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Abstract

Globular Clusters (GCs) are among the oldest objects in the Universe. Nearly
all GCs host two main stellar groups of stars, a first population (1P) with a
chemical composition similar to halo field stars with similar metallicity, and the
second population (2P) of stars enriched in He, N, Na, and Al and depleted in
O and C.

The astronomers have proposed two main scenarios to explain the formation
of multiple populations in GCs, namely the single- and the multiple-generation
scenarios. FEach of them has major implications in Cosmology, Galactic Archae-
ology, and stellar evolutionary models.

For these reasons, the knowledge of GCs’ formation and evolution is crucial
to shed light on the formation and evolution of the Galaxy. Nowadays, most
of the studies on multiple populations are focused on stars more massive than
~ 0.5—0.6 Mg, whereas the Very Low-Mass (VLM) regime is almost unexplored.

Nonetheless, VLM stars would provide crucial information to constrain the
formation scenarios. Indeed, the different scenarios predict different chemical
abundances for 2P stars with different masses. In the single-generation scenario,
2P stars with different masses also have different light-element abundance, while
the multiple-generation scenarios predict that all 2P stars share the same chem-
ical composition.

In this research, I use Hubble Space Telescope images to investigate the GC
NGC288 and characterize, for the first time, its multiple stellar populations
among VLM stars. To this, I derive the mpigow versus mpiiow — Mrigow
Color-Magnitude Diagram (CMD), which is a very efficient tool to disentangle
multiple stellar populations below the main sequence (MS) knee.

As expected, 1 detected two distinct MSs of M-dwarfs and I showed that
the MS split is due to stellar populations with different oxygen abundances. I
associated the blue and red stellar sequences with 1P and 2P stars, respectively.

Based on isochrones and synthetic spectra with appropriate chemical com-
positions that I computed for this work, I derived the colors of 1P and 2P stars
corresponding to different abundances of He, C, N, and O. The comparison be-
tween these isochrones and the observed CMD allowed me to infer the oxygen
abundance of 1P and 2P stars.

I found that 2P M-dwarfs are enhanced in oxygen by A [O/Fe] = 0.33£0.03
dex with respect to 1P VLM stars. Such oxygen variation is comparable with
that derived from high-resolution spectroscopy of red-giant branch stars. The
finding that the chemical composition of 2P stars does not depend on stellar
mass is consistent with the predictions of the multiple-generation scenarios.
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Chapter 1

Globular Clusters: a
multiple populations
phenomenon

Globular Clusters (GCs) are one of the oldest objects in the Universe, therefore,
through their study, we can obtain useful information about the first stages of
the Universe and how the first structures formed. Moreover, most of the Galactic
GCs (around 150 GCs) formed at Redshift z 2 3 (Dotter et al 2010), and they
should have been more massive compared to how they are nowadays (see Section
1.2.1). At that epoch, only a tiny fraction of the Galaxy’s stellar mass (~ 6%)
was formed (Madau & Dickinson 2014). As a consequence, they should have
played a pivotal role in the assembly of the Milky Way and its first evolutionary
stages and they could have also contributed to the re-ionization of the Universe.
For all these reasons, the knowledge of GCs’ formation and evolution is a crucial
tool shed light on how the Universe works.

Until the end of the XX century, astronomers thought that GCs were proto-
types of Simple Stellar Populations (SSPs), which are stellar populations that
formed in a single burst of star formation from a chemical homogeneous gas
cloud. A SSP can be easily described by three main parameters: age, distance,
and chemical composition of the pristine gas cloud. A good example of a GC
that resembles an SSP is NGC 6397, one of the closest GCs, whose Color Mag-
nitude Diagram (CMD) is shown on the left panel in Figure 1.1. On the right
panel, a model of an SSP is overplotted and we can see that it fits quite well the
Main Sequence (MS) of NGC 6397, suggesting that the GC represents an SSP.

1.1 Observational evidences for multiple popu-
lations

The hint of the possible presence of multiple stellar populations (MSPs) arose
initially through the analysis of the stellar spectra within GCs. Indeed, it was
found star-to-star abundance variations, in particular among light elements (Co-
hen 1978, Norris et al 1981, Norris 1981, Norris & Freeman 1982, Smith &
Penny 1989.). However, these observations were based on a limited number of
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Figure 1.1: Left panel shows the CMD of NGC 6397, in the right panel it is overlapped
an SSP model, which fits quite well. (Image taken from Prof. Milone’s lecture notes)

giant stars, so that it was still unclear if those anomalous stars were part of a
chemically-different stellar population or if their presence was due to evolution-
ary reasons (see Kraft 1994 for a review).

Another way to investigate GCs is using photometry, which has improved sig-
nificantly since the Hubble Space Telescope (HST) became operational. Indeed,
with the combination of an appropriate set of filters that are sensitive to differ-
ent chemical abundances, photometry can be equivalent to very low-resolution
spectroscopy, with the advantages of being able to observe wider regions of the
sky and sampling stellar populations composed of several thousand stars. The
synergy between these two techniques, photometry and spectroscopy, has un-
covered without any doubt the presence of multiple stellar populations within
almost all GCs observed so far. Among all observations, there are three main
pieces of observational evidence that have helped astronomers to abandon the
idea of GCs as prototypes of SSP in favor of the MSP scenario.

The first evidence is the chemical composition of stars within a GC. Indeed,
star-to-star chemical variations were observed in elements involved in hot hy-
drogen burning and in p-capture processes, e.g. C, N, O, Na, Al, and in some
GCs also in Mg, Si, and K. These variations are not arbitrary but they follow
well-known patterns, such as O-Na, C-N and Mg-Al anti-correlations or Na-N,
C-O and Si-Al correlations (e.g. Carretta et al. 2009). The left panel in Figure
1.2 displays the O-Na anti-correlation found by Carretta et al. (2009) by study-
ing the spectra of almost 2000 stars in 19 different GCs. The right panel instead
shows the C-N anti-correlation found by Cohen et al. (2002) analyzing Sub Gi-
ant Branch (SGB) stars in M5. Originally, these chemical inhomogeneities were
thought to be caused by evolutionary mixing, considering that stellar evolution
may contribute to explaining the observed N-C anti-correlation in evolved Red
Giant Branch (RGB) stars (Denisenkov & Denisenkova 1990). However, the
detection of this phenomenon also in non-evolved stars in the MS or slightly
evolved stars in the MS Turn-Off (MSTO) (Briley et al. 2004) ruled out this
scenario, since in these stars convective regions are almost absent and the mixing
cannot reproduce these chemical patterns.
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Figure 1.2: Left panel shows the Na-O anti-correlation found by Carretta et al. 2009
studying the spectra of 1958 stars in 19 different GCs obtained with the Very Large
Telescope. Spectra obtained with the GIRAFFE and UVES spectrographs are shown
as red and blue circles, respectively. The right panel, instead, shows the N-C anti-
correlation found by Cohen et al. 2002 in SGB stars in M5. Black and white circles
represent stars with strong or weak CH absorption bands, respectively, whereas black
squares represent data from Briley et al. (1992).

Another piece of evidence is the so-called second-parameter problem of the
Horizontal Branch (HB) (Sandage et al. 1967; Catelan 2009). It was thought
that the only parameter that determines the morphology of the HB was metal-
licity. However, with the increase of observational data, together with the im-
provement of photometry, several GCs with the same metallicity but with a
different HB morphology were found, some of them redder and others bluer,
suggesting the presence of other parameters that alter the HB morphology.

The third main observational fact that challenges the SSP scenario is the
presence of multiple sequences in the CMD of almost all GCs. Thanks to the
photometry improvement in the last few decades, there was increasing evidence
of broad or even split sequences into the different evolutionary phases in the
CMD, from the MS (Milone et al. 2012a, Milone et al. 2012b) up to the
Asymptotic-Giant Branch (AGB) (Lagioia et al. 2021) including the Red Gi-
ant Branch and the HB (Dondoglio et al. 2021) and even in the White Dwarf
Cooling Sequence. These sequences are not just present separately in the dif-
ferent parts of the CMD but they can be followed continuously along with all
evolutionary phases, suggesting the possible presence of MSPs (see the right
panel in Figure 1.3 A few examples that well represent the complexity of MSPs
phenomenon in GCs are NGC 7089 (M2), namely NGC 2808, and w Centauri
(NGC 5139), shown in figure 1.3. From the comparison between these CMD
and the one in Figure 1.1 we can clearly see the presence of multiple sequences
and the broadening of the MS and the RGB suggesting the presence of MSPs.
In particular, the last two GCs, NGC 2808 and w Centauri, were the first GCs
that challenged seriously the SSP scenario of GC, since they are characterized
by extreme chemical variations that produce well-separated sequences in their
CMD.
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Figure 1.3: Left panel: CMD of NGC 2808, where several stellar sequences can be
seen. The box in the upper left shows the same CMD with five isochrones superimposed
to fit the different stellar populations. Central panel: the CMD of M2, with at least
three different stellar tracks along the RGB. The different colors, represent AGB stars
(red dots), HB stars (green dots), and Blue Struggles (blue dots) analyzed by Milone et
al. (2014). Right panel: the CMD of w Centauri where the different stellar populations
can be seen from the bottom of the MS to the top of the RGB (left image from Piotto
et al. 2007; central image from Milone et al. 2014; right image from Bellini et al.
2010).

After the discovery of these MSPs, astronomers developed new observational
tools and approaches to maximize the separation between the different stellar
populations, in order to get new information on their origin. Some of the most
effective photometry-based approaches involve:

o Wide-band UV photometry. Marino et al. 2008 have demonstrated, study-
ing M4, that wide-band ground-based photometry allows to separate effi-
ciently different stellar populations, in particular using CMDs made with
U-band filters. Indeed, stellar populations with a different abundance of
C, Na, O, and S are arranged in distinct RGB sequences in a U versus
U-B CMD, because each filter is sensitive to different bands, e.g. NH and
CN molecular bands are included in the U filter whereas CH bands are
included in the B filter.

o Wide color baseline. Stars with different He abundance have different
effective temperatures, but the same luminosity. For this reason, He-
rich stars are usually bluer in color than He-poor stars. To separate
stellar populations with different He abundance, wide color baselines, as
mpa7sw —MEs14w, are usually employed because they are very sensitive to
He variations, up to AY = 0.01. The most striking example comes from
NGC2808, in which its large He variations produce three well-separated
MSs (Piotto et al. 2007, Milone et al. 2012), as shown in the left panel in
Figure 1.3.

e Near-IR photometry. IR photometry is very efficient to detect MSPs in
very low-mass stars (M < 0.4 Mg). The two main filters used for this
purpose are the F110W and F160W of the WFC3/NIR camera onboard



HST. The F160W filter is very sensible to molecules that contain oxygen
whereas the F110W filter is poorly affected by oxygen abundance. For
that, the F110W-F160W color is effective in spotting chemical differences
among these stars (e.g. Milone et al. 2012, 2014, 2017, 2019, Dondoglio
et al. 2022). The NIR photometry will be discussed in details in Section
1.3.1.

e Chromosome map (ChM). Milone et al. (2015) have developed a pseudo-
two-color diagram to efficiently disentangle different stellar populations.
In this diagram, the stellar tracks present in the MS, RGB or AGB are
verticalized in both dimensions, which is the main difference with respect
to a simple two-color diagram. In doing so, considering that the colors
used to build the ChM are sensitive to specific chemical abundances, the
stellar populations are clustered in specific regions on this diagram de-
pending on their chemical composition. The most common ChM exploits
the mparsw — mpgiaw color and the Crarsw r3ssw, Fsiaw pseudo-color,
and it is most sensitive to He, C, N, and O variations (see also Milone et
al. 2017 for details).

Thanks to these techniques two main stellar populations were found in almost
all GCs: those stars with galactic-halo-field-like chemical composition, dubbed
as first population (1P), and those with higher abundance of He, N, Na, and Al
and depleted in C and O, dubbed second population (2P).

1.2 Formation scenarios

Since the discovery of these multiple populations phenomenon, astronomers have
developed several possible scenarios trying to explain their origin. In particular,
all the possible formation scenarios must explain the GC properties observed so
far:

o Light elements. 2P stars are enhanced N, Na, and Al but depleted in C
and O compared to 1P stars. In some clusters, variations in Mg and Si are
also observed. Moreover, there are specific patterns among these elements,
such as Na-O and C-N anti-correlations and Na-N and C-O correlations
(see Figure 1.2). These chemical patterns are distinctive results from
CNO-cycling and p-capture processes at high temperatures.

e 2P specificity. The chemical composition mentioned in the previous point
is a key feature of GCs considering the fact that stars with this chemical
composition are found almost only in GCs and stars with this composi-
tion present outside GCs are considered generated within them and then
stripped away or lost through tidal interactions (Vesperini et al. 2010).
This unique feature suggests that the environment of GCs is necessary to
form the chemical patterns found in 2P stars. For this reason, a formation
scenario must account for the chemical composition of 2P stars and, at
the same time, the rarity of these stars outside GCs.

e Variety. Although all GCs host MSPs, there are no two GCs that are
exactly the same, i.e. each GC features a distinctive pattern of multi-
ple populations, with a particular chemical composition. The formation
scenario, therefore, has to explain the large cluster-to-cluster differences.



e Predominance of 2P. From observations, it has been seen that the stars
2P are the dominant component in almost all clusters with respect to
1P stars. Indeed, on average, the 1P stars contribute to ~ 30 — 40% to
the total star mass within a GC, whereas 2P stars contribute to almost
~ 60 — 70%.

e Metallicity. In almost all GCs, 1P and 2P stars share approximately the
same metallicity [Fe/H|, within ~ 0.1 dex. Given the fact that iron is
mainly produced through core collapse Supernovae (SNe), the constancy
of metallicity between the two populations indicates that the 2P stars have
experienced limited contamination from SN ejecta.

e He abundance. Helium abundance is quite difficult to estimate through
spectroscopy because stars colder than HB stars (Teg < 8000 K ) do not
have helium lines that are strong enough to be detected in the optical
range, while hotter stars (Tog = 11500 K) are affected by helium settling,
hence the He content in their atmosphere is not indicative of their intrin-
sic He abundance. However, with multi-band photometry astronomers
are able to constrain the He abundance of GC stars. In particular, we
can obtain an estimate of the measure of He abundance by comparing
the observed colors of different stellar populations with colors obtained
through synthetic spectra with specific chemical abundances. From this
technique, it is found that the difference in He abundance between 1P and
2P stars is, on average, AY1p_osp ~ 0.01 in He mass fraction (Lagioia et al
2019, Milone et al. 2018). However, there are some GCs that show higher
AY1p_op, with the highest AYip_op ~ 0.18 found in NGC2419 (Zennaro
et al. 2019).

e Discreteness. This is an important characteristic of MSPs. Indeed, within
a GC, the different stellar populations can be split into discrete sequences
in the CMD and appropriated two-color diagrams.

