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ABSTRACT

Context. Classical Cepheids (CCs) are solid distance indicators and tracers of young stellar populations. Dating back to the beginning
of the 20th century, they have been safely adopted to trace the rotation, kinematics, and chemical enrichment history of the Galactic
thin disk.
Aims. The main aim of this investigation is to provide iron, oxygen, and sulfur abundances for the largest and most homogeneous
sample of Galactic CCs analyzed so far (1118 spectra of 356 objects). The current sample, containing 70 CCs for which spectroscopic
metal abundances are provided for the first time, covers a wide range in galactocentric distances, pulsation modes, and pulsation
periods.
Methods. Optical high-resolution spectra with a high signal-to-noise ratio that were collected with different spectrographs were
adopted to provide homogeneous estimates of the atmospheric parameters (effective temperature, surface gravity, and microturbu-
lent velocity) that are required to determine the abundance. Individual distances were based either on trigonometric parallaxes by the
Gaia Data Release 3 (Gaia DR3) or on distances based on near-infrared period-luminosity relations.
Results. We found that iron and α-element radial gradients based on CCs display a well-defined change in the slope for galactocentric
distances larger than ∼12 kpc. We also found that logarithmic regressions account for the variation in [X/H] abundances from the inner
to the outer disk. Radial gradients for the same elements, but based on open clusters covering a wide range in cluster ages, display
similar trends. This means that the flattening in the outer disk is an intrinsic feature of the radial gradients because it is independent of
age. Empirical evidence indicates that the S radial gradient is steeper than the Fe radial gradient. The difference in the slope is a factor
of two in the linear fit (−0.081 vs. −0.041 dex kpc−1) and changes from −1.62 to −0.91 in the logarithmic distance. Moreover, we found
that S (explosive nucleosynthesis) is underabundant on average when compared with O (hydrostatic nucleosynthesis). The difference
becomes clearer in the metal-poor regime and for the [O/Fe] and [S/Fe] abundance ratios. We performed a detailed comparison with
Galactic chemical evolution models and found that a constant star formation efficiency for galactocentric distances larger than 12 kpc
accounts for the flattening observed in both iron and α-elements. To further constrain the impact of the predicted S yields for massive
stars on radial gradients, we adopted a toy model and found that the flattening in the outermost regions requires a decrease of a factor
of four in the current S predictions.
Conclusions. CCs are solid beacons for tracing the recent chemical enrichment of young stellar populations. Sulfur photospheric abun-
dances, when compared with other α-elements, have the key advantage of being a volatile element. Therefore, stellar S abundances can
be directly compared with nebular sulfur abundances in external galaxies.
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⋆ The full versions of Tables 1–3 are available at the CDS
via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5)
or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/
678/A195
⋆⋆ Partly based on observations made with ESO Telescopes at the

La Silla/Paranal Observatories under program IDs: 072.D-0419, 073.D-
0136, and 190.D-0237 for HARPS spectra; 084.B-0029, 087.A-9013,
074.D-0008, 075.D-0676, and 60.A-9120 for FEROS spectra; 081.D-
0928, 082.D-0901, 089.D-0767, and 093.D-0816 for UVES spectra.
⋆⋆⋆ Partly based on data obtained with the STELLA robotic telescopes

in Tenerife, a facility of The Leibniz Institute for Astrophysics Potsdam
(AIP) jointly operated by the AIP and by the Instituto de Astrofisica de
Canarias (IAC).
⋆⋆⋆⋆ During the revision of this manuscript, Mario Nonino passed

away. A lifelong friend and collaborator, his ideas and personality will
be greatly missed.

1. Introduction

Radial and azimuthal metallicity gradients (with respect to the
galactic center and to the galactic plane, respectively) are crucial
diagnostics for tracing the chemical enrichment history of indi-
vidual galactic components (Lemasle et al. 2013, 2018; Genovali
et al. 2014, 2015; da Silva et al. 2016, 2022). The radial variation
of different heavy elements is produced either by Type Ia super-
novae (SN Ia) or by massive and asymptotic giant branch (AGB)
stars or by more exotic objects (e.g., neutron star mergers). It
provides fundamental constraints on chemical evolution mod-
els (Cavichia et al. 2014; Schönrich & McMillan 2017; Grisoni
et al. 2018; Prantzos et al. 2018; Matteucci et al. 2020; Spitoni
et al. 2022; Tsujimoto 2023). Several stellar tracers, covering
a broad range in stellar ages – old stars: RR Lyrae, blue hori-
zontal branch, and globular clusters; intermediate age-stars: red
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clump stars and anomalous Cepheids; and young stars: red and
blue supergiants, classical Cepheids (CCs), and open clusters
(OCs) – allows us to investigate the role that galaxy mergers,
stellar migrations, and kinematics play in the formation and
evolution of galaxies. In addition to these indisputable advan-
tages, radial metallicity gradients allow us to trace the coupling
among star-forming regions (Genovali et al. 2014), spiral struc-
ture (Lemasle et al. 2022), and geometrical complexity (warps,
flares, and streams; Feast et al. 2014; Matsunaga et al. 2018; Chen
et al. 2019; Skowron et al. 2019; Dehnen et al. 2023).

Dating back to more than half a century ago (Kraft 1966),
CCs have been widely used to trace the variation in iron as
a function of the galactocentric distance. The key advantage
of using CCs to trace young stellar populations is manifold:
i) CCs are very solid primary-distance indicators, and their indi-
vidual distances can be estimated with an accuracy better than
3% on average. ii) They are associated with central helium-
burning phases (blue loop) of intermediate-mass stars (from ∼3
to ∼10 M⊙). This means that they are quite common and ubiqui-
tous across the Galactic thin disk. iii) CCs have low surface grav-
ities, and their spectra are quite rich in absorption lines. Long-
period Cepheids are characterized by strong molecular bands.
The main drawback is that the variation in the physical prop-
erties throughout the pulsation cycle requires a solid approach
for estimating the effective temperature, surface gravity, and
microturbulent velocity. Moreover, different lines might also
vary significantly during the pulsation cycle, and therefore, they
need to be properly identified. A detailed and more quantitative
discussion of these issues is provided by da Silva et al. (2022).

The empirical scenario emerging from the recent paramount
spectroscopic effort on CCs is that all the investigated elements
(iron peak, α, and neutron capture) display a well-defined radial
gradient, with the exception of barium (Andrievsky et al. 2013).
In spite of this global agreement, some problems emerge. The
current estimates of the global metallicity gradient very often
differ in zeropoint, as expected, because the assumptions on
the solar abundances and on the approach adopted to estimate
the atmospheric parameters are different. Moreover, a difference
is also quite often seen in the slope of the radial metallicity
gradient, which is commonly associated with the adopted line
list. Several atomic lines from both neutral and ionized species
are affected by nonlocal thermodynamical equilibrium (NLTE)
effects, and this dependence changes as a function of surface
gravity, effective temperature, and iron abundance. This means
that in the estimate of the mean abundance based on differ-
ent lines, a significant fraction of possible systematic errors is
summed.

Finally, it is worth mentioning that the slope is also tightly
correlated with the rate at which the individual elements are
enriched. For this main reason, the iron radial gradient is typi-
cally steepest, not only among the iron-peak elements, but also
among the α and neutron-capture elements. Iron is produced by
both SN Ia and massive stars, with the former enriching the inter-
stellar medium on longer timescales (about some billion years).
In a recent investigation based on more than 400 high-resolution
spectra with a high signal-to-noise ratio (S/N) for two dozen cal-
ibrating Cepheids (da Silva et al. 2022), we found preliminary
evidence that the slope of the sulfur radial gradient is steeper
than that found for iron abundances. To further investigate this
crucial issue, we performed the same measurements plus those
of another α-element (oxygen) over a significantly larger sample
of CCs (more than 350 variables). To provide a comprehen-
sive analysis of Galactic CCs, we also reanalyzed literature data.
In passing, we also mention that recent findings indicate that

stellar metallicities measured in extragalactic systems in general
agree with the nebular abundances based on the analysis of the
auroral lines (Bresolin et al. 2009, 2022; Gazak et al. 2015; Liu
et al. 2022). Studies of H II regions and luminous young stars
in local disk galaxies show a significant gas metallicity gradient
(−0.04 to −0.06 dex kpc−1), that is, a strong decrease in the abun-
dances from the center to the outskirts of the galaxy (Zaritsky
et al. 1994; Sánchez-Blázquez et al. 2014; Bresolin et al. 2012,
2016; Kudritzki & Urbaneja 2018). The same outcome applies
to the α-element abundance gradients (Urbaneja et al. 2005).
However, many disks are surrounded by huge areas of neutral
hydrogen with constant low metallicity and a low star formation
rate (Bresolin et al. 2012; Kudritzki et al. 2014, and references
therein).

The main aim here is to determine and compare the iron,
sulfur, and oxygen radial abundance gradients throughout the
Galactic thin disk. The paper is therefore organized as follows.
In Sect. 2, we introduce the spectroscopic data and the properties
of our sample of classical Cepheids and open clusters. In Sect. 3,
we describe how we derived the atmospheric parameters and the
abundances. Section 4 shows the Galactic radial gradients that
we obtained for different abundance ratios, together with their
dependence on the stellar age. In Sects. 5 and 6 we compare our
results with those from the literature derived from both observa-
tions and theory. A summary of our results together with some
final considerations is provided in Sect. 7.

