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Abstract

The Galactic bulge represents one of the most massive stellar components of the
Galaxy, mainly made of very old and metal-rich stars. Understanding its structure
and the properties of its stellar population is therefore key to describe how the Milky
Way, as well as any galaxy spheroid, formed and evolved with cosmic time. However,
many open issues still remain about the formation and evolution of this system,
mainly due to observational limitations. In fact, because of the presence of thick
clouds of dust along the line of sight that almost totally absorb the optical light, the
bulge is one of the most inaccessible region of the Galaxy.

Bulge globular clusters are useful tools to constrain the properties of this system,
as they share the same kinematics and chemical composition with bulge field stars.
However, these systems have been widely excluded from large surveys due to the
huge extinction, and they remain in many cases only poorly known so far.

The aim of this Thesis is to contribute to fill this gap by studying the stellar
populations and structural parameters of bulge globular clusters by means of state-of-
the-art high resolution near-infrared instruments. Indeed, to this aim we exploited the
capabilities offered by the Multi-Conjugate Adaptive Optics system GeMS combined
with the GSAOI imager at the Gemini South Telescope, in Chile.

The photometric and astrometric performance of GeMS+GSAOI have been proven
to be ideal to study such stellar systems. We mainly focused on two extreme cases.
The first is Liller 1, which is one of the most obscured and therefore least studied
systems in the Galaxy. This target is ideal to probe the benefit of using an Adaptive
Optics system on an 8 meter telescope. The second is NGC 6624. This cluster has
been extensively studied in the literature with the Hubble Space Telescope (HST)
and therefore allows a detailed comparison and assessment of the GeMS+GSAOI
performance. Based on these data we performed an in-depth characterization of the
instruments in terms of Point Spread Function modeling, Strehl Ratio and Encircled
Energy distribution variations within the field of view. We have also derived the first
analytic solution to correct the geometric distortions of this system. Taking advantage
of the exquisite quality and depth of the NGC 6624 images, in combination with deep
HST infrared observations of 47 Tucanae, we performed a detailed analysis aimed at
probing the reliability and the limits of the so-called "main sequence knee" as a tool to
derive accurate absolute ages in near-infrared color-magnitude diagrams of globular
clusters. This work puts important constraints to the future improvements achievable



in this field with European Extremely Large Telescope (ELT) and JWST (James Webb
Space Telescope) observations, and it provides new challenges for models of low-mass
stars.
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Thesis outline

Thanks to the exceptional capabilities of the near-infrared (NIR) high resolution
Gemini South Adaptive Optics Imager (GSAOI), in tandem with the Gemini Multi-
conjugate Adaptive Optics system (GeMS) on the 8.1 m Gemini South Telescope, we
started an observational campaign of a sample of globular clusters (GC) orbiting the
Galactic bulge (Liller 1, NGC 6624, Terzan 6, NGC 6440 and NGC 6569; Proposal
ID: 091.D-0562; PI: D. Geisler) with the aim of understanding their properties in
terms of stellar population content, age and structure. These objects are all metal-rich
([Fe/H]>-0.6), and relatively massive (Mv > −7). Some of these targets have been
investigated by very shallow and low-resolution observations reaching only a couple
of magnitudes below the cluster red clump (Davidge, 2000; Ortolani et al., 2001, 2007;
Valenti et al., 2007, 2010).
This thesis is mainly focused on the results obtained for Liller 1 and NGC 6624,
which represent two ideal test cases. A high obscured cluster (Liller 1) and a very
well-studied one (NGC 6624) in order to test the global GeMS+GSAOI performance.

The Thesis outline is presented in the following:

• In Chapter 1 a general overview of our current understanding of the Galactic
bulge in terms of morphology, age, metal content and kinematics is provided
along with a description of the bulge GC system.

• In Chapter 2 a description of the state-of-the-art of Adaptive Optics (AO) sys-
tems is presented, and their importance for bulge GC observations is high-
lighted.

• In Chapter 3 we focus on the analysis of the GeMS+GSAOI performance, from
a photometric and astrometric (e.g. geometric distortions) point of view, based
on the data acquired for Liller 1 and NGC 6624 (Dalessandro et al., 2016).

• A detailed description of the highly obscured cluster Liller 1 is presented in
Chapter 4. We sample for the first time the main-sequence turn-off (MS-TO)
of the cluster and we discuss both its age and its main structural properties
(Saracino et al., 2015).

• Chapter 5 is focused on NGC 6624. We present the deepest and highest-precision
color-magnitude diagram (CMD) from the ground obtained so far for this
system, we estimate its age via the isochrone fitting technique and we finally
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analyze its luminosity and mass functions down to masses of about 0.4 M�
(Saracino et al., 2016).

• In Chapter 6 we discuss the reliability and accuracy of different age estimate
indicators in NIR CMDs. For this application we make use of the highest-quality
ground-based and HST CMDs available at the moment (Saracino et al., 2017
submitted).

• Finally we draw our conclusions with particular attention to the future per-
spectives of this work in the context of the systematic study of the Galactic
bulge.
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CHAPTER 1
The Galactic bulge and its globular cluster
system

1.1 Introduction

The Milky Way is the only galaxy where we can resolve and accurately measure
individual stars at all evolutionary phases from the very center to the outskirts.
Over the years, ever-growing details about the physical, chemical and kinematic
properties of its stellar populations have been provided, taking advantage of the
new observational facilities both from the ground and the space and state-of-the-art
theoretical models. In recent years, Gaia and the ongoing (e.g. VVV, PTF, OGLE, WISE,
UKIDS) ground-based surveys, complemented with massive spectroscopic campaigns
(e.g. Gaia-ESO (European Southern Observatory), GALAH, APOGEE, WEAVE1) are
providing comprehensive spectro-photometric and astrometric information, proper
motions and radial velocities, metallicities and detailed chemical abundances for huge
samples of Galactic stars in the Milky Way halo, disk and bulge. This information,
together will provide a detailed description of the Milky Way structure and formation
processes.
However, not all the regions of our Galaxy are known with the same degree of
accuracy. In particular the very central regions, where the inner bulge and disk are
located, are still poorly explored, mostly because of the huge extinction along that
line of sight. There, observations are mostly possible only at infrared (IR) and longer
wavelengths.

1VVV - Vista Variables in the Via Lactea; PTF - Palomar Transient Factory; OGLE - Optical Gravi-
tational Lensing Experiment; WISE - Wide-field Infrared Survey Explorer; UKIDSS - UKIRT Infrared
Deep Sky Survey; GALAH - Galactic Archeology with Hermes; APOGEE - APO Galactic Evolution
Experiment; WEAVE - William Herschel Telescope Enhanced Area Velocity Explorer
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1.2 Interstellar extinction

The presence of thick and patchy clouds of dust in the Galactic plane hampered deep
and accurate observations of the stellar populations towards the Galaxy center for
many years.
First wide-field maps of the interstellar extinction have been published by Burstein
and Heiles (1982), then superseded by the Schlegel maps (Schlegel et al., 1998). Based
on IRAS and DIRBE experiments, the latter were unfortunately unreliable for regions
within |b| = 6◦. Schultheis et al. (1999) provided a high resolution (2’) map of the
inner regions of the Galactic bulge (|b| ≤ 2◦) by using red giant branch (RGB) stars
from the NIR photometric survey DENIS while Marshall et al. (2006) provided a
full three-dimensional (3D) extinction map of the bulge comparing the Two Micron
All Sky Survey (2MASS; Cutri et al. 2003) photometry to the Besançon model. The
first high resolution and homogeneous extinction map covering all the inner Galactic
regions have been produced by Gonzalez et al. (2012) using an ideal dataset from
the Vista Variables in the Via Lactea (VVV) survey2. Red Clump (RC) stars were
used as standard candles to measure the shift in color and magnitude as a function
of direction. The extinction maps by Gonzalez et al. (2012) are presented in Figure
1.1. The upper panel shows the entire region covered by the VVV survey while the
lower panel the inner ∼ 4◦ region around the Galactic plane. These maps clearly
demonstrate that the most extinct regions of the Galactic bulge, where AKs >3.5 mag
(E(B-V)>10 mag), are located very close to the Galactic plane (−1◦ ≤ b ≤ 1◦). These
results have been further confirmed by Schultheis et al. (2014), with data coming from
the NIR spectroscopic survey APOGEE.

1.3 The Galactic bulge - a global view

The Galactic bulge is the Milky Way region located within a radius of about 3 kpc
from the Galactic center. This region is one of the most inaccessible of our Galaxy
because of the huge extinction. Only the outer bulge at negative latitudes b < −4◦

has a moderate obscuration (E(B-V)<0.5 mag).
The Galactic bulge contains about 1/5 of the total stellar mass of the Milky Way and
about ten times the mass of the halo. Recent studies suggest for the bulge a mass
ranging from 6× 109M� (Robin et al., 2012) to 2× 1010M� (Valenti et al., 2016, see
also Portail et al., 2017).
Because of its relatively low and uniform extinction, the first and most studied region
of the Galactic bulge has been the Baade’s Window (BW, e.g. Baade, 1951; Arp, 1965;
Blanco et al., 1984), located at l, b = 0.9◦,−3.9◦ and centered on the metal-poor GC
NGC 6522. Indeed, the first chemical abundances of bulge stars and first age estimates
have been obtained in this region. Based on these results it has been shown that
the bulk population of the bulge is old and has a metallicity peaked around solar

2The VVV is an ESO public NIR variability survey of the Milky Way bulge covering ∼109 point
sources within an area of 520 squared degrees. Minniti et al., 2010; Catelan et al., 2011
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(a)

(b)

Figure 1.1: (a): Extinction map of the Galactic bulge for the entire region
covered by the VVV survey. AKs values are computed from Cardelli et al.
(1989) and values higher than 1.5 mag are saturated in the color scale
shown in the right side. (b): Extinction map for the inner ∼ 4◦ region
around the Galactic plane. In this plot the color scale reaches 3.5 mag
to take account for highly obscured regions very close to the Galactic
center.

with [α/Fe] enhancement (e.g. Rich, 1988, 1990; McWilliam and Rich, 1994; Rich and
Origlia, 2005; Fulbright et al., 2006, 2007; Alves-Brito et al., 2010; Hill et al., 2011). The
first estimate of the bulge age with HST has been obtained for the two GCs in the
BW (NGC 6553 and NGC 6528), and first proper motions of bulge stars with HST
have been also measured there and in the nearby Sagittarius I field (Kuijken and Rich,
2002; Clarkson et al., 2008; Clarkson et al., 2011), providing evidence of old ages and
rotation.
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1.3.1 Morphology & Structure

The first insights into the Galactic bulge morphology come from the Cosmic Back-
ground Experiment (COBE) and Diffuse Infrared Background Experiment (DIRBE)
(Boggess, 1992; Hauser et al., 1998; Smith et al., 2004). These experiments provided
first evidences of a global boxy/peanut structure for the Milky Way bulge (e.g. Wei-
land et al., 1994). This finding has been interpreted as a signature of an edge-on bar
with the near side in the first quadrant and the major axis at an angle θ = 20◦ ± 10◦

(Dwek et al., 1995) with respect the Sun-Galactic center line of sight.
More recent analysis focused on the bulge morphology have been based on RC stars
density and distribution. The absolute magnitudes of these stars seem to have a small
dependence on age and metallicity, so they represent a powerful tool for deriving
distances towards the bulge (i.e. Salaris and Girardi (2002)). The presence of a split
in magnitude between RC stars located in different fields along the projected minor
axis (l = 0◦), at latitudes |b| > 5◦ was discovered by Zoccali (2010) and McWilliam
and Zoccali (2010) and further confirmed by Nataf et al. (2010) using the OGLE-II
photometry. McWilliam and Zoccali (2010) interpreted the evidence for the bright and
faint RC as a consequence of having two over-densities of stars located at different
distances, i.e. the two southern arms of an X-shaped structure both crossing the line
of sights.
Subsequent studies (e.g. Saito et al., 2011; Robin et al., 2012; Ness and Freeman, 2012;
Vásquez et al., 2013, and references therein) confirmed this finding and recently Wegg
and Gerhard (2013) provided a comprehensive modeling of the distribution of RC
stars observed in the VVV survey (see Figure 1.2).
The bulge main bar turns out to have a 3.1-3.5 kpc diameter, an axial ratio of 1:0.4:0.3
and an inclination angle of about 27◦ with respect to the Sun-Galactic center line of
sight. A sketch of the main bar structure as it would appear if the Galaxy would be
seen face-on is shown in Figure 1.3.

The possible presence of an inner (nuclear) bar has been also suggested (e.g.
Rodriguez-Fernandez and Combes, 2008) in order to explain the evidence of a clear
change in the orientation of the main bar in the central regions, observed as a tilt in
the RC distribution slope at small latitudes (see Gonzalez et al., 2011 and references
therein). This possibility has been largely excluded in recent studies (Martinez-
Valpuesta and Gerhard, 2011 and Valenti et al. (2016)) where the tilt in the RC distri-
bution slope has been interpreted as an effect of the higher star formation density in
the very central regions, with respect to the external ones.
An additional longer bar has been extensively debated in the literature (e.g. Garzón
and López-Corredoira, 2014 and references therein). Model observations of barred
galaxies strongly argue that the apparent long bar is only an artifact due to the interac-
tion of the outer part of the main bar with the adjacent spiral arm near the plane. This
interaction finally produces leading ends that apparently move with a larger position
angle (45◦, Romero-Gómez et al., 2011; Athanassoula, 2012; Webb and Vesperini,
2016). Wegg et al. (2015) instead provided a global view of the Milky Way bulge and
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Figure 1.2: The Galactic bar and the boxy/peanut shape as seen from the
North Galactic Pole. Figure from Wegg and Gerhard (2013), reproduced
by Zoccali and Valenti (2016).

long bar by using RC stars as distance and density tracers. They found an orientation
angle for the long bar quite consistent with that of the triaxial bulge, concluding that
they cannot be considered two different structures.
Another interesting debate is related to the possible presence of an old, metal-poor
spheroidal component in the Milky Way bulge. In this respect, RR-Lyrae stars are
powerful tracers of such a possible stellar population. Recent studies performed
by Dékány et al. (2013) have shown that bulge RR-Lyrae stars follow a remarkably
different spatial distribution (more spheroidal and centrally concentrated) compared
to RC stars. Figure 1.4 shows a comparison of the projected mean distances obtained
from RR-Lyrae stars (upper panel) and those from the mean magnitude distribution of
RC stars (lower panel).
Pietrukowicz et al. (2015) instead found a slightly different result by analyzing the
RR-Lyrae stars detected by the OGLE survey towards the Galactic bulge. Their spatial
distribution in fact has an ellipsoidal shape with a major axis located in the Galactic
plane and an inclination angle of 20◦ ± 3◦ to the Sun-Galactic center line of sight.
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Figure 1.3: Shape and orientation of the main bar as it appears if the
Galaxy is seen face-on. The near side of the bar is at positive Galactic
longitude. The clockwise rotation of the bar is also marked (Figure from
Rich (2013)).

1.3.2 Age

A key ingredient to reconstruct the Galactic bulge formation and evolution history is
the age distribution of its stellar populations. Unfortunately, age derivations of the
Galactic bulge have been strongly limited by the severe dust extinction and strong
field contamination by disk stars.
Holtzman et al. (1993) reported the first Hubble Space Telescope (HST) photometry
of the bulge towards the BW, going several magnitudes fainter than previous ground-
based photometric studies. However, the effect of differential reddening and the
uncertainties related to the distance did not allow the derivation of an absolute
age estimate. An important breakthrough was made by Ortolani et al. (1995), who
adopted a differential method, based on the position of RC stars in the luminosity
function. Thanks to the very small dependence of the RC on age and metallicity,
the authors were able to match its position in the luminosity function to that of the
reference old GC NGC 6528, finding a remarkable agreement between the relative
positions of their MS-TOs. Their result represent the first, robust evidence that the
Milky Way bulge stellar population is predominantly old. A confirmation also came
from Feltzing and Gilmore (2000) and Kuijken and Rich (2002), who were able to
discriminate between bulge stars and foreground disk stars using proper motion
studies. Subsequent observations of field decontaminated bulge samples confirmed
old ages for the bulge stellar populations (e.g. Zoccali et al., 2003; Clarkson et al.,
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Figure 1.4: Upper panel: Spatial distribution of RR Lyrae stars in the
Galactic bulge area of the VVV survey, from Dékány et al. (2013). The
black rectangle is the region for which the mean distance of RR Lyrae
and RC stars are compared in the lower panel. Lower panel: The projected
mean distances of RR Lyrae is shown in black filled circles, while for RC
stars as red open circles. The different trend is evident and the spheroidal
structure is highlighted through iso-density contours for the projected
distance distribution of the RR Lyrae sample.

2011; Valenti et al., 2013).
Although the bulk of the bulge is old, some pieces of evidence have been found
supporting the presence of some younger stellar populations. Clarkson et al. (2011)
posed an upper limit of about 3.5% to the fraction of bulge stars possibly younger
than 5 Gyr, while Bensby et al. (2013), Bensby (2015), and Bensby et al. (2017) found
a significant fraction of relatively young stars (at [Fe/H] > 0 more than 35% are
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(a)

(b)

Figure 1.5: (a): Statistical disk decontamination of a field at the edge of the
bar, from Valenti et al. (2013). (b): Proper-motion disk decontamination
of a bulge inner region, from Clarkson et al. (2008).
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younger than 8 Gyr), based on microlensing events of dwarfs. The age distribution of
these stars is presented in Figure 1.6. In this regards, a recent study of Haywood et al.
(2016) points out that a stellar population predominantly old (11 Gyr or older) and a
metallicity distribution compatible with that of Baade’s Window should present a
spread in the TO color that is significantly wider than that observed, thus opening the
case of a younger bulge. Systematic, multi-epoch observations of the MS-TO region
in different bulge fields are definitely needed to derive accurate ages for their stellar
populations and better constrain the overall fraction of younger stars.
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Figure 1.6: The metallicity of the microlensed dwarfs of the bulge as a
function of their ages, from Bensby et al. (2017). The information about
[α/Fe] is presented as a color code at the right side of the plot.

1.3.3 Chemical composition

With the advent of the new millennium, the Galactic bulge has been spectroscopically
surveyed in a systematic way by using high and low resolution spectrographs both
in optical and IR bands. For instance, high resolution echelle spectroscopy provided
detailed chemical abundances for a few hundreds bulge giants. In particular, optical
spectroscopy allowed the measurements of stars in the BW and some other outer
bulge fields, while IR spectroscopy allowed to get chemical abundances and radial
velocities of stars in the inner few hundreds pc and in a number of heavily reddened
GCs. On the other hand, efficient multi-object spectrographs working at low-medium
resolution allowed to perform more massive surveys of the bulge stellar populations,
and to obtain radial velocities and some chemical abundances for thousands stars.
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Most of the surveys made use of optical spectroscopy and sampled outer bulge fields
mostly at negative latitudes, while the few IR surveys allowed to sample a number of
fields much closer to the Galactic plane.

Metallicity distribution

Spectroscopic surveys of the BW and some outer bulge fields at negative latitudes
between b=-4◦ and b=-12◦ (e.g. Lecureur et al., 2007; Zoccali et al., 2008; Gonzalez
et al., 2011; Ness et al., 2013a; Johnson et al., 2014, and references therein) found broad
metallicity distributions (see Figure 1.7), with [Fe/H] values ranging from -1 to 0.4
with a broad peak around solar. Some works found this metallicity distribution to
be multi-modal, with a significance consisting of 100 stars per field or more (Hill
et al., 2011; Ness et al., 2013a; Rojas-Arriagada et al., 2014; Gonzalez et al., 2015),
with two main components peaking at sub-solar ([Fe/H] ∼ -0.3 dex) and super-solar
([Fe/H] ∼ +0.3 dex) metallicity. These surveys also revealed the presence of negative,
vertical gradients, likely due to the changing contribution of different populations,
with the most metal-rich stars being located closer to the plane (see Ness et al., 2016).
Gonzalez et al. (2013) constructed a photometric metallicity map based on the 2MASS
and VVV surveys for almost the entire bulge region where the metallicity gradient is
quite evident. It is shown in Figure 1.8,
Such gradient may flatten in the innermost hundreds pc (Ramírez et al., 2000; Rich
et al., 2012).

Figure 1.7: Metallicity distribution of RGB and RC stars in the bulge
from Zoccali et al. (2008) and Lecureur et al. (2007) from high resolution
spectra. Figure from Minniti and Zoccali (2008).
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Figure 1.8: Map of the mean values of the metallicity distribution for the
Galactic bulge covered by the VVV survey using the Cardelli et al. (1989)
extinction law, from Gonzalez et al. (2013).

The α-elements abundance

The α-elements abundance of bulge stars with [Fe/H]<-0.3 have been found to be
enhanced with respect to iron by [α/Fe]∼+0.3 dex, while more metal-rich stars
at [Fe/H]>-0.3 show a lower [α/Fe], reaching solar-scaled values for super-solar
metallicities. In Figure 1.9 this behavior is presented in terms of two different α-
elements ([O/Fe] and [Mg/Fe]) vs [Fe/H] as observed by Lecureur et al. (2007) and
Zoccali et al. (2008). Similar plots have been obtained in subsequent surveys (e.g.
Rich et al., 2012; Johnson et al., 2014; Schultheis et al., 2017).
All the surveys generally agree that bulge stars with [Fe/H]<0 dex are α-enhanced

and probably formed from a gas mainly enriched by core collapse supernovae (SNe)
on very short timescales and with a quite high star formation rate, while stars with
super-solar metallicity and less α-enhanced probably formed from a gas further
polluted by supernovae Ia (SNIa). However, some differences in trends (e.g. slopes,
position of the knee at which the [α/Fe] abundance ratio start to decrease etc.) and
spreads among different surveys are present and still need to be fully understood.
Some similarities but also some differences have been found in the [α/Fe] distribution
of bulge and thin/thick disk stars. Indeed disk can well fit the lower envelope of the
bulge distribution (e.g. Di Matteo, 2016), but a significant fraction of bulge stars have
[α/Fe] in excess of disk values.
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Figure 1.9: Oxygen and magnesium over iron ratios as measured from
high dispersion spectra of bulge K giants (Zoccali et al., 2008; Lecureur
et al., 2007). Green circles with error bars are bulge stars, compared with
thick (blue triangles) and thin (orange squares) disk stars. Figure from
Minniti and Zoccali (2008).

1.3.4 Kinematics

The first efforts to characterize the kinematics of bulge stars have been made in
the 90’s by measuring radial velocities of bulge K giant stars (Frogel and Whitford,
1987; Rich, 1988, 1990; Terndrup et al., 1995; Minniti, 1996; Sadler et al., 1996; Tiede
and Terndrup, 1997). Several authors found that the bulge is rotating with a peak
rotation of about 75 km/s and it has a large velocity dispersion that decreases with
Galactocentric distance. In particular the bulge kinematics appears to be intermediate
between a purely rotating system (as the Galactic disk) and a hotter system supported
by velocity dispersion (as the Galactic halo). This is quite evident in the updated
version of the so-called Vmax/σ Binney (1978) diagram, adapted from Minniti (1996)
and Kormendy and Kennicutt (2004) where the Galactic bulge has Vmax/σ = 0.65
(Minniti and Zoccali, 2008) (see Figure 1.10).
A broad view of the bulge kinematics has been recently obtained thanks to dedi-

cated spectroscopic surveys like BRAVA (Bulge Radial Velocity Assay), ARGOS, GIBS
and APOGEE. BRAVA measured radial velocities for 4500 M giants located between
−10◦ < l < 10◦ and −8◦ < b < −4◦, finding that the bulge follows a cylindrical rota-
tion (see Figure 1.11, see also Howard et al., 2008, 2009; Kunder et al., 2012). This is a
characteristic feature of boxy/peanut bulges originating from secularly evolved bars.
Based on these results and using N-body simulations, Shen et al. (2010) demonstrated
that the fraction of the bulge component in a non-barred configuration should be
smaller than the 8%.
These findings have been later confirmed by ARGOS and APOGEE (Freeman et al.,

2013; Ness et al., 2013a, 2016) and GIBS (Zoccali et al., 2014), as reported in figures
1.12 and 1.13, respectively. In some cases, by using both radial velocities and proper
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Figure 1.10: Milky Way bulge and halo position in the Binney (1978)
diagram adapted from Minniti (1996) and Kormendy and Kennicutt
(2004). Figure from (Minniti and Zoccali, 2008).

motions it has been possible to derive the so-called velocity ellipsoid (3D informa-
tion), thus to built the orbits of different stars. This approach demonstrated that the
high metallicity stars ([Fe/H]>-0.25) have a larger vertex deviations of the velocity
ellipsoid than their metal-poor ([Fe/H]<-0.25) counterpart (e.g. Babusiaux et al., 2010).
The authors also associated the more metal-rich stars to a barred population (moving
closer to the galactic plane) while the metal-poor ones to a spheroidal component.
This interpretation is well in agreement with recent results by Ness et al. (2013b) and
Vásquez et al. (2013), who have shown that metal-rich stars trace the split RC in the
luminosity function due to the boxy/peanuts shape, while the metal-poor ones do
not share the same split in magnitude.

All these evidences suggest that the Galactic bulge stellar populations are quite
complex in terms of structure, age, kinematics and metal content. Also for the over-
all bulge formation and evolution different scenarios have been proposed and still
debated in the literature. [1.] Merger-driven bulge scenarios suggested that the bulge
formed violently and quickly from the merger of clumps due to the fragmentation of a
gaseous proto-disk in the early phases of the evolution of the Galaxy (e.g. Abadi et al.,
2003; Immeli et al., 2004; Carollo et al., 2007; Elmegreen, 1999; Elmegreen et al., 2008;
Elmegreen, 2009). [2.] Secular evolution scenario suggested that dynamical instabilities
of the disk form the bar, which undergoes vertical buckling. The bar buckling is then
responsible for the boxy/peanut/X shape (Combes and Sanders, 1981; Raha et al.,
1991; Norman et al., 1996; Athanassoula, 2005; Shen et al., 2010; Saha et al., 2012).
Recent works suggest to consider again the possibility that the Galactic stellar disc
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Figure 1.11: Radial velocity (upper panel) and velocity dispersion (lower
panel) vs. Galactic longitude trends for the bulge fields studied in the
BRAVA survey. Different colors indicate different Galactic latitudes. The
typical features of cylindrical rotation are evident in both cases. Figure
from Kunder et al. (2012).

may be one of the main contributors to the formation of the bulge (Fragkoudi et al.,
2018; Di Matteo, 2016).
The current and near-future photometric (VVV, Gaia, JWST, LSST etc.) and spec-
troscopic (APOGEE, MOONS, 4MOST3 etc.) surveys will soon provide complete
samples of bulge stars for which distances, ages, 3D velocities and chemical abun-
dances will be simultaneously available. These information coupled with state-of-the
art chemo-dynamical evolutionary models should provide the necessary framework
to better unveil the complexity of the bulge formation and evolution history.

3LSST - Large Synoptic Survey Telescope; MOONS - Multi-Object Optical and Near-infrared Spectro-
graph; 4MOST - 4-meter Multi-Object Spectroscopic Telescope
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Figure 1.12: Rotation (left panel) and dispersion (right panel) profiles as a
function of Galactic latitude from the study of Ness and Freeman (2012)
with ARGOS and of Ness et al. (2016) with APOGEE. The results are
similar to BRAVA but span twice the range in latitude.

1.4 The Bulge GC system

The Galactic bulge has its own system of GCs. GCs are among the oldest stellar
systems in the Universe, they can be found in all the old components of the Galaxy
(bulge, disk and halo) and are fundamental tracers of the early phases of the Galaxy
formation and evolution.
The recent compilation by Bica et al. (2016) counts 43 GCs, likely bulge members
according to a selection criterion based on both metallicity and distance from the
Galactic center. In particular, the authors included GCs located within a distance of 5
kpc from the Galactic center and a metallicity higher than [Fe/H]>-1.5. The projected
angular distribution of the selected bulge GCs is presented in Figure 1.14.
Figure 1.14 clearly shows that the very central region of the bulge, approximately
−1◦ ≤ b ≤ 1◦, is poorly populated by GCs but this is likely an observational bias. In
fact, as already discussed in Section 1.2, the huge dust extinction towards the inner
kpc of the Galaxy severely hampers the search and identification of candidate star
clusters. The main properties of the bulge GC system can be summarized as follows:
i): they are old (t ≈ 10-12 Gyr, Buonanno et al., 1998; Rosenberg et al., 1999; Stetson
et al., 1999; De Angeli et al., 2005; Marín-Franch et al., 2009; VandenBerg et al., 2013);
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Figure 1.13: Radial velocity (upper panel) and radial velocity dispersion
(lower panel) surface in the longitude-latitude plane constructed from the
measured rotation profiles at negative latitudes from the GIBS survey by
Zoccali et al. (2014).

ii): they show a metallicity distribution peaked at [Fe/H]=-1 and iii): they have [α/Fe]
vs [Fe/H] values quite similar to those of bulge field stars (Bica et al., 2016, see Figure
1.15). Kinematics information are still quite sparse. Radial velocity and proper motion
studies are only available for a few clusters (Zoccali et al., 2001, 2003; Dinescu et al.,
1997, 1999b,a, 2003; Casetti-Dinescu et al., 2007, 2010, 2013), thus space velocities
and orbits are very difficult to be extrapolated. Rossi et al. (2015, 2016) suggest that
all GCs located in the inner bulge, regardless of their metallicity, are confined and
possibly trapped in the bar potential.

