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ABSTRACT

We analyze the oxygen abundances of a stellar sample representative of the two major Galactic
populations: the thin and thick disks. The aim is to investigate the differences between members of the
Galactic disks and to contribute to the understanding on the origin of oxygen chemical enrichment in the
Galaxy. The analysis is based on the [01]=6300.30 A oxygen line in HR spectra (R ~52,500) obtained
from the GES Survey. By comparing the observed spectra with a theoretical dataset, computed in LTE
with the SPECTRUM synthesis and ATLAS12 codes, we derive the oxygen abundances of 516 FGK
dwarfs for which we have previously measured carbon abundances. Based on kinematic, chemical and
dynamical considerations we identify 20 thin and 365 thick disk members. We study potential trends
of both subsamples in terms of their chemistry ([O/H], [O/Fe], [O/Mg], and [C/O] versus [Fe/H] and
[Mg/H]), age, and position in the Galaxy. Main results are: (a) [O/H] and [O/Fe] ratios versus [Fe/H]
show systematic differences between thin and thick disk stars with enhanced O abundance of thick
disk stars with respect to thin disk members and a monotonic decrement of [O/Fe] with increasing
metallicity, even at metal-rich regime; (b) a smooth correlation of [O/Mg] with age in both populations,
suggesting that this abundance ratio can be a good proxy of stellar ages within the Milky Way; (c)
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2 FRANCHINI ET AL.

thin disk members with [Fe/H]~ 0 display a [C/O] ratio smaller than the solar value, suggesting a
possibly outward migration of the Sun from lower Galactocentric radii.

Keywords: Late-type stars — Stellar abundances — Stellar ages — Galactic stellar disks

1. INTRODUCTION

Oxygen is the third most abundant element in the universe and is produced by hydro-static burning in massive
stars and then essentially mostly dispersed by the Type II supernovae (Woosley & Weaver 1995). Oxygen and its
isotopes provide fundamental evolutionary information in a number of astrophysical topics from exoplanets to galaxies,
including, of particular importance, studies on the chemical evolution of the Milky Way (Matteucci & Chiappini 2001).
Moreover, in recent years, numerous studies have been devoted to investigate whether or not there is a correlation
between the stellar oxygen abundance and the presence of exo-planets (see Brewer & Fischer 2016; Nissen & Gustafsson
2018; Pavlenko et al. 2019)

Considerable efforts have been made in the literature in recent years in deriving accurate O abundance in late type
stars. Unfortunately, the atomic lines suitable for deriving O abundance are not numerous in the visual spectrum
of FGK stars and all of them present some difficult issues. The most commonly oxygen lines used in literature
are the 7773 A  triplet lines (OI=7772, 7774, and 7775 A), the high-excitation OI 6158 A line, and the forbidden
lines [O1] 6300 A and 6363 A. The OI triplet lines are relatively easily accessible and located in a spectral region not
affected by blending lines, but they are particularly sensitive to 3D non-local thermodynamic equilibrium (NLTE) (e.g.
Asplund et al. 2009; Amarsi et al. 2015, 2016, 2019). On the other hand, the other lines, less problematic for NLTE
effects, are quite weak and, therefore, difficult to measure at relatively low and high temperatures, respectively. An
accurate analysis and study of these lines was performed by Bertran de Lis et al. (2015) who also discuss the influence
of the quality and of the signal-to-noise ratio (SNR) of the spectra on the discrepancies of results obtained according
to the different lines used. Moreover, some of these lines can be severely contaminated by the presence of telluric lines.

A different approach uses the strengths of the large number of molecular lines of OH in the near-UV and near-
IR, (Israelian et al. 1998, 2001a,b; Boesgaard et al. 1999a,b; Meléndez et al. 2001) as indicator of oxygen abundance.
However, the OH lines, and thus the oxygen abundance derived from them, are very sensitive to the adopted effective
temperature (Jonsson et al. 2018) and to 3D granulation effects (Gonzalez Herndndez et al. 2010).

Since different oxygen diagnostics provide discordant results (see for example Bertran de Lis et al. 2015), the dis-
tribution of the [O/Fe] abundance ratio in stars across the Galactic disk(s) is still under debate. Many papers in
literature are focused on the understanding of the discrepancies derived by the different lines adopted to estimate
oxygen abundance and on their effect on the analysis of oxygen trends in the disk populations of our Galaxy (e.g.
Bensby et al. 2004; Bertran de Lis et al. 2015).

Nowadays, in addition to all these numerous and accurate works, we have also the huge amount of data pro-
vided by large modern spectroscopic surveys, such as the Gaia-ESO public spectroscopic Survey (GES, Gilmore et al.
2012; Randich et al. 2013, ESO programmes 188.B-3002 and 193.B-0936), the Apache Point Observatory Galactic
Evolution Experiment (APOGEE, Majewski et al. 2017), and the GALactic Archaeology with HERMES (GALAH,
De Silva et al. 2015), that, providing multi-elemental abundance ratios of thousands of stars belonging to different
Galactic populations, constitute a wealth of valuable information for theoretical studies. In studying the chemical
properties of stellar populations in the Galaxy, some of the above works have obtained discrepant results. For in-
stance, assuming Mg instead of Fe as reference element (Mg is thought to come mostly from core-collapse supernovae,
CCSNe), Weinberg et al. (2019) analyzed a spectroscopic sample of 20,485 stars within the SDSS/APOGEE survey.
They derived the median trends of abundance ratios [X/Mg] versus [Mg/H] for 15 elements and fit these trends with
a simple “two-process” model that characterizes the relative production of CCSNe and SNela. They found, for the
particular case of oxygen, that [O/Mg] barely correlates with [Mg/H]. Conversely, Griffith et al. (2019) found a strong
correlation, with [O/Mg] values that significantly decrease with increasing [Mg/H], a result in agreement with the work
by Bensby et al. (2014). As above mentioned, inferring oxygen abundances from optical spectra or near-IR spectra
can be very challenging due to, principally NLTE corrections or the impact of Teg on OH molecular abundances,
respectively.

In this paper, we take advantage of the GES spectroscopic Survey to derive oxygen abundances for a sample of 516
FGK dwarf stars belonging to the Galactic disks. These stars are a sub-sample of a larger (2133 objects) set of dwarfs
stars already analyzed by Franchini et al. 2020 (hereafter, FR20) to derive carbon abundances from atomic lines in
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their UVES spectra. In this paper, in order to derive oxygen abundance, we use the [O1] 6300.304 A forbidden line,
which is unaffected by NLTE effects, with the aim to construct and analyze the trends of [O/H], [O/Fe], [O/Mg], and
[C/O]* versus [Fe/H], [Mg/H], and spatial position in the Galaxy and age for the thin and thick disk populations. Our
final goal is to obtain detailed information on the chemical evolution, in particular, of [O/Fe] and [C/O]. The sample
contains stars with Teg from 4877 to 6561 K and [Fe/H] from -0.84 to 40.46 dex.

The paper is structured as follows: in Section 2 we introduce the sample used in this work. In Section 3 we describe
the method adopted for the oxygen abundance determination and we define the thin and thick disk samples by using
the three selection criteria presented in FR20. Section4.1l is dedicated to the discussion of the [O/Fe]-[Fe/H] and
[O/Mg]-[Mg/H] trends both for the thin and thick disk samples while Section4.2 is dedicated to the [C/O] trends
with [Fe/H], [Mg/H], and [O/H]. We also discuss the [O/H], [O/Fe], [O/Mg] and [C/O] trends with Rpeq (the mean
of the apo- and pericentric distances of the stellar orbit), with |Zmax| (the maximum distance from the Galaxy’s plane
achieved by a star during its orbit) (Section4.3), and with age (Section4.4). A comparison of our results with those
from other surveys is presented in Section 5. Conclusions are given in Section 6

2. OBSERVATIONAL DATA

For the aim of our work, we started from the sample of 2133 observed stars extracted from the fifth Gaia-ESO
Survey internal data release (GES iDR5) and whose carbon abundances were derived from atomic lines in FR20. The
sample (hereafter UVES-U580 sample) contains spectra of FGK dwarf stars obtained with the UVES spectrograph
in the setup centred at 5800 A. These spectra are exposed onto two CCDs, resulting in a wavelength coverage of
47006840 A with a gap of ~50 A in the center and a spectral resolving power ﬁ ~ 47,000 and ~52,000% in the blue
and red part of the spectra, respectively. For the sake of easy reference we here only mention the main properties of
our sample. The reader is referred to FR20 for details about the criteria adopted to select the GES spectra.

