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Summary

Stellar populations in high-redshift galaxies cannot be resolved in single stars, this
means that we need of observed integrated quantities, like magnitudes and spec-
tra, to investigate their stellar content. Stellar populations synthesis models are
fundamental and powerful tools to model the integrated properties of unresolved
systems. Key information concerning galaxy formation and evolution can be pro-
vided by using physical parameters, like stellar mass, age, star formation rate,
metal and dust content. This is the reason why evolutionary stellar population
synthesis models are already widely used in codes performing fits of the spectral
energy distributions (SEDs) of massive sample of high redshift galaxies observ-
able in large photometric and spectroscopic surveys. However, the accuracy of
the inferred parameters depends on the reliability of the adopted models. Major
uncertainties come from the stellar ingredients and from assumptions adopted in
stellar evolutionary models. Therefore, it is crucial to calibrate these models on
systems for which we have accurate and independent information about physical
parameters, like age and metal content. In this context, Galactic globular clusters
(GGCs) play a key role: their stellar population is characterized by uniform age
and metallicity and also, it can be resolved in each fundamental stellar evolutionary
phases.

Thus, the main aim of this work is to empirically calibrate stellar population
synthesis models against a sample of ~ 70 GGCs for which we have unprecedented
accurate multi-band photometry from far-UV to mid-IR.

Firstly, we analysed a fundamental stellar evolutionary phase, namely the hor-
izontal branch (HB) phase, characterized by stars burning helium in their core
and hydrogen in a surrounding shell. We took advantage of our sample of GGCs
combining the homogeneous and accurate optical ground-based V and I photome-
try with HST/F606W (~ V) and HST/F814W (~ I) space-based photometry. We
introduced a new HB index, 7y, defined as the ratio between the areas subtended
by the cumulative number distribution in magnitude and in colour of all HB stars.
We found a linear correlation between 7y and the absolute ages of the clusters
in our sample. We also found a quadratic anti-correlation with [Fe/H] which be-
comes linear after the removal of age effect in Ty values. Moreover, we were able
to identify a sub-sample of eight "second parameter" clusters, peculiar according



to their Typ values and showing bluer HB morphology when compared to typical
clusters of similar metallicity.

After analysing the GGCs, we investigated the HB morphology in a sample of 19
nearby Local Group dwarf spheroidal (dSph) galaxies: eight of them are Milky Way
satellites, nine are Andromeda satellites, while two of them are isolated galaxies.
For the Milky Way dwarfs, we have data in ground-based UBVRI data, while for
the rest of the sample we have photometry in HST/F475W (~ B) or HST/F606W
(~ V) and HST/F814W (~ I). We found that nearby dSphs cover a limited range in
HB morphologies, indeed they range from HBR' ~ 1 (Andromeda I1I) HBR' ~ 2.5
(Ursa Minor) and from 7y ~ 1 (Leo II) to typ ~ 5 (Ursa Minor). This indicates
that HB morphologies are systematically redder than in GGCs. Moreover, they
display a modest variation both in metallicity and age, thus suggesting a relevant
environmental effect when moving from GGCs (M = 10* — 10°M,) to dSphs (M =
107 = 10°M,).

To complete our investigation concerning the resolved stellar populations, we
exploited our GGC multi-band photometry to calibrate stellar population synthesis
models. Indeed, we employed integrated observed /synthetic data in GALEX/FUV,
GALEX/NUV bands and HST/F275W. In the optical range we used homo-
geneous and accurate UBVRI ground-based and HST/F606W and HST/F814W
space-based photometry. Moreover, we used the first Pan-STARRS data release
in grizy filters. In the near-IR wavelengths, we employed the JHKs photometry
from 2MASS, while in the mid-IR we calculated synthetic integrated magnitudes
in four IRAC filters on board of SPITZER. We performed an empirical calibration
of Bruzual & Charlot (2003) stellar population synthesis model. In particular, we
compared the inferred cluster ages from SED fitting to the ones obtained through
photometric techniques found in the literature. We found a difference of AAge
between 3Gyr and 10Gyr for most of the clusters in the sample. Moreover, AAge
seems to have a mild correlation with metallicity, in the sense that it seems to
decrease as metallicity increases. Finally, we compared the rest-frame colours pre-
dicted by Bruzual & Charlot (2003) model to the ones obtained by other stellar
population synthesis models. We found that, in the optical-NIR wavelength range,
they agree quite well with observations. On the contrary, in the FUV band, they
systematically under-estimate colours in the metal-rich regime ([Fe/H]>-1), while
they over-estimate NIR colours in the metal-poor regime ([Fe/H]<-1).

After having analysed the resolved simple (GGCs) and composite (dSph galax-
ies) stellar populations, we dedicated our efforts to investigate the unresolved stel-
lar populations in high redshift galaxies through the galaxy stellar mass function
(GSMF), which is a fundamental statistical tool to investigate the stellar mass
assembly in galaxies from the re-ionization era to present time. We compute the
GSMF through the non-parametric 1/V,,,, method in 0.2 < z < 4.0. We combined
the five CANDELS fields (GOODS-South, GOODS-North, EGS, COSMOS, UDS),
the Frontier Fields Parallels (Abell 2744, MACSJ0416, MACSJ0717, MACSJ1149)
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and the Ultravista/COSMOS field for a total area of 1.65 deg®. This sample al-
lows us to explore the GSMF from low masses (~ 108M;) to a very high-mass end
(~ 10'2M,), thanks to both deep photometry and large area. Our total GSMF is in
good agreement with the one estimated in previous works by different authors. As
shown by previous studies, we found a progressive steepening of the faintest region
of the function, while its "knee" shows a slight decrease with redshift. Finally, we
analysed the GSMF of star-forming and quiescent populations. We found that,
while the GSMF of the star-forming population has a shape similar to total one,
thanks to our deep photometry, we are able to observe a bi-modality in the quies-
cent GSMF. This bi-modality seems to be connected, according to empirical and
theoretical evidence available in the literature, with different physical mechanisms
able to cease the star formation.

Finally, in the context of a more extended project in which we plan to re-
calibrate SPSMs on high redshift galaxies, we decided to firstly investigate the
impact of the SPSM calibration on the GSMF of quiescent galaxies. Indeed, we
would expect to find an age difference in stellar populations of quiescent galax-
ies similar to the one found for GGCs. In fact, these stellar systems are domi-
nated by old (t>10 Gyr) stellar populations, therefore, an error on inferred ages
could also affect the quiescent GSMF at low redshifts. To overcome this prob-
lem, we identified a new prescription in our SED fitting code to avoid too young,
non-physical age estimates for quiescent galaxies. The new recipe provided accu-
rate both re-calibrated stellar masses and GSMF. The age estimates, as expected,
mildly (< 0.1dex) affects the GSMF at low redshift (z < 1.5) and only at the lowest
mass end (M < 10°My,).
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Chapter 1

Stellar Populations

Stars are considered to be the building blocks of galaxies allowing to understand
their history. Stellar populations are determined by their age and metallicity
(see Appendix A to have information about the astronomical nomenclature for
metallicity). In this Chapter, we will give a review of the main methods and
techniques currently used to investigate them.

1.1 Resolved stellar populations

1.1.1 Old simple stellar populations

A simple stellar population (SSP) is an assembly of stars of the same age, born dur-
ing a single burst of star formation and with the same initial chemical composition.
Observational counterparts are globular clusters, even though many observations
have revealed the existence of multiple populations (with similar [Fe/H] values and
difference in ages of ~ 1-2 Gyr) (Bertelli et al., 2003; Bedin et al., 2004; Mackey
et al., 2008; Milone et al., 2008), open clusters and elliptical galaxies. The the-
oretical colour-magnitude diagram (CMD!, see Appendix B to have information
concerning the main stellar evolutionary phases and their location on the CMD)
of an SSP can be described by an isochrone, representing the evolution of stars
with same age but different initial mass.

For each point along the isochrone we can determine, at fixed age, luminosity,
effective temperature (7,7) and mass. In order to obtain observable quantities, the
isochrone must be translated into an observed CMD through specific bolometric
corrections (Appendix B.1).

Left panel of Figure 1.1 shows isochrones for different values of age but same
chemical composition. We note that the bolometric luminosity of the turn-off
(TO) point decreases with the increasing of age, due to the fact that mass of the

LA plot showing the magnitude in a given photometric band as a function of a colour index (the difference between the magnitudes
in two different bands).
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star decreases when it evolves at the TO. For t>6 Gyr, the relation between the
age and the TO luminosity is almost linear, following dLog(L/L,)(TO) ~ —4.1 -
107%(dex/Gyr) (Cassisi & Salaris, 2013). Moreover, the TO becomes redder when
age increases. These features make the TO a good tool to estimate the age of a
SSP. Moreover, the sub giant branch (SGB) slope increases when age increases,
while the luminosity of the red giant branch (RGB) tip does not depend on the
age value.

On the contrary, right panel of Figure 1.1 shows isochrones with same age but
different chemical compositions. We note that the isochrones become bluer and
brighter for higher metallicities (the radiative opacity decreases when the heavy
element abundance increases). The strongest sensitivity to metallicity variation is
shown by the RGB, which becomes redder and more tilted when Z increases. This
means that, as the TO for the age, the RGB can be used as in indicator of the SSP
metallicity value, comparing the observed CMD of a population with isochrones
of different chemical compositions.

Z=0.0001 t=12 Gyr

Z=0.01
Z=0.001
Z=0.0001

Log(L/L o)
Log(LiLa)

T T T T T T T T
4.0 3.9 3.8 3.7 3.6 3.5 4.0 3.9 3.8 3.7 3.6
Log(Ter) Log(Terr)

Figure 1.1: Isochrones computed with BaSTI. Left: isochrones for different ages (t=10,11,12 Gyr, see
legend) and same chemical composition (Z=0.0001). Right: isochrones for different metallicities (Z=0.01,
0.001, 0.0001, see legend) and same age (t = 12 Gyr).
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Age estimate: the vertical and horizontal methods

In the previous section, we have shown that we can use the position of the TO
point to determine the age of a SSP. The simplest way to do this would be the
comparison between isochrones of different ages with the observed CMD of a stellar
population, for example a globular cluster. However, to overcome the problems
due to reddening and distance effects, we usually use empirical methods employing
differential quantities like magnitude difference between the Zero-Age Horizontal
Branch (ZAHB) level and TO or the difference in colour between the TO and the
base of the RGB.

In the vertical method we estimate the age of the SSP comparing the observed
AV = Vo — Vzapp with the theoretical one. AV is the difference in V magnitude
between the TO point and the ZAHB level, around Log(T,ss) = 3.85-(B—-V) ~ 0.3
(Salaris & Cassisi, 2005).

A B B B
1r
2r AV
3F
My [
gl e
5
£ Isocheones
r L0 Gyr
6 |———-20Gyr
PRI R R R R N T R N S S
Q2 044 0.6 0.8
(B-Vip

Figure 1.2: Representation of the vertical and horizontal methods for the age estimate (Demarque, 1997).

Since the ZAHB level is unaffected by age, at fixed metallicity, changes in AV
are exclusively due to changes in TO luminosity for age effects, in particular, AV
increases when age increases.

In general, the vertical method uses the V-band since in these wavelength the
ZAHB level is mostly horizontal.

Uncertainties arise when the ZAHB level is not horizontal, for example for bolo-
metric correction dependency on temperature or for reddening effect. Moreover,
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we could run into complications because of a poorly populated horizontal branch
(HB) or a HB populated only in its bluer region.

In general, at fixed metallicity, a variation of 0.1 mag in V leads to a variation
of ~ 1 Gyr in the age estimate, while a 0.4 dex variation in the cluster [Fe/H]
causes an age uncertainty of 1 Gyr. This means that the vertical method can be
considered as unaffected by metallicity uncertainties (Salaris & Cassisi, 2005).

The horizontal method makes use of A(B—V) = (B—V)rg—(B—V)r0, the difference
in colour between the base of the RGB and the TO point, where (B — V)ggp is the
mean colour of RGB stars located 2.5 mag above the TO (Salaris & Cassisi, 2005).

A(B — V) changes with age thanks to the variation of B — V colour of the TO
point, which becomes redder with the increasing of the SSP age. As for the vertical
method, also A(B — V) has a weak sensitivity to the metallicity. A graphical
representation of vertical and horizontal methods is shown in Figure 1.2.

HB colour and the second parameter problem

In general, the mass loss along the RGB can be described through the Reimers
formula, dM/dt « n/M, with a fixed mean n value and a spread An. In this
way, we can determine the ZAHB level and the evolution of the HB stars. Once
we fix 7 and An, the HB morphology is mainly controlled by metallicity: if we
increase the metal content, at fixed age, we obtain a redder HB, populated by
colder stars. Therefore, the metallicity is the main, "first" parameter determining
the HB star distribution. However, if we fix the metallicity and vary the age, the
HB morphology becomes redder for a decreasing in age values. This means that if
we compare two clusters with same metallicity and one of them has a redder HB,
we expect that it is younger.

The HB morphology is often described using the horizontal branch ratio (HBR)
defined by Lee (1989); Lee et al. (1994): HBR = (B—R)/(B+ R+ V), where B is the
number of HB stars bluer than the blue (hot) edge of the RRL instability strip,
V is the number of RR Lyrae stars, and R is the number of HB stars redder than
the red (cold) edge of the RRL instability strip.

This parameter degenerates for clusters with extremely blue or red HB mor-
phologies, and hence, for extreme metal-poor or extreme metal-rich clusters.

The HB morphology is affected by the so-called "second parameter problem",
due to the fact that we can observe pairs of globular clusters with same metallicity
(e.g., NGC 288-NGC 362) and age within the errors, but different HB morpholo-
gies.

This problem, still unsolved, will be widely treated in the next chapter.

Metallicity and reddening estimates

As previously described, the RGB colour and slope offer a good tool to determine
the metallicity of the analysed SSP. Due to uncertainties in theoretical isochrones,
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we usually employ empirical relationships to link [Fe/H] with observational CMDs
(Salaris & Cassisi, 2005):

Fe/H] = -0.24S +0.28,0 = 0.12;

Fe/H] = -0.85AV,4+0.77,0 = 0.16;

Fe/H] = =2.12(V = I)*, s + 8.81(V = I)_35 — 9.75,0 = 0.15;
Fe/H] = =334V =1, + 1237(V = 1) 39— 11.91,00 = 0.15

[
| (1.1)
[ .
[

where S is the slope of the line connecting the RGB at the ZAHB level and a
point 2.5 brighter in the VVI diagram, AV, 4 is the difference in magnitude between
the HB and the de-reddened RGB at V-1 = 1.4. (V —1)_35 and (V — I)_3 are
the RGB colours at M; = —3.5 and M; = -3.0, respectively. Finally, o is the

uncertainty on [Fe/H]. In this way we can determine the [Fe/H] abundance from
the SSP photometry.

1.1.2 Young simple stellar populations

Age estimate

A SSP younger than ~ 4Gyr is defined as "young" SSP, whose classical observa-
tional counterparts are Galactic open clusters. Young SSP isochrones for different
ages (0.1, 0.5 and 1.8 Gyr) are shown in Figure 1.3.
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Figure 1.3: Isochrones in the VBV diagram for different ages for young SSPs (Salaris & Cassisi, 2005).

Comparing Figure 1.3 to 1.1 one, we note that the TO point in young isochrones
are different to the ones shown in old SSP ones: this is due to the fact that young
age main sequence (MS) stars burn hydrogen through the CNO cycle and this
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causes the appearance of the overall contraction (the "hook" visible at the TO
isochrone point). Moreover, the TO luminosity is higher because massive stars are
still on the MS.

In SSP with age between 0.5 and 4 Gyr, stars undergo the He-burning in a red
clump (RC) close to the RGB. The He-burning is so fast that causes a significant
mass loss. If the age is lower than 0.5 Gyr, stars burn helium in bluer regions of
the CMD describing the blue loops we can observe in Figure 1.3.

As already found for old SSPs, the TO point can be used as age indicator also
for younger populations, since the beginning of the He-burning phase in the stellar
cores can be easily connected to the isochrone age. Also the effects of metallicity
variations shown in Figure 1.1 are similar.

However, since the RGB and SGB are very fast and, hence, depopulated, esti-
mating the young SSP age through the horizontal method is in practice impossible.
The vertical method could be in principle used if a sizeable sample of RC stars
exists.

Metallicity and reddening estimates

For young SSPs, we can estimate metallicity and reddening using the same methods
described for old SSPs. In this case we can also employ a tool provided by the
Stromgren ubvy photometry. Indeed, for SSPs younger than 10-100 Myr the MS
stars populating the CMD below the TO point have masses between 3 and 20M
and show a well defined and standard sequence in the c¢iby diagram, where ¢; =
(u —v) — (v = b). This sequence does not depend on metallicity for [Fe/H] > —1
and due to the fact that in this diagram the reddening vector is almost horizontal
(c1(0) = ¢; —0.20 = E(b — y)), it is easy to estimate the reddening simply shifting
the observed star colours along ¢;(0) until they reach the standard sequence.

1.2 Composite stellar populations

Composite stellar populations (CSPs) consist of stars formed at different ages and
different chemical compositions. Natural observational counterparts are galaxies,
which often show two or more populations and in many cases they are still forming
stars. Figure 1.4 (Salaris & Cassisi, 2005) shows the VBV CMD of the stars in
the solar neighbourhood displaying the presence of a CSP due to the coexistence
of both young (MS, in the brighter region of the diagram) and old (RGB, SGB)
objects.

The main tool to understand and analyse CSPs is the star formation history
(SFH) which gives the total stellar mass formed through time (star formation rate
(SFR)) with a certain initial chemical composition.

This means that we can describe the SFH as the function I'(®(#)¥(¢)) where ®(¢)
is the SFR and Y¥(¢) is the the age-metallicity relation. Since the stars continue to
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Figure 1.4: CMD of the stars in the solar neighbourhood (Salaris & Cassisi, 2005).

affect the interstellar medium chemical composition for their entire life, ®(r) and
Y(¢) are not independent.

If the SFR and the IMF are known, the stellar evolutionary theory is able to
estimate the age-metallicity relation, giving the information about the SFH and
hence allowing to predict the evolution of the CSP.

(V-1

Figure 1.5: CMD of a CSP divided in grid of cells of 0.1 mag in colour and 0.5 mag in magnitude (Salaris
& Cassisi, 2005).
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The SFH of a CSP can be determined from the direct observations of the single
stars. One of the most common methods is the sampling of the observed CMD
(see for example Figure 1.5). Firstly, the CMD is divided in N cells both in
magnitude and in colours. The width of the cells is usually chosen so that each
of them contain a good sample of stars. Then, synthetic CMDs for simple stellar
populations with an homogeneous distributions of age (n) and metallicities (m) are
created, spanning the intervals in Ar and AZ, respectively. In this way, a total of
nxm synthetic models is created. The choice of Ar and AZ depends on the statistics
and the photometric errors upon the observed CMD, but also on the uncertainties
affecting the theoretical models.

The minimization of a merit function from the comparison between observed
and theoretical CMDs provides the best model for the SFR and the age-metallicity
relation, and hence, for the SFH.

Obviously, many assumptions have to be done: the assumed IMF is realistic
and not dependent on age and metallicity, the available stellar models are accurate
to theorise the populations in the observed CMDs, data are assumed to have high
quality photometry.

1.3 Unresolved stellar populations

In the local Universe we can analyse the stellar populations taking advantage of
the properties of their individual stars in a specific evolutionary phase. Indeed,
age, metallicity and initial helium abundance can be inferred from the CMD.

On the contrary, observations of distant galaxies provide us integrated quanti-
ties for colours, magnitudes and spectra since we cannot resolve the single stars of
the population, i.e., the stellar population is unresolved.

1.3.1 Simple stellar populations

Analytically, the integrated flux F} from a simple unresolved stellar population
(USP) of age t and metallicity Z can be defined as (Salaris & Cassisi, 2005):

Fizy= [ futt.m 2)pmydm (1.2)

my

where m; and m, are the lower and upper limits on masses, normally the mass of
the lowest-mass and of the highest-mass stars alive in the SSP, respectively (m,
can be approximated to the mass at the TO point). ¢(m) is the IMF and f; is the
flux of the stellar population. This means that the observed total flux is the sum
of the fluxes from the single stars inside the population, modulated by the IMF,
which describes the number of stars formed with a mass M and M + AM.
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The integrated magnitude in a specific band A can be written as:

Ma(t, Z) = —2.510g( f ' 10_0'4MA(m”’Z)¢(m)dm) (1.3)

1
so that, it is the sum of the star fluxes within the wavelength band. Finally, the
integrated colours are defined as the difference between integrated magnitudes in
two different bands.

Integrated magnitudes and colours
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Figure 1.6: Time evolution of magnitudes in selected photometric bands (Salaris & Cassisi, 2005).

Figure 1.6 shows the time evolution of the integrated magnitudes in B, V, I, K
photometric bands for a population of solar metallicity.

In general, the magnitudes fade with time because of the depletion of the MS
stars for r > 10Gyr. In the K-band we have a sudden increase in luminosity due to
the asymptotic giant branch (AGB) population growth at t ~ 200Myr, where B,
V, I-bands experience a boost due to the increase of He-burning stars (HB phase
for low-mass stars and blue-loop for intermediate mass stars).

To analyse the USP, the use of integrated colours is more helpful since, unlike
the integrated magnitudes, they are independent on the stellar population distance
and, in principle, on the mass.

Figure 1.7 shows three different colour-colour diagrams (CCDs) from Salaris
& Cassisi (2005). In Figure 1.7a the lines (solid, dashed and dotted) identify
different metallicities while the dots define different ages. At young ages the lines
in these CCDs arrange with a complicated pattern due to the non monotonic
relation between age and metallicity.
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Figure 1.7: Examples of colour-colour diagrams.

Indeed, the lines overlap while points lay on the same line: this means that these
observed colour pairs for a given SSP can be reproduced with different metallicities
for different ages. This is the so-called "age-metallicity degeneracy", which can be
broken using specific CCDs, like the one displayed in Figure 1.7b, where the colour
(B — K) seems to be sensitive to the age, while (J — K) to the metallicity. Indeed,
(B-K) is sensitive to the TO magnitude and colour, usually used to photometrically
determine the age of the resolved stellar populations. Moreover, the emission in J
and K, and so the colour (J — K), is dominated by the AGB and/or RGB stars,
whose position in the diagram depends on the initial metallicity.

This combination of colours is able to disentangle the effects due to metallicity
from the ones due to the age. Indeed, we observe that the solid lines, identifying
constant metallicities, do not overlap with the dashed lines, identifying constant
ages.

Absorption-feature indices

Integrated spectra of unresolved populations (with resolution R < 1nm) can be used
to constrain stellar ages and chemical compositions. In fact, they are characterized
by several absorption features depending on the abundance of different specific
chemical elements in stellar atmospheres and on the number of stars in a specific
evolutionary state.

The absorption feature strengths (and so, equivalent widths) can be measured
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through a system of indices. To define an index we have to measure the relative
flux in a central wavelength range covering the selected absorption feature, and two
flanking intervals (side-bands) that provide a reference level (pseudo-continuum)
from which the strength of the absorption feature is evaluated.

Indices for narrow lines are usually expressed in Angstroms, while those for
molecular bands in magnitudes:

b Fra
IA:f (1——’)611 (1.4)
A Fc,

I, =—-25I ! " FL
mag = —2.5log dAa (1.5)
A=Ay Fca

The Lick index system (Worthey et al., 1994) provided most of the evolutionary
information about old stellar populations since it was created.

It was established by observations of ~ 500 sources with the image dissector
scanner (IDS) and Cassegrain spectrograph on the 3 m Shane Telescope at Lick
Observatory.

Originally, they covered the wavelength range 4000-6400 A with a resolution
between 8 and 10 A for roughly 500 stellar spectra and they were estimated using
Equations 1.4 and 1.5 from the non flux-calibrated spectra. Now, they are mostly
estimated using Equations 1.4 and 1.5 on flux-calibrated integrated spectra of a
resolution > 8 A, and therefore, they are not exactly in the Lick system (Lick-type
indices), but we usually do not make any difference between them.

Worthey et al. (1994) defined the first set of 21 indices, and then 4 indices
where included to cover the Balmer line series in the optical range (Worthey &
Ottaviani, 1997).

In general, indices from the Lick system provide index-index diagrams that are
useful to break the age-metallicity degeneracy and to independently estimate age,
[Fe/H] and [a/Fe] for a stellar population.

Different examples are shown in Figure 1.8. In the right upper panel of Fig-
ure 1.8 we have Hp-Feb5406 index diagram for different ages, metallicities and for
both scaled-solar and a-enhanced mixtures. Hy index is a good tracer for age
thanks to its high sensitivity to the T,.r of TO stars, while Fe5406 traces iron
abundance ([Fe/H]) and it is not sensitive to @ enhancement. As we can see from
the diagram, the lines are roughly orthogonal, meaning that the age-metallicity
degeneracy can be easily broken with this index combination.

On the contrary, Hp index is slightly affected by @ enhancement: at constant
[Fe/H], it shows a systematic decrease at the lower [Fe/H| values. Increasing
[Fe/H], the decrease of the index becomes even smaller.

Moreover, to investigate old stellar systems, magnesium feature at ~ 5200A
is often used (Buzzoni, 2015). The feature is a blend of the atomic Mg, triplet
(5178 A) and the vibrational band of MgH molecule. The magnesium complex
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is sampled by three Lick indices, Mg,, Mg, and Mg,. The first one probes the
molecular contribution, Mg, index is useful to investigate the atomic triplet, while
Mg, connect the other two. The indices Mg, and Mg, of early-type galaxies provide
higher metallicities than indices like Fe5270 and Fe5335, probably because stellar
populations in these objects have higher Mg/Fe (in general a/Fe ratios) than the
solar values (Thomas et al., 2003). This causes shorter star formation time scales
(< 1 Gyr), not described by current models of galaxy formation yet.

The left upper panel in Figure 1.8 the Hg-Mg,, grid. It displays how Mg, index is
sensitive to the @ enhancement degree, because of its dependence on the abundance
of the @ element Mg.

We can create new indices from different combinations. For example if we
combine Feb406 and Mg,, we have the new index [MgFe] = v< Fe > XMg,, with
< Fe >= 1/2(Fe5270 + Fe5335).

Left lower panel in Figure 1.8 shows the Hg-[MgFe| diagram: [MgFe| seems to be
not affected by @-enhancement level, while,at fixed [MgFe|, Hs increases with the
a-enhancement. Finally, from Fe5406-[MgFe] grid (right lower panel in Figure 1.8),
we can estimate the @ enhancement degree. Indeed, in this case the age/metallicity
lines are completely degenerate, but the scaled-solar and a-enhanced sequences
are well separated. Therefore, thanks to a combination of three diagrams (for
example Hg-Fe5406, Hp-[MgFe], Fe5406-[MgFe]), we can independently compute
age, metallicity and @ enhancement degree.
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Figure 1.8: Different index-index diagrams from Cassisi & Salaris (2013) for scaled-solar populations
(solid and short-dashed lines) with [Fe/H] from -1.79 to 0.40 and a-enhanced (long-dashed and dotted
lines) with [Fe/H] from -1.84 to +0.05. Ages span from 1.25 to 14 Gyrs, increasing from top to bottom.
Metallicities increase from left to right.
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1.3.2 Stellar populations synthesis
technique

Stellar populations synthesis models (SPSMs) are usually adopted to theoretically
investigate the evolutionary status of the USPs in galaxies.

Two approaches currently exist. The inverse approach compares the observed
integrated magnitudes/colours and spectra to the results of SPSMs. In this way
it constrains the SFH characterizing the population. The direct approach uses a
theoretical model converting a predicted SFH into integrated properties. These
expected quantities are then compared to the observed ones.

All the ingredients we need to produce SPSMs will be reviewed in the following
sections.

Stars

Isochrones An isochrone is a line describing stars of the same age in the Hertzsprung-
Russel diagram (HRD). Theoretical models describe the evolution of the stars from
the early (hydrogen burning limit M ~ 0.1M;) to the final (M ~ 100M,) stages.
Therefore, isochrone libraries have to cover wide ranges in age, chemical mixture
and evolutionary phases.

In the following the most common models currently used are reviewed.

Padova models (Bertelli et al., 1994)— They firstly characterized the evolution of
the stars in the mass range AM=0.15My-7M, and metallicity range of AZ=0.0004-
0.07 (Girardi et al., 2002). The updated version PAdova and TRieste Stellar
Evolution Code (PARSEC, Bressan et al., 2012) supplies the evolutionary phases
from the pre-main sequence (PMS) (M = 0.1M,) to the massive (M = 12M,,) stages
and an improvement of the input physics description (opacities, equation of state,
rates of nuclear reactions). Thermally-pulsing asymptotic giant branch (TP-AGB)
stars, characterized by a very short life and cold temperatures, need a significant
and accurate treatment. They are one of the most important contribution to the
integrated flux of stellar populations, especially in NIR bands where their high
luminosities can alter the mass to light ratio (M/L) estimates in galaxies (Cassisi
& Salaris, 2013).

The first Padova isochrone libraries including the treatment of TP-AGB phase
are provided in Marigo et al. (2008), while the complete analysis of thermal pulse
cycles is described in the newest stellar isochrones PARSEC-COLIBRI (Marigo
et al., 2013, 2017), covering a wide range of initial metallicities (0.0001<Z<0.06).
They take into account the effect of diffusion, dredge-ups and hot-bottom burn-
ing. They provide new models for pulsation able to describe changes of stellar
parameters, long period variability and dust production.

BaSTI models (Pietrinferni et al., 2004)— At first they characterized stellar
evolution of stars with mass range between 0.5M, and 10M, while [Fe/H] ranges
between -2.27 and 0.40 with scaled solar distribution. Recently, thanks to an

Unresolved Stellar Populations in High Redshift Galaxies 29



Marianna Torelli - XXXII CYCLE 1. Stellar Populations

update (Pietrinferni et al., 2013) they are able to describe even extremely metal-
poor (Z = 107°) and super-metal-rich (Z = 0.05) objects, with both scaled-solar
and a-enhanced ([a/Fe] = 0.4) distributions. A particular attention is put on the
initial He mass fraction Y, ranging from 0.245 to 0.4, and on the mass loss rate.

The latest version BaSTI-IAC (Hidalgo et al., 2018) provides improvements on
input physics (solar metal mixture, opacities, nuclear reaction rates, bolometric
correction) and on the overshooting efficiency. The new models describe the evolu-
tionary stages of the stars in the mass range 0.1M, < M < 15M,, initial metallicity
-3.20 < [Fe/H] < +0.45 with an helium enrichment ratio of dY/dZ = 1.31. The
isochrone ages cover a range between 20 Myr and 14.5 Gyr.

Pisa Evolutionary Library (PEL) database (Castellani et al., 2003a; Cariulo et al.,
2004) provides models for Magellanic Cloud stellar populations and for metal-poor
stars. Magellanic Cloud models are computed in the mass range 0.8M, < M <
8M,, from the MS to the C-burning or to the TP-AGB phase. The isochrones cover
ages from ~ 100Myr to ~ 15Gyr. Additional models which include overshooting
during the H burning are also available. The metal-poor stellar population models
extend the previous set to stars with Z=0.0002, 0.0004, 0.0006, 0.001 with assump-
tions about the initial He content. The mass range is 0.6 My < M < 11M,, covering
ages from 20 Myr to 20 Gyr.

Geneva models (Schaller et al., 1992)— These models are characterized by
masses from 0.8Mg to 120M, and metallicities from Z=0.001 to 0.1. They include
evolutionary phases from the pre-main sequence (Bernasconi & Maeder, 1996) to
the end of the carbon burning for massive stars (Meynet et al., 1994). Therefore,
they cannot be used to analyse the evolutionary status of low-mass stars.

Obviously, all the different models are affected by several uncertainties, relevant
for modelling the population spectral energy distributions (SEDs). For example,
they are all one dimensional codes, so they can approximately describe convection,
rotation, mass loss, pulses and binary interactions, all three dimensional processes
(Conroy, 2013).

Stellar spectral libraries Stellar spectral libraries convert surface gravity g(Z) =
G ([em/s*]) and effective temperature T,p/(Z) values obtained from stellar evo-
lution models into observable SEDs. The SPS models usually combine different
spectral libraries which can be either theoretical or empirical. Pros and cons of
both type of stellar spectral libraries will be discussed in the following.

Theoretical libraries Theoretical libraries are characterized by a wide parameter
space and by the fact that their produced spectra are not affected by observational
problems like atmospheric absorption. These libraries obviously depend on the
choice on the input parameters and the approximations made to compute models.

One of the most important issues is the treatment of atomic/molecular lines,
which seriously affects spectra reproduction of the Sun (inaccurate atomic lines
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list, Kurucz, 2011) and of the cooler stars (uncertainties on molecular lines, Allard
et al., 2011). Indeed, the predicted lines usually come from model calculations
and not from laboratory measurements. Therefore, their central wavelength and
strengths are often defined with an high uncertainty.

Several theoretical libraries are available.

CoMARCS models (Aringer et al., 2009)— They provide a quite good descrip-
tion of carbon rich stars, the late evolution of low and intermediate-mass stars.
Determining the physical parameters and mass loss of these objects is important
to understand the chemical enrichment in galaxies, and so, to model their IR flux.
CoMARCS models are characterized by T,.rs between 2400 and 4000 K, surface
gravities from log(g) = 0.0 to -1.0 ([cm/s?]), metallicities from 0.0134 to 0.00134
and C/O ratios between 1.05 and 5.0.

MARCS (Gustafsson et al., 2008) and PHOENIX (Brott & Hauschildt, 2005)—
They model atmospheres and molecular lines for cold stars. The first one describes
stars with T,/ ranging from 2500 K and 8000 K, log(g) between -1 and 5 ([cm/s?]),
C/O ratios between 0.09 and 5.0. The second library models stars with T,/ ranging
from 2700 K and 10000 K, log(g) between -0.5 and 5.5 ([cm/s?]), metallicities from
-4.0 to 0.5 with variations of @ elements.

Smith models (Smith et al., 2002)— This library describes the ionizing O and
Wolf-Rayet stars with expanding model atmospheres for five metallicities from 0.05
to 2.

ATLAS models (Castelli & Kurucz, 2003)—The library describe stellar atmo-
spheres with 7,sr ranging from 3500 K to 50000 K, log(g) between 0.0 and 5.0
([em/s*]) and with [M/H]=0.0,-0.5,-0.5 with an @ enhancement of +0.4 dex, -1.0,-
1.5.

Empirical libraries Empirical spectral libraries do not depend on the treatment of
theoretical models like convection or atomic/molecular lines, but they are affected
by observational constraints like atmospheric absorption, spectral resolution, flux
calibration. Contrary to theoretical libraries, they do not cover a wide range in
parameters. Indeed, due to the fact that they are based on star observations in the
solar neighbourhood, we lack of information about rare objects, like low-metallicity
hot MS, Wolf-Rayet (WR) or TP-AGB stars.

ELODIE library (Prugniel & Soubiran, 2001, 2004) covers a very large wave-
length range (400 to 680 nm) and atmospheric parameters space (T,s; from 3000
K to 60000 K, log(g) from -0.3 to 5.9 and [Fe/H] from -3.2 to +1.4.). Two resolu-
tions (R=42000 and R=10000) are available. Its flux calibration is limited by the
use of an echelle spectrograph.

INDO-US (Valdes et al., 2004) contains spectra for 1273 stars, with spectral
coverage of 346-946.4 nm and a broad coverage of atmospheric parameters.

STELIB (Le Borgne et al., 2003) is a library of 249 stellar spectra in the wave-
length range 320-950 nm. The included stars are characterized by various spectral

Unresolved Stellar Populations in High Redshift Galaxies 31



Marianna Torelli - XXXII CYCLE 1. Stellar Populations

types, luminosities and wide range in metallicity ([Fe/H] from -1.90 to +0.47).

MILES (Sanchez-Blazquez et al., 2006) provides the greatest atmospheric pa-
rameters coverage for 985 stars. Most of them are field stars in the solar neigh-
bourhood, but it also includes open and globular cluster stars with different ages
and metallicities. G8-KO0 metal-rich stars ([Fe/H] from +0.02 to +0.5) with tem-
peratures between 5200 and 5500 K, some stars with temperatures above 6000 K
and metallicities higher than +0.2, and hot dwarf stars with low metallicities are
available.

Kesseli et al. (2017) published a library obtained with the spectra from the
Sloan Digital Sky Survey. It contains spectra for stars with metallicities from -2.0
to 4+1.0, separated into main-sequence (dwarf) stars and giant stars. Its wavelength
coverage is from 365 to 1020 nm with a resolution better than 2000.

One of the major problem of empirical libraries is the irregular coverage in the
HRD. In general the lower main sequence and the red giant branch are well covered
over a wide range in metallicity. On the contrary, since hotter and younger (<
1Gyr) stars are rare in the solar neighbourhood, their coverage is really challenging
for empirical spectral libraries.

Another problem is represented by the determination of log(g), T.ss and [Fe/H].
The major uncertainties (~ 100K) exist for T,ss, reflecting on the estimation of
several absorption feature lines, including hydrogen Balmer lines and iron and
magnesium, useful to study stellar populations of early-type galaxies.

In the solar neighbourhood the low metallicity stars are a-enhanced ([Mg/Fe]
~ 0.0 at [Fe/H] ~ 0.0 and [Mg/Fe] ~ 0.4 at [Fe/H]<-1.0). This represents another
issue since, in the models, all the low metallicities have to be corrected for the
[@/Fe| bias.

Dust

All galaxies, especially star-forming ones, contain interstellar dust. It obscures
light in the UV-NIR and emits in the IR bands. Dust attenuation and emission
are often modelled as distinct components since they depend on different properties
of a galaxy (the geometry of dust grains and the radiation field, respectively).

Attenuation Attenuation by dust is usually described by reddening and total
obscuration.

The reddening can be parametrized through the colour excess E(B — V). It
describes the wavelength dependence of the dust effects, taking into account that
shorter wavelength photons are more readily scattered and absorbed by dust.