The majority of the formation scenarios can be summarized into two main
groups: Multiple Generations and Single Generation scenarios.

1.2.1 Multiple Generations scenarios

According to Multiple Generations scenarios, different stellar populations cor-
respond to different generations of stars. The 1P formed from a first burst
of star formation within a homogeneous gas cloud composed of pristine mate-
rial which resembles the galactic-halo-field-like chemical composition. 2P stars
then formed from the polluted material processed by high-mass 1P stars and,
depending on the nature of these polluters, different formation scenarios have
been hypothesized.

The scenario that probably has received the most attention in the literature
is the Asymptotic Giant Branch (AGB) scenario (Cottrell et al. 1981; Dantona
et al. 1983; Ventura et al. 2001), considering the fact that many aspects related
to this scenario are also included in many other scenarios. According to this
scenario, 1P formed from the first burst of star formation within the proto-GC,
hence 1P is the first generation of stars of a GC. Core collapse SNe explosions
combined with the associated feedback from high-mass stars (greater than 8 —



10 Mg), in the first Myrs, removed the pristine material, left from the 1P,
together with the Fe-peak element produced by the core collapse SNe themself.
After ~ 30 Myr, the intermediate-mass stars (between ~ 3 —4 and ~ 8 M)
evolved through the AGB phase, experience the Hot-Bottom-Burning (HBB), a
phenomenon in which the convective envelope reaches regions with temperature
higher than ~ 30 — 40 - 10 K, sufficient to trigger p-capture processes. Due to
the convective envelope, the p-capture products are mixed in the envelope and
brought into the upper layers. Moreover, during the AGB phase, the star also
undergoes the so-called Dredge-Up, in which the convective envelope, similarly
to the HBB, penetrates towards the innermost layers of the star, reaching the
region previously processed by the CNO-cycle, therefore the products of the
CNO-cycle are mixed in the envelope and through convective motions, they are
brought up to the surface. In the final stages, the AGB stars experience a strong
stellar wind, which ejects the upper layers (enriched in CNO-cycle and p-capture
products) into the cluster. The ejected material does not have enough kinetic
energy (~ 10 — 30 km/s, Loup et al. 1993) to overcome the potential well of
the cluster, thus the polluted gas rapidly cools down and mixes with pristine
material and finally starts to sink toward the center of the cluster, where it will
form 2P stars. However, this scenario is not able to reproduce properly the
Na-O anti-correlation, and for this reason, it requires a dilution of the AGB
yields with the pristine material, which 1P stars are composed of. This pristine
material needs to be accreted from the field since it is ejected outside the cluster
as a consequence of the SNe explosion.

Other possible polluters are massive stars, which undergo hot hydrogen burn-
ing in their core while they evolve along the MS. Nevertheless, the products of
the hot hydrogen burning form in the lower layers of the stars, hence it is un-
likely that this material can reach the surface and be ejected outside the star
because, in these stars, only the central regions are convective. However, ac-
cording to the Fast Rotating Massive Stars (FRMS) scenario (Decressin et al.
2007; Decressin, Charbonnel & Meynet 2007) , if these massive stars are rapidly
rotating this problem can be overcome as a result of rotation that can induce
the mixing of the material inside the star and this polluted material, from which
the 2P will form, can be released in the surroundings through a slow mechanical
wind in the equatorial regions. Also, in this case, the polluted material has to be
diluted to account for the 2P stars’ chemical composition. But this problem can
be solved considering the fact that this mechanism takes place when the cluster
is much younger (< 10 — 20 Myr) compared to the AGB scenario, therefore
there is still present pristine gas left from the 1P.

Another possible way for massive stars to be able to eject the products of
hot hydrogen burning is when they are in a binary system. de Mink et al.
(2009) proposed that massive interacting binaries could produce the polluted
material from which the 2P will form later on. They modeled the evolution
of a 20 Mg star interacting with a 15 Mg and they found that this binary
system expels virtually the entire envelope of the primary star, which would
correspond to ~ 10 Mg of processed material, and this material has the same
chemical patterns observed in 2P stars (e.g. Na-enriched, O-depleted, etc.).
An interesting result about this scenario, which is called Massive Interacting
Binaries (MIB) scenario, is the fact that the yields from a binary system depend
on several parameters, e.g. the interaction time, the mass ratio, and the total
mass of the system, the orbits of the components, etc. Hence, it could reproduce
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Figure 1.4: A schematic view of the dilution model. In the figure we can see the
yields produced by three different polluter candidates: AGB yields (from D’Ercole et
al. 2010) represented with red squared for different stellar masses, typical high-mass
star (~ 20 Mg) yields represented with the blue upside-down triangle (from de Mink
et al. 2009) and very massive star (~ 5-10* Mg) yields in purple (off to the left of the
figure, from Denissenkov & Hartwick 2014). grey points represent 2P stars of 2P stars
from NGC 104 (data from Roediger et al. 2014) (image from Bastian et al. 2018).

in principle the variety of GCs.

Considering that dilution is needed to explain the chemical patterns ob-
served in GCs, in particular for AGB and FRMS scenarios, several dilution
models were developed with the aim to explain the such inconsistency. Fig-
urel.4 shows the dilution effect on the chemical composition for three formation
scenarios, the AGB, the FRMS, and the Very Massive Stars (VMS) (see Sec-
tion 1.2.2). Focusing in particular on the AGB scenario, in Figure 1.4 the red
squares represent the expected yield if only AGB stars are considered, for dif-
ferent star masses, and we can see that they produce an O-Na correlation. If
dilution with pristine material is taken into account, the dilution track (dashed
red line for the AGB model in Figurel.4) can explain the chemical abundance
of 2P stars. Indeed, in Figure, 2P stars belonging to NGC 104 (from Roediger
et al 2014) are displayed with grey dots and we can see that the dilution tracks
reproduce the O-NA anti-correlation. Hence, each 2P star position, according
to the dilution model, is regulated by the relative amount of polluted material
(AGB yields) and the diluting material ( pristine material of 1P) from which
the star formed.

All three mentioned scenarios, related to the Multiple Generations scenar-
ios, have a common problem: the so-called “Mass-budget problem”, which is
connected to the predominance of 2P stars. Indeed, considering the fact that
only a minor fraction of the 1P initial mass forms 2P stars, in order to ex-
plain the predominance of 2P stars in GCs ( on average 1P~ 30 — 40% whereas
2P~ 60 — 70% of the total GC stars) it is required that proto-GCs should have
been much more massive compared to the present-day GCs, from 10 to 100



times more massive. There is a possible way to mitigate this problem, i.e. to
reduce the required proto-GC mass but not to solve it, and this has to do with
the Initial Mass Function (IMF) of the 2P. A different IMF between 1P and 2P
stars has been proposed by D’Ercole et al. (2010), for which the formation of
2P stars is truncated at a mass ~ 8 Mg, i.e. only stars with a mass smaller
than ~ 8 M, can be formed. This particular IMF has several benefits: it lowers
the mass budget needed for the 2P stars and eliminates the SNe pollution of
2P stars, hence it is not necessarily a mechanism to remove the metal-rich gas
produced by SNe. The assumption of this possible IMF for 2P stars arise from
the fact that the environment out of which 2P stars are formed is already highly
populated by 1P stars with a density ~ 10° Mg pc~2 (Renzini et al. 2015). This
environment is quite different from a molecular cloud, which is almost free from
pre-existing stars (Renzini et al. 2013), so it is possible that star formation has
a different mode! compared to what it is observed in a molecular cloud.

To summarize, with a particular IMF, typical of high-density environments,
the mass budget needed to produce 2P stars is largely reduced, but the problem
is still present. To solve it, it has been suggested that proto-GCs have expanded
previously and during the formation of 2P stars. As the proto-GC passes closer
to its host galaxy, it loses the stars placed in the external regions, which are
predominantly 1P stars, through tidal interaction. According to this scenario,
we would expect a correlation between the fraction of 1P stars and the distance
from the host galaxy, because at larger distance 1P stars would not be stripped
away from the GC. Milone et al. 2017 and Bastian & Lardo 2015 did not find
any correlation between the fraction of 1P stars and the Galactocentric distance.
For this reason, the Mass budget problem is still unsolved.

However, “Mass-budget problem” could have important consequences in sev-
eral astronomical fields such as Cosmology and Galactic Archaeology. As a result
of their high primordial mass, along with the fact that they formed at high Red-
shift, GCs should have had an important contribution to the re-ionization of the
Universe. Moreover, if GCs really lost most of their 1P stars they would form
up to ~ 50% of the halo stars (Martelli et al. 2011), resulting in the building
blocks of the Milky Way (and in general the building block of galaxies).

1.2.2 Single Generation scenarios

The second generation scenario, the Single Generation scenario, suggests in-
stead that 1P and 2P are coeval populations, born from the same burst of star
formation. According to this scenario, polluters belonging to 1P stars eject pro-
cessed material into the intra-cluster medium with kinetic energy not sufficient
to overcome the potential well of the cluster, hence it cools down and start sink-
ing toward the central regions. This material is then accreted into low-mass 1P
stars, hence forming the 2P. This material has to be accreted from a star in its
Pre Main-Sequence (PMS) phase, because, once the star enters its MS phase, it
probably cannot accrete a significant amount of material as a result of radiative
feedback and stellar winds (Bastain et al. 2013). Moreover, direct accretion of
polluted material from the surroundings into a young star is unlikely to take
place unless it is present a circumstellar disk of material that is able to entertain
materials as it moves through the intra-cluster medium.

1 Moreover, star formation in high-density regime is poorly explored so far
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Figure 1.5: Schematic view of the SMSs formation scenario. Cold pristine gas is
accreted from the GC, which undergoes an adiabatic contraction. The stellar density
in the central regions reaches a value high so runaway collisions can take place, thus
forming SMSs. Because of their strong stellar winds, these stars eject the polluted
material which subsequently is accreted into the circumstellar disc of PMS low-mass
stars to produce 2P stars (image from Gieles et al. 2018).

Considering that the PMS duration depends on the stellar mass, e.g. Tpys ~
6 Myr for a 2 Mg, star, Tpyms ~ 25 Myr for a 1 Mg star and Tpys ~ 90 Myr
for a 0.5 Mg star, lower mass stars can accrete polluted material for longer
periods. However, as a result of the ‘short’ period of the PMS phase, the
possible polluters have to produce and eject the processed material within the
first Myr from the burst of star formation, and for this reason, the more suitable
candidates as polluters are massive stars.

Gieles et al. (2018) proposed a scenario where Super Massive Stars (SMSs),
stars with mass greater than (~ 103 M) are the source of the polluted material.
A schematic view of this scenario is shown in Figurel.5. According to this
scenario, the proto-GC would go through an adiabatic contraction as a result of
dynamical friction and accretion of cold pristine gas (red arrows in Figurel.5),
and if the density reached in central regions is sufficiently high, SMSs can form
via runaway collisions (Portegies Zwart et al. 1999). For this to happen, the
density should be greater than ~ 10° stars and the accretion rate for the gas
should be greater than ~ 10° M, Myr~!. These conditions could be reached
at the formation of GCs in a high-density environment (probably achieved in
the early Universe). Such massive stars are expected to be fully convective,
which is required to mix the products of hot hydrogen burning that takes place
in the deepest layers of the star. Because of their strong stellar winds and the
radiation-driven mass-loss as a result of their high luminosity, which should be
comparable to or even greater than the Eddington luminosity, SMSs eject the
polluted material in the surroundings (blue arrows in Figurel.5). This material
is then accreted by the circumstellar disc of PMS low-mass stars, forming thus
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2P stars. An interesting result is that these SMS can eject polluted material
that can be an order of magnitude greater than the maximum mass of SMSs as
a consequence of the rejuvenation of these stars through continuous collisions,
considering the high stellar density in central regions.