2. Observations and sample properties

2.1. Sample of classical Cepheids

The sample of classical Cepheids investigated in the current
study is the result of a compilation of several subsamples for
which high-resolution spectra with an high S/N are available
in different databases. These spectra were collected using four
high-resolution spectrographs: the High Accuracy Radial veloc-
ity Planet Searcher spectrograph (HARPS; Mayor et al. 2003)
mounted at the 3.6 m telescope of the European Southern Obser-
vatory (ESO) at La Silla (Chile), the Fiber-fed Extended Range
Optical Spectrograph (FEROS; Kaufer et al. 1999) installed
at the 2.2 m MPG/ESO, the Ultraviolet and Visual Echelle
Spectrograph (UVES; Dekker et al. 2000) at the Very Large
Telescope of ESO at Paranal (Chile), and the STELLar Activity
(STELLA) Echelle Spectrograph (SES; Strassmeier et al. 2004,
2010) mounted at the 1.2 m telescope of the Izãna Observatory
located in Tenerife, Spain. The spectral resolution achieved for
the instrument settings we used is R ∼ 40 000 for UVES spectra,
R∼ 115 000 for HARPS, R ∼ 48 000 for FEROS, and R∼ 55 000
for STELLA. For details about the wavelength ranges, we refer
to Proxauf et al. (2018) and Crestani et al. (2021).

Our spectroscopic sample includes proprietary data and
spectra downloaded from the ESO and the STELLA archives:
183 HARPS spectra of 10 stars, 339 FEROS spectra of 161 stars,
363 UVES spectra of 215 stars, and 400 STELLA spectra of
64 stars (the spectra for some of the stars were collected with
more than one instrument) for a total of 1285 spectra of 379 stars.
The S/N is at least 100 for more than 80% of these spectra.
For 1118 spectra of 356 stars, we were able to derive all the
stellar atmospheric parameters required for abundance deter-
mination (effective temperature, surface gravity, microturbulent
velocity, and metallicity). For reasons discussed in the next sec-
tion, only the effective temperature was derived for 167 spectra
of 23 stars. In this context, it is worth mentioning that the abun-
dance estimates based on high-resolution spectra for 70 out of
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Table 1. Excerpt from the list of our sample of 379 Galactic classical Cepheids.

Name αICRS δICRS
Period
[days] Mode [Fe/H]lit ±σ Ref.

X
[pc]

Y
[pc]

Z
[pc]

RH

[pc]
RG

[pc]
σ(R)
[pc]

AA Gem 06:06:34.946 +26:19:45.191 11.3128451 0 −0.08 ± 0.05 1 −11353 −259 182 3245 11356 184
AA Ser 18:41:21.761 −01:06:40.442 17.1424446 0 0.38 ± 0.20 1 −5015 1851 122 3618 5346 419
... ... ... ... ... ... ... ... ... ... ... ... ...
l Car 09:45:14.782 −62:30:28.323 35.5580599 0 0.24 ± 0.10 1 −8013 −465 −38 481 8027 12
ζ Gem 07:04:06.522 +20:34:13.059 10.1485988 0 0.01 ± 0.06 2 −8484 −102 101 385 8485 4

Notes. The first five columns give the star name, the right ascension and declination, the pulsation period, and the pulsation mode (0: fundamental;
1: first overtone; 2: multimode; −1: no mode identification available). Columns (6) and (7) give the iron abundance from the literature and the cor-
responding references. The last six columns list the heliocentric X,Y,Z projected distances and the heliocentric and galactocentric radial distances
together with their errors. For V1359 Aql, we have no information about the pulsation period and the error on the radial distance. The complete
table is available at the CDS.
References. 1: Genovali et al. (2014): for some of the stars, we assumed a typical error of 0.1 dex because they were not provided by the original
authors; 2: da Silva et al. (2022): the adopted uncertainty is the highest value between σ and std.

the 356 CCs are provided here for the first time. The complete
sample of 379 stars is listed in Table 1. A more detailed discus-
sion of the classification of our sample as classical Cepheids is
provided in Appendix A.

2.2. Sample of open clusters

We complemented our sample of classical Cepheids with a sam-
ple of open clusters from Randich et al. (2022), which includes
62 open clusters observed by the Gaia-ESO Survey (GES) plus
18 retrieved from the ESO archive. We refer to Viscasillas
Vázquez et al. (2022) for the general characteristics of the sam-
ple and the selection criteria of members in each cluster. Briefly,
the sample covers a range in age from 1.4 Myr to 6.8 Gyr, in
galactocentric distances from 5.8 to 20.6 kpc, and in metallicity
from −0.45 to 0.27 dex.

For the sample clusters, we adopted the [O/H] ratios from
Magrini et al. (2023). The abundance of O was computed using
the forbidden [O I] line at 6300.3 Å in the LTE approximation
(see Tautvaišienė et al. 2015, for details). For S, to be consistent
with the spectral analysis done on the CCs, we remeasured the
abundance using only the S I triplet at 6757 Å. We then computed
the mean [S/H] for each cluster.

2.3. Spatial distribution in the thin disk

The heliocentric distances of our Cepheids were estimated based
on four different diagnostics, listed here in priority order: 1) Gaia
Early Data Release 3 (Gaia EDR3) distances from parallaxes
within the external.gaiaedr3_distance table (Bailer-Jones et al.
2021); 2) W1-band period-luminosity relation (PL; calibrated
from Galactic CCs by Wang et al. 2018); 3) K-band PL (cali-
brated on Galactic CCs by Ripepi et al. 2020); and 4) J-band
PL (calibrated from CCs in the Large Magellanic Cloud
– LMC – by Ripepi et al. 2022). We adopted the Gaia distances
only for Cepheids with parallax_over_error > 10 and ruwe <
1.4. The first condition is self-explanatory, whereas the sec-
ond was included because ruwe is an estimate of the goodness
of the astrometric solution for single stars. A value of 1.4 is
a typical threshold adopted to separate single detections from
multiple-detection candidates (or problematic solutions). For the
other Cepheids, we adopted the PL relations using 2MASS
and WISE magnitudes. We ruled out all the magnitudes with
poor photometric quality (X, U, or E) from both surveys. The
apparent magnitudes were dereddened by using E(B − V) from

Schlafly & Finkbeiner (2011) and the reddening law by Cardelli
et al. (1989), extended to the mid-infrared (MIR) by Madore et al.
(2013). We finally had 282 CCs with distances from Gaia and
115, 12, and 3 from W1-, K-, and J-band PLs.

After deriving the heliocentric distances, we used the Gaia
coordinates to estimate the galactocentric Cartesian coordinates
(X, Y , Z) and the galactocentric distance on the plane (RG =√

(X2 + Y2)). For these calculation, a distance of 8.127 kpc
from the Galactic center was assumed (GRAVITY Collaboration
2018). Figure 1 shows the radial distribution of the entire spec-
troscopic sample projected onto the Galactic plane. The symbols
are color-coded according to the distance from the Galactic plane
(the absolute value of Z). The data plotted in this figure display
several interesting findings that we discuss in more detail below.

i) Galactocentric distances. The Cepheid galactocentric dis-
tances cover almost 25 kpc, ranging from about 5 kpc for stars
in the inner disk to almost 30 kpc for stars in the outer disk. The
current sample for the first time includes eight Cepheids with
galactocentric distances larger than 18 kpc.

ii) Height from the Galactic plane. The distances from the
Galactic plane for the bulk of the spectroscopic sample are
smaller than 500 pc, as expected for typical disk stellar popu-
lations. Interestingly enough, Cepheids located at galactocentric
distances larger than 12 kpc display a systematic drift toward
negative Z values and approach Z = −1.5 kpc for RG∼17–18 kpc.
This trend and the increase at even larger galactocentric distances
are associated with the Milky Way (MW) warp. There is only one
exception: the Cepheid V1253 Cen (X = −7.73, Y = 3.63 kpc) is
located across the solar circle, but its height above the Galactic
plane is ∼4 kpc. This circumstantial evidence indicates that this
variable does not appear to be a typical disk star, and is in turn
a typical CCs. In passing, we note that in a recent investigation,
Gaia Collaboration (2023) called attention to the fact that a large
sample of Galactic field stars included in the Gaia DR3 display
a strong vertical asymmetry of the thin disk. The conclusions of
this investigation are independent of the inclusion of this object,
and it was neglected. However, it is worth keeping this Cepheid
under special surveillance.

iii) Distribution across the disk. The current sample cov-
ers the four quadrants, and, in particular, the third and fourth
quadrant. Interestingly enough, the spatial distribution agrees
quite well with high-mass star-forming regions observed by
Reid et al. (2019). The agreement is further supported by the
comparison with the spiral arms identified by these authors, and
it applies not only to the main arms (Sgr-Car, Perseus, Norma,
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Fig. 1. Radial distribution of the current
Cepheid sample (colored circles) projected
onto the Galactic plane. The symbols are
color-coded (see the color bar on the right
side) according to the distance from the
Galactic plane. The dotted annuli display
muliples of 5 kpc of the distances from the
Galactic center. The position adopted for
the Sun is at X = 0 and Y = 8.127 kpc
(GRAVITY Collaboration 2018). The col-
ored diamonds show the locations of high-
mass star-forming regions used by Reid et al.
(2019) to fit the spiral arms. They are color-
coded according to the spiral arm associa-
tion. The long bar of the inner part of the
Galaxy is indicated with a shaded ellipse
(Wegg et al. 2015). The solid curved lines
trace the Milky Way spiral arms from Reid
et al. (2019) and from Sun et al. (2015, Outer,
Scutum, and Centaurus arms).