The total obscuration is in general parametrized by A(V). It measures the total
light absorbed or scattered by dust out of our line of sight. Several laws (A(1)/A(V),
see Figure 1.9) exist describing the total obscuration for single stars in the Milky
Way and in the Large and Small Magellanic Clouds (Cardelli et al., 1989), but
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obviously in a galaxy we have different optical depths for each star and stellar
population, depending on position and age.
We can describe the dust obscuration in a galaxy as (Walcher et al., 2011):

1(Q) = Ly (D) (1.6)

where a, is the reddening law and At is the thickness.

Dust attenuation in starbust galaxies is usually described by the Calzetti law
(Calzetti et al., 2000), a simple 1/4 polynomial function. In general a power law
a, o< A7°7 can reproduce the observed attenuation in galaxies (Charlot & Fall,

2000).

30 . ; . . .
— Cardelli
— Calzetti

251 — SMC .

1000 1500 2000 2500 3000 3500 4000
Wavelength(A)

Figure 1.9: Different extinction laws: Milky Way (Cardelli, Ry = 3.1), Calzetti and SMC.

Emission The IR wavelengths of galaxy SEDs are dominated by the emission of
dust grains. Three different types can exist: graphitic/amorphous carbon grains,
amorphous silicate grains and polycyclic aromatic hydrocarbons (PAHs). At short
wavelengths (1 < 20um) the emission (~ 1/3 of IR flux) is dominated by PAHs.
The most prominent PAH emission features at 3.6 um, 6.2 um, 7.7 um, 8.6 um,
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11.3 um are well modelled (Desert et al., 1990; Draine & Li, 2007), while at longer
wavelengths (4 > 50um) grains of T ~ 15 — 20K dominate the emission (~ 2/3
of IR flux). Dale et al. (2001) developed simple models for dust emission. They
combined different emission curves for large and small grains to reproduce IR
empirical spectra of star forming galaxies.

Initial Mass Function

The IMF, ¢(m), is defined as the initial mass distribution at the time of birth of the
stars in a stellar system. Since the evolution of the single stars depends mainly on
their mass, analysing the IMF allows to determine some of the stellar population
properties.

The quantity ¢(m)dm is the relative number of stars born with masses in the
range m = dm/?2.

Normalizing as:

f me(m)dm = 1M (1.7)
my
¢(m)dm is defined as the number of stars born with masses in m + dm/2 for every
new solar mass formed. In general m; ~ 0.08 M, since below this mass value the
hydrogen burning cannot take place, and m, ~ 100M,, since the stars with masses
greater than this value are unstable against the radiation pressure.

If we consider M., as the total mass of the formed stars, we can define the total
number of the stars formed in the mass range as:

dN(m) = %qﬁ(m)dm (1.8)
©

while the total mass of the stars as:

]]“/[/I* mep(m)dm (1.9)

©

dM(m) =

For convenience, we use the IMF in the logarithmic form:

E(m)dlogm = p(m)dm — &E(m) = In(10)mep(m) (1.10)

For the Galaxy, the first and most common empirical IMF form is the simple
power-law model defined by Salpeter (1955):

o(m)dm oc m™“ (1.11)

with a = 2.35 for stars with mass 0.4M, <m < 10M,,.

In general the functional form could vary within the same galaxy and from
galaxy to galaxy. Observations seem to show that the IMF has roughly the same
form in every location of the Milky Way and so it is usually assumed as universal.
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In the solar neighbourhood the observed IMF deviates from the Salpeter simple
power law only at the lowest mass (m < 1My) end, where it becomes flatter,
and at the highest mass end, where it is steeper. Therefore, according to the
observational results, other forms could be used. Observing the field stars in the
solar neighbourhood, Kroupa (2001) defined a broken power-law:

m=27 (1.0My < m < 100M,)

m23 (0.5My <m < 1.0My)
¢(m) o

m™ '3 (0.08M, < m < 0.5M,)

m=3  (0.01M, < m < 0.08M,)

which is similar to the Salpeter IMF for m > 0.5M,, while Chabrier (2003) deter-
mined the lognormal form for the IMF:

135 (m < 1.0My)
§0m) S\ om0 20002106 (m > 1.0M)

A comparison between these three different functional forms for IMF is shown in
Figure 1.10. From this Figure it is evident that for m < 1M the three different
IMFs follow a power low, with the Chabrier one emphasizing high mass stars.

Since outside the Galaxy only the brightest and massive stars are observable,
we can determine only the high mass end of the IMF. Therefore, within the uncer-
tainties, the IMF is considered similar for the different galaxies and so, universal.

The IMF variations with parameters like stellar density, metallicity and age are
not theoretically determined, so the IMF is one of the main source of uncertainties
in the stellar population SED models.

Star Formation History

The SFH Y(¢) is a function describing when the stars in a galaxy formed. It is a
priori unknown and so, it has to be modelled. In general we can use parametrized
(see e.g., Carnall et al., 2019, and references therein), non parametric (see e.g.,
Leja et al., 2019, and references therein) and simulated (Brammer et al., 2008a;
Pacifici et al., 2012) SFH models.
The most widely used parametrized model is the exponentially declining SF'H
(t model):
P(t) =7l IO (1.12)

where 7 is the characteristic duration of the star formation. According to this
model, the star formation has its maximum value for t = Ty and then exponentially
declines within 7 time-scale.

Studying high redshift mock galaxies SEDs, Lee et al. (2009a) assessed that best
fit SFRs inferred using a single component SFH are underestimated of a factor of
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Figure 1.10: Salpeter, Chabrier and Kroupa IMFs. (Crosby et al., 2013)
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two compared to the values from a two component SFH (young bursty+ old long
lasting). This could be due to the fact that these galaxies have rising SFHs instead
of declining models. Therefore, other parametrized models have been suggested
(Figure 1.11).

For example, Maraston et al. (2010) suggested exponentially increasing SFHs:

Y@ =1 le" (1.13)

to predict the star formation in high redshift star forming galaxies. Lee et al.
(2010) proposed instead the delayed T models:

¥(r) = @e‘”‘mﬁ (1.14)

able to reproduce the predicted rising SFHs for large values of .

Unfortunately, these simple parametrized models are not always able to match
with galaxy observations. Indeed, from comparison to simulations and mock galax-
ies, they result to be too unsophisticated to describe those events which are com-
plex and crucial for star formation, like bursts, quenching and active galactic nuclei
(AGN) feedback. A possible solution is modelling SEDs with non parametric SFHs.
In this case the function is divided in bins of age and the fit is implemented through
the mass fraction in each bin (see Figure 1.12 for possible examples). They are
able to provide complex SFHs, but they are reliable only if the galaxies are built
with the same SPSMs used in fitting techniques.

Another possibility is the use of SFH libraries from hydrodynamic models of
galaxy formation (Finlator et al., 2007). The advantage is that the model can more
likely contain realistic SFHs compared to simple analytic models. For physical
parameters like stellar mass and SFR, their simulated galaxies have similar values
to the simple SFH models ones, but with substantially smaller uncertainties.

Pacifici et al. (2012) used semi-analytic models for SFHs computing larger sam-
ples of SFHs, but the results are sensitive to the choice of priors.

Codes

SPM codes assemble isochrones, stellar spectra, IMF, the effect of dust and metal-
licity enrichment to model a stellar population.

Different SPM libraries are available in literature.

GALAXEV (BCO03 hereafter, Bruzual & Charlot, 2003) is characterized by a wide
range in wavelength (91 A - 160 um), age (0-20 Gyr) and metallicity (Z=0.0001-
0.05). It uses STELIB libraries (resolution R = 3 A for 1=3200-9500 Aand R=20
A for the other wavelengths). Salpeter and Chabrier IMFs and three different evo-
lutionary tracks (two from Padova and the other from Geneva tracks) are available.
The update version by Charlot & Bruzual 2007 has a special treatment of TP-AGB
stars following the prescriptions by Marigo & Girardi (2007); Marigo et al. (2008).

Unresolved Stellar Populations in High Redshift Galaxies 37



Marianna Torelli - XXXII CYCLE 1. Stellar Populations

].O T T T T T T T T | T II T II |I T II
constant I Y B

log(SFR) [Myyr—1]

|

|

|

|

|

8 delayed :
| | | | | | | | | | | | | | |

6 7 8 9

log(age) [yr]
Figure 1.11: Four different parametrized SFHs (SFR as a function of age)(Schaerer et al., 2013).
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Figure 1.12: Possible non parametric SFHs from Leja et al. (2019).
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PEGASE (Fioc & Rocca-Volmerange, 1999) models spectra of galaxies from UV
to NIR wavelengths, isochrone ages are in the range 0-20 Gyr. The code uses
the stellar evolutionary tracks from the Padova group in the metallicity range
0.0001 < Z < 0.1, while the stellar spectra are those from Lejeune et al. (1997).
The IMF can be defined by the user through a combination of different power laws.
An updated version PEGASE.3 (Fioc & Rocca-Volmerange, 2019) is now available
to fit galaxy SEDs FIR /sub-mm wavelengths. It also includes the computation of
nebular metallic and IR lines.

Ma05 (Maraston, 1998, 2005) is a model based on fuel consumption theorem
and so the main ingredient of the synthesis is the amount of hydrogen and/or
helium mass burned in each evolutionary phase.

These models have a wide range in metallicity (Z=0.0001-0.07), age (1000 yr-
15 Gyr). Salpeter and Kroupa IMFs are available. They use Padova and Geneva
tracks for different ages and/or metallicities. Stellar spectra come from BaSel
library, with resolution R=5-10 Ain R and V bands, R=20-100 Ain NIR bands.

GALaxy EVolution (GALEV) (Kotulla et al., 2009) models describe the chemical
and spectral evolution over cosmological scales. Metallicities are from 0.02 to 2.5,
ages from 4 Myr to 16 Gyr. They use BaSeL libraries and Salpeter, Scalo, Kroupa
IMFs. Isochrones are taken from Padova and Geneva tracks.

Flexible Stellar Population Synthesis (FSPS, Conroy & Gunn, 2010a) allows the
user to compute the stellar population models in a flexible way taking into account
different IMFs and metallicities. It includes the BaSTi and Padova isochrone
libraries, the BaSeL spectra and O stars, WR stars, and post-AGB stars treatment
from Smith et al. (2002); Rauch (2003).

1.3.3 Composite stellar populations

Stellar systems in the real Universe can be rarely described by a SSP: it is widely
observed that also globular clusters are characterized by multiple populations
formed at different epochs. In this case we can define these objects as CSPs

This means that the flux of a CSP is modulated by its SFH and chemical
enrichment (Greggio & Renzini, 2011):

Fa(Xi, 1) = f faXi, t = Op()dr’ (1.15)

where f(?) is the spectrum of a SSP, X; is the chemical composition (in this case
constant with time), y(¢) is the SFH of the population.

Clearly, galaxies are the perfect examples of observed CSP, characterized by
complex SFHs, metal enrichment and environment exchanges.

Galaxies in fact contain stars with wide ranges in mass, age and chemical com-
position whose distribution changes with time. Consequently, we have to take into
account the stellar evolution and different star formation histories while modelling
galaxy SEDs at low and high redshift.
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1.3.4 Spectral evolution

Simple stellar populations
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Figure 1.13: SED of a SSP of Z = 1Z; at different ages: 1 Myr (blue), 10 Myr (cyan), 100 Myr (green),
1 Gyr (red), 100 Gyr (violet) (Greggio & Renzini, 2011).

Figure 1.13 (Greggio & Renzini, 2011) shows the spectral evolution of a SSP
with Z = Z, at different ages from 1Myr to 10Gyr. When the population is
~ 1Myr old (blue line), its massive stars are on the MS: the SED is almost constant
except for a prominent Lyman break (912 A) due to the photon absorption by the
hydrogen gas.

At the age of ~ 10Myr (cyan line), massive MS stars have already left this
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phase, so that we have a depression of the flux for 1 < 1500A (the slope of the
ultraviolet flux flattens), while the most massive stars are already dead. In the
mean time, the other stars are evolving to the RGB phase, causing the increasing
of the emission in the NIR bands.

We observe this trend while the population ages up to 100Myr (green line), when
a Balmer break (3646A), due to the arising A-type MS stars, becomes prominent
and Balmer lines start to arise.

Moreover, we observe a general increasing of the NIR emission, due to the
contribution of TP-AGB stars. Along with this, several metal lines appear while
the Balmer break weakens, merging with the 4000 A break.

At 1Gyr (red line), we have the maximum contribution of TP-AGB stars and
the appearance of the first molecular lines

At 10Gyr (violet line), the molecular lines have almost disappeared with the
fuel consumption of TP-AGB stars, while we observe the formation of metallic
(magnesium and iron) lines in the optical bands.

We note that the UV flux rapidly fades if we compare it to the NIR emis-
sion. Indeed, the UV flux is mainly caused by the hot HB stars, whose lifetime
is strictly connected to their effective temperatures, as shown in Figure 1.14. It
displays a 12 Gyr SSP SED for different HB morphologies: a blue HB dramatically
contributes to the UV emission of the population, a flat distribution of HB stars
(T.ff ~ 4000K — 40000K) produces a flat UV flux. On the contrary, a red HB
morphology does not contribute to the UV emission, generating a more prominent
NIR rising (Greggio & Renzini, 2011).

Composite stellar populations

Analysing the observed SED of a CSP, we need to take into account the right
parametrization of the SFH (several different SFH models have been already de-
scribed in Sect. 1.3.2).

Figure 1.15 displays the spectra of a 1Gyr stellar population for different as-
sumptions of SFHs, producing the same total stellar mass. In addition, it also
shows the spectrum of a SSP, which has passively evolved for 1 Gyr. We note that
the four CSP spectra have almost the same shape, while the major differences
arise in the UV and optical bands, where they are forming stars: we have the
maximum emission from the inverted-r model and the minimum one from the 7
model. Towards the IR bands, the difference between the spectra decreases since
they are modelled to give birth to the same total stellar mass, even though in these
wavelengths the fluxes still have differences of the order of ~ 2

Figure 1.16 (Greggio & Renzini, 2011) shows the spectra for a 13 Gyr CSP
considering different SFH models, as in Figure 1.15. Also in this case, we observe
major differences in the UV and optical wavelengths, while in IR they are almost
undistinguishable also in comparison with the SSP spectrum.
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Figure 1.14: SED of a 12 Gyr population for different assumption on the effective temperature of the HB
stars (Greggio & Renzini, 2011).

From the figures, it is evident that the NIR is a good indicator of the total stellar
mass, but the fact that we observe populations with different SFHs displaying
similar NIR spectra (similar mass) is a warning to use it as unique indicator.

1.3.5 SED Fitting

SED fitting allows to analyse an observed galaxy SED extracting simultaneously
several properties of the source, like photometric redshifts, age, stellar mass, dust
and SFRs. Each of these properties allows to constrain and understand the physics
and the evolution of galaxies from high to low redshift.

It is a crucial technique since our current knowledge of the Universe is mainly
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Figure 1.15: SED of a 1 Gyr population for different assumption on SFH: inverted-r model (green),
peaked model (orange), constant (blue), T model (red), SSP model (magenta)(Greggio & Renzini, 2011).

based on the physical quantities inferred from galaxy SEDs.

Tools

Since the first SED fitting techniques were developed (Faber, 1972), huge progress
has been done in this field thanks to the improvement both in quality and volume

of the data.

Different tools and method are available in the literature.

BAGPIPES (Bayesian Analysis of Galaxies for Physical Inference and Param-
eter EStimation, Carnall et al., 2018) is a Python tool to fit spectroscopic and
photometric galaxy data from far-UV to far-IR. It uses a nested sampling algo-
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Figure 1.16: SED of a 13 Gyr population for different assumptions on SFH, as in Figure 1.15(Greggio &
Renzini, 2011).

rithm to fit the galaxy spectra through a Bayesian approach. BAGPIPES uses
the 2016 version of BC03 (Bruzual & Charlot, 2003), with a Kroupa (2001) IMF.
The SFH can be built as a single function, a sum of different functional forms
or customized through an array of SFR values. The available SFHs are: delta,
constant, exponentially declining, delayed exponentially declining, log-normal and
double power law functions.

BEAGLE (BayEsian Analysis of GaLaxy sEds, Chevallard & Charlot, 2016)
models photometric and /or spectroscopic observations of galaxies adopting a Bayesian
approach to infer galaxy physical parameters from observed SEDs. It includes the
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latest version of the SPS code by Bruzual & Charlot (2003), the Chabrier (2003)
IMF and parametric e non parametric descriptions of both SFH and chemical en-
richment history of the galaxy. Indeed, in this picture the SFH is defined as a
series of bins in star formation, in which mass fraction and metallicity are ad-
justed to reproduce the observation. BEAGLE also includes IGM and ISM model
descriptions.

CIGALE (Code Investigating GALaxy Emission, Burgarella et al., 2005) is a
code modelling the observed galaxy SEDs from far-UV to far-IR. It uses a minimum
chi-square algorithm and a Bayesan method to derive the probability of each of
the inferred parameters.

EAZY (Brammer et al., 2008b) is a code to estimate high-quality photometric
redshifts from the observed galaxy SEDs. It uses a non-negative least squares
algorithm.

FAST (Fitting and Assessment of Synthetic Templates Kriek et al., 2009) is an
IDL code to fit photometric, spectroscopic, or both, observations of galaxies. It is
compatible with EAZY, such that the extracted photometric redshifts from EAZY
and its input file can be used by FAST. The tool includes Bruzual & Charlot (2003)
and Maraston (2005) SPMs, Salpeter (1955), Kroupa (2001) and Chabrier (2003)
IMFs. The inferred parameters are determined using a chi-square algorithm.

Zphot (Giallongo et al., 1998; Fontana et al., 2000) is a Fortran code for SED
fitting extracting photometric redshifts and physical parameters of galaxies. The
user can write a configuration file choosing from a variety of input models and
options. Both empirical and synthetic stellar models are available; exponential
declining, inverted, delayed, constant and finite length SFHs are accepted with a
flexible range in time-scales. Nebular emission is based on Schaerer & de Barros
(2009) prescription; one or a combination of models between Milky Way, Large
Magellanic Cloud, Small Magellanic Cloud and Calzetti et al. (2000) laws can be
chosen to add dust as free parameter. IGM absorption and a variety of IMFs are
included.

Zphot performs chi-square minimization scanning the template SEDs to identify
the best fit model to the observed photometry (magnitudes or fluxes, from UV to
NIR wavelengths). It can work at a fixed redshift, in a redshift interval, at the
best-fit redshift.

Inferred parameters and uncertainties

Photometric Redshifts One of the problems of extracting parameters from the
extragalactic sources SEDs is redshift estimate (photometric redshifts, photo-z). This
estimate is different from the other ones because more reliable and independent
measures exist from spectroscopy. Therefore, it allows us to empirically calibrate
and test SED methods. Two approaches exist to estimate photo-z. The empirical
one uses a subset of spectroscopic redshifts to describe the redshift distribution as
a function of magnitudes and colours, calibrating the relation itself.
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On the contrary, template methods use libraries of observed spectra of galaxies
or SED models. Shifting them to any redshift and convolving with the transmission
curves of photometric filters, they create a template for redshift estimators.

Both methods create routines (based on y? minimization or machine learning
algorithms) to estimate photo-z.

Despite their simplicity, first empirical methods (Connolly et al., 1995; Brunner
et al., 1997; Wang et al., 1998) provided accurate redshifts and uncertainties, using
low-order polynomial fitting functions. Obviously, since the templates come from
observed galaxies, these methods suffer of the effects of filter band-passes and flux
calibrations.

Moreover, the redshift estimation is accurate only when the objects in the tem-
plates and in the observed catalogues have the same observables. This means that
the method is more uncertain for objects with fainter magnitudes than the training
ones. Finally, the training subsets have to cover large samples in redshift, galaxy
type, colour and magnitude.

Since the first methods were created, new computational intensive algorithms
have been used. Collister & Lahav (2004), for example, implemented artificial
neural networks for their code ANNz.

Machine learning algorithms can determine the magnitude/colour and redshift
correlations to a very high level. They are able to work with huge datasets (for
example SDSS, Ball et al., 2008) and extrapolate very precise estimates of photo-z.

Template methods are usually involved to investigate new surveys, lacking of
spectroscopic redshifts. These techniques suffer of several problems, like the mis-
match between models and observed galaxies or the treatment of AGNs, emission
lines, dust. Moreover, the template set has to be large enough to represent all the
galaxies in the sample.

The maximum likelihood method is the most common one for template fitting.
The best fit redshifts and templates are the ones which maximize the likelihood
function (or minimize the y?) when comparing the observed magnitudes with model
templates. The uncertainty on the redshifts are usually estimated propagating
through photometric errors (e.g. hyperz code, Bolzonella et al., 2000).

To overcome the problem of possible colour-redshift degenaracy due to the large
number of galaxies in the template libraries, we can use the Bayesan inference.
Therefore, we include our prior knowledge about some properties, like the evolution
of age with redshift or the shape of redshift distribution to better constrain the
probability distribution function.

This method is used in several public codes like BPZ (Benitez, 2000), kphotoz
(Blanton et al., 2003), ZEBRA (Feldmann et al., 2006), Le Phare (Arnouts et al.,
1999; Ilbert et al., 2006, 2009) and EAzY (Brammer et al., 2008a).

Star Formation Rate SFR can be estimated using well-established relations with
monochromatic indicators. Emission from new born stars is absorbed and re-
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emitted by dust. Therefore, dust emission in mid-IR bands is in general the most
sensitive tracer of SFR. Moreover, considering that unabsorbed photons emit in
the UV wavelengths, a widely used SFR indicator is often a combination of IR and
UV luminosity.

SFR can also be estimated from SED fitting. Its measure is based on several
assumptions: galaxy SED is considered as purely stellar SED which can be de-
scribed by a single attenuation law. The estimate is affected by some degeneracies
that cannot be completely removed, like the one existing between age, metallicity
and dust.

Because of the age-dust-metallicity degeneracy, SFRs from SED fitting have
larger uncertainties than those from IR tracers.

Figure 1.17 shows relation between S FRg.yyv and S FRy; in different redshift
bins from Santini et al. (2009). Red line defines the region S FRg,yv=S FRfi;. As
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Figure 1.17: Relation between S FRg.yy and S FRy;, in different redshift bins from Santini et al. (2009).
Red line defines the region S FRg.yv=S FRyj.
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we can see, in general there is consistency between the two estimators.

According to Santini et al. (2009), small inconsistencies for S FRy;, > S FRig yv
objects could arise from incorrect fitting of red galaxies. Indeed, for these objects
SED fitting techniques could infer large amount of dust to a dust-free population.
On the contrary, galaxies with SFRy;, < SFRjg.yy could be dusty star forming
galaxies fitted with a dust-free SED. Moreover, in this case the higher IR emission
could be caused by processes not visible in UV /optical wavelengths.

Masses and M/L ratios Stellar masses are calculated as the product of the mass
to light ratio M/L with the luminosity L. Uncertainties on L come from data
quality, those on stellar masses depend on SED fitting. To minimize the errors
upon stellar masses we can choose a reference band in which dust absorption and
stellar populations properties, like age and metallicity, do not have strong effects
on M/L.

NIR wavelengths (H band, 1.65 um) are in general used to estimate stellar
masses, especially because they are the most useful to constrain metallicities al-
lowing to investigate possible degeneracies between Z and M /L.

Many uncertainties affect the M/L derivation. One of the most important
is represented by the stellar evolutionary phases, examined for the first time by
Maraston et al. (2006).

Different SPMs models take into account different libraries and approximations
and so, predict different results.

Figure 1.18 shows a comparison of M /L from different models in different bands.
The bolometric M/L from BCO03 are larger than Maraston’s ones because of the
more delayed development of the RGB phase in Padova tracks, used in BCO03,
than BaSTI ones, used in Ma05. Due to the fact that in BC03 the contribution of
TP-AGB is very low, these models infer larger values of (M/L)k for younger ages.
At older ages, the (M/L)k estimates are instead smaller probably because of the
cooler temperatures for RGB stars when compared to the Maraston’s treatment.

(M/L)p, and (M/L)x by Worthey et al. (1994) are smaller because of larger
bolometric and NIR luminosities. In general models from Vazdekis et al. (1996)
are similar to the BC03 ones since they use the same isochrone tracks.

In general M/L ratios estimations from SED fitting are accurate at the ~ 0.3
dex level for a fixed IMF.

Figure 1.19 displays the stellar mass of an evolving stellar population with
initial mass M > 1M, and solar metallicity, from Ma05 and BC03 models. Solid
lines identify the model adopting the Salpeter IMF, while the dotted lines models
adopting the Kroupa IMF. Considering a Salpeter IMF, in 15 Gyr the stellar mass
decreases of a factor of roughly 30 %. On the contrary, due to the less power in
the low mass range of the Kroupa IMF, models predict smaller stellar masses.

In general, low redshift galaxies are characterized by more uncertain M/L ratios,
due to the different TP-AGB phase treatments included in different models.
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Figure 1.18: M/L from different models in various bands (Maraston, 2005).
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Figure 1.19: Total stellar mass from Ma05 and BC03 models. (Maraston, 2005)

On the contrary, M /L ratios for high redshift galaxies suffer of the uncertainties
caused by the SFH forms.

Galaxies with high SFRs could have a population of "hidden" older stars with
high M/L ratios. Different SFH functional forms give different estimates of M/L.
For example with a two component SFH (young+old), we have larger stellar masses
than the one estimated using a one component SFH model (Papovich et al., 2001).
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Chapter 2

Horizontal Branch morphology:
A new photometric parametrization

In the analysis of resolved stellar populations, we firstly decided to deeply inves-
tigate one of the main stellar evolutionary stages, namely the HB phase, in which
old stars are burning helium in their core and hydrogen in a shell. The HB lu-
minosity level together with the MSTO offers a fundamental tool to analyse and
estimate the age of Globular Clusters, giving us the opportunity to put a lower
limit to the age of the Universe.

In particular, we define a new photometric HB morphology index, overcoming
some of the limitations and degeneracies affecting similar indices available in the
literature (e.g., HB ratio, Chapter 1). Moreover, we analyse the 2nd Parameter
problem (Chapter 1), i.e., the observed variation of HB morphologies in clusters
with similar ages. The results presented in this Chapter have been published in
Torelli et al. (2019).

Abstract Theory and observations indicate that the distribution of stars along
the horizontal branch of Galactic globular clusters mainly depends on the metal
content. However, the existence of globular clusters with similar metal content and
absolute age but different horizontal branch morphologies, suggests the presence
of another parameter affecting the star distribution along the branch.

To investigate the variation of the horizontal branch morphology in Galactic
globular clusters, we define a new photometric horizontal branch morphology in-
dex, overcoming some of the limitations and degeneracies affecting similar indices
available in the literature. We took advantage of a sample of 64 Galactic globu-
lar clusters, with both space-based imaging data (Advanced Camera for Surveys
survey of Galactic globular clusters) and homogeneous ground-based photometric
catalogues in five different bands (U,B,V, R, I). The new index, Typ, is defined
as the ratio between the areas subtended by the cumulative number distribution
in magnitude (I) and in colour (V-I) of all stars along the horizontal branch.
This new index shows a linear trend over the entire range in metallicity (-2.35
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< [Fe/H] < -0.12) covered by our Galactic globular cluster sample. We found a
linear relation between 7y and absolute cluster ages. We also found a quadratic
anti-correlation with [Fe/H], becoming linear when we eliminate the age effect on
Tup values. Moreover, we identified a subsample of eight clusters that are peculiar
according to their typ values. These clusters have bluer horizontal branch mor-
phology when compared to typical ones of similar metallicity. These findings allow
us to define them as the 'second parameter’ clusters in the sample. A compari-
son with synthetic horizontal branch models suggests that they cannot be entirely
explained with a spread in helium content.

2.1 Introduction

Globular clusters are stellar systems that play a fundamental role in constraining
the formation and evolution of galaxies (Searle & Zinn, 1978; VandenBerg et al.,
2013; Leaman et al., 2013) and cosmological parameters. Dating back more than
half a century (Sandage, 1953), the absolute ages of Galactic globular clusters
(GGCs) have been used to provide a lower limit to the age of the Universe (see
e.g. Salaris & Weiss, 2002; Dotter et al., 2011; Monelli et al., 2015; Richer et al.,
2013, and references therein) and estimate of the primordial helium abundance (see
e.g. Zoccali et al., 2000; Salaris & Cassisi, 2005; Villanova et al., 2012). GGCs are
also laboratories to investigate evolutionary (Chaboyer et al., 2017; Dotter et al.,
2007; Brown et al., 2010; Weiss et al., 2004) and pulsational (Bono & Stellingwerf,
1994; Bono et al., 1999; Marconi et al., 2015) properties of old, low-mass stars. In
this context, advanced evolutionary phases (red giant [RGs] and horizontal branch
[HB]| stars) have several advantages when compared with main sequence (MS)
stars. They are a few magnitudes brighter and within the reach of spectroscopic
investigations at the 8-10m class telescopes. This means that they can be used
for investigating the cluster dynamical evolution and interaction with the Galactic
potential (Pancino et al., 2007; Zocchi et al., 2017; Calamida et al., 2017; Lanzoni
et al., 2018). Moreover, their chemical abundances (iron peak, @-, neutron capture
elements) can be measured with high accuracy both in the optical (Carretta et al.,
2014) and in the near-infrared (NIR) regime (D’Orazi et al., 2018).

Despite a general consistency between theory and observations concerning hy-
drogen and helium burning phases, we continue to face a number of long-standing
open questions. Amongst them the morphology of the HB plays a pivotal role.
Stars along the HB are low-mass (M =~ 0.50-0.80 M), core-helium-burning stars
and their distribution along the HB depends, at fixed initial chemical composition,
on their envelope mass. Indeed, the envelope mass when moving from the red HB
(RHB) to the extreme HB (EHB) decreases from M,,, ~0.30 Mg to M,,, ~0.0001
My, while the effective temperature increases from =~ 5,500 K to ~30,000 K.

The current empirical and theoretical evidence indicates that the HB morphol-
ogy is affected by the initial metal content. Metal-poor clusters are mainly char-
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acterized by a blue HB morphology. This means that in these clusters HB stars
are mainly distributed along the blue, hot, and extremely hot region. Metal-rich
GGOCs are generally characterized by a red HB morphology, that is, HB stars in
these clusters are mainly distributed in the red (cool) region.

Although this theoretical and empirical framework appears well established,
there is solid evidence that GGCs with similar chemical compositions display dif-
ferent HB morphologies. This suggests that the HB morphology was affected by
at least a ’second parameter’ (see. e.g. Sandage & Wildey, 1967, and references
therein). This problem was defined as the ’second parameter problem’ and the
clusters affected by this problem were called second parameter clusters.

During the last half-century several working hypotheses have been suggested
to explain the second parameter problem. They include variations of the initial
helium content (van den Bergh, 1967; Sandage & Wildey, 1967), dynamical effects
related to the cluster mass (e.g. Recio-Blanco et al., 2006), the cluster age (e.g.
Searle & Zinn, 1978), dynamical evolution (e.g. Iannicola et al., 2009), or a com-
bination of two or more of these — for example age and/or metallicity plus helium
content, as suggested by Freeman & Norris (1981); Gratton et al. (2010).

To quantify the extent of this second parameter problem, Lee (1989); Lee et al.
(1994) suggested an HB morphology index based on star counts along the HB. It is
defined as the difference between the number of stars that are bluer (B) and redder
(R) than the RR Lyrae (RRL) instability strip, divided by the sum of the number
of blue, red, and variable (V) stars: HBR = Bflgfv. This HB morphology index
has been quite popular, because it can be easily estimated from the theoretical
and the observational point of view (star counts). However, it is prone to intrinsic
degeneracies in both the metal-poor and the metal-rich regimes, in the sense that
when the observed HB is bluer or redder than the RRL strip, HBR stays constant,
irrespectively of the exact distribution of stars along the HB.

Similar HB morphology indices have been suggested in the literature, but using
different cuts in colour. In particular, Buonanno (1993) suggested splitting HB
stars bluer than the RRL instability strip into two blocks: stars hotter than the
RRL instability strip and cooler than (B-V)=-0.02 were called B1, while those
hotter than (B-V)=-0.02 were called B2. The new index had the key advantage of
removing the degeneracy of the HBR index in the metal-poor regime, but it was
still affected by degeneracies in the metal-rich regime.

Considering that almost all GGCs show the presence of multiple populations,
Milone et al. (2014) introduced two new indices for describing the HB morphol-
ogy. L1 is the difference in colour between the red giant branch (RGB) and the
coolest red point of the HB, while L2 is the colour extension of the HB. These
two indices allowed the authors to identify three different GGC groups from the
L1-[Fe/H] diagram, and to find correlations of L1 with cluster age and metallicity.
In addition, they found a variation of L2 with cluster luminosity (mass) and with
helium content. This latter correlation is connected with the presence of multiple
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populations in globular clusters and it could be an additional ingredient to explain
the HB colour extension. These two parameters are interesting, because they are
correlated with the physics characterizing the HB stars. However, their defini-
tion seems to be very sensitive to the choice of the key points selected in colour
magnitude diagrams (HB luminosity level, RGB).

In this work, we introduce a new HB morphology index based on the ratio be-
tween the areas subtended by the cumulative number distribution (CND) of star
counts along the observed cluster HB in magnitude (/-band) and in colour (V-I):
Tug = Acnp(I)/Acnp(V-I). This new index has been calculated in a large sample
(64) of GGCs, for which both space- and ground-based optical photometric cata-
logues are available. For the same sample of GGCs, we have also estimated the
classical HBR index and performed a detailed comparison with 745. We present
evidence that our new index, in contrast with similar indices available in the lit-
erature, shows a well-defined correlation with cluster age and an anti-correlation
with cluster iron abundance.

The structure of the chapter is the following. We present in Sect. 2.2 our
sample of GGCs with their photometric coverage. We also describe the method
adopted for the separation between candidate cluster and field stars based on
the comparison of star spectral energy distributions (SEDs). Section 2.3 deals
with the classical HB morphology index HBR. We analyse its pros and cons and
calculate its values for the entire cluster sample, together with its dependence on
age and metallicity, while in Sect. 2.4 we do the same analysis for the L1 and L2
indices. In Sect. 2.5 we introduce our new HB morphology index, typ, calculate
its values for our GGC sample, and discuss pros and cons compared to HBR. In
Sect. 2.6 we analyse and compare the relative difference between the classical HB
morphology index and 7y estimates when considering just space- or just ground-
based observations. The correlation of our new index with the absolute age and the
metallicity of the individual clusters is addressed in Sect. 2.7. Here we also identify
the second parameter clusters in our sample that show very different estimates in
Typ compared to the ones attained by globulars with similar [Fe/H] values. In
Sect. 2.8 we compare Typ with synthetic HB models specifically computed for
this work. The summary of the results and a brief discussion concerning future
developments of the project are outlined in Sect. 2.9. In Appendix C we list
specific information on individual GGCs for which the photometric properties are
uncertain either due to the lack of ground-based or space-based data, because the
photometry does not cover the entire cluster area (tidal radius), or because of the
small number of HB stars. In Appendix D we also included a few notes for the
GGCs we defined as 'outliers’ in the analysis of the HB morphology.
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2.2 Globular cluster sample

In this work we use a sample of 64 GGCs for which optical images are available
from both space-based (Advanced Camera for Surveys (ACS)/Wide Field Channel
(WFC) on board the Hubble Space Telescope (HST)) and ground-based observa-
tions. The relevant parameters for our cluster sample are listed in Table 2.1. We
took advantage of the photometric catalogues provided by Sarajedini et al. (2007);
Dotter et al. (2011) in the context of the Hubble Space Telescope Treasury project,
An ACS Survey of Galactic Globular Clusters '. This survey is based on a single
ACS pointing across the centre of each cluster, observed through two complete
orbits, one for the F606W (~ V) and one for the F814W (~ I). Cluster NGC 6715
represents an exception since it was observed for two orbits in each filter (Anderson
et al., 2008). Thanks to these data we can avoid the crowding problems in the
central regions of the clusters (the red region in Fig. 2.1 shows the field coverage
for one of the globulars in the sample, NGC 5053) and reach very faint magnitudes
(I ~26.0, see ACS colour-magnitude diagram (CMD) in Fig. 2.2).

To cover a significant fraction of the body of each cluster we adopted the multi-
band (U, B, V, R, I) optical catalogues provided by one of the authors (PBS,
see for example Stetson et al., 2005, 2014a, 2019), based on images collected with
several ground-based telescopes. The ground-based data allow us to reach the tidal
radius for most of the globulars. The blue line in Fig. 2.1 shows the tidal radius of
NGC 5053. There are a few clusters (see Appendix C) for which we cannot reach
the tidal radius with our data while still covering the main body of the cluster.
For 47 GGCs we have data in all available photometric bands from both space-
and ground-based facilities.

Thanks to the fact that all the clusters in the sample have data in B, V, I
bands (except for NGC 6426, NGC 6624, NGC 6652, Lynga 7, and Palomar 2, see
Appendix C), we based the cluster and field stars’ separation on the SED of the
stars in these bands, following the procedure described in Di Cecco et al. (2015);
Calamida et al. (2017). We selected first the bona fide cluster stars considering
only the central region, since we expect that it is less contaminated by field stars.
Then we compared the SEDs of these stars to the ones in the total catalogue, to
separate cluster stars from the field. We note that for stars with space data only
we did not make any selection, because we expect negligible contamination by field
stars in the ACS field of view (FoV). Therefore, in this case we took advantage of
the entire ACS catalogues.

Moreover, when we had measurements in the V and I bands from both ACS
and ground-based telescopes, we preferred the first ones for their higher signal-to-
noise ratio (S/N) values. We used the ACS coverage for the central region of our
globulars within the ACS FoV (~ 4arcmin), while outside up to the tidal radius
we adopted the ground-based observations.

LPhotometry available at https://www.astro.ufl.edu/~ata/public_hstgc/
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Table 2.1: Globular Clusters in the sample with parameters used in this work.