The main problem connected to this scenario is that these particular types of
stars are not observed so far, neither in the near universe nor at high Redshift,
even if the authors modeled a numerical simulation that shows, under certain
conditions, SMS can form from runaway collisions. This formation scenario,
however, could in principle explain the origin of Intermediate-Mass Black Holes
(IMBHs), black holes with a mass in the range 102 —10° M, which is in between
stellar mass black holes ( from few up to tens of My) and Super Massive Black
Holes (SMBHs; mass of the order 10° — 10° Mg). The detection of IMBHs
would support this scenario. Baumgardt et al. (2017) suggested the presence
of an IMBH with a mass of ~ 4-10* M, in the central regions of w Centauri
while Kiziltan et al. (2017) showed indirect evidence of an IMBH with a mass
of ~2.2-10% Mg, in 47 Tuc. However, the existence of such black holes remains
uncertain and the more suitable way to detect IMBHs is through gravitational
waves using the interferometers VIRGO and LIGO.

1.3 Very Low-Mass stars

So far, the vast majority of studies regarding MSPs in GCs have analyzed the
spectral range mainly from the UV region (A ~ 2000 A) to NIR region (A ~
8000 A). Here, multiple sequences can be observed only down to stellar masses
~ 0.6 — 0.5 Mg, whereas for populations of Very Low-Mass (VLM) stars, with
mass in the range ~ 0.5—0.1 Mg, multiple sequences are quite difficult to detect
because their spectral peak is located at A 2 8000 A and for this reason they
are too faint to be accurately observed. As a consequence, the high-precision
optical and UV photometry of these stars is challenging, making them among
the least explored stars in the MSP context. However, as we are going to see,
these stars can help us to shed light on formation scenarios of MSPs in GCs,
and in particular, they can allow us to constrain the formations scenarios

Indeed, according to Multiple Generations scenarios ( Section 1.2.1), 2P stars
form in a second burst of star formation from an approximately homogeneous gas
cloud composed of polluted material. On the other hand, as suggested by Single
Generation scenarios (Section 1.2.2), 2P stars may originate from accretion
processes of polluted material ejected from more-massive 1P stars. Accretion
processes can be described through models, according to which, in general, the
accretion rate (M) depends on the accreting object mass, i.e. M o Mieet (@
depends on the specif model considered). In the case of Bondi-Hoyle-Littleton
accretion, the accretion rate is proportional to the square of the mass of the
accreting object, M beject, so that high-mass stars would have accreted
more material compared to low-mass stars.

At this point we can understand the importance of VLM stars’ population:
if we measure the difference in chemical abundances between 1P and 2P stars
in high-mass stars, e.g. in RGB or AGB, and compare it with the difference
measured between 1P and 2P VLM stars, different results would favor different
formation scenarios:

e The abundance difference between 1P and 2P stars in high-mass stars
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and low-mass stars is comparable within the error bars. This result would
argue in favor of Multiple Generations scenarios since we expect approxi-
mately the same chemical abundance between high- and low-mass stars.

e The abundance difference between 1P and 2P stars in high and low mass
stars is not comparable, even if we take into account the error bars. This,
on the contrary, would argue in favor of Single Generation scenarios, given
the fact that the different chemical abundances between high- and low-
mass stars are most likely a consequence of accretion processes.

1.3.1 Near-Infrared spectral range: a forgotten realm

The first studies of MSPs among VLM stars were published only ~ 10 years ago.
Indeed, previously there were only a few space-based telescopes with suitable
cameras to detect MSPs in GCs in the NIR range. One of these cameras,
at that time, was the NICMOS camera onboard HST, but it was used more
often to study distant objects (e.g. galaxies) instead of resolved nearby stellar
populations (e.g. GCs) due to its small field of view (low resolution: 51.5 x
51.2 arcsec, medium resolution: 17.5 x 17.5 arcsec and high resolution: 11.0 x
11.0 arcsec)?.

Another space-based telescope designed to observe in the NIR range was the
Spitzer space telescope with the Infrared Array Camera (IRAC). This camera
had a larger field of view compared to the NICOMOS camera (5.2 x 5.2 arcmin)
and sensitivity over a wide range ( 3 — 9.5 um) so in principle, it could be used
to study VLM stars in GCs. However, it had larger pixels than the NICOMOS
camera (1.2 x 1.2 arcsec, i.e. ~ 10 times larger ) and a lower throughput and
this made it not suitable for resolving crowded regions, as in the case of GCs.

This lack of a modern camera on space-based telescopes to study GCs in
NIR was filled when the Wilde Field Camera 3 (WFC3) was installed onboard
the HST, in May 2009. This camera, which has two channels, one for the
UV /optical range (WFC3/UVIS) and the other for the IR range (WFC3/IR),
has improved significantly the observational potential to detect MSPs. The
detailed characteristic of this camera will be discussed in Section 2.1.

To better understand the huge improvement introduced by the WFC3 cam-
era, Figure 1.6 it is shown the limiting point-source magnitudes reached by
different HST instruments in 10 hours of exposure time, which is a proxy of the
sensitivity of the instruments. From this Figure, we can easily appreciate the
high sensitivity of the WFC3 camera together with its very wide wavelength
coverage compared to the other HST instruments. In particular, it is worth-
while to focus our attention on the WFC3 /IR channel (dark blue solid line) and
compare its sensitivity to that of its predecessor, the NICOMOS camera (yellow
dashed line), to understand why it was so challenging to detect VLM stars in
NIR range prior to WFC3 camera.

As a result of its exceptional characteristics, all the studies concerning mul-
tiple populations among VLM stars used principally the WFC3 camera with its
IR channel. Among all the available filters, the F110W and F160W filters are
the most suitable to study multiple populations among VLM stars.

The F110W has a wavelength coverage between ~ 900 nm and ~ 1400 nm
while the F160W filter between ~ 1400 nm and ~ 1750 nm. In the wavelength

2https://esahubble.org/about /general /instruments/nicmos/
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Figure 1.6: The figure shows the limiting point-source magnitudes reached by several
HST instruments in 10 hours of exposure time (image from WFC3 Instrument Hand-
book).

range of the F160W filter, the flux of VLM stars is affected by several molecules
containing oxygen (e.g. CO, VO, OH, H50), with the water molecule being the
strongest source of opacity. As already mentioned in Section 1.2, 1P and 2P
stars show different chemical abundances and in particular 2P stars are depleted
in O compared to 1P stars. As a consequence, the magnitude in the F160W
filter of 1P VLM stars should be dimmer compared to 2P VLM stars. This is
reflected in the mpi1gow versus mei1ow — Mmrigow CMD, as the 1P stars exhibit
bluer color compared to 2P stars below the MS knee. On the contrary, in stars
with higher surface temperatures, i.e. above the MS knee, this effect is almost
negligible (Milone et al. 2014, Dotter et al. 2015).

This effect is clearly illustrated in Figure 1.7, where, in each column, two
synthetic spectra of stars with the same metallicity [Fe/H] = —1.4 and helium
content Y = 0.4 but different light elements abundances (C, N, and O) are
compared in the wavelength range ~ 4500 — 17500 A.

The two spectra on the upper left panel represent a star with T,g = 3750 K,
which is located below the MS knee, whereas on the upper right panel the two
spectra represent a star with a hotter surface temperature, Tog = 4615 K,
which is located above the MS knee. In both upper panels, synthetic spectra of
two stars with different chemical abundances are shown, in particular, the red
spectrum represents a star enhanced in N and depleted in C and O compared
to the blue spectrum (the specific chemical abundances for the two spectra are
displayed in the upper panels). For this reason, the blue spectrum resembles
a typical 1P star chemical composition, whereas the red spectrum resembles
a chemical composition of 2P star. By comparing them we can see that, as
mentioned previously, the variation in C, N, and O affects largely the spectra
of cold star whereas it does not alter significantly the spectra of the hot star.

In both central panels, the flux ratio between the red and the blue spectrum is
represented. The difference between the two spectra are here even more evident,
indeed we can see that the flux ratio for the hotter star is almost 1, which means
that the two spectra are almost identical. On the other hand, the flux ratio for
the colder star deviates from 1, especially for A < 8000 A and for X > 14500 A.
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Figure 1.7: Upper panels: In both panels spectra of two stars with different chemical
compositions are shown. The specific chemical composition of each spectrum is plotted
in the lower part of each panel. Middle panels: The flux ratio between the red and the
blue spectrum is displayed. Lower panels: Wavelength coverage of several HST filters
are shown. F606W and F814W filters are used in the ACS/WFC camera whereas the
F110W and F160 are in the WFC3/IR camera. Spectra displayed on the left column
represent a star with Teg = 3750, log(g) = 5.1 (i.e. a star located below the MS knee)
whereas the spectra on the right column represent a star with T.q = 4615, log(g) = 4.1
(i.e. a star located above the MS knee) (image from Milone et al. 2017).

In the lower panels, both on the right and the left column, the transmission
curves of the filters F606W and F814W of the ACS/WFC camera (which will
also be used in my study, see Section 2.1) and the two filters of WFC3/IR
camera already mentioned, F110W and F160W, are displayed. Focusing our
attention on the wavelength range of the latter filters, we can clearly see how
the flux of the F160W wavelength range is higher than 1, which means that the
red spectrum (i.e. 2P VLM star) is brighter than the blue spectrum (i.e. 1P
VLM star) in the F160W filter and this results in a greater separation of the two
populations in a mpigow versus mgiiow — Mrisow CMD. However, also with
the F606W and F814W of ACS/WFC camera, we should be able to disentangle
these different populations of VLM stars but, as already mentioned, these stars
are too dim to be properly detected.

1.3.2 VLM stars in literature

As mentioned previously, very few studies concerning multiple populations among
VLM stars were published. Among these studies, Milone et al. 2012 (hereafter
M12) were the first to detect multiple sequences among VLM stars using F110W
and F160W filters of WFC3/IR, camera. Their goal was to study the multiple
populations in NGC 2808, one of the most complex GC, in the lower part of
the MS, i.e. below the MS knee. Prior to their study, multiple sequences in
NGC2808’s MS were already observed in the optical CMD, by Piotto et al.
(2007), which detected 3 different stellar populations down to the MS knee.
The reddest, middle, and bluest MSs were dubbed rMS, mMS, and bMS, respec-
tively. From isochrones fitting and taking into account spectroscopic analysis
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of 122 RGB stars performed by Caretta et al. (2006), Piotto and collaborators
suggested that the rMS corresponds to the first generation of stars, with halo-
like abundances of He and light elements. On the contrary, the mMS and bMS
correspond to a subsequent generation of stars because stars in both sequences
are enhanced in He, N, and Na and are depleted in C and O. These multiple
sequences can be seen in the left panel of Figure 1.3.

M12, however, found only two distinct sequences among VLM stars in NGC
2808. On the left panel in Figure 1.8, the NIR CMD of NGC 2808 is displayed
and two stellar sequences can be seen, where the blue and red MSs are labeled
MSI and MSII, respectively. By comparing the fraction of stars in MSI and
MSII with that in rMS, mMS, and bMS and the position of stars in both the
Optical and NIR CMDs, M12 suggested that the MSI is the extension of the rMS
whereas the MSII is the extension of mMS and bMS, which merged together at
the level of the MS knee.
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Figure 1.8: The left panel displays the CMD of NGC 2808 obtained by M12, and
the two different populations labeled MSI and MSII on the red and blue sides of the
MS respectively. The right panel shows three different isochrones computed by M12
to fit the three sequences detected above the MS knee. The three isochrones have the
same metallicity, [F'e/H] = —1.3 but different He content. The red solid, green dashed
and blue long dashed isochrones fit the rMS, mMS, and bMS (see text for details),
respectively (image from Milone et al. 2012).

Moreover, to better characterize the properties of these two populations,
M12 generated some evolutionary models to compare with the observations.
First, they computed isochrones with only different He abundances (same light
elements abundance) to fit the different stellar populations above the MS knee
and, as expected, they found out that the three sequences found by Piotto and
collaborators are consistent with stellar populations with different He abun-
dances (left panel in Figure 1.8). In particular, the rMS is fitted with a stellar
population with ¥ = 0.248, whereas mMS and bMS are fitted with isochrones
with higher He abundance, ¥ = 0.35 and Y = 0.40 respectively. As we can
see in Figure 1.8, below mpigow ~ 21, the three isochrones merge together and
cannot describe the two sequences below the MS knee. M12 explain this be-
havior with the fact that the atmosphere models used do not account for light
element variations, which affect mostly the star flux at A > 14000 A, as pre-
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viously seen. Indeed, accounting for the variation of C,N, and O derived from
spectroscopic analysis (e.g. Caretta et al. 2006, Bragaglia et al. 2010), M12
found that the simulated color difference of the two populations below the MS
knee is compatible with the observed one, proving that the two stellar popula-
tions have different chemical abundances and these are in agreement with the
chemical abundance found in the populations above the MS knee.

This research is fundamental for the study of multiple populations among
VLM stars in GCs because, as mentioned above, this is the first study to clearly
detect MSPs in VLM stars and, moreover, it demonstrates the possibility to
investigate and disentangle MSPs for these stars. Almost all subsequent studies
concerning VLM stars in GCs had focused their attention on the detection and
characterization of MSPs in VLM stars. However, none of them had compared
the difference in light element (oxygen in particular) abundance between 1P
and 2P stars measured in VLM stars and high-mass stars to test the different
formation scenarios. This comparison was only done by Milone et al. 2019
( hereafter M19) studying NGC 6752. As in the case of NGC 2808, prior to
their study, MSPs in NGC 6752 had been detected from the AGB down to the
brighter MS ( Grundahl et al. 2002 were the first to detect these MSPs). With
the exception of the AGB, three distinct stellar populations were found in the
RGB, SGB, and upper MS (Milone at al. 2013; Dotter et al. 2015). These three
stellar populations (highlighted in a different color) are shown in the left panel
in Figure 1.9 where it is shown the mporsw versus mporsw — mpszew CMD.
Combining spectroscopic analysis of previous works (Yong et al. 2003, 2008 and
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Figure 1.9: Left panel shows CMD of NGC 6752 with the different stellar populations
highlighted in different colors (image from Milone et al. 2014). The right panel displays
NIR CMD of NGC 6752 with the Hess diagram in the box to highlight the three
different stellar populations (image from Milone et al. 2019).