and Sct-Cen), but to the Local arm as well. However, there is
evidence that the Norma-Outer arm has a larger pitch angle in
the third quadrant. The separation among the different arms is
not very sharp due to the presence of several interarm objects,
but the overdensities trace the main arms quite well.

iv) Orbital properties. We also investigated the orbital prop-
erties of the current sample of Galactic Cepheids. In particular,
we computed the circularity of the orbits, defined as the angu-
lar momentum JZ around the short Z-axis, normalized by the
maximum angular momentum of a circular orbit with the same
binding energy E: λZ = JZ/Jmax(E). The orbits were split into
four components (Zhu et al. 2018; Santucci et al. 2023): a cold
component with near circular orbits (λZ > 0.8) typical of the thin
disk, a hot component with near radial orbits (−0.25 < λZ <
0.25) typical of the bulge, a warm component (0.25 < λZ <
0.8) typical of the thick disk, and a counter-rotating compo-
nent (λZ < −0.25). To integrate the orbits, we used the galpy
code (Bovy 2015), modeling the potential of the Galaxy by
means of the MWPotential2014 implementation, which is com-
posed of a power law with an exponential cutoff for the bulge, a
Miyamoto & Nagai (1975) disk, and a Navarro et al. (1996) halo1.
To perform the orbit integration, we used the Dormand & Prince
(1980) integration method (by setting the option method =

1 We assumed the position of the Sun in the Galaxy adopted by Gaia
Collaboration (2018): a height above the Galactic plane Z⊙ = 27 pc
(Chen et al. 2001), a distance from the Galactic center R⊙G = 8.34 kpc,
and a circular velocity at the solar radius Vc = 240 km s−1 (Reid
et al. 2014). We also adopted the solar reflex motion components from
Schönrich et al. (2010), that is, U⊙, V⊙, and W⊙ of 11.1, 12.24, and
7.25 km s−1.

dopr54_c in galpy). We integrated the orbits for 10 Gyr, start-
ing from the current position and velocity of the variables. We
found that the bulk of the current spectroscopic sample has cold
orbits typical of thin-disk stars. The same outcome applies to
the Cepheids with larger heights above the disk. The fraction
of objects with warm orbits typical of the thick disk is about
1%. The orbital and kinematic properties of Galactic Cepheids
will be addressed in a forthcoming investigation (Zocchi et al.,
in prep.).

3. Atmospheric parameters and abundances

The effective temperature (Teff), surface gravity (log g), micro-
turbulent velocity (υt), and metallicity ([Fe/H]) for our sample
of classical Cepheids were derived using pyMOOGi2, a Python
version of the MOOG code (Sneden 2002). The model atmo-
spheres, interpolated in the grid of Castelli & Kurucz (2004),
and the equivalent widths (EWs), measured using ARES (Sousa
et al. 2007, 2015), were taken as input by the code. The atomic
data for the Fe I and Fe II lines were the same as were adopted by
da Silva et al. (2022), who created a clean and homogeneous line
list with revised atomic parameters. The procedure was the same
as adopted in our previous works, which is described in detail
in Proxauf et al. (2018). In this procedure, first we derived the
Teff for each spectrum using the line-depth ratio (LDR) method
(Kovtyukh 2007, and references therein). Then, keeping Teff
fixed, the three other parameters were iteratively changed until
convergence. A solution for the surface gravity was accepted
only if the ionization equilibrium of Fe I and Fe II lines was

2 https://github.com/madamow/pymoogi
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Table 2. Excerpt from the list of atmospheric parameters and Fe, O, and S abundances for each spectrum in our sample.

Name Dataset
MJD

[d]

Teff± σ

[K]
log g

υt

[km s−1]
Fe I ± σ NFe I Fe II ± σ NFe II O I ± σ S I ± σ

AA Gem UVES 54846.1489855 5577 ±132 1.1 3.5 −0.18 ± 0.10 67 −0.17 ± 0.11 12 −0.24 ± 0.08 −0.34 ± 0.11
AA Ser UVES 54708.0398980 4814 ± 88 ... ... ... ... ... ... ... ...
... ... ... ... ... ... ... ... ... ... ... ...
ζ Gem STELLA 57683.1372787 5347 ± 93 1.1 3.1 0.00 ± 0.09 122 0.00 ± 0.11 16 0.23 ± 0.13 −0.08 ± 0.08
ζ Gem STELLA 57703.2482580 5352 ± 97 1.1 3.1 −0.01 ± 0.09 124 −0.02 ± 0.11 19 0.15 ± 0.14 −0.03 ± 0.13

Notes. The first three columns give the target name, spectroscopic dataset, and modified Julian date at which each spectrum was collected.
Columns (4)–(6) list the effective temperature and its standard deviation, the surface gravity, and the microturbulent velocity, respectively. The
uncertainties in log g and υt were assumed to be 0.3 dex and 0.5 km s−1 (see the discussion in Genovali et al. 2014). Columns (7)–(10) list
the Fe I and Fe II abundances derived from individual lines, together with the standard deviations and the number of lines used (given the
small number of Fe II lines, a typical value of 0.11 dex was adopted as a minimum uncertainty for the abundances from this species). The
last two columns list the O I and the S I abundances with their uncertainties, estimated as described in Sect. 3. The complete table is available
at the CDS.

Table 3. Excerpt from the list of Fe, O, and S abundances derived for each star in our sample.

Name [Fe I/H] ± σ [Fe II/H] ± σ [Fe/H] ± σ (std) N [O/H] ± σ (std) N [S/H] ± σ (std) N NF NH NU NS

AA Gem −0.18 ± 0.10 −0.17 ± 0.11 −0.18 ± 0.10 1 −0.24 ± 0.08 1 −0.34 ± 0.11 1 0 0 1 0
AA Ser ... ... ... 0 ... 0 ... 0 0 0 1 0
... ... ... ... ... ... ... ... ... ... ... ... ...
l Car −0.04 ± 0.11 −0.04 ± 0.16 −0.04 ± 0.11 1 ... 0 −0.08 ± 0.13 1 1 0 0 0
ζ Gem 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 (0.06) 131 0.03 ± 0.01 (0.09) 129 −0.03 ± 0.01 (0.05) 131 0 47 0 84

Notes. The first three columns give the target name and the iron abundances from neutral and ionized lines, which are either the same values
as in Table 2 for stars with a single spectrum or the weighted mean and standard errors computed using the abundances from multiple spectra.
Column (4) lists the iron abundances and their uncertainties, either calculated as a weighted mean from Cols. (2) and (3) or adopted from Col. (2)
when only one spectrum was available. For stars with multiple spectra, the standard deviation is also shown within parentheses, which was
calculated using individual abundances from Fe I and Fe II lines together. Column (5) gives the number of spectra for which we were able to derive
the iron abundances and the atmospheric parameters. Columns from (6)–(9) list the oxygen and sulfur abundances (again, either the same values as
in Table 2 for stars with a single spectrum, or the weighted mean and standard errors computed using the abundances from multiple spectra), the
standard deviations calculated for stars with multiple spectra, and the number of spectra used. The four last columns show the number of optical
spectra available from each spectrograph: NF: FEROS, NH: HARPS, NU: UVES, and NS: STELLA.

achieved. An accepted value for the microturbulent velocity was
obtained only if the abundances from the Fe I lines did not
depend on their EWs within the errors. The metallicity passed
as input to our algorithm was updated constantly, and the final
iron abundance we adopted was the mean value computed from
individual Fe I lines. Table 2 lists the atmospheric parameters
derived for each spectrum of each star in our sample. Table 3
lists the mean abundances of Fe, O, and S calculated for each
star together with the number of lines used and the number of
spectra available.

After we computed the stellar parameters, we derived the
S abundances by performing line profile fitting of the S I triplet
at 6757 Å, adopting the same model atmospheres. This line has
been proven to be unblended and relatively strong in our sample
stars (Duffau et al. 2017). We computed synthetic profiles using
the Python version the code Spectroscopy Made Easy (SME;
Piskunov & Valenti 2017), made available by A. Wehrhahn3

(Wehrhahn 2021). The adopted line list, covering 15 Å around
the S I triplet, was retrieved from VALD4 using the “extract
stellar” option and including hyperfine or isotopic splitting infor-
mation when available. We updated the atomic parameters for
the line under scrutiny in this study following Duffau et al.
(2017). We refer to that paper for further details and an extensive

3 https://github.com/AWehrhahn
4 http://vald.astro.uu.se

discussion of the 3D NLTE effects of sulfur lines. Here we
briefly recall that the lines in Multiplet 8 differ only very lit-
tle (up to 0.1 dex) from the LTE approximation (see also Takeda
et al. 2005; Korotin 2009). We also adopted the same solar abun-
dance of A(S)⊙ = 7.16 dex as Duffau et al. (2017). To evaluate
systematic effects due to the different code and line list with
respect to da Silva et al. (2022), we reanalyzed the 20 cali-
brating Cepheids published in our previous work and found a
mean difference of +0.03± 0.02 dex, which is well within the
observational uncertainties.

