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Abstract

Classical Cepheids are a type of variable stars critical for establishing distances in
the Local Group. These stars are young, intermediate-mass stars evolving through
a specific phase of the star evolution in which radial pulsation is excited, resulting
in a change of brightness. What makes them one of the primary tools in estimating
distances is the correlation between their intrinsic luminosities and pulsational
periods. For this reason, they are usually referred to as "standard candles". This
property, known as the Period-Luminosity (PL) relation, enables Cepheids to serve
as fundamental anchors on the cosmic distance ladder, which allows us to determine
the scale of the Universe. On the other hand, they represent powerful tools as
tracers of the young population in the Milky Way disc, with the possibility to study
variations in their chemical abundances as a function of their location in the Galaxy.
The first part of this dissertation revolves around the description of the astrophysical
characteristics of Cepheids, their progenitors, evolution and ultimate fate. The
origin of stellar pulsation is explored, starting from the basics of stellar structure to
the development of a pulsational theory. The main objective is to discover which
mechanisms ignite pulsation, which are the constraints that define the region in the
Hertzspring-Russell diagram, called the instability strip, where these mechanisms
become relevant and what are the main implications and uses of the PL relation.
Furthermore, we will navigate through the basics of spectroscopic analysis, the
elements necessary to build an atmospheric model and which physical quantities
play a relevant role in influencing the photosphere and need to be determined in
order to characterise a star.

The remaining chapters are based on three peer-reviewed published papers
and part of the C-MetaLL project survey: In Chapter 2 we have collected high-
resolution spectroscopy with UVES@VLT for a sample of 65 DCEPs. The majority
of them are the faintest DCEPs ever observed in the Milky Way. For each target, we
derived accurate atmospheric parameters, radial velocities, and abundances for 24
different species. The resulting iron abundances range between +0.3 and -1.1 dex
with the bulk of stars at [Fe/H] -0.5 dex. Our sample includes the most metal-poor
DCEPs observed so far with high-resolution spectroscopy. Exploiting the role of
Cepheids as tracers of young population stars, the radial metallicity gradient is
studied together with the distribution of the sample in the disc.

In Chapter 3 we quantify the metallicity dependence of the PL and PW relations
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of the Galactic DCEPs for a variety of photometric bands, ranging from optical to
near-infrared. We gathered a sample of 910 DCEPs with available [Fe/H] values
from high-resolution spectroscopy or metallicities from the Gaia Radial Velocity
Spectrometer. For all these stars, we collected photometry in the GBP, GRP, G, I,
V, ], H, and KS bands and astrometry from Gaia Data Release 3 (DR3). We used
these data to investigate the metal dependence of both the intercepts and slopes of
a variety of PL and PW relations at multiple wavelengths.

In Chapter 4, a follow-up of Chapter 2, we enlarge the sample of DCEPs with
accurate abundances from high-resolution spectroscopy. We present the results
of the analysis of 331 spectra obtained for 180 individual DCEPs with a variety of
high-resolution spectrographs. As already done in Chapter 2 we derived accurate
atmospheric parameters, radial velocities, and abundances for up to 29 different
species. A robust sample is obtained, distributed almost homogeneously in both
distance and metallicity ranges. The radial metallicity gradient is studied for all the
chemical species, highlighting the role of Cepheids as a powerful means to trace
spiral arms not yet well constrained.



Zusammenfassung

Klassische Cepheiden sind eine Art von veranderlichen Sternen, die fiir die Be-
stimmung von Entfernungen in der Lokalen Gruppe entscheidend sind. Bei diesen
Sternen handelt es sich um junge, mittelschwere Sterne, die eine bestimmte Phase
der Sternentwicklung durchlaufen, in der radiale Pulsationen angeregt werden, was
zu einer Helligkeitsanderung fithrt. Die Korrelation zwischen ihrer Eigenleuchtkraft
und den Pulsationsperioden macht sie zu einem der wichtigsten Hilfsmittel bei
der Abschatzung von Entfernungen. Aus diesem Grund werden sie gewohnlich als
,Standardkerzen® bezeichnet. Dank dieser Eigenschaft, die als Perioden-Leuchtkraft-
Beziehung (PL) bekannt ist, dienen uns Cepheiden als fundamentale Ankerpunkte
auf der kosmischen Entfernungsleiter, was uns ermoglicht, die Gro3e des Univer-
sums zu bestimmen. Andererseits sind sie ein leistungsfahiges Instrument, um die
junge Population in der Milchstralenscheibe aufzuspiiren, und bieten die Mog-
lichkeit, Variationen ihrer chemischen Haufigkeiten in Abhangigkeit von ihrer
Position in der Galaxie zu untersuchen. Der erste Teil dieser Dissertation befasst
sich mit der Beschreibung der astrophysikalischen Eigenschaften von Cepheiden,
ihren Vorlaufern, ihrer Entwicklung und ihrem endgultigen Schicksal.

Der Ursprung stellarer Pulsation wird erforscht, ausgehend von den Grundlagen
der stellaren Struktur bis hin zur Entwicklung einer Pulsationstheorie. Das Haupt-
ziel besteht darin, herauszufinden, welche Mechanismen die Pulsation auslosen,
welche Einschrankungen den Bereich im Hertzspring-Russell-Diagramm, den so
genannten Instabilitatsstreifen, definieren, in dem diese Mechanismen relevant wer-
den, und was die wichtigsten Auswirkungen und Anwendungen der PL-Beziehung
sind. Dariiber hinaus werden wir die Grundlagen der spektroskopischen Analyse,
die Elemente, die fiir den Aufbau eines Atmosphirenmodells erforderlich sind,
und die physikalischen Groflen, die eine wichtige Rolle bei der Beeinflussung der
Photosphire spielen und fiir die Charakterisierung eines Sterns bestimmt werden
miissen, durchgehen. Die tibrigen Kapitel basieren auf drei von Fachleuten begut-
achteten Verdffentlichungen und sind Teil der C-MetaLL-Projektstudie: In Kapitel
2 haben wir hochauflésende Spektroskopie mit UVES@VLT fiir eine Probe von 65
DCEPs gesammelt. Die meisten von ihnen sind die schwiachsten DCEPs, die jemals
in der Milchstraf3e beobachtet wurden. Fiir jedes Ziel haben wir genaue atmospha-
rische Parameter, Radialgeschwindigkeiten und Héaufigkeiten fiir 24 verschiedene
Elemente abgeleitet. Die resultierenden Eisenhaufigkeiten liegen zwischen +0,3
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und -1,1 dex, wobei der Grof3teil der Sterne [Fe/H] -0,5 dex aufweist. Unsere Probe
umfasst die metallarmsten DCEPs, die bisher mit hochauflésender Spektroskopie
beobachtet wurden. Unter Ausnutzung der Rolle von Cepheiden als Indikatoren
fiir junge Sternpopulationen wird der radiale Metallizitatsgradient zusammen mit
der Verteilung der Probe in der Scheibe untersucht.

In Kapitel 3 quantifizieren wir die Metallizitaitsabhangigkeit der PL- und PW-
Relationen der galaktischen DCEPs fiir eine Vielzahl photometrischer Filter, die
vom optischen bis zum nahen Infrarot reichen. Wir haben eine Stichprobe von
910 DCEPs mit verfiigbaren [Fe/H]-Werten aus hochauflésender Spektroskopie
oder Metallizititen aus dem Gaia Radialgeschwindigkeitsspektrometer gesammelt.
Fir alle diese Sterne haben wir Photometrie in den Bandern GBP, GRP, G, 1, V, J,
H und KS sowie Astrometrie aus Gaia Data Release 3 (DR3) gesammelt. Anhand
dieser Daten untersuchten wir die Metallabhéngigkeit sowohl der Schnittpunkte als
auch der Steigungen einer Reihe von PL- und PW-Beziehungen bei verschiedenen
Wellenlangen.

In Kapitel 4, einer Fortsetzung von Kapitel 2, erweitern wir die Stichprobe von
DCEPs mit genauen Elementhéufigkeiten aus hochauflosender Spektroskopie. Wir
stellen die Ergebnisse der Analyse von 331 Spektren vor, die fiir 180 einzelne DCEPs
mit einer Vielzahl von hochauflésenden Spektrographen gewonnen wurden. Wie
bereits in Kapitel 2 haben wir genaue atmospharische Parameter, Radialgeschwin-
digkeiten und Haufigkeiten fiir bis zu 29 verschiedene Elemente abgeleitet. Wir
haben eine robuste Stichprobe erhalten, die sowohl in den Entfernungs- als auch in
den Metallizitatsbereichen nahezu homogen verteilt ist. Der radiale Metallizitatsgra-
dient wurde fiir alle chemischen Spezies untersucht, was die Rolle der Cepheiden
als leistungsfahiges Mittel zum Aufspiiren von Spiralarmen unterstreicht, die noch
nicht gut erforscht sind.
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Introduction

1.1 Variable stars

When talking about variability, one of the first questions that astronomers should
ask themselves is: when should a star be defined as a variable? Indeed, if we
consider several mechanisms such as mass loss, pulsation, accretion or stripping
events from the surrounding environment (caused for example by the presence
of a companion in the case of a binary system), granulation in the photosphere,
magnetism cycles, stellar winds and many others, the distinction between star and
variable star becomes inexistent.

On the other side, it is ironic that historically these spots that appeared in the
night sky have been believed to be fixed and unchanging in both position and
brightness. When we take into account the great distances at which stars are and
the fact that only a few of the mechanisms mentioned above can induce a change in
brightness big enough to be seen by the naked eye, then it is easier to understand
how astronomers used to treat these events as unique. In those rare documented
cases where a star was observed as it disappeared (and surprisingly appeared again
months later) rotation and eclipses were the only explanations that seemed to be
reasonable.

It was only by the start of the twentieth century that, when comparing the
light curves of different stars, the differences were so evident that astronomers
were forced to explore new theories. At that period, several kinds of variable
stars had already been observed (among these, those that nowadays are classified
as Mira, RR Lyrae and Cepheids) and the advent of photographic plates would
have soon allowed their number to increase even more, which would furthermore
increase exponentially with the introduction, in the last decade of the twentieth
century, of CCDs. To put in crisis the binary hypothesis as a justification for the
variability in the luminosity of all the stars was § Cepheid, the prototype of those
variable stars that constitute the main protagonists of this thesis. By the start of the
twentieth century, binary stars had already been discovered and for one of them,
Algol, its nature was confirmed by Vogel [Vog90] analysing the Doppler shifts in
its spectroscopic lines. On the other hand, although delta Cepheid’s radial velocity
was confirmed to change as well, its light curve was deeply different from Algol’s
(a comparison is shown in Fig. 1.1).
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Figure 1.1: Comparison of light curves between Algol (on the left, Stebbins [Ste10]) and §
Cepheid (on the right, Stebbins [Ste08]).

Even after the strong arguments by Shapley [Sha14] against the binary nature of
é Cepheid, in favour of a radial pulsation, more than three decades had to elapse
before Zhevakin [Zhe53] and Cox and Whitney [CW58] began to put some lights
on the driving mechanisms that caused the pulsations of Cepheid variable stars.

Nowadays, when it comes to classification, the starting point is to look at the
nature of the process. Stars may owe their variability to processes inherent to the
star, in which case astronomers would refer to it as an intrinsic variable (such as
cataclysmic variables or pulsating variables), otherwise the label assigned would
be extrinsic variables (eclipsing variables being the prototypical example of this
category). Figure 1.2 shows a recently updated version of the variability tree (from
Eyer and Mowlavi [EM08]).

As can be seen, this classification contains both stellar and non-stellar objects,
such as active galactic nuclei (AGN) for the intrinsic variables and asteroids for
the extrinsic ones. Further subdivisions involve several kinds of parameters and
characteristics: the nature of a companion (if present), the shape of the light curve
and/or the presence of certain spectral lines. The list of different cases and strategies
adopted to classify variability can continue for pages. As someone might expect,
each subdivision is not driven by a single feature and are not uncommon cases
where researchers still debate either on which characteristics must be taken into
account to divide unambiguously a certain kind of variable object or, vice-versa, in
which category an astronomical object falls (and we must not exclude the cases
where, for example, a star is both a pulsating variable but also part of a binary
system).

As already mentioned, this thesis will explore one particular kind of variable
stars called Classical Cepheids, sometimes also termed as § Cepheids or type I
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Cepheids, classified as radial pulsator giants. The reason why they are also called
type I is because they are young objects, with ages of the order of tens to hundreds
of Myr, periods of the order of magnitudes of days and masses between 3 and 13 M,
(Turner [Tur96]. They are particularly important because of their role as standard
candles, which makes them crucial for determining distances of nearby galaxies.
The importance of these stars and the reason why they are defined as standard
candles goes back to the first years of the twentieth century when the astronomer
Henrietta Leavitt reported the discovery of 1777 variables in the Magellanic Clouds
(most of which turned out to be Cepheids) in 1908 (Leavitt [Lea08]). In a subsequent
study of 25 variables (Leavitt and Pickering [LP12]) Leavitt discovered a peculiar
trend of brighter variable stars having longer pulsation periods. Since these objects
all lie in the Small Magellanic Clouds, we can assume that they are at the same
distance within the errors and the relation between periods and apparent magnitude
translates into a relation between periods and absolute magnitudes. This relation

Section 1.1




Chapter 1

Introduction

offers the precious opportunity to calculate the luminosity, and hence the distance
(once the apparent magnitude is known) of stars and galaxies that host these stars
and build the first rung of the so-called cosmic distance ladder. We will see more
in detail in Sect. 1.4 the theoretical framework that leads to the formulation of
this relation and what kind of approximations are hidden behind it. In the next
section, instead, we first have an insight into the origin and the fate of these stars.
Then, in Sec. 1.3 we explore how it is possible to build a pulsation theory starting
from the basic equations that describe the stellar structure and evolution and the
mechanisms that allow some stars, in particular those who in their lives cross the
so-called instability strip (Cepheids included), to ignite pulsations.

1.2 Evolution of intermediate-mass stars

When looking at the mass of stars, it is generally common to divide them into
three categories: low-mass (< 3M;), intermediate-mass (between 3 and 40 M) and
high-mass (>40 M) stars. As already mentioned, Classical Cepheids are pulsators
with typical masses between 3 and 13 My, which makes them intermediate-mass
stars. In order to understand the origins of these stars and their fate, we will follow
the evolutionary path model by Ekstrom et al. [Eks+12] for a star of mass 5 Mg
and shown in Figure 1.3. Both cloud-collapsing and pre-MS phases are omitted
for clarity and discussed in detail by Iben Jr [Ibe65]. The instability strip, this still
"magic" region of the HR diagram where a star starts pulsating, is also shown. Both
low- and intermediate-mass share the main evolution processes that are described in
this section and the main differences are highlighted for each stage. More details of
each evolutionary phase are discussed in Catelan [Cat07], Salaris and Cassisi [SC05]
and references therein.

1. When the core of the proto-star starts to ignite efficiently the hydrogen in
the core, the newly born star settles in the so-called Zero Age Main Sequence
(ZAMS) in the HR diagram, where it will slowly evolve in terms of nuclear
timescales transforming the hydrogen in the core into helium.

2. At a certain point, the almost depleted hydrogen in the core is not capable
of supporting the structure of the star through nuclear reactions and will
contract. It is worth noting that due to the higher temperatures of the core,
for intermediate-mass stars the H-burning mechanism is dominated by the
CNO cycle instead of the proton-proton chain in low-mass stars. This leads
in the former case to develop a convective core.
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Figure 1.3: Evolution of an intermediate-mass star, based on a 5 Mg, rotating stellar model
from Ekstrom et al. [Eks+12] with metallicity Z = 0.014. The different stages highlighted by
the numbers are explained in the text. Boundaries of the instability strip based on Tammann
et al. [TSR03b] are shown in dotted lines.

3. This point corresponds to the total depletion of H in the core, completely

transformed into He. Because of the convective core discussed in the pre-
vious point, the region devoid of hydrogen in intermediate-mass stars is
significantly larger and the contraction process is more marked and fast,
creating "gaps" at the top of the MS in photometric studies of open clusters
(e.g. the case of M67 in Sandquist [San04]). Similarly to what happens for
lower-mass stars, the H-burning region shifts from the core to a surrounding
shell, continuing the enrichment process of the He core.

. The contraction of the core heats the surrounding H-burning shell, which

becomes progressively thinner. Since part of the energy released by the
H-burning shell is being used in the expansion of the star, the outer layers
cool down, leading to the development of a convective envelope and the star
reaches the base of the Red Giant Branch (RGB). If the convective envelope
extends further into deeper layers, the first dredge-up event takes place and
the inner material is dragged up to more external layers.

5. When the right conditions for the ignition of He accumulated in the core are

Section 1.2
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reached, the star stops ascending along the RGB, reaches what inevitably
becomes the tip of the RGB and starts its descent. Here lies one of the most
important differences between low- and intermediate-mass stars. Indeed, in
the former case, the growing process is slower and the core reaches a level of
electron degeneracy. Part of the energy at the very centre of the core is freed
through the creation of neutrinos, which means that the hottest region of
the core where He starts to ignite is not the centre but a shell surrounding it.
Because of the degeneracy, the energy generated by the new nuclear reactions
does not increase the local pressure and the region where the burning has
started does not expand (and subsequently cool down). This means that a
counter-balance effect does not take place, the thermonuclear reaction rate
dramatically increases until a thermonuclear runaway, also called "He flash",
sets off and most of the energy is used to lift up the degeneracy. For more
massive stars, the ignition of the helium commences before the core reaches
a degenerate state and the whole process is less abrupt. Also in this case the
timescales are reduced respect with to the low-mass case. After this event,
the star descends the RGB and lays down to the horizontal branch (HB), the
name derived from the fact that at this phase the luminosity is essentially
independent of the temperature, which in turn depends on the amount of
mass lost during the previous phases.

. Since the instability strip crosses the HB at intermediate temperatures, some

stars might fall within it after the ignition of the He core, resulting in RR Lyrae
for the low-mass case. Moreover, even in the case of a blue HB star, it can
cross the instability strip after it departs from the HB, on its way to becoming
an Asymptotic Giant Branch (AGB) star. On the other side, depending on
the relative efficiency of the H-burning shell compared with the He-burning
core, a star can develop blueward loops. This means that, similarly to what
happens with blue HB stars, also red HB stars can cross the instability strip
depending on the maximum extension of the blue loop and give rise to our
protagonists, the Classical Cepheids.

. Eventually, also the He in the core will be depleted and the story seems

to repeat itself, with the star further evolving toward the aforementioned
AGB, reaching a state where the core is inert and both H and He burn in
progressively thinner shells. In these stars, He- and H-burning shells will
compete and take turns as the most efficient energy sources. While many
other events can take place, like a second and third dredge up and/or a
thermal pulse phase, AGB stars will eventually lose their envelope leaving
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exposed the core, which is now named White Dwarf (WD). Depending on the
mass loss rate and the efficiency of nuclear reactions, WDs can differentiate
themselves in size and chemical composition: for low-mass stars, the He
core might never ignite, leaving a He WD, while in more massive ones the
carbon generated by the He reactions could reach the condition to burn itself
resulting in a O-Ne-Mg WD. In general, the expected final product is a C-O
WD. Further details on the final stages of AGB stars can be found in the
review by Herwig [Her05].

At this point, we know the origin and destiny of classical Cepheids, what remains
obscure is the reason why they pulsate, why the instability strip exists and which
physical properties define its boundaries. In the next section, the mystery will be
finally unveiled, while in Sect. 1.4 we will interrogate ourselves about the origin of
the PL relation and its relation with the metallicity.

1.3 Introduction to pulsation theory

1.3.1 Basic equations of Stellar Structure and Evolution

This section will be dedicated to developing and showing how we can theoretically
build a pulsating model suitable for our stars. Luckily for us, we will not focus on the
specific mathematical passages, our attention will move towards the assumptions
and approximations that allow us to obtain a formula and highlight the physical
limits of these equations. Let’s start with the evergreen stellar structure equations:

or 1 (11)
om  4nrip’ .
oP Gm
om (12
oL
o € — € — €, (1.3)
aT GmT
g My (1.4)
om 47rtP

These correspond to the continuity of mass, the hydrostatic equilibrium, the con-
servation of energy and energy transport equations, respectively. In these relations, r
is the radius, m the mass, p the density, P the pressure, G the gravitational constant,
L the luminosity,e energy generated per unit time and unit mass (those with sub-
scripts v and g corresponds to the energy loss due to neutrinos and work performed
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on the gas), T the temperature and V is commonly called "temperature gradient"
and takes different forms depending of which mean of transport, either radiative,
conductive or convective. While the latter case is a well-known complicated and
debated problem in astrophysics, the former can be easily treated, obtaining:

3  krLP 64nac ,T* oT
=— and L=- rt——,
16racG mT* 3 KR om

(1.5)

where a is the radiation constant, c¢ is the speed of light and kg the Rosseland mean
opacity. Is it possible to include in this formula also the conductive case through an
equivalent conductive opacity k. which leads to a generalised opacity:

1 1 1
i (1.6)
K Kr K
One first step towards the formulation of a pulsation theory is to modify the
hydrostatic equilibrium equation, which is necessary when the balance between
pressure and gravity is broken. During pulsations, the mass element will undergo
an acceleration, and equation 1.2 becomes the conservation of momentum:
*r 228 Gm 17
—_— = A4gr-— - —. .
or? om r?
In order to have all the information needed to solve this set of equations, a further
set of the so-called constitutive equations is needed, composed by the equation of
state:

p=p(PT,p), (1.8)

the dependence of the specific heat at constant pressure as a function of pressure,
temperature and mean molecular weight (necessary for describing the convective
energy transport):

cp = CP(P, T, /1), (1.9)

the opacity relation (both in the radiative and conductive cases), required to compute
V:
k =k(P,T,p), (1.10)

the thermonuclear rate of transformation of nuclei j to nuclei k:

rjk = rjk(P, T,/J), (111)
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and, finally, the rate of energy generation:
e=¢€e(P,T,p). (1.12)

Last but not least, we report the definition of the mean molecular weight:

-1
= [Z[l + ve<i)1f§] | (1.13)

i 1

where X; is the chemical abundance by mass fraction with atomic mass and number
A;j and Z;, respectively, and v, (i) is the average number contribution of free electrons
for the element i, and the time evolution of the abundance:

aXi _ m;
T ?(Z () k) o

The evolutionary track discussed in the previous section could indeed be com-
puted by solving these equations. The next step is to modify (where necessary)
these formulae and create a new recipe that allows us not only to describe pulsation
but to predict under which condition a star will pulsate.

1.3.2 Timescales and Ritter’s Relation

By the end of the nineteenth century, it became clear that the observed oscillatory
phenomenon could not be purely electromagnetic (i.e. what happens, for instance, to
an electric bulb connected to a varying source of power), but involved macroscopic
movements that involved at least the surface of the star. Mechanical oscillations
interpreted as sound waves which propagate through the several layers of the star
are one of the possible explanations of pulsation. If we consider the definition of

the speed of sound:
P I1kgT
Vg = \/1_ = \/i (1.15)
p pmy

where I is the first adiabatic index, kp is the Boltzmann constant, my is the hydro-
gen mass, y the mean molecular weight, P is the pressure and T the temperature,
then it is easy to have a rough first estimation of the typical timescale for the
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propagation of these waves in a star:

P ~ 2R (1.16)
Us

With R being the radius of the star. In the case of § Cep, we would obtain 22
days, which is surprisingly close to the period of § Cep (5.3 days) considering the
approximation we applied. Furthermore, if we assume a homogeneous state, both
I7 and p in Eq 1.15 are constants, and integrating the hydrostatic equation (1.2)
in its Eulerian formalism (that is, using r as independent parameters using the
transformation dm = 4 prdr) we obtain:

P Gmp 4nGp®r

= P(r) =

i — 2 _ 2
I 2 3 3 (R*=r?) (1.17)

This way, we can compute the time needed for the sound wave to travel back and
forth across the diameter of the star:

R
P - 2/ dr Sp = (1.18)
0 \/FlzyrpG(Rz -r?)/3 2IGp

which can be written as:

Pp=0Q (1.19)

This is the first version of the so-called period-mean density relation, obtained by
Ritter [Rit79]. A more rigorous derivation still leads to a very similar relation,
which suggests that less dense stars will have longer radial pulsation periods and
vice versa. Moreover, this expression can also be interpreted as the dynamical
timescale, many orders of magnitude shorter than other typical timescales of stars
(i.e. thermal or nuclear timescales). In other words, crucial phenomena for the
description of the star structure and evolution (e.g. change of chemical composition
described in Eq. 1.14 ) can be ignored.

1.3.3 Equations of (Radial) Stellar Pulsation Theory

Among the several physical parameters present in the Stellar Structure equations, ¢,
(often misinterpreted as "gravity term") stands out as essential to describe pulsation
as a mechanical movement. Without this term, all the energy released by nuclear
reaction would be either lost through neutrinos or affect the luminosity of the
star, excluding a process of absorption and successive release of energy during a
pulsation cycle (Eddington [Edd88]). Since ¢, represents the rate dQ/dt at which
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energy is absorbed or released (per unit mass and time for a given layer) and using
the First Law of Thermodynamics, we obtain:

dQ OE 2 (1 OE\ oT (QE\ op 2 (1
- =X_".p =l=| —+|—| —+P—|—- (1.20)
oT Ot ap | ot at\p

where we take advantage of being able to express E in terms of two of the variables
p, P or T while the dependence on the mean molecular weight is neglected (this
can be done thanks to the discussion on the timescales in the previous section).
After some mathematical passages and remembering the definition of the specific
heat at constant volume and the adiabatic exponents, we obtain :

e = = —
I dr ot ot

p

dlnT dlnp

+ (CVT)_l(e —€ - %). (1.21)

At this point, our objective is to find a way to linearise our nonlinear system
of partial differential equations. An effective method is to apply a very famous
approximation used in several branches of physics, where we consider a time-
dependent phenomenon (in our case, a pulsation) as a small perturbation around a
time-independent equilibrium state. This way, for any physical quantity f we can
then write:

f(m 1) = fo+6f(m,1), (1.22)

where we use the subscript 0 to define the unperturbed solution and 6 for the small
variation around it. In the case of our distance from the centre r = r(m, t) we thus

obtain:
or(m,t)
ro

r(m,t) = ro(l + =ro(1+¢) (1.23)

The linearisation of our equations is then possible under the following conditions:

f<1 and ﬁ:g <1 (1.24)

fh

After some tedious mathematical passage, our basic equations transform into:

dp 3 9
L =_3f-14 = 1.25
2% 3 ”ropoam (1.25)
F*E ) 5P\ dP, . 9 (6P
— =—4 4&E+ — | — —dnrgPp— | — 1.2
70 ot? 77:1"0( §+ Po ) dm 0 Oam P() ’ ( 6)
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Z1E=me-n— 2 T) 'Sle—e, - —|, 1.27
at(To ) (I30 )at( Py ) + (cv,oT) (6 €y am) (1.27)
and (for the radiative plus conductive case):
L T InT\™' (4InT
OL _ 4py 400 0k, (oInT) s(olnT) (1.28)
L T K om om

It is worth noting that the second of our new set of Stellar equations can be
interpreted in the following way: since dPy/dm is always negative, in the hypothesis
of an expansion, the first term on the right side indicates that as a layer moves
further away from the centre (¢ >0) it will feel a drop in the gravitational potential,
favouring further expansion. In response to this effect, the second and third terms,
associated with the pressure drop, express the tendency to reverse the movement.
At this point, further discussions confronting the pulsation timescale (P) with the
thermal one (also known as Kelvin-Helmholtz timescale, tx) would allow us to treat
these equations in the adiabatic case (with P < txy ) and simplify the conservation
of energy equation (1.27). After combining our equations, we would obtain the
Linear Adiabatic Wave Equation, or LAWE, which resembles the Sturm-Liouville
equation. Although this approximation would greatly simplify the equations, the
research of solutions and the calculation of pulsation periods, it does not allow us
to achieve any information about the mechanisms that make a star pulsate. Indeed,
the adiabatic condition is global and does not involve individual layers undergoing
pulsation, leaving us with the question of why and how a star may pulsate. Back
on the mathematical side, it can be demonstrated (Catelan and Smith [CS15]) that
it is not possible to reproduce phase lags between physical quantities (e.g. between
pressure and density). For these reasons, a non-adiabatic treatment is necessary.
A simple condition can be shown starting from Eq. 1.7 multiplying both sides by
or /ot and integrating over the whole star, obtaining:

10 d Gm oP or
/ —— ¥ dm = —— / ——dm| - / 4rr®——dm =

M 20t dt M r M om ot

dQ ,ar\M o ( ,or
—— — [4nr'P—| + | P—|4nr‘—|dm,

dt ot),  Ju om ot
with Q being the gravitational potential. The second term on the right side can be
neglected, since at the centre of the star r = 0 and at the surface the pressure is
many orders of magnitude lower than it is in the stellar interior. Integrating over a

complete pulsation cycle (with the first term on the right side becoming zero thanks
to the conservative nature of 2) we obtain the average total mechanical work that

(1.29)
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is transformed into kinetic energy of the stellar layers. Taking into consideration
that the partial derivative in the last integral can be written as —(1 /p) (Eq. 1.1.),
and averaging into a pulsation cycle, we obtain:

W = /dt/P——d <d;f> ‘;/ ;) dt/MiQ (1.30)

If this quantity is positive, the star will pulsate. Similar to what can be done
with LAWE, we combine our equations without the adiabatic condition, but now
the solution will contain a phase factor, which induces phase lags between the
physical quantities. Last but not least, W can be linked to the so-called stability
coefficient (Cox [Cox67]). This coefficient contains two terms, associated with
energy generation and energy transfer, respectively. When the conditions for
pulsation are met, we can then distinguish different driver mechanisms, the most
famous being the e mechanism (induced by the thermonuclear reactions) and the
and y mechanisms (where the energy transfer term is predominant). The last part of
this section will be dedicated to briefly discussing these 3 mechanisms and finally
discovering which one can explain Classical Cepheids’ pulsations, as well as the
origin of the instability strip.

1.3.4 The €, x, Y mechanisms

The main idea behind the € mechanism is that thermonuclear reactions have gen-
erally a strong dependence on the temperature. The temperature fluctuations in
the regions where these reactions take place may induce a fluctuation in the sup-
ply of energy and support the pulsations. Early conclusions by Cowling [Cow34;
Cow35] and confirmed some years later by Cox [Cox55],Ledoux et al. [LSB55] and
Rabinowitz [Rab57] showed that for stars like RR Lyrae and Cepheids, the size of
fluctuations in both the H-burning shell and He-burning core (shown in Fig. 1.4 for
a RR Lyrae model) is many orders of magnitude smaller than would be required for
an efficient € mechanisms.

The other two mechanisms sometimes referred to collectively as the heat mecha-
nism are instead connected to the different behaviours that some layers may have
in response to compression (or expansion). In more detail, the k mechanism refers
to the ability of a layer to increase its opacity (whose symbol is used to name the
mechanism) in response to compression (i.e. an increase in temperature) instead
of decreasing. As shown in Fig. 1.5, at high temperatures "normal" layers tend to
decrease their opacity due to the temperature rise, following the so-called Kramers-
Eddington opacity law (Kramers [Kra23],Eddington [Edd88]). On the other side,
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Figure 1.4: Relative temperature variation §T /T plotted as a function of the stellar radius
fraction r/R for an RR Lyrae model (Sweigart [Swe71; Swe87; Swe97]). Regions of the
H-burning shell and the He-burning core are schematically indicated.

a few "bumps" are present in which this behaviour is reversed. At these temper-
atures, ionization of hydrogen and/or partial ionization of helium occur and the
corresponding region of the star will "store" energy during compression, releasing
it in a subsequent expansion. Similarly, the ability of these same layers to gain heat
during compression is called the y mechanism (a simple way to distinguish these
two similar but different mechanisms is to remember that y is a clear reference
to the adiabatic index for an ideal gas, while k refers to the symbol used for the
opacity). These regions where ionization takes place will heat up less during com-
pression (and cool less during expansion) respect with to their surroundings since
the energy that would heat the layer is indeed stored in the form of ions. These two
mechanisms suffice to explain the event of pulsation instabilities for those stars
falling along the instability strip. Other mechanisms which become relevant in
other types of stars (e.g. hot stars) and non-radial pulsation modes can be found in
Catelan and Smith [CS15] and reference therein.

Before closing this section, we can qualitatively understand also what are the
physical limits in the onset of pulsations for Classical Cepheids, that is what defines
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Figure 1.5: The temperature dependence of the Rosseland mean opacity for the same RR
Lyrae model shown in Fig. 1.4.

the boundaries of this so many times mentioned instability strip. If the star is
sufficiently hot, the ionization layers, fundamental in exciting pulsation in Classical
Cepheids and other kinds of stars, will either be located too far out or not be
present at all. That means that it is possible to define a blue edge. On the other
hand, convection works in the opposite sense, storing energy in specific layers,
quenching pulsation and leading to the definition of the red edge for the onset of
pulsation instabilities. Further discussions of the non-verticality of these edges
(evident in Fig. 1.3) are outside the main scope of this thesis, but it is important to
highlight the fundamental role that the location of these ionization layers plays
and the complicated interplay between pulsation and convection (see e.g. Bono
et al. [BMS99a] and King and Cox [KC68]).
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1.4 The Period-Luminosity relation and the role of
the metallicity

Luckily for us, a rough derivation of the Period-Luminosity (PL) relation does not
require particularly complicated equations or long and tedious mathematical steps.
It is indeed quite easy/straightforward to understand why a relation between lumi-
nosity and period subsists for pulsating stars. We start with the Stefan-Boltzmann
law:

2 4
L =4nR O'Teff, (1.31)

and we express it in terms of bolometric magnitude, obtaining:
Mpo; = alogR+blogT +c. (1.32)

Using Ritter’s equation 1.19 and remembering that the mean density p is equal to
M/[(4/3)R%], we can then substitute R obtaining a relation that links absolute
magnitude, mass, period and temperature. Since Cepheids obey a mass-luminosity
relation, we can further substitute M, obtaining something similar to:

Moy = a’logP +blogT + . (1.33)

One first argument that can be raised is that the instability strip has a finite non-
infinitesimal width in temperature, which means that we should expect luminosity
and period to also be connected through the temperature. If we express the latter
in terms of a color index, we find out that what we have called so far PL relation is
actually a Period-Luminosity-Color (PLC) relation, the former being a projection
made by averaging over the temperature. From the observational point of view,
we find another evident problem in the calibration of this relation: the interstellar
extinction. Anything along the path between our object and the telescope can
absorb part of the light emitted by the star and have repercussions on the observed
magnitude. One way to minimise this effect would be by observing at longer
wavelengths. An alternative is the use of a reddening-free Wesenheit magnitude
introduced by Madore [Mad82]. To construct a Wesenheit magnitude we start by
explicating the difference between observed and intrinsic magnitude (and colour).
If we consider as an example the V and B optical filters we have:

Vobs =Vo+A, and (B—=V)ys=(B—-V)o+E(B-V), (1.34)

where the subscripts obs and 0 indicate the observed and intrinsic magnitude
(colour), while A, and E(By) are the reddening and the colour excess, respectively.
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We then define the total-to-selective absorption as:
Ry =Ay/E(B-V) (1.35)
At this point it is easy to demonstrate that:
Wobs = Vobs = Rv(B = V)obs = Vo — Rv(B = V)o = Wh. (1.36)

This quantity W, a magnitude subtracted by a colour index scaled by the term R, is
independent of the reddening. Once a reddening law is assumed, the Wesenheit
magnitude can be used in substitution of the normal magnitude in order to calibrate
a Period-Wesenheit (PW) relation. At this point, we must ask ourselves whether
this relation is universal, that is, if cepheids in different galaxies and different
metallicities obey the same relation. It is important to raise this issue because, as
already briefly mentioned, we can obtain distances of galaxies thanks to classical
Cepheids. If these galaxies host a particular type of Supernova called SN Type Ia, we
can push our distance calibration even further. Eventually, we reach unperturbed
galaxies in the Hubble flow, whose velocity is dictated by the expansion of the
Universe. This way, we can build the so-called cosmic distance ladder (Freedman
et al. [Fre+01]; Riess et al. [Rie+22a]), which leads us to the estimation of the Hubble
constant Hy (connected with the expansion of the Universe) of the late evolutionary
universe. This method is independent of the theoretical estimation by the Planck
Cosmic Microwave Background project (Planck Collaboration et al. [Pla+20]) which,
adopting the flat A Cold Dark Matter model, leads to an estimation of the expansion
in the early universe. The problems arise because these two values are currently
discrepant for more than 4. Suppose this tension indeed exists between the Hubble
constant measurements from the two extreme ends of the Universe. In that case, it
may be a hint at new or missing physics in the standard cosmological model (see e.g.
Di Valentino et al. [Di +21],Abdalla et al. [Abd+22]). On the other side, it becomes
of vital importance to calibrate with great accuracy and precision the Cepheid-
based distance measurements in the traditional cosmic distance ladder, which
nowadays are now only limited by the systematic uncertainties in the calibration
of their PL relation and its metallicity dependence. Before the advent of the Gaia
astrometric satellite (Gaia Collaboration et al. [Gai+16]), the absolute calibration
of Cepheid PL relations was mostly based on a limited sample of Cepheids with
Hubble Space Telescope parallaxes (Benedict et al. [Ben+07], Riess et al. [Rie+14])
or using distances determined from independent methods, such as the Baade-
Wesselink or infrared surface brightness methods (the theoretical background
some application can be found in Baade [Baa26], Wesselink [Wes46], Storm et
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al. [Sto+11], Gieren et al. [Gie+12]). This is now changing thanks to increasingly
more accurate and precise geometric parallaxes of thousands of Cepheids in the
Milky Way from the Gaia mission (Gaia Collaboration et al. [Gai+16], Ripepi et
al. [Rip+23]). The increasing precision of Gaia parallaxes also enabled some of
the above-mentioned studies to investigate the metallicity dependence of Cepheid
PL relations at multiple wavelengths. We will see in Chapter 3 an application of
Gaia parallaxes in combination with high-resolution spectroscopic metallicities
to calibrate both the Period-Luminosity-Metallicity (PLZ) and Period-Wesenheit-
Metallicity (PWZ) relations.