Carretta et al. 2012) with the results of their multi-wavelength photometric
data, Milone et al. 2014 explained the different stellar populations with the
first population of stars originated from a pristine gas cloud, and a second
population originated from partially polluted material. They identified the first
population with the green population, which accounts for ~ 25%of the total
stars, considering that its chemical composition resembles that of the Galactic
halo. The magenta and blue population, which account respectively for ~ 30%
and ~ 45% of total stars, represent instead a second population originating from
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polluted material processed by first population stars. Indeed, stars belonging to
magenta and blue populations are enhanced in He, N, Na, and Al and depleted in
C and O compared to the green population. To better understand the behavior
of MSPs, M19 extended the research to VLM stars in this GC using the powerful
mpieow versus mpiiow — Mrigow CMD, which is displayed on the right panel
in Figure 1.9.

In this CMD, the presence of MSPs can be seen only below the MS knee,
where several sequences split to form a much broader MS compared to the MS
above the MS knee. If we observe the CMD only (i.e. we do not pay attention
to the box inside the CMD) it is a bit difficult to determine how many sequences
are present. For this reason, it is usually used the so-called Hess Diagram (i.e.
the box inside the CMD), which plots the relative density of stars. At a first
glance at this diagram, we are able to identify at least three different stellar
populations, one on the red side of the MS, another one on the blue side of
the MS, and a third one in between, with the latter much broader than the
first two. For this reason, this Diagram is a powerful tool to investigate and
detect qualitatively MSPs in the case these sequences are not well separated. To
corroborate this qualitative result, M19 compared a simulated CMD obtained
with artificial stars with the observed one, and, indeed, they identified three
sequences.

To better characterize the nature of these multiple sequences, M19 compared
isochrones with different chemical abundances with the observed CMD (Figure
1.10). They found out that the redder MS, which is fitted with the green
isochrone, is enhanced in C and O and depleted in N and He compared to the
other two sequences, and in particular, the bluer MS has a higher abundance of
N and He and the lower abundance of C and O among the three populations.
M19 pointed out that the red MS below the MS knee is the extension of the
blue MS above it (i.e. the green population in Figure 1.9) whereas the blue MS
below the MS knee is the prolongation of the red MS above it (i.e. the blue
population in Figure 1.9). Instead, the central MS does not change significantly
the position above and below the MS knee, reaming always in between. For
these reasons, below the MS knee, redder MS corresponds to 1P stars whereas
the central and the bluer MS correspond to 2P stars, as expected.

For the first time, M19 compared the oxygen variation among 1P and 2P
stars below the MS knee with the oxygen variation measured from spectroscopy
for 1P and 2P AGB stars, which are more massive (Marino et al. 2011,2017;
Nardiello et al. 2015) and they determined that the oxygen variation is almost
the same in the stellar mass range ~ 0.15 — 0.80 M. M19 suggested that this
result can be interpreted as a possible constraint to the formation scenarios of
multiple populations. As a consequence, in the case that Single Generation
scenarios are the correct ones, since 2P stars formed from accretion processes of
polluted material ejected by more massive 1P stars, the accretion rate should
not be proportional to the stellar mass, otherwise we should expect different
oxygen abundance between high- and low-mass stars. For instance, a Bondi
accretion is excluded by these results because we would expect higher oxygen
abundance in high-mass stars compared to VLM stars.

Another fundamental study concerning MSPs among VLM stars is Don-
doglio et al. (2022), which analyzed nine GCs and one open cluster using the
filters F110W and F160W. They observed a clear bi-modality on the stellar
density below the MS knee in five GCs, namely NGC 104, NGC 288, NGC 2808,
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Figure 1.10: The figure shows the NIR CMD ( same CMD in the right panel in Figure
1.9) with three isochrones overplotted that fit the three different stellar populations.
The chemical abundances of the different isochrones are labeled in the figure (image
from Milone et al. 2019).

NGC 5139, and NGC 6121 and a triple-modality distribution in NGC 6752, sug-
gesting that these distributions are consistent with the presence of MSPs. More-
over, they compared the color spread below the MS knee (Wg110w,F160w) with
the O difference (A[O/ Fe]) between 2P and 1P stars, dubbed A[O/ Fe], inferred
by Marino et al. 2019 (hereafter Mal9) by studying RGB stars, and they found
the anti-correlation displayed in Figure 1.11, where Wgii1gw,Fisow is plotted
against A[O/Fe]. This trend suggests that the F110W—F160W color spread
among VLM stars increases when the oxygen variations are larger. On the other
hand, the Open Cluster NGC 6791 (black dot in Figure), in which no oxygen
variations are expected (Bragaglia et al. 2014; Boberg et al. 2016), has a color
spread consistent with observational errors only.

Dondoglio and collaborators measured also the Mass-Function (MF) of two
chemically-different populations in NGC 2808 and M4 and found that their
slopes do not vary above ~ 0.6 — 0.8 Mg and below ~ 0.3 — 0.5 Mg the MS
knee. This result is in contrast with a Single Generation scenario where 2P
stars formed through Bondi-Hoyle-Littleton accretion from 1P polluted mate-
rial. Indeed, in that case, besides expecting different light-element variations
between high- and low-mass stars in 1P and 2P, the different slopes of the MF
are predicted, being lower for 2P stars (~ —2) and a bit higher for 1P stars
(~ —1.3) (see their paper for detail).
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Figure 1.11: The stellar color spread below the MS knee,Wr110w, Fisow, is plotted
against the O variation between 1P and 2P RGB stars inferred by Marino et al.
2019. In Figure is also displayed the Spearman’s rank correlation coefficients for GC
measurements (image from Dondoglio et al. 2022).

1.4 Thesis layout

In this Chapter, I illustrated the MSPs phenomenon in GCs and the different
possible formation scenarios proposed in the literature to justify their existence,
with their consequences on different astrophysical and cosmological issues. Then
I described previous literature results concerning VLM stars in GCs, focusing
attention on their importance to probe the MSPs phenomenon down to the
almost unexplored lower part of the MS. Among the very few studies about
VLM stars in GCs, I drew attention to the first study ever done about these
stars, which demonstrated the possibility to investigate this region of the CMD
and the information we can obtain, and the only study has done so far that
had compared the difference in the oxygen abundance between 1P and 2P stars
in high- and low-mass stars. This comparison can be an important test to
provide some constraints on the possible formation scenarios. For this reason,
in this research thesis I am going to investigate MSPs among VLM stars in
NGC 288 through mpigow versus mriiow — Mmrisow CMD. Once I will detect
multiple sequences, through isochrone fitting, I will be able to calculate the
difference in oxygen abundance between 1P and 2P stars and compare it with
the oxygen variation in 1P and 2P high-mass RGB stars, in particular with the
results obtained by Jang et al. 2022. Depending on the result, I will discuss the
possible consequences of the formation scenarios.

The thesis is organized as follows: Chapter 2 illustrates the characteristics of
the HST instrumentation used, the photometric data set of NGC 288, and the
procedure to reduce them, Chapter 3 shows the results of the data reduction and
in Chapter 4 I will discuss the results with their implications for the formation
scenarios and compare them with the results in the literature.
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Chapter 2

Data Reduction

In this Chapter, I will illustrate the procedure carried out to obtain the pho-
tometric stellar catalog used to derive the CMD of NGC 288 and to investigate
MSPs among its VLM stars. The main characteristics of this GC are summa-
rized in Table 2.1.

Distance [Fe/H] Te Th Tt
(pc) (arcmin)  (arcmin) (arcmin)
8.9 -1.32 1.35 2.23 12.94

Table 2.1: Main characteristics of NGC 288: heliocentric distance, age, metallicity,
core radius, half-mass and tidal radius. All values are taken from Harris 2010.

2.1 Instrumentation

Photometric data used in this research were obtained by HST, which is one of
the most powerful space-based telescopes that allow high-precision photometry,
fundamental to studying MSPs in GCs. HST has orbited around the Earth
since 1990 at an altitude of ~ 540 km, which allows for avoiding distortions
induced by the atmosphere. Indeed, eliminating the presence of the atmosphere
is crucial to explore very crowded regions, as in the case of GCs.

HST has a primary mirror of 2.4 m with a focal length of 57.6 m. It has a
very wide wavelength coverage, from the UV (A ~ 100 nm) to the NIR (A ~
1700 nm), and several cameras are present onboard to detect photons in the
different wavelength ranges. In particular, in this research, I used data collected
by two instruments: WFC3 and the Advance Camera for Surveys (ACS).

WEFC3 is a fourth-generation imager installed in 2009 and it covers a very
broad wavelength range (~ 200 — 1700 nm). It is composed of two different
channels, one to observe in the UV and optical range (WFC3/UVIS) and the
other to observe in the NIR (WFC3/IR). The ACS instead is a third-generation
imager installed in 2002, with a wavelength coverage between ~ 200 — 1100 nm.
It is composed of three different channels: the High-Resolution Channel (HRC),
the Solar Blind Channel (SBC), and the Wide Field Channel (WFC). Among
these, I reduced data obtained with the following channels:
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e WFC/IR. It has a field of view of 136 x 123 arcsec? with a pixel scale of
0.13 x 0.13 arcsec? /pixel, which allows very high-resolution observations.
The CCD, made of HgCdTe, has a total of 1024 x 1024 pixels (but only
1014 x 1014 are active). It detects photons with a wavelength between 800
and 1700 nm. Moreover, it has excellent sensitivity and also exceptional
temporal and spatial photometric stability (2 99%, Kailrai et a. 2011).

Among the available filters, as mentioned in Section 1.3.1, I used data
acquired through the filters F110W (Apin ~ 883 nm, Amax ~ 1412 nm)
and F160W (Apin ~ 1385 nm, Apax ~ 1700 nm).

e ACS/WFC. It has a greater field of view, 202 x 202 arcsec?, and higher
resolution compared to WFC3 /IR, with a pixel scale of ~ 0.05x0.05 arcsec? /pizel.
There are two aligned CCDs, made of SITe, with a size of 2048 x 4096
pixels each (4096 x 4096 pixels in total). It is sensible to photons with a
wavelength between ~ 350 nm and ~ 1100 nm.

Among the available filters, I used data obtained using the filters F606 W
(Amin ~ 462 nm, Apax ~ 718 nm) and F814W (A ~ 687 nm, Amax ~
963 nm).

2.2 Data set

The photometric data used in this research were collected by HST as part of the
programs 12193, for the F606W and F814W filters, and 16289, for the F110W
and F160W filters, with J.W. Lee and A. Milone as principal investigators,
respectively. Information about fits files obtained with WFC3/IR are illustrated
in Table 2.4 and 2.3 for the F160W and F110W filters respectively, whereas data
set obtained with ACS/WFC in Table 2.2. These data sets are not sampling
the center of the GC but a region ~ 5 arcmin from the cluster center, to avoid
too crowded regions that are not suitable for the purpose of this research.

F606 W F814W
Image ID Date Exp. time Image ID Date Exp. time
jbkhOlhkq 10/11/10 15 jbkh01i2q  10/11/10 150
jbkhOlhng 10/11/10 200 jbkh01i5q  10/11/10 150
jbkhOlhwq 10/11/10 200 jbkhOlhpg 10/11/10 10
jbkhOlhzq 10/11/10 200 jbkhOlhtq 10/11/10 150

Table 2.2: Tmages obtained with ACS/WFC camera.
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F160W

Image ID Date Exp. time
ieaulle2q 25/01/21 1302s
F110W ieaul2soq 17/12/20 1302s
Image ID Date Exp. time .ieau13agq 04/01/21 1302s
ieauldppq 25/01/21 142s
ieaullclq  25/01/21 142s feauldpxq  26/01/21 1302s
feaullc9q  25/01/21 1202s ieaulbfeq  26/01/21 142s
feaul2snq  17/12/20 142s ieaul5fmq  27/01/21 1302s
feaul2stq  17/12/20 1202s ieaulbzgq  30/01/21 1425
ieauldafq  04/01/21 142s ieaul6zhq  30/01/21 1302s
ieauldbaq  04/01/21 1202s #ieaulbznq#  30/01/21 1202s
ieauldq3q  26/01/21 1202s ieaul9jzq  09/05/21 142s
feaulbfsq  27/01/21 1202s ieaul9k0q  09/05/21 1302s
ieaul9ksq 09/05/21 1202s

Table 2.3: Images obtained through

the F110W filter. Table 2.4: Images obtained through
the F160W filter. The image between
the hash in the Table, ID :ieaul6znq,
is damaged and therefore it will not be
used in this research.

2.3 Data reduction

In this Section, I will illustrate the procedure used to create the stellar photo-
metric catalog for NGC 288. In the data reduction, I used several FORTRAN
programs all developed by J. Anderson.