A significant improvement of our knowledge of the bulge GCs system has been
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Figure 1.14: Spatial distribution of bulge GCs with respect to the Galactic
center (blue-filled circle). Well known bulge GCs are shown as red-filled
triangles while VVV clusters and candidates as green open circles. Figure
from Bica et al. (2016).

achieved in the last years thanks to an extensive photometric campaign based on
SOFI at the New Technology Telescope (NTT, Chile) (Valenti et al., 2007, 2010) and/or
with HST (Ortolani et al., 2001, 2007). These works have enabled an homogeneous
characterization of GCs in the bulge in terms of extinction, distance and metallicity.
Very recently, new GCs candidates in the inner bulge have been discovered with VVV
(Minniti et al., 2017b,a). However, for most of the bulge GCs with high reddening,
precise age determinations based on the measurement of the MS-TO luminosity are
still lacking, requiring very deep photometry at high spatial resolution in the optical
with HST and in the NIR with HST (and JWST in the near future) and ground-based
AO assisted imagers.

1.4.1 Terzan 5: a complex bulge stellar system

In the bulge GC system, a quite interesting case is represented by Terzan 5.
Terzan 5 is a bulge stellar system located at a distance of ∼2 kpc from the Galactic
center and with an average color excess of E(B-V)=2.38 (Barbuy et al., 1998; Valenti
et al., 2007) and quite significant differential reddening (Massari et al., 2012). For
many years it has been classified as a classical GC (Terzan, 1968). More recently, NIR
imaging with the Multi-coniugate Adaptive Optics Demonstrator (MAD) at the Very
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Figure 1.15: [α/Fe] vs [Fe/H] for bulge GCs (red triangles), compared
with field stars (green circles) analyzed by Lecureur et al. (2007), Barbuy
et al. (2015) and Gonzalez et al. (2011). Magenta circles are microlensed
bulge dwarfs by Bensby et al. (2013). Figure from Bica et al. (2016).

Large Telescope (VLT) and spectroscopy with NIRSPEC at Keck revealed the presence
of two distinct RCs in the CMD, that cannot be explained by differential reddening
or distance effects, while they show very different iron abundances ([Fe/H]=-0.2
and +0.3 dex, respectively, Ferraro et al., 2009a). Subsequent spectroscopic studies
(Origlia et al., 2011, 2013; Massari et al., 2014b,a) fully confirmed this finding and
revealed an additional, minor (a few percent) stellar population of metal poor stars
at [Fe/H]∼-0.8 dex, bringing the overall metallicity range covered by the Terzan 5
stellar populations to ∼1 dex. Note that such a large iron spread has never been
observed in any Galactic GC, with the only exception of ω-Centauri in the halo, now
believed to be the remnant of a dwarf galaxy accreted by the Milky Way (see e.g.
Bekki and Freeman, 2003; Bekki and Norris, 2006).

These studies also indicated that the sub-solar stellar populations of Terzan 5
with peaks at [Fe/H]∼-0.2 and -0.8 dex are α-enhanced and they likely formed
early and quickly from a gas mainly polluted by core collapse SNe. The super-solar
component at [Fe/H]∼+0.3 dex, which is possibly a few Gyr younger and more
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centrally concentrated (Ferraro et al., 2009a; Lanzoni et al., 2010), has approximately
solar [α/Fe] ratio, requiring a progenitor gas polluted by both core collapse SNe and
SNIa on a longer timescale.
An intriguing scenario is emerging from these observational facts. (1) Terzan5 is not
a genuine GC, nor it can simply be the result of the merging of two globulars; (2) it
has experienced a complex star formation and chemical enrichment history, possibly
characterized by short episodes of star formation (thus accounting for the small
metallicity spread of the individual sub-populations) in a stellar system originally
much more massive than today (Lanzoni et al., 2010), thus able to retain the SNe
ejecta and to also explain its exceptionally large population of millisecond pulsars
(MSPs). (3) Terzan 5 seems to have formed and evolved in deep connection with the
bulge (Massari et al., 2015). Indeed, there is a striking chemical similarity between
the Terzan 5 and the bulge stellar populations.
Recently, by means of HST and ground-based AO deep imaging (Ferraro et al., 2016),
two distinct MS-TO points have been also detected in Terzan 5, providing the age of
the two main stellar populations: 12 Gyr for the (dominant) sub-solar component
and 4.5 Gyr for the component at super-solar metallicity.
All these discoveries classifies Terzan 5 as a complex stellar system of the Galactic
bulge, where multiple bursts of star formation occurred, thus suggesting a quite
massive progenitor of ∼107 M�.
Recently, it has been suggested that the giant clumps observed in high redshift galaxy
bulges (see e.g. Genzel et al., 2011; Tacchella et al., 2015) could have originated by
the clustering of smaller, seed clumps of typical masses of ∼ 107-108 M� (see e.g.
Behrendt et al., 2016), in a bottom-up scenario. In this framework, the proto-Terzan
5 could have been one of those seed clumps that did not grow and merge into the
Galactic bulge, but for some unknown reasons evolved in isolation and self-enriched.
This discovery triggers the search of other Terzan 5-like stellar systems in the Galactic
bulge. One promising system is Liller 1, a GC located very close to the Galactic plane
and characterized by a very high dust obscuration (approximately 10 mag in the V
band). It has been recently observed with GeMS at the Gemini South telescope and it
has been found to be as massive as Terzan 5, with the second highest stellar encounter
rate (after Terzan 5; Verbunt and Hut, 1987) and with some peculiar evolutionary
features not yet well understood (Saracino et al., 2015). The results of this work are
part of my PhD project and will be extensively described in Chapter 4 of this Thesis.
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CHAPTER 2
Multi-Conjugate Adaptive Optics

2.1 Introduction

As already presented in Chapter 1, the Galactic bulge is strongly affected by severe
dust extinction, which absorbs a significant fraction of light coming from its stellar
content, hampering a detailed study of the systems orbiting within it, like GCs.
In fact, because of the strong extinction, the properties of bulge GCs (like age, struc-
tural parameters, etc.) are only poorly known, and some of them are not accessible at
optical wavelengths. The census of the bulge GC population is still incomplete and
a large number of new candidates has been found in the last years (Borissova et al.,
2011, 2014; Moni Bidin et al., 2011; Minniti et al., 2011, 2017b,a) thanks to extensive IR
surveys (like VVV).
One key ingredient to study the Galactic bulge and its stellar components is therefore
the use of IR observations (0.9 - 2.4 µm). Indeed, in the last decades several NIR
surveys have been planned to this aim. Examples are 2MASS, SOFI and the most
recent VVV. In addition, since GCs are compact stellar aggregates characterized by
very high central densities (> 103 stars/pc), high spatial resolution is necessary to
resolve individual stars in the innermost regions of these systems.
Many efforts have been made in this direction by space facilities as the HST (Bellini
et al., 2013; Brown et al., 2009; Ortolani et al., 2001, 2007) and good results have been
achieved despite the main limitation of being a 2.4-meter telescope. Unfortunately,
in the case of ground-based facilities the situation is very different. Even with large
telescopes (as the NTT 3.6-meter at La Silla), observations are predominantly shallow
and in some cases we are not able to resolve stars even in the center of the loosest
GCs. The origin of such a discrepancy is the presence of the Earth’s atmosphere.

2.1.1 The atmospheric turbulence

The atmosphere can be considered as a dielectric medium which absorbs, emits but
also refracts radiation coming from stars. Indeed, the presence of patches of air
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with different temperatures triggers the formation of local under- and over-densities
inducing temporal and spatial variations of the refractive index. This is the so-called
atmospheric turbulence. The turbulence randomly distorts, in very short timescales,
the plane wavefront from distant objects, like stars. As a consequence, astronomical
images becomes blurry and distorted. The term generally used to describe the impact
of the atmospheric turbulence on astronomical observations is "seeing". Seeing is the
main limitation, in terms of spatial resolution, for ground-based facilities. In fact, if
the diffraction limit1 of an intermediate-large size (6-8 m) telescope operating in the
NIR is of about 0.1", the average seeing is about 6-8 times larger (0.6"-0.8").
The effect of the atmospheric turbulence on short and long exposure images in terms
of angular resolution can be summarized as follows: If we want to observe two
stars which are quite "close" in the sky by using a ground-based telescope of an
intermediate size, the atmospheric turbulence moves the diffraction-limited profile
of both stars around in a random fashion. If the exposure time is quite small, the
image appears as a snapshot of this motion. When the exposure time increases, this
motion simply smears out the image of the stars over the seeing disc. When we move
to large telescopes, the seeing is not just an image motion, but a diffraction pattern of
interfering wavefronts. If we make a short exposure then this interference pattern
yields a semi random set of dots called speckles, each having a width of about the
telescope diffraction limit. The speckles are distributed over an area the size of the
seeing disc. For long exposures, light coming from both stars is equally distributed
over the seeing disc, loosing all the information about their position, brightness etc..
It happens whenever two objects are below the resolution allowed by the seeing of
the observing site. This effect is schematically shown in Figure 2.1.

Figure 2.1: Illustrative comparison of the angular resolution of a telescope
with a short (left) and long exposure image (middle) in the presence of
atmospheric turbulence. At the right a diffraction-limited image shows
the presence of two point sources that were below the resolution allowed
by the seeing.

1The diffraction limit of a telescope can be roughly measured as λ/D, where λ is the observed
wavelength while D is the diameter of the telescope.
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2.1.2 Definitions

We introduce three main atmospheric parameters which are useful to quantify the
effect of turbulence in the Earth’s atmosphere on a wavefront propagating through it.
The meaning of these terms is schematically presented in Figure 2.2.
The Fried Parameter r0, defined for the first time by Fried (1965), is usually used

Figure 2.2: Schematic showing the definition of the Fried parameter r0,
and how it relates to coherence time, τ0 = t2 − t1, and isoplanatic angle,
θ0.

to describe the characteristic spatial extent of the wavefront aberrations. It can be
calculated, with a complex mathematical formulation by Kolmogorov (Tatarskii,
1961), as:

r0 =

[
0.423

(
2π

λ

)2

secξ
∫

C2
n(h)dh

]−3/5

(2.1)

where λ is the wavelength of the observation, ξ is the zenith angle while C2
n defines

the turbulence profile. C2
n is the vertical distribution of the strength of refractive

index variations through atmospheric turbulence as a function of height h. This
term indicates the length over which the wavefront can be considered approximately
planar. For simplicity, the turbulence can be visualized as a set of cells. Each cell
has the same size as the Fried parameter, thus the perturbation can be considered
constant in each of them. In other words, r0 does not identify a characteristic scale of
the atmospheric perturbations, but it suggests that only the perturbations of the size
of the order of r0 are relevant. By simplifying the equation 2.1, the Fried parameter
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is predicted to vary with wavelength as r0 ≈ λ6/5. This implies that the longer the
wavelength, the larger the Fried parameter, the better the atmospheric conditions.
Indeed, at a good observing site, at an optical wavelength of λ = 500 nm, r0 has a
typical value of 10 cm. In the same site, it should reach ≈ 70 cm at NIR wavelengths
(λ = 2.5 µm).
An other parameter used to describe the atmospheric turbulence is the coherence time
τ0. The turbulence cells, which are responsible for distorting the incident wavefront,
generally evolve on long timescales. In fact, the reason the wavefront changes
between time t1 and time t2 (see Fig. 2.2) is because the wind moves the turbulent
cells across the sky. The time scale on which the wavefront changes is the time
taken for a turbulent cell, of size r0, to move it’s own size. Its general formula is the
following:

τ0 = 0.057
[

λ−2secξ
∫

C2
n(h)vw(h)5/3dh

]−3/5

(2.2)

where vw is the wind velocity at the layer altitude h. This formula can be easily
simplified as τ0 = t2− t1 = r0/v, where v is the mean velocity of the wind. At a good
observing site on a typical night, if v = 10 m/s, the coherence time is τ0 = 10 ms. A
longer coherence time of about 70 ms can be obtained in the NIR bands.
The last term is the isoplanatic angle θ0. Considering two stars, the same as in Figure
2.1, if they are sufficiently close that the light from them passes through roughly the
same turbulent region, their wavefronts will be distorted exactly in the same way.
The measurement of how much two stellar objects can be separated, still having their
light passing through the same turbulent region, is called isoplanatic angle and it can
be defined as:

τ0 = 0.057λ6/5
(

secξ
∫

C2
n(h)h

5/3dh
)−3/5

(2.3)

by using the Kolmogorov formalism. The formula can be easily simplified as: θ0 =

r0/h where h is the characteristic altitude of the turbulence. θ0 is typically of few
arcsec (2”) at optical wavelength, strongly increasing in the NIR where it is around
15”.
Whenever we observe two stars separated by more than θ0 with a telescope larger
than r0 and for an exposure time greater that τ0, the uncorrected image will have an
angular dimension ≈ λ/r0, which represents the well known seeing disk (fig. 2.1,
middle) that identifies the limit angular resolution for any telescope with a diameter
bigger than r0.

2.2 The AO technique

To overcome the physical limitations of ground-based observations due to the pres-
ence of the atmospheric turbulence, techniques able to correct for them are needed.
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AO are the state-of-the-art of such techniques. The AO concept was first proposed in
the 1950s (Babcock, 1953), but it was developed only in the late 1980s, when the first
astronomical AO instrument COME-ON was tested at the 1.52 m telescope (Merkle et
al., 1989; Rousset et al., 1990) of the Observatoire de Haute-Provence. In a few words,
AO systems are able to sample and correct in real time the wavefront deformation
due to the atmospheric turbulence, thus recovering most of the light coming from
astronomical objects otherwise lost. It translates into a significant increase in spatial
resolution of the astronomical images obtained with ground-based telescopes. The
basic principle of AO correction is shown in Figure 2.3, where the main components
are a deformable mirror (DM), a real-time computer (RTC) and a wavefront sensor
(WFS) that work together to compensate the blurriness of the images. More in detail,
the wavefront initially planar of an astronomical object is randomly distorted by
turbulence in the Earth’s atmosphere. The diverging beam beyond the focal plane
of the telescope is then made parallel using a collimator and the light reflects off a
DM. Using information provided by a WFS, the RTC calculates the correction to be
applied to the incoming beam by means of the DM. In particular the DM modifies
its shape in order to match the one of the incident wavefront, changing hundreds of
times per second because of wavefront’s fast variations. The reflected wavefront of
the astronomical object becomes planar, thus the beam can be focalized and detected
from a scientific camera. A dichroic splits the beam between two light-paths, so that
the detector acquires a portion of the light (often the red component) while the WFS
receives and analyzes the other one (the blue component, in many cases). It is worth
to note that the wavefront is independent of wavelength, which is why it is possible
to sense and correct at different wavelengths.
AO systems generally operates in closed loop since the WFS measures the residual
WF after the correction of the previous cycle. This process ends only when the desired
conditions (in terms of convergence and stability) are achieved. In other words, when
the correction is successfully applied.
To date, AO systems preferentially work in the NIR, where the constraints on the
main atmospheric parameters, especially the coherence time τ0, are more relaxed,
thus it could be easier to correct for them. In order to better understand AO systems,
it is important to give some details about their main components: the WFS and the
DM.

2.2.1 Wavefront sensors, RTC and deformable mirrors

The key concept of an AO system is the interplay between a WFS and a DM. The
WFS has to be extremely sensitive to record and measure the spatial and temporal
variations of the incident wavefront, so that the DM can correct for it in the real time.
This game can be successfully played only thanks to an RTC.
There are many different designs of WFSs. The most used are the Shack-Hartmann
sensor (Shack and Platt, 1971), which is schematically presented in Figure 2.4 and the
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Figure 2.3: Explanation of the AO operating scheme.

curvature sensor (Roddier and Roddier, 1988).
The Shack-Hartmann sensor consists of a lenslet array through which the corrugated
wavefront is incident upon. When a plane wavefront passes through the lenslet
array, it produces a regular series of spots on the high speed detector in the focal
plane. The relative position of these spots can be considered as a reference pattern. A
corrugated wavefront instead produces irregularly spaced spots. The displacement of
each spot with respect to its reference position represents a measure of the tilt of each
section of the incident wavefront. This information is then used to set the tilt of each
corresponding element in the segmented DM. The sizes of the lenslets, and hence the
mirror segments need to be comparable to the typical values of the Fried parameter
r0 at the observing time and wavelength of interest (which in the NIR is of about
70 cm, see Section 2.1.2). For an accurate correction, it is also crucial that the delay
between sensing the wavefront and adjusting the shape of the DM is smaller than
the coherence time of the atmosphere τ0. In the case that the DM consists of an array
of actuators which are connected to a thin optical surface that deforms under the
expansion of the actuators, the requirements set by r0 and τ0 reflects on the spacing
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and the response time of the actuators. Unlike the Shack-Hartmann, which measures
the displacement of the spots, the curvature sensor instead measures the intensity on
either side of the focal plane. If a wavefront has a phase curvature, it modifies the
position of the focal spot along the axis of the beam, thus by measuring the relative
intensities in two places the curvature can be deduced.

Figure 2.4: Schematic view of a Shack-Hartmann wavefront sensor.

2.3 The first AO systems

The first AO systems are the Single-Conjugated AO (SCAO). SCAO systems sample
the atmospheric perturbations by using a single reference source which is adopted
for wavefront sensing. The derived perturbations are than corrected by means of a
single DM. When the science target is too faint or not a point-like source (e.g. a star
or the nucleus of a distant Galaxy), SCAO systems adopt two different astronomical
targets: one for science and the other one for WFS correction (hereafter called Natural
Guide Star, NGS). The main limitation of SCAO systems is that they provide reliable
corrections on very small field of views (FOV, a few arcseconds in the visible up
to about 0.5-1 arcmin in the IR bands (K - 2.2 µm)) with performances decreasing
as a function of the distance from the reference target. This limitation is due to the
anisoplanatism effect. As described in Section 2.1.2, when two sources (here the
science target and the NGS) are separated by more than θ0, their light pass through
different turbulence layers in the atmosphere, thus their wavefronts are distorted
in a different way and the correction becomes inefficient. An additional limit of
SCAO systems is related to the brightness needed for reference sources. In fact, for
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a reasonable correction performance the NGS has to be bright enough (less than
10-12 mag in the mR band), so that the distortions of its wavefront can be sensed at a
sufficient signal-to-noise ratio in the short exposure times. This sensibly reduces the
probability to find suitable guide stars close to the scientific targets. The situation is
well explained in Figure 2.5 (see also the table). It shows that the sky coverage is a
strong function of λ. In fact, at longer wavelengths, the sky coverage increases because
the isoplanatic angle θ0 becomes larger (from 2” to 15”). Moreover, the probability to
find a suitable guide star strongly decreases going from the Galactic plane (several
tens of percent) to the Galactic Pole (a few tenths of a percent) (Ellerbroek and Tyler,
1998).

Figure 2.5: The sky coverage as a function of wavelength and distance
from a reference star, for different galactic latitudes.

2.4 Laser Guide Stars

To overcome the constraints imposed by the availability of bright reference sources,
the use of an artificial guide star has been introduced. The artificial star is generated
close to the scientific target using a laser, and it is typically called laser guide star
(LGS). This idea has been proposed for the first time by Foy and Labeyrie (1985).
There are two types of LGS: the first, known as a Rayleigh beacon, uses the Rayleigh
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back-scattering of light from molecules in the lower atmosphere to produce an arti-
ficial star at altitudes of approximately 20 km; the second type, defined as sodium
beacon, uses the resonance fluorescence of sodium atoms in the mesosphere at an
altitude of about 90 km. A schematic view of these two types is shown in Figure 2.6.
While LGSs improve the sky coverage and permit observations otherwise impossible,

Figure 2.6: Schematic showing the different types of LGSs available for
AO, and the cone effect.

they introduce additional sources of error, as the "cone effect or focus anisoplanatism",
limiting their performance. Due to the finite distance between telescope and LGS, the
backscattered beam does not intercept the same turbulence layer of the atmosphere as
the scientific target. This effect becomes increasingly important for larger telescopes
and higher turbulent layers. This effect is less severe in sodium beacon lasers as they
are created at higher latitudes. In order to overcome the cone effect, measurements
from several LGSs can be combined to fully reconstruct the turbulence column in the
direction of the astronomical target. In this case, the separation of the LGSs can be
significantly larger than the isoplanatic angle θ0, but their beams should still overlap
at the highest turbulent layer in order to prevent possible un-sampled turbulence
(Fusco et al., 2010).
However, NGSs cannot be totally replaced by LGSs. In fact, the LGSs are not sen-
sitive to the overall motion (tip and tilt) of the scientific target on the image. Laser
beam is deflected by the atmosphere twice, on its way upwards and downwards,
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whereas stellar beam experiences only one deflection. The upward and downward
tilts compensate completely and the LGS image is stable in the telescope focal plane.
As a consequence, NGSs are needed also in LGS AO systems to correct for tip-tilt
effects. However in these cases, requirements related to their brightness and distance
from the scientific targets are significantly relaxed, leading to a ten-fold increase in
sky coverage (Ellerbroek and Tyler, 1998). However, LGS AO systems still provide
corrections limited to a relatively small FOV.

2.5 The MCAO era

A significant improvement in AO systems has been achieved by the adoption of mul-
tiple LGSs. The first system with these properties is the so-called Laser Tomography
AO (LTAO; presented in Figure 2.7). It uses multiple laser beacons, each one optically
related to a WFS, which senses the wavefront perturbations due to a single LGS. Com-
bined informations are used to optimize the correction within the observable region
of the instrument by a single DM, associated to the ground layer. LTAO systems are
able to sensibly reduce the cone effect, so that they perform at the level of a SCAO
system with the difference that no bright natural star is required and the corrected
FOV slightly increases.
Unlike LTAO systems which are successfully used to obtain a high correction very
close to the scientific target, Ground Layer AO (GLAO) systems are instead adopted
to improve the image quality in a very large FoV. A GLAO system may be used
in combination with an Multi-Object AO (MOAO) system, in which multiple DMs
provide independent corrections towards individual objects of interest.
This concept was further developed in the last decades. Based on the original idea of

LTAO/GLAO systems, the state-of-the-art is now represented by Multi-Conjugate
AO (MCAO) systems (Dicke, 1975; Beckers, 1988). The basic scheme of an MCAO
system is presented in Figure 2.8. These systems have been developed in order to
overcome anisoplanatism, which is the basic limitation of using a single guide star.
MCAO systems in fact use multiple reference sources (NGSs) and/or different LGSs.
They control different DMs, which are optically conjugated to different atmospheric
layers at a different altitude. At least one of these DMs need to be conjugated to the
ground layer as a significant contribution to the total turbulence is usually at this
altitude. The correction is much more uniform over a significantly increased FOV
(Ragazzoni et al., 2000; Rigaut et al., 2000; Ellerbroek and Cochran, 2002; Diolaiti et al.,
2001).
Different types of MCAO systems are available, in particular Star Oriented or Tomo-

graphic MCAO (Foy and Labeyrie, 1985; Ragazzoni et al., 1999) and Layer Oriented
MCAO (Ragazzoni et al., 2000). For classical "star oriented MCAO", the wavefront
signals from several guide stars (laser or natural) are measured on separate detec-
tors, and combined afterwards during the computation of the contribution to the
turbulence originated from the different layers. The advantages of this concept is
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Figure 2.7: Schematic view of an LTAO. Credits: ESO/Marchetti.

that established WFS techniques can be used, and with the help of sophisticated
wavefront reconstruction algorithms, an optimal performance in the direction of the
science object can be achieved (Fusco et al., 1999). In the "layer oriented MCAO",
each layer is separately measured by optically combining the guide star signals for
that layer onto a single detector. Each detector is then corrected independently. In
this way, also fainter NGSs can be used but this causes a not-uniform correction over
the FOV, rather biased towards the brighter sources. A schematic view of the two
approaches is shown in Figure 2.9.
The first MCAO system used for scientific observations was the MCAO Demon-

strator (MAD), an MCAO prototype realized at the European Southern Observatory
(ESO) and temporarily installed in 2007 at the ESO/VLT (Very Large Telescope) at
Cerro Paranal (Chile - Marchetti et al., 2007, 2008). MAD used three NGSs and two
DMs optically conjugated at the ground layer and at an altitude of 8.5 km in the
atmosphere. This system was able to deliver a NIR resolution down to 0.1" across a
120" FOV. MAD tested the two different ways (Star Oriented and Layer Oriented) to
achieve the wide-field AO correction, in order to understand which one was the best
to reconstruct the corrugated wavefront of the scientific target.
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Figure 2.8: The principle of MCAO. Several WFS’ and DM’s are combined
in order to "optimize" the adaptive correction in a larger FOV. Credits:
ESO/Marchetti.

Despite the limited sky coverage, numerous interesting results have been published
in many fields (Liuzzo et al., 2016; Ortolani et al., 2011; Calamida et al., 2009; Moretti
et al., 2009; Gullieuszik et al., 2008; Mignani et al., 2008; Momany et al., 2008). One
that demonstrates the potential of MCAO is the discovery of two stellar populations
in the star cluster Terzan 5 (Ferraro et al., 2009b, as already mentioned in the previ-
ous chapter). The main limitation of MAD is that the quality and uniformity of the
corrections depend on the brightness and locations of the NGSs. Better performances
can be achieved by using LGSs.
The first laser MCAO system is GeMS. It was commissioned in 2011 on the 8 m
Gemini South Telescope in Chile (Neichel and Rigaut, 2011) and since 2013 it operates
in a star oriented mode using five LGSs and typically 3 tip-tilt stars (Rigaut et al.,
2014; Neichel et al., 2014a).
The real advantage of MCAO systems is that they could achieve accurate and reliable
corrections over quite large FOVs with respect to previous AO systems. Moreover,
with GeMS the sky coverage becomes much higher than for SCAO, but it can be
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Figure 2.9: The Star Oriented mode (left) and the Layer Oriented mode
(right) of an MCAO. Credits: ESO/Marchetti.

improved still further by making use of "image sharpening" at NIR wavelengths
for the tip-tilt stars. The design of the Keck Next Generation AO system includes
DMs specifically to correct the wavefront from the tip-tilt stars (Wizinowich et al.,
2010). In the future, with the MCAO module MAORY at the ELT, tip-tilt stars can be
selected within a wide region beyond the science field where there is still a substantial
correction, leading a sky coverage exceeding 50 per cent at the Galactic Pole (Diolaiti
et al., 2010; Herriot et al., 2010).
Waiting for the significant improvements introduced by third-generation telescopes
as ELT, we focus now on GeMS which is the best MCAO system available today for
the astronomical community, both in terms of scientific and technical performance.

2.6 GeMS at Gemini South Telescope

The MCAO module GeMS at the Gemini South Telescope, shown in Figure 2.11, is
mostly characterized by two main subsystems (Neichel et al., 2014a):

1. the Laser Guide Star Facility (LGSF) that includes a 50 W laser (D’Orgeville
et al., 2002; d’Orgeville et al., 2003; Hankla et al., 2006) and an optical system
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Figure 2.10: The deepest K-band image ever obtained for Terzan 5, with
MAD at the ESO/VLT. It demonstrates how uniform and sharp can be
the images realized with MCAO systems. Credits: ESO/Ferraro.

called Beam Transfer Optics (BTO - d’Orgeville et al., 2008) that relays the laser
light, and controls the LGSs;

2. the MCAO bench, called Canopus.