D Name Ra (J2000)” Dec (J200009 U B V R I F606W F814W r()® HBR@ Age(Gyn® EB-V)©  [Fe/H]? u®
NGCO0104 47Tuc 00240567  -712:0&526 < v < < < v 429 099 1175+025 003  -0.76+0.02 1325
NGC 0288 00:52:4524 2634574 vV V V V/ v 129 098 1150038 001  -1322002 14.87
NGC 0362 01:03:1426  -70:50:556 v v V v v 16.1  -0.87 1075025 003  -1.30+0.04 1470
NGC 1261 03:12:1621  -55:12:584 v  V V V / v 73 <071 1075025 001  -1.27+0.08 16.02
NGC 1851 05:14:06.76  -40:02:476 v V v V v 1.7 -036  11.00+£038 004  -1.18+0.08 1531
NGC 2298 06:48:59.41  -36:00:19.1 v v V V V v 65 093 - 022 -1.96+0.04 -
NGC 3201 10:17:36.82 4624449 v V V V V V v 285 008 11.50£038 026  -1.51+0.02 1329
NGC 4147 12:10:0630 +18:32:335 v V V V V v 63 055 1225025 003  -1.78+0.08 1633
NGC4590 M68  12:39:27.98 26144386 v  V V V V v 303 017 1200025 006  -2.27+0.04 1605
NGC 4833 12:59:33.92  -70:52:354 v/ VOV VS v 179 093 1250+050 033  -1.89+005 -
NGC5024 M53  13:12:5525  +18:10:054 v v V V V v 218 081 1225025 003  -206+0.09 1631
NGC 5053 13:16:27.09  +17:42:009 v v v v v v 137 050 1225+038 002 230008 16.19
NGC5272 M3  1342:11.62 42822382 v V V V V v 382 008 1175025 001  -1.50£0.05 14.99
NGC 5286 13:46:26.81  -51:22273 v V v v v v 84 080 1225+038 029  -1.70£0.07 15.04
NGC 5466 14:05:2729  +28:32:040 v V V V V v 342 058 1250£025 002  -231£0.09 16.09
NGC5904 M5  15:18:3322  +02:04513 v v V V V v 284 031 1150025 004  -1.33+£0.02 1426
NGC 5927 15:28:00.69  -50:40:229 vV V V V / v 167  -1.00 1075038 051  -029+0.07 1420
NGC 5986 15:46:03.00 3747111 v v v v v/ v 105 097 1225+0.75 034  -1.63+0.08 -
NGC 6093 M80  16:17:0241  -22:58339 v  V V V v 1328 0.93 - 021  -175+0.08 -
NGC 6101 16:25:48.12  -72:12:079 v v v v v v 73 084 1225050 010  -1.98+007 -
NGC6121 M4 16233522 2631327 v V V V V v 325  -006 1150038 050  -1.18£0.02 11.07
NGC 6144 16:27:13.86  -26:01:24.6 VARV AN AN v 333 100 1275050 071 -1.82+005 -
NGC6171 M107 16:32:31.86  -13:03:13.6 v v v V v 174 073 1200075 045  -1.030.02 1343
NGC6205 M3 16:41:41.24 43627355 V v V v V v 252 097 1200+£038 002  -1.58+0.04 1439
NGC6218 M12  16:47:14.18 0156547 v  V V v 176 097 13.00£050 0.7  -1.33£0.02 1352
NGC6254 M10  16:57:09.05 0406011 v v V Vv v v 215 100 1175038 029  -1.57+0.02 -
NGC 6304 17:14:3225  -29:27:433 v v 133 -1.00 1125+038 052  -037+007 1381
NGC6341 M92  17:17:07.39  +43:08:094 v v V v V v 152 091  1275+025 002  -235+005 14.66
NGC 6352 17:26:29.11  -48:25:19.8 VA VR v 105  -1.00 1075038 035  -0.62+0.05 13.36
NGC 6362 17:31:5499  -67:02:54.0 VAR AN AN v 167  -058 1250025 007  -1.07+0.05 1436
NGC 6366 17:27:4424 0504475 v V V V 4 v 152 097 11.00£050 075  -0.59+0.08 1240
NGC 6388 17:36:17.23  -44:44:07.8 VA VN v 6.2 - - 041  -045+004 -
NGC 6397 17:40:42.09  -53:40276 v  V V V / v 158 100 13.00£025 0.9  -199+002 -
NGC 6426 17:44:54.65  +03:10:12.5 v v 132 058 - 0.35 2.15 -
NGC 6441 17:50:13.06  -37:03:052 v V V V V v 8.0 - - 061  -044+007 -
NGC 6496 17:59:03.68 4415574 v V V V V V v 53 <100 1075038 023  -0.46+0.07 14.93
NGC 6535 18:03:50.51  -00:17:51.5 v v/ VN v 8.4 100 1275050 041  -1.79+0.07 13.88
NGC 6541 18:08:02.36  -43:142:53.6 v VA v 296 100 1250050 0.6  -1.82+£008 -
NGC 6584 18:18:37.60  -52:12:56.8 VAR AN N v 94 <015 11752025 011  -1.50+0.09 1554
NGC 6624 18:23:40.51  -30:21:39.7 v v 206 -1.00  11.25£050 026  -0.42+0.07 1447
NGC 6637 M69  18:31:23.10  -32:20:53.1 v VN v 84  -1.00 11.00+£038 017  -0.59+0.07 1470
NGC 6652 18:35:45.63  -32:59:26.6 v VN v 45 -1.00 1125025 011 076014 14.90
NGC 6656 M22  18:36:23.94 2354171 v  V V V v 290 091 1250+£050 033  -1.70£0.08 -
NGC6681 M70 18431276  -32:17316 v  V V V v 79 096 1275038 011  -1.62+0.08 14.78
NGC 6717 Pal9  18:55:06.04  -22:42:05.3 VAR AN AN v 99 098 1250£050 025  -1.26+0.07 14.17
NGC 6723 18:59:33.15  -36:37:56.1 VA VA v 105  -008 1225025 0.6  -1.10£0.07 14.23
NGC 6752 19:10:52.11  -59:59:044 v v V V v v 553 100 1250025 006  -1.55+001 -
NGC6779 M56  19:16:3557  +30:11:005 v v V V V v 86 098 1275050 025  -200£009 -
NGC6809 M55  19:39:59.71  -30:57:53.1 v v V vV / v 163 087 1300025  0.09  -1.93+002 13.62
NGC 6838 M71  19:53:4649  +1846451 v Vv V V v 90  -1.00 1100038 033  -0.82£0.02 1267
NGC 6934 20:34:11.37 40724160 v v V v OV v 84 025 1175025 011  -1.56+0.09 16.05
NGC6981 M72  20:53:27.70  -12:32:143 v V V V V / v 92 014 1150025 006  -1.48+0.07 16.05
NGC 7006 21:01:2938 +16:11:144 vV V VvV v 63  -0.28 - 0.08  -146+0.06 -
NGC7078 M15 21:29:5833  +12:10:0012 v v v V V v 215 067 1275025 011  -233+0.02 1503
NGC7089 M2 :33:27.02  -00:49:237 v VY vV OV v 215 096 1150025  0.04  -1.66£0.07 1541
NGC7099 M30 21:40:22.12 2310475 v V V V V v 183 089 13.00£025 005  -233+0.02 14.60

ARP 2 19:28:44.11  -30:21:2203 v v VN v 127 086 1200+£038 011  -1.74+0.08 17.25
IC 4499 15:00:1845  -82:12493 v V V V V v 124 011 - 022  -1.62+0.09 -
Lynga 7 16:11:03.65  -55:19:04.0 v v - -1.00 - 1.06 - -
Pal 2 04:46:0591  +31:22:53.4 VR A AN AN v 6.8 - - 121 -129+0.09 -
Rup 106 12:38:40.2 -51:09:01 VR A AN N v 50  -0.82 - 017  -178+0.08 -
Terzan 7 19:17:43.92  -34:39:27.8 SO v 73 -1.00 - 009  -0.12+0.08 -
Terzan 8 19:41:4441 3359581 v /L v 4.0 100 13.00£038  0.15 - 17.14
Notes: List of the Globular Clusters in the sample with parameters used in this work: J 2000 coordinates, data

availability in ground-based and space-based bands, tidal radius in arcmin, HBR index, Age in Gyr, colour excess
E(B-V), [Fe/H], apparent visual distance modulus u.
References: (a)Harris (1996);(b)VandenBerg et al. (2013);(c)Dutra & Bica (2000); (d)Carretta et al. (2009).
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An example of our selection is shown in Fig. 2.3, which displays the V, B-I
CMD of NGC 5286 for total (left panel), cluster (central panel), and field (right
panel) stars. We can appreciate from the figure that the joint catalogues allow us
to cover the entire evolution of the stars in the globulars, from the faint part of
the MS to the brighter region of the RGB-tip and asymptotic giant branch (AGB)
in the CMD.

2.3 The HBR morphology index

As already discussed in Sect. 2.1, the traditional HB morphology index is defined
as
B—-R

HBR = ———, (2.1)
B+R+YV

where B is the number of HB stars bluer than the blue (hot) edge of the RRL
instability strip, V is the number of RR Lyrae stars, and R is the number of HB
stars redder than the red (cold) edge of the RRL instability strip. This HB mor-
phology index has several advantages when compared with other observables (HB
luminosity level, colour distribution) connected with the helium burning phases.

First, when considered with the comparison between predicted and observed
HB luminosity levels, HB star counts are independent of uncertainties affecting
the cluster distance and are minimally affected by uncertainties in cluster redden-
ing and the possible occurrence of differential reddening. Moreover, the comparison
between the predicted and observed number of HB stars is less prone to uncertain-
ties affecting the transformations of theoretical predictions into the observational
plane.

In the comparison between theory and observations, the HBR index accounts for
the global distribution of stars along the HB. On the other hand, the comparison
between the predicted and observed HB luminosity levels is mainly restricted to
the RRL instability strip, that is, the truly horizontal region of the HB. However,
a minor fraction of GGCs hosts a sizeable sample of RRLs to properly define the
HB luminosity level.

One of the main cons of the HBR index is that it describes a global property of
HB stars. This means that it does not trace the detailed stellar distribution along
the HB. It is also affected by severe degeneracies both in the metal-poor and in the
metal-rich regimes. This means that a significant fraction of GGCs attain values
close either to 1 (blue HB morphology) or to -1 (red HB morphology), irrespective
of the exact colour distribution of stars.

Despite the stated limitations we calculated values of the HBR index for our
GGC sample. For each cluster we defined two boxes including candidate blue (B)
and red (R) HB stars. The colour ranges for the boxes were fixed using either
predicted or empirical edges for the RRL instability strip. Stars located in the
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Figure 2.1: Sky distribution of ground-based (black dots) and space-based (red dots) data for the cluster

NGC 5053. North is up and east is to the left.
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Figure 2.2: Cluster NGC 5286 I, V-1 CMD based only on ACS-HST data.
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Figure 2.3: Cluster NGC 5286 V, B—I CMD. The left panel shows all stars. The central panel shows our
candidate cluster stars. The right panel shows the candidate field stars. Candidate cluster and field stars
have been selected following the method described in the main text.
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RRL instability strip were neglected. To account for the number of variables
we took advantage of the Clement catalogue of variable stars in GGCs. This
catalogue was originally presented in Clement et al. (2001), but it is constantly
updated!. For each cluster, it gives the number of variable stars together with
their main pulsation parameters: pulsation period, mean magnitude and colour,
and luminosity amplitude. For our analysis we took into account only confirmed
cluster RRL stars, meaning that candidate cluster RRLs were not included.

Throughout our analysis, we adopted the homogeneous metallicity scale pro-
vided by Carretta et al. (2009). The authors estimated the iron abundances from
high resolution spectra collected with the Fibre Large Srray Multi Element Spec-
trograph (FLAMES) at the Very Large Telescope (VLT), covering the entire metal-
licity range of GGCs. To increase the sample size they also re-calibrated the most
common metallicity scales available in the literature (Zinn & West, 1984; Kraft &
Ivans, 2003; Carretta & Gratton, 1997). For two clusters in our sample (NGC 6624
and Lynga 7) we adopted the metallicity estimate available in the 2010 version of
the Harris (1996) catalogue?.

To validate the current estimates of the HBR index with similar estimates avail-
able in the literature, Fig. 2.4 shows the comparison of our values with those pro-
vided by Harris in the 2003 version of his catalogue (Harris, 1996). Data plotted in
this figure show that both sets agree well over the entire metallicity range. Indeed,
the difference is on average smaller than 20%. There are a few outliers (NGC 1851
and NGC 4590) for which the difference is approximately 30%-40%, but they are
affected by a higher field-star contamination than the others, despite our homo-
geneous cluster and field star separation. For each GGC in our sample, Table 2.2
gives its name (columns 1 and 2), the metallicity (column 3), and the number of
blue (B) and red (R) stars (columns 4 and 5). In column 6 the values of the HBR’
index, defined as HBR" = HBR + 2, are listed. The reason for this change is the
following. From Fig. 2.4 we can see that the errors on the HBR index are small
and not realistic. We define the uncertainty of the measured HBR as

B-R 1 1
o(HBR) = . ( + ) (2.2)
B+R+V \vB-R +~B+R+V

which takes into account the Poisson uncertainties in the star counts. The errors
provided by this formula vanish as soon as B and R attain similar values, that is
when HBR approaches zero. This is an intrinsic limitation affecting the definition
of the HBR index. To overcome this problem we decided to use HBR'.

To investigate the dependence of the HB morphology on intrinsic cluster param-
eters, Fig. 2.5 shows the HBR’ index as a function of iron content for the current
sample. Data plotted in this figure display some well established correlations. The
HB morphology becomes systematically redder when moving from metal-poor to

'http://www.astro.utoronto.ca/~cclement/cat/listngc.html
2http://physwww.mcmaster.ca/~harris/mwgc.dat
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Figure 2.4: Difference between Harris (1996) values (2003 version) for HBR and our measurements as a
function of [Fe/H].
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Table 2.2: Parameters and observational HB morphology indices for the GGCs in the sample.

L1@

L2@

YD

V(HB)©

D Name [Fe/H] B R HBR' CND (V) Ths
NGCO0104 47Tuc -0.76 0 1336 1.01+0.04 0.078+0005 0.068+0.006 0049=0005 1406 1379+11.7 158001
NGC 0288 2132 130 0 298+0.12 0534+0086 0337+0086 0016+0.012 1544  478+69  939+037
NGC 0362 2130 12 282 1.24+0.07 0.086+0.005 0.608+0.064 0026+0.008 1544  126.1+112 3.24+0.01
NGC 1261 2127 35 201 136+006 0.088+0005 0.644+0038 0.019+0007 1670 1140107 242 +0.02
NGC 1851 2118 137 156 1.95+001 0.098+0.004 0.679+0010 0.025+0006 16.09 90.9+9.5  3.51+0.06
NGC 2298 -1.96 53 1 290+0.17 0486 +0.020 0267+0.023 0011+0012 16.11 57.7+7.6  597+0.17
NGC 3201 2151 90 103 1.96+001 0.106+0.015 0.649+0022 0.028+0032 14.76 887+94  2.80+0.05
NGC 4147 2178 61 2 276+0.13 0271£0.027 0.476 + 0.029 - 17.02 61779  596=0.12
NGC4590 M68 -227 61 1 258+009 02050029 0.524+0030 0.012+0009  15.68 748 +8.6  4.4320.07
NGC 4833 2189 280 8  2.88+007 0287+0037 0.538+0037 0.051+0009 1560 552+74  621+028
NGC5024 M53 206 495 0  2.89+006 0.158+0.035 0.602+0.036 004+0008 1681 579+76  6.67+0.16
NGC 5053 230 34 8 246+0.12 0223+0.090 0439+0.090 0.004+035  16.69 74286  435x0.11
NGC5272 M3 -150 213 392 221+002 0.150+0.016 0.613+0.018 0041+0009 1564 815+9.0  4.13+0.05
NGC 5286 2170 548 36 2.80+£0.05 0213+0.034 0.670+0.035 0.044+0004  16.63 537+73  6.17+030
NGC 5466 231 725 262+011 0225+0.062 0457+0.063 0007 +0.024 1652 687+83  5.02+0.10
NGC5904 M5  -133 98 155 242+003 0.150+0.012 0.681+0014 0.037+0007 1507 68.9+83  5.04=+0.14
NGC 5927 029 0 447 1.00+007 0.043+0003 0.062+0004 0.055+0015 1655 1352+11.6 0.97+0.01
NGC 5986 2163 459 26 2.88+006 0460+0.052 0443 +0053 0.031+0012 1652 46.1+68  7.85+0.46
NGC6093 M80 -1.75 332 16 287+007 0464+0059 04470062 0.027+0012 16.10 53.8+73  7.86+0.36
NGC 6101 2198 169 17 2.87+009 0485+0025 0223+0025 0.017+0011  16.60 624+79  543+0.15
NGC6121 M4  -1.18 51 55 198+001 0.120+0.020 0.569+0.020 0.014+0.006 13.45 86.7+93  1.96 = 0.06
NGC 6144 2182 62 0 3.00+0.18 0533+0024 0229+0023 0.017+0013 1640 28.6+53  4.98+0.88
NGC6171 M107 -1.03 12 89 137+009 0.100+0014 05130074 0.024+0014 1500 1162+10.8 0.28 +0.03
NGC6205 MI13 -158 705 0 299+005 0527+0013 0441+0012 0052+0004 1490  41.0+64 13.37+0.72
NGC6218 M12 -133 188 0  3.00+0.10 0561 £0.034 0299+0.035 0011+0011 1460  498+7.1  9.05+0.32
NGC6254 M10 -157 257 0  3.00+£009 0.588+0.032 0.260+0.033 0029+0.011  14.65 406+64  11.03 +0.66
NGC 6304 037 0 170 1.03+£0.10 0.062+0.007 0.060+0004 0.025+0006 1560 0 0
NGC 6341 M92 -225 340 6 292+007 0261+0075 0542+0075 0.039+0006 1510 47469  8.95=030
NGC 6352 062 0 96 1.00+£0.14 0072+0007 0.056+0003 0.027+0006 1513 130.6+11.4 1.44+0.01
NGC 6362 2107 56 135 1.65+007 0.122+0004 0.621+0039 0.004=0011 1533  115.1+107 2.24+0.02
NGC 6366 059 0 39 1.02£022 00760005 0.058+0018 0.011+0011 1565 1369117 0.23+0.01
NGC 6388 045 267 1549 130+003 0.057+0004 0.836+0008 0.067=0009 1685 119.5+109 1.88+0.03
NGC 6397 2199 120 0 298+0.13 0534:0023 0232+0030 0.008+0011  12.87 513+7.1  829+0.17
NGC 6426 215 46 11  249+0.10 0.178+0.018 0519+0.023 0.021+0006 18.16 75.8+87  1.01+0.16
NGC 6441 044 243 1769 126+0.02 0.048+0.003 0.904+0024 0.081+0022 1751 113.9+107 1.55+0.03
NGC 6496 046 0 80 1.00£0.16 0.074+0011 0056+0.005 0.021+0006 1600 1432+120 0.11+0.02
NGC 6535 2179 24 0 3.00+£029 0510+0.026 0271+0.031 0.003+0022 1575 530+72  3.01+033
NGC 6541 2182 411 0 299+007 0563+0.026 0347+0.033 0.045+0006 1535 417+64  10.26 + 0.46
NGC 6584 2150 25 38 1.90+£0.03 0.102+0.012 0558+0.026 0015+0011 1653 944+97  2.81+0.05
NGC 6624 042 0 192 1.00+£0.10 0.077+0006 0.085+0006 0.022+0003 1560 141.8+11.9 0.11 +0.02
NGC 6637 059 0 256 1.00+£0.09 0.078+0004 0.065+0005 0.011+0005 1534 137.8+11.7 0.54 +0.02
NGC 6652 076 0 26 1.00+£028 00730011 0.080+0012 0017+0011 1540 139.8+11.8 0.64 +0.01
NGC 6656 M22 -1.70 512 13  294+006 0336+0.088 05770087 0.041+0012 14.15 551+74 653031
NGC6681 M70 -1.62 147 0 297+0.11 0558+0.046 0334+0045 0.029+0015 1555 45167 1021 +0.37
NGC 6717 2126 30 0 3.00£025 0495+0.032 0310+0.033 0.003+0009 15.55 52372  4.46+024
NGC 6723 -1.10 106 152 1.85+0.02 0.127£0.007 0.704 £0.010 0.024 £0.007  15.48 834+9.1  3.38+0.08
NGC 6752 2155 330 0 3.00+008 0378+0024 0578+0025 0.042+0004 13.70 394+63  13.94+0.78
NGC6779 M56 200 177 0  3.00+£0.10 0.508+0.031 0284+0.030 0031+0008 1618 47169 738025
NGC6809 M55 -193 244 2 293+008 0476+0.055 0313+0.053 0026+0015 1440 583+7.6  659+021
NGC6838 M71 082 0 70 1.00+0.17 0.084+0012 0057+0.010 0024+0010 1448 1265+112 140001
NGC 6934 2156 103 71 2.13+0.02 0.097+0.013 0.678+0.016 0018=0.004 1686 837+9.1 341008
NGC6981 M72 -148 37 27 214+003 0.142+0016 0570+0.019 0017+0.006  16.90 849+92  3.61+0.06
NGC 7006 2146 75 93 1.92+002 0.123+0.016 0.581+0.018 - 18.80 925+9.6  3.12+0.05
NGC7078 M15 -233 554 56 2.64+004 0.174+0011 07130019 0.069+0006 15.83 583+7.6  6.63+024
NGC7089 M2  -1.66 896 14 292+004 0.150+0.035 0.790+0.037 0.052+0.009 16.05 50.8+7.1  8.23+047
NGC7099 M30 -233 175 6 290+0.10 0462+0.103 0261+0.103 0.022+0010 15.10 577+7.6 640020

ARP2 174 22 0 286+0.10 0.491+0021 0.184 = 0.021 - 18.13 64.7+80  5.83+0.05
IC 4499 2162 81 108 1.90+002 0.113+0.026 0.508+0.041 00170008  17.65 94.7+9.7  2.65=+0.04
Lynga 7 067 0 90 1.00£0.15 0.055+0050 0.093+0.009 - 16.70 0 0
Pal 2 2129 194 0 3.00£0.10 - - - 20.85 882+94  0.11=0.08
Rup 106 178 42 0 278+0.16 0.135+0012 0210+ 0.032 - 17.80  1192+109 1.84+0.02
Terzan 7 012 0 38 1.00+£023 0.057+0.007 0.032+0.008 - 1750 133.7+11.6 053 +0.01
Terzan 8 234 49 0 292+0.19 0.500+0.050 0.223 +0.050 - 17.95 559+75 521017

Notes. Columns are: observational values of HBR’, blue (B) and red (R) HB star counts. L1, L2 indices, the spread

in helium content Y. V(HB) and CND(V-I) we used to estimate the new parameter 7yp.
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Figure 2.5: Observed HBR’ values as a function of metal content. The metallicity scale is from Carretta
etal. (2009) (see the Appendix for more details). The error bar in the lower left corner gives the uncertainty

of the metal content (0.1 dex).
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Figure 2.6: Observed HBR’ values as a function of the cluster ages (gigayears (Gyr)) provided by
VandenBerg et al. (2013); Leaman et al. (2013). The error bar in the lower left corner gives the uncertainty
in the cluster ages (= 0.5 Gyr).
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more metal-rich GGCs.

There is a well-defined degeneracy in the metal-intermediate regime (-1.6 <
[Fe/H] < -1) in which GGCs with very similar metal abundances (the typical error
on cluster metallicity being on the order of 0.1 dex — see horizontal error bar in the
left bottom corner) cover a broad range in HBR’ values. This means a variation
from a very blue to a very red HB morphology, the well known second parameter
problem. Figure 2.5 shows that HBR’ is affected by degeneracy in its extreme
values, HBR' ~ —1 (metal-rich regime) and HBR’ ~ +1 (metal-poor regime). This
means that HBR’ has a low dynamical range attaining similar values for clusters
with different metallicity.

Cluster age has been considered together with iron content as one of the main
culprits affecting the HB morphology. We took advantage of the homogeneous
cluster age estimates provided by VandenBerg et al. (2013); Leaman et al. (2013)
for the same GGCs, to investigate the correlation with HBR’ index. They esti-
mated the cluster ages as follows. Firstly, they de-reddened the HB stars and then
estimated the absolute visual magnitude by fitting a theoretical zero-age horizon-
tal branch (ZAHB) to the lower bound of the HB star distributions. The absolute
age of the globulars is estimated by the isochrone which, at fixed chemical com-
position, best matches the CMD from the main sequence turn off (MSTO) point
to the beginning of the sub giant branch (SGB). Data plotted in Fig. 2.6 show
that the HB morphology, at fixed cluster age, can move from very blue to very
red. Indeed, the HBR' index, within the uncertainty on the cluster age (~ 1 Gyr,
displayed by the error bar in the left bottom corner), ranges from 1 to 3. This
evidence shows that the HBR’ index does not show any relevant correlation either
with cluster age or with iron content.

In the figure a significant fraction of GGCs is located around the two extreme
values attained by the HBR’ index, namely 1 (eight globulars) and 3 (ten globu-
lars). This means that the weak sensitivity of the HBR’ index does not allow us to
properly trace the variation of the HB morphology when moving from metal-poor
to metal-rich globulars, while the HBR’ index manages to trace the variation of the
HB morphology in the metal-intermediate regime, where the relation appears to
be almost linear. From the HBR’-age plane we can merely identify three different
groups of clusters, with of HBR" ~ +1, ~ +2, and ~ +3, respectively.

2.4 L1 and L2 HB morphology indices

A new approach to parametrize the HB properties has been recently proposed by
Milone et al. (2014). They introduced two indices, L1 and L2, and provided several
possible correlations between the HB morphology and GGC global properties.
The L1 index measures the distance in colour between the RGB at the same HB
magnitude level and red HB stars; the L2 index is the colour extension of the HB.
L1 and L2 are very easy to estimate, since their definition relies on the selection

Unresolved Stellar Populations in High Redshift Galaxies 65



2. Horizontal Branch morphology:
Marianna Torelli - XXXII CYCLE A new photometric parametrization

of three different points on an optical (mgsosw, Mrsosw-Mrsiaw) CMD. Since they
are based on colour differences, they are independent of both cluster distance and
reddening. Moreover, empirical evidence indicates that L1 and L2 correlate with
intrinsic GGC properties.

Despite these advantages, the identification of the reddest HB point might be
affected by the contamination of field stars since they attain similar colours. More-
over, the GGCs for which the reddest HB stars are RR Lyrae stars require ad-
ditional information concerning their mean magnitudes. Furthermore, there is
mounting evidence that the HB morphology changes when moving from the in-
nermost to the outermost cluster regions (Castellani et al., 2003b; Iannicola et al.,
2009; Milone et al., 2014). We also note that the perceived values of both L1 and
L2 might be also affected by differential reddening.

Figure 2.7 (similar to Fig. 2 in Milone et al., 2014) shows the new indices as
a function of GGC metallicity (from Carretta et al., 2009) for the 62 GGCs in
common with our sample. The GGC data set adopted by Milone et al. (2014) is
similar to the current one and relies on the same ACSQHST photometric catalogues
we are using for the central cluster regions. This is the reason why we decided
to use the L1 and L2 values given in Table 1 of Milone et al. (2014) and listed in
columns 7 and 8 of Table 2.2 together with their errors.

The data plotted in the top panel of this figure show that GGCs belonging to the
G1 and the G2 groups display a steady increase of the L1 index when moving from
metal-rich to metal-poor clusters. The G3 clusters attain an almost constant L1
value over more than 1 dex in metallicity. Moreover, a glance at the data shows
that the standard deviation is modest, but the correlation does not seem to be
mono-parametric. Indeed, there is evidence of metal-intermediate GGCs, mainly
the G2 clusters, with the same metal content but with the L1 index changing by
almost a factor of two. The data plotted in the bottom panel show that the L2
index does not show a correlation with the metal content (first parameter) and
indeed metal-rich clusters (G1) display a modest extent in colour, while metal-
intermediate and metal-poor (G2+G3) clusters cover a broad colour range. There
are only two exceptions: NGC 6388 and NGC 6441, the two peculiar metal-rich
globulars that host red HB and blue, extreme HB stars, plus RR Lyrae stars with
unusually long periods (Pritzl et al., 2003). However, the data plotted in the
bottom panel do not display any relevant correlation with the metal content.

Figure 2.8 (similar to Fig. 5 in Milone et al., 2014) shows the correlation between
the new L1 (top panel) and L2 (bottom panel) indices and the homogeneous cluster
age estimates provided by VandenBerg et al. (2013); Leaman et al. (2013). The
data plotted in the top panel seem to suggest a possible mild correlation between
the G2 clusters and the absolute age. On the other hand, the G1 and the G3
clusters do not show any significant correlation with cluster age. The data plotted
in this diagram clearly show that GGCs with the same age have L1 indices that
change by a factor of two or three. The data plotted in the bottom panel display
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Figure 2.7: L1 and L2 indices as a function of the metal content (Carretta et al., 2009). The different
symbols and colours identify the different cluster groups defined in Milone et al. (2014): G1 (red crosses)
for metal-rich globulars ([Fe/H]>-1.0), G2 (green triangles) for clusters with [Fe/H]<-1.0 and L1 < 0.4,
G3 (blue circles) for globulars with L1 > 0.4.
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Figure 2.8: L1 and L2 indices as a function of the cluster age (Gyr) from VandenBerg et al. (2013);
Leaman et al. (2013). The different symbols and colours identify the different cluster groups defined in
Milone et al. (2014): G1 (red crosses) for metal-rich globulars ([Fe/H]>-1.0), G2 (green triangles) for
clusters with [Fe/H]<-1.0 and L1 < 0.4, G3 (blue circles) for globulars with L1 > 0.4.
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that the L2 index is independent of cluster age. L2 index hardly changes inside the
range in age covered by G1, G2 and G3 globulars. We performed the same analysis
using the GCC ages provided by Salaris & Weiss (2002) and found similar trends.
The reader interested in a more detailed analysis of the correlation between the
L1/L2 indices and the GGC parameters is referred to Milone et al. (2014).

2.5 A new HB morphology index: 7y

To provide a new perspective on the investigation of the HB morphology and to
overcome some of the limitations affecting the current HB morphology indices,
we have devised a new parameter, christened 7y, based on the ratio of the areas
subtended by the CNDs as a function of magnitude (I-band) and colour (V-I) of
HB stars. To estimate the new HB morphology index first we defined a box in the
I, V-1 CMD large enough to include all cluster HB stars, independently of the HB
morphology. Then for each cluster we computed the CND in both magnitude and
in colour. The reference luminosity level we selected from the Harris catalogue is
the V(HB), which is the mean visual magnitude of HB stars inside the RR Lyrae
instability strip. This V magnitude was transformed into an I-band magnitude
assuming a mean V-I colour for the RR Lyrae stars equal to 0.45 (Braga et al.,
2016). To perform homogeneous star counts ranging from EHB to RHB stars, we
defined a box covering 1.7 mag in V-I colour and 6.5 mag in /-band, which is 4.5
magnitudes fainter and 2.0 magnitudes brighter than the I-band HB luminosity
level. Finally, the selected HB stars are sorted as a function of the I-band apparent
magnitude and we cumulated the star counts starting from the faintest and reddest
stars in the box.

The top panels of Fig. 2.9 display HB stars in the I,V-I CMD for three GGCs
covering a broad range of iron abundances and HB morphologies. They are NGC
6341 ([Fe/H|=-2.25), with an HB dominated by hot and extreme blue HB stars,
NGC 5272 ([Fe/H]=-1.50) with a HB that includes blue and red HB stars, as well
as RR Lyrae stars, and finally NGC 104 ([Fe/H]=-0.76) which is characterized by a
red HB morphology. The bottom panels of the same figure display the normalized
I-band CNDs of the HB stars plotted in the top panel. The data plotted in these
panels show that the area subtended by the three CNDs (Acyp, shaded area)
changes significantly when moving from an HB morphology dominated by hot
and extreme HB stars, to a morphology dominated by red HB stars. We find a
slightly constant decrease of the I-band Acyp by a factor of ~ 1.4 when moving
from NGC 6341 (Acyp(I)= 424.2) to NGC 5272 (Acyp(1)=336.6) to NGC 104
(Acyp(I)=217.9). A decrease on the order of approximately two when moving
from an extreme blue HB morphology (NGC 6341) to a red one (NGC 104).

Then, we sorted the HB stars located inside the box as a function of the (V-I)
colour. The apparent colours were de-reddened using the colour excesses (E(B—V))
listed in Table 2.1. In this case the HB stars were counted starting from the reddest
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(coldest) HB stars. The top panels of Fig. 2.10 display HB stars in the I, V-1 CMD
for the same GGCs as in Fig. 2.9. The bottom panels display the normalized V-I
CND of the HB stars plotted in the top panel. The shaded area shows a stronger
sensitivity compared with the I-band Acyp; indeed, they increase by almost a
factor of three when moving from NGC 6341 (Acyp(V-I)= 47.4) to NGC 5272
(Acnp(V-1)=81.5) and to NGC 104 (Acyp(V-1)=137.9).

To estimate the CNDs in magnitude and in colour we accounted for the entire
sample of HB stars, meaning stars located inside the RRL instability strip were
included. The spread in magnitude and in colour of these objects is larger com-
pared with typical HB stars. The difference is intrinsic, since we are using the
mean of the measurements in both the V and the I band. In other words, we did
not perform an analytical fit of the phased measurements.

To investigate the difference between the classical (HBR’) and the new (typ)
morphology index on a more quantitative basis, the left panel of Fig. 2.11 shows
the comparison between the I-band Acyp and the HBR’ index. The data plotted
in this panel display a very well-defined linear correlation between I-band Acyp
and HBR’ index in the regime in which the latter attains intermediate values. The
saturation for clusters dominated by blue HB morphologies (HBR’ ~ 3) and red
HB morphologies (HBR' ~1) is also quite clear at the top and the bottom of the
panel. The right panel shows the same comparison as the left panel, but for the
V-I Acnp. The data plotted in this panel show a linear anti-correlation over the
entire range of values attained by the HBR’ index.

We estimated the ratio between the area covered by the CND in magnitude and
in colour, namely
_ Acvo()

Acnp(V-I)’

The V magnitude levels of the HB, which we transformed to I(HB) using the
mean V~I of 0.45 mag, Acyp(V-I), Typ, and their errors for the GGCs in our sample
are listed in columns 10, 11, and 12 of Table 2.2, respectively. We propagated the
error on Typ considering Poissonian uncertainties in the Acyp. We note that con-
sidering a typical mean reddening uncertainty of ~ 15%, we find a mean difference
in Typ of a factor of ~ 10%.

Although 145 estimate is slightly more complex than the other indices presented
in the literature, the new HB morphology index presents several key advantages
compared with the classical HBR’ and L1/L2 indices:

Dynamical range — The current sample covers a range in typ that is a factor
of seven larger than the range covered by the HBR’ index. The data plotted in
Fig. 2.12 show that when moving from metal-rich to less metal-rich GGCs (-1.0
< [Fe/H]<0.) the new index changes from zero to roughly three while the old
one changes from one to roughly 1.5. The correlation between the old and new
indices is linear in the metal intermediate regime, but it degenerates in the more
metal-poor regime. Indeed, the Typ index increases by more than a factor of two

(2.3)
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Figure 2.9: Run of the normalized CND with respect to the / magnitude for three globular clusters
(lower panels), chosen as representative of three different metallicity regimes (NGC 6341, NGC 5272,
and NGC 104). Upper panels show the horizontal branch of the three chosen globulars in 7,V-I CMDs.
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Figure 2.10: Run of the normalized CND with respect to V-I for the same three globular clusters (lower
panels) of Fig. 2.9. Upper panels show the horizontal branch of the three chosen globulars in 7, V-1
CMDs.
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Figure 2.11: The indices Acyp(I) and Acyp(V-I) vs. the HBR’ morphology index.
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Figure 2.12: Our new HB morphology index 745 vs. HBR'.
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Figure 2.13: L1 (top) and L2 (bottom) indices

as a function of 7y4p for the globulars in our sample. The

different symbols and colours identify the different cluster groups defined in Milone et al. (2014): G1 (red

crosses) for metal-rich globulars ([Fe/H]>-1.0),

G2 (green triangles) for clusters with [Fe/H]<-1.0 and L1

< 0.4, G3 (blue circles) for globulars with L1 > 0.4.
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Table 2.3: Examples of globular pairs of similar metallicity and HBR’, but different values in 7.

D [Fe/H) HBR LI THE
NGCO0104 076 £0.02 1.0l 004 _ 0.078 = 0.005 1.58 0.01
NGC 6652 076 +0.14 1.00+028  0.073 =0.011 0.64 + 0.01
NGC 6121  -1.18+0.02 198 +001  0.120+0.020 __ 1.96 + 0.06
NGC 1851  -1.18+0.08 195+001 0098 +0.004 351 +0.06
NGC 6752 -155+x001 3.00+008 03780024  13.94+0.78
NGC 6934 -1.56+0.09 2.13+0.02 0097 +0.0013  3.41 +0.08
NGC 6144 -182+005 3.00+018 0533 +0024 498083
NGC 6541  -1.82+0.08 299+007  0.563+0.026  10.26 + 0.46

(from six to fourteen), whereas the HBR’ takes on an almost constant value of
three.

The variation in 7yp is a factor of twenty larger than the range covered by
the L1 and L2 indices. The data plotted in Fig. 2.13 show that the G3 group is
characterized by L1 values that are almost constant (L1 ~ 0.5), while 7y changes
from three to thirteen. The G1 and G2 groups display a mild linear correlation
between L1 and 7y, but once again the variation in the L1 index is modest when
compared with 7y index (0.3 vs. 7). The correlation between L2 and 7y is more
noisy with a large spread at fixed typ value.