WFC3/NIR photometric data (_fit.fits files) are already calibrated and flat-
field corrected, whereas ACS/WFC data (_flc.fits files) are also corrected for
the low charge-transfer efficiency (CTE) of the detector (Anderson & Bedin
2010). In ACS/WEFC files retrieved from the HST archive, the image of the two
CCDs! are overlapped and therefore cannot be used directly. The two images
can be disentangled using the FORTRAN program flt2wj2, which creates an
image aligning the two images obtained from each CCD.

2.3.1 Effective Point Spread Function

Considering that the aim of this research is to detect VLM stars to study MSPs,
we need accurate measurements of the magnitude and position of each star in
NGC 288, and this can be achieved only if I have a precise PSF model for each
CCD.

Indeed, a PSF model represents the distribution of the light of a source, a
star in our case, in the CCD after being processed by the telescope. On the
other hand, a stellar profile in the CCD is represented as a step function, which
describes the stellar flux detected in each pixel (in Figure 2.1 the flux profile
of a star in three adjacent pixels is shown as example). However, this step
function, i.e. the stellar profile, can be fitted by different PSF models if the

1 As mentioned in Section 2.1, the ACS/WFC CCD is composed of two separated rectan-
gular CCDs.
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Figure 2.1: The histogram shows the flux value of a star detected in three adjacent
pixels in a CCD. However, this profile can be fitted with different PSF models, which
are displayed with black and dotted curves. As we can see, these PSF models have
different peak positions (i.e stellar position) and different peak values (i.e. stellar flux)
(image from Anderson & King 2000).

exact position of the star within the pixel is not known a priori. Different PSF
models yield different measurements of the stellar position and flux, and if these
models are not sufficiently accurate we would obtain an inaccurate estimation
of stellar parameters. For this reason, obtaining a precise stellar PSF model for
each CCD is crucial for the purpose of this research, and in general to retrieve
accurate measurements of stellar position and flux.

To do that, an accurate PSF model of our CCD is needed, but we cannot
obtain a precise PSF model if we do not know the exact stellar position and flux.
To overcome this degeneracy I used an iterative procedure that takes advantage
of some FORTRAN programs and involves the following steps. The first step
is to use a library PSF model, which is not built on the actual image but is
based on the CCD and filter properties instead. This model is used to obtain a
first-guess PSF model for the image. The second step makes use of the latter
to obtain a more accurate PSF model, which is based on the actual image. In
the last step, the position and the flux of each source present in the image are
measured by fitting the PSF model just obtained. Two different FORTRAN
programs are used to carry out this procedure for the two cameras.

For ACS/WFC files, the first step is carried out by the FORTRAN pro-
gram tmg2psf. This program calculates the first-guess PSF by fitting particular
stars with an archive PSF model?.The stars used in this first step have to be
well isolated, to not be contaminated by nearby sources, and very bright but
not saturated, to obtain the best-possible initial guess of the image-based PSF
model. To run properly, the program requests the following parameters to select
this sample of stars:

e HMIN. It defines the isolation index, i.e. the minimum distance (in
pixels) between two sources to be considered. The value used is 20.

20ne PSF model for each filter.
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o FMIN. It defines the minimum counts’ value (i.e. the flux) of a source to
be considered. Since we need bright source in this first step I used 3500.

o PMAX. It defines the maximum count value of a source to be considered.
The value used is 54000, which is right below the saturation limit.

e QMAX. It defines the maximum value of the Q parameter, which indi-
cates the quality of the fit. A typical value for this parameter is 0.3.

e NSIDES. It defines how many regions the image has to be divided. The
value used is 5.

e PSF file. It defines the archival PSF model to build the first-guess PSF
model. I used the same PSF model for all the images of the same filter.

o IMAGE.FITS It defines the image on which the PSF model has to be
calculated.

The program repeats iteratively the fitting procedure, using the PSF model
obtained in the previous iteration, to improve the fitting itself. The program
stops as soon as the PSF model obtained does not change too much between
subsequent iterations. The output of this program is the PSF model, called
_PSF.fits, built upon the actual image, and an example is shown in Figure
2.2. The program does not produce a single PSF model for the whole image,
instead, it produces a grid of 9 x 10 PSFs. This is because the PSF can change
shape depending on the position of the CCD as a result of optical aberrations
and position-dependent charge diffusion, therefore using a grid of PSF models
improve the measurement of the position and flux of each source in the image.

Figure 2.2: PSF model obtained with img2psf for one F814W image.

In the second step, the obtained PSF model is used to measure the position
and magnitude of all sources in the image. This procedure is carried out by
another FORTRAN program, img2zym. The input parameter requested is sim-
ilar to those of img2psf, i.e. HMIN, FMIN, PMAX, PSF file, and IMAGE.FITS
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but this time I used a different value. I used a set of values that includes the
majority of the sources in the image, including the very faint and the saturated
ones (HMIN =3, FMIN = 50, and PMAX = 999999). As a PSF file, unlike
in img2psf where I used the same PSF model for all images of the same filters,
here I used for each image the corresponding PSF model produced by img2psf.
The output of img2zym is a file that contains, for all the sources detected in
the image, position, magnitude, and Qfit. This latter quantity indicates the
quality of the fit, and for stellar sources, it has a well-defined dependence on
the magnitude, being smaller for bright stars and higher for fainter stars.

For WFC3/IR files, the procedure just explained for ACS/WFC data is
performed by a single FORTRAN program, hstIpass. The input parameter
for this program is the same: HMIN, FMIN, PMAX, PSF file, and the im-
age to be processed. I set HMIN=3 (as in img2zym) whereas FMIN=0 and
PMAX=999999999 in order to detect all the sources present in each image.
This is because, with WFC3/IR camera, I am searching for the faintest stars
within the GC so the lowest stellar flux detected (i.e. FMIN) must be 0 in
order not to lose any possible star. The output of this program, similar to that
obtained with img2zym, contains information about the position, magnitude,
and Qfit value for all sources detected in the image.

So far I obtained the position and magnitude of all sources present in each
image in the different filters, however, not all of these sources are stars. Before
proceeding with the data reduction, I have to remove the noisy and unwanted
sources. This cleaning procedure is carried out by considering the Qfit value,
which is given in the file output of img2zym and hstlpass for ACS/WFC and
WFC3/IR data, respectively.

Figure 2.3 illustrates the procedure identify the sources with poor photom-
etry. I selected by eye the red curve that separates the stars that follow the
dependence of the Qfit with the magnitude (that lie below it) from the sources
that are clear outliers (above it). In the Figure, these latter points are mainly
clustered around mpggiaw ~ —8. Then I created a new file where I stored all
blue data points. This procedure is repeated for each image in every filter.

2.4 Photometric Catalog

At this point, it is possible to build a single photometric catalog containing all
four filters considered for NGC 288. To do so, the images in each filter have to
be combined together to obtain a single catalog, which will be used to create
the final photometric catalog.

To merge different images of the same filter, it is necessary to put them in
the same reference frame. Since the images are not perfectly aligned, therefor I
used the FORTRAN program zym2mat to bring them into the same reference
frame. This program computes the matrices for the coordinate transformations
to bring each image into the same reference frame of a reference image, called
master. To calculate these matrices, it searches for similar triangles, which
vertices are stars, between two images, and then it rotates and translates this
triangle until they coincide. This method is called Cross Identification.

This program requires a file that specifies the information about the images
to be processed. First, I have to specify which image has to be used as a master
frame and I chose, for each filter, a long exposure image in order to have the
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Figure 2.3: The procedure to identify poorly measured stars in one of the F814W
exposures. The red line poorly-measured sources (black points) from those with high-
quality photometry (blue points).

higher possible number of stars. Then I specified all the images that have to be
brought in the master reference frame. An important piece of information that
I need to specify is a number that indicates which camera and filter are used
to obtain the images. This parameter is fundamental because each different
camera and filter deform slightly and differently from the actual image. For this
reason, this code indicates which CCD and filter distortions have to be applied
to the exposure before proceeding with the cross-identification. Photometric
data from WFC3/IR are already corrected for this effect, therefore I specified
that no CCD distortion corrections are needed for WFC3/IR images. The last
information needed is the position and magnitude of stars that are used to search
for similar triangles between the images.

In addition to this file, the program requires an input parameter that indi-
cates the distance, in pixels, from a star in the master image, within which the
program searches for common stars in other images. In order to obtain accu-
rate transformations, I performed two iterations of xym2mat. In the first one,
I selected only the brightest stars, including saturated ones, to find a first-guess
transformation matrix between the images and the master frame. These ma-
trices are then used as starting point in the second iteration, where I selected
only unsaturated stars since the latter are not well measured. In both itera-
tions, I used it as an input parameter 0.45 pixel. After this second iteration,
I obtain, as an output, a file that contains the correct stellar positions in the
master frame for each image. A test to verify if the procedure is successful is to
plot the residuals, given in the output file. These residuals are the difference in
the position, in pixel, between a star in the master frame and the same star in
another image, after it is brought in the master reference frame.

If these residuals are distributed circularly around 0 with a small spread,
this implies that the transformations were successful. On the contrary, if the
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Figure 2.4: Position differences between stars in the master frame and in another
image brought in the master reference frame. The left panel shows a successful trans-
formation, characterized by a circular blob of stars centered at the origin. The right
panel shows an unsuccessful transformation with points centered away from the origin
showing an elongated distribution in abscissa.

residuals are not centered around 0 or they are centered around 0 but not
circularly, the program did not find the correct transformation matrices and I
should repeat the procedure, changing the master frame or the stars that are
used to find common triangles. An example of this test is illustrated in Figure
2.4, where the residuals in x and y (in pixel) are shown. On the left panel is
displayed an example of successful transformation whereas on the right panel
an incorrect transformation. I carried out this test for each image in order to
verify that the transformations were successful.

After obtaining these transformations, a stellar catalog can be built for each
filter by averaging the position and the magnitude of all sources in all images
of the same filter. This procedure is performed by the FORTRAN program
zym2bar. This program makes use of the output files from zym2mat to average
positions and magnitudes of common stars. This program needs a file similar to
that required by zym2mat, which specifies which stars have to be considered.
For images in both ACS/WFC filters, I selected stars with a magnitude be-
tween —13.7 and —5 for long exposure and between —99.9 and —10.65 for short
exposures. For long exposure, I set the lower limit to —5 mag because below
this threshold stars are too faint, therefore they have much larger error. For
images in both WFC3/IR filters, instead, I selected those stars in the magnitude
range between —15.5 and 0 for long exposure and between —99.9 and —15.3 for
short exposure. This program requires an input parameter, NIMMIN, which
sets the minimum number of images in which the star has to be detected in
order to be considered. For ACS/WFC images is used the value 3 whereas for
WFC3/IR I used 2. The output of this program is a file that contains the po-
sition, magnitude, and corresponding errors of all selected stars in the previous
steps.

Now it is possible to build the photometric catalog in the different filters
using the FORTRAN program zymImat. This program compares a catalog in a
certain filter with a reference catalog in order to find common stars and assign
to them the magnitude in the two different filters.

To compare and obtain the magnitude of the two filters for each star, I
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performed two iterations. In the first one, I considered only the brightest stars to
create a temporary match between the two catalogs and retrieve the first guess of
the transformation coefficients between the two reference frames. In the second
iteration, making use of this temporary match, all stars are considered for the
match-up. The output of the second iteration is a file that contains the position
and magnitude in both filters of all common stars in the two catalogs. Usually,
the catalog that contains the higher number of stars is used as a reference
catalog, in order to not lose any stars. For this procedure, I kept the F814W
catalog as the reference catalog and I matched it with the other catalogs, those
of the F606W, F160W, and F110W filters, obtaining three files, one for each
filter (F814W excluded since it is the reference frame).

2.5 Gaia reference frame

In the photometric catalog obtained in the previous Section, stellar positions
refer to an arbitrary reference frame, the CCD frame. For the aim of this
research, it is not important which reference frame but for completeness and for
possible future work on NGC 288, I transformed the stellar coordinates to move
from the CCD to the Gaia reference frame.

First I downloaded the catalog of NGC 288 from GAIA Data Release 3 (DR3,
Gaia Collaboration et al. 2016b, 2022k)3. The coordinates of DR3 data are ex-
pressed in right ascension (RA) and declination(DEC), for this reason, they
have to be transformed in linear coordinates (i.e. those of the CCD frame).
Then, using again the program zymlImat, with the same procedure explained
in Section 2.4 with the only exception of using the GAIA catalog as a mas-
ter frame, I matched the latter with the F814W catalog, obtaining a stellar
catalog with GATA coordinates but HST instrumental magnitudes for all stars
detected in the F814W filter. At this point, the same procedures used for the
programs zym2bar and zym2bar illustrated in Section 2.4 are applied, using the
new F814W catalog. After this procedure, I obtained a new catalog for each
filter where stellar positions are in the GAIA reference frame but magnitudes
are still the instrumental ones. The stellar coordinates in both the CCD and
GATA reference frames are displayed in the left and right panels of Figure 2.5,
respectively.

2.6 Calibration

So far, stellar magnitudes are expressed in terms of instrumental magnitude,
which have no physical meaning, thus they cannot be used for scientific pur-
poses. For this reason, I transformed the instrumental magnitude into calibrated
magnitude (mca) through the relation

Mecal = Minst + Amag + Z Phjger + C (21)

where Amag is the difference between the magnitude obtained through PSF
photometry (i.e. the magnitude obtained in Section 2.1) and the magnitude
obtained through aperture photometry (which I will discuss later on in this
Section), Z Py is the zero-point in a given filter and C'is the aperture correction.