In particular, the 50 W laser is split in 5× 10 W beams to produce the 5 LGSs projected
on the sky at the corners and centre of a 60 arcsec2 square (see Figure 2.12).
GeMS operates in a star oriented mode so that each LGS is optically conjugated to

a single WFS. The information about the wavefront distortion of the guide stars are
combined afterwards and corrected by a tip-tilt mirror and two DMs conjugated to
the ground layer and at an altitude of 9 km in the atmosphere. In order to compensate
for the tip-tilt anisoplanatism, GeMS uses three NGSs which can be anywhere in a
120 arcsec diameter acquisition FOV and within a 1’ radius from the image center.
Hence, the science target can be as distant as 60” from the NGS, and because of the
MCAO correction, the performance will be essentially as good as if the target would
have been closer to the NGS (Neichel et al., 2014a). This is a great improvement with
respect to AO systems based on a single reference star.
An important issue related to NGSs is the discrepancy between their brightness
and the limiting magnitude imposed by the instruments themselves. In fact, due to
alignment issues and design flaws, the current limiting magnitude achievable with
GeMS is mR < 15.5 and it sets the sky coverage of the system, which is quite good
with respect to previous AO systems. In particular, with GeMS the probability of
finding three NGSs or more is 30 per cent, while the probability to have no NGS at all
is 35 per cent. Pushing the limiting magnitude to mR = 18.5 (which should be the case
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Figure 2.11: A schematic view of the MCAO system GeMS mounted at
the Gemini South Telescope.

Figure 2.12: An example of LGS spots constellations for GeMS at Gemini.

after the WFS upgrade), the probability can increase to 72 per cent for three NGS, and
for no NGS at all it can decrease to only 8 per cent.
The first mode of operation offered to the scientific community was to combine GeMS
with the GSAOI. GSAOI is an high resolution NIR (0.9 - 2.4 µm) imager designed
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to work at the diffraction limit of the 8 m telescope (McGregor et al., 2004). It uses
four Hawaii-2RG 2k × 2k arrays, forming a 4k × 4k detector covering approximately
85”× 85” at 0.02 arcsec per pixel.
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CHAPTER 3
GeMS/GSAOI photometric and astrometric
performance in dense stellar fields

Based on the results published in:
Dalessandro E., Saracino S., Origlia L., Marchetti E., Ferraro F. R.,
Lanzoni B., Geisler D., Cohen R. E., Mauro F., Villanova S.
2016, The Astrophysical Journal, 833, 111

Abstract

Ground-based imagers at 8 m class telescopes assisted by MCAO are primary facilities
to obtain accurate photometry and proper motions in dense stellar fields. We observed
the central region of the GCs Liller 1 and NGC 6624 with the MCAO system GeMS
feeding the GSAOI imager currently available at the Gemini South telescope, under
different observing conditions. We characterized the stellar PSF in terms of Full Width
at Half Maximum (FWHM), Strehl Ratio (SR) and Encircled Energy (EE), over the
FOV. We found that, for sub-arcsec seeing at the observed airmass, diffraction limit
PSF FWHM (≈ 80 mas), SR ∼ 40% and EE ≥ 50% with a dispersion around 10% over
the 85” × 85” FOV, can be obtained in the Ks band. In the J band the best images
provide FWHMs between 60 and 80 mas, SR > 10% and EE > 40%. For seeing at
the observed airmass exceeding 1”, the performance worsen but it is still possible to
perform PSF fitting photometry with 25% EE in J and 40% in Ks. We also computed
the geometric distortions of GeMS/GSAOI and we obtained corrected images with
an astrometric accuracy of ∼1 mas in a stellar field with high crowding.

3.1 Introduction

Since 2013 the MCAO system GeMS together with the GSAOI imager at the Gemini
South telescope (Rigaut et al., 2012, 2014; Neichel et al., 2014b,a) is regularly offered
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to the Community for observations. This is the only MCAO facility currently at work
in the world. GeMS is the first sodium based multi-laser MCAO system. It uses five
lasers and three tip-tilt stars to provide an efficient correction over a ∼ 1.5′ × 1.5′ FOV.
GSAOI is a NIR imager equipped with four 2k× 2k detectors with 20 mas pixel size,
covering 85′′ × 85′′, designed to work at the diffraction limit of an 8 m telescope.

The proper characterization of the image quality delivered by the GeMS/ GSAOI
system and of the parameters that mostly contribute to set its overall efficiency is
extremely important to decide the best observational strategy and to maximize the
scientific output. It also provides useful information for the future generation of
MCAO systems at the 20-40 m class giant telescopes currently underway.

Different parameters can be used for a general description of the performance
of an instrument. In addition to the FWHM, which provides information about the
delivered spatial resolution, a useful quantity widely used is the SR. The SR is defined
as the ratio between the intensity at the peak of the observed seeing disc and the
intensity of the theoretical Airy disk1, as shown in Figure 3.1. SR provides crucial
information about the efficiency of the AO corrections. As a complementary quantity
to the SR, astronomers use the so-called EE distribution, which is defined as the
fraction of the total integrated flux in an image within a given radius.

Figure 3.1: The seeing disc of a star superposed on the theoretical diffrac-
tion pattern. The SR is the ratio of the peak intensities of the two profiles.

Various authors have put significant effort on this task. In particular Neichel
et al. (2014a; see also Rigaut et al. 2012, 2014 and Vidal et al. 2013) have analyzed
the average performance of GeMS in terms of SR and FWHM variations for a large
sample of images acquired during the Science Verification. They find that, with a
median seeing of 0.73”, the average FWHM delivered by the system for the 50% of

1The Airy disk is a description of the best focused spot of light that a perfect lens with a circular
aperture can make, limited by the diffraction of light. It is the bright central spot and its size sets the
diffraction-limited resolution of a telescope
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the images is 0.087”, 0.075” and 0.095” in the J, H and Ks bands respectively. For
reference, the diffraction limited FWHM are e.g. 0.037′′, 0.049′′ and 0.068” at 1.2, 1.6
and 2.2 µm, respectively. They also find that the average FWHM variation over a
field of one square arcmin is ∼ 5% (relative r.m.s.) with the maximum variation being
∼ 15%. For the same images the average SR is 5% in J and 17% in Ks. More generally,
the SR and FWHM can vary by a factor of 2-3 (also depending on the considered
filter) for seeing variation in the range 0.5” - 1.5”.

In addition to the natural seeing, there are other physical parameters that can
affect the performance of the GeMS/GSAOI and AO systems in general. Among
them, a non-negligible role is played by the NGSs brightness and asterism, the LGS
photon return, turbulence speed and profile. In particular, Vidal et al. (2013) and
Neichel et al. (2014b) have shown that the seasonal change of the LGS photon return
can affect the delivered average FHWM and SR values by up to a factor of 2-3. On
the same line, Vidal et al. (2013) illustrate a case where for the same targets, same
photon return and natural seeing, the SR drops by a factor of two, most likely due to
variations of the atmospheric turbulence profile (C2

n).
These works clearly demonstrate the importance and complexity of disentangling

the impact of different factors on the final performance of the AO system. By following
on these first characterizations, we present here a complementary analysis with the
aim of looking at the GeMS/GSAOI performance from an observer/user perspective
and providing additional information to be eventually used for Phase I and Phase
II preparation. To this aim, we use a sample of images acquired within a scientific
proposal devoted to the study of the properties and stellar content of a sample of
Galactic bulge GCs. First results from this project have been recently published by
Saracino et al. (2015, 2016). They will be presented in detail in Chapter 4 and Chapter
5 of this Thesis.

In addition to the FWHM and SR average values that have been analyzed also
in the literature, we examine the behavior of the EE as a function of natural seeing.
This quantity is a very intuitive parameter characterizing the properties of the PSF
and it can be directly compared to diffraction-limited space telescopes as well as
ground-based instruments not supported by AO facilities. We also add a systematic
analysis about how natural seeing impacts the uniformity of the PSF. For the first time
we tentatively account for the role played by the airmass and NGS brightness and we
present the first analytic solution for the geometric distortions of the GeMS/GSAOI
system.

The chapter is structured as follows: in Section 3.2 we describe the dataset and
data analysis; in Section 3.3 we provide a characterization of the GeMS/ GSAOI
performance by using the PSF FWHM, SR and EE as figures of merit and a comparison
with Hubble Space Telescope (HST) images; in Section 3.4 we analyze the geometric
distortions and in Section 3.5 we draw our conclusions.
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3.2 Dataset and observing conditions

By using GeMS/GSAOI we observed the central regions of two Galactic bulge GCs
Liller 1 and NGC 6624, between April 2013 and May 2013 (Program ID: GS-2013A-
Q-23; PI: D. Geisler). Two different sets of J and Ks images for Liller 1 and one set
for NGC 6624 (see Table 3.1) have been acquired using an exposure time of 30 sec for
each individual acquisition.

Table 3.1: Dataset properties.

Cluster Date # J-exp # Ks-exp <s(500nm)> <airmass>
Liller 1 20 April 2013 3 10 1.07 1.03
Liller 1 22 May 2013 0 5 1.05 1.44
Liller 1 24 May 2013 9 0 0.75 1.018
NGC 6624 24 May 2013 13 14 0.66 1.02

Note: Average seeing values at zenith s(500nm) are in arcsec.

Each image has been sky-subtracted and flat-field corrected by using suitable
master sky and dome flat frames in the J and Ks filters. We recall that each image
is actually the mosaic of four chips that have been reduced and calibrated indepen-
dently.

The atmospheric seeing at the zenith and at a given wavelength λ can be com-
puted using the formula: s(λ) = λ/R0(λ). We used the r0 Fried parameter at
λ = 500nm and at the zenith reported in each image header to obtain s(500nm) =

10.31/r0(500nm), where r0 is in units of cm and the seeing in units of arcsec.
However, it is eventually useful to compute the seeing at the sky position of the

target (i.e. at the observing airmass). We thus used the following formula s(λ, z) =
λ/(r0(λ)× sec(z)−3/5) to obtain s(500nm, z) = 10.31/(r0(500nm)× sec(z)−3/5). See-
ing can be computed at other reference wavelengths by using the scaling relation
s(λ)/s(500nm) = (λ/500)−0.2. Hereafter, we always refer to seeing at 500 nm.

It turns out that our images have been acquired under significantly different at-
mospheric conditions, with seeing s(500nm) varying from ∼ 0.5′′ to ∼ 1.5′′. In
particular, the data of NGC 6624 have been obtained with an average value of
s(500nm) ∼ 0.65′′, while those for Liller 1 have been obtained under worse con-
ditions with s(500nm) ∼ 1.00′′.

Three reference guide stars in each cluster (see Table 3.2) for the tip-tilt correction
have been selected. The guide stars of NGC 6624 are likely luminous and cool cluster
member giants near the tip of the RGB with fmag ∼ R = 13-14. The guide stars in
Liller 1 are likely blue, foreground stars, with significantly fainter J, H, Ks magnitudes
and similar fmag ∼ R band magnitudes compared to those of NGC 6624, with the
exception of NGS 1, which is a couple of magnitudes fainter. Since the R band is the
spectral range where the wavefront is mostly sensed, this may have some relevance
in the final performance (see Section 3.3.1).
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Table 3.2: Selected tip-tilt guide stars.

Star Ks H J I V R f mag

Liller 1
NGS 1
(2MASS J17332197-3323043) 12.799 12.715 12.958 – – – 15.338
NGS 2
(2MASS J17332484-3322502) 11.127 11.185 11.418 – – – 13.947
NGS 3
(2MASS J17332609-3323129) 11.297 11.074 11.735 – – – 13.577

NGC 6624
NGS 1
(2MASS J18233752-3022018) 8.472 8.723 9.730 11.3850 13.4520 13.094 13.793
NGS 2
(2MASS J18234108-3022221) 8.987 9.202 10.100 11.6230 12.9890 13.219 13.662
NGS 3
(2MASS J18234052-3021392) 8.827 9.274 9.899 12.8800 14.1040 13.776 10.889

Note: Identification name J, H and Ks magnitudes from 2MASS; V, I from Sarajedini
et al. (2007); R estimated from isochrones and f mag (in the 579-642 nm spectral range)
from the UCAC3 catalog.

To quantify how the LGS photon return changed during the observing nights, we
use the LGS wavefront sensor photon counts reported in the header of each image.
First, it is important to stress here that all the images analyzed in this chapter have
been acquired mostly over two nights separated by a relatively short time interval
(see Table 3.1), while the LGS photon return is expected to vary mostly seasonally
(Vidal et al. 2013; Neichel et al. 2014b). Also, about half of the images of Liller 1 were
obtained in the same night as those of NGC 6624 (May 24th, 2013). As expected,
we find a negligible variation of the average photon counts of the LGS during the
observing nights.

3.3 Overall performance

We used the IDL-based Multi-Strehl Meter software written by E. Marchetti (Marchetti
et al., 2006) to analyze the PSF of the science images and measure their FWHM, SR
and EE with variable observing conditions, in order to characterize the performance
of the AO system over a range of conditions.

The first step of the analysis is the identification of the candidate star peaks. The
software requires as input parameters a first-guess FWHM, the detection threshold
and the size of the sub-image to search for the star peaks and to compute the local
(residual) background. The first-guess FWHM has been determined by computing
the average FWHM of a number of reference stars manually selected on each image.
A detection threshold of 1000 ADU and a sub-image size of 60 pixels have been used.
Moreover, the software requires a few additional input parameters, among them the
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reference wavelength (1.25 µm and 2.15 µm for the J and Ks filters, respectively), the
pixel size (20 mas), the telescope aperture (8.1 m) and the obstruction factor of the
primary mirror (12.35%).

The obtained list of candidate stellar peaks for each image, suitably filtered by
spurious detections, has been then cross-correlated with the photometric catalogs
containing calibrated magnitudes and astrometric positions published by Saracino
et al. (2015, 2016) for Liller 1 and NGC 6624 respectively, in order to deliver the final
list of stars to be analyzed. Typically about 200 stars homogeneously distributed in
the FOV in each image have been selected and their FWHM, SR and EE have been
measured. The EE has been computed within a circular aperture of two times the
measured FWHM, i.e. the typical aperture adopted in the photometric analysis2.

We then computed average and corresponding dispersion values of the FWHM,
SR and EE in each observed image and we analyzed their trend as a function of the
seeing at the zenith (s(500nm), see Figures 3.2 and 3.4) and at the observing airmass
(s(500nm, z), see Figures 3.3 and 3.5).

3.3.1 PSF average properties

As shown in the left panels of Figure 3.2, in the Ks band average FWHMs very close
to the diffraction limit of 70 mas, SR of ∼ 40% and EE of 55% have been measured in
the NGC 6624 images with sub-arcsec seeing and airmass close to one. In the Liller 1
images with seeing between 0.9” and 1.5”, the average FWHM, SR and EE show a
clear trend with the seeing but also quite a large scatter at a given seeing. For seeing
at the observing airmass increasing from 0.9′′ to 1.5′′, FWHM increases from 85 to 140
mas, while SR drops from 30% to 12% and EE from 50% to 40%. The general observed
trend, as well as the total range of values derived for NGC 6624 and Liller 1 in terms of
both FWHM and SR, is consistent with what found by Vidal et al. (2013) and Neichel
et al. (2014b) for Ks images. It is interesting to note that the largest average FWHM
and the lowest SR and EE for a given seeing are measured in those images acquired
at the largest airmass corresponding to ∼ 1.4. Hence, as shown in the left panels of
Figure 3.3, when the FWHM, SR and EE are plotted against the seeing at the observing
airmass, the scatter is reduced. These measurements and comparisons indicate that
also the airmass has an impact on the delivered performance, and in this respect, it
is worth noting that different observing airmasses could indeed explain some of the
scatter observed in Figure 6 by Neichel et al. (2014b), where their measured FWHMs
and SRs are plotted against seeing at the zenith.

Most of the J band images have been acquired at airmass close to one, hence their
seeing at the observing airmass is very similar to the seeing at the zenith. As shown
in the right panels of Figures 3.2 and 3.3 the average FWHMs always exceed the
diffraction limit of 40 mas, even with good seeing conditions of 0.6” and increases
almost linearly with increasing the seeing. The corresponding average SR and EE

2The Multi-Strehl Meter software actually yields the ensquared energy within 2 times the FWHM.
We then rescaled such a quantity to a circular aperture having the corresponding diameter.
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Figure 3.2: Average FWHM, SR and EE values with varying the seeing at
500 nm at the zenith. Left panels: measurements in the Ks band, right
panels: measurements in the J band. Triangles refer to measurements of
stars in NGC 6624, circles and squares refer to measurements of stars in
Liller 1 observed in two different nights, respectively (see Table 3.1).

values decrease with increasing seeing. For seeing increasing from 0.6′′ to 1.2′′,
FWHM increases from 70 mas to 120 mas, while SR drops from 15% to a few percent
and EE from 40% to 25%. Our FWHM and SR values indicate somewhat better
performance of GeMS/GSAOI in the J band with respect to the findings by Vidal et al.
(2013) and Neichel et al. (2014b), likely because of the uniform and good atmospheric
conditions during our observations.

A subsample of images in the J band of Liller 1 and NGC 6624 have been acquired
with the same seeing, between 0.6′′ and 0.9′′ and can be used to check the impact of
the different asterisms of the two clusters, and in particular the fact that one guide star
in Liller 1 has a significantly fainter R band magnitude (see Table 3.2). On average,
the Liller 1 images show a ∼ 10− 15% larger FWHM and smaller SR values, that



48 GeMS/GSAOI performance in dense stellar fields

Figure 3.3: Same as in Figure 3.2, but for seeing at 500nm at the observing
airmass.

could be indeed a consequence of the significantly fainter guide star.
Finally, we note that both in the Ks and J bands, the average EE values show a

smoother variation with the seeing when compared to the variation of the FWHM
and SR parameters. This is somewhat expected, given that the EE is computed within
a variable aperture, proportional to the variable FWHM, and it indicates that the
seeing primarily impacts the spatial resolution (i.e. the FWHM and the SR) and to a
lower extent the photometric signal (i.e. the EE), when computed via variable PSF
fitting.

3.3.2 PSF uniformity

The average values of the FWHM, SR and EE provide a measurement of the system
efficiency, while their dispersion and spatial variation provides an estimate of the



3.3 Overall performance 49

Figure 3.4: Dispersion around the average FWHM, SR and EE values with
varying the seeing at 500 nm at the zenith. Left panels: measurements
in the Ks band, right panels: measurements in the J band. Triangles
refer to measurements of stars in NGC 6624, circles and squares refer
to measurements of stars in Liller 1 as observed in two different nights,
respectively (see Table 3.1).

uniformity of the PSF across the FOV. Modeling the PSF variations within the FOV is
one of the major issues in the photometric analysis of crowded stellar fields in general,
and especially when observed with ground-based AO-assisted imagers. Typical
values of FWHM and SR variations can be found in the literature, in the following
we quantify how their amplitudes vary as a function of the observing conditions.

As shown in Figures 3.4 and 3.5, the dispersion around the average FWHM
increases with increasing seeing in a similar fashion as the FWHM itself. This indicates
that bad seeing worsens both the spatial resolution and its uniformity over the FOV.
At variance, the dispersion around the average SR and EE decreases with increasing
the seeing. A more uniform SR and EE across the FOV with worsening seeing
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Figure 3.5: Same as in Figure 3.4, but for seeing at 500 nm at the observing
airmass.

conditions is somewhat expected. Indeed, at variance with the FWHM, the SR and
the EE are quantities somewhat normalized to the seeing contribution. Hence, when
the seeing worsens, its contribution progressively dominates over the diffraction limit
peak, and being practically constant across the FOV, provides a progressively more
uniform PSF.

In order to better visualize the spatial variations of the FWHM, SR and EE, in
Figures 3.6 and 3.7 we show the maps of their values for three Liller 1 images
acquired under different seeing conditions in the Ks and J bands, respectively. The
color coding is the same in both figures to allow a direct comparison. As expected,
better performance are obtained in better seeing conditions and closer to the guide
star asterism, where AO corrections are more efficient, thus yielding smaller values
of FWHM and higher values of the SR and EE. It is also interesting to note that the
measured counts of the five LGSs, as reported in the header of the used images,
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can vary up to a factor of two, thus possibly contributing to some of the observed
gradient.

FWHM STREHL RATIO ENCIRCLED ENERGY
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Seeing: 0.92” Seeing: 0.92”

Seeing: 1.12” Seeing: 1.12” Seeing: 1.12”

Seeing: 1.44” Seeing: 1.44” Seeing: 1.44”

Figure 3.6: FWHM (left panels), SR (middle panels) and EE (right panels)
maps for three Ks band images of Liller 1 acquired under different seeing
conditions. The triangle indicates the guide star asterism. The quoted
seeing values are at the zenith and at 500 nm. Color coding from magenta
(worst) to red (best) is a performance indicator.

3.3.3 GeMS/GSAOI versus HST/ACS performance

In verifying the potentiality of ground-based MCAO-assisted imagers to obtain
accurate photometry in dense stellar fields, it is very interesting to compare the
performance of the GeMS/GSAOI system with those of HST. However, to perform a
meaningful comparison, it is necessary to probe wavelength ranges where similar
diffraction limits are expected between the two telescopes. As the primary mirror of
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Figure 3.7: FWHM (left panels), SR (middle panels) and EE (right panels)
maps for three J band images of Liller 1 acquired under different seeing
conditions. The triangle indicates the guide star asterism. The quoted
seeing values are at the zenith and at 500 nm. Color coding from magenta
(worst) to red (best) is a performance indicator.

HST is about three times smaller (∼ 2.4m) than that of the Gemini South telescope,
the diffraction limit expected for Gemini J and Ks images (0.04′′ − 0.07′′), is obtained
at optical wavelengths with HST.

We used two short exposures (texp = 15 sec) of NGC 6624 taken with Advanced
Camera for Surveys/Wide Field Camera (ACS/WFC) onboard HST, in the F606W and
F814W bands (Prop: 10775; PI: Sarajedini). A sample of about 200 high signal-to-noise
and isolated stars have been selected to compute average FWHM, SR and EE and
their dispersions around the mean, by using the same analysis as for GeMS/GSAOI
images.
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We obtain average values of FWHM of 82 mas and 86 mas for the F606W and
F814W, respectively. While the average FWHM for the F814W is consistent with
the nominal diffraction limit of HST at these wavelength (∼ 85 mas), the FWHM
in the F606W is significantly larger (by ∼ 30%) than the nominal diffraction limit
(∼ 63 mas), but this is somewhat expected, since at these wavelengths the limiting
factor is the undersampling of the PSF. We find also that the overall variation of
the FWHM along the entire ACS FOV (∼ 200′′ × 200′′) is ∼ 8%. This value is
consistent with a ±10% variation estimated by using a significantly larger dataset
by Anderson et al. (2006). For the same stars we estimated SR ∼ 50% and ∼ 65%
for the F606W and F814W, respectively, and σSR < 10% for both filters. Moreover,
we find EE ∼ 55% and σEE ∼ 10% for both filters. These latter values are consistent
with those estimated by Sirianni et al. (2005; Table 3) within a comparable aperture
of 2×FWHM (corresponding to an equivalent circular radius between 50 and 100
mas) for white dwarf spectro-photometric standards located at the center of the two
ACS/WFC chips.

In Figure 3.8 we plot the dispersion around the average FWHM, SR and EE values
as a function of the corresponding average values for the GeMS/ GSAOI J and Ks

images, as well as for the ACS/HST F606W and F814W ones. For sub-arcsec seeing
conditions, GeMS / GSAOI delivers images with comparable or even better PSF
FWHMs than ACS and also similar uniformity over the FOV (at least in the Ks band).
At variance, both the SR and the EE are in most cases lower than the corresponding
values of ACS, while their variation over the FOV is comparable (around 10%). Only
in the best seeing conditions and in the Ks band, GeMS/GSAOI can reach EE values
comparable with those delivered by HST/ACS.

In Figure 3.9 we show the FWHM, SR and EE maps for three NGC 6624 images in the
Ks, J and F814W filters, respectively. The color coding is the same of Figures 3.6 and
3.7 for a direct comparison. As in the case of Liller 1, GeMS/GSAOI delivers better
performance (i.e. smaller FWHM and higher SR and EE) in the surrounding of the
guide star asterism. HST-ACS provides very uniform FWHMs over the entire FOV.
SR and EE improve smoothly with increasing the radial distance from the center, as
expected since crowding decreases. The stars in the very central region of the cluster
(white circular area in the bottom panels of Figure 3.9) were not used to sample the
PSF FWHM, SR and EE in the HST images, because measurements are quite uncertain
due to the prohibitive crowding. However, it was possible to measure them in the
GeMS/GSAOI near infrared images (the sampled FOV is indicated as a black square
in Figure 3.9), since in that case crowding by resolved stars is less severe than in
the HST images, due to a combination of a slightly higher spatial resolution and a
lower sensitivity to faint stars, which only contribute in the form of unresolved stellar
background.
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Figure 3.8: Dispersion around the average FWHM, SR and EE values as
a function of the corresponding average values for the GeMS/GSAOI
J (open circles) and Ks (filled circles) images, and the ACS/HST F606W
(hexagon) and F814W (pentagon) ones.

3.4 GeMS/GSAOI astrometric performance

High-precision astrometry is crucial for many science cases in modern astrophysics.
In the study of GC stellar populations, precise astrometry is required to measure
proper motions and obtaining precious information on the contamination by field
stars and on the internal kinematics (see for example Richer et al. 2013; Watkins
et al. 2015; Bellini et al. 2015). To measure stellar proper motions one needs to derive
position displacements between two (or more) epochs. However in virtually all
available instruments, star displacements are not only due to “real” star motions, but
they are also the result of instrumental effects (distortions) that alter artificially the
position of stars and that need to be modeled to obtain highly accurate astrometric



3.4 GeMS/GSAOI astrometric performance 55

FWHM STREHL RATIO ENCIRCLED ENERGY

[arcsec]

Seeing: 0.92”

[%] [%]

Seeing: 0.92” Seeing: 0.92”

Seeing: 1.12” Seeing: 1.12” Seeing: 1.12”

Seeing: 1.44” Seeing: 1.44” Seeing: 1.44”

Seeing: 0.72” Seeing: 0.72” Seeing: 0.72”

Seeing: 0.84” Seeing: 0.84” Seeing: 0.84”

Seeing: 1.12” Seeing: 1.12” Seeing: 1.12”

Ks - Seeing: 0.72” Ks - Seeing: 0.72” Ks - Seeing: 0.72”

J - Seeing: 0.60” J - Seeing: 0.60” J - Seeing: 0.60”

HST – F814W HST – F814W HST – F814W

GSAOI&FOVGSAOI&FOV GSAOI&FOV

Figure 3.9: FWHM (left panels), SR (middle panels) and EE (right panels)
maps for three NGC 6624 images in the Ks (top panels), J (middle panels)
and F814W (bottom panels) filters, respectively. The triangle indicates
the guide star asterism for the GSAOI ground-based images. The cen-
tral, white area in the HST maps was excluded due to the prohibitive
crowding, while the black square indicates the GeMS/GSAOI FOV.

solutions. In AO-assisted imagers, these distortions are not only of geometric nature,
but they can depend also on other factors (like for example anisoplanatism), although
in the following we will always refer to them as “geometric distortions” (GDs). A
successful approach to model GDs has been proposed for the first time by Anderson
and King (2003), who found a distortion solution for the HST Wide Field Planetary
Camera 2. In recent years, other similar works aimed at measuring the GD of the
ACS and the Wide Field Camera 3 (Bellini and Bedin, 2009; Bellini et al., 2011)
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onboard HST or of ground-based imagers such as LBT/LBC, ESO/WFI, VLT/HAWK-
I, VISTA/VIRCAM (Anderson et al., 2006; Yadav et al., 2008; Bellini et al., 2009; Bellini
and Bedin, 2010; Libralato et al., 2014, 2015), have been published.

An analysis of the internal astrometric performance of GeMS/GSAOI system has
been recently presented by Neichel et al. (2014a). They find that for single-epoch,
well populated undithered images, an internal astrometric error of ∼ 0.2 mas can be
achieved for well exposed images (texp > 1 min). On the contrary, for multi-epoch
observations, an additional systematic error of ∼ 0.4 mas should be considered.
According to the authors this is likely due to time-variable distortion induced by
gravity instrument flexure.

In this work, we attempt to obtain the first formal analytic solution to the GDs
of GeMS/GSAOI for the J and Ks filters and an analysis of the absolute astrometric
performance of the system. To this aim, we closely followed the approach described
in Anderson and King (2003) and Bellini and Bedin (2009). We used the single epoch
dithered (by ∼ 3′′) images (14 in Ks and 13 in J, see Table 3.1) available for NGC
6624. Indeed this is an ideal dataset for this goal for several reasons: i) during the
observing night, the atmospheric conditions were good and quite stable (average
seeing ≈ 0.65”, airmass close to one); ii) dithering allows to analyze both dynamic and
static distortions of the camera (Neichel et al., 2014a); iii) a distortion-free catalog of
the cluster stars to be used as reference is available.