Detailed sampling of the HB morphology — The CND in both magnitude and
colour is sensitive to the star distribution along the HB. Data listed in Table 2.2
show that two metal-poor clusters, NGC 4833 and NGC 6341, with similar HBR’
(2.88+0.07 vs. 2.92+0.07) and L1 (0.287 + 0.037 vs. 0.261 + 0.075) indices, attain
Typ values that differ at the 50% level (6.21+£0.21 vs. 8.95+0.30). The same applies
to metal-rich clusters, and indeed, two clusters like NGC 104 and NGC 6637 have
the same HBR’ (1.01+0.04 vs. 1.00+0.09) and L1 (0.078 + 0.005 vs. 0.078 +
0.004) values, but the typ value of the former cluster is a factor of three larger
than the latter one (1.58+0.01 vs. 0.54+0.02). Data listed in Table 2.3 highlight
several other pairs of GGCs characterized by a very similar iron content (column
2), HBR' (column 3), and L1' (column 4) value, but quite different 745 values
(column 5). The various pairs are separated in the table with horizontal lines.

Global star count of HB stars — The typ does not require any identification of
specific subgroups (blue, red, variables).

2.6 Comparison between space- and ground-based data

As described in Sect. 2.2, when available we preferred the space-based observations
for our analysis, while we used the ground-based data for the outer regions of the
globulars in our sample. In this section, we analyse the HBR' and tpp index
evaluations using either ACS or ground-based observations, comparing them to
the ‘global” index, which is the index estimated from both space- and ground-
based data (see Sects. 2.3 and 2.5), giving higher priority to the first ones when

'We did not consider L2 since it does not correlate with age, metallicity, and Typ.
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Figure 2.14: Top: relative difference between the global HBR’ and the HBR’ values only based on
ground-based data versus the global index. Note that in the estimate of the global index the priority in
selecting the photometry was given to space-based (ACS at HST) data. Bottom: as the top panel, but the
relative difference is between the global index and the HBR’ index only based on space-based data. The
standard deviation of the estimates is represented by the error bar at the top left corner of the panels. At
the top right corners we display the mean relative difference.
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both measures where available.

Figure 2.14 shows the relative difference between the HBR’ index estimated by
using either ground-based (top panel) or ACS (bottom panel) data as a function of
the global value listed in column 6 of Table 2.2. Data plotted in this figure show the
following results. The top panel of Fig. 2.14 shows that the relative difference in
HBR’ index from ground-based data is on average approximately 1.6%. The major
exceptions are represented by the globulars NGC 1851 (JA(HBRy,, )| ~ 18%)
and NGC 7006 (JA(HBR Groua)l ~ 16%). The difference is mainly caused by the
star counts of red HB stars (R) from ground-based observations. They provide a
lower contribution when compared with space-based data (HBRy, ., ~ 2.28 vs.
HBRg, , . ~ 1.94 for the former cluster, HBR; ~ 1.61 vs. HBRy;,, , ~ 1.92 for

Ground
the latter one).

The bottom panel shows that the difference in HBR’ index between HBR/, ¢ and
HBRy,, ., is on average ~1.3 %. It is marginally lower than the difference based on
ground-based data. The single exception is NGC 6362, which is characterized by
IA(HBR), )| ~ 18%. Its global HBR’ index turns out to be redder than the ACS
one (HBR) . ~ 142 vs. HBR, ,  ~ 1.68) since in the global HBR’ estimate the
contribution of red HB stars is mainly given by red HB stars from ground-based

observations.

Figure 2.15 shows the global 755 index, evaluated in Sect. 2.5, versus the relative
difference between the 7y index based either on ground-based (top panel) or on
ACS (bottom panel) observations and the global one. A glance at the data plotted
in this figure discloses a couple of interesting findings. The top panel shows that
the relative difference in 7yp index based on ground-based data shows a larger
dispersion compared to that from space-based (bottom panel) data. The mean
relative difference between TygGiopar a0d T Grouna 18 ~ 3.6%. Moreover, thirteen
globulars have a difference of |A(TygGrouna)l greater than 20%. In this context it
is worth mentioning that amongst them eleven are small, concentrated globulars.
Indeed, their half-mass radius r, (Harris, 1996) is entirely located inside the ACS
FoV, namely NGC 1851 (23%, r, = 0.51arcmin), NGC 2298 (24%, r, = 0.98arcmin),
NGC 5286 (32%, r, = 0.73arcmin), NGC 5986 (51%, r, = 0.98arcmin), NGC 6681
(28%, ry, = 0.71arcmin), NGC 6779 (24%, r, = 1.1arcmin), NGC 6934 (25%, r, =
0.69arcmin), NGC 7006 (71%, r, = 0.44arcmin), NGC 7078 (66%, r, = 1.0arcmin),
Rup 106 (32%, r, = 1.05arcmin), and Terzan 7 (29%, r, = 0.77arcmin). This means
that the main contribution in the 7 index comes from space-based data, while
ground-based data mainly contribute for HB stars located in the cluster outskirts.
Two out of the thirteen globulars are larger, but located at large distances (true
distance modulus DM ~ 15 mag), namely NGC 288 (27%, r, = 2.23arcmin) and
NGC 5272 (27%, r, = 2.31arcmin). This means that, even in these cases, most of
the cluster stars are located inside the ACS FoV, giving a major contribution to
the TypGiorar When compared to the ground-based observations.

The bottom panel shows that the relative variation between tyg Giopar a0d Typacs
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is, as expected low, on average 2.9%. The only exception is NGC 6717 (26%), in
which ACS data do not populate the brighter region of the HB, giving a different
estimate of Typacs compared to the global one (5.61 vs. 4.46).

These findings support the fact that both ground-based and space observations
of our sample of GGCs are statistically consistent and reliable. Moreover, our
estimates of HBR' and typ are valid and well grounded: independently of the
choice about the origin of the data they give the same results within a difference
of at most 20% for Ty estimates.

The evidence of a larger relative difference in the 7y index shows that po-
tentially our new index could quantify the different possible contribution to the
HB morphology given by inner and outer populations within the globulars. This
difference between star counts based on ground-based and on space-based data
will be addressed in a future paper focused on the spectral energy distribution of
Galactic globulars.

2.7 Correlation of 7y with cluster metallicity, age, and
helium content

To investigate the correlation between 75z and fundamental cluster parameters,
we study its relationship to cluster metallicity, absolute age, and internal spread in
Helium abundance. Figure 2.16 shows 745 as a function of the iron content. The
bulk of metal-poor GGCs ([Fe/H] < -1.5) attains 7yp values ranging from ~ 9 to ~
4. In the metal-intermediate regime (-1.5 < [Fe/H] <-1.0) the bulk of the GGCs are
characterized by 7yp ranging from ~ 5 to ~ 2, while metal-rich clusters ([Fe/H]> -
1.0) attain 7yp values smaller than 2 on average. There is a small sample of GGCs
that attains 7yp values that are, at fixed metal content, either systematically
larger or systematically smaller than the typical ranges. To investigate on a more
quantitative basis the identification of these GGCs, we performed a quadratic fit
of the bulk of the GGCs. We found the best-fit function

Ty = 0.06 — 0.83 - [Fe/H] + 1.03 - [Fe/H]? (2.4)

Y

with a o = 3.08 dispersion (see the red line in Fig. 2.16). We have defined as
‘outliers’ the GGCs that attain, at fixed metal content, Ty values that are more
than 1.50 away from the best quadratic fit. We ended up with a subsample of
seven metal-poor and metal-intermediate (-1.82 < [Fe/H] < —1.32) GGCs with
Typ values larger than 9 (see red squares in Fig. 2.16). This subsample includes
the GGCs that attain the largest typ values, namely NGC 6205 (ryp= 13.37 +
0.72) and NGC 6752 (typ= 13.94 + 0.78). This means that they are characterized
by very blue HB morphologies. Data plotted in Fig. 2.16 also show a metal-poor
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Figure 2.16: Variation of 7yp as a function of cluster metallicity (Carretta et al., 2009). The red line
shows the quadratic best fit, the blue lines show 1.5 o levels. Red squares display the outliers, which are
those objects located at more than 1.5 o from the quadratic fit. In the left corner the error bar shows the
0.1 dex error on the metal content.
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GGC (NGC 6426) with 7yp=1.01 + 0.16 that is a factor of four to ten smaller than
the bulk of GGCs with similar metal abundances.

The above empirical evidence indicates that the new HB morphology index
appears to be a solid diagnostic to select GGCs that are strongly affected by the
second parameter problem. To further investigate the nature of these clusters
we decided to perform a more detailed analysis of the GGCs in the metallicity
range covered by the second parameter clusters. We selected three out of the eight
outliers, namely NGC 6218 ([Fe/H]=-1.33, Age= 13 Gyr), NGC 6254 ([Fe/H|=-
1.57, Age= 11.75 Gyr), and NGC 6541 ([Fe/H]=-1.82, Age= 12.50 Gyr), covering
roughly 0.5 dex in metal content. The left panels of Fig. 2.17 show the I,V-I
CMDs of these clusters. Assuming that the HB morphology is mainly driven
by a difference in metal content, we selected three GGCs with iron abundances
very similar to the selected outliers, but with 755 values close to the best-fit line
plotted in Fig. 2.16, namely NGC 362 ([Fe/H]=-1.30, Age= 10.75 Gyr), NGC 6934
([Fe/H]=-1.56, Age= 11.75 Gyr), and NGC 6144 ([Fe/H]=-1.82, Age=12.75 Gyr).
The right panels of Fig. 2.17 display their I,V-I CMDs. The CMDs display several
interesting features worth discussing.

The top panels of Fig. 2.17 compare the CMDs of two metal-intermediate GGCs:
an outlier cluster characterized by a very blue HB morphology, and a typical one
(in terms of Typ, 9.05 vs. 3.24) , mainly dominated by red HB stars. It is worth
mentioning that the HB morphology of this pair of clusters could also be traced
on the basis of the HBR’ index. Indeed, the HBR’ value of NGC 6218 is a factor
of 2.5 larger than the HBR’ value of NGC 362.

The middle panels of Fig. 2.17 also display the CMDs of two metal-intermediate
GGCs. The outlier GGC is characterized by a very blue HB morphology, while
the typical one shows an HB that hosts variable stars, blue and red HB stars.
For these GGCs the HBR’ index decreases by only the 30% when moving from
NGC 6254 (3.00) to NGC 6934 (2.13). Interestingly enough, the 7yp index differs
by more than a factor of three.

The bottom panels of Fig. 2.17 display the CMDs of two metal-poor GGCs. The
outlier GGC shows, as expected, a very blue HB morphology, while the "typical’
one also shows a blue HB morphology. The HBR’ index for these two GGCs is
identical within the errors: 2.99 for NGC 6541 and 3.00 for NGC 6144. On the
other hand, the typ index differs by more than a factor of two (10.26 vs 4.98).

The current findings further support the strong sensitivity of the 745 index to
variations in HB morphology when moving from the metal-intermediate to the
metal-poor regime. We note that we did not find in the literature an indication
of an extreme multi-population or some peculiar dynamical characteristics for the
second parameter clusters in our sample. The anti-correlation found between the
Tup index and the cluster metallicity does not include information about the clus-
ter age. We have then investigated whether the new HB morphology index is
correlated with the cluster ages.
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Figure 2.17: CMDs (I, V-I) for three pairs of GGCs in the sample. Left panels: Clusters belonging to the
outlier group. Right panels: CMDs of clusters with similar [Fe/H] as the outlier ones, but following the
main 7y4z-[Fe/H] relation.
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Figure 2.18: Our index 7yp as a function of cluster ages obtained from different authors. Top: cluster
ages from VandenBerg et al. (2013); Leaman et al. (2013). The error bar in the lower left corner shows the
conservative 0.5 Gyr error on the GGC ages. Bottom: ages from Salaris & Weiss (2002) based on the
metallicity scale provided by Carretta & Gratton (1997). In both panels red squares are the same second
parameter clusters shown in Fig. 2.16 and discussed in this section. Red lines determine the best-fit to
each data sample, blue lines the +10 levels.
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Table 2.4: Best fit parameters for the linear functions fitting the 7 5-Age relations used in this work

a b o
VandenBerg + Leaman et al. -2723 £634  2.69+0.53 1.21
Salaris and Weiss -11.20 + 3.55 1.37 £0.32 1.89

To establish the age dependence we took advantage of the recent homogeneous
age estimates provided by VandenBerg et al. (2013); Leaman et al. (2013). The
data plotted in the top panel of Fig. 2.18 display a well-defined linear correlation
between age and typ. In particular, there is evidence that, when moving from a
red to a blue HB morphology, GGCs become on average older. We performed a
linear fit (typ = a + b - Age, red line) whose coefficients are listed in Table 2.4,
together with the standard deviation (o). The dispersion around the linear fit is
modest, equal to 1.21. However, the second parameter globulars identified in the
Typ-|Fe/H] plane do not follow the same trend. They are on average more than
1.0 away from the main relation, that is, at fixed cluster age their 745 values
are systematically larger than typical GGCs. This further supports the evidence
that the Typ index is a robust diagnostic to identify second parameter GGCs. It is
worth mentioning the presence of four GGCs (NGC 6171, NGC 6362, NGC 6535,
and NGC 7089) that are ~2.50- away from the linear fit, but their position might
also be affected by uncertainties in the absolute cluster age (see the horizontal
error bar plotted in the bottom right corner).

To further investigate the impact of possible systematics on the cluster ages,
we used the results by Salaris & Weiss (2002) employing the Carretta & Gratton
(1997) metallicity scale, for their 43 GGCs in common with our sample. They
divided the sample into four different metallicity bins and for each of them selected
a calibrating cluster. They then estimated the absolute age of the calibrating
cluster by using the vertical method, that is, the difference in visual magnitude
(AV) between the HB luminosity level and the MSTO. For all the other clusters
in a specific metallicity bin, they estimated the relative age with respect to the
calibrating cluster by using the horizontal method, that is, the difference in colour
(A(V-I) or A(B-V)) between the main sequence TO and the base of the RGB.

Data are shown in the bottom panel of Fig. 2.18. Once again, we found that
the typ index correlates with the cluster age. We performed the same linear fit
as for the age estimates by VandenBerg et al. (2013); Leaman et al. (2013), and
the coefficients are listed in Table 2.4 together with the standard deviation, which
is equal to 1.89. The red and the blue lines display the linear fit and the lo
limits, respectively. The difference between the second parameter clusters and the
linear fit is larger than 2¢0~. This means that their peculiarity is independent of
the adopted absolute age. Moreover, this plot also shows a few GGCs, roughly
20~ away from the linear fit, already identified in the top panels: NGC 6171 and
NGC 6535, plus a new one, NGC 6652.

We analysed the age and the metallicity dependencies of 7y, since they are
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Figure 2.19: [Fe/H] vs. g 12 yr- The red line identifies the linear best-fit function of the plane, and red
squares mark the eight second parameter clusters (see text for details).

86

Unresolved Stellar Populations in High Redshift Galaxies



2. Horizontal Branch morphology:
A new photometric parametrization Marianna Torelli - XXXII CYCLE

considered as the main culprits affecting the HB morphology. However, the cur-
rent findings further support the need for at least one more parameter to explain
the observed variation in HB morphology. We assumed as a working hypothesis
that the dispersion in the tyg-age diagram was caused by both age and helium
variations (D’Antona et al., 2002; Caloi & D’Antona, 2005). Therefore, we decided
to empirically remove the age dependence of g, and check whether the residuals
in the reduced typ-[Fe/H] diagram correlate with the spread in helium of the clus-
ter. This empirical 'reduction’ of Typ to a single age accounts automatically for
possible age-metallicity relations in the cluster sample, as well as for the depen-
dence of Typ on age at fixed metallicity. To perform this experiment we reduced
the individual Ty measurements (Table 2.2) to the values they would have for an
age of 12 Gyr (Tug12 Gy, using the ages by VandenBerg et al., 2013), as detailed
below.

We first calculated the index value at an age of 12 Gyr as provided by the best-
fit relation in the upper panel of Fig. 2.18 (value equal to 4.63); then, for each
cluster, we calculated the values determined from the same best-fit relation but
for the individual cluster ages. For each GGC we then calculated the difference dr
between the value expected at the cluster age and the value expected at 12 Gyr,
and finally determined 7yg12 Gyr = Tup — dT.

Figure 2.19 shows the Tyg 12 Gy values as a function of [Fe/H]. In contrast to
what we found in Fig. 2.16, after eliminating on average the effect of age, we now
have a linear best-fit relation between 74512 gy and the metal content (the red line
in Fig. 2.19):

Tup12 gy = 3.02-0.89 - [Fe/H], (2.5)

with dispersion o = 1.64. The red squares identify the second parameter clusters:
they still attain Typ 12 gy values far from the best-fit relation.

In a very recent paper, Milone et al. (2018) estimated the spread in initial helium
content (0.245 < Y < 0.4) for a sizeable sample of GGCs (57). They used data from
the HST UV survey of Galactic GCs (F275W, F336W, and F438W filters of the
ultraviolet and visual channel of HST/WFC3 (UVIS/WFC3), Piotto et al., 2015a;
Milone et al., 2017) and from the Wide Field Channel of the Advanced Camera
for Surveys (WFC/ACS) (F606W and F814W photometry, Sarajedini et al., 2007;
Dotter et al., 2011) programmes. The He spread values, dY,..., for each of the 56
GGCs in common with Milone et al. (2018) are listed in column 9 of Table 2.2.

The spread in helium content ranges from almost zero for NGC 6362, NGC 6535,
and NGC 6717, up to ~0.08 for NGC 6388, NGC 6441, and NGC 7078. To
further constrain the sensitivity of the new HB morphology index, we correlated
the residuals of Typ 12 Gy Of the best-fit function in Fig. 2.19 as a function of the
metallicity, shown in Fig. 2.20.

The figure shows that the Typ12 6y index does not seem to be correlated with
the spread in helium content. This means that, despite our attempt to limit the
age and metallicity effects, the spread in helium content is not able to justify
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Figure 2.20: Residuals of the corrected 75,12 Gy as a function of the metal content (Carretta et al., 2009)
versus the spread in helium content 9Y estimated by Milone et al. (2018). Red squares identify the second
parameter globulars.
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the observed spread in 753. We note that we also estimated the residuals of the
Thp,12 Gyr USIng just space data (see Sect. 2.6) and related them to dY values, since
the latter quantities are evaluated from the same HST data. Once again, despite
the data homogeneity, we did not find any clear correlation with Y values.

2.8 Comparison with synthetic horizontal branch models

To constrain on a more quantitative basis the impact that both cluster age and
spread in helium content have on the observed spread of the new HB morphology
index, we decided to use a novel set of synthetic horizontal branch (SHB) models.
The synthetic HB models have been computed employing HB tracks and progenitor
isochrones from the a-enhanced a Bag of Stellar Tracks and Isochrones (BaSTI)
stellar model library (Pietrinferni et al., 2006) ' and a code fully described in
Dalessandro et al. (2013). We considered three different metallicities, namely
[Fe/H|=-0.7, [Fe/H]=-1.62, and [Fe/H|=-2.14 (all with [@/Fe|=0.4). The initial
He abundances of the HB progenitors at these three metallicities are equal to
Y=0.245, 0.246, and 0.256, respectively.

For each [Fe/H] we calculated first a set of synthetic HBs for an age equal to
12 Gyr (keeping Y constant for each [Fe/H]), assuming the RGB progenitor loses an
amount of mass AM = 0.28 My, AM = 0.21 Mg, and AM = 0.16 M, for Fe/H|=-0.7,
[Fe/H|=-1.62, and [Fe/H]=-2.14, respectively. The mass loss is estimated with
a 1o Gaussian spread equal to 0.01 Mg, irrespective of the chemical composition.
In addition, assuming the same age and RGB mass loss, we calculated SHBs for
each metallicity with an uniform distribution of initial Y for the progenitors, with
a range 0Y=0.03.

In brief, the synthetic HB code first draws randomly a value of Y with a uniform
probability distribution between ¥ and Y+9Y (dY=0 for the models at constant
He) and determines the initial mass of the star at the RGB tip (Mrgrgg) from
interpolation amongst the BaSTI isochrones of the chosen age. The mass of the
corresponding object evolving along the HB (Myp) is then calculated as Myg =
Mtrge — AM, where AM is drawn randomly according to a Gaussian distribution
with the specified mean values and o. The magnitudes of the synthetic star are
then determined according to its position along the HB track with appropriate
mass and Y obtained by interpolation among the available set of HB tracks, after
an evolutionary time # has been randomly extracted. The value of ¢ is determined
assuming that stars reach the ZAHB at a constant rate, employing a flat probability
distribution ranging from zero to tyg, where typ is the time spent from the ZAHB
to the He-burning shell ignition along the early asymptotic giant branch. The
value of typ is set by the HB mass with the longest lifetime (the lowest masses for
a given chemical composition). This implies that for some objects the randomly

Lhttp://www.oa-teramo.inaf.it/BASTI
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selected value of ¢ will be longer than its fyg, meaning that they have already
evolved to the next evolutionary stages.

Figure 2.21 shows the comparison between the 7yp 12 6, morphology index as a
function of cluster iron abundance, and synthetic horizontal branch models. The
blue line shows the SHB model at constant helium content (9Y = 0), while the
black one is the synthetic model constructed assuming an internal spread in He
content of dY = 0.03. This value was adopted according to the recent estimates
provided by Milone et al. (2018).

In the metal-rich regime ([Fe/H]>-0.7) the predicted typ weakly changes with
the spread in helium content. This is a consequence of the fact that SHB models
predict an extreme red HB morphology, minimally affected by the intrinsic param-
eters we are taking into account. In the metal-intermediate regime ([Fe/H]=-1.62)
the typ value predicted assuming an internal spread 9Y is characterized by a spike.
This is due to the fact that at this metallicity values, a small mass variation causes
significant changes in the SHB colour.

To explain the existence of our second parameter clusters, the triangles in
Fig. 2.21 identify a further three different synthetic models for [Fe/H]=-1.6, the
mean metallicity value of our second parameter clusters, at the fixed age of 12
Gyr. The yellow triangle shows the synthetic 755 considering a higher spread in
He compared to the one estimated by Milone et al. (2018) (9Y = 0.05) at the
mass loss value we used for the blue and black models (AM = 0.21); the magenta
triangle identifies the model for dY = 0 and a mass loss of AM = 0.29 (higher of
0.08 M than the standard one); finally the green triangle identifies the synthetic
Typ value for the case with dY = 0.05 and AM = 0.25.

Therefore, Fig. 2.21 shows that if we want to model the estimated values of
Tug,126y We have three different possibilities. If we adopt the spread in He content
estimated by Milone et al. (2018) (e.g. dY = 0.05 for NGC 6205, Y = 0.04 for
NGC 6752, dY = 0.03 for NGC 6254, 9Y = 0.03 for NGC 6681, considering the
second parameter cluster with [Fe/H] ~ —1.6), we need to increase the mass loss
value to 0.29, which is a value greater by 0.08 Mg than the one able to fit the
bulk of the clusters. If we fix the mass loss to the one needed to model the bulk
of the clusters (AM = 0.21), then we need to increase the spread in He content
(from Y = 0.03 to, at least, 3Y = 0.05). Finally, we can explain the existence
of the second parameter cluster also considering a higher mass loss together with
a higher spread in He. We note that the adoption of a higher mass loss cannot
be attributed to systematic errors in age estimations, since they should be on the
order of 2-3 Gyr.

2.9 Conclusions

We took advantage of a sample of 64 GGCs for which we have homogeneous and
accurate UBVRI ground photometry and V (F606W), I (F814W) ACS/HST data
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Figure 2.21: The new HB morphology index, Txp 12 Gy, as a function of cluster iron abundance (Carretta
et al., 2009). The two lines display synthetic HB models at fixed cluster age (12 Gyr), but either with a
canonical helium content (9Y = 0, blue line) or with an internal spread in He of Y = 0.03 (black line).
The coloured triangles identify three models for [Fe/H]=-1.6 for three different combinations of 0Y and
AM (see legend). Red squares mark the eight second parameter clusters. The error bar on the left corner
gives the 0.1 dex error on the metal content.
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(Sarajedini et al., 2007; Dotter et al., 2011), to introduce a new HB morphology
index, named Ty, to investigate on a more quantitative basis the variation of the
HB morphology when moving from the metal-poor to the metal-rich regime. We
define Ty as the ratio of the area below the cumulative number distribution in
apparent magnitude (Acyp(1)) and in colour (Acyp(V-I)) of the entire HB region.

Even though the estimate of the typ index appears to be more complicated
compared with HB morphology indices based either on star counts (HBR’, Lee
et al. (1990)) or on specific evolutionary features (L1, L2, Milone et al. (2014)),
it offers several advantages. Indeed, we found that 7y is a factor of seven more
sensitive than the classical HBR’ index and more than one order of magnitude more
sensitive compared to L1 or L2 indices. Moreover, and even more importantly, the
Typ 4index shows a linear trend over the entire metallicity range (-2.35<[Fe/H]<-
0.12 ) covered by GGCs. Furthermore, the 7yp index traces the HB luminosity
function and it is independent of uncertainties affecting either the definition of
different sub-groups (blue, red, variables) or the position of specific evolutionary
features (L1, L2).

Moreover, to analyse the possible sensitivity of the HB morphology indices
to the different contribution of inner and outer populations in GGCs, we esti-
mated HBR' and typ considering just space-based and just ground-based data.
Comparing them to the results obtained using the combined HST and ground-
based observations, we found that HBR’ has on average lower differences (~ 1.6%,
just ground-based, and ~ 1.3%, just space-based) than the ones attained by 7y
(~ 3.6%, just ground-based, and ~ 2.9%, just space-based). For HBR’ we observed
major differences for the globulars in which the contribution of the red HB stars
is mainly driven by HST observations. In 755 analysis we found higher differences
for small and concentrated clusters, or for those clusters which are larger but lo-
cated at higher distances. In all these cases most of the cluster stars are located
inside the ACS FoV and so the space-based data give the higher contribution to
the global 4. In general our data are self-consistent and reliable and 745 higher
relative differences could mean that it is sensitive to the different contribution
given by inner and outer populations observed in GGCs.

To quantify the sensitivity of the 755 index on intrinsic stellar parameters, we
investigated its dependence on cluster global properties (metallicity, absolute age,
spread in He content). The main results of our analysis are the following:

Anti-correlation with cluster metallicity — We found a quadratic anti-correlation
between typ and [Fe/H]. The majority of the metal-poor globulars ([Fe/H]<-1.5)
have Typ between ~ 4 and ~ 9, while the metal-intermediate ones (-1.5< [Fe/H] <-
1.0) have values between ~ 2 and ~ 5. On the other hand, the metal-rich clusters,
with [Fe/H] >-1.0, attain 7y values smaller than two.

Identification of second parameter clusters — We found a subsample of eight
GGCs in the metal-poor and metal-intermediate regime (-1.82< [Fe/H] <-1.32)
which, at fixed metallicity, are characterized by Ty values that are, on average,
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at least a factor of two larger than canonical clusters. The outlier clusters do
not display any peculiarity in the HBR' metallicity plane. To investigate their
HB morphology, we selected three of them that sample the metal-rich ([Fe/H]=-
1.33, NGC 6218), metal-intermediate ([Fe/H]=-1.57, NGC 6254), and metal-poor
([Fe/H]=-1.82, NGC 6541) regimes. We compared their I, V-I CMDs to those
of three 'regular’ clusters with similar metallicities within the errors (NGC 362,
NGC 6934, and NGC 6144). For each cluster pair, we find similar HBR’ values but
different 75 values, with differences even on the order of three. For these reasons
we can associate these clusters in our sample with the so-called second parameter
clusters.

Correlation with cluster age — We investigate the relation between our HB mor-
phology index 745 and the absolute cluster age. To exclude possible dependence on
the particular age estimation, we used the different homogeneous evaluations from
VandenBerg et al. (2013); Leaman et al. (2013); Salaris & Weiss (2002), finding
a linear correlation betweentyp and the absolute age. We found that, in general,
when moving from red to blue HB morphology, the GGCs become older. The
second parameter clusters selected according to the typ-metallicity plane appear
to be peculiar also in the Tyz-absolute age plane. In particular they attain cluster
ages ranging from ~ 11.5 to ~ 13 Gyr. Moreover, they seem to be characterized
by bluer HB morphologies than the typical clusters.

Reductio ad unum — We limited the age impact on our analysis by reducing the
Ty values to the ones they would attain for an age of 12 Gyr. In contrast to what
we originally found, we found a linear correlation between the corrected Ty 12 Gyr
values and [Fe/H]. However, the second parameter clusters are still located far
from the best-fit linear relation of the plane.

Comparison with spread in helium content — We investigated our new HB mor-
phology index in the context of internal helium content variation, supposed to be
one of the main drivers of the HB morphology. We compared the residuals of the
corrected Typ 126y as a function of cluster metallicity with the internal spread in
helium content, dY, estimated by Milone et al. (2018), but we did not find a solid
correlation.

Comparison with theory — We calculated a novel set of synthetic horizontal
branch models to investigate the impact on 7y of the spread in Helium content
and mass loss along the branch, at the fixed age of 12 Gyr. We found that we can
fit the second parameter clusters in our sample if: we fix the spread in He content
to the one estimated by Milone et al. (2018) and we increase the mass loss value
from AM = 0.21 (the one able to fit the bulk of the clusters) to AM = 0.29; we
fix the mass loss to AM = 0.21 and we increase the spread in He content from
dY = 0.03 (Milone et al., 2018) to, at least, dY = 0.05; we consider a higher mass
loss together with an higher spread in He content.

Nature versus nurture — It is not clear whether the outlier clusters display a
bluer HB morphology because they are intrinsically different (nature) or because
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the HB morphology is tracing a specific dynamical status of the cluster (nurture).
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Chapter 3

Horizontal Branch photometric
parametrization
on nearby dwarf spheroidal galaxies

Dwarf galaxies represent a fundamental tool to investigate a number of important
problems currently affecting different astrophysical fields.

One of the most interesting for the scientific community is their role in the so-
called "missing satellite problem" (Klypin et al., 1999; Moore et al., 1999), which
could compromise the validity of the current cosmological model: the A-Cold
Dark Matter (ACDM) scenario. Indeed, cosmological simulations predict an over-
abundance of CDM sub-halos compared to satellite galaxies known to exist in the
Local Group.

Possible solutions have been proposed through the years, both from the theo-
retical and observational point of views. For example, the inclusion in simulations
of some physical processes able to suppress star-formation in sub-halos allows to
make these systems starless and consequently difficult to observe. Another so-
lution is considering our current catalogues of dwarfs incomplete due to limited
survey areas and depths, causing bias at the faint end of the galaxy luminosity
and mass functions (see also Chapter 5). However, the advent of large and deep
surveys, like the Sloan Digital Sky Survey (SDSS) and PAN-STARRS, allowed to
detect an increasing number of dwarf galaxies and to discover the ultra faint dwarf
(UFD) galaxies. Therefore, current observations seem to be close to solve of the
missing satellite problem.

In particular, dwarf spheroidal (dSph) galaxies are faint objects of low surface
brightness, they have a typical size of 10 — 100pc and they appear to not contain
gas. They are observed to be characterized by large velocity dispersions, hence
they represent a fundamental tool to trace and test the distribution of dark matter
(see for example Mateo, 1997). Moreover, they are, at fixed stellar mass, metal-
rich than dwarf irregulars (see for example Mateo, 1998) and they show a complex
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SFH, characterized by an old (12 — 13Gyr) star-formation episode with a number
of following episodes.

This leads to the presence of visible multiple populations in their observed
CMDs. In general, the presence of the old stellar population is signalled by the
HB stars: an high populated blue region in the HB morphology is observed for
example in Carina and Ursa Minor dSphs. Moreover, all dSph galaxies are also
characterized by a red region of the HB, but in many cases it is difficult to dis-
tinguish it from the RC, which is located at the base of the RGB of populations
with an age between 1 and 10 Gyr and consists of stars burning He in their core
(Mateo, 1998).

Conversely, the presence of one or more well-populated SGBs below the RC
gives the hint of the existence of several intermediate-age populations (2-6 Gyr) in
the dSph galaxies. Moreover, the observed RGB is affected by the age-metallicity
degeneracy in the sense that increasing age or metallicity have the same effect on
the RGB colour, which becomes redder. This means that we have the overlap
of populations of different age or metallicity on the RGB. With the current deep
surveys, we are able to eliminate the age-metallicity degeneracy only for Local
Group dwarf galaxies, for which we can resolve the MSTO for the age-dating of
the stellar population. Therefore, studying the SGB, RC and HB phases allows to
determine the SFH of these resolved CSPs, and hence, to understand the physical
processes behind galaxy formation.

Actually, the HB phase is usually neglected in the SFH estimate of dSph galax-
ies, since, as we have shown in Chapter 2, the HB morphology of GGCs, much
simpler stellar populations than the ones characterizing the dSphs, is affected by
the 2ndP problem. Moreover, in the literature there are findings on the 2ndP
effect observed in the HB morphology of dSphs and GCs belonging to them (e.g.,
Buonanno et al., 1985; Majewski et al., 1999; Harbeck et al., 2001; Sarajedini et al.,
2002). These observations together with the similar spatial distribution between
GGCs in the halo and the dSph galaxies, can be the evidence of a possible connec-
tion between the origin of old GGCs and a tidal disruption of the ancient numerous
dSph systems around the Galaxy. Therefore, despite the stressed difficulties, it is
important to take advantage of HB morphology in determining the SFH of dSph
galaxies (see e.g., Salaris et al., 2013; Savino et al., 2015).

For this reason, we decided to more deeply investigate the HB morphology of
a sample of 19 nearby dSph isolated and satellite galaxies of Milky Way and An-
dromeda taking advantage of our new photometric index typ presented in Chap-
ter 2. In this way, we conduct the very first systematic study about the HB
morphology of a large sample of nearby dSph galaxies within the Local Group.

The Chapter is organized as follows. In Sect. 3.1 we present our sample of dSph
galaxies and the available photometry. In Sect. 3.3, we investigate the validity of
Tup index estimated taking advantage of I, B — I diagram instead of the I,V — 1
one analysed in Chapter 2. This is essential to analyse the HB morphology of
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the majority of Andromeda dSphs, for which we data in F475W (~ B) and in
F814W (~ I) from HST/ACS. In Sect. 3.4, we show our results on the estimate
of typ index for dSph galaxies and its correlation with the absolute age and the
metallicity of these objects.

We note that throughout the Chapter, we consider the age of the oldest popula-
tion (first SFH episode), as the absolute age of the dSphs, since we are interested
in the HB stellar evolutionary phase, in which the oldest stars are burning He
in their core and Hydrogen in a shell. We note that we used the old dSph stel-
lar population age values available in the literature and that their uncertainty is
undoubtedly conservative.

3.1 Dwarf spheroidal galaxy sample

We take advantage of a sample of 19 nearby dSph galaxies: eight are Milky Way
[MW] satellites, nine are Andromeda [M31] satellites and two are isolated dSph
galaxies in the Local Group [LG].

For the eight MW dSph galaxies, we have secure and homogeneous ground-
based optical UBVRI data (provided by P. B. Stetson), while for the rest of the
sample we have space-based HST/ACS data in different photometric bands. We
have data in F606W and in F814W photometric bands for two dSphs, namely
NGC 147 and NGC 185 (Monelli et al., 2017), while for the other eight galaxies
we have data in F475W and in F814W (Monelli et al., 2010a,b, 2017; Skillman
et al., 2017; Hidalgo et al., 2011). We note that we used the relations by Sirianni
et al. (2005) to transform F475W, F606W and F814W data into B, V, I Johnson-
Cousins bands, respectively.

In Table 3.1 we list the sample of dSphs with their main parameters together
with the available photometric data.

We performed a candidate galaxy/field star separation for the MW dSph galax-
ies based on stellar SEDs following the same procedure we adopted in Chapter 2
for our sample of GGCs and fully described in Calamida et al. (2017). We show
two examples of our selection (see Appendix E for more CMDs) in Figure 3.1 and
Figure 3.2 representing the V, B-I CMD of Sculptor and Carina dSph galaxies,
respectively, for total (left panels), candidate galaxy (central panel) and candidate
field (right panel) stars.

A glance to the Figures reveals that Sculptor seems to be characterized by
a much simpler SFH if compared to Carina. Indeed, in its CMD (Figure 3.1)
we can observe a well populated HB, much less colour-extended than the one
characterizing Carina (Figure 3.2) and a rich RC, while we cannot observe the
two distinct MSTOs and the two distinct SGBs revealing the existence of a second
stellar population of intermediate age we can observe in Carina CMD (Figure 3.2).
These findings seem to confirm that Carina has experienced two or more episodes
of SFHs, separated by several Gyr. Moreover, the presence of a blue plume above
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Table 3.1: Dwarf spheroidal galaxies in the sample with parameters used in this work.