3The data are available on the website https://gea.esac.esa.int/archive/.
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Figure 2.5: In the left panel stars are shown in the CCD reference frame, whereas on
the right panel, the same stars are shown in the Gaia reference frame.

The zero-point values for ACS/WFC filters were retrieved from online utility
4 where I specified the observation date and the filters, whereas for WFC3/IR
the zero-point values were retrived from another online tool® ,but whitout the
need to specify the observation date. Also the values for the aperture correction
were obtained from online catalogs®. For ACS/WFC filters I used an aperture
of 0.5 arcsec whereas for WFC3/IR filters I adopted an aperture of 0.4 arcsec.

To calculate Amag, first, a catalog with magnitude obtained through aper-
ture photometry must be produced. For this reason, I used the FORTRAN
program drz_phot, which performs aperture photometry, and I applied it on the
drizzled images (drz.fits and dre.fits files for WFC3/IR and ACS/WFC, respec-
tively). These are images with an exposure time of 1 s, thus the count value in
each pixel represents actually the number of counts per unit second.

This program measures the aperture magnitudes in these images, and it re-
quires some parameters that specify which sources have to be considered to carry
out aperture photometry, which are the minimum distance between two sources
to be considered (HMIN), minimum and maximum flux of the source(FMIN
and PMAX) and the image to be analyzed. I set them in order to consider
only bright and isolated stars. Moreover, concerning aperture photometry, I
specified the aperture radius and the inner and outer radius of a ring centered
around stars to measure the sky level. The choice of the aperture radius comes
from a compromise between collecting as much as possible stellar flux (so by
setting a very large value) and avoiding flux contamination from nearby stars
(so by limiting its value). For ACS/WFC, I set HIMN = 10, FMIN = 0.1,
and PMAX = 9999 for the sources, whereas I set 10 pixels for the aperture
ring (which corresponds to an aperture of 0.5 arcsec ), 14 pixels ( 0.7 arcsec)
and 20 pixels (1 arcsec) for the inner and outer radius of the ring, respectively,
to measure the sky. For WFC3/IR, the parameters to specify which stars to
consider are the same as ACS/WFC, while I set 3 pixels as the aperture pho-
tometry radius (~ 0.4 arcsec) and for the sky level, I kept the same values
used for ACS/WFC. The program gives as output a file where the positions and

4https:/ /acszeropoints.stsci.edu/

Shttps://www.stsci.edu/hst/instrumentation /wfc3/data-analysis/photometric-calibration

6For ACS/WFC filters from https://www.stsci.edu/hst/instrumentation/acs/data-
analysis/aperture-corrections and for WFC3/IR filters from https://www.stsci.edu/hst/
instrumentation/wfc3/data-analysis/photometric-calibration/ir-encircled-energy
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Figure 2.6: In figure it is illustrated the mpsr versus Amag used to obtain the
calibration value for Amag. Blue points represent bight and well-measured stars used
to obtain an estimation of Amag. The Red dashed line indicates the median value used
for the calibration whereas the red lines represent the interval in Amag considered for
this estimate.

magnitudes of the detected stars are given.

The second step is to link these files, one for each filter, to the corresponding
stellar catalog obtained with PSF photometry through zymimat, with the same
procedure already explained (first consider only bright stars and then all stars).
At this point, I obtained the value Amag using a user-provide python code.
This code computes the difference of stellar magnitude obtained through PSF
photometry and aperture photometry, considering only the difference for the
brighter and better-measured stars. Then I calculated the median of these
magnitude differences and I used the resulting value as Amag in Equation 2.1.
This procedure is illustrated in Figure 2.6, where mpgogw versus Amag is shown
for F606W photometric data. First I selected by eye the brighter and better-
measured stars, which form a peak around the median value of Amag. Then 1
set a range for the magnitude difference to not include stars that are too distant
from the central peak and a lower limit for the magnitude to include only the
brighter stars. In Figure 2.6, these stars are plotted with blue points. Then
I calculated the median (represented with the red dashed line) of these stars,
obtaining the value that I use as Amag for the calibration. I repeated this
procedure for all the filters. At this point, I can calibrate the magnitudes from
instrumental to the Vega magnitude system.

2.7 Photometric zero point variations

Two other effects on the photometric data must be considered before proceeding
with the data analysis; the differential reddening, which is associated with the
presence of dust and gas on the line of sight, and the PSF variation, caused by
unmodelable PSF variation.
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2.7.1 Differential reddening

When interstellar dust and molecular clouds are preset between the observer
and the astronomical source, the light coming from the latter can be absorbed.
This absorption, called eztinction, appears in the CMD as a shift of the source
towards redder color and fainter magnitude compared to its actual position.
Therefore, I have to correct the stellar magnitude obtained in the previous
Chapter for this effect, otherwise, I cannot obtain accurate results.

If we are observing in a given wavelength A, the difference between the
observed magnitude (m)) and the intrinsic one (myg) of the source is

Ay =my —my (2.2)

and it is called interstellar absorption. The absorption is wavelength-dependent,
in particular, it is larger for shorter wavelength, i.e if Ay < Ay = Ay, > Aj,.
Then, if we are observing in different bands, the difference between the inter-
stellar absorption in the two different bands, for the same astronomical source,
is expressed by the color excess defined as

E()‘l - A2) = A)q - A)\2 (23)

which represents the difference between the apparent color and the intrinsic
color, in particular, the extinction tends to make the color of an astronomical
source redder.

If \; = 4361 A and Ay = 3663 A, i.e. the B and V band in the Johnson-
Cousins photometric system, the color excess E(B — V) is called reddening and
it is used to derive the interstellar absorption in different wavelength through
the relation

Ay =Fk\E(B-YV) (2.4)

where k) depends on the wavelength and its value can be retrieved from the
online catalog for all the filters of HST. For the filters used in this research, the
values are kFllOW = 10155, kF16OW = 06293, kFGOGW = 2.8782 and kF814W =
1.8420. To correct for extinction the only parameter needed is the reddening
value. However the latter is not constant but it can change within the Field
of View as a result of the inhomogeneous distribution of dust and gas clouds,
even in the case we are observing a small portion of the sky. This change in
the extinction value is referred to as Differential Reddening (DR) and can have
a serious effect on photometry because it may introduce an additional spread
in the CMD. If DR is quite strong, this spread would reduce significantly the
accuracy of our photometric data, limiting the information about MSPs that
we can obtain.

To estimate the effect of DR, with the aim of minimizing its possible influence
on the photometric data, I adopted the iterative approach developed by Milone
et al. (2012), which is illustrated in Figure 2.7(taken from their paper for
simplicity), composed of three main steps which are repeated iteratively.

The first step, shown in panel (a), consists in creating a new reference frame,
starting from the original CMD, where the new abscissa is parallel to a vector
that represents the DR vector, i.e. the shifting direction of data points as results
of DR effect (red arrow), and the ordinate is perpendicular to it. The new origin
O is chosen in order to create the greater possible angle between the DR, vector
and the MS of the GC studied. Usually, it is located just below the MSTO. In
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Figure 2.7: The Figure illustrates the procedure to estimate the DR correction from
Milone et al. 2012 for NGC 2298. In panel (a) the choice of the origin of the new
reference frame that will be used to measure the DR is shown. The red arrow represents
the DR direction and the new reference frame axis labeled ’abscissa’ and ’ordinate’.
In panel (b), after the rotation of the CMD, the fiducial line of the MS, shown with a
red dashed line, is calculated. Panel (c) shows the last step, where the fiducial line is
verticalized obtaining A’abscissa’, which is then used to correct for DR (see text for
details) (image from Milone et al. 2012).

the following, I will refer to “abscissa” and “ordinate” the new reference frame
axis.

In the second step, the CMD is rotated to be aligned with the new reference
frame ( panel (b)). In this new reference system, a sub-sample of MS stars is
selected and it will be used to measure the DR. In panel (b) this sub-sample,
shown with black points, is delimited by a horizontal black dotted line. This
MS portion is then used to derive a fiducial line, shown with a dashed red line,
which is obtained by dividing the selected MS stars into bins of 0.4 mag each,
measuring their median in abscissa and ordinate and then fitting these points.

Finally, in the last step, shown in panel (¢), the DR is measured. To do
so, it is calculated the distance of each star from the fiducial line, defined
as A”abscissa”, and this quantity is plotted against its ordinate value. The
A”abscissa” value represents a reasonable estimate for DR because the selected
stars, as mentioned in the first step, are located in a region of the CMD where
the MS forms the greater possible angle with the DR vector. As a consequence,
it is easier to disentangle the shift in the magnitude and in color caused by DR
with respect to the shift due to photometric error in this reference frame.

To apply the correction for DR, for each star (target) in the CMD, it is
calculated the median value of A”abscissa” for the nearest stars, to the target
star, that is present in the sub-sample defined in the second step. Usually
between 30 and 100 stars are considered, depending on the dataset. In my
case, | used the nearest 30 to the target star to measure the DR because my
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Figure 2.8: Upper panels: the original NIR, CMD is shown in the left panels whereas
the CMD corrected for DR in the right one. Bottom panels: the same as in upper
panels but with the optical CMD. The correction for DR is almost negligible, as we
can see by comparing the corrected and the original CMDs.
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sample is not too numerous. Then, after obtaining the corrected CMD, the
procedure is repeated but this time starting with the corrected CMD to improve
the estimation of the DR. The iterations are stopped when the new CMD does
not change significantly from the CMD obtained in the previous iteration.

Since the amount of absorption due depends on the wavelength, the effects
of reddening are minimum in F160W and maximum in F606W. For this rea-
son, the mpgogw — Mr1gow color would maximize the information on differential
reddening. Nevertheless, I found out that errors associated with the reddening
determination are larger than the amount of DR itself, therefore the quality of
the Optical and NIR, CMDs for NGC 288 does not benefit from DR, correction.
This can be seen in Figure 2.8 where the original (on the left panels) and cor-
rected (on the right panels) Optical and NIR CMD are illustrated. For this
reason, I did not correct the CMDs for it.

2.7.2 PSF variations

When the DR correction is smaller than 0.10mag, as in my case, a correction
for unmodelable PSF variations in the CCD is applied instead, which is caused
mainly to focus changes. These variations introduce a small shift in the CMD
location of stars, as in the case of DR, depending on the position of the CCD.
However, this effect does not have a preferential direction as the DR, but shifts
stars randomly. I expect his effect to be more evident in the color direction
since the magnitude range in my CMD (~ 8 mag for both CMD) is way bigger
than the covered color range (~ 1 for the optical CMD whereas ~ 0.4 for NIR
CMD). In the color direction, the expected variation due to this affects ~0.005
mag (Anderson et al. 2009; Milone et al. 2010). For this reason, the only
difference with respect to the procedure explained in Section 2.7.1, is that I
did not rotate the CMD along the DR direction but I kept it with the abscissa
corresponding to the color direction since I want to apply the PSF correction
essentially for color variation. Considering that the WFC3/IR camera has a
poorer quality compared to ACS/WFC, I would expect that the correction for
PSF variation should be larger for WFC3/IR filters. However, even using the
mrieow versus (mpiiow — Mrieow), the correction is negligible (lower than
0.001 mag) suggesting that the major contribution of the PSF variation was
already corrected by the Z Pger parameter in Equation 2.1.

This procedure provides high-quality photometry and astrometry. This
dataset will be used in the next Chapter to detect and characterize MSPs in
NGC 288.
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Chapter 3

Results

In this Chapter, I will analyze the photometric catalogs to identify and char-
acterize MSPs in NGC 288. In particular, I investigate for the first time the
multiple populations among the VLM stars, below the MS knee.

The Chapter is organized as follows. In Section 3.1, I qualitatively an-
alyze the mpgiaw versus mpgosw — Mrsiaw CMD and the mpigow versus
mri1iow — Mrigow CMD to detect the main features associated with multiple
populations. In Section 3.2, I will disentangle the different stellar populations
of NGC 288, whereas in Section 3.2 I will compare the CMDs with isochrones to
better characterize the different stellar populations. In Section 3.4, I will finally
measure the O variation between the MSPs, making use of synthetic spectra.

3.1 CMD of NGC 288

The Optical CMD is shown in the left panel in Figure 3.1, where I plot mpgi1aw
versus mreosw — Mrs1aw for NGC 288 stars. This diagram extends from the
SGB to the lower part of the MS. Due to the observational errors, it is not
possible to approach the VLM regime. From this CMD, however, as I would
expect, I can identify MSPs, neither in the upper MS nor in the lower MS.

Indeed, the fundamental CMD for the purpose of this research is the mgi10w
vs (mp11ow — Mmr1sow) CMD, shown in the right panel in Figure 3.1. The first
difference with respect to the optical CMD is the presence of the MS knee.
According to theoretical models (e.g. Baraffe et al. 1997, Calamida et al.
2009, Bono et al. 2010) and from observations (Milone et al. 2012, 2013, 2017;
Dondoglio et al. 2022), this is a common feature for VLM stars, in particular
with mass smaller than ~ 0.5 — 0.4 Mg, in the NIR CMD.

Just below the MS knee, the stellar colors tend to be constant, i.e. stellar
tracks are vertical in the CMD (especially for 2P stars, as we are going to see in
the following), and this is caused by two competing effects. The first is related
to the decrease of the effective temperature combined with the increment of
the radiative opacity whereas the second one is connected to the increase of
the collisional-induced absorption (CIA) of molecular hydrogen in the IR band.
The first one tends to shift the star towards redder color, and the second one
instead, through the CIA of Hs, tends to make the stellar color bluer.