Oxygen abundances were derived via spectral synthesis of
the [O I] forbidden line at 6300.3 Å, for which NLTE departures
are negligible. We analyzed a UVES solar spectrum, finding
A(O)⊙ = 8.78, which is the value we adopted as reference abun-
dance throughout this work. Atomic parameters for the blending
Ni I line at 6300.37 were adopted such that the excitation poten-
tial EP = 4.266 eV and the log g f = −2.11 (see also Caffau et al.
2015). Telluric lines affecting this spectral region around the oxy-
gen line were removed using a synthetic template computed with
the updated version of the TELFIT code (Gullikson et al. 2014).

Internal errors were computed considering the best-fit uncer-
tainties as given by SME (see Piskunov & Valenti 2017 for
further details) and errors in atmospheric stellar parameters.
These were estimated in the standard way, that is, by chang-
ing one parameter at a time and computing the corresponding
variations in abundance. The different contributions were then
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Fig. 2. Abundance ratios as a func-
tion of the galactocentric distance. Our
sample of Cepheids (blue circles) is
compared with our sample of open clus-
ters (symbols color-coded according to
the stellar age). The Fe and O abun-
dance ratios are taken from Magrini
et al. (2023), whereas the S abundances
are taken from the present work. The
black line displays a linear regression
fitted to Cepheids in the range of galac-
tocentric distance from 4 to 12.5 kpc,
and the dashed line is the extrapola-
tion up to 17 kpc. The red line shows
a logarithmic fit over the whole range
of galactocentric distances. The corre-
sponding equations are also shown. The
shaded area shows one standard devia-
tion around the running mean, weighted
with a Gaussian function taking the
errors into account.

added in quadrature (we refer to our previous works, e.g.,
D’Orazi et al. 2020).

Figure B.1 shows examples of spectral synthesis fit around
the sulfur line at 6757 Å for HARPS, FEROS, UVES, and
STELLA spectra. Figure C.1 shows a comparison of the atmo-
spheric parameters and abundances derived in the present work
with the data available in the literature for a set of stars in com-
mon. Figure D.1 shows O and S abundances as a function of the
pulsation phase for a subsample of CCs with multiple spectra
collected during the pulsation cycle (see da Silva et al. 2022).
Similarly to the results we published previously for iron and
α elements, this figure clearly shows that there is no signifi-
cant correlation of the [O/H] and [S/H] abundance ratios with
the pulsation cycle.

4. Galactic radial gradients

4.1. [Fe/H] and [α/H] radial gradients

Figure 2 displays the radial gradients for the derived iron, oxy-
gen, and sulfur. The corresponding coefficients of both linear
(for RG within 12.5 kpc) and logarithmic (for the whole range
of RG) regressions are listed in Table 4. The data plotted in this
figure disclose several interesting new findings that we list below.

i) Slope of the iron radial gradient. Dating back to Twarog
et al. (1997) and Caputo et al. (2001), it has been suggested

that the radial gradient, based either on classical Cepheids or
on open clusters, shows a change in the slope across the solar
circle, even though only a few data are available for radii above
∼12 kpc (see, e.g., Magrini et al. 2017). To support this prelimi-
nary evidence, a few authors suggested that this variation might
be associated with a resonance in the spiral arm (Lépine et al.
2011, 2017). However, from a more detailed analysis of the radial
distribution of Galactic Cepheids in the thin disk, and using a
more detailed algorithm to constrain the clustering of these stars,
Genovali et al. (2014) instead found a linear radial gradient from
the inner to the outer disk. Moreover, they also suggested that
the dispersion at a fixed galactocentric distance is mainly caused
by a spread in chemical composition inside the same Cepheid
group. This finding was soundly and independently supported in
a recent and more sophisticated approach reported by Lemasle
et al. (2022), who took the disk flare into account.

The data plotted in the top panel of Fig. 2 show that the
radial metallicity gradient is almost linear for galactocentric dis-
tances smaller than ∼12 kpc, but it becomes significantly flatter
for RG larger than 15 kpc. By performing a number of numer-
ical fits using different analytical functions, we found that a
logarithmic fit can account for the steepening of the gradient
when it approaches the inner disk and for the flattening when
it approaches the outer disk. We also performed a linear fit for
Cepheids with galactocentric distances smaller than 12.5 kpc.
The current estimate agrees quite well with similar estimates

A195, page 6 of 21



da Silva, R., et al.: A&A, 678, A195 (2023)

Table 4. Slopes and zeropoints of the abundance gradients as a function
of the galactocentric distance.

Abundance
ratio

Slope
[dex kpc−1]

Zero-point
[dex]

Fit Sample

[Fe/H] −0.041 ± 0.003 0.32 ± 0.02 linear CCs
[Fe/H] −0.907 ± 0.046 0.81 ± 0.04 log CCs
[Fe/H] −0.055 ± 0.004 0.48 ± 0.04 linear OCs
[O/H] −0.029 ± 0.006 0.21 ± 0.05 linear CCs
[O/H] −0.564 ± 0.104 0.48 ± 0.09 log CCs
[O/H] −0.040 ± 0.009 0.30 ± 0.07 linear OCs
[S/H] −0.081 ± 0.004 0.59 ± 0.03 linear CCs
[S/H] −1.624 ± 0.053 1.40 ± 0.05 log CCs
[S/H] −0.086 ± 0.009 0.68 ± 0.08 linear OCs
[O/Fe] 0.003 ± 0.007 −0.04 ± 0.05 linear CCs
[S/Fe] −0.037 ± 0.003 0.25 ± 0.03 linear CCs
[S/Fe] −0.606 ± 0.047 0.50 ± 0.04 log CCs

Notes. Based on the data plotted in Figs. 2 and 4. The linear regressions
for open clusters are not shown in the quoted figures.

available in the literature (Magrini et al. 2023). The flattening
in the outer disk fully supports preliminary results based on both
CCs and OCs (Carraro et al. 2007; Yong et al. 2012; Donor et al.
2020). In passing, we note that the current empirical evidence
for the linearity is based on the largest and most homogeneous
sample of Galactic Cepheids.

On the other hand, Twarog et al. (1997) used a large sample
of open clusters and found evidence of a metallicity discontinu-
ity located at RG∼10 kpc. They suggested a two-zone model for
the chemical enrichment of the Galactic thin disk. This work-
ing hypothesis was also supported by Caputo et al. (2001) by
using photometric metallicities for a large sample of Galactic
CCs. This empirical evidence was interpreted by Lépine et al.
(2017) as a possible corotation resonance of the Galactic thin
disk. It was also questioned by Genovali et al. (2014) because the
residuals of the iron gradients appeared to be correlated with
the location of the spiral arms. These authors suggested that
the evidence of a possible change in the slope and dip in the
rotation curve of the Galactic thin disk between 9 and 10 kpc
(Sofue 2013) might be associated with the Perseus arm. More
recently, by analyzing a larger sample of CCs, Trentin et al.
(2023) also found some evidence of a possible change in the
slope at RG ∼ 9.25 kpc. They performed linear regressions to the
entire dataset and to the data obtained by binning the CCs into
12 radial intervals of 1.33 kpc each. Similar fits to individual
objects and to the binned data were also performed for galacto-
centric distances smaller and larger than 9.25 kpc. They found
that one single fit to the entire sample can account for both inner
and outer disk Cepheids. However, the possible presence of a
break in the radial gradient could not be excluded on the basis of
their dataset. The current data indicate a departure from linear-
ity for galactocentric distances larger than 12–14 kpc, but a more
quantitative analysis requires a larger sample and a more detailed
statistical approach (Lemasle et al., in prep.) to confirm whether
the radial gradient shows either a break at a given galactocentric
distance or a smooth change with distance, as suggested by the
logarithmic fit.

ii) Comparison with the iron gradient of open clusters. To
investigate the impact that age has on the radial metallicity
gradient, we performed a detailed comparison with our sample
of Galactic open clusters. CCs cover a limited range in age, from

a few dozen million years (long period) to a few hundred mil-
lion years (short period). Therefore, we took advantage of the
homogeneous abundance estimates recently provided by the last
GES data release. The key advantage of this sample is that in
addition to the homogeneous abundances, it also has homoge-
neous estimates of individual distances and ages from isochrone
fitting of their members detected in Gaia DR2 (Cantat-Gaudin
et al. 2020). Furthermore, the GES sample of OCs covers a broad
range in galactocentric distances (RG ∼ 6–20 kpc), and their clus-
ter ages range from a few million years (i.e., even younger than
the youngest CCs) to almost 7 Gyr. The data plotted in Fig. 2
(see also Table 4) show that CCs and OCs display a similar iron
radial gradient from the inner to the outer disk. Moreover, the
OCs do not show any clear variation in the zeropoint and in the
slope as a function of the cluster age. The cluster ages of the
GES sample changes by more than one order of magnitude, but
their distribution is similar within the errors. This agrees with
what was found in Magrini et al. (2023) for the radial gradient
of several elements belonging to different nucleosynthesis chan-
nels, whereby a limited temporal evolution is observed in the
age range covered by open clusters. The similarity of the CC and
OC iron radial gradients is soundly supported by the similarity
of the zeropoint and slope of the linear fits listed in Table 4.
However, it is worth noting that only a few of the clusters are
older than 3 Gyr (∼10 clusters), which limits the conclusions
we can draw concerning the old-age tail. The flattening of the
radial gradient in the outermost disk regions is only partially
supported by OCs because the galactocentric distance for most
of them are smaller than ∼15 kpc and only one cluster is located
at 20 kpc.

iii) Slope of the oxygen radial gradient. The oxygen abun-
dances plotted in Fig. 2 display quite clearly that the oxy-
gen radial gradient is shallower than the iron gradient. The
slope of the linear fit is 25% shallower, whereas the logarith-
mic fit can be barely compared because oxygen abundances
in the outermost disk regions are missing. CCs and OCs
once again display very similar radial trends without a clear
dependence on the cluster age. The comparison with similar
estimates available in the literature based on CCs indicates
that the current slope is shallower. In particular, it is shal-
lower than the slope obtained by Trentin et al. (2023) using
a sample of 65 CCs plus literature data (−0.029± 0.006 vs.
−0.046± 0.002 dex kpc−1) and by Luck & Lambert (2011) using
a sample of 313 CCs (−0.056± 0.003 dex kpc−1). This com-
parison should be treated with caution because the different
lines that were used for measuring oxygen abundances might
have an effect on them, and more in general, the details of
the spectroscopic analyses were different (e.g., code, model
atmospheres, and atmospheric parameters). Using data provided
by Magrini et al. (2023), we performed an independent fit
of the OCs following the same approach as we adopted for
CCs. We found that the two gradients agree within the errors
(−0.029± 0.006 vs. −0.040± 0.009 dex kpc−1), thus support-
ing the idea that the oxygen radial gradients of CCs and OCs
are similar.