1.5 Determination of chemical abundances
through spectroscopic techniques

This section is dedicated to introducing the basics of spectroscopy, atmosphere
modelling and determination of atmosphere parameters. These techniques are
extensively used in Chapter 2 and 4 for the High-Resolution spectral analysis of
Classical Cepheids. The main objective is the determination of the metallicity
(that is, [Fe/H]) which is necessary to calibrate Period-Luminosity-Metallicity and
Period-Wesenheit-Metallicity relations, but we can exploit the high resolution, good
signal-to-noise and wavelength coverage of the data to estimate other chemical
species and for example study the chemical distribution in the MW disc. Our
first step into spectroscopy requires us to understand what kind of information a
spectrum carries and what we can achieve from it. Indeed, the light we observe
from the star comes from a region of the atmosphere called the photosphere. All the
light generated in more internal regions does not penetrate to the surface because
of absorption and scattering processes. This means that when the radius and the
temperature of a star are mentioned, for example, it is the size of the apparent
stellar disc defined by the photosphere and its characteristic temperature to which
it is referred, respectively. Outer layers, the chromosphere and the corona, emit
most of their light in the ultraviolet (UV) and x-ray regions. The starlight that
reaches our instruments originates from a very small region of our object: in the
case of the Sun, the photosphere is 700 km thick, while its radius is 696 100 km.
Depending on several factors (such as temperature, surface gravity and chemical
composition), the thickness of the photosphere varies from star to star, and for a
single object how deep we observe depends on whether the light comes from the
centre or the edges of the stellar disc (the so-called limb-darkening). But this does
not mean that the level of information we can achieve from a star is small (although
of course limited). Since physical quantities like the already mentioned temperature,
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surface gravity and composition affect the spectra, it is possible to estimate them
by studying their effect on the total flux. Spectral lines bear the signatures of the
velocity fields pervading stellar atmospheres. Their presence, intensity and shape
allow us to differentiate between different stars and classify them into several
classes and subclasses. Convective movements and nuclear processes leave their
mark on the chemical composition. Once we collect all the information we can
gather, we can build models of the atmosphere and create synthetic spectra. A
confrontation between synthetic and observed spectra gives us hints of the physics
that is missing and how acceptable are our approximations. In the following, we will
take a journey into the basics of atmosphere modelling, building a base into which
it will be possible to extract the procedures that make it possible to estimate the
main atmospheric parameters: effective temperature, surface gravity, metallicity,
radial velocity and velocity fields information (generally divided into micro- and
macro-velocity). More details can be found in Gray [Gra21] and references therein.

1.5.1 The radial transfer equation

The starting point can not be anything but the definition of the specific intensity.
If we consider the infinitesimal energy dE, that passes through the surface dA in
a spectral interval dv and time dt and reaches the observer under the solid angle
dw in the direction 0 respect with to the normal to the surface dA (Fig. 1.6 for a
representation at macroscopic scales), the specific intensity I, is defined as:

L dB
" dtdAdwdv cos 0°

(1.37)

It is possible to replace the frequency interval with a wavelength one, since
I,dv = I)dA. The flux, what we actually observe, is the total net energy from our
source. In formulae:

F = jg I, cos Bdw (1.38)

Next, we introduce the quantities that either reduce or increase the intensity.
Consider radiation passing through a layer of a material with density p. Because of
photon absorption (transformed into thermal energy) and/or scattering (photons
deviated and removed from the solid angle), we find that the intensity, after passing
through a length dx, is diminished by an amount:

dl, = —x,pl,dx, (1.39)

where K, is the absorption coefficient (the opacity we saw in Eq. 1.10) and depends
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Figure 1.6: Geometrical representation of the specific intensity from Gray [Gra21].

on the state of the material and frequency. If we had pure absorption, the integration
over a path length L we would obtain a typical exponential law where the quantity
T, = /OL kypdx (called optical depth) establishes the reduction rate of the intensity.
Following the same treatment, an increment of radiation (because of emission
and/or scattering) can happen:

dI, = j,pdx, (1.40)

with j, called emission coefficient. The ratio j,/k, gives the source function S,.
Two easy examples of source functions are Planck’s radiation law of a blackbody
when we are in thermodynamic equilibrium, and the mean intensity 1/4x 9§ I dw,
for pure isotropic scattering. In the general case where we have both absorption
and emission, we obtain the equation of radiative transfer:

dl,

d—TV = _IV + SV’ (1'41)
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whose general solution is:

7
I(t,) = / S, (t,)e” ™ dr, + I,(0)e™™. (1.42)
0

This can be interpreted as follows: at a point 7, the initial intensity I, (0) is reduced
by the exponential extinction e™*"; on the other side, the source function contributes
at each point t, between 0 and 7,, each contribution reduced by the absorption pro-
cess by a term e~ ("~*") Now, if we consider a star and approximate it as a spherical
object (which is fairly true for slow rotators) we can write Eq. 1.41 in spherical
coordinates (with the z-axis chosen toward the observer). If we assume that the
intensity has no azimuthal dependence and the plane-parallel approximation is
valid (that is, no dependence of 6 on z, which is true since the photosphere is very
small compared to the stellar radius) we obtain:

cos Qﬂ =1,—-S, where dr, =—K,pdr (1.43)
dr,

The sign inversion in both the equation and the new definition of the optical depth
is easy to justify when we consider that the observer is looking from the outside
toward the inner regions of the stars, in the opposite direction of dx in Eq. 1.41.
Moreover, because now we are considering a spherical object, the optical depth is
not always oriented along the radius, with the latter forming an angle 6 with the
line of sight of the observer. This corresponds to a length path ds equals dx scaled
by a factor 1/cos 6 = sec 0 (see Fig. 1.7.

In this new formulation, we can differentiate the case of radiation going inward
(coming from more external layers, and 6 > 90°) from the radiation going outward
(generated in the inner layers, theta < 90°). For this reason, we replace the initial
intensity I, (0) with a general integration limit ¢ and the solution of Eq. 1.43 becomes:

L(r,) = - / S, (t,)e"(trm)sect sec odt,,. (1.44)
C

When we start from the outer boundary, ¢ =0 and we integrate the radiation
generated from the surface till the "depth" 7,, going inward. On the other side, the
radiation working outward comes from the inner regions of the star (until we reach
the point that no more radiation can be seen coming out) which corresponds to the
integration limit ¢ = co. At the stellar surface (7, = 0) there is no radiation going
inward and:

L,(0) = / S, (t,)e~ % sec Odt,. (1.45)
0
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r+dr

************* Centre of star

Figure 1.7: Geometrical representation of the plane parallel approximation. The dx term
in Eq. 1.41 is now dr, while ds (in the opposite verse and inclined of an angle 6) is oriented
as the observer’s line of sight.

With some mathematical steps, we obtain a similar equation for the flux at the
surface, i.e. the stellar spectrum:

e—xw

F,(0) = ZE/OOSV(tV)Ez(tV)dtv where E,(x) = /OO dw. (1.46)

0 1wt
One way to deal from a theoretical framework with this integral is to specify the
quantities inside it as functions of optical depth at a reference wavelength (usually
5000 A and denoted with the symbol 1), use the definition of optical depth to
"rescale" for the other wavelengths (p dx = dr,/dk, = dry/dky) and shift to a
logarithmic scale (which also helps in the numerical computation), obtaining:

KV(TO)TO

dl . 1.47
ko(70) loge 8T (1.47)

F.(0) = 27 /0 " S () Ex(n (o)

1.5.2 How to compute a photosphere model

In the following, we are going to summarise the basic assumptions useful to the
computation of the photosphere’s model:

+ The plane-parallel geometry was already mentioned and used in the previous
calculations.
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« Hydrostatic equilibrium, that is, there are no significant accelerations compa-
rable to the surface gravity and no sensible mass loss.

« Granulation, starspots and magnetic fields are secondary and can be ne-
glected.

+ Local thermodynamic equilibrium (LTE): excitation and ionization follow
the Boltzmann and Saha (Saha [Sah21]) distributions, respectively, and the
source function corresponds to Planck’s law.

While the hydrostatic equation links the pressure with gravity and particle densities,
the LTE shows the importance of the temperature, directly connected to the source
function. To these points, we can further assume the radiative equilibrium and
the charge conservation. While the latter simply expresses the global neutrality
of the medium, the former is an expression of the conservation of energy under
the condition that there are no sources or sinks of energy within the photosphere
(see Milne [Mil30] and Gray [Gra21] for a derivation of the so-called Milne equa-
tions that explicit the conservation of the total integrated flux at each layer of the
photosphere).

If we shift our attention to the absorption coefficient, Eq. 1.10 already highlighted
that it depends on both temperature, (electron) pressure and chemical composition.
For its determination, we can separate the contributions that directly affect and
shape the continuum from those that create spectral lines:

« For the continuum, we can categorise all the processes into two main groups:
ionization events (bound-free transitions) and excitation events (free-free
transitions). In some of these, we can include the stimulated emission, which
can be considered as a negative absorption. As can be seen in Fig. 1.8 for cool
stars the main contribution comes from the hydrogen negative ion, at higher
temperatures neutral hydrogen starts to be the dominant process.

+ Regarding the spectral lines, the main processes are natural atomic absorp-
tion, pressure broadening (collisional interaction between the atoms that
are absorbing the light and other particles) and thermal Doppler broaden-
ing. Each process results in a particular shape of the spectral line, and the
effect of all of them is the convolution of the singular shapes. Luckily, the
natural absorption and most of the pressure-broadening events assume the
shape of a dispersion profile (one exception is for example Hydrogen, which
needs a different treatment (see e.g. Holtsmark and Trumpy [HT25] and
Struve [Str29]). Thermal motions, on the other side, reflect the Maxwellian

Section 1.5

23



Chapter 1 Introduction

10726
10—25

T=5143K T=6420K
log P, = 1.08 . at log Po =177

k,/Pe cm2/ H atom per dyne/cm2, unit
L
Kk/Pe cm2/ H atom per dyne/cm2, unit
n
T

700

T=11572K
600 [ log P, =2.76

o
‘
10726

T=7715K
log P, =2.50

=107

500 [

Total (solid line)

\

H (dashed line)

100 [~ Hy

y A

I
5000 10000 15000 20000
A A

k/Pe cm2/ H atom per dyne/cm2, unit
k,/Pe cm2/ H atom per dyne/cm?2, unit
)
S
1S3

Figure 1.8: Hydrogen contribution to the continuum absorption coefficients (per unit
electron pressure) shown for four different models. Temperature and pressure values are
shown in each panel.

velocity distribution and the resulting wavelength shape is a Gaussian. Since
the convolution of dispersion profiles is still a dispersion profile and the
convolution of Gaussian profiles is still a Gaussian, the total line shape is a
convolution of a dispersion profile with a Gaussian. The spectral line will
have a core similar in shape to a Gaussian, with wings that reflect the shape of
a dispersion profile. Additionally, we have to take into account those effects,
initially considered secondary in our previous assumptions, such as stellar
rotation and velocity fields that can form in the photosphere (called initially
turbulence by Rosseland [Ros28]). These can be divided into two groups:
when the size of the turbulent element is large compared to the unit optical
depth we can talk of macroturbulent velocities, in the opposite case we name
them as microturbulent. These two components will be discussed more in
Sect. 1.5.7

Now all the information to compute our model has been finally gathered. By
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the term "model atmosphere" we indicate a specification of all the atmospheric
state parameters. The effective temperature sets the scale of the temperature as a
function of the optical depth (T'(7y)). Likewise, surface gravity sets the scale for the
pressure generated by the gas (P;(7)) and by the electrons (P, (7)). The metallicity
is the collective abundance of those elements, other than hydrogen and helium, that
can be ionized and contribute electrons to the photospheric plasma. Since realistic
analytical solutions are impossible to construct, the depth coordinate is discretised
and a finite number of depth points are considered (typically of the order of several
tens to a few hundreds). A model atmosphere is then a table of values of the
state parameters in these discrete depth points. The computational process starts
by assuming T(7y). This can be done by studying the Sun thanks to the already
mentioned limb darkening effect. Its explanation can be found in Eq. 1.45, where
we see the dependence of the surface intensity on the angle 0, that is, which region

of the star we are observing. We can help ourselves by looking again at Fig. 1.7.

When we move from the centre to the edges of the stellar disc (increasing 6), the
optical depth along the line of sight (represented by the element ds) corresponds to
smaller optical depths along the radius of the star (represented by the element dr),
hence we are collecting light from higher (and colder) photospheric layers. The
key role at this point is played by the Eddington-Barbier relation (whose origin is
discussed in Paletou [Pal18]) since we can correlate the specific intensity at the
position 6 with the source functions at the depth 7y. An example is the (unrealistic
but useful) case of the so-called "grey atmosphere", where the absorption coefficient
is independent of the frequency. In this case, we found out that S, = a + br and

I,(0) = a+ bcosf . When cos @ = 7, we obtain the Eddington-Barbier relation.

We can set up a purely numerical grid of the source function (as a function of the
optical depth) to match the observed intensity (as a function of the angle) until
the model matches the observations. Under the LTE assumption, that means the
temperature has been successfully modelled. Since the temperature distribution for
the Sun and those of other stars have nearly the same shape, we can just rescale
our grid and we are finished. The next step is the pressure. From the hydrostatic
equilibrium, dP = pg dx, or, since the gas accounts for the bulk of the total pressure
in cool stars, dP; = g/xo dry. To compute the gas pressure we need to compute first
Ko, which in turn depends on the temperature and electron pressure. For the latter,
we start from Saha’s equation:
Ny 2(T)

= , (1.48)
N()]' Pe

where Nj; is the number per unit volume of the element j in the ionization state
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i (0 for a neutral element, 1 for ions and so on), and @ is a function that groups
all the constants and temperature factors. With good approximation, we can
neglect double ionizations so that the number of free electrons per unit volume N,;
contributed by the element j is equal to Ny;. If we denote by N; the total number of
the element j (= Nj; + Ny;), we can write then the following equations:

B ;(T)/Pe
Nej _Njcbj(T)/Pe+1

P, = ZNejkT and Py= ) (Nj+N)KT. (1.49)
J j

If we normalise all the N; by the number of hydrogen particles Ny we obtain the
relative abundances A; and we can finally write the equation to obtain the electron
pressure:

(D) 1/2
p-lp Zj J & (T)/Pet1 150
e — g A q)j(T)/Pe 5 ( . )
2 J[l + CDj(T)/PeH]

that can be resolved by iteration if we have P;. We have to take a first guess at
Py(19) and compute iteratively P,(zy), which leads to the determination of k(7).
Iterating again, we solve for the gas pressure. Our models are ready.

1.5.3 Sneak peek about the role of convection

As the title of Sect. 1.5.1 suggests, we only treated the radiative transport, neglecting
the tricky and thorny aspect of the convection. In cool stars (Classical Cepheids
included), the convective envelopes extend up to the bottom of the photosphere. For
these stars, convection carries just enough energy to slightly lower the temperature
gradient in the deepest photospheric layers. At the same time, there are several
other aspects where convection plays a relevant role: it shapes line profiles through
the Doppler shifts, generates sound waves (P-mode oscillations) that are internally
reflected at the internal boundaries of the convective zone and possibly resonate,
wiggles the magnetic field lines, directly induces mixing mechanisms and so on. In
summary, convection has a profound influence on stars even though it is a trivial
player in the conveyance of energy through the photosphere.

1.5.4 Equivalent widths

In the present and following sections, we present some of the possible techniques to
estimate the atmospheric parameters. Once we obtain them, we can feed our models
and compute synthetic spectra, useful for example in the determination of chemical
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abundances. We have already mentioned that in Eq. 1.47 we can distinguish an
absorption coefficient that contributes to the formation of the continuum (we will
continue to use the symbol k,) from the one that shapes the spectral lines (we
will denote it with the symbol #,). In this context, one can expect that the number
of absorbers is of primary interest and can be led to think that the strength of a
spectral line depends on how much the photosphere is populated by the element
producing that line. But the number of absorbers also accumulates along the path
length through the photosphere. If the continuous absorption is strong, the path
length will be short and vice versa. In effect, the depth of the photosphere changes
with the amount of continuous absorption. Because of this, it is the ratio of the line
absorption to the continuous absorption, #,/x,, that determines line strength. A
useful way to express the strength of a line is a quantity called equivalent width:

FomF
W= dA 1.51
[ oo

where ¥, and ¥, denote the flux of the continuum and the line, respectively and the
integral covers the spectral line over the range where the profile can be distinguished
from the continuum. The dependence of the strength of a line on the abundance
is called the curve of growth. In the presence of weak lines (with a Gaussian
core dominating over the dispersion-shaped wings), without saturation causing
distortion, we can associate the strength of a line with the ratio of the line to
continuous absorption, so that W o £, /k, o A;. In good approximation, W grows
linearly with the abundance. Increasing this quantity, the core of the line gets
saturated and the only way to increase the equivalent width is by growing wider,
through the wings of the line and the linearity of the curve of growth is broken.
We will see soon how weak lines can be crucial in the estimation of atmospheric
parameters.

1.5.5 The Effective Temperature, T,¢¢

The temperature is the variable that most controls the line strength. The reason
behind this is the deep dependence on the temperature of both processes of exci-
tation and ionization. What is different is how each element and/or spectral line
behaves by changing the temperature. If two spectral lines behave differently in
response to different values of this parameter, it is possible to build a temperature
scale, a thermometer. The more couples are available, the better the estimation.
An example of suitable pairs is shown in Fig. 1.9 Since in cool stars blending and
overlap of weak lines becomes common, it can be difficult to estimate equivalent
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Figure 1.9: Pairs of suitable lines for the line-depth-ratio method are shown for two
different stars. The change of strength and the line overlap discussed in the text results are
evident, especially for the cooler star at the bottom.

widths, substituted by the core depths of spectral lines and the method takes the
name of line-depth-ratio (Kovtyukh and Gorlova [KG00]). Since broadening effects
(discussed in Sect. 1.5.7) are essentially the same for lines with similar wavelength
and strength, their influence cancels out.

When it is not possible to find enough pairs, another method involves excitation
potentials. The main idea is that abundances from the same element must agree
for all excitation potentials. In a similar way as explained later in Sect. 1.5.7 for
the microturbulence velocity, you can impose that there is no residual correlation
between the iron abundance and the excitation potential of the neutral iron lines.
This method requires the computation of photosphere models, so initial values
of gravity and microturbulence are needed. As explained in the next section, Fe
I lines are independent on log g so any reasonable value can be inserted in our
model, while it is needed to iterate this method and the one used to compute the
microturbulence till convergence is reached for both parameters.
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1.5.6 The surface gravity, logg

A useful and effective method for estimating the surface gravity is to use weak
lines (i.e. shape not saturated and fairly approximated with Gaussian profiles), for
which we can distinguish three cases:

1. An element is mostly in a certain ionization stage and a weak line is formed
by that element in the previous ionization stage;

2. An element is mostly in a certain ionization stage and a weak line is formed
by that element in the same ionization stage;

3. An element is mostly in a certain ionization stage and a weak line is formed
by that element in the next ionization stage;

In the first case N(j;1); ~ N; = constant. From Eq. 1.48 £, oc Nj; oc P, . In cool stars,
we have seen that the main contribution to the continuum comes from the negative
hydrogen ion, which implies k, o« P,. This means that the equivalent widths for
these lines are independent of P,, or, these lines are insensitive to gravity. With
similar arguments, we find that lines that fall in either the second or third case
are sensitive to gravity. For cool stars like Classical Cepheids, most of the iron
is ionised, which means that Fe I lines are insensitive to log g, while Fe II can be
used as a discriminant to estimate it. Indeed, through the curve of growth, we can
associate the equivalent width of a line with the abundance of that element. The
value of surface gravity requested is the one for which Fe I and Fe II abundances
match.

1.5.7 Rotation and turbulence

Similarly to what happened with convection, which role for the transportation of
energy through the photosphere can be safely neglected but is relevant for other
aspects of the structure of the star, rotation and velocity fields were ignored during
the building process of the photosphere model but their effect on the spectral lines
is sensible. The rotation profile caused by the Doppler shifts can be easily modelled
(see Gray [Gra21]), including both the effects of limb darkening and the inclination
of the rotational axis. This function must be convoluted with the intensity I,
and then follow a similar procedure done in the previous sections to obtain the
theoretical spectrum. Our main interest here is to study its effect on the spectral
lines. As can be seen in Fig. 1.10, spectral lines widen up while getting shallower
with increasing the rotational velocity (projected along the line of sight, called

Section 1.5

29



Chapter 1

30

Introduction

T T T T
|
b
2 08F
£
©
3
°
7 H i
O 2 js
i
;
vsini = 0, 5, 7, 10, 15, 20, 30, 40 km s‘l‘:l
Il
0‘4 N 1 i " i 1 L N N 1 L L | N N i 1 i N N 1 N
6430 6432 6434 6436 6438 6440

Wavelength (&)

Figure 1.10: Theoretical spectra for different rotational velocities are shown in red and
compared with the observed spectrum in black. The best fit achieved in this case is 7kms™!.

v sin i). It is important to highlight that the total strength of the line, or analogously
the equivalent width, remains invariant: rotation only affects the shape of the line.

The next quantity we investigate is the effect of macroturbulence velocity (whose
effect is evident in the form of granulation on the solar surface). When these "tur-
bulent cells" are large enough for photons to remain trapped until they escape
from the star, lines subdue a Doppler shift. Although Gaussian profile models were
sufficient to cover this quantity in the past decades, a more accurate theoretical
treatment is needed. Cells of gas indeed rise and fall, but they also have horizontal
motion. In the "radial-tangential" model introduced by Gray [Gra75], we divide
the stellar surface area into regions with either radial or tangential motions. Al-
though the velocity distributions are Gaussian, the net profile takes the form of a
cuspid with a sharp peak and wide wings. As happened for the rotational velocity,
macroturbulence profiles must be convoluted with the intensity profile before, and
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Figure 1.11: In the upper panel, the dependence of the angular coefficient on £. The
required value is 4 kms™1, for which the angular coefficient is zero. In the bottom panel,
the intercept dependence on xi gives an estimation of the abundance.

then integrated to obtain the stellar flux. The curious yet important effect on the
spectral line is equivalent to that of star rotation, that is, is possible to compensate
in our analysis for a decrease in one quantity increasing the other. For this reason,
both effects are usually referred to as "broadening velocity".

Last but not least is the microturbulence velocity (denoted with £). Since in
this case, the size of the cells is small compared with the mean free path of the
photon, the line-of-sight penetrates through many cells of motion, which velocity
distribution behaves like the particle velocity distribution. Since typical values for &
are small enough compared to other components of line broadening (see Landstreet
et al. [Lan+09]), it has become standard practice to assume a Gaussian profile for the
microturbulence, similar to what is done for thermal broadening. On the practical
side, its effect in shaping line profiles is difficult to detect. One way to estimate
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this velocity comes from the idea that broadening due to microturbulence should
not affect the abundance of an element, which can be estimated independently of
the spectral line used. Given a set of spectral lines for a specific chemical species,
we can plot the calculated equivalent widths and the estimated abundances thanks
to the curve of growth. The required microturbulence is that value for which the
angular coefficient is nil. At the same time, we can estimate the abundance of
the element through the intercept of the fit "abundances vs equivalent widths", as
shown in Fig. 1.11. For Classical Cepheids, we can use the gravity-independent Fe I
lines (once we know the temperature) to create atmospheric models varying only &
to estimate the iron abundance. Then, as explained in the previous section, we can
use Fe II lines to estimate the gravity.

We are now ready to see some of the various possible studies that can be done
using these stars.



Cepheid Metallicity in the Leavitt
Law (C- MetallL) survey: Il. High-
resolution spectroscopy of the
most metal-poor Galactic Cepheids

E. Trentin, V. Ripepi, G. Catanzaro, J. Storm, M. Marconi, G. De Somma, V. Testa, L.
Musella
This paper was published in MNRAS, Volume 519, Issue 2 pp. 2331-2348"

2.1 Introduction

Classical Cepheids (DCEPs) are fundamental astrophysical objects. Since their
discovery, the period-luminosity (PL) and period-Wesenheit® (PW) relations that
hold for these pulsators, represent the base for the cosmic distance scale (e.g.
Caputo et al. [Cap+00], Leavitt and Pickering [LP12], Madore [Mad82], and Riess et
al. [Rie+16]). Once calibrated by means of geometric methods such as trigonometric
parallaxes, eclipsing binaries and water masers, these relations can be used to
calibrate secondary distance indicators like Type Ia Supernovae (SNe), which are
sufficiently powerful to reach the unperturbed Hubble flow, allowing us to measure
the Hubble constant (Hy, see eg. Freedman et al. [Fre+12], Riess et al. [Rie+16;
Rie+19; Rie+21a], and Sandage and Tammann [ST06] and references therein).

In recent years this topic has been at the centre of a heated debate as the values
of Hy based on the cosmic distance scale (e.g Riess et al. [Rie+21b] and Verde
et al. [VTR19] and references therein) are in significant disagreement with those
estimated from the Planck Cosmic Microwave Background (CMB) measurements
under the flat A Cold Dark Matter (ACDM) model. The latest estimate of Hy from the
cosmic distance scale is Hy=73.04+1.04 km s~! Mpc™! Riess et al. [Rie+21a], which
is 50 different from the value estimated by Planck+ACMB, namely Hy=67.4+0.5 km
s~! Mpc™! Planck Collaboration et al. [Pla+20]. This discrepancy, known as the H,
tension, has still unknown origins, in spite of many observational and theoretical
efforts to study the possible causes as well as residual systematics (see e.g. Dainotti
et al. [Dai+21], Freedman [Fre21], and Riess et al. [Rie+21b] and reference therein).

In this context, it is crucial to identify any residual systematic effect which could
in principle affect the cosmic distance scale path to the measure of Hy. One of the

1 Based on observations European Southern Observatory programs P105.20MX.001/P106.2129.001
2 The Weseheit magnitudes are quantities that are reddening free by construction, once the
reddening law is known (see Madore [Mad82])
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most controversial candidates is the metallicity dependence of the DCEP PL and
PW relations. Several recent results based on Gaia mission Data Release 2 (DR2
Gaia Collaboration et al. [Gai+16; Gai+18]) and Early Data Release 3 (EDR3 Gaia
Collaboration et al. [Gai+21]) parallaxes are indeed in disagreement one each other
(see e.g. Breuval et al. [Bre+21], Groenewegen [Gro18], Riess et al. [Rie+21a], and
Ripepi et al. [Rip+19; Rip+20; Rip+21a; Rip+22]). To overcome these difficulties
and to establish accurately the metallicity dependence of the DCEPs PL and PW
relations and its impact on the measure of Hj, we undertook a project dubbed C-
MetaLL (Cepheid - Metallicity in the Leavitt Law) which is fully described in Ripepi
et al. [Rip+21a]. One of the immediate objectives of the project is to measure the
chemical abundance of a sample of 250-300 Galactic DCEPs through high-resolution
spectroscopy, specifically aiming at enlarging as much as possible the metallicity
range of the targets towards the metal-poor regime ([Fe/H]< —0.4 dex), where only
a few objects are present in the literature.

Here we present the spectroscopic observations of a considerable sample (i.e.
65 objects) of recently discovered faint DCEPs whose Galactocentric distance,
Rge > 15 kpc, makes them excellent metal-poor candidates (see Section 2.2.1 for
details).

The DCEP sample discussed in this work has not only relevance for the cosmic
distance scale, but also for Galactic studies. Indeed, the accurate distances which
can be measured for DCEPs allow one to carry out the chemical tagging of the disc
and in particular to study how the abundance of the different chemical elements
varies with Rgc, from the central regions of the MW towards the outer regions of
the disc. Many studies exist already in the literature facing this problem with a
variety of tracers other than DCEPs, such as OCs (e.g. Casamiquela et al. [Cas+19],
Cunbha et al. [Cun+16], Donor et al. [Don+20], Netopil et al. [Net+16], and Spina
et al. [Spi+21] just to mention the most recent ones). Focusing on the most recent
works using DCEPs, we notice that their majority (Genovali et al. [Gen+14], Lemasle
et al. [Lem+18], Luck and Lambert [LL11], Luck [Luc18], Ripepi et al. [Rip+22], and
Silva et al. [Sil+22]) agree on measured iron gradients in the interval 0.05-0.06 dex
kpc~!. However, all these investigations followed the radial gradient of the MW
disc only up to about Rgc ~13-14 kpc, not exploring the outer and possibly most
metal-poor regions of the disc, with the exception of Minniti et al. [Min+20], who
obtained a metallicity estimate for three DCEPs with 15< Rgc <22 kpc, beyond
the Galactic bulge. Our sample will allow us increase significantly the number of
DCEPs with Rge >15 kpc and get new insights on the metallicity gradient of the
MW disc. The application of our sample to the determination of the metallicity
dependence of the DCEPs PL/PW relations will be the subject of a separate paper.
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2.2 Data

2.2.1 Selection of the targets

Our targets have different characteristics due to the displacement of the MW disc
during the different seasons. During the southern winter we can observe in the
direction of the Galactic centre, while the opposite is true for the summer season.
Given the Galactic gradient, the southern winter and summer seasons allow us to
observe DCEPs with solar or super-solar and sub-solar metallicity, respectively.
The targets towards the Galactic centre were selected among the list published by
Skowron et al. [Sko+19], requiring that the relative error on the parallax published
in the Gaia DR2 were better than 20% and that G < 13 mag (note that EDR3 was not
available at the time of proposal submission). This limit ensures that the target were
observable in less than 1 h (the maximum allowed duration of an "Observing Block"
at ESO) in any weather condition (so called ESO "filler program"). To choose the
winter sample, we used again the Skowron et al. [Sko+19] catalog, and by relying
on the distances therein, we selected the targets with Galactocentric distance larger
than 15 kpc. In this way, thanks to the metallicity gradient of the Galactic disc
(see e.g. Kovtyukh and Gorlova [KG00], Luck and Lambert [LL11], and Ripepi
et al. [Rip+22] and references therein), we could reasonably expect that the large
majority of these DCEPs had [Fe/H] values lower than —0.4 dex, which is one of
our main aims.

2.2.2 Observations and data reduction

The spectra analysed in this work have been obtained in the context of two ESO (Eu-
ropean Southern Observatory) proposals, namely P105.20MX.001 and P106.2129.001.
The observations foreseen for P105 were postponed due to pandemic issues and
were collected in service mode between January, 2nd and September, 13th 2021. For
P106 the observations were carried out in virtual visitor mode in the period Decem-
ber 12-19, 2020 under very good sky conditions. We used the UVES (Ultraviolet
and Visual Echelle Spectrograph”) instrument, attached at the UT2 (Unit Telescope
2) of VLT (Very Large Telescope), placed at Paranal (Chile). We used the red arm
equipped with the grism CD#3, covering the wavelength interval 4760-6840 A, and
the central wavelength at 5800 A. We adopted the 1 arcsec slit, which provides
a dispersion of R~47,000. The exposure times and the signal to noise (S/N) for
each target are listed in Table 2.1, together with the identification of the targets,
coordinates, period, G magnitude and mode of pulsation.

3  https://www.eso.org/sci/facilities/paranal/instruments/uves.html
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Figure 2.1: Effective temperatures derived by excitation potential of neutral iron lines
versus those derived by LDR. The upper panel shows the direct comparison between the
two estimates, while the lower panel displays their differences.

The data reduction was carried out using the standard UVES pipeline version
6.1.6. which provides fully calibrated spectra. The spectra were normalized using
the IRAF task continuum after dividing each spectrum into intervals (usually 3/4)
in order to have a better continuum detection in each interval.

2.3 Abundance analysis

2.3.1 Stellar parameters

The first step when measuring chemical abundances is the estimation of the main
atmospheric parameters, namely the effective temperature (T,f¢), surface gravity
(log g), microturbulent velocity (£) and line broadening parameter (vp,), i.e. the
combined effects of macroturbulence and rotational velocity (in the case of DCEPs,
macroturbulence often represents the dominating factor).



Abundance analysis

Table 2.1: Properties of the observed stars. From left to right, the columns report: Identifi-
cation of the star; source ID from Gaia; right ascension and declination at J2000; period
in days; pulsation mode (fundamental F, first overtone 10, mixed—mode (both first and
second overtone 10/20); G magnitude; distance (in kpc); both exposure time (in seconds)
and period of observation (P105 or P106); signal to noise ration at the wavelengths: 5050

and 6300 A.
Star GaialD Ra Dec P Mode | Gpag distance Texp S/N ‘
(J2000) (J2000) | (days) (mag) (kpc) (s)
ASAS J060450+1021.9 3329807983320140160 | 91.20833 10.36348 | 3.075512 10 12.403 | 8.44 £ 0.58 900 P106 | 69/90
ASAS J062939-1840.5 2940212053953709312 | 97.41343 | —18.67407 | 16.942502 F 12.803 | 19.82 + 1.23 | 1200 P106 | 48/83
ASAS J064001-0754.8 3099655288815382912 | 100.00495 —7.91417 1.604003 10 13.194 | 8.37 £0.50 | 1800 P106 | 63/83
ASAS J065758-1521.4 2947876298535964416 | 104.49359 | —15.35740 2.415850 10 13.219 | 10.16 + 0.60 | 1500 P106 58/71
ASAS J074401-3008.4 5598852026287511424 | 116.00046 | —30.14147 | 3.390517 F 13.248 | 9.80 +0.62 | 1800 P106 | 89/112
ASAS J074925-3814.4 5538569613358406144 | 117.35519 | —38.23936 | 10.503835 F 12.675 | 11.93 + 0.69 | 1200 P106 | 58/85
ASAS J084127-4353.6 5522522863932402432 | 130.36186 | —43.89295 | 25.364784 F 12.027 | 5.82 +£0.38 | 1500 P105 42/87
ASAS J164120-4739.6 5942521668514052608 | 250.33354 | —47.66079 | 13.018153 F 11.653 | 4.02 +£0.23 | 1200 P105 10/62
ASAS SN-J061713.86+022837.1 | 3124796657276655488 | 94.30773 2.47701 2.019309 F 14.447 | 9.41 £ 0.64 | 3000 P106 | 49/70
ASAS SN-J063841.36-034927.7 | 3104095494729372032 | 99.67234 | —3.82435 | 3.860779 F 14.003 | 10.45 + 0.65 | 2400 P106 | 42/64
ASAS SN-J072739.70-252241.1 | 5613685331497869312 | 111.91542 | —25.37809 2.760085 10 13.879 | 10.30 + 0.67 | 1800 P106 40/57
ASAS SN-J074354.86-323013.7 | 5594991812757424768 | 115.97856 | —32.50378 | 3.149330 F 14.855 | 11.00 + 0.76 | 3000 P106 | 20/43
ASAS SN-J091822.17-542444.5 | 5310669788148987520 | 139.59224 | —54.41227 | 13.120770 F 13.671 | 16.84 + 1.05 | 1800 P106 | 45/81
ATLAS J102.7978-10.2541 3050117174686674560 | 102.79785 | —10.25419 | 4.908117 10 13.758 | 10.43 + 0.68 | 1800 P106 | 42/72
ATLAS J106.7120-14.0234 3044465577537521792 | 106.71207 | —14.02341 1.394987 10 14.707 | 9.30 +£0.61 | 3000 P106 | 33/54
ATLAS ]J113.8534-31.0749 5599120204043561600 | 113.85342 | —31.07500 1.748419 10 13.583 | 10.50 + 0.65 | 1800 P106 | 54/64
BQ Vel 5516452460238707968 | 125.52707 | —47.30396 | 3.372479 F 14.251 | 13.85 + 0.92 | 2400 P106 | 43/63
GDS J133950.2-634049 5864243376958232576 | 204.95960 | —63.68047 3.791978 10 12.354 | 3.36 +0.21 | 3000 P105 40/70
OGLE GD-CEP-0029 3344577418076306944 | 93.72745 13.87880 5.992352 F 14.975 | 6.71 +£0.43 | 3000 P106 11/31
OGLE GD-CEP-0089 2936063665309240576 | 107.55532 | —15.19940 1.975315 10 13.548 | 9.16 +£0.61 | 1800 P106 | 49/67
OGLE GD-CEP-0120 5614916921960857088 | 114.04436 | —25.36404 | 7.959546 F 14.498 | 14.31 + 0.87 | 3000 P106 | 20/46
OGLE GD-CEP-0123 5615958881027868544 | 115.24714 | —22.49207 1.399290 F 15.521 | 12.83 + 0.78 | 4800 P106 | 29/49
OGLE GD-CEP-0127 5586922973654572416 | 116.29912 | —36.97476 | 13.766689 F 12.217 | 10.92 + 0.65 | 1800 P106 | 103/154
OGLE GD-CEP-0134 5594793935021492992 | 117.62511 | —32.77881 1.978211 10 15.703 | 10.75 + 0.71 | 4800 P106 17/34
OGLE GD-CEP-0156 5546003793739552896 | 119.74496 | —34.07070 2.488076 10 14.639 | 11.85 +0.70 | 3000 P106 | 31/53
OGLE GD-CEP-0159 5534744416711687424 | 119.86020 | —40.02831 2.368497 F 14.827 | 12.39 + 0.76 | 3000 P106 | 32/54
OGLE GD-CEP-0162 5534048803808721664 | 120.14347 | —41.68488 | 3.516367 F 14.569 | 11.91 + 0.69 | 3000 P106 | 39/61
OGLE GD-CEP-0168 5543972789600867328 | 121.20575 | —38.05453 2.116514 10 15.065 | 12.01 + 0.71 | 3000 P106 | 26/42
OGLE GD-CEP-0176 5533237604747205120 | 122.05544 | —43.25774 1.502544 10 13.934 | 12.01 + 0.78 | 2400 P106 | 54/73
OGLE GD-CEP-0179 5540666145820286848 | 122.38303 | —39.20109 2.236739 10 15.040 | 12.48 + 0.90 | 3000 P106 | 24/41
OGLE GD-CEP-0181 5521137101325930624 | 122.45845 | —43.97273 2.342181 F 14.327 | 12.71 £ 0.79 | 3000 P106 | 53/67
OGLE GD-CEP-0185 5520935444020919296 | 122.93821 | —44.17211 2.540510 F 15.004 | 13.05 + 0.88 | 3600 P106 29/57
OGLE GD-CEP-0186 5533407170051636608 | 122.95172 | —42.05165 | 4.764552 F 14.786 | 13.17 + 0.82 | 3000 P106 | 22/45
OGLE GD-CEP-0196 5520993099661921536 | 123.96589 | —44.01581 2.808806 F 15.302 | 12.51 + 0.79 | 3600 P106 | 31/48
OGLE GD-CEP-0206 5519997491885313280 | 125.34584 | —44.51655 1.681608 10 15.388 | 12.14 + 0.84 | 3600 P106 16/31
OGLE GD-CEP-0213 5516789701069413504 | 125.61290 | —46.21602 1.446897 10 14.776 | 12.99 + 0.84 | 3000 P106 | 36/50
OGLE GD-CEP-0214 5543722994310379136 | 125.64924 | —34.40032 2.039692 10 14.330 | 14.30 + 0.93 | 3000 P106 | 54/74
OGLE GD-CEP-0224 5515778734493663232 | 127.31511 | —46.74925 2.716676 F 14.837 | 12.79 + 0.83 | 3000 P106 | 45/64
OGLE GD-CEP-0228 5515442352654094976 | 127.55723 | —48.20902 2.596410 F 15.176 | 15.45 + 1.00 | 3600 P106 | 33/48
OGLE GD-CEP-0247 5329302696287713152 | 129.39239 | —47.57711 1.649005 F 15.682 | 14.36 + 0.91 | 4800 P106 23/38
OGLE GD-CEP-0252 5322878146768508800 | 129.73195 | —49.77017 | 3.184702 F 14.617 | 13.92 + 0.85 | 3000 P106 | 48/71
OGLE GD-CEP-0271 5318708901756763520 | 131.02836 | —51.91946 2.984789 F 15.076 | 16.25 + 1.03 | 3600 P106 | 31/46
OGLE GD-CEP-0316 5310969267622303872 | 136.56212 | —54.93719 2.927582 F 14.586 | 16.84 + 1.01 | 3000 P106 | 40/58
OGLE GD-CEP-0342 5310717135870439424 | 139.24329 | —53.96897 2.920501 10 14.904 | 14.48 + 0.85 | 3000 P106 | 29/44
OGLE GD-CEP-0348 5310642025484526208 | 139.98489 | —54.44281 2.404135 F 15.225 | 14.67 + 0.88 | 3600 P106 | 36/49
OGLE GD-CEP-0353 5306782361701536128 | 140.15438 | —56.85402 | 4.862639 F 13.944 | 14.89 + 0.91 | 1800 P106 | 41/54
OGLE GD-CEP-0516 5255256669866274816 | 156.87433 | —59.35961 0.394959 | 10/20 | 12.462 | 2.72 +£0.18 | 3000 P105 | 81/105
OGLE GD-CEP-0568 5350409780509559040 | 160.82905 | —59.19156 | 45.449567 F 12.227 | 5.20 +0.34 | 1500 P105 14/53
OGLE GD-CEP-0575 5350281236399037696 | 161.68646 | —60.26828 | 6.611049 F 12.048 | 2.80 +0.18 | 1500 P105 22/54
OGLE GD-CEP-0889 5859114571927308672 | 198.46073 | —64.44122 | 45.179934 F 13.232 | 10.65 + 0.70 | 3000 P105 18/46
OGLE GD-CEP-0974 5854021702729341952 | 213.76026 | —62.73593 | 12.540476 F 12.675 | 3.23 £0.20 | 2400 P105 16/63
OGLE GD-CEP-0996 5878506555352293888 | 219.96841 | —60.56111 6.750565 F 12.727 | 2.17 £0.15 453 P105 10/21
OGLE GD-CEP-1012 5877982466278766208 | 223.59745 | —60.45781 | 15.967508 F 12.268 | 3.53 +£0.23 | 1800 P105 36/52
OGLE GD-CEP-1111 5932882731154933888 | 240.67672 | —53.54162 4.594834 F 13.219 | 2.25+0.16 | 3000 P105 24/57
OGLE GD-CEP-1210 4256467552765653376 | 279.99422 —5.83193 | 35.823278 F 12.380 | 3.40 +0.24 | 2100 P105 19/37
OGLE GD-CEP-1285 3329873163744496000 | 92.63155 9.90423 1.523069 10 13.362 | 7.09 +£0.51 | 1800 P106 | 59/80
OGLE GD-CEP-1311 2949613084534085760 | 103.66101 | —13.45176 | 3.868596 F 13.447 | 9.17 £0.53 | 1800 P106 | 42/62
OGLE GD-CEP-1337 5613275454180075264 | 112.04712 | —26.49072 1.307503 10 15.423 | 13.22 + 0.84 | 4500 P106 | 33/53
V1253 Cen 6153387928308811264 | 189.51591 | —38.52351 4.320929 F 12.069 | 10.95 + 0.62 | 1500 P105 55/57
V1819 Ori 3343252261748847104 | 88.61981 12.53213 | 3.149580 F 12.527 | 7.61 £ 0.46 | 1200 P106 | 91/114
V418 CMa 2936165984303583360 | 105.87696 | —15.54335 3.522430 F 13.495 | 9.48 +0.58 | 1800 P106 68/90
V459 Sct 4153177128348076032 | 276.46232 | —12.33285 5.762921 F 11.467 | 2.32 £0.15 | 1500 P105 | 43/93
V480 Agl 4285878256152184832 | 282.64531 7.12600 | 18.998974 F 10.999 | 2.67 +£0.18 | 2100 P105 25/92
V881 Cen 5865214662485305216 | 201.84005 | —63.01964 | 15.217374 F 12.013 | 5.33 £0.31 | 1500 P105 18/52
VX CMa 2928096226097916160 | 109.16267 | —22.18043 2.043935 F 14.789 | 9.61 +£0.58 | 3000 P106 | 27/44
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Figure 2.2: Example of high-resolution spectra in the range A4 6100-6150 A. Stars are
ordered from top to bottom with decreasing metallicity (see Sec. 2.3.2 for its estimation).
The vertical dashed lines identify the position of atomic lines, the meaning of the colours
are: red for lines of vanadium, iron, and nickel, blue for lines of silicon and calcium, and
black for the line of barium.