3.4.1 A geometric distortion solution

The most straightforward way to solve for the GD for a given instrument is to compare
the instrumental positions of stars in that instrument with the corresponding ones
in a distortion-free reference catalog, so that information about distortions can be
directly derived from the stellar positional residuals. For NGC 6624 we used as
reference system the ACS catalog published by Sarajedini et al. (2007). In this catalog
the positions are corrected for GD effects using the solutions by Anderson and King
(2003) and Meurer et al. (2003). It covers a large enough FOV to entirely include
the GeMS/GSAOI dataset and it samples the entire magnitude range probed by the
GeMS / GSAOI images for NGC 6624.

We combined the ACS catalog with data obtained with the WFC3 UVIS channel
within the HST UV Legacy survey of globular clusters (Prop: 13297, PI: Piotto; see Piotto
et al. 2015 for a description of the dataset) and derived relative proper motions by
using the approach described in Massari et al. (2013) and Dalessandro et al. (2013).
Only stars in common between the ACS and the WFC3 catalogs and with proper
motions (dx, dy) < 0.1 mas/yr (corresponding to 0.002 pixel/yr) have been selected
to build the master catalog and derive the GD solution. Such a selection guarantees
that the stars in the master catalog are cluster members and are virtually stationary
within the proper motion uncertainties, which correspond to ∆v ∼ 3− 4 Km/s with
respect to the cluster systemic velocity at the distance of NGC 6624. It is important
to stress here that the adopted selection corresponds to the typical proper motion
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error for well measured stars obtained with similar datasets. Hence more restrictive
criteria have no significant impact on the “quality” of the master catalog, but their
main effect is on the sample size.

We then matched it with the GeMS/GSAOI catalog of NGC 6624 described in
Saracino et al. (2016) and found ∼ 7500 stars in common covering the magnitude
range 13 < Ks < 19. The average crowding in this FOV is ∼ 13 stars/arcsec2 at
Ks < 20.3 mag. The (V, V− I) and (Ks, J−Ks) color-magnitude diagrams of the master
catalog stars in common with the GeMS/GSAOI catalog of NGC 6624 presented in
Saracino et al. (2016) are plotted in Figure 3.10.

Figure 3.10: V, V − I (left panel) and Ks, J − Ks (right panel) CMDs of
the stars in common between the master catalog and the GeMS/GSAOI
catalog of NGC 6624 by Saracino et al. (2016).

GDs have been computed for each chip, independently, taking as reference center
in each chip the position (x0, y0)k = (1024, 1024) in raw pixel coordinates, where the



58 GeMS/GSAOI performance in dense stellar fields

index k = 1, 2, 3, 4 indicates the considered chip. In fact, obtaining a separate solution
for each chip, rather than one that uses a common center of the distortion in the FOV,
allows a better handle of potential individual detector effects.

The main steps of the procedure can be summarized as follows (see also Bellini
and Bedin, 2009, for more details).

• We conformally transformed3 each i – star coordinates in the master catalog
(Xmaster

i , Ymaster
i ) into pixel coordinates of each dithered GeMS/GSAOI j–image.

We then cross-correlated these nominal positions with those actually measured
in each GeMS/GSAOI j–image, thus generating pairs of positional residuals:

∆xi,j,k = xi,j,k − (Xmaster
i )Tj,k

∆yi,j,k = yi,j,k − (Ymaster
i )Tj,k

(3.1)

The set of positional residuals (∆xi,j,k, ∆yi,j,k) of the stars in the raw images as a
function of the xi,j,k and yi,j,k coordinates, determines the amount of GD and its
spatial distribution in each chip.

• To create a GD map, we divided each chip (2048 × 2048 pixels) into grids of
(16 × 16) cells of (128 × 128) pixels each, in order to have sufficient statistics
but also spatial resolution. In each cell we estimated the following parameters4:
xm,k, ym,k, ∆xm,k, ∆ym,k and Pm,k, where m = 1, 256 is the cell reference number
in our grid. xm,k and ym,k are the average positions of all the stars in each grid
cell, ∆xm,k and ∆ym,k the average positional residuals, while Pm,k indicates the
number of stars for each cell.

• We represented our GD solution with a third-order polynomial (we omitted i, j
and k indexes for simplicity):δx = a1 x̃ + a2ỹ + a3 x̃2 + a4 x̃ỹ + a5ỹ2 + a6 x̃3 + a7 x̃2ỹ + a8 x̃ỹ2 + a9ỹ3

δy = b1 x̃ + b2ỹ + b3 x̃2 + b4 x̃ỹ + b5ỹ2 + b6 x̃3 + b7 x̃2ỹ + b8 x̃ỹ2 + b9ỹ3
(3.2)

We verified that a larger number of degrees of freedom did not significantly
improve our solution. In this system, x̃ and ỹ indicate the positions of individual
stars relative to the central pixel (x0, y0)k = (1024, 1024) of each chip, and a0,k..a9,k

and b0,k..b9,k are the 18 coefficients that we need to determine.

To do this, we performed a linear least-square fit of the 256 data points in each
grid cell, which actually means solving a matrix system.

3A conformal transformation, also called Helmert transformation, allows to switch from one reference
system to another, through a change of scale, a rotation and two rigid shifts along x and y axes,
respectively.

4The average values of these quantities have been obtained by applying a 3σ-rejection.
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• After the first GD solution, we determined the distortion corrected positions
(xcorr

i,j,k , ycorr
i,j,k ) as the observed positions (xi,j,k, yi,j,k) plus the distortion corrections

(δxi,j,k, δyi,j,k):

ycorr
i,j,k = xi,j,k + δx(x̃i,j,k, ỹi,j,k)

ycorr
i,j,k = yi,j,k + δy(x̃i,j,k, ỹi,j,k)

(3.3)

• The procedure was iterated more than 30 times for chip by applying at each
iteration, only half of the correction in order to avoid convergence problems,
until the difference in the positional residuals (∆xi,j,k, ∆yi,j,k vs xi,j,k, yi,j,k) from
one iteration to the following one became negligible (in other words, when the
χ2

iterN ≈ χ2
iterN+1).

The coefficients aq,k and bq,k (q = 1...9) of the final GD solution for the four chips
are given in Table 3.3 for the Ks filter, and in Table 3.4 for the J one.

Table 3.3: Coefficients of the third-order polynomial for each chip, repre-
senting the final GD solution for the Ks filter.

Term(q) Polyn. aq,[1] bq,[1] aq,[2] bq,[2] aq,[3] bq,[3] aq,[4] bq,[4]

1 x̃ 7.2959 -8.1224 -8.2342 -8.0700 -8.6718 5.5598 7.7150 5.3724
2 ỹ -8.6592 -6.9948 -9.5140 7.0969 5.8746 7.4350 6.7219 -5.4231
3 x̃2 6.7348 0.0217 7.0562 0.0903 6.9963 0.0301 6.8232 0.1139
4 x̃ỹ 0.1646 -0.0045 0.1435 -0.0719 0.1301 -0.0197 0.2890 0.1021
5 ỹ2 6.6305 0.1600 6.7711 0.2774 6.7787 0.2803 6.7095 0.4254
6 x̃3 0.0688 0.0089 -0.0635 0.0066 -0.0855 0.0042 0.1567 0.0100
7 x̃2ỹ 0.0251 0.0770 0.0941 0.0112 -0.0543 -0.0347 0.0113 -0.0045
8 x̃ỹ2 -0.0922 -0.0215 0.0010 0.0774 -0.0600 0.0543 -0.0449 0.0378
9 ỹ3 0.0300 0.0824 -0.0325 -0.0003 0.0305 0.0243 -0.0151 0.0544

Figures 3.11 and 3.12 show the GD map and the residual trends of uncorrected
star positions for the four chips of the GSAOI camera, in the Ks and J filters, respec-
tively. In both cases, the size of the residual vectors is magnified by a factor of 10.
Residual vectors connect the uncorrected average positions within each grid cell to
the corrected ones. We also show the overall trend of the positional residuals (∆xi,j,k

vs xi,j,k; yi,j,k) and (∆yi,j,k vs xi,j,k; yi,j,k). These trends are quite similar/symmetric in
the four chips, with a maximum amplitude of ∼ 30 pixels both along the x and y axis.
In Figures 3.13 and 3.14 we show the final residuals of the star positions in Ks and J
filters, respectively, after applying our GD solution (residuals vectors are magnified
by a factor 5000). Our GD solution allowed to linearize the residual trends in each
chip and to reach an astrometric accuracy of about 0.07 pixels corresponding to ∼ 1.5
mas. In this respect it is worth recalling that, given the proper motion selection (0.1
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Table 3.4: Coefficients of the third-order polynomial for each chip, repre-
senting the final GD solution for the J filter.

Term(q) Polyn. aq,[1] bq,[1] aq,[2] bq,[2] aq,[3] bq,[3] aq,[4] bq,[4]

1 x̃ 7.3378 -8.0391 -8.2090 -8.1578 -8.5896 5.6014 7.3445 5.3859
2 ỹ -8.5374 -6.8857 -9.5506 7.1074 5.9348 7.4968 6.6005 -5.4962
3 x̃2 6.6703 0.0347 7.0411 0.0730 6.9823 0.0685 6.7324 -0.0230
4 x̃ỹ 0.1721 0.0946 0.1203 -0.1116 0.1075 -0.0342 0.3678 0.1387
5 ỹ2 6.6176 0.1077 6.7432 0.2616 6.7769 0.2681 6.6951 0.2807
6 x̃3 0.0220 -0.0157 -0.0464 0.0125 -0.1522 -0.0251 0.2020 -0.0321
7 x̃2ỹ -0.0288 0.0233 0.1379 0.0417 -0.1129 -0.0846 0.0102 -0.0558
8 x̃ỹ2 -0.2149 -0.2188 0.0099 0.1537 -0.1227 0.0069 -0.0205 0.0358
9 ỹ3 0.0112 0.0140 0.0088 -0.0184 0.0092 -0.0102 -0.0273 0.0575

mas/yr) adopted to build the master catalog and that the GeMS/GSAOI images have
been acquired about 7 yr after the first HST epoch, the total contribution to the final
GD error budget due to proper motions can be as large as ∼ 0.7 mas in this case.

As shown by Neichel et al. (2014a), the astrometric accuracy of ground-based
instruments in general, and assisted by AO-systems in particular (e.g. GeMS/GSAOI),
depends on a few major factors, namely: i) the PSF shape and variability in the FOV;
ii) the atmospheric conditions (i.e. the seeing at the observing airmass); iii) the
brightness of the three NGSs and their asterism; iv) the crowding of the observed
field; v) the exposure time.

Because of these important factors, our GD solution based on the observations
of NGC 6624 should be further tested on other stellar fields with different crowding
and acquired with different atmospheric conditions, asterisms and exposure times
and with available high resolution astrometric reference catalogs (likely from HST
imaging). While the general formal solution would likely be still valid at a first order
approximation, datasets obtained under different observing conditions may yield
different coefficients. Unfortunately, our observations of Liller 1 cannot be used for
such a test since for this very reddened cluster an astrometric reference catalog based
on high resolution data is not available.

However, we have verified that the GD residuals (after correction) obtained for
NGC 6624, are quantitatively compatible with those obtained for NGC 6681 (Massari
et al., 2016a) observed under different seeing conditions and NGS asterism. Our
results are also qualitatively consistent with those obtained by Ammons et al. (2016)
for the globular cluster NGC 1851, although a more quantitative comparison is not
possible because the authors do not provide enough details.

It is also important to stress that the analysis described in this Section has a general
relevance, since it provides the mathematical formalism to correct for GDs and it can
be thus effectively applied to any photometric dataset.
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3.5 Conclusions

The PSF tests performed on the GeMS/GSAOI J and Ks images of the central region
of two high-density globular clusters have provided very interesting results.

The ground-based MCAO-assisted imager GeMS/GSAOI instrument at Gemini
South observatory provides a unique and powerful facility to derive accurate stellar
photometry at nearly the diffraction limit spatial resolution, at least in the Ks band
where AO correction is more efficient. Uniform (at a level of ∼10%) PSF over 1′ −
2′ FOV with up to 50− 60% EE within 2 FWHM can be obtained in good seeing
conditions. These performance are comparable with those delivered by HST imagers
at optical wavelengths.

Following the same strategy adopted for other imagers onboard HST and for wide-
field ground-based cameras, we were also able to compute GDs for GeMS/GSAOI
and provide corrected images with an astrometric accuracy of ∼ 1.5 mas in a stellar
field with a crowding of ∼13 stars/arcsec2 at Ks ≤ 20.3 mag, thus demonstrating
that a ground-based MCAO-assisted imager at an 8m-class telescope can provide
accurate NIR photometry and absolute astrometry for proper motion studies in very
dense stellar fields, in some cases outperforming HST’s capability, due to the higher
spatial resolution. HST with its ACS and WFC3 imagers remains somewhat unique
in providing photometry of the faintest stars in less crowded regions.

Looking at the future facilities, complementarity can be foreseen also with JWST,
that will provide the deepest photometry in the NIR over a few arcmin FOV at about
the same spatial resolution of HST, and ground-based MCAO-assisted imagers at
20-40m class telescopes, which will provide significantly higher spatial resolution at
the same wavelengths of JWST but over a smaller FOV.
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Figure 3.11: Geometric distortion map of the four chips of GSAOI camera,
in the Ks filter. Residual vectors are magnified by a factor of 10. For each
chip, we also show individual residuals as function of x and y axes. Units
are in GSAOI pixels.
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Figure 3.12: As in Figure 3.11, but for the J band.
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Figure 3.13: Residual map of the four chips of GSAOI camera, in the Ks
filter, after the GD correction. Residual vectors are magnified by a factor
of 5000.
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Figure 3.14: As in Figure 3.13, but for the J band.
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CHAPTER 4
GEMINI/GeMS observations unveil the
structure of the heavily obscured globular
cluster Liller 1

Based on the results published in:
Saracino S., Dalessandro E., Ferraro F. R., Lanzoni B., Geisler D., Mauro F.,
Villanova S., Moni-Bidin C., Miocchi P., Massari D.
2015, The Astrophysical Journal, 806, 152S

Subject of a GEMINI-INAF Press Release, June 15 2015:
Seeing where stars collide

Abstract

By exploiting the exceptional high resolution capabilities of the NIR camera GSAOI
combined with the MCAO system GeMS at the Gemini South Telescope, we investi-
gated the structural and physical properties of the heavily obscured GC Liller 1 in the
Galactic bulge. We have obtained the deepest and most accurate CMD published so
far for this cluster, reaching Ks ∼ 19 (below the MS-TO level). We used these data
to re-determine the center of gravity of the system, finding that it is located about
2.2” south-east from the literature value. From the MS-TO luminosity we found
that the main population of Liller 1 is predominantly old (12 Gyr), although there
are some hints about the possible presence of a younger population. We also built
new star density and surface brightness profiles for the cluster, and re-derived its
main structural and physical parameters (scale radii, concentration parameter, central
mass density, total mass). We find that Liller 1 is significantly less concentrated
(concentration parameter c = 1.74) and less extended (tidal radius rt = 298” and
core radius rc = 5.39”) than previously thought. By using these newly determined
structural parameters we estimated the mass of Liller 1 Mtot = 2.3 −0.1

+0.3 × 106M�

http://www.gemini.edu/node/12379
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(Mtot = 1.5 −0.1
+0.2 × 106M� for a Kroupa IMF), which is comparable to that of the

most massive clusters in the Galaxy (ω Centauri and Terzan 5). Also Liller 1 has the
second highest collision rate (after Terzan 5) among all star clusters in the Galaxy,
thus confirming that it is an ideal environment for the formation of collisional objects
(such as MSPs).

4.1 Introduction

Liller 1 is one of the 7 GCs located within 1 kpc from the Galactic centre, at a Galac-
tocentric distance of only 0.8 kpc, and very close to the Galactic plane (l = 354.84,
b = −0.16; Harris 1996, 2010 edition, hereafter H96). This region of the Galaxy is
strongly affected by a large foreground extinction: the average color excess E(B−V)

estimated by different authors in the direction of the cluster ranges from about 3.00 to
3.09 (Frogel et al., 1995; Ortolani et al., 1996, 2001; Valenti et al., 2010) with significant
evidence of differential reddening (Ortolani et al., 2001). Such a large value of the
extinction has severely hampered the observations of Liller 1 in the optical bands.
Indeed very few papers about this cluster can be found in the literature: the only
available optical CMD of Liller 1 is the one published by Ortolani et al. (1996) by
using ESO-NTT data. More in general, the first CMD ever obtained for Liller 1 is
the (K,J-K) CMD published by Frogel et al. (1995). However in both cases data are
very shallow and the authors were able to sample only the brightest part of the RGB.
The deepest photometry of Liller 1 published so far, was obtained by Davidge (2000)
and Ortolani et al. (2001) using the Canada-France-Hawaii Telescope and the HST,
respectively. However, these samples are not deep enough to properly characterize
the MS-TO region of the cluster. A more recent photometric analysis of Liller 1 was
performed by Valenti et al. (2010) by using the large NIR wide FOV imager SOFI
mounted at the ESO-NTT. The obtained CMD samples the brightest portion of the
RGB reaching the cluster RC level (Ks ∼ 14).

Liller 1 is one of the most metal-rich GC in the Galactic bulge. In fact by using high
resolution IR spectroscopy (Origlia et al., 1997), both Origlia et al. (2002) and Stephens
and Frogel (2004) measured a metallicity of about one half solar ([Fe/H]= −0.3 dex).
A similar value ([Fe/H]= −0.36 dex) was also estimated by Valenti et al. (2010) from
a set of photometric indices (see Ferraro et al. 2000) characterizing the location and
the morphology of the RGB in the (Ks, J − Ks) CMD, and calibrated as a function of
the metallicity (Valenti et al., 2004a,b).

One of the most astonishing characteristics of Liller 1 is the extremely large value
of the collision rate parameter. Verbunt and Hut (1987) showed that Liller 1 has the
second highest value of stellar encounter rate (after Terzan 5; see also Lanzoni et al.
2010) among all star clusters in the Galaxy, thus suggesting that it represents an ideal
environment where exotic objects, generated by collisions, can form. In fact, it is
commonly believed that dynamical interactions in GCs facilitate the formation of
close binary systems and exotic objects like Cataclysmic Variables (CVs), Low Mass
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X-ray Binaries (LMXBs), MSPs and Blue Straggler Stars (BSSs) (Bailyn, 1992; Paresce
et al., 1992; Ferraro et al., 2001, 2009b, 2012; Ransom et al., 2005; Pooley and Hut, 2006,
e.g.). Moreover, Hui et al. (2010) found that clusters with large collisional parameters
and high metallicity (see also Bellazzini et al., 1995) usually host more MSPs. Indeed
Terzan 51 hosts the largest population of MSPs among all Galactic GCs (Ransom et al.,
2005). A strong γ-ray emission has been recently detected in the direction of Liller 1
by the Large Area Telescope (LAT) on board the Fermi Telescope (Tam et al., 2011).
This is the most intense emission detected so far from a Galactic GC, again suggesting
the presence of a large number of MSPs. However, no direct radio detection of these
objects has been obtained so far in this system (Ransom et al., 2005). The only exotic
object identified in the cluster is the rapid burster MXB 1730-335, an LMXB observed
to emit radio waves and type I and type II X-ray bursts (Hoffman et al., 1978). It
seems to be located in the central region of Liller 1, but no optical/IR counterpart of
this object has been found so far (Homer et al., 2001).

In this chapter we present the deepest NIR photometry of Liller 1 yet obtained
and new determinations of its main structural and physical parameters. In Section
4.2 we discuss the observations and data analysis. Section 4.3 presents the results
obtained, including new determinations of: the distance modulus and reddening
(Sect. 4.3.1), the center of gravity (Sect. 4.3.2), the star density profile, the structural
parameters and the surface brightness (SB) profile (Sect. 4.3.4), the total luminosity,
total mass and central mass density of the cluster (Sect. 4.3.5). The summary and
conclusions are presented in Section 4.4.

4.2 Observations and data analysis

The main photometric data used in the present study consist of a set of high resolution
images obtained with the IR camera Gemini South Adaptive Optics Imager (GSAOI)
assisted by the Gemini Multi-Conjugate Adaptive Optics System (GeMS) mounted at
the 8 m Gemini South Telescope (Chile), in April 2013 (Program ID: GS-2013-Q-23;
PI: D. Geisler). GSAOI is equipped with a 2× 2 mosaic of Rockwell HAWAII-2RG
2048× 2048 pixels arrays. It covers a global FOV of 85”× 85” on the sky, with a
resolution of 0.02”/pixel (Neichel et al., 2014b). We sampled the central region of
Liller 1 with a mosaic of multiple exposures acquired with a dithering pattern of a
few arcseconds. Seven and ten exposures have been acquired in the J and Ks bands,
respectively, with an exposure time texp = 30 s each. The entire data set was acquired
in an interval of time of ∼ 90 mins. A constellation of five LGSs combined with
three NGSs has been adopted to compensate the distortions due to the turbulence
of Earth’s atmosphere. We have verified that the FWHM is quite stable allover the
FOV with a maximum variation of about 10− 15%, in agreement with what found by
Neichel et al. (2014b). The average FWHM (i.e. estimated on the entire FOV) varies

1Note that this stellar system is suspected to not be a genuine GC, because it harbors at least three
stellar populations with different iron abundances (Ferraro et al., 2009a; Origlia et al., 2011, 2013; Massari
et al., 2014b).
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from 0.09” to 0.13” for the images acquired in the J band and from 0.08” to 0.12” for
the Ks ones. These values are only slightly larger than the diffraction limit of the
telescope. In Figure 4.1 we show a two-color image of Liller 1, obtained by combining
GEMINI J and Ks band observations.

Figure 4.1: False-color image of Liller 1 obtained by combining GEMINI
observations in the NIR J and Ks bands. North is up, east is on the right.
The FOV is 85”× 85”. The bluish stars are hot field objects.

As discussed in Section 4.3 below, in order to derive the radial star density and
SB profiles of Liller 1, we complemented this data set with a near-IR catalog from
the VVV survey (Minniti et al. 2010; Catelan et al. 2011) complemented with the
photometric survey (Cutri et al., 2003).

For the GEMINI data set, a standard pre-reduction procedure, using IRAF2 tools,
was applied to the raw images to correct for flat fields and bias, and to perform
the sky-subtraction. The photometric reduction was then carried out via PSF fitting
technique in each chip of each image independently, using DAOPHOT (Stetson, 1987),
a package developed to perform accurate photometry in crowded fields. The PSF has
been modeled by selecting about one hundred bright and isolated stars uniformly
distributed in each chip, and by using the DAOPHOT/PSF routine. We allowed the
PSF to vary within each chip following a cubic polynomial spatial variation. The
best-fit PSF analytic models obtained for the J and Ks images, selected on the basis

2IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the
Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the
National Science Foundation.
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of a χ2 test, are a Penny function (Penny, 1976) and a Moffat function with β = 1.5
(Moffat, 1969), respectively. The PSF models thus obtained were then applied to
all the star-like sources detected at a 3σ level from the local background by using
ALLSTAR. We have derived in this way the stellar instrumental magnitudes. Then,
starting from the star lists thus obtained and to fill the gaps among the GSAOI chips,
we created a master star list containing all the stars measured in at least one J and Ks

image.
As done in other works (see, e.g., Dalessandro et al. 2014, and reference therein),

the master-lists thus created have been used as input for ALLFRAME (Stetson, 1994).
The files obtained as output have been combined to have a complete catalog with
the J and Ks magnitudes and the positions of all detected stars. For every stellar
source, different magnitude estimates have been homogenized and their mean values
and standard deviations have been finally adopted as the star magnitudes and
photometric errors in the final catalog (see Ferraro et al. 1991, 1992).

The distribution of the photometric errors as a function of the J and Ks magnitudes
are shown in Figure 4.2. Errors vary from 0.01 - 0.02 for bright RGB stars, and they
reach values σrmK ∼ 0.1 and σrmJ ∼ 0.3. As expected, given the overall stability of the
PSF, we do not observe any significant radial trend.

Figure 4.2: Distribution of the photometric errors of the GEMINI data set
as a function of J and Ks magnitudes (upper and lower panel, respec-
tively).

The instrumental magnitudes have been converted into the 2MASS photometric
system by using the stars in common with the publicly available catalog obtained
with SOFI (Valenti et al., 2010). To minimize the effect of blending, photometric errors
and saturation, we used only stars at a distance larger than 30” from the cluster
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center and with 2.8 < (SOFI Ks - GeMS Ks) < 3.6 and 2.6 < (SOFI J - GeMS J) < 3.6,
respectively. The J and Ks calibration curves are shown in Figure 4.3. As can be seen,
we used an iterative sigma-clipping procedure to estimate the median of the (SOFI
Ks - GeMS Ks) and (SOFI J - GeMS J) distributions for the stars satisfying the criteria
listed above. The r.m.s of the best-fit relation is 0.1 and 0.08 in Ks and J, respectively.
The values thus obtained (Figure 4.3) have been applied to the instrumental GeMS
magnitudes. The same stars have been used also to put the instrumental positions
onto the absolute astrometric system.

Figure 4.3: Distributions of the (SOFI - GeMS) magnitudes as a function
of the SOFI color (J − Ks). Stars at a distance larger than 30” from the
cluster center and with 2.8 < (SOFI Ks - GeMS Ks) < 3.6 and 2.6 < (SOFI
J - GeMS J) < 3.6 respectively, are shown in figure. The solid lines instead
represent the median values obtained by applying an iterative σ-clipping
procedure. Finally we obtain (SOFI Ks - GeMS Ks) = 3.299 and (SOFI J -
GeMS J) = 3.146.

We retrieved VVV images obtained in the direction of Liller 1 from the Vista
Science Archive website3. The data set is composed of one exposure per filter and it
covers a total FOV of 33.5′ × 33.5′. Data were prereduced at the Cambridge Astro-
nomical Survey Unit (CASU)4 with the VIRCAM pipeline (Irwin et al., 2004). We then
performed PSF-fitting photometry by using the DAOPHOT based VVV-SkZ_pipeline
(Mauro et al., 2013) on the single 2048× 2048 pixels chip extracted from the stacked
VVV pawprints (Saito et al., 2012). A quadratically variable Moffat function with
β = 3.5 has been adopted. The VVV magnitudes and instrumental coordinates were

3 http://horus.roe.ac.uk/vsa/
4 http://casu.ast.cam.ac.uk/
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then reported to the 2MASS photometric and astrometric system (see details in Chené
et al., 2012; Moni Bidin et al., 2011; Mauro et al., 2013).

We estimated the differential reddening in the direction of Liller 1 by adopting a
procedure similar to that discussed in Massari et al. (2012), with the only difference
that here we used the RGB instead of the MS stars as reference sequence. In particular,
we divided the GSAOI FOV in a grid of 6× 6 cells, each 18"-wide. We considered
RGB stars approximately in the magnitude range 14.5 < Ks < 16.5: the upper and the
lower thresholds of the selection box have been set running parallel to the reddening
vector. Considering the RGB stars within each cell, we estimated the median color.
The cell with the bluest color (nominally corresponding to the lowest extinction
value) has been adopted as reference. The relative color shift δ[(J − Ks)]i of each
ith cell, is then defined as the shift needed to make the median color of the ith cell
match the reference cell color. Then, from the value of δ[(J − Ks)]i we derived the
corresponding δ[E(B− V)]i by adopting the extinction coefficients RJ = 0.87 and
RKs = 0.35 (Cardelli et al., 1989). Extinction variations as large as δ[E(B−V)] = 0.34
mag have been measured in the direction of the cluster.

Figure 4.4 shows the differential reddening corrected (Ks, J − Ks) CMD of Liller
1. This is the deepest and most accurate CMD ever obtained for this stellar system,
reaching Ks ∼ 19 and thus sampling the MS-TO region. Its well defined RC, clearly
visible at Ks ∼ 14.2, is a typical feature of a metal rich GC. Unfortunately, stars lying
along the brightest portion of the RGB (Ks < 12) are saturated in all the available
images.

As apparent from Figure 4.5, Liller 1 suffers from significant field contamination
mainly from the Galactic bulge and disk stars, which define a blue plume clearly
visible in the bluest portion of the CMD for (J − Ks) < 1.5.

In the following we focus on the derivation of the star density profile of Liller 1
and the estimate of its main structural and physical parameters.