The oxygen abundances provided by Luck & Lambert (2011)
and by Trentin et al. (2023) are based on a combination of the
6156−8 triplet and the [O I] forbidden line at 6300.3 Å, whereas
the cluster abundances (Magrini et al. 2023; Randich et al. 2022)
are only based on the line at 6300.3 Å. Similarly, we only adopted
the forbidden line at 6300.3 Å because it is stronger than the
6156−8 triplet in all our sample stars.

iv) Slope of the sulfur radial gradient. The data plotted in
the bottom panel of Fig. 2 highlight the key role that sulfur
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Fig. 3. [S/H] as a function of the [O/H]
abundances. Our sample of Cepheids,
color-coded according to the distance
from the Galactic center (see the color
bar on the right side), is compared with
the same open clusters as plotted in
Fig. 2. The dashed gray line is the 1:1
linear relation.

can play, which can help us to better understand the chemical
enrichment of the Galactic thin disk. This key role has two parts:
a) The slope of the sulfur radial gradient based on the linear fit
is steeper by a factor of two than the slope of the iron gradient.
The difference in the logarithmic fit is about 0.7 dex (log kpc)−1.
The latter fit ranges from the inner disk to the outskirts of the
thin disk. This finding supports preliminary results obtained by
da Silva et al. (2022), although the significance of those results
was hampered by the sample size. The sulfur radial gradients
for both CCs and OCs agree quite well. The zeropoints and the
slopes of the linear fits are very similar within the errors (see
Table 4). It is also worth mentioning that the current data show
no evidence of an abrupt change in the slope from the inner to
the outer disk. b) The standard deviation of sulfur abundances
at a fixed galactocentric distance is smaller than the dispersion
of the oxygen and iron abundances, thus suggesting that the
spectroscopic diagnostic we adopted is also minimally affected
by possible changes in effective temperature, surface gravity, or
microturbulent velocity. To our knowledge, this is the very first
time in which there is solid evidence of an α-element gradient
that is steeper than the iron gradient. This paves the way to a
new empirical framework for the role played by massive stars in
the chemical enrichment of both iron and sulfur.

It is worth noting that the slope of the sulfur gradient
provided by Trentin et al. (2023) is shallower by about 25%
(−0.060± 0.006 dex kpc−1), but it is based on three S I lines,
namely λ = 6743.585, 6748.153, and 6757.153 Å. However, we
cannot ascertain whether each line of the multiplet has been mea-
sured in all their Cepheids. On the other hand, in all our sample
stars, only the strongest line at 6757 Å can be useful for an abun-
dance determination (see the similar discussion in Duffau et al.
2017). The slope provided by Luck (2018) is slightly shallower
(−0.0693± 0.0035 dex kpc−1), but information on which lines
they used is missing.

In passing, we also note that the current slope for the
[S/H] radial gradient is similar within the errors to the estimate
provided by Perdigon et al. (2021, −0.050± 0.025 dex kpc−1)
based on a large sample of field stars with galactocentric
distances between 6 and 10 kpc, and it is steeper than the
radial gradient provided by Arellano-Córdova et al. (2020,
−0.035± 0.006 dex kpc−1) using H II regions with galactocentric
distances ranging from 7 to 14 kpc. The comparison with simi-
lar estimates available in the literature should be considered as a
global validation test because when CC are compared with field
stars, they cover a well-defined range in age and are associated
with a specific evolutionary channel.

To further investigate the difference between the two α ele-
ments studied in the present work, Fig. 3 shows the S-O relation
for both classical Cepheids and open clusters. The data plotted in

this figure indicate that in the metal-poorer regime, S and O dis-
play the same trend within the errors. These objects are located,
as expected, in the outer disk (see the color bar on the right).
Interestingly enough, the main finding emerging from the cur-
rent analysis is that CCs and OCs are more oxygen enhanced at
a fixed sulfur abundance. The distribution across the one-to-one
liner relation is asymmetrical, and a good fraction of CCs and
the large majority of OCs are located below the dashed line. The
trend becomes even clearer for sulfur abundances close to solar,
where the oxygen abundances are 0.1–0.2 dex more enhanced
on average. This may be explained by the fact that oxygen is
only produced by massive stars (see, e.g., Matteucci 2021), while
a non-negligible fraction of sulfur is also produced on longer
timescales by SNe Ia (e.g., Leung & Nomoto 2018, 2020).

4.2. [α/Fe] radial gradients

Figure 4 shows the α-to-iron abundance ratio as a function
of the galactocentric distance. In the top panel, the oxygen-
to-iron abundance ratio ([O/Fe]) is almost constant over the
entire range of distances, as expected. The slope is quite flat
and agrees with similar estimates of the [α/Fe] radial gradients
available in the literature within the errors. In a recent investiga-
tion, Santos-Peral et al. (2021) found a [Mg/Fe] radial gradient
of 0.025± 0.009 dex kpc−1 using field stars with galactocentric
distances between 6 and 11 kpc.

In the bottom panel of the same figure, the sulfur-to-iron
abundance ratio ([S/Fe]) shows a well-defined negative gradient
that is supported by the linear and logarithmic regressions.
The quoted evidence is somewhat puzzling because a similar
estimate reported by Perdigon et al. (2021), based on a large
sample of field stars, indicated a flat [S/Fe] radial gradient
between 6 and 10 kpc (0.004± 0.006 dex kpc−1). The compar-
ison with similar estimates available in the literature should be
treated with caution because field stars cover a broad range in
age and in evolutionary phases.

Oxygen and magnesium are mainly produced in hydro-
static nucleosynthesis of massive stars (McWilliam et al. 2008;
Kobayashi et al. 2020). Sulfur has a mixed origin because it
is produced during the final evolutionary phases of massive
(M ≥ 20 M⊙) stars, but it is also produced during Type II SNe
explosions (Limongi & Chieffi 2003). Sulfur therefore has a key
advantage over other α-elements.

The range in iron abundance covered by the current sam-
ple of CCs, and for which we were able to measure the oxygen
abundance, is about 0.7 dex. In this range, the [O/Fe] abundance
ratio is constant, but the [S/Fe] ratio shows a steady decrease
from the inner (more metal-rich) to the outer (more metal-
poor) disk. The depletion in sulfur is already about 0.2 dex at
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Fig. 4. Abundance ratios as a function
of the Galactocentric distance. Same as
in Fig. 2 but showing the [O/Fe] and the
[S/Fe] abundance ratios.

RG ∼ 12.5 kpc and becomes about 0.5 dex in the outermost disk
regions.

The physical reasons driving the difference in the abun-
dance ratios of these two α-elements are not clear. It would be
quite interesting to investigate the abundance ratios of the other
explosive α-elements (Si, Ca, and Ti) to provide a more com-
plete analysis of their enrichment in the Milky Way. Sulfur can
play a key role in this context because it is a moderately volatile
element and is therefore not blocked into the dust grains of the
interstellar medium. For this reason, the S abundance in stars
can be directly compared with abundances in H II regions, super-
novae remnants, planetary nebulae (P Ne; Henry et al. 2004),
damped Ly-α systems and, in general, high-redshift galaxies
(Vladilo et al. 2018; Dessauges-Zavadsky et al. 2007), and active
galactic nuclei (AGN; Liu et al. 2015; Mizumoto et al. 2023).

4.3. Dependence on the age of classical Cepheid
abundances

To further investigate the difference in the slope between iron
and α-elements, the left panels of Fig. 5 show the same abun-
dance ratios as plotted in Fig. 2, but as a function of the
logarithmic pulsation period. As already mentioned in Sects. 1
and 4, the pulsation period is a solid diagnostic for the individ-
ual age of CCs (Bono et al. 2005). The abundances plotted in the
top and bottom panels show for the first time that CCs with peri-
ods shorter than ∼4 days (log P≲ 0.6, older ages) are also poorer
in iron and sulfur. In the middle panel, the trend is different,
but only because oxygen abundances are missing in a good frac-
tion of the metal-poor CCs. This is a spectroscopic validation of
an intrinsic property of CCs. Their period distribution system-
atically shifts toward shorter periods in the metal-poor regime.
This circumstantial evidence was only based on the difference
in the period distribution of CCs in the Small Magellanic Cloud
(SMC) and the LMC so far (Soszyński et al. 2017; Pietrukowicz
et al. 2021; Bono et al. 2023). The drift toward shorter periods is
observed in metal-poor Galactic CCs for the first time here.