A useful tool extensively adopted in the literature to evaluate the effective tem-
perature, is the line depth ratios (LDR) method (Kovtyukh and Gorlova [KG00]).
This method has the advantage of being sensitive to temperature variations, but
not to abundances and interstellar reddening. Typically in our targets we measured
about 32 LDRs for each spectrum.

For some targets, because of their low metallicity, the number of couples of
spectral lines useful for the LDR method is not enough to guarantee accurate
results. For these stars the effective temperature can be determined by imposing
excitation equilibrium, that is, by imposing that there is no residual correlation
between the iron abundance and the excitation potential of the neutral iron lines
(see e.g. Mucciarelli and Bonifacio [MB20]). To check the consistency of both
methods, we computed the effective temperatures by using excitation potentials
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for all the targets for which LDRs gave accurate results. In total we selected 55
targets for which we calculated T, with both methods. The average difference
among all these values is AT =17 + 160 K, thus we can conclude that both methods
are consistent, The results of this comparison are shown in Fig. 2.1.

For the other parameters (¢ and log g) an iterative approach was adopted: micro-
turbulences were estimated by demanding the iron abundances do not depend on
the equivalent widths (EWs), that is, the slope of the [Fe/H] as a function of EWs
is null. For this purpose, we first measured the equivalent widths of a sample of
145 Fe 1 lines using a python3 semi-automatic custom routine. The lines sample
was extracted from the line list published by Romaniello et al. [Rom+08] and the
routine minimizes errors in the continuum estimation on the wings of the spectral
lines. The conversion of the EWs in abundances has been performed through the
WIDTHY code (Kurucz and Avrett [KA81]) applied to the corresponding atmo-
spheric model calculated by using ATLAS9 (Kurucz [Kur93]). In this calculation
we did not consider the influence of log g since neutral iron lines are insensitive
to it. Then, the surface gravities were estimated with a similar iterative procedure
imposing the ionization equilibrium between Fe 1 and Fe 11. The adopted list of 24
Fe 11 lines was extracted from Romaniello et al. [Rom+08].

The atmospheric parameters estimated, and summarized in Table 2.2, were used
as input values for the abundance analysis presented in the next section.

2.3.2 Abundances

In order to avoid problems from spectral line blending caused by line broadening, a
spectral synthesis technique was applied to our spectra. Synthetic spectra were
generated in three steps: i) plane parallel local thermodynamic equilibrium (LTE)
atmosphere models were computed using the ATLAS9 code Kurucz [Kur93], using
the stellar parameters in Table 2.2; ii) stellar spectra were synthesized by using
SYNTHE Kurucz and Avrett [KA81]; iii) the synthetic spectra were convoluted for
instrumental and line broadening. This was evaluated by matching the synthetic
line profiles to a selected set of the observed metal lines.

For a total of 24 different chemical elements it was possible to detect spectral
lines used for the estimation of the abundances. For all elements we performed the
following analysis: we divided the observed spectra into intervals, 25 Aor 50 Awide,
and derived the abundances in each interval by performing a y? minimization of
the differences between the observed and synthetic spectra. The minimization
algorithm was written in IDL* language, using the amoeba routine.

4 IDL (Interactive Data Language) is a registered trademark of L3HARRIS Geospatial
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Table 2.2: Atmospheric parameters estimated for each star. The various columns provide:
identification, Julian date at the middle of the observation, effective temperature, gravity,
microturbulent velocity, broadening parameter and radial velocities.

Star HJD Teff log g 13 Upr Vrad

(days) (K) (dex) (kms™') | (kms™?) (km s71)
ASAS J060450+1021.9 59202.5964 | 6409 +220 | 22+ 0.1 | 3.0 £ 0.4 15+1 36.1+0.3
ASAS J062939-1840.5 59196.5666 | 5100 + 83 1.0+£0.1 | 42+03 22+1 1454+ 0.3
ASAS J064001-0754.8 59202.7323 | 6137 £ 169 | 1.8 £0.1 | 23 £ 0.4 12+1 98.3 + 0.2
ASAS J065758-1521.4 59201.6212 | 6266 £ 140 | 2.0 £ 0.1 | 3.0 £ 0.4 12+1 113.2+ 0.1
ASAS J074401-3008.4 59197.8179 | 6444 +£306 | 1.5+ 0.1 | 29 £ 0.4 8§+1 101.1 £ 0.1
ASAS J074925-3814.4 59196.6319 | 5838 £ 144 | 1.4+ 0.1 | 44 £0.5 21+2 127.7 £ 0.3
ASAS J084127-4353.6 59270.6998 | 6167 £ 159 | 0.5+ 0.1 | 3.5+ 0.4 15+1 48.7£0.2
ASAS J164120-4739.6 59424.6099 | 4890 + 120 | 0.8 £ 0.1 | 29+ 0.5 11+1 —-29.9 £ 0.1
ASAS SN-J061713.86+022837.1 | 59198.5960 | 6629 +328 | 1.6 £ 0.1 | 3.2 £ 0.4 13+1 30.7 £0.2
ASAS SN-J063841.36-034927.7 | 59199.5975 | 6259 £ 291 | 1.9+ 0.1 | 3.1+ 04 11+1 96.7 £ 0.1
ASAS SN-J072739.70-252241.1 | 59202.6672 | 6382 +202 | 2.0 £ 0.1 | 2.8 + 0.4 10+1 113.8 £ 0.1
ASAS SN-J074354.86-323013.7 | 59198.6348 | 5981 + 220 | 2.0 +£0.1 | 3.7 + 0.4 15+1 171.0 £ 0.3
ASAS SN-J091822.17-542444.5 | 59196.7584 | 5243 + 142 | 0.2+ 0.1 | 2.8 £ 0.2 10+1 1353 +£ 0.1
ATLAS ]102.7978-10.2541 59196.5892 | 6042 £ 177 | 1.7+ 0.1 | 3.4 £ 0.4 13+1 79.3 £ 0.1
ATLAS J106.7120-14.0234 59202.6341 | 6304 £ 159 | 1.5+ 0.1 | 3.2+ 0.2 13+1 72.6 £ 0.1
ATLAS J113.8534-31.0749 59201.6430 | 6244 £168 | 21+0.1 | 33+£04 | 211 116.9 + 0.4
BQ Vel 59198.8353 | 5847 +£220 | 1.6 £ 0.1 | 3.1 £ 0.4 12+1 139.9 £ 0.2
GDS J133950.2-634049 59294.7621 | 6146 £ 107 | 1.1+ 0.1 | 3.0 £ 0.4 12+2 —68.4 + 0.1
OGLE GD-CEP-0029 59197.6209 | 5817 £ 274 | 0.9+ 0.1 | 2.7 £ 0.4 11+1 83 +0.2
OGLE GD-CEP-0089 59201.5986 | 6240 + 175 | 1.8 £ 0.1 | 3.1 £+ 0.4 11+1 100.4 + 0.1
OGLE GD-CEP-0120 59197.6572 | 5435 £237 | 0.9+0.1 | 3.2 +0.4 15+2 150.9 £ 0.1
OGLE GD-CEP-0123 59198.7220 | 5990 + 174 | 1.8 £ 0.1 | 3.3 £ 0.4 12+1 148.7 £ 0.2
OGLE GD-CEP-0127 59196.6970 | 5202 +£ 176 | 0.7 £ 0.1 | 3.2 £ 0.4 15+1 130.1 £ 0.1
OGLE GD-CEP-0134 59201.7136 | 5732 +£285 | 1.6 £ 0.1 | 3.2 £ 0.4 17+1 1275+ 0.2
OGLE GD-CEP-0156 59202.6981 | 6230 + 268 | 1.6 £ 0.1 | 23 + 0.4 6+1 131.2+ 0.1
OGLE GD-CEP-0159 59197.7810 | 5910 £ 161 | 22+ 0.1 | 3.8 £ 0.4 13+1 145.8 £ 0.2
OGLE GD-CEP-0162 59197.6942 | 6133 £ 145 | 1.6 £ 0.1 | 3.1 £ 0.4 11+1 90.1 £ 0.1
OGLE GD-CEP-0168 59202.7614 | 6069 +£ 197 | 1.6 £ 0.1 | 29 £ 0.4 13+1 132.6 £ 0.1
OGLE GD-CEP-0176 59201.8437 | 6201 £207 | 1.4+0.1 | 22+ 0.4 7+2 154.8 £ 0.1
OGLE GD-CEP-0179 59201.8097 | 6188 £ 192 | 1.7+ 0.1 | 29+ 0.4 10+1 125.6 £ 0.1
OGLE GD-CEP-0181 59198.6715 | 5982 £ 261 | 1.3+0.1 | 24+ 0.4 13+1 124.8 £ 0.2
OGLE GD-CEP-0185 59196.7954 | 5737 £190 | 1.5+ 0.1 | 3.3+ 0.4 11+1 154.1 £ 0.1
OGLE GD-CEP-0186 59196.6597 | 5723 £ 246 | 1.7+ 0.1 | 29 £ 0.4 12+1 128.1 £ 0.1
OGLE GD-CEP-0196 59197.7388 | 6011 +£ 180 | 1.3 +£0.1 | 3.3 +£0.4 11+1 107.5 £ 0.1
OGLE GD-CEP-0206 59201.7645 | 6192 £240 | 1.9+ 0.1 | 2.7 £ 0.4 9+1 119.7 £ 0.1
OGLE GD-CEP-0213 59202.7983 | 6342 £ 162 | 1.4+ 0.1 | 3.0 £ 0.2 10+1 146.8 £ 0.2
OGLE GD-CEP-0214 59202.8390 | 6720 +£ 186 | 1.6 £ 0.1 | 2.9 £ 0.3 8+1 150.1 £ 0.2
OGLE GD-CEP-0224 59196.7282 | 6815+ 211 | 1.8 £ 0.1 | 3.4 £0.2 14+1 1225+ 0.3
OGLE GD-CEP-0228 59198.7974 | 5935+ 121 | 1.9+0.1 | 3.1 £0.4 10+1 142.2 £ 0.2
OGLE GD-CEP-0247 59199.6770 | 5899 £ 209 | 1.7+ 0.1 | 25+ 0.3 71 145.8 £ 0.1
OGLE GD-CEP-0252 59196.8361 | 6418 £203 | 21+ 0.1 | 3.8 £0.5 12+1 99.5 +0.2
OGLE GD-CEP-0271 59199.7473 | 5914 + 180 | 1.5+ 0.1 | 3.2+ 0.5 14+1 158.0 £ 0.2
OGLE GD-CEP-0316 59199.7894 | 5881 £ 221 | 20+ 0.1 | 3.7 £ 0.4 15+1 159.7 £ 0.2
OGLE GD-CEP-0342 59203.8370 | 6096 + 191 | 1.0 £0.1 | 25+ 0.4 13+1 120.4 £ 0.1
OGLE GD-CEP-0348 59199.8311 | 6152 £ 160 | 1.3+ 0.1 | 23 £ 0.4 12+1 112.2+ 0.1
OGLE GD-CEP-0353 59197.8401 | 5725 +239 | 1.4+ 0.1 | 3.3+ 0.4 11+1 118.2 £ 0.1
OGLE GD-CEP-0516 59217.6507 | 6367 £ 151 | 1.5+ 0.1 | 24+ 0.2 13+1 —9.0+0.2
OGLE GD-CEP-0568 59271.6099 | 5086 +£ 118 | 0.2+ 0.1 | 3.8 £ 0.5 151 -374+0.2
OGLE GD-CEP-0575 59271.6462 | 5352 £ 161 | 0.9 £0.1 | 44 £ 0.5 18+1 12.7 £ 0.1
OGLE GD-CEP-0889 59294.7240 | 5670 £ 116 | 0.4 £ 0.1 | 53 £ 0.2 291 48.1+0.8
OGLE GD-CEP-0974 59458.5146 | 4984 +£ 117 | 0.5+ 0.1 | 3.0 £ 0.4 11+1 —443 + 0.3
OGLE GD-CEP-0996 59294.7855 | 5506 + 175 | 1.0 £ 0.1 | 3.0 £ 0.5 11+1 —40.1 + 2.8
OGLE GD-CEP-1012 59471.5399 | 5038 £ 119 | 0.5+ 0.1 | 3.0 £ 0.4 13+1 -55.8 £ 0.3
OGLE GD-CEP-1111 59471.5722 | 6239 £386 | 1.4 £0.1 | 3.5+ 0.3 11+1 -924+03
OGLE GD-CEP-1210 59464.5956 | 5047 £ 156 | 0.9+ 0.1 | 44 +£0.3 13+1 70.7 £ 0.6
OGLE GD-CEP-1285 59201.6706 | 6038 + 105 | 0.9 £0.1 | 3.4+ 0.2 26+3 46.2 £ 04
OGLE GD-CEP-1311 59196.6139 | 5856 + 154 | 1.5+ 0.1 | 3.8 £+ 0.4 18+1 121.9+ 0.2
OGLE GD-CEP-1337 59203.7932 | 5977 £ 151 | 0.6 £0.1 | 1.9 £0.2 9+1 145.2 £ 0.1
V1253 Cen 59294.6819 | 5670 £ 193 | 1.5+ 0.1 | 3.8 £+ 0.4 16 £1 119.1+£ 0.3
V1819 Ori 59199.7206 | 6342 + 95 1.2+£0.1 | 3.7+0.1 19+1 27.2+0.3
V418 CMa 59198.7652 | 6299 + 261 | 1.8 £ 0.1 | 3.8 £ 0.5 13+1 105.5+ 0.2
V459 Sct 59370.9059 | 5972 £ 233 | 1.1+ 0.1 | 3.4 £ 0.2 11+1 —41+0.1
V480 Aql 59464.6236 | 5019 £ 122 | 1.0 £ 0.1 | 3.6 £ 0.8 12+1 29.1+0.1
V3881 Cen 59294.6322 | 5064 + 120 | 0.3 +£0.1 | 3.2+ 0.4 11+1 —345+0.1
VX CMa 59199.6303 | 5820 £ 106 | 1.2+ 0.1 | 3.7 £ 0.2 14+1 1284 +0.2
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Abundance analysis

We considered several sources of uncertainties in our abundances. First, we
evaluated the expected errors caused by variations in the fundamental stellar
parameters of 5T,z = +150, §logg= +0.2 dex, and §é+0.3 kms™. According
to our simulations, those errors contribute ~ + 0.1 dex to the total error budget.
Total errors were evaluated by summing in quadrature this value to the standard
deviations obtained from the average abundances.

The adopted lists of spectral lines and atomic parameters are from Castelli and
Hubrig [CH04], who have updated the original parameters of Kurucz [Kur95]. When
necessary we also checked the NIST database (Ralchenko and Reader [RR19]).

An example of four spectra in the range A1 6100-6150 A is displayed in Fig. 2.2.
With the aim of comparing the differences in the spectral line depth, each spectrum
reports, as a side label, with the metallicity derived in our analysis (see Sec. 2.3.2).

In Fig. 2.3 we show the distribution of the elements derived in this analysis in
the form of histograms, where bins have been fixed to 0.15 dex, in order to be
representative of the errors. The literature sample is also shown for comparison
(see Sect. 2.4). For each element, The Gaussian fit has been over-imposed with the
respective mean value and its FWHM is reported in the upper right corner of each
box.

« Carbon, Oxygen: the following spectral lines were used for carbon: AA
4932.049, 5052.144 and 5380.0325 A. The Gaussian fit reports a mean abun-
dance of 0.80 dex below the solar one, with an asymmetrical tail towards
higher values. For oxygen, the forbidden line O at 6300.304 Aand the O1
triplet at 6155-8 A, obtaining a broader distribution centered at —0.37 dex.
No Nitrogen lines could be detected in our observed spectral range.

» Sodium: six neutral lines have been found for this element: A1 5682.647,
5688.217, 5889.930, 5895.910, 6154.230 and 6160.753 A. The mean value is
slightly under abundant, at —0.15 dex.

« Aluminum: Two aluminum neutral lines have been detected for our spectra,
AN 6696.018 and 6698.667 A, obtaining a distribution slightly under abundant.

+ a-elements: Magnesium (four Mg1 spectral lines: A1 5167.320, 5172.680,
5183.600 and 5528.405 A), Silicon (four Si lines at A4 5041.024, 5055.984,
6347.11 and 6371.370 A) and Calcium (via Car1 lines, A1 5598.480, 6162.170,
6166.433, 6169.042, 6169.583, 6462.567, 6471.662, 6493.781, 6499.65 A) result
under-abundant, while Sulfur (three S11 at A1 6743.585, 6748.153, 6757.153
A) and Titanium (several Ti1 and Ti 1 all over the spectrum) are consistent
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Figure 2.3: Histograms of the distribution of the chemical abundances derived in this study
(blue histograms) compared with literature data as defined in Sect. 2.4.1 (grey histograms).
Gaussian fits have been overimposed in our data (red dashed curves) and the respective
mean value and FWHM reported in each box.

with about —0.30 dex under solar abundances although the latter has a wider
distribution.

« Scandium: Five Sc11 lines were measured at AA 5031.021, 5237.813, 5526.818,
5684.000 and 6245.621 A. The resulting distribution is centered on about solar
value.

« Iron peak elements: V, Cr, Mn, Fe, Co, Ni, Co and Zn: four neutral vanadium
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Comparison with the literature

lines (A1 5698.482, 5703.569, 6090.194 and 6243.088 A) distributed around
—0.13 dex. Whilst Cobalt is consistent with solar abundances (measured
using three Co' lines at A\ 5266.490, 5352.000 and 6450,067 A), manganese
has a spread distribution around -0.66 dex (five Mn1 lines at A1 4823.515,
5341.057, 6013.458, 6016.638 and 6021.790 A) and Chromium is slightly under
abundant (with five Crix spectral lines: AA 4824.131, 4876.339, 5204.506,
5206.037, 5208.419 A), Iron and Nickel (Ni1: A1 5080.533, 5081.110, 5084.011,
5094.411, 5099.931 A) are significantly under abundant, with distributions
centered at —0.53 and —0, 47 dex respectively. We used two Cu1 neutral lines
at A1 5105.500 and 5218.201 A, with abundances consistent with the solar
ones. For zinc only one neutral line could be measured at A 6362.338 A. The
mean value of the distribution is centered on —0.86 dex.

o Yttrium and Zirconium: with four Y 11 lines (A1 4883.682, 4900.120, 5087.418,
5402.774 A) and one Zr 11 line (1 6114.853 A) we obtained two distributions
centered at —0.15 and 0.22 dex respectively.

+ Barium: as expected, using four Ba 11 spectral lines at A4 4934.100, 5853.625,
6141.713, 6496.897 A, we estimated abundances centered on —0.10 dex but
distributed over a wide range, from ~ -1.5 to ~ 1.0 dex.

« Rare earth elements: we obtained distributions centered at —0.09, —0.37 and
—0.22 dex, respectively for Lanthanum (La 11 lines at A1 4921.776, 5114.559 and
5290.818 A), Praseodymium (one Pr 1 line at A 5219.045 A) and Neodymium
(five Nd 11 lines at AA 4959.119, 4989.950, 5092.794, 5293.163, 5688.518 A)

A comprehensive list of all estimated abundances is shown in Table 2.5.

The differences between our results and the literature values are largely due
to the location of a significant fraction of our targets in the galactic anti-center
region, characterized by significantly lower abundances than in regions closer to
the galactic center (see discussion in Sect. 2.4).

2.4 Comparison with the literature

2.4.1 Literature sample

For the following analysis, we complemented the sample studied in this work with
stars from the literature. More in detail, we considered the large compilation of
homogenised literature iron abundances for 436 DCEPs presented by Groenewe-
gen [Grol18] (G18 hereinafter), complemented with literature results for a few
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additional stars by Gaia Collaboration et al. [Gai+17] (GC17 hereinafter). To these
data we added the sample of 49 stars presented in our previous works Catanzaro et
al. [Cat+20] and Ripepi et al. [Rip+21a; Rip+21b] (collectively called R21 hereinafter)
and the recently published large sample of 104 stars by Kovtyukh et al. [Kov+22](K22
hereinafter). There is almost no overlap between the G18/GC17 and the R21 sample,
apart from the stars V5567 Sgr and X Sct (see Ripepi et al. [Rip+21a]). On the
contrary, there is some overlap between K22 and the other samples, including the
dataset presented in this paper. More precisely, K22 has 13, 2, 14 and 2 stars in
common with G18, GC17, R21 and this paper, respectively.

In order to use all the data together, we seek for any systematic difference between
the K22 and the other datasets. Albeit there is a large scatter, it can be seen that K22
on average tends to overestimate the [Fe/H] value by 0.06+0.02 dex (the error is the
standard deviation of the mean). In order to obtain a literature homogenised sample,
we decided to remove from the K22 sample the stars in common with the other
datasets and to add -0.06 dex to the [Fe/H] of the remaining 73 stars. Therefore, the
total sample of DCEPs with [Fe/H] from high-resolution spectroscopy is therefore
composed of 637 objects.

Concerning the elements other than iron that are not present in G18 or GC17,
we adopted the homogeneous and extensive list published by Luck [Luc18] (L18
hereinafter) for 435 Galactic DCEPs and merged it with that of K22, as performed
above for iron. There were 9 stars in common between L18 and K22 which were
removed from the merged list.

2.4.2 Element by element comparison

In Fig. 2.4 we plot both our abundances and those from the literature, expressed
in the form [X/Fe], as a function of metallicity, expressed as [Fe/H]. It is worth
mentioning that, as can be seen also in Fig. 2.3, most of our stars cover the metallicity
region between —0.8/—0.4 dex, previously less populated.

In the following, we describe the behaviour of each element with respect to the
iron content, dividing each group of elements in a similar way as listed in Sect.2.3.2.

« Carbon results from the first dredge-up Iben Jr [Ibe67], where the incomplete
CN-process outcomes mix to the surface. As for Oxygen, it is mostly released
by type II supernovae (SNe II), whose progenitors are young massive stars.
Due to their short lifetime, they pollute the interstellar medium essentially
instantaneously with respect to the timescale of Galactic evolution, so we
expect higher abundances for lower metallicities, with decreasing values as
the metallicity increases and other slower mechanisms start to have a major
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Figure 2.4: Chemical element abundances (expressed as [X/Fe]) as a function of the iron

content for both literature and our sample of stars. Red and gray points are the observed

and literature abundances, respectively. The blue dotted horizontal lines point out the solar
reference. The corresponding element of each plot is written on the top right.

impact. What we find is a negative trend for oxygen, with metal-poor stars
having over solar abundances, and an almost flat distribution for carbon.

+ Both Sodium and Aluminum are odd-z elements that should be produced by
core-collapse SNe. Nevertheless, we find a relatively flat trend for sodium
and an average overabundance, interpreted by Sasselov [Sas86] as the result
of the Na-Ne cycle for luminous stars. On the other hand, we find for Al an
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almost flat trend down to [Fe/H] ~-0.5 and a rise of abundance toward lower
metallicities.

a-elements (Mg, Si, S, Ca, Ti): as for Oxygen, the a-elements production
is due to core-collapse supernovae, so we should expect a similar trend as
Oxygen. However, in Fig. 2.5 we plotted a-elements vs. metallicity and we
observe a general increase of their abundance toward lower metallicities.

Scandium can be seen as an intermediate element between the o elements
and the iron peak group. Similar to @ elements, Scandium is produced in
the innermost ejected layers of core-collapse SNe (type II) as reviewed by
Romano et al. [Rom+10], while the contribution from type Ia SNe seems to be
negligible Clayton [Cla03]. For this element we find a quite flat distribution
over the metallicities, with the exception of the most metal poor of our sample,
that seem to have an overabundance of scandium.

Iron peak elements (V, Cr, Mn, Co, Ni, Cu, Zn) are those elements close to Iron,
produced especially by Type Ia supernovae (SN Ia), the final stage of white
dwarfs that undergo a binary merging. In general we observe a increase of
abundances toward lower metallicities for elements like vanadium, chromium,
cobalt and nickel, an almost flat trend for elements such as manganese and
copper, while only zinc seems to increase with metallicities.

For heavier elements, starting from Y, there are two main processes both
based on neutron-capture. The so-called rapid neutron-process (r-process)
whose possible channels refer to neutron star mergers, supernova explosions
and electron capture SN (see Argast et al. [Arg+04], Cowan et al. [Cow+21],
Korobkin et al. [Kor+12], and Surman et al. [Sur+08] and are responsible for
the production of Y, Zr, La, Pr and Nd, for which we have found negative
trend with metallicities. The slow neutron-process (or s-process) which
occurs in low and intermediate mass stars during the AGB phase (Karakas
and Lugaro [KL16]), is the primary source for barium formation. The trend
of barium with respect to iron seems to have a maximum close to [Fe/H] ~ -
0.2 dex and decrease both toward higher and lower metallicities, but given
the high scatter of the measurements no conclusions can be drawn. The
cause of this high scatter of the measurements has been noticed in previous
papers (see e.g. Andrievsky et al. [And+13] and Simmerer et al. [Sim+04])
and ascribed to the variation of microturbulent velocities from star to star.

The behaviour of each element with respect to the iron abundance is in gen-
eral agreement with recent results based on high-resolution spectroscopy of static
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Figure 2.5: As in Fig. 2.4 but for a-elements abundance.

stars belonging to the Galactic disc (see for example Hayden et al. [Hay+17], Silva
Aguirre et al. [Sil+18], and Spitoni et al. [Spi+19] and references therein). A de-
tailed discussion of the evolution of the chemical elements is beyond the scope
of this paper. Here we only mention that, in general, the time-delay model (see
Matteucci [Mat21] for a review) represents a robust interpretation of the observed
abundance ratio versus metallicity ([Fe/H]) diagrams.

2.5 The Galactic radial gradient

2.5.1 Distance estimate

To estimate the distances D to each DCEP in our sample, we used the distance
modulus definition w —W=-5+51log,, D, where w and W represent the apparent and
absolute Wesenheit magnitudes, respectively. These magnitudes are reddening-free
by construction (see Madore [Mad82]), assuming that we know the extinction law.
We adopted the Wesenheit magnitude in the Gaia bands which was empirically
defined by Ripepi et al. [Rip+19] asw = G — 1.90 X (Ggp — Ggp), where G, Gpp and
Grp are the magnitudes in the Gaia bands. The Wesenheit coefficient was estimated
on the basis of the synthetic Gaia photometry by Jordi et al. [Jor+10] and then
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fine-tuned to minimize the spread in the PW relation in the LMC. However, the
same coefficient can b safely used in the MW (see Gordon et al. [Gor+03]). The
absolute Wesenheit magnitude W was calculated according to the period-Wesenheit-
metallicity (PW Z) relation published by Ripepi et al. [Rip+22]:

W = (—5.988 £0.018) — (3.176 + 0.044) (log P — 1.0) — (0.520 £ 0.090)[Fe/H] (2.1)

where P and [Fe/H] are the period and the iron abundance of each DCEP, listed in
Table 2.1 and Table 2.5. To calculate the w values, we retrieved the Gaia magnitudes
for our DCEP sample from the EDR3 catalog (Gaia Collaboration et al. [Gai+21]).
In principle, we should adopt intensity-averaged magnitudes, that is, calculated
over the light curves after transforming the magnitudes into intensities and then
converting the resulting mean intensity into magnitude (e.g. Bono et al. [BMS99b]
and Clementini et al. [Cle+16]). However, these magnitudes will be available for
all our targets only after the publication of Gaia data release 3. Luckily enough,
we can safely use the mean magnitudes in the GaiaEDR3 catalogue because it
has been demonstrated that the difference between the Wesenheit magnitudes
calculated in the two different fashions is very small (see a detailed discussion on
this point in Poggio et al. [Pog+21] and Ripepi et al. [Rip+22]). The distances can
thus be derived from the values of w and W. To estimate the uncertainty on the
distance, we adopted the equation op = 0.46050,,D, where o, is the error on the
distance modulus, estimated by adding in quadrature the errors on w and W. The
former was estimated by propagating the errors on the Gaiamagnitudes taking
also into account the uncertainty of +0.05 in the Wesenheit coefficient (Ripepi
et al. [Rip+19]), while for the latter we propagated the errors in the coefficients of
Eq. 2.1, as well as that on the iron abundance’. Distances and relative errors are
listed in Table 2.1. Having estimated the distances, we transformed the equatorial
coordinates listed in Table 2.1 into the Galactic coordinate system and adopted
standard transformations to calculate Galactocentric Cartesian coordinates (see
e.g. eq. 4 in Ripepi et al. [Rip+19]), using a distance of 8.277 kpc for the Galactic
centre (Gravity Collaboration et al. [Gra+22]). From the Cartesian coordinates it
was straightforward to calculate the Galactocentric radius Rgc for each target.

2.5.2 Metal radial gradient of the MW disc

The relation between the iron abundance ([ Fe/H]) and the Galactocentric radius
(Rgce), is displayed in Fig. 2.6, for both our and literature samples. Our data extends

5 The error on the periods is negligible.



The Galactic radial gradient

Table 2.3: Results of the Galactic metallicity gradient derived in this work. Literature
estimates are also shown for comparison. The radial gradient has the form: [Fe/H] =
a X Rgc + p. Columns 1 and 2 list the values of the slope (@) and zero point (f) of the radial
gradient; column 3 (when possible) the rms; column 4 reports the number of objects used;
column 5 and 6 includes the literature source and the notes, respectively.

Section 2.5

a p rms n.obj. Source Notes
(dex kpe™t) (dex) (dex)
This work
—0.060 £ 0.002 0.573 £0.017 0.12 637 This Work Rgce > 4 kpe
—0.064 £ 0.007 0.588 +0.053 0.11 333 This Work 4 kpec < Rge < 9.25 kpe
—0.080 £ 0.003 0.829 +£0.038 0.13 304 This Work Rgce > 9.25 kpe
—0.066 £0.009  0.64+0.11 0.07 12 This Work Bin sample, Rgc > 4 kpc
—0.068 + 0.004 0.62+0.27 0.04 4 This Work Bin sample, 4 kpc < Rgc < 9.25 kpe
—0.078 £0.002  0.81+0.26 0.08 8 This Work Bin sample, Rgc > 9.25 kpe
Literature (using Cepheids)
20.062 £ 0.002  0.605 + 0.021 313 Luck and Lambert [LL11] (L11)
—0.051 +£0.003  0.49 +0.03 128 Genovali et al. [Gen+14] (G14) UVES and FEROS only
—0.060 £ 0.002  0.57 +0.02 450 Genovali et al. [Gen+14] (G14) Whole sample
—0.051 + 0.002 411 Luck [Luc18] (L18)
—0.045 + 0.007 25 Lemasle et al. [Lem+18] (Lem18) Mixed F/10 Cepheids
—0.054 £ 0.008  0.52 + 0.08 30 Minniti et al. [Min+20] (M20) Far side of the MW
—0.062 £0.013  0.59 +0.13 28 Minniti et al. [Min+20] (M20) Rge < 17kpe
—0.0527 £ 0.0022 0.511 £0.022 0.11 489 Ripepi et al. [Rip+22] (R22)
—0.055 £0.003  0.43 +0.03 Silva et al. [Sil+22] (Da22)
Literature (using Open Clusters)

—0.035 + 0.007 29 Cunbha et al. [Cun+16] (C16)
—0.068 +0.017 29 Cunbha et al. [Cun+16] (C16) Two-fit line Rgc < 12 kpc
—0.030 + 0.009 Cunbha et al. [Cun+16] (C16) Rge > 12 kpe
—0.025 +0.017 7 Cunha et al. [Cun+16] (C16) age < 0.5 Gyr
—0.086 £0.008  0.72 % 0.08 88 Netopil et al. [Net+16] (N16) Rge < 12kpe
—0.066 = 0.007  0.54 = 0.07 82 Netopil et al. [Net+16] (N16) Excluding outliers
—0.016 £ 0.007 —0.04 £0.12 12 Netopil et al. [Net+16] (N16) Rgce > 12 kpe
—0.079 £0.015  0.62 +0.12 35 Netopil et al. [Net+16] (N16) Age < 0.5 Gyr

—0.06 +0.01 11 Casamiquela et al. [Cas+19] (C19) Age < 1.5 Gyr
—0.068 + 0.004 128 Donor et al. [Don+20] (D20) Whole sample
—0.068 + 0.004 71 Donor et al. [Don+20] (D20) Two-fit line, Rgc < 13.9 kpe
—0.009 +0.011 Donor et al. [Don+20] (D20) and Rgc > 13.9 kpc
—0.050 = 0.003 13 Donor et al. [Don+20] (D20) Age < 0.4 Gyr
—0.073 £ 0.003 16 Donor et al. [Don+20] (D20) 0.4 < Age < 0.8 Gyr
—0.076 +£0.009  0.60 % 0.08 134 Spina et al. [Spi+21] (S21)
—0.054 + 0.008 0.32+0.07 0.116 503 Gaia Collaboration et al. [Gai+22] (G22)
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Figure 2.6: Galactic iron abundance radial gradient. Left: Grey and red dots show the data
from the literature and this work, respectively. The big black dots with relative error-bars
represent a binning of the data with bins of 1.33 kpc each. The light blue line shows a linear
fitting to the data over the entire range of Galactocentric distances, while the two orange
lines represent the fit to the data carried out by dividing the sample into two pieces with a
break at Rgc-=9.25 kpc. The sun is shown with a yellow-black symbol. Right: Same as left,
where all the data are in grey dots, and the lines represent the fit on the binning points.
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Figure 2.7: Left panel: polar representation (the radial coordinate is Rg¢) of the 637 Galactic
DCEPs with metallicity from high-resolution spectroscopy (see Sect. 2.4). The colour is
coded according to the measured iron abundance. The stars presented in this work are
identified by additional black circles. The position of the sun is shown with a yellow-black
symbol. Right panel: Cartesian representation of the height above or below the galactic
plane as a function of Rg¢ in two opposite directions with respect to the Galactic centre-Sun
line (top and bottom panels, respectively). The colour coding and the symbols are as in the
left panel.
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significantly the range in Rgc over which it is now possible to investigate the
metallicity disc gradient, reaching up to 18-20 kpc. It is noticeable the presence
of the star ASAS J062939-1840.5 with [Fe/H]=—-1.10+0.19 dex, which is perfectly
placed at the ideal extension of the metallicity disc gradient at 25 kpc.

