
as the missing ring between dwarf galaxies and globular clusters. In fact it
is the only globular cluster charcterized by undisputed multiple stellar pop-
ulations and a spread in the metal content. Moreover, it has been suggested
the existence of tidal tails along the Omega Cen orbit, but these results are
not well established. However, recent theoretical simulations support the
evidence that Omega Cen might be the core of a dwarf galaxy, which has
lost most of its stellar content along the orbit. We present a multivawelength
photometric study based on both ground-based as well HST data.
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Chapter 1

Introduction

The study of the stellar populations in the Galaxy and in the Local Group
(LG) is crucial to understand the formation and evolution of galaxies. Within
the Local Group the Galaxy and M31 are the biggest objects, the only two
giant spirals that dominate the mass of the system. However, they are sur-
rounded by more than 40 dwarf galaxies, that show a huge spectrum of
properties in term of stellar populations, chemical evolution, and gas con-
tent. All the morphological types are present in the LG, with the exception
of a giant elliptical. These nearby galaxies can now be resolved in stars, and
this means that a detailed study on a star-by-star basis can be made. The
class of dwarf galaxies is the most populated in the whole Universe, and the
sample of dwarfs in the LG offer the unique possibility to test locally the
prediction of theoretical models concerning the evolution of galaxies.

In the ΛCold Dark Matter (CDM) framework, this process is described
as a continous merging of small objects to form larger and larger galaxies
(White & Frenk 1991). This means that the dwarf galaxies we observe to-
day might be the relics of this merging process, and therefore the witnesses
of the first structures formed in the Universe. Among the different mor-
phological types of dwarf galaxies, the so-called dwarf spheroidals are the
ideal candidates for the hierarchical process. The estimated Mass-to-Light
(M/L) ratio ranges from ≈5 for Fornax (Mateo 1998), to more than 300 in
the case of Draco (Kleyna et al. 2001), thus supporting the idea that these
small systems are Dark Matter dominated.

Moreover, the desrupting Sagittarius dSph is a strong evidence that this
merging process is still ongoing, and may play an important role in building
the Galactic halo (Frinchaboy et al. 2004). Concerning the star formation
history, theory predicts that these ”building blocks” should have experienced
a star formation event in ancient epochs (Cen 2001), but they should not
have had the possibility to retain gas and form stars in recent epochs. This
seems to be supported by the low internal velocity dispersion (≤ 10km/s),
together with the absence of both dust and gas (Mateo 1998; Carignan et
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al. 1998). However, it has been clearly demonstrated (Stetson, Hesser &
Smacker-Hane 1998; Monelli et al. 2003; Tolstoy et al. 2004) that the
star formation history of most dwarf spheroidals is complicated and several
of them have experienced star formation events in recent epochs (less than
1Gyr). This is confirmed in most of the LG dSph, and only a few of them,
namely Tucana (Lavery et al. 1996; Castellani, Marconi & Buonanno 1996)
and possibly Ursa Minor (Carrera et al. 2002; Ikuta & Arimoto 2002) and
Draco (Dolphin 2002), host a single stellar population older than ≈ 10 Gyr
that might be coeval to Galactic Globular Cluster (GGCs).

1.1 Are dwarf Spheroidals DM dominated?

One possible explanation for the high M/L ratio is that the dSphs are
dominated by Dark Matter. However, large photometric surveys suggest the
presence of extra-tidal stars around several dSphs (Irwin & Hatzidimitriou
1995), and in particular Carina (Kuhn et al. 1996; Majewski et al. 2000a).
This could be a signature of ongoing tidal interaction of these systems with
the Galactic potential. If this is the case, the assumption that dSphs are in
virial equilibrium would fail, and the actual estimate of the M/L ratio could
be inflated. However, recent N -body simulations by Hayashi et al. (2003)
and Kazantzidis et al. (2004) suggest that dSph may be surrounded by an
extended halo of DM. In these scenarios, the tidal radii actually measured
would be heavily underestimated. This implies that the detection of extra-
tidal stars in dSphs cannot rule out the possibility that these stars are still
bound to the galaxy rather than belonging to a tidal tail.

Characteristic dSphs GCs

Mv (mag) −8÷−13 −10÷−2

Mass (M�) 106 ÷ 108 105

Ellipticity, ε = (1-b/a) > 0.13 < 0.1

∆[Fe/H], dex 0.2÷ 1.4 < 0.1

I0, (L� pc−3) 0.005÷ 0.1 104 ÷ 105

ρ0 (M� pc−3) 0.07÷ 0.6 0.03÷ 5.6

σv, km s−1 < 10 1÷ 14

rc (pc) 110÷ 500 2÷ 20

rt (pc) 1400÷ 2500 2÷ 200

M/L (M�/L�) 5÷ 330 1÷ 4

Table 1.1: Qualitative comparison between dSphs (Mateo 1998; Irwin & Hatzidim-
itriou 1995) and globular clusters (Harris 1996).
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1.2 Dwarf Spheroidals and Globular Clusters

For many years dSphs have been considered as a sort of looser analogue of
Globular Clusters, but now it is clear that the nature of these two classes
of objects is different. dSph galaxies are characterized (see tab. 1.1) by
larger tidal radii (rt), and much smaller central densities. The small inter-
nal velocity dispersion of GCs implies very small values of the M/L, steadily
estimated of the order of the unity. The only noticeable exception is given by
ω Cen, which presents M/L ≈3÷6 (Velrome 2003). Moreover, recent em-
pirical evidence suggests that the occurrency of multiple stellar populations
and a spread in the metal abundances among dSphs is the rule rather than
the exception. These features indicate that these systems are substantially
different from GCs. Once again, the only exception is ω Cen, which presents
at least three different stellar populations and a large spread in metallicity.

Finally, it is worth mentioning that empirical evidence supports the oc-
currence of tidal tails in several GCs (Grillmair et al. 1995; Leon, Meylan
& Combes 2000). This feature has been soundly confirmed by the detec-
tion of a huge (more than 10◦ across the sky) tidal tail around Palomar 5
(Odenkirchen et al. 2003).

1.3 Thesis project

Current spectroscopic and photometric investigations of dSphs and GCs
might be affected by selection effects. Spectra have only been collected for a
few bright Red Giant stars. The same applies for the stellar tracers currently
adopted to detect tidal tails. Only during the last few years the use of multi-
object spectrographs available on the 8-m class telescopes (ESO: VIMOS,
FLAMES, FORS; Gemini: GMOS; Keck: DEIMOS; Subaru: FOCAS) and
wide field CCD cameras avilable on the 2-4m class telescopes (WFC@INT,
WFI@2.2m ESO, MOSAICII@Blanco CTIO, OmegaCam@CFHT) provided
the opportunity to investigate fainter MS stars in these stellar systems.

We selected two particularly interesting objects, namely the Carina dSph
galaxy and the GC ω Cen. Carina is the prototype of dSph with complex
star formation history. It hosts at least three different populations, which
formed in bursting episodes spaced out by long quiescent phases (Smecker-
Hane et al. 1996). The main events occurred ≈11, 5 and less than 1 Gyr
ago. The lack of gas, and the fact the last the last perigalacticon passage
occurred ≈ 2Gyr ago (Piatek et al. 2003), make the formation of the
youngest population a real puzzle. Morevore, the spatial distribution of
older and younger stars appears different, the former being more centrally
concentrated while the old population is distributed in a sort of diffused
halo. The possible detection of extra-tidal stars has been debated in the
literature (Kuhn et al. 1996; Majewski et al. 2000a; Morrison et al. 2001;
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Walcher et al. 2003), but no firm detection has been established yet. We
present a photometric and spectroscopic study of the stellar populations of
the Carina dSph. We investigated the stellar content on the central region,
and exploited the wide field imagers available on medium class telescope to
investigate the occurrence of extra-tidal stars.

The other topic of this thesis is ω Cen. This peculiar cluster is considered
as the missing ring between dwarf galaxies and globular clusters. In fact
it is the only GC charcterized by undisputed multiple stellar populations
and a spread in the metal content. Moreover, Leon, Meylan & Combes
(2000) suggested the existence of tidal tails along the ω Cen orbit, but their
results were questioned by Law et al. (2003). However, recent theoretical
simulations support the evidence that ω Cen might be the core of a dwarf
galaxy, which has lost most of its stellar content along the orbit (Chiba &
Mizutani 2004). We present a multivawelength photometric study based on
both ground-based as well HST data.

Note that dSph galaxies are fundamental laboratories to constrain the
accuracy and plausibility of evolutionary and pulsational predictions for in-
termediate mass stars in the metal-poor regime. These systems present a
mean metallicity that either is not present in nearby dwarf Irregulars (Mag-
ellanic Clouds) or is present in the outskirts of the Galactic disk. The same
outcome applies to ω Cen that provides the opportunity to investigate H and
He burning phases of stellar populations characterized by different chemical
compositions and located at the same distance (e.g. the Mv-[Fe/H] relation
for RR Lyrae stars).
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Chapter 2

Observational strategies and
reduction techniques

CCD cameras have been introduced roughly 25 years ago, and their use
was as revolutionary as the photographic plates had been one century be-
fore. The observational astronomy experienced the possibility to have two
dimensional, high-sensitivity, digital, and, probably most important, linear
sensors. This led to the creation of new analysis techniques, and the de-
velopment of software able to manage the new data sets. The experience
acquired in the last decades has now restricted most of the reduction process
of astronomical digital images to few standard and well understood steps.

This chapter summarizes all the details of the observational strategy and
the reduction tecniques used. We will review the standard pre-reduction pro-
cess, and then focus on the ALLFRAME package used for the photometric
reduction. Particular attention will be paid on the PSF extraction and the
calibration process, especially for ground-based wide field CCD cameras.

2.1 General concepts of digital image processing

In order to understand how to analyse digital astronomical images, it is
crucial to understand the error sources that can affect the measurements,
and how they can be removed. The process to obtain meaningful numbers
from a CCD image has to deal with all the noise sources that contribute
to the uncertainity of any astrophysical quantity derived. A very schematic
view of the overall acquisition process is illustrated in fig. 2.1. A ”classical”
image, that is a continous distribution of light incoming on the focal plane
is subject to:
• sky (background pollution by diffuse emission, zodiacal light, moon, tel-
luric lines, human light pollution...)
• atmosphere (turbulence, extinction, seeing variations, humidity)
• telescope (jitter, tracking error, scattered light, thermal emission)
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Figure 2.1: Figure 1 from Adorf (1995) illustrating the scheme of image blurring.

• optics (optics transmission, misalignments)
• camera blur (homogeneity of the camera response, charge diffusion, gain
variation, read out noise, hot pixels, dead pixels)
• pixel blur (discretization effects, different pixel response function, under-
sampling)
• photon noise (cosmic rays, termal noise)
• Analogue-to-Digital quantisation,
resulting in a discrete, blurred, noisy, quantised, (sometimes) undersampled
digital image. Part of these effects can be estimated and removed. At the
end of the pre-reduction process, ideally, the only noise sources that cannot
be removed should be the photon noise (unavoidable Poisson statistic), the
conditions of the atmosphere (mainly seeing) and intrinsic to the nature of
the source (crowding, faintness, morphology, variability). The blurring ef-
fect due to the electronics and defects of the instruments can in principle be
reduced to the level of 1%.

We can model the ”true” image I(x,y) as a function of the raw recorded
raw image R(x,y) as:

Raw = (Image + sky × (1+fringe) + tbe) × otv × qe + dark
+ flash + bias

where:
sky accounts for all the photons that join the signal betwen the source and
the telescope;
fringe is the fringing interference pattern between the light along the optics
or the sensor;
tbe is the termal background emission from the telescope;
otv is the optical transmission variation, responsible of light absorption
along the optical path;
qe quantum efficiency of the detector;
dark is the dark current emitted by the CCD itself;
flash is the charge present in the CCD due to preflash exposure before the
observation;
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bias is the zero integration time electronics background.

The logical sequence to clean the raw data starts by correcting for the
additive effects. These take into account the dark current emission from the
camera (usually negligible in modern sensors), the pre-flash exposure, and
the bias level. In practice, many bias exposures are taken for every observing
run, and a median image is subtracted from the scientific data in order to
have the correct zero point of the photometric scale of the instrument.

The new image

Raw - <BIAS>= (Image + sky × (1+fringe) + tbe) × otv × qe

must then be corrected for the (multiplicative) variations of sensitivity, due
to both quantum efficiency and optical transmission variations. The quan-
tum efficiency of the camera is never perfectly uniform. Pixel-to-pixel vari-
ations are expected, due to imperfections in the coating, variable thickness,
small variations in the pixel area. The non-uniform response or illumination
implies a non-standard relation between intensity of the source and counts
detected along the camera. To overcome this problem, the raw counts must
be rescaled to a common mean quantum efficiency. In principle, this can be
easily done by exposing the CCD to a uniform (flat-field) intensity source,
for the appropriate integration time. In pratice, the flat-field correction is
the most difficult and critical step. First, it is not trivial to observe a suffi-
ciently uniform source, and moreover the quantum efficiency variations are
wavelength dependent. There are basically two different approaches: the
observation of a screen inside the dome (dome flat) or the observation of the
sky at the twilights. Both ways give high S/N images, with the drawback
that the spectrum of the screen or the twilight sky can significantly differ
from the dark night sky (telluric emission lines). To solve this, frames of
empty fields taken during the night may supply the right solution. How-
ever, the low signal level of the dark sky requires long exposure times, and
indeed it is almost impossible to obtain high S/N night flat unpolluted by
astronomical sources. The ”best” possible flat-field is usually made with a
composition of these three approaches, basically with a median combination
of dome, twilights and scientific images (super-flat field). Even more compli-
cated techniques, based on wavelets transformations, are used. The removal
of the flat-field results in

(Raw - <BIAS>) / <FLAT> = (Image + sky × (1+fringe) +
tbe)

where the <FLAT> is the median flat frame, corrected for additive bias
effect, and normalized according to its mean value.

Usually, the thermal emission from the telescope is negligible, and the
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fringing pattern appears only at longer wavelengths (R and I bands). Since
the fringing, as well as other spurious contributions to the background, can
be treated as an additive effect, a SUPER-SKY filter can be built with a
median superimposition of many (say at least 10) background-limited, off-
set, empty images. The last step yields to

Image = (Raw - <BIAS>) / <FLAT> - <SUPER-SKY>

Where now Image is the astronomical image ready for the photometric anal-
ysis.
It is important to mention other two quantities, that do not directly affect
the error balance of the measures, but play an important role in the quality
of the signal.
Readout noise : that is the electronic noise associated due to the output
amplifiers. This cannot be eliminated from the measurement process.
Gain : is the conversion factor the transforms the electrons recorded in the
CCD into ADU (Analogic to Digital Units), or counts.
These quantities do not directly affect the measurements, but play an im-
portant role in defining the threshold for the search of astronomical sources.

2.2 Stellar photometry: DAOPHOT and ALLFRAME

The basic problem that any software devoted to accurate stellar photom-
etry has to solve can be summarized in two questions: how to recognize
stellar-like sources? how to fit the two-dimensional distribution of light of
each source, accounting for the contribution of the local background and the
contamination by nearby objects? In this work we made an extensive use of
DAOPHOT (Stetson, 1987), and its last evolution ALLFRAME (Stetson
1994). DAOPHOT is by no means the most popular software package for
stellar photometry. It was developed by Peter B. Stetson at the Dominion
Astronomical Observatory more than twenty years ago, and has undergone
a continous evolution and sofistication. DAOPHOT identifies the brightness
peaks in the frame, performs synthetic aperture photometry, and tries to es-
timate an accurate PSF. Stand alone programs (ALLSTAR and eventually
ALLFRAME) are then used to perform accurate PSF-fitting photometry of
the stellar sources.
Here we present in some more details the single steps of a typical run of
DAOPHOTII/ALLFRAME.
• Identification of the stellar sources: the image is scanned pixel
by pixel and the brightness peaks are detected and estimated. A threshold
must be defined in order to choose a level of significance of the brightness
enhanchement. This threshold depends on the read out noise and gain of
the camera, and the mean sky value. These quantities are used to define
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the random error per pixel, and a scaling factor decided by the user fixes
the threshold for the star search. This is performed by the task FIND, who
performs a rough estimate of the centroid and flux of the stars. To avoid
that non-stellar objects (extended sources, cosmic rays, cosmetic defects)
are included in the catalogue, DAOPHOT defines two shape parameters,
the sharpness and the roundness, which are used for a first selection of the
sources.
• Aperture photometry : this is the simplest and in principle most cor-
rect technique for doing photometry. The total number of photons (ADUs)
are just counted in a fixed circular aperture centred on the star. The con-
tribution of the local sky background can be estimated in a circular annulus
around the object, and under the assumpion that the spatial scale varia-
tion of the background are smaller than the aperture, it can be subtracted.
There are two obvious drawbacks affecting this approach: (1) the crowd-
ing, that makes star profile overlap, so that its very difficult to take into
account the contribution of nearby objects; (2) the measurement of faint
stars, characterized by a very limited number of counts, is dominated by the
background error, fluctuations and statistics. The task PHOT performs
aperture photometry on all the objects detected, estimating the flux into a
series of annuli of increasing radius, defined by user.
•Modeling the PSF : Once the aperture photometry has been performed,
an accurate selection of stars used to model the PSF is done. This has been
an important part of this thesis work, and will be discussed in the next
section.
• PSF-fitting: ALLSTAR : ALLSTAR is program that performs PSF-
fitting photometry on a single astronomical image, provided that aperture
photometry and the PSF model by DAOPHOT are available. ALLSTAR
tries to exploit all the information available, performing, as the name itself
suggests, a simultaneous fit of all the sources. During every iteration, it
subtracts all the stars from a working copy of the image according to the
best estimates of position and magnitude of each object, computes the in-
crements to the positions and magnitude of the subtraction residuals around
each position, and then check each star to see whether it has converged or
not. When a star has converged, it is permanently subtracted from the
working image and the results saved. A non-linear least square fitting tech-
nique is applied to the derive the parameters of each object. ALLSTAR
writes out also the final subtracted image, which can be visually inspected
in order to:
(1) check the quality of the fit;
(2) look for any faint object lost or discarded.
At this point it can be very useful to run the FIND/PHOT process in order
to recover all these stars, and run ALLSTAR again with the most complete
list. This iterative procedure can be useful not only to measure faint stars,
but also to improve the measurements of bright objects contaminated by
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nearby faint sources.
• Stacking the information : Once that all the images have been re-
duced with ALLSTAR, a single catalogue containing position and magnitude
for each star detected is available for each frame. DAOMATCH and DAO-
MASTER are two programs that estimate the coordinate transformations
and allow to rescale all the catalogue on a single coordinate system. Once
that all the lists are rescaled, it is possible to build the master list including
all the objects of all the frames (and indeed it is routinely used to group
all the lists in each photometric band, create the catalogue with weighted
mean magnitudes and then use these to plot the color-magnitude diagrams).
DAOMASTER output is basically a table which includes, per each image,
the coefficients of the geometrical transformation to rescale the stars of in-
dividual images to the reference one.
• ALLFRAME: The last evolution of DAOPHOT is ALLFRAME. If ALL-
STAR tries to exploit all the information available in a single image, ALL-
FRAME works simultaneously on all the stars in all the images available,
independently on the filter, instrument, exposure time or any other parame-
ter. The basic idea is the following: if I have many frames, and for each frame
I already estimated the PSF, and if accurate coordinate transformations are
available, I can use the same list of stars to fit the same object simultaneously
on all the frames. After running DAOPHOT/ALLSTAR/DAOMASTER,
ALLFRAME exploits all the information available for the best fit and the
stellar parameters determination. ALLFRAME starts with the master list
of stars, which are in the (x,y) system of the reference image, inverts the
coordinate of each star in each frame, and performs local fit using the indi-
vidual PSF. By applying non-linear least squares fitting technique, during
every iteration a new estimate of the position and magnitude of each stars
is provided. The position is rescaled in the reference frame, and then aver-
aged. This ensures that, in case the transformations are accurate enough,
the centroid of the stars is known with great precisions. This is probably
the key point of this package: the accuracy in the centroid determination
allows an optimal fit of stellar profile, which ensure precise estimates of the
magnitudes. Moreover, by using the same list of stars for all the frames, it is
possible to reach a deeper limit magnitude, in the sense that the knowledge
a priori of the existence of a star in a specific position makes possible to fit
it even if the S/N ratio is very poor, and therefore the fit on the individual
image has failed. A useful approach to build the master list is to stack all
the images in a median frame, and perform the search for individual stars
on it. The S/N ratio of faint objects is raised, making their detection much
simpler. Figure 2.2 shows an example of PSF-fitting by ALLFRAME on a
Carina dSph image.