The UVES-U580 sample consists of dwarfs stars with homogeneously determined GES effective temperature (Tog),
surface gravity (log g), iron abundance ([Fe/H]), microturbulence (&), radial velocities (v; ), rotational velocities (v sin )
and detailed chemical compositions®, spanning the following ranges: Teg from 4599 to 6868 K; logg from 3.50 to
4.79dex; [Fe/H] from -0.90 to +0.60 dex; [C/Fe] from -0.44 to +0.44dex. In FR20 the sample was restricted to only
dwarf and turn off stars in order to avoid the stellar evolution effects in the red giants where during the first dredge-up
phase, their original CNO atmosphere composition is altered (Iben 1964, 1967; Becker & Iben 1979).

The availability of accurate parallaxes and proper motions for a large fraction of stars in our sample* from the
second Gaia data release (DR2 Gaia Collaboration et al. 2018) and radial velocities from GES iDR5 allowed FR20 to
compute Galactic velocities, orbits, and absolute magnitudes for 1804 dwarfs together with derived Bayesian ages for
1751 stars.

3. OXYGEN ABUNDANCES

The GES spectra do not cover the OI 7771-3A  triplet lines but incorporate the OI 6158 A permitted line and the
forbidden [O1] 6300 and 6363 A lines. Since the crowding of spectral features surrounding the stellar OT 6158 A line
makes the required normalization to the continuum a very challenging process, and because of the intrinsic weakness
of the feature, after a detailed inspection of the spectra we decided not to use this line. The forbidden [O1] 6363 A line
is also very weak in our spectra and not suitable to derive reliable abundances. So, we were compelled to restrict our
oxygen abundance determination only to the strongest forbidden line of oxygen at 6300 A.

The [O1] at 6300 A line is blended with the Ni line at 6300.336 A (see upper panel of figurel and Bensby et al.
2004), and, therefore, the determination of oxygen abundance via this line implies the knowledge of the Ni abundance.
Fortunately, GES iDR5 provides the Ni abundance for all the stars of our sample. In order to properly account for
the Ni contamination and considering that the line is usually very weak we have used the very high quality spectrum
of the Sun used in FR20 to fine tune the loggf values of all the lines needed to satisfactorily reproduce the [O1] and
Nir line blend in the solar spectrum (see top panel of figure 1). The adopted astrophysical loggf, derived as described
in Franchini et al. (2018), are reported in Table 1 together with values from the literature; we point out that we have

1 Iron and magnesium abundances are from the fifth Gaia-ESO Survey internal data release and carbon abundances are from FR20.
2 according to the SPEC_RES keyword in the primary header of the observed spectra.

3 GES abundances of element X are given as: logex = log %—Z +12.0

4 We considered only stars with small relative errors i.e. less than 10% in parallaxes and proper motions.
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Table 1. Oscillator strength gf of [O1] and Nil lines from various sources.

Line [O1] Ni1 References

[A]  6300.304 6300.336

-9.717 -2.310 3D, Allende Prieto et al. (2001)
-9.819 -2.135 1D, Bensby et al. (2004)

loggf  -9.717 -2.110 1D, Bertran de Lis et al. (2015)
-9.717 -2.602 1D, Pavlenko et al. (2019)
-9.715 -2.210 1D, derived and adopted in this paper

used the same log g f value ( 2.21) for the two isotopic components of the Ni line (see Johansson et al. 2003) and an
isotopic abundance ratlo = 2.6.

It is important to also note that the [O1] at 6300 A line can be, depending on the stellar radial velocity and on the
heliocentric velocities of the observations, blended, sometimes severely, with telluric absorption lines as sketched in the
middle panel of figure 1 and affected, in some spectra, by poor removal of the night-sky [O 1]26300.30A emission line
(Osterbrock et al. 1996; Burnside et al. 1977; Nissen & Edvardsson 1992) (see the bottom panel of figure 1). Therefore,
particular care was adopted to check and reject the spectra where the [O1] line profile was affected by the above-
mentioned problems (see Section 3.2).

3.1. Atmosphere models and synthetic spectra

To estimate [O/Fe| ratio abundances we adopted a spectral synthesis technique. For each of the 2133 stars, we
used the stellar atmosphere ATLAS12 code (Kurucz 2005) and the spectral synthesis program SPECTRUM v2.76f
(Gray & Corbally 1994) to compute its model atmosphere and synthetic spectrum, respectively. As described in FR20,
we adopted ATLAS12 since it allows us to generate on-the-fly models with full consistency between the chemical
composition used to build the atmosphere structure and the one actually used in synthesizing the emergent spectrum.
In particular, for each i-th star, we used its GES iDR5 atmospheric parameter values (Tu, log g,[Fe/H], and &) and
individual element abundances but for [C/Fe] values, which are from FR20 (for those elements with no estimate
of [X/Fe] we assumed [X/Fe]=0) to compute 13 atmosphere models differing only in [O/Fe], i.e with [O/Fe]; =
—0.6+ (j — 1) x 0.1dex (with j=1,..,13).

Then, starting from each i,j (i and j specify the star and the adopted [O/Fe] ratio, respectively) atmosphere model,
we used SPECTRUM v2.76f to obtain the corresponding normalized spectrum (S1 ) in LTE approximation. The
line list of atomic and molecular transitions we used in computing the synthetic spectra is the INTRIGOSS (high
resolution synthetic spectral library, Franchini et al. 2018)° line list, updated by the new loggf values of Table1 in
FR20, and extended, by using the same technique described in Franchini et al. (2018), to cover also the wavelength
range 6280-6325 A. We adopted for the reference solar abundances those obtained by Grevesse et al. (2007).

In conclusion, we computed for each star a set of 13 normalized synthetic spectra with [O/Fe] consistent with the
above mentioned atmosphere models. Since the synthetic spectra were computed at a very high resolving power
(~ 240,000), they were broadened by using the GES iDR5 vsin i stellar values and degraded at the resolution of red
UVES spectra (R ~52,500).

In order to remove the instrumental signature in the [O1]= 6300A line region of the observed (stacked) UVES-
U580 spectra we used, for each star 4, the j normalized synthetic Sl spectra to obtain from the corresponding observed
UVES-U580 spectrum a set of 13 normalized observed spectra (Ol’]) The normalization was performed by applying the
technique described in Franchini et al. (2018, 2020) but only in the region surrounding the stellar [O 1] 6300 A line. Ac-
tually, we extracted from the observed spectrum the 6280-6325 A wavelength region, we searched for quasi-continuum
flux reference points in Si\f (i.e. wavelength points with flux levels in excess of 0.97) taking care to exclude regions af-
fected by telluric features in the observed spectrum, and, then, we used the same points in the corresponding observed

5 http://archives.ia2.inaf.it /intrigoss/
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Figure 1. Top panel: Contribution of NiI lines into the formation of the 6300.3 A blend in the solar spectrum: observed
solar spectrum (blue) and synthetic spectra with synthesized both [O1] and Ni1 lines (red) or without the [O1] line (green).
Middle panel: comparison of synthetic (red) and observed (blue) solar spectra; strong observed features not present in the
synthetic spectrum correspond to telluric lines: e.g. T 2 and T3 indicate the 6299.214 O3, 6299.227 H20, and 6301.985 O3 lines.
Horizontal lines show the shifts of an observed stellar spectrum which would bring the telluric lines T2 or T3 to overlap the
[O1] feature: the corresponding velocity offsets due to the combined effect of stellar radial velocity and heliocentric velocity of
the observation are -39 and 492 km/sec, respectively. Bottom panel: example of GES UVES-U580 spectra with residual of the
removal of the night-sky [O1]=6300.30 emission line contaminating the [O 1] stellar feature.
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UVES spectrum to derive the continuum shape via a linear fitting of the ratio between observed and synthetic spectra.
Eventually, the observed spectrum is divided by the so computed linear fit to obtain the normalized spectrum Oy.