The right panels of Fig. 5 display the element-to-iron abun-
dance ratios as a function of the logarithmic pulsation period.
The linear regressions show that the slope of the [O/Fe] ratio is
steeper than the [S/Fe] and [((O+S)/2)/Fe] slopes. Moreover, the
spread in the range of short periods clearly increases.

This empirical evidence indicates that both O and S are over-
abundant in very young (long-period) Cepheids. However, this
plain physical argument is hampered by the fact that the α-
elements are typically produced on a timescale of some dozen
million years, whereas iron-peak elements, if we assume that
they are mainly produced by Type Ia SNe, are produced on a
timescale of a few billion years.

5. Comparison with literature data

The top left panel of Fig. 6 shows the [O/Fe] abundance ratio as a
function of the iron abundance for both the CC and OC samples.
The data plotted in this figure display that for Fe abundances that
are more metal poor than solar, the O abundance is overabun-
dant on average. In particular, CCs and OCs for [Fe/H] ≲ −0.3
show a well-defined O enhancement. The data plotted in the bot-
tom panel display that the S abundance is underabundant on
average. The abundance ratio attains solar values only in the
metal-rich regime ([Fe/H] ≥ 0). Trumpler 20, one of the open
clusters observed by Lucertini et al. (2023), agrees quite well
with the current sample of OCs and CCs, whereas Trumpler 5
shows a well-defined enhancement in sulfur. In passing, we also
note that the abundance ratios are independent of the age because
CCs and OCs display similar variations.

The right panels of Fig. 6 show the same comparison,
but with thin- and thick-disk field stars observed by GES and
with bulge field stars observed by Lucertini et al. (2023).
The [O/Fe] abundance ratio is enhanced in the metal-poor
regime and becomes underabundant in the metal-rich regime,
as expected. CCs display a remarkable agreement when com-
pared with thin- and thick-disk stars. This suggests that the
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Fig. 5. Abundance ratios as a function of the logarithmic pulsation period. The black line shows a linear regression fit to the current Cepheid
sample. The corresponding equation is also shown.

O abundance of metal-poor CCs is expected to be enhanced
in the metal-poor regime and depleted in the metal-rich regime
(Romaniello et al. 2022).

The variation in the [S/Fe] as a function of the iron abun-
dance for CCs is far from being linear. The ratio attains solar
values in the metal-poor ([Fe/H] ∼ −0.6) and in the metal-
rich ([Fe/H] ≥ 0) regimes, but shows a parabolic trend for
intermediate iron abundances. The parabolic trend is less clear in
OCs because the current sample only includes a few OCs located
in the outer disk and with accurate S abundances.

Thin-disk stars agree quite well with CCs, but thick-disk
stars are systematically enhanced when compared with classi-
cal Cepheids. The bulge stars attain solar ratios only in the very
metal-rich ([Fe/H] ≥ 0.2) regime, whereas in the more metal-
poor regime, the ratio is systematically enhanced, suggesting a
different chemical enrichment compared with young thin-disk
stars. However, it is worth noting that while thick, thin, and
bulge stellar abundances indicate evolutionary trends of individ-
ual MW components (see the time-delay model, e.g., Matteucci
2021), CCs display present-day frames of different regions with
diverse histories of star formation. Therefore, caution must be
taken when comparing these different datasets.

To further constrain the variation in the abundance ratios,
Fig. 7 shows the same data for CCs plotted in Fig. 6, but color-
coded according to the galactocentric distance. The data plotted
in the left panel show that the [O/Fe] is solar in the solar neigh-
borhood and in the inner disk, as expected, whereas it becomes
enhanced in the more metal-poor regions of the outer disk. The
transition from the inner to outer disk is even more clearly traced
by the [S/Fe] abundance ratios plotted in the right panel of the
same figure. The CCs located inside the solar circle display solar
values, whereas those located at larger galactocentric distances

appear to be underabundant and approach solar values once
again in the outermost regions. The number of stars approaching
solar abundance at low metallicities is quite small for firm con-
clusions, but the data plotted in the bottom panel of Fig. 4 and
in the right panel of Fig. 7 indicate that the sulfur abundances
do not follow the iron abundances for galactocentric distances
larger than ∼12–13 kpc. This behavior could be supported by
a S production that is variable with distance. This working
hypothesis is discussed on a more quantitative basis in the
next section.

6. Comparison between theory and observations

To investigate the impact of the observed CCs abundance gra-
dients on the Milky Way disk evolution on a more quantitative
basis, we compared them with the results of detailed Galactic
chemical evolution models. The starting point was the best-fit
model recently provided by Palla et al. (2020). The model is
a revised version of the two-infall paradigm (see also Spitoni
et al. 2019) in which two consecutive gas accretion episodes,
separated by an age gap of at least 3 Gyr, form the so-called
high-α and low-α sequences observed in the Galactic disk. For
the second gas-infall episode forming the low-α sequence, the
timescale for gas accretion increases with radius according to
the inside-out scenario. In addition, inward radial gas flows with
a constant velocity (of 1 km s−1) and a star formation efficiency
(SFE) for the Schmidt-Kenicutt law5 that is variable with radius
(with values between ν = 5 and 0.1 Gyr−1 ), act together with
the inside-out mechanism. A more detailed discussion of the
physical assumptions is given in Palla et al. (2020).

5 We adopted ΣSFR = νΣ
k
gas (Kennicutt 1998), with k = 1.5.
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Fig. 6. Abundance ratios as a function of the iron abundance. Left panels: same data as in Fig. 2, but comparing the [O/Fe] (top) and [S/Fe]
(bottom) ratios for our samples of classical Cepheids and open clusters. The bottom panel also shows the abundance ratios for the open clusters
(Trumpler 5 and Trumpler 20) provided by Lucertini et al. (2023). Right panels: [O/Fe] and [S/Fe] ratios for Galactic Cepheids compared with thin-
and thick-disk stars provided by the GES (DR5.0) collaboration and with thin-disk, thick-disk, and bulge field stars provided by Lucertini et al.
(2022, L22a).

Fig. 7. Abundance ratios as a function of the iron abundance. The [O/Fe] and [S/Fe] ratios for the current CC sample are color-coded according to
their galactocentric distance.

This model accounts for radial abundance gradients based
either on CC or on OC observational programs (Luck & Lambert
2011; Genovali et al. 2015; Magrini et al. 2017) as well as on
gas, stellar, and star formation rate (SFR) density gradients (see,
e.g., Nakanishi & Sofue 2003, 2006; Stahler & Palla 2005;
Green 2014) in the Galactic thin disk. Moreover, the model setup
allows us to reproduce the so-called α-dichotomy/bimodality in
[α/Fe] versus [Fe/H] trends by the APOGEE survey at different
galactocentric distances (see, e.g., Queiroz et al. 2020).

Figure 8 shows the comparison between the observed abun-
dance gradients for Fe, O, and S with the best-fit model of Palla
et al. (2020). Starting from Fe, the model by Palla et al. (2020)
underestimates the present-day [Fe/H] abundance in the outer-
most radii (RG ≳ 12 kpc). The same seems to happen for the
[O/H] gradient, even though the number of stars in outer regions
(∼10 with RG > 13 kpc) is too limited for firm conclusions. To
reproduce the radial trends, we ran another chemical evolution
model with modified prescriptions relative to the best-fit model
by Palla et al. (2020). In particular, we relaxed the condition of
a variable SFE for RG > 12 kpc by fixing its value to the one at
RG = 12 kpc (ν = 0.5 Gyr−1). This new model agrees quite well
with the observed abundance plateau at large galactocentric dis-
tances, and at the same time, it does not significantly affect the
predicted [α/Fe] radial trends, as can be seen in the right panels
for both O and S.

The bending of the slope of sulfur (see also Fig. 2) at large
radii should also agree with our modified model, which shows

a plateau at RG>12 kpc. However, the lower panels of Fig. 8
highlight an overestimation of the observed [S/H] and [S/Fe]
by the modified model in the outer regions, whereas present-
day abundances within the solar ring (RG ≲ 8 kpc) are generally
reproduced. This indicates that the greater steepness of the sulfur
gradient (see the slope coefficients in Figs. 2 and 4 or in Table 4)
is not captured by the current models.

This discrepancy may be explained by the nucleosynthe-
sis prescriptions for sulfur. This element is also synthesized by
Type II SN explosive nucleosynthesis (see also Sect. 4.2), and
it has a more uncertain outcome than the synthesis of purely
hydrostatic elements, such as oxygen (Woosley & Weaver 1995;
Nomoto et al. 2013; Limongi & Chieffi 2018). Moreover, the
comparison with stellar abundances in the [S/Fe] versus [Fe/H]
diagram is often hampered by the difficulty of obtaining reliable
and homogeneous stellar abundances over a broad range in iron
abundances (see Romano et al. 2010; Kobayashi et al. 2020, and
references therein). Therefore, we decided to change the stellar
yield prescriptions adopted in Palla et al. (2020). In particular,
we multiplied the CC-SN yields by Kobayashi et al. (2006, 2011)
by a scaling factor K. It is worth noting that even though it is
also not negligibly produced by Type Ia SNe, we kept the S yield
prescriptions by Iwamoto et al. (1999) fixed. The variations in
[S/Fe] that can be obtained by changing the plethora of Type Ia
SN models available in the literature is ∼0.1 dex (see Palla 2021),
which is much smaller than the difference in [S/Fe] at different
galactocentric distances (∼0.3 dex).
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Figure 9 shows the results of this test. Together with the
modified model presented in Fig. 8, we also plot an analogous
model in which the CC-SN sulfur yield is multiplied by a fac-
tor K = 0.25. This model clearly recover the agreement with
the data in the outer regions for both the [S/H] and [S/Fe] but
it underestimates the observed values for radii within the solar
ring, as expected. For this reason, we also show in Fig. 9 a
third model for which the K factor changes with radius, from
K = 1 at 4 kpc to K = 0.25 from 12 kpc onward. This toy model,
as we called it, reproduces the observed trends for both [S/H]
and [S/Fe] very well and highlights the necessity of a source
of production for sulfur that varies in its contribution with the
galactocentric radius.