We carried out a linear regression  Table 2.4: Coefficients of the linear fit of the
adopting the python LtsFit package  form [X/H] = aygc X Ry + frgc With relative
(Cappellari et al. [Cap+13]). This soft-  dispersion relative to Fig 2.8.
ware allows one to use weights on

. Element a rms

both axes and implement a robust out- e Proc
] (dex kpc™) (dex) (dex)
lier removal. We adopted a conserva- C 20.06840.002 037120.023 014
tive 30 clipping procedure, obtaining 0 —0.046+0.002  0.414+0.022 0.12
the [Fe/H]-Rge relation. At a frist ~ Na —0.060£0.002  0.901+£0.022 0.15
glance, it appears that the fitting line Mg —0.056+0.0020.588+£0.024 0.17
Al —0.045+0.002  0.538+0.022 0.14
does not represent well the data at Si _0.05340.002  0.640+0.022 0.10
low values of [Fe/H]. This could be g ~0.060+0.002  0.618+0.023 0.15
due to the non-uniform sampling of  Ca —0.057+0.002  0.564+0.022 0.13
the data. For this reason we operated Sc —0.045£0.003  0.731+0.028  0.20
a binning division of the entire sam- I —0.046:£0.002°0.543+0.0220.14
le i . Is of d Kk \Y% —0.028+£0.002  0.341+0.023 0.16
ple in 12 intervals of around 1.33 kpc ¢, ~0.049+0.002  0.577+0.022 0.14
and subsequently estimated the co-  Mn 006120002 0.436+0.025 0.17
efficients of the [Fe/H]-Rgc relation. Co -0.020+0.003  0.363+0.027 0.18
In the right panel of Fig. 2.6 we high- M —0.055+0.002  0.479+0.022 0.11
light the binned points and the rela- <Y ~0.04120.003 0.497£0.034 = 0.23
g . . b . Zn —0.084+£0.003 0.669+0.031 0.21
tive fitting line. Furthermore, differ- ~0.04040.002  0.562+0.021 0.14
ent regimes might be identified in this Zr —0.012+0.003  0.474+0.036 0.25
diagram. Following the suggestion Ba —0.051+0.007  0.636+0.087 0.38
made by Genovali et al. [Gen+14], it La —0.029+0.002  0.421+0.021 0.15
could be possible to distinguish an in- X ~0.010:£0.004 ~0.1570.046 = 0.19
p & Nd —0.026+£0.002  0.247+0.021 0.14

ner and an outer sample, with a break
at about 9.25 kpc. The extension at
lower metallicities presented in this work allows us to better verify this early
proposal. Therefore, we decided to quantitatively estimate the metallicity radial
gradient in an alternative way, that is dividing the sample into two sub-samples
separated at Rgc=9.25 kpc. We applied this division to both the data and the binning
points. All the coefficients are listed at the beginning of Table 2.3. For each relation
we estimated the root means square (rms) as a test of the goodness of the fit. The
first three relations are over-imposed on the data on the left panel in Fig. 2.6, the
last three, corresponding to the fitted relation on the binned points, are plotted on
the right panel of the same figure. We point out that in both cases the inner and
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Figure 2.8: Galactic gradient for all the estimated abundances for our sample of stars (in
red) and the literature stars (in gray, see section 2.4). The black dashed line represents the
linear fit computed using both literature and our stars, while the dotted blue horizontal
line highlights the solar abundance. The coefficients of the fits are listed in Table 2.4.

outer slopes differ at more than 1. The two-samples fits appear to reproduce well
both the data and the binned point distributions. This occurrence suggests that
the break in the Galactic disc metallicity gradient is plausible, but since the rms
are comparable with that of the single line fit, for both the data and the binned
points, we can conclude that a single line fit can certainly reproduce the data, but
the hypothesis of the break cannot be ruled out on the basis of the present data
sample.

It is instructive to inspect the location on the Galactic disc of the sample adopted
for the analysis of the metallicity gradient. This is shown in the left panel of
Fig. 2.7, where we show the location of both literature and our samples in polar



Discussion

coordinates. The metal gradient is qualitatively visible also in this representation,
and it is noticeable how our outer sample nicely traces a spiral arm of the MW
disc, which we identify as the Outer arm (see e.g. Minniti et al. [Min+21]). The
scatter of iron abundance at this location is of the order of 0.4 dex which is not
surprising, as we sampled the Outer arm for more than 15 kpc. The right panel
of Fig. 2.7 shows the height above/below the Galactic disc (Z coordinate of the
Galactocentric Cartesian representation) as a function of Rgc. The sample was
divided according to the positive (top panel) or negative (bottom panel) values of
the polar angle ¢. The presence of the disc warp (see e.g. Skowron et al. [Sko+19])
can be clearly seen, especially in the top panel, where our outer sample is present.
Indeed, in the panel many objects have Z < —0.5 kpc for Rgc > 15 kpc, while in
the bottom panel, in the same region there are very few stars. The lower visibility
of the warp for negative values of phi could be due to the fact that this direction
is closer to the line of nodes of the warped disc structure (see fig. 2 in Skowron
et al. [Sko+19]. Also noticeable is the extreme negative height below the Galactic
plane of ASAS J062939-1840.5, which appears however in line with the bending of
the disc. The same figure exhibits a small but noticeable difference in the metallicity
distribution between the upper and lower panels, that is at positive and negative
azimuthal angles, respectively. Indeed, for ¢ > 0 it seems that the iron abundance
decreases more steeply than for ¢ < 0, especially at Rgc >8-10 kpc which could
tentatively be associated with the previously mentioned break in the radial gradient
visible in Fig. 2.6.

The relation between DCEPs metal abundance and Galactocentric radius can
be investigated for elements other than iron. We noted hints of the same break
at Rgc=9.25 kpc that was suggested for the iron in several elements of his group,
especially in V, Cr, Mn and Ni. However, the two-lines fits for these elements were
not convincing, so that we only report single line fits for these and all elements
other than iron. The result of this procedure is shown in Fig. 2.8 and Table 2.4.

2.6 Discussion

2.6.1 Iron abundance disc gradient

Several works focused their attention on the radial gradient of the MW disc, using
as tracers either DCEPs or other objects such as OCs, groups of stars that formed at
the same time from the same material and therefore have similar distances from the
sun as well as the same chemical composition and kinematics. They have been used
to study Galactic chemical trends since Janes [Jan79] where it has been shown how

Section 2.6

53



Chapter 2

54

C-MetalL Survey Il

they could be treated as tracers of the Galactic iron gradient. Furthermore, OCs
span a wide range of ages, from Myr to Gyr, making them optimal tools for Galactic
evolution studies as well. Since DCEPs are young stars (spanning approximately
the age range between 20 and 500 Myr) we compared, when possible, results from
OCs studies that split their sample into different age intervals.

Some estimates for the metal gradient of the Galactic disc, based on both DCEPs
and OCs studies are listed in Table 2.3, and compared graphically with our work in
Fig. 2.9, showing the results only relative to the data and not to the binned points,
since they are comparable within the errors.

We point out that most of the previous gradient estimations come from objects
with distances up to #10-15 kpc, so for the following discussion we took in con-
sideration, except when specified, the gradients from the whole sample and the
"inner" slope (Rgc < 9.25kpc) from the two-fit case. In more detail:

+ Genovali et al. [Gen+14] estimated two slopes, first considering UVES, NAR-
VAL and FEROS spectra only and then including also the literature data.
The slope obtained in the second case is steeper than the first and in good
agreement with our results for both single and two-fit lines (when consider-
ing our "inner" slope). Although the same agreement was found with Luck
and Lambert [LL11] and Silva et al. [Sil+22], other recent studies (Lemasle
et al. [Lem+18], Luck [Luc18], and Ripepi et al. [Rip+22]) estimated flatter
slopes, but comparable within 2¢. It is interesting the method used by Lemasle
et al. [Lem+18], where the metallicity of Galactic F/10° DCEPs was estimated
from the P;/P, ratio. The low number of stars used should increase in future
Gaia releases.

+ Cunha et al. [Cun+16], studying APOGEE OCs, found a generally flatter slope
than those provided by our and other literature DCEPs studies. It is worth
mentioning the presence in Cunha et al. [Cun+16]’s work of an object distant
25 kpc. Following the possible break at about 10-12 kpc hypothesized for
OCs as well (see e.g. Frinchaboy et al. [Fri+13], Magrini et al. [Mag+10], and
Yong et al. [YCF12], the sample was divided into an inner region, where the
slope of the gradient is as steep as ours, and a flatter outer slope (not shown
in Fig. 2.9), in contrast with the results obtained using the DCEPs as tracers.
Moreover, fitting only young clusters (age<500 Myr) resulted in a very low
slope, which is in complete disagreement with all DCEPs results. But, since
this result is based on only 7 OCs, it has a very limited statistical value.

6 F/10 indicates DCEPs pulsating simultaneously in the fundamental and first overtone mode.
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Figure 2.9: Radial gradient comparison between our work and previous ones listed in
Table 2.3. Open circles symbols represent results from OCs works, filled circles symbols from
DCEPs ones. Colors for different works (or same work but different sample configuration)
are described in detail in the legend on the right, with reference acronyms the same as
Table 2.3. Results are plotted in order of year publication on the x-axis. In order to avoid
overlapping, results from the same work have been slightly shifted on the x-axis. Blue and
gray horizontal lines represent the results in our work in the case of one and two-line fitting
on the data, while shaded regions correspond to the 1o dispersion around the respective
results.

+ Netopil et al. [Net+16] studied the iron gradient using about 100 OCs in the
MW disc. They estimated the gradient in different ways, subdividing their
sample according to the Rgc or age (see Table 2.3). Using all the OCs within
12 kpc they found a slope significantly steeper than ours both using the whole
sample and for Rgc < 9.25 kpc. The same is true for the comparison with
the other literature DCEPs results. The agreement with all DCEPs results
improves when Netopil et al. [Net+16] exclude outliers from the calculation.
Similarly to Cunha et al. [Cun+16], and at odds with DCEPs results, also
Netopil et al. [Net+16] found that the iron gradient flattens for Rgc > 12
kpc. However, this result is based on only 12 objects and it should be verified
with a more consistent sample. Finally, Netopil et al. [Net+16] divided their
sample into three different age bins. Considering the sample with age<0.5
Myr, that is the age range spanned by DCEPs, they find a steep slope, similar
to what we find for Rgc > 9.25 kpc, but in complete disagreement with Cunha
et al. [Cun+16] in the same OCs age range. This occurrence seems to suggest
that the results based on young OCs are still significantly sample dependent.

« Casamiquela et al. [Cas+19] investigated the Galactic gradient using new high-
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resolution spectroscopy for 18 OCs which complemented with a compilation
of data by Carrera et al. [Car+19], finding a present-day gradient for the
youngest clusters (having Rsc < 13 kpc) in good agreement with our results
for the whole and the inner DCEPs samples.

Studying OCs from SDSS/APOGEE DR16, Donor et al. [Don+20] fitted the
data using a two-fit line, obtaining a break at Rgc 13.9 kpc, after which the
slope is comparable with a null one, thus confirming the results by Cunha et
al. [Cun+16] and Netopil et al. [Net+16], but at variance with ours. However,
again this result is based on only a few OCs, which in addition are much
older than the typical DCEPs and thus could have migrated from other disc
regions, thus not being representative of the present-day iron gradient. As
for previous studies involving OCs, the sample was divided in 4 bins of age.
The results found for ages lower than 0.4 Gyr and between 0.4 and 0.8 Gyrs
are sensitively different from each other, but both in agreement with our
inner slope within 2¢.

On the far side of the MW, beyond the bulge, Minniti et al. [Min+20] charac-
terized 30 DCEPs using near-infrared VVV photometry, and estimated two
different slopes using either the whole sample or DCEPs with Rgc < 17 kpc.
Both values are in agreement with our inner slope.

Spina et al. [Spi+21], used OCs data from the APOGEE and GALAH surveys
to estimate the iron gradient up to Rgc ~13.9 kpc, obtaining a slope steeper
than ours, but still in agreement within 1o with our "inner" slope and 2¢
with the whole sample slope.

It is worth mentioning two last papers: Gaia Collaboration et al. [Gai+22]
based on the GaiaDR3 results and Randich et al. [Ran+22], which review the
outcomes of the GaiaESO survey (GES). In the former, the radial metallicity
gradient was estimated for 503 open clusters. Splitting the sample in 4 groups
depending on ages, they found a flattening of the gradient slope going toward
larger ages (see their sect. 8 for more details). In Table 2.3 and Fig. 2.9 we
report the radial gradient result obtained by Gaia Collaboration et al. [Gai+22]
with the whole OC sample, which is in good agreement with our outcome.
Randich et al. [Ran+22] presented an overview of the GES survey results for
the Galactic OCs, comprising a study of the radial gradient. They confirm
the flattening of the slope at higher distances, but again the gradient greatly
depends on the age of the adopted clusters (see their fig. 26).
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Figure 2.10: Radial gradients for each chemical species inferred in this study compared
with literature.

2.6.2 Disc gradient for elements other than iron

In this section we summarize and discuss gradients inferred from the other elements
shown in Fig. 2.8 and compare our results with other studies. In Fig. 2.10 we compare
gradients derived in this study with results obtained by different authors using
different tracers, for instance OCs (Cunha et al. [Cun+16] and Donor et al. [Don+20]),
B-type stars (Daflon and Cunha [DC04]), and DCEPs (Luck [Luc18] and Silva et
al. [Sil+22]). To be comparable with our results, since DCEPs are young objects, we
selected from Donor et al. [Don+20] only clusters younger than 0.4 Gyr.

For light elements such as carbon our results are consistent with Luck [Luc18]
while Daflon and Cunha [DC04] analysing a sample of B-type stars found a lower
value. This perhaps could be due to the evolution in DCEPs, that alters the abun-
dance of carbon in non homogeneous ways after the first dredge-up. For oxygen,
our gradient is consistent with all the determinations found in literature, even
when B-type stars are used as tracers as in Daflon and Cunha [DC04]. This is
not surprising since oxygen abundance in DCEPs does not alter during the first
dredge-up. As for carbon, sodium abundance is altered by evolution in DCEPs via
the Na-Ne cycle (Sasselov [Sas86]), so our gradient is consistent with Luck [Luc18]’s
value while Donor et al. [Don+20] found a steeper gradient.

Gradients for a-elements derived in this paper are consistent at least within
20 with other studies, an exception is sulfur for which results from open cluster
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and B-type stars are not consistent with those from DCEPs. For the other light
elements, namely aluminum and scandium, results from various sources are in
good agreement.

With the exception of cobalt, our gradients for iron-peak elements are consistent
with the literature. For cobalt, Donor et al. [Don+20] found a steeper slope.

Also for heavy elements (Z > 30) our slopes are in agreement with the literature,
at least at 20 level.

2.7 Summary

In the context of the C-MetaLL project, we presented high-resolution UVES@VLT
spectra for a sample of 65 DCEPs mostly located in the outskirts of the MW disc, at
Galactocentric distances larger than 15 kpc. We analysed the observed spectra in
detail to derive the main parameters for each target, such as effective temperature,
surface gravity, microturbulence and radial velocity. It is worth noticing that we
have carried out the effective temperature estimate using two different procedures:
by adopting the LDR method and by minimizing the correlation between the
abundance and the excitation potential. The two different approaches provided
consistent results.

On this basis, we have derived the chemical abundances of 24 species for which
we have detected and measured spectral lines. Studying their distribution we
showed how they are sensibly under abundant with respect to the sun, except for
Sc, Co and Zr, having nonetheless (as for the other elements) a mean abundance
lower than the literature one.

Our sample includes objects in the range —1.1 <[Fe/H]< +0.3 dex, but the
majority of the stars have iron abundances lower than about —0.3 dex, constituting
the most metal-poor DCEPs ever studied with high-resolution spectroscopy and
extending the metallicity range of the MW DCEPs even below the metallicity of
the Small Magellanic Cloud (SMC) DCEPs (see Romaniello et al. [Rom+08]). We
analyzed all the chemical abundances as a function of iron. All of them either
decrease or remain constant as iron increases, with the only exception of Zn that
shows a positive trend.

We complemented our sample with recent literature results to obtain a data-set
including 637 confirmed DCEPs with individual metallicities from high-resolution
spectroscopy. For all these objects, we adopted Gaia EDR3 photometry and the
iron abundance to calculate accurate distances based on the PWZ relation in the
Gaia bands by using the same method as in Ripepi et al. [Rip+22]. The resulting
spatial distribution of our outer sample clearly depicts the shape of a spiral arm
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extending for about 60 deg in azimuth at approximately constant Galactocentric
distance between 16-18 kpc. Based on the comparison with Minniti et al. [Min+21]
disc model, we identify this spiral arm as the Outer.

The distribution of DCEPs in height below/above the Galactic disc plane reveals
a larger scatter for ¢ > 0 and Rgc > 10 kpc while the disc warp starts to be visible
at at Rgc > 10 kpc. Our data allows us to conclude that the disc continues to bend
with the same slope also between 15-18 kpc and possibly up to 25 kpc, even if we
have only one star at this distance and no one between 20 and 25 kpc. On the
other hand, for ¢ < 0 the warp is barely visible, but we do not have enough data
beyond Rgc > 13 kpc, so that no firm conclusion can be driven. Also the metallicity
distribution appears different moving from negative to positive ¢ values as in the
latter the iron abundance seems to be more metal poor at fixed Rg¢ values for Rge
larger than ~12 kpc.

We studied the iron abundance Galactic radial gradient, which can now be studied
up to 20 kpc from the Galactic centre. The analysis of the data plausibly revealed
the presence of an already suggested break in the distribution around 9.25 kpc
which led us to divide the DCEP data-set into inner and outer samples. A linear fit
to the two samples allows us to estimate two different slopes: —0.063 + 0.007 and
—0.079 + 0.003 dex kpc™! for the inner and outer samples, respectively. The two
slopes are different at more than 1 . A fit to the entire sample provides instead a
slope of —0.060 + 0.002 dex kpc™!, which is in very good agreement with previous
literature determinations of the gradient using DCEPs, all conducted without any
separation in the sample. Since the rms are comparable, we conclude that the
hypothesis of the presence of the break cannot be ruled out. Future works with a
more homogeneous and extended sample will allow us to further test the plausibility
of the presence of such a break.

We also carried out a detailed comparison between our results and the radial
metallicity gradients estimated using the OCs. As a result we found good agreement
between the inner slope and most of the previous works. On the other hand, our
outer slope reflects a steeper trend, opposite to what is found for OCs for which, in
general, the relation becomes almost flat. However, if we restrict the comparison to
OCs young enough to have not undergone a significant migration, we find a good
agreement with the work by Netopil et al. [Net+16] for OCs with Age<0.5 Gyr and
Donor et al. [Don+20] for OCs with 0.4<Age<0.8 Gyr. A good agreement for the
outer slope is also found with the work by Spina et al. [Spi+21] which does not
show any slope difference with the age of the investigated OCs.

Finally, we studied Galactic radial gradients for the elements other than iron. Our
gradients are consistent with the literature.
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2.A Abundances for target stars

In this appendix we present the complete list of the chemical abundances for the 24
species detected in our stars.

7 DPAQC, https: //www.cosmos.esa.int/web/gaia/dpac/consortium



Table 2.5: Abundances expressed in solar terms for the chemical elements detected in our

Abundances for target stars

targets. In the first part of the table elements from C to Ca are shown.

Star [C/H] [O/H] [Na/H] Mg/H] [AVH] [SU/H] [S/H] [Ca/H]
ASAS J060450+1021.9 —0.83 £ 0.05 | —0.61 £ 0.16 | —0.07 £ 0.04 | —0.40 + 0.16 | —0.17 £ 0.15 | —0.44 + 0.15 | —0.41 = 0.03 | —0.46 + 0.07
ASAS J062939-1840.5 —-1.10 £ 0.10 - —0.48 +0.19 | —0.76 + 0.11 | —0.76 + 0.15 | —0.73 + 0.20 - —0.77 + 0.14
ASAS J064001-0754.8 —0.99 £ 0.05 | —0.49 £ 0.16 | —0.22 +£ 0.04 | —0.52 + 0.16 | —0.48 +£ 0.15 | —0.40 £ 0.20 | —0.36 = 0.03 | —0.51 + 0.04
ASAS J065758-1521.4 —0.70 £ 0.05 | —0.42 +£ 0.16 | —0.06 = 0.04 | —0.33 + 0.16 | —0.20 + 0.15 | —0.32 £ 0.09 | —0.25 + 0.03 | —0.46 + 0.11
ASAS J074401-3008.4 —0.79 + 0.05 | —0.45 + 0.16 | —0.20 + 0.04 | —0.65 + 0.16 | —0.23 + 0.15 | —0.32 £ 0.11 | —0.38 £ 0.03 | —0.53 + 0.04
ASAS J074925-3814.4 — —0.61 £0.16 | —0.11 £ 0.07 | —0.15 £ 0.16 | —0.17 £ 0.15 | —0.22 £ 0.05 | —0.28 + 0.03 | —0.50 + 0.05
ASAS J084127-4353.6 —0.59 £ 0.05 | —0.49 £ 0.16 | —0.00 = 0.04 | —0.05 = 0.16 0.02 £ 0.15 0.08 +£ 0.06 | —0.18 £ 0.03 | —0.15 + 0.04
ASAS J164120-4739.6 — 0.14 + 0.16 0.92 + 0.05 0.10 + 0.16 0.27 £ 0.15 — — 0.16 + 0.05
ASAS SN-J061713.86+022837.1 | —0.97 + 0.10 | —0.24 + 0.53 | —0.29 + 0.10 | —0.27 + 0.35 0.02 £ 0.03 | —=0.54 £ 0.05 | —0.29 + 0.03 | —0.59 £ 0.19
ASAS SN-J063841.36-034927.7 | —0.63 = 0.05 | —0.36 + 0.16 0.00 £ 0.04 | —0.24 £ 0.16 — —0.26 £ 0.15 | —0.25 = 0.03 | —0.20 + 0.04
ASAS SN-J072739.70-252241.1 | —0.72 + 0.05 | —0.36 + 0.16 | —0.10 + 0.04 | —0.46 + 0.16 | —0.10 £ 0.15 | —0.25 + 0.12 | —0.29 + 0.15 | —0.34 + 0.04
ASAS SN-J074354.86-323013.7 | —0.42 + 0.12 — 0.01 £0.04 | —0.27 £ 0.16 — -0.17 £ 0.12 | =0.17 £ 0.03 | —0.59 + 0.15
ASAS SN-J091822.17-542444.5 — —0.64 £ 0.16 0.08 +£0.04 | —0.02 £ 0.16 | —0.28 £ 0.15 | —0.25 + 0.09 | —0.43 + 0.03 | —0.23 + 0.04
ATLAS J102.7978-10.2541 —0.78 + 0.05 | —0.61 + 0.16 | —0.03 + 0.04 | —0.11 £ 0.16 | —0.23 £ 0.15 | —0.29 + 0.15 | —0.31 + 0.03 | —0.29 + 0.05
ATLAS J106.7120-14.0234 —0.77 £ 0.20 | —0.08 £ 0.15 | —0.11 + 0.07 0.05 + 0.10 — —-0.36 £ 0.18 | —0.32 £ 0.22 | —0.47 + 0.11
ATLAS J113.8534-31.0749 —0.82 £ 0.05 | —0.36 + 0.16 | —0.22 + 0.04 | —0.52 + 0.16 | —0.10 + 0.15 | —0.38 £ 0.17 | —0.47 £ 0.03 | —0.45 + 0.04
BQ Vel —0.79 + 0.10 | —0.24 + 0.16 | —0.12 £ 0.04 | —0.11 £ 0.16 | —0.23 + 0.15 | —0.07 £ 0.09 | —0.35 £ 0.15 | —0.42 + 0.07
GDS J133950.2-634049 —0.33 £ 0.05 | —0.17 £ 0.16 0.42 £ 0.05 0.10 £ 0.16 0.18 £ 0.15 0.26 £ 0.13 0.14 £ 0.03 0.13 £ 0.04
OGLE GD-CEP-0029 —0.30 + 0.21 | —0.05 + 0.16 | —0.14 + 0.04 | —0.21 + 0.16 | —0.10 + 0.15 | —0.02 £ 0.05 | —0.27 £ 0.03 | —0.54 + 0.07
OGLE GD-CEP-0089 —0.81 +0.05 | —0.36 + 0.16 | —0.18 £ 0.04 | —0.52 + 0.16 | —0.23 + 0.15 | —0.38 £ 0.17 | —0.31 £ 0.03 | —0.39 + 0.04
OGLE GD-CEP-0120 —0.83 £ 0.16 | —0.55 £ 0.16 | —0.40 = 0.04 | —0.40 + 0.16 | —0.23 £ 0.15 | —0.44 +£ 0.10 | —0.47 £ 0.03 | —0.64 + 0.12
OGLE GD-CEP-0123 —0.91 £ 0.09 | —0.36 + 0.16 | —0.20 + 0.04 | —0.52 + 0.16 | —0.10 + 0.15 | —0.34 £ 0.09 | —0.28 £ 0.03 | —0.49 + 0.04
OGLE GD-CEP-0127 —0.76 £ 0.06 | —0.74 £ 0.16 0.15+0.04 | —0.08 +£0.16 | —0.12 £ 0.15 0.13 £ 0.20 | —0.29 £ 0.03 | —0.21 £+ 0.04
OGLE GD-CEP-0134 —0.66 + 0.06 | —0.11 +£ 0.16 | —0.25 £ 0.04 | —0.52 + 0.16 | —0.11 £ 0.15 | —0.32 £ 0.15 | —0.25 = 0.03 | —0.59 + 0.04
OGLE GD-CEP-0156 —0.89 + 0.05 | —0.55 + 0.16 | —0.22 + 0.04 | —0.48 + 0.16 | —0.23 + 0.15 | —0.38 £ 0.09 | —0.44 £ 0.03 | —0.57 + 0.04
OGLE GD-CEP-0159 —0.86 + 0.07 0.01 +£0.16 | —0.14 +£ 0.04 | —0.24 £ 0.16 | —0.04 + 0.15 | —0.37 £ 0.04 | —0.33 £ 0.03 | —0.34 + 0.15
OGLE GD-CEP-0162 —0.85 £ 0.05 | —0.61 £ 0.16 | —0.19 £ 0.04 | —0.52 + 0.16 | —0.10 £ 0.15 | —0.47 £ 0.18 | —0.42 + 0.03 | —0.43 + 0.04
OGLE GD-CEP-0168 —0.68 + 0.06 | —0.11 + 0.16 | —0.08 + 0.04 | —0.21 + 0.16 | —0.10 + 0.15 | —0.07 £ 0.16 | —0.22 £ 0.03 | —0.48 + 0.17
OGLE GD-CEP-0176 —0.85 £ 0.05 | —0.61 £ 0.16 | —0.25 £ 0.04 | —0.71 £ 0.16 | —0.35 £ 0.15 | —0.47 £ 0.10 | —0.42 £ 0.15 | —0.55 + 0.04
OGLE GD-CEP-0179 —0.66 £ 0.06 | —0.36 + 0.16 0.04 +£0.04 | —0.33 £ 0.16 0.02 £0.15 | =0.27 £ 0.14 | —0.19 £ 0.03 | —0.21 + 0.04
OGLE GD-CEP-0181 —1.00 + 0.05 | —0.49 + 0.16 | —0.27 £ 0.04 | —0.74 £ 0.16 | —0.29 + 0.15 | —0.27 £ 0.14 | —0.41 £ 0.03 | —0.68 + 0.14
OGLE GD-CEP-0185 —0.88 + 0.05 — —0.13 £ 0.04 | —0.33 £ 0.16 | —0.10 £ 0.15 | —0.32 + 0.11 | —0.33 £ 0.03 | —0.40 £ 0.04
OGLE GD-CEP-0186 —0.74 £ 0.07 | —0.24 £ 0.16 0.21 £ 0.05 0.01 +£0.16 | —0.04 £ 0.15 | —0.07 £ 0.19 | —0.13 £ 0.03 | —0.08 + 0.04
OGLE GD-CEP-0196 —0.85 + 0.07 | —0.30 + 0.16 | —0.25 = 0.04 | —0.55 + 0.16 | —0.23 £ 0.15 | —0.27 £ 0.15 | —0.25 £ 0.04 | —0.54 + 0.04
OGLE GD-CEP-0206 —0.55+0.05 | =0.11 £ 0.16 | —0.08 £ 0.04 | —0.27 = 0.16 | —0.10 + 0.15 0.13 £0.13 | —0.14 £ 0.03 | —0.30 + 0.04
OGLE GD-CEP-0213 —0.89 + 0.21 0.01 +£0.15 | —0.24 £ 0.06 | —0.67 + 0.04 | —0.10 £ 0.10 | —0.47 + 0.17 | —0.42 £ 0.03 | —0.61 + 0.07
OGLE GD-CEP-0214 —1.00 + 0.05 | —0.58 + 0.16 | —0.30 + 0.04 | —0.71 £ 0.16 | —0.17 £ 0.15 | —0.57 £ 0.13 | —0.34 £ 0.03 | —0.57 + 0.04
OGLE GD-CEP-0224 -0.72 £ 0.12 — —0.19 £ 0.06 0.12 £ 0.16 — —-0.07 £ 0.15 | =0.23 £ 0.07 | —0.38 + 0.14
OGLE GD-CEP-0228 —0.81 £ 0.05 | —0.49 + 0.16 | —0.10 £ 0.04 | —0.36 + 0.16 | —0.04 + 0.15 | —0.38 £ 0.11 | —0.28 £ 0.03 | —0.47 + 0.08
OGLE GD-CEP-0247 —1.09 £ 0.05 | —0.24 + 0.16 0.12 +£ 0.04 | —0.33 £ 0.16 0.02 + 0.15 0.03 +£0.18 | —0.10 + 0.03 | —0.25 + 0.05
OGLE GD-CEP-0252 —0.71 £ 0.05 | —0.49 £ 0.16 | —0.05 + 0.04 | —0.27 = 0.16 0.02 +£0.15 | =0.29 £ 0.06 | —0.28 + 0.03 | —0.39 + 0.08
OGLE GD-CEP-0271 —0.91 £ 0.16 | —0.36 + 0.16 | —0.50 + 0.11 | —0.52 + 0.16 0.02 +£0.15 | —0.27 £ 0.20 | —0.20 £ 0.06 | —0.51 + 0.04
OGLE GD-CEP-0316 —0.80 + 0.07 | —0.61 + 0.16 0.04 +£0.04 | —0.15 £ 0.16 — —0.28 £ 0.12 | —0.21 £ 0.03 | —0.29 + 0.04
OGLE GD-CEP-0342 —1.15+0.05 | —0.36 £ 0.16 0.18 £ 0.04 | —0.27 £ 0.16 | —0.04 £ 0.15 | —0.17 £ 0.11 | —0.27 £ 0.03 | —0.35 + 0.04
OGLE GD-CEP-0348 —0.92 £ 0.05 | —0.36 + 0.16 | —0.24 + 0.04 | —0.71 £ 0.16 0.02 +£0.15 | —0.32 £ 0.20 | —0.13 £ 0.06 | —0.44 + 0.05
OGLE GD-CEP-0353 —1.09 £ 0.14 | —0.36 = 0.16 0.10 +£ 0.04 | —0.05 £ 0.16 | —0.10 + 0.15 | —0.07 + 0.04 | —0.25 + 0.03 | —0.29 + 0.05
OGLE GD-CEP-0516 —0.45 £ 0.05 | —0.14 £ 0.16 | —0.04 = 0.04 | —0.40 + 0.16 0.02 £ 0.15 0.08 £0.11 | =0.17 £ 0.03 | —0.30 +£ 0.11
OGLE GD-CEP-0568 —0.40 + 0.46 | —0.05 = 0.16 0.29 + 0.04 0.04 £0.16 | —0.17 £ 0.15 0.23 £0.15 | —=0.11 £ 0.03 0.01 £ 0.05
OGLE GD-CEP-0575 —0.41 £ 0.16 | —0.49 £ 0.16 0.07 £ 0.04 | —0.18 £ 0.16 | —0.04 + 0.15 0.18 £ 0.13 0.04 £ 0.03 | —0.31 £+ 0.04
OGLE GD-CEP-0889 0.05 £ 0.20 | —0.39 £+ 0.06 0.41 +£0.14 | =0.11 £ 0.11 | —0.07 = 0.10 0.03 +£ 0.06 | —0.36 +£ 0.03 | —0.30 + 0.17
OGLE GD-CEP-0974 0.34 £0.16 | —0.11 £ 0.16 0.74 £ 0.05 0.10 £ 0.16 0.24 £ 0.15 0.23 + 0.30 0.37 £ 0.03 0.32 £0.12
OGLE GD-CEP-0996 — 0.14 £ 0.16 1.05 £ 0.08 0.73 £ 0.16 0.36 £ 0.15 — 0.45 £ 0.03 0.36 £ 0.04
OGLE GD-CEP-1012 —0.16 +£ 0.16 | —0.05 £ 0.16 0.45 + 0.04 0.10 + 0.16 0.11 £ 0.15 0.33 +£0.20 0.47 £+ 0.04 0.23 £ 0.05
OGLE GD-CEP-1111 —0.03 £ 0.19 | —0.36 + 0.16 0.24 + 0.08 0.51 + 1.02 0.21 £ 0.10 0.24 £ 0.09 0.18 +£0.13 | —0.23 + 0.08
OGLE GD-CEP-1210 — 0.14 £ 0.16 0.73 £ 0.04 0.34 £ 0.16 0.24 £ 0.15 0.43 £ 0.30 — —0.10 + 0.04
OGLE GD-CEP-1285 —0.39 +£ 0.14 | —0.00 £ 0.21 | —0.36 = 0.05 | —0.32 £ 0.10 | —0.10 £ 0.10 | —0.35 £ 0.09 | —0.59 = 0.18 | —0.74 + 0.12
OGLE GD-CEP-1311 —0.75 + 0.16 | —0.61 + 0.16 | —0.14 + 0.04 | —0.11 + 0.16 | —0.10 £ 0.15 | —0.27 £ 0.05 | —0.24 + 0.03 | —0.41 + 0.07
OGLE GD-CEP-1337 —1.01 £ 0.05 | —0.66 £ 0.29 | —0.30 = 0.06 | —0.40 + 0.44 | —0.10 £ 0.18 | —0.57 £ 0.10 | —0.37 +£ 0.03 | —0.68 + 0.15
V1253 Cen —0.50 £ 0.05 | —0.55 £ 0.16 0.18 £ 0.04 | —0.08 £ 0.16 | —0.10 £ 0.15 | —0.02 + 0.17 0.25 +£0.03 | —0.03 + 0.04
V1819 Ori —0.60 + 0.27 | —0.17 £ 0.10 | —0.25 = 0.11 | —0.51 + 0.14 | —0.02 +£ 0.19 | —0.62 + 0.14 | —0.48 + 0.09 | —0.60 + 0.13
V418 CMa —0.78 £ 0.16 | —0.30 £ 0.16 | —0.10 = 0.04 | —0.58 + 0.16 | —0.02 £ 0.15 | —0.27 £ 0.11 | —0.37 £ 0.03 | —0.66 + 0.12
V459 Sct —0.32 £ 0.05 | —0.24 + 0.16 0.68 + 0.05 0.17 £ 0.16 0.33 £ 0.15 0.22 £ 0.08 0.21 £ 0.03 0.19 £ 0.04
V480 Aql 0.47 + 0.06 0.08 + 0.16 0.91 + 0.04 0.10 + 0.16 0.33 £ 0.15 0.21 + 0.05 0.68 + 0.04 0.14 + 0.04
V881 Cen —0.12 £ 0.07 | —0.05 £ 0.16 0.76 £ 0.04 0.04 + 0.16 0.24 £ 0.15 0.23 £ 0.20 0.59 £ 0.03 0.24 £ 0.11
VX CMa — —0.49 £ 0.05 | —0.40 £ 0.16 | —0.07 £ 0.77 | —0.10 £ 0.10 | —0.70 + 0.20 | —0.63 + 0.22 | —0.61 + 0.10
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Table 2.5: Second part of the table, with chemical elements from Sc to Ni.