3.2. [O/Fe] determination: synthesis of the [0 1] 6300 A line

For each i star and for each j pair of spectra, i.e. for different [O/Fe] values, we computed the standard deviation
(aj—) between Oi\f and Si\f in a wavelength region centered at 6300.3038 A and with a width proportional to the stellar
rotational velocity (vsini) taking into account also its uncertainty (€, sini) (i-e. Ao & Adpor where Ag = 6300.3038 A,
Aot = (v 8iNd + €, sini)Ao/c, and ¢ is the speed of light). The above process was implemented after we checked for:

e the presence of a badly removed night-sky [O1]=6300.30 A emission line in the normalized spectra and all the
spectra showing points with normalized flux values greater than 1.05 in the spectral range defined for computing

ol were rejected;

e the presence of contaminating telluric lines by rejecting all the spectra with regions 1.5 times below the minimum
predicted by all the Sy spectra in the spectral range defined for computing a§.

Then, using a parabolic fitting, we determine the “best” [O/Fe] value corresponding to the position of the minimum
(if any) of o} vs [O/Fe] (see for details FR20, top panels of their Figure2). In such a way, we were able to obtain
[O/Fe| estimates for 869 stars (no clear minimum in o} was detected for the other stars, thus preventing a sound
determination of [O/Fe]). We assumed as the uncertainty in the obtained [O/Fe] the half-step of our [O/Fe] grid of
models and synthetic spectra, i.e. ojo/re & 0.05 dex.

To evaluate the variation of the oxygen abundance determinations when the uncertainties in the adopted model
atmosphere parameters are taken into account, we re-derived [O/Fe] for some representative stars by varying their
input Teg, log g, and [Fe/H] values by plus or minus their typical uncertainties which, for our sample, are 60K, 0.1 dex,
and 0.1dex, respectively. We choose two pairs of a relatively cool and hot stars one with [0/Fe]~0 and one with
[0/Fe]>0.3dex. In any case, the new [0/Fe] determinations differ from the nominal ones by less than 0.05dex and
indicated that the most critical parameter is logg. Furthermore, to avoid any systematic error due to the use of
a possible incorrect Ni abundance in evaluating the blend contribution of the Ni lines, we decided to re-apply our
fitting procedure also to only one half of the [O1] profile (i.e. the blue wing of the line profile since the blend effect
is much stronger in the red part of the [O1] line profile as shown in the top panel of figure 1) and to compare the so
obtained [O/Fe] with that derived from the whole profile. Eventually we rejected all stars/spectra with a standard
deviation of the two obtained [O/Fe] values greater than 30 re) thus obtaining a final sample of 516 dwarfs stars with
trustworthy [O/Fe] abundance ratios (the adopted values are those from the fit of the whole profile). Moreover, to
assess the absence of any other systematic offset in the derived [O/Fe] values we applied the above-described procedure
also to the solar spectrum obtaining [O/Fe]o = —0.02.

The comparison of our results for oxygen abundance determination with those available in the literature can be
done, unfortunately, only for very few of our stars. In fact, we found only 3, 4, and 10 stars in common with
Bensby et al. (2014), Brewer & Fischer (2016), and Buder et al. (2019), respectively. In any case, our results are in
reasonable agreement with those obtained in these three works taking into account that different oxygen lines and
NLTE corrections were used (we recall that our results do not require any NLTE correction since we used the [O1]
6300 line). Actually, we found mean differences in [O/H] of 0.064+0.08, -0.24+0.10, and 0.09+0.12 for the stars in
common with Bensby et al. (2014), Brewer & Fischer (2016), and Buder et al. (2019), respectively, where the highest
difference is very likely due to the absence of any NLTE correction in Brewer & Fischer (2016).

Out of the 516 stars 308 have also an age determination (for the other 208 stars FR20 found too uncertain ages, i.e.
with FWHM,4. > 8 Gyr).

Figure 2 shows the histograms of the atmospheric parameters and FR20 ages for the stars in the final sample. The
final sample consists of stars spanning in Teg from 4877 to 6561 K; logg from 3.51 to 4.79dex; [Fe/H] from -0.84 to
0.46 dex.

3.3. Definition of thin and thick disk star samples

To discriminate between thin and thick disk stars in the UVES-U580 sample we used, as in FR20, three different
selection methodologies: (%) the chemical one based on positions in the [Mg/Fe]-[Fe/H] plane; (i) the kinematical one
based on stellar Galactic velocities; (74i) the orbital one based on the Ryeq and | Zmax| orbital parameters (see FR20 for
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Figure 2. Histograms of atmospheric parameter values for the 516 stars with trustworthy [O/Fe]: Tes (top-left panel) logg
(top-right panel), [Fe/H] (bottom-left panel), and of age (bottom-right panel) for the sub-set of 308 stars (see text).

details). As already discussed in FR20 (and references therein) there is not yet conclusive criteria for unambiguously
separating samples of thin and thick disk stars and with null contamination. In fact, depending on the adopted
criterion, the number of classified (i.e. as thin or thick disk stars) and of unclassified stars in our sample actually
varies. In fact, even if thin and thick disk stars should differ both in chemistry and kinematics, the sensitivity of each
above listed classification method varies for different kind of stars. In particular:

e the adopted chemical classification, taking also into account the uncertainties on [Mg/Fe|] and [Fe/H] determina-
tions, is less effective for metal rich stars due to the merging of the two sequences of high- and low-a objects at
[Fe/H]>0;

e the kinematical classification, also affected by uncertainties in the computed Galactic velocities, has difficulties in
classifying objects which fall in the overlap regions of the Gaussian velocity distributions of the different Galactic
components;

e the classification based on the orbital parameters Ryed and |Zmax|, whose computed values depend not only by
the accuracy of the input stellar positions, distances, and velocities, but also by the reliability of the adopted
Galactic potential, may fail for stars falling close to the somewhat arbitrary separation borders in the orbital
parameter plane between the different Galactic components adopted in FR20.
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Table 2. Linear regression coefficients

Sigs Zio—z Nstar Xr
Thin 1.20£ 0.03 -0.02+ 0.01 376 2.9
Thick 1.18+ 0.11  0.36+ 0.05 20 3.5

NOTE—Ngtar is the number of points used to derive the
regression lines.

On the other hand, FR20 showed that, independently of the classification method adopted, in all the thin and in all
the thick disk star sub-samples the behaviours of [C/H], [C/Mg], and [C/Fe] versus [Fe/H]|, [Mg/H], and age and the
Galactic regions they populate (given by the stellar orbit Ryeq and |Znax|) are very similar. Therefore, in this paper,
we decided to merge the results of the three above-mentioned selection methodologies in the following way:

Thin-disk star if ~ (Thin®=true and/or Thin¥=true and/or Thin®=true) and

(
(Thick®=false and Thick¥=false and Thick®=false)
(
(

Thick-disk star if (Thick®=true and/or ThickX=true and/or Thick®=true) and

Thin®=false and Thin¥=false and Thin®=false)

where the superscripts “C”, “K”, and “O” refer to the results of the chemical, kinematical, and orbital methodology,
respectively. In such a way we obtained, after discarding the few stars with discordant classification, two samples of
376 and of 20 stars classified by at least one methodology as thin or thick disk stars, respectively even if unclassified
by the other methodologies. In such a way we tried also to deal with the uncertainties on the different parameters
used for the different classification approaches. We recognize that the thick disk sample is small and, therefore, it is
desirable to collect more data of this population to confirm the robustness of the results presented in the following
sections.
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Figure 3. [O/H]-[Fe/H] diagrams (left panel) and [O/Fe] normalized generalized histograms (right panel) for thin (red) and
thick (blue) disk star samples. Regression lines for thin (continuous) and thick (dashed) disk stars are superimposed on the left
panel. Oxygen abundances are from this paper while [Fe/H] are from GES iDRS5.