10



Figure 2.2: Comparison between a Carina frame and the subtracted image after
the ALLFRAME fit. Note that the code fits the saturated

2.3 Recipe for a good PSF

The PSF-fitting algorithm of ALLFRAME requires a good estimate of the
individual PSFs. The selection of the PSF stars is the crucial point of this
process. DAOPHOT model the PSF with a mixed technique, in the sense
that uses an analytic formula plus a numerical map of the residuals to take
into account the spatial variations along the frame. Given the list of selected
stars, the PSF task in the DAOPHOT environment fits a simple analytic
formula with non-linear least squares. Then, all the observed residuals from
the fit are interpolated on a common grid and averaged into a numerical
look-up table of residuals.
I developed authomatic procedures that select the PSF stars, and the most
important criteria adopted are:

• PSF stars must be bright, unsaturated, and with good shape param-
eters;

• stars must be isolated, that is no object brighter than a user selected
threshold must be too close to the PSF star. In this case ”too close”
means that the user can select a minimum distance, usually 5 or more
times the FWHM of the stellar image;

• stars must uniformly sample the field of view of the CCD

This last point is particularly important. Modern cameras are often de-
signed to observe wide areas of the sky and the changes in the PSF shape
along the field must be carefully taken into account. The DAOPHOT algo-
rithm to estimate the PSF allows to introduce a linear, quadratic, or cubic
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dependency on the position. If a sufficient number of uniformly distributed
stars are used to build the PSF, the shape variations can be estimated and
taken into account during the fit process. Otherwise, unpredictable ran-
dom errors may be introduced in the measurements. We performed a large
number of tests using different analytic functions and different spatial de-
pendencies. The best photometry, i.e. the best CMDs, were obtained with
a linearly variable Moffat PSF.

The procedure iteratevely works to select the best stars according to the
previous criteria. After a first rough and blind estimate of the PSF, a first
fit is performed on the entire catalogue using ALLSTAR. This is because
the PSF photometry allows a better determination of the centroid of the
stars, and of the shape parameter (sharpness).
All the selections are then performed on the resulting catalogue. Stars are
grouped on a grid of squares according to their position on the frame. The
best star is picked up in each square, which is tipically dimensioned to
128×128 px2, selecting the brigthest and most isolated star, with the best
sharpness and photometric error. This ensures that the entire field of view
is scanned and should contribute to the PSF. At the very end, a second
iteration of ALLSTAR is performed generating the final catalogue of the
frame. In general, depending on the crowding and the total number of
stars, the procedure ends up with 150±50 stars. The CPU time required
for a single PSF is critically dependent on the number of stars: the bottle-
neck is represented by the double ALLSTAR iteration, because all the other
selections requires a few seconds on average.

2.4 Photometric calibration of wide field imagers:
the example of Carina

The calibration to a standard photometric system is a crucial point to ob-
tain reliable results. Each instrument (telescope + sensor) is a unique device
characterized by its own spectral response, and every single observation is
carried out under different atmospheric conditions. This means that raw
measurements cannot be directly compared, but must be rescaled to a com-
mon standard system. This is usually done by observing standard stars
at different epochs during the night(s) of observation, in order to estimate
the extinction coefficients of the night as well as the calibration curve of
the instrument. Standard stars catalogue have been published by Landolt
(Landolt (1983), and Landolt (1992) for CCD observations). More re-
cently, Stetson (2000) made available a new set of standard fields, which
are constantly updated and increased. All the data are public on the web
(http://cadcww.hia.nrc.ca/standards).

In this thesis we will present photometric data of the Carina dSph galaxy
and the Galactic Globular Cluster ω Centauri. These two stellar systems
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present completely different structural parameters, and require a rather dif-
ferent observational approach.

Strictly speaking, from a purely observational point of view, the main
difference is that Carina is a loose and wide object, covering a huge area in
the sky, while ω Cen is a compact GC where the crowding is the dominant
source of error. Both objects are characterised by a huge tidal radius, which
makes the wide field of view necessary to sample a sizable fraction of their
stellar content. Our strategy was to use wide field CCD to observe Carina
(the 2.2m ESO and the 4m CTIO telescopes), and the highest spatial reso-
lution to resolve the inner part of ω Cen. Both ground based and space data
of ω Cen are presented. All the details of the data sets will be discussed
in the following chapters. In the next section we discuss the calibration of
wide field imagers data of the Carina dSph, and we will refer to two different
data sets, namely the 2.2m ESO and the 4m CTIO data sets, both collected
in January 2000.
The advent of wide field cameras has introduced new problems that go be-
yond the standard techniques. Non-uniform illumination of the camera may
not be corrected by standard flat-fielding procedures. The subtle resulting
effect is that the magnitude of an objects depends on the position on the
frame, and the difference from an edge to the other of the camera can be
as high as 0.08mag. In particular, the WFI camera mounted on the 2.2m
suffers of this problem (Manfroid & Selman 2001; Koch et al. 2004). To
solve this problem, we undertook a careful plan of observations devoted to
characterize and correct this effect. At the same time we wanted to study
the MOSAIC camera on the 4m CTIO telescope to eventually disclose sim-
ilar behaviour. Moreover, other data sets have been collected with these
two different cameras during many observing runs in the last five years.
We briefly discuss the procedure adopted to homogeneize all the data to a
common standard system.

2.4.1 The calibration strategy

The guide line of the project can be summarized as follows:

• calibration of the MOSAIC camera; this means that we need to collect
plenty of data of standard stars spread across the field-of-view;

• creation of a set of local standards in the central region of Carina;

• use these to calibrate the WFI data (and all the other data sets).

As already mentioned, the meaning of ”calibration” in this context goes
beyond the standard color curve. We investigated all the possible trends
present in the standard stars, against color, magnitude and the position on
the frame.
We decided to use the standard field Selected Area 98 (SA98, RA= 06h
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52m 07.90s, DEC=-00◦ 19′ 13.9′′, see tab 2.1), because is one of the most
populated fields in the Stetson’s archive, with several hundreds of stars in
the U ,B,V ,R and I bands. Moreover, and crucial for our purpose, the area
covered by standard stars fully sample the field of view of the instruments.
This means that standard stars are present in all the chips, and we can
analyze and estimate and absolute calibration of each chip. Data were col-

field RA DEC filter, exp. time airmass
name (h) (deg) (sec)

SA 98-B 06:51:10.30 -00:11:43.10 B 6 1.165
SA 98-B 06:51:10.39 -00:11:43.10 V 3 1.163
SA 98-C 06:51:50.02 -00:11:41.89 V 3 1.160
SA 98-C 06:51:49.92 -00:11:41.89 B 6 1.159
SA 98-D 06:52:29.90 -00:11:40.69 B 6 1.158
SA 98-D 06:52:29.90 -00:11:41.59 V 3 1.158
SA 98-E 06:53:00.06 -00:11:41.20 V 3 1.155
SA 98-E 06:53:00.12 -00:11:40.89 B 6 1.155
SA 98-G 06:51:15.04 -00:30:41.39 B 6 1.151
SA 98-G 06:51:15.07 -00:30:41.19 V 3 1.150
SA 98-H 06:51:49.94 -00:30:40.50 V 3 1.150
SA 98-H 06:51:49.97 -00:30:41.19 B 6 1.150
SA 98-I 06:52:30.01 -00:30:39.89 B 6 1.151
SA 98-I 06:52:29.98 -00:30:40.60 V 3 1.151
SA 98-J 06:53:10.02 -00:30:40.60 V 3 1.152
SA 98-J 06:53:10.12 -00:30:41.29 B 6 1.152
SA 98 06:52:17.39 -00:19:42.70 B 6 1.933
SA 98 06:52:17.34 -00:19:43.79 V 3 1.958

Carina 06:41:48.25 -50:58:15.20 B 120 1.077
Carina 06:41:48.50 -50:58:14.00 V 60 1.079

Carina-C 06:44:10.48 -50:43:59.40 B 120 1.078
Carina-C 06:44:10.54 -50:43:58.19 V 60 1.081
Carina-D 06:39:30.43 -51:17:59.20 B 120 1.089
Carina-D 06:39:30.33 -51:17:58.20 V 60 1.090
Carina-ex 06:41:38.50 -51:58:15.59 B 120 1.129
Carina-ex 06:41:38.45 -51:58:14.30 V 60 1.134

Table 2.1: Log of the observations for the calibration run, on Dec 31st, 2002.

lected on Dec 31st, 2002. The night was photometric, and 9 B,V couples
were collected. Standard IRAF routines were applied for the prereduction,
and then the images were reduced with DAOPHOTII. Aperture photometry
was performed, with an aperture of 3px. The first step of the calibration
requires the correction for the atmospheric extinction. Images were taken
at different epochs during the night, and this allowed us to estimate the
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Figure 2.3: Residuals of the calibration applied to the standard stars. ∆B is
plotted as a function of the B magnitude.

extinction coefficients for both bands. The values we determined (χb=0.25
and χv=0.13) are in good agreement with the mean values of the site, in the
summertime. Once corrected for exposure time and the atmospheric effects,
we estimated the color curve for each of the eight chips. After applying the
curves, we studied the residuals (standard vs calibrated) as a function of
the position on the chip. We did not detect any evident trend within the
calibration error (±0.02mag). The lack of positional effect suffered by MO-
SAICII@Blanco telescope can be possibly explained by the different optical
setup of the two cameras. While the MOSAICII is a prime focus instru-
ment, the WFI is mounted at the Cassegrain focus of the 2.2m telescope.
Moreover, since the telescope was not built to host a wide field imager, the
optical path was modified introducing a focal reducer. The positional ef-
fect seems to be stable with time, is wavelength dependent, and survives to
standard dome+sky flat field tecniques. The most probable explanantion is
that scattered light is present within the telescope and causes a non-uniform
illumination of the focal plane.

We report here the eight calibration curves:
chip 1: B = b+ 0.073 + 0.083 ∗ (b− v)− 0.072

V = v + 0.468− 0.045 ∗ (b− v)− 0.077
chip 2: B = b+ 0.057 + 0.096 ∗ (b− v)− 0.072

V = v + 0.473− 0.043 ∗ (b− v)− 0.077
chip 3: B = b+ 0.059 + 0.087 ∗ (b− v)− 0.072

V = v + 0.472− 0.047 ∗ (b− v)− 0.077
chip 4: B = b+ 0.045 + 0.092 ∗ (b− v)− 0.072
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Figure 2.4: Same as 2.3, but against the color

V = v + 0.445− 0.040 ∗ (b− v)− 0.077
chip 5: B = b+ 0.068 + 0.091 ∗ (b− v)− 0.072

V = v + 0.495− 0.048 ∗ (b− v)− 0.077
chip 6: B = b+ 0.049 + 0.103 ∗ (b− v)− 0.072

V = v + 0.479− 0.044 ∗ (b− v)− 0.077
chip 7: B = b+ 0.059 + 0.098 ∗ (b− v)− 0.072

V = v + 0.491− 0.049 ∗ (b− v)− 0.077
chip 8: B = b+ 0.061 + 0.092 ∗ (b− v)− 0.072

V = v + 0.465− 0.042 ∗ (b− v)− 0.077

Where B, V are the standard magnitude and b,v are the instrumental
measurements corrected for atmospheric extinction and normalized to an
exposure time of 1sec. The last additional term is the aperture correction
that rescales the photometry to an infinite aperture.

During the same night 3 B,V couples of the Carina central region were
collected. The same prereduction as well as reduction strategy was applied.
The three measurements were averaged and then calibrated according to
the previous curves. The resulting catalogue represents the first sample of
local standards. In principle, these sample could be used to calibrate any
other data set of this field. Unfortunately, these data are not deep enough
to reach with high S/N ratio the bluest HB Carina stars. The calibration
curves were obtained using bright stars in the color range spanning from
B − V = 0.5 to B − V = 1.8. This means that we had to extrapolate
our relations to the bluest HB Carina stars. However, since the relation is
fairly linear, no evident bias is expected in the measurements (this will be
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Figure 2.5: Same as 2.3, but for the V band

confirmed a posteriori, see below).

To overcome this problem and to obtain a more complete set of local
standard, we calibrated the 2000 4m CTIO data set using this set of local
standards. Each chip was independently calibrated, and we founf the fol-
lowing relations:
chip 1: B = b+ 6.336 + 0.095 ∗ (b− v)

V = v + 6.142
chip 2: B = b+ 6.332 + 0.108 ∗ (b− v)

V = v + 6.138
chip 3: B = b+ 6.334 + 0.110 ∗ (b− v)

V = v + 6.137
chip 4: B = b+ 6.340 + 0.111 ∗ (b− v)

V = v + 6.147
chip 5: B = b+ 6.193 + 0.107 ∗ (b− v)

V = v + 6.092
chip 6: B = b+ 6.318 + 0.107 ∗ (b− v)

V = v + 6.132
chip 7: B = b+ 6.319 + 0.116 ∗ (b− v)

V = v + 6.142 + 0.015 ∗ (b− v)
chip 8: B = b+ 6.319 + 0.101 ∗ (b− v)

V = v + 6.140 + 0.012 ∗ (b− v)

Note that the color term for the V band is very small, and in most
cases null, because the passband of this filter is very similar to the Johnson
standard filter. This data set contains ≈70,000 stars. To verify that our
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Figure 2.6: Same as 2.4, but for the V band

Figure 2.7: Comparison with the standard stars in common with the Stetson’s
database. ∆V and ∆B are shown as a function of both color and magnitude. No
trends either offsets are present within the errors.
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Figure 2.8: Same as 2.7, but the comparison has been made with local standard
observed with the 0.9m CTIO on Dec 31st, 2000.

calibration is robust, we performed two independent a posteriori absolute
checks.
The first test was performed using local standards available from the Steton’s
archive. We checked any residual against the magnitude and color and the
result is shown in fig. 2.7. No trend is evident within the uncertainity, and
notably the comparison is good at the bluer colors also (B-V ≈ 0, but based
on one standard star only).

The second check was performed using absolute B and V band photom-
etry of a few dozens of stars located across the Carina center, secured during
the night of December 31st, 2000 using the 0.9m CTIO telescope. Even if in
this sample there are no stars bluer than B-V ∼0.5, in the range in which
the comparison is possible no trends appear with the magnitude nor the
color, within the calibration error (see fig. 2.8).

To confirm the consistency of this double check, we cross-correlated the
Stetson’s local standard with the 54 stars observed with the 0.9m. Once
again, no trends appear between the two samples. This is very important,
because it means that the two sets of standards are in a homogeneous pho-
tometric system, and therefore the calibration of our data can be considered
fairly robust.
We adopted the calibrated catalogue as ”the” catalogue of local standard,
and we used this to calibrate the 2.2m data sets and all the outer fields
observed in subsequent runs (see sect. 2.5 and 3.2.5).
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Figure 2.9: ∆B as a function of the Y coordinate. A non-linear trend is evident,
and a polynomial fit was adopted to remove this spurious effect.

2.4.2 Positional effects of the Wide Field Imager

To calibrate the 2.2m Jan 2000 data set we selected all the stars brighter than
V=21. We ended up with few hundreds of stars per chip, and we could study
both the color and the positional effects. Measurements are first rescaled to
an exposure time of 1s and corrected for the atmospheric extinction. This
means that the calibration recipe given below can be applied to any 2.2m
data set in these bands, provided that the photometry is rescaled to an
infinite aperture, at 1s and outside the atmosphere.
Each chip has been treated separately, and we adopted a two-step strategy.
We estimated a first color curve and applied it. We then studied the residuals
(calibrated vs standard magnitude) as a function of the position on the chip.
Once estimated and corrected the positional effect, we fitted once again the
color curve. This procedure allows to disentagle the two effects, and reduce
the scatter introduced by the positional trend when estimating the color
curve. This strategy works under the assumption that the two corrections
are independent, and there is no reason why this should not be the case.
Only in the very unreasonable case that all red stars are in one side of the
chip and all the blue ones in the opposite side this assumption is not valid.