It is beyond the scope of this work to determine whether this
might be the contribution by stellar populations with different
typical rotational velocity (e.g., Limongi & Chieffi 2018), a dif-
ferent binary fraction (Farmer et al. 2023), or combined effects
(including the contribution by different Type Ia SNe progeni-
tors). A much larger number of chemical elements are needed to
perform such a study.

The new spectroscopic sample for Galactic CCs presented in
this work points toward a revision in the prescriptions adopted
by chemical evolution models aiming at reproducing Galactic
radial gradients (e.g., Grisoni et al. 2018; Palla et al. 2020). This
is mainly driven by the much larger statistical significance of the
data for the outermost regions of the Galactic thin disk. Several
previous OCs catalogs also suggested the possibility of a change
in the slope between inner and outer disk (e.g., Yong et al. 2012;
Magrini et al. 2023), however, uncertainties affecting individual
distances, the limited number of objects located in the outer-
most regions, and the possibility that the change in the slope
was driven by an age effect prevented firm conclusions. In pass-
ing, we also note that the different scenarios in the modeling of
radial gradients have a marginal impact on the fit of the observed
α-bimodality within the two-infall paradigm (e.g., Spitoni et al.
2019, 2021; Palla et al. 2022). The galactocentric distances of the
stellar data adopted for these analyses are smaller than 12–14 kpc
because those from outer regions are significant severely limited
in number (see, e.g., Spitoni et al. 2021). Next-generation spec-
troscopic surveys focusing on the outer Galaxy (e.g., WEAVE;
Dalton et al. 2020, and 4MOST; de Jong et al. 2019) may help
to increase the number of field stars with abundance ratios in
the outer regions significantly, and thus provide simultaneous
constraints to probe Galactic evolutionary models.

Finally, the detection of the significant difference between
the sulfur gradient and gradients from other elements underlines
the importance of obtaining data for the largest number of chem-
ical elements because this highlights features of nucleosynthetic
processes that are hidden when the oxygen and iron gradients
alone are considered. Therefore, we plan to extend the analysis
for other chemical elements in order to unveil the causes of the
different gradient behaviors.

7. Summary and final remarks
We present the largest (1285 spectra) and most homoge-
neous spectroscopic sample for Galactic classical Cepheids
(379 objects). For a significant fraction of them (1118 spectra,
356 objects) we measured the abundances of iron and of two
α-elements (O and S). The new abundances are based on optical
spectra with high S/N collected with a variety of high-resolution
spectrographs. The current sample, when compared with similar
estimates available in the literature, has several key advantages:
New accurate abundances are provided for the first time for
70 CCs in our sample. The current CC sample ranges from the

inner (RG ∼ 5 kpc) to the outer (RG ∼ 25–30 kpc) disk, and they
are distributed across the four quadrants. The spectroscopic sam-
ple includes both short- (old) and long-period (young) CCs. The
sample includes CCs that pulsate in the fundamental mode, in
first overtone, in mixed mode, and in double mode. A number of
acid tests have been performed to remove possible contamination
either from old (Type II Cepheids) or intermediate-age (anoma-
lous Cepheids) tracers or from geometrical (binaries) variables.
We also investigated the orbital properties of the current spectro-
scopic sample and found that the bulk of them have orbits typical
of thin-disk stars.

The objects vary steadily in their physical properties because
of radial oscillations. We therefore paid special care to estimat-
ing the atmospheric parameters (effective temperature, surface
gravity, and microturbulent velocity). They were often verified
using different approaches and/or diagnostics. The internal con-
sistency and the accuracy of the atmospheric parameters and
of the adopted line list were investigated in a previous study
(da Silva et al. 2022) by using two dozen calibrating Cepheids for
which high-resolution spectra cover the entire pulsation cycle.

Classical Cepheids are excellent standard candles. The indi-
vidual distances that we estimated are based either on Gaia
DR3 trigonometric parallaxes or on near- and mid-infrared
period-luminosity relations (Ripepi et al. 2022). The latter were
estimated by using individual color excesses from Schlafly &
Finkbeiner (2011) and the reddening law by Cardelli et al. (1989)
and by Madore et al. (2013, MIR).

In order to constrain the sensitivity of the radial gradients
to the age, we took advantage of a sample of 62 open clusters
collected by the Gaia-ESO survey (Randich et al. 2022) and
complemented with 18 OCs available in the ESO archive. The
key advantage of this sample is that homogeneous estimates of
their abundances (Fe and O) were already available together with
homogeneous cluster parameters (cluster age, distance, and red-
dening). Furthermore, we measured S abundances with the same
diagnostics. All in all, the current OC sample covers galactocen-
tric distances similar to the CC sample, but the age distribution
ranges from a few million years to about 7 Gyr. The main results
concerning the radial abundance gradients are listed below.

Slope of the radial gradients. The iron and sulfur radial
gradients based on both CCs and OCs display a well-defined
departure from linearity from the inner to the outer disk. The
oxygen radial gradient shows a similar trend, but the flatten-
ing at large galactocentric distance is partially hampered by the
lack of measurements for RG ≥ 19 kpc. We found that logarith-
mic regressions account for the variation in [X/H] abundances
from the inner to the outer disk. This is a solid finding because
we individually checked CCs located at large galactocentric dis-
tances by using pulsation observables (I-band amplitude, Fourier
parameters) and the height above the Galactic plane.

Difference in the slope between iron and α-elements. The
slope of the S radial gradient is steeper than the Fe slope. The dif-
ference is approximately a factor of two for the linear fit (−0.081
vs. −0.041 dex kpc−1) and changes from −1.62 to −0.91 in the
logarithmic distance. The OCs fully support the difference we
found for CCs. It is worth mentioning that the current find-
ing is minimally affected by the spread in iron and in sulfur
abundances at fixed galactocentric distance. The uncertainty on
individual measurements is significantly smaller. The linear fit to
the oxygen radial gradient is similar to the iron radial gradient,
as expected, whereas the logarithmic fit is slightly shallower.

Difference between O and S. Empirical evidence indi-
cates that S (explosive nucleosynthesis) is underabundant when
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Fig. 8. Predicted [X/H] and [X/Fe] radial gradients compared with the Cepheid data presented in this work (blue points with error bars). The black
lines are from the best-fit model presented by Palla et al. (2020), and the red lines are from a model with analogous setup, but with a flattened
profile for the efficiency of star formation ν in the outer Galactic regions (RG > 12 kpc).

Fig. 9. Effect of the S yield for massive stars on the [S/H] and [S/Fe] radial gradients for the model with a flattened star formation efficiency profile
for the outer regions. The solid red line shows the model with standard yield prescriptions (from Kobayashi et al. 2006, 2011), the dashed red line
shows the model with the S yield reduced by a factor 4, and the dash-dotted green line displays a model with scaling factor for the S yields that is
variable with radius. The symbols are the same as in Fig. 8.
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compared with O on average (hydrostatic nucleosynthesis).
The difference becomes clearer in the metal-poor regime, and
clearer still for the [O/Fe] and [S/Fe] abundance ratios. The for-
mer regime shows either a flat distribution or a tiny positive
slope. On the other hand, the [S/Fe] abundance ratio displays
a well-defined negative gradient, suggesting that sulfur is under-
abundant compared with iron over a substantial fraction of the
Galactic thin disk. In this context, it is worth mentioning that
OCs display either a flat distribution or a mild difference when
compared with CCs. The OCs for galactocentric distances larger
than 10 kpc attain solar [S/Fe] abundance ratios.

Age effects. 1) The current abundances and the element-to-
iron abundance ratios display positive gradients when plotted as
a function of the logarithmic period. More metal-poor CCs dis-
play a systematic drift toward shorter periods, as expected on the
basis of theoretical and empirical evidence. Circumstantial evi-
dence indicates that very young CCs are overabundant in O and
in S. The difference is mainly a consequence of the fast chemical
enrichment of α-elements when compared with iron-peak ele-
ments. 2) Radial gradients and abundance ratios do not appear to
be correlated with age. CCs together with young and old open
clusters display similar variations from the inner to the outer
disk and from more metal-poor to more metal-rich regimes. In
this context, it is worth mentioning that dating back to Carraro
et al. (2007) and to Friel et al. (2010), a flattening of the radial
gradients based on OCs has already been suggested in the lit-
erature. However, this variation was interpreted as an age effect
in the sense that an increase in cluster age caused a flattening
of the radial gradients. CCs, being systematically younger than
250 Myr, trace the present-day radial gradient. This means that
when we assume that the average galactocentric velocity is about
a few km/sec (Tian et al. 2017; López-Corredoira et al. 2019), a
CC that was born at a galactocentric distance of 10 kpc moved
1 kpc at most after 200 Myr. The consequence of this plain
evidence is that the flattening is associated with the physical
properties of the outer disk.