4. OXYGEN TRENDS IN THE THIN AND THICK DISKS

The left panel of Figure3 shows the [O/H] vs [Fe/H] for the thin (red points) and thick (blue points) disk sample
stars together with their regression lines (continuous and dashed lines for thin and thick disk samples, respectively).



OXYGEN ABUNDANCE IN THE SOLAR NEIGHBOURHOOD 9

Even if the thick disk sample does not contain a very large number of stars, we can observe that, in general, the thick
disk stars have larger O abundance, by about 0.35dex, than the thin disk stars at the same [Fe/H]. The slopes of the
regression lines do not differ significantly as can be seen in Table 2 where the slope (s) and intercept (i) coefficients with
their standard deviations (o, and o;, respectively) are reported. In the right panel of Figure 3 we show the normalized
generalized distributions of [O/Fe] built by summing individual unit area Gaussian computed for each star by using
its [O/Fe] value and its uncertainty and normalizing the results to the number of entries. In computing the regression
lines and in building the normalized distributions we weighted each star 1, 2, or 3 times according to the number of
methodologies which lead to its classification. The thin disk sample (red) distribution of [O/Fe| is quite broad and
has its maximum at [O/Fe]~0.0 dex while the thick disk sample distribution (blue) is much narrower and peaks at
[O/Fe]~0.25 dex, being consistent with a much faster and efficient formation of the thick disk.

Figure 3 also shows that both the thin and thick disk stars display a large scatter in the [O/H] values. Such a scatter
for this abundance ratio was also found (and discussed) by several authors (e.g. Bertran de Lis et al. 2015, 2016;
Nissen & Gustafsson 2018; Amarsi et al. 2019), as well as for other chemical elements in Galactic abundance trends,
however, to a lesser extent (Adibekyan et al. 2012). Since the above works and ours are based on different oxygen
features, the results cannot be easily compared. The quite large vertical extension at a given [Fe/H] might represent a
truly cosmic scatter (e.g. Petigura & Marcy 2011; Bertran de Lis et al. 2016) or its combination with uncertainties in
our [O/Fe] determinations. We, nevertheless, want to remark that if the scatter of the np points was purely statistical,

we would expect our fits to have a reduced y,= ngiz < 1, but our fits have reduced x; ~ 3 (see Table2), which

suggest that a significant part of the observed scatter is astrophysical.
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Figure 4. [O/Fe]-[Fe/H] diagrams (left panel) and [O/Mg]-[Mg/H] diagrams (right panel) for thin (red) and thick (blue) disk
star samples: binned running averages and standard deviations are plotted. Oxygen abundances are from this paper while
[Fe/H] and [Mg/H] are from GES iDR5.

4.1. [O/Fe]-[Fe/H] and [O/Mg]-[Mg/H] trends

As mentioned earlier, several studies on the Galactic chemical history make use of Mg instead of the more popular and
accessible Fe as a reference element. The choice is based on the potential single origin (SNII) of Mg (e.g Bensby et al.
2004; Weinberg et al. 2019; Griffith et al. 2019), although some stellar yield models have provided theoretical evidence
that Mg might also be partially released into the interstellar medium by SNIa (Magrini et al. 2017; Naiman et al.
2018). In this context Bensby et al. (2004) recommended to be very cautious about promoting one specific reference
element and they rather suggested to consider more than one. Following their suggestion, on what follows we analyze
disk stellar populations on the basis of the abundance ratios [O/Fe] and [O/Mg] in terms, respectively, of [Fe/H] and
[Mg/H]. The trends depicted in Figure4 are computed using a running average (using bins with 100 points partially
overlapped by shifting them by 10 points and bins with 10 points partially overlapped by shifting them by 2 points for
the thin and thick disk stars, respectively) while the horizontal and vertical bars correspond to the standard deviations
of the bin averages.

For the [O/Fe]-[Fe/H] tendencies illustrated in the left panel of Figure4 we distinguish the following properties:

e we found systematic differences between thin and thick disk stars as already hinted by the distributions in
Figure 3: thick disk stars show a higher [O/Fe| than objects in the thin disk in the common [Fe/H] interval. Thick
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disk stars show an almost flat distribution in the limited [Fe/H] range they cover, while thin disk stars show a clear
monotonic decrease of [O/Fe] for increasing metallicity. These [O/Fe] vs [Fe/H] trends resemble, as expected, the
behavior of other a—elements versus [Fe/H]. Actually, being oxygen an a—element, an [O/Fe] plateau reflects, for
the most metal poor stars in our sample, a steady rate of oxygen and iron enrichment of the ISM by core-collapse
supernovae. The gradual decrease of [O/Fe] with increasing [Fe/H] reflects the iron enrichment from Type-Ia
supernovae, which have a delayed distribution in time relative to core-collapse supernovae (e.g. Carigi et al. 2005;
Maoz et al. 2012). Analogous systematic differences between thick and thin disk abundance distributions have
been obtained in several works in the literature (e.g. Bensby et al. 2004; Reddy et al. 2006; Ramirez et al. 2013;
Bensby et al. 2014; Nissen et al. 2014; Bertran de Lis et al. 2015; Delgado Mena et al. 2019), all confirming that
oxygen behaves like Mg and the other a-elements, but at high metallicity;

we can notice that at [Fe/H]~ -0.40 there is a difference of A[O/Fe]~40.2dex between the thin and thick disk
star trends. Interestingly, Reddy et al. (2006) found, on the basis of a kinematical selection, that their thick and
thin disk samples are also well separated. In their bin centered at [Fe/H] = -0.50 the mean abundance ratios
[O/Fe] are 0.36 + 0.19dex and 0.2440.07, for the thick and thin disks, respectively. These values are, within
uncertainties, in agreement with our results.

In this context, the more recent work of Nissen et al. (2014), found that their thin disk stars fall well below the
thick disk counterparts in the [O/Fe] vs [Fe/H] diagram by as much as [Fe/H]~ —0.3 and they suggested that
the two populations merge at higher metallicities. This later feature cannot be corroborated with our data since
we lack thick disk stars with metallicities higher than -0.2 dex;

at super-solar metallicity ([Fe/H]>0) we observe that the [O/Fe] of thin disk stars continues to decrease as also
found by several authors (e.g. Castro et al. 1997; Chen et al. 2003; Bensby et al. 2004; Ecuvillon et al. 2006;
Bensby et al. 2014; Amarsi et al. 2019) in concordance with the prediction of Galactic chemical evolution models
(e.g. Chiappini et al. 2003). In contrast, other works have found a flattening of the trend, i.e. a constant
value of [O/Fe]~0 (e.g. Nissen & Edvardsson 1992; Nissen et al. 2002; Ramirez et al. 2013; Bertran de Lis et al.
2015). Our results suggest that the oxygen is produced only by CCSNe with no evidence of any SNIa or
AGB star contribution that would produce a flattening of [O/Fe] at [Fe/H] ~ 0 as observed in other a-elements
(Bensby et al. 2004, 2014). We notice that the thin disk star [O/Fe] trend continues down to an under-abundance
of [O/Fe| = -0.15 at [Fe/H]~0.30 in agreement with the results from Bensby et al. (2004) who, adopting kinematic
selection for their thin disk sample, show a decreasing trend leading to [O/Fe] = -0.2 at [Fe/H] & 0.4 dex;

the linear relations between [O/Fe] and [Fe/H] for the thin disk stars:

[O/Fe] = (—0.33 +0.01) x [Fe/H] — (0.027 =+ 0.002)

is in good agreement with the linear regression obtained by Gustafsson et al. (1999) using the abundances of F
and G dwarfs by Edvardsson et al. (1993), who found

