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ABSTRACT

Context . The abundance ratio N/O is a useful tool to study the interplay of galactic processes, for example star formation efficiency, timescale of
infall, and outflow loading factor.
Aims. We aim to trace log(N/O) versus [Fe/H] in the Milky Way and to compare this ratio with a set of chemical evolution models to understand
the role of infall, outflow, and star formation efficiency in the building up of the Galactic disc.
Methods. We used the abundances from IDR2-3, IDR4, IDR5 data releases of the Gaia-ESO Survey both for Galactic field and open cluster stars.
We determined membership and average composition of open clusters and we separated thin and thick disc field stars. We considered the effect
of mixing in the abundance of N in giant stars. We computed a grid of chemical evolution models, suited to reproduce the main features of our
Galaxy, exploring the effects of the star formation efficiency, infall timescale, and differential outflow.
Results. With our samples, we map the metallicity range −0.6≤ [Fe/H]≤ 0.3 with a corresponding −1.2≤ log(N/O)≤−0.2, where the secondary
production of N dominates. Thanks to the wide range of Galactocentric distances covered by our samples, we can distinguish the behaviour of
log(N/O) in different parts of the Galaxy.
Conclusions. Our spatially resolved results allow us to distinguish differences in the evolution of N/O with Galactocentric radius. Comparing the
data with our models, we can characterise the radial regions of our Galaxy. A shorter infall timescale is needed in the inner regions, while the outer
regions need a longer infall timescale, coupled with a higher star formation efficiency. We compare our results with nebular abundances obtained
in MaNGA galaxies, finding in our Galaxy a much wider range of log(N/O) than in integrated observations of external galaxies of similar stellar
mass, but similar to the ranges found in studies of individual H II regions.
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1. Introduction

Nitrogen, one of the most common elements in the Universe and
one of the key ingredients at the basis of life as we know it
(e.g. Suárez-Andrés et al. 2016), has a complex nucleosynthesis
(see e.g. Vincenzo et al. 2016; Vincenzo & Kobayashi 2018). It
is mostly produced by low- and intermediate-mass stars (LIMS)
with metallicity dependent yields. The metallicity dependence
in the production of N is related to its double nuclear chan-
nels: the so-called primary and secondary productions. The pri-
mary component directly derives from the burning of H and
He and it does not require any previous enrichment in met-
als. In the LIMS, this component is produced during the third
dredge-up in the asymptotic giant branch (AGB) phase (see
e.g. Renzini & Voli 1981; van den Hoek & Groenewegen 1997;
Liang et al. 2001; Henry et al. 2000). On the other hand, the
secondary N component increases with metallicity since it is
related to the CNO cycle, in which N is formed using previ-

? Based on observations collected with the FLAMES instrument at
VLT/UT2 telescope (Paranal Observatory, ESO, Chile), for the Gaia-
ESO Large Public Spectroscopic Survey (188.B-3002, 193.B-0936).
?? Full Table A.1 is only available at the CDS via anonymous
ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://
cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/618/A102

ously produced C and O. However, the primary and secondary
productions of N in LIMS are not sufficient to reproduce the
observed plateau in N/O observed at very low metallicities.
Including the production of N in massive low-metallicity stars
might help, although our knowledge of N stellar yields for
massive stars is still inadequate (cf. Meynet & Maeder 2000,
2002a,b; Chieffi & Limongi 2004, 2013; Gil-Pons et al. 2013;
Takahashi et al. 2014). N abundances in stars, together with C
abundances, are extremely useful for Galactic astro-archaeology
studies because the observed C/N ratio in evolved stars has
been shown to correlate well with the age of the stars (see
e.g. Salaris et al. 2015; Masseron & Gilmore 2015; Martig et al.
2016; Feuillet et al. 2018; Casali et al., in prep.).