D Association Ra (J2000) Dec (120000 U B VR I F475W F606W F814W Age(Gyn E(BY) _ [Fe/H] u M, (10°My) Ref.
Carina MW 06:41:36.7 305758 v < < 7 7 120205 0061 -2.15%006 20.11 0.38 M1,2131141
Draco MW 17:20:124  -50:57:58 Vv 125405 0027 -1.93+001 19.40 0.29 [21,[51,[61,171,8]
Sculptor MW 01:00:094 334233 v Vv v V 130£05 0018 -1.90+035 19.67 23 [21,[91,1101,[111,[12]
Ursa Minor MW 15:09:085 +67:1321 v V V V ¥ 130£1.0 0030 -213+001 1940 029 [21,[51,[81,[131,[14]
Fornax MW 02:39:593 342657 VvV 120£05 0021  -099+001 2084 20 [21,[31,181,19]
Leol MW 10:08:28.1  +12:1823 V v V / 120£05 0036 -143+£001 2202 55 [21,[81,[151,[16]
Leo IT MW 11:13:288  +22:09:06 v v 120£05 0017 -1.62+001 21.84 0.74 [21,[81,[15],[16]
Sextans (I) MW 10:13:03 013653 v v v 120£05 0047 -1.93+001 19.67 0.44 [21,[81,[171,[18]
Andromeda I M31 00:45:39.8  +38:02:28 v Vo 125£05 0047  -145+004 2436 39 [21,[191,[201,[211,[22]
Andromeda IT M31 01:16:29.8  +33:25:09 v v 125+05 0054 -1.64+004 2407 76 [21,[191,[201,[211,122]
Andromeda ITT M31 00:35:33.8  +36:29:52 v v 125+05 0050 -1.78+004 2437 0.83 [21,[191,[201,[211,[22]
Andromeda XV M3l 01:14:18.7  +38:07:03 v v 12505 0041 -1.80+£020 24.00 0.49 [21,1211,[231,[24]
Andromeda XVI M31 00:59:29.8  +32:22:36 v v 12505 0059 -2.00+020 23.60 041 [21,[211,[23],[24]
Andromeda XXVIIT M31 22:32:412  +31:12:58 v v/ 125£05 0080 -1.84+0.10 24.10 0.21 [21,[211,[231,1251,126]
LGS 3 M31 01:03:55.0  +21:53:06 v v IL7£05 004  -1.50+£030 24.43 0.96 [21,[201,[271,[28]
NGC 147 M31 00:33:12.1  +48:30:32 Vo 120£05 0184 -1.10£0.01 2415 62 [21,[201,[291,(30]
NGC 185 M31 00:38:58.0  +48:20:15 v 120£05 0172 -1300.10 2395 68 [21,[201,[301,[31]
Cetus LG 00:26:11.0  -11:02:40 v v 120£05 003 -1.70+0.10 24.39 26 [21,1201,[321,[33]
Tucana LG 22:41:49.6  -64:25:10 v v 130£05 0031 -195+0.15 2474 0.56 [21,[341,[351,1361,137]

Notes: List of the Dwarf spheroidal galaxies in the sample with parameters used in this work: J 2000 coordinates,
data availability, age in Gyr, colour excess E(B-V), [Fe/H], distance modulus u and references.
References: [1] Cannon et al. (1977), [2] McConnachie (2012), [3] Pietrzyriski et al. (2009), [4] Fabrizio et al.
(2015), [5] Wilson (1955), [6] Bonanos et al. (2004), [7] Girardi et al. (2004), [8] Kirby et al. (2011), [9] Shapley
(1938), [10] Pietrzynski et al. (2008), [11] de Boer et al. (2012), [12] Martinez-Vazquez et al. (2016), [13] Carrera
et al. (2002), [14] Cohen & Huang (2010), [15] Harrington & Wilson (1950), [16] Bellazzini et al. (2004), [17]
Irwin et al. (1990), [18] Lee et al. (2009b), [19] van den Bergh (1972), [20] McConnachie et al. (2005) [21]
Skillman et al. (2017), [22] Kalirai et al. (2010), [23] Ibata et al. (2007), [24] Letarte et al. (2010), [25] Slater et al.
(2011), [26] Collins et al. (2015), [27] Karachentseva (1976), [28] Hidalgo et al. (2011), [29] Herschel (1833), [30]
Geha et al. (2010), [31] Herschel (1789), [32] Whiting et al. (1999), [33] Monelli et al. (2010a), [34] Lavery (1990),
[35] Bernard et al. (2009), [36] Monelli et al. (2010b), [37] Fraternali et al. (2009)

the MS could suggest the existence of a very young stellar population (Savino
et al., 2015).

In contrast to what we did for ground-based photometry, we did not make any
candidate galaxy/field star separation on space-based data, because we expect
negligible contamination by field stars in the ACS FoV (~ 4arcmin). In Figure 3.3
we show, as an example, the I, B—I CMD of Andromeda III dSph, which appears
to be very similar to a GGC CMD, implying that the SFH of this galaxy is much
simpler than the one undergone by Sculptor or Carina dSphs.

3.2 The HBR morphology index for dwarf spheroidal galax-
ies

We firstly investigated the HB morphology in our sample of dSph galaxies estimat-
ing the classical HBR’ index using the same formulae defined in Sect. 2.3. For each
galaxy, we defined two boxes to identify the candidate blue (B) and red (R) HB
stars. Moreover, we took advantage of the most updated variable star catalogues
found in the literature to estimate the number of variables (V). The counts for B,
R, V (with references) are listed in Table 3.2 together with the estimated values
for HBR' and the references for V counts.

Data plotted in Figure 3.4 show that dwarf galaxies in the Local Group (LG)
cover a limited range in HB morphologies. Indeed nearby gas-poor dwarfs when
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Figure 3.1: Sculptor V, B—I CMD of the entire catalogue (left panel), candidate galaxy (central panel)
and candidate field (right panel) stars.
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Figure 3.2: Carina V, B—I CMD of the entire catalogue (left panel), candidate galaxy (central panel) and
candidate field (right panel) stars.
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Figure 3.3: Andromeda III 7, B-I CMD.

Unresolved Stellar Populations in High Redshift Galaxies 101



Marianna Torelli - XXXII CYCLE

8. Horizontal Branch photometric parametrization
on nearby dwarf spheroidal galazies

4.0

3.57

3.01 8 iﬂi

HH o MW
HH M31
LG

Wit

" ®
*. }.
o
——

N

¢
LY .
;

2.5+

@

m !

I 2.0+ }
151
1.0
051

-2.5

-2.0

-15 ~0.5 0.0
[Fe/H]

Figure 3.4: Observed HBR’ values as a function of metal content for GGCs (black dots) and our sample
of dSph galaxies (coloured squares, see legend in the upper right corner). The error bars on dSph [Fe/H]
values show the dispersion of metallicity distributions.
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Figure 3.5: Observed HBR’ values as a function of the absolute age for GGCs (black dots) and our sample
of dSph galaxies (coloured squares, see legend in the upper right corner).
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Table 3.2: Parameters and observational HBR’ values for the dSph galaxies in the sample.

1D Association B R \% HBR’ Age (Gyr) [Fe/H] References
Carina MW 69 458 95 1.37£0.04 12.0+0.5 -2.15+0.06 1]
Draco MW 40 197 267 1.68+£0.03 125+0.5 -1.93+0.01 [2]
Sculptor MW 1031 725 536 2.13+0.01 13.0+0.5 -1.90+0.35 [3]
Ursa Minor MW 325 30 83 2.40+0.05 13.0+1.0 -2.13+0.01 4]
Fornax MW 391 2666 1426 1.49+0.01 12.0+0.5 -0.99+0.01 [5]
Leol MW 219 289 100 1.88+0.01 12.0+0.5 -1.43+0.01 [6]
LeoIl MW 53 591 148 1.32+0.04 120+x05 -1.62+0.01 [7]
Sextans (I) MW 71 248 199 1.66+0.03 12.0+0.5 -1.93+0.01 [8]
Andromeda I M31 221 2528 302 1.24+0.02 125+0.5 -145+0.04 [9]
Andromeda IT M31 281 1730 257 1.36+0.02 125+0.5 -1.64+0.04 [9]
Andromeda IIT M31 38 1149 116 1.15+0.03 125+0.5 -1.78 +£0.04 [9]
Andromeda XV M31 94 270 121 1.64+0.03 125+05 -1.80+0.20 [9]
Andromeda XVI M31 18 90 9 1.38+0.09 12.5+0.5 -2.00+0.20 [9]
Andromeda XXVIII M31 160 469 90 1.57+£0.03 125+05 -1.84+0.10 [9]
LGS 3 M31 43 476 28 1.21+0.05 11.7+0.5 -1.50=+0.30 [10]
NGC 147 M31 214 90 177 2.26+0.03 12.0+0.5 -1.10=+0.01 [11]
NGC 185 M31 1080 3533 818 1.55+0.01 12.0+0.5 -1.30=+0.10 [11]
Cetus LG 28 844 187 1.23+0.04 12.0+0.5 -1.70+0.10 [12]
Tucana LG 387 596 345 1.84+0.01 13.0+0.5 -1.95=+0.15 [12]

(2019), [9] Martinez-Vazquez et al. (2017), [10]Bernard & Lcid Team (2007), [11] Monelli et al. (2017) , [12]

Notes: Columns are: B, R,V, HBR', Age in Gyr, [Fe/H] and references for V counts.
References: [1] Coppola et al. (2015), [2] Kinemuchi et al. (2008), [3] Martinez-Vazquez et al. (2016), [4] Nemec
et al. (1988), [5] Fiorentino et al. (2017) , [6]Stetson et al. (2014b), [7]Siegel & Majewski (2000) , [8] Vivas et al.

Bernard et al. (2009).
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compared with GGCs lack of both extremely blue and extremely red HB morpholo-
gies. This outcome applies not only to MW and M31 satellites, but also to isolate
dwarf galaxies like Cetus and Tucana. There are a few galaxies (namely, Sculp-
tor, Ursa Minor and NGC 147) that have bluer HB morphologies, but their HBR’
values on average are, at fixed iron content, systematically redder than GGCs.

The comparison between the HBR’ of nearby dwarfs and GGCs (see Figure 3.5)
brings forward the evidence that the oldest stellar populations in the former stellar
systems only cover absolute ages older than 12 Gyr. This means that they appear
to be coeval with the old tail of GGCs. However, we cannot reach firm conclusions
concerning possible systematic differences, because the absolute ages of nearby
dwarfs were estimated using different approaches (see Tables 3.1 and 3.2).

We note that our estimates on B and R counts can be affected by our galaxy/-
field star separation. Calamida et al. (2017) already tested our technique on w
Cen, whose SFH is similar to the complex SFHs characterizing the dSph galaxies.
The method is conservative, in the sense that we prefer to lose a few candidate
galaxy stars rather than taking into account possible candidate field stars. Indeed,
we estimated the HBR’ values for GGCs presented in Chapter 2 for which we can
separate the cluster from field stars using Gaia proper motions. We found a mean
difference of ~ 1% between the HBR’ values estimated using the candidate HB
cluster stars from our selection and the ones calculated using the cluster stars
from proper motion selection.

3.3 T1yp estimate in I, B-I diagram

To analyse the HB morphology in dSph galaxies, we also used our new 7y index.

Since for dSph galaxies associated to Andromeda, we have only I1BI photometry, we

need to verify the validity of our 73 HB morphology index also in I, B-I diagram:
Acnp(l)

THB(IBI) ACND(B—I) (31)

To do this, for each cluster of the sample described in Chapter 2 we estimated
the 7yp through the areas subtended by the CNDs as a function of magnitude (I-
band) and colour (B-I) of HB stars. Therefore, in this analysis we defined a box
in the I, B-I CMD large enough to include all the HB stars and then we computed
the CND in I and in B-I colour.

In this case, to perform homogeneous star counts, we defined a box covering 4
mag in B-I colour, while we left unvaried the range in I-band (6.5 mag). Also in
this analysis, the selected HB stars are sorted as a function of the I-band apparent
magnitude and we cumulated the star counts starting from the faintest and reddest
stars in the box.

Since for the GGC sample the B-band is available only for ground-based pho-
tometry, we decided to estimate tyg(IBI) considering just ground-based B, I data
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Figure 3.6: [Fe/H] vs Ty5(I1VI) (left panel) and Ty 5(1 BI) (right panel). Red lines show the best-fit relations
in both panels, red squares mark the 2ndP clusters already identified in Chapter 2, while green squares
show other three possible clusters in Tyg(IBI) — [Fe/H] diagram, peculiar for their T45(IBI) values.
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Figure 3.7: Age vs tp(IVI) (left panel) and 745(IBI) (right panel). Red lines show the best-fit relations
in both panels, red squares identifies the 2ndP clusters already defined in Chapter 2, while green squares
show the three possible outliers identified in Ty(IBI) — [Fe/H] diagram. The error bar in the lower left
corner shows the conservative + 0.5 Gyr error on the GGC ages.
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and to compare these values to the ones in I, V-I diagram (7yp(IVI)) estimated
using just ground-based observations (see Sect. 2.2).

Figure 3.6 shows tyg(IVI) (left panel) and typ(IBI) as a function of [Fe/H]
values. As already found out in Sect. 2.7, a quadratic anti-correlation (ryp(IBI) =
0.34 - [Fe/H)* — 2.02 - [Fe/H] — 0.64, with o = 5.8) still exists for 7y3(IBI) —
[Fe/H], even more linear if we compare it to the one found in Eq. 2.4. We find
an higher dispersion in 753(IBI) values if compared to 7z3(IVI) —[Fe/H] diagram,
which seems to be even more significant for [Fe/H] < —1.5. Finally, the 2ndP
clusters (red squares) defined in Chapter 2 are located above the 1o levels in
the diagram and we are also able to identify other three clusters (green squares),
namely NGC 5986, NGC 6397 and NGC 6717, peculiar for their 755(IBI) values
(~ 8,10,9, respectively) and located above the 1o levels. As the 2ndP clusters
previously identified, NGC 5986, NGC 6397 and NGC 6717 are characterized by
a bluer HB morphology if compared to the GGCs with similar metallicity.

Figure 3.7 shows 75(IVI) (left panel) and 755(IBI) as a function of the absolute
ages of the clusters. As expected, we find a linear correlation also between 7y5(IBI)
and the age (typ(IBI) = 2.4 - Age — 24.8, with o0 = 5.3). The 2ndP clusters (red
squares) are still located above the 1o levels, except for NGC 6681, while the three
outliers identified in the left panel of Figure 3.6 (green squares) are located just
below the 1o levels.

Interestingly enough, 745 values are characterized by an even higher dynamical
range (a factor of ~ 2) in I, B-I diagram, reaching the maximum value 7yp(IBI) ~
26, compared to the one found in 7, V-I diagram. This was somehow expected since
B-I colour is characterized by an increased sensitivity to the effective temperature
variation of the HB stars (see for example Cassisi & Salaris, 2013; Natali et al.,
1994). These findings confirm that our typ is a valid photometric index also in the
I, B-I diagram.

3.4 Photometric parametrization of the HB morphology
in dwarf spheroidal galaxies

Thanks to the analysis done in the previous section, we are confident to investigate
the HB morphology of our sample of dSph galaxies using both the IVI and IBI
photometry.

As done for the globular clusters, we estimate 75z(IVI) and ty(IBI) for each
galaxy in our sample. For the MW dwarfs we are able to evaluate both of them,
since we have a complete UBVRI photometry, while for Andromeda and isolated
galaxies we estimate 753 depending on the data availability. Our results are con-
tained in Table 3.3 in which we list V(HB), which we transformed to I(HB) through
the V-I colour fixed to the 0.45 value (Braga et al., 2016, see Chapter 2), CND(V-I)
and/or CND(B — I), typ(IVI) and/or typ(IBI).
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Figure 3.8: [Fe/H] vs typ(IVI) (left panel) and typ(IBI) (right panel) estimated for dwarf spheroidal
galaxies. Blue shaded regions show the 1.50 (left panel) and 1.00" (right panel) areas from GGCs. Red
lines are the best-fit relations from GGC analysis. Black dots identifies MW satellites, blue squares show

the Andromeda satellites [M31], while the magenta triangles represent isolated galaxies in the Local
Group [LG].
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Figure 3.8 shows our results on 74(IVI) (left panel) and 7y5p(IBI) (right panel)
as a function of [Fe/H] for the dSph galaxies in our sample. As we can appreciate
from the figure, the dSph galaxies arrange in the IVI1.50 (left panel) and IBI1.00
areas (blue shaded regions) defined by the best-fit functions (red lines) estimated
for GGCs in Figure 3.6. In particular, all the galaxies are located below the red
best-fit lines.

Figure 3.9 shows our values of 7y55(IVI) (left panel) and 7y(IBI) (right panel) as
a function of the age for the dSph galaxies in our sample. Also in these diagrams,
the dSph galaxies arrange in the 1.00 areas (blue shaded regions) defined by the
best-fit functions (red lines) estimated for GGCs in Figure 3.7 and again, all the
galaxies are located below the red best-fit lines.

Firstly, we note that in contrast to what we found for GGCs (Figures 3.6 and
3.7), for dSph galaxies we do not find an higher dynamical range of Ty in I, B—1
diagram compared to the one estimated in I, V — I diagram. Indeed, dSph galaxies
are in general characterized by a more horizontal HB morphology compared to the
one observed in GGCs, this means that B/ sensitivity to T, variation of the HB
stars is comparable to V-I one, hence we do not have the same effect on 755 as
found for GGCs.

The limited (7yp ranging from ~ 1 for Leo II to ~ 5 for Ursa Minor) location
below the GGC best-fit functions of dSph galaxies in 753 — [Fe/H] and 1ty — Age
diagrams, seems to confirm the fact that in dSph galaxies the HB morphology
lacks of the presence of an extreme blue and hot region. Indeed, for same age
and metallicity values, the dSph galaxy HB morphology is redder than the one
observed for the GGCs, as already found in Sect. 3.2 analysing the HBR’ index.

We observe that the MW satellite galaxies (black dots) are characterized by
an higher variation both in 74p(IVI) (from ~ 1.7 to ~ 5.3) and ty(IBI) (from
~ 1.6 to ~ 4.7), with Ursa Minor attaining the maximum values. On the contrary,
Andromeda and isolated dSph galaxies are characterized by a lower variation in
Tyg, from ~ 1.3 to ~ 2.0, i.e., a factor five lower than the one shown by the MW
galaxies. However, despite the modest variation both in age and in metallicity, the
observed limited range in HB morphologies of nearby dSphs seems to suggest a

significant environmental effect in old stellar populations when moving from GGCs
(10* = 10°M,) to dSph galaxies (107 — 10°M,).

3.5 Conclusions

We conducted the very first systematic study on the HB morphology of a sample
of 19 nearby dSph galaxies through the estimate of both HBR" and our new HB
morphology index 7yp.

We took advantage of homogeneous UBVRI ground-based photometry for nine
MW dSph satellites, and F475W, F606W, F814W space-based data from AC-
S/HST for seven Andromeda satellites and two isolated dSphs in the Local Group.
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Table 3.3: Parameters and observational HB morphology indices for the dSph galaxies in the sample.

D Association V(HB) CND (V—1) tus(IVI) CND(B-1) tus(IBI)  Age (Gyr) [Fe/H]
Carina MW 20.8 105.4 2.06 = 0.05 106.5 155+005 120+05 -2.15=0.06
Draco MW 20.1 110.1 2.22 +0.07 140.3 230+0.07 12.5+0.5 -1.93 0.0l

Sculptor MW 20.2 84.5 3.61 + 0.07 107.3 2.84+0.07 13.0£0.5 -1.90 =035
Ursa Minor MW 19.7 72.8 5.26:+0.06 81.6 469+006 13.0+1.0 -2.13=0.01
Fornax MW 215 111.3 2.37+0.01 154.3 171 £0.04 120+0.5 -0.99 = 0.01
Leo MW 225 96.9 3.38 +0.02 1246 264 +001 120+05 -1.43+0.01

Leo IT MW 22.1 118.1 171+ 0.02 162.3 124+ 0.09 12.0+0.5 -1.62+0.01
Sextans (I) MW 20.3 105.8 2.63 + 0.02 143.3 191021 12.0+0.5 -1.93+0.01
Andromeda I M3l 25.1 - - 182.4 1.36£0.09 125+0.5 -1.45+0.04
Andromeda IT M31 24.7 - - 173.6 1504043 125+0.5 -1.64 +0.04
Andromeda ITT M31 25.0 - 174.5 140+ 024 125+05 -1.78 +0.04
Andromeda XV M31 25.0 - - 138.7 2.04+0.03 125+0.5 -1.80+0.20
Andromeda XVI M31 243 - 157.9 1.59+ 045 125+0.5 -2.00+0.20
Andromeda XXVIII M31 25.0 - 148.7 1.93+ 043 125+05 -1.84+0.10
LGS 3 M3l 24.6 - - 175.0 1.29+0.04 11.7+0.5 -1.50 +0.30
NGC 147 M31 25.5 1124 2.36+ 0.01 - - 120+0.5 -1.10 = 0.01
NGC 185 M31 25.3 115.9 1.82+ 0.01 - . 120+0.5 -1.30 +0.10
Cetus LG 24.9 - - 166.7 1.68+0.05 12.0+0.5 -1.70+0.10
Tucana LG 25.2 - - 138.8 1.97+ 036 13.0+0.5 -1.95=+0.15

Notes: Columns are: V(HB), CND(V — 1), tyg(IVI), CND(B — I), Typ(IBI),Age in Gyr, [Fe/H].

We transformed F475W, F606W, F814W magnitudes into B, V, I Johnson-Cousins

photometry and we firstly estimated the classical HBR’ index for each dSph galaxy
in our sample. We found that Milky Way and Andromeda satellites, and isolated
dwarfs, are characterized by systematically redder HB morphologies when com-
pared to the sample of GGCs. This means that they lack of the blue and extremely
blue components of the HB.

Then, we investigated the validity of our 745 index, already proved in I, V-1, also
in the I, B-I diagram. We found that, as expected, typ(IBI) is characterized by an
higher dynamical range (a factor of ~ 2) compared to the one found for T4z(IVI),
thanks to the higher sensitivity of B—I colour to the T, variation of the HB stars.
Moreover, we still find a quadratic anti-correlation with cluster metallicity, even
though it appears to be more linear in the t4p(IBI) —[Fe/H] diagram and a linear
correlation with absolute cluster ages. Moreover, the 2ndP clusters are still located
above the 1.00 levels. We also find three other clusters (NGC 5986, NGC 6397 and
NGC 6717), characterized by blue morphology, attaining peculiar 7y55(IBI) values.
This allowed us to confirm the validity of our HB morphology index independently
of the photometric bands used to estimate it.

Therefore, we estimated 7yp(IVI) and/or 7p(IBI), depending on the photomet-
ric availability, for our sample of 19 dSphs. Firstly, we found that in contrast to
the GGC case, the dynamical range of t5p(IBI) for dSphs is not higher than the
one of typ(IVI), since the dSph HB morphology is already quite horizontal, and
so, the IVI and IBI colours have similar sensitivities.

We found that in all diagrams (u5(IVI)-[Fe/H], Tup(IVI)-Age, Tup(IBI)-[Fe/H],
Tup(IBI)-Age), the galaxies are located in the same region below the best-fit rela-
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tions obtained for GGCs. Moreover, dSph 745 values suggest that these galaxies
are characterized by redder HB morphologies, lacking of an extreme blue and hot
region, than the ones observed in GGCs, as already found analysing the HBR’ in-
dex. Our findings confirm that we have a significant difference in HB morphologies
in old stellar populations when moving from GGCs (M ~ 10* — 10°M,) to dSph
galaxies (M ~ 107 — 108M,), suggesting a significant environmental effect.
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Chapter 4

Calibration of stellar population
synthesis models
on Galactic Globular Clusters

In Section 1.3.2, we described the stellar populations synthesis techniques used
to analyse the stellar content of unresolved systems through integrated light. As
already stated, the integrated SED of a galaxy gives us clues about the physical
mechanisms controlling the formation and the evolution of galaxies from the epoch
of re-ionization to present time. For this reason, it is important to have reliable
methods and models to extract parameters like age, mass, SFR, from the galaxy
SED.

In Section 1.3.2, we give an overview concerning the most used codes (Bruzual
& Charlot, 2003; Fioc & Rocca-Volmerange, 1999, 2019; Maraston, 1998, 2005;
Kotulla et al., 2009; Conroy & Gunn, 2010a) for stellar populations synthesis.
Each code has a different prescription for isochrones, stellar spectra, IMF, the ef-
fect of dust and metallicity (for a number of SPSM comparisons, see Maraston,
2005; Maraston et al., 2006; Conroy & Gunn, 2010a) and the accuracy of the in-
ferred parameters of unresolved stellar populations from SED fitting depends on
the reliability of the adopted models. Indeed, different combinations of stellar pa-
rameters (T,ss, luminosity, g), IMF and spectral libraries provide different results
on the derived ages and chemical compositions. As described in Chapter 1, major
uncertainties come from our knowledge about stellar evolution, for example the
description of the overshooting in MS stars, the mass loss along the RGB affecting
both the HB morphology and the AGB phase, the treatment of TP-AGB stars,
blue straggles, binary stars.

In this context, GGCs play a key role to explore the formation and the evolution
of stellar populations in the Universe. Indeed, thanks to the current facilities, we
are able to resolve their entire stellar content obtaining independent information
about their age and composition. This means that we can use their integrated
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measures to test and calibrate the SPSMs. In this way, we can verify the validity
of theoretical models for both galaxy and stellar evolution.

Obviously, we have to deal with a number of issues. Firstly, we need to take
into account that very bright stars could dominate the integrated light, giving a
misleading measure in a specific band of the cluster SED. Then, we can calibrate
models only in the age-metallicity range spanned by the clusters ([Fe/H] < 0).
Moreover, we have to consider that the metal-rich GGCs are mostly located in the
Milky Way bulge, and so, they could be affected by contamination of field stars in
spite of a well calibrated cluster/field star separation.

Finally, throughout this work, we consider globular clusters as SSPs, even
though many observations have revealed the existence of multiple populations.
Since our current understandings are not able to quantify the effect of multiple
populations on the final integrated SEDs of globular clusters, we still retain the
SSP as a good approximation for the globular cluster SFHs.

The work is organised as follows. In Sect. 4.1 we present unprecedented multi-
wavelength (FUV-IR) integrated SEDs for a sample of 69 GGCs, specific notes on
individual clusters are listed in Sect. 4.5. In Sect. 4.3 we describe the library built
to model the observed SEDs of our cluster sample, and we show our results from
the model calibration. Finally, in Sect. 4.4 we summarize and discuss the future
perspectives of our work.

4.1 Globular cluster integrated magnitudes

We estimated the integrated magnitudes in each available band for each GGC
combining the single cluster star magnitudes, using;:

My = —2.5 - Log(z 10—°~4""f) 4.1)
i=1

where m; is the magnitude of the single stars in the catalogue and n is the total
number of candidate cluster stars. We consider a systematic error of about 0.5
mag on the estimate of the integrated magnitudes, which takes into account the
depth and completeness of our photometry.

4.1.1 Optical bands

In this analysis we added to the sample of 64 GGCs described in the previous Chap-
ter nine more globulars, namely NGC 1904, NGC 2808, NGC 4372, NGC 5139,
NGC 5634, NGC 5694, NGC 6712, NGC 7492 and Palomar 14 for which we have
UBVRI photometry from ground-based observations. For these clusters, we used
the same technique described in Chapter 2 to separate cluster stars from the field
ones.
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Figure 4.1: Proper motion distribution for NGC 362. Red square identifies the centre of the cluster.

We decided to exclude from the sample described in Chapter 2 NGC 6388,
NGC 6441, Palomar 2 and Lynga 7: NGC 6388 and NGC 6441 photometry along
the MS up to the AGB-tip is characterized by a severe contamination of the field
stars, despite our efforts in cluster/field star separation, being projected on the
Bulge. On the contrary, Palomar 2 and Lynga 7 are very small clusters and so we
have not a complete photometry. Therefore, we have a sample of 69 GGCs. More-
over, taking advantage of the Gaia Data Release 2 (DR2), firstly, we cross-matched
each GGC Gaia DR2 positions to the first data release from The Panoramic Survey
Telescope and Rapid Response System (Pan-STARRS), then we cross-correlated
our catalogues to the Pan-STARRS ones. We separated the field stars from the
cluster ones taking advantage of Gaia proper motions, when possible, i.e., when we
were able to clearly recognize cluster and field star groups in the u, — us diagram,
(see Figure 4.1). In this way, we obtain a secure cluster/field star separation based
on their dynamics. When the proper motion distributions did not allow us to
easily identify the two groups, we used our candidate cluster/field star separation
technique described in Sect. 2.2.

In this way we have data in g (486.6nm), r (754.5nm), i (621.5nm), y (867.9nm),
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7 (963.3nm) for 39 clusters in our sample. We compared data in r and i bands from
Pan-STARRS to our R and I photometry and found that Pan-STARRS observed
magnitudes are always fainter than the ones in R and I-bands. This could be due
to Pan-STARRS high spatial resolution (0.6”") which does not allow to fully resolve
stars in the central crowded regions of globular clusters. In particular, we found
a mean difference of ~ 0.5mag. We applied this difference in each Pan-STARRS
photometric band to have consistent photometry in all optical filters.

4.1.2 Ultraviolet bands

In the Ultraviolet (UV) wavelengths, we used the estimates from Dalessandro et al.
(2012). They have observations for 44 GGCs (30 in common with our sample)
both in far-UV (FUV) and near-UV (NUYV) bands obtained with three observing
cycles of the Galaxy Evolution Explorer (GALEX). The integrated magnitudes
are estimated using the surface brightness profile fitting (SBPF) technique. The
authors used concentric annuli centred on the cluster centres in order to have
almost the same light fraction for each globular. In each annulus, the calculated
flux was normalized adopting a pixel size of 1.5”. We estimated the integrated
magnitudes from their published UV colours, using: FUVy, = (FUV=V)y+V,o—Ay
and NUVy = (NUV = V)y + V,o — Ay where Ay =3.1-E(B-YV), (FUV - V), and
NUV — V), are the integrated reddening corrected colours, Vo is the integrated
V-magnitude. For these parameters, we used the values listed in Dalessandro et al.
(2012).

Moreover, in the NUV wavelengths we also used the observations for 56 GGCs
in F275W (4, = 2697.051&) filter within The Large Legacy Treasury Program "The
HST Legacy Survey of Galactic Globular Clusters: Shedding UV Light on Their
Populations and Formation" (HUGS) (Piotto et al., 2015b; Nardiello et al., 2018),
a UV-initiative proposal to complement the F606W and F814W database of "An
ACS Survey of Galactic Globular Cluster" we presented in Chapter 2.

Inside the HUGS database! a photometric catalogue, containing UV data for
the single stars, is available for each cluster. Therefore, we used Eq. 4.1 to estimate
the integrated magnitudes in the F275W-band.

In any case, we compared GALEX and HUGS integrated magnitudes in the
NUV wavelengths obtaining a mean difference of 0.3 in magnitude, which is a good
and acceptable result, considering that both filters and methods are different.

For those clusters for which we do not have measures for magnitudes from
GALEX and/or HUGS, we calculated them synthetically using the code fully de-
scribed in Salaris et al. (2013) allowing to produce synthetic CMDs taking account
for an user-defined SFH and total mass loss along the RGB to model the HB mor-
phology.

The code uses the models and tracks from BaSTI database (Hidalgo et al.,

L https://archive.stsci.edu/prepds/hugs/
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Figure 4.2: Upper panel: VVI CMD of the observed (grey dots) and synthetic (blue from MS to RGB-tip,
red for AGB+HB phases) for NGC 6218 stars. Bottom panel: number distribution of the observed (green)
and synthetic (red) HB stars.

2018) for a wide grid of scaled-solar metallicities. We chose a single burst SFH
to model a SSP with a Salpeter IMF. Briefly, the code calculates the number of
stars inside the age and metallicity bin defined by the input SFH. Then, for each
star the stellar evolutionary track is computed interpolating with BaSTT tracks in
metallicity and in mass. At this point the position of the star on the VVI CMD is
determined.

Then, we compared the synthetic VVI CMD to the observed one. Firstly, we
checked that TO point, RGB inclination and HB morphology are recovered to fix
the age, the metallicity and the reddening of the synthetic CMD (see Table 4.1).
Then we normalized the input total number of stars to the one of the observed
HB stars, comparing the star counts and their distribution along the branch. The
normalization of the total number of the stars allows the unique opportunity to
have a complete synthetic CMD in all the stellar evolutionary phases.

To reproduce the observed optical CMDs we implemented the synthetic mod-
els using uniform and/or Gaussian distributions to reproduce the mass-loss along
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Figure 4.3: Upper panel: VVI CMD of the observed (grey dots) and synthetic (blue from MS to RGB-tip,
red for AGB+HB phases) for NGC 6121 stars. Bottom panel: number distribution of the observed (green)
and synthetic (red) HB stars.
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Figure 4.4: Upper panel: VVI CMD of the observed (grey dots) and synthetic (blue from MS to RGB-tip,
red for AGB+HB phases) for NGC 6624 stars. Bottom panel: number distribution of the observed (green)
and synthetic (red) HB stars.
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the RGB, choosing the progenitor mass (M) and the variation around this mean
value (AM). M and AM are free input parameters (see Table 4.1) in the synthetic
simulations and in general, decreasing M means having a bluer synthetic HB mor-
phology, while decreasing AM means obtaining a redder HB and a more peaked
HB stellar distribution.

For some GGCs we used a combination of two or more uniform/Gaussian distri-
butions to fit a bluer extended HB morphology or multi-modal colour distribution
(see Table 4.1).

Upper panels in Figures 4.2, 4.3, 4.4 display the observed (grey dots) and syn-
thetic (red and blue) VVI CMDs for NGC 6218, NGC 6121 and NGC 6624 char-
acterized by three different HB morphologies: blue, horizontal, red, respectively.
The synthetic stars from MS to RGB-tip are shown in blue, while those in the HB
and AGB phases are shown in red.

Bottom panels of the Figures show the number distribution of the observed
(green) and synthetic (red) HB stars as a function of the V — I colour.

In general, we are able to well reproduce both the observed CMD and HB star
distribution for the clusters in our sample. In Sect. 4.4, we give notes on globular
clusters peculiar for their synthetic CMDs.

Then, we estimated the magnitudes in GALEX/FUV-NUV and F275W bands
using the PARSEC database of bolometric corrections2. We employed Kurucz
& Phoenix (COMARCS for TP-AGB) library for low-intermediate T,zr (5500~
6000 K) stars, the Kurucz & WMbasic & PoWR libraries for high T,/ stars, and
COMARCS library to model AGB stars.

For consistency, we compared the synthetic and the observed magnitudes for
both GALEX bands and F275W filter: we obtained a difference of 0.5mag for NU V-
band, 0.6mag for FUV-band and 0.2mag for F275W filter. Therefore, as expected,
major differences arise for GALEX, probably due to the possible contamination
of field stars affecting the observed integrated magnitudes estimated through the
SBPF technique by Dalessandro et al. (2012). Moreover, as already stated, we
also compared the integrated magnitudes in GALEX/NUYV and in F275W filters,
obtaining a mean difference of 0.3mag, i.e., NUV integrated magnitudes are less
bright than the ones measured in F275W-band. This could be due to the different
spatial resolutions of GALEX and WFC3-UVIS (~ 8” vs ~ 0.08”): GALEX is not
able to resolve the single stars in the central brighter region of the globular clusters.
In general, we consider these results acceptable, and so, we consider reliable our
synthetic UV integrated magnitudes, in spite of the many uncertainties in this
field (e.g., blue stragglers, post AGB stars, hot flashers).

Therefore, in the NUV wavelengths, we decided to take advantage of both
CALEX/NUV (A, = 2326.2A) and WFC3/F275W (1. = 2697.05A) to take advan-
tage of both the larger GALEX FoV (1.2° vs 0.05° of WFC3-UVIS) and the higher
spatial resolution of WFC3-UVIS.

2 http://stev.oapd.inaf.it/YBC/
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Table 4.1: Parameters used to calculate synthetic bands.