[0/Fe] = (—0.36 + 0.02) x [Fe/H] — (0.044 = 0.010),

and plausibly reflects that iron enrichment by Type Ia supernovae takes place in larger time scales when compared
with the rapid production of oxygen by TypelIl supernovae (as first suggested by Matteucci & Greggio 1986);

the thin disk sequence at [Fe/H]=0 is slightly below zero. We found at [Fe/H]=0 a value of [O/Fe]=—0.027+0.002
which is, in absolute value, slightly larger than the value we derived for the Sun (see Section 3.2). Similar results
were found by Meléndez et al. (2009) (an average <[O/Fe]> = -0.033 £+ 0.011 for 11 stars), and Ramirez et al.
(2009) (<[O/Fe]> = -0.015 + 0.006 for 22 stars) who used samples of solar twins. Similar studies based
on F, G and K type stars in the solar neighborhood have also been conducted with compatible results, e.g.
Gustafsson et al. (1999) (<[O/Fe]> =-0.044 £ 0.010 for 57 stars), Ramirez et al. (2013) (<[O/Fe]> =-0.02 £
0.04 for 47 stars), and Nissen et al. (2014) (<[O/Fe]> =-0.016 + 0.04 for 11 stars). A possible explanation for
the observed offset can be found in Nieva & Przybilla (2012) who suggest that the Sun was born at a distance
around 5-6 kpc from the Galactic centre, where higher metallicity values were reached earlier in the cosmic his-
tory of the Galaxy, and it has migrated outwards during its lifetime of 4.5 Gyr at the current position. An



[c/0]

OXYGEN ABUNDANCE IN THE SOLAR NEIGHBOURHOOD 11

alternative explanation for this peculiarity is related to the formation of planetary systems like the solar one
and, in particular, to the formation of terrestrial planets (Meléndez et al. 2009).

As far as the [O/Mg]-[Mg/H] trend is concerned (right panel of Figure 4), we can make the following considerations:

o the decrease of [O/Mg] with [Mg/H]> 0.0 for the thin disk stars gives evidence of a different behaviour of oxygen
and magnesium at high metallicities, i.e. they do not evolve in lockstep, and indicates that, while oxygen is only
enriched by CCSNe, magnesium might be released, to some extent, also by SNIa and/or AGB stars (Magrini et al.
2017; Ventura et al. 2018);

e both the thick and the thin disk stars, at [Mg/H|< —0.1 show trends almost flat with [Mg/H] at [O/Mg]~ 0.
These flat [0/Mg] trends are in agreement with the results by Bensby et al. (2004) (see their Fig. 12) even if their
thick disk values at [Mg/H]<0.1 are almost leveled out at a level slightly higher than their thin disk data. The
increase in [O/Mg] for the thick disk stars with [Mg/H]2 —0.1 may be due to the poor statistic, to a selection
effect, and to the presence of an [O/Mg] gradient with the star distance from the Galactic plane as also suggested
by the results presented below. In fact, since the two bins with higher [Mg/H] contain mainly stars at low | Zmyax/,
their high [O/Mg] values may be simply due to the the negative vertical gradient of this abundance ratio with
| Zimax| shown in the third-right panel of Figure 6. Therefore, at present it is premature to draw any conclusion.
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Figure 5. [C/O] versus [Fe/H] (left panel), versus [Mg/H] (central panel) , and versus [O/H] (right panel) diagrams for the thin
(red) and thick (blue) disk samples. Oxygen abundances are from this paper, carbon abundances are from FR20, and [Fe/H]
and [Mg/H] are from GES iDRS5.

4.2. The [C/O] trends with [Fe/H], [Mg/H], and [O/H]

The [C/O] ratio in the Galactic disks has also been under debate and is highly relevant in a number of astrophysical
scenarios, for example, to understand planet formation processes and the possible existence of terrestrial planets (e.g.
Delgado Mena et al. 2010; Nissen 2013; Nissen et al. 2014; Brewer et al. 2017; Amarsi et al. 2019). In the context of
this paper, it is particularly useful when discussing the origin and evolution of carbon in the Galaxy. Since oxygen
is exclusively produced in massive stars on a relatively short timescale (~107 yr), the change in [C/O] as a function
of [O/H] depends on the yields and timescales of carbon synthesized in different types of stars (Chiappini et al. 2003;
Akerman et al. 2004; Carigi et al. 2005; Cescutti et al. 2009; Romano et al. 2020).

Figure 5 shows how [C/O] changes as a function of [Fe/H], [Mg/H], and [O/H] for the thin and thick disk stars. In

particular from Figure5 we can observe:

e a slight increment of [C/O] with [Fe/H], [Mg/H], or [O/H] for thin disk stars for [Fe/H] 2 —0.1. Such an increase
can be explained taking into account a C production contribution from low—mass stars and/or from massive stars
at high metallicities due to their enhanced mass loss;

o thick disk stars show a decrease of [C/O] with [Fe/H], [Mg/H], and [O/H]. A qualitatively similar behaviour
can be observed in the [C/O] versus [O/H] correlation of Stonkuté et al. (2020, see their Figure11), even if
they interpreted it as due to the presence of a shift (~ —0.3dex) of their thick disk star sequence with respect
to that for the thin disk. On the other hand, Bensby & Feltzing (2006) found a flat behaviour for the thick
disk stars until [O/H]~0 and then an increase. In any case, we should point out that the thick disk star bins
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Table 3. Radial gradients

d[o/H d[0/Fe a[0/M d[C/0
d[Rnied] Xr d[Rn/led] Xr CERlz/nedg] Xr d[Rn/led] Xr
[dex/kpc] [dex/kpc] [dex/kpc] [dex/kpc]
Thin -0.0414£0.001 0.145 | 0.014£0.004 0.269 | 0.009£0.002 0.193 | -0.020£0.001 0.146
Thick 0.0064+0.002 0.062 | 0.003£0.001 0.074 | 0.000£0.001 0.032 | 0.020£0.004 0.147

behaviour in our case could be an artifact. Therefore, it would be desirable to expand the thick disk sample,
aiming at verifying such a [C/O] decrease and to elucidate on the effects of the steep vertical gradient of [O/Fe]
(see Figure6) on the observed tendency.

4.3. [O/H], [O/Fe], [O/Mg] and [C/O] trends with Rymea and |Zmax|

In this Section, we present the trends of oxygen abundance ratios with the mean Galactocentric distance, Ryeq =
0.5 X (Rmin + Rmax), and with the maximum absolute distance from Galactic plane, | Zmax| for the 333 thin disk and
the 18 thick disk stars for which stellar orbits were calculated in FR20.

Both observed radial and vertical stellar abundance distributions are particularly interesting tools to study the
chemical enrichment history of the Galactic disks and their formation processes. Actually, the radial and vertical
thin and thick disk star trends collect a lot of very important information to disentangle the embedded aspects of
inflow, star formation, outflow, and radial and vertical mixing that gave rise to the present state of the Milky Way
disk (for example, a radial gradient of the disk that is produced in an inside-out formation scenario can be partially
reduced/cancelled by a radial mixing process). The radial metallicity gradients of the Milky Way disk have been
measured using a number of different stellar (e.g. Cepheids, open clusters) and interstellar medium tracers (HII
regions, etc) which represent the composition of the interstellar gas at the time they were formed (e.g. Mikolaitis et al.
2014; Cheng et al. 2012, and references therein) or at the present time, respectively, thus probing the metallicity
gradient at different epochs. In addition, the vertical gradients of the global metallicity and of different elements
have also been derived by using different input databases (see, for example Schlesinger et al. 2014; Boeche et al. 2014;
Magrini et al. 2017, and references therein). One of the causes of different gradient values, both radial and vertical,
reported in the literature might be attributed to different input data. In fact, gradients may be affected by the chemical
evolution of the Galaxy (i.e. by the time the analyzed objects were formed), by local inhomogeneities, moving groups
and stellar streams. Moreover, the measured gradients may be biased by systematics and/or inhomogeneities in the
spatial and age distributions of the input data samples, i.e. derived vertical gradients may be more affected by stars
located in the outer or the inner galactic radius, R, and/or by younger or older stars if the Z bins do not contain
evenly distributed objects in R and age. Therefore, the interpretation of the derived gradients as result of the star
formation history of the galactic disk(s) is very challenging. In the following we will take advantage of the fact that
the stars in our thin and thick disk stellar samples display, to some extent, different dependency on Rieq and |Zmax|
and span different age ranges (see Figures6and7), but it is worthwhile to remark that our interpretation of results
may still be affected by systematics, in particular, for the thick disk stellar sample.