From an observational point of view, the abundance
ratio N/O in galaxies is usually measured by individ-
ual studies through emission-line spectroscopy of HII
regions or of unresolved star-forming regions (see e.g.
Vila-Costas et al. 1992; van Zee et al. 1998; van Zee & Haynes
2006; Perez-Montero & Contini 2009; Izotov et al. 2012;
Berg et al. 2012; James et al. 2015; Kumari et al. 2018). This
abundance ratio is usually measured by large surveys, such as
the Sloan Digital Sky Survey (SDSS; Abazajian et al. 2009)
and the SDSS IV Mapping Nearby Galaxies at Apache Point
Observatory survey (MaNGA), from which N/O was estimated
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in a large number of star-forming galaxies (cf. Liang et al.
2006; Bundy et al. 2015; Vincenzo et al. 2016; Belfiore et al.
2017). The basic trend found collecting extragalactic datasets
is firstly a significant positive slope of N/O versus oxygen
abundance in the metal-rich regime, related to the secondary
production and secondly a plateau of N/O for low-metallicity
galaxies. The two metallicity regimes can be divided approx-
imately at 12+log(O/H)∼ 8 dex (see e.g. Henry et al. 2000;
Contini et al. 2002). Finally, there are several studies based on
Galactic samples of stars and H II regions designed to study the
evolution of nitrogen in our Galaxy (e.g. Israelian et al. 2004;
Christlieb et al. 2004; Spite et al. 2005; Esteban et al. 2005;
Carigi et al. 2005; Rudolph et al. 2006; Esteban & García-Rojas
2018); these measurements of N and O abundances in stars
are particularly important to compare with our samples (see
Sect. 5).

N and O abundances can be measured in absorption with
very high resolution in the interstellar medium (ISM) of galax-
ies lying along the line of sight to quasars, namely, in the so-
called damped Lyα systems; see for example Pettini et al. (2002,
2008) and Zafar et al. (2014; but see also Vangioni et al. 2018
for a more theoretical point of view). At high redshifts, the N/O
ratio can also be measured from the analysis of the spectra of
galaxies hosting an active galactic nucleus, supernova (SN), or
gamma ray burst by making use of detailed numerical codes tak-
ing into account the photoionisation and shock of the ISM (see
e.g. Contini 2015, 2016, 2017a,b, 2018).

The interpretation of the origin and evolution of nitrogen in
our Galaxy was faced by Chiappini et al. (2005), making use of
N/O measured in low-metallicity stellar spectra (Israelian et al.
2004; Christlieb et al. 2004; Spite et al. 2005). In particular,
these authors compared the observed abundances in our Galaxy
with the so-called two-infall model, as originally developed by
Chiappini et al. (1997, 2001), according to which the Galaxy
was assembled from two separated episodes of gas accretion
with different typical timescales; the shortest of these gave rise
to the halo and thick disc of our Galaxy and the longest to
the thin disc. According to this model, the authors varied the
assumed sets of stellar nucleosynthetic yields to understand the
origin of the low-metallicity plateau in N/O. In a similar anal-
ysis, Gavilán et al. (2006) made use of a collection of Galac-
tic datasets of stellar and nebular abundances to constrain their
chemical evolution models. To understand the historical prob-
lem of nitrogen evolution, they introduced a primary component
in intermediate-mass stars. In addition, they explained the dis-
persion of N/O to be due to a variation of the star formation rates
(SFRs) across the Galactic disc. Mollá et al. (2006) confirmed
this by analysing the role played by star formation efficiency in
the evolution of the abundance ratio N/O.

It is possible to investigate, with sizeable statistical sam-
ples, the behaviour of N/O in the different populations of our
Galaxy with the advent of large spectroscopic surveys, such
as Gaia-ESO (Gilmore et al. 2012), APOGEE (Majewski et al.
2017), and GALAH (De Silva et al. 2015). These large surveys
allow the measurement of a large variety of elements in stars of
the Milky Way. Among several ongoing spectroscopic surveys,
the Gaia-ESO Survey (GES; Gilmore et al. 2012; Randich et al.
2013) has provided high resolution spectra of various stellar pop-
ulations of our Galaxy using the spectrograph FLAMES@VLT
(Pasquini et al. 2002). The GES aims at homogeneously deriving
stellar parameters and abundances in a large variety of environ-
ments, including the major Galactic components (thin and thick
discs, halo, and bulge), open and globular clusters, and calibra-
tion samples. The higher resolution spectra obtained with UVES

allow the determination of abundances of more than 30 different
elements, including nitrogen and oxygen both in field and cluster
stars.