Star [Sc/H] [Ti/H] [V/H] [Cr/H] [Mn/H] [Fe/H] [Co/H] [Ni/H]
ASAS J060450+1021.9 0.05 + 0.04 | —0.41 £ 0.07 | —0.03 £ 0.08 | —0.05 + 0.05 | —0.80 + 0.04 | —0.50 £ 0.18 | —0.11 + 0.14 | —0.47 =+ 0.16
ASAS J062939-1840.5 0.02+0.11 | —0.53 = 0.16 | —0.66 % 0.18 - —1.13 £0.07 | —1.10 % 0.19 - ~0.82 +0.14
ASAS J064001-0754.8 —0.15+0.04 | —0.58 £ 0.17 | —0.10 £ 0.08 | —0.34 % 0.05 | —0.95 + 0.16 | —0.76 + 0.12 | —0.35 = 0.16 | —0.57 % 0.16
ASAS J065758-1521.4 0.11 +£ 0.04 | —0.37 £ 0.11 | —0.02 £ 0.08 | —0.16 = 0.04 | —0.58 + 0.55 | —0.48 £ 0.11 0.01 £0.16 | —0.47 £ 0.16
ASAS J074401-3008.4 —0.20 £ 0.04 | —0.64 £ 0.15 | =0.17 £ 0.08 | —0.22 £ 0.05 | —0.76 + 0.16 | —0.70 £ 0.15 | —0.28 = 0.17 | —0.66 % 0.16
ASAS J074925-814.4 0.19+0.04 | —0.38 +£0.12 | —0.27 £ 0.08 | —0.34 + 0.18 | —0.68 + 0.58 | —0.58 £ 0.10 | 0.07 = 0.10 | —0.47 % 0.16
ASAS J084127-4353.6 0.23 +0.04 | —0.28 £ 0.21 | —0.34 +£ 0.09 | —0.15 + 0.18 | —0.83 + 0.08 | —0.28 + 0.16 0.33 £0.17 | —0.28 £ 0.16
ASAS J164120-4739.6 0.81+0.05 | —0.05+0.14 | 007009 | 032+0.18 | 021+0.16| 018+0.19| 0.06=0.16| 0.03%0.16
ASAS SN-J061713.86+022837.1 | —0.33 £ 0.14 | —0.69 % 0.08 | —0.30 + 0.18 | —0.60 + 0.07 | —0.32 £ 0.16 | —0.72 % 0.16 - —0.38+0.14
ASAS SN-J063841.36-034927.7 0.33 +0.04 | —0.20 £ 0.19 | —0.09 £+ 0.08 | —0.09 + 0.06 | —0.78 + 0.05 | —0.35 + 0.14 0.26 £ 0.11 | —0.44 £ 0.16
ASAS SN-J072739.70-252241.1 | 0.05 £ 0.04 | —0.34 £ 0.13 | 0.02 + 0.09 | —0.16 £ 0.09 | —0.89 = 0.05 | —0.48 % 0.16 - —0.53 +0.16
ASAS SN-J074354.86-323013.7 | 0.08 £ 0.04 | —0.15+0.17 | 0.13 +0.09 | =0.20 £ 0.19 | —0.74 + 0.04 | —0.43 + 0.18 | 0.49 +0.14 | —0.60 = 0.16
ASAS SN-J091822.17-542444.5 0.10 + 0.04 | —0.65 £ 0.09 | —0.38 +£ 0.08 | —0.19 £ 0.05 | —0.57 + 0.42 | —0.40 £ 0.14 | —0.46 + 0.15 | —0.47 = 0.16
ATLAS ]102.7978-10.2541 0.14+0.04 | 034 £ 0.13 | —=0.09 £ 0.09 | —0.19 £ 0.05 | —0.92 + 0.05 | ~0.41 £ 0.16 | 0.22 = 0.20 | —0.38 % 0.16
ATLAS J106.7120-14.0234 —0.18 £ 0.11 0.39 £ 0.09 0.04 +£0.12 | —0.52 £ 0.18 — —0.58 £ 0.12 — —0.35 £ 0.16
ATLAS J113.8534-31.0749 —0.13 £0.04 | —0.57 £ 0.12 | —0.11 £ 0.09 | —0.41 % 0.05 | —0.70 + 0.16 | —0.66  0.14 | —0.38 + 0.09 | —0.41 % 0.16
BQ Vel 0.14 £ 0.04 | —0.40 £ 0.13 | —0.35 £ 0.09 | —0.34 £ 0.05 | —0.61 + 0.52 | —0.50  0.16 | —0.05 = 0.16 | —0.47 % 0.16
GDS J133950.2-634049 0.47 + 0.04 0.03 £0.19 | —0.16 + 0.08 0.11 £ 0.10 | —0.23 £+ 0.04 0.05 +£0.14 0.51 £ 0.49 0.03 + 0.16
OGLE GD-CEP-0029 012 +0.09 | —0.01 % 0.15 | —0.21 £ 0.08 | —0.18 + 0.14 | —0.62 + 0.04 | —0.44 £0.16 | 0.02 +0.18 | —0.22 % 0.16
OGLE GD-CEP-0089 0.03+0.04 | —0.35 +0.16 | —0.28 + 0.08 | —0.26 % 0.13 | —0.56 + 0.47 | —0.54 £ 0.16 | —0.04 = 0.13 | —0.47 % 0.16
OGLE GD-CEP-0120 —0.08 +£ 0.04 | —0.51 £ 0.16 | —0.27 £ 0.12 | —0.47 £ 0.09 | —0.73 £ 0.42 | —0.69 £ 0.13 | —0.20 £ 0.17 | —0.66 + 0.16
OGLE GD-CEP-0123 —0.06 +0.04 | —0.40 £ 0.13 | 0.07 % 0.08 | —0.31 % 0.09 | —0.98  0.05 | —0.63 £ 0.13 | —0.10 £ 0.19 | —0.60 % 0.16
OGLE GD-CEP-0127 019+ 0.04 | —0.43 +0.17 | —=0.37 £ 0.08 | —0.18 £ 0.04 | —0.40 + 0.39 | —0.34 + 0.12 | —0.44 = 0.11 | —0.47 % 0.16
OGLE GD-CEP-0134 —0.39 £ 0.04 | —0.01 £ 0.18 0.01 +£0.10 | —0.23 £ 0.05 | —0.95 £ 0.10 | —0.62 + 0.16 — —0.41 £ 0.16
OGLE GD-CEP-0156 —0.34 +£0.04 | —0.55 % 0.21 | —0.29 % 0.09 | —0.28 + 0.07 | —0.96 + 0.04 | —0.65 £ 0.11 | 0.12 +0.17 | —0.60 % 0.16
OGLE GD-CEP-0159 012004 | —032£0.14 | 0.03 £0.10 | —0.28 + 0.04 | —0.72 + 0.10 | =051 £0.13 | 0.16 = 0.17 | —0.47 % 0.16
OGLE GD-CEP-0162 —0.18 £ 0.04 | —0.48 £ 0.19 | —0.21 £ 0.08 | —0.38 £ 0.14 | —0.90 £+ 0.06 | —0.62 + 0.10 0.20 £ 0.12 | —0.50 £ 0.16
OGLE GD-CEP-0168 0.04+0.04 | —0.09 017 | 0.00 £0.08 | —0.21 % 0.09 | —0.79 + 0.04 | ~0.42 £ 0.11 | 0.15 = 0.18 | —0.34 % 0.16
OGLE GD-CEP-0176 —0.32+0.04 | —0.87 £ 0.11 | —0.26 + 0.08 | —0.34 £ 0.09 | —0.54 + 0.55 | —0.74 + 0.16 | —0.15 = 0.14 | —0.72 % 0.16
OGLE GD-CEP-0179 0.06 + 0.04 | —0.17 £ 0.16 | —0.04 + 0.08 | —0.15 + 0.09 | —0.64 + 0.04 | —0.32 + 0.20 — —0.28 £ 0.16
OGLE GD-CEP-0181 —0.23+0.04 | —0.61 £ 0.18 | —0.33 £ 0.08 | —0.28  0.05 | —0.73 + 0.69 | =0.74 £ 0.14 | 0.01 £ 0.15 | —0.60 % 0.16
OGLE GD-CEP-0185 —0.04+0.04 | —0.44 £ 0.17 | —0.16 + 0.08 | —0.25 % 0.05 | —0.53 + 0.41 | —0.54 + 0.17 | =0.11 % 0.17 | —0.50 % 0.16
OGLE GD-CEP-0186 0.42 + 0.04 | —0.05 £ 0.13 0.06 + 0.08 | —0.03 +£ 0.35 | —0.59 + 0.04 | —0.16 + 0.14 0.04 +£0.17 | —0.22 £ 0.16
OGLE GD-CEP-0196 019+ 0.04 | —0.62 + 0.18 | —0.36 £ 0.09 | —0.45 £ 0.05 | —0.82 + 0.04 | =0.73 £ 0.15 | 0.15 = 0.13 | —0.60 % 0.16
OGLE GD-CEP-0206 015+ 0.04 | —0.02 £ 0.17 | —0.16 £ 0.09 | —0.18 + 0.19 | —0.61 + 0.04 | —0.37 £ 0.18 - —0.34+0.16
OGLE GD-CEP-0213 0.55 + 0.07 0.26 £ 0.17 | =0.27 £ 0.21 | —0.33 £ 0.14 | —0.00 + 0.19 | —0.78 £ 0.16 0.07 £ 0.13 | —0.45 £ 0.15
OGLE GD-CEP-0214 —0.350.04 | —0.66 + 0.20 | —0.25 £ 0.15 | —0.34 £ 0.07 | —0.29 + 0.34 | —0.69 + 0.16 | —0.07 = 0.17 | —0.60 % 0.16
OGLE GD-CEP-0224 —0.05+0.07 | 0.14+0.16 | =0.13 £ 0.15 | —0.22 + 0.18 | —0.02 + 0.10 | —0.51 £ 0.13 - —0.27 + 0.08
OGLE GD-CEP-0228 0.12 +0.04 | —0.33 £ 0.15 | —0.08 +£ 0.08 | —0.17 £ 0.05 | —0.39 + 0.35 | —0.47 £ 0.16 | —0.04 +£ 0.17 | —0.47 + 0.16
OGLE GD-CEP-0247 0.03+0.04 | —0.13 £ 0.18 | =0.07 £ 0.08 | —0.18 + 0.11 | —0.57 + 0.04 | —=0.36 £ 0.15 | 0.24 = 0.17 | —0.41 % 0.16
OGLE GD-CEP-0252 0.13 + 0.04 | —0.18 £ 0.17 | —0.12 +£ 0.08 | —0.11 + 0.08 | —0.82 + 0.08 | —0.39 £+ 0.13 — —0.38 £ 0.16
OGLE GD-CEP-0271 —0.27 £0.04 | —0.39£0.16 | 0.11 % 0.08 | —0.52 + 0.04 | —1.00  0.05 | —0.66  0.15 | —0.29 + 0.20 | —0.47 % 0.16
OGLE GD-CEP-0316 0294004 | =017 £0.14 | 0.14 £ 0.08 | —0.18 + 0.04 | —0.40 + 0.42 | =0.33 £0.12 | 0.30 £ 0.15 | —0.41 % 0.16
OGLE GD-CEP-0342 —0.11 £ 0.06 | —0.45 £ 0.12 | —0.34 + 0.08 | —0.29 + 0.05 | —0.93 £ 0.08 | —0.59 £ 0.11 0.18 £ 0.18 | —0.53 £ 0.16
OGLE GD-CEP-0348 —0.22 +£0.04 | —0.54 £ 0.19 | 034 £ 0.08 | —0.42 + 0.18 | —1.02 + 0.04 | —0.63 £0.12 | 0.12 +0.17 | —0.53 % 0.16
OGLE GD-CEP-0353 0.25+0.04 | —0.22 +0.20 | —0.20 £ 0.08 | —0.14 £ 0.05 | —0.41 + 0.33 | =0.41 £0.13 | 0.07 £ 0.17 | —0.41 % 0.16
OGLE GD-CEP-0516 0.00 + 0.04 | —0.39 £ 0.21 | —0.02 +£ 0.11 | —0.08 + 0.05 | —0.48 + 0.10 | —0.54 £+ 0.16 0.35 +£0.15 | —0.32 £ 0.16
OGLE GD-CEP-0568 0.53 +0.04 | —0.27 % 0.19 | —0.14 £ 0.08 | —0.12 + 0.27 | —0.41 + 0.06 | —0.20 £ 0.16 | 0.02 +0.13 | —0.25 % 0.16
OGLE GD-CEP-0575 017 +0.04 | —0.38 £ 0.19 | —0.26 £ 0.09 | —0.18 + 1.06 | —0.35 + 0.22 | —=0.37 £ 0.15 | —=0.12 = 0.16 | —0.22 % 0.16
OGLE GD-CEP-0889 —0.00 £ 0.16 | —0.05 = 0.14 0.18 £ 0.11 | —0.30 £ 0.27 | —0.05 £ 0.05 | —0.64 = 0.18 0.43 +£0.10 | —0.45 £ 0.19
OGLE GD-CEP-0974 074004 | 0.02+0.17 | =005+ 009 | 023+035| 0.11+0.04| 015+014 | 0.11+017 | —0.03+0.16
OGLE GD-CEP-0996 059+004 | 038+015|-0.01+008| 039%0.10 | 018+006| 028+018| 0.51+0.17 | 0.17+0.16
OGLE GD-CEP-1012 0.83 +£ 0.05 | —0.05 £ 0.19 | —0.13 £ 0.11 0.10 £ 0.05 0.26 £ 0.16 0.12 £ 0.16 0.01 £0.13 0.03 + 0.16
OGLE GD-CEP-1111 043009 | 033£015| 002£019| 0152016 | 0274015 |—-0.09+012 | 043+0.18 | 0.15%0.11
OGLE GD-CEP-1210 092004 | 003+014 | 0.23+008| 036018 | —0.26+0.10 | =0.00 £0.20 | 0.24+0.17 | 0.03 % 0.16
OGLE GD-CEP-1285 0.37 £ 0.11 0.25 +£0.17 | =0.23 £ 0.11 — —-0.03 £0.19 | —=1.07 £ 0.17 — —0.59 £ 0.19
OGLE GD-CEP-1311 011 0.04 | —0.44 £ 0.12 | —0.09 £ 0.08 | —0.32  0.05 | —0.56 + 0.45 | —=0.47 £ 0.10 | —0.03 = 0.17 | —0.41 % 0.16
OGLE GD-CEP-1337 0.00+0.06 | 0.07 +0.14 | —0.43 £ 0.14 | —0.65 % 0.07 | —0.98 + 0.20 | —0.93 £ 0.17 | —0.23 = 0.16 | —0.62 + 0.14
V1253 Cen 0.31 +0.04 | —0.13 £ 0.20 | —0.08 £ 0.09 | —0.06 + 0.05 | —0.50 + 0.04 | —0.26 + 0.14 0.15 +£0.20 | —0.22 £ 0.16
V1819 Ori 0.50 + 0.05 | —0.07 +0.19 | =0.17 £ 0.21 | —0.81 % 0.27 | —0.13 + 0.19 | —0.85 £ 0.15 | —=0.30 £ 0.17 | —0.49 % 0.11
V418 CMa —0.07 +0.04 | —0.42 +0.15 | —0.23 £ 0.10 | —0.41 % 0.19 | —0.74 + 0.69 | —0.64 + 0.13 | —0.16 = 0.17 | —0.56 % 0.16
V459 Sct 0.51 + 0.04 0.18 £ 0.17 0.02 + 0.08 0.30 + 0.04 0.11 £ 0.11 0.22 £ 0.16 0.38 +£0.18 0.22 + 0.16
V480 Aql 070004 | 003£019| 015+009 | 027%035| 011+008| 017+0.16 | 0.15=0.17 | —0.03 +0.16
V881 Cen 0.64 + 0.04 | —0.11 £ 0.18 | —0.09 £+ 0.09 0.19 £0.18 0.04 + 0.10 0.07 £ 0.11 | —0.02 £ 0.17 0.09 + 0.16
VX CMa —0.46 + 0.06 0.18 £0.13 | —0.34 £ 0.14 | —0.50 £ 0.13 | —0.04 + 0.04 | —0.92 £ 0.17 | —0.14 +£ 0.21 | —0.44 + 0.14




Abundances for target stars

Table 2.5: Third part of the table. Abundances for chemical elements from Cu to Nd.

Star [Cu/H] [Zn]/H] [Y/H] [Zr/H] [Ba/H] [La/H] [Pr/H] [Nd/H]

ASAS J060450+1021.9 0.01 £0.05 | —0.80 £ 0.16 | —0.04 + 0.04 0.43 £0.16 | —0.18 £ 0.14 | —0.09 + 0.04 0.04 £ 0.16 | —0.08 £+ 0.05
ASAS J062939-1840.5 —0.69 £ 0.06 | —1.45 +0.11 | —=0.60 + 0.04 | —0.12 + 0.10 | —0.22 £ 0.14 | —0.47 + 0.04 | —0.51 £ 0.17 | —=0.51 £ 0.05
ASAS J064001-0754.8 —0.42 £ 0.07 | —0.99 £ 0.16 | —0.27 + 0.04 0.33 £0.16 | —0.21 £ 0.18 | —0.32 £ 0.05 | —0.33 £ 0.16 | —0.44 + 0.05
ASAS J065758-1521.4 —0.12 £ 0.08 | —0.93 + 0.16 | —0.04 + 0.04 0.42 £ 0.16 0.24 +£0.14 | —0.01 £0.04 | —0.39 £ 0.16 | —0.15 £+ 0.05
ASAS J074401-3008.4 —0.23 £ 0.04 | —0.91 £ 0.16 | —0.23 + 0.04 0.14 £0.16 | —0.44 £ 0.13 | —0.35 + 0.04 | —0.51 £ 0.16 | —0.38 + 0.04
ASAS J074925-3814.4 —0.47 + 0.34 | —0.46 £ 0.16 | —0.16 + 0.06 0.15 £ 0.16 0.08 £ 0.09 | —0.09 £ 0.04 | —0.22 + 0.16 | —0.43 + 0.54
ASAS J084127-4353.6 0.10 £ 0.04 | —0.21 £ 0.16 0.09 + 0.04 0.11 £ 0.16 0.45+0.10 | —0.05 £ 0.04 | —0.14 £ 0.16 | —0.11 + 0.06
ASAS ]J164120-4739.6 0.53 +0.20 0.42 £ 0.16 0.22 + 0.06 0.50 £ 0.16 0.39 +£0.10 0.19£0.13 | —0.43 £ 0.16 0.15 £ 0.05
ASAS SN-J061713.86+022837.1 0.15+0.16 | —0.90 + 0.11 | —0.20 + 0.04 0.21 £0.04 | —0.88 £ 0.10 0.05 + 0.04 - —0.38 £ 0.11
ASAS SN-J063841.36-034927.7 0.04 £ 0.06 | —0.63 £ 0.16 0.08 + 0.04 0.41 +0.16 0.28 +£0.14 0.20 £ 0.04 | —0.13 £ 0.16 | —0.02 + 0.12
ASAS SN-J072739.70-252241.1 | —0.01 £ 0.09 | —0.83 + 0.16 0.00 + 0.05 0.41 £ 0.16 0.05 +0.09 | —0.04 £ 0.04 | —0.20 + 0.16 0.00 £ 0.05
ASAS SN-J074354.86-323013.7 0.08 £0.25 | —0.71 £ 0.16 - 0.70 £ 0.16 1.01 + 0.09 — - -

ASAS SN-J091822.17-542444.5 | —0.21 £ 0.11 | —0.87 £ 0.16 | —0.27 £ 0.06 | —0.11 £ 0.16 | —0.36 + 0.15 | —0.19 + 0.06 | —0.64 + 0.16 | —0.27 + 0.04
ATLAS J102.7978-10.2541 —0.04 + 0.06 | —0.73 £ 0.16 | —0.15 + 0.04 0.20 £ 0.16 0.14 £ 0.15 | —0.05 £ 0.04 | —0.28 + 0.16 | —0.12 + 0.04
ATLAS J106.7120-14.0234 —0.10 + 0.10 | —0.52 + 0.11 0.34 +£0.11 0.74 £ 0.12 0.33+£0.11 | —0.18 £ 0.05 | —0.53 + 0.40 0.03 £0.12
ATLAS J113.8534-31.0749 —0.35+0.16 | —0.99 £ 0.16 | —0.25 + 0.05 0.33 £0.16 | —0.27 £ 0.14 | —0.18 & 0.04 - —0.50 + 0.07
BQ Vel —0.38 £ 0.09 | —0.85 £ 0.16 | —0.22 + 0.04 0.13 £ 0.16 0.04 £0.11 | —=0.14 £ 0.04 | —0.24 + 0.16 | —0.52 + 0.48
GDS J133950.2-634049 0.38 £ 0.05 0.10 + 0.16 0.10 + 0.04 0.34 £ 0.16 0.33 £0.19 | —0.07 £ 0.04 | —0.51 £ 0.16 | —0.16 + 0.07
OGLE GD-CEP-0029 0.11 £0.04 | —=0.74 £ 0.16 | —0.12 + 0.10 0.14 £ 0.16 0.23 +£0.13 | —=0.07 £ 0.06 | —0.28 + 0.16 | —0.18 & 0.08
OGLE GD-CEP-0089 —0.04 + 0.05 | —0.85 £ 0.16 | —0.07 + 0.04 0.17 £ 0.16 | —0.29 + 0.11 | —0.08 + 0.04 | —0.26 £+ 0.16 | —0.08 + 0.04
OGLE GD-CEP-0120 —0.33 £ 0.06 | —0.96 + 0.16 | —0.36 + 0.04 0.06 £ 0.16 | —0.56 + 0.10 | —0.27 + 0.04 | —0.32 + 0.16 | —0.47 £+ 0.05
OGLE GD-CEP-0123 —0.17 £ 0.04 | —0.85 £ 0.16 | —0.21 + 0.04 0.30 £0.16 | —0.45 +0.10 | —0.11 £+ 0.05 | —=0.35 £ 0.16 | —0.23 + 0.04
OGLE GD-CEP-0127 —0.10 + 0.32 | —0.33 £ 0.16 | —0.20 + 0.08 0.00 £ 0.16 | —0.05 + 0.14 0.05 £+ 0.06 | —0.49 + 0.16 | —0.00 + 0.04
OGLE GD-CEP-0134 0.30 £ 0.04 | —0.90 £ 0.16 | —0.20 + 0.09 0.27 £0.16 | —0.92 £ 0.13 | —0.21 + 0.10 — —0.13 + 0.06
OGLE GD-CEP-0156 —0.17 £ 0.06 | —1.05 £ 0.16 | —0.19 + 0.06 0.15+0.16 | —0.61 + 0.14 | —0.32 + 0.07 | —0.39 £ 0.16 | —0.42 + 0.05
OGLE GD-CEP-0159 —0.13 £ 0.08 | —0.83 £ 0.16 | —0.08 + 0.04 0.22 £0.16 | —0.02 + 0.10 | —0.01 + 0.04 | —0.39 £ 0.16 | —0.28 + 0.32
OGLE GD-CEP-0162 —0.09 + 0.04 | —0.85 + 0.16 | —0.26 + 0.04 0.15+0.16 | —0.46 + 0.14 | —0.61 + 0.07 | —0.51 + 0.16 | —0.18 + 0.05
OGLE GD-CEP-0168 0.05+0.05 | —0.83 £ 0.16 | —0.10 + 0.04 0.35+0.16 | —=0.19 £ 0.17 | —0.07 £ 0.05 | —0.51 £ 0.16 | —0.49 + 0.49
OGLE GD-CEP-0176 —0.34 £ 0.04 | —1.01 £ 0.16 | —0.27 + 0.04 0.05+0.16 | —0.83 £ 0.15 | —0.49 + 0.04 | —0.45 £ 0.16 | —0.44 + 0.05
OGLE GD-CEP-0179 0.21 £0.05 | —=0.77 £ 0.16 | —0.04 + 0.04 0.40 £ 0.16 | —0.11 £ 0.09 0.10 £ 0.05 | —0.38 £ 0.16 | —0.14 + 0.09
OGLE GD-CEP-0181 —0.50 £ 0.06 | —1.05 £ 0.16 | —0.32 + 0.04 0.05 £ 0.16 | —0.63 + 0.14 | —0.30 + 0.04 | —0.15 £ 0.16 | —0.48 + 0.04
OGLE GD-CEP-0185 —0.29 £ 0.07 | —0.82 £ 0.16 | —0.23 + 0.04 0.13 £0.16 | —0.32 £ 0.10 | —0.20 + 0.04 | —0.36 £ 0.16 | —0.30 + 0.11
OGLE GD-CEP-0186 0.00 £ 0.10 | —0.46 £ 0.16 0.05 + 0.04 0.43 £ 0.16 0.50 £ 0.11 0.20 £ 0.04 | —0.26 £ 0.16 0.03 + 0.06
OGLE GD-CEP-0196 —0.26 + 0.04 | —0.90 £ 0.16 | —0.36 + 0.04 0.00 £ 0.16 | —0.75 £ 0.10 | —0.34 + 0.04 | —0.22 £ 0.16 | —0.33 + 0.04
OGLE GD-CEP-0206 0.36 £ 0.04 | —0.71 £ 0.16 0.05 + 0.04 0.38 £0.16 | —0.11 £ 0.11 0.05 +0.04 | —0.13 £ 0.16 0.04 £ 0.05
OGLE GD-CEP-0213 —0.22 £ 0.06 | —1.01 £ 0.11 | —0.32 + 0.05 0.11 £ 1.06 | —0.53 £ 0.16 | —0.21 + 0.15 | —0.42 + 0.16 | —0.03 + 0.14
OGLE GD-CEP-0214 0.03 +£0.04 | —0.87 £ 0.16 | —0.35 + 0.04 0.09 £0.16 | —0.95 + 0.10 | —0.40 + 0.12 | —0.30 £ 0.16 | —0.57 + 0.06
OGLE GD-CEP-0224 0.08 £0.12 | —=0.76 £ 0.11 | —0.15 + 0.04 0.21 £0.14 | —0.44 £ 0.16 0.10 £0.11 | —0.20 + 0.16 0.19 £0.11
OGLE GD-CEP-0228 —0.12 £ 0.06 | —0.71 + 0.16 | —0.04 + 0.04 0.32 £ 0.16 | —0.10 + 0.11 0.04 £0.04 | —0.13 £ 0.16 | —0.01 + 0.04
OGLE GD-CEP-0247 0.10 £ 0.05 | —0.71 £ 0.16 | —0.10 + 0.04 0.18 £0.16 | —0.27 £ 0.11 | —0.11 + 0.04 | —0.26 £ 0.16 | —0.24 + 0.04
OGLE GD-CEP-0252 0.21 £0.05 | —0.58 £ 0.16 0.04 + 0.04 0.38 £ 0.16 0.20 £+ 0.09 0.09 + 0.04 0.02 £ 0.16 | —0.30 + 0.66
OGLE GD-CEP-0271 —0.36 £ 0.06 | —0.96 + 0.16 | —0.30 + 0.05 0.27 £0.16 | —=0.58 £ 0.13 | —0.23 + 0.07 | —0.51 £ 0.16 | —0.34 + 0.06
OGLE GD-CEP-0316 —0.06 + 0.15 | —0.58 + 0.16 0.01 + 0.04 0.29 £ 0.16 0.23 £0.12 0.09 £0.04 | —0.26 + 0.16 0.02 £ 0.05
OGLE GD-CEP-0342 —0.23 £ 0.06 | —0.93 £ 0.16 | —0.30 + 0.05 0.04 £0.16 | —0.15 £ 0.16 | —0.40 + 0.04 | —0.49 + 0.16 | —0.31 + 0.04
OGLE GD-CEP-0348 —0.20 £ 0.07 | =0.93 £ 0.16 | —0.42 £ 0.04 | —0.01 + 0.16 | —=0.69 £ 0.35 | —0.34 + 0.05 | —0.24 + 0.16 | —0.34 £ 0.04
OGLE GD-CEP-0353 —0.20 + 0.08 | —0.65 + 0.16 | —0.15 + 0.04 0.25 £ 0.16 | —0.08 + 0.09 | —0.03 + 0.04 | —0.38 £ 0.16 | —0.17 + 0.08
OGLE GD-CEP-0516 —0.18 + 0.05 | —0.33 £ 0.16 | —0.07 + 0.04 0.24 £ 0.16 | —0.36 £ 0.12 0.17 £ 0.05 - —0.41 + 0.04
OGLE GD-CEP-0568 —0.09 £ 0.28 | —0.09 £+ 0.16 0.06 + 0.04 0.01 £0.16 0.30 + 0.14 0.20 £ 0.07 | —0.33 £ 0.16 0.09 £ 0.04
OGLE GD-CEP-0575 —0.30 £ 0.05 | —0.16 £ 0.16 | —0.19 + 0.04 0.07 £0.16 | —0.31 £ 0.09 | —0.15 + 0.04 | —0.62 £ 0.16 | —0.25 + 0.04
OGLE GD-CEP-0889 —-0.29 +£0.35 | —0.24 £ 0.11 | —0.11 £ 0.12 0.29 + 0.09 0.18 £0.20 | —0.09 + 0.14 — —0.24 £ 0.16
OGLE GD-CEP-0974 0.40 £ 0.07 0.17 £ 0.16 0.08 + 0.05 0.51 £0.16 | —0.02 + 0.12 0.08 +£0.08 | —0.40 + 0.16 | —0.02 + 0.05
OGLE GD-CEP-0996 — - 0.66 = 0.16 0.33 £0.16 0.37 £ 0.45 — - 0.05 + 0.16
OGLE GD-CEP-1012 0.43 £ 0.19 0.13 £ 0.16 0.00 + 0.09 0.46 + 0.16 0.08 + 0.19 0.15+0.11 | —0.38 £ 0.16 0.06 £ 0.07
OGLE GD-CEP-1111 0.61 = 0.08 - 0.09 = 0.09 0.59 £0.27 | —0.24 + 0.41 | —0.25 £+ 0.07 0.03 +0.16 0.17 £ 0.17
OGLE GD-CEP-1210 0.46 £ 0.12 0.29 £ 0.16 0.41 +£0.19 0.85 £ 0.16 0.15 £ 0.17 0.19 £ 0.09 | —0.30 + 0.16 0.33 £ 0.05
OGLE GD-CEP-1285 —0.48 +0.12 | —=1.01 £ 0.11 | —0.44 + 0.11 0.17 £0.11 | —1.11 £ 0.16 0.20 + 0.04 — -0.25 £ 0.17
OGLE GD-CEP-1311 —0.44 £ 0.36 | —0.77 £ 0.16 | —0.25 + 0.04 0.15 £ 0.16 0.08 £0.11 | —=0.13 £ 0.04 | —0.51 £ 0.16 | —0.29 + 0.04
OGLE GD-CEP-1337 —0.36 £ 0.12 | —1.08 £ 0.11 | —0.34 £ 0.11 — —1.28 £ 0.11 | =0.13 £ 0.15 | —=0.63 £ 0.16 | —0.61 + 0.16
V1253 Cen —0.01 + 0.07 | —0.51 + 0.16 0.00 + 0.06 0.33 £ 0.16 0.17 £0.11 | —0.04 £ 0.04 | —0.40 £ 0.16 | —0.11 + 0.04
V1819 Ori —0.48 £ 0.05 | —1.02 £ 0.11 | —0.22 + 0.31 - —0.61 +£0.19 | —0.29 £ 0.33 | —=0.63 £ 0.16 | —0.22 + 0.15
V418 CMa —0.21 £ 0.06 | —0.85 £ 0.16 | —0.33 + 0.04 0.10 £ 0.16 | —0.33 £ 0.11 | —0.23 £ 0.04 | —0.24 £ 0.16 | —0.27 + 0.04
V459 Sct 0.49 + 0.08 0.23 £ 0.16 0.17 £ 0.04 0.54 £ 0.16 0.15+0.13 0.06 £ 0.04 | —0.26 £ 0.16 | —0.17 £ 0.10
V480 Aql 0.30 £ 0.25 0.20 £ 0.16 0.32 +0.10 0.53 £ 0.16 0.36 + 0.09 0.34 £ 0.05 | —0.48 + 0.16 0.15 £ 0.04
V881 Cen 0.30 + 0.09 0.17 £ 0.16 0.10 + 0.05 0.39 £ 0.16 0.14 £ 0.12 0.14 £ 0.08 | —0.41 £ 0.16 | —0.08 + 0.04
VX CMa —0.45+0.18 | —=1.12 £ 0.11 | —0.47 £ 0.11 0.08 +£0.40 | —0.96 + 0.17 | —0.50 + 0.06 | —0.48 + 0.16 | —0.33 + 0.13
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3.1 Introduction

Classical Cepheids (DCEPs) are the most important standard candles of the extra-
galactic distance scale thanks to the Leavitt Law (Leavitt and Pickering [LP12]),
which is a relationship between period and luminosity (PL) of DCEPs. Once cali-
brated using independent distances based on geometric methods such as trigono-
metric parallaxes, eclipsing binaries, and water masers, these relations constitute
the first step in forming the cosmic distance scale, as they calibrate secondary
distance indicators. These latter include Type la supernovae (SNIa), which in turn
allow us to measure the distances of distant galaxies located in the steady Hubble
flow. The calibration of this three-step procedure (also called the cosmic distance
ladder) allows us to reach the Hubble flow, where the constant (the Hubble con-
stant Hy) that connects the distance to the recession velocity of galaxies can be
estimated (e.g. Freedman et al. [Fre+12], Riess et al. [Rie+16], and Sandage and
Tammann [ST06] and references therein). The value of Hj is an important quantity
in cosmology because it sets the dimension and the age of the Universe. Therefore,
measuring the value of the constant with an accuracy of 1% is one of the most im-
portant quests of modern astrophysics. However, there is currently a well-known
discrepancy between the values of Hy obtained by the SHOES® project through
the cosmic distance ladder (Hy =73.01+0.99 km s™! Mpc™!, Riess et al. [Rie+22b])
and those measured by the Planck Cosmic Microwave Background (CMB) project
using the flat A Cold Dark Matter (ACDM) model (Hy, =67.4+0.5 km s™* Mpc™,
Planck Collaboration et al. [Pla+20]). No solution has yet been proposed for this
50 discrepancy, and if confirmed, it would highlight the need for a revision of the
ACDM model.

8 Supernovae, HO, for the Equation of State of Dark energy
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In this context, one of the residual sources of uncertainty in the cosmic distance
ladder is represented by the debated metallicity dependence of the DCEP PL re-
lations used to calibrate the secondary distance indicators. Indeed, a metallicity
variation is predicted to affect the shape and width of the DCEP instability strip
(e.g. Caputo et al. [Cap+00]), which in turn affects the coefficient of the PL relations
(De Somma et al. [De +22] and Marconi et al. [Mar+10; MMFO05] and references
therein). The dependence of the PL relations and of the reddening-free Wesenheit
magnitudes9 on metallicity, however small, when involving near-infrared (NIR,
see e.g. Fiorentino et al. [FMM13] and Gieren et al. [Gie+18]) colours must be
taken into account to avoid systematic effects in the calibration of the extragalactic
distance scale (e.g. Bono et al. [Bon+10], Riess et al. [Rie+16], and Romaniello
et al. [Rom+08]).

Direct empirical evaluations of the metallicity dependence of PL relations using
Galactic DCEPs with sound [Fe/H] measurements based on high-resolution (HiRes
hereafter) spectroscopy have been hampered so far by the lack of accurate indepen-
dent distances for a significant number of Milky Way (MW) DCEPs. The advent of
the Gaia mission (Gaia Collaboration et al. [Gai+16]) has completely changed this
scenario. Gaia began providing accurate parallaxes with data release 2 (DR2, Gaia
Collaboration et al. [Gai+18]), which were further improved with the early data
release 3 (Gaia Collaboration et al. [Gai+21]). In addition, the Gaia mission secured
the discovery of hundreds of new Galactic DCEPs (Clementini et al. [Cle+19] and
Ripepi et al. [Rip+19; Rip+22]) which, together with those discovered by other
surveys, such as the OGLE Galactic Disk survey (Udalski et al. [Uda+18]) and the
Zwicky Transient Facility (ZTF, Chen et al. [Che+20]), constitute a formidable
sample of DCEPs useful not only in the context of the extragalactic distance scale
but also for Galactic studies (e.g. Lemasle et al. [Lem+22] and Trentin et al. [Tre+23]
and references therein). However, until a few years ago, the number of DCEPs
with metallicity measurements from HiRes spectroscopy was mainly restricted to
the solar neighbourhood, where the DCEPs span a limited range in [Fe/H], cen-
tred on solar or slightly supersolar values, with a small dispersion of 0.2-0.3 dex
(e.g. Genovali et al. [Gen+14], Groenewegen [Gro18], Luck [Luc18], and Ripepi
et al. [Rip+19]). This makes it very difficult to measure the metallicity dependence
of PL relations using Galactic Cepheids with sound statistical significance.

In this context, a few years ago we started a project named C-MetaLL (Cepheid -
Metallicity in the Leavitt Law, see Ripepi et al. [Rip+21a] for a full description), with

9 The Wesenheit magnitudes introduced by Madore [Mad82] provide a reddening-free magnitude
by supposing that the adopted extinction law does not change significantly from star to star as
can happen if the targets are placed in regions of the Galaxy with different chemical enrichment
histories.
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the goal being to measure the chemical abundance of a sample of 250-300 Galactic
DCEPs through HiRes spectroscopy, expressly aiming to enlarge the iron abundance
range towards the metal-poor regime —that is, [Fe/H]< —0.4 dex— where only a
few stars have abundance measurements in the literature. In the first two papers
of the series (Ripepi et al. [Rip+21a] and Trentin et al. [Tre+23]), we published
accurate abundances for more than 25 chemical species for a total of 114 DCEPs.
In particular, in Trentin et al. [Tre+23], we obtained measures for 43 objects with
[Fe/H]< —0.4 dex, reaching abundances of as low as —1.1 dex.

The scope of this paper is to study ~ osf ]
the metallicity dependence of the PL H
relations using a [Fe/H] range of more g oo
than 1 dex. In this way, we aim to >';
be able to discern between the two i S N S D S
scenarios that came out in the recent Vi (mag)
literature concerning the metallicity 3 o 1
dependence of PL relations. In fact, 5 oo
in our previous works using Galac- 7
tic DCEPs and Gaia parallaxes, we = sl | | | | | | R

1
found a rather large dependence in 2 e OO

the NIR bands of on the order of ~
—0.4 mag/dex (Ripepi et al. [Rip+20;
Rip+21al); or even larger when us-
ing the Gaia bands (~ —0.5 mag/dex
Ripepi et al. [Rip+22]). These values
are discrepant with those measured
by the SHOES group (~ —0.2 mag/dex
Riess et al. [Rie+21a]) -which, on the other hand, used a calibrating sample of 75
DCEPs in the solar vicinity spanning a small [Fe/H] range-, and are also different
from those measured by Breuval et al. [Bre+21; Bre+22], who obtained similar
results to the SHOES group using three Cepheid samples in the Milky Way and
the Large and Small Magellanic Clouds (LMC and SMC, respectively) as three
representative objects with different mean metallicities.

Figure 3.1: Comparison between the liter-
ature V, I photometry and that from Gaia
through the transformation by Pancino et
al. [Pan+22]. The top and bottom panels show
the comparison in V and I bands, respectively.

The paper is organized as follows: in Sect. 3.2 we describe the sample of DCEPs
and their properties. In Sect. 3.3, we describe the method we used to derive the
period-luminosity-metallicity (PLZ) and period-Wesenheit-metallicity (PWZ)
relations; in Sect. 3.4 and Sect. 3.5, we describe and discuss our results; and in Sect.
3.6 we outline our conclusions.



Description of the data used in this work

3.2 Description of the data used in this work

In this section, we describe the sample of DCEPs used in this paper and their
photometric, spectroscopic, and astrometric properties. All the data employed in
our analysis are listed in Table 3.1.

3.2.1 Photometry

Optical V, I'” photometry is available in the literature for about 488 and 364 DCEPs
of our sample, respectively (Groenewegen [Gro18] and Ripepi et al. [Rip+21a]). For
the remaining stars, we decided to use the homogeneous and precise Gaia G, Ggp,
Grp photometry transformed into the Johnson-Cousins V, I bands by means of the
relations published by Pancino et al. [Pan+22]. We calculated these aforementioned
magnitudes for all the stars with full G, Ggp, Grp values (all DCEPs except one)
using the intensity-averaged magnitudes from the Gaia Vizier catalogue 1/358/vcep
(Ripepi et al. [Rip+22]) or the simple average magnitudes from the Gaia source
catalogue (Vizier I/355/gaiadr3) for the few stars not present in the quoted catalogue.

Figure 3.1 shows the comparison between the literature V, I magnitudes and
those calculated from the Gaia photometry for the stars for which both values
are available. While the transformed V photometry appears perfectly compatible
with that from the literature (V7;; — Vigaia ~ 0.0 with dispersion o ~ 0.04 mag), the
transformed I photometry appears to be slightly too faint: I1;; — Igaa ~ 0.035 (mag)
with a dispersion of o ~ 0.035 mag. Therefore, we used the transformed V bands
with no modification, while we corrected the transformed I bands by increasing
their value by 0.035 mag. As for the uncertainties, we assumed 0.02 mag in both
V and I for the literature sample when the number is not available in the original
publication, while for the remaining stars, we propagated the errors, also taking
into account (summing in quadrature) the uncertainties in the transformations
provided by Pancino et al. [Pan+22].

For a handful of stars, the DCEPs (Ggp-Ggrp) colours were beyond the validity limit
of the Pancino et al. [Pan+22] relations. For these stars, we adopted the synthetic V,
I magnitudes calculated by Gaia Collaboration et al. [Gai+23] based on Gaia DR3
photometry. Near-infrared J, H, and Ks band photometry is from van Leeuwen
et al. [van+07], Gaia Collaboration et al. [Gai+17], Groenewegen [Gro18] and Ripepi
et al. [Rip+21a] for the literature sample, and is derived from single-epoch 2MASS
photometry (Skrutskie et al. [Skr+06]) for the remaining stars. To this aim, we
adopted the procedure outlined in Ripepi et al. [Rip+21a], using the ephemerides

10 The I photometry is in the Cousins system
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(periods and epochs of maximum light) from the Gaia Vizier catalogue I/358/vcep.
As in our previous work, the uncertainties on the mean magnitudes were calculated
using Monte Carlo simulations, varying the 2MASS magnitude and the phase of the
single-epoch photometry within their errors, where the last quantity was calculated
using the errors on the periods given in the Gaia catalogue.

In this work, we also considered the Wesenheit indices, which are reddening-free
quantities by construction (Brodie and Madore [BM&0]). These are obtained by
combining the standard magnitude in a given photometric band with a colour term
according to the following equation:

Wy, x,-x, = X1 — &7+ (X3 — X3), (3.1)

where X; indicates the generic band and the coefficient §f’3 coincides with the total-
to-selective absorption and is obtained by assuming an extinction law.
The photometric band combinations adopted in  Table 3.2: Photomet-
this work are listed in Table 3.2, together with ric bands and colour
the coefficient of the colour term. In order to  coefficients adopted to
transform the Johnson-Cousins-2MASS ground-based =~ calculate the Wesenheit
H, V,and I photometry into the HST correspondent ~ magnitudes considered in
F160W, F555W, and F814W filters, we considered the this workThe Wesenhit
photometric transformations by Riess et al. [Rie+21a]. ~ Magnitude names are
We note that, for brevity, in the following the cali- cogtamed in column 1,
brated Wesenheit in the HST bands is referred to as /¢ the & values from

WPCIPKI/S—TI 11 t}tle (llardél(l:il\g\;v (Carde?li
In analogy with photometry, the reddening for the ioluir;n [2 D) are in

literature sample was taken from van Leeuwen et

al. [van+07], Gaia Collaboration et al. [Gai+17], Groe- Bands £

newegen [Gro18] and Ripepi et al. [Rip+21a], while Wo.6am—Gar | 1.9

for the remaining stars, we used the same period— Witv_1 0.461

colour relations used in Ripepi et al. [Rip+21a] involv- WeHST 0.386

ing (V — I) colour (their eq. 4), obtaining E(V — I) WZVV_—IKS 0.130

excesses that were converted into the corresponding WKs:]—Ks 0.690

E(B-V) ones using the relation E(V—1)=1.28 E(B-V)
(Tammann et al. [TSR03a]). The uncertainties on these
reddening values were calculated by summing in quadrature the rms of eq. 4 in
Ripepi et al. [Rip+21a], with the errors on V and I magnitudes. However, to be

11 We caution the reader that the conversion equations in Riess et al. [Rie+21a] contain a typo
regarding the F814W filter. In this work we used the correct relation F814W = V—-0.48(V — H) —
0.025 instead of F814W =V — 0.48(J — H) — 0.025



Description of the data used in this work

conservative, we assumed an uncertainty of 10% on the reddening for values of

E(B-V) > 1.0 mag.