In Figure 6 we show the radial and vertical gradients of [O/H], [O/Fe], [O0/Mg] and [C/O] for the thin and thick
disk star samples using again running average bins as in Figures4 and 5.

As far as the trends as a function of Ry,eq are concerned, we recall that FR20 do not have in their Galactic potential
deviations from axisymmetry, like those introduced by the bar and the spiral arms, and do not take into account radial
stellar migration. However, Ryeq values can provide an indication of the stellar birthplaces (Edvardsson et al. 1993;
Rocha-Pinto et al. 2004) which could be used, at least, in a differential form.

As can be seen, the thin and thick disk stars fall in different |Z,.x| ranges: most of the thin disk bins have
|Zmax| < 0.8kpc while all the thick disk bins have |Zyax| > 0.8kpc. Moreover, as discussed in the next Section,
most of the thin disk star bins have ages < 10 Gyr while all the thick disk objects have ages > 10 Gyr (see Figure8).
Therefore, the trends with Rpyeq of our thin and thick disk stars may give hints on the radial gradients of relatively
young stars at low | Zmax| and of old stars at higher | Zyax|, respectively.

By inspection of Figure 6 we can observe that:
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Figure 6. [O/H], [O/Fe], [O0/Mg], and [C/O] (top to bottom) versus Rmea (left panels) and |Zmax| (right panels) diagrams for

thin (red) and thick (blue) disk star samples.
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Table 4. Vertical gradients

a[0/H] d[0/Fe] [0/ Mg] d[C/0]
[ Zmax| o [ Zmax| o M Zaran o [ Zamax] o
[dex/kpc] [dex/kpc] [dex/kpc] [dex/kpc]
Thin -0.04£0.01 0.229 | 0.094£0.01 0.350 | 0.020£0.004 0.234 | 0.007£0.001 0.053
Thick -0.41£0.03 0.203 | -0.20£0.02 0.310 | -0.244+0.02 0.278 0.35+£0.02  0.141

e the [O/H] and [C/O] show negative gradients as a function of Ry,eq, for the thin disk sample. The abundance

ratios [O/H] and [C/O] decrease significantly with the mean Galactocentric distance, while the thick disk sample
exhibit flat trends or perhaps very mild positive gradients as indicated by the fits of Table 3. The positive radial
gradient of [C/O] for the thick disk stars might not be real since it could actually be a result of the fact that our
data bins correspond to groups of stars with different average | Zmax|’s and are actually reflecting the presence of
the steep [C/O] vertical gradient shown in the bottom-right panel of Figure6. A dichotomy between thin and
thick disk stars was found by several authors (e.g. Allende Prieto et al. 2006; Katz et al. 2011; Cheng et al. 2012;
Boeche et al. 2013; Anders et al. 2014; Mikolaitis et al. 2014; Recio-Blanco et al. 2014; Kordopatis et al. 2015;
Hayden et al. 2015, 2018) and could indicate that either the thick disk formed from a well mixed interstellar
material or, if gradients were present, they disappeared because of a migration effect more efficient in the thick
disk than in the thin one (Minchev et al. 2013). Esteban et al. (2005), using recombination lines from echelle
spectrophotometry of 8 HII regions with Galactocentric distances in the range 6-10 kpc, derived for the [O/H]
radial gradient a value of -0.044 £+ 0.010dex/kpe. Rudolph et al. 2006, also based on the analysis of HII regions,
derived a value of -0.060 dex/kpc and of -0.041 dex/kpc by using optical and infrared data, respectively. More
recently, Wang (2019), used spectra of 101 HII regions in the Galactic anti-center area from the Large Sky Area
Multi-Object Fiber Spectroscopic Telescope (LAMOST), and derived the oxygen abundance gradient with a
slope of -0.036 £ 0.004 dex/kpc. Wenger et al. (2019), using the National Radio Astronomy Observatory Karl
G. Jansky Very Large Array to observe ~8-10 GHz hydrogen radio recombination line and radio-continuum
emission toward 82 Galactic H II regions, find an oxygen abundance gradient across the Milky Way disk with
a slope of —0.052 4 0.004 dex/kpc. All these values are in good agreement, within the uncertainties, with our
slope value (the small errors given in Table 3 are due to the fact that we fitted the abundances of the average
bins and not of the individual stars). Of course, we compare our gradients with those from HII regions which,
actually, reflect the present situation, while in our trends we mix stars of somewhat different ages with only a
rough separation between young/thin and old/thick disk populations. As a further comparison Cescutti et al.
(2007) found a gradient of -0.035 dex/kpc for O for a Galactocentric distance from 4 to 14 kpc in good agreement
with our results.

A negative radial gradient of [C/O] has been observed by Esteban et al. (2005) from HII region recombination

lines. They found a steeper gradient, éi\[zc,f]\ = —0.058 £ 0.018 than us. On the theoretical side Carigi et al.

(2005) show that, by varying carbon, nitrogen, and oxygen yields, Galactic chemical evolution models predict
slopes between -0.005 and -0.068 dex/kpc.

We notice that most of the [O/H] and all the [C/O] values of the thin disk bins are negative suggesting that solar
neighbourhood stars have less oxygen and C/O than the Sun. To explain these results Nieva & Przybilla (2012)
state that the Sun may be an immigrant to its current Galactic neighbourhood, i.e. the birth place of the Sun
could be at an inner Galactocentric distance (R =~ 5-6kpc) where higher metallicity values were reached earlier
in cosmic history. If this is true, they claimed that ” A telltaling signature is left only in the C/O ratio” (but they
do not discuss [O/H]). Our results suggest that a solar [O/H] value should be characteristic of Rymeq =~ 7kpc
while solar [C/O] would imply Ryeq < 6kpe but we recall again that, due to the simplified Galactic potential
used by FR20 to compute stellar orbits, Rmeq gives only a rough indication of the actual stellar birthplaces;

e The [O/Fe] and [O/Mg] versus Rpyeqa show flat (or slightly positive for the thin disk star bins) trends (see

Table 3). Mikolaitis et al. (2014) find a slightly positive slope of [a/M] in their clean thin disk sample (0.014 +
0.004 dex/kpc) and a flat trend in their clean thick disk sample (-0.005 + 0.006 dex/kpc). Unfortunately, their
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results cannot directly be compared with our [O/Fe] trends since their « elements do not include oxygen. The
[O/Mg] versus Rpeq show even flatter trends and a much smaller systematic difference between the values for
thick and thin disk stars than the [O/Fe]. These results might indicate that SNTa not only produce in the thin
disk an enrichment of Fe but also a small increase of Mg while oxygen seems to be enriched only by CCSNe.

For the abundance trends as a function of |Zy,.x| we identify the following features:

e [O/H] bins show a negative vertical gradient with slope increasing going from lower (thin disk star bins) to
higher (thick disk star bins) |Zpyax| (see Table4 where the thin disk fits refer to bins with |Znax| < 0.8kpc).
Similar behaviours for g‘[;‘;/ﬂ and gl[gi]/f‘]‘ were found by Boeche et al. (2014). In an analysis of a-elements
Mikolaitis et al. (2014), found % = +40.036 £ 0.006 dex/kpc for their thin disk clean sample. However, we want

to remark that these authors did not include oxygen in their o mixture;

e [O/Fe] and [O/Mg] thin disk star bins show positive trends with |Zya.x| (see Table4) which could be explained
by the increasing contribution of iron and magnesium by SNIa (we recall that our stars at low |Zyax| are also
the youngest ones as shown in Figure 14 of FR20). The thick disk star bins have negative trends like [O/H] but
with lower slopes. The fact that [O/Mg] shows a smaller difference between the average values of thick and thin
disk star bins than [O/Fe] (as already seen in the radial gradient panels) is a consequence of the greater yields
of iron than of magnesium of SNIa;

e [C/O] show an almost flat trend for the thin disk star bins suggesting that both carbon and oxygen were produced
by massive stars. The positive trend of the thick disk star bins reflects the steep negative trend of [O/H] with
| Zmax| shown in the upper-right panel®.