4.3 Results

4.3.1 Distance and reddening of Liller 1

The most recent determinations of the distance and reddening of Liller 1 (Valenti
et al., 2010) have been obtained on the basis of a relatively shallow (Ks, J − Ks)-CMD,
reaching only the RC level. Since the GEMINI photometry presented here is signifi-
cantly deeper, we used our new data to re-determine both these quantities. Following
Valenti et al. (2007) [see also Dalessandro et al., 2008b], we used a differential method,
consisting in the comparison between the CMD and the luminosity function of Liller
1 with those of a reference cluster, NGC 6553, a bulge GC with similar metallicity
(Origlia et al., 2002; Meléndez et al., 2003; Alves-Brito et al., 2006; Valenti et al., 2007).
The data set used for NGC 6553 is from Valenti et al. (2007) [see also Ferraro et al.,
2000]. We found that, in order to align the RGB mean ridge line and the magnitude
level of the RC of the two clusters, a color shift δ(J − Ks) = 1.2 and a magnitude shift
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Figure 4.4: NIR differential reddening-corrected CMD of Liller 1 obtained
from the GEMINI observations discussed in the chapter. The main
evolutionary sequences of the cluster are well visible down to the MS-TO
point. On the blue side of the CMD, for (J − Ks) < 1.5, the blue plume
defined by the Galactic field MS is also distinguishable. The photometric
errors for each bin of Ks magnitudes are shown on the right side of the
panel.

δKs = 1.9 must be applied to the sequences of NGC 6553 (see Figure 4.6). Thus, by
adopting (m−M)0 = 13.46 and E(B−V) = 0.84 for NGC 6553 (Valenti et al., 2010),
we obtain (m− M)K = 15.65± 0.15 and E(B− V) = 3.14± 0.20 for Liller 1. The
relative uncertanties on (m−M)K and E(B−V) are obtained by taking into account
the photometric errors at the magnitude level of the RCs and RGB bumps of Liller 1
and NGC 6553, the errors due to the photometric calibration (Section 4.2) and the
histogram bin size.

It is important to note that the adopted reddening value has been obtained by
using the differential reddening-corrected CMD of Liller 1, hence it corresponds to
the least extincted region in the GEMINI FOV (see Section 4.2). By averaging the
values of E(B-V) of each cell considered in Section 4.2 weighted by the number of
reference stars sampled, we obtain a mean extinction of E(B−V) = 3.30± 0.20 in the
direction of Liller 1. This yields a true (unreddened) distance modulus of (m−M)0 =

14.55± 0.25, which corresponds to a distance of 8.1± 1.0 kpc, in agreement with
previous determinations (Harris, 1996; Valenti et al., 2010; Ortolani et al., 2007).
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Figure 4.5: NIR CMDs of Liller 1 as obtained from the VVV data. In the
left panel only stars external to the GEMINI FOV and located at distances
smaller than rt from Cgrav are shown. In the right panel only stars located
at rt < r < 500”.

Interestingly, Figure 4.6 also shows that the relative positions of the red clump
and of the RGB bump (Fusi Pecci et al., 1990; Ferraro et al., 1999a) are quite similar
in the two clusters. Hence, since the location in magnitude of the RGB bump is
quite sensitive to metal abundance, such a nice correspondence further supports the
evidence that Liller 1 and NGC 6553 share the same chemistry.

4.3.2 Center of gravity

Using the absolute positions of individual stars in the GEMINI sample, we deter-
mined the center of gravity (Cgrav) of Liller 1, by following the iterative procedure
described in Montegriffo et al. (1995) [see also Ferraro et al. 2003; Lanzoni et al. 2007],
averaging the right ascension (α) and declination (δ) values of properly selected
stars. As discussed in Ferraro et al. (2003) [see also Lugger et al. 1995; Miocchi et
al. 2013], the use of individual stars to measure the center of gravity and the star
density profile provides the most robust approach to derive cluster structural pa-
rameters, since the counting of individual stars is not affected by the presence of a
few bright objects (which can, instead, generate spurious luminosity clumping in the
measurements based on the observed SB). However star counts can be affected by
incompleteness. We estimated the effect of completeness by means of artificial stars
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Figure 4.6: Luminosity function of the RC and the brightest portion of
the RGB in Liller 1 (upper panel) and in the reference cluster NGC 6553
shifted by δK = 1.9 (lower panel). The two dashed vertical lines mark
the location of the RC and the RGB bump.

experiments. We followed the approach and prescriptions extensively described in
Dalessandro et al. (2011) [see also Bellazzini et al. 2012]. We obtained that only stars
with 12.5 < Ks < 15.5 have a completeness C ∼ 100% at any distance from the cluster
center. We used only these stars to study both the center of gravity and the density
profile (Section 4.3.4).

We estimated the gravity center by considering different sub-samples of stars:
we used stars lying within different distances (10”, 20” and 30”) from a first guess
center, and with three different cuts in magnitudes (Ks =15.5, 15.0 and 14.5). The final
value of Cgrav is the average of the different estimates. It turns out to be located at
αJ2000 = 17h33m24.56s, δJ2000 = −33◦23”22.4”, with an uncertainty of ±0.3” and ±0.2”
in α and δ, respectively. Our center is ' 2.2” south-east from that reported by H96
and estimated by using the SB distribution.

4.3.3 Age

Because of its huge extinction, Liller 1 has been systematically excluded from large
photometric studies aimed at determining the absolute age of Milky Way GCs. In this
respect, GEMINI offers a unique opportunity to infer its age.
To estimate the age of Liller 1 we adopted the isochrone fitting technique. It consists
in finding the best match between theoretical models and the observed CMD at
the SGB/MS-TO level, a region highly sensitive to age variations. In particular, we
adopted a set of α-enhanced isochrones from the BaSTI (A Bag of Stellar Tracks and
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Isochrones) models of Pietrinferni et al. (2004). Using the distance and reddening
values derived in Section 4.3.1 and a metallicity of [Fe/H] = -0.3 (Origlia et al., 2002;
Stephens and Frogel, 2004; Valenti et al., 2010), we obtained for Liller 1 an absolute
age of 12 Gyr, with an uncertainty of ± 1 Gyr. Figure 4.7 shows the best-fit isochrone
(in orange) superimposed to the reddening-corrected (Ks, J − Ks) CMD of the cluster.

Figure 4.7: Differential reddening-corrected (Ks, J − Ks) CMD of Liller 1
with the best-fit BaSTI isochrone of 12 Gyr superimposed (orange line).
Isochrones of 11 and 13 Gyrs are overplotted as red and yellow lines,
respectively. They represent the 1 Gyr uncertainty on the absolute age
estimate.

If the bulk of stars in Liller 1 is predominantly old, an interesting sequence comes
out at (J − Ks)∼ 0.75. This sequence extends up to Ks ∼ 15.5 and therefore it cannot
be populated only by blends. To investigate its nature we analyzed the cumulative
radial distribution of its stars (in red in Figure 4.8) and used the cluster RGB and disk
MS for comparison. The selected stars are shown as black and blue dots, respectively.

The cumulative radial distributions of Figure 4.9 demonstrate that the stars lying
in the intermediate sequence (red line) follow the same distribution of the cluster
RGB (shown as a black line). Moreover, by performing a Kolmogorov-Smirnov
(KS) test between the red distribution and the black one, we found that it is highly
probable (PKS = 0.998%) that they come from the same parent population. Field stars
(represented by the blue line in the Figure) instead show a different behavior.
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Figure 4.8: Three different components have been identified in the NIR
CMD of Liller 1: i) the RGB of the cluster (black box); ii) the MS of the
disk (blue box) and iii) the intermediate sequence (red box).

In order to definitively answer this question, Liller 1 will be observed soon with
ACS and WFC3 on board HST (Program ID: GO15231; PI: F.R. Ferraro). Additionally,
spectra for a dozen stars in the region will be acquired by using OSIRIS at Keck
(Program ID: U0730L; PI: M. Rich). If this intermediate sequence will turn out to be
part of the cluster then it should be younger than the main population. In this context
Liller 1 might look similar to Terzan 5, the GC-like stellar system which experienced
at least two bursts of star formation (Ferraro et al., 2009a, 2016), deeply described in
Chapter 1.

4.3.4 Star density profile and structural parameters

By adopting the derived value of Cgrav and the data sets described in Section 4.2, we
constructed the projected density profile of the cluster over its entire radial extension
(out to 900”). Following the procedure described in Ferraro et al. (1999b) [see also
Lanzoni et al. 2007; Dalessandro et al. 2008a], we divided the GEMINI and the VVV
samples in several concentric annuli centered on Cgrav, each one split into a variable
number of sub-sectors. The number of stars lying within each sub-sector was counted,
and the star density was obtained by dividing these values by the corresponding sub-
sector areas. The stellar density in each annulus was then computed as the average of
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Figure 4.9: Cumulative radial distributions of the stars selected in the
three boxes of Figure 4.8. The radial extension of the intermediate se-
quence (red line) seems to be compatible with the radial extension of the
cluster itself (black line).

the sub-sector densities and the standard deviation was adopted as the uncertainty.
In order to avoid incompleteness and saturation biases, different limiting magnitudes
have been adopted for the two data sets: 12.5 < Ks < 15.5 for the GEMINI sample
and 12 < Ks < 15.5 for the VVV data set. By guaranteeing an adequate radial overlap
(∆r = 30− 50”) among the two samples, the annuli in common between the adjacent
data sets have been used to join the two portions of the profile. At the end of the
procedure, the inner portion (r < 50”) is sampled by the high resolution GEMINI
data, while the outermost portion is obtained from the VVV data set.

The projected density profile thus obtained is shown in Figure 4.10 (empty circles).
The distance from the center associated with each point corresponds to the mid-value
of each adopted radial bin. The projected density at r > 100” is approximately
constant, consistent with being due to the Galactic field population alone. To estimate
the background and foreground Galaxy contamination we therefore used the 1σ-
clipped average of the five outermost points (dotted line in Figure 4.10). The field-
decontaminated star density profile of Liller 1 is marked by the solid circles in the
figure. The observed density distributions of GCs are traditionally described by
means of King models (King, 1966), even if deviations from this kind of profile have
been found in some cases (see, e.g., McLaughlin and van der Marel, 2005; Moni
Bidin et al., 2011; Miocchi et al., 2013, and references therein). To reproduce the
observed star density profile of Liller 1 and derive its structural parameters we used
an isotropic, single-mass King model (King, 1966), and we followed the procedure
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fully described in Miocchi et al. (2013). According to a χ2 test, the density profile of
Liller 1 can be excellently reproduced by a King model with core radius rc = 5.39”−0.53

+0.61,
concentration parameter c = 1.74−0.15

+0.15, half-mass radius rh = 30.5”−4.7
+7.9 and tidal (or

limiting) radius rt = 298”−63
+82.

Figure 4.10: Star density profile of Liller 1, obtained from resolved star
counts in the combined data set. Empty circles represent the observed
profile, while solid ones are obtained after subtraction of the Galactic
field density (marked with the dotted line). The best-fit single-mass
King model is shown as a solid line and the corresponding structural
parameters are labeled in the figure. The lower panel shows the residuals
between the observations and the fitted profile at each radial coordinate.

The structural parameters we obtained are significantly different from those
quoted by H96 based on the SB profiles in I and R bands (rc = 3.6”, c = 2.3 and
thus rt = 720”). In particular, the newly derived parameters show that Liller 1 is
significantly less concentrated and less extended than previously thought. A rea-
sonably good agreement is found with the rc values estimated from the analysis of
JHKs images by Cohen et al. (2007, rc = 5.2”± 0.5”)5 and by Malkan et al. (1980,
rc = 7”± 2”). A plausible explanation for the disagreement between the structural
parameters derived from optical and NIR observations could be a differential redden-
ing effect, that may produce a spurious distortion of the optical SB profile, as well as

5It is worth noticing, however, that the approach used in Cohen et al. (2007) to fit the SB profile is
quite different from ours, since the authors derived the central SB and the core radius of the cluster
after adopting rt and Cgrav from the online database of H96. Hence, the results obtained are not directly
comparable.
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Table 4.1: New parameters for Liller 1.

Parameter Derived Value
Center of gravity αJ2000 = 17h33m24.56s

δJ2000 = −33◦23′22.4′

Reddening E(B−V) = 3.30± 0.20
Distance Modulus (m−M)0 = 14.55 ± 0.15
Distance d = 8.1 ± 1.0 Kpc
Core radius rc = 5.39” −0.53

+0.61 = 0.21 pc
Effective radius re = 22.4” −3.3

+5.6 = 0.88 pc
Half-mass radius rh = 30.5” −4.7

+7.9 = 1.20 pc
Tidal radius rt = 298” −63

+82 = 11.74 pc
Concentration c = 1.74 −0.15

+0.15
Total luminosity Lbol = 6.9 −0.2

+0.9 × 105L�
Total mass Mtot = 2.3 −0.1

+0.3 × 106 M� (Salpeter IMF)
Mtot = 1.5 −0.1

+0.2 × 106 M� (Kroupa IMF)
Central mass density ρ0 ' 7.2 −1.0

+1.2 × 106 M� (Salpeter IMF)
ρ0 ' 4.8 −1.0

+1.2 × 106 M� (Kroupa IMF)
Central Ks-band SB µKs (0) = 10.29± 0.17 mag arcsec−2

Central J-band SB µJ(0) = 12.75± 0.17 mag arcsec−2

low S/N in the optical due to the heavy extinction.
We derived also the SB profiles of Liller 1 directly from the images. To this aim,

we used the wide-field images of the 2MASS data-set, since the VVV images heavily
suffer from saturation. We produced J and Ks SB profiles by following the procedure
described in Dalessandro et al. (2012) [see also Cohen et al. 2007] and by adopting
the same center, and a setup of annuli and sub-sectors similar to the one used to
obtain the density profile. Basically, for each annulus we summed the photon counts
sampled in each sub-sector and we assumed as final SB the average value of the
different sub-sectors. In order to reduce statistical fluctuations due to the presence of
a few bright giants randomly distributed in the FOV of the J and K 2MASS images, a
threshold of 8000 photon counts was adopted for each pixel. The counts have been
converted into instrumental magnitudes and then calibrated by using appropriate
zero-points. The contribution of the Galactic background was finally estimated for
r > 130”, obtaining µback

Ks
= 12.3 mag/arcsec2 and µback

J = 14.5 mag/arcsec2. The
SB profiles thus obtained are shown in Figure 4.11. These profiles are well fit by the
same King model derived from the projected density distribution, thus confirming
the accuracy of the structural parameters derived in the present work. The values of
the central SB measured in the J and Ks bands, µJ(0) and µK(0), are listed in Table
4.1, together with all the relevant parameters derived for the cluster.

4.3.5 Cluster physical parameters

Given the value of the effective radius estimated from the best-fit King model dis-
cussed in the previous Section (re = 22.4”−3.3

+5.6), we derived the integrated Ks luminos-
ity of the cluster within re. By using aperture photometry on the 2MASS images and
after subtracting the background contribution determined as described in Section
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Figure 4.11: SB profiles of Liller 1 in the Ks and J bands (top and bottom
panels, respectively), obtained from the 2MASS data set. Empty circles
represent the observed profile, while solid ones are obtained after back-
ground subtraction (marked with a dotted line). In both panels, the solid
line corresponds to the best-fit King model shown in Figure 4.10.

4.3.4, we obtained Ks(< re) = 4.30−0.19
+0.12. Hence, by definition of re (i.e., the projected

radius including half the total integrated light), the total integrated magnitude of the
cluster is Ks = 3.55−0.19

+0.12. This value is significantly brighter than previous estimates.
In fact Cohen et al. (2007) found Ks(< 50”) = 4.5, while our estimate over the same
cluster region is 0.6 mag brighter, Ks(< 50”) = 3.9. We emphasize, however, that our
estimate is a direct measure of the integrated Ks magnitude over the 2MASS image,
while that of Cohen et al. (2007) depends on the assumed cluster parameters (which
are different from those derived here, as discussed in Section 4.3.4).

By adopting a color excess E(B − V) = 3.30± 0.20, a distance modulus (m −
M)0 = 14.55± 0.25 (see Section 4.3.1), and a bolometric correction BCK = 2.3 appro-
priate for a population of intrinsic color (J − Ks)0 = 0.75 (Montegriffo et al., 1998),
we estimated a bolometric luminosity of about Lbol(< re) = 3.45−0.10

+0.45 × 105L�, cor-
responding to a total luminosity Lbol = 6.9−0.2

+0.9 × 105L�. From this value, the total
mass of Liller 1 can be estimated by assuming a mass-to-light ratio M/Lbol = 3.35
(Maraston and Thomas, 2000; Maraston et al., 2003) appropriate for a Salpeter Initial
Mass Function (IMF), thus obtaining Mtot = 2.3−0.1

+0.3 × 106M�. We also estimated the
mass of Liller 1 assuming M/Lbol = 2.19 as obtained by Maraston et al. (2003) for a
Kroupa IMF. We obtain in this case Mtot = 1.5−0.1

+0.2 × 106M�.
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Note that such a large value of the mass is similar to that extimated for ω Cen
(Merritt et al., 1997) and Terzan 5 (Ferraro et al., 2009a; Lanzoni et al., 2010), and
rankes Liller 1 in the high-mass tail of the distribution observed for GC-like stellar
systems in the Milky Way.

Same values of the total mass are obtained from the total integrated K-band
magnitude (see above) and adopting mass-to-light ratios M/LK = 1.56 and M/LK =

1.03 (Maraston and Thomas, 2000; Maraston et al., 2003) for a Salpeter and a Kroupa
IMF, respectively.

We also used the available data to get a new estimate of the central mass density
of the cluster. To do so, we followed the same procedure described for V-band data
in Djorgovski and Meylan (1993). However, in order to minimize the effects due to
the strong and differential reddening affecting the system, we re-derived eq. (5) of
Djorgovski and Meylan (1993) in the appropriate form for Ks-band photometry. By
adopting 3.28 as the Ks-band magnitude of the Sun, we obtain:

log I0,Ks = 0.4[24.852− µK(0)], (4.1)

where I0,Ks is the central projected luminosity density in units of L� pc−2. From eq.
(4) of Djorgovski and Meylan (1993) and the structural parameters quoted in Section
4.3.4, we then derived the central luminosity density of the system in the K-band. By
assuming M/LK = 1.56 appropriate for a Salpeter IMF, we finally converted it into
the central mass density, ρ0 ' 7.2−1.0

+1.2 × 106M� pc−3. Using instead a Kroupa IMF
which gives M/LK = 1.03, we obtain ρ0 ' 4.8−1.0

+1.2 × 106M� pc−3. These values are
between 5 and 7 times larger than those obtained from the V-band central luminosity
density quoted in H96, by assuming M/LV = 5.3 (Maraston and Thomas, 2000;
Maraston et al., 2003, from).

4.4 Summary and conclusions

By using GeMS+GSAOI at the Gemini South Telescope, we have obtained the deep-
est CMD of the Galactic GC Liller 1 published so far, properly sampling even the
innermost regions of the system (except for some saturated stars). This allowed us
to obtain new estimates of the cluster distance and reddening, which essentially
confirm previous determinations. Liller 1 is predominantly old, with an absolute
age of 12 ± 1.0 Gyr (in good agreement with what found for most of the bulge GCs),
although there are some hints about the possible presence of a younger population.
Significant differences with respect to the literature values, instead, have been found
for the cluster center and structural parameters: with respect to the values quoted
in the H96 catalog, Liller 1 turns out to be located ∼ 2.2” south-east, to be signifi-
cantly less concentrated (c = 1.74, instead of c = 2.3), to have a larger core radius
(rc = 5.39”, instead of rc = 3.6”), and thus to be less extended overall (rt = 298”,
instead of rt = 720”). Also its total mass Mtot = 2.3 × 106M� and central mass
density ρ0 = 7.2× 106M� pc−3 (Mtot = 1.5× 106M� and ρ0 = 4.8× 106M� pc−3 for
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a Kroupa IMF) appear to be a factor of a few larger that those derivable from the
V-band parameters listed in the H96 catalog.

From these new estimates, we also re-determined the collisional parameter of
the system, which can be expressed as Γ ∝ ρ1.5

0 × r2
c for virialized and King model

systems. We find that Γ is ∼ 20 - 40 times larger than the one obtained by using the
H96 parameters. It corresponds to about half the collisional parameter of Terzan 5
estimated in Lanzoni et al. (2010), and is much larger than the values derived for
other massive GCs for which the structural parameters have been re-determined con-
sistently with what is done here (NGC 6388, NGC 6266, 47 Tucanae; see Dalessandro
et al., 2008b; Beccari et al., 2006; Marchetti et al., 2006, respectively).

Hence, our analysis confirms the previous suggestion (Verbunt and Hut, 1987)
that the collisional parameter of Liller 1 is the second highest (after that of Terzan
5) among all Galactic GCs. In stellar systems with high values of Γ, large popula-
tions of “collisional” objects (like LMXBs, MSPs, BSS and CVs), whose formation is
promoted by single/binary encounters, should not be unusual (also depending on
the availability of the progenitors). In this respect, it is interesting to note that, while
Terzan 5 hosts the largest population of MSPs ever observed in a GC (Ransom et al.,
2005), no MSPs have been detected so far in Liller 1, the only exotic object being in
fact a LMXB (Homer et al., 2001)[see also the Introduction]. The lack of detection of
large populations of MSPs, LMXBs and CVs might be due to observational biases.
In fact Liller 1 is located in a region of the Galactic plane where diffuse emission is
very strong. In this respect, deeper MSP searches, perhaps with the Square Kilometer
Array, could help understanding the real MSP content of the system. On the other
hand, the strong γ-ray emission (the most intense among all Galactic GCs) detected
in the direction of the cluster (Tam et al., 2011) may suggest the possible presence
of numerous, but still hidden, MSPs. Another possibility, emerging from the results
presented in this work, is that the γ-ray emission is not associated with Liller 1. In
fact Tam et al. (2011) localized the position of the intense γ-ray source at ∼ 7.5′

from the cluster center. While this distance is smaller than the tidal radius quoted
in H96 (rt = 720” = 12′), it is larger than the cluster tidal radius obtained in this
work (rt ∼ 300” = 5′). Even by taking into account the γ-ray position error (∼ 2′

for the Fermi-LAT observations), the location of the γ-ray source is only marginally
compatible with the newly determined radial extension of Liller 1, thus opening the
possibility that such a strong emission is not coming from this stellar system.



85

CHAPTER 5
Ultra-deep GEMINI near-infrared observa-
tions of the bulge globular cluster NGC 6624

Based on the results published in:
Saracino S., Dalessandro E., Ferraro F. R., Geisler D., Mauro F., Lanzoni B., Origlia
L., Miocchi P., Cohen R. E., Villanova S., Moni-Bidin C.
2016, The Astrophysical Journal, 832, 48S

Subject of a GEMINI-INAF Press Release, October 12 2016:
Cluster’s Advanced Age in Razor-sharp Focus

Abstract

We used ultra-deep J and Ks images secured with the NIR GSAOI camera assisted by
the MCAO system GeMS at the GEMINI South Telescope in Chile, to obtain a (Ks,
J− Ks) CMD for the bulge GC NGC 6624. We obtained the deepest and most accurate
NIR CMD from the ground for this cluster, by reaching Ks ∼ 21.5, approximately 8
magnitudes below the horizontal branch (HB) level. The entire extension of the MS
is nicely sampled and at Ks ∼ 20 we detected the so-called MS “knee” in a purely
NIR CMD. By taking advantage of the exquisite quality of the data, we estimated
the absolute age of NGC 6624 (tage = 12.0 ± 0.5 Gyr), which turns out to be in good
agreement with previous studies in the literature. We also analyzed the luminosity
and mass functions of MS stars down to M∼ 0.45 M� finding evidence of a significant
increase of low-mass stars at increasing distances from the cluster center. This is a
clear signature of mass segregation, confirming that NGC 6624 is in an advanced
stage of dynamical evolution.

http://www.gemini.edu/node/12576
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5.1 Introduction

After the encouraging results obtained for Liller 1 (Saracino et al., 2015, see Chapter 4),
a heavily obscured cluster located very close to the Galactic plane and center, here we
present the results for NGC 6624. This GC is located just at the edge of the inner bulge,
at a distance of 7.9 Kpc from Earth (Harris, 1996, 2010 edition) and it is characterized
by only a moderate foreground extinction for a bulge GC, E(B−V) = 0.28 (Valenti
et al., 2004a; Harris, 1996, 2010 edition). These features also make NGC 6624 an ideal
target to investigate the sky performance of the GeMS+GSAOI system.

NGC 6624 is a well-studied cluster, but mainly in the optical bands (see Sarajedini
et al., 2007; Dalessandro et al., 2014). In the NIR it was observed with the following
instruments:

(i) IRCAM, mounted at the 2.5 m Du Pont telescope. These observations provided
the first (Ks, J − Ks) CMD of the cluster sampling the brightest portion of the
RGB (see Kuchinski and Frogel, 1995) down to the HB level.

(ii) IRAC-2 mounted at the ESO 2.2 m telescope MPI. The NIR CMD derived from
these observations was deeper than the previous one, reaching the cluster sub-
giant branch (Ks ∼ 17), and thus allowing to study the RGB features (RGB bump
and tip; see Valenti et al., 2004a,b, 2007; Ferraro et al., 2006).

(iii) Within the VVV survey. The NIR CMD obtained from the VVV catalog was
deep enough (Ks ∼ 19) to sample the MS-TO only in the external regions of the
cluster (Minniti et al., 2010; Catelan et al., 2011).

NGC 6624 is quite compact and it has been catalogued as a dynamically evolved
cluster, which already experienced core collapse (Trager et al., 1995). It has been
found to harbour six MSPs (Lynch et al., 2012; Tam et al., 2011; Freire et al., 2011)
and at least an ultra-compact LMXB (Dib et al., 2005), thus confirming that its dense
environment efficiently boosts the formation of exotic objects.

In this chapter we present ultra-deep NIR observations of NGC 6624 obtained by
using the powerful combination of the GeMS+GSAOI devices mounted at the Gemini
South Telescope. The chapter is organized as follows: in Section 5.2 we discuss the
observations and the data analysis. In Section 5.3 we present the CMD of the cluster.
Section 5.4 is focused on the determination of the age of the cluster and in Section
5.5 we discuss the Luminosity (LF) and Mass Functions (MF) of the cluster MS. In
Section 5.6 we present our conclusions.

5.2 Observations and data analysis

The data set analyzed in this work consists of a sample of high-quality J and Ks

images obtained with GeMS and the NIR camera GSAOI. GSAOI has a resolution
of about 0.02"/pixels and consists of four 2048 x 2048 pixels chips, divided by gaps
of about 2", providing a total FOV of almost 85”× 85”. NGC 6624 was observed



5.2 Observations and data analysis 87

on May 24, 2013 as part of the proposal GS-2013-Q-23 (PI: D. Geisler). A total of 28
images (14 in the J and 14 in the Ks bands), with an exposure time texp = 30 s each,
was acquired during the run. To fully cover the gaps between the GSAOI chips, we
adopted a dither pattern with a maximum offset of about 5” between two consecutive
images. During the observing night the DIMM monitor on Cerro Pachón recorded
excellent seeing conditions, with a Full Width at Half Maximum (FWHM) of ∼ 0.7”.
An average stellar FWHM smaller than 4 pixels (0.08", close to the diffraction limit of
the telescope) has been measured in all J and Ks images. Unfortunately, one J-band
exposure was characterized by a significantly worse FWHM, so it was excluded from
the subsequent analysis. In Figure 5.1 we present a two-color mosaic of Ks and J
images of NGC 6624. Figure 5.2 shows the comparison between a central region
(10" × 10") of NGC 6624 obtained with HST in the F435W filter (left panel) and with
GeMS/GSAOI system in the Ks band (right panel): the spatial resolution of the AO
corrected image is indeed impressive.

Figure 5.1: Two-color image of NGC 6624 obtained by combining GEMINI
observations in the NIR J and Ks bands. North is up, east is on the left.
The FOV is 93”× 93”.
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Figure 5.2: A zoom-in of a central region (10”× 10”) of the cluster as seen
by ACS/HRC (F435W filter) on board HST (Dalessandro et al., 2014,
left) and by GSAOI+GeMS in the Ks band (this work, right). The spatial
resolution of GEMINI in the NIR turns out to be comparable to that of
HST in the optical.

The data analysis was performed following the same procedure described in
Saracino et al. (2015). Briefly, each individual chip1 was analyzed independently,
by using standard pre-reduction procedure, within the IRAF2 environment, in order
to correct for flat-field and bias and subtract the background. For this purpose, a
Master Sky was obtained by combining 5 sky images per filter of a relatively empty
field. In order to get accurate photometry, even in the innermost region of the cluster,
we performed PSF fitting by using DAOPHOT (Stetson, 1987) of all the detected stellar
sources. For each chip, we selected ∼ 100 bright, isolated and unsaturated stars
(using FIND and PHOTO), that were used to derive the best-fit PSF model. Based on
a χ2 test, the best-fit PSF analytic models were found to be a MOFFAT function
(with β=1.5; Moffat, 1969) for the Ks images and a PENNY function (Penny, 1976)
for the J ones. We also noted that photometry significantly improves by adopting
PSF models varying within the FOV. In particular we adopted a linear dependence
on the position within the frame in chip 1, and a cubic one for chips 2, 3 and 4. The
selected models were then applied, using the ALLSTAR and ALLFRAME tasks (Stetson,
1994), to all the sources having peak counts larger than 3σ above the local background
level, thus determining the instrumental magnitudes for each star candidate in each
chip. In the catalog we included only stars present in at least two images for each
filter. This criterion removed most of the cosmic rays and other spurious detections

1To distinguish between chips, we assigned an identification (ID) number from 1 to 4, starting from
the bottom-right corner (chip 1) and proceeding clockwise.

2IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the
Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the
National Science Foundation.
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and allowed to fill the gaps between the different chips of GSAOI. For each star,
we homogenized the magnitudes estimated in different images, and their weighted
mean and standard deviation have been finally adopted as the star mean magnitude
and its related photometric error (see Ferraro et al., 1991, 1992). The instrumental
positions have been reported onto the absolute coordinate system by adopting the
star catalog by Dalessandro et al. (2014) as astrometric reference and by using the
cross-correlation software CataXcorr (Montegriffo et al., 1995). The instrumental
magnitudes of the final catalog have been finally calibrated by using a sample of
stars in common with the VVV catalog. The latter has been realized by using the
DAOPHOT based VVV-SkZ pipeline (Mauro et al., 2013) and reported into the 2MASS
photometric and astrometric system (see details in Chené et al., 2012; Moni Bidin et al.,
2011; Mauro et al., 2013). We adopted an iterative 2σ - clipping procedure to estimate
the calibration equations transforming the instrumental GeMS Ks and J magnitudes
into the VVV photometric system. In order to avoid bias, only the brightest stars
(with Ks < 16 and J < 16.5) were used (see Figure 5.3), yielding a total of about 300
calibration stars in each filter. The r.m.s. of the calibration is ∼ 0.02 mag both in J and
in Ks.

Figure 5.3: Photometric calibration plots for the GEMINI catalog of NGC
6624 in the Ks and J bands. Only bright stars (black points) have been
used to determine the calibration zero points. The median values, esti-
mated by using a 2σ−rejection, are shown in the figure.
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5.3 Near-Infrared Color-Magnitude diagrams of NGC 6624

In order to obtain a clear definition of the evolutionary sequences in the CMD, we
selected only very well measured stars by imposing a selection in the sharpness
parameter. In particular, we divided our sample in 0.5 magnitude-wide bins and
for each bin we derived the median value of the sharpness by applying an iterative
2σ−rejection (an example is shown in Figure 5.4). All the stars satisfying this selection
criterion and lying within 6σ from the median are shown in the (Ks, J − Ks) and
(J, J − Ks) CMDs plotted in Figure 5.5. These are the deepest and highest-quality
CMDs in the NIR ever obtained from the ground for this cluster, but quite comparable
with those obtained for NGC 6121 with HAWK-I@VLT (Libralato et al., 2014) and for
M15 with PISCES@LBT (Large Binocular Telescope; Monelli et al., 2015).

The NIR GEMINI CMDs presented in this study are fully comparable, both in
depth and resolution, to the optical ones obtained by using different instruments on
board HST, such as the WFPC2 (Heasley et al., 2000; Dalessandro et al., 2014) and the
ACS/HRC (Siegel et al., 2011; Dalessandro et al., 2014). In Figure 5.5 the red HB at Ks

∼ 13.3 and a well defined RGB bump at about Ks ∼ 13.55 are clearly distinguishable.
Unfortunately, the stars lying along the brightest portion of the RGB (Ks < 14.0) are
saturated in all the available images. The MS-TO region is well defined at Ks ∼ 17.5
and the MS nicely extends for more than 4 magnitudes down to Ks ∼ 21.5. At odds
with Siegel et al. (2011), we find no evidence of a broad sequence located below the
cluster MS at bluer colors, which has been interpreted as a background feature, due
to a tidal stream of the Sagittarius dwarf galaxy, located behind the cluster along its
line of sight. The reason for such a discrepancy is likely ascribable to the relatively
small FOV of GSAOI compared to that of the ACS. At Ks ∼ 20 we clearly identify
the so-called MS “knee” (MS-knee), a particular feature commonly defined as the
reddest MS point in NIR CMDs. This feature is due to the absorption of molecular
hydrogen induced by collisions (Bono et al., 2010) and flags the portion of the MS
populated by very low-mass stars (with M < 0.55M�). Until now, the MS-knee has
been observed only by using HST optical+NIR images (Milone et al., 2012, 2014) and
a proper combination of HST and MCAO data (MAD@VLT - Moretti et al., 2009;
PISCES@LBT - Monelli et al., 2015 and GeMS - Massari et al., 2016b; Turri et al., 2015).
The detection shown in Figure 5.5 is the first determination of the MS-knee feature in
a purely NIR CMD obtained from the ground. The detailed study of this feature and
its use as a possible age indicator (Massari et al., 2016b; Di Cecco et al., 2015; Bono
et al., 2010) will be discussed in chapter 6.

5.4 Absolute age determination

In this Section we take advantage of the exquisite quality of the CMDs shown in
Figure 5.5 to estimate the age of NGC 6624 by using the luminosity of the MS-TO as
an age indicator.
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Figure 5.4: Plot of the sharpness as a function of the Ks magnitude. The
black points are the stars lying within 6σ from the red line, which repre-
sents the 2σ-clipped median value in sharpness. This selection criterion
is applied to all the detected stars in order to remove spurious objects
and stars with large photometric errors.

5.4.1 Isochrone fitting method

In order to derive the age of the cluster via the isochrone fitting method, three main
cluster parameters are needed, namely the metallicity, the distance and the reddening.
Metallicity - The most recent metallicity estimate of NGC 6624 is [Fe/H]= −0.42± 0.07.
This value has been derived indirectly from the new metallicity scale of Carretta et al.
(2009, 2010), based on optical high resolution spectra of about 20 GCs. Other estimates
in the literature provide slightly lower metallicities: [Fe/H]= −0.63 (Carretta and
Gratton, 1997, hereafter CG97; Heasley et al., 2000). Recent high resolution NIR
spectroscopy by Valenti et al. (2011) provides [Fe/H]= −0.69± 0.02 and [α/Fe]∼
+0.39.
Reddening - E(B−V) color excess estimates in the cluster direction range from 0.25
to 0.33 (Armandroff, 1989; Heasley et al., 2000) with a fair agreement on E(B−V) =
0.28 (Valenti et al., 2004a; Harris, 1996, 2010 edition).
Distance modulus - Different estimates of the distance modulus of NGC 6624 have been
obtained: (m−M)0 = 14.49 (Harris, 1996, 2010 edition), (m−M)0 =14.40 (Heasley
et al., 2000), and (m−M)0 =14.63 (Valenti et al., 2004a).

Both the reddening and the distance modulus were mainly derived in a differential
way, by comparing the CMD of NGC 6624 with those of other clusters having the
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Figure 5.5: (Ks, J − Ks) and (J, J − Ks) CMDs of NGC 6624 obtained from
the GEMINI observations discussed in the section 5.2. All the main
evolutionary sequences of the cluster are well visible, from the RGB,
HB, MS-TO down to the MS-knee. These NIR diagrams turn out to be
comparable to the HST optical ones, both in depth and in photometric
accuracy. The photometric errors for each bin of Ks and J magnitudes
are shown on the right side of the panels.

same metallicity and known values of E(B−V) and (m−M)0.
In order to compare theoretical models with the NIR photometry of the cluster,

we selected three different sets of α-enhanced isochrones:

1. A Bag of Stellar Tracks and Isochrones (BaSTI; Pietrinferni et al., 2004) isochrones
with [α/Fe]=+0.4, Y = 0.259 and a mass-loss parameter η = 0.4 (Reimers, 1975).

2. Dartmouth Stellar Evolutionary Database (DSED; Dotter et al., 2007) isochrones
with [α/Fe]=+0.4 and Y = 0.2583.

3. Victoria-Regina (VR; VandenBerg et al., 2014) isochrones with [α/Fe]=+0.4 and
Y = 0.2583.

For each model we adopted [Fe/H] = -0.60, a distance modulus of (m−M)0 = 14.49
(d = 7.9 Kpc) and a color excess E(B−V) = 0.283. These parameters well reproduce

3The color excess in the NIR filters E(J− Ks) has been derived by adopting the extinction coefficients
AJ/E(B−V) = 0.899 and AKs /E(B−V) = 0.366 from Casagrande and VandenBerg (2014)
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the main evolutionary features in the high-quality optical HST CMD by Dalessandro
et al. (2014). However, the impact of adopting different values for these parameters
will be discussed at the end of this Section.

BaSTI isochrones - Figure 5.6 shows a set of seven isochrones with appropriate different
ages ranging from 10.5 to 13.5 Gyr, stepped by 0.5 Gyr, overplotted to the data of NGC
6624 in the (Ks, J − Ks) and (J, J − Ks) CMDs, by assuming the quoted distance and
reddening. The BaSTI NIR colors and magnitudes are on the Johnson-Cousins-Glass
photometric system, so they were converted first on the Beckers (1988) system and
then, by using the transformations of Carpenter (2001), into the 2MASS photometric
system (Cutri et al., 2003).
As can be seen, the agreement between BaSTImodels and our data is quite good in
the extended MS and in the TO region, while it is not completely satisfactory in terms
of color at the level of the MS-knee (at Ks > 19.5)4 and in the lower part of the RGB. A
mismatch between models and data appears also at the brightest portion of the RGB,
at Ks < 14 but in this case it is likely due to non-linearity and saturation problems
that mainly affect the Ks band photometry. In spite of this, both the luminosity of the
RGB bump and the ZAHB level are well reproduced (see Figure 5.6).

Focussing on the TO region, in order to identify the isochrone that best repro-
duces the observations, we performed a χ2 analysis. The χ2 parameter has been
computed by selecting a subsample of stars in the MS-TO region, in the magnitude
range 16.4 < Ks < 17.8, where the isochrone shape is particularly sensitive to age
variations. It has been defined as: χ2 = ∑[(OK − EK)

2 + (Ocol JK − Ecol JK)
2]. We

computed, iteratively, the minimum distance both in magnitude (OK) and in color
(Ocol JK) between each star in our sample and the corresponding values EK and Ecol JK

read along the isochrone. The result is shown in the right panel of Figure 5.7. As can
be seen, a well defined minimum is visible, indicating a best-fit isochrone with an
absolute age of tage = 12.0± 0.5 Gyr.

DSED isochrones - Following the same approach adopted for the BaSTI isochrones,
Figure 5.8 shows the comparison between the observed cluster photometry and the
DSED isochrones (Dotter et al., 2007). A color offset δ(J − Ks) = +0.003 (correspond-
ing to δKs = −0.003) was needed to reconcile these evolutionary models to the data,
in agreement with what found by Cohen et al. (2015). DSED isochrones do a good job
of reproducing the observed CMD morphology of NGC 6624, from the SGB level
down to the MS-K. The RGB instead shows the same discrepancies already seen for
the BaSTI isochrones, with the only difference that in this case, even the magnitude
of the RGB bump is not well reproduced. This is likely due to the fact that different
models treat overshooting from convective cores in different ways. A χ2 test has been
performed also for DSEDmodels and the minimum value has been obtained for an

4However, it should be noted that the BaSTImodels do not sample the entire extension of the MS
since they are truncated at M = 0.5M�.
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absolute age of tage = 12.0± 0.5 Gyr. This result is shown in Figure 5.9, together with
a zoom into the MS-TO/SGB regions of NGC 6624.

VR isochrones - Finally, the (Ks, J − Ks) and (J, J − Ks) CMDs of NGC 6624 have been
compared to the new VR isochrones (VandenBerg et al., 2014) (see Figure 5.10). Ac-
cording to the results of VandenBerg et al. (2013) and Cohen et al. (2015) we needed to
apply a color shift of -0.008 in order to have a good match between models and data.
The MS-TO and the SGB level are well reproduced, as well as the shape of the MS-
knee. At the base of the RGB instead, VRmodels are systematically too red compared
with the observed photometry. By performing a χ2 test on the VR isochrones, we
obtained a slightly older absolute age of tage = 12.5± 0.5 Gyr, however in agreement,
within the uncertainties of the method, with the ages derived from BaSTI and DSED
models.

Figure 5.6: (Ks, J − Ks) and (J, J − Ks) CMDs of NGC 6624 CMDs with
overplotted a set of BaSTI (Pietrinferni et al., 2004) isochrones with ages
ranging from 10.5 Gyr up to 13.5 Gyr, in steps of 0.5 Gyr (see labels).

Figures 5.6, 5.8 and 5.10 show that there is a mismatch between all models and
observation starting from the RGB base. As discussed in detail by Salaris et al. (2007),
Brasseur et al. (2010) and Cohen et al. (2015), this is a well known and long-standing
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Figure 5.7: Left panel: zoomed MS-TO region of the (Ks, J−Ks) CMD, with
the selected set of BaSTI isochrones (with different ages) overplotted.
Right panel: χ2 parameter as a function of isochrone ages considered in
the Left Panel. A well defined minimum identifies the best-fit isochrone
(with tage = 12.0 Gyr).

Figure 5.8: The same as in Figure 5.6 but for DSED isochrones (Dotter et al.,
2007).
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Figure 5.9: The same as in Figure 5.7 but for DSED isochrones.

Figure 5.10: The same as in Figure 5.6 but for VR isochrones (VandenBerg
et al., 2014).

problem. It may be related to some issues depending on the Te f f - color transforma-
tions in the IR, and possibly caused by uncertainties in the model atmospheres, like
treatment of absorption lines as a function of gravity and to the abundance of some
specific elements.
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Figure 5.11: The same as in Figure 5.7 but for VR isochrones.

The impact of the adopted chemical composition on the overall quality of the fit has
been tested. In particular, we compared isochrones with [Fe/H] = -0.42 and [α/Fe]
= +0.2 adopted by VandenBerg et al. (2013) for their age derivation of NGC 6624
and [Fe/H] = -0.60 & [α/Fe] = +0.4 that we have used for our age derivation. For
a fixed age, the two isochrones ([Fe/H] = -0.60 & [α/Fe] = +0.4 and [Fe/H] = -0.42
& [α/Fe] = +0.2) exactly match, showing only a slight difference at the MS-Knee
level. We have also considered the effect of the abundance variations. Cohen et al.
(2015) showed that a modest helium enhancement of Y=0.04 is not able to solve the
observed disagreement between models and data at the SGB/RGB level. We verified
that the overall match still remains unsatisfactory even adopting isochrones with an
helium content as large as Y=0.35. In particular, while the increase of helium results
in a better fit at the RGB base, it does not allow to properly reproduce the MS. Finally,
we tried to test the impact of adopting different values of reddening and distance
on the determination of the age of the cluster. With this aim we performed the same
χ2 analysis as before by assuming the values of Heasley et al. (2000) and Valenti
et al. (2004a). This analysis gives age values of 11.0± 0.5 Gyr and 10.5± 0.5 Gyr
respectively. However a visual check reveals that isochrones having such extreme
values of E(B-V) and/or (m−M)0 do not reproduce properly the main evolutionary
sequences (MS-TO/SGB level, HB level and RGB bump) of the cluster. Hereafter, for
our analysis we will adopt the absolute age of 12 Gyr derived from BaSTI, the model
which better reproduce the overall shape of the CMD of NGC 6624.

5.4.2 Comparison with previous results

The age of NGC 6624 has been widely debated in recent years. As shown in Figure
5.12, the value determined in this work is in good agreement, within the errors, with
most of the previous estimates quoted in the literature. The largest discrepancy is
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found with respect to the value determined by Heasley et al. (2000). By comparing
the CMD of NGC 6624 with those of NGC 6637 and 47 Tucanae (having a similar
metallicity), the authors established that these clusters have the same age (14± 1 Gyr)
by using the Yale isochrones. A relatively old age (13.00± 0.75 Gyr) was also found by
Dotter et al. (2010), analyzing DSEDmodels with the following chemical composition:
[Fe/H]= −0.50 (by assuming the scale by Zinn and West, 1984, hereafter ZW84)
and [α/Fe]= 0. An absolute age of 10.6± 1.4 Gyr, in quite good agreement with the
one estimated in this work (within their large error bars), was instead obtained by
Salaris and Weiss (2002), both for a metallicity of [Fe/H]= −0.50 (ZW84 scale) and
for [Fe/H]= −0.70 (CG97 scale). Meissner and Weiss (2006) derived for NGC 6624
two different ages: 12 Gyr from the model best reproducing the MS-TO region (as in
our case), and a lower limit of 10.5 Gyr, from the isochrone providing an acceptable
fit to all the investigated age indicators. From the isochrone fitting and the ZAHB loci,
VandenBerg et al. (2013) derived the ages of 55 GCs for which the optical HST/ACS
photometry was publicly available. In the case of NGC 6624 the absolute age resulted
to be 11.25 ± 0.5 Gyr, in good agreement with our value. Finally the most recent
study of the cluster was performed by Roediger et al. (2014), within a detailed review
on the state-of-the-art about age and metallicity determinations for a sample of 41
Galactic GCs. The authors quote an age of 12.5 ± 0.9 Gyr, which is again consistent
with the value obtained in this work.

5.4.3 Comparing NGC 6624 with other bulge GCs

NGC 6624 turns out to be a quite old bulge GC, in agreement with what obtained for
other GCs in the bulge for which this kind of studies has been possible. Unfortunately
up to now,only an handful of bulge GCs have accurate age measurements mainly
for its strong foreground extinction. The only few cases are: NGC 6304 - Dotter et al.,
2010; NGC 6637, NGC 6652, NGC 6723 - VandenBerg et al., 2013; Dotter et al., 2010;
NGC 6522, NGC 6626 - Kerber et al., 2018) and Liller 1 (Saracino et al., 2015; Chapter 4
of this Thesis).
The current situation is summarized in Figure 5.13, where the absolute age derived in
this work for NGC 6624 is directly compared to that of other bulge clusters. Altough
quite large uncertanties among different derivations for each cluster are present, a
conservative lower limit at ≈ 10 Gyr can be defined.
As described in Chapter 1, such an old age of the bulge GC system is consistent
with that of bulge stars observed in different fields (Zoccali et al., 2003; Clarkson
et al., 2011; Valenti et al., 2013). This finding is an additional evidence of the close
connection between the bulge and its GC system.

5.5 The Luminosity and Mass Function of NGC 6624

We have studied the LF and the MF of MS stars in NGC 6624 and their radial variations
within the FOV of GSAOI. This kind of studies has been proven to be an efficient tool
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Figure 5.12: Age estimates of NGC 6624 determined in previous studies,
compared to that obtained in this work (red point). The acronyms shown
in the figure are so defined: MW061 & MW062 (Meissner and Weiss,
2006), SW02 (Salaris and Weiss, 2002), Van13 (VandenBerg et al., 2013),
Roe14 (Roediger et al., 2014), Dot10 (Dotter et al., 2010) and Hea00
(Heasley et al., 2000).

to study the effect of cluster internal dynamics on stars in a wide range of masses,
including the faint-end of the MS where most of the cluster mass lies. In relaxed
systems, the slopes of the MF and LF are expected to vary as a function of the distance
from the cluster center, with indexes decreasing as distance increases, because of
the different effect of mass segregation. Moreover, the radial variation in the stellar
MF of star clusters allow to derive crucial information about the dynamical history
of the system (including the amount of mass loss suffered by the clusters, e.g. De
Marchi et al., 2007, Vesperini and Heggie, 1997) and variation in the stellar IMF as
recently shown by Webb and Vesperini (2016). In this context, NGC 6624 is a quite
interesting case because it has been classified as a post-core collapse cluster (Trager et
al., 1995), hence it has already experienced some of the most energetic and advanced
phenomena known to occur during the dynamical evolution of dense stellar systems
(Meylan and Heggie, 1997).
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Figure 5.13: The absolute age of NGC 6624 derived in this work is com-
pared to that obtained for other bulge GCs in the literature.

5.5.1 Artificial Star Experiment

In order to derive a meaningful MS-LF, it is important to take into account a number
of effects (such as blends, photometric errors and stellar crowding) that can limit the
photometric accuracy, especially when deriving complete samples of faint stars. In
order to assess the impact of these effects, we performed a set of artificial star experi-
ments following the prescriptions reported in Bellazzini et al. (2002) and Dalessandro
et al. (2011, 2015). The main steps of this procedure are briefly summarized below.
We initially defined a mean ridge-line (MRL) in the (Ks, J − Ks) plane by considering
0.5 mag-wide bins in Ks and by selecting the corresponding median value in color
after a 2σ−clipping rejection (see Table 1 and the red line in Figure 5.14, left panel).

Then, we generated a catalog of simulated stars with a Ks-input magnitude (Ks,in)
extracted from a LF modeled to reproduce the observed LF. To each star extracted from
the LF, we finally assigned a Jin magnitude by means of an interpolation along the
MRL of the cluster. In order to avoid artificially increasing the crowding conditions,
only one artificial star was simulated in each run within a 20× 20 pixels cell (more
than 5 times the typical FWHM of stars on the images). In addition, we imposed
each simulated star to have a minimum distance of about 50 pixels from the edges of
each chip. By imposing these criteria and adopting the coordinate transformations
discussed in Section 5.2, artificial stars were added to the 13 J and 14 Ks images by
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Table 5.1: MRL of NGC 6624 in the (Ks, J − Ks) CMD.

Ks J − Ks
(mag) (mag)
12.413 0.742
12.913 0.737
13.413 0.727
13.913 0.723
14.413 0.714
14.913 0.706
15.413 0.696
15.913 0.680
16.413 0.644
16.913 0.547
17.413 0.519
17.913 0.528
18.413 0.588
18.913 0.709
19.413 0.897
19.913 0.947
20.413 0.937
20.913 0.877
21.413 0.817

using the DAOPHOT II/ADDSTAR software. This procedure was performed individually
on each chip and the artificial stars thus obtained were analyzed by using the same
PSF models and the same reduction process (including the same selection criteria)
adopted for the real images, as fully described in Section 5.2. A total of ∼ 48000
artificial stars per chip have been simulated. Figure 5.14 shows a comparison between
the simulated (left panel) and the observed CMD (right panel). It is quite evident that
the two CMDs are fully compatible over the entire magnitude range covered by the
observations, in particular the simulated MS (for Ks > 16) shows the same spread in
color as the observed one, thus confirming that the procedure is fully appropriate.

The artificial star catalog thus obtained was used to derive the completeness
curves as the ratio (Γ = Nout/Nin) between the number of stars recovered after
the photometric reduction (Nout) and the number of simulated stars (Nin) in each
magnitude bin. The completeness curves as a function of the Ks magnitudes for three
different radial bins (0” ≤ r < 15”, 15” ≤ r < 30” and r ≥ 30”, where r is the distance
from the cluster center5) are shown in Figure 5.15. This clearly testify to a high
(90-100%) photometric completeness of the GEMINI catalog down to Ks ∼ 19− 20,
depending on the distance from the center.

5We recomputed the cluster center Cgrav of NGC 6624 by applying the algorithm of Casertano and
Hut (1985) to evaluate, through an iterative procedure, the “density center” of the stellar positions, i.e.
their average position weighted by the local number density (for more details, see Lanzoni et al. 2007,
2010). Using various initial searching radii, ranging from 5” to 20”, and applying a cut in magnitude Ks
= 18 to avoid incompleteness, we finally found αJ2000 = 18h23m40s.52, δJ2000 = −30◦21′40”.25 with an
uncertainty of about 0.2”.
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Figure 5.14: Simulated (left panel) and observed (right panel) (Ks, J − Ks)
CMD of NGC 6624, for all the stars that survived the selection: -0.2 ≤
sharpness ≤ 0.2. As clearly visible, the two CMDs turn out to be fully
comparable, especially in the MS region (at Ks > 16). The red line in the
left panel represents the MRL of NGC 6624 in the (Ks, J − Ks) CMD.

5.5.2 Luminosity and Mass functions

In order to derive the MS-LF of NGC 6624 we adopted the radial bins defined for
the determination of the completeness curves (see Section 5.5.1). Starting from the
(Ks, J − Ks) CMD, we selected a sample of bona-fide MS stars defined as those stars
located within 2.5σ from the MRL, where σ is the combined photometric uncertainty
in the Ks and J bands. For each radial interval, we considered only the stars with
Ks magnitude ranging between 16 and the value corresponding to a completeness
factor Γ ∼ 0.5, namely Ks = 20.35 for 0” ≤ r < 15”, Ks = 20.45 for 15” ≤ r < 30” and
Ks = 20.55 for r ≥ 30”. The observed LF obtained in each radial interval was thus
corrected for incompleteness by adopting the appropriate value of Γ in each bin of
magnitude. The completeness-corrected LF was then decontaminated from the effect
of field stars by using the Besançon simulation of our Galaxy (Robin et al., 2003) for a
region of about 2.5’ squared centered on NGC 6624, rescaled on the GSAOI FOV. For
each magnitude bin, the density of field stars has been estimated and then subtracted
(see for example Bellazzini et al. 1999). In Figure 5.16 the completeness-corrected and
background-subtracted LFs of NGC 6624 in different radial bins are shown. In order
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Figure 5.15: Photometric completeness (Γ) as a function of the Ks magni-
tude for the GEMINI catalog of NGC 6624 in three different radial bins
(see labels).

to compare the LFs obtained at different distance from the cluster center, the LFs have
been normalized to the one obtained for the innermost region in the magnitude range
16.0 < Ks < 17.5. The comparison shows that the LFs are clearly different, with the
LF in the outer regions of the cluster showing an overabundance of low-luminosity
stars with respect to those in the innermost radial bin, consistent with the effect of
mass segregation. This is in agreement with results by Goldsbury et al. (2013).

Following a similar approach, we have also derived the MF of NGC 6624. Masses
have been estimated from the BaSTI isochrone that best-fits the CMD, as discussed
in Section 5.4.1. This provides a MS-TO mass of 0.88M�. The MF covers a range
in mass from 0.9M� down to lower limits corresponding to Γ ≈ 0.5: M = 0.49M�
for 0” ≤ r < 15”, 0.47M� for 15” ≤ r < 30” and 0.45M� for r ≥ 30”. The MFs are
shown in Figure 5.17, with the same color code as in Figure 5.16 to indicate different
distances from the cluster center. We used the MF of the innermost radial bin as a
reference and we normalized the more external ones by using the number counts in
the mass range 0.8 ≤ M/M� < 0.9. As appear in Figure 5.17 and in agreement with
what we obtained from the analysis of the LFs, the MFs show a clear variation of
their slopes, flattening moving outwards. Such a trend clearly demonstrates that this
cluster has already experienced a significant degree of mass segregation. In general,
all GCs are expected to show evidence of mass segregation, because of their short
relaxation timescales (e.g. Paust et al., 2010). However, recent results have shown that
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Figure 5.16: NGC 6624 completeness-corrected and field-decontaminated
MS-LFs in the Ks band obtained from the GEMINI catalog in three differ-
ent radial bins. The LF corresponding to the innermost radial bin is used
as reference to normalize those at larger radii at the brightest bin.

there are some exceptions: see the case of ω-Centauri (Ferraro et al., 2006), NGC 2419
(Dalessandro et al., 2008b, Bellazzini et al., 2012), Terzan 8 and Arp 2 (Salinas et al.,
2012), Palomar 14 (Beccari et al., 2011) and NGC 6101 (Dalessandro et al., 2015). These
examples suggest that either some mechanisms able to suppress mass segregation
may occur in some GCs or that theoretical relaxation times may suffer of significant
uncertainties. In this context, the study of the dynamical state of a cluster becomes
quite interesting.

5.6 Summary & Conclusions

This work is focused on NGC 6624, a metal-rich globular cluster located in the Galactic
bulge. By combining the exceptional capabilities of the adaptive optics system GeMS
with the high resolution camera GSAOI on the GEMINI South telescope, we obtained
the deepest and most accurate NIR (Ks, J − Ks) and (J, J − Ks) CMDs ever obtained
from the ground for NGC 6624. The quality of the photometry turns out to be fully
competitive with the optical photometry from the HST. The derived CMDs span a
range of more than 8 magnitudes, allowing to identify all the well known evolutionary
sequences, from the HB level to the MS-TO point down to below the MS-K (detected
at Ks ∼ 20), a feature observed so far only rarely in the optical band and identified
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Figure 5.17: MFs derived by using a BaSTI isochrone with [Fe/H] = -0.60
and tage = 12.0 Gyr (see Section 4.1). Radial bins, symbols and colors are
the same as in Figure 5.16.

for the first time here in a purely infrared CMD. We took advantage of our high
resolution photometry to get an accurate estimate of the absolute age of NGC 6624,
which is still quite debated in the literature. By adopting the MS-TO fitting method,
we determined an absolute age of about 12.0 ± 0.5 Gyr for the cluster. Such an old
age is quite in agreement with that found for other bulge GCs.