Fig. 2.9 and 2.10 show the difference between standard stars and our
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Figure 2.10: Same as fig. 2.9, but for the V band

stars calibrated with a color curve only, for the B and V band plotted as a
function of the Y coordinate. The trend with the position is evident, and
non-linear. The trend is present in all the 8 chips as a function of the Y
coordinate, while a trend with the X has been detected only in the four
external chips. We corrected this effect by fitting the ∆(mag) vs X/Y with
second or third order polynomials. Fig. 2.11 shows an example of color
dependency after correcting for the positional effect. The relations used to
fit these residuals are fourth or fifth order polynomials. The reason of this
complicated trend with the color is probably due to the shape of the filters,
which are quite different from the standard Johnson ones. Fig. 2.12 shows
the residuals for the B band after the positional and color effects have been
removed.

2.5 Calibration of the external fields

The calibration of the external fields (see sect. 3.2.5 and fig. 3.20) relies
on the local standards of the central field. However, only two of the outer
regions we observed (see sect. 3.2.5) are partially overlapped with the cen-
tral pointing, and no direct calibration with local standard was possible.
However, some of them (namely fields C, D, E) were observed during the
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Figure 2.11: Color dependency of stars after correcting the positional effect. The
trend is non-linear, and this is probably due to the fact that the B filter of the
2.2m ESO telescope presents a quite different passband with respect of the standard
Johnson filter.

calibration night of Dec 31st, 2002, and the same calibration curves can be
applied. For most recent observations (fields α, β, γ), a few images of the
central field were collected during the same run, and the local standards
were used to derive the calibration of each night.
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Figure 2.12: Example of residuals after the color and position corrections were
applied. ∆B is plotted as a function of the B magnitude.
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Chapter 3

The Carina dSph galaxy

3.1 Overview

The Carina dSph galaxy was discovered in 1977 by Cannon et al. (1977) by
visual inspection of ESO/SRC Sky Survey plates (see fig. 3.1). Carina pre-
sented all the attributes of dwarf spheroidal galaxies: low surface brightness,
low central concentration, no evidence of gas nor dust. Carina appeared as
a low surface density object, very difficult to pinpoint from the foreground
Galactic star contamination. The large angular extent estimated and the
faintness of stars excluded the hypothesis that it could be a Galactic Glob-
ular Cluster. However, by comparing the star counts in blu and red plates,
Cannon et al. (1977) noticed an excess of blue objects, due to blue HB stars
close to the limit magnitude in the blue plates, and undetected in the red
ones. They could estimate the HB mean magnitude, and inferred a distance
of 170±50 Kpc. This demonstrated that Carina was not only a member of
the Local Group, but also a nearby satellite of the Galaxy.

The first clues on the Star Formation History (SFH) of Carina came
from the discovery of two carbon stars, which revelead the presence of an
intermediate-age population (Cannon et al. 1981). This result was con-
firmed by Mould et al. (1983, fig. 3.2), who collected deep BV CCD
photometry. They disclosed the existence of a well-populated red Horizon-
thal Branch (HB), and estimated the Turn Off (TO) magnitude to be V≈23
suggested an age between 6 and 9 Gyr, thus supporting the hypothesis that
the bulk of Carina star are intermediate-age objects. However, Saha et al.
(1986) detected a sizable sample of RR Lyrae stars. This evidence can be ex-
plained with the presence of an old population of stars (≥10 Gyr). Mighell
(1989), on the basis of deep, V , R photometry reported the existence of
two different Turn-Offs, separated by ≈0.6-0.8 mag. In particular, Mighell
(1989) estimated that the first old star formation episode occurred about
13-16 gyr ago, accounting for the ≈17% of the Carina stars, while the bulk
of the stellar content was produced in a more recent, dominant burst 6-9 Gyr
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Figure 3.1: Fig. 1 from Cannon et al. (1977), showing the Carina centre. It
appears as a loose, sparse cluster. The bright object close to the center is the
foreground star SAO 234657.

Figure 3.2: The CMD by Mould et al. (1983). The well populated red HB, and
the discovery of two carbon stars supported the idea that the dominant population
in Carina is made by intrermediate-age stars.
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Table 3.1: Positional, photometric and structural parameters of the Carina dSph.

Parameter Ref.1

α (J2000) 06 41 37 1
δ (J2000) -50 58 00 1
MV (mag)2 -9.3 1
rc (arcmin)3 8.8± 1.2 2
rt (arcmin)4 28.8± 3.6 2
e5 0.33± 0.05 2
Θ (deg)6 65± 5 2
σV (km s−1)7 6.8± 1.6 3
[Fe/H]8 −2.0± 0.02 4
E(B-V)9 0.04± 0.02 1
(m−M)0 (mag)10 20.03± 0.09 1

1 References 1) Mateo 1998; 2) Irwin & Hatzidimitriou 1995;
3) Mateo et al. 1993; 4) Smacker-Hane et al. 1999
2 Total Visual magnitude
3 Core radius
4 Tidal radius.
5 Eccentricity.
6 Major axis position angle.
7 Stellar central velocity, dispersion.
8 Metallicity.
9 Reddening.
10 True distance modulus.

ago. The episodic SFH of Carina was ultimately demonstrated by (Smecker-
Hane et al. 1996, fig. 3.3), who showed a deep color-magnitude diagram
reaching a limit magnitude of R ≈24.5. The CMD reveals the occurrence
of two distinct TOs, and two well separated Sub-Giant (SG) branches that
merge in a thin unresolved Red Giant Branch (RGB). This striking feature
suggests that a first star formation event took place ≈ 11-13 Gyr ago, while
the second occurred after a long quiescent phase roughly 3-6 Gyr ago. More-
over, they report the possible detection of an even younger stellar population
formed ≈2 Gyr ago.
The complex star formation history of this galaxy poses many interesting
questions related to the formation, evolution, and interaction of dwarf galax-
ies with bigger objects. What physical mechanism(s) can drive a similar
complex picture? Is there any relations with the orbit around the Galaxy?

On the basis of deep V,I (V≈27) band data collected with HST, Mighell
(1997, and references therein), suggested that the very old population in
Carina is a small fraction, if any, of the entire galaxy. A similar conclusion
was also reached by Hurley-Keller, Mateo & Nemec (1998). According to
these authors the bulk of the stars in Carina formed in two different episodes
roughly 3 and 7 Gyr ago, with the additional evidence of approximately 10-
20% of very old stars with ages ≈ 15 Gyr. However, Hernandez, Gilmore
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Figure 3.3: The CMD by Smecker-Hane et al. (1996). The two sub-giant branc-
head are very well separated, indicating a long phase of quiescence during which
Carina did not form stars.

& Valls-Gabaud (2000) on the basis of the same HST data concluded that
Carina experienced three different SF episodes, namely at 3, 5, and 8 Gyr
ago, with no evidence of stars older than 10 Gyr. This result has been
recently questioned by Dolphin (2002) who marginally detected (1 σ level)
older stars.

3.1.1 The chemical enrichment history

The chemical evolution in Carina seems to have gently enriched the ISM.
There is evidence, for example from the thinness of the RGB, of a small
spread in metallicity between old and younger stars. This can be studied
and used to infer how the stellar winds have polluted the environment, and
the capability of this small system to retain the gas and form stars. However,
recent spectroscopic measurements based on the Ca II triplet of 487 RGB
stars (Koch et al. 2004) seem at odds with these conclusions. In agreement
with previous work by Smecker-Hane et al. (1999), they estimate a mean
value of [Fe/H]≈-1.9 (see fig. 3.4), and they state that the spread around
this value is 0.25dex, but the entire data set cover a range ≥ 1dex. They
suggest that the age spread is counteracted by a spread in the metal content,
and that the narrowness of the RGB is a consequence of the age-metallicity
degeneracy (Hodge 1989; Da Costa 1991). High resolution spectra of 5
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Figure 3.4: Metallicity distribution by Koch et al. (2004), obtained from the
infrared Ca triplet.

giant stars (Tolstoy et al. 2003; Shetrone et al. 2003) indicate a mean
metallicity of [Fe/H]=-1.6, with a spread of 0.5dex.

3.1.2 Spatial distributions

With the exception of Draco, Ursa Minor, and Tucanae, all the nearby dSphs
have witnessed a complicated SFH. It has been widely proved (Saviane, Held
& Bertelli 2000; Koch et al. 2004; Tolstoy et al. 2004) that different
populations within the same galaxy present different radial distributions
and different kinematical properties. As a general feature, the older stars
appear to be distributed in a sort of broad and diffuse ”halo”, while youger
populations are more centrally concentrated. We will discuss the case of
Carina, with both photometric and spectroscopic data.

The other debated point concerns the spatial extent of this galaxy. The
first studies based on wide field photografic plates revealed the vast area
covered by Carina. The estimates by Godwin (1985) suggested that Ca-
rina, as well as Draco and Ursa Minor, should be seriously affected by the
Galactic tidal field. As already mentioned in chapter 1, this could play a
crucial role in explaining the high M/L ratios. The tidal interaction in the
outskirts of the Carina dSph has not been firmly established yet. Kuhn et
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al. (1996) investigated the RR Lyrae stars distribution at distances of ≈ 2◦

from the centre, that is out to four tidal radii. They did not detect any RR
Lyrae star beyond the tidal radius, but found a large surface density close
to it, as if the spatial distribution of RR Lyrae stars was broader, or more
clumpy, than the majority of stars.
Further support to the existence of extra-tidal stars in Carina was given by
Majewski et al. (2000b). They investigated 2.2deg2 around Carina, using
the Washington photometric system to split RG Carina stars from fore-
ground Galactic contaminants. This survey revealed the existence of Carina
RGB stars at ≈ 2 deg from the Carina centre. This result was questioned
by Morrison et al. (2001), who claimed that such conclusion was not reli-
able, since the photometric accuracy was not good enough to split the two
samples.
More recently, an investigation by Walcher et al. (2003) based on data
collected with the Wide Field Imager mounted on the 2.2m ESO telescope,
covering an area of 2×2deg2, did not show any evidence of extra-tidal stars
in Carina.
It is worth noting that all of the quoted investigations based their results
on bright evolved stellar tracers. The problem that immediately comes up
is that bright evolved stars may suffer strong statistics problems. Moreover,
especially for the RGB stars, the field contamination at redder colors is a
dominant source of error. In the following, we will present the result of
our investigation of the outskirts of Carina, based on deep BV photometry
aimed at sampling the much more numerous TO stars.

However, the detection of extra-tidal stars may not be the signature of
tidal interaction with the Galaxy. It is interesting to note that recent N-
body simulations in the ΛCDM framework (Hayashi et al. 2003; Mayer et
al. 2001) suggest that the real extent of dSphs is heavily underestimated.
The actual tidal radius may by a factor of 20 larger than tipically assumed.
The detection of Carina stars at greater distance from its centre might be
the proof of such diffuse population.

3.1.3 Variable stars

The complex star formation history of Carina makes this galaxy a crucial
object to search for and study variable stars. The existence of multiple
stellar populations in the same cluster, that is at the same distance, allow
us to simultaneosly observe variable stars with different ages and in different
stages of stellar evolution. At least three different samples of variable stars
have already been detected in Carina. Saha et al. (1986) collected time
series B photografic plates with the 4m CTIO telescope. They identified 58
RR Lyrae stars over an area of ≈30′×40′. Both ab (fundamental pulsators)
as well as c (first overtone) type RR Lyrae stars were detected.

However, Carina has experienced a dominant burst of SF 5-9 Gyr ago,
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Figure 3.5: CMD diagram by Dall’Ora et al. (2003), showing the position of
the variable stars detected. Filled circles show the 75 RR Lyrae stars, while the
triangles indicate the Anomalous Cepheids.

and the MSTO is ≈ 1mag more luminous than the TO of the old population.
Interestingly enough, the upper part of the intermediate-age MS intersects
the Cepheids instability strip. As a consequence, we expect to find short-
period, low-amplitude intermediate-age pulsators (which we generically in-
dicate as ”Dwarf Cepheids”, DCs). Mateo, Hurley-Keller, & Nemec (1998)
discovered 20 DCs, with period ranging from 0.5d to 0.9d and luminosity in
the range V ≈ 18.5÷20mag. Both fundamental and first overtone pulsators
were identified. Unlike RR Lyrae stars, the pulsation mode turns out to
be uncorrelated with light-curve shape, and the overtone pulsators do not
show shorter periods compared with the fundamental pulsators. Using the
period-luminosity relations from Nemec, Nemec & Lutz (1994) and McNa-
mara (1995), they derived (m−M)0 = 20.06± 0.12, for E(B − V ) = 0.025
and [Fe/H] = −2.0.

It is worth noting that the same blue region of the CMD is populated
also by BSs of the old population. Variable BSs are a common feature in
GGc and Old Open Clusters. The variation can be intrinsic (pulsating BSs),
or due to eclipses in binary systems. The study of variable BSs is important
to understand the formation mechanism of these peculiar stars. Variable
BSs cohexist with intermediate-age TO variable stars: Carina is the ideal
laboratory to study these stars, at the same distance and with the same
interstellar extinction, to shed light on their formation and evolution.

A recent work by Dall’Ora et al. (2003) revised bright variable content
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in Carina. The main result of this work was the discovery of 15 bone fide
Anomalous Cepheids (ACs). These variables are intrinsically brighter than
RR Lyrae stars and follow a Period-Luminosity (PL) relation with the less
luminous ones (∼ 0.5 mag above the RR Lyrae level) having shorter periods
(P ∼ 0.3 day) and the most luminous ones (∼ 2 mag brighter than RR
Lyrae stars) longer periods (P ∼ 2 day). Concerning their evolutionary
status, there is a general consensus that they are metal-poor central He-
burning structures with mass larger than 1.3M�, but their origin (single
young stars or old merged binary systems) is still debated (Bono et al.
1997, and references therein). They are almost absent in GGCs (except one
in NGC 5466 and two suspected candidates in ω Centauri), whereas they
have been found in all dSphs that have been searched for variable stars. The
presence of these variables might be taken as indicative of an underlying
intermediate-age population or at least of the presence of a significant Blue
Straggler component. In the former case, the ACs detected would support
the detection (Monelli et al. 2003) of a recent star formation episod occurred
≤1 Gyr ago. If this is true, it would be possible to study, in the same cluster,
variable stars populating the Cepheid instability strip from MV ≈ −2 down
to MV ≈ 3. This means that variable stars during the He-burning phase
(RR Lyrae, Anomalous Cepheids) and the H-burning phase (oscillating BSs,
dwarf Cepeids) can be observed in the same system.

3.2 The Carina Project

The work presented in this thesis on the Carina dSph galaxy is part of
a large program started at the Rome Observatory in 1999. The so-called
”Carina Project” is a long-term project aimed at studying the static and
variable stars in the Carina dSph. Both photometric as well as spectroscopic
tecniques were adopted.

As already discussed in sect. 2.4, wide field imagers are mandatory to
observe a sizable fraction of nearby, low-central density dwarf spheroidal
galaxies. In the last decade, the advent of wide-field imagers available on
medium-class (2-4m) telescopes, as well as the multi-object spectrographs
on 8m class telescopes, has given new opportunities to the study of nearby
dSphs.

The Carina core and tidal radii are 8.8′ and 28.8′, respectively (see tab.
3.1). The ideal instruments located in the southern emisphere to observe
this galaxy are the Wide Field Imager available at the 2.2m ESO telescope
(La Silla), and the MOSAIC II Camera mounted at the prime focus of the
4m CTIO telescope (Cerro Tololo). The field of view of these instruments
(see tab. 3.2 for details) is ≈30′×30′, and allow to sample a sizable fraction
of stellar content of Carina.

We extensively used both instruments to collect multiwavelenght data
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telescope camera f.o.v. pixel scale (”/px)
arcmin2 ”/px

4m Blanco WFI 32′ × 33′ 0.23
2.2m ESO MosaicII 36′ × 36′ 0.27

Table 3.2: Summary of the main characteristic of the two instrument used to
observe the Carina dSph galaxy.

of the Carina stars. Time series data of the central region were aimed at:

• studying the multiple events of the star formation history;

• studying the radial distribution of different populations in order to
find any peculiarity;

• searching for variable stars, from the Tip of the RGB down to the
MSTO;

• distance estimate based on different indicators (RR Lyrae mean mag-
nitude, RGB Tip, ZAHB);

• metallicity estimates, based on the comparison with homogeneous set
of theoretical tracks;

• age estimates of stellar populations;

Moreover, we recently acquired low resolution spectra for a sample of
≈330 stars. We present preliminary results on the radial velocity determi-
nations, while chemical compositions will be estimated in the near future.

Our analysis has been extended to the outer regions of this galaxy. The
main aim was to estimate the real extent of Carina, trying to find any trace
of tidal interaction with the Galactic gravitational potential. We selected
several different fields, and deep CMDs were obtained.

In the following, all the dataset collected will be presented and discussed,
starting from the central regions and then moving to the outskirts.

3.2.1 The Central Region: data and reduction strategy

We present here the two main datasets, based on proprietary data collected
with the WFI@2.2m ESO and the MOSAICII@4m CTIO telescope. The
details of the observations are presented in tab. 3.3. It is worth noting that
the observations were optimized for the RR Lyrae detection. This means
that the exposure times were chosen as a compromise between high S/N (≈
100) at the magnitude level of the HB (V ≈ 20.5), and an adequate time
sampling.
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telecope RA DEC filter exp. time # of date
(h) (deg) (sec) images

2.2m 06:41:50 -50:58:28 B 30,500 60 5-7 Jan 2000
2.2m 06:41:50 -50:58:28 V 30,300 63 5-7 Jan 2000

Blanco 06:41:38 -50:58:00 B 7,100 29 8-9 Jan 2000 ∗

Blanco 06:41:38 -50:58:00 V 11,200 29 8-9 Jan 2000 ∗

Blanco 06:41:38 -51:06:30 B 5,600 23 8-9 Jan 2000
Blanco 06:41:38 -51:06:30 V 9,000 23 8-9 Jan 2000

Table 3.3: Log of the observations collected for the central regions of the Carina
dSph galaxy.
∗ a few exposure were collected during the night of December 29, 1999

More than 50 B,V couples were secured in both datasets. Data were col-
lected between December, 29th 1999, and January 9th, 2000, with average
good seeing conditions (≤ 1”). Standard IRAF procedures for mosaic data
reduction (MSCRED, Valdes 1997) were adopted for bias subtraction and
flat-field correction. Even if the two datasets are centred on Carina, the ori-
entation of the WFI camera was 90◦ rotated with respect of the MOSAICII
CCDs. We decided to split the two datasets, which have been independently
reduced. Moreover, it is important to note that a strong dither has been ap-
plied to the CTIO dataset. In fact, after the first night, technical problems
to chip #5 forced the observer to apply a dither of ≈8′ in the North-South
direction. As a consequence, the area covered by central chips were observed
twice when compared with the chips at the border, but a new distant ”ninth
chip” was observed.