4.4. [O/H], [O/Fe],[0/Mg], and [C/O] trends with age

FR20 give nominal ages for 233 and 15 stars belonging to our thin or thick disk star sample, respectively. The
thick disk stars are, in general, older than members of the thin disk. Figure7 shows the normalized generalized age
histograms of both populations, built by summing the individual age probability distributions, for the thin (red) and
thick (blue) disk stars. The extended wings and therefore, the overlap of the two distributions, are likely due to the
large uncertainties affecting individual stellar ages. Most of the thin disk stars span a range from 2 to 8 Gyr while
the thick disk stars are mostly older than 8 Gyr. This is in agreement with the common understanding of Galactic
chemical evolution based on serial and two-infall models (e.g. Chiappini et al. 1997; Romano et al. 2010; Grisoni et al.
2017; Calura & Menci 2009) and with chemical abundance studies, matched with asteroseismologic age determinations,
which suggest a delay of ~ 4 Gyr between the first and second accretion episodes which gave origin to the MW disks
(Haywood et al. 2015; Snaith et al. 2015; Spitoni et al. 2019).

Figure 8 shows the trends of [O/H], [O/Fe], [0/Mg] and [C/O] versus age. As for previous figures, we plot in red
and blue the thin and thick disk stellar samples, with the bins constructed using a running average.

In Figure 8 we identify the following properties of abundance ratios versus age:

e a difference in the age intervals spanned by thin (in general younger) and thick (older) disk star bins is clearly
evident with only a small overlap between 10and 11 Gyr. Recalling the intrinsic uncertainties on FR20 age
estimates it is possible that such an overlap could actually be less pronounced;

e both thin and thick disk stars show almost flat trends of [O/H] versus age. A similar behaviour is observed
by Delgado Mena et al. (2019) that, by using the oxygen abundances from Bertran de Lis et al. (2015), derived
for the HARPS-GTO sample two similar flat trends of [O/H] with age for thin and thick disk stars. The small
negative slope (—0.004 4 0.001) for our thin disk star bins and the slightly larger positive one (0.028 +0.004) for
our thick disk star bins with age are likely to be remnant of the radial gradient and of the vertical gradient (plus
selection effects) shown in Figure6 (red points in the upper-left panel and blue points in the upper right panel,
respectively). The higher average value for the thin disk stars indicates that the thin disk formation started only
after many CCSNe’s had already produced O-enrichment of the interstellar medium;

6 The flat behaviour of [C/H] versus | Zmax| for the same objects, as checked by the authors, does not affect the [C/O] trend.
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Figure 7. Normalized generalized Age histograms for thin (red) and thick (blue) disk star samples.

e both thin and thick disk stars show increasing trends of [O/Fe] and [O/Mg] with age with an almost zeroed

slope for the youngest objects. Since our stars do not show a strong spatial gradient in [O/Fe] and [O/Mg]
(see the central panels of Figure6), we think that they really indicate abundance ratio trends with age. There
is a jump from higher to lower [O/Fe] values in the common age region while the [O/Mg] sequences merge
smoothly. The steeper trends at oldest ages confirm that oxygen is indeed mainly produced at the early phases
of Galaxy formation by massive stars. Such correlations were also in other [a/Fe| ratios (see for example
Nissen & Gustafsson 2018; Delgado Mena et al. 2019, and references therein). In fact, steep age trends at old
ages and flat trends at young ages should be expected for [O/Fe] if the CCSNe’s are the predominant (or even
the only) suppliers of oxygen in the interstellar medium while a less clear behaviour can be foreseen in the case
of other a-elements, which are also partially released by SNIa (e.g Carigi et al. 2005; Nomoto et al. 2013). We
also found steeper slopes for [O/Fe| than for [O/Mg] which is consistent with the fact that SNIa release much
more iron than magnesium in the interstellar medium. The slopes of [O/Fe] and [O/Mg] versus age for our
thin disk star bins are 0.019 and 0.01 dex/Gyr, respectively, and are in qualitative agreement with the results
by Delgado Mena et al. (2019) who found 0.026 and 0.02 dex/Gyr using an HARPS-GTO sample. The smooth
merge of the thin and thick trends of [O/Mg] seems to indicate that [O/Mg] should be preferred to [O/Fe] as a
proxy of age and its shape suggests that the correlation is non-linear in the whole age interval from 3 to 12 Gyr;

> 10Gyr) and an almost flat trend for
younger objects. As in the case of [O/H] this behaviour with age can be actually the result of hidden spatial
[C/O] gradients (see the bottom panels of Figure 6). This interpretation agrees with the results by Nissen (2015),
who, using HARPS spectra of 21 solar twins in the solar neighborhood, showed that the C/O ratio evolves very
little with time, although [C/Fe] and [O/Fe] ratios evolve significantly. In that paper it is shown a good agreement
between the data (see his Figure11) and the predictions of the Galactic chemical evolution model by Gaidos

(2015), in which the dominant contribution of C and O comes from massive stars. It is also argued that C/O
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Figure 8. [O/H] (upper-left panel), [O/Fe] (upper-right panel), [O/Mg] (lower-left panel), and [C/O] (lower-right panel) vs
Age diagrams for thin (red) and thick (blue) disk samples.

has only a moderate rise during the first ~5 Gyr due to an increasing contribution of carbon from stars of lower
mass. This is also in agreement with what was found by FR20.

5. COMPARISON WITH OTHER SURVEYS

In this section we compare some of our results presented in Sections4.1 and 4.2 with the median trends derived for
other large stellar samples of the solar neighbourhood, namely, APOGEE (Weinberg et al. 2019, hereafter, WE19),
GALAH DR2 (second data release) (Griffith et al. 2019, hereafter, GR19)), and one constructed upon HIRES Keck
data (Brewer & Fischer 2016, hereafter, BR16). WE19, who adopted Mg rather than Fe as their reference element,
separated their stars, on the basis of their [Fe/Mg], into two populations (15 and 996 low-[Fe/Mg] or high-a and
high-[Fe/Mg] or low-a, respectively, with [O/Mg] determinations), and derived the median trends of [X/Mg] versus
[Mg/H] in each population. Likewise, GR19 found 220 and 1146, respectively, of high-a and low-« stars (renamed by
the authors low-Ia and high-Ta stars) with trustworthy carbon and oxygen abundances, and derived median sequences
of [X/Mg] versus [Mg/H]. We adopted, the same kind of approach in order to separate the stars in the BR16’s sample.
Actually, we used the chemical criterion described in FR20, i.e. we used, in the same range of Teg and logg of our
GES stars, the positions of the BR16 stars in the [Mg/Fe]-[Fe/H] plane to obtain two samples of 460 and 22 low- and
high-« stars, respectively. In the following we will consider the WE19, GR19 and BR16 high-a (low-Ia) and the low-a
(high-Ta) stars as the analogous of our thin and thick disk sample, respectively.
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In Figure 9 we compare our [O/Fe]-[Fe/H], [O/Mg]-[Mg/H], [C/O]-[Mg/H] and [C/O]-[O/H] trends with those from
WE19, GR19, and BR19. Because of the small stellar sample of thick disk stars, we focus on the thin disk members. As
in previous figures, red points symbols are used to identify our thin disk star bins while continuous lines represent the
trends from WE19 (light blue), GR19 (green), and BR16 (yellow). GR19 applied zero-point off-sets to their GALAH
DR2 data points and trends so that stars with [Fe/Mg] = [Mg/H]~ 0 also have [X/Mg]~ 0. To make the comparison
easier, we adopted a similar approach and computed also for our, WE19, and BR16 data the zero-point off-sets in
order to have [O/Fe] and [O/Mg]~ 0 for thin disk (low «) stars with [Fe/H] or [Mg/H]~ 0. The data illustrated in
Figure9 are plotted after applying the proper zero-offset.