To investigate the impact that the current radial abundance
gradients have on the chemical evolution of the Galactic thin
disk on a more quantitative basis, we also performed a detailed
comparison between theory and observations. We adopted the
best-fit model recently provided by Palla et al. (2020) and found
that a constant star formation efficiency for galactocentric dis-
tances larger than 12 kpc can account for the flattening observed
in iron and in α-elements.

Moreover, we developed a toy model to investigate the impact
that current predictions concerning S yields for massive stars
have on the radial abundance gradients. We found that inside
the solar circle, the current [S/H] and [S/Fe] gradients are well
reproduced by the canonical yield prescriptions by Kobayashi
et al. (2006, 2011). The same comparison indicates that the flat-
tening in the outermost regions requires a decrease of a factor
of four in the current S predictions. This indicates a substantial
decrease in the S yields in the more metal-poor regime.

The current findings open the path to a few key pieces of
evidence that are worth being discussed in more detail. Bio-
chemistry mainly relies on six crucial elements: carbon, hydro-
gen, oxygen, nitrogen, phosphorus, and sulfur (CHONPS). This
means that molecules containing these key elements played a key
role in prebiotic chemistry and in the origins of life on Earth.
The overabundance of sulfur in the solar circle and in the inner
disk seems a good viaticum for the identification of prebiotic
molecules.

Moreover, sulfur in contrast with other α-elements is a
volatile element. This means that stellar sulfur abundances

can be directly compared with nebular sulfur abundances in
external galaxies. There is mounting evidence that both barred
and unbarred galaxies display a flattening in the metallicity
gradients at large radial distances, as discussed, for instance, by
Sánchez-Menguiano et al. (2016). These authors also found that
the outer flattening regions contain a relatively high metallic-
ity that can barely be explained in the framework of a canonical
inside-out scenario with a constant SFR. Many mechanisms have
been suggested to explain this trend, and in particular, the role
played by a bar and/or spiral arms (Minchev et al. 2011; Spitoni
et al. 2019), minor mergers of satellites (Quillen et al. 2009),
and “wind recycling” accretions (Oppenheimer & Davé 2008).
The preliminary findings brought forward by this investigation
indicate that the MW radial gradients traced by young stellar
populations show a similar trend. This means that they are a
fundamental laboratory for investigating here and now the phys-
ical mechanisms driving the flattening.

Finally, the possibility of comparing sulfur abundances in
external galaxies appears even more promising because the
strong emission lines of the S abundances can be measured even
at high redshifts in Seyfert galaxies (see Mizumoto et al. 2023;
Dors et al. 2023, and references therein) and in damped Lyman-α
systems (see Gioannini et al. 2017, and references therein).
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Appendix A: Pulsation type classification

By considering the position of our CCs in the MW, we found
12 objects that needed further investigation in order to validate
our results. More specifically, the distances of 11 CCs from the
Galactic center are larger than 17 kpc, and the height from the
Galactic plane of 2 CCs is larger than 3 kpc (see Fig. A.1,
panel a). With the aim at separating different types of pulsat-
ing variables, we therefore verified their positions in diagrams
that are commonly used for variable star classification, namely,
the Bailey diagram (panel b of the same figure) and the Fourier
parameters plotted as a function of the logarithmic pulsation
period (panels c and d).

Comparing our sample of CCs with bona fide CCs from
the OGLE survey (including the LMC, SMC, the disk, and the
bulge sample), we found that only the two fundamental-mode
CCs with a large Z (i.e., the two triangles) occupy anomalous
positions in some of these diagram. More specifically, the star
ASAS J062939-1840.5 (the one at RG∼29 kpc and with pulsation
period ∼17 days) is slightly outside of the main sequence of fun-
damental CCs in both the Bailey and the R21 plots. V1253 Cen
(RG∼8.5 kpc and P∼4 days) instead is outside the locus of fun-
damental CCs only in the R21 versus log P diagram. All the other
CCs in our sample are well within the loci of both fundamental
and first-overtone CCs.

Fig. A.1. Height from the Galactic plane, Bailey diagram, and Fourier
parameters. Panel a) Distance from the Galactic plane as a function
of the galactocentric distance for the current sample of 379 classical
Cepheids. Panel b) Bailey diagram: I-band luminosity amplitude as a
function of the logarithmic pulsation period. The gray and cyan dots
display the fundamental (FU) and first overtone (FO) Galactic CCs,
respectively, collected by OGLE IV. The red triangles indicate two
of our Cepheids for which only the V-band light curves are available
(Jayasinghe et al. 2021, ASAS-SN V) and that were transformed into
the I band using an amplitude ratio of 1.61 (see Klagyivik & Szabados
2009). The red and blue circles display FU and FO Cepheids located in
the outermost disk region. Panels c) and d) Same as in panel (b), but
showing the R21 and the ϕ31 Fourier parameters. For the two CCs with
V-band light curves alone, the Fourier parameters were transformed into
the I band using the empirical relations from Ngeow et al. (2003).
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Appendix B: Spectral synthesis examples for
sulfur

Figure B.1 shows the comparison between observed spectra and
the best-fit synthetic models for a sample of four stars, acquired
with different spectrographs, in the sulfur line region at 6757 Å.
Specifically, the HARPS spectrum (R∼115 000) is for the star
ζ Gem (Teff = 5617 K, log g = 1.2 dex, [Fe/H] = 0.02 dex,
υt = 3.4 km s−1, A(S) = 7.13± 0.03 dex); the FEROS spec-
trum (R∼48 000) is for T Vel (Teff = 5721 K, log g = 1.6 dex,
[Fe/H] = −0.06 dex, υt = 3.3 km s−1, A(S) = 7.02± 0.05 dex);
the UVES spectrum (R∼40 000) is for XX Sgr (Teff = 6259 K,
log g = 1.3 dex, [Fe/H] = −0.06 dex, υt = 2.9 km s−1, A(S)
= 7.05± 0.05 dex); and the STELLA spectrum (R∼55 000) is
for the star VZ Cyg (Teff = 6169 K, log g = 1.3 dex, [Fe/H] =
−0.02 dex, υt = 2.9 km s−1, A(S) = 7.03± 0.04 dex).

Fig. B.1. Examples of spectral synthesis for the S I line at 6757 Å. The
observed (HARPS, FEROS, UVES, and STELLA) and best-fit synthetic
spectra are plotted as black points and magenta solid lines, respectively.
The line of interest is marked as the green area.

Appendix C: Comparison with stars in common

Figure C.1 shows a comparison of the atmospheric parameters
and the O and S abundances for Cepheids in common in our
sample and the literature (Luck et al. 2011; Trentin et al. 2023).
The differences are close to zero within the errors for most of the
comparisons. The surface gravity and the microturbulent veloc-
ity are systematically higher in Luck et al. (2011), which might
be due to differences in the line lists used. Sulfur abundances are
systematically overabundant in both literature works compared
to our estimates. Again, the line list differences likely play an
important role. Our measurements are based on one single line
of sulfur, whereas those authors used additional S lines in their
estimates.

Fig. C.1. Comparison with literature of the atmospheric parameters and
abundances estimated in the current work. The panels shows the differ-
ences as a function of the effective temperature for stars in common in
the current study (TS) and data from Luck et al. (2011, L11) and Trentin
et al. (2023, T23).
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Appendix D: Abundances in the pulsation cycle

Figure D.1 shows the O and S abundances plotted as a function
of the pulsation phase for the 20 calibrating CCs provided by
da Silva et al. (2022). This is a selection of Cepheids from our
sample for which high-resolution spectra cover either the entire
cycle or a significant portion of the pulsation cycle.

The phases (ϕ) in the pulsation cycle were calculated by
using the following equation and the ephemerides that we
previously published in da Silva et al. (2022):

ϕ =


x − int(x) − 1 if x − int(x) > 0
x − int(x) + 1 if x − int(x) < 0
x − int(x) otherwise

x =
MJD − (T0 − 2 400 000) + 0.5

P
, (D.1)

where MJD is the modified Julian date from their Table 4, while
T0 (as defined in that paper) and the pulsation period (P) are
from their Table 5. For Cepheids for which more than one value
of T0 was available, we adopted the first one (ephemeris source
= 0). We note that a shift was applied to the phases of VY Sgr
(−0.05), RZ Vel (+0.03), and WZ Sgr (−0.03) for the reasons
mentioned in the notes to Table 5. Finally, we mention that the
oxygen abundance for the variable Y Oph was not included in our
current study. Although the S/N of the spectra available for this
variable is quite high (from ∼70 to more than 180), there are sev-
eral emission features close to the oxygen line at 6300.3 Å. This
means that the position of the continuum could not be assessed
accurately. This oxygen line is relatively weak, which makes the
abundance measurements very sensible to the continuum defini-
tion. The observed features might be related to airglow emission
lines (see Noll et al. 2012), which may affect some of the spectra
adopted in our analysis.
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Fig. D.1. Abundance ratios as a function of the pulsation phase. Measurements from different spectrographs are indicated with different colors and
symbols. The error bars are smaller than the symbol size in some cases. The weighted mean (dashed line) and the standard error of the abundances
are also shown, together with the pulsation period.
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Fig. D.1. continued.
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