Taking advantage of this high-quality sample, we studied the MS-LF and MF at
different distances from the cluster center. The level of completeness of the MS sample
has been evaluated from artificial star experiments and turns out to be larger than
50% down to Ks ∼ 20.3 at any distance from the cluster center. The completeness-
corrected and field-decontaminated LFs and MFs show significant signatures of mass
segregation. In fact, moving from the innermost region of the cluster to the outskirts,
the number of low-mass stars gradually increases compared to high-mass stars. This
result confirms that NGC 6624 is a dynamically old cluster, already relaxed.

The data obtained for NGC 6624 clearly show that, under favorable conditions (for
example the seeing of the observing night or the NGSs magnitude), the GeMS/GSAOI
system is able to provide images with similar spatial resolution and photometric
quality as HST in the optical bands.
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5.7 Appendix

5.7.1 Testing stellar variability with the GeMS + GSAOI system

We could also test the stability and accuracy of the GeMS + GSAOI system in per-
forming stellar variability studies. To do this, we focused on the core of NGC 6624. In
this region Deutsch et al. (1999) discovered an exotic object (Star1) which has been
classified as a quiescent CV or a LMXB. The optical counterpart to this object, named
COM_Star1, has been identified by Dalessandro et al. (2014) to be a star showing
a clear sinusoidal light modulation and an orbital period of Porb ≈ 98 minutes. We
identified COM_Star1 in our GEMINI J and Ks images (see Figure 5.18) by using the
coordinates reported by Dalessandro et al. (2014). It appears as a relatively bright star
at Ks ∼ 17.76 and (J − Ks) ∼ 0.69 outside the MS on the red side (it is marked with
a red circle in the top panel of Figure 5.20). Since the object is visible in all GEMINI
images (13 in J and 14 in Ks), we could investigate its variability in the infrared bands.
Its light curve (red dots in the bottom panel of Figure 5.20) shows a luminosity variation
with an amplitude of ∼ 0.2 mag and is well folded with the same period (Porb = 98
min) found by Dalessandro et al. (2014). For sake of comparison, the light curve of
a genuine MS star (StarB) with comparable luminosity (blue circle in Figure 5.19) is
shown in Figure 5.20, bottom panel. As expected, this star is a “normal" non-variable
MS, in fact its light curve does not show any evidence of flux modulation (σK = 0.017
mag).
The constancy of the StarB magnitude despite variation of seeing, airmass and PSF
shape in the images, implies that the system is largely stable and it can be used to
successfully reveal also very small flux variations (of the order of a few 0.01 mag).
This test allow us to conclude that the GeMS/GSAOI system indeed has such a high
performance and can be successfully used also for stellar variability studies.
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Figure 5.18: Left panel: Ks image of a region of (2.5” × 2.5”) of NGC
6624, centered on the position of ComStar1, marked with a red circle, as
observed by the GeMS/GSAOI system. Right panel: The same, but for
the J band.

Figure 5.19: Left panel: Ks image of a region of (2.5” × 2.5”) of NGC 6624,
centered on the position of StarB, marked with a blue circle, as observed
by the GeMS/GSAOI system. This star has the same magnitude as
ComStar1 and is adopted for a comparison. Right panel: The same, but in
the J band.
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Figure 5.20: Top panels: Positions in the (Ks, J − Ks) and (J, J − Ks) CMDs
of ComStar1 and StarB are highlighted with a red circle and a blue
triangle, respectively. Bottom panels: The red circles represent the light
curve of ComStar1 folded with the estimated orbital period Porb ≈ 98
min (Dalessandro et al., 2014). The black line is a sinusoidal function of
amplitude ≈ 0.2. For comparison the blue triangles show the light curve
of StarB, that has the same average Ks magnitude of ComStar1 but does
not show any evidence of flux modulation (dashed black line).
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CHAPTER 6
On the use of the main sequence knee to
measure absolute globular cluster ages

Based on the results submitted in:
Saracino S., Dalessandro E., Ferraro F. R., Lanzoni B., Origlia L., Salaris M., Pietrin-
ferni A., Geisler D., Kalirai J. S., Correnti M., Mauro F., Cohen R. E., Villanova S.,
Moni-Bidin C.
2017, The Astrophysical Journal

Abstract

In this chapter we review the operational definition of the so-called main sequence
knee (MS-knee), a feature in the color-magnitude diagram (CMD) occurring at the
low-mass end of the MS. The magnitude of this feature is predicted to be independent
of age at fixed chemical composition. For this reason, its difference in magnitude with
respect to the MS turn-off (MS-TO) point has been suggested as a possible diagnostic
to estimate absolute globular cluster (GC) ages.

We first demonstrate that the operational definition of the MS-knee currently
adopted in the literature refers to the inflection point of the MS (that we here more
appropriately named MS-saddle), a feature that is well distinct from the knee and
that cannot be used as its proxy. The MS-knee is only visible in near-infrared CMDs,
while the MS-saddle can be also detected in optical-NIR CMDs.

By using different sets of isochrones we then demonstrate that the absolute mag-
nitude of the MS-knee varies by a few tenths of a dex from one model to another, thus
showing that at the moment stellar models may not capture the full systematic error
in the method.

We also demonstrate that while the absolute magnitude of the MS-saddle is almost
coincident in different models, it has a systematic dependence on the adopted color
combinations which is not predicted by stellar models.
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Hence, it cannot be used as a reliable reference for absolute age determination.
Moreover, when statistical and systematic uncertainties are properly taken into ac-
count, the difference in magnitude between the MS-TO and the MS-saddle does not
provide absolute ages with better accuracy than other methods like the MS-fitting.

6.1 Introduction

GCs are among the oldest stellar aggregates in the Universe and are therefore pristine
fossils of the very early epoch of galaxy formation. A detailed study of their ages is
useful for several reasons: relative ages help us to understand the formation and the
assembly chronology of the different components (halo, disk, bulge) of our Galaxy
(Rosenberg et al., 1999; Zoccali et al., 2003); absolute ages set a lower limit to the age
of the Universe (Buonanno et al., 1998, Stetson et al., 1999, Gratton et al., 2003) and
provide robust constraints to the physics adopted in stellar evolutionary models
(Salaris and Weiss, 1998; Cassisi et al., 1999; VandenBerg et al., 2008; Dotter et al.,
2008). Several methods have been used so far to estimate the relative and absolute
ages of these systems, mainly based on the analysis of their optical CMDs.

Relative ages can be derived by using “differential” parameters, built from the
magnitude or the color of the main sequence turn-off point (MS-TO, which system-
atically varies with time) and the magnitude or the color of a “reference” feature
in the CMD that is independent of the cluster age. Examples are: (1) the horizontal
parameter, defined as the difference in color between the MS-TO and the red giant
branch (RGB) at 2.5 magnitudes above the MS-TO level (see Sarajedini and Demarque,
1990; Sandage and Cacciari, 1990; Vandenberg et al., 1990); (2) the vertical parameter,
based on the difference in magnitude between the HB, typically measured at the
RR Lyrae instability strip, and the MS-TO (Iben and Renzini, 1984; Buonanno et al.,
1998; Rosenberg et al., 1999; Stetson et al., 1999; De Angeli et al., 2005). Of course
differential parameters have the advantage of being independent of distance and
reddening.

Cluster absolute ages are generally estimated by measuring the luminosity of the
MS-TO point in the CMD, or by applying the isochrone fitting method. The latter has
been recently used by Saracino et al. (2016) and Correnti et al. (2016), to determine
sub-Gyr absolute ages using a chi-squared minimization and a maximum-likelihood
technique, respectively. Absolute ages can also be derived from the direct comparison
of the differential parameters with the corresponding theoretical predictions. In these
cases, various sets of theoretical models (e.g., Pietrinferni et al. (2004); Salaris and
Weiss, 2002; Dotter et al., 2010; VandenBerg et al., 2013) need to be considered in
order to investigate the effects of different assumptions in the models. This effect
becomes quite important when low-mass stars are considered in the analysis. More
in general, the reliability of the absolute ages derived from classical methods almost
totally depends on the accuracy of the adopted distances and chemical abundances.
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In the recent years, advanced instruments and techniques, such as adaptive optics
systems mounted on 8-10 m class telescopes, and high resolution cameras on board
the Hubble Space Telescope (HST), make also near-infrared (NIR) observations very
promising in the estimate of GC ages. In fact, deep NIR photometry revealed the
existence of a well-defined knee at the lower end of the MS, approximately three
magnitudes below the MS-TO (see, e.g., the cases of ω Centauri, Pulone et al., 1998;
M4, Pulone et al., 1998; Milone et al., 2014; NGC 3201, Bono et al., 2010; NGC 2808,
Milone et al., 2012; Massari et al., 2016b; 47 Tucanae, Kalirai et al., 2012; M71, Di
Cecco et al., 2015; M15, Monelli et al., 2015).

The MS-knee arises from a redistribution of the emerging stellar flux due to an
opacity change, mainly caused by the collision-induced absorptions of molecular
hydrogen in the surface of cool dwarfs (Linsky, 1969; Saumon et al., 1994 and ref-
erences therein), and references therein), which moves low-mass MS stars towards
bluer colors.1 Since its magnitude is predicted to be independent of cluster age at
fixed chemical composition, the MS-knee provides a potential anchor (alternative
to the HB luminosity) at which the MS-TO magnitude can be referred to define a
new vertical method for the age determination, independent of GC distance and
reddening. With respect to the traditional vertical method referred to the HB level,
it has the drawback of requiring the detection of a much fainter feature in the CMD
(fainter by ∼ 7 magnitudes), but i) it is much more populated because the stellar
luminosity function increases towards lower masses and ii) it should be less affected
by model uncertainties, such as the treatment of convection (Saumon and Marley,
2008). For these reasons Bono et al. (2010) proposed a new parameter (hereafter ∆knee

TO )
to measure relative and absolute GC ages from the magnitude difference between the
MS-TO and the MS-knee levels. The method has been already tested on a few clusters
(as NGC 2808, Massari et al., 2016b; M71, Di Cecco et al., 2015 and M15, Monelli
et al., 2015), with the conclusion that it can provide absolute age estimates at sub-Gyr
accuracy, a factor of two better than what can be obtained with classical methods.
Relative age studies using the ∆knee

TO method have not been performed yet.
This chapter provides an in-depth analysis of both the operational definition of

the MS-knee and the potential use of this feature to estimate absolute GC ages. Our
study is based on both widely used stellar models and photometric observations of
the low-mass MS in two well known GCs.

In Section 6.2 we summarize the diagnostic tools used to perform the analysis.
In Section 6.3 we review the operational definition of the MS-knee adopted in the
literature, suggesting a more appropriate nomenclature: we name MS-knee the point
in a NIR CMD where the MS bends to the blue, while we name MS-saddle the point
where the MS changes curvature. In Section 6.4 we describe the procedure followed
in order to measure the MS-saddle in the two GCs 47 Tucanae and NGC 6624, and in

1Figure 16 of Casagrande and VandenBerg (2014) shows that the shape of the low-mass end of the
MS sensibly depends on the α-element abundance, suggesting that for [α/Fe] = −0.4 a MS-knee is not
present. However, in the α-element abundance regime of Galactic GCs, a MS bending can be identified
at all metallicities.
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Section 6.5 we discuss their derived ages and uncertainties. In Section 6.6 we draw
our conclusion.

6.2 Diagnostic tools

Our analysis of the low-mass MS and its most important features has been performed
by using the following theoretical and observational tools:

• Stellar models - We considered three different sets of α-enhanced stellar models,
namely A Bag of Stellar Tracks and Isochrones (BaSTI; Pietrinferni et al., 2004),
the Dartmouth Stellar Evolutionary Database (DSED; Dotter et al., 2007) and
the Victoria-Regina isochrones (VR; VandenBerg et al., 2014). The BaSTI NIR
colors and magnitudes are on the Johnson-Cousins-Glass photometric system,
while the DSED and VR isochrones are on the 2MASS photometric system.
Hence, for a coherent comparison, we adopted the 2MASS photometric system
as reference and we converted the BaSTI NIR colors first on the Bessell and
Brett (1988) system and then, by using the transformations of Carpenter (2001),
into the 2MASS photometric system (Cutri et al., 2003).
BaSTI, DSED and VR isochrones assume slightly different mixtures of metals,
which are based on Grevesse and Noels (1993), Grevesse and Sauval (1998) and
Asplund et al. (2009), respectively. In particular, by looking at the abundances
of some key elements in the reference solar mixture of the models (e.g. oxygen
O, magnesium Mg and iron Fe), we note that Mg and Fe differ only by 0.04-0.05
dex, while O is up to 0.15 dex larger in the mixtures adopted in BaSTI and DSED.
To obtain the same global metallicity [M/H] for the three sets of isochrones,
and given that we adopt the same α-element abundance ([α/Fe] = +0.4), we are
forced to adopt a slightly higher [Fe/H] (by 0.07 dex) for the BaSTI isochrones
compared to the DSED and VR isochrones.

• Observed GCs - Deep and accurate photometry of the low-mass MS of two
GCs, namely 47 Tucanae and NGC 6624, having similar chemical composition
([Fe/H]=-0.77 and -0.67 respectively; see Correnti et al. (2016) and reference
therein and Saracino et al. (2016) and reference therein), has been used as an
empirical test bench for our analysis. For 47 Tucanae we used the catalog
presented in Kalirai et al. (2012), based on images acquired using the infrared
channel of the Wide Field Camera 3 (WFC3) on board the HST in the F110W and
F160W filters (GO-11677 PI: Richer). The resulting (F110W, F110W − F160W)
CMD is shown in the left panel of Figure 6.1. It exhibits very well defined
evolutionary sequences, from the base of the RGB to the low-mass end of the
MS, reaching ∼ 3 magnitudes below the MS-knee. The photometric precision
is of the order of a few thousandths of a magnitude over the luminosity range
sampled: ≈ 0.002 mag at the MS-TO level, ≈ 0.005 at the MS-knee. Since the
Kalirai et al. (2012) catalog samples only the external regions of the cluster, no
optical data of comparable depth are available. In the case of NGC 6624, we



6.2 Diagnostic tools 113

have used the catalog described in Saracino et al. (2016). It has been obtained
by using J and Ks images of the central regions of the cluster acquired with the
multi-conjugate adaptive optics system GeMS at the Gemini South Telescope
in Chile, as part of the proposal GS-2013-Q-23 (PI: D. Geisler). A detailed
description of the observations and the data-reduction procedure is reported
in Section 5.2 of Chapter 5 of this Thesis. The (Ks, J − Ks) CMD of NGC 6624
is presented in the right panel of Figure 6.1. It spans a range of more than 8
magnitudes, from the HB level down to Ks ≈ 21.5. In this case, the photometric
errors are of ≈ 0.005 mag at the MS-TO level and ≈ 0.035 mag at the MS-knee.
We have also combined the GEMINI catalog of Saracino et al. (2016) with the
optical HST-Advanced Camera for Survey (ACS) catalog of Sarajedini et al.,
2007, providing V and I data for the stars in common.

Figure 6.1: Left panel – (F110W, F110W-F160W) CMD of 47 Tucanae from
HST observations. Right panel – (Ks, J−Ks) CMD of NGC 6624 from deep
observations acquired with a ground-based adaptive optics system.

• CMDs - We investigated the low-mass MS properties in various CMDs, namely
the (F110W, F110W− F160W) CMD, where theoretical isochrones are compared
with HST NIR photometry of 47 Tucanae, and in the (Ks, J − Ks), (Ks, I − Ks),
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and (Ks, V − Ks) CMDs, where theoretical isochrones are compared with ultra-
deep NIR (ground-based) and optical (HST) photometry of NGC 6624. Note
that the hybrid optical-NIR CMDs are the most used in the literature to detect
the MS-saddle (see Bono et al., 2010, Monelli et al., 2015, Di Cecco et al., 2015
and Massari et al., 2016b).

6.3 A knee or a saddle?

As shown in Figure 6.2, in a pure NIR (Ks, J − Ks) filter combination, the lowest
portion of the MS bends to the blue and creates a well defined knee. Consistently, the
MS-knee (marked with a red circle in the figure) corresponds to the reddest point
of the MS at magnitudes fainter than the MS-TO. However, the MS-knee has been
originally defined as the point of minimum curvature along the low-mass end of
the MS ridge line (see Bono et al., 2010). This is an inflection point (that we name
MS-saddle), where the MS ridge line changes its curvature from convex to concave.
While it is related to the presence of the knee, it is certainly not coincident with
it. This is clearly illustrated in Figure 6.2, where the location of the two features is
marked along a 12 Gyr old VR isochrone: the MS-saddle (blue square, characterized
by ≈ 0.65 M� stellar mass) is more than 0.7 mag brighter than the MS-knee (red
circle, characterized by ≈ 0.55 M� stellar mass).

However, the MS-saddle can be of interest. In fact, as shown in Figure 6.3, while
the MS-knee only occurs in NIR CMD (red circle in the left panel) and it is not
definable in hybrid optical-NIR CMDs (middle and right panels), the MS-saddle (blue
squares) can be measured in all the diagrams. Hence, a detailed comparison between
the two features is worth investigating, in particular to assess whether the MS-saddle
can be considered as a proxy of the MS-knee and it can be used for measuring cluster
ages.

To this end, in Figure 6.4 we compare the BaSTI, DSED and VR isochrones at a
fixed age of t = 12 Gyr in the (Ks, J−Ks) CMD (left panel) and in the (F110W, F110W−
F160W) CMD (right panel). Triangles, squares and circles mark the MS-TO, the MS-
saddle and the MS-knee, respectively, along each isochrone. As can be seen, the three
models predict the same location in the CMD for the MS-TO and the MS-saddle, but
significantly different positions of the MS-knee. As a consequence, for the same age
and metallicity, the three isochrones predict values of ∆knee

TO differing by 0.3 magni-
tudes in the Ks filter, ranging from 2.08 to 2.37. A similar difference has been also
measured in the F110W filter, indicating that such a discrepancy among different
models does not depend on the used NIR filters and filter combinations.

In Figure 6.5 (left panel), the color and the magnitude of the MS-knee points
shown in Figure 6.4 are translated in effective temperature (Te f f ) and luminosity (L),
respectively. As can be seen, they are located in a region where stellar models differ
also in the Hertzsprung - Russell diagram.
To quantify such differences, we selected a reference model (BaSTI) and we measured
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Figure 6.2: Location of the MS-TO (black triangle), MS-knee (red circle)
and MS-saddle (blue square) along a 12 Gyr old isochrone extracted from
the family of VandenBerg et al. (2014). The MS-knee is here defined as
the reddest point along the MS MRL. The MS-saddle is the point where
the MS MRL changes shape, from convex to concave, and thus shows the
minimum curvature. A dashed line tangential to the isochrone is shown
at the MS-saddle point to better illustrate the morphological meaning of
this point.

the difference in effective temperature (∆Te f f ) at fixed luminosity between the two
model pairs (BaSTI - DSED) and (BaSTI - VR), respectively. The results are shown in
the right panel of Figure 6.5. Differences up to ∆Te f f ≈ 50-60 K are observed both at
the MS-TO and the MS-knee levels. ∆Te f f is close to zero elsewhere, but for the faint
end of the (BaSTI-DSED) difference, where it reaches about 100 K.
The ∆Te f f at the MS-knee is mostly due to the uncertain choice of the stellar model
boundary conditions, as discussed e.g. by Chen et al., 2014. One can clearly see in
their Figures 5, 6, 9 and 10, that a small change of the boundary conditions affects
the position of theoretical GCs isochrones in the (L− Te f f ) diagram at the typical
bolometric luminosities of the MS-knee. The difference observed at the MS-TO
instead more likely suggests that small differences in [M/H] among the models are
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Figure 6.3: Location of the MS-knee (red circle) and MS-saddle (blue
square) marked along the same isochrone plotted in Figure 6.2, but here
shown in CMDs with three different colors: from left to right, (Ks, J−Ks),
(Ks, I − Ks), and (Ks, V − Ks). The MS-knee only occurs in the pure
NIR-CMD. The MS-saddle, instead, can be defined in all the considered
diagrams.

still present, although negligible.
To quantify the impact that a variation in temperature has on the position of the

MS-TO and the MS-knee points, we adjusted a VR isochrone to hotter and cooler
temperatures by 50 K and then we transformed it into the observed plane by using
the Casagrande and VandenBerg, 2014 transformations. The results are presented in
the left panel of Figure 6.6, in the (F110W, F110W − F160W) filter combination. A
∆Te f f = 50 K translates into a difference of ± 0.01-0.02 mag in the MS-TO position
and a difference of ± 0.08-0.10 mag in the MS-knee position. These values are able to
explain only a fraction of the observed discrepancies, especially at the MS-knee level.
In this context, it is worth to note that BaSTI, DSED and VR isochrones are based on
different model atmospheres (BaSTI - Castelli and Kurucz, 1994; DSED - PHOENIX
(Husser et al., 2013) and VR - MARCS (Gustafsson et al., 2008)), thus they use different
bolometric corrections (BCs) and color-temperature transformations (see e.g. Salaris
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Figure 6.4: Location of the MS-TO (triangles), MS-knee (circles) and MS-
saddle (squares) marked along 12 Gyr old isochrones from three different
sets of theoretical models: BaSTI (magenta), DSED (purple) and VR
(green) in the (Ks, J − Ks, left panel) and (F110W, F110W − F160W, right
panel) filter combinations. The three models predict different locations of
the MS-knee, while they agree on the color-magnitude position of the
MS-saddle. This clearly illustrates that the two features are different.

et al., 2007; Brasseur et al., 2010; Cohen et al., 2015).
In Figure 6.6, right panel, we show the effect of applying different BCs to the same
isochrone (e.g BaSTI). As can be seen, BCs are clearly responsible for the different
slopes of the low-mass MS observed in Figure 6.4. Moreover, they account for
differences of about 0.2 mag, 0.1 mag and 0.03 mag at the MS-knee, MS-saddle and
MS-TO, respectively, thus becoming the main source of uncertainty.
The interplay between the two effects produces final discrepancies of about 0.3 mag
on the MS-knee position and of about 0.1 mag on the MS-saddle position, which are
fully consistent with what observed both in Figures 6.4 and 6.5.

Major progress in model atmosphere calculations for low-mass and very low-mass
stellar models (that provide both BCs and model boundary conditions) is needed for
firmer theoretical predictions about the MS-knee.
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Figure 6.5: Left panel: Color and magnitude of the MS-saddle (squares)
and MS-knee (circles) points shown in Figure 6.4 are translated here in
temperature and luminosity, respectively. Right panel: At fixed luminos-
ity, the ∆Te f f between two pairs of models (BaSTI-DSED) and (BaSTI-VR)
is presented in blue and red, respectively. The maximum ∆Te f f is of
about 50-60 K.

Hence, at the moment, because of the large uncertainties currently affecting the
theoretical models, the MS-knee can be safely adopted only for relative age studies
where a comparison between different stellar models is not necessary.

The location of the MS-saddle appears to be much more stable (with magnitude
variations among different models smaller than 0.1 mag in Ks and in the correspond-
ing bolometric luminosity, see Figures 6.4 and 6.5), demonstrating that the MS-saddle
is not very sensitive to the morphology and the location of the knee. Hence the first
result of this investigation is that the MS-saddle cannot be used as a proxy for the
MS-knee. However its reduced model-dependence and its potential measurability
also in combined optical-NIR CMDs call for a thorough investigation of its reliability
and stability as a reference feature to estimate cluster ages.

Of course, the first requisite is that, for fixed chemical composition, the magnitude
of the MS-saddle is independent of the cluster age. This is indeed confirmed by all the
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Figure 6.6: Left panel: A VR isochrone is adjusted to hotter (red line) and
cooler (blue line) temperatures by 50 K with respect to the normal one
(green line) and then transformed to the observed (F110W, F110W −
F160W) plane. Right panel: In the same filter combination, a BaSTI
isochrone colored using its usual BCs is shown in magenta, compared
to the same isochrone colored using the Casagrande and VandenBerg
(2014) BCs (in black). Triangles, squared and circles indicate the MS-TO,
MS-saddle and MS-knee, respectively, in both panels.

stellar models considered above. The predicted Ks-band magnitude of the MS-saddle
(and, for comparison, of the MS-knee) for stellar populations with ages ranging from
9.5 Gyr to 13.5 Gyr is shown in Figure 6.7 for the three families of adopted stellar
models. The constancy of the MS-saddle magnitude with varying the isochrone age
indicates that, in principle, it can be used as an anchor to which the MS-TO can be
referred and used to measure both relative and absolute ages2. However, since it is
a geometric point, dependent on the morphology of the MS ridge line, it can be a
somewhat fragile feature both from an observational and a theoretical point of view,
requiring detailed investigation.

2The bottom panel of Figure 6.7 shows that also the MS-knee magnitude is constant for varying
cluster ages. However its value (and thus the parameter ∆knee

TO ) significantly depends on the adopted
family of isochrones, thus making unacceptably model-dependent any age estimate.
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Figure 6.7: Upper panel– Dependence of the MS-saddle Ks-band magni-
tude on cluster age for the three different sets of adopted isochrones
(BaSTI, DSED and VR in red, purple and green, respectively). Ages vary
from 9.5 to 13.5 Gyr in steps of 0.5 Gyr. At fixed chemical composition,
the MS-saddle Ks-band magnitude is independent of age and shows
small dependence on the adopted model. Lower panel – The same as
in the upper panel, but for the MS-knee. In this case, different models
predict significantly different values of the Ks-band magnitude of the
MS-saddle (see Figure 6.6 for further details).

6.4 Measuring the MS-saddle

The first step to locate the MS-saddle in an observed CMD of a GC is to determine
the cluster mean-ridge line (MRL).

The catalog adopted for 47 Tucanae was already cleaned from spurious objects
(Kalirai et al., 2012). In the case of NGC 6624 CMDs, a selection in the stellar sharpness
parameter (defined as in Stetson (1987)) was applied. We divided the sample of stars
in our catalog in 0.5 magnitude-wide bins and for each bin we computed the median
sharpness value and its standard deviation (σ). Only stars with sharpness parameter
lying within 6σ from the median were flagged as “well-measured”.

The “clean” photometric catalogs were used to determine the MRL in each of
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the four considered CMDs, namely (F110W, F110W − F160W) for 47 Tucanae and
(Ks, J − Ks), (Ks, I − Ks) and (Ks, V − Ks) for NGC 6624.

This was done by using three different methods in order to evaluate the impact of
slightly different MRLs on the location of the MS-saddle and to derive the precision
achievable in measuring this feature.

Method 1: Static bins - we considered different magnitude bins (in F110W for 47
Tucanae and Ks for NGC 6624) and we computed the mean color3 of all the stars
falling in each bin, by applying an iterative 2σ-rejection procedure. We allowed the
bin size to vary from 0.10 mag (lower limit, necessary to have a reasonable number
of stars per bin) to 0.50 mag (upper limit, imposed to keep an accurate sampling of
the fiducial line), in steps of 0.01 mag. At the end of the procedure, for each of the
four filter combinations, we had 41 (differently sampled) MRLs, which have been
re-sampled with a 0.01 mag-stepped cubic spline.

Method 2: Dynamic bins - This method uses bins of constant size in magnitudes
partially overlapping. This means that, at any fixed bin size, the MRLs derived from
dynamic bins are more densely sampled (at higher resolution) than those obtained
from static bins. In this case we modified the bin size from 0.10 mag to 0.50 mag in
steps of 0.05 mag, obtaining a sampling of 0.05 mag for each MRL. The resulting 9
MRLs per each filter combination have also been re-sampled with a cubic spline of
0.01 mag steps.

Method 3: Polynomial fit - This method directly performs a polynomial fit to the
observed sequences in the CMD. The degree of the polynomial has been chosen as a
compromise between having an adequate ability to reproduce the shape of the MS in
the CMD and the need of limiting the number of coefficients. We thus produced 11
different MRLs per CMD by varying the degree of the polynomial from 5 to 15, in
step of 1.

The visual inspection of the MRLs derived with the three methods for each
cluster in each color combination shows that they are all similar and they provide
equivalently good representations of the cluster MS. However, in order to test the
effect of adopting slightly different MRLs we determined the MS-TO and the MS-
saddle in all the obtained MRLs, separately. In doing this we adopted the following
prescriptions: i) The MS-TO has been defined as the bluest point of the MS. This is
one of the classical and most used definitions and it allows an easy estimate of the
error on its determination.

ii) The MS-saddle is defined as the point of minimum curvature along the MS. To
measure it we used both an analytical and a geometric method.

3In order to be less sensitive to outliers (e.g. binaries, field stars), the median color was also derived.
Negligible differences have been found with respect to the mean color due to the very well cleaned
catalogs.