From the two left panels we can clearly see that the WE19 trends of [O/Fe] and [O/Mg] differ significantly from
the others. WE19 [O/Fe] versus [Fe/H] and [O/Mg] versus [Mg/H] trends are almost flat while the GR19 and the
BR16 trends are both sloped and nearly superimposed for [Fe/H] 2 —0.3 dex and for [Mg/H] 2 —0.1dex, respectively.
Our data agree with GR19 and BR16 results for [Fe/H| 2 —0.15dex and for [Mg/H] = —0.1dex , but fall between
the GR19 and WE19 [O/Fe] trends for lower [Fe/H| and between BR16 and WE19 [O/Mg] trends for lower [Mg/H]
eventually merging with WE19 for [Mg/H] = —0.35 dex.

In the right panels of Figure9 we compare our [C/O] versus [Mg/H] and [O/H] thin disk star bins with the corre-
sponding trends by GR19 and BR167. In both diagrams there is a very good agreement of our data with the GR19
and BR16 trends which do also very well agree with each other.

Several reasons can explain the observed differences between the trends shown in Figure9. For instance, different
thresholds in the [Mg/Fel-[Fe/H] plane adopted by GR19 and WE19 to separate the thin disk stars from the thick disk
stellar bins with respect to those used by us, may led to slightly higher mean values of the [Mg/H] ratio at a given
[Fe/H] value. Moreover, we recall that our two samples were selected not using only a chemical criterion. Therefore, the
already emphasized well-known problem of the different definition of the Galactic thin and disk may have introduced
inhomogeneity in the trends we are comparing. It is also important to bear in mind that stellar abundances depend
in different ways on the galactic position and age of the stars. WE19 stated that their [X/H] trends with [Mg/H] do
not vary with the different Galactic positions, it cannot be excluded that the differences in the WE19, GR19, BR16
trends and in our data can be due to the different mixture of radial and vertical positions, and of ages in the studied
samples.

6. SUMMARY AND CONCLUSIONS

We have measured oxygen abundances of 516 FGK dwarf stars in the Galactic disk(s). The stellar sample was
extracted from the iDR5 Gaia-ESO Survey and constitute a sub-sample of the FGK dwarf set whose carbon abundances
were derived in FR20. In this paper, we derived the oxygen abundances by using the spectral synthesis of the forbidden
oxygen line at 6300 A taking special care to account for the contribution to the observed blend of the two isotopic
lines of Nil at 6300.336 A. Only those stars with spectra unaffected by telluric lines and /or by bad removal of the sky
emission line in the spectral region were considered. The abundance determinations ([O/Fe]) were conducted through
a comparison of the observed spectra with “on-the-fly” synthetic spectra computed with the SPECTRUM code from
fully consistent atmosphere structures obtained by using the ATLAS12 program.

In order to discriminate between the thin and thick disk objects we used three different selection approaches based
on (a) the stellar positions in the [Mg/Fe]-[Fe/H] plane, (b) the stellar Galactic velocities, and (c) orbital parameters.
Then, we merged the results of these three methodologies and, after discarding the few stars with discordant classifi-
cations, we obtained two samples of 376 and 20 stars classified, by at least one of the three methods, as thin or thick
disk stars, respectively. In this paper we compared the stars in the two samples by deriving trends of [O/H], [O/Fe],
[O/Mg], and [C/Q)] versus [Fe/H] and [Mg/H] and, for the stars with Galactic orbits and ages computed in FR20, also
versus the stellar position, in and above the Galactic plane, and age. Our main results can be summarized as follows:

- our thin and thick disk stars span different age intervals, with the thick disk members being older than those of

the thin disk as already found in many previous studies;

- the [O/H] values versus [Fe/H] show a large scatter with reduced \/(x?) of the linear fits ~ 3 suggesting that a
significant part of the observed scatter may be astrophysical;

7 APOGEE also measures C but WE19 do not present carbon results since their stars are mainly giants where original carbon surface
abundances are altered by mixing with internal processed material during the first dredge-up phase (see Iben 1965), therefore no WE19
trends are present in the two right panels.
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Figure 9. Comparison between our [O/Fe]-[Fe/H] (top-left panel), [O/Mg]-[Mg/H] (bottom-left panel), [C/O]-[Mg/H] (top-
right panel), and [C/O]-[O/H] (bottom-right panel) trends and WE19, GR19, and BR19 ones. Red symbols represent our thin
disk star bins, as in previous figures. Continuous lines represent trends of thin disk stars from WE19 (light blue), GR19 (green),
and BR16 (yellow) data. In the two plots of [C/O] abundance ratios, WE19 data are not available.

- similarly to other a-elements, oxygen abundance ratios ([O/H], [O/Fe] versus [Fe/H]) show systematic differences
between thin and thick disk stars: (4) thick disk stars have larger O abundance than the thin disk stars at the
same [Fe/H] in the range covered by our data; (i) thin disk stars show a clear monotonic decreasing trend
of [O/Fe| with increasing metallicity, even at the metal-rich regime, in agreement with previous results (e.g.
Castro et al. 1997; Chen et al. 2003; Bensby et al. 2004; Ecuvillon et al. 2006; Bensby et al. 2014; Amarsi et al.
2019) and with Galactic chemical evolution models (e.g. Chiappini et al. 2003). This last result suggests that
the oxygen enrichment of the interstellar medium is produced only by CCSNe with no evidence of contributions
from SNIa or AGB stars that would cause a flattening of [O/Fe] at [Fe/H] ~ 0 like those observed in other
a-elements (Bensby et al. 2004, 2014);

- at [Mg/H]> 0.0 the thin disk stars show a decrease of [O/Mg] with [Mg/H] indicating that oxygen and magnesium
do not evolve in lockstep, hence these chemical species should have different origins, i.e. magnesium should be
released, to some extent, also by SNIa and/or AGB stars while oxygen is only enriched by CCSNe;

- the spatial and age trends cannot be easily disentangled in particular for the thick disk objects, due to the
paucity of available data. Our thin and thick disk samples, due to the difference in age of the component stars,
can also be interpreted as two age groups, with a boundary at ~ 9 Gyr. The young group clearly follows negative
radial gradients in [O/H] and in [C/O] and positive vertical trends for [O/Fe] and [O/Mg]. The second group
shows almost flat radial trends and negative vertical gradients for [O/H], [O/Fe] and [O/Mg]; the positive trends
found for [C/O], as mentioned in Section4.3, should be taken with caution. [O/Fe] and [O/Mg] show positive
trends with age for both the thin and the thick disk stellar samples, with a smooth merge of the two trends
for [O/Mg], suggesting that this abundance ratio can be a good proxy of stellar ages. The [O/H] trend of the
thin disk stars is almost flat and suggests that the thin disk formed after most of the enrichment of oxygen in
the interstellar medium by CCSNe already occurred. The positive trends of [O/H] and [C/O] with age for the
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thick disk sample need further investigation (more objects) to clarify whether they are real or the result of a
combination of statistical effects and of the observed vertical gradient of [O/H].

- the thin disk star trend of [C/O] versus [Fe/H] shows a negative value of [C/O] at [Fe/H]~0 which implies that the
Sun has a higher C/O value than the solar neighbourhood. We adopt a solar ratio of 0.54 (Grevesse et al. 2007)
while our thin disk sample indicates a lower C/O value of ~0.45. Nieva & Przybilla (2012), by using early-type
B stars infer, for the mean present-day chemical composition of the cosmic matter in the solar neighbourhood,
C/0=0.37. They attribute this result, which is in qualitative agreement with our, to an outward migration of
the Sun in the galactic disk and to the effects of Galactic chemical evolution and abundance gradients. The C/O
ratio, therefore, reveals imprints left from the Sun’s original chemical composition.

We can conclude that our results confirm the hypothesis that CCSNe are the principal or, possible, the only ac-
countable source of enrichment of oxygen in the Galaxy disks and that [O/Mg] can be a better indicator of stellar age
than [O/Fe].

The data presented in this paper, including the derived abundances and atmospheric parameter values, are part
of the full data—set from GES. The spectra used here are a subsample of the over 200,000 reduced spectra of more
than 100,000 stars observed and processed by the Gaia-ESO teams and are available through the ESO archive. The
astrophysical parameters and abundances will be available shortly.
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