The color spread below the MS knee, unlike in the case of the optical CMD,
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Figure 3.1: The optical and NIR, CMD of NGC 288 are displayed in the left and right
panels, respectively. Error bars are shown in red.

cannot be justified by photometric errors only, which are displayed in red on
both panels in Figure 3.1. If this color spread is not caused by photometric
errors, it is likely connected with the presence of MSPs, as also suggested by
the comparison with the other NIR, CMDs from the literature. In particular,
this CMD exhibit a very similar structure to those shown in Section 1.3.2 (left
panel in Figure 1.8 and right panel in Figure 1.9) and for this reason I would
expect the presence of, at least, two different stellar populations. This idea is
also corroborated by considering the properties of MSPs in GCs, in particular
for the chemical composition of 1P and 2P stars. Indeed, as already mentioned
in Section 1.3.1, 2P stars are depleted in O with respect to 1P stars, and since
the F160W filter is sensitive to O variations, I would expect that 2P and 1P
stars form a blue and a red sequence below the MS knee, respectively.

To better highlight this bimodal distribution, I plotted two histograms that
illustrate the stellar density as a function of the color in two magnitude intervals.
Considering that the MS below the MS knee is not vertical, I have to verticalize it
with respect to a line, which separates qualitatively the two stellar populations.
This line is shown as a red solid line (hereafter, red line) in the left panel in
Figure 3.2. At this point, I chose two magnitude intervals, 21 < mpigow < 22
and 22 < mpigow < 23.5, which are delimited with the black dashed lines in the
same panel. Then I verticalized the MS by defining the quantity A color, which
is equal to the difference between the color of the stars and the red line at the
same magnitude level. A value of A color < 0 represents a star that is located
on the left side of the red line, whereas stars on the right side are those with
A color > 0. In both histograms, I also plotted also a black dashed vertical line
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Figure 3.2: In the left panel I divided the MS below the MS knee, in the NIR
CMD, into two intervals, the first between 20.5 < mpigow < 22 and the second
22 < mrisow < 23.5. The red line separated qualitatively the stellar population into
two sub-samples of stars, a blue population on the left side and a red population on
the right side. In the middle and right panels, the stellar distribution as a function
of Acolor is shown for the two magnitude intervals defined in the left panel. Red
and blue Gaussians describe the red and blue population, whereas the green solid line

represents the overall trend of the stellar distribution. The black vertical line separates
these two populations.

which represents Acolor = 0 to separate visually the two populations. At this
point I plotted the stellar density using their A color value in the two different
magnitude intervals, which are displayed in the central and left panel for the
interval 20.5 < mpigow < 22 and 22 < mpigow < 23.5, respectively. The
total stellar density profile is shown with the green solid line whereas the black
vertical dashed line separates the blue and red populations.

The presence of two stellar populations should result in a bi-modality stellar
distribution. However, in the magnitude interval just below the MS knee (central
panel), this bi-modality is not very clear. I fitted the blue population with a
Gaussian, the blue one, and we can see that it represents the majority of the
stellar population and it reproduces the main peak of the stellar distribution.
I fitted also the red population with a Gaussian, the red one, however, in this
case, it does not produce a distinct and clear peak in the stellar distribution,
meaning that the two stellar populations are not well separated. Indeed, since
these populations are located in a small color interval in the CMD, ~ 0.1, it is
likely that the two populations are superimposed.

On the other hand, moving towards a fainter magnitude, the two popu-
lations are well separated. Indeed, in the right panel, we can clearly see a
bi-modal distribution of the stellar density (green line), where the two peaks
are well separated and correspond to the blue and red population distribution,

which is fitted with the blue and red Gaussian. A possible reason for this well
define separation is that, in the lower part of the CMD, the two populations are

spread over a wider color interval, ~ 0.15., compared to the previous magnitude
interval.
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Figure 3.3: Zoom-in of the NIR, CMD of NGC 288, on the lower part of the MS, from
the MS knee to the bottom of the MS. Here I selected by eye 1P stars, marked in light
blue, and 2P stars, marked in red, between mrigow = 20.5 and mrigow = 23.5. The
Blue and the dark-red line represent the fiducial line of 1P and 2P stars, respectively,
calculated as a linear interpolation of the color median values for 1P and 2P stars in
four magnitude intervals.

3.2 Multiple populations among VLM stars in
NGC 288

After these considerations, I identify the blue population as 1P stars whereas
the red population as 2P stars, shown in light-blue and red, respectively, in
Figure 3.3.

The next step consists in calculating the fiducial lines for both populations.
I divided the magnitude interval between mgigow = 20.5 and mgigow = 23.5
into 4 bins and I calculated, for each population, the median of stellar color
in each bin and the middle point of each magnitude interval. After identifying
these points, I did a linear interpolation to draw the fiducial lines of 1P and 2P
stars, which are displayed as a blue and red solid line, respectively. As we can
see, the color of the red population is almost constant around ~ 0.70, whereas
the blue population tends to become bluer moving toward fainter magnitudes,
spanning a color range from ~ 0.63 to ~ 0.68. I truncated the selection of 1P
and 2P stars at mpigow = 23.5 in order to not worsen my photometric data
because below this value there are only a few stars well measured.

The total number of stars in this region is 656, with 409 of them being 1P
stars, which account for ~ 62%, and 247 of them being 2P stars, which accounts
for ~ 38% of my sample.

In Figure 3.4 I show the selected 1P and 2P stars in all the others filter
combinations in my dataset. The upper panels show the combination of F814W
with the two WFC3/IR filters, F110W in left panel and F160W in right one.
Bottom panels instead show the combination of F606W filter with F110W in
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left panel and F160W in right panel. In each CMD 1P and 2P stars with their
fiducial line are highlighted in blue and red, respectively.

The first feature that we can see is the different color spread in the lower part
of the MS between CMDs built with the filter F814W (upper panels) and those
built with the filter F606W (bottom panels). Indeed in the latter CMDs, the
color spread is smaller compared to the first ones, but this is probably caused
by the smaller error bars associated with the CMDs based on the F606W band.

Concerning the two stellar populations, in the CMDs built with the com-
bination of the filter F606W with those of WFC3/IR (bottom panels) 1P and
2P stars are not distinguishable, which is also shown by the fiducial line that
is almost superimposed. On the contrary, in the CMDs built with the filter
F814W (upper panels) the two stellar populations seem to be more separate,
especially in the mpg14w versus mrsiaw — mrigow CMD (upper right panel).
In this CMD we can see that 1P stars tend to stay on the bluer part of the MS
whereas 2P stars are on the redder one.

3.3 Isochrones fitting

After the visual inspection of the two populations, to obtain the more precise
information and also to calculate the difference in oxygen abundance I fitted
both the optical and the NIR, CMD with isochrones retrieved from Dartmouth
Stellar Evolution Program (DSEP; Dotter et al. 2008) !. The parameters
needed to DSEP to generate the isochrones are the age, metallicity ([Fe/H]),
helium abundance (Y), a-elements abundance ( [«a/Fe]) and the instrument
used to obtain the photometric data to be fitted. The metallicities considered
for NGC 288 are —1.32 + 0.02 from Carretta et al. 2009, —1.37 £ 0.04 from
Koval & Gozha 2019 and —1.26 4+ 0.04 from Horta et al. 2020. For a-elements
abundance, I found 0.42 from Carretta et al. 2010.

Considering these values, I retrieved isochrones with ages between 12 Gyr
and 13.5 Gyr with a step of 0.05 Gyr. For each isochrone, I chose a metallicity,
based on literature estimates, between —1.20 and —1.40 with 0.01 step, a helium
abundance that depends on the metallicity according to Y = 0.245 + 1.5 - Z,
with Z being the mass fraction of the metals, and a fixed [a/Fe] value of 0.4.
These isochrones were computed for WFC3/IR and ACS/WFC filters but their
magnitudes are expressed as absolute magnitude? Mi,,. For this reason, to prop-
erly compare the isochrones with the observed CMDs, I calculate the corrected
isochrone magnitudes, Mo, through

Meorr = Miso + (m - M) + Ay (31)

where (m — M) is the distance modulus, defined as (m — M) =5 -log;y(d) — 5
with d the distance of NGC 288 which is ~ 8.9 kpc (Harris 2010), and A is
the interstellar absorption, already seen in Equation (2.2) at the beginning of
Section 2.7.

After correcting the isochrone magnitudes, I found the best-fit parameters
which fit the MS in both optical and NIR CMDs. First, I started with the
optical CMD to find its best-fit isochrone, obtaining the parameters reported

Lhttp://stellar.dartmouth.edu/models/index.html
2The intrinsic magnitude of an object 10 pc distant from the observer
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in the first row of Table 3.1 as the best to reproduce the MS trend. These
values, afterward, are used as starting point to find the best-fit isochrone in the
NIR CMD. I slightly changed in particular the age and the metallicity to better
fit the MS just below the MSTO, and the value for the best-fit isochrone are
displayed in the same Table.

Concerning the isochrone in the NIR CMD, below the MS knee, these
isochrones can only qualitatively reproduce the trend of 1P stars, while 2P
stars cannot be reproduced by operating on the DSEP isochrones’ parameter.
Clearly, this is due to the fact that they do not take into account O variations
among stars, which produces the redder VLM stars sequence. The CMDs with
the isochrone superimposed to the MS are displayed in Figure 3.5, with the blue
line.

CMD distance  age  [Fe/H] Y [a/Fe] E(B-V)
(kpe)  (Gyr)

Optical 899  13.40 -1.19 0.2484 040  0.01

NIR 8.99 13.15  -1.26  0.2479  0.40 0.01

Table 3.1: Best-fit isochrones parameter for the optical and NIR, CMDs.

.~ —— Best-fit isochrone

Selected point
to compute synthetic spectra

—— Best-fit isochrone

16 0.4 05 06 07 08

Mreoew — MFrg1aw Mr11ow — MF160W

0.6 0.8 10 12

Figure 3.5: Left panel shows the optical CMD with the best-isochrone superimposed,
which parameters are displayed in Table 3.1, whereas on the right panel the NIR CMD
is shown with the best-fit isochrone. The blue dots are used to reproduce synthetic
spectra, which procedure is explained in Section 3.4.
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3.4 Oxygen variation

To estimate the amount of oxygen variation, I followed the recipe by M19. In
a nutshell, I first selected eleven points from the isochrone that provides the
best fit with the NIR, CMD and extracted their atmospheric parameters. The
values of stellar gravity and effective temperatures are used to compute synthetic
spectra of 1P and 2P stars. The difference between their fluxes allowed me
to evaluate how magnitudes, and therefore colors, change as a result of light-
element variations. The comparison between the observed colors of 1P and
2P stars and the colors predicted by synthetic spectra with different chemical
compositions is crucial to constrain the oxygen content of the distinct stellar
populations of NGC 288.

Considering that, above the MS knee, I do not expect important variation
in magnitude and color® due to light-elements variation, I selected only 5 points
between mpigow ~ 17 and mpigow ~ 20 to perform these synthetic spectra
because, with a greater number of points, the computational time would be
much greater without obtaining useful information. On the other hand, below
the MS knee, mp1gow 2 20, where I expect a significant color spread introduced
by oxygen variations, I selected 6 points, thanks to which I will measure the
oxygen difference between 1P and 2P stars. These points are shown in red in
the same NIR, CMD where the best-fit isochrone is displayed ( right panel in
Figure 3.5).

To calculate these synthetic spectra, I assumed [Fe/H]=-1.26,[a;/Fe]=0.4 (i.e.
the isochrone parameter), and for each star the effective temperature and the
gravity extracted in the isochrone. I provided this information to Dr. A.F.
Marino who generated the synthetic spectra with SYNTHE (Kurucz & Avrett
1981) in the spectral range between A = 850 nm and A = 1900 nm, using at-
mosphere models created by Robert Kurucz (Kurucz 1993,2005; Castelli 2005).

The chemical composition of 1P and 2P stars in the RGB, in particular the
O abundance, was used to reproduce the chemical composition of the selected
stars. Several molecular lines were added to better reproduce the flux decrement,
e.g. CO, 02, HQO, OH.

From the comparison of the synthetic spectra, I retrieved the magnitude
variation in the F110W and F160W filters, Amgi10w and Ampgigow respec-
tively, and the color difference, Acolor, for a variation of [O/Fe] = 0.2 dex 4
for the selected stars. These quantities, together with the parameters used to
generate the synthetic spectra, are displayed in Table 3.2. Moreover, the stellar
mass in solar masses, M /Mg, and the identification number of the star in the
isochrone file, EEP, are also displayed. The first star corresponds to the red
point at mgigow ~ 17, i.e. the first selected isochrone point from the top, in
the CMD in the right panel in Figure 3.5, and the others follow.

Stars with the EEP value between 164 and 53 represent stars located above
the MS knee, with stellar mass greater than 0.5 M. As we can see, the magni-
tude difference in both filters due to O variation is 0 for almost all these stars,
whereas this difference becomes important from the MS knee, represented by
the star with EEP=49, toward fainter magnitude. This effect is more evident
when considering Acolor, which becomes larger towards fainter stars, whereas is

3From what we have already seen in Section 1.3.2
4The value of 0.2 dex corresponds to 100-2.
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Figure 3.6: Zoom-in of the region below the MS knee where 1P and 2P stars were
selected. In green are shown the isochrone points chosen to compute the synthetic
spectra. The blue and red lines represent the fiducial lines of 1P and 2P stars, re-
spectively. The blue and red dots on the fiducial line are chosen such as to have the
same magnitude, displayed with horizontal grey dashed line, of the BFI points. These
points will be used to measure the O difference between the two populations.

essentially 0 for stars above the MS knee. In particular, Acolor is the parameter
that I used to calculate the O difference between 1P and 2P stars.