122 The main sequence knee as an absolute age indicator

Analytical method: we defined the MS-saddle as the point where the second deriva-
tive of the MRL is equal to zero.

Geometric method: we adopted the “circumference method” described in Massari
et al. (2016b). It consists in determining the circumference that connects each point
of the MRL with the two adjacent/contiguous points located at ± 0.5 mag, and then
adopt as MS-saddle the point corresponding to the circumference with the largest
radius (minimum curvature). Following the suggestion in Massari et al. (2016b), we
tested the robustness of such a procedure by changing the distance in magnitude
among the three points on the MRL from 0.1 mag to 0.8 mag, in steps of 0.1 mag. This
provided us with 8 different estimates of the MS-saddle point for each MRL. In all
cases the 8 measures nicely agree (typically within ±0.03 mag). Hence, their average
value has been adopted as final “geometric” measure of the MS-saddle.

The application of different methods for determining the cluster MRL and the
use of different CMDs affect the estimate of the MS-saddle magnitude as illustrated
in Figure 6.8 for NGC 6624. The results are shown for the “geometric” measure
of the MS-saddle; those obtained from the analytical method are fully consistent.
According to the description above, we have derived 41, 9 and 11 MLRs from methods
1, 2 and 3, respectively, for each color. Hence, the three panels in the upper row of
Figure 6.8 show the distribution of the 41, 9 and 11 values of the MS-saddle Ks-band
magnitude determined in the (Ks, J − Ks) CMD from the three methods. The middle
and bottom rows show the analogous results obtained from the (Ks, I − Ks) and
(Ks, V − Ks) diagrams. For a given CMD (along each row in the figure) the estimated
magnitude of the MS-saddle is essentially independent of the method adopted to
determine the MRL (all the measures agree within ±0.04 mag). However, for any
fixed method to determine the MRL, the magnitude of the MS-saddle varies by 0.2-
0.25 mag when different CMDs are considered (i.e., along each column in Figure
6.8). In particular, the MS-saddle Ks-band magnitude shows a systematic trend with
the color, becoming increasingly fainter for color combinations that involve filters
at shorter wavelengths. This is also illustrated in Figure 6.9, where the MS-saddle
point (determined as the average of the 41 measures resulting from the “static bins”
and the “geometric” methods) is marked with a blue square in each of the three
available CMDs. This trend might be an indirect effect induced by the presence and
the relevance of the MS-knee on the shape of the MS MRL. In fact the presence of
a clear knee in the (Ks, J − Ks) CMD (see the left panel of Figure 6.3) might require
an “early change” in the curvature of the MRL (i.e. the inflection point must occur
at relatively bright luminosity). Instead, as soon as the knee disappears becoming a
“light bend” in the MRL (middle and right panels of Figure 6.3), the change in the MRL
curvature becomes “less pronounced” (i.e. the inflection point tends to slide to fainter
luminosities). At odds with the systematic drift of the MS-saddle magnitude with the
color, the measures of the MS-TO stay nicely stable (within 0.02 mag) independently
of the considered CMD. This is also apparent in Figure 6.9 (black triangles). If the
CMD location of the MS-saddle significantly depends on the details of the MS MRL
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morphology, theoretical isochrones have to predict such a trend accordingly. If not,
this might introduce some systematic in estimating age using this feature.

Figure 6.8: Histograms of the MS-saddle K-band magnitude measured
in the (Ks, J − Ks), (Ks, I − Ks), and (Ks, V − Ks) CMDs (upper, middle,
and bottom rows, respectively), for NGC 6624. Multiple measures of this
value have been obtained in each case because the MS MRL has been
determined with different methods (see Section 6.4): Method 1 - static
bins (left column, providing 41 MRLs and 41 measures of the MS-saddle
magnitude), Method 2 - dynamic bins (central column, 9 measures), and
Method 3 - Polynomial fit (right column, 11 measures).

Since the magnitude of the MS-saddle does not depend on the method used to
determine the MRL, in the following we will consider only the values obtained from
Method 1 (static bins), which also provides the largest statistics (41 data points). The
magnitudes of the MS-TO and MS-saddle (and their uncertainties) obtained as the
average (and the standard deviation) of the 41 measurements in each of the available
color combinations are listed in Table 6.1. For 47 Tucanae the listed magnitudes are in
the F110W band, while for NGC 6624 they are in the Ks band. The last two columns
of the table list the values obtained from the two methods (analytic and geometric)
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Figure 6.9: Location of the MS-TO (black triangle) and MS-saddle (blue
square) in the three CMDs available for NGC 6624. The horizontal black
dashed line marks the MS-TO level, the horizontal dashed blue lines the
two extreme values of the MS-saddle, which differ by 0.2 mag.

used to identify the MS-saddle point along the MRL. As can be seen, the results are
fully consistent and in the following we will thus adopt the values obtained from the
geometric approach, which has been already used in the literature.

We finally estimated the parameter ∆saddle
TO from the difference between the adopted

MS-saddle and MS-TO magnitudes and we derived the uncertainties by taking into
account: (1) the error associated to the MS-TO determination; (2) the uncertainty
related to the MS-saddle point and (3) the photometric error affecting both param-
eters. Photometric errors are an additional source of uncertainty in the derivation
of the MS-saddle and the MS-TO positions, so they have to be taken into account.
They have been computed as the average of the photometric errors (in F110W and
in Ks for 47 Tucanae and NGC 6624, respectively) of all the stars falling within ± 0.1
magnitudes from the MS-TO and the MS-saddle points. In the case of 47 Tucanae, we
obtained σF110W,MSTO = 0.002 mag and σF110W,saddle = 0.005 mag. For NGC 6624 we
found σKs,MSTO = 0.005 mag and σKs,saddle = 0.035 mag for all the color combinations.
Photometric errors do not actually have any major impact on the final uncertainties of



6.5 Absolute GC ages derived from the MS-saddle 125

∆saddle
TO , because they are relatively small with respect to other uncertainties. Moreover,

MRLs are intrinsically affected by their contribution because the broadening of the
MS is mainly function of photometric errors. The final values and uncertainties of
∆saddle

TO are listed in the last column of Table 6.1. As can be seen, this parameter can
change by 0.2 mag, because of the sensitivity of the MS-saddle point to the selected
color.

Table 6.1: MS-TO and MS-saddle magnitudes, and their difference ∆saddle
TO

in the F110W (for 47 Tucanae) and in the Ks band (for NGC 6624). The
listed values are the average of the 41 measures determined by adopting
the static bin and the geometric approaches (see Section 6.4).

cluster CMD MS-TO MS-saddle MS-saddle ∆saddle
TO

(analytic) (geometric)
47 Tucanae (F110W, F110W − F160W) 16.64 ± 0.03 18.53 ± 0.03 18.51 ± 0.04 1.87 ± 0.05
NGC 6624 (Ks, J − Ks) 17.49 ± 0.03 19.08 ± 0.05 19.02 ± 0.05 1.53 ± 0.07

... (Ks, I − Ks) 17.51 ± 0.03 19.15 ± 0.05 19.11 ± 0.04 1.61 ± 0.05

... (Ks, V − Ks) 17.48 ± 0.02 19.22 ± 0.03 19.21 ± 0.03 1.73 ± 0.06

6.5 Absolute GC ages derived from the MS-saddle

In this section we estimate the absolute age of the two studied clusters from the
∆saddle

TO parameter. In order to provide a set of analytical relations linking the cluster
age and the ∆saddle

TO parameter, we considered models covering a meaningful range of
ages and metallicities. In particular, the cluster age was sampled in steps of 0.5 Gyr,
from 9.5 Gyr to 13.5 Gyr (this is a reasonable age range for both clusters, according to
previous literature estimates; see Correnti et al., 2016 for 47 Tucanae, and Saracino
et al., 2016 and references therein for NGC 6624).

Concerning metallicity, given that for both clusters slightly different values have
been reported in the literature (see, e.g., Carretta et al., 2009, 2010; Valenti et al.,
2004a,b, 2011), we considered models spanning a range of ±0.1 dex in steps of 0.05
dex around the quoted values of [Fe/H] = -0.77 for 47 Tucanae and [Fe/H] = -0.67
for NGC 6624. Thus a grid of isochrones with the adopted ages and metallicities has
been built.

To estimate the theoretical values of ∆saddle
TO in all the considered filter combina-

tions, we re-sampled the BaSTI, DSED and VR models adopting the same magnitude
steps used for the determination of the MRLs with the “static bins” method. Then, the
magnitudes of the MS-TO and the MS-saddle points have been derived by adopting
the same geometric approach used for the observed CMDs.

At the end of the procedure we thus have a grid of points corresponding to one
value of ∆saddle

TO for each of the considered isochrones of different ages and metallicities.
To determine the absolute cluster age (in Gyr) as a function of ∆saddle

TO and metallicity
we use a linear bi-parametric fit. The resulting analytic relations are listed in Table
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6.2 for the three adopted families of stellar models and for each filter combination
available in our observational datasets.

Table 6.2: Analytic relations between age (t, in Gyr), ∆saddle
TO and metal-

licity derived from the three adopted families of stellar models and the
color combinations available in our observational datasets of 47 Tucanae
and NGC 6624.

BASTI models
(F110W, F110W − F160W) t [Gyr] = 40.66(±0.82)− 16.99(±0.46)× ∆saddle

TO − 6.02(±0.41)× [Fe/H]

(Ks, J − Ks) t [Gyr] = 38.34(±0.63)− 20.56(±0.47)× ∆saddle
TO − 7.05(±0.36)× [Fe/H]

(Ks, I − Ks) t [Gyr] = 39.74(±0.68)− 20.63(±0.48)× ∆saddle
TO − 5.81(±0.36)× [Fe/H]

(Ks, V − Ks) t [Gyr] = 41.70(±0.34)− 20.54(±0.23)× ∆saddle
TO − 4.92(±0.17)× [Fe/H]

DSED models
(F110W, F110W − F160W) t [Gyr] = 33.51(±0.68)− 14.94(±0.45)× ∆saddle

TO − 7.11(±0.44)× [Fe/H]

(Ks, J − Ks) t [Gyr] = 32.13(±0.87)− 16.62(±0.65)× ∆saddle
TO − 9.03(±0.65)× [Fe/H]

(Ks, I − Ks) t [Gyr] = 33.60(±0.59)− 16.95(±0.42)× ∆saddle
TO − 8.01(±0.40)× [Fe/H]

(Ks, V − Ks) t [Gyr] = 37.16(±0.45)− 18.13(±0.30)× ∆saddle
TO − 7.83(±0.27)× [Fe/H]

VR models
(F110W, F110W − F160W) t [Gyr] = 38.11(±0.85)− 14.94(±0.45)× ∆saddle

TO − 4.20(±0.44)× [Fe/H]

(Ks, J − Ks) t [Gyr] = 37.02(±0.72)− 17.53(±0.47)× ∆saddle
TO − 4.02(±0.39)× [Fe/H]

(Ks, I − Ks) t [Gyr] = 38.70(±0.45)− 18.29(±0.29)× ∆saddle
TO − 3.48(±0.23)× [Fe/H]

(Ks, V − Ks) t [Gyr] = 40.17(±0.48)− 18.58(±0.30)× ∆saddle
TO − 3.99(±0.24)× [Fe/H]

The BaSTI isochrones appear to be the most sensitive to the parameter ∆saddle
TO : an

uncertainty of ± 0.1 dex in ∆saddle
TO produces uncertainties up to 2 Gyr in age. The

DSED isochrones appear to be the most sensitive to the metallicity: an uncertainty of
± 0.1 dex in metallicity produces an uncertainty of ± 0.8-0.9 Gyr in age.

It is also worth noticing that by enlarging the baseline color towards the blue,
younger ages are obtained. The reason has to be find in the Ks magnitude variation
of the MS-saddle as a function of the color baseline, already discussed in Section 6.5.
Stellar models miss to predict such a trend with the actual consequence of making
GCs gradually younger, using the ∆saddle

TO parameter. For instance, the VR isochrones
are the most sensitive to the adopted color and by moving from (J − Ks) to (V − Ks),
up to 2.3 Gyr younger ages are derived.

The results of this analysis are also shown in Figure 6.10 for 47 Tucanae and Figure
6.11 for NGC 6624. Each panel refers to one model and one color combination. The
dashed lines correspond to the analytical relations at the nominal cluster metallicity,
and the surrounding dark grey regions encompass a ± 0.1 dex variation in metallicity.

In Figures 6.10 and 6.11 we also plot the observed values of ∆saddle
TO (horizontal

solid lines) and their uncertainty (light grey region). From the intersection of the
observed values with the theoretical expectations we could finally derive the absolute
age of the clusters and their uncertainties. The results are listed in Table 6.3. Errors
on the age have been computed by using the uncertainties in the measured ∆saddle

TO

quoted in Table 6.3 and of ± 0.1 dex in metallicity.
For 47 Tucanae we obtain age values between 13.1 and 13.7 Gyr with an un-

certainty ≤ 1.5 Gyr. These age values are larger than the 11.6 ± 0.7 Gyr recently
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obtained by Correnti et al. (2016), although still marginally consistent within our
errors. For NGC 6624 we obtain age values between ≈10 and ≈13 Gyr and ≤ 2.1 Gyr
uncertainty, depending on the adopted color and model. As a comparison, the recent
determination of Saracino et al. (2016) for this cluster is of about 12.0 ± 0.5 Gyr.

If less conservative assumptions for the ∆saddle
TO and metallicity uncertainties are

made as done in previous works (see e.g. Di Cecco et al., 2015; Massari et al., 2016b),
for a selected model and CMD, errors can decrease to ≈1 Gyr or even below.

Figure 6.10: Predicted relations between age (in Gyr) and the parameter
∆saddle

TO obtained from BaSTI, DSED and VR isochrones. The dashed lines
are the theoretical relations computed at the metallicity of 47 Tucanae
([Fe/H] = −0.77, from Correnti et al. (2016) and references therein); the
dark grey regions surrounding each dashed line mark the variation
induced by changes of ±0.1 dex in the adopted metallicity. The solid line
and grey region in each panel mark the observed value and uncertainty
of the ∆saddle

TO parameter measured in the (F110W, F110W− F160W) CMD
of 47 Tucanae.

Table 6.3: Absolute ages of 47 Tucanae and NGC 6624 estimated from the
measured values of ∆saddle

TO and for the three adopted families of stellar
models (BsSTI, DSED, VR; see text).

cluster CMD tBaSTI tDSED tVR
(Gyr) (Gyr) (Gyr)

47 Tucanae (F110W, F110W − F160W) 13.1 ± 1.4 13.5 ± 1.5 13.7 ± 1.2
NGC 6624 (Ks, J − Ks) 11.1 ± 2.1 12.7 ± 2.0 13.0 ± 1.7

... (Ks, I − Ks) 10.1 ± 1.6 11.8 ± 1.7 11.7 ± 1.3

... (Ks, V − Ks) 9.9 ± 1.8 11.0 ± 1.9 10.7 ± 1.6
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Figure 6.11: The same as in Figure 10 but in the (Ks, J − Ks), (Ks, I − Ks),
and (Ks, V − Ks) for NGC 6624. In this case the theoretical relations and
the observed values have been determined in the three available CMDs
(see labels).

6.6 Conclusions

In this chapter we presented a detailed analysis of the MS-knee and the MS-saddle
features for absolute GC age determinations. To this end we used three different
families of stellar models and deep NIR observations of the two metal-rich Galactic
GCs 47 Tucanae and NGC 6624. For NGC 6624 deep optical photometry was also
available, thus allowing to explore the behavior of the two features in different colors.
The main conclusions of the chapter can be summarized as follows:

1. A more-suitable definition of the MS-knee - Because in NIR CMDs the low-mass
end of the MS bends to the blue and forms a “knee” (see Figure 6.2), this feature
needs to be defined consistently as the reddest point along the MS. Unfortu-
nately, however, this definition strictly holds only for pure NIR CMDs (see
Figure 6.3). Moreover, the predicted magnitude and color of the MS-knee are
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still significantly model-dependent (see Figures 6.4, 6.5 and 6.6), thus prevent-
ing a firm absolute age determination based on this feature. Hence, a theoretical
effort is required to remove the discrepancies among different isochrones in the
location of the MS-knee (which can lead to several Gyr differences in age), by
identifying the input physics and/or the Te f f - color transformations responsible
for them.

2. A MS-saddle, not a knee - The MS-knee was originally defined as the point of
minimum curvature along the MS MRL (Bono et al., 2010). Figure 6.2 shows
that the point where the MS bends to the blue (the so-called “knee”) does
not coincide with the inflection point, where the MS MRL has its minimum
curvature because it changes its curvature from convex to concave. Hence, here
we more appropriately named this latter point “MS-saddle”. The MS-saddle
is 0.7 mag brighter than the MS-knee and typically samples a mass ∼0.1 M�
higher with respect to the MS-knee. Figure 6.4 demonstrates that the MS-saddle
is insensitive to the morphology and the location of the MS-knee, since different
bends of the MS (hence different magnitudes for the MS-knee) correspond to
very similar MS-saddle points, with similar luminosities and colors. Hence the
MS-saddle cannot be considered a proxy of the MS-knee.

3. The MS-saddle: a fragile feature - At odds with the MS-knee, which has a physical
nature, the MS-saddle is just a geometric point indicating a change in the
curvature of the MS MRL. We performed a detailed analysis of its properties
by making use of deep NIR and photometry of the GCs 47 Tucanae and NGC
6624. All the measures of the MS-saddle magnitude obtained from the different
methods turned out to agree within ±0.04 mag, thus having a modest impact
(at a sub Gyr-level) on the final age estimate.

The analysis of NGC 6624 also offered the possibility to study the location of the
MS-saddle in CMDs with different colors, namely the (Ks, J − Ks), (Ks, I − Ks)
and (Ks, V − Ks) diagrams. We found that the Ks-band magnitude of the MS-
saddle changes by 0.2-0.25 mag when different colors are considered (see Figure
6.8). Moreover, a systematic trend has been detected, with the MS-saddle
becoming brighter with color baseline extending towards bluer filters (see
Figures 6.9 and 6.11, and Table 6.3), while in the same CMDs the absolute
magnitude of the MS-TO stays nicely constant (within 0.02 mag). Such a color
dependence of the MS-saddle location is not predicted by theoretical isochrones,
thus making it an unreliable anchor to estimate absolute ages.

4. The MS-saddle: not an improvement - State-of-the-art absolute age determination
of GCs using MS-fitting methods (see e.g. Correnti et al., 2016, which use
the morphology of the sequence to constrain also reddening, distance and
metallicity) already provide values with sub-Gyr uncertainties. The age values
derived from the ∆saddle

TO parameter can have similar sub-Gyr uncertainties in
the most optimistic assumption of a few hundredths mag uncertainty in the
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positioning of the MS-saddle and a few hundredths dex uncertainty for the
cluster metallicity. Moreover, the systematic dependence of the inferred ages
with the selected colors (i.e. younger ages for color baselines more extended to
the blue), makes impossible to set a unequivocal absolute age scale.

The next generation of space and ground-based telescopes, like the JWST and the
ELT, is expected to give a significant impulse to NIR observations. In particular, the
low-mass MS could be studied in great detail in many more GCs. This will allow a
more precise observational characterization of the MS-knee, to better constrain the
structure of extreme low-mass stars and the input physics for their modeling, in order
to finally solve the current discrepancies among stellar models. A major improvement
in terms of absolute GC ages is also expected from the significant refinement of the
distance determinations from the Gaia mission (Gaia Collaboration et al., 2016). This
perspective definitively suggests that the absolute GC age dating methods will live
very soon a renewed youth.
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This Thesis is part of a project devoted at the exploration and characterization of
the stellar content of the Galactic bulge by means of a sample of GCs. In fact, bulge
GCs are important tools to trace the formation and evolution of this Milky Way
component, as they are among the oldest stellar structures in the Universe formed at
the same epoch of the Galaxy assembly. However, they have been widely excluded
from large surveys and have remained only poorly investigated for decades because
of critical observational limitations, like severe foreground extinction and crowding,
which make them almost inaccessible at optical wavelengths and to seeing-limited
instruments. For these reasons, the majority of bulge GCs studies have focused on the
characterization of only the brightest evolutionary sequences in the CMDs (Minniti
et al., 1995; Davidge, 2000; Ortolani et al., 2001, 2007; Valenti et al., 2007, 2010), with
very few exceptions (see Kim et al., 2006; Ortolani et al., 2011; Cohen et al., 2017).

In this Thesis we took advantage of the exquisite capabilities offered by the MCAO
system GeMS combined with the high resolution NIR camera GSAOI at the Gemini
South Telescope, in Chile. Indeed, the advent of NIR MCAO systems, which are able
to sample and correct in real time the wavefront deformation due to atmospheric
turbulence, opened a new line of investigation for bulge GCs, that can be finally
studied at the same level of detail as halo clusters.

This Thesis is mainly focused on the results obtained for two GCs, namely Liller
1 and NGC 6624. They are massive (MV>-7) and metal-rich ([Fe/H]>-0.6), located
close to the Galactic plane. These two systems represent two ideal test-cases. Liller
1 is the prototype of a very obscured and dense cluster for which it is necessary to
push the GeMS+GSAOI system capabilities to its limits. In this case we have been
able, for the first time, to resolve the MS-TO and directly derive the cluster structural
parameters. NGC 6624 has been extensively studied in the past with HST, thus it
provides a very useful opportunity to test the GeMS performance. For the first time
in bulge GC studies, we reached the low-mass MS of the system.

A detailed summary of the main results of this Thesis is reported in the following:

1. Liller 1 is the first cluster analyzed in our sample (see Chapter 4). In spite
of the strong obscuration, larger than 10 magnitudes in the visual band (E(B-
V)=3.09, Valenti et al., 2010), we were able to resolve individual stars even in
the innermost regions of the cluster, down to its MS-TO at Ks ≈ 18.5 mag. From
direct star counts, we derived first the center of gravity, then the star density
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profile of Liller 1 from the center to the outskirts by combining GeMS data with
wide-field images from the VVV survey (Minniti et al., 2010; Catelan et al., 2011).
Based on this analysis, Liller 1 turned out to be significantly less concentrated
(concentration parameter c=1.74) and less extended (tidal radius rt = 298” and
core radius rc = 5.39”) than previously thought (c=2.3, rt = 720” and rc = 3.6”).
This cluster has a mass of about 1.5× 106 M�, which classifies it as the second
most massive GC in the Galaxy after Terzan 5. Finally, we confirmed that Liller 1
has also the second-highest collision rate among the Milky Way clusters. Again,
the record is held by Terzan 5 (Lanzoni et al., 2010). It is interesting to note,
however, that at odds with Terzan 5, no MSPs have been detected so far in this
system.

The detailed view of the stellar content of Liller 1 triggered new questions that
we plan to answer in the near future. The most interesting one is related to its
stellar population and, as a consequence, to its age. In fact, Liller 1 seems to be
predominantly old with an absolute age of 12 ± 1 Gyr, but the NIR CMD of
Liller 1 shows the presence of an evolutionary sequence at (J−Ks)∼ 0.75, exactly
located between the cluster RGB and the disk MS (see Figure 4.4). Its extension
at bright magnitudes would exclude the possibility that it is populated only by
blends or field stars. Moreover, the radial extension of the sequence seems to be
compatible with the radial extension of the cluster itself. In order to investigate
the nature of this sequence, Liller 1 will be observed soon with the ACS and
WFC3 on board HST (Program ID: GO15231; PI: F.R. Ferraro). Additionally,
spectra for a dozen stars in the region will be acquired by using OSIRIS at Keck
(Program ID: U0730L; PI: M. Rich).

2. NGC 6624 can be considered the best target to assess the real performance
achievable with the GeMS+GSAOI system (see Chapter 5). A high-quality
NIR CMD has been obtained for the cluster. Its depth and photometric quality
are fully comparable to those reached with ground-based observations in the
same wavelength range for no-obscured GCs in the Milky Way halo. The MS-
knee has been sampled at Ks ∼ 20 mag and the limiting magnitude of Ks =
21.5 mag has been reached with a typical photometric error smaller than 4
cents of a magnitude. The absolute age of NGC 6624 has been found to be
12.0 ± 0.5 Gyr, in good agreement with previous studies in the literature and
also consistent with the age of few bulge GCs for which this information is
available. In particular we adopted the MS fitting technique with a chi-squared
minimization and a comparison among different stellar evolutionary models.
The completeness-corrected and background-subtracted luminosity and mass
functions of NGC 6624 have been derived down to stars of about 0.45 M�,
in three different radial bins. The strong radial variation we found in both
functions is the first clear evidence of mass segregation in the cluster.

3. The problem of GC absolute age estimates has been extensively discussed in
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this Thesis, triggered by the introduction of a new possible age indicator in
the low-mass end of the MS in NIR CMDs: the MS-knee (see Chapter 6). We
made use of the highest-quality ground-based and HST CMDs available at the
moment for NGC 6624 and 47 Tucanae to test the MS-knee method suggested by
Bono et al. (2010), based on the magnitude difference between the MS-TO and
the MS-knee. We demonstrated that to date it is very difficult to determine GC
absolute ages with errors smaller than 1.5-2 Gyr, at odds with what proposed in
the literature. We show that the main limitation is related to theoretical model
uncertainties. This represents a key result for the upcoming JWST and ELT
projects and a new challenge for stellar evolution models.

4. To support all the scientific results presented in this Thesis, an in-depth charac-
terization of the astrometric and photometric performance of the GeMS+GSAOI
system has been carried out (see Chapter 3). In particular, we used data of
Liller 1 and NGC 6624, taken in different observational conditions (in terms of
seeing, airmass and brightness of guide stars) and we estimated median values
of the FWHM, SR and EE both in Ks and in J. We found that only Ks-band
images reach the telescope’s diffraction limit and we obtained SR ∼ 40% and
EE ≥ 50% in the Ks-band and SR > 10% and EE > 40% in the J one. A PSF
variation has been found in the FOV in both filters, with an improvement of
the AO correction closer to the NGS asterism. An analytic solution to sample
and correct the GD of the GSAOI imager has been also obtained, by comparing
GeMS data of NGC 6624 with a flat reference catalog from HST (Sarajedini et al.,
2007). Our approach unveiled spatial displacements larger than 30 pixels (>0.5")
in both axes at the edges of the camera. At the end of this iterative process we
were able to finally reach an astrometric accuracy better than 1 mas.

The results presented in this Thesis clearly demonstrate the power of the GeMS
+ GSAOI system to investigate the stellar population properties of bulge GCs. The
possibility to derive accurate ages even for highly obscured clusters represents the
main contribution of this Thesis in the field. It helps to make a step forward in
understanding which kind of connection exists between the bulge and its GC system.
In this sense, the future perspectives of this work are mainfold.

Our plan for the next future is to provide the scientific community with the
first homogeneous census of bulge GCs based on high resolution diffraction-limited
MCAO observations in the NIR, with significant improvements with respect to
previous works in terms of both completeness and accuracy. To this aim, a sample
of ∼ 15 bulge GCs already observed with GEMINI has been collected over the
last years (PI: R.E. Cohen). This sample has been selected to span nearly 1 dex in
metallicity, from metal-poor to metal-rich clusters, with the idea to finally derive the
age-metallicity relation for bulge GCs.

The next goal is also to determine star density profiles and structural parameters
for all the clusters in our sample, by means of direct star counts, rather than of surface
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brightness, which is often biased towards bright sources. We will take advantage of
the ESO public VVV survey (as already done in the case of Liller 1; see Figure 4.10)
and/or wide-field ground-based instruments like HAWK-I at the VLT to sample the
outskirts of the clusters. The combination of GeMS data and wide-field observations
will allow to cover the clusters’ entire radial extension, thus to derive the full star
density profile, to constrain the structural parameters and to search for extra-tidal
tails due to possible interactions with the bulge field.

The final goal of our project is the determination of the internal and global kine-
matics of the surveyed bulge GCs. To date radial velocities and proper motions are
available only for small samples of stars in just a fraction of these systems. However
this information is crucial to derive their orbits (thus constraining the mass distri-
bution and potential well of the bulge), and to determine their internal kinematics
(which is a mandatory ingredient for any meaningful modeling of these systems).
GeMS data represent first-epoch imagery for proper motion studies, but second-
epoch data, covering a time baseline of more than 5 years, will be acquired with
new dedicated observations, either with GeMS and/or with JWST. Radial velocities
will be instead derived for hundreds of individual stars taking advantage of a multi-
instrument approach: ESO/SINFONI to sample the cluster centers and ESO/MUSE
for the external regions. The 3D velocity dispersion profile and rotation curve will
be determined, thus unveiling the internal kinematic structure (including possible
rotation and pressure anisotropy) and the present-day total (dynamical) mass of each
cluster.
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