ID Name [Fe/H] E(B-V) Uy Age M AM Distribution
Gyr Mo My

NGC 0104 47 Tuc -0.46 0.02 13.25 11.75 0.125 0.035 Gaussian
NGC 0288 -1.10 0.01 14.87 11.5 0.2 0.06 Uniform
NGC 0362 -1.1 0.03 14.80 10.75 0.115/0.15 0.02/0.005 Gaussian+Gaussian
NGC 1261 -1.1 0.02 16.02 10.75 0.17 0.09 Uniform
NGC 1851 -1.0 0.04 15.31 11.0 0.18 0.09 Uniform
NGC 2298 -1.96 0.18 15.2 13.2 0.13 0.02 Uniform
NGC 3201 -1.51 0.22 13.7 10.5 0.11/0.2 0.02/0.03 Uniform+Gaussian
NGC 4147 -1.78 0.03 16.33 12.25 0.13 0.04 Uniform
NGC 4590 M 68 -1.9 0.06 15.0 12.0 0.1 0.03 Gaussian
NGC 4833 -1.89 0.28 14.3 12.5 0.11/0.22 0.02/0.03 Gaussian+Gaussian
NGC 5024 M53 -1.95 0.02 16.31 12.25 0.125/0.09 0.025/0.01 Gaussian+Gaussian
NGC 5053 -2.0 0.02 16.19 12.25 0.10 0.02 Uniform
NGC 5272 M3 -1.3 0.01 14.99 11.75 0.12 0.1 Uniform
NGC 5286 -1.70 0.21 15.5 12.25 0.11/0.13/0.15/0.25 0.01/0.01/0.025/0.02 Gaussian+Gaussian+Gaussian+Gaussian
NGC 5466 -2.0 0.02 16.09 12.5 0.08 0.03 Gaussian
NGC 5904 M5 -1.0 0.03 14.26 11.5 0.19 0.09 Uniform
NGC 5927 -00.4 0.35 15.0 10.75 0.09 0.04 Uniform
NGC 5986 -1.63 0.26 15.2 12.25 0.18 0.08 Gaussian
NGC 6093 M 80 -1.75 0.18 15.2 13.0 0.145/0.16 0.09/0.02 Uniform+Gaussian
NGC 6101 -1.98 0.10 15.9 12.25 0.11 0.02 Uniform
NGC 6121 M4 -1.18 0.35 11.9 11.5 0.17 0.04 Gaussian
NGC 6144 -1.82 0.36 15.0 12.75 0.13 0.06 Uniform
NGC 6171 M 107 -1.03 0.35 14.0 12.0 0.12 0.04 Gaussian
NGC 6205 M13 -1.5 0.02 14.39 12.0 0.1 0.3 Gaussian
NGC 6218 M12 -1.2 0.17 13.65 14.0 0.185 0.06 Uniform
NGC 6254 M 10 -1.57 0.2 14.08 11.75 0.2 0.06 Gaussian
NGC 6304 -0.47 0.42 144 11.25 0.06 0.08 Uniform
NGC 6341 M92 -2.0 0.02 14.66 12.75 0.13 0.04 Uniform
NGC 6352 -0.62 0.25 13.8 10.75 0.15 0.06 Uniform
NGC 6362 -0.9 0.07 14.5 12.5 0.11 0.09 Uniform
NGC 6366 -0.59 0.6 13.1 11.0 0.1 0.08 Uniform
NGC 6388 - - - - - - -
NGC 6397 -2.0 0.16 12.0 13.0 0.12 0.02 Gaussian
NGC 6426 -2.0 0.32 17.0 11.25 0.11 0.08 Uniform
NGC 6441 - - - - - - -
NGC 6496 -0.46 0.2 15.2 10.75 0.10 0.08 Uniform
NGC 6535 -1.79 0.38 14.2 14.0 0.11 0.06 Uniform
NGC 6541 -1.9 0.1 14.5 12.5 0.13/0.25 0.015/0.02 Gaussian+Gaussian
NGC 6584 -2.0 0.09 159 12.75 0.08 0.01 Uniform
NGC 6624 -0.5 0.23 14.7 11.25 0.11 0.08 Uniform
NGC 6637 -0.45 0.13 14.90 11.0 0.125 0.08 Uniform
NGC 6652 -0.7 0.11 15.0 13.0 0.08 0.06 Uniform
NGC 6656 M22 -1.65 0.25 13.2 12.5 0.14 0.03 Gaussian
NGC 6681 M70 -1.62 0.10 14.78 12.75 0.2 0.04 Gaussian
NGC 6717 -1.26 0.2 14.25 12.5 0.19 0.03 Gaussian
NGC 6723 -1.0 0.065 14.7 12.25 0.15/0.25 0.02/0.015 Gaussian+Gaussian
NGC 6752 -1.55 0.06 13.13 12.5 0.2 0.04 Gaussian
NGC 6779 M 56 -1.9 0.18 15.5 12.75 0.12/0.21 0.01/0.01 Gaussian+Gaussian
NGC 6809 M55 -1.63 0.1 13.62 13.0 0.15 0.025 Gaussian
NGC 6838 M71 -0.82 0.22 133 11.0 0.10 0.035 Uniform
NGC 6934 -1.45 0.1 16.05 11.75 0.12 0.06 Gaussian
NGC 6981 M72 -1.55 0.06 16.1 11.5 0.14 0.03 Gaussian
NGC 7006 -1.36 0.07 18.0 10.5 0.16 0.06 Uniform
NGC 7078 M15 -1.8 0.05 15.3 12.75 0.09/0.2 0.01/0.02 Gaussian+Gaussian
NGC 7089 M2 -1.66 0.04 15.41 11.50 0.17/0.25 0.02/0.04 Gaussian+Gaussian
NGC 7099 M 30 -2.0 0.04 14.60 13.0 0.12 0.02 Uniform

ARP 2 -1.74 0.11 17.25 12.0 0.11 0.03 Uniform

E3 -0.83 0.25 14.5 13.0 0.12 0.02 Uniform
IC 4499 -1.5 0.19 16.5 12.0 0.10 0.07 Uniform
Lynga 7 -0.65 0.6 15.0 11.75 0.08 0.08 Uniform
Pal 2 - - - - - - -

Rup 106 -1.78 0.15 16.8 13.0 0.02 0.01 Uniform

Terzan 7 - - - - - - -

Terzan 8 -2.0 0.12 17.14 13.0 0.125 0.02 Gaussian
NGC 1904 M79 -1.4 0.01 15.59 12.0 0.19 0.08 Uniform
NGC 2808 -1.0 0.13 154 10.9 0.12/0.19/0.25 0.04 /0.005 /0.02 Gaussian+Gaussian+Gaussian
NGC 4372 -2.0 0.38 143 12.0 0.09 0.04 Uniform
NGC 5139 w Cen -1.3 0.02 14.5 12.0 0.16 0.008 Gaussian
NGC 5634 -1.93 0.06 17.0 12.0 0.13 0.015 Gaussian
NGC 5694 C 66 -2.0 0.08 18.0 12.0 0.15 0.03 Gaussian

NGC 7492 -1.69 0.01 17.2 14.0 0.11 0,02 Uniform
al 14 . .0 0.03 i Gaussian
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4.1.3 Infrared bands

To recover the IR bands for our GGC sample, we took advantage of the Two
Micron All-Sky Survey (2MASS) catalogues, using the Gaia DR2 positions as
already described in Sect. 4.1.1 for the Pan-STARRS optical data.

2MASS is a ground-based, near-infrared (NIR) survey of the whole sky: the
Data Release contains images and catalogues covering 99.998% of the sky, derived
from all northern and southern Survey observations. This means that we have
data in J (~ 1.235um), H (~ 1.662um) and K (~ 2.159um) filters for each cluster
in our sample. The integrated magnitudes in these photometric bands are listed
in Table 4.2. We note that we decided to ignore 2MASS data for NGC 6352 since
they are characterized by an incomplete photometry.

Furthermore, we used the same synthetic bands described in the previous sec-
tion to evaluate the mid-infrared (MIR) photometric bands. Indeed, we used the
PARSEC database to estimate the bolometric corrections for four IRAC chan-
nels filter system on board of SPITZER (CH1 ~ 3.55um, CH2 ~ 4.49um, CH3 ~
5.73um, CH4 ~ 7.87um).

In this case we tested and calibrated the reliability of our synthetic measures in
the MIR wavelengths comparing the synthetic integrated J, H and K; magnitudes
with the observed ones, obtaining a mean difference of ~ 0.1mag. Also in this case,
these results show an acceptable accuracy of our synthetic magnitudes.

4.2 Globular cluster spectral energy distributions

Once we obtain the integrated magnitudes, listed in Table 4.2, we are able to build
the observed photometric SED from FUV to MIR wavelengths for each cluster of
our sample. The integrated magnitudes are corrected for Galactic extinction using
the reddening E(B — V) values listed in Table 2.1 and following the Cardelli et al.
(1989) extinction curve (see Figure 1.9).

It is worth noting that this is the first time that photometric SEDs for a com-
plete and extended GGC sample as the one presented in this work with such
wavelength coverage are analysed .

Figure 4.5 shows the GGC SEDs in six different metallicity bins, accurately
chosen to have an homogeneous sample of the clusters in each of them. On the y-
axis we display the flux normalized to the V-band in the Vega photometric system:

F
From = —2.5Log(—”) (4.2)
Fy

so, in practice, the quantity F,,,., is a colour giving us the opportunity to better
analyse the UV and IR emissions from our globulars. Indeed, as expected, the
2ndP clusters we identified in Chapter 2 (red lines) show higher UV-emission
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Table 4.2: Integrated magnitudes corrected for reddening for each cluster in our sample

photometric bands.

in different

D Name FUV ~ NUV  F2I5W U B Vv R 1 g r i z ¥ J H K [3.6] [45] [57] [8.0]
(ABmag) (ABmag) (ABmag) (ABmag) (ABmag)
NGC 0104 47 Tuc  10.50 7.50 7.56 5.11 499 403  3.65 3.11 99.00 99.00 99.00 99.00 99.00 2.68 1.98 1.81 1.38 1.48 1.43 1.36
NGC 0288 10.27 9.88 10.54 8.57 8.57 7.93 7.68 7.22 8.09 7.66 7.47 7.39 7.30 6.49 5.94 5.82 5.89 5.96 5.93 5.86
NGC 0362 11.41 9.21 8.56 764 760 650 638  5.60 99.00 99.00 99.00 99.00 99.00 535 469 455 565 572 569 563
NGC 1261 1235 10.18 10.12 937 929 841 8.17 755 99.00 99.00 99.00 99.00 99.00 722 665 650 631 639 636 629
NGC 1851 11.56 10.08 8.97 850 833 733 726 654 99.00 99.00 99.00 99.00 99.00 586 527 525 528 536 533 526
NGC 2298 12.01 10.90 11.19 935 949 880 854 801 99.00 99.00 99.00 99.00 99.00 742 699 680 749 756 753 747
NGC 3201 9.57 7.93 9.76 6.63 644 583 659 515 99.00 99.00 99.00 99.00 99.00 470 420 410 335 342 339 333
NGC 4147 12.99 11.81 11.75 10.86 1094 1029 10.04 9.54 10.29 10.00 9.80 9.69 9.70 9.18 8.68 849 801 8.09 8.06 7.99
NGC 4590 M 68 12.10 9.70 9.93 8.50 8.61 7.95 7.66 7.07 7.85 7.61 7.52 7.40 737 6.80 6.29 6.17 7.34 7.40 7.38 7.32
NGC 4833 9.56 9.14 9.29 6.68 662 593 576 522 99.00 99.00 99.00 99.00 99.00 477 427 412 528 533 531 5.25
NGC 5024 M53 10.68 9.30 9.38 842 835 757 114 673 7.85 737 717 7.06 6.93 644 586 573 548 554 552 546
NGC 5053 13.68 11.98 12.21 1045 1052 992 957 9.2 9.89 9.49 9.33 9.26 9.21 8.98 851 838 815 822 819 812
NGC 5272 M3 10.12 8.45 8.45 734 734 648 609 563 6.66 6.21 6.06 5.90 5.76 535 475 461 4.71 478 475 4.68
NGC 5286 9.16 8.34 7.80 784 7.68 658 672 590 99.00 99.00 99.00 99.00 99.00 554 490 471 3.91 398 396 3.89
NGC 5466 13.08 11.12 11.98 10.06 10.18  9.57 9.25 8.80 9.55 9.19 9.00 8.95 8.94 8.71 8.22 8.09 7.50 7.56 7.54 7.47
NGC 5904 M5 8.65 8.05 8.16 678 670 624 559 534 6.22 5.86 5.65 5.54 5.40 469 403 390 399 406 403 396
NGC 5927 17.20 10.19 10.90 689 619 533 546 4.66 99.00 99.00 99.00 99.00 99.00 406 349 336 245 257 250 242
NGC 5986 10.02 8.98 9.12 779 753 664 703 591 99.00 99.00 99.00 99.00 99.00 553 499 486 564 571 569 562
NGC 6093 M 80 9.35 9.27 8.80 8.01 793 677 670 593 717 6.79 6.56 6.38 6.29 554 500 480 554 560 558 551
NGC 6101 12.57 11.56 10.79 898 898 83l 8.12 752 99.00 99.00 99.00 99.00 99.00 7.13  6.61 650 677 683 6.81 6.75
NGC 6121 M4 8.76 6.95 8.67 523 527 482 475 434 5.10 5.02 5.02 4.98 4.93 379 335 325 202 209 206 2.00
NGC 6144 12.16 11.69 10.01 99.00 753 7.14 725 6.90 691 6.71 6.69 6.76 6.80 6.44 6.00 5.92 7.73 7.79 7.77 7.70
NGC6171 M 107 15.16 10.16 11.32 787 778 705 678 633 6.93 6.63 6.45 6.39 6.33 574 5119 503 445 453 450 443
NGC 6205 M 13 8.10 7.76 7.80 634 676 610 525 524 6.01 571 5.51 5.51 545 480 426 410 343 349 347 340
NGC 6218 M 12 9.27 8.72 9.44 734 733 670 634 591 6.69 6.42 6.26 6.14 6.04 541 482 465 403 411 4.08  4.00
NGC 6254 M 10 8.15 7.62 8.60 6.65 679 623 6.01 5.65 585 574 5.65 5.61 5.54 506 456 441 435 442 439 433
NGC 6304 99.00  99.00 1099 99.00 99.00 6.65 99.00 5.76 7.16 6.63 6.37 6.10 5.69 510 430 410 99.00 99.00 99.00 99.00
NGC 6341 M 92 8.82 8.24 8.07 716 7.9 656 6.18 570 6.72 6.40 6.21 6.19 6.07 538 485 475 456 462 460 453
NGC 6352 17.48 10.76 10.98 99.00  6.90 6.09 99.00 5.38 99.00 99.00 99.00 99.00 99.00 99.00 99.00 99.00 4.33 4.42 4.38 431
NGC 6362 17.18 10.95 10.56  99.00 825 750 722 6.65 99.00 99.00 99.00 99.00 99.00 6.19 560 545 504 512 509 502
NGC 6366 17.58 10.78 12.50 755 737 663 665 601 6.50 6.11 5.92 5.90 5.84 535 489 479 450 458 455 448
NGC 6397 7.89 6.82 8.14 572 578 526 99.00 4.65 99.00 99.00 99.00 99.00 99.00 419 378 367 3.00 3.06 3.04 297
NGC 6426 14.56 13.67 13.19  99.00 99.00 9.79 99.00 9.01 10.09 9.55 9.32 9.23 9.15 8.66 815 806 947 953 950 944
NGC 6496 19.90 12.94 1203 1002 934 841 8.03 751 99.00 99.00 99.00 99.00 99.00 679 6.3 594 653 660 657 6.51
NGC 6535 13.46 11.86 11.85 9.65 978 9.16 99.00 8.5l 9.06 8.68 8.52 8.49 8.45 823 779 7.67 682 689 686 6.79
NGC 6541 9.13 8.76 8.27 6.76 675 597 99.00 528 99.00 99.00 99.00 99.00 99.00 502 449 432 484 490 488 482
NGC 6584 13.55 10.79 10.53  99.00 920 840 99.00 7.58 99.00 99.00 99.00 99.00 99.00 6.91 636 625 694 701 698 691
NGC 6624 18.32 11.36 10.82  99.00 99.00 7.28 99.00 6.26 7.82 7.52 7.05 6.84 6.71 563 497 469 478 488 483 476
NGC 6637 18.42 11.42 1041 99.00 7.64 6.64 99.00 5.73 99.00 99.00 99.00 99.00 99.00 633 568 550 484 493 489 482
NGC 6656 M 22 7.99 7.28 7.85 5.01 444 380 548 3.1 3.99 3.70 3.55 3.47 3.43 287 237 225 306 312 310 3.03
NGC 6681 M70 9.84 9.69 9.42 8.51 852 774 99.00 6.97 99.00 99.00 99.00 99.00 99.00 629 583 584 577 583 58I 5.74
NGC 6717 11.88 11.36 10.99 99.00  7.76 7.08 7.17 6.40 7.18 6.79 6.59 6.54 6.53 591 5.30 5.16 6.59 6.68 6.65 6.57
NGC 6723 10.35 9.44 9.19 99.00 742 671 99.00 5.99 99.00 99.00 99.00 99.00 99.00 565 510 498 411 420 416  4.09
NGC 6752 771 7.48 7.67 6.06 6.02 531 99.00 4.59 99.00 99.00 99.00 99.00 99.00 395 337 323 335 342 339 332
NGC 6779 M 56 10.92 10.34 9.91 837 840 759 99.00 6.86 7.46 7.11 6.93 6.91 6.87 6.41 591 583 635 640 638 633
NGC 6809 M55 9.21 8.17 9.11 6.81 678  6.18 6.06 5.39 6.39 6.14 5.93 597 597 505 453 442 496 503 500 494
NGC 6838 M71 16.67 10.27 10.63 740 734 658 663 593 6.19 5.93 5.87 5.85 5.82 553 5.01 493 431 439 436 429
NGC 6934 13.09 11.38 10.48 938 927 836 814 751 8.51 8.05 7.83 7.73 7.70 720 6.63 646 641 649 646 639
NGC 6981 M72 13.37 10.87 11.04 1020 10.16  9.31 9.08 8.48 9.46 9.02 8.75 8.62 8.54 8.13 7.52 7.36 7.56 7.62 7.60 7.54
NGC 7006 15.17 12.77 1267 1097 11.14 1027 9.69 937 10.85 10.20 9.94 9.85 9.61 898 832 823 856 864 8.6l 8.54
NGC 7078 M 15 9.11 8.49 7.91 690 696 623 597 544 6.41 6.16 6.01 593 5.84 522 474 464 435 441 439 433
NGC 7089 M2 8.75 8.14 8.11 755 752 656 644 573 6.96 6.66 6.35 6.25 6.08 553 491 474 421 428 425 418
NGC 7099 M30 9.51 8.82 8.99 806 813 756 721 6.80 7.49 742 7.24 7.19 7.15 6.30 591 566 516 522 520 513
Terzan 7 99.00  99.00 99.00  99.00 11.66 1085 10.49 9.98 99.00 99.00 99.00 99.00 99.00 10.57 999 976 99.00 99.00 99.00 99.00
Terzan 8 15.37 13.42 13.08 1150 11.51 10.92 10.67 10.25 99.00 99.00 99.00 99.00 99.00 985 936 926 939 945 943 936
ARP 2 16.22 13.49 13.97 99.00 1125 10.48 99.00 9.61 10.60 10.05 9.81 9.72 9.65 9.18 8.62 848 10.11 10.18 10.15 10.09
E3 20.59 13.90 12.67 1124 1126 1051 1036 9.86 99.00 99.00 99.00 99.00 99.00 953 9.08 898 765 773 170 7.63
1C 4499 13.85 1135 11.35 9.97 10.03 891 9.05 8.13 99.00 99.00 99.00 99.00 99.00 824 769 758 742 748 746 739
Rup 106 19.08 13.84 1295  99.00 10.66 9.88 99.00 9.02 99.00 99.00 99.00 99.00 99.00 845 794 784 907 912 910 9.04
NGC 1904 M79 9.85 9.48 9.91 8.71 875 809 761 7.19 8.34 7.96 7.76 7.69 7.64 6.54 499 596 6.2 620 617 6.09
NGC 2808 8.81 8.23 8.35 637 633 560 511 4.77 99.00 99.00 99.00 99.00 99.00 449 387 374 393 401 398 391
NGC 4372 11.75 10.47 9.90 6.43 6.43 5.86 5.69 5.25 99.00 99.00 99.00 99.00 99.00 4.78 4.30 4.22 6.16 6.22 6.20 6.13
NGC 5139 wCen 10.15 717 6.42 4.21 414 355 331 2.84 99.00 99.00 99.00 99.00 99.00 287 238 227 225 233 230 223
NGC 5634 13.65 12.67 12.17 1050 1043 978 938 891 9.78 9.43 9.16 9.05 9.02 844 791 7.81 873 879 876 871
NGC 5694  C 66 13.55 12.96 1253 11.05 1094 1033 998 947 10.33 10.05 9.89 9.79 9.79 9.13 852 830 898 9.04 9.02 895
NGC 6712 11460 114.60 11460 6.70 633 560 582 4.84 6.13 5.80 5.68 5.63 557 528 474 461 99.00 99.00 99.00 99.00
NGC 7492 14.04 13.18 1342 1178 12.01 1145 11.09 10.68 11.55 11.12 10.93 10.85 10.81 10.63 1009 998 957 9.64 9.1 9.54
Palomar 14 21.12 16.01 15.14 1342 1343 1284 1291 1212 13.21 12.81 12.69 12.60 12.55 12.52° 1212 12.01 1099 11.07 11.04 1097
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Figure 4.5: SEDs for each cluster in our sample for six different bins in metallicity. Red lines show the
photometric SEDs for the 2ndP clusters identified in Chapter 2, while the black ones define the SEDs for

the "typical” GGCs. Each SED is normalized to the V-band.
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Table 4.3: Integrated magnitudes corrected for reddening for seven 2ndP clusters in our sample in different
photometric bands with and without considering the EHB stars.

ID Name FUV NUV F2I5W U B 14 R I J H K, [3.6] [45] [57] [8.0]

NGC 0288 10.27  9.88 10.54 857 857 793 768 722 649 594 582 589 596 593 586
NGC 0288 no EHB 13.86 11.01 1098 895 891 817 776 728 6.64 605 593 578 578 572 5.65
NGC 0288 no BHB 16,75 11.19 11.07 898 895 819 778 729 663 604 592 579 578 572 565
NGC 6205 M13 810 776 7.80 634 676 6.10 525 524 480 426 410 343 349 347 340
NGC 6205no EHB M 13 10.39 837 8.20 644 687 6.17 445 527 482 427 412 332 331 326 3.19
NGC 6205noBHB M 13 17.05 10.87 8.28 647 692 6.19 445 528 483 428 412 341 345 342 335
NGC 6218 MI12 927 872 9.44 734 733 670 634 591 541 482 465 403 411 4.08 4.00
NGC6218noEHB M 12 11.14 9.57 9.92 765 759 6.85 646 597 550 493 476 408 409 403 394
NGC 6218noBHB M 12 1631 10.13 9.96 766 760 686 646 598 550 493 476 408 409 403 395
NGC 6254 M10 815 7.62 8.60 6.65 679 623 6.01 565 506 456 441 435 442 439 433
NGC 6254noEHB M 10 1027 8.95 9.01 682 694 632 609 570 509 459 444 424 422 417 410
NGC 6254noBHB M 10 14.81 9.44 9.03 692 7.04 639 6.5 574 512 461 446 424 423 418 4.11
NGC 6541 9.13 876 8.27 6.76 6.75 597 99.00 528 502 449 432 484 490 488 482
NGC 6541 no EHB 10.23 891 8.65 687 685 6.02 99.00 530 502 450 432 440 438 433 427
NGC 6541 no BHB 1476 9.52 8.73 692 690 6.05 99.00 532 503 450 432 441 439 434 427
NGC 6681 M70 984  9.69 9.42 851 852 774 99.00 697 629 583 584 577 583 581 574
NGC 6681 noEHB M70 1237 10.61 10.05 865 864 7.81 99.00 7.00 630 584 585 566 564 559 552
NGC 6681 noBHB M70 1650 1097 10.10 868 8.68 7.83 99.00 701 630 584 585 566 565 560 553
NGC 6752 7.71 7.48 7.67 6.06 6.02 531 99.00 459 395 337 323 335 342 339 332
NGC 6752 no EHB 10.10  8.30 8.20 621 6.17 547 99.00 462 4.16 361 348 325 324 319 311
NGC 6752 no BHB 1426 8.72 8.21 625 621 549 99.00 4.63 416 361 348 325 325 319 3.12

when compared to the "typical" ones (black lines). This is due to the fact that
they have bluer HB morphologies than the other clusters of similar metallicity.

Furthermore, Figure 4.6 shows our fits obtained combining the SEDs in three
different metallicity bins, namely —2.5 < [Fe/H] < —2.0 (metal-poor, red line),
-1.56 < [Fe/H] < —1.3 (metal-intermediate, blue line) and —0.9 < [Fe/H] <
0. (metal-rich, black line). We find that, as expected, the metal-poor clusters,
which in general are characterized by bluer HB morphologies, have an UV stronger
emission than the metal-rich clusters (~ 6mag- difference, more than 1000 in flux).
On the contrary, the metal-rich clusters, characterized by redder CMDs, have an
higher emission in NIR-MIR bands (~ 2mag-difference).

Finally, we investigated the dependence of the total integrated magnitude on
the blue HB (BHB) stars as a function of the wavelength using seven out of the
eight 2ndP clusters in our sample. We excluded NGC 6426 since it does not show
an extremely blue HB morphology.

We estimated the integrated magnitudes in the UV, optical, NIR and MIR
wavelengths firstly eliminating the HB stars bluer (BHB) than the instability strip
from the 2ndP cluster catalogues, then eliminating just the extremely blue HB
stars (EHB). We list in Table 4.3 the magnitudes with and without considering
the EHB and BHB regions. We find that: excluding all the BHB stars, the FUV-
magnitude becomes fainter of a mean factor of ~ 7 mag (more than 1000 in flux)
compared to the ones estimated including the entire HB region; excluding just
the EHB stars, the FUV-magnitude becomes fainter of a mean factor of ~ 2 mag.
Therefore, as expected, we find that the HB stars give an important contribution
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Figure 4.6: Fits of the normalized SEDs shown in Figure 4.5 for three different bins in metallicity (see
legend).
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Figure 4.7: Multi-wavelength SED fitting of NGC 104.

to the FUV-flux, in particular, the effect appears to be more measurable cutting
the entire blue region of the HB morphology. On the contrary, EHB and BHB
regions do not affect the optical emission and mildly affect the MIR wavelengths.
Indeed, in the latter case, if we exclude the EHB or the BHB region, we find
MIR-magnitudes brighter of a mean factor of ~ 5% in both cases. Therefore, as
expected, the HB stars have a poor emission in the IR-bands.

4.3 Model calibration

We built our library using the BC03 models (see Sect. 1.3.2) with Padova 1994
isochrones. Considering the [Fe/H] range covered by our sample of GGCs, we fixed
the metallicity of the models to the values Z/Z,= 0.005, 0.02, 0.2, 0.4, available in
BCO03. We used the Salpeter IMF and a t-model SFH with 7 = 0.01 to simulate a
simple stellar population. For the age we adopted a fine grid from 1.0 Gyr to the
age of the Universe.

Since we decided to compare the inferred ages to the ones estimated by Vanden-
Berg et al. (2013); Leaman et al. (2013) through the vertical method, we divided
our clusters, according to their [Fe/H] values listed in Table 2.1, in four different
metallicity bins centred in Z/Z; = 0.005,0.02,0.2, 0.4 to minimize the effects of the
age-metallicity degeneracy.

Therefore, using zphot (Sect. 1.3.5), we implemented a SED fitting procedure
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Figure 4.8: Multi-wavelength SED fitting of NGC 1261.
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Figure 4.9: Multi-wavelength SED fitting of NGC 5024.
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Figure 4.10: Multi-wavelength SED fitting of NGC 4590.

on each observed SED of our clusters, considering their specific metallicity and
eventually ignoring bad photometric measures from the fitting procedure. In Fig-
ure 4.7, 4.8, 4.9, 4.10, we show results from our SED fitting for four clusters in our
sample, NGC 104, NGC 1261, NGC 5024 and NGC 4590, respectively. In general
we have good agreement between the observed magnitudes (black squares) and the
fit (black line). However, we note that the FUV-band for NGC 104 is not fitted
at all by the model predicting a brighter FUV-magnitude than the observed one.
Indeed, we recall that in the FUV-band major emission come from the HB and the
post-AGB stars: NGC 104 is characterized by an extremely red HB morphology
(see Table 2.2), so the observed FUV emission is quite low.

Moreover, the MIR-bands for NGC 4590 are over-fitted: the model predicts
brighter MIR-magnitudes than the observed one, which could be due to a number
of AGB stars in the observed data of NGC 4590 lower than the one expected for
its metallicity:.

In cases like NGC 104 and NGC 4590, we decided to ignore the cited "bad"
photometric bands from the y?-minimization.

Firstly, we decided to investigate the GGC ages inferred from SED fitting since
the literature offers the opportunity to compare them to the ones obtained through
independent measures using the observed GGC CMDs (vertical method, see Chap-
ter 1).

Figure 4.11 shows the difference in age between the estimates by VandenBerg
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Figure 4.11: Difference between the age estimated by VandenBerg et al. (2013); Leaman et al. (2013) and
the inferred values from SED fitting by zphot as a function of [Fe/H].
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et al. (2013); Leaman et al. (2013) and the inferred values by zphot through SED
fitting as a function of [Fe/H]. It is evident that the spread in AAge is higher than
expected, spanning from -2.5 to 11. Taking into account the uncertainties both in
VandenBerg et al. (2013); Leaman et al. (2013) and in the SED fitting procedure,
we expected a maximum difference of ~ +2Gyr, well below the results shown in
Figure 4.11.

Moreover, we observe that the clusters arrange in three groups: a group of
clusters with AAge < 3Gyr, a second sample with 3Gyr < AAge < 7Gyr and a
third one characterized by AAge > 7Gyr, mostly located in the metal-poor regime
([Fe/H] < —1.5).

Interestingly enough, we find a mild relation between AAge and [Fe/H], in which
AAge seems to decrease as metallicity increases. This trend seems to be mostly
evident observing the two groups with AAge < 3Gyr and 3Gyr < AAge < T7Gyr,
thanks to their higher statistics compared to clusters located at AAge > 7Gyr.

We examined the globulars inside the three groups but unfortunately we did
not find a relation between their AAge values and parameters like age, metallicity
or photometry.

To exclude possible uncertainties due to both SPS models and to observational
errors (poor angular resolution, potential flux excesses from circumstellar dust).
we decided to analyse our results excluding the MIR photometry. We show in
Figure 4.12 the difference between the age estimated by VandenBerg et al. (2013);
Leaman et al. (2013) and the inferred values from SED fitting by zphot as a function
of [Fe/H] excluding the MIR photometry. We note that we still observe an high
discrepancy between the two age estimates and we can still distinguish the three
group arrangement, even though the second sample with 3Gyr < AAge < 7Gyr
is now poorly populated. The difference between age estimates based on SEDs
including /neglecting the MIR is of the order of ~ 20%.

For this reason, we analysed the rest-frame colours in several bands, since they
are independent from distance and can give us further information on the stellar
populations of our clusters (see Chapter 1).

Then, we calculated the models fixing the metallicity and leaving the age free
during the simulation.

Figures 4.13, 4.14, 4.15 show six rest-frame colours in optical and NIR bands as
a function of the age for [Fe/H|=-0.7, -1.7, -2.3, respectively. Our BC03 models are
represented by red lines, while our observed available colours and ages are identified
by the dots. In each figure we show our GGCs which we divided in different
metallicity bins according to their [Fe/H] values from Carretta et al. (2009). We
note that these bins do not contain an homogeneous number of clusters (17 GGCs
for [Fe/H|=-2.3, 38 GGCs for [Fe/H|=-1.7, 8 for [Fe/H|=-0.7, 6 for [Fe/H|=-0.4,
not shown in the Figure), because of the large meshes defined by the four sub-
solar metallicities available in BC03. Moreover, we plot as blue dots the globulars
located in the region with AAge < 3.0 in Figure 4.11. We note that in general, the
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Figure 4.12: Difference between the age estimated by VandenBerg et al. (2013); Leaman et al. (2013) and
the inferred values from SED fitting by zphot as a function of [Fe/H] excluding the MIR photometry.
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Figure 4.13: Rest-frame colours as a function of the age in Gyr. Red lines identifies our BCO3 models
for [Fe/H] value fixed to -0.7. Dots represent the observed points for globular clusters with [Fe/H] similar
to -0.7. Blue dots identify the globulars in this metallicity bin located in the region with AAge < 3.0 in

Figure 4.11.
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Figure 4.14: Rest-frame colours as a function of the age in Gyr. Red lines identifies our BCO3 models
for [Fe/H] value fixed to -1.7. Dots represent the observed points for globular clusters with [Fe/H] similar
to -1.7. Blue dots identify the globulars in this metallicity bin located in the region with AAge < 3.0 in

Figure 4.11.
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Figure 4.11.
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models attain an almost constant colour value after ¢+ > 1Gyr, while the clusters
are placed in a cloud centred at ¢ ~ 12Gyr around this constant value. In the
metallicity bins centred at [Fe/H]=-0.7 and [Fe/H]=-2.3 we have low statistics in
our observations because of the already cited large [Fe/H] grid in BC03, while in
[Fe/H]=-1.7 major differences (< 0.5mag) between models and observations arise in
U—-R and V-1 for which the models are always redder than the observed points. In
all cases, the observed colours are compatible with the younger theoretical regions.
Finally, we do not find any trend characterizing the clusters with AAge < 3, they
arrange randomly inside the cloud of points, and so, their smaller AAge compared
to the ones estimated for the other clusters cannot be explained with an better
agreement to the theoretical rest-frame colours.

Then, we performed the models fixing the age to 13Gyr allowing the metallicity
to attain the values: Z/Z, = 0.005,0.02,0.2,0.4. We extracted the rest-frame
colours and compared them to the ones published in Conroy & Gunn (2010b),
who used data of MW, Magellanic Clouds, M87 and Andromeda star clusters to
perform a calibration of their FSPS models and a comparison between FSPS, BC03
and Ma05 (see Chapter 1).

Firstly, to check whether our models are valid, we compared them to the BC03
ones estimated by Conroy & Gunn (2010b) investigating the theoretical rest-frame
colours, which are useful parameters since they are independent from distance
effect. In general, we find good agreement with Conroy & Gunn (2010b) theoretical
models. Major discrepancies arise in U — V and in B — V colours, where we find
a difference of ~ 0.2 mag of ~ 0.1 mag between our and Conroy & Gunn (2010b)
models, respectively. The highest difference is observed in the NIR J — K colour
(~ 0.3 mag), where, in any case, our model well-fits the observed points. These
differences can be easily explained considering that they use the Kroupa (2001)
IMF while we use the Salpeter (1955) one and we surely make use of different filter
transmission curves. Considering these uncertainties, we can confirm the accuracy
of our models.

Then, we compared our BC03 models to the ones by Conroy & Gunn (2010b)
estimated through their FSPS code (see Chapter 1). Figure 4.16 shows the rest-
frame optical and NIR colours as a function of [Fe/H]. The black dots identify the
observed colours of our GGCs, we show our models, evaluated using BC03 and
fixing the age to 13 Gyr, with red lines, while the green lines show the FSPS models
published in Conroy & Gunn (2010b). From the Figure we can appreciate that
in these wavelengths, the models are in good agreement. Indeed, we find higher
differences in U—V and J—-K colours both of a factor < 0.2 mag. Moreover, we find
that they generally fit well the observed colours. The exceptions are in V—1I-[Fe/H]|
and V — K-[Fe/H] diagrams, in which both models predict bluer colours than the
observed ones. Interestingly, our model predict J — K colours more consistent with
data than the ones estimated through FSPS.

Furthermore, Figure 4.17 shows the rest-frame ultraviolet colours as a function
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Figure 4.16: Comparison between our BCO3 (red) and Conroy & Gunn (2010b) FSPS (green) models in
optical and NIR wavelengths. Black dots show the observed colours of our sample of GGCs.
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Figure 4.17: Comparison between our BCO3 (red) and Conroy & Gunn (2010b) FSPS (green) models in
UV wavelengths. Black dots show the observed colours of our sample of GGCs.
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Figure 4.18: MIR colours as a function of metallicity. Red lines identify our BC0O3 models, black dots
show the observed colours of our sample of GGCs. We show with red dots the 2ndP cluster colours.
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of [Fe/H], also in this case black dots represent the observed colours of our GGCs,
red lines show our BC03 models while we show with green lines the FSPS models
by Conroy & Gunn (2010b). In these wavelengths, major differences between the
two models and between models and observations arise. This can be explained
through the different treatment of post-AGB and blue HB stars which are the
main contributors in the UV colours. We recall that BC03 models includes post-
AGB but lack of a specific treatment for hot and blue HB stars. On the contrary
evolutionary tracks in FSPS models are supplied by the post-AGB treatment by
Vassiliadis & Wood (1994), while the blue/ extended HB morphology is uniformly
populated from RC to Log(T.rr/K) = 4.2 (Conroy & Gunn, 2010b). The FSPS
models shown in this Figure are estimated including post-AGB stars and varying
the fraction of blue HB stars as fyp = —0.75Log(Z/Z,) — 0.5 for Log(Z/Z,) < —0.7
and zero otherwise. Firstly, we observe that the effect of the 2ndP problem is
well observed in UV colours. Indeed, at fixed metallicity, FUV — V colour varies
of a factor of 5 mags, while NUV — V colour varies at most of 3 mags. This is
also confirmed by our 2ndP clusters identified in Chapter 2 (red dots) which, as
expected, are characterized by an higher emission in UV wavelengths. We find that,
in the FUV-band, both models are not able to cover the entire observed colour
range spanned by the clusters, especially for the metal-rich regime ([Fe/H] > —1.0).
On the contrary, the theoretical NUV-band seems to work better at least for our
BCO03 models. Indeed, FSPS models over-estimate NUV colours of metal-poor
clusters. In fact, we note that FSPS models do not trace the extreme metal-rich
and the extreme metal-poor regimes.

Moreover, we show in Figure 4.18 the rest-frame V —[3.6] and V —[4.5] colours,
not investigated in Conroy & Gunn (2010b), as a function of[Fe/H]. Our BC03
models (red lines) seem to be systematically bluer than the observed ones (black
dots), especially in the metal-poor regime.

We are still investigating about the possible reasons behind the high differences
observed comparing the GGC ages from the literature and the ones inferred from
SED fitting. However, we can suppose that the younger ages we infer for most
of the globulars could be due to the fact the observed colours seem to be more
compatible with the younger regions predicted by BC03 models. Moreover, the
meshes defined by the four sub-solar metallicities available in BC03 are too large
to properly divide the sample of GGCs in metallicity bins. This means that the
age-metallicity relation cannot be properly identified and this certainly could be
a source of uncertainty when inferring the cluster ages from SED fitting. Finally,
we note that we used just one SED fitting code (zphot) combined with just one
stellar library (Padova 1994) and SPSM (BCO03) model since this combination was
the simplest one to employ with our SED fitting code. Therefore, in the future,
we aim to perform this investigation also for other SPSMs and to include other,
and more updated, stellar libraries (see Sect. 1.3.2 for a list of the state-of-the art
models in this field). We note that Conroy & Gunn (2010b) performed a more
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extended comparison of BC0O3, FSPS and Ma05 models finding that: (1) all models
predict similar optical and NIR colours for old metal-poor systems, while they all
fail predicting the integrated J-K and V-K colours of observed MW and M31 star
clusters; (2) they find a mismatch in the predicted FUV and NUV colours due to
the different treatment of post-AGB and HB evolutionary phases; (3) FSPS and
BCO03 can reproduce the optical and NIR colours of post-starburst galaxies, while
MO5 cannot, probably due to different treatment of the TP-AGB stars.

Finally, to exclude a possible bias in inferred ages due to our SED fitting tech-
nique (y>-minimization), we are planning to take advantage of other codes, like

EAZY or BEAGLE (see Sect. 1.3.5).

4.4 Conclusions

We performed an empirical calibration of BC03 SPSMs (Bruzual & Charlot, 2003),
widely used in SED fitting codes to infer and investigate important physical pa-
rameters, like age, mass, SFR, of high-redshift galaxies. We calibrated the models
against the observed GGC SEDs in an unprecedented wide coverage in wavelength
(from FUV to MIR). In particular, we took advantage of GALEX/FUV-NUV
(Dalessandro et al., 2012) and ACS/F275W (Piotto et al., 2015b; Nardiello et al.,
2018) integrated magnitudes for UV wavelengths. For those clusters for which
we did not have data from the literature in FUV and/or NUV, we synthetically
estimated the integrated magnitudes in these filters, performing a detailed and
complete synthetic CMD using the code described in Salaris et al. (2013) and the
bolometric corrections from PARSEC database.