In the near future, astronomers will couple the detailed
chemical abundance information from all the aforementioned
Galaxy spectroscopic surveys with precise spatial and kinemati-
cal information of the stars as provided by Gaia (Lindegren et al.
2016; Gaia Collaboration 2018) and stellar age information
from asteroseismology studies (see e.g. Casagrande et al. 2014,
2016). This new coupling will allow astronomers to study the
velocity and density fields as drawn by stars with different ages,
location, and chemical abundances in the Galaxy.

The paper is structured as follows: in Sect. 2 we describe the
spectral analysis and in Sect. 3 we present our samples. In Sect. 4
we discuss the effect of mixing on nitrogen abundances in evolved
stars. In Sect. 5 we describe the set of chemical evolution models
adopted to compare with the data, in Sect. 6 we give our results,
and in Sect. 6 we compare the Milky Way with Local Universe
results. In Sect. 8 we give our summary and conclusions.

2. Spectral analysis

The abundance analyses of N and O were performed by one of
the nodes of GES (node of Vilnius), in the Working Group (WG)
analysing the UVES spectra (WG 11); their derived abundances
are among the recommended products of GES.

In the optical spectral range, the abundances of N and O are
derived from molecular bands and atomic lines of these ele-
ments, in some cases combined with carbon. In particular, in
the analysis of the optical stellar spectra, the 12C14N molecu-
lar bands in the spectral range 6470−6490 Å, the C2 Swan (1,0)
band head at 5135 Å, the C2 Swan (0,1) band head at 5635.5 Å,
and the forbidden [O I] line at 6300.31 Å are used; all these
molecular bands and atomic lines are analysed through spectral
synthesis with the code BSYN (Alvarez & Plez 1998).

To derive N and O abundances, all these lines and bands
are analysed simultaneously; in this iterative process, the deter-
mination of the C abundance is also included. For the deter-
mination of the oxygen abundance, we take into account the
oscillator strengths of the two lines of 58Ni and 60Ni, which are
blended with the oxygen line (Johansson et al. 2003). The syn-
thetic spectra are calibrated on the solar spectrum from Kurucz
(2005), with the solar abundance scale of Grevesse et al. (2007),
to make the analysis strictly differential. We adopt the MARCS
grid of model atmospheres (Gustafsson et al. 2008). In the fit-
ting procedure of the observations with theoretical spectra, we
take into account stellar rotation, which is one of the products
of GES; the measurements of stellar rotation are described in
Sacco et al. (2014).

The atmospheric parameters of the stars are spectroscopi-
cally determined by combining the results of several nodes with
a methodology described in Smiljanic et al. (2014). Average
uncertainties in the atmospheric parameters are 55 K, 0.13 dex,
and 0.07 dex for Teff , log g, and [Fe/H], respectively. The uncer-
tainties on the abundances of N and O are estimated consider-
ing the errors on the atmospheric parameters and random errors,
which are mainly caused by uncertainties of the continuum
placement and by the signal-to-noise (S/N). We also take into
account in the error budget the interplay between abundance of
C, N, and O in the simultaneous determination of their abun-
dances. Considering all these aspects, typical errors on nitrogen
and oxygen abundances are ∼0.10 and ∼0.09 dex, respectively.
More details about the analysis method and the evaluation of the
uncertainties are given in Tautvaišienė et al. (2015).
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Table 1. Open cluster parameters and abundances.