To do so, I first selected, from the isochrone, those stars that are located
in the magnitude range used to choose the two stellar populations, which are
the four green points shown in Figure 3.6. Then I selected those points on the
two fiducial lines that lie at the same magnitude level as the isochrone points,
which are displayed as the horizontal dashed lines. These points are marked in
red and blue along the 1P and 2P fiducial lines, respectively. I calculated the
color difference between these points and the isochrone points, Acolorye and
Acolor;eq, thanks to which I can estimate the O difference between the 1P and
2P stars through

Acoloryiue — Acolorse
A[O/Fe)yp_op = blAcolor 4.0.2 dex (3.2)

where the 0.2 factor account for the fact that the magnitude and color vari-
ations calculated from synthetic spectra are due to a variation of [O/Fe] =
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EEP log(Teff) log(G) M/M@ mri160wW AmFllOW Amplﬁow Acolor

164 3.757 3.831 0.81 16.94 0.001 0.001 0.000
131 3.792 4.194 0.78 17.75 0.000 0.000 0.000
82 3.741 4.586 0.67 19.10 0.001 0.000 0.001
61 3.685 4.678 0.58 19.71 0.000 0.000 0.000
93 3.657 4.703 0.54 19.99 0.000 0.000 0.000
49 3.638 4.722 0.52 20.23 0.007 0.006 0.001
45 3.617 4.761 0.48 20.57 0.017 0.012 0.005
38 3.588 4.878 0.39 21.32 0.054 0.040 0.014
23 3.566 5.006 0.26 22.25 0.096 0.065 0.031
17 3.547 5.124 0.18 23.15 0.051 0.008 0.043
13 3.525 5.313 0.11 24.29 0.038 -0.013 0.051

Table 3.2: Magnitude variations, Ampri10w and Ampgieow, obtained from the com-
parison between two synthetic spectra which have a variation of [O/Fe] = 0.2 dex.
The parameters used to calculate these synthetic spectra are the effective temperature,
log(Tes), and the surface gravity, log(G). EEP indicates the identification number of
the stars in the isochrone file whereas M /Mg represents the stellar mass expressed in
solar mass.

EEP M/Ms mrisow A[O/Fe]ip_op

45 0.48 20.57 0.39 £ 0.01
38 0.39 21.32 0.42 £0.01
23 0.26 22.25 0.33 £0.03
17 0.18 23.15 0.324+0.03

Table 3.3: The O difference between 1P and 2P stars from the comparison between
the color difference of the synthetic spectra and the observed CMD. The Table also
provides the stellar mass (expressed in solar masses), and an identification number.

0.2 dex. The results of Equation 3.2 are illustrated in Table 3.3 for the four
selected stars, together with the stellar mass, expressed in solar masses and the
identification number.

At this point, it is necessary to consider the distribution of 1P and 2P stars in
the CMD, in particular their separation, to obtain the most reliable estimation
of the O variation. Indeed, as we already saw in Section 3.1, the separation
between the two populations is not constant and evident along the whole MS but
it diminishes moving from the bottom of the MS to the MS knee. To better see
this trend, I report the same two histograms in Figure 3.2, highlighting 1P and
2P stars in blue and red respectively in Figure 3.7. From the stellar distribution
in the magnitude range just below the MS knee,i.e 20.5 < mpi1g6ow < 22 shown in
the left panel, the separation between 1P and 2P stars is not well defined because
the overall stellar density trend has not a clear bi-modality. On the contrary,
from stellar distribution at the bottom of the MS, i.e. 22 < mpigow < 23.5
shown in the right panel in Figure 3.7, we can clearly see that the separation
between the two population is more evident since we can clearly see the two
different stellar distributions. This fact implies that in the magnitude range
20.5 < mpigow < 22.05, some 1P stars are probably superimposed to 2P stars
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Figure 3.7: Same histograms in Figure 3.2, but 1P and 2P stars are highlighted in
blue and red, respectively, to show that the separation between the two populations
is much define in the lower part.

in the central regions, therefore in 1P, I am also considering some 2P stars and
vice versa. This analysis is also supported by comparing the stellar distribution
in Figure 3.7 with the two fiducial lines in Figure 3.3, which are close to each
other just below the MS knee and increase their separation moving through
fainter stars, and around mpigow ~ 21.5 — 22 they begin to separate sharply.

Considering that the O variation is calculated using the color difference
between the two populations , I conclude that the more accurate estimate for
the actual O variation between 1P and 2P stars are those derived from the two
fainter stars, those with AO;p_sp respectively of 0.33 £ 0.03 and 0.32 4+ 0.03,
due to the wider and better-defined separation between the two populations.
Finally, I calculated the weighted mean between these two values obtaining the
final result for the O variation:

A[O/F@]lpfgp = 0.33 £0.03 dex (33)

This result and its implication for the formation scenarios of MSPs in GCs will
be discussed in the last Chapter.
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Chapter 4

Discussion and conclusion

In this last Chapter, I will discuss the implication of the oxygen variation be-
tween 1P and 2P stars inferred from VLM stars in NGC 288 on the formation
scenarios of MSPs in GCs. In Section 4.1 I will compare the results about MSPs
among VLM stars with results in the literature to support them. In Section 4.2
I will compare the O variation measure between the two populations with that
obtained from high-mass stars and I will discuss the implication for the forma-
tion scenarios of MSPs in GCs. Finally, in Section 4.2 I will summarize the
main results of the present research.

4.1 Multiple populations in NGC 288

In this research, I reduced HST archive data of NGC 288 in optical and NIR
with the aim of studying MSPs among VLM stars. Indeed, I identified two
distinct stellar populations below the MS knee, in the mass range ~ 0.5 —
0.1 Mg. The NIR CMD with the two stellar populations highlighted in blue
and red, representing 1P and 2P stars respectively, are shown in the left panel
in Figure 4.2. These stellar populations are also observed in the upper part of
the MS, in the SGB (Piotto et al. 2013) and RGB (Jang et al. 2022, hereafter
J22). In the upper panels in Figure 4.1, two UV CMDs obtained by Piotto
and collaborators using ACS/UVIS are shown to highlight the presence of the
two stellar populations. With a zoom-in of the MS, SGB, and RGB, in the
bottom panel from the right to the left, respectively, we can recognize clearly
these populations that I also detected below the MS knee.

J22 built also the Chromosome map of RGB stars in NGC 288 from ground-
based photometry using the B, V and I band, which is displayed in the left
panel in Figure 4.2. As already mentioned in Section 1.1, stellar populations
with different chemical abundances are located in different regions in the Chro-
mosome map. As we can see, RGB stars are clustered in two main groups of
stars, emphasizing the presence of two stellar populations. In particular, stars
clustered near the origin are 1P stars and the other 2P stars (for more details
about Chromosome Map see Milone et al. 2015).
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Figure 4.1: Upper panels: CMD of NGC 288 from Piotto et al. (2013), which illustrate
the upper part of the MS, the SGB, and RGB. Bottom panels. Zoom-in of the MS,
SGB and RGB to emphasize the presence of two distinct stellar populations. These
two stellar populations are those detected also below the MS knee, in this research.
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Figure 4.2: Left panel:Chromosome map of RGB stars of NGC 288 from J22. Right
panel: NIR, CMD of NGC 288 obtained in this research. 1P and 2P stars with their
fiducial line are represented in blue and red, respectively.

Moreover, the bi-modality of the stellar distribution below the MS knee,
in particular for mpigow > 22, is also observed by Dondoglio et al. (2022).
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Figure 4.3: Stellar density distribution for stars below the MS knee from Dondoglio
et al 2022 (upper panels) and between 22 < mrigow < 23.5 from my research (lower
panel). From the comparison, we can see that the distribution that I obtained is
compatible with that obtained from Dondoglio and collaborators.

The comparison between the two stellar distributions below the MS knee is
displayed in Figure 4.3, where I displayed the result of their work and the
stellar distribution below mpgigow > 22 to better see this bi-modality.

These CMDs, together with the Chromosome Map and the stellar distribu-
tion below the MS knee, corroborate the fact that MSPs identified from the
RGB down to the upper part of the MS, can also be detected among VLM
stars, from the MS knee downward. This result makes it possible to study
and characterize this complex and intriguing phenomenon in a new, and largely
unexplored, stellar mass range (see Section 1.3.2 for further discussion).

4.2 Oxygen variation in high- and low-mass stars

In this research, I derived for the first time the oxygen variation between 1P
and 2P stars among VLM stars in NGC 288, which results in AO1p_sp =
0.33 £ 0.03 dex. I compared my result with literature estimates of the same
quantity from Marino et al. (2019) (hereafter Mal9) and J22. These authors
inferred the oxygen abundances by means of high-resolution spectroscopy of
RGB stars. Their results are listed in Table 4.1. The large oxygen abundance
uncertainties from Mal9 are due to the very few spectroscopic targets for which
space-based photometry is also available!. On the other hand, J22 have many
more spectroscopic targets because they used the larger field of view of ground-
based photometry, and for this reason, their abundance errors are much smaller.
The O variation between 1P a 2P inferred from spectroscopy of RGB stars are
provided in Table 4.2. I find that the relative oxygen abundances inferred from

1Only nine targets had both spectroscopic and space-based photometric measurements,
with four targets belonging to 1P stars and five targets belonging to 2P stars.
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Population [O/Fe]
from Marino et al. 2019

1P 0.25+0.16

2P 0.114+0.26
from Jang et al. 2022

1P 0.34 +0.04

2P 0.06 £ 0.08

Table 4.1: Oxygen abundance derived from high-resolution spectroscopy of 1P and
2P RGB stars (Marino et al. 2019 and Jang et al. 2022).

A[O/Fe]lp_gp

RGB stars
Marino et al. 2019 0.14 £0.30
Jang et al. 2022 0.28 £ 0.09

VLM stars
This research 0.33 +:0.03

Table 4.2: O variation between 1P and 2P stars for RGB stars, from Marino et. al
2019 and Jang et al. 2022, and for VLM stars, derived in this research, in NGC 288.

RGB and VLM stars are consistent with each other

The results from my thesis corroborate the conclusion by Dondoglio et
al. (2022), who investigated multiple populations among M-dwarfs of nine GCs,
including NGC 288. These authors noticed that, below the knee, the MS of this
cluster is not consistent with a single isochrone and detected some hints of an
MS split.

The conclusion of my thesis are similar to those by M19 on the GC NGC 6752.
Milone and collaborators inferred the oxygen variation between 1P and 2P stars
below the MS knee by means of NIR photometry and compared this value with
results from spectroscopy of RGB. They concluded that the relative oxygen
abundances of the multiple populations of NGC 6752 do not depend on stellar
mass.

As mentioned in Section 1.3.2, the O difference between 1P and 2P high-
and low-mass stars can be used to disentangle the formation scenarios of MSPs
in GCs. In particular:

e A[O/Fe]ip_op between high- and low-mass stars is comparable.
This result would argue in favor of Multiple Generations scenarios consid-
ering that we would expect approximately the same O abundance between
high- and low-mass stars in the same stellar populations.

e A[O/Fe];p_op between high- and low-mass stars is not compa-
rable. This would argue instead in favor of Single Generation scenarios,
since we would expect that the accretion processes during the formation of
2P stars depend on the stellar mass, therefore high- and low-mass should
have different chemical abundances.
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After these considerations, the result that I obtained is aligned with the scenario
predicted by Multiple Generations scenarios. However, this result does not
rule out the Single Generation scenarios but constrains the 2P stars formation
processes. In particular, since 2P stars, according to the latter scenario, should
form through accretion processes of polluted material produced by 1P stars,
these accretion processes should not depend on the 2P stellar mass (e.g. this
result excludes Bondi-like accretion processes).

4.3 Summary and Conclusions

In this research, I studied stars located below the MS knee, in NGC 288, in
the mrigow versus mgiiow — Mmrigow CMD, which are less massive than ~
0.5 Mg. This stellar mass range is really poorly explored, with only a few
studies dedicated to multiple populations among VLM stars. From the analysis
of these stars I found out:

e Two stellar populations below the MS knee. I detected two stellar
populations below the MS knee, which were detected only by Dondoglio
et al. 2022 until now. These two stellar populations are consistent with a
first population (1P) and a second population (2P) of stars with different
chemical abundances, typical of all GCs. They have also been detected in
the upper part of the MS, in the SGB and RGB. This result highlights the
importance of VLM stars, which allow the characterization of the MSPs
phenomenon in a new, nearly unexplored region of the CMD.

e Oxygen variation among different stellar populations. After de-
tecting the two stellar populations, for the first time, I measured the oxy-
gen difference between these stellar populations by comparing the color
variation from synthetic spectra with the color difference observed in the
NIR CMD. I found a difference of A[O/Felip_op = 0.33 +0.03 dex for
VLM stars, which is comparable with the [O/Fe] difference measure for
high-mass stars in the RGB. This agreement supports the Multiple Gen-
erations scenarios because they predict the same chemical abundance in
high- and low-mass stars. On the other hand, this result does not rule out
Single Generation scenarios, but it puts some constraints. In particular,
the accretion processes that form 2P stars should not depend on the stellar
mass.
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