Each mosaic has been split in the eight individual chips, and the photo-
metric reduction was made using DAOPHOTII/ALLFRAME.

3.2.2 The Color-Magnitude Diagrams

The two cumulative CMDs from the two data sets are shown in fig. 3.6
All the single catalogue have been rescaled on a common geometrical coor-
dinate system using DAOMATCH/DAOMASTER. Each measurement has
been calibrated according to the curves presented in section 2.4.1, and then
a weighted mean was calculated. The two CMDs appear very deep, both
reaching V≈25. However, the CTIO data set results in a much better color-
magnitude diagram, where all the features appear much more defined than
in the 2.2m CMD, even for the bright RGB and HB stars. The reasons for
this are not related to the exposure times, or any other details of the obser-
vational strategy. The already mentioned problems of the positional effect
and of the shape of the B filter are the main culprits of this intrinsecally
less accurate photometry. Even if both error sources have been taken into
account and properly (within the errors) removed, the net effect is to blur
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Figure 3.6: Comparison between the Carina CMD from the 4m CTIO and the
2.2m ESO datasets. The number of stars plotted is ≈70,000 (left) and ≈50,000.
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and broaden the features of the CMD. Any effort to average all the measure-
ments from the two data sets resulted in a CMD which is worse than the
CTIO data set only. This former CMD will be now extensively analysed,
while the union of the two dataset will be useful for the detection of variable
stars

To figure out the Carina evolutionary properties according to the ob-
served CM diagram, one has first to single out detailed information on its
metal content. This has been done by comparing the distribution in the
CMD of the oldest Carina population with similar diagrams of old stellar
systems with known metal abundance. This approach relies on the well-
known evidence that the slope of the RGB is a bona fide metallicity indica-
tor (Hartwick 1968). We found that the Carina old stellar population nicely
follows the stellar distribution of the GGC NGC 1904 (Piotto et al. 2002),
for which a mean metallicity of [Fe/H]≈ −1.69 (Z=0.0004) has been esti-
mated (Zinn & West 1984). This empirical evidence strongly suggests not
only a similar metallicity, but also a similar age, thus constraining the age of
Carina old population in the range of ages typical of GGCs, i.e. 10-13 Gyr
(VandenBerg et al. 2002). We notice that this metallicity estimate appears
in good agreement with recent low-resolution spectra of the near infrared
Ca II triplet in 52 stars located close to the tip of the Carina RGB. These
data support a mean metallicity of [Fe/H] = −1.99 ± 0.08 (Smecker-Hane
et al. 1999). However, these measurements present an intrinsic spread in
metallicity of ≈ 0.25 dex (1σ) and a full width of approximately 1 dex. This
suggests that Carina could undergo a complex chemical evolution and/or
SF history during the last few Gyrs. Recent findings in dSphs of the LG
brought forward systematic differences not only between photometric indices
and spectroscopic observations (Bonifacio et al. 2000; Cole, Smecker-Hane,
& Gallagher 2000) but also between metallicities based on Ca II triplet and
on Fe-peak element abundances (Tolstoy et al. 2003). Note that the latter
is a thorny problem in stellar systems such as dwarf galaxies, because Ca is
an α-element.

An even more compelling comparison can be performed with the old
LMC cluster Reticulum (Monelli et al. 2003), for which spectroscopic mea-
surements support a metal abundance of [Fe/H] = −1.71±0.09 (Suntzeff et
al. 1992). This cluster indeed presents several advantages when compared
with NGC 1904, the absolute calibration is more accurate, the relevant evo-
lutionary phases are very well-defined across the CMD, and in particular the
HB luminosity level. The comparison of HBs is facilitated because the Retic-
ulum HB completely covers the instability strip (Walker 1992, 32 RR Lyrae),
whereas NGC 1904 only contains blue HB stars and a few RR Lyrae (4 bona
fide and 4 candidates, see Ferraro et al. 1992, and references therein). Fig.
3.7 shows that by simply decreasing the apparent magnitude of Reticulum
stars by ∆V ≈ 1.68 mag, the old Carina population nicely overlaps the
Reticulum stellar loci all over H and He burning phase. One can derive the
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Figure 3.7: CMD of Carina, with, superimposed the stars belonging to the old
LMC cluster Reticulum (red open circles, Monelli et al. 2003). The latter sam-
ple was artificially shifted in magnitude by ≈ 1.68 mag to match the old Carina
population

conclusion that not only the two populations have quite similar evolutionary
properties, but also that the two stellar systems should have quite similar
reddenings. According to the pulsation properties of RR Lyrae stars, Walker
(1992) estimated a mean reddening for Reticulum of E(B−V ) = 0.03±0.02.
The reddening map provided by Burstein & Heiles (1982) supplies for Ca-
rina a mean reddening of E(B − V ) ≈ 0.025, while the dust infrared map
by Schlegel et al. (1998), provides, across the central 0.3 degree2 covered by
our data, a mean reddening value of E(B − V ) = 0.058± 0.013. According
to this map the reddening along the Northern direction is constant, whereas
when moving from East to West presents a mild increase. In the following
we assume E(B-V)=0.03, with an uncertainty which should not be larger
than ±0.01− 0.02 mag.

Once we fixed both reddening value and metal content, we can com-
pare empirical data with suitable theoretical isochrones. The comparison
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was performed using stellar isochrones from the Pisa Evolutionary Library
(Cariulo et al. 2004). The mixing length value adopted in these evolutionary
models was calibrated as a function of metal content on the observed RGBs
of GGCs. Theoretical predictions were transformed into the observational
plane by adopting the bolometric corrections and the color-temperature re-
lations predicted by atmosphere models (Castelli et al. 1997,a,b). To vali-
date physical assumptions adopted to construct current stellar isochrones,
fig. 3.8 shows the fit of the 11 Gyr isochrone (solid line) and of the Zero-
Age-Horizontal-Branch (ZAHB, dashed line) to empirical data for the two
quoted globular clusters. Theoretical predictions for NGC 1904 were plot-
ted by adopting an apparent distance modulus of DMV = (m−M)V =15.72
mag and a reddening of E(B-V)=0.03 (Kravtsov et al. 1997). The dis-
tance was estimated using the apparent magnitude of HB stars estimated
by Kravtsov et al. (1997), VHB = 16.25, and the calibration of the MV vs
[Fe/H] relation provided by Caputo et al. (2000). The distance modulus
we adopted for Reticulum is based on the classical Cepheid distance scale
(Bono et al. 2002). Data plotted in this figure show that theory accounts
quite well for both H and He burning evolutionary phases.

Now we adopt the same theoretical framework to constrain evolutionary
properties of Carina stellar populations. Fig. 3.9 shows that theoretical
predictions, by assuming a reddening of E(B-V)=0.03, a mean metallicity
of Z=0.0004, and a distance DMV =20.24 nicely fit the observed distribu-
tions for selected assumptions about stellar ages (see labeled values). The
adopted distance appears in reasonable agreement with previous evalua-
tions by Mighell (1997), Mateo, Hurley-Keller, & Nemec (1998), Girardi
& Salaris (2001), and by Dall’Ora et al. (2003). As a whole, we found evi-
dence for a substantial amount of old stars with ages ranging around 11± 1
Gyr. This finding, as well as the sizable sample of RR Lyrae stars (75) we
have detected, confirms the early results by Smecker-Hane et al. (1994)
and by Saha et al. (1986).

At the same time, data plotted in fig. 3.9 show that the bulk of the
intermediate-mass stars present TO ages in the range of 5 ± 2 Gyr. Age
estimates for Red Clump (RC) stars provided by Caputo, Castellani &
Degl’Innocenti (1995) on the basis of the difference in luminosity with the
SGB give quite similar ages. This means that we can safely conclude that RC
stars in Carina are the bona fide counterpart of the above intermediate-age
population.

Moreover and even more importantly, data plotted in 3.9 bring forward
the occurrence of young MS stars with ages younger than 1 Gyr (see the
0.6 Gyr isochrone plotted in the figure). The occurrence of relatively young
stars is interesting because the available literature suggested that the most
recent SF episode in Carina took place approximately 2-3 Gyr ago (Dolphin
2002). In this context it is worth mentioning that a stellar population as
young as this might account for the sizable sample of Anomalous Cepheids
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Figure 3.8: Top - Comparison between theoretical predictions and empirical data
for the GGC NGC 1904. The solid line shows an isochrone of 11 Gyr, con-
structed by adopting Y=0.23, Z=0.004, and a mixing length α = 2. The dashed
line displays the ZAHB for the same chemical composition (see text for details).
The photometry was performed by Piotto et al. (2002) (see also the web page
http://www.menhir.pd.astro.it). Bottom - Same as the top, but the data refer to
Reticulum (Monelli et al. 2003). Theoretical models were plotted using distance
moduli and reddening estimates available in the literature. See text for more details.

(6 bona fide plus 9 candidates) detected by Dall’Ora et al. (2003). If we
assume that these bright variables are the progeny of young single stars
then young, intermediate-mass He burning structures should account for
their distribution in the CMD. To further constrain the nature of these
objects we decided to investigate whether they could be Blue Stragglers of
the old stellar population. Following Fusi Pecci et al. (1992) and Mateo,
Fischer, & Krzeminski (1995) we estimated the specific frequency of blue
plume stars and we found that NB/NHB = 360/280 ≈ 1.3. Empirical
estimates suggest that GGCs characterized by very low central densities
present a specific frequency of BSs that is at least a factor of 2.5 smaller,
namely NBS/NHB ≈ 0.5 (Preston & Sneden 2000). This finding further
strengthens the hypothesis that blue plume stars are genuine young stars.
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Figure 3.9: The cumulative CMD of Carina together with theoretical isochrones
(solid blue lines) at fixed chemical composition -Y=0.23, Z=0.0004- and mixing
length α = 2. The isochrones range from 0.6 to 11 Gyr (see labeled values). Dashed
line shows the ZAHB for the same chemical composition and for a progenitor age
of 12 Gy. Note that the isochrone for t ≈ 5 Gyr nicely fits the red clump region.
Red open circles display the Reticulum ridge line. See text for details concerning
distance and reddening correction.
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Figure 3.10: Comparison between predicted and empirical He-burning stars. To-
gether with static stars (small dots) are also plotted the Carina variables: circles
RR Lyrae stars, triangles, ACs. Crosses mark variables that present poor-phase
coverage. Different line styles display predicted Zero Age He-burning structures at
fixed chemical composition and progenitor ages ranging from 12 (M = 0.8M�) to
0.6 (M = 2.2M�) Gyr.

Figure 3.10 shows the comparison between old, low-mass RR Lyrae stars
(circles) and young, intermediate-mass ACs (triangles) with theoretical pre-
dictions for Zero Age He-burning structures at fixed chemical composition
and different assumptions for the progenitor age (Cassisi et al. 2003). Data
in this figure support the evidence that the position of bright and bluer ACs
appear in reasonable agreement with stars originating from the Zero Age
He-burning structures constructed assuming the same chemical composition
of the old stellar component (Y=0.23, Z=0.0004), a progenitor age of 0.6
Gyr, and therefore with a stellar mass M ≈ 2.2M�. This finding is in good
agreement with the lower limit in stellar mass provided in Dall’Ora et al.
(2003) on the basis of their pulsation properties, i.e. M ≥ 1.4 − 1.5M�.
However, we cannot exclude that some redder ACs are the result of mass
transfer in old binary systems (Renzini, Mengel, & Sweigart 1977; Corwin,
Carney, & Nifong 1999).
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To constrain the Carina mean metallicity we performed the same com-
parison between theory and observations of Figures 3.9 and 3.10 but us-
ing isochrones and He burning models for Z=0.0006 ([Fe/H]≈ −1.5) and
Z=0.0002 ([Fe/H]≈ −2.0). Interestingly enough, we found that the new
predictions for plausible assumptions concerning the distance and the red-
dening do not account for the three observables that are more sensitive to
metal abundance, namely RGB color, HB luminosity, and RC color. In
particular, more metal-rich predictions account for RGB color, and HB lu-
minosity but Zero Age He-burning models are systematically bluer than RC
stars. On the other hand, the more metal-poor predictions somehow account
for HB luminosity and RC color, but the isochrones for the same ages are
systematically redder than RGB stars.

Before concluding this section, let us notice that an age of the order of
11 Gyr makes the Carina old population coeval not only with NGC 1904
and Reticulum, but also with several other well studied globulars in the
Galaxy (Cassisi et al. 1999) as well as in the Magellanic Clouds (Brocato
et al. 1996). As long as the evidence that these stellar systems are coeval
is not affected at all by the adopted theoretical evolutionary scenario, the
evaluation of the absolute age does depend on it. By adopting the same
theoretical framework but neglecting the efficiency of element diffusion we
would derive cluster ages older by approximately 1 Gyr.

3.2.3 Radial distributions

On the basis of preliminary empirical evidence (Mighell 1997; Harbeck et
al. 2001) it has been suggested that the old and the intermediate-age
populations in Carina present different radial distributions. To investigate
the spatial distribution of different stellar populations, we selected stars
in suitable boxes representative of the old (see dashed boxes in fig. 3.11)
and of the intermediate-age population (solid boxes). This approach, when
compared with similar analyses in the literature, presents the substantial
advantage to use quite large stellar samples both for the old (≈ 1000) and
the young (≈ 5000) population.

Left panel of fig. 3.12 shows the comparison between the isodensities
of the whole stellar sample (dashed contours) in Carina with those for the
old (HB, SGB) stellar population (solid contours). The isodensity contours
range from ≈ 20%, to 100% of the central maximum density with a density
step of 20% the right panel of fig. 3.12 shows the same data, but the solid
contours refer to the young (RC, intermediate-age MS) stellar population.

Data plotted in this figure show that the isodensity contours of the
intermediate-age population resembles quite well the density distribution of
the whole data. On the contrary, the isodensity contours of the old popula-
tion appear more irregular, with a small offset of about 2 arcmin in the peak
density of the old population when compared with the Carina center (see
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Figure 3.11: The dashed and the solid boxes show the CMD regions selected as
representative of the old (HB and SGB) and of the young (RC, intermediate-age
MS) population respectively. Variables have been plotted using the same symbols
as in fig. 3.10.

the cross in fig. 3.12). To estimate on a quantitative basis the difference
between the two populations we performed several two-tails Kolmogorov-
Smirnov (KS) tests. At first, we tested whether the two old subsamples, i.e.
the HB and SGB, present the same radial distributions. We found that the
two distributions are almost identical, since the KS probability is equal to
90%. The same outcome applies to the two young subsamples, namely RC
and intermediate-age MS, and indeed the KS probability is equal to 94%.
On the other hand, the KS test applied to the old and the young samples,
supplies a vanishing probability that the two radial distributions are the
same. To avoid deceptive errors introduced by the spatial smoothing of the
isocontour levels we decided to investigate the in situ spatial distributions of
the two populations along the major and the minor axis, assuming a position
angle of approximately 60 degrees (pa = 65 ± 5◦, Irwin & Hatzidimitriou
1995). Moving along the major axis and by assuming a bin size of 2 arcmin
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Figure 3.12: The isodensity map of the Carina stellar content (dashed contours).
The solid contours in the left panel show the isodensity levels of the old (HB and
SGB) stellar population. The isodensity levels range from 20% to 100% with a step
of 20%. The right panel shows the comparison with the isodensity levels of the
young (RC and intermediate-age MS) stellar population.

Figure 3.13: Histograms of the star counts along the major (top) and the minor
(bottom) axis for the entire stellar population of the Carina dSph. The sigma of
the gaussian fits are labeled.
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Figure 3.14: Left panel: histograms of the star counts for the old (top) and the
intermediate-age (bottom) stellar populations along the Carina major axis. Right
paenl: same as left, but projected along the minor axis. In both cases the old
population shows a broader distribution.

we computed the histogram of the entire stellar content of the galaxy. The
same procedure was repeated but along the minor axis. fig. 3.13 shows the
spatial distribution along the major (top) and the minor (bottom) axis re-
spectively. Interestingly enough, we found that the eccentricity (e = 1−b/a),
where b and a are the FWHMs of the individual distributions given by the
gaussian fits, is roughly equal to ≈0.3. This estimate is in good agreement
with the estimate provided by Irwin & Hatzidimitriou (1995).

The same procedure has been applied to the old and the young samples.
Figure 3.14 shows the two spatial distributions along the major axis and the
minor axis respectively.

In both cases the spatial distribution of the old component is broader
than the distribution of the young component. It turns out that the eccen-
tricity of the old component is ≈ 0.27, and therefore quite similar to the
eccentricity of the entire galaxy. On the other hand, the eccentricity of the
young population is ≈ 0.38. We performed several tests by changing the bin
size from 1.5 to 3 arcmin and we found that the eccentricities of the young
and old populations change by less than a few percent. Therefore, current
estimates seem to suggest that the old stellar component is distributed over
a sort of ”spheroidal halo”, while the young component is more concentrated
and flattened along the major axis. Moreover, data plotted in fig. 3.14 also
show an interesting feature: the spatial distribution along the major axis of
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the old population peaks at ≈ 2 ± 1 arcmin from the Carina center, while
it is centrally peaked along the minor axis. On the contrary, the young
population is centrally peaked both along the major and the minor axis.
This evidence further supports the hypothesis of a difference in the spatial
distribution between the old and the young stellar populations.

We mention that data plotted in fig. 3.13, also suggest that the spatial
distribution of the old component along the two axes is not centrally sym-
metric. The slope of the star counts in the South-West direction is steeper
than along the opposite direction. This empirical evidence seem to suggest
that the young and more massive population is more centrally concentrated
than the old one. The present result, once confirmed, might provide valuable
constraints on the Carina dynamical history and on its interaction with the
Galaxy (Kuhn et al. 1996; Majewski et al. 2000a).