Id Age (Gyr) MTO (M�)a RGC (kpc) [Fe/H] 12+log (O/H) 12+log (N/H) n. stars DR

Rup134 1.00± 0.20 2.18 4.60± 0.10 +0.26± 0.06 8.95± 0.05 8.53± 0.05 14 DR5
Be81 0.86± 0.10 2.27 5.49± 0.10 +0.22± 0.07 8.94± 0.16 8.54± 0.08 14 DR4
NGC 6005 1.20± 0.30 2.02 5.97± 0.34 +0.19± 0.02 8.86± 0.04 8.40± 0.04 9 DR4
Trumpler23 0.80± 0.10 2.34 6.25± 0.15 +0.21± 0.04 8.85± 0.08 8.40± 0.08 10 DR4
NGC 6705 0.30± 0.05 3.30 6.33± 0.16 +0.16± 0.04 8.70± 0.03 8.51± 0.30 16 DR5
NGC 6067 0.10± 0.05 5.10 6.81± 0.12 +0.20± 0.08 8.88± 0.11 8.69± 0.09 9 DR5
Pismis18 1.20± 0.04 2.03 6.85± 0.17 +0.22± 0.04 8.77± 0.06 8.43± 0.07 4 DR4
Be44 1.60± 0.30 1.85 6.91± 0.12 +0.27± 0.06 9.05± 0.20 8.39± 0.17 7 DR4
NGC 4815 0.57± 0.07 2.60 6.94± 0.04 +0.11± 0.01 8.80± 0.09 8.40± 0.07 5 DR2-3
NGC 6802 1.00± 0.10 2.12 6.96± 0.07 +0.10± 0.02 8.71± 0.14 8.35± 0.06 9 DR4
NGC 6259 0.21± 0.03 3.88 7.03± 0.01 +0.21± 0.04 8.86± 0.05 8.62± 0.05 9 DR5
NGC 6633 0.52± 0.10 2.63 7.71± 0.01 −0.01± 0.11 9.01± 0.28 8.20± 0.30 11 DR5
M 67 4.30± 0.50 1.30 9.05± 0.20 −0.01± 0.04 8.61± 0.09 8.00± 0.05 12 DR5
NGC 2243 4.00± 1.20 1.20 10.40± 0.20 −0.38± 0.04 8.57± 0.07 7.57± 0.17 8 DR5
Melotte71 0.83± 0.18 2.18 10.50± 0.10 −0.09± 0.03 8.65± 0.04 8.06± 0.08 4 DR5
Be36 7.00± 0.50 1.06 11.30± 0.20 −0.16± 0.10 8.80± 0.02 8.00± 0.05 5 DR5
Be31 2.50± 0.30 1.44 15.20± 0.40 −0.27± 0.06 8.65± 0.03 7.77± 0.09 7 DR5

Notes.(a) MTO derived from Parsec isochrones using ages and [Fe/H] in the table.

3. Samples

Our samples are composed by Milky Way field stars and stars in
open clusters.

The former sample includes stars observed with the UVES
set-up centred around 580.0 nm, which belong to the solar neigh-
bourhood and inner disc samples. We divided the field stars into
thin and thick disc stars, using their [α/Fe] abundance ratio,
following the approach of Adibekyan et al. (2011). Our sample
includes 19 thin disc stars and 130 thick disc stars with both
N and O measurements. Their stellar parameters and the abun-
dances of N and O are listed in Table A.1.

The number of stars in our samples depends on the observed
number of dwarfs and giants and on their S/N as well. This is
because the CN molecular bands are less pronounced in dwarfs
and because they cannot always be measured. In dwarf stars,
the typical depth of the largest CN molecular band is ∼0.02
(in relative intensity with respect to the continuum) and, even
at high S/N∼ 100, there are fluctuations of about 0.01 in this
feature. The other features are even smaller. Consequently, to
analyse these features in dwarf stars, we need spectra with S/N
as high as ∼200, which was not always achieved. On the other
hand, CN bands in giant stars are much larger for two main rea-
sons. The former is that molecular lines are larger in stars with
lower temperatures, thus we can determine accurate abundances
from spectra with lower S/N. The latter is because giant stars
can be enriched in N owing to internal chemical mixing pro-
cesses. Therefore, there are far more determinations of nitrogen
for giant stars compared to the stars in earlier stages of their
evolution.

For the above reasons, and because the GES selection func-
tion (Stonkutė et al. 2016) favours giant stars in the thick disc
and dwarf stars in the thin disc, in our samples we are biased
towards thick disc stars.

The latter sample includes open clusters with ages >0.1 Gyr
whose parameters and abundances have been delivered in the
four Gaia-ESO releases IDR2, IDR3, IDR4, IDR5. Membership
analysis has been performed as in Magrini et al. (2018), using
the [Fe/H] abundance and radial velocity distributions to define
cluster members. Most of the member stars in open clusters are

giant stars, belonging to the red clump (RC) phase. In Table 1,
we present the main cluster parameters (age, turn-off stellar
mass, distance, and metallicity [Fe/H]), the median abundances
of oxygen and nitrogen with their standard deviations, number
of stars, and reference data release.