3.2.2 Metallicity

Metallicities were taken from vari-
ous literature sources. A large part
of the sample is the same as in
Trentin et al. [Tre+23] (see their sect.
4.1). More specifically, we consid-
ered the large compilation of ho-
mogenised literature iron abundances
for 436 DCEPs presented by Groe-
newegen [Gro18] (G18 hereinafter),
complemented with literature results
for a few additional stars by Gaia Col-
laboration et al. [Gai+17] (GC17 here-
inafter). To these data, we added the
following samples: (i) 49 DCEPs pre-
sented in Catanzaro et al. [Cat+20]
and Ripepi et al. [Rip+21a; Rip+21b]
(collectively called R21 hereinafter);
(ii) the sample of 65 DCEPs published
in Trentin et al. [Tre+23] (called
T23 hereafter); (iii) the 104 stars by
Kovtyukh et al. [Kov+22] (K22 here-
inafter) after removing the large over-
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Figure 3.2: Comparison between the [Fe/H]
from HiRes data and Gaia [M/H]. From top to
bottom, the different panels show the compar-
ison for the low-, medium-, and high-quality
Gaia data, respectively (see text for details).
In each panel, the average difference A and
its dispersion is displayed.

lap with the R21 and T23 sample (see Trentin et al. [Tre+23] for full details and the
homogenisation procedure we adopted in merging the samples); and (iv) a few stars
with HiRes metallicities from the GALAH Survey (GALactic Archaeology with
HERMES;Buder et al. [Bud+21] stars OGLE-GD-CEP-0059, OGLE-GD-CEP-0058,
V1253 Cen) and from the PASTEL catalogue (Soubiran et al. [Sou+16] star OGLE-
GD-CEP-0117). With these additions, the total number of DCEPs with metallicities
from HiRes spectroscopy is 635. Concerning homogeneity, apart from the few stars
from GALAH, PASTEL, or GC17, the main samples adopted in this work are the G18,
K22, and combined C-MetaLL data. As mentioned above, the G18 sample is already
homogeneous, while the K22 abundances were homogenised with those of the
C-MetaLL sample in Trentin et al. [Tre+23]. As discussed in Ripepi et al. [Rip+21b],
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the C-MetaLL data have only two stars in common with G18, namely X Sct and
V5567 Sgr. For these two stars, the abundances agree well within 0.5 o.

In addition to this already large sample, we decided to exploit the recent results
released by the Gaia DR3. To this aim, we cross-matched the DCEP catalogue pub-
lished by Gaia DR3 (Vizier catalogue I/358/vcep) as amended by Ripepi et al. [Rip+22]
with that of the astrophysical parameters (Vizier catalogue I/355/paramp), retaining
only matching stars that have a global metallicity value ((M/H]) derived from the
medium-resolution spectra obtained with the Radial Velocity Spectrometer (RVS,
see Recio-Blanco et al. [Rec+23] for details). The total number of matching stars is
983, among which 475 have HiRes metallicity estimations from the literature. Gaia
metallicities were corrected following the recipe by Recio-Blanco et al. [Rec+23]
(their eq. 4 and table 5), and then we assigned a data-quality flag to every object.
Assigned flags are 1, 2, and 3, which refer to high-, medium-, and low-quality,
respectively, according to Recio-Blanco et al. [Rec+23] (see sect. 9). The Gaia
abundances were derived using the stacked RVS spectra over all the epochs of
observations. The resulting spectra are therefore an average of many spectra over
the pulsation cycle. As the DCEPs vary in terms of effective temperature, surface
gravity, and microturbulent velocity along the pulsation cycle, we can in principle
expect an impact on the derived abundances. In addition, the abundances published
in the Gaia Astrophysical parameters are the mean metallicities [M/H], which
may differ from the [Fe/H] scale used for the HiRes sample. To investigate these
potential concerns, we compared the corrected Gaia metallicities with those from
the HiRes sample for the 475 stars in common. The result is shown in Fig. 3.2.
There is good overall agreement for all the Gaia subsamples (low, medium, and
high quality). In all cases, the average difference between HiRes and Gaia results is
very low, namely A ~ —0.03 dex, with a comfortable moderate dispersion of the
order of 0.11-0.13 dex (worse for the low-quality Gaia data), indicating that the
Gaia spectroscopic results are of comparable quality to the HiRes ones overall and
that the data can be used together. This is especially true for [Fe/H]gires > —0.3
dex. Below this value, the Gaia sample is dominated by low-quality data and the
dispersion becomes significantly larger (top panel).

We corrected for the small offset of the Gaia data and decided to use only the
medium- and high-quality data in the following in order to avoid including some
unreliable abundance values from the low-quality data. The resulting sample is
then composed of 910 DCEPs divided into 282 DCEP_10s, 22 DCEP_1020s, 581
DCEP_Fs, and 25 DCEP_F10s, where DCEP_1020s and DCEP_F10s represent
multi-mode pulsators. For these two last cases, we adopted the longest period,
that is, the 10 period for the 1020 pulsators and the F one for the F10 DCEPs.
Therefore, our sample includes the equivalent of 304 10 and 606 F mode DCEPs.



Derivation of the PLZ/PWZ relations

3.2.3 Astrometry

To carry out our analysis, we adopted 3

Y
the parallaxes from Gaia DR3, which ~ _ °L . '}K 1
were individually corrected for the £ 00!} S i‘r:g,f_f.;*:[ﬁg ] 22 e
. : . 2 002t vt § % ] <
zero pomt offset, adop’Flng thtlszrempe I R ’I:';"’f' o .S
by Lindegren et al. [Lin+21]"* (L21). £ il ;f;:-,EE' drme || <
We highlight the characteristic shape ~ z —004} L g ' N &
of the correction, with a sharp hump £ 005} v _60 =
around G ~ 12 mag, the explanation —0.06 ¢ %, _80
for which can be found in Lindegren 1 6 8 10 1z 12 -
et al. [Lin+21]. The individual correc- G (mag)

t.ions are shown‘ inFig. 3.3 as a fur}c- Figure 3.3: Individual parallax corrections
tion of the magnitude and of the eclip-  f610 1.21 as a function of the G magnitude.

tic latitude. As criteria of the good-  The points are colour coded according to the
ness of the astrometry, we adopted  ecliptic latitude.

two indicators: (i) the fidelity v2 in-
dex as tabulated by Rybizki et al. [Ryb+22], retaining only objects with values larger
than 0.5, and (ii) the RUWE parameter published in Gaia DR3. Although the Gaia
documentation recommends using a threshold below 1.4 for good astrometric solu-
tions, we choose to be less conservative and use a slightly larger threshold equal to
1.5. This choice allows us to retain possibly good objects falling just outside the 1.4
threshold. In any case, our robust outlier-removal procedure (see Sect. 3.3) removes
possible deviating stars introduced by the slightly enlarged adopted threshold.
The simultaneous use of the fidelity v2 and RUWE parameters led us to reject 78
objects from our sample. A large fraction of the rejected DCEPs, namely 35, have
G < 7 mag. This is not surprising, as Gaia parallaxes are known to be uncertain
for such bright stars (e.g. Lindegren et al. [Lin+21]).

3.3 Derivation of the PLZ/PWZ relations

In this section, we describe the procedure adopted to calibrate the PLZ/PWZ
relations. The approach is the same as in Ripepi et al. [Rip+20] and Ripepi et
al. [Rip+21a]. To avoid any bias, the whole DCEPs sample was considered, including
negative parallaxes, and without any selection on the parallax relative errors.
Moreover, we adopted the astrometry-based-luminosity (ABL) formalism (Arenou

12 https://www.cosmos.esa.int/web/gaia/edr3-code

Section 3.3

73


https://www.cosmos.esa.int/web/gaia/edr3-code

Chapter 3

74

C-MetalL Survey IV

and Luri [AL99] and Feast and Catchpole [FC97]), which allows us to treat the

parallax @ as a linear parameter:

ABL = @10%2m=2 — 100.2(a+(ﬁ+5[Fe/H])(logP—logPo)ﬂ/[Fe/H]), (3.2)

where the parallax @, the apparent generic magnitude m, the period P, and the metal-
licity [Fe/H] are the observables, while the unknowns are

the four parameters «, f, y, and § (in-
tercept, slope, metallicity dependence
of the intercept, and the metallic-
ity dependence of the slope, respec-
tively).

The Py quantity is a pivoting pe-
riod (10d) adopted to reduce the cor-
relation between the a and f pa-
rameters, which dominate the PL
and PW relations. To take into ac-
count the presence of possible outlier
measurements, we applied multiple
sigma-clipping removals but limited
the number of rejected data to ~ 10%
of the full sample. Based on the re-
sults described in the previous papers
of this series, we decided to exclude
the case with no metallicity depen-
dence at all (i.e. y # 0) in Eq. 3.2.
Finally, the 10 pulsators are included
in the fitting sample by fundamental-
ising their periods according to the
relation by Alcock et al. [Alc+95] and
Feast and Catchpole [FC97]. In the
following sections, we consider two
data samples: (i) the Lit+DR3 sam-
ple, which includes all the selected
sources introduced in Sect. 3.2; and (ii)
the Lit sample, which was obtained
by excluding the sources with only a
Gaia DR3 metallicity estimate, there-
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Figure 3.4: Coefficients of PLZ /| PW Z relations obtained from
the fit to the Lit. + Gaia sample plotted against the A=! param-
eter. From top to bottom, the panels correspond to the , S, y,
and 9§ coefficients. In each panel, PLZ and PW Z coefficients
are plotted with blue and red symbols respectively, while the
solid line shows the linear fit only for the PLZ relations. Grey
dashed lines in the y panel delimit the range of results in the
literature (—0.2 to —0.4 mag/dex, see Breuval et al. [Bre+22]
and Sect. 3.5.4), while in the § panel, it corresponds to the
value 0.

fore retaining only DCEPs with metallicity measures from ground-based HiRes



Results

spectrographs. The uncertainties on the parameters calculated in the following
analysis are obtained through the bootstrap technique. A set of 1000 resampling
experiments is performed and the coefficients of the Eq. 3.2 are calculated for each
obtained random data set. Finally, the quoted errors are estimated by considering
the robust standard deviation of the obtained coeflicient distributions.

3.4 Results

3.4.1 Literature and Gaia DR3 sample

The results of the fitting procedure
obtained for this case are listed in Ta- !
ble 3.3. We studied the dependence 5
of the fitted PLZ/PWZ coefficients
on the central wavelength of the con- !
sidered filters. To associate a charac-

teristic wavelength to the Wesenheit e
magnitudes, we decided to consider |
the central wavelength of the main ‘
band (e.g. G band for the W5 gp_grp 7
case). The results of this analysis are
shown in Fig. 3.4 for the F+10 sample

Ks H J 1 GRP G vV GBP

TTT T T T T[T TTTT

p
5 3 .5
R RS AR

0
T[T

Lit. + Gaia [FeH] values; F+ 10

(i.e. the sample including both F and K

fundamentalised 10 pulsators) and as- > '_T "f - _+_ Tt T i _______ *’ '*‘ T
suming a metallicity dependence also ' i ?

in the slope of the PLZ /PW Z relation T I:?"ZZ,
(i.e. § # 0). 05 i (um™") L5 2

Looking at the PLZ coeflicients
(blue filled circles), a strong linear de- ~ Figure 3.5: Same as Fig. 3.4 but for the case
pendence as a function of the 17! is neglecting the metallicity dependence in the
evident only for the « and f§ coeffi- ~ PLZ/PLW slope (ie. 8 =0).
cients (correlation coefficient R? ~ 1),
while for y and 6 the slope of the fit is consistent with zero. The relations between
a , B, and A~! are the following:

a = (0.618 £ 0.003) - A~ + (—3.428 + 0.006),

with rms = 0.019, R? = 0.99, and
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Table 3.3: Results of the fitting using the Lit.+ Gaia data set. The ID identifies each different
fit to the data; a, 5, y and § are the coefficients of the PLZ /PW Z relations; ,uOLMC represents
the true distance modulus of the LMC; rms is the root mean square; Band specifies the
photometric band considered in the fit; Mode identifies the sample adopted; Ny, is the
number of DCEPs adopted.

ID a p % 1 pEMe rms Band Mode Ny,
1 —4.248 £0.025 —2.566 +£0.063 —0.611 +£0.121 - 18.398 + 0.058 0.022 PLG F 481
2 —4.255+0.028 —2.620 £ 0.066 —0.571 +0.133 0.615 + 0.363 18.294 = 0.071 0.024 PLG F 485
3 —4.295+0.022 —2.529 £0.053 —0.604 + 0.083 - 18.435 + 0.034 0.027 PLG F+10 754
4 —4.298 £0.023 —2.527 £ 0.052 —0.576 £ 0.114 0.120 = 0.213 18.426 £ 0.035 0.027 PLG F+10 753
5 —3.867 £0.028 —2.344 +0.064 —0.487 +0.117 - 18.422 + 0.056 0.025 PLGgp F 467
6 —3.882+0.031 —2.375+0.068 —0.385+0.146 0.213 £0.344 18.427 +0.067 0.026 PLGpgp F 470
7 —=3.905+0.024 —2.250 £0.055 —0.488 + 0.086 - 18.459 + 0.038 0.030 PLGpp F+10 743
8 —3.907 £0.026 —2.252 +0.056 —0.482+0.113 0.057 =0.190 18.450 £ 0.032 0.030 PLGpgp F+10 746
9 —4.696 +0.017 —2.665 + 0.051 —0.563 + 0.085 - 18.346 £ 0.040 0.014 PLGrp F 458
10 —4.700 £0.018 —2.690 £ 0.057 —0.556 + 0.100 0.315 £ 0.327 18.300 + 0.058 0.014 PLGgp F 457
11 —4.752 £0.020 —2.614 £0.046 —0.506 + 0.069 - 18.423 + 0.031 0.018 PLGgp F+10 739
12 —-4.772 £ 0.022 —2.684 + 0.052 —0.386 +0.100 0.353 +£0.193 18.391 + 0.030 0.018 PLGgp F+10 744
13 —5.663 £0.016 —3.087 +0.048 —0.511 +0.078 - 18.382 £ 0.034 0.010 PLH F 488
14 —5.668 £0.016 —3.106 £ 0.050 —0.478 +0.087 0.208 £0.275 18.354 + 0.046 0.010 PLH F 487
15 —5.699 £0.013 —3.070 £0.036 —0.391 £ 0.056 - 18.465 +0.022 0.011 PLH F+10 742
16 —5.699 £0.013 —3.067 £ 0.035 —0.396 + 0.065 —0.014 + 0.110 18.466 + 0.023 0.011 PLH F+10 742
17 —4.774 +£0.017 —2.676 + 0.052 —0.602 + 0.084 - 18.361 £ 0.039 0.013 PLI F 460
18 —4.779 £0.018 —2.722 £ 0.058 —0.561 +0.096 0.482 +0.308 18.278 + 0.055 0.014 PLI F 464
19 —4.830 £0.019 —2.632 £0.045 —0.507 £ 0.065 - 18.452 + 0.029 0.018 PLI F+10 735

20 —4.837 £0.020 —2.643 +0.044 —0.445+0.091 0.226 +0.168 18.433 +0.026 0.017 PLI F+10 736

21 —5.343£0.017 —2.945+0.052 —0.575 £ 0.086 - 18.361 £ 0.040 0.011 PLJ F 485

22 —5.344+£0.018 —2.948 £0.055 —0.564 £0.096 0.036 +0.296 18.357 0.054 0.011 PLJ F 482
23 —5.380+0.014 —2.888 +£0.038 —0.503 £ 0.061 - 18.438 +0.025 0.014 PL] F+10 755

24 -5.380+0.014 —2.888 +0.038 —0.498 +0.074 0.012 +0.121 18.436 +0.025 0.014 PL] F+10 756

25 —5.766 £0.016 —3.145 £ 0.046 —0.527 £ 0.080 - 18.374 £ 0.037 0.009 PLK F 477

26 —5.773 £0.018 —3.179 £0.052 —0.481 £ 0.088 0.350 + 0.266 18.324 & 0.050 0.009 PLK F 482
27 —=5.793 £0.014 —3.121 £0.032 —0.458 £ 0.052 - 18.420 + 0.024 0.010 PLK F+10 743

28 —=5.796 £ 0.014 —3.125+ 0.031 —0.410 = 0.066 0.203 +0.117 18.400 = 0.023 0.010 PLK F+10 741

29 —3.975+0.018 —2.354 £0.057 —0.423 £ 0.090 - 18.415 £ 0.045 0.021 PLV F 460

30 —3.976 £0.019 —2.362 +0.058 —0.404 £0.108 0.106 + 0.330 18.406 = 0.053 0.021 PLV F 459

31 —4.033 £0.022 —-2.317 £ 0.055 —0.364 + 0.076 - 18.490 + 0.036 0.026 PLV F+10 738

32 —4.050 £ 0.024 —2.380 +0.054 —0.261 +0.115 0.458 +0.226 18.420 = 0.034 0.028 PLV F+10 746

33 —=5.917 £ 0.017 —3.245 + 0.055 —0.745 + 0.085 - 18.310 £ 0.036 0.009 PWGGpp—Grp F 478

34 —5.927 £0.018 —3.292 £ 0.044 —0.659 +£0.100 0.559 +0.273 18.254 +0.048 0.009 PWGGgzp-Grp F 484

35 —=5.960 £ 0.018 —3.230 + 0.041 —0.573 = 0.066 - 18.436 £ 0.028 0.010 PWg5Gpp—Gre F+10 726

36 —5.958 £0.017 —3.221 £0.038 —0.583 +0.089 —0.036 +0.174 18.439 +0.028 0.010 PWg5 Gyp-Grp F+10 725

37 —6.042 +0.016 —3.239 +0.051 —0.551 + 0.082 - 18.385 + 0.034 0.008 PWgy_r F 487

38 —6.050 +£0.015 —3.279 £ 0.039 —0.502 +0.079 0.390 £0.250 18.333 £ 0.047 0.008 PWgy_r F 491

39 —6.073 £0.013 —3.239 £ 0.035 —0.447 + 0.058 - 18.457 £ 0.023 0.010 PWgy_g F+10 747

40 —6.072 £0.014 —3.231 £0.035 —0.444 +£0.067 —0.026 +0.115 18.464 + 0.023 0.010 PWgy_; F+10 746

41 -5.908 +£0.014 —3.167 + 0.040 —0.338 + 0.067 - 18.421 + 0.032 0.006 PWIS{"I,SE F 369

42 —5.903 £0.015 —3.207 £0.049 —0.366 +0.078 0.366 + 0.259 18.325 % 0.047 0.007 PWIS’}{,{TI F 393

43 -5.915+0.013 —3.133+0.036 —0.369 = 0.063 - 18.414 +£0.028 0.008 PWSHST  F+10 491

44 -5.922 +£0.013 —3.156 £ 0.035 —0.322 +0.071 0.267 £ 0.110 18.369 = 0.026 0.008 PWIfIﬁ[,S_TI F+10 499

45 —6.064 +£0.016 —3.286 +0.045 —0.494 + 0.074 - 18.378 £ 0.035 0.008 PWky j-Ks F 480

46 —6.070 £ 0.015 —3.336 £ 0.041 —0.470 +£0.080 0.482 +0.231 18.283 +0.045 0.008 PWgk, j ks F 481
47 —6.085+0.015 —3.294 + 0.035 —0.446 + 0.049 - 18.407 £ 0.022 0.009 PWkyj-xs F+10 737
48 —6.089 +£0.015 —3.292+0.035 —0.389 +£0.070 0.197 +0.138 18.395+0.023 0.009 PWk,; ks F+10 731
49 —-6.016 £ 0.016 —3.261 + 0.047 —0.507 = 0.077 - 18.386 £ 0.035 0.008 PWk,v-_ks F 477
50 —6.020 £0.017 —3.285 +0.052 —0.471£0.086 0.269 +0.265 18.350 +0.048 0.008 PWgk,v_ks F 481
51 —6.030 +£0.013 —3.239 +0.032 —0.493 + 0.052 - 18.405 £ 0.022 0.009 PWg,v-k, F+10 735
52 —6.034 £0.013 —3.242 +0.031 —0.440 £ 0.065 0.164 +0.114 18.396 +£0.023 0.009 PWg,v_g; F+10 732
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Figure 3.6: PL relations for the bands studied in the paper where the magnitudes have
been subtracted by the metallicity contribution. The colour bar represents the metallicity.

B =(1.345 + 0.026) - A~ + (—6.49 + 0.04),

with rms = 0.059, R? = 0.99. The strong dependence of the slope on the wavelength

is a well-known feature, as thoroughly discussed by Madore and Freedman [MF11].

A similar discussion is valid for the case where the § coefficient is neglected in
Eq. 3.2. The estimated parameters are shown in Fig. 3.5, while the linear equations
for a and f coeflicients are the following:

a=(0.64+0.04) 171+ (=3.45+0.03),
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Figure 3.7: Visualization of the PL dependence on the metallicity. The y-axis is the
magnitudes subtracted by the period contribution and the x-axis is the metallicity. The
colour bar represents the logarithm of the period.

with rms = 0.02, R?> = 0.99, and
B=(1.37£0.04) - A7 + (=6.50 + 0.05),

with rms = 0.06,R* = 0.99. Comparing these results with those in the previous
case, we found good agreement between all the parameters. To easily compare our
y values with those in the recent literature, we traced two reference lines in the
third panel of Figs. 3.4 and 3.5 corresponding to y = —0.2 and —0.4 dex. Indeed,
this range of values includes almost all the recent estimates for the value of y
(see Table 1 of Breuval et al. [Bre+22] and Sect. 3.5.4 for a comprehensive list of
recent results). Concerning the § parameter, the bottom panel of Fig. 3.4 shows a



Results

Lit.+ Gaia [FeH] values: F+ 10: c fi, y | Lit. + Gaia [FeH] values; F + |O; a, B,y

| '«.-"—"_

[Ee/H]

—3-4-5-6-7-8

log| ays. WIG, Ggp— G
_— 040688 “T712 1.4 (6. Gur ~ G
L1 1 1111 1 1 |IIIIII 1 IIII|I|I M T 1 1 1 IIIIIIIIIIIII
f i
.
|
=l
|
7
<+
-1 ~05"0 o5 : 58 “T1.2 1.4 Wk, v-1)
|

T il ! sl
}

0.4 065
1

8

g
t

W(H, V= et

" W(H, V-1)g
-1 70.%: - 0 0.5 ( ) HST

T e vl ! sl
|

R TY12 1.4

—3—4-5-6-7—

0.4 063,
1

8

w(K,, J-K,)
TEc/H) W(KS, J-K,)
-1 -05 0 0.5

—3—4-5-6-7—

04 0688 712 1.4
1

S

8

Mag — B log(P) Mag — p log(P) Mag — B log(P) Mag—plog(P) Mag— p log(P)

—3—4-5-6-7—

w(K,, V-K,)

[Ee/H]
-1 —-05 0 0.5

Mag — y[FeH] Mag — y[FeH] Mag — y[FeH] Mag — y[FeH] Mag — y[FeH]

0 —2-4-6-8-100 —2-4-6-8-100 —2-4-6-8-100 —2-4-6—-8-100 —2—-4-6—-8-10

040658 “T12 1.4
1 1 1 1 1 1 1 1 1 I 1 1 L 1 I 1 1 1
0.5

0 100 ! 03 0
1 P (daysj [Fe/H]

Figure 3.8: Same as Fig. 3.6 but for the pw zFigure 3.9: Same as Fig. 3.7 but for the PWZ

relations. relations.

significant metallicity dependence of the slopes only in the cases of the V-band PL.

We note that in this case, the corresponding y coefficients is highly consistent with
the average literature values.

For the sake of completeness, in Appendix 3.A we also plot the results obtained
by fitting the Eq. 3.2 to the sample including only the F pulsators (see Fig. 3.20 (a)
and Fig. 3.20 (b)). The exclusion of the fundamentalised 10 pulsators increases
the errors on all the coefficients, especially for §. More specifically, we notice that
the a and the f coefficients, within the errors, are found to be slightly increased
and decreased, respectively, while the y values are bigger (in an absolute sense),
except for cases of the G and Gy, magnitudes. The § parameter assumes also higher
values in general and is more scattered compared with the F+10 case, but the large
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uncertainties prevent us from drawing firm conclusions. To help in visualisation
of the fitted relations listed in Table 3.3, we considered § = 0, because in this case,
the dependence on log(P) in Eq. 3.2 can be separated from that on metallicity.
Figures 3.6 and 3.7 show the projections of the PLZ relations in two dimensions
using P and [Fe/H] on the x-axis, respectively.
Similarly, Figs. 3.8 and 3.9 display

the same projections for the PWZ re- i
lations. Figures 3.6 and 3.8 show no
colour trend with metallicity, indicat-
ing that the correction for this param- ‘
eter was effective. On the other hand,
Figs. 3.7 and 3.9 display the metallic-
ity dependence of the intercepts of
the PL and PW relations, respectively, ]
in a direct way. In these figures, the 2
slopes of the solid lines, representing

the fits for the different magnitudes,

are a direct visualisation of the values

of y. Itis possible to appreciate the rel- >
evance and importance of the exten-

sion towards the metal-poor regime

for the determination of this param-

eter. Indeed, even a small number of
objects with [Fe/H]< —0.4 dex can o
significantly affect and constrain the F
slope in these plots.
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Figure 3.10: Same as Fig. 3.4 but for the Lit. sample.
sample only

The results of the fitting procedure

obtained including the literature sam-

ple only are listed in Table 3.4. Similarly to the case above, we fitted « and S
coefficients as a function of A™! of the specific band (only for PLZ). These fits are
shown in the top two panels of Fig. 3.10 and their equations are:

a = (0.563 £ 0.017) - A" + (=3.37 £ 0.03),

with rms = 0.04, R*> = 0.99, and
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Table 3.4: Fitting results from the Lit. data set. The meaning of the columns is the same as

Results

in Table 3.3.

ID a B Y S yéMc rms Band Mode Ngg;
1 —-4.253 £0.026 —2.591 +£0.061 —0.403 +0.133 - 18.484 + 0.064 0.020 PLG F 386
2 —4.258 £0.029 —2.610 £ 0.065 —0.370 +£0.143 0.211 +£0.320 18.453 £ 0.067 0.020 PLG F 388
3 —4.268 £0.025 —2.529 £ 0.057 —0.431 £ 0.108 - 18.485 + 0.049 0.021 PLG F+10 503
4 —4.275+0.026 —2.551 £0.057 —0.367 £0.129 0.272 £ 0.207 18.447 £ 0.042 0.022 PLG F+10 510
5 —3.843+0.020 —2.361 +£0.060 —0.417 £0.112 - 18.423 £ 0.052 0.022 PLGgp F 377
6 —3.845+0.022 —2.367 £ 0.064 —0.407 £0.124 0.070 £ 0.316 18.414 + 0.060 0.022 PLGgp F 377
7 —=3.897 £0.028 —2.286 + 0.062 —0.330 £ 0.123 - 18.498 + 0.058 0.025 PLGgp F+10 498
8 —3.905+0.030 —2.311 £0.065 —0.255+0.148 0.335 +0.244 18.451 £ 0.050 0.024 PLGgp F+10 500
9 —4.702+0.018 —2.667 +0.054 —0.481 + 0.094 - 18.384 + 0.044 0.012 PLGgp F 376
10 —4.706 £ 0.019 —2.681 + 0.057 —0.461 +0.106 0.162 +0.310 18.356 + 0.056 0.012 PLGgp F 373
11 —4.725+0.018 —2.606 + 0.051 —0.460 + 0.083 - 18.420 + 0.037 0.014 PLGgp F+10 489
12 —4.736 £ 0.019 —2.631 +£0.049 —0.385+0.104 0.232 +£0.180 18.407 +£0.035 0.014 PLGgp F+10 494
13 —5.669 £ 0.016 —3.103 +0.046 —0.374 + 0.081 - 18.441 £ 0.035 0.008 PLH F 384
14 —5.668 £0.017 —3.107 £ 0.050 —0.385 £ 0.088 0.045 + 0.270 18.440 £+ 0.049 0.008 PLH F 383
15 —5.684 +£0.014 —3.068 + 0.042 —0.386 + 0.070 - 18.454 + 0.028 0.009 PLH F+10 505
16 —5.688 £0.015 —3.080 £ 0.040 —0.352 +0.076 0.161 £0.124 18.438 £ 0.028 0.009 PLH F+10 508
17 —4.781 £0.017 —2.723 £ 0.050 —0.444 + 0.089 - 18.411 £ 0.042 0.011 PLI F 362
18 —4.784 £0.018 —2.744 £ 0.056 —0.420 +£0.100 0.285 + 0.322 18.365 + 0.062 0.011 PLI F 359
19 —4.805+0.017 —2.632 + 0.049 —0.472 + 0.081 - 18.439 + 0.036 0.014 PLI F+10 495
20 —4.830 +£0.023 —2.675+0.051 —0.348 £0.110 0.355+0.176 18.421 +£0.034 0.014 PLI F+10 504
21 —5.346 £0.017 —2.948 £ 0.054 —0.506 + 0.093 — 18.397 £ 0.042 0.010 PLJ F 391
22 —5.345+0.018 —2.947 £0.055 —0.509 +£0.102 —0.014 + 0.304 18.400 = 0.057 0.010 PLJ F 390
23 —=5.366 £ 0.016 —2.873 +0.047 —0.504 + 0.082 - 18.430 + 0.034 0.012 PLJ F+10 520
24 -5.369 £0.019 —2.878 £ 0.047 —0.479 £0.090 0.088 +£0.159 18.427 +0.037 0.012 PLj F+10 516
25 —=5.775+0.017 —3.158 £0.045 —0.378 £ 0.076 — 18.458 £ 0.036 0.007 PLK F 368

26 —5.774 +£0.018 —3.176 £0.051 —0.386 +£0.089 0.171 +£0.265 18.426 +=0.048 0.008 PLK F 376

27 =5.780+£0.015 —-3.121 £ 0.037 —0.433 + 0.065 - 18.444 + 0.029 0.008 PLK F+10 483

28 —=5.786 £ 0.015 —3.130 £ 0.036 —0.374 +£0.075 0.191 +£0.114 18.419 +0.026 0.008 PLK F+10 487

29 —3.974+0.019 —2.372 +£0.058 —0.370 £ 0.103 - 18.432 £ 0.051 0.019 PLV F 366

30 —3.977 £0.020 —2.386 £ 0.060 —0.348 £0.119 0.108 +£0.337 18.415+0.061 0.019 PLV F 365

31 —4.002 £ 0.020 —2.299 + 0.060 —0.396 + 0.103 - 18.453 + 0.049 0.022 PLV F+10 491

32 —4.040 £ 0.029 —2.370 £ 0.066 —0.197 +0.147 0.482 +0.247 18.434 + 0.050 0.023 PLV F+10 501

33 —5.910 £ 0.017 —3.234 £ 0.054 —0.637 £ 0.085 - 18.380 + 0.037 0.007 PWG,GBP—GRP F 378

34 —5.917 £0.019 —3.264 £ 0.057 —0.608 +£0.102 0.436 +0.318 18.312 +0.053 0.007 PWG:GBP*GRP F 385

35 =5.925+0.016 —3.199 + 0.043 —0.553 + 0.072 - 18.424 + 0.030 0.008 PWGGgp—Grp F+10 499

36 —5.924 +0.016 —3.198 +£0.043 —0.566 £ 0.092 —0.042 + 0.183 18.422 + 0.032 0.008 PW5 Gyzp—Gre F+10 499

37 —6.045+0.016 —3.253 £ 0.050 —0.426 + 0.085 - 18.442 + 0.035 0.007 PWhyv_1 F 392

38 —6.048 £0.017 —3.273 £0.051 —0.409 +£0.088 0.207 +£0.293 18.410 = 0.056 0.007 PWyyv_1 F 394

39 —6.055+0.015 —3.242 + 0.040 —0.454 + 0.069 - 18.434 + 0.027 0.008 PWyyv_1 F+10 516

40 —6.059 £0.015 —3.248 +£0.039 —0.404 +0.077 0.157 £0.128 18.426 + 0.028 0.008 PWyyv_1 F+10 512

41 —5.908 +£0.014 —3.167 £ 0.040 —0.338 + 0.067 - 18.421 £ 0.032 0.006 PWI_CIP‘I,S_TI F 369

42 —5.903 £ 0.015 —3.207 £0.049 —0.366 +£ 0.078 0.366 = 0.259 18.325 + 0.047 0.007 PW:}{,{TI F 393

43 —5.915+0.013 —3.133 £0.036 —0.369 = 0.063 - 18.414 £ 0.028 0.008 PWIfI'}{,SfI F+10 491

44 -5.922 £0.013 —3.156 £ 0.035 —0.322 +£0.071 0.267 £0.110 18.369 + 0.026 0.008 PWIfI?/SfI F+10 499

45 —6.066 £ 0.015 —3.297 £0.041 —0.414 £ 0.072 - 18.433 £0.034 0.007 PWky j-Ks F 381

46 —6.066 +0.017 —3.345 £ 0.054 —0.389 +£ 0.084 0.598 +0.285 18.297 £ 0.056 0.007 PWKS,]—KS F 393

47 —6.069 £ 0.015 —3.260 + 0.040 —0.440 + 0.061 - 18.409 + 0.027 0.007 PWKSJ—KS F+10 500

48 —6.067 £0.014 —3.255 £ 0.035 —0.375+0.070 0.203 +£0.112 18.396 +0.025 0.007 PWKS,]—KS F+10 498

49 —6.023 £0.016 —3.267 £0.047 —0.383 £ 0.077 - 18.447 +0.035 0.007 PWg,v-ks F 381

50 —6.027 £0.018 —3.276 +0.052 —0.382 + 0.088 0.155 + 0.270 18.433 + 0.049 0.007 PWKS,V—KS F 380

51 —6.022 +£0.015 —3.228 +0.037 —0.464 + 0.064 - 18.417 £ 0.028 0.007 Pl/l/}(S,V,K5 F+10 503

52 —6.026 £ 0.015 —3.234 +£0.037 —0.414 £0.075 0.169 +£0.118 18.402 + 0.027 0.008 PWKS,V—KS F+10 506
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B=(1.32+0.04) - A7 + (—6.43 + 0.06),

with rms = 0.06, R* = 0.99. The fits shown in Fig. 3.5 (§ = 0 case for the Lit. sample)

for @ and f are respectively

a = (0.596 £ 0.016) - A" + (=3.382 + 0.032),

with rms = 0.035, R* = 0.99, and

B = (1.335+0.037) - 17! + (—6.443 + 0.051),

with rms = 0.057, R* = 0.99.

The inclusion of the § parameter in
the fit of the Lit. sample only deter-
mines a general decrease (in an abso-
lute sense) in the y values, which are
closer to the -0.2,-0.4 mag/dex range
typical of previous works. However,
at the same time, the § parameters
show a considerable dependence of
the PLZ/PW Z slopes on metallicity.
If instead the § parameter is neglected,
as shown in Fig. 3.11, we again find
an increase in the absolute value of
Y, as already found for the Lit.+Gaia
case. Figures 3.21 (a) and 3.21 (b) in
Appendix 3.A report the above analy-
sis considering only the F pulsators. A
comparison of the results obtained for
the F+10 and the F samples reveals
no significant differences.
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Figure 3.11: Same as Fig. 3.5 but for the Lit.
sample.
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3.4.3 Comparison between Lit.+Gaia and Lit. samples
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Figure 3.13: Same as Fig. 3.12 but for the PW Z relations.
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3.5 Discussion

3.5.1 Parallax correction

A well-known feature of Gaia par-
allaxes in DR3 is the need for a
global offset in the parallaxes af-
ter the L21 correction (e.g. Moli-
naro et al. [Mol+23] and Riess et
al. [Rie+21a; Rie+22b] and references
therein). The exact value of this off-
set is debated and appears to depend
on the properties (e.g. location on the
sky, magnitude, and colour) and kind
of stellar tracer adopted for its esti-
mation (see discussion in Molinaro et
al. [Mol+23]). To take into account
this feature, we also conducted the
PLZ/PWZ fit after adding the global
offset to the EDR3 parallax values
of —14 pas (Riess et al. [Rie+21a]) or
—22pas (Molinaro et al. [Mol+23]). A
graphical comparison between these
different cases for the Lit.+Gaia sam-
ple is shown in Figs. 3.14 and 3.15 for
the PLZ and PWZ, respectively. The
introduction of the parallax correc-
tion increases the absolute values of
a and f by 1%-4%, while y decreases
monotonically (in an absolute sense)
for larger values of the parallax off-
set. This is particularly visible for
the PW Z relations, which show much
less scatter than the PLZ ones. In
any case, the maximum variation is
barely larger than 10. The § coeffi-
cient varies less than y with a slightly
decreasing trend; although this latter
is insignificant at the 1o level.
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Figure 3.14: Comparison between the PLZ coefficients ob-
tained for different global offset values. The coefficient values
obtained without offset assumption are chosen as reference
and are on the x-axis, while those obtained whilst assuming
the global parallax offset by Riess et al. [Rie+21a] and Molinaro
et al. [Mol+23] are on the y-axis and are plotted with green
and pink symbols, respectively. From top-left to bottom-right,
the panels show the results for the e, f5, y, and § coefficients,
respectively. For each coefficient, different photometric bands
are plotted using different symbols, as labelled in the top-left
panel, while grey-filled and white-filled symbols indicate the

fit results including or excluding the § parameter, respectively.
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Figure 3.15: Same as Fig. 3.14 but for the PWZ coefficients.
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results obtained excluding and including the § coefficient, respectively.