In their photometric investigation Stetson, Hesser & Smacker-Hane (1998)
found that different stellar components in the Fornax dSph might present
different centroids. Therefore, we performed a new test to figure out whether
the young stellar component in Carina exhibits the same radial distribution
as the intermediate one. The KS test suggests that blue plume stars present
a radial distribution quite similar to RC and intermediate-age MS stars,
and indeed the KS probability is roughly equal to ≈ 50%. On the other
hand, the KS test with old HB stars indicates that the two populations are
different, since the KS probability is vanishing (P=0.00001).

Figure 3.15: Same as fig. 3.13, but for blue plume stars along the major (top) and
the minor (bottom) axis.
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Finally, we also investigated the radial distribution of blue plume stars
along the major and the minor axis. The comparison between data plotted
in fig. 3.15 and data plotted in the bottom panel of 3.14 indicates that
the radial distributions of these two stellar components are quite similar
along the minor axis. Nevertheless there is a mild evidence that blue plume
stars along the major axis appear more centrally concentrated. Unfortu-
nately, current data do not allow us to constrain on a quantitative basis the
difference in the centroids.

3.2.4 Field Subtraction

The color-magnitude diagram of the central region discloses the presence of
heavy contamination by foreground Galactic stars. Carina is located at low
galactic latitude (≈-22◦), therefore we expect to observe a non-negligible
portion of the Galactic disk along the line of sight. The morphology of the
field shows two main peaks, at B-V ≈ 0.5 and B-V ≈ 1.8. We used our
external fields (see section 3.2.5) to subtract the Galactic stellar component.
The statistical subtraction we adopted is based on the comparison between
the CMD of the cluster and the CMD of a nearby region. In its simplest
application, this method subdivides the two CMD into a grid of magnitudes
and color bins, counts the number of objects in each bin of the template field
and randomly substracts the same amount of stars from the corresponding
bin of the cluster CMD. The Poisson error of the counting process is the
main error source, and the method assumes that the Galactic field doesn’t
change between the two observed region of the sky. In our analysis, we
selected two regions in the outskirt of Carina, observed with the 4m CTIO
telescope. The two fields are located approximately at 2◦ from the Carina
centre, along the major and minor axis. The details of the reducion and
analisys of these fields is presented in section 3.2.5. It is worth noting that
the two CMDs diagrams are very similar, and there is not evident presence
of bright evolved Carina stars, as clearly shown in fig. 3.16. The global list
of stars was assumed as reference list for the subtraction. To compensate
the much greater area, we normalized the star counts in the region 1.25 <
B − V < 2, 18 < V < 22. The input parameters to be chosen a priori are
the color and magnitude range in which the subtraction will be performed
and the bin size. Once these parameters are fixed, the grid is automatically
set. We tried to develop an algorithm that was not based on a random
extraction of stars connected with the number of the field stars in each bin.
We tried to exploit the information on the color and magnitude distribution
of stars in the field, trying to reject the stars that more likely follow the
same distribution in the Carina CMD. To do this, in each bin we estimate
the normalized cumulative Probability Distribution Function (PDF) of both
color and magnitude distribution, which are then interpolated with a spline
function. Two random numbers are generated in the range 0 < x < 1. These
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Figure 3.16: CMD of the two field used for the statistical subtraction of foreground
stars.

two points are used as representative of the two PDFs, and the corresponding
values of color and magnitude are estimated from the spline. This algorithm
ensures that the random choice of the points reflects the real distribution in
the CMD. Once the random star has been generated, the code finds the real
star in the Carina CMD which is closest to it, and remove it. To estimate how
many stars should be rejected per bin, we did not simply count their number
in each bin of the field CMD. To limit the effect of small numbers in the star
counts, stars are counted in a 3×3 grid, and the median of the sample is
adopted as the number for the subtraction. However, our test revealed that
the final results somehow depend on the input parameters, both the extreme
color as well as the binsize adopted. To reduce the fluctuations, a smoothing
tecnique was applied. The grid is shifted in color and magnitude of a fraction
of bin, and for each position of the grid a subtraction is performed, and the
rejected stars saved. Typically, a 3×3 or 5×5 dithering is used, with color
and magnitude bin dimensions varying in the range [0.1, 0.5] mag. At the
end of all the iterations, an histogram of all stars rejected per each bin of
the original grid is calculated. The stars which have been most frequently
selected are rejected. It is also possible to set a variable binsize, in both
color and magnitude. Our best result was obtaind with a 3×3 dithering
grid, and binsize variable in the range 0.1, 0.2, 0.3 mag. This means that
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Figure 3.17: The CMD of central region of Carina after the subtraction of Galactic
stars. The peak of residual field stars at B − V = 1.8 is probably due to normal-
ization effects. The two fields use for the subtraction are distant ≈ 4◦, and it is
reasonable at this Galactic latitude to expect variation of the field star distribution
that can cause this effect.
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Figure 3.18: Zoom of the HB region. The blue lines are the post-ZAHB evolution of
stars with mass ranging from 0.9M� and 2M�, for a chemical composition Z=0.004.
The hook of bright stars at B − V ≈ 0.6 ÷ 0.7 and 19.2≤ V ≤20.5 predicted by
theoretical models is in good agreement with the features present in our CMD after
the subtraction of field stars. The red dashed line indicate the ZAHB for a 12Gyr
population.

the code performed 3×3×3×3 = 81 subtractions per bin before selecting the
final set of star to be eliminated.

Fig. 3.17 shows the result. Many interesting features are evident.

• The TO region is now well defined, the two main subgiants are sep-
arated, and the TO of the old population is almost disentangled from the
intermediate-age MS. Moreover, the intermediate-age sub-giant branch ap-
pears to be more structured. A small gap appears at V≈ 22.5, suggestive
of an halt in the star formation history. This feature appears in all the
simulations we made, and does not seem to be a spurious artifact due to the
algorithm for the field subtraction.

• In the bright part of the diagram, the Red Clump morphology shows
two interesting features. First, the hook of stars which are presumably
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Figure 3.19: Post-ZAHB evolution of stars with mass M<0.9M�, Z=0.004. The
overdensity of points betwen B−V ≈ 0.75 and B−V ≈ 0.90 is consistent with the
ABG of the old population.

populating the region of central helium burning stars in the mass interval
1.3 < M < 2 M�, see fig. 3.18. Second, the spread in color and magnitude
is very small, suggestive of a small spread in metallicity. Moreover, the gap
between the RC and the red HB of old stars is evident.

• The Asintotic Giant Branch seems to be split in two regions. We inter-
pret this as an evidence that we are observing the two AGBs of the old and
intermediate-age stars. The comparison with theoretical tracks shows excel-
lent agreement between the overdensity of stars in our CMD and position
of the AGB bumps for the two populations (fig. 3.19).

3.2.5 Moving outward

We already mentioned the debate in the literature concerning the high M/L
ratio of Carina and the possible explanation with a huge halo of DM. How-
ever, the possibility that Carina is interacting with the Galactic tidal field
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has not been rejected nor demonstrated yet. If this was the case, such high
values of the M/L ratio should be revised, because the current estimates rely
on the hypothesis that the system is virialized, that is in dynamical equi-
librium. It is important to note that the works by Hayashi et al. (2003)
and Kazantzidis et al. (2004) predict that small systems like dSph galax-
ies should be strongly affected by the tidal interaction with the Galaxy,
loosing most of their stellar content in a few orbits. Moreover, they claim
that the tidal radius predicted by these models is much bigger than actually
estimated, by a factor from 3 to 20.

We underwent a detailed study of the outer regions of Carina, in order
to:

• estimate the real extent of the galaxy;

• search for evidence of tidal tails around Carina, if any;

• study the spatial distribution of different stellar populations at great
distances from the centre, in order to verify the results obtained in the
central regions. In particular, we were interested in testing to verify
the occurrence of a ”halo” of old stars surrounding Carina.

As a natural extent of the Carina project we selected five fields, mapping
both the major and minor axis of the galaxy well beyond the tidal radius
estimated by Irwin & Hatzidimitriou (1995). Two twin proposals were
approved in 2002, and the observations were made between October 2002
and March 2003 at the 2.2m ESO and at the 4m Blanco CTIO telescopes.
The details are presented in table 3.4, and the finding chart is shown in fig.
3.20. Note that at the time of writing all the fields have been reduced, with
the exceptions of field A and B (yellow squares in fig. 3.20). The choice to
observe with two telescopes relies on two different approaches to the same
problem: how can we prove the existence of extra-tidal Carina stars in our
fields? We used the 2.2m with the same philosophy of other previus works
(Kuhn et al. 1996; Majewski et al. 2000a; Walcher et al. 2003): we
decided to use RR Lyrae stars as stellar tracers, that is (relatively) bright,
variable stars. We needed short integration times to detect the variability,
and the 2.2m was the ideal instrument to accomplish this goal. However,
we expected to find a very few objects, because of the low density of Carina
and because we are observing stars in the phase of central Helium burning,
i.e. life times of the order or 108yr. Since we expect to find ≈2000 MS stars
per each HB star, we decided to collect also, for selected fields, a few deep
exposures with the 4m Blanco telescope. Our goal was to go deep enough
(V≈25mag) to detect the TO of the Carina populations.

We refer to these fields with letters from A to E (tab. 3.4). Note that
field C and D, are located across the tidal radius of Carina in both sides of
the galaxy along the major axis. The reduction has been performed with
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Figure 3.20: Positions of the fields observed. The red square shows the central
regions, while the blue squares indicate the reduced fields.

DAOPHOTII/ALLFRAME, similarly to the central region. The calibration
strategy has already been discussed in section 2.5.

Fig. 3.21 and 3.22 show the Color-Magnitude diagrams of fields C and
D. Each panel shows the single CMD from one chip of the camera. Chip
#3 was not available during the night of observations. The superimposition
with the central regions is evident, but it is important to underline that
the most distant chips are completely outside the tidal radius of Carina, at
distances of at least 30′.

The number of stars clearly decreases when moving from the centre to
the outskirts, but there is a blue spur of faint objects (B−V ≤ 0.4 , V ≥ 23)
that is present in all the panels. These objects have the same colors and
magnitudes of the old Main Sequence (MS) of Carina, and are located at
distances from the centre of the order of ≈ 40′, i.e. well beyond the Carina
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field RA DEC total exposure time D telescope
name (h) (deg) B V (′)

A 06:48:30 -50:00:00 9600 7200 52 2.2m,Blanco

B 06:46:00 -50:25:00 9600 7200 87 2.2m

C 06:44:30 -50:44:00 9600 7200 30 Blanco

D 06:39:30 -51:18:00 8800 6000 28 Blanco

E 06:41:38 -51:58:00 5000 3000 60 Blanco

α 06:53:45 -50:05:00 7200 4320 126 Blanco

β 06:37:30 -52:56:00 7200 7320 125 Blanco

γ 06:54:00 -55:15:00 3100 1920 282 Blanco

Table 3.4: RA, DEC, total exposure times and distance from the Carina center
for the outer fields observed. Note that fields A, B have not been included in our
analysis yet.

tidal radius (Irwin & Hatzidimitriou 1995). Note that the stars plotted in
this CMD have been detected in all the images.

To further investigate the origin of this feature, we decided to observe
again fields C and D, and indeed we selected new and more distant regions.
Table 3.4 summarizes the characteristics of fields E, α, β, γ, which are
located at respectevely 1◦ (south), 2◦ (east), 2◦ (west), and 4.5◦ (south-east)
from the centre. The data were collected with the 4m Blanco telescope from
October 2002 to January 2004.

Fig. 3.23 show the cumulative CMDs, with overplotted the same set of
isochrones used for the central region.

The blue spur is present in all the figures. Moreover, the blue spur seems
to be less populated at larger distances from the centre (field γ). However,
integration time for the external fields are quite different, and therefore a
quantitative analysis of the completeness has not been performed yet.

Before we can assess the detection of such a strong component of extra-
tidal stars, we have to analyze any possible source that can contaminate our
sample. There are two main candidates: foreground Galactic field stars, and
background distant galaxies.

To estimate the foreground stars contribution in this region of the sky, we
computed a synthetic CMD (Degl’Innocenti 2004, private communication)
of the Galactic component for all our fields. Fig. 3.24 shows an example
comparing the real data with the simulation. All the features of the Galactic
field are well represented by the model. The model is, by definition, deeper
than the real data, which reach a limit magnitude of V ≈ 25. Moreover,
saturation problems make brighter part of the observed diagram less popu-
lated than the theoretical one. The features in the observed CMD appear
broader because of the photometric error. However, the model predicts only
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Figure 3.21: 8-panel CMD of field C. A spur of faint blue objects is evident in all
the chips, and is pesent at distances of ≈40′ from the Carina centre.

Figure 3.22: Same as 3.21, but for field D. The two fields are located along the
major axis of Carina.
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Figure 3.23: Cumulative CMD of field E, alpha, β, γ. The theoretical tracks are
the same used for the central region.
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Figure 3.24: Left panel: theoretical predictions based on a Galactic models for the
field α. Right panel: the CMD of the same region of sky obtained from our data.
The simulation takes into account the field of view of the data. Note that in the
CMD region covered by blue spur stars are only present a few tens of disk white
dwarfs.

a few tens of thick disk white dwarfs in the region corresponding to the blue
spur. This supports the evidence that the blue spur is marginally populated
by foreground WDs.

On the basis of current photometric data it is not possible to separate
background galaxies from stars. Moreover, these objects are challenging to
gather direct measurements of radial velocities, even with the multi-objects
spectrographs mounted on a 8m class telescope (for example VIMOS or
FORS). To solve this problem we decided to use color-color planes based
on near-ultraviolet and optical data. Interestingly enough, we found that
the (U -V ) vs (B-I) colors allow a good separation between stars and galax-
ies. Fig. 3.25 shows galactic evolutionary tracks for different morphological
types and redshift smaller than 2 (Fioc & Rocca-Volmerange 1997) together
with three stellar samples, namely field stars (Pickles 1986), the old LMC
globular cluster Reticulum (Monelli et al. 2003), middle), and NGC 2808
(Bedin et al. 2000), bottom. Data plotted in this figure show that the
(U -V ) vs (B-I) plane can be adopted to split stars from background galax-
ies, since they are distributed in different regions of the diagram. The plot
also shows that the metal content only marginally affects this approach. In
fact, the metallicity of the selected stellar samples ranges from solar (field)
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Figure 3.25: Color-color U − V vs B − I plane, comparing three samples of stars
of different metallicities with evolutionary tracks for galaxies. These tracks account
for different morphological types for redshift smaller than 2. Deep and accurate
photometry in four bands will allow us to split stars from galaxies, if any.

to [Fe/H]=-1.7 (Reticulum), and indeed all three samples are well separated
from galactic tracks.
To test the reliability of this method, we collected new deep and accurate
data in these four bands. We decided to observe two different regions: the
center of Carina and the field located at 1◦ in the southern direction. What-
ever the nature of the objects populating the blue spur, the latter field is
the most appealing for this test. It is located at approximately 2 rt, and
no Carina stars have been undisputedly detected at this distance from the
centre. If we can confirm that the blue spur is populated by Carina stars it
would be the first proof of extratidal stars in Carina. However, nothing can
be assessed about the real extent of this galaxy, since the presence of the
blue spur in the outer fields could support the existence of a diffused halo
around Carina, in agreement with theoretical prediction by Hayashi et al.
(2003).
In case we demonstrate that the blue spur is populated by background galax-
ies, we were forced to confirm previous results regarding the Carina extent,
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Figure 3.26: Left panel: (U -V ) vs (B-I) color-color diagram of the central region
of Carina. The region where galaxies are expected to be is well populated by a few
thousands of objects. Right panel: same as left panel, with superimposed both the
galactic evolutionary tracks by Fioc & Rocca-Volmerange (1997) and the polygon
used to select the candidate background galaxies
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Figure 3.27: V vs B−V CMD with superimposed the selected objects. The region
of the blue spur appears heavily contaminated by galaxies.

and the presence of this feature in the outer field would be the consequence
of the isotropic distribution of galaxies. However, if the method works, we
have devised a new diagnostic to split stars from galaxies, provided that
deep and accurate multiband photometry is available. For this reason we
selected the central field as second target of our experiment. It is the ideal
field to compare the results obtained 1◦ away. If the spur is built up by
background galaxies, they have to be present beyond the Carina centre, too.
So the same feature must appear in the central region, and in principle it
could be subtracted to obtain an even cleaner color-magnitude diagram.
Data were collected with the Blanco telescope during four half-night between
December 2004 (central field) and January 2005 (field E, see tab. 3.5). Un-
fortunately, the whether conditions during the nights of 11 and 17 January
were not good, with rapidly varying seeing and clouds. The data collected
did not reach the expected limiting magnitude, in particular the U data.

The prereduction steps have been made with the usual IRAF tasks of
the MSCRED environment (Valdes 1997). It is worth mentioning that a
mask was built to correct for the fringing pattern in the I band. A median
image was created using the less crowded scientific frames acquired during
the night. The photometric reduction was performed with DAOPHOTII/
ALLFRAME, working on the eight chips separately. All the U and I band
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Figure 3.28: V vs B − V CMD before (left) and after subtracting the suspected
galaxies. Only the stars that have been detected in the four bands are plotted.

data collected during two night in Dec 2004 have been simultaneously re-
duced, while the data collected for the external field have been, at the time
of writing, only reduced with ALLSTAR. Calibration frames of the standard
field SA98 were acquired during the photometric nights, and the calibration
curves were obtained using both Landolt (1992) as well as Stetson’s stan-
dards (2004, private communication).

field RA DEC total exposure time D telescope
name (h) (deg) U B V I (′)

central 06:41:38 -50:58:00 10000 21000 13200 7000 0 Blanco

E 06:41:38 -51:58:00 9350 7600 3000 8400 60 Blanco

Table 3.5: Summary of the observation collected in the four bands for the central
and 1 degree south fields.

Figure 3.26 shows the color-color plane we obtained (left panel). The
right panel shows the galactic evolutionary tracks from Fioc & Rocca-Volmerange
(1997), and the polygon we used to select the candidate galaxies. The re-
gion is well populated and the catalogue of selected objects includes 5750
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Figure 3.29: Color-color plane for the external field. We didn’t detect objects in
the blu region of the diagram, because of the bad quality of night.

possible galaxies.