4. Effect of mixing

Stellar evolution can affect the abundances of C and N, and
thus they do not trace the initial composition of the stars. On
the other hand, the abundances of O should reflect the chemical
composition of the stars at their birth (Tautvaišienė et al. 2015).
Using a set of stellar evolution models with both thermohaline
and rotation induced mixing by Lagarde et al. (2012), we esti-
mate the effect of these processes on the measured abundances
of N and O. In Fig. 1, we show the abundances of N and O
as a function of surface gravity for both stars in clusters and
field in the metallicity range −0.05≤ [Fe/H]≤+0.05. We com-
pare the data with a set of models by Lagarde et al. (2012) com-
puted for solar metallicity with both standard prescriptions (ST)
and with thermohaline convection and rotation-induced mixing
(TCR). We plot the models for three stellar masses: 1, 2, and
3 M�. The mass range 1 M� ≤M ≤ 3 M� covers, indeed, most
of the lifetime of the thin and thick disc stars, corresponding to
approximately a time interval ∼0.6–10 Gyr. From the top panel
of Fig. 1, nitrogen is enhanced during the latest phases of the
stellar evolution: N/H in the few dwarf stars with surface gravi-
ties log g∼ 4.5 is lower than N/H in giant stars. For the field stars,
the enhancement in N/H is reproduced considering the models
with 1 M� ≤M ≤ 2 M�.

In the bottom panel of Fig. 1, we show oxygen abundances
versus surface gravity. In this case, the effect of mixing is neg-
ligible both from models and observations. Thus the measured
oxygen abundance can be considered representative of the initial
composition of the stars. We note, however, a relevant spread in
the O abundances possibly related to two different points: firstly,
the presence of both thin and thick disc stars, of which the latter
is more enhanced in O/Fe with respect to the thin disc stars; and
secondly, the missing correction of telluric absorption, which is
not included in the Gaia-ESO standard reduction.
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Fig. 1. 12+log(O/H) and 12+log(N/H) vs. surface gravity in the field
and cluster stars. The circles represent single measurements, while the
squares represent the results binned in log g bins of 0.5. The curves indi-
cate the model of Lagarde et al. (2012) for 1 M� (red dashed indicates
ST, red continuous indicates TCR), 2 M� (black dashed indicates ST,
black continuous indicates TCR) and 3 M� (blue continuous indicates
TCR).

We also investigated the effect of metallicity in the enhance-
ment of nitrogen (and of oxygen) during stellar evolution to
see if we are allowed to apply, in first approximation, an aver-
age correction to our stars, which span a metallicity range
of about ∼1 dex. In Fig. 2, we show the variation of sur-
face abundances of nitrogen and oxygen at different metallic-
ities for three representative stellar masses (1, 1.25 and 2 M�)
using the ST models of Lagarde et al. (2012). In our metallic-
ity range (0.005≤Z ≤ 0.015) there are no strong variations of
∆N/H = N/Hfinal–N/Hinitial and an average value of 0.25 dex is a
good approximation for low mass stars, i.e. mostly representa-
tive of the field thin and thick disc populations.

On the other hand, for the open clusters, the average cor-
rection valid for field stars is, in general, an under-estimation
since they are younger and thus their evolved stars are more
massive. Using the mass at turn-off of clusters uniformly derived
Parsec isochrones (Bressan et al. 2012) with the ages and metal-
licities of Table 2, we estimate the variation of nitrogen sur-
face abundance during stellar evolution using the models of
Lagarde et al. (2012) for more massive stars. In Fig. 3 we plot
∆N/H = N/Hfinal−N/Hinitial as a function of stellar mass for solar
metallicity. The variation ∆N/H is larger for more massive stars
and it can be approximated with a polynomial fit. A fit to the data
of Fig. 3 gives us the possibility to correct the N/H abundances
for giant stars in clusters for which we know the turn-off mass.
The fit is given in the following equation, where m is the turn-off
mass:

∆N/H = 2.5 − 5.4×m + 3.5×m2 − 0.99×m3 + 0.09×m4. (1)

In the following plots and discussions, we applied a correc-
tion to 12+log(N/H) abundances and to N/O abundance ratios,
both in clusters and field stars. For the field population, we

Fig. 2. ∆N/H = N/Hfinal–N/Hinitial and ∆O/H = O/Hfinal–O/Hinitial vs. Z
metallicity in the ST models of Lagarde et al. (2012) for stars of 1, 1.25,
and 2 M�.