Overall, these effects have already been found and are coherent with those
discussed in Ripepi et al. [Rip+21a]. In practice, the introduction of a significant
global parallax zero point offset tends to reconcile our metallicity dependence with
typical literature values, as y tends to diminish with increasing offset (both in an
absolute sense). However, as discussed in the following section, the adoption of
large offset values affects the absolute distance scale.
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3.5.2 Distance to the LMC

To test the goodness of our PLZ /PWZ
relations and to understand which
parameter affects the calibration, we
used our relations to estimate the dis-
tance to the LMC and compared the
results with the currently accepted ge-
ometric value yiy = 18.477+£0.026 mag
(Pietrzynski et al. [Pie+19]). To this
aim, we used the method described
in detail in Ripepi et al. [Rip+21a].
The distance moduli ,ugMc obtained
in this way are listed in Tables 3.3
and 3.4 for the Lit.+Gaia and Lit. sam-
ples, respectively. The samples in-
cluding only F pulsators generally
give poorer results than the F+10
sample, and therefore in the follow-
ing discussion we use only the lat-
ter data set. Figure 3.16 shows the
resulting ptMC for the PLZ/PWZ re-
lations for Lit.+Gaia samples. The
introduction of the global parallax
correction worsens the distance esti-
mation. More precisely, the results
with no correction and with Riess
et al. [Rie+21a] correction are very
close to the lower and upper allowed
limit, respectively. This suggests
for the correction an intermediate
value between the two cases, with the
exception of WéﬁI,S_TI where Riess et
al. [Rie+21a] correction perfectly ad-
justs the value of ,uéMC. Therefore, if
we use the Pietrzynski et al. [Pie+19]
distance of the LMC as a reference,
we have to conclude that the rather
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tained with the resampling in metallicity with those obtained
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plotted using different symbols, as labelled in the top-left panel.
In contrast, red-filled and white-filled symbols indicate the fit
results including or excluding the § parameter,respectively.

e =
wE =
It L
wF
&F
lﬁ_'_ -
T} 3ol
=3 F =
gL £ 1L
g | [ 3
8 g
g F 8
NE=1§ o W(g, sp-re) N +
-~ [ag]
5“"_ o Wi, v-) a";_
—I o Wik L
S & Wik, 1-k)
I F Wik )
e S P L
—6.1-6.05 -6 —5.95-5.9 -33 —-32 -3.
o B
«f .
[=4 <[
I b S
<[ : T~
3f %o
= F FR=1N
g \' EO_
gunfl g [
Ry &L
N | F N L
~ “© [
or ~
SF Sk
It L
~[ [
=] /A A B B 24 B P R B
+0.7-0.6-0.5-04-0.3

-02 0 02 04
o

<Gt

Figure 3.18: Same as Fig. 3.18, but for the PWZ coefficients.



Discussion

large values of y found in this work are favoured over the smaller ones from the
recent literature.

3.5.3 Metallicity sampling

Although the results of our C-MetaLL project considerably enlarged the number
of DCEPs with [Fe/H] < —0.5 dex, these objects represent less than 10% of the
pulsators used in this work, while the majority of the sources are distributed around
the solar value. To test whether this unbalanced metallicity distribution could affect
our determination of the PLZ/PWZ relations, we conducted an experiment in
order to recalculate these relationships by resampling the input data such that its
metallicity distribution is uniform over the whole range. To this aim, we divided
the sample into five bins in metallicity, imposing the same number of stars in each
bin.

As there are few stars in the low-metallicity regime, the sources with [Fe/H]| <
—0.5 dex were all kept in the same bin and their number, N{fer<—o.5) = 44 (consid-
ering the astrometric selection described in Sect. 3.2.3), set the number of pulsators
included in each of the four remaining bins, whose size is approximately 0.25 dex
in metallicity. The DCEPs populating each bin, apart from the lowest metallicity
one, were randomly picked. Having resampled the data, we carried out the fit as in
Sect. 3.3 considering the Gaia+Lit. data set only, given that the other cases provide
similar results. We also restricted the test to the F+10 sample, because the number
of F pulsators in the most metal-poor bin is less than half of the F+10 combined
sample, meaning that the total number of DCEPs used for the fit would be too
small to achieve meaningful results. We repeated 10,000 times the fitting procedure,
obtaining a distribution of values for the a, f, y, and § coefficients. Their median
values and relative uncertainties (scaled median absolute deviation (MAD)) are
compared with the results obtained using the entire sample in Fig. 3.17 and 3.18 for
PLZ and PWZ, respectively. Both figures show excellent agreement for all of the
coefficients. Therefore, we can conclude that the results obtained in this work are
not affected by the unbalanced metallicity distribution of the sample.

3.5.4 Comparison with the literature

Figure 3.19 shows several empirical estimations of y throughout the last 20 years.
Results from the present work are also plotted, considering the case of the Lit.+Gaia
data sample. In more detail, different techniques have been used in order to analyse
the metallicity effect on the PL and PW relations. Early studies adopting distances
from the Baade-Wesselink (BW) analysis (e.g. Groenewegen [Gro13] and Storm
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V BWdistances () Comparing galaxies [] Gradients MW Gaia

This_work,Gaia+Lit.([Fe/H]) -
Breuval+(2022)([Fe/H]) This_work,Gaia +Lit.([Fe/H]) -
Breuval +(2021)([Fe/H1) - Breuval+(2022)([Fe/H]) -
Ripepi+(2021)([Fe/H]) - K
Ripepi+(2020)([Fe/H]) —— Ripepi+(2021)([Fe/H]) —-— Wk
Groenewegen+(2018)([Fe/H]) — | Groenewegen+(2018)([Fe/H]) ——
Gieren+(2018)([Fe/H]) -
Wielgorski+(2017)([Fe/H]) - Groenewegen(2013)([Fe/H]) -
Groenewegen(2013)([Fe/H1) S This_work,Gaia-+Lit.([Fe/H]) -
Storm+(2011)([Fe/H]) v
Fouqué+(2007)([Fe/H]) ° Breuval+(2022)([Fe/H]) -
Storm+(2004)([Fe/H]) e Breuval+(2021)([Fe/H]) -
Groenewegen+(2004)([Fe/H]) -
Freedman+(2001)([O/H]) u Ripepi+(2021)([Fe/H]) gl Wi
This_work,Gaia+Lit.([Fe/H])

- Ripepi+(2020)([Fe/H| ——
Breuval+(2022)([Fe/H]) pepi+{ YIFe/HD
Breuval+(2021)([Fe/H]) Gieren+(2018)([Fe/H]) *
Wielgorski+(2017)([Fe/H]) 1 Wielgorski+(2017)([Fe/H]) -
Freedman-+(2001)(LO/H])
This_work,Gaia+Lit.([Fe/H]) - Breuval+(2022)([Fe/H]) -
Breuval+(2022)([Fe/H]) - Breuval+(2021)([Fe/H]) -
Breuval+(2021)([Fe/H]) -
Gieren+(2018)([Fe/H]) v Gieren+(2018)([Fe/H]) "
Wielgorski+(2017)([Fe/H]) -- Wielgorski+(2017)([Fe/H]) -
Storm+(2011)([Fe/H]) B )
Fouqué+(2007)([Fe/H]) L] Storm+(2011)([Fe/H]) -
Freedman+(2001)([O/H]) - 2011)([O/H]) Wy
This_work,Gaia+Lit.([Fe/H]) -
Breuval+(2022)([Fe/H]) - Scowcroft+(2009)([0/H]) -
Breuval+(2021)([Fe/H]) > Fouqué+(2007)([Fe/H]) °
Gieren+(2018)([Fe/H]) o 1
Wielgorski+(2017)([Fe/H]) -o- Saha+(2006)([Fe/H]) -

1
Storm+(2011)([Fe/H]) - Macri+(2006)([O/H]) Ll
Fouqué+(2007)([Fe/H]) o
Storm-+(2004)([Fe/H]) —— Storm+(2004)([Fe/H]) o
Groenewegen-+(2004)([Fe/H]) -o- Sakai+(2004)([O/H1) |
Udalski+(2001)([Fe/H]) °
This_work,Gaia+Lit.([Fe/H]) Groenewegen+(2004)([Fe/H]) =&
Breuval+(2022)([Fe/H]) This_work,Gaia-+Lit.([Fe/H])(cHST) -
This_work,Gaia+Lit.([Fe/H]) ——
Breuval+(2022)([Fe/H]) - G This_work,Gaia+Lit.([Fe/H]) -
This_work,Gaia+Lit.([Fe/H]) = Breuval+(2022)([Fe/H]) -
Breuval+(2022)([Fe/H]) -
Breuval-+(2021)([Fe/H]) - | wiess+(2022)10m1) .
Groenewegen-+(2018)([Fe/H]) — Riess+(2021)([O/H]) —— Wi
Gieren+(2018)([Fe/H]) I
Wielgorski+(2017)([Fe/H]) -0 Riess+(2019)([0/H]) e
Groenewegen(2013)([Fe/H]) - Riess+(2016)(LO/H]) -
Storm+(2011)([Fe/H]) -~ Vv
Fouqué+(2007)([Fe/H]) ° Riess+(2011)([O/H]) -
Storm+(2004)([Fe/H1) e Riess+(2009)([O/H]) ——
Groenewegen+(2004)([Fe/H]) ---
Udalski+(2001)([Fe/H]) ° This_work,Gaia+Lit.([Fe/H]) -
Freedman+(2001)([O/H]) — Breuval+(2022)([Fe/H]) - We
This_work,Gaia+Lit.([Fe/H]) —-—
Breuval+(2022)([Fe/H]) - BP 1 Ripepi+(2022)([Fe/H]) -
10 05 o0 05 10  -05 3 s 1
Y (mag/dex) y (mag/dex)

Figure 3.19: Literature estimation of the y coefficient for PLZ (left panel) and PWZ (right
panel) relations over the last 20 years. Bands are divided by colour and sorted by year
of publication from bottom to top. Symbols correspond to the method used to derive the
metallicity coefficient. The vertical shaded region corresponds to the range of intervals
between —0.4 and —0.2 mag/dex (see text for detail). For the complete list of sources, see
Fig.1 from Romaniello et al. [Rom+08] and Table 1 from Breuval et al. [Bre+22].
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et al. [Sto+04; Sto+11]) reported very small values for the y parameter in the V, I,
and K bands and in the Wjx,Wyk, and Wy; Wesenheit magnitudes. More recently,
a stronger effect (y ~ —0.2 mag/dex) —albeit weaker than the effect found in the
present work— was found in the same bands by Gieren et al. [Gie+18] from a BW
analysis of DCEPs in the Galaxy, LMC, and SMC, which were used to extend the
range of metallicity of the pulsators adopted in the analysis. The advent of Gaia
DR2 parallaxes permitted us to obtain the first reliable evaluation of the y term
using only Galactic DCEPs with metallicities from HiRes spectroscopy. In particular,
Groenewegen [Gro18] and later Ripepi et al. [Rip+19; Rip+20] found y ~ —0.1 — 0.4
mag/dex in a variety of bands and Wesenheit magnitudes (see Fig. 3.19), which is
closer to the values found in this paper, but with a significance of generally lower
than 10, owing to the still insufficient precision of DR2 parallaxes. The improved
Gaia EDR3 parallaxes instead allowed us to obtain larger (in an absolute sense) y
values in the first paper of the C-MetaLL project (Ripepi et al. [Rip+21a]) and for
the Wi magnitude (Ripepi et al. [Rip+22]). Other studies (Breuval et al. [Bre+21;
Bre+22], Fouqué et al. [Fou+07], Groenewegen et al. [Gro+04], and Wielgorski
et al. [Wie+17]), together with the already quoted Gieren et al. [Gie+18], compared
the properties (i.e. the zero points of the PL or PW relations) of the DCEPs in the
MW and in the more metal-poor galaxies LMC and SMC to estimate the extent of
the y value. In particular, Breuval et al. [Bre+21; Bre+22], used geometric distances
for the DCEPs in the MW (from Gaia EDR3 parallaxes) and in the Magellanic
Clouds (from eclipsing binaries) to estimate y in the same bands and Wesenheit
magnitudes as those treated in the present work, after fixing the slope of the PL
and PW relations to that of the LMC, with results ranging between —0.178 and
—0.462 mag/dex. In the context of the SHOES project (Riess et al. [Rie+16; Rie+19;
Rie+21a; Rie+22b]), the metallicity effect is one of the outputs of the process for the
estimation of Hy. In these cases, the y coefficient in the ng’,T_ ; magnitude used by
the SHOES team is of the order of —0.2 mag/dex, while we obtain a slightly larger
(in an absolute sense) value in our best case, that is, with the Lit.+Gaia sample
without the § term (see e.g. Fig. 3.5).

Recent theoretical studies (Anderson et al. [And+16] and De Somma et al. [De
+22]) also predict mild effects of the metallicity, with y ranging from —0.27 to —0.13
mag/dex, although we note that the models by De Somma et al. [De +22] only deal
with PW relations.

We notice that in almost all cases, we find larger y values (in an absolute sense)
than the literature, although most of them are distributed along the lower limit in
the literature of —0.4 mag/dex (see also Fig. 3.4). On the other side, for the V-band
a smaller coefficient is found, in agreement with the upper limit of —0.2 mag/dex.
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3.6 Conclusion

In this fourth paper of the C-MetaLL series, we studied the metallicity dependence of
the PL relations in the following bands: Ggp, Grp, G, I, V, J, H, and Ks, and of the PW
relations in the following Wesenheit magnitudes: Wg gp—rp, Wy v-1, WISHS_TIM K>
and Wy y_g. To this end, we exploited the literature to compile a sample of 910
DCEPs with [Fe/H] measured from HiRes spectroscopy and complemented it with a
number of stars with metallicity measurements based on the Gaia RVS instrument
as released in DR3. For all these stars, we provide a table with photometry in the
Ggp, Grp, G, 1, V, ], H, and K bands, metallicity, and astrometry from Gaia DR3.

We carried out our analysis adopting two different samples: one composed only
of literature data and one including both the latter and Gaia DR3 results. In order
to estimate the parameters of the PLZ/PW Z relations, we used the ABL formalism,
which allowed us to treat the parallax @ linearly and to preserve the statistical
properties of its uncertainties. We considered two functional forms for the PLZ
and PWZ relations including (i) the metallicity dependence on the intercept only
(three-parameter case); and (ii) the metallicity dependence on both intercept and
slope (four-parameter case). The main findings of our analysis can be summarised
as follows:

1. Regarding PLZ relations, both « and 8 show a linear dependence on wave-
length. We provide the linear relationships between these quantities and 171
These relations do not change considerably when we use the Lit.+Gaia or Lit.
samples, nor when we carry out a three- or four-parameter fit. Because of
the low wavelength coverage, no clear dependence can be discussed for the
PWZ relations.

2. A clear negative dependence of the intercept on metallicity (y-coefficient)
is found for all the PL and PW relations. For the three-parameter solutions,
the values of y are around —0.4 : —0.5 dex with no clear dependence on
wavelength. Thus, this work confirms our previous results reported by
Molinaro et al. [Mol+23] and Ripepi et al. [Rip+21a]. For the four-parameter
solutions, the values of y generally slightly decrease (in an absolute sense),
especially for the Lit. only sample. In general, the y coefficients found in
this work are larger (in an absolute sense) than those in the literature, which
range between —0.2 and —0.4 dex.

3. The dependence of the slope on metallicity (J coefficient) remains undeter-
mined. Indeed, in about half of the cases, § assumes values comparable with
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zero within 1o for the Gaia+Lit. sample, while, especially in the Lit. case, é
generally assumes a positive value comprised between 0 and +0.5.

4. The main difference between using the F and F+10 samples is that larger
error bars are found in the former case, especially for the y and § coefficients.

5. The inclusion of global zero point offset to the individually corrected par-
allaxes according to L21 has a larger impact on the y coefficients than on
the § ones. More specifically, the adoption of offsets by —14 pas (Riess et
al. [Rie+21a]) and —22 pas (Molinaro et al. [Mol+23]) implicates smaller and
smaller values of y (in an absolute sense), which is in better agreement with
recent literature. However, if we use the geometric distance of the LMC by
Pietrzynski et al. [Pie+19] as a reference and calculate the distance of this
galaxy using our relations with and without the global offset, we find that
good agreement for the distance of the LMC is found for values of the offset
in between null and the 14 pas values. It is worth noting that for the chggT_ !

magnitude Riess et al. [Rie+21a] offset represents the best correction. These

results support larger values (in an absolute sense) of the y value.

6. We investigated the possible effect of an uneven distribution in the metallicity
of the sample used in this work by resampling our data set in order to have
a balanced number of DCEPs at every metallicity value. We carried out the
fitting procedure on 10,000 samples extracted from the total sample, obtaining
a value for the four coefficients of the fit for every data set. The medians of
the obtained distributions for all the coefficients appear to be in excellent
agreement with those obtained using the entire sample. Therefore, we can
conclude that the results obtained in this work are not affected by the sample’s
unbalanced distribution in metallicity.

The results presented in this paper show the importance of the extension of the
metallicity range when carrying out the analysis. Further observations in order to
gather HiRes spectroscopy of MW metal-poor DCEPs will offer the opportunity
to better constrain the dependence on the metallicity of both the intercept and
the slope. In particular, regions in the Galactic anti-centre direction are the most
promising targets for future observations, where DCEPs are expected to have
[Fe/H]< —0.3 : —0.4 dex, and can therefore be used to further populate the metal-
poor tail of the DCEP distribution.
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3.A PLZ/PWZ coefficients for the F pulsators only
sample

For completeness, we provide figures that are analogous to Fig. 3.4, Fig. 3.5, Fig. 3.10,
and Fig. 3.11, showing the fit results of the sample Lit.+Gaia and Lit. including only
the F pulsators.

3.B Parallax correction for the Lit. sample

Here, we provide figures analogues to Fig. 3.14, Fig. 3.15, and Fig. 3.16 for the Lit.
sample.


https://www.cosmos.esa.int/gaia
https://www.cosmos.esa.int/web/gaia/dpac/consortium
https://www.cosmos.esa.int/web/gaia/dpac/consortium
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Cepheid Metallicity in the Leav-

itt Law (C- Metall) survey: VI: Ra-
dial abundance gradients of 29 chem-
ical species in the Milky Way disc

E. Trentin, G. Catanzaro, V. Ripepi, J. Alonso-Santiago, R. Molinaro, J. Storm, G. De
Somma, M. Marconi, A. Bhardwaj, M. Gatto, I. Musella, V. Testa,

This paper was published in A&A, Volume 690, id.A246, 16 pp.”’

4.1 Introduction

Classical Cepheids (DCEPs) play a fundamental role as standard candles in deter-
mining extragalactic distances due to the Leavitt law (Leavitt and Pickering [LP12]),
a relationship between period and luminosity (PL). Calibrated using independent
distances based on geometric methods such as trigonometric parallaxes, eclipsing
binaries, and water masers, these relations serve as the first step in constructing
the cosmic distance scale. This way, they calibrate secondary distance indicators,
including type Ia supernovae (SNe Ia), allowing us to measure the distances of
distant galaxies in the steady Hubble flow. The calibration of this three-step proce-
dure, often referred to as the cosmic distance ladder, enables us to reach the Hubble
flow and measure the Hubble constant, Hy, which connects the distance and the
recession velocity of galaxies (e.g. Freedman et al. [Fre+12], Riess et al. [Rie+16],
and Sandage and Tammann [ST06] and references therein).

In recent years, a still unresolved debate has taken place regarding the well-
known discrepancy between the values of Hy obtained by the SHOES' project
through the cosmic distance ladder (Hy =73.01+0.99 km s~ Mpc™,

Riess et al. [Rie+22b]) and the value computed by the Planck cosmic microwave
background (CMB) project based on the flat A cold dark matter (ACDM) model
(Hy =67.4%0.5 km s~! Mpc™!, Planck Collaboration et al. [Pla+20]). If no solution is
found for this intricate H, tension, this could hint at the need for a revision of the

13 Based on the European Southern Observatory programs 108.227Z; 109.231T; 110.23WM and on the
Telescopio Nazionale Galileo programmes A43TAC_16; A44TAC_27; A45TAC_12; A46TAC_15.
Based on observations obtained at the Canada-France-Hawaii Telescope (CFHT) which is operated
by the National Research Council of Canada, the Institut National des Sciences de 1 “Univers of
the Centre National de la Recherche Scientique of France, and the University of Hawaii.

14 Supernovae, HO, for the Equation of State of Dark energy
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Table 4.1: Main properties of the 180 programme DCEPs. Meaning of the columns: Star = literature name of the DCEP. Gaia_source_id= Gaia DR3 identifier. RA, Dec =
equatorial co-ordinates at J2000. Period and Mode = period and mode of pulsation; DCEP_F, DCEP_10, and DCEP_MULTI refer to fundamental, first overtone, and multimode
DCEPs, respectively. G, Gpp, and Grp are the magnitudes in the Gaia bands. @ and ¢ are the Gaia parallax and its error. D and o are the distances and its error. Source shows
the instrument used to observe the star. Notes report the origin of the periods (and modes) as well as of the photometry: ‘SOS’ means that the periods and the photometry
come from Gaia DR3 using the specific pipeline for the DCEP variables (see Ripepi et al. [Rip+23]); ‘DR3’ means that the photometry is from the general DR3 source (see
GaiaVallenari, while ‘P21’ means that the periods are from Piet2021. Note that the distances for the four stars most likely classified as type II Cepheids are probably wrong
(see Appendix 4.A). A portion of the Table is shown here for guidance regarding its form and content. The machine-readable version of the full table will be published at the

Centre de Données astronomiques de Strasbourg (CDS, https://cds.u-strasbg.fr/).

Star Gaia_source_id RA Dec Period  Mode G Ggp  Ggp o) o D o Source Notes

deg deg days mag mag mag mas mas kpc kpc
AA Gem 3430067092837622272 06:06:34.95 +26:19:45.2 11.31285 DCEP_F 9.363 9.956 8.62 0.2749 0.0177 3.81 0.11 ESPaDOnS SOS,SOS
AD Pup 5614312705966204288 07:48:03.85 -25:34:40.0 13.59738 DCEP_F 9.541 10.125 8.786 0.2331 0.0165 0.82 0.04 ESPaDOnS P21,DR3
AP Sgr 4066429066901946368 18:13:02.50 -23:07:02.3 5.05808 DCEP_F 6.922 7.46 6.219 1.1815 0.024 2.85 0.12 ESPaDOnS SOS,SOS
AQ Pup 5597379741549105280 07:58:22.09 -29:07:48.3 30.15959 DCEP_F 8.127 8.974 7.25 0.2751 0.0226 3.98 0.14 ESPaDOnS SOS,SOS
ASAS-SN J065046.50-085808.7 3050543819559526912 06:50:46.50 -08:58:08.8 6.94564 DCEP_F 13.49 14.402 12.547 0.1198 0.0179 2.66 0.10 UVES,P110 SOS,SOS
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ACDM model. It is therefore critical to evaluate the discrepancy through the analysis
of the residual systematics (see e.g. Dainotti et al. [Dai+21], Freedman [Fre21], and
Riess et al. [Rie+21b] and reference therein).

Metallicity may play an important role as one of the possible residual sources
of uncertainty in the cosmic distance ladder, influencing the calibration of the
DCEP PL relations. Since the shape and width of the DCEP instability strip are
predicted to be affected by metallicity variations (e.g. Caputo et al. [Cap+00]), a
direct consequence should be seen when estimating the PL relations coefficients De

Somma et al. [De +22] and Marconi et al. [Mar+10; MMF05] and references therein).

To avoid systematic effects in the calibration of the extragalactic distance scale
(e.g. Bono et al. [Bon+10], Riess et al. [Rie+16], and Romaniello et al. [Rom+08]),
one has to also consider the metallicity dependence of the PL relations and the
reddening-free Wesenheit magnitudes (Madore [Mad82]) in those cases in which
the metallicity effect might be small, such as when dealing with the near-infrared
regime (NIR, see e.g. Fiorentino et al. [FMM13] and Gieren et al. [Gie+18]).

In the past, the lack of accurate independent distances hampered direct empirical
evaluations of the metallicity dependence of PL relations using Galactic DCEPs
with precise [Fe/H] measurements based on high-resolution (HiRes hereafter)
spectroscopy, but this scenario completely changed with the advent of the Gaia
mission (Gaia Collaboration et al. [Gai+16]). Accurate parallaxes were provided
with data release 2 (DR2, Gaia Collaboration et al. [Gai+18] and further improved
with the early data release 3 (EDR3, Gaia Collaboration et al. [Gai+21]), in addition
to the discovery of hundreds of new Galactic DCEPs (Clementini et al. [Cle+19]
and Ripepi et al. [Rip+19; Rip+22]). A substantial sample can thus be considered
when other surveys are taken into consideration, such as the Optical Gravitational
Lensing Experiment (OGLE) Galactic Disk survey (Udalski et al. [Uda+18]) and
the Zwicky Transient Facility (ZTF, Chen et al. [Che+20]), making it possible to
improve not only studies related to the cosmic distance scale but also Galactic
studies (e.g. Lemasle et al. [Lem+22] and Trentin et al. [Tre+23] and references
therein). Another constraint was the limited availability of HiRes measurements
confined to the solar neighbourhood. This restriction resulted in a narrow range of
[Fe/H] values centred on solar or slightly supersolar values, with a small dispersion
of 0.2-0.3 dex (e.g. Genovali et al. [Gen+14], Groenewegen [Gro18], Luck [Luc18],
and Ripepi et al. [Rip+19]). Consequently, this limitation hindered the ability to
generate results with statistical significance.

To overcome these problems, we started a project named C-MetaLL'® (Cepheid
- Metallicity in the Leavitt Law, see Ripepi et al. [Rip+21a] for a full description),

15 https://sites.google.com/inaf.it/c-metall/home
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Table 4.2: Estimated chemical abundances for the 180 analysed DCEPs.The table is divided into three parts. The first and last
columns report the name of the star and the source, respectively (see Table 4.3 and 4.1). The other columns report the estimated
abundances (and relative errors) in solar terms for the chemical species analysed in this work. The machine-readable version of
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the full table will be published at the Centre de Données astronomiques de Strasbourg (CDS, https://cds.u-strasbg.fr/).

Star [C/H] [O/H] [Na/H] [Mg/H] [AVH] [Si/H] [S/H] [Ca/H] [Sc/H] [Ti/H]
AA Gem -0.54+0.03 -0.04 +0.09 0.16 £ 0.1 0.14 + 0.05 0.11 + 0.09 —-0.24 +£0.1 -0.12+0.02 -0.09 +0.02 0.23 +0.06 0.04 + 0.08
ADPup -0.41+0.11 0.16 £ 0.11 0.16 +£ 0.19 0.39 + 0.03 0.14 £ 0.11 -0.22+0.11 -0.06 +£0.01 -0.19 +0.09 0.17 = 0.09 0.05 £ 0.11
AP Sgr  —0.22 £ 0.11 0.2 +0.11 -0.03+0.16 0.1 +0.1 0.23 +0.11 0.01 +0.1 0.17 + 0.02 0.05 + 0.05 0.3 +0.06 0.09 +0.1
[V/H] [Cr/H] [Mn/H] [Fe/H] [Co/H] [Ni/H] [Cuw/H] [Zn/H] [St/H] [Y/H]
0.05+0.07 -0.09+0.04 -0.28+0.04 -0.15+0.07 -0.17+0.05 -0.02 +0.09 0.03 +0.1 0.04 +0.2 0.21 £0.09 -0.29 +0.08
0.06 + 0.07 —-0.13 +0.08 —-032+0.1 -0.13+0.08 0.06 +0.06 —-0.13+0.11 —0.2+0.11 -0.35+0.11 0.28 +0.11 -0.22 + 0.09
0.0+0.1 -0.02+0.09 -0.26+0.05 -0.02=+0.09 0.62 = 0.04 0.25+0.11 -0.15+0.13 -0.18 +£0.13 0.25+0.11 -0.19 £ 0.01
[Zr/H] [Ba/H] [La/H] [Ce/H] [Pr/H] [Nd/H] [Sm/H] [Ew/H] [Gd/H] Source
0.24 £ 0.34 0.04 = 0.05 0.22 = 0.07 0.16 = 0.09 —-0.3 +£0.09 0.15 £ 0.07 0.12 £0.05 — 0.22 = 0.09 ESPaDOnS
0.17 + 0.41 0.32 +0.11 0.02 +£0.11 -0.01 +0.11 —-0.4+0.11 0.15 + 0.09 0.14 + 0.1 — 0.31 +£0.11 ESPaDOnS
0.32 +0.37 0.21 +£0.11 -0.02+0.02 -0.13+0.11 -0.21 +0.11 0.09 + 0.1 0.09 = 0.09 — —0.03 +0.11 ESPaDOnS
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with the primary goal of measuring the chemical abundance of a sample of at least
300 Galactic DCEPs through HiRes spectroscopy, as well as providing homoge-
neous multi-band time-series photometry. The main aim was to enlarge the iron
abundance range towards the metal-poor regime - that is, [Fe/H]< —0.4 dex — in
which only a few Galactic stars had abundance measurements in the literature. In
the first two papers of the series (Ripepi et al. [Rip+21a] and Trentin et al. [Tre+23])
(R21 and T23 from now on, respectively), we published accurate abundances for
more than 25 chemical species for a total of 114 DCEPs, while the first results for
the photometric part were presented in Bhardwaj2024. In particular, in T23, we
obtained measurements for 43 objects with [Fe/H]< —0.4 dex, reaching abundances
as low as —1.1 dex. This paper represents the sixth manuscript in the series and
a direct follow-up of T23, presenting the spectroscopic analysis of 180 new stars
based on a total of 331 HiRes spectra and the study of the galactic gradient for 29
chemical elements.

While the main scope of this work is to study the metallicity dependence of
the DCEP PL relations in the context of the extragalactic distance scale, the sam-
ple of DCEPs presented in this work, in conjunction with our previous results,
nevertheless amounts to a total of 294 DCEPs with a homogeneous derivation of
stellar parameters and abundances. In addition, as we shall see later in this article,
our sample is evenly distributed in metallicity, spanning a range from +0.5 dex to
—1 dex in [Fe/H] and 5 to 20 kpc in Galactocentric radius. The aforementioned
characteristics make our sample an appropriate testing ground for the study of
the Galactic disc abundance gradient, in comparison with literature works that in
general use heterogeneous spectroscopic samples or datasets heavily unbalanced
towards the solar vicinity (daSilva2023; Matsunaga2023; Lemasle et al. [Lem+18],
Luck [Luc18], Minniti et al. [Min+20], and Ripepi et al. [Rip+22]).

The paper is organised as follows: in Sect. 4.2, we describe the sample of DCEPs
and their properties; in Sect. 4.3, we describe the analysis technique; in Sect. 4.4
and Sect. 4.5, we describe and discuss our results; and in Sect. 4.6, we outline our
conclusions.

4.2 Observations

4.2.1 Sample

The sample of DCEPs presented in this work was selected from the DCEP catalogue
published in Gaia data release 3 (DR3 Ripepi et al. [Rip+23]). We chose the pulsators
with the intention of maximising the number of objects with low metallicity and

Section 4.2
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long periods. This is because the main scope of the C-MetaLL survey is to derive
accurate PL and PW relations for Galactic DCEPs. To this aim, we have had to
enlarge the range covered by the independent variables in the quoted relations as
much as possible; namely, periods and metallicities. Therefore, we have had to
observe both short- and long-period DCEPs as well as metal-rich and metal-poor
pulsators. While the periods are known, the metallicity can only be guessed based
on the position of the stars in the disc, which, as was mentioned in the previous
section, is well known to exhibit a metallicity gradient from the centre to the anti-
centre of the Galaxy. Thus, our observations aimed to maximise the most distant
objects in the anticentre direction, possibly those with longer periods, which are
rarer (since their evolutionary times are faster than those of shorter-period DCEPs).
The list of the 180 targets is shown in Table 4.1, in which we list the main char-
acteristics of the stars, including their periods, modes of pulsation, and distances.

These last quantities were calculated 25.0
based on the PWZ relation published I
by Ripepi et al. [Rip+22] with the pro- 20.0
cedure outlined in detail in Sect. 2.2 _

of GaiaDrimmel2023. In brief, we g 15.0
used Gaia photometry (see Table 4.1) g

to calculate the apparent Wesenheit & '°°
magnitude W =G-1.90x(Ggp—Ggp)

(Ripepi et al. [Rip+19]). Then, we in- >0
serted the periods and [Fe/H] values 00

(measured in this paper) in the quoted
PWZ to obtain the absolute W mag-  Figure 4.1: Map along the Galactic disc of
nitude. The distance calculation was the programme stars. The points are colour-

then straightforward, using the defini- ~ coded according to the pulsator’s period. The
position of the sun is shown with a yellow-

black circle. The four stars probably belong-
ing to the type II Cepheid class are shown
with black stars (see text).

tion of distance modulus. The conver-
sion in Galactocentric radii Rgc was
obtained in the usual way, adopting a
distance of the Sun from the Galactic
centre, Ry = 8277 + 9(stat) +30(sys)
pc (Gravity Collaboration et al. [Gra+22]) (for full details, we refer the reader to
GaiaDrimmel2023). The distribution of the targets along the Milky Way (MW)
disc is displayed in Fig. 4.1. The distribution of the programme stars ranges from
about 5 to 18 kpc in Galactocentric radii (Rgc) and covers all four Galactic quad-
rants, with a significant concentration in the third. In the figure, the stars are
colour-coded according to their periods. The period distribution shows short-
period DCEPs at larger Galactic radii, especially in the third quadrant. This is not
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Table 4.3: Log of the observations for the 331 spectra analysed in this work.The different
columns report: the name of the star, the heliocentric Julian day on which the spectrum
has been collected, the phase, exposure time, S/N per pixel, effective temperature, loga-
rithm of gravity, microturbulent velocity, broadening velocity, heliocentric radial velocity,
and the instrument used to collect the HiRes spectroscopy. The phases were calculated
adopting periods and epochs of maximum light from the Gaia DR3 catalogue (Ripepi et
al. [Rip+23], except for seven stars for which we report details on the phase determination
in Appendix 4.B. A portion is shown here for guidance regarding its form and content.
The machine-readable version of the full table will be published at the Centre de Données
astronomiques de Strasbourg (CDS, https://cds.u-strasbg.fr/).

Star HJD Phase Texp S/N Terr logg £ Vbroad RV Source
days s K dex kms™!  kms! km s71

AA Gem 59269.76384  0.920 750 102 5656 + 68 0.92+0.05 3.0+02 11.0+1.0 0.9+0.3 ESPaDOnS

AA Gem 59630.79632  0.833 410 92 5877 £ 66 1.22+0.05 33+02 120+1.0 0.8+0.2 ESPaDOnS

AA Gem 59838.14990 0.162 500 80 4887 +£68 0.1+0.05 28=+0.2 9.0+ 1.0 24.6 +0.2 ESPaDOnS

ADPup  59269.81690  0.369 750 78 5128 +100 0.38 +£0.05 2.7+0.2 6.0+10 740+0.3 ESPaDOnS

ADPup 59630.82225 0.918 410 77 5983 +£83 0.58+0.05 3.4+03 100+1.0 683+0.2 ESPaDOnS

a coincidence, but because there exists a period-age relation for DCEPs (see e.g.
Bono2005) so that shorter periods indicate larger ages. It has been found that at
larger Galactocentric radii the DCEPs are on average older (e.g. desomma2020b;
Desomma2021; Skowron et al. [Sko+19]). This explains the lack of long-period
DCEDPs at large radii in our sample. An additional feature displayed in Fig. 4.1 is
the presence of three stars with polar angles between 135° and 225; namely, Gaia
DR2 4087335043492541696, V532 Sco, and ASAS-SN J165340.10-332041.7. Given the
peculiar position along the Galactic disc, these pulsators may be type II Cepheids.
An in-depth analysis of these objects is provided in Appendix 4.A. In addition, a
fourth star, OGLE CEP-GD-0069, which was originally classified as DCEP in Udalski
etal. [Uda+18], turned out to be a BL Her variable according to Ripepi et al. [Rip+23].
This star is also discussed in the appendix. Given their uncertain nature, these four
stars have been excluded from the following analysis.

4.2.2 Instruments used for the observations and data
reduction

For the observations, three instruments were used:

« The Ultraviolet and Visual Echelle Spectrograph (UVES, UVES_Dekker2000)'°),

attached at Unit Telescope 2 (UT2) of Very Large Telescope (VLT), placed at

16 https://www.eso.org/sci/facilities/paranal/instruments/uves.html
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Paranal (Chile). The red arm was used, equipped with the grism CD#3, cover-
ing the wavelength interval 4760-6840 A, and with the central wavelength at
5800 A. The 1 arcsec slit, which provides a dispersion of R~47,000 (sampling
2 px), was selected for all the targets.

« The High Accuracy Radial velocity Planet Searcher for the Northern hemi-
sphere (HARPS-N, HARPS_Mayor2003; HARPS_Cosentino2012 '7), at-
tached at the 3.5m Telescopio Nazionale Galileo (TNG). HARPS-N features an
echelle spectrograph covering the wavelength range between 3830 to 6930 A,
with a spectral resolution of R=115,000 (sampling 3.3 px).

+ The Echelle SpectroPolarimetric Device for the Observation of Stars (ES-
PaDOnS'®) attached at the 3.6m Canada-France-Hawaii Telescope (CFHT).
ESPaDOnS provides a spectral resolution of R=81,000 (sampling 0.69 px) in
the wavelength range between 3700 and 10500 A.

Typically, we obtained 1-2 epoch spectra with UVES, 2-3 with CFHT, and three
or more with HARP-N. The signal-to-noise ratio (S/N) was larger than 40 for about
80% of the spectra. In total, in this work, we analysed 331 spectra for 180 DCEPs. A
complete list of the time of acquisition and the individual S/N values is reported in
Table 4.3.

Reduction of all the spectra, which included bias subtraction, spectrum extraction,
flat-fielding, and wavelength calibration, was done by automatic pipelines provided
by the three instrument teams so that we downloaded the science-ready one-
dimensional spectra (for more details on the data reduction of HARPS-N, UVES
and ESPaDOnS spectra, see Bhardwaj2024; Ripepi et al. [Rip+21a] and Trentin
et al. [Tre+23], respectively).

Finally, from Table 4.1 it can be noted that the stars OGLE-GD-CEP-0026, OGLE-
GD-CEP-1278, and OGLE-GD-CEP-1290 have been observed with both the UVES
and HARP-N instruments. These stars are therefore useful for cross-checking the
results obtained with the different instruments (see Sect. 4.4).

4.3 Spectroscopy

4.3.1 Stellar parameters

The adopted method for our spectroscopic analysis is the same as was used in T23;
here, we only report the main procedure. The initial step in measuring chemical

17 https://www.tng.iac.es/instruments/harps/
18 https://www.ctht.hawaii.edu/Instruments/Spectroscopy/Espadons/
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Figure 4.2: Example of spectral synthesis for our targets in the region from A = 6110 A to A
= 6151 A. The colours differ according to the particular instrumental equipment, specifically
in red the ESPaDOnS spectra, in green the HARPS spectra, and in blue the UVES spectra.
The spectra are ordered, from top to bottom, by decreasing metallicity. The main spectral
lines have been identified at the bottom.

abundances involves determining the primary atmospheric parameters, including
the effective temperature (T,ss), surface gravity (log g), microturbulent velocity
(&), and the line-broadening parameter (Vj,044), defined as the full width at half
maximum (FWHM) of a Gaussian line-broadening function representing the com-
bination of macroturbulence and rotational velocity (with macroturbulence often
playing a dominant role in the case of DCEPs).

A tool widely adopted in the literature for estimating effective temperature is the
line depth ratio (LDR) method (gray1991precise; Kovtyukh and Gorlova [KGO00]).
This method offers the advantage of being sensitive to temperature variations, while
remaining unaffected by abundance changes and interstellar reddening. Typically,
for each spectrum in our targets, we measured approximately 32 LDRs listed in

Section 4.3

105



Chapter 4

106

C-MetalL Survey VI

OGLE-GD-CEP-0026

| ;

| |

E-GD- CEP 1278
1

0.50-

H,,
foe—
—
L e
Lo
o—

|
[=N—N-]
NON
aou
T T
e
o—
——
—
o
J R
—l—
——

|
.50 OG]L
\

|
[=N=N—-N—N-]
NS
t‘ﬂﬁ
e
et
—a
——
—e
—
—e!
—]
E—
et
—et
— et

L
OGLE-GD-CEP-1290

[X/Hlyves — [X/H]harps

7\wk L] | +\ |
_3:3‘;+wﬁmwH”*HHTTHT
s

Figure 4.3: Differences between the UVES and HARPS chemical abundances for each star
observed with both instruments.