Figure 3.27 shows the V vs B − V CMD of the objects that have been
detected in the four bands. Red open circles indicated the sources selected
from the color-color plane. Fig. 3.28 shows the same CMD before and
after subtracting these objects. It is worth noting that the width in color of
both old and intermediate-age MSs appears smaller in the rigth panel. This
evidence is suggesting that the thickness of the MS is not entirely due to a
spread in the chemical composition.

The same analysis cannot be performed on the external field, with the
data at our disposal. Fig. 3.29 shows the (U -V ) vs (B-I) plane, which dis-
closes that no objects have been detected in the blue region of the diagram.
The U data are too shallow to detect a sizable sample of objects populating
the blue spur. New data are necessary for a meaningful comparison be-
tween the central and outer region, and estimate the fraction of background
galaxies contaminating the CMDs.

3.2.6 Spectroscopic analysis of Carina stars

We collected low-resolution spectra of ≈300 stars belonging to both old and
intermediate-age populations, to investigate their kinematical and chemical
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properties. The targets were selected on the basis of the 4m CTIO data set
(see fig. 3.30), and four fields around the Carina centre were observed with
FORS2@VLT, with a spectral resolution R≈2000. The GRIS 1400V+18
grism was adopted.

Standard data reduction, i.e. bias and flat field correction, has been
performed with Iraf. The Iraf task APEXTRACT/APALL was used to ex-
tract the spectra, with interactively selected background sampling, in order
to avoid contamination for the star spectrum. The wavelength calibration
has been done using daily He, Ne, HgCd arcs, and, in order to improve
the calibration, wavelengths values for the transitions used were taken from
http://physics.nist.gov/.

The radial velocities were estimated by identifying a few lines (3 to 6,
depending on the quality of the spectra) and fitting a Gaussian profile to
each line to find the line core. We estimated the average radial velocity, and
we present here only the stars with standard deviation of the mean less than
7 km s−1.

Figure 3.30: CMD showing the target selected for

Fig. 3.31 (left panel) shows the radial velocity distribution of selected
stars. We estimate a main peak of Vr ≈220±7 km s−1, in good agreement
with previous measurements based on RGB stars Mateo (1998). A sec-
ondary peak appears at Vr ≈180±7 km s−1. This dichotomy is shown in
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the right panel of fig. 3.31, where the radial velocity is plotted as s function
of the distance from the centre. These are very preliminary results, and the
final sample of stars will be increased of a factor of 5. Previous spectro-
scopic surveys involving Carina stars were focused on the bright RGB stars
only (Koch et al. 2004; Tolstoy et al. 2003). For the first time spectra
were collected for stars of both the old population (HB, RGB) as well as
intermediate-age objects (Red Clump). Moreover, spectra of a few young
MS stars were collected. This will allow us to constrain the dynamical prop-
erties of different populations. At the same time, the analysis of chemical
abundances will be performed.

Figure 3.31: Left : distribution of the radial velocities. Right : radial velocity
plotted as a function of the distance from the Carina center. Only stars with
σv < 10kms−1 are considere in this analysis.

64



Chapter 4

The globular cluster Omega
Centauri

4.1 General description

ω Cen is among the most studied object in the southern sky. However,
there is no theoretical model which accounts for all the peculiarities of this
cluster. It is located at about mid-distance from the Sun and the Galactic
centre, with R�=5.3 kpc and Rgc=6.3 Kpc, and it is the most massive
(106M�, Meylan et al. 1995) and brightest (MV ≈-10.3, Harris 1996)
GGC. Clearly visible with the naked eye, it’s apparent diameter is as big as
twice the full moon. ω Cen appears as a giant, rather nearby star cluster.
However, the most surprising characteristic is the chemical inhomogeneity,
and the fact that at least three different stellar populations cohexist in ω
Cen. This is a unique feature among GCs, which makes ω Cen much more
similar to dSph galaxies rather than a globular cluster. Table 4.1 summarizes
the average values for selected structural parameters of GGCs and dSphs.
The comparison with ω Cen shows that it can be considered as a ”bridge”
between globular clusters, which are not able to retain the gas ejected from
their own massive stars, and the dwarf galaxies, which are the least massive
self-enriching systems known (Meylan 1987). It is interesting to note that
those dSphs that are less luminous than ω Cen (e.g. Carina, Draco and
Ursa minor) present a very modest abundance spread with respect to this
cluster.

4.2 Distance and orbit

One of the first modern estimate of the ω Cen’s distance was derived by
Noble et al. (1991), resulting in one of the largest value of the distance
modulus published: (m − M)V = 14.29 ± 0.18. Harris (1996) gives a
much lower value of (m − M)V = 13.97, based on the work by Butler,
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Characteristic GC ω Cen dSphs

Mv <0.9 -10 -8÷-13

Mass (M�) 105 106 106÷108

Ellipticity, ε = (1-b/a) <0.1 0.12 >0.13

∆[Fe/H], dex <0. ≈1 0.2÷1.4

Table 4.1: Qualitative comparison between ω Cen and globular cluster (Harris
1996) and dSphs (Irwin & Hatzidimitriou 1995; Mateo 1998). The properties of
ω Cen are intermediate between these two classes of objects.

Dickens & Epps (1978), who studied ≈50 RR Lyrae stars. This value is
in good agreement with Djorgowski (1993), but two recent estimates are
somehow at odds with previuos results. Thompson et al. (2001), based on
the infrared surface brightness of the eclipsing binary OGLE 17, obtained a
larger distance modulus (m−M)V = 14.05 ± 0.11, while van Leeuwen et al.
(2000) obtained a lower value of (m−M)V = 13.27 from the comparison of
radial velocity and proper motion dispersions. This means that the ω Cen
distance value ranges from d=4.5kpc to d=5.4kpc.
The recent study of the proper motions by van Leeuwen et al. (2000) suggest
a value of (µx = -3.97 mas yr−1 and µy = -4.38 mas yr−1. This study, in
agreement with Dinescu et al. (1999), supports the evidence that ω Cen
is moving in a strongly retrograde orbit, somewhat eccentric (e=0.67) but
confined on the Galactic plane (zmax = 1 kpc), with an apocentric radius of
6 kpc. This means that ω Cen is actually close to its apogalacticon.

4.3 Structure and shape

ω Cen appears one of the flattest GGC, with a mean ellipticity < ε >=0.121.
However this value grows from ≈0 near the center up to ≈0.25 around 10′,
and then declines smoothly going outward (Geyer, Nelles & Hopp 1983).
This profile is very similar to that of the velocity vrot. This similarity sup-
ports the conclusion that the flattening of ω Cen is due to its high degree
of rotation. The position angle of the isophotes does not seem to change
significantly with the distance from the centre, with the cluster elongated in
the E-W direction.
The estimates of the core (rc), half-mass (rh), and tidal (rt) radii usually
do not take into account the flatness of ω Cen and these values should be
considered as representative values averaged on the position angle (Merritt,
Meylan & Mayor 1997). Many determinations of these parameters can be
found in the literature. It is worth noting that there is general agreement
around rc ≈3.7 pc (Webbink 1995; Djorgowski 1993; Pryor & Meylan
1993), while the determinations of the rh and rt are more uncertain. In fact,

66



Figure 4.1: CMD by Cannon & Stobie (1973). Open circles indicate Galactic
field stars.

the determinations of the tidal radius is intrinsically much more difficult,
while the half-mass values are usually obtained from the half-light radius
with semi-empirical formulae that add some uncertainity. In any case, the
tidal radius of ω Cen is quite large, ranging from 65.7 pc (Webbink 1995)
to 87.4 pc (Richer et al. 1991): the concentration parameter c is quite
small (c=1.24). We can conclude that ω Cen is a big cluster, but not very
concentrated and quite far from the core collapse conditions.

4.4 Multiple populations

Photografic photometry by Dickens & Wooley (1967) revealed for the first
time the unusual color spread among RGB stars, which was later confirmed
by photoelectric data by Cannon & Stobie (1973, see fig.4.1). As far as
CCD technology was adopted, new deeper and more accurate CMD were
obtained. Alcaino & Liller (1987) and Noble et al. (1991) estimated the
TO magnitude in excellent agreement at V=18.3. The first CMD of the very
center of the cluster was obtained by Lyng̊a (1996), while deep HST data
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by Pulone et al. (1998) and King & Anderson (2002) allowed to study the
lower part of the MS, inferring the luminosity function down to ≈0.2M�.
However, the modern era of photometric study of ω Cen was opened by wide
field studies like the ones by Lee et al. (1999) and by Pancino et al. (2000),
which allowed to reveal the discrete nature of the RGB.

The wide RGB of ω Cen was soon interpreted as an indication of in-
trinsic spread in the chemical abundance. The reddening is known to be
fairly constant within the cluster field. This was largely proved by many
authors (Burstein & Heiles 1982; Schlegel et al. 1998). Moreover, an ISO-
CAM study by Origlia et al. (2002) confirms tha absence of intracluster
gas. The chemical inhomogeinity is the most noticeable characteristic that
distinguishes ω Cen from all the other globular cluster. In fact, globular
clusters present a very small metallicity spread (entirely due to measure-
ments error), while ω Cen disclosed spread of at least 1dex, that is an order
of magnitude bigger than the typical globular cluster. Spectroscopic studies
confirmed the hypothesis of an intrinsic spread of heavy elements. Butler,
Dickens & Epps (1978) derived a metallicity range [Fe/H]=-2.2÷-0.6 by
studying a vast sample of RR Lyrae stars. Similar values were obtained by
Persson et al. (1996) from 82 RGB stars, and by Cannon & Stewart (1981),
who investigated MS stars.
More recently, the low resolution survey of several hundreds of RGB stars
conducted by Norris & Da Costa (1995) and Suntzeff & Kraft (1996),
based on the H and K as well on the infrared triplet Ca II lines revealed a
Metallicity Distribution Function as follows:
• there are just a few stars with [Fe/H]<-1.8;
• the dominant peak in the distribution is located at [Fe/H]≈-1.6;
• a secondary peak is clearly visible at [Fe/H]≈-1.2;
• a long, asymmetric tail extends to high metallicity values, close to

[Fe/H]≈-0.5.
These values are in agreement with more recent surveys such as by Hilker

& Richtler (2000) and Frinchaboy et al. (2004). Morever, a new small com-
ponent of very metal-poor stars ([Fe/H]<-2) was discovered.
The discrete nature of RGB appeared evident from the wide field photome-
try by Lee et al. (1999) and Pancino et al. (2000). The former discovered
multiple RGB’s, and for the first time detected a new, redder, well-defined,
and well-separated RGB (the so-called Anomalous RGB, RGB-a). Even if
the stars populating this feature are bright, it was never identified before for
the small statistics of previous works, and probably because the photomet-
ric accuracy was not enough. It was interpreted as a metal rich component,
with [Fe/H]≈-0.5, and many authors suggested a correlation between metal-
licity and age, being the RGB-a stars significantly younger (≈4Gyr) than
metal-poor stars. (Lee et al. 1999; Hughes & Wallerstein 2000; Hilker &
Richtler 2000; Rey et al, 2000). In particular Rey et al, (2000), on the
basis on the same data published by Lee et al. (1999), suggested a model in

68



Figure 4.2: Fig. 1. from Bedin et al. (2004)

which four populations with differerent metallicities can reproduce the mor-
phology of the RGB and HB. They determined the age-metallicity relation
by comparing the observed HB distribution with the population models.

However, as far as new high quality data became available, new ques-
tions arose on the nature on this cluster. King & Anderson (2002), on
the basis of deep multi-epoch HST photometry, disclosed that the MS is
splitted in two components, which are hardly explained by the previous sce-
nario. This bifurcation is itself puzzling. The existence of two separated
MS seem to support the idea of two distinct population in ω Cen. However,
both spectroscopic and photometric data of evolved star indicate a spread in
metallicity, rather than a net dicotomy. Moreover, the secondary sequence
is much less populated and appears bluer than the main component. This
is at odds with theoretical predictions of stellar evolution. In fact, assuming
that all the stars in the two MSs are ω Cen members, any canonical stellar
model predicts that the blue MS must be more metal-poor than the red one,
and this is at odds with what observed in the bright part of the diagram.
More recently, new data collected with the ACS camera on board of HST
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Figure 4.3: Fig. 2 from Bedin et al. (2004)

have stimulated the debate (Piotto et al. 2005). Ferraro et al. (2004)
reported the discovery of a new sub-giant branch, which merges the MS at
a magnitude level significantly fainter than the bulk of ω Cen stars. Photo-
metric data consist of a set of high resolution B,V ,I images obtained with
FORS1@VLT plus a set F435W, F625W, F658N (B,R,Hα) acquired with
the ACS camera. In their CMD, the SGB-a appears as the natural continu-
ation of the RGB-a. The TO of this population (RTO) appears significantly
fainter than TO the more metal-poor stars. Then, by assuming that the
SGB-a is the extension of the most metal-rich RGB, Ferraro et al. (2004)
performed a detailed comparison with a set of theoretical isochrones calcu-
lated with the most up-to-date input physics (Straniero, Chieffi & Limongi
1998). They demonstrated, from a direct detection of the TO, that this
anomalous, metal-rich population cannot be younger than the most metal-
poor one.
More recently, Bedin et al. (2004) added new interesting features to this
scenario. Fig. 4.2 show a composition of their CMD, obtained from HST
data, from both the WFPC as well as the ACS cameras. They confirmed
the split along the MS already discoverd by King & Anderson (2002). Panel
b of fig. 4.3 shows the MS in the F606W vs. (F606W-F814W) bands, with
overplotted the isochrones representative of the cluster’s population. The
first thing to notice is that the red MS (rMS) is well fitted by the [Fe/H]=-

70



Figure 4.4: Fig. 7 from Piotto et al. (2005), showing the F606W vs (F606W-
F814W) with superimposed the theoretical isochrones by Pietrinferni et al. (2004).
Blu and red filled dots represent the spectroscopic targets. The best fit for the bMS
is achieved with Z=0.02 and Y=0.35.

1.6 curve. Second, the canonical models are not able to explain the blue MS
(bMS). In order to explain the 0.06 mag V − I color difference we would
have to assume a very metal-poor population ([Fe/H] <<-2), but it seems
strange to admit the existence of such sizable sample of metal-poor MS stars
with no evolved counterpart at all along the RGB. To force the model to fit
the data, an arbitrary shift in color or magnitude should be applied. Four
possible explanations have been suggested, but none of them seems fully
satisfying.

• it is possible that the calibration and/or the isochrones are wrong.
If we assume that the error in V − I is 0.06 mag, then the [Fe/H]=-1.6
isochrone may fit the bMS. In this case the rMS would be counterpart of the
metal-rich component, because the difference in the metallicity between the
metal-poor and metal-intemediate component cannot explain a difference of
0.06mag. But this does not seem the case. The metal-rich component is a
small fraction of the RGB (≈5%), but it would account for the 70% of MS
stars. This huge difference in the mass function would be unexplained.

• if the rMS is made by metal-poor stars, then we have to admit that
very metal-poor stars populate the blu one. However, Piotto et al. (2005)
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demonstrated, using GIRAFFE@VLT spectra, that the bMS is more metal-
poor than the red one than 0.3±0.2 dex.
• In the same paper, Piotto et al. (2005) support the hypothesis of dif-

ferent He enrichment between the two populations. They analised medium
resolution spectra of 17 stars from each sequence. They measured an intrin-
sic dispersion of 0.2dex in the rMS around the mean value of [M/H]=-1.57,
while the bMS appears much more homogeneous around [M/H]=-1.26. With
these value of the chemical composition, Piotto et al. (2005) used the the-
oretical isochrones by Pietrinferni et al. (2004) to fit the two MS (see fig.
4.4).
• If the rMS corresponds to the bulk of the cluster stars, then it is possible

that the blue MS is associated with an object somewhat more distant beyond
ω Cen. Fig. 4.3, panel d, shows that an isochrone with [Fe/H] =-1 would
fit the bMS if the distance is increased by 1.6 Kpc.

4.5 Overview of the data sets

We present here multiwavelength photometry of ω Cen. The data shown are
part of a big project aimed at understanding the formation and evolution
of this peculiar cluster. They are both proprietary as well as archive data,
and have been collected with different telescopes: we present optical UV I
(FORS1@VLT ESO), BRHα (ACS@HST) and infrared JK (SOFI@NTT
ESO) data.

4.5.1 The VLT data

U ,V , and I band images were collected with the FORS1 camera mounted on
the UT1 (Antu) VLT telescope in Cerro Paranal, Chile, during two observ-
ing runs on April 23rd and June 1st, 1999 (ESO project 63.L-0686(A)). The
standard resolution of the camera, 0.2”/px, was adopted, and the observa-
tions were characterized by good seeing (0.4” to 0.8”). The field of view of
the CCD is 6.8′×6.8′, and hence a mosaic of four pointings around the ω
Cen centre was chosen to sample the cluster for more than 2 core radii. The
four fields are mildly overlapped, and the total field of view is ≈14′×14′.
Fig. 4.5 shows the fields observed with the three instruments, while tab. 4.1
summarizes the log of the observations.