/

Fig. 3. ∆N/H = N/Hfinal–N/Hinitial vs. mass in the ST models of
Lagarde et al. (2012) at solar metallicity.

considered a constant correction of −0.25 dex, while for the clus-
ter stars we used the fit in Eq. (1) using the turn-off masses of
Table 1. The errors due to this correction are difficult to estimate
and they are not propagated in the final abundances. In the fol-
lowing analysis, for both populations we only considered stars
with log g≤ 3.5 dex, which have a more reliable determination
of O and N abundances.

5. Abundance results

In Fig. 4 we compare our results, after correcting nitrogen
abundances for the effects of stellar evolution, with those
collected by Israelian et al. (2004) for both metal-poor and
metal-rich dwarf stars. On the one hand, in the metallicity inter-
val -0.5< [Fe/H]< 0.5 spanned by our new data, there is a very
good agreement between the GES and the literature results. On
the other hand, the sample of Israelian et al. (2004) reaches very
low metallicities that are not available in our sample dominated
by the disc populations.
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Fig. 4. log(N/O) vs. [Fe/H] in our samples compared with the litera-
ture data of Israelian et al. (2004). Open clusters are shown with large
filled circle (in green clusters with RGC > 7 kpc and in orange clus-
ters with RGC ≤ 7 kpc), thin and thick disc stars are represented with
smaller light blue and pink triangles, respectively. The literature sample
of Israelian et al. (2004) is represented with cyan squares.

In Fig. 5, we show [N/Fe] and [O/Fe] as function of [Fe/H]
in the thin and thick disc populations and in open clusters. We
performed the two-dimensional Kolmogorov-Smirnov (KS) test
(Fasano & Franceschini 1987) to quantify the probability that
the abundance ratios in the three populations derive from sim-
ilar distributions.

The bi-dimensional KS statistical test is the generalisation of
the classical one-dimensional KS test and it is used to analyse two-
or three-dimensional samples. Based on the two-dimensional KS
test, the significance of the equivalence between the distributions
of [O/Fe] and of [N/Fe] in thin disc stars with thick disc stars is
less than 1% in the overlapping metallicity region. On the other
hand, the abundance ratios [N/Fe] and [O/Fe] in open clusters are
much similar to those in thin disc stars with probabilities ranging
from ∼20% to ∼50%, respectively.

6. Chemical evolution models

We compare our observed data sample with the predictions of
classical one-zone chemical evolution models, taking a very sim-
ilar approach as in Vincenzo et al. (2016) with standard assump-
tions that are used to reproduce the main characteristics of our
Galaxy. The parameters of our reference model are in agree-
ment with many previous studies (e.g. Minchev et al. 2013;
Spitoni et al. 2015, 2018).

In summary, the SFR is assumed to follow a linear Schmidt-
Kennicutt law, namely SFR(t) = SFE×Mgas(t), where SFE rep-
resents the star formation efficiency, a free parameter of our
models, and Mgas(t) is the total amount of gas in the galaxy
at the time t. We assume the Galactic disc to assemble by
accreting primordial gas with a rate exponentially decaying as
a function of time, namely I(t)∝ exp(−t/τ), normalised such
that
∫ tG

0 dt I(t) = Minf, where τ represents the so-called infall
timescale, a free parameter of our models, and Minf the integrated
amount of gas accreted into the Galactic potential well during
the Galaxy lifetime (tG = 14 Gyr); in this work, we assume
log(Minf) = 11.5 dex.

In this work, the effect of galactic winds is included, by
assuming that the outflow rate is directly proportional to the

Fig. 5. [N/Fe] and [O/Fe] as function of [Fe/H] in the thin and thick disc
populations and in open clusters. Symbols and colour codes as in Fig. 4.

SFR, namely O(t) =w×SFR(t), where w represents the so-called
mass loading factor, another free parameter of our models. The
wind is differential and it is assumed to carry only the main
nucleosynthetic products of SNe, hence α- and iron-peak ele-
ments. To compute the time of onset of the galactic wind, we fol-
low the same formalism as in Bradamante et al. (1998). Finally,
we assume the initial mass function (IMF) of Salpeter (1955).