Kovtyukh and Gorlova [KG00]. The mean values and weighted standard deviation
were used as the final temperatures and errors.

For the remaining parameters (¢ and log g), we employed an iterative approach.
The estimation of microturbulence involved ensuring that iron abundances showed
no dependence on equivalent widths (EWs); that is, that the slope of [Fe/H] against
EWs is null. To achieve this occurrence, we initially measured the EWs of 145 Fe1
lines using a custom Python semi-automatic routine. The line sample was extracted
from the list published by Romaniello et al. [Rom+08], and the routine minimised
errors in continuum estimation on the spectral line wings. EWs were converted to
abundances using the WIDTHY code (Kurucz and Avrett [KA81]), applied to the
corresponding atmospheric model calculated using ATLAS9 (Kurucz [Kur93]). In
this calculation, the influence of log g was not considered, as neutral iron lines are
insensitive to it. Subsequently, surface gravities were estimated through a similar
iterative procedure, imposing ionisation equilibrium between Fe1 and Fe 11. The
adopted list of 24 Fe 11 lines was extracted from Romaniello et al. [Rom+08]. Errors
were estimated through the propagation of errors derived from the linear fits.

4.3.2 Abundances

To circumvent issues arising from spectral line blending due to line-broadening, a
spectral synthesis technique was applied to our spectra. Synthetic spectra were
generated in three steps: i) plane-parallel local thermodynamic equilibrium (LTE)
atmosphere models were computed using the ATLAS9 code (Kurucz [Kur93]),
employing the stellar parameters; ii) stellar spectra were synthesised using SYNTHE
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(Kurucz and Avrett [KA81]); and iii) the synthetic spectra were convoluted to
account for instrumental and line-broadening. This convolution was evaluated by
matching the synthetic line profiles to a selected set of observed metal lines.

For a total of 29 different chemical elements including Fe, it was possible to detect
the spectral lines used for the estimation of the abundances. For all elements, we
performed the following analysis: we divided the observed spectra into intervals,
25 Aor 50 Awide, and derived the abundances in each interval by performing a y?
minimisation of the differences between the observed and synthetic spectra. The
minimisation algorithm was written in Python, using the amoeba routine.

We considered several sources of uncertainties in our abundances. First, we
evaluated the expected errors caused by variations in the fundamental stellar
parameters of 6T,¢ = +150 K, §log g = + 0.2 dex, and 6¢ = + 0.3 kms™!. According
to our simulations, those errors contribute ~ + 0.1 dex to the total error budget. Total
errors were evaluated by summing in quadrature the value obtained by the error
propagation and the standard deviations obtained from the average abundances. For
those elements for which only one spectral line could be detected, we evaluated the
error only by considering error propagation on the fundamental stellar parameters.

The adopted lists of spectral lines and atomic parameters were taken from Castelli
and Hubrig [CH04], who updated the original parameters of Kurucz [Kur95]. When
necessary, we also checked the NIST database (Ralchenko and Reader [RR19]). In
Fig. 4.2, we plot an example of some of the spectra analysed in this work. More
details about the spectral lines that can be typically detected and used to estimate
chemical abundances can be found in R21 and T23. The final list of LTE abundances
for all the stars is reported in Table 4.2. All the abundances are referred to the solar
value (grevesse2011chemical).

4.4 Results

4.4.1 Abundances results

As a first step in the analysis of our results, we verified that for the three targets
observed with both UVES and HARPS-N and mentioned in Sect. 4.2.2 we find
consistent results among the estimated abundances. In this perspective, the homo-
geneity in the analysis method should not be influenced significantly by the use
of the different instruments to observe our targets. As is shown in Fig. 4.3, for all
three stars we find comparable chemical values between the UVES and HARPS
spectra and no systematics are detected.

In Fig. 4.4, we show histogram distributions of each derived element abundance,
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Figure 4.4: Histograms of the distribution of the chemical abundances derived in this study.
Gaussian fits have been superimposed (dashed red lines) with the respective mean value
and FWHM reported in each panel.

for a total of 29 different chemical species. Bins have been fixed to 0.15 dex, reflecting
typical error values. Each distribution has been fitted with a Gaussian curve. It is
worth noting that most of these Gaussian curves have FWHM > 0.25 dex, which
means that for these elements we have an almost homogeneous distribution over
a broad range of values. Moreover, when confronting current Fig. 4.4 with Fig. 3
of T23, it is possible to appreciate how this new sample better covers the whole
range of abundances without sharp ‘jumps’ among bins that appeared in T23 for
elements (see for example the O, Ca, and Fe panels). We complemented our sample
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Figure 4.5: Chemical elements in the form of [X/Fe] plotted against the iron content. The
colours differ according to the particular instrumental equipment, specifically in red the
UVES spectra, in green the HARPS spectra, and in blue the ESPaDOnS spectra. The targets

from R21 and T23 are depicted in orange and yellow, respectively (see also Fig. 4.6 and 4.9
for the colour legend).

with those presented in the previous C-MetaLL papers, R21 and T23, reaching a
total of 292 pulsators analysed homogeneously.

109



Chapter 4

110

C-MetalL Survey VI

i o R21

0.8 o . o T23

0.6l e ESPaDOnS
i '.. ® oo e HARPS

O4H.W.OQ ................................ e UVES

[a/Fe] [dex]

‘ L L ‘ L
-1.0 -0.5 0.0 0.5
[Fe/H] [dex]

Figure 4.6: a-elements abundance in the form of [a/Fe] plotted against the iron content.
The colour pattern, the same as in Fig. 4.5, is described in the upper right legend. The
horizontal dotted blue lines highlight [«/Fe] abundances at 0.4, 0.2, and 0 dex. Typical
errors for the abundances are around 0.15 dex.

In Fig. 4.5, we plot each element (in its [X/Fe] form) in relation to iron. Generally,
we confirm all the trends already found in R21 and T23, in which we divided the
chemical species into groups according to their main channel of formation within
the stellar evolution models. In more detail, for light and a elements (from C
to Ti), we observe a descending behaviour at lower metallicities until [Fe/H] ~ -
0.5 dex, with a flattening effect at higher values. Moreover, we note that while
in T23 the region with over solar abundances at lower [Fe/H] was poorly pop-
ulated with stars that appeared as outliers (yellow points), in this work we can
confirm a negative trend that flattens at higher iron abundances. In Fig. 4.6, we
have plotted the a elements versus [Fe/H] (to estimate a, we used the average
between [Mg/Fe], [Si/Fe], [S/Fe], [Ca/Fe], and [Ti/Fe]), confirming the « enhance-
ment at lower metallicities that had already been observed in the literature from
both an observational (Hayden2015; duffau2017; Trentin et al. [Tre+23]) and a
theoretical (tinsley1979; matteucci1990; palicio2023) context. It is important
to highlight that [Fe/H] and [a/Fe] depend on both age and birth radius (see for
example wielen1996birth; ness2019galactic). Since all the objects are Cepheids,
the relation illustrates the [Fe/H] dependence of [a/Fe] at a fixed age. In other
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words, [Fe/H] represents in this case the (birth) Galactocentric radius rather than

age.

We note that for the Sc element,
most of the low-metallicity stars stud-
ied in this paper appear systemati-
cally less abundant (around solar val-
ues) and with a flatter distribution
than those presented in T23, which
are clearly over-abundant and with
a slight descending trend towards
higher [Fe/H] values. In order to in-
vestigate this discrepancy between
the two samples, we selected stars
with similar atmospheric parameters
(and possibly similar [Fe/H] abun-
dances) and compared the spectra
around the available scandium lines.
An example with the two targets, BQ

11 BQ_Vel —— ATLAS_J104.8954-08.3771
. | | i | !

o TN ]

4
©

e
&
|

ATeff = 40 K
.7~ Alogg = 0.3 dex
Af=0kms?
0.6 AlFe/H] = 0 dex 4

Normalized flux
)
9

0.5 —
Fell Fel ! Scll Mgl Y

0.4

5374 5525 Ss‘mgﬂm‘ 5528 55295330
Figure 4.7: Example of two spectra around
the Sci line at A4 5526.818Afor the stars
BQ Vel (in yellow from the T23) and ATLAS-
J104.8954-08.3771 (in red from the UVES sam-
ple analysed in this paper). Other spectral
lines are highlighted with dashed black lines.
Atmospheric parameters and metallicity dif-
ferences between the two targets are reported.
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Vel from T23 and ATLAS-]J104.8954-

08.3771, is shown in Fig. 4.7. It was indeed found that stars from T23 show more
intense Sc lines (that is, higher abundances) than those presented in this work. This
suggests that this effect could be real and not caused by systematics in the analysis.
Possible effects due to different instruments are also excluded since most of the
stars involved were observed with UVES.

Iron peak elements (from V to Zn) present a descending trend over the range of
metallicities, with the exceptions of Mn and Zn, which appear flatter. It is worth
noting how for the latter element the objects presented in this work, observed
with UVES (red points), populate the over-solar and solar abundance zone at lower
metallicities, while most of the previous targets from T23 (also observed with UVES)
were found to be under-solar. This is a similar but opposite behaviour to the Sc
case. In the wavelength range covered with the UVES instrument, however, there
is only one available neutral zinc line at A1 6362.338 A. Although this line is weak
and could be difficult to detect when the S/N is not optimal, a difference in the line
depth has indeed been observed as in the case of Sc (see Fig. 4.8). A similar study
has been performed for the Copper, for which there are two neutral lines, at A2
5105.5 and 5218.201 A. In this case, the UVES targets are slightly under-abundant
with respect to the other samples, but again a visual inspection confirmed this
difference.
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For heavier elements (from Sr to
Gd), we either find a descending be-
haviour (Y, Ce, Pr, Gd) or a sort
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and Eu), after which we find that 085 Fel
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i gure 4.8: Example of two spectra around
related to open cluster (OC) studies the Zn1 line at A1 6362.338Afor the stars
(e.g. molero2023) and is typical of  oGLE-GD-CEP-0228 (in yellow from the T23)
those elements produced via the s-  and OGLE-GD-CEP-0048 (in red from the
process. While the descending branch  UVES sample analysed in this paper). Other
at higher metallicities is caused by the ~ spectral lines are highlighted with dashed
iron production from SNe Ia, at lower ~ black lines. Atmospheric parameters and
metallicities pollution from low- and  metallicity differences between the two tar-
intermediate-mass stars during the  gets are reported.

AGB phase cause the rising trend.

Given the low number of stars, we cannot draw a firm conclusion for both Sr
and Sm. As happened for Sc, Cu, and Zn, and also for the zirconium (Zr 11 line at A1
6114.853A), there seems to be a sort of bifurcation at the low-metallicity tail. We
point out that we found the arch-form trend for some of the r-process elements as
well (i.e. La and Eu).
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4.4.2 Radial gradients and spatial distribution

Following the same procedure described in R21 and T23 and outlined in Sect. 4.2.1,
we estimated the Galactocentric distances, Rgc, and estimated the radial gradients
for all the available chemical species. All of the fits were carried out with the python
LtsFit package (Cappellari et al. [Cap+13]), which allows one to use weights on both
axes and implements a robust outlier removal and error estimation of the fitted
parameters. In Fig. 4.9, we plot the iron radial Galactic gradient. As was expected,
we found a clear negative trend. Moreover, an almost homogeneous distribution in
metallicity is reflected in a homogeneous distribution in terms of distance, with the
stars spanning a Galactocentric distance between 5 and 20 kpc.

Since in T23 we lacked a fair amount of stars with distances between 12 and
16 kpc and we had to complement the sample with literature stars, we might find
different results between the current work and the previous one. One first difference
is indeed the lack of a visible break at around 9.25 kpc. This is confirmed when
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Figure 4.9: Galactic iron radial gradient. The colours are the same as in Fig. 4.5. The black
line represents the linear fit computed. Results of the fit are reported both in the figure and
in Table 4.4. Typical errors for [Fe/H] are around 0.15 dex.

trying to compute a two-line fit that overlaps almost perfectly with the current
result. From a quantitative point of view, we did not note a big discrepancy in the
value of the slope. In more detail, we found a slightly higher value (in an absolute
sense) but still comparable with both the single-line case and the inner slope of the
two-line fit. Similarly, when considering the results in T23 obtained after a binning
division of the sample, to compensate for the non-uniform distribution, the overall
slope is in agreement with our most recent study (there is a good agreement with
the two-line fit as well). This puts a further emphasis on the importance of having
access to as uniform and homogeneous a sample of stars as possible in terms of
distance (and metallicity), one of the key points of the C-MetaLL project. Similarly
to what happened in T23, we found some outliers quite far below the linear fit.
These objects were observed mostly with UVES (red and yellow points) but stars
observed with HARPS (orange and green points) are found as well. Since all the
spectra were analysed with the same method and the measurement errors do not
justify their behavior, we can consider these outliers to be real.

In Fig. 4.10, we show the radiant galactic gradient for the other 28 elements. The
estimated coefficients, together with the root mean square (rms), are listed in Table
4.4. These results generally agree with those listed in T23. As was already seen
in T23, Ba has the largest dispersion. Other elements (i.e. Sc, Ti, and Zn) present
instead a difference of >0.01 dex kpc™!. In these cases, we tried to repeat the linear
regression including the literature sample used in T23 as well, obtaining results
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Figure 4.10: Galactic radial gradient for all the estimated chemical elements. The lines and
colours are the same as in Fig. 4.9. The linear coefficients are listed in Table 4.4

in perfect agreement with those of this work, once again highlighting the role of
the farthest (and most metal-poor) objects and their weight in the linear fit. This is
further highlighted when considering the significant difference in the number of
objects used in the two works, counterbalanced by the homogeneity of the analysis
and the sampling of the stars along the Galactocentric radii.



To achieve more information about
the distribution in the Galaxy of
our sample, we have plotted our tar-
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Table 4.4: Results of the fitting. Coefficients
of the linear fit of the form [X/H]=a X Rgc + f8
with relative dispersion coefficient.

. . R El o B rms
gets in polar coordma?es in Fig. 4.1 1 (dex kpc—) (dex) (dex)
We computed the azimuthal gradi- "= 5067+ 0003 032020035 013
ent at different Rgc but we did not O  -0.044 + 0.004 0.329 + 0.050 0.19
find significant results (see Fig. 4.12). ~ Na -0.061 +0.003 0.828 +0.039 0.16
Given the peculiar distribution al- ~ Mg -0.055+0.004 0488 +0.047 0.19
readv discussed in T23. we superim. Al "0-044 %0003 0.486%0.035 0.12

Y CIScusse » W€ SUperin Si -0.049 +0.002 0.501 +0.029 0.08
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Reid et al. [Rei+19] (a similar study Ca -0.055+ 0.003 0.434 +0.035 0.15
has been done by drlmme12024) Sc  -0.061 + 0.006 0.736 + 0.071 0.33
As was already done in Minniti et 371 'g'ggz * g'ggi 8'3?2 * g'giz 8'12

. -0. + 0. . + 0. .

al. [M‘m+21] for stars beyond the . 0514 0003 0458 +0038 0.14
Galactic bulge, we extended the out-  Mp -0.078 + 0.004 0529 +0.044 0.17
ermost spiral structures and obtained Fe -0.064 +0.003 0.530 + 0.029 0.11
a qualitative fit for the furthest stars. ~ Co -0.035£0.004 0.422£0.053 0.20
The slight adjustments to the spiral Ni -0.061 +0.003 0478 +0.034 0.1
thin th Cu -0.035+ 0.005 0.236 + 0.059 0.26

structure parameters are within the 7, 479 + 0,003 0.451+0.035 0.1
1o errors reported in Table 2 by Reid Sr  -0.032 + 0.009 0.496 + 0.088 0.15
et al. [Rei+19]. In more detail, we Y -0.041 +0.004 0.366 +0.049 0.22
notice that at distances larger than ~ Zr -0.031+0.005 0.474 +0.057 0.23
12.5 kpc, most of the targets studied Ba -0.043+0.006 042940073 033
oy N fincl N La -0.030 +0.004 0.319 +0.044 0.19
In this work seem to finely trace the . 002 +0.002 0.037 +0.026 0.10
Outer arm, while those presentedin ~ Pr  0.003 +0.004 -0.329 + 0.044 0.13
T23 seem to better fit the extension Nd -0.031 +0.003 0.245 + 0.039 0.16
to the second and third Galactic quad- im -0.008 +0.008 0.077 +0.077  0.15
u -0.032 +0.005 0.209 + 0.054 0.13

rants of the Sct-Cen-OSC arm (and Gd 0.003 +0.006 0.178 +0.071 0.21

not the Outer one stated in T23). The
fit presented in this paper could be a

pivotal piece of information in extending the OSC arm, which is poorly constrained

in this region of the MW (see e.g. Dame2011; sun2015; Minniti et al. [Min+21]

and Reid et al. [Rei+19]).

Taking into consideration this information, we can find a possible justification
for the anomalous behaviour of the DCEPs studied here concerning the Sc, Cu, Zn,
and Zr abundances that have been discussed in the previous section. As is shown
in Fig. 4.13, the evident and abrupt abundance change for the outermost stars could
be because these two ‘blocks’ of stars are tracing two different spiral arms (Outer
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Figure 4.11: Galactic polar distribution of the stars. The new targets presented in this
work are highlighted with black borders. The points are colour-coded according to [Fe/H]
values and specified on the colour bar. The position of the sun is shown with a yellow-black
symbol. Spiral arms from Reid et al. [Rei+19] are superimposed. The colours are explained
in the upper right legend.

and OSC) and not only the Outer arm stated in T23."” No firm conclusion could be
drawn about the opposite behaviour of Zn compared with the other three elements.
Lastly, it is worth noting that minor differences may also be seen in the interval 6-11
kpc (for example in Sc, Cu, and Zr) between the different samples of our project.
Since we can exclude a bias between the different samples (see e.g. Fig. 4.7 and 4.8

19 Note that the stars investigated in T23 were on average slightly more distant than the ones
studied in this work
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Figure 4.12: Galactic iron azimuthal gradient for different Rgc ranges. The colours are the
same as in Fig. 4.5. The dashed black line represents the linear fit computed. In each panel,

results of the slope are reported as well as the R range.

and the relative discussion), these differences may be real and explained by the

association of our stars with different spiral arms.

4.5 Comparison with recent literature results

In this section, we compare our results with those found in the literature in recent
years. Similar to what was done in T23, we focus our attention on studies involving
either Cepheids or OCs, since they span a wide range of ages and represent optimal
tracers. Since our slope is in agreement with our previous work, we refer to this
paper for a comparison with less recent literature works to avoid redundancies
in the discussion. Recently, daSilva2023 collected 356 DCEPs and compared the
linear and logarithmic regression along the Galactocentric distance axis for [Fe/H],
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Figure 4.13: Galactic polar distribution of the stars. The new targets presented in this work
are highlighted with black borders. The points are colour-coded according to the chemical
element specified on the colour bar. The position of the sun is shown with a yellow-black
symbol. We alert the reader to the different colour bar scales for each element.

[O/H], and [S/H], finding a change of slope that flattens after around 12.5 kpc,
a feature not found in this work. Regarding the linear fit, their values strongly
disagree with ours:

O : (—0.029 + 0.006)Rgc + (0.21 + 0.05)

S: (—0.081 + 0.004)Rgc + (0.59 + 0.03)

Fe:(—0.041 + 0.003)Rgc + (0.32 + 0.02)
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Comparison with recent literature results

As was already stated in their work, a possible explanation could be related to the
different models used to derive abundances (see their section 4.1) and distances
(see their section 2.3). Another cause of this discrepancy could be related to the
different amount of targets available at Rgc>15kpc. Nonetheless, similarly to what
was stated in their work, we find a strong difference between the O and S gradients,
the latter being considerably steeper than the former.

In the near-infrared Yj bands, Matsunaga2023 reveal for the first time a gradient
through the analysis of 16 cepheids, with a possible steepening of the gradient
for Rge> 5.6 kpe. Although their fit for Rgc<15 kpc DCEPs ([Fe/H]= (—0.050 +
0.003)Rgc + (0.423 £ 0.029) including literature stars from Luck [Luc18] results in
slightly steeper slope than daSilva2023, it is still in disagreement with our slope
by more than 20. We point out how in this case the work of Matsunaga2023 is
mostly focussed on the inner Galactic disc.

In a recent study related to OCs, Magrini2023 use a sample of objects available
in the final release of the Gaia—ESO survey, for a total of 67 open clusters. Their
slope from a single line fit, [Fe/H] = (—0.054 + 0.004)Rgc + (0.474 + 0.045), is
flatter by more than 1o. On the other side, when considering a two-line fit with
a break at Rgc = 11.2kpc, an agreement with their inner slope is found ([Fe/H] =
(—0.081 + 0.008)Rc + (0.692 + 0.068)) only at 20. Although their outer slope is
considerably flatter ([Fe/H] =(—0.044 + 0.014)Rgc + (0.376 + 0.178)), there is still
statistical agreement.

A similar discussion applies to the study by yogesh2024, who collected a re-
markable sample of 1879 OCs to study the evolution of metallicity in the Galactic
disc. About 90% of their objects are younger than 1 Gyr and the resulting slope (for
Rgc<12.8kpc) is in agreement with our work (—0.070 + 0.002 dex kpc™') at 1.5 o.

In their investigation into the origin of neutron-capture elements, molero2023

Section 4.5

derived chemical evolution models, starting with the two-infall model by chiappini1997,

and confronted them with observational data from the 6th Data Release of the
Gaia—ESO survey. Their observation (with OCs) and prediction (Model R-150) for
the present-time radial gradient for [Fe/H] and [Eu/H] are in good agreement with
our results (see their table 2).

Except for a slightly shallower slope documented in netopil2022 (—0.058 dex
kpc™?!), derived from a merged dataset of individual studies and the Apache Point
Observatory Galactic Evolution Experiment (APOGEE) survey comprising 136 OCs,
our findings align well with several other OC studies previously explored in depth
by Magrini2023, specifically those by spina2022 and zhang2021a, which report
slopes of —0.064 + 0.007 and —0.066 + 0.005, respectively.

On the contrary, myers2022 identify a somewhat steeper slope (—=0.073 + 0.002
dex kpc™1), although one that is statistically consistent when focussing solely on
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young OCs (age < 1Gyr) (refer to table 2 of Magrini2023). Of note are the findings
of Magrini2023, particularly in their tables A.8 and A.10, for which linear weighted
fits were conducted for various chemical species. Overall, strong concordance is
observed both in the overall fit and when restricting the analysis to young OCs
(age < 1Gyr).

4.6 Summary

In the context of the C-Metal.L project, we have presented the results obtained
from 331 HiRes spectra collected with the UVES/VLT, HARPS-N/TNG, and ES-
PaDOnS/CFHT instruments for a sample of 180 individual DCEPs located over a
wide range of Galactocentric radii (5< Rgc < 20 kpc). For each target, we derived
accurate atmospheric parameters, radial velocities, and abundances for up to 29
different species. The iron abundances range between +0.5 and —1 dex with a rather
even distribution of DCEPs with metallicity. The sample presented in this paper
was complemented with the data already published in the context of the C-MetaLL
survey, resulting in a total of 292 pulsators whose spectra have been analysed in
a homogeneous way. In this work, we have exploited our homogeneous sample
to study the abundance gradients of the Galactic disc in a range of Galactocentric
radii spanning the range of 5-20 kpc. Here, we report the main results of this work:

« Studying the relation between each chemical species (in its [X/Fe] form)
and iron, we observe an a enhancement for [Fe/H]< —0.5 dex. This is a
well-known occurrence, already observed both empirically (Hayden2015;

duffau2017; Trentin et al. [Tre+23]) and theoretically (tinsley1979; matteucci1990;

palicio2023). At higher metallicities, this negative trend flattens.

« Iron peak and heavy elements generally present a negative gradient compared
with the iron content, while those produced via the s-process (namely, Zr, Ba,
and La) show an arch-form behaviour (molero2023), with a change of trend
at [Fe/H] =~ —0.2 dex.

« For some elements (Sc, Cu, Zn, and Zr), we have found an apparent bias in
the abundances between T23 and this study at lower metallicities, with Zn
having an opposite behaviour to what appears for Sc, Cu, and Zr. Based on
a direct visual comparison of the spectra for stars with similar atmospheric
parameters and iron content, we have confirmed the difference in the line
depths for the available spectral lines for these elements.



Summary

« As was expected, we have found a clear negative radial gradient for most of
the elements (except Ce, Pr, Sm, and Gd). Our targets are evenly distributed
over a broad range of distances. When complementing our sample with other
literature stars from other works (as was done in T23, for example), the slopes
do not significantly change. Good agreement is found with other DCEP and
OC works in the most recent literature.

« Focussing on the case of iron, we did not find any evidence for a break at any
galactic radii and the estimated slope (—0.064 + 0.003 dex kpc™!) is in good
agreement compared with both the single-line case of Trentin et al. [Tre+23]
and the inner slope (when considering their two-line case).

« Superimposing the polar distribution of our dataset with the Galactic spiral
arms (Minniti et al. [Min+21] and Reid et al. [Rei+19], we found a qualitative
fit for our farthest star, which traces both the Outer and the extension of OSC
arms. Should this result be confirmed in further works, it would be possible
to put better constraints on both the spiral structures in a region that is still
poorly explored (in particular on the OSC arm).

« The possible association of our targets with the two spiral arms mentioned
above could qualitatively justify the apparent change of abundance trend
for Sc, Cu, Zn, and Zr. Interestingly enough, the polar representation of the
distribution of these four elements shows a peculiar behaviour of zinc. This
species appears more abundant in the stars associated with the Outer arm,
while the opposite is visible for Sc, Cu, and Zr. No clear explanation has been
found for this behaviour.

Finally, the homogeneous sample of DCEPs with metallicities from HiRes spec-
troscopy will be exploited in a forthcoming paper for the study of the metallicity
dependence of the DCEP PL relations.
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Figure 4.14: Light curves in the Gaia bands for the three stars with uncertain classification.
The dashed lines show the phases at which the spectra were observed.
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4.A Stars with uncertain classification

As mentioned in Sect. 4.2.1, the three stars Gaia DR2 4087335043492541696, ASAS-
SN J165340.10-332041.7 and V532 Sco deserve an in-depth analysis to ascertain
whether or not they could be type II Cepheids. To this aim, we plot in Fig. 4.14
the light curves in the Gaia bands for the three stars, where the phases at which
the spectra were observed are reported. These light curves were used by Ripepi
et al. [Rip+23] to classify these objects as fundamental DCEPs. However, the three
stars have been classified as belonging to the W Vir class (type II Cepheids) by
several authors in the literature. In more detail:

« Gaia DR2 4087335043492541696, also known as V410 Sgr or OGLE BLG-
T2CEP-1340 has been classified as W Vir by several authors in the litera-
ture, e.g. Jurkovic2023 based on Kepler K2 data and S0s2020 based on
V, I photometry in the context of the OGLE (Optical Gravitational Lensing
Experiment) survey, just to mention the most recent works.



Stars with uncertain classification
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Figure 4.15: Left panel- Ha profiles for the three stars with uncertain classification. Profiles

are plotted in the rest frame of the stellar atmosphere as measured from the metal lines.

Phases at which the spectra were observed are reported in the plot. Right panel- Ha profiles
for classical cepheids extracted from our sample, with similar periods and phases.

« ASAS-SN J165340.10-332041.7, also known as OGLE BLG-T2CEP-1089 has
been considered as DCEP by Jayasinghe2018 and Skowron et al. [Sko+19],
but lately re-classified as W Vir by S0s2020.

+ V532 Sco, also known as SVHV 10484 or OGLE BLG-T2CEP-1229 has been
classified as W Vir by Harris1985, a classification subsequently confirmed
by S0s2020.

We analyse now the spectra of the three stars searching for features which
could possibly allow us to classify them in terms of DCEPs or W Vir stars. As
showed in Fig. 4.15, we focus our attention to the H, region where, according to
Schmidt2004 two features, due to the presence of violent shocks in the moving
atmospheres of the type II Cepheids can help us to distinguish between Type I
and type II Cepheids: i) the difference in velocity between the H, and the metallic
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Figure 4.16: Ha profiles for OGLE CEP-CD-0069. As in Fig. 4.15 profiles are plotted in the
rest frame of the stellar atmosphere as measured from the metal lines. The overplotted
synthetic spectra have been calculated with the respective parameters reported in Table 4.3
and Table 4.2. Phases at which the spectra were observed are reported in the plot.

lines and ii) the presence of strong emission in H, from approximately half the
cycle till phase 0.1 after the maximum. The left panel of Fig. 4.15 shows the three
epoch spectra of Gaia DR2 4087335043492541696 and the single-epoch spectra for
ASAS-SN J165340.10-332041.7 and V532 Sco. For comparison, the right panel shows
the spectra of different DCEPs with periods and phases similar to those of the three
investigated stars. The difference in velocity between H, and the metallic lines can
be clearly seen for Gaia DR2 4087335043492541696, especially at ¢ =0.13 and 0.51,
and for ASAS-SN J165340.10-332041.7. However, similar differential velocities can
also be seen in DCEPs, therefore, as noted by Schmidt2004, this feature is not a
good discriminant, at least for periods larger than 8 days. However, the presence
of H, emission or P-Cygni profiles (both direct and inverse) is evident in almost
all the left-panel spectra, while it is almost absent among DCEPs. An exception
appears to be V532 Sco, whose spectrum is the most similar to the relative DCEPs’.



Phases for seven DCEPs devoid of Gaia periods and epochs of maximum light.

On these bases we conclude that Gaia DR2 4087335043492541696 and ASAS-SN
J165340.10-332041.7 are almost certainly W Vir pulsators, while the classification of
V532 Sco remains uncertain. As for OGLE CEP-GD-0069, Fig. 4.16 show the spectra
at three different phases in comparison with synthetic spectra calculated with the
proper atmospheric parameters. The same arguments adopted for the previous
three stars attains in this case, and we can confirm that OGLE CEP-GD-0069 is a
type II Cepheids of BL Her subtype.

4.B Phases for seven DCEPs devoid of Gaia periods
and epochs of maximum light.

To use epochs close to the spectroscopy observations we proceeded as follows:

« AP Sgr: the period and epoch of maximum light was calculated directly from
Gaia DR3 G-band time series using the Period04 package (Lenz2005). As a
result, we obtained P=5.05790 days and Epoch=58992.77858 days, where the
errors are on the last digits.

« TMon, USgr: for these stars, we have recent periods (at epoch 59591.5
days) provided by Csornyei2022. To determine epochs close to our ob-
servations we used again Period04 but imposed the period instead of recal-
culating it. Therefore the adopted periods and epochs of maximum light
are P=27.033911203 days; Epoch=59576.79823 days; P=6.745265182 days
Epoch=59587.19128 days for T Mon and U Sgr, respectively.

« ASASJ060722+0834.0, DP Mon, NSVS 2150508; V981 Mon: for these stars we
adopted periods and epochs of maximum light from the All-Sky Automated
Survey for Supernovae (ASAS-SN Shappee2014; Christy2023.
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Conclusions

In this thesis, we explored the importance of spectroscopic analysis using High-
Resolution spectra for Classical Cepheids and the influence of the metallicity in
calibrating the PLZ and PWZ relations. The core of the thesis was based on three
published papers, part of the C-MetaLL project.

In Chapter 2 and 4 we presented the results obtained from a total of around 400
HiRes spectra collected with the UVES/VLT, HARPS-N/TNG, and ESPaDOnS/CFHT
instruments for a sample of 65 and 180 individual DCEPs, respectively. These
stars are located over a wide range of Galactocentric radii (5< Rgc < 20 kpc). For
each target, we derived accurate atmospheric parameters, radial velocities, and
abundances for up to 29 different species. The iron abundances range between +0.5
and —1 dex, constituting the most metal-poor Classical Cepheids ever studied with
high-resolution spectroscopy in the MW disc and extending the metallicity range
of the MW DCEPs even below the metallicity of the Small Magellanic Cloud (SMC)
DCEPs (see Romaniello et al. [Rom+08]).

In more detail, in Chapter 2, we provided an effective temperature estimate using
two distinct procedures: the LDR method and minimizing the correlation between
abundance and excitation potential. When both methods were applied to a star,
they yielded consistent results. These techniques were introduced in Chapter 1,
alongside the methodology for estimating microturbulence velocity, surface gravity,
and broadening velocity.

To expand our sample, we incorporated recent samples from the literature, com-
piling a dataset of 637 confirmed DCEPs with individual metallicities obtained from
high-resolution spectroscopy. For these objects, we utilized Gaia EDR3 photometry
and iron abundance measurements to determine distances using the PWZ relation
in Gaia bands (Ripepi et al. [Rip+22]). With this broader dataset, we revealed a spa-
tial distribution forming a spiral arm spanning approximately 60 degrees in azimuth
at a nearly constant Galactocentric distance of 16-18 kpc. Initially, we hypothesized
that these more distant data points traced the Outer Arm. The distribution of DCEPs
above and below the Galactic disk plane shows an increasing scatter for ¢ > 0
and Rgc > 10 kpc, where a warp in the disk becomes evident beyond Rgc > 10
kpc. Our data suggest that the disk continues to bend with a similar slope between
15-18 kpc, potentially extending up to 25 kpc, although we only have one star at
this extreme distance, with none between 20 and 25 kpc. Conversely, for ¢ < 0, the
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warp is barely discernible, though data are sparse beyond Rgc > 13 kpc, limiting
firm conclusions. Finally, we investigated the metallicity gradient of the Galactic
disk, finding a slope of —0.060 + 0.002dexkpc™?, consistent with prior studies on
DCEPs and open clusters. We also identified a potential break in the gradient at
Rge = 9.25 kpc, with slopes of —0.063 + 0.007 and —0.079 + 0.003dexkpc™! for the
inner and outer samples, respectively, differing by more than 1c.

With the available extended metallicity range, in the fourth paper of the C-
MetaLL series (Chapter 3), we analyzed the metallicity dependence of PL relations
in the bands Ggp, Ggp, G,1,V, J, H, and K, and of PW relations in the Wesenheit
magnitudes WG,Bp_Rp, WH,V—L WI_CI{_{I/S_TI, V\/},]_K, and WV,V—K-

Our final sample included 910 DCEPs with [Fe/H] values either from high-
resolution spectroscopy or based on Gaia RVS data from DR3. We compiled a
table for these stars, listing photometry in the bands Ggp, Ggrp, G, 1, V, J, H, and Kg,
alongside metallicity and astrometry from Gaia DR3.

We conducted our analysis using several combinations of samples, based on
either using metallicities solely from literature data or also incorporating Gaia DR3
results and whether to include first overtone pulsators (whose period was properly
fundamentalised following Alcock et al. [Alc+95] and Feast and Catchpole [FC97]).
The main difference between using the F and F+10 samples is that larger error bars
are found in the former case, especially for the y and J coeflicients. To estimate the
parameters of the PLZ/PW Z relations, we used the ABL formalism, allowing us to
treat parallax @ linearly and preserve the statistical properties of its uncertainties.
Furthermore, the PLZ and PW Z relations were examined using two models: one in
which metallicity affects only the intercept (three-parameter model) and another
in which it influences both the intercept and slope (four-parameter model).

Regardless of the fit and the sample used, both the intercept and slope of the PLZ
relations (« and f) showed a linear dependence on wavelength and we provided a
linear fit between these coefficients and A71. Due to limited wavelength coverage,
no definite trend could be found for the PW Z relations. Similarly, the dependence
of the slope on metallicity (5 coefficient) remains undetermined. Although for some
cases this parameter results comparable with zero (within 1), in other cases we
reported a positive value ranging between 0 and +0.5. On the other side, we found
a negative dependence of the intercept on metallicity (y-coefficient) for all the PL
and PW relations, stronger than those listed in the recent literature (between —0.2
and —0.4 dex). For the three-parameter solutions, the values of y were around
—0.4 : —0.5 dex, and they slightly decreased in an absolute sense for the four-
parameter solutions. No clear dependence on wavelength was found. Following
what was done in the first paper of the C-MetaLL project (Ripepi et al. [Rip+21a]),
we explored the effect of including a global zero point offset to the individually
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corrected parallaxes according to Lindegren et al. [Lin+21]. Two cases were taken
into consideration: an offset of —14 pas (Riess et al. [Rie+21a]) and another —22 pas
(Molinaro et al. [Mol+23]).

Although the general consequence was to decrease (in the absolute sense) the
value of y, almost aligning our results with those from the literature, a dramatic
effect was reported when estimating the geometric distance of the LMC. Using
Pietrzynski et al. [Pie+19] as a reference, we found that good agreement for the
distance of the LMC is found for values of the offset in between null and the 14 pas
values. A special case is the WCCI{I{‘S,L magnitude, for which the Riess et al. [Rie+21a]
offset represents the best correction.

Although the sample’s unbalanced distribution in metallicity did not affect sig-
nificantly the previous results, it remains of fundamental importance to build a
more homogeneous sample, possibly with an even distribution in the metallicity.

Such a sample was presented in Chapter 4, composed of objects published only
in the context of the C-MetaLL survey, resulting in a total of 292 pulsators. In the
sixth paper of the project, we partially rectified some of the results presented in
Chapter 2. In particular, we did not find any evidence of a break at any galactic radii,
and the newly estimated slope(—0.064 + 0.003 dex kpc™!) was in good agreement
with both the single-case scenario and the inner slope for the two-line case of
Chapter 2. Furthermore, we superimposed the Galactic spiral arms adapted from
Minniti et al. [Min+21] and Reid et al. [Rei+19] to the polar distribution of our new
homogeneous sample, finding that a better fit for the stars presented in Chapter 2
(Trentin et al. [Tre+23] put them in the extension of OSC arms, while closer stars at
~ 12.5 kpc fit the Outer arm. These results offer the possibility of further studying
the Galactic structure in regions still poorly constrained, as in the case of the OSC
arm. Other peculiar behaviours emerged for other elements (Sc, Cu, Zn, and Zr)
in the form of an abundance shift, with Zn acting oppositely respect with to the
other elements. At first, we confirmed the existence of these "anomalies" through
a direct visual inspection of the spectral lines generated by these elements. The
different depths of the lines for stars with similar atmospheric parameters and iron
content are translated in a difference of abundance. Then, looking at the previous
associations of our object with the Galactic arms, we could qualitatively justify the
abrupt change of abundances for Sc, Cu, Zn, and Zr. These element species appear
more abundant (or less abundant for Zn) for the stars associated with the OSC arm.

In the future, the homogeneity of the sample will be of pivotal importance for the
study of the metallicity dependence of both PLZ and PW Z relations, especially in
the present state where the size of the sample is becoming large enough to be used
alone without the need to include other sources of literature outside the C-MetaLL
project. Further observations will offer the opportunity to better constrain the
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dependence on the metallicity of both the intercept and the slope. In particular,
regions in the Galactic anti-centre direction are the most promising targets for
future observations, where DCEPs are expected to have [Fe/H]< —0.3 : —0.4 dex,
and can therefore be used to further populate the metal-poor tail of the DCEP
distribution. However, far Cepheids are more affected by the dust, so they might
be too faint to be observed in the optical bands. This is why another possible road
to drive can be the observation of Classical Cepheids in the NIR bands, where the
extinction is greatly reduced.
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