The prereduction has been performed by Lars Freyhammer, paying par-
ticular attention on the cross-talk effect due to the multi-channel CCD (Frey-
hammer et al. 2001). The PSF was derived for each single frame, with the
same procedure described for the Carina data. The photometric reduction
has been performed with DAOPHOTII/ALLFRAME, each of the four point-
ings has been studied separately including all the images available.
A median image was built for each field, in order to cancel out cosmic rays
and to raise the S/N ratio of faint object. The master list of star required
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field RA DEC MJD filter expos. seeing angle
name (h) (deg) (sec) (”) (◦)

F1 13:26:27.7 -47:25:32.9 291.16312 I 10 0.73 90

F1 13:26:27.7 -47:25:32.9 291.15766 I 10 0.67 0

F1 13:26:27.7 -47:25:32.9 291.16206 V 11 0.74 90

F1 13:26:27.7 -47:25:32.9 291.15660 V 11 0.74 0

F1 13:26:27.7 -47:25:32.9 291.16555 U 30 0.93 90

F1 13:26:27.7 -47:25:32.9 291.15522 U 30 1.03 0

F2 13:26:27.7 -47:32:00.9 291.15210 I 10 0.77 0

F2 13:26:27.7 -47:32:00.9 291.14403 I 10 0.70 90

F2 13:26:27.7 -47:32:00.9 291.13872 V 11 0.83 0

F2 13:26:27.7 -47:32:00.9 291.14170 V 11 0.95 90

F2 13:26:27.7 -47:32:00.9 291.13311 U 30 0.85 0

F2 13:26:27.7 -47:32:00.9 291.14286 U 30 0.88 90

F3 13:27:05.8 -47:32:00.9 291.22107 I 10 0.49 0

F3 13:27:05.8 -47:32:00.9 291.22821 I 10 0.52 90

F3 13:27:05.8 -47:32:00.9 291.22000 V 11 0.49 0

F3 13:27:05.8 -47:32:00.9 291.22576 V 11 0.53 90

F3 13:27:05.8 -47:32:00.9 291.21861 U 30 0.48 0

F3 13:27:05.8 -47:32:00.9 291.22692 U 30 0.61 90

F4 13:27:05.8 -47:25:32.9 291.23455 I 10 0.47 0

F4 13:27:05.8 -47:25:32.9 291.24091 I 10 0.67 90

F4 13:27:05.8 -47:25:32.9 291.23350 V 11 0.56 0

F4 13:27:05.8 -47:32:32.9 291.23847 V 11 0.55 90

F4 13:27:05.8 -47:32:32.9 291.23211 U 30 0.65 0

F4 13:27:05.8 -47:32:32.9 291.23963 U 30 0.67 90

F4 13:26:56.2 -47:27:10.0 330.17306 I 20 0.67 90

Table 4.2: Log of the data collected with FORS1. Note that 4 images were secured
per each filter. Note that a couple of images (per field, per filter) have been rotated
by 90 degrees.
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Figure 4.5: Field of the central regions of ω Cen. We overplotted the field of view
of all our datasets. Solid thin line encloses the ACS@HST field, while the solid
thick line shows the field of view of the VLT images. The dashed line is referred to
the IR data collected with SOFI@NTT.

by ALLFRAME was made on each median image. The final catalogues
have been calibrated using standard fields collected during the run, and
then rescaled on a common grid of coordinates. We ended up with a list of
≈450000 stars. CMDs for a selected sample of stars are shown in fig. 4.6

4.5.2 The HST data

ACS on board on HST is a 4K×4K CCD, with an unprecedented spatial
resolution. The Wide Field Camera used in this work has a field of view
of 3.4′×3.4′ and a pixel scale of 0.05”/px. F435W , F625W and F658N
images (hereinafter B, R and Hα), were retrieved from the HST archive.
Nine different pointings map the central regions of ω Cen, for a total field
of view of ≈9′×9′.

Fig. 4.7 shows the resulting CMDs. The features are well represented,
from the upper part of the RGB down to 8mag below the MSTO. The WD
cooling sequence is populated by a few thousands of objects.
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Figure 4.6: CMD from the VLT dataset. The catalogue has been selected with
the separation index. The anomalous RGB appears well separated in the V , U−V
plane.
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Figure 4.7: R vs B −R CMD of ≈900,000 stars, selected according to the photo-
metric error and the sharpness parameter.
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archive RA DEC filter exp. time
name (h) (deg) (sec)

F1 13 26 27.99 -47 25 34.5 F435N 12., 3X440
F1 13 26 27.99 -47 25 34.5 F625W 8., 3X340
F1 13 26 27.99 -47 25 34.5 F658N 4X440

F2 13 26 29.31 -47 28 47.6 F435W 12., 3X440
F2 13 26 29.31 -47 28 47.6 F625W 8., 3X340
F2 13 26 29.31 -47 28 47.6 F658N 4X440

F3 13 26 30.63 -47 32 00.8 F435W 12., 3X440
F3 13 26 30.63 -47 32 00.8 F625W 8., 3X340
F3 13 26 30.63 -47 32 00.8 F658N 4X440

F4 13 26 48.31 -47 31 34.2 F435W 12., 3X440
F4 13 26 48.31 -47 31 34.2 F625W 8., 3X340
F4 13 26 48.31 -47 31 34.2 F658N 4X440

F5 13 26 46.97 -47 28 21.1 F435W 12., 3X440
F5 13 26 46.97 -47 28 21.1 F625W 8., 3X340
F5 13 26 46.97 -47 28 21.1 F658N 4X440.

F6 13 26 45.63 -47 25 08.0 F435W 12., 3X440
F6 13 26 45.63 -47 25 08.0 F625W 8., 3X340
F6 13 26 45.63 -47 25 08.0 F658N 4X440

F7 13 27 04.73 -47 24 39.1 F435W 12., 3X440
F7 13 27 04.73 -47 24 39.1 F625W 8., 3X340
F7 13 27 04.73 -47 24 39.1 F658N 4X440

F8 13 27 06.09 -47 27 52.2 F435W 12., 3X440
F8 13 27 06.09 -47 27 52.2 F625W 8., 3X340
F8 13 27 06.09 -47 27 52.2 F658N 4X440

F9 13 27 07.44 -47 31 05.3 F435W 12., 3X440
F9 13 27 07.44 -47 31 05.3 F625W 8., 3X340
F9 13 27 07.44 -47 31 05.3 F658N 4X440

Table 4.3: Log of the ACS@HST data retrieved from the STSCI archive.
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4.5.3 Infrared observations

Near-infrared J and Ks images of ω Cen were collected in two different
runs, the first on 5 and 7 February 2001, and the second during four non-
consecutive nights in February 2002, using the SOFI camera mounted on
the Nasmyth focus of the NTT ESO telescope. This 1K×1K camera has a
pixel scale of 0.292”/px, resulting in a field of view of 4.94′×4.94′. We ob-
served three different fields The exposure times were 3s in J with NDIT=1
and 3s in Ks with NDIT=3. The NDIT on-chip integrations were averaged
by the SOFI acquisition system. We alternated observations of ω Cen with
observations of the sky, to properly subtract the background.
Moreover, we retrieved J and Ks frames from the ESO archive, i.e. a mo-
saic of nine pointings partially overlapping, for a total area of ≈13′×13′

around the cluster center. These images were obtained during the nights of
12 and 13 January 2000. seven of these fields were observed once in the J as
well as in the Ks band, with exposure times of 54s (NDIT=45) and of 180s
(NDIT=150), respectevely. The last two fields, the first on the center and
the second at a distance of ≈ 3′ were observed twice. One exposure of the
central field was shorter, namely 18s and 54s for the J and Ks respectevely.
The prereduction and reduction of the data has been performed by M. Del
Principe and A. Piersimoni. IRAF procedures were applied for differen-
tial flat-fields and the relative illumination correction. All the photometric
measurements were carried out with the DAOPHOT/ALLFRAME package.
More than 50 stars were used to derive the individual PSF. Several tests were
performed, and the best results were obtained with a linearly variable PSF.
A few V and I band from the VLT dataset were reduced together with J
and Ks, in order to obtain a better determination of the centroid of the
star. The final list of stars inclued 120,000 objects, with limiting magnitude
J ≈20.5mag and Ks ≈20mag. The absolute calibration was performed using
the standard stars S971-C, S8670-V, S273-R, and S870-T from Persson et
al. (1996). The derived calibration curves are the following:
J = j +Kj ∗X + 2.036± 0.007
K = k +Kk ∗X + 2.686± 0.008
where j and k are the instrumental magnitudes, and J and Ks are the cal-
ibrated ones, X is the airmass. The extinction coefficient, Kj=0.08 and
Kk=0.11, were provided by the ESO staff.
The resulting CMD is presented in fig. 4.8. The main features are:

• all the evolved phases are well represented, and the MS reaches a
magnitude 3mag fainter than the TO.

• The AGB is well populated and clearly distinct from the RGB.

• The HB is well defined, and the RR Lyrae instability strip is well
populated.
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Figure 4.8: K vs J −K CMD of ω Cen. The RGB-Bump has been detected at
Ks ≈ 11.8 (Del Principe et al. 2004, priv. comm.).

• The RGB-Bump is evident, and differential luminosity function sug-
gest a value Kbump=11.8.

4.5.4 Tidal tails in ω Cen?

A big effort has been devoted to gather all the information from the pre-
vious data sets. Since all the data obtained from different telescopes have
been reduced independently, the final catalogue of stars has been built a
posteriori, rescaling the photometry on a common coordinate system. To
do this, DAOMATCH and DAOMASTER were adopted. The final list in-
cludes 7 photometric bands, from the U to the Ks band. In the absence of
conformity in the literature for the ω Cen RGB names, we here refer to the
metal-poor component as ω 1, to the metal-intermediate as ω 2, and to the
anomalous branch as ω 3.
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Fig. 4.9 shows CMDs based on the five different photometric bands. The
plotted stars were selected from individual catalogues by using the ‘separa-
tion index’ sep introduced by Stetson et al. (2003), since crowding errors
dominate the photometric errors. This parameter estimates, per each star,
the flux contamination due tue nearby objects. The adopted sep ranges
from 6.5 (NIR data) to 8 (ACS data), which corresponds to stars having
less than 0.3% of their measured light contaminated by neighbour stars; the
higher the sep for a star, the less the severity of the crowding by neighbours.
Error bars plotted at the left side of each panel account for photometric and
calibration errors in magnitude and color. The input physics adopted in our
evolutionary code has been discussed in detail in a series of papers (Cariulo
et al. 2004; Cassisi et al. 1998). Here, it is worth mentioning that the stellar
models (partly available at http://astro.df.unipi.it/SAA/PEL/Z0.html) ac-
count for atomic diffusion, including the effects of gravitational settling, and
thermal diffusion with diffusion coefficients given by Thoul et al. (1994). The
amount of original He is based on a primordial He abundance YP = 0.23 and
a He-to-metals enrichment ratio of ∆Y/∆Z ∼ 2.5 (Pagel & Portinari 1998;
Castellani & Degl’Innocenti 1999). We adopt the solar mixture provided by
Noels & Grevesse (1993). For details on the calibration of the mixing length
parameter and on model validation, see Cariulo et al. (2004) and Castellani
et al. (2003). To avoid deceptive uncertainties in the comparison between
theory and observations, the predictions were transformed into both the BR
Vega system and the IJK Johnson-Cousins bands by adopting the atmo-
sphere models provided by Castelli et al. (1997) and Castelli (1999).
Data plotted in 4.9 display the comparison between observations and a set
of four isochrones (solid lines) with the same age (12 Gyr) and different
chemical compositions (see labels). A mean reddening of E(B − V ) = 0.12
(E(B − V ) = 0.11 ± 0.02, Lub 2002) was adopted and a true distance
modulus of µ = 13.7 ((m −M)V = 14.05 ± 0.11; Thompson et al. (2001),
(m −M)K = 13.68 ± 0.07, Del Principe et al. 2004, priv. comm.). Ex-
tinction parameters for both optical and NIR bands have been estimated
using the extinction model of Cardelli et al. (1989). The metal-poor and
the metal-intermediate isochrones supply, within current empirical and the-
oretical uncertainties, a good fit to the bulk of RGB and HB stars. Close
to the RGB tip, the isochrones are slightly brighter than the observed stars,
which is caused by the adopted mixing-length parameter (α = 2). The SGB
and the lower RGB are only marginally affected by this parameter, since
the empirical isochrone calibration is based on these evolutionary phases
(Cariulo et al. 2004). However, the most metal-rich isochrone appears to be
systematically redder than the stars at the base of the ω 3 branch1 (green
dots) and fainter than the SGB stars. Clearly, the shape of the ω 3 SGB

1Stars of the ω 3 branch have been selected following the original detection in the
B −R,R plane by (Ferraro et al. 2004, see their fig. 2)
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does not support metal-abundances ≥ Z = 0.004, since TO stars for more
metal-rich populations become brighter than SGB stars. To further con-
strain this evidence, fig. 4.10 shows the comparison between observed HB
stars (the entire sample includes more than 2,300 objects) and predicted
Zero Age Horizontal Branches (ZAHBs) with a progenitor age of 12 Gyr
and different chemical compositions. For the sake of the comparison, the
objects located between hot HB stars and RGB stars were selected in the
B − R, B plane and plotted as blue dots. Theoretical predictions plotted
in this figure show that the more metal-rich ZAHB appears to be system-
atically brighter than the observed HB stars for B − J ≈ B − K ≈ 0.5.
Moreover, the same ZAHB crosses the RGB region, thus suggesting that
the occurrence of HB stars more metal-rich than Z=0.002 should appear as
an anomalous bump along the RGB. Data plotted in these figures disclose
that the stellar populations in ω Cen cannot be explained with a ranking in
metal abundance. In line with Ferraro et al. (2004) and Bedin et al. (2004),
we find that plausible changes in the cluster distance, reddening, age, and
chemical composition do not supply a reasonable simultaneous fit of the ω 1,
ω 2, and ω 3 branches.
To further investigate the nature of the ω 3 branch, we performed a series
of tests by changing the metallicity, the cluster age, and the distance. A
good fit to the anomalous branch is possible by adopting the same redden-
ing as in fig. 4.9, a true distance modulus of µ = 13.9, and an isochrone
of 15.5 Gyr with Z = 0.0025 and Y = 0.248. Figure 4.11 shows that these
assumptions supply a good fit in both the optical and the NIR bands, and
indeed the current isochrone properly fits the width in color of the sub-giant
branch and the shape of a good fraction of the RGB. Moreover, the ZAHB
for the same chemical composition (dashed line) agrees quite well with the
faint component of HB stars. Note that more metal-poor ZAHBs at the
canonical distance do not supply a reasonable fit of the yellow spur stars
with 15 ≤ B ≤ 15.5. The yellow spur is visible in all planes, and in the
NIR (c, d) it even splits up in brightness due to a stronger sensitivity to
effective temperature. The identification of the entire sample was checked
on individual images and, once confirmed by independent measurements,
the data indicate a separate HB sequence for the ω 3 population.

Although the ω 3 fit may appear good, it implies an increase in distance
of ∆µ = 0.m2 and an unreasonable ∼ 4 Gyr increase in age. This estimate is
at variance with the absolute age estimates of GGCs (Gratton et al. 2003)
and with CMB measurements by W-MAP (Bennett et al. 2003). The dis-
crepancy becomes even larger if we account for the fact that this isochrone
was constructed by adopting a He abundance slightly higher (Y = 0.248, vs
0.238) than estimated from a He-to-metals enrichment ratio ∆Y/∆Z = 2.5.
This increase implies a decrease in age of ∼ 1 Gyr. Moreover, we are per-
forming a differential age estimate, and therefore if we account for uncer-
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tainties: in the input physics of the evolutionary models (e.g. equation of
state, opacity); in the efficiency of macroscopic mechanisms (like diffusion);
in model atmospheres applied in the transformation of the models into the
observational plane; and in the extinction models, we end up with an un-
certainty of ∼ 1 − 2 Gyr in cluster age (Castellani & Degl’Innocenti 1999;
Krauss & Chaboyer 2003).

Owing to the wide range of chemical compositions and stellar ages adopted
in the literature for explaining the morphology of the ω 3 branch, we decided
to investigate whether different combinations of assumed values of distance,
chemical composition, and reddening may also simultaneously account for
the ω 3 branch and the HB stars. We found that two isochrones of 13
Gyr for Z = 0.0015 and Z = 0.003 bracket the ω 3 stars (see fig. 4.12),
within empirical and theoretical uncertainties. The fit was obtained using
the same true distance modulus adopted in fig.4.11, together with a mild
increase in reddening, E(B − V ) = 0.155. Once again theory agrees rea-
sonably well with observations in all color planes. Moreover, data plotted
in fig. 4.13 show that the predicted ZAHB with Z=0.0015 and Z=0.003,
for the adopted distance modulus and reddening correction, account for the
yellow spur stars. The same figure shows a sample of 53 RR Lyrae stars
selected from the variable-star catalogue by Kaluzny et al. (2004) for which
we have a good coverage of J- and K-band light curves (Del Principe et al.
2004, private communication). The RR Lyrae stars only account for a tiny
fraction of the yellow-spur stars. This finding together with the detection
a well-defined sequence in panels b,c, and d indicate that this spur might
be the HB associated with the ω 3 population. Note that a few of these
‘ω 3-HB’ spur stars have also been detected by (Rey et al, 2000, see their
fig. 7), for V ≈ 14.75) and by (Sollima et al. 2004, see their figs. 6 and 12).

4.6 White dwarfs in ω Cen

The detection of WDs in ω Cen dates back to Ortolani & Rosino (1987) who
selected two dozen WD candidates on the basis of ground-based data, and to
Elson et al. (1995), who detected four WD candidates using HST data. Our
color-magnitude diagram, based on the ACS data, discloses a well populated
sequence of stars at B −R ≈0 and R <22, that is bluer than MS stars and
fainter than extreme HB stars. We ended up with a sample of approximately
45,000 stars. These stars have been identified in individual deep B,R,Hα

images and we performed once again the photometry using ROMAFOTwo.
Individual stars have been interactively checked in every image, and the
magnitude was simultanelously estimated together with neighbor stars which
might affect the photometry. Note that more than 50% of selected stars
revealed to be either cosmic rays or spurious identifications of faint stars
located close to saturated stars. The photometric calibration was performed
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Figure 4.9: Optical (panels a,b), and NIR (panels c,d) CMDs for selected sub-
samples of the detected stars, compared with a set of 12 Gyr isochrones (solid lines)
at different chemical compositions (see color coding). The adopted true distance
modulus and cluster reddening are µ = (m −M)0 = 13.7 and E(B − V ) = 0.12,
respectively. The number of stars selected (NS) is also indicated.

83



Figure 4.10: Same as in fig. 4.9, but the comparison between theory and obser-
vations is focused on Horizontal Branch stars. Blue objects mark stars located
between hot HB stars and RGB stars. They have been selected in B −R,B plane.
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Figure 4.11: Same as in fig. 4.9, but compared to a 15.5 Gyr isochrone for the
ω 3 population, constructed by adopting Z = 0.0025, and Y = 0.248. The fit
was performed by adopting a true distance µ = 13.9, and a reddening correction
E(B − V ) = 0.12. Note that the corresponding ZAHB matches the selected HB
stars (blue objects).
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Figure 4.12: Same as fig. 4.11, but compared to 13-Gyr isochrones constructed by
adopting different chemical compositions (see labels) and a higher reddening.