For LIMS, we assume the same stellar yields as in
Vincenzo et al. (2016), while for massive stars the stellar yields
of Kobayashi et al. (2011). In order to reproduce the low-
metallicity N/O plateau, we assume that massive stars only pro-
duce primary N with an empirical stellar yield that is computed
as in Vincenzo et al. (2016). For Type Ia SNe, we assume the fol-
lowing delay time distribution function (DTD): DTDIa(t)∝ 1/t
(Totani et al. 2008), which gives very similar results as the DTD
of Schönrich & Binney (2009), and nucleosynthetic yields from
Iwamoto et al. (1999). The assumed DTD is normalised to have
a total number of SNe in the range ∼1−2 SNe per 103 M� of stel-
lar mass formed for all our models (Bell et al. 2003; Maoz et al.
2014). Finally, we assume the metallicity-dependent stellar life-
times of Kobayashi (2004).

We made several numerical experiments, by assuming dif-
ferent prescriptions for Type Ia SNe, IMF, and stellar yields, and
we came to the conclusion that the aforementioned assumptions
provide the best match to the observed data sample for [O/Fe]
versus [Fe/H] and log(N/O) versus [Fe/H].

We construct a grid of chemical evolution models by con-
tinuously varying the free parameters in the following ranges:
0.2 ≤ SFE ≤ 4 Gyr−1, 1 ≤ τ ≤ 12 Gyr and 0.4 ≤ w ≤ 1.0. In
the next section, when we refer to our reference grid of models,
we mean the aforementioned variation of the free parameters.
Our reference chemical evolution model assumes SFE = 1 Gyr−1,
τ= 7 Gyr and w= 0.8, which can reproduce the observed average
[O/Fe]–[Fe/H] and N/O–[Fe/H] abundance patterns.

The main differences between the chemical evolution mod-
els of Vincenzo et al. (2016) and those of this work can
be summarised as follows. Firstly, we assume the IMF of
Salpeter (1955), containing a lower number of LIMS than the
Kroupa et al. (1993) IMF assumed in Vincenzo et al. (2016).
Secondly, we assume the double degenerate scenario for Type
Ia SNe, while Vincenzo et al. (2016) assume the single-
degenerate scenario of Matteucci & Recchi (2001).
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The main limitation of our approach is that we adopt a
one-zone model to characterise the whole disc of our Galaxy,
varying the main free parameters to reproduce the observed
chemical abundance patterns. There are chemical abundance
gradients in our Galaxy (see e.g. Esteban & García-Rojas
2018), which can also be seen in our dataset and can be
better understood – from a physical point of view – only
by making use of chemodynamical simulations embedded in
a cosmological framework (e.g. Kobayashi & Nakasato 2011;
Vincenzo & Kobayashi 2018). Finally, we assume in our model
a single onset for the galactic wind, which is maintained con-
tinuously afterwards; this may not be entirely appropriate for
actively star-forming galaxies that may experience large varia-
tions in their SFRs.

7. Results

In Fig. 6, we compare log(N/O) versus [Fe/H] of field stars
(divided in thin and thick disc) and the open clusters with the
set of chemical evolution models from our grid. In all panels we
also report the reference model. First we note the clusters and
stars of the Milky Way are located in the top right portion of
the plot, where the secondary production of N dominates. Con-
versely to studies of unresolved galaxies, the stellar population
of the Milky Way allows us to appreciate the spanned ranges
of metallicities and of log(N/O) belonging to the same galaxy.
Thanks to the precise measurements of distances of open clus-
ters, we can also relate the variation of N/O to various sections
of the Galaxy.