In the optical range we took advantage of the UBVRI ground-based data and
F606W (~ V), F814W (~ I) space-based photometry already described in Chap-
ter 2. Moreover, we also used the grizy data from the first data release of Pan-
STARRS.

In the IR wavelengths, we employed the JHK; photometry from the all-sky
survey 2MASS, while for MIR bands we calculated the integrated magnitudes
from bolometric corrections of the IRAC four channels filter system on board
of SPITZER using the same synthetic CMDs estimated for the UV integrated
magnitudes.

In this way, we have FUV — MIR SEDs for each GGC in our sample. We found
that, as expected, the 2ndP clusters identified in Chapter 2 have bluer UV colours
if compared to the other globulars in the sample, considered as "standard" GGCs.

At this point, we performed the empirical calibration using the BC03 models
with Padova 1994 isochrones. Firstly, we fixed the metallicity of the models to
the values Z/Z,= 0.005, 0.02, 0.2, 0.4, available in BC03. We used the Salpeter
IMF and a 7-model SFH with 7 = 0.01 to simulate a simple stellar population.
We left the age as a free parameter in a fine grid from 1.0 Gyr to the age of
the Universe. We divided the GGCs in four, not homogeneous, metallicity bins,
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according to their [Fe/H] values and we performed for each of them the SED fitting
using zphot. At this point, we were able to compare the cluster ages inferred from
SED fitting to the ones independently estimated by VandenBerg et al. (2013);
Leaman et al. (2013).

Surprisingly, we found a spread AAge which is higher than expected, spanning
from -2.5 to 11. Indeed, considering the possible uncertainties both from SED
fitting and from the photometric vertical method, we expected a difference of at
most ~ £2Gyr.

Moreover, the clusters seem to arrange in three groups: a group of clusters
with AAge < 3Gyr, a second sample with 3Gyr < AAge < 7Gyr and a third one
characterized by AAge > 7Gyr, mostly located in the metal-poor regime ([Fe/H] <
—1.5). We also observed, thanks to their higher statistics, that the first two cited
groups seem to be characterized by a mild relation between AAge and [Fe/H], in
which AAge seems to decrease as metallicity increases. So far, we did not find
a correlation between their AAge values and parameters like age, metallicity or
photometry, able to explain this behaviour.

To better investigate the possible causes, we decided to analyse the rest-frame
colours since they are independent from distance and can give us further informa-
tion on the stellar content of our clusters. Firstly, we calculated the theoretical
models fixing the metallicity and leaving the age as a free parameter. Compar-
ing the theoretical colours to the observed ones, we found that major differences
(< 0.5mag) arise in U — R and V — I colours and the observed colours are com-
patible with the younger theoretical regions. Moreover, we did not find any trend
characterizing the clusters with AAge < 3, since they are located randomly inside
the other observed GGCs.

We also compared the rest-frame colours predicted by our BC03 models and
the FSPS code by Conroy & Gunn (2010b). We found that, while in the optical
and NIR wavelengths we have a fair good agreement both between the two models
and between models and observations, we did not find the same results for UV and
MIR colours. Indeed, we found high discrepancies (> 1 mag) between the models.
Moreover, we found that both model fail to predict the observed FUV —V colour,
especially in the metal-rich regime, while in NUV band we find that BC03 model
works better. We also found that in MIR colours, BCO3 models over-estimate the
observed colours, especially in the metal-poor regime.

We are still investigating about the possible reasons behind the high differences
observed comparing the GGC ages from the literature and the ones inferred from
SED fitting. A possible source of uncertainty is represented by the very large
meshes defining the metallicity grid in BC03. In this way, we are not able to
properly associate each GGC to its right [Fe/H] value, hence the age-metallicity
relation cannot be properly estimated.
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4.5 Notes on individual clusters

In the following we give notes about the clusters characterized by a peculiar syn-
thetic CMD.

NGC 5986: the synthetic HB is not able to reproduce the extreme blue region
of the observed one.

NGC 6752: the synthetic HB is not able to reproduce the extreme blue region
of the observed one. The globular is a 2ndP cluster.

NGC 5904: the synthetic HB is not able to reproduce the redder region of the
observed one.

NGC 5927: the synthetic HB is not able to reproduce the redder region of the
observed one.

NGC 6712: the synthetic HB is not able to reproduce the observed one, which
seems to be redder than expected at the cluster metallicity.

Terzan 7: the code does not reach extreme metal-poor [Fe/H] values. For this
reason we do not list synthetic integrated magnitudes.
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Chapter 5

The galaxy stellar mass function

After having analysed the resolved simple (Chapter 2) and composite (Chapter 3)
stellar populations, now we are going to investigate the unresolved stellar pop-
ulations in high redshift galaxies. To perform this analysis we have to take into
account physical parameters inferred from SED fitting, also considering the results
we obtained in our empirical calibration of BC0O3 SPSM against our sample of
GGCs. In particular, we decided to investigate the high redshift Universe through
the galaxy stellar mass function (GSMF).

GSMF is a fundamental tool to understand the formation and the evolution
of galaxies in the Universe. It is nothing but a mass distribution, i.e., galaxy
counts with a certain mass in a comoving volume. This statistical tool can provide
information about the physics of galaxy growth across cosmic time: thanks to
the fact that the integral of the Universe SFH is equal to the stellar mass density
(SMD), it is a crucial observable to test and calibrate the modern galaxy formation
and evolution simulations.

GSMF is more difficult to estimate if compared to the galaxy luminosity func-
tion. In fact, the GSMF estimation is affected not only by observational uncertain-
ties but also by the significant model uncertainties due to the inferring of stellar
masses (and redshifts, if spectroscopy is not available) from SED fitting techniques
(see Chapter 1). Moreover, the presence of active galactic nuclei (AGNs) has an
impact especially on the massive tail (Marchesini et al., 2009; Santini et al., 2012).
Finally, different methods (e.g., Lyman Break galaxies (LBGs, Steidel et al., 1996)
or photo-z) are often used to select galaxies at high redshift and each of them need
corrections to provide a consistent sampling of the GSMF (see e.g., Duncan et al.,
2014).

The improvement of observational technologies (both ground and space-based)
allowed to analyse spectroscopic and photometric data from recent time to the
early Universe epoch. In the literature, we can find GSMF measures in the local
Universe (z < 0.5, Cole et al., 2001; Bell et al., 2003; Li & White, 2009; Baldry
et al., 2012; Weigel et al., 2016) and evolutionary studies both in the low-z regime
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(z < 2, Fontana et al., 2004; Arnouts et al., 2007; Ilbert et al., 2010; Pozzetti et al.,
2010; Brammer et al., 2011; Beare et al., 2019) and in the highest one (2 <z <7,
Fontana et al., 2006; Mortlock et al., 2011; Santini et al., 2012; Muzzin et al., 2013;
Grazian et al., 2015; Tomczak et al., 2014; Stefanon et al., 2015; Davidzon et al.,
2017).

Surveys covering large areas of the sky (e.g., UltraVISTA /COSMOS ~ 2deg?)
give the opportunity to reach the highest mass-end of the GSMF thanks to the
large-number statistics, while those reaching fainter magnitudes (e.g. the CAN-
DELS or Frontier Fields programs) allow to cover the low mass-end. Therefore,
combining the power of deep space-based and ground-based data is crucial to probe
the entire description of stellar mass assembly and the physical processing driving
it, from the re-ionization age to more recent epochs.

The Chapter is organized as follows. In Sect. 5.1, we describe the datasets (Ul-
travista/COSMOS, CANDELS and Frontier Fields Parallels) we used to estimate
the GSMF'. In Sect. 5.2, we describe our SED fitting recipe to estimate the stellar
masses and our method to estimate the GSMF. Particular attention is given to our
correction for incompleteness effects. In the same section we present our results
on the GSMF estimated combining the three different data samples. We also show
the Schechter fit and the comparison with previous measures in the literature.
In Sect. 5.3 we show our results on the GSMF of the quiescent and star-forming
galaxy populations selected through the UVJ diagram. In Sect. 5.4 we present the
effects of our empirical calibration against our sample of GGCs on the GSMF of
the galaxy quiescent population. We give a summary of the results and a brief
discussion concerning future developments of the analysis in Sect. 5.5.

Throughout the work we assume a flat ACDM cosmology with Q,, = 0.3, Qs =
0.3 and Hy = 70kms™'Mpc~'. In particular, we note that we chose a Hy value
which is a mean value between the estimates provided by Planck collaboration
(66.93 + 0.62kms™ ' Mpc™, see for example Planck Collaboration et al., 2016) and
the ones provided by stellar astrophysics (73.24 + 1.7kms ' Mpc™", see for example
Riess et al., 2018)

5.1 Dataset

5.1.1 CANDELS

The Cosmic Assembly Near-IR Deep Extra-galactic Legacy Survey (CANDELS,
Grogin et al., 2011; Koekemoer et al., 2011) is an extragalactic survey investigating
the evolution of galaxies up to redshift ~ 8 through a deep imaging of ~ 250, 000
objects with WFC3/IR and ACS on board of HST. It consists of five different
fields (Fig. 5.1, ~ 800 arcmin®) widely separated to mitigate the cosmic variance
effects.

The analysed catalogues cover from UV to mid/far-IR wavelengths thanks to
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the employment of different facilities in addition to HST data.

GOODS-S catalogue contains 34930 sources within an area of ~ 170arcmin®.
We used 17 bands inside the photometric catalogue published and described in
Guo et al. (2013).

We used 18 of the 25 photometric bands included in GOODS-N catalogue (Barro
et al., 2019) containing 35445 sources (~ 176arcmin®), while UDS catalogue (19
photometric bands) (Galametz et al., 2013) contains 35932 sources within an area
of ~ 202arcmin?.

The 43-bands COSMOS photometric catalogue (Nayyeri et al., 2017) has 38671
sources within an area of ~ 200arcmin?, while the EGS catalogue (Stefanon et al.,
2017) has photometric data for 41457 sources in 23 bands, within an area of ~
206arcmin?.

The survey detection filter, F160W, reaches a 50 limiting AB-magnitude of
27.56, 27.6, 27.8, 27.36, 27.45 for COSMOS, EGS, GOODS-N, GOODS-S, UDS,
respectively (Merlin et al., 2019).

We took advantage of the latest CANDELS estimates for photometric redshifts
obtained combining four independent estimations using different tools inside the
CANDELS collaboration (Kodra, 2019).

5.1.2 Frontier Fields parallels

The Frontier Fields (FF) survey (Lotz et al., 2014; Koekemoer et al., 2014) collects
data for six deep fields inside clusters of galaxies and six nearby deep parallel fields.
It consists of observations from both space (HST and Spitzer) and ground-based
(VLT) telescopes.

We took advantage of the multi-wavelength photometric and photo-z catalogues
for four Frontier Fields parallels (Fig. 5.2): Abell-2744 (A2744), MACS-J0416
(M0416) (Merlin et al., 2016; Castellano et al., 2016), MACS-J0717 (M0717) and
MACS-J1149 (M1149) (Di Criscienzo et al., 2017).

They offer an unprecedented opportunity to have high quality and extremely
deep observations (~ 29th ABmag) thanks to the magnification provided by the
foreground galaxy clusters. Moreover, as in the CANDELS case, the high number
of fields reduces the cosmic variance effects.

5.1.3 UltraVista

UltraVista (McCracken et al., 2012) is the deepest component of the survey per-
formed by the VISTA telescope of the European Southern Observatory (ESO),
through the wide-field near-IR VIRCAM survey camera.

The survey covers an area of 2.0deg? and it is centred on the COSMOS field,
the largest ACS/HST optical mosaic (Fig. 5.3a).

It consists of three separate components: the wide and deep Y, J, H, Ks survey,
covering the entire area (orange area in Fig. 5.3a, the deep region is the difference
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Figure 5.1: CANDELS fields.

redshift ~ 9.
We took advantage of the latest COSMOS2015 UltraVista catalogue by Laigle

between the orange and the light green areas); the ultra-deep Y, J, H, Ks survey
which is composed by strips covering 0.7deg® (light green areas in Fig. 5.3a); an
ultra-deep narrow-band (1.18um) survey to observe emission-line galaxies up to

14

8
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Figure 5.2: Frontier Fields areas. Top left: A2744 cluster (on the left) and parallel (on the right). Top
right: M0416 cluster (on the right) and parallel (on the left). Bottom left: M0717 cluster (on the left) and
parallel (on the right). Bottom right: M1149 cluster (top) and parallel (bottom).

et al. (2016). It includes new YJHKSs data from the UltraVISTA-DR2 survey, Y-
band data from Subaru/Hyper-Suprime-Cam, and infrared data from the Spitzer
Large Area Survey inside the Hyper-Suprime-Cam Spitzer legacy program.

We made use of the 1.38deg? UltraVista area inside the COSMOS 2deg? field,
for a total of 536077 sources, after removing flagged regions in the optical bands
(Fig. 5.3b). The area corresponds to the intersection of the good region in the
background image of Fig. 5.3a and the COSMOS 2deg? field for not masked sources
in the optical bands.

When available we used the spectroscopic redshifts accessible within the COS-
MOS collaboration (Salvato et al., in prep), otherwise we used the Laigle et al.
(2016) photo-z, obtained using LePhare as described in Ilbert et al. (2009).
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Finally, we note that since the UltraVISTA/COSMOS field contains the CAN-
DELS/COSMOS field, we made a cross-correlation within 0.4” and eliminated
from the UltraVISTA catalogue the objects in common.

Therefore, we have ten fields for a total area of 1.65deg” reaching z ~ 7 (see
Figure 5.4, showing the redshift distribution obtained from each field, in black the
total distribution).

50000
COSMOS
1 EGS
] UDS
40000 1 1 GOODS-S
GOODS-N
1 A2744
30000 4 1 M0416
1 M0717
= M1149
UVCOSMOS
20000 - 1 TOTAL
10000 -
0 T T —T T T T T
0 1 3 4 5 6 7

Redshift

Figure 5.4: Redshift distribution of the galaxies in the different fields. In black the total distribution of
the entire sample.

5.2 The galaxy stellar mass function derivation

5.2.1 Stellar masses

We derived the stellar masses using zphot code (see Sect. 3.1, Giallongo et al., 1998;
Fontana et al., 2000). For each field we implemented the SED fitting procedure
fixing the redshifts to the estimates described in the previous section.
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We computed the stellar masses using the BC03 SPSMs and the Chabrier IMF.
We fixed the metallicity values to Z= 0.02, 0.2 ,1, 2.5, while the colour excess E(B-
V) varies from 0.1 to 1.1. We used the Calzetti et al. (2000) or the Small Magellanic
Cloud (SMC, Hutchings, 1982) extinction curves. We adopted the "delayed" SFH
(SFH o« £*/7 - e7'", see Sect. 2.4), which increases up to the maximum value for
t = 2t and then decreases. 7 values range from 0.1 to 2.0, while for the age we
adopted a fine grid from 7 Gyr to the age of the Universe.

Finally, we adopted the Schaerer & de Barros (2009) prescription for nebular
emission lines, as described in Castellano et al. (2014).

Fig. 5.5 shows the best-fit stellar mass distribution of the galaxies in the different
fields as a function of redshift. This sample offers the unique opportunity to cover
a large stellar mass range: thanks to FF deep photometry we cover very low masses
(10°-10°M/M,,), while the wide UltraVista area allows to reach the very high mass
range (M > 10°M/M,) also at z ~ 6. The red lines identify the mean stellar mass
for each field: the decreasing to lower masses is compatible with the increasing of
the limiting magnitude (i.e., fainter sources are detected).

Covering this large range in the stellar mass at different redshifts means im-
proving our knowledge about the stellar mass assembly process in the Universe.

5.2.2 The galaxy stellar mass function estimate

We computed the GSMF adopting the standard procedure described in Fontana
et al. (2004, 2006); Santini et al. (2012); Grazian et al. (2015) based on the non-
parametric 1/V,,,, method defined by Schmidt (1968) for the luminosity function
estimate. Following this technique, we firstly divide the galaxy sample in redshift
bins, then we weight each galaxy in the comoving volume in which it can be
observed according to the survey photometric limits. We estimate the maximum
volume V., at the maximum redshift over which the survey is complete for the
object of mass M. Finally, in each redshift bin, the GSMF can be estimated as
1/Vmax-
In formulas:

Zup(L,J)

O(M,z) = dM [Z (])f d—de (5.1)

where dM is the stellar mass bm w(j) is the area in units of steradians for each
field j, while i is the object. (é_v is the comoving volume element per steradian.

Therefore, each field consists of sub-regions characterized by different depth
and areas w(j), which we need to take into account in the GSMF computation.
Table 5.1 provides the depth and the area covered by different sub-regions for each
analysed field.

Since the sample is magnitude-limited, we have not a well defined limit in
stellar mass. This is due to the fact that there is not a univocal conversion from
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Figure 5.5: Mass distribution of the galaxies in the different fields as a function of redshift. The red line
identifies the mean stellar mass in each field.

the observed magnitude to the stellar mass. This means that each galaxy of a
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Table 5.1: Area and magnitude limits of the investigated fields.

Field Area Magnitude compl. limit

(arcmin®) (90 %)
EGS #1 48.90 26.5
EGS #2 138.22 26.7
EGS #3 19.27 26.8
COSMOS #1 63.30 26.3
COSMOS #2 136.75 26.5
GOODS-N #1 25.01 26.3
GOODS-N #2 71.27 264
GOODS-N #3 79.90 27.1
GOODS-S #1 9.26 26.0
GOODS-S #2 48.15 26.25
GOODS-S #3 105.76 272
GOODS-S #4 0.23 274
GOODS-S #5 5.05 28.7
UDS #1 58.9 26.2
UDS #2 1325 26.45
UDS #3 10.3 26.7
A2744 #1 0.12 272
A2744 #2 0.52 274
A2744 #3 4.33 27.8
MO0416 #1 0.097 27.8
MO0416 #2 0.49 28.0
MO0416 #3 4.39 284
MO0717 #1 0.13 272
MO717 #2 0.65 27.8
MO717 #3 4.17 28.1
M1149 #1 0.18 272
M1149 #2 0.53 277
M1149 #3 4.32 28.1
UVCOSMOS #1 1.38 23.9

certain magnitude in our sample has a range of possible M /L values. Therefore,
we need to correct for this incompleteness effect which mostly arises at the faintest
levels of the GSMF. The effect is well shown in Fig. 5.6 (Fontana et al., 2004) which
displays, considering a K-limited sample, the best-fit stellar mass for objects with
z > 0.7 (filled red points) as a function of the K-flux (bottom x-axis) and K-mag
(top x-axis). The natural scatter in the M/Lg ratios causes a scatter in stellar
mass of about ~ 0.6dex, specified by the diagonal lines. Fig. 5.6 shows that if we
consider a limiting magnitude of K = 20, the galaxy stellar mass can vary from
Log(M./My) ~ 9.5 to Log(M./My) ~ 10.3. For each M, value, we can estimate the
fraction of galaxies we miss in the sample due to incompleteness (e.g., the dashed
region in the figure).

To correct for this effect, we used the procedure described in Fontana et al.
(2004).

At any redshift we estimate the completeness curve M (), i.e., the observed
M/L distributions of galaxies with a magnitude value close to the limiting magni-
tude of the sample.

Then, using an analytical functional form (linear or quadratic), we recover the
fraction 1 — f,,, of galaxies that we are losing, and so the effective number of
observed galaxies, f,,s. In general, as shown in Fig. 5.6, fixing the redshift value,
only the sources with M > M,,,,,,(z) provide the complete sample.

Fig. 5.7 shows the galaxy stellar masses as a function of the redshift for the
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Figure 5.6: Observed K flux (lower scale) and K; magnitudes (upper scale) as a function of the best-fit
stellar masses estimated by Fontana et al. (2004) The diagonal lines identify the stellar mass the galaxies
can attain according to their Ky magnitude. The solid line shows the minimum mass, the dashed line shows
the maximum mass for dusty sources, while the dashed-dotted line is the maximum mass for dust-free
objects. The dotted line is the completeness limit on stellar masses, while the shaded area identifies the
fraction of galaxies lost due to incompleteness effect.

GOODS-S sample. The red solid line identifies the completeness curve and displays
that for GOODS-S, only sources with M > 10°8M,, can be detected at all redshifts,
while the detection of less massive objects depends on the redshift value.

In general, thanks to the incompleteness correction, we can extend the GSMF
to stellar masses smaller of a factor ~ 0.5 dex when compared to the ones estimated
without the correction.

For each field, we computed the GSMF in seven redshift bins in the range
0.2 < z < 4.0. We show the results in Fig. 5.8 with different coloured dots for
each field, while the black square symbols identifies the fotal GSMF estimated
considering the 10 fields as a whole. As expected, thanks to deeper IR photometry
of the FF parallels (H ~ 29) we reach the very low mass end (Log(M./My) <7
for z < 1.5, dwarf galaxies mass range), while thanks to the wide area of the
UltraVista/COSMOS field we are able to cover the highest mass-end reaching the
Log(M./My) ~ 12 also at z ~ 4. Fig. 5.8 shows an overall agreement between the
functions of each single field. Major differences arise at low redshifts (z < 0.5)
especially for the FF GSMFs, due to the fact that they contain a lower number of
sources which causes a worse statistics. Moreover, the discrepancies in this redshift
bin could be also due to the cosmic variance which especially affects the fainter
objects.

We note that the error bars in the GSMF points are the Poissonian uncertainties
due to the galaxy counts.

In Fig. 5.9, we compare our results (black dots) with the ones published in the
literature using the same cosmology, IMF and stellar library. In general, we note
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Figure 5.7: Mass distribution as a function of redshift for galaxies in the GOODS-S field (black dots).
The red solid line identifies the completeness curve for the sample.

Table 5.2: Best-fit parameters for the Single and Double Schechter functions.

2 2 ¢ a M [ a; ) @ M;
(103 Mpc™) (Mo) (1073 Mpc™3) (1073Mpc3) (Mo)

0.2 0.5 0.63 = 0.13 -1.43 £ 0.01 11.28 +0.14 147 £0.48 -0.71 £ 0.31 0.67 £0.21 -1.48 £ 0.03 10.85 £ 0.11

0.5 1.0 0.73 £0.17 -1.39 + 0.02 11.23 +£0.15 2.38 +0.31 -0.65 +0.17 0.49 +0.16 -1.55 +0.04 10.73 + 0.06

1.0 15 0.68 £0.11 -1.33 £0.03 11.01 £ 0.07 127 £0.19 -0.30 £ 0.32 0.61 £0.18 -1.42 £ 0.05 10.64 + 0.07
1.5 20 0.28 +0.08 -1.51 £ 0.03 11.19 + 0.14 0.85 +0.14 -0.86 + 0.24 0.11 £ 0.09 -1.80 £ 0.14  10.78 + 0.08
20 25 0.17 £ 0.04 -1.50 + 0.03 11.11 £ 0.10 0.38 +£0.07 -0.84 +0.32 0.08 + 0.07 -1.74 £ 0.15 10.79 + 0.09
25 3.0 0.11 £ 0.02 -1.65 £ 0.02 11.06 + 0.05 0.15 £ 0.05 -1.37 £0.42 0.04 £ 0.09 -1.88 £ 0.32 10.93 + 0.09
3.0 4.0 0.04 +0.01 -1.86 +0.02 11.04 + 0.05 0.01 + 0.004 1.13 £0.59 0.06 + 0.01 -1.81 £ 0.03 10.85 + 0.07

that there is good agreement between our 1/V,,,, points and the ones collected from
the literature. At all redshift bins, we reach, as expected, lower masses than the
ones attained by the other authors (M ~ 10" M, for z < 2.0, M ~ 108 M, otherwise,
on average 1.5 — 2.0dex lower than previous studies), while in the high-mass end
(reaching the M ~ 10"?M,, ) our results are consistent with the UltraVista GFMFs
estimated by Muzzin et al. (2013); Ilbert et al. (2013); Davidzon et al. (2017),
yellow pentagons, green diamonds and cyan triangles, respectively.

Up to z = 3, we display the GSMF from Tomczak et al. (2014) (red squares),
measured using observations from the FourStar Galaxy Evolution Survey (ZFOURGE)
and CANDELS: also in this case we find an excellent agreement. In 1.0 < z < 2.5,
Santini et al. (2012) (brown hexagons) measure an higher density of galaxies, i.e,
they find a steeper GSMF because of the presence of a cluster of galaxies.
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Figure 5.8: Individual and total GSMF in each redshift bin. Dot coloured symbols identify the GSMF for
each field of the sample (see legend), black stars show the foral GSMF of the joined fields.

GSMF can be described with the same functional form defined by Schechter
(1976) for the luminosity function. In the logarithmic space, the number density
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Figure 5.9: Total GSMF estimated in this work (black dots) compared to some of the results published in
the literature: Santini et al. (2012) (brown hexagons), Ilbert et al. (2013) (green diamonds), Muzzin et al.
(2013) (yellow pentagons), Tomczak et al. (2014) (red squares), Davidzon et al. (2017) (cyan triangles).
In the legend we also display the redshift intervals in which the GSMF was computed if different from
this work.

of galaxies of with mass M can be fitted as:

1+a
d(logM)d(logM) = ln(lO)qﬁ*(%) exp(—%)dlogM (5.2)
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Figure 5.10: GSMF single Schechter (blue line) and Double Schechter (red line) best-fit functions.

where ¢* is the normalization, « is the low-mass end slope and M* is the "knee"
where the GFMF changes functional form: from a simple power law at lower
masses to an exponential function at higher masses.

Recent studies (Li & White, 2009; Peng et al., 2010; Pozzetti et al., 2010;
Baldry et al., 2012; Ilbert et al., 2013; Muzzin et al., 2013) have shown that at
high redshift the GFMF is better described by a single Schechter function (Eq. 5.2)
while at lower redshifts by the Double Schechter function, i.e., the sum of two single
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Figure 5.11: Single Schechter function best-fit parameters as a function of the redshift.

Schechter functions with the same M*:

1+[X] 1+(12
d(logM)dlogM = ln(lO)exp(—%)[qﬁ’[(ﬂ) ¢;( ) ]d(logM) (5.3)

M+ M+
where ¢; and ¢, are the normalization factors, while a; and a, are the low-mass
end slopes of the two components.

Figure 5.10 shows the Schechter fit to our total GSMF in each redshift bin. The
blue solid line identifies the single Schechter function, while the red line identifies
the double Schechter one. The best-fit parameters, together with their errors and
standard deviation are listed in Table 5.2, while the evolution with redshift of
single Schechter function is shown in Figure 5.11.

Figure 5.10 and Figure 5.11 show that at z > 1 we have a progressive steepening
of the faintest region (@ reaches its maximum value in the third redshift bin,
1.0 < z < 1.5). Moreover, the turn-over mass M*, the GSMF "knee", at which
the MF has an exponential decay, shows a slight decreasing with the redshift
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increasing. This could suggest that the physics behind the appearance of the
"knee" in the MF does not depend on the redshift. Finally, the normalization ¢,
i.e., the number density at M*, decreases with the increasing of z, reaching the
O-value in the highest redshift bin (3.0 < z < 4.0). This means that while the
overall shape of the GSMF does not change with redshift the normalization does.
Moreover, we note that at z < 2.5 the GSMF seems to be better constrained by
the double Schechter function, while at z > 2.5 we have not great discrepancies
between the single and the double fits.

As already stated in Chapter 1, the galaxy stellar masses, and so the GSMF
estimate, are affected by systematic uncertainties due to the chosen SED fitting
ingredients. For example, Santini et al. (2012) found that stellar masses calculated
using CB07 models (see Sect. 1.3.2), which contain an improved treatment of TP-
AGB stars, are 0.12 dex lower that the galaxy stellar masses estimated employing
the BCO3 library. The observed shift has an effect also on the GSMF. Indeed,
the authors found that, while at lowest and highest redshfits the GSMFs obtained
using BC0O3 and CB07 models are quite in agreement, they show a more severe
disagreement at intermediate redshifts. This is somewhat expected, since the TP-
AGB phase gives an important contribution in the intermediate age range of 0.2-2
Gyr, i.e., 2<z<3. Moreover, Santini et al. (2012) investigated also the impact of
the choice of different IMFs on the GSMF. As already stated by Salimbeni et al.
(2009), they found that the galaxy stellar masses estimated employing a Chabrier
IMF, are on average 0.24 dex lower that the ones calculated assuming a Salpeter
IMF'. This leads to a systematic shift of 0.24 dex on the GSMF at all redshifts.

Furthermore, Grazian et al. (2015) investigated the effects of the assumption
of different SFH parametrizations on the GSMF and they found that the galaxy
stellar masses are on average stable against the SFH parametrization, which mildly
affects only the GSMF highest mass-end in 3.5<z<4.5. We show in Figure 5.12
the GOODS-S GSMF estimated assuming the delayed SFH (green squares) and
the exponential declining SFH (red dots). As expected, we do not find a strong
difference between the two GSMFs in this redshift range. Moreover, Grazian et al.
(2015) also found that the stellar masses estimated employing or not the nebular
emission is less than 0.1-0.2 dex, this means that the nebular contribution does
not dramatically affect the GSMF estimate.

Therefore, our GSMF is certainly affected by the quoted systematic uncertain-
ties due to SED fitting technique, but the GSMF estimate presented in this work
is relevant thanks to the data combination which, for the first time, allowed us to
explore the GSMF from its lowest mass-end to the highest one.
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Figure 5.12: GSMF of CANDELS/GOODS-S field assuming an exponential declining (red dots) and a
delayed (green squares) SFH.

5.3 The galaxy stellar mass function of
star-forming and quiescent populations

Observations have shown that in the local Universe galaxies display a bimodal
distribution in colour, mass and SFR, (Kauffmann et al., 2003; Baldry et al., 2004;
Blanton & Moustakas, 2009). Indeed, "quiescent" galaxies tend to be massive early-
type galaxies showing little star-formation, redder colours and lower luminosity and
mass functions if compared to other galaxies. Therefore, they form the so-called
"'red sequence" in the galaxy colour-mass diagram.

Moreover, recent works proved the existence of red quiescent galaxies also at
z > 3 (e.g., Chen & Marzke, 2004; Fontana et al., 2009; Straatman et al., 2014;
Merlin et al., 2018; Santini et al., 2019; Merlin et al., 2019), challenging our current
models of galaxy formation and evolution. On the contrary, "star-forming" galaxies
are active galaxies showing bluer colours and higher SFRs than the quiescent ones.
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Analysing the GSMF of these two populations could allow to better understand
the evolution and the stellar mass assembly in galaxies.

We decided to employ the rest-frame UVJ (U -V vs V —J) diagram (Whitaker
et al., 2011) to separate and select quiescent and star-forming galaxies. Indeed,
the V — J colour is a useful tool to distinguish quiescent galaxies from the dusty
star-forming ones, which are characterized by red U — V colours, and hence, they
represent a source of contamination in the "red sequence' identified by the first
ones. On the contrary, at fixed U — V, quiescent galaxies have red V — J colours,
while the dusty ones have bluer V —J colours. Therefore, the UVJ diagram allows
to easily identify the red clump associated to quiescent galaxies. In Figure 5.13,
we show the UVJ diagram for the sources in all the ten fields we are considering
in this analysis for each redshift bin. We can see that a clear bi-modality is visible
up to z ~ 2 in the two regions selected by the red lines. We used the following
criterion (red lines) to identify quiescent galaxies in our sample:

U-V)>088-(V-J)+0.69,(U-V)>13,(V-J)<1.6 [z<0.5];
U-V)>088-(V-J)+059,U-V)>13,(V-J)<1.6 [0.5<z<1.5];
U-V)>088-(V-J)+059,U-V)>13,(V-J)<15 [1.5<z<2.0];
U-V)>088-(V-U)+059,U-V)>12,(V-J)<14 [2.0<z<4.0]
(5.4)

Once selected the two samples, we estimated the GSMF for star-forming and
quiescent galaxies in 0.2 < z < 4.0 applying the same method described in Sect. 5.2.2
and correcting for incompleteness effect.

In Figure 5.14 we show the total 1/V,,,, GSMF points of star-forming (blue)
and quiescent (red) populations in the same redshift bins of Figure 5.8, while in
Figure 5.15 we display GSMF Schechter fits for total (left), star-forming (middle)
and quiescent (right) populations as a function of redshift (we list the best-fit
parameters in Table 5.3). From both Figures, we have evidence that the GSMF
for star-forming sample has a shape similar to the one attained by the total GSMF.
On the contrary, we observe an upturn in the GSMF of quiescent population for
M < 10°M,. Indeed, as shown in Figure 5.15, while we can model the total and
star-forming GSMFs through a single Schechter function at any redshift, we are
able to fit the quiescent GSMF through a double Schechter function, such as we are
facing to the arising of a double population in the red and passive galaxy sample.
Left panel of Figure 5.15 shows that in general the GSMF evolution of the full
sample is different if we consider the low-mass end and high-mass end. Indeed, for
example, if we analyse galaxies with M ~ 1033M,, the MF increases of ~ 0.3dex
from 1.0 < z < 1.5 to 0.2 < z < 0.5, while a galaxy of M ~ 10""3M, of ~ 0.1dex
in the same redshift interval. This means that the evolution is mass-dependent.
Moreover, we find an increasing of the number of galaxies with 101°M, < M <
10"?M,, up to z ~ 2, where we have the arising of the "knee" of the MF. Middle
panel of Figure 5.15 shows that the GSMF of the star-forming population has
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Figure 5.13: UV]J selection for sources in all ten fields in the seven different redshift bins. Darker areas
identify higher densities of galaxies. Red lines show the separation between star-forming and quiescent
populations.

an evolution similar to the total one. The low-mass end is in general steep in
the entire redshift range. Moreover, we do not observe a strong evolution of the
highest mass galaxies. Right panel of Figure 5.15 shows a clear bi-modality in the
GSMF evolution of the quiescent galaxy population, for this reason we decide to
fit it through a double Schechter function. In the 10°M, < M < 1095 M, range
the GSMF is flatter, while the highest mass end does not seems to have a strong
evolution. We observe a clear peak at M ~ 10'%M, up to z ~ 0.5, which turns
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Figure 5.14: Total GSMF of star-forming (blue) and quiescent (red) populations in seven different redshift
bins.

into the "knee" of the Schechter function at z < 0.5.

The arising of the upturn in the GSMF of the quiescent galaxy population at
low masses (M < 10°M,) has already been observed (see e.g., Tomczak et al., 2014)
but it could not be explored because of incompleteness effects. On the contrary,
thanks to our deep photometry we are now able to observe the steeper low-mass
component of the quiescent GSMF up to M ~ 10’M,. The bi-modality detected in
the GSMF of quiescent galaxy population can be directly linked to the bi-modality
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Figure 5.15: GSMF Schechter fits for total (left), star-forming (middle) and quiescent (right) populations
as a function of the redshift.

observed in the Local GSMF (see e.g., Baldry et al., 2008, 2012; Peng et al., 2010,
2012; Taylor et al., 2015) shown in Figure 5.16 and which can be described by a
double Schechter function (as well, we find that the double Schechter function well
constrain the GSMF at z < 2.5, see Sect.5.2.2).

According to the empirical approach described in Peng et al. (2010, 2012),
the different evolution observed in the star-forming and in the quiescent GSMFs
could be due to a combination of two different processes of quenching (i.e., a
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Figure 5.16: Local GSMF from Baldry et al. (2012) described through a double Schechter function

physical mechanism able to cease the star formation in a galaxy). Indeed, the single
Schechter function able to describe the MF of the star-forming population could
arise from a "mass" quenching, a dynamical process depending on a quenching
rate which is proportional to the instantaneous SFR of the galaxy. According to
this scenario, the mass quenching rate is the parameter determining the roughly
constant M* observed in the star-forming GSMF (see Figure 5.15 and the Schechter
parameters listed in Table 5.3).

On the contrary, the arising of a second component in the GSMF of the quiescent
population could be due to an "environment quenching', independent of stellar
mass. The environmental mechanism causes a Schechter function with @ and M*
similar to the ones attained by the star-forming function, but lower ¢. From
Table 5.3 it is evident that we find this behaviour at z < 1.0, while at higher
redshifts the quiescent low-mass component attains @ values more negative than
the star- forming ones. On the contrary, the dominant component at high masses
is due to the mass quenching. According to Peng et al. (2012), the environment
quenching is entirely due to satellite galaxies and it does not depend on the mass
of the satellite galaxy, but on the mass of the halo and satellite position in the
halo itself.

In general, we find a more significant growth at z < 2, which is compatible with
the scenario in which local early-type galaxies become quiescent in 0.8 < z < 2.5
(Thomas et al., 2010).

Since we find a progressive decreasing of the number of quiescent galaxies,
we can suppose that the GSMF at z > 4 is essentially driven by star-forming
population, while the evolution of the highest mass-end is mainly due to passive
galaxies.
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Table 5.3: Best-fit parameters for star-forming, quiescent and total populations.