86



Figure 4.13: Same as in fig. 4.12, but the comparison between theory and ob-
servations is focused on Horizontal Branch stars. Blue objects mark stars located
between hot HB stars and RGB stars, while red dots (panels c,d) in the HB region
display RR Lyrae stars for which we have accurate mean NIR magnitudes.
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Figure 4.14: Position of the nine ACS pointings overplotted on a reference cata-
logue provided by Stetson (2000) (http://cadcwww.hia.nrc.ca/standards/). Cur-
rent photometry refers to pointings 2, 7 and 9.

in the Vega System (http://www.stsci.edu/hst/acs/documents).

In this investigation we present preliminary results based on three (point-
ings 2, 7, and 9) out the nine pointings (see fig. 4.14 for individual coordi-
nates). Figure 4.15 shows the current sample of ω Cen stars in the B−R,B
plane. Interestingly enough, more than 2,212 blue objects populate the re-
gion ranging from B ≈ 22, B − R ≈ 0, down to B ≈ 27, B − R ≈ 0.8, thus
covering the expected region of cluster WD cooling sequence.

Using GOODS data collected with ACS in the bands F435W and F606W,
we estimated that the expected number of field galaxies with 22 ≤ B ≤ 26
and 0.2 ≤ B − R ≤ 0.52 in the same area covered by current observations
is ≈ 60 (Grazian et al. 2005, private communication). The number of field
stars is also negligible, because halo and disk stars peak around B−R = 0.7
and B − R = 1.8, respectively (King et al. 1990). More detailed estimates
based on radial velocity (Suntzeff & Kraft 1996) or proper motion (van
Leeuwen et al. 2000) measurements in ω Cen suggest that at most two
dozen of field stars might be located inside the area covered by current

2Note that to perform this estimate we accounted for the difference in magnitude
between AB and Vega systems and for the difference between the filter F606W and the
filter F625W (http://www.stsci.edu/hst/acs/documents).
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Figure 4.15: Color-Magnitude diagram in the B,B − R bands. The number of
WD candidates are labeled. Error bars display intrinsic photometric errors.
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Figure 4.16: Color distribution of WDs in the magnitude interval B = 25 ± 0.5.
The solid line shows the gaussian fit to the observed distribution, while the dashed
line the expected distribution for the same sample in case the WD colors would
only be affected by gaussian photometric intrinsic errors.

data. Finally, theoretical Galactic models (Castellani et al. 2002) suggest
that in the same area covered by current observations are present at most
sixteen field WDs brighter than B = 25.5 and fiftyfive field WDs brighter
than B = 28.

This evidence suggests that we are facing with a bona fide sample of
cluster WDS, including more than 2,000 objects, thus the largest sample of
WDs ever observed in a stellar cluster. Data plotted in fig. 4.15 clearly
show that, thanks to the sizable sample of ω Cen stars, the cooling sequence
show up at B ≈ 21. This bright limit, if we assume for ω Cen an appar-
ent distance modulus DMB ∼ 14.21 (Thompson et al. 2001), implies that
current data are tracing the cooling history of cluster WDs at least below
MB ∼ 7. According to predictions by Althaus, & Benvenuto (1998) for
a 0.5M� WD with a CO core and pure H atmospere models by Bergeron
et al. (1995) 3 current WD sample provides the opportunity to investigate
the WD cooling for luminosities ranging from ten times the solar luminosity
down to logL/L� ∼ −3.1 (B ∼ 27, MB ∼ 12.8).

By adopting the same theoretical predictions one can easily recognize
that the huge number of WDs should not be a real surprise. As a matter
of the fact, the number ratio between WD and HB stars, for not too long
cooling times, is simply given by the ratio of the lifetimes spent during these
two evolutionary phases. On the basis of the shallow ACS photometry in

3See also http://www.ASTRO.UMontreal.CA/ bergeron/CoolingModels/
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the B,R bands, recently presented by Freyhammer et al. (2005), we found
in the same three fields the occurrence of ∼ 630 HB stars. The typical
evolutionary lifetime for HB stars is ∼ 1− 4× 108 year, depending on their
ZAHB effective temperature (Castellani et al. 2004), while for a WD with
a CO core and M = 0.5M� at MB ∼ 11.3 (logL/L� = −2.24) the lifetime
is ∼ 3.5× 108 years. This means that we expect to detect roughly twice as
many WDs than HB stars brighter than B ≈ 25.5. Interestingly enough,
we detected approximately 1200 WDs brighter than this magnitude limit.
However, current estimate should be considered as a robust lower limit,
since we did not perform completeness experiment along the WD cooling
sequence.

An unexpected observed feature in fig. 4.15, is the steady increase in
color dispersion when moving toward fainter WD magnitudes. In order to
assess whether this spread in color might be due to photometric errors, we
performed an empirical test. We estimated the ridge line of WDs and the
distance in color of individual objects from the ridge line. Figure 4.16 shows
the color distribution of WDs in the magnitude interval B = 25±0.5 together
with its gaussian fit (solid line). Then we estimated standard deviation in
color of the same selected WDs (intrinsic errors) and we found σB−R = 0.087.
The dashed line plotted in fig. 4.16 shows the expected color distribution
for the same sample of WDs (712) according to the assumption that their
B,R magnitudes would only be affected by gaussian intrinsic errors. Data
plotted in fig. 4.16 indicate that the sigma of the gaussian fit to observed
WDs is a factor of two larger than expected. On this basis, we estimated
that the two distributions differ at 99% confidence level. This finding, taken
at face value, indicates that the color dispersion might be real.

4.6.1 Discussion

In order to investigate the WD location in the CM diagram we adopted
the WD cooling sequences for CO core and H envelopes constructed by
Althaus, & Benvenuto (1998). Theoretical predictions have been trans-
formed into the observational plane by adopting pure H atmosphere mod-
els constructed by Bergeron et al. (1995). Predicted cooling sequences for
M = 0.5, 0.7, 0.9M� have been plotted by adopting canonical estimates for
cluster reddening (E(B−V ) = 0.11±0.02, Lub 2002) and distance modulus
(µ = 13.7 ± 0.11, Thompson et al. 2001). The reddening in the B,R,Hα

bands was estimated using the extinction model of Cardelli et al. (1989).

The comparison between theory and observations (see panel a) of fig.
4.17) discloses a good agreement for the bright portion (22 ≤ B ≤ 23).
However, the theoretical sequences toward fainter magnitudes appear to fit
the blue (hot) edge of the observed WDs. It is noteworthy, that a WD
with a stellar mass M = 0.5M� is a lower limit for WDs with CO-core,
actual WDs are expected to be slightly more massive (∼ 0.53M�, Renzini
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Figure 4.17: Color-Magnitude diagram in the B,B − R bands. Panel a) - Solid,
dotted, and dashed lines show predicted WD cooling sequences for CO core and
H envelopes with stellar masses equal to 0.5, 0.7, and 0.9 M/M� (Althaus, &
Benvenuto (1998)). Theoretical predictions have been transformed into the obser-
vational plane by adopting H atmosphere models. Panel b) - Same as panel a), but
for WD cooling sequences, with CO core and He envelopes (Benvenuto, & Althaus
(1997), transformed into the observational plane by adopting He atmosphere mod-
els. Panel c) - Same as panel a), but for WD cooling sequences with He core and
H envelopes (Serenelli et al. (2002)), stellar masses equal to 0.30, 0.39, and 0.45
M/M� and H atmospheres.
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Figure 4.18: Color-Magnitude diagram in the R,Hα−R bands. Predicted cooling
sequences are the same as in panel c) of fig. 4.17. The thick dashed line marks the
detection limit. Error bars display intrinsic photometric errors.
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et al. 1996). Current uncertainties on reddening (0.02 across the body of
the cluster (Schlegel et al. 1998), and on cluster distance cannot account
for the observed systematic drift in color. This evidence suggests that the
observed WD cooling sequence is cooler (redder) than expected.

In principle one can find several plausible reasons for such an occurrence.
In particular, we note that for 22 ≤ B we are already below the so-called
”DB gap” (Hansen & Liebert 2003), i.e. WDs with He atmospheres could
be present. Data plotted in panel b) of fig. 4.17, show that by adopting WD
cooling sequences for CO core, and He envelopes by Benvenuto, & Althaus
(1997) together with He atmosphere models by Bergeron et al. (1995) the
cooling sequence is indeed moving toward redder colors. Note that the cut-
off of the cooling sequences in the bright region is due to the fact that He
atmosphere models do not cover this temperature region. The comparison
between theory and observations indicates that the bulk of the observed
WDs might be of the DB type.

As shown in the lower panel of fig. 4.17, a different possibility is given by
the occurrence of He-core WDs. Interestingly enough, predicted WD cooling
sequences for He core structures by Serenelli et al. (2002), transformed into
the observational plane by adopting H atmosphere models, also account for
the observed distribution. Current findings are marginally affected by the
adopted theoretical predictions, and indeed different sets of WD cooling
sequences (Fontaine et al. 2004; Prada & Straniero 2002), transformed into
the B − R,B plane by adopting the same atmosphere models, agree quite
well with each other.

Finally, it is worth noting that current Hα − R,R data (see fig. 4.18),
show that a good fraction of detected WDs (∼ 1,600) are Hα bright, and
indeed they attain Hα −R colors systematically bluer than predicted. This
evidence is suggestive of WDs with a Hydrogen atmosphere and/or with stel-
lar activity. We would like to mention that blending and/or binarity could
also affect observed colors. Therefore, no firm conclusion can be reached
on the basis of current data. More detailed photometric and spectroscopic
investigations of this large sample of cluster WDs will certainly provide fun-
damental hints concerning the evolution of cooling WD structures and their
origin.
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Chapter 5

Conclusions

5.1 Stellar populations in the Carina dSph galaxy

We have presented wide field optical photometry of the Carina dSph galaxy.
The main results obtained can be summarized as follows:

• At least three distinct star formation events have been identified. The
bulk of the Carina stellar content is made by intermediate-age stars
(3-7Gyr), but hosts old stars (>10 Gy) as well. We discovered the
presence of a young MS formed less than 1Gyr ago. The occurrence of
this young population is supported by the detection of 13 Anomalous
Cepheids.

• The radial distributions of Carina stellar populations are different.
Intermediate-age stars appear more centrally concentrated, while the
old component is distributed in a sort of broad halo. Moreover, the
projected distribution of old stars along both mayor and minor axis is
not symmetric.

• Preliminary results based on low-resolution spectra of≈40 Carina stars
suggest the existence of two peaks in the radial velocity distribution.
Due to the small sample it is not possible to correlate the the kine-
matical and the evolutionary properties of our target.

• We performed a statistical subtraction of field stars. We could study
in detail the morphology of the Red Clump, which appears to be pop-
ulated by stars with masses up to 2M�. We detected an overdensity of
objects at B− V ≈ 0.75 and B− V ≈ 0.90 consistent with theoretical
predictions for the AGB of the old population.

There is evidence that the subgiant branch of the intermediate-age
population has a discrete structure, supporting the hypothesis of an
halt during the intermediate-age burst.
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• We investigated the outer regions of Carina to detect extra-tidal stars.
We observed six fields, located across or well beyond the tidal radius.
A blue spur of faint objects has been detected in all regions. To inves-
tigate the nature of these object, we collected deep multiwavelength
photometry in the U ,B,V ,I bands. We used the color-color plane (U -
V ) vs (B-I) as a diagnostic to split Carina stars from background
galaxies.

5.1.1 Future perspectives

• We collected radial velocity measurments for ≈ 330 stars. Five fields
were observed, both in the very centre of the galaxy as well as outside
the core radius. Our targets sample the stellar populations of Carina
down to V ≈ 23. This allow us to investigate any peculiarity in the
kinematical properties, supporting or not the photometric evidence
that intermediate-age stars are more centrally concentrated than old
stars. Moreover, it will be possible to investigate whether the occur-
rence of a double peak in the radial velocity distribution is correlated
with different populations.

• We will estimate the chemical composition of our targets. This will
allow us to constrain on a quantitaive basis the spread in the metal
abundancies between old and intermediate-age stars, if any.

• We could not confirm nor discard the detection of extra-tidal stars in
Carina. More data are mandatory to understand the nature of the
blue faint objects present in the CMDs. However, the detection of
extra-tidal stars would arise new questions about the real extent of
this stellar system. Extra-tidal stars could be the fingerprint of tidal
interaction with the Galaxy, but we could also support the theoretical
prediction of the existence of a huge halo surrounding dSphs.

• We are developing new algorithms for the detection of variable stars.
We observed the central regions of Carina in many runs in the last
five years. Moreover, we collected archive data for a total baseline of
roughly ten years. This means that we can search for variable stars
from the Tip of the RGB (long period variables) down to the MSTO
(Dwarf Cepheids, oscillating Blue Stragglers)

5.2 Stellar populations in ω Cen

We have presented a new set of multi-band photometric data for the GGC
ω Cen and—in agreement with previous findings in the literature—we find
no acceptable fit to the different stellar populations for a single distance,
reddening, and age. We found two reasonable fits for the ω 3 stars: (1) by
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adopting a 0.2 higher distance modulus (≈ 500 pc), a metal-intermediate
composition (Z = 0.0025, Fe/H ≈ −0.9), and an unreasonable increase
in age of ∼4 Gyr; or (2) for the same ∆µ = 0.2 shift, an increase in the
reddening, metal-intermediate chemical compositions (0.0015 ≤ Z ≤ 0.003,
−1.1 ≤ Fe/H ≤ −0.8), and an age that, within current uncertainties, is
coeval with the bulk of the ω Cen stars. Current findings indicate that ω 3
stars are not significantly more metal-rich than Z = 0.003. This evidence is
supported by the shape of the ω 3 SGB, as already suggested by Ferraro et
al. (2004) and by the fit of HB stars. We are in favour of the latter solution
for the following reasons:
• The difference in distance between the ω 3 branch and the bulk of

ω Cen stars is of the order of 10%. This estimate is 3–4 times smaller
than the estimate by Bedin et al. (2004) and in very good agreement with
the distance of the density maxima detected by Odenkirchen et al. (2003)
along the tidal tails of the GGC Pal 5. Moreover, recent N-body simulations
(Capuzzo Dolcetta et al. 2004) indicate that clumps along the tidal tails can
approximately include 10% of the cluster mass.
• We found that by artificially shifting the ω 3-branch stars to account

for the assumed difference in distance and reddening, they overlap with the
ω 2 population. It has been recently suggested by Piotto et al. (2005), on
the basis of low-resolution spectra, that the bluer main sequence detected
by Bedin et al. (2004) is more metal-rich than the red main sequence. Un-
fortunately, current ACS photometry is only based on shallow exposures,
and therefore we cannot properly identify in our data these stellar popula-
tions located in the lower main sequence. The same outcome applies to the
suspected extremely-hot HB progeny of the bluer main sequence, since they
have not been detected in the NIR bands.
• Current preliminary findings support recent N-body simulations by

Chiba & Mizutani (2004) and by Ideta & Makino (2004). In particular, the
latter authors found, by assuming that the progenitor of Omega Centauri
is a dwarf galaxy, that more than 90% of its stellar content was lost during
the first few pericenter passages (see their fig. 2).
• ω Cen reddening estimates in the literature cluster around E(B−V ) =

0.12± 0.02. However, the map from (Schlegel et al. 1998) indicates redden-
ing variations of 0.02 across the body of the cluster while, more importantly,
2MASS data (Law et al. 2003) show a very clumpy reddening distribution
at distances beyond 1◦ (100 pc) from the cluster centre, with large varia-
tions ∆E(B− V ) = 0.18 across a 4 degrees2 area. However, the inference of
reddening between the main body of ω Cen and the supposed background
population is very surprising. ω Cen lies at the comparatively low galac-
tic latitude of +15◦, and the reddening variations seen in the Schlegel and
2MASS maps likely originate in the foreground interstellar material of the
Galactic disk. Any interstellar material behind ω Cen must lie at least
1.4 kpc from the Galactic plane, and therefore would most likely be asso-
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ciated with ω Cen itself. Smith et al. (1990) have reported a significant
detection of H I in the direction of ω Cen, blueshifted by ∼ 40 km s−1 with
respect to the cluster velocity. However, their interpretation is that this
gas is associated with the northern extension of the Magellanic Stream far
beyond the cluster. It would be a remarkable coincidence if this interstellar
material happened to lie between the cluster and a clump in the tidal tail
at a 10% greater distance than the main cluster body, while traveling at the
quoted relative speed. However, it is worth noting that Smith et al. (1990)
estimated for this cloud a column density of NH ≈ 3×1018 atmos/cm2, and
therefore a reddening E(B − V ) ≈ 0.07 (Predehl & Schmitt 1995) that is
at least a factor of two larger than required by our best fit. This point is
crucial for the proposed explanation and needs to be further investigated.

Finally, we note that the comparison between predicted ZAHBs and
HB stars indicates that the occurrence of an old stellar population with
Z > 0.002 would imply the occurrence of an anomalous clump along the
RGB. In fact, more metal-rich, red HB stars cover the same color range
of metal-poor RGB stars. The detection of such a feature along the RGB
can supply robust constraints on the progeny of the ω 3 stellar population.
These results, when independently confirmed, would suggest that the ω 3
branch might be a clump of stars located 500 pc beyond the bulk of the
cluster. No firm conclusion can be drawn on the basis of current data, al-
though this evidence together with the increase in radial velocity among ω 3
stars measured by Sollima et al. (2004) and numerical simulations recently
provided by Capuzzo Dolcetta et al. (2004) indicates that it could be a tidal
tail.

We have presented preliminary results concerning the detection of more
than 2,000 WDs. This is the biggest sample of WDs ever detected in any GC.
Such a large sample appears in good agreement with predictions based on the
ratio between WD and HB evolutionary lifetimes. No firm conclusions can be
derived on the origin of these stars. The comparison with theoretical cooling
sequences suggests that the bulk of WDs my be of the DB type. However,
predicted sequences for He core WDs nicely fits the observed distribution.
This suggests that part of the detected WDs might be the evolutionary
aftermath of binay systems. interestingly enough, a sizable fraction of the
detected WDs appears to be Hα bright.

5.2.1 Future perspectives

• Spectroscopic observations of the brightest WDs will be performed in
the next months with the FLAMES multi-object spectrograph. This
will allow us to shed new light on the nature of these objects.

• Deep IR data will be acquired with ISAAC@VLT. New deep optical-IR
CMDs will allow us to disentangle the age-metallicity degeneracy. In
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fact, the U , (U -J) and U , (U -K) planes are very sensitive to metallicity
and age, but only marginally affected by reddening uncertainities.
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