In the top panel, we vary the SFE, from 0.2 Gyr−1 to 4 Gyr−1.
As discussed in Vincenzo et al. (2016), the effect of varying SFE
is to increase the metal content and thus to move the point where
the secondary component of N starts to contribute. As afore-
mentioned, since we assume an IMF that is not bottom heavy
(Salpeter 1955), the N production from LIMS is less prominent
than in Vincenzo et al. (2016). The onset of the galactic wind in
the models is crucially determined by the interplay between the
injection rate of thermal energy by SN events and stellar winds
and the assembly of the Galaxy potential well as a function of
time (mostly regulated by the assumed infall mass and infall
timescale). By lowering the SFE in the model (keeping the other
parameters fixed), there is less thermal energetic feedback from
SNe and stellar winds at any time of the galaxy evolution, delay-
ing the onset of the galactic wind towards higher [Fe/H] abun-
dances. We remark the fact that the galactic wind onset in Fig. 6
appears as a sudden increase in log(N/O), from a given [Fe/H]
on. To reproduce the range of log(N/O) spanned by the observa-
tions, a variety of SFE is necessary. In particular, to reproduce
the observed abundances in the thin disc stars, we need higher
average SFEs than for thick disc stars. Here and in the following
discussion we consider that young and intermediate-age open
clusters are not affected by strong radial migration and thus they
are representative of the abundances of the places where they are
observed (cf. e.g. Quillen et al. 2018).

In the central panel, we vary the infall timescale from 1 Gyr
to 10 Gyr, keeping the SFE fixed at its reference values. The main
effect of the infall timescale is that models with longer infall
timescales have a galactic wind that develops at earlier times,
and thus the location of the break point due to the onset of the
wind (see Fig. 3 of V16) is moved and the slopes of the models
after the break point are changed. The Milky Way resolved data
are better reproduced by models with longer infall timescales
in agreement with other evidence of timescales of the order of
∼8 Gyr of the Galactic thin disc at solar Galactocentric distance.

.

Fig. 6. log(N/O) versus [Fe/H] with open clusters shown as large filled
circle (in green clusters with RGC > 7 kpc and in orange clusters with
RGC ≤ 7 kpc), individual measurements of thin and thick disc stars are
represented with cyan and pink triangles, respectively. In the top panel,
we present the grid of models in which we vary the SFE; in the central
panel, the infall timescale is changed, while in the bottom panel, the
outflow loading factor is varied. In each panel, the reference model is
identified with a solid line.

The inner disc open clusters can be better reproduced with mod-
els with shorter infall timescales, while the outer disc open clus-
ters need a longer infall timescale in agreement with the inside-
out scenario. The assumption of infall timescales τinf > 7 Gyr has
little effect on the chemical evolution tracks in Fig. 6, for a fixed
SFE, confirming that the main parameter in our model to dis-
criminate between thin and thick disc stars is given by the SFE.

In the bottom panel, we vary the effects of differential out-
flow, the so-called outflow loading factor. In our models, we
assume a differential outflow, which carries out only the main
nucleosynthetic products of SNe, thus affecting oxygen, but not
nitrogen. In the plot, we vary it from ω= 0.4 to ω= 1.0, while
the reference model has ω= 0.8. In the case of the Milky Way,
a ω= 1.0 is better suited to reproduce the high metallicity data
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Fig. 7. Left panel: log(N/O) vs. [O/H] as a function of both stellar mass and radius in the sample of resolved galaxies of Belfiore et al. (2017;
extracted from their Fig. 8). For each mass bin (see the legend for the range in logarithm of the stellar mass of each bin) the uppermost star
represents the innermost radial bin (0.0–0.25 Re while the lower star represents the outermost radial bin (1.75–2.0 Re). Right panel: log(N/O) vs.
[Fe/H] in our Milky Way samples of field stars (blue and pink triangles, thin and thick discs, respectively) and of open clusters (in green clusters
with RGC > 7 kpc and in orange clusters with RGC ≤ 7 kpc).

of field stars, while for the inner disc clusters a lower loading
factor is needed (see Fig. 6, bottom panel). This may be justified
by the fact that the ISM in innermost regions of our Galaxy is
more tightly bound than in the outermost regions and is eventu-
ally ejected with higher average efficiencies.

Although our model might be simplistic, it can capture some
of the main features of the observed chemical abundance data.
We remark that by moving along each chemical evolution track
in Fig. 6, the SFR and hence the predicted number of stars with a
given log(N/O) and [Fe/H] can vary; hence there is a third hidden
dimension in the tracks of Fig. 6. For example, the model with
the lowest SFE in the top panel contains very few stars after the
onset of the galactic wind; conversely, the model with the short-
est infall timescale in the middle panel contains a large number
of stars also after the development of the galactic wind. There-
fore, even though SFE and infall timescale seem to suffer from
some degeneracies in the chemical evolution tracks of Fig. 6,
their relative contributions might be better discriminated by look-