21 2 Sample ) a M b1 ) ¢ @ M;
(103Mpc™) (Mo) (103Mpc™) (103 Mpc™) (Mo)
02 05 Total 0.63+0.13 -1.43+0.01 1128+0.14 147+048 -0.71 +0.31 0.67 +£0.21 -1.48 £0.03 10.85+0.11
02 0.5  Quiescent 028 +0.11 -1.33+0.03  11.55+0.33 140+ 024 -036+024 0.25 + 0.07 -1.45+0.04 10.80 +0.08
02 0.5 Star-forming  0.55 +0.09 -145+0.01  10.94 +0.10 - - - - -
05 1.0 Total 0.73 £0.17 -1.39+0.02 1123+0.15 238+031 -0.65+0.17 0.49 £ 0.16 -1.55+0.04 10.73 + 0.06
05 1.0  Quiescent 1.21 +0.16 -0.80 £ 0.04 1094 +0.09 2.00+0.19 -0.45+0.09 0.018 +0.02 -143+0.16 10.72 + 0.05
0.5 1.0 Star-forming  0.68 +0.10 -1.44 +£0.02  10.84 +0.08 - - - - -
1.0 15 Total 0.68 +0.11 -1.33+0.03 11.01 +0.07 1.27+0.19  -0.30+0.32 0.61 +0.18 -1.42+0.05 10.64 +0.07
1.0 1.5  Quiescent 0.63 +0.11 -0.62+0.09 10.88 +0.11 1.00 + 0.07 0.07 £0.13 0.0033 +0.0045 -1.73+£0.26  10.59 + 0.04
1.0 1.5 Star-forming  0.69 + 0.08 -1.37+0.02  10.72 +0.05 - - - - -
1.5 20 Total 0.28 + 0.08 -1.51+0.03 11.19+0.14 085+0.14 -0.86+0.24 0.11 +0.09 -1.80 £ 0.14 10.78 + 0.08
1.5 20  Quiescent 0.30 + 0.08 -0.70 £0.13 1096 +0.20  0.50 +0.04 0.54 +0.23 0.002 + 0.003 -1.84 +£0.28 10.49 + 0.06
1.5 2.0 Star-forming  0.26 +0.05 -1.58 £0.02  10.97 + 0.09 - - - - -
20 25 Total 0.17 + 0.04 -1.50+0.03 11.11+0.10 038+0.07 -0.84+0.32 0.08 + 0.07 -1.74 £0.15  10.79 + 0.09
2.0 25  Quiescent 0.08 +0.03 -090+0.11  11.07+029  0.16 +£0.03 0.64 +0.44 0.003 + 0.004 -1.59+£0.26 10.48 +0.10
2.0 2.5 Star-forming  0.15+0.03 -1.54+£0.03  11.00 + 0.08 - - - - -
25 30 Total 0.11 +0.02 -1.65+0.02 11.06+0.05 0.15+0.05 -1.37+042 0.04 + 0.09 -1.88 £0.32  10.93 +0.09

2.5 3.0  Quiescent 0.05 + 0.02 -0.80+£0.16 1098 £0.30  0.08 +0.02 0.69 043  0.00061 +£0.0010 -1.95+042 10.42+0.10
2.5 3.0 Star-forming  0.05+0.01 -175+0.03 1129 +£0.12 - - - - -
3.0 40 Total 0.04 +0.01 -1.86+£0.02 11.04 £0.05 0.01 £0.004 1.13+0.59 0.06 + 0.01 -1.81+0.03  10.85 £ 0.07
3.0 40 Quiescent  0.024 +£0.004 -046+0.12 10.75+0.10 0.030+0.003 0.19+0.30 0.00066 + 0.00110 -1.51 +0.43  10.55 + 0.07
3.0 4.0 Star-forming 0.014 +0.007 -1.94+0.048 11.31+0.17 - - - - -

5.4 GGC calibration effects on quiescent GSMF

In Sect. 4.3, we present our results about our BC03 calibration on our sample of
GGOCs, obtaining that the ages inferred from SED fitting are on average younger
than the ones estimated by VandenBerg et al. (2013); Leaman et al. (2013) through
the vertical method. We plan to extend this calibration to high redshift galaxies,
but first, we decided to investigate the effects of SPSM calibration on the GSMF
of quiescent galaxies. Indeed, red quiescent galaxies similarly to the GGC sample,
are considered to be composed primarily of old (r > 10Gyr) stellar populations.

Therefore, we decided to re-calibrate our galaxy stellar masses using a SED
fitting prescription that prevents young ages from being assigned to quiescent
galaxies at low and intermediate redshifts. In practice, following an approach
already experimented in Fontana et al. (2004), we have achieved this by removing
all the models where the formation redshift (that is a result of the model age and
corresponds to the redshift at which the given model started producing stars) is
lower than 1/+/r. This means that our prescription eliminates the non-physical
low 7 values at low redshifts, hence it "forces" galaxies for which we infer too young,
non-physical ages for their observed redshift, to be older.

Therefore, firstly we performed our SED fitting procedure using the new pre-
scription, obtaining new and re-calibrated physical parameters. Then, we re-
selected the quiescent galaxies through UVJ diagram as we described in Sect. 5.3.
We show the impact of our prescription on the age of quiescent galaxies in our
sample in Figure 5.17. In this plot, we show the new re-calibrated ages as a func-
tion of the ages inferred without employing the prescription. As expected, the
non-physical too young ages (especially if Age < 8Gyr) are forced to be older,
while we do not significantly modify the ages of the already old galaxies.

We also compared the galaxy stellar masses inferred using the new prescription
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Figure 5.17: Quiescent galaxy calibrated ages using the prescription described in the main text as a
function of the ages inferred not using the prescription. Red line shows the bisector of the diagram.

to the ones estimated with the old SED fitting procedure. We show our results in
Figure 5.18 finding that the galaxy stellar masses are mildly affected by the new
calibration, we estimate a maximum mean shift of ~ 0.45dex.

Finally, we estimated the calibrated quiescent GSMF and compared it to the one
obtained in Sect. 5.4 without employing our prescription. We show this comparison
in Figure 5.19, red dots represent the quiescent GSMF estimated in Sect. 5.4,
while the green squares identify the quiescent GSMF after calibration. We find
that, at z < 1.5, a mild difference (< 0.1 dex) between the GSMFs arises at low
masses (M < 103M,), while the calibration does not have impact on the GSMF
in 1.5 < z < 2.5. Conversely, we find major differences in the GSMFs at higher
redshift. However, the observed discrepancies are not due to an age effect, but it is
due to the lower statistics in the number of quiescent galaxies estimated after the
employment of our prescription. Indeed, at high redshift, our calibration procedure
eliminates models with 7 = 0.1, causing the decreasing of the number of selected
quiescent, galaxies.
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Figure 5.18: Quiescent galaxy calibrated stellar masses using the prescription described in the main text
as a function of the masses inferred not using the prescription. Red line shows the bisector of the diagram.

5.5 Conclusions

We estimated the GSMF in the redshift range 0.2 < z < 4.0 in a total area of
1.65deg?. Indeed, we took advantage of the deep multi-wavelength (optical to
MIR) photometry of the Frontier Fields Parallels (H ~ 29) and of the five CAN-
DELS fields (H ~ 27). Moreover, we used the large area (1.38deg?) of the Ultra-
Vista/COSMOS field. This allows us to explore the GSMF in an unprecedented
mass range, from very low masses (~ 107 — 108 My, dwarf galaxy stellar mass limit)
to the very high-mass end (~ 10'2M,) also at z ~ 4.

We infer the stellar masses of the galaxies in our sample from zphot SED fit-
ting code using the BC03 SPSMs, the Chabrier IMF and a "delayed" SFH. We
adopted the "delayed" SFH with 7 = 0.1 — 2.0. Then, for each field, we estimated
in seven different redshift bins in 0.2 < z < 4.0, the GSMF through the 1/V,..
method correcting for incompleteness effects. In general, we found a good agree-
ment between the MFs of the ten different fields, with major differences arising
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Figure 5.19: Comparison between the total GSMF quiescent (red dots) population investigated in the
previous section and the one obtained after the application of the correction prescription for young ages
(green squares).

just at z < 0.5 probably because of the worse statistics of the FF parallels and
the effect of the cosmic variance. Then, we calculated the total GSMF obtained
considering the ten fields as a whole, and compared them to several MF available
in the literature. We found an overall agreement, but, as expected thanks to the
FF deep NIR photometry, we reach masses lower of a factor of 1.5-2.0 dex than the
ones observed in previous works, while in the high mass end we obtain consistent
results with the most recent GSMF from UltraVista collaboration, meaning that
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we can reach very high masses (~ 10'?M,) thanks to the huge area covered by the
UltraVista/COSMOS field.

Moreover, we fit the total GSMF with a single and a double Schechter func-
tions. We found a progressive steepening of the faintest region of the GSMF, while
the "knee" of the Schechter function shows a slight decrease with redshift, suggest-
ing that, probably, the exponential decay observed in the GSMF shape does not
depend on redshift. On the contrary, the overall normalization parameter of the
Schechter function decreases as redshift increases. Additionally, as already found
in previous studies, we confirm that at z < 2.5 the GSMF seems to be better con-
strained by a double Schechter function, while at higher redshift both single and
double functions well fit the observed GSMF.

Finally, we decided to investigate the GSMF of star-forming and quiescent
populations. Firstly, we selected and separated the two populations according to
their position in the rest-frame UVJ diagram. Then, we estimated the 1/V,,..
GSMF for both galaxy populations. We found that, in general, the GSMF of
the star-forming population has a similar shape of the one observed for the total
GSMF and it can be fit through a single Schechter function. The low-mass end
of the star-forming GSMF is in general steep all the redshift bins and we do not
observe a strong evolution of the highest mass galaxies. On the contrary, we found
an upturn in the quiescent GSMF for M < 10° M, better constrained by a double
Schechter function. In the 10°M, < M < 10'%3M, range the quiescent GSMF is
quite flat and the high-mass end does not show a strong evolution.

As expected, thanks to our deep photometry, we are now able to observe a
bi-modality in the quiescent GSMF for which we had barely an hint from previous
works. Moreover, it can be connected to the bi-modality observed also in the Local
Universe GSMF and it is consistent with a combination of two different (mass and
environment) quenching mechanisms.

Finally, we investigated the effects of our calibration on the GGC sample of
the BCO3 models on the GSMF of the galaxy quiescent populations, which, as the
GGCOCs, contain old stellar populations. Therefore, we expect that their age could
be affected by the same problem we found for GGCs in Chapter 4, especially at
lower redshifts. At this purpose, we re-calibrated our SED fitting procedure on
quiescent populations employing a new prescription able to eliminate too young,
non-physical ages inferred for quiescent galaxies. In this way, we obtain new
stellar masses and we re-estimated the GSMF. From the comparison with the
previous non-calibrated GSMF, we found a mild difference for the low-mass end
(M < 103M,) at low redshift (z < 1.5).
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Chapter 6

Conclusions

We took advantage of homogeneous UBVRI ground-based photometry and V
(F606W), I (F814W) ACS/HST data (Sarajedini et al., 2007; Dotter et al., 2011)
of a sample of 64 GGCs to introduce a new HB morphology index, typ, to investi-
gate the HB morphology variation over the entire metallicity range of GGCs. We
note that when available we preferred the space-based observations V and I-bands
within the ACS FoV (~ 4’), while we used the ground-based data for the outer
regions of the globulars in our sample. 7yp is defined as the ratio between the
areas below cumulative number distribution in apparent magnitude (Acyp(1)) and
in colour (Acyp(V-I)) of the entire box containing the HB. We compared our new
photometric index to other indices available in the literature, namely HBR’, the
HB ratio defined by Lee (1989); Lee et al. (1994), and L1, 1.2 indices introduced
by Milone et al. (2014). We found that 7yp offers several advantages: it is char-
acterized by a wider dynamical range, which is a factor of seven if compared to
HBR’' and a factor of twenty if compared to L1 and L2 indices. Moreover, 145
shows a linear trend over the entire GGC metallicity range (-2.3<[Fe/H]<-0.1),
meaning that, in contrast to the well-known degeneracy of HBR’, our index traces
the HB morphology variation from the most metal-poor to the most- metal-rich
regimes. Furthermore, we investigated the possible sensitivity of HBR’ and typ
to the different contribution to the HB morphology variation by inner and outer
populations in GGCs. Indeed, we compared the estimates of the HB morphology
indices to the ones obtained using just space-based (inner GGC regions) and just
ground-based (outer GGC regions) data. We found a remarkable agreement be-
tween the two different catalogues. The difference is slightly larger in HBR’ for
those clusters dominated by red HB morphologies and in 7yp for those clusters
with a significant fraction of their light falling inside the ACS FoV (they are either
small and concentrated or large but observed at higher distances). The difference
in Typ is of the order of ~ 3%.

We investigated the sensitivity of the 755 index on those physical parameters,
considered as the main contributors to the observed variation of HB morphology,
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namely metallicity, age and spread in He content. We found a quadratic anti-
correlation with cluster metallicity, i.e., in general, Typ quadratically decreases
moving from metal-poor ([Fe/H]<-1.5) to metal-rich ([Fe/H] >-1.0) regime. In the
metal-intermediate regime (-1.5< [Fe/H] <-1.0), we were able to identify a sub-
sample of eight clusters appearing peculiar according to their 745 values. They
attain typ values greater of a factor ~ 2 than the ones found for the clusters.
Interestingly, these clusters do not have a peculiar HBR’ value. Comparing their
I, V-I CMDs with the ones of the "standard" (i.e., located near the best-fit relation)
clusters of similar metallicity (and age), we found that they are characterized by
a bluer HB morphology. This means that we can define them as the 2ndP clusters
in our sample. Moreover, we found a linear correlation with absolute cluster age:
Typ increases as age increases. Therefore, when moving from red to blue HB
morphology, the GGCs become older. The previously identified 2ndP clusters
remain peculiar also in this diagram and have an age ranging from ~ 11.5 to ~ 13
Gyr. Moreover, we decided to limit the impact of the age estimate by reducing
Ty values to the ones they would attain if the had an age of 12 Gyr, the mean age
of the total sample. After the reduction, we found a linear correlation with cluster
metallicity. However, the 2ndP clusters are located in a well-separated region far
from the region of the diagram covered by the other clusters. On the contrary, we
did not find a solid correlation between the residuals of the corrected Typ 126, as a
function of cluster metallicity and the internal spread in helium content estimated
by Milone et al. (2018). Finally, we calculated new synthetic HB models and
compared them to the observed Tyg 126, as a function of [Fe/H]. We found that
the theoretical models are able to fit the 2ndP clusters only if: we fix the spread in
He content to the one estimated by Milone et al. (2018) and we increase the mass
loss value from AM = 0.21 (i.e., the value we need to fit the bulk of the clusters)
to AM = 0.29; we fix the mass loss to AM = 0.21 and we increase the spread in
He content from mean value estimated by Milone et al. (2018), Y = 0.03, to, at
least, dY = 0.05; we consider both a higher mass loss and an higher spread in He
content.

Then, we decided to explore the HB morphology variation in composite stel-
lar populations in nearby dSph galaxies. Indeed, we used homogeneous UBVRI
ground-based photometry for nine MW satellite galaxies, while for seven An-
dromeda satellites we have space-based data from ACS/HST in F475W(~ B)/F606W
(~ V) and F814W (~ I) bands. Moreover, we have data in F475W and F814W also
for two isolated dSphs. Firstly, we analysed the HB morphologies of dSph galaxies
estimating the classical HBR’ index. It ranges from HBR’ ~ 1 (Andromeda III) to
HBR’ ~ 2.5 (Ursa Minor). This means that the HB morphology is systematically
redder than the one characterizing the GGCs.

Since for most of the galaxies, we had data in B and I-bands, we verified the
validity of our typ index also in the I, B — I diagram. Using the ground-based
photometry, we compared typ(IVI) with typ(IBI), estimated for the sample of
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GGCs. As expected, thanks to the higher sensitivity to the effective temperature
of B—I colour, we found that t455(IBI) is characterized by even a larger dynamical
range (of a factor of ~ 2) compared to the one found for 745(IVI). Furthermore,
we still found a quadratic anti-correlation with cluster metallicity and a linear
correlation with cluster age. Moreover, the 2ndP clusters are peculiar also for
their Typ(IBI) values. We also found other three globular clusters, characterized by
blue HB morphologies, located slightly above the 1o level in the 7y5(IBI)-[Fe/H].
Therefore, according to the photometric availability, we estimated 75p(IVI) and/or
tu(IBI) for our sample of 19 dSphs. We found that nearby dSphs are located in a
limited (typ ~ 1 —5) region below the mean value observed for the GGCs. These
findings suggest that HB morphologies in dSph galaxies are redder than in GGCs.
However, since they show a modest variation both in metallicity and age, this
means that we are facing to a relevant environmental effect when moving from

GGCs (M = 10* - 10°M,) to dSphs (M = 107 — 10°M,).

We performed an empirical calibration of BC03 SPSMs (Bruzual & Charlot,
2003) on the observed GGC SEDs in an unprecedented wide coverage in wave-
length (from FUV to MIR). In particular, we took advantage of GALEX/FUV-
NUYV (Dalessandro et al., 2012) and ACS/F275W (Piotto et al., 2015b; Nardiello
et al., 2018) integrated magnitudes for UV wavelengths. For those clusters for
which we did not have data from the literature in FUV and/or NUV, we synthet-
ically estimated the integrated magnitudes in these filters, performing a detailed
and complete synthetic CMD using the code described in Salaris et al. (2013)
and the bolometric corrections from PARSEC database. In the optical range we
took advantage of the UBVRI ground-based data and F606W (~ V), F814W (~ I)
space-based photometry together with grizy data from the first data release of
Pan-STARRS. In the IR wavelengths, we employed the JHK; photometry from
2MASS, while we calculated the integrated magnitudes in Spitzer/MIR bands us-
ing the same synthetic CMDs estimated for the UV integrated magnitudes. We
performed the empirical calibration of BC03 models with Padova 1994 isochrones.
Firstly, we fixed the metallicity of the models to the values Z/Z,= 0.005, 0.02, 0.2,
0.4, available in BC03. We used the Salpeter IMF and a 7-model SFH with 7 = 0.01
to simulate a simple stellar population and we left the age as a free parameter. Us-
ing zphot code, for each cluster we performed the SED fitting fixing the metallicity
to the values estimated by Carretta et al. (2009) to eliminate the age-metallicity
degeneracy. We decided to investigate the accuracy of the inferred parameters
comparing the age extracted from the SED fitting procedure and the independent
measures published by VandenBerg et al. (2013); Leaman et al. (2013). Consider-
ing the uncertainties both from SED fitting due to both the y? technique and the
photometric errors) and from the observed values by VandenBerg et al. (2013);
Leaman et al. (2013), we expected a difference of at most ~ +2Gyr. However, we
found a difference AAge spanning from -2.5 to 11 Gyr. A group of clusters are
characterized by AAge < 3Gyr, a second sample by 3Gyr < AAge < 7Gyr and a
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third one characterized by AAge > 7Gyr. Moreover, they seem to have a mild
correlation with cluster metallicities. Despite our efforts, so far we did not find
any correlation between the clusters in the different groups. Moreover, to verify
the validity of our models, we compared them to the models introduced by Conroy
& Gunn (2010b). We found that, in the optical-NIR wavelength range, they are in
quite good agreement with observations (with differences of the order of at most
0.3 mag). On the contrary, in the FUV band, they systematically under-estimate
colours in the metal-rich regime ([Fe/H]>-1), while they over-estimate NIR colours
in the metal-poor regime ([Fe/H]<-1). Finally, to find an explanation to the high
difference in age we compared inferred and empirical values, through rest-frame
colours. We obtained that the observed colours of our GGCs are more compatible
to the younger ages predicted by BC03 models.

After the investigation concerning the resolved stellar populations in the nearby
Universe, we decide to analyse the unresolved stellar populations in distant galax-
ies. Indeed, we estimated the GSMF up to z = 4 in a total area of 1.65deg?. We
combined the deep multi-wavelength (optical to MIR) photometry of four Frontier
Fields Parallels (H ~ 29) and of the five CANDELS fields (H ~ 27). together
with the large area (1.38deg?) covered by the UltraVista/COSMOS survey. In this
way, we can estimate the GSMF in an unprecedented mass range, from very low
masses (~ 107 = 103M,, dwarf galaxy stellar mass limit) to the very high-mass end
(~ 10'2M,) also at high redshift. We infer the stellar masses of the galaxies in our
sample from zphot SED fitting code using the BC03 SPSMs, the Chabrier IMF
and a "delayed" SFH with 7 = 0.1 — 2.0. Then, for each field, we estimated in
seven different bins in 0.2 < z < 4.0 redshift range, the GSMF through the 1/V,,..
method correcting for incompleteness effects. We calculated the total GSMF ob-
tained considering the ten fields as a whole, and compared them to several MF
available in the literature. We found an overall agreement, but, as expected thanks
to the FF deep NIR photometry, we reach masses lower of a factor of 1.5-2.0 dex
than the ones observed in previous works. Moreover, we fit the total GSMF with
a single and a double Schechter functions. We found a progressive steepening of
the faintest region of the GSMF, while the "knee" of the Schechter function shows
a slight decrease with redshift, suggesting that, probably, the exponential decay
observed in the GSMF shape does not depend on redshift. On the contrary, the
overall normalization parameter of the Schechter function decreases as redshift
increases. Additionally, as already found in previous studies, we confirm that at
7z < 2.5 the GSMF seems to be better constrained by a double Schechter func-
tion, while at higher redshift both single and double functions well fit the observed
GSMF. Finally, we decided to investigate the GSMF of star-forming and quiescent
populations. Firstly, we selected and separated the two populations according to
their position in the rest-frame UVJ diagram. Then, we estimated the 1/V,,..
GSMF for both galaxy populations. We found that, in general, the GSMF of
the star-forming population has a similar shape of the one observed for the total
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GSMF and it can be fit through a single Schechter function. The low-mass end
of the star-forming GSMF is in general steep all the redshift bins and we do not
observe a strong evolution of the highest mass galaxies. On the contrary, we found
an upturn in the quiescent GSMF for M < 10°M,, better constrained by a double
Schechter function. In the 10°M, < M < 10'%3M, range the quiescent GSMF is
quite flat and the high-mass end does not show a strong evolution. Thanks to
our deep photometry, we are now able to observe a bi-modality in the quiescent
GSMF for which we had barely an hint from previous works. Moreover, it can be
connected to the bi-modality observed also in the Local Universe GSMF and it is
consistent with a combination of two different (mass and environment) quenching
mechanisms. Finally, since we found that for GGCs we have a significant differ-
ence between the values of observed and inferred ages, we expect the same problem
in the inferred ages of quiescent galaxies, which, similarly to GGCs, contain old
stellar populations. Therefore, we employed a new SED fitting prescription able
to eliminate too young, non-physical ages inferred for quiescent galaxies. Hence,
we re-calibrated the inferred stellar masses, and so, the quiescent GSMF. As ex-
pected, the age estimate mildly (< 0.1 dex) affects the GSMF lowest mass end
(M < 108M,) at z < 1.5.

Future developments

The results presented in this thesis are preliminary results of a larger project con-
cerning the empirical calibration of a number of SPSMs on local objects. Indeed,
we plan to extend this analysis on nearby dwarf galaxies and open clusters, which
are recognized to be very different in stellar population and dynamics when com-
pared to the much simpler GGCs investigated here. Moreover, we plan to extend
the calibration also to other widely used SPSMs, in addition to the Bruzual &
Charlot (2003), employing also other more updated SED fitting codes. This re-
markable empirical calibration together with the future large photometric and
spectroscopic surveys, like EUCLID, James Webb Space Telescope (JWST) and
Extremely Large Telescope (ELT) facilities, will allow us to identify the sources of
the already observed discrepancies between theory and observations, and thus, to
improve our knowledge concerning galaxy formation and evolution.
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Appendix A

Notation for chemical composition

In astronomy we denote the Hydrogen (H) and Helium (He) abundances by mass
as "X" and "Y", respectively, while we call all the elements more massive than He
as "metals" ("Z").

The solar total abundance of metals by mass is Z, = 0.02.

In general, we usually use the iron as the metal abundance indicator thanks
to the fact that it is easy to estimate from stellar spectra. Moreover, we usually
specify the star metallicity in units of the solar value through the logarithmic
quantity:

Z Z
[Fe/H] = Log(X*) Log(Xo) (A.1)
so that for the Sun [Fe/H], = 0.

In general, He and heavier element abundance variations are negligible if com-
pared to the H abundance, so we can consider X as constant, and we can write the
metal abundance simply as:

[Fe/H] ~ Log(?) (A.2)

0]

If we assume a universal scaled solar heavy element distribution, we can define the
total amount of metals of an object as:

Z Z

[M/H] = Log(X*) Log(XG) (A.3)

We denote the O, Ne, Mg, Si, S, Ca and Ti elements, produced mainly by Type

IT supernovae, as @ elements. Their abundance relative to iron is usually defined
as [a/Fe].

Their distribution in the Milky Way halo is [@/Fe] ~ 0.3 — 0.4 while in the

Magellanic Clouds ([Fe/H] < —1.0) it is [@/Fe] ~ 0.2. Indeed, in general we

find that in external galaxies, for example in massive early-type ones, they are
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more abundant than in our Galaxy (Worthey et al., 1992), and we define them as

'a-enhanced" populations.
On the contrary, if the distribution of the heavy elements in the stellar pop-
ulation chemical composition is similar to the solar one, we define it as "scaled

solar".
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Stellar evolution

Stellar evolutionary theory provides synthetic luminosity and effective tempera-
ture of the stars allowing to reproduce the Hertzsprung—Russell diagram (HRD), a
fundamental plot showing the star bolometric luminosity versus its effective tem-
perature. The evolution of a stellar model in the HRD is denoted as "stellar track"
(see Figure B.1). We can interpret and predict the star formation and chemi-
cal evolution histories of a stellar population combining stellar tracks of different
masses.

Zero-age

main sequence

Stars reach this dashed
line when core hydrogen
fusion comes to an end.

# = Helium flash (occurs for
relatively low-mass stars only)

40,000 20,000 10,000 5000 2500

~— Temperature (K)

Figure B.1: Evolutionary tracks of five stars with different mass on the HRD (Freedman & Kaufmann,
2007).

Indeed, independently from their chemical composition, stars can be classified
in three different groups according to their initial mass: low mass (0.8My, < M <
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2.3M,), intermediate (2.3M, < M < 10My) and massive (10My < M < 25M,)
stars. Mass limits depend on the particular physical processes which take place
inside the object, like the sequence of nuclear burnings from Hydrogen to heavier
elements, the existence of electron degenerate gas inside the nucleus, the values
reached by central temperatures and densities, etc.

The first step in stellar evolution is the pre-main sequence (PMS) phase: the
star is convective and it contracts at T,ss ~ const while its radius and luminosity
decrease (L = 47r0'T;‘. R?). Therefore, during this phase, the star evolves vertically
in the HRD along the "Hayashi track", until a radiative core forms and eventually
H-burning ignites in the central regions. At this point, the star evolves along the
main sequence (MS) phase when the H is converted into He in the core. The H-
burning core gradually develops an He core while the stellar luminosity increases.
Low mass stars burn H through the so-called "pp-chain" (T, ~ 10°K), which trans-
forms H (protons, p) in He nuclei, while intermediate and high-mass stars are
sustained by the C-N-O cycle (T. ~ 10 -20- 10°K), which transforms Carbon (C),
Nitrogen (N) and Oxygen (O) nuclei in He nuclei.

The H-burning time scales depend on the initial mass of the star and they
are in general shorter as the star initial mass increases (e.g., for M = 0.8M,
tus ~ 12-10%yrs, for M = 5Mg tys ~ 100 - 10%yrs, for M = 15Mg tys ~ 13- 10%yrs).
The time spent along the MS represents the 90% of the entire life of the star.

When the Hydrogen is exhausted the star reaches the highest T, value at the
turn-off (TO) point in the HRD: the star has an He-core surrounded by a H-shell
and it is at the base of the red giant branch (RGB). In low-mass stars, the central
temperature T¢ is too low to ignite the He-burning in the core, which grows thanks
to the shell, which is experiencing the H-burning and producing a convective H-
envelope. The core contracts and both central and shell temperatures increase.
Furthermore, the star climbs the RGB while the convective envelope formed at the
RGB base penetrates into layers processed during the previous stages causing a
discontinuity in the chemical profile of the star (first dredge-up). In the meanwhile,
the He-core grows until Mc ~ 0.5M; and the central density pc is higher than T¢:
the gas degenerates and produces neutrinos. When T¢ ~ 108K, the star ignites He-
burning outside the centre in a convective region: the star experiences the so-called
He-flash which allows T¢ to increase at constant pc, removing the degeneracy. The
star reaches the maximum luminosity on the RGB (RGB-tip). At this point, the
He-burning begins quiescently in the core and the RGB phase is terminated.

Low-mass stars burns He in their core and H in a shell during the horizontal
branch (HB) phase. Their position on the branch depends on their metal content
and on the mass lost along the RGB. Metal-rich stars cover a red region on the
HRD ~ 3 magnitude below the RGB-tip, while metal-poor stars are characterized
by a broad range in T,ss to the blue of the RGB.

Intermediate and high-mass stars ignite H-burning in a convective core. When
the central hydrogen terminates, they experience a rapid evolution to the RGB
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phase burning the hydrogen in a thin shell, surrounding the He-core. Also in this
case, a convective envelope develops and penetrates into layers processed through
CNO cycles (first dredge-up), causing a chemical variation of the surface elements.

Intermediate and high-mass stars ignites the He-burning in a non-degenerate
core when T¢c ~ 108K, requiring a minimum core-mass of 0.33M,, while the H-
burning continues in a shell. The early stages of He-burning occur near the Hayashi
line, while when the energy released by the He-burning core is equal to the energy
released by the H-burning shell, the star experiences a rapid contraction of the
envelope and the convective outer layers become radiative. In this phase, the star
moves to a bluer region on the HRD (blue loop). In general, as the mass of the
star decreases, the blue loop location moves toward the Hayashi line.

He-burning turns Helium into Carbon, Oxygen and traces of heavier elements.
When it ends, the star is characterized by a C-O core, which is of equal mass for
the low-mass stars, while its mass increases with the stellar mass for more massive
ones.

At the end of the He-burning, the star is formed by a C-O core, a He-burning
shell, and a H-envelope with a H-burning shell at its base, which, for very massive
stars, can be lost because of strong stellar wind mass loss.

After the He-burning phase, low and intermediate-mass stars evolve to the
asymptotic giant branch (AGB) phase, which is composed of two stages: early
AGB (E-AGB) and thermally pulsing AGB (TP-AGB). During the first stage,
while the He content in the core decreases, the star expands and cools, evolving
almost parallel to the RGB and experiencing the second dredge-up, bringing fresh
Helium and Nitrogen to the surface. The E-AGB lasts until the H-burning shell is
re-ignited by the envelope re-contractions. In the second stage, the C-O gas in the
core reaches so high temperature and density that the electrons become degenerate.
After the re-ignition of the H-shell, the burning in the He-shell becomes thermally
unstable and produces a convective region, that gradually re-absorbs. The H-shell
and the He-shell alternate as major source of energy for the star, which experiences
a series of thermal pulses and a third dredge-up. The TP-AGB stage lasts until
the H-envelope is lost due to stellar wind.

Low-mass and intermediate-mass stars end their life as planetary nebulae and
white dwarfs since their central temperature is not high enough to burn other
elements. On the contrary, after the He-burning phase, massive stars ignite all the
burnings until the iron one: the star has now an iron core of ~ 1.4M,. Since the
iron burning does not release energy, the core cools down and the fusion suddenly
stops. At this point, the star implodes and the external layers rebound on the iron
core, producing the explosion known as supernova. The supernova remnant can
be a white dwarf, a neutron star, or a black hole, depending on the initial mass of
the star.
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B.1 From theory to observations

The observational counterpart of the HRD is the colour-magnitude diagram (CMD),
displaying the star magnitude in a specific photometric band as a function of the
so-called colour index, the difference between two magnitudes of two different pho-
tometric bands. In the following, we describe how to transform luminosity and
temperature values predicted by theoretical models, to the observed magnitude
and colours we need to build the CMD.

If f; is the monochromatic flux (energy per unit of area, time and wavelength)
received at the top of our atmosphere, we can define the apparent magnitude as
the flux collected by a telescope in a generic photometric band A covering the
wavelength range between A; and A, as (Salaris & Cassisi, 2005):

A2
f/ll f,lS,ld/l) 0
— |+ m

my = —2.5L0g(
[2 £95.d2

(B.1)

where ff and m9 are the flux and the magnitude in the photometric band A
produced by a reference star, and §, is the response function of the filter A.

Therefore, the apparent magnitude is defined on the basis of the choice of
a reference star. We define the colour index as the difference of two apparent
magnitudes estimated in two different photometric bands: (my — mp) = A — B.

Moreover, the apparent magnitude is not directly linked to the intrinsic prop-
erties of a star, since it depends on the distance. Therefore, we need to define the
absolute magnitude in the given band A, as the magnitude that a source would
have if it would be located at a distance of 10pc:

My =my —5Log(d) + 5 (B.2)
where d is the distance in parsec. We also define the distance modulus as
m=(my—My)=(m— M)y (B.3)

Finally, we can relate the flux observed on top of the Earth atmosphere (f;) to
the one at the stellar surface (F,) as:

2
fi= FA(S) (B.4)
Therefore, we need of F, to estimate the magnitude of a stellar source. We can
calculate F, using the results of models of stellar atmospheres, determined by
chemical composition, gravity (g) and effective temperature.

Consequently, we can determine F,, and hence the magnitude, from L, T, ;s and
g as estimated by the appropriate atmospheric model.
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If we write the absolute magnitude as:

Rrﬁmhﬂ

My = —2.5L0g[(
mmxﬁﬂaw

+m (B.5)

and if we assume S, = 1 at all wavelengths, 4; = 0, A, = inf and considering the
Sun as the reference star, we can introduce the absolute bolometric magnitude as:

Mo = Moo — 2.5L0g(L/Lo) = Mpp1o — 2.5L0og(4nR* F 1/ L) (B.6)

where My, = 4.74.
Finally, we define the bolometric correction in the photometric band A as:

BCy = Myo — Ma = Moo — 2.5L0g(4nR* F o1/ Lo) B.7)

The bolometric correction allows to transform the theoretical models into obser-
vational quantities. In this way, the stellar track on a HRD can be transformed in
various CMDs obtained combining different photometric filters.
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Appendix C

Peculiar globular clusters

The classical HB morphology index (HBR’) estimations for NGC 6304, NGC 6426,
NGC 6624, Lynga 7, and Palomar 2 and the 755 indices for NGC 6426, NGC 6624,
and NGC 6652 were derived using I, V-bands from ACS-HST because we lack
ground-based catalogues. For these globulars we considered all the stars in the
HST field and within the tidal radius in ground-based telescope fields.

Due to the high field contamination in ground observations, for the clusters
NGC 6388 and NGC 6441, we used only ACS data. Despite this, the sample is
statistically good enough to analyse their HB morphology, even if the ACS FoV
does not cover the entire extent of these two clusters.

Owing to the low number of HB stars in Lynga 7 and NGC 6304, we obtain
7u3=0 and so, these clusters have not been included in the analysis of our new in-
dex. Finally, we note that ground-based data for NGC 104, NGC 5272, NGC 5466,
NGC 5927, NGC 6362, NGC 6397, and NGC 6752 do not reach the tidal radius.
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Appendix D

Notes on individual outliers

In the following we give notes about the clusters we can define as outliers either
in the typ-[Fe/H]| plane or in the Typ-age plane or both.

NGC 6218: outlier of typ-[Fe/H], while we cannot consider it an outlier in
Typ-age planes (it is located under the 2.00 levels). Both ground-based and space
data are of good quality. It has been identified as a second parameter cluster.

NGC 288: outlier of typ-[Fe/H] and of the typ-age planes. Both ground-based
and space data are of good quality. It has been identified as a second parameter
cluster.

NGC 6205: outlier of 7yp-[Fe/H] and of the typ-age planes. Both ground-
based and space data are of good quality. It has been identified as a second
parameter cluster.

NGC 6254: outlier of 7yp-[Fe/H] and of the typ-age planes. Both ground-
based and space data are of good quality. It has been identified as a second
parameter cluster.

NGC 6426: outlier of 7yp-[Fe/H| and of typ-age planes. We have only space
photometry. Among the second parameter clusters, it is the one attaining the
lowest value in 7yp.

NGC 6752: outlier of 7yp-[Fe/H] and of the typ-age planes. Both ground-
based and space data are of good quality, but ground data do not reach the globular
tidal radius. It has been identified as a second parameter cluster.

NGC 6541: outlier of typ-[Fe/H] and of the VandenBerg et al. (2013); Leaman
et al. (2013) Typ-age plane. We have no age estimation from Salaris & Weiss (2002).
Both ground-based and space data are of good quality. It has been identified as a
second parameter cluster.

NGC 6681: outlier of 7yp-[Fe/H] and of the typ-age planes. Both ground-
based and space data are of good quality. It has been identified as a second
parameter cluster.

NGC 6362: outlier of tyg-age plane for age estimations from VandenBerg
et al. (2013); Leaman et al. (2013). Both ground-based and space data are of good
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quality.

NGC 6535: outlier of Typ-age planes (above 2.5¢" limit in the VandenBerg
et al. (2013); Leaman et al. (2013) plane and 2.00 limit in the Salaris & Weiss
(2002) one). Both ground-based and space data are of good quality.

NGC 6652: outlier of the Salaris & Weiss (2002) 7yz-age plane. Both ground-
based and space data are of good quality.

NGC 7089: outlier of the VandenBerg et al. (2013); Leaman et al. (2013)
Typ-age plane. We have no age estimation from Salaris & Weiss (2002). Both
ground-based and space data are of good quality.

NGC 6171: outlier in the Typ-age planes (above the 2.5¢" limit in VandenBerg
et al. (2013) and the 2.00 limit in Salaris & Weiss (2002)). Both ground-based
and space data are of good quality.

188 Unresolved Stellar Populations in High Redshift Galaxies



Appendix E

Additional CMDs of dSph galaxies
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Figure E.1: Leo II V, B-I CMD of the entire catalogue (left panel), candidate galaxy (central panel) and
candidate field (right panel) stars.
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Figure E.2: Sextans V, B—I CMD of the entire catalogue (left panel), candidate galaxy (central panel) and
candidate field (right panel) stars.
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E. Additional CMDs of dSph galaxies
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Figure E.3: Andromeda I/, B—I CMD.
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E. Additional CMDs of dSph galazies Marianna Torelli - XXXII CYCLE
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Figure E.4: Andromeda XXVIII /, B—I CMD.
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E. Additional CMDs of dSph galaxies
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Figure E.5: Cetus I, B-I CMD.
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E. Additional CMDs of dSph galazies Marianna Torelli - XXXII CYCLE
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Figure E.6: Tucana I, B-I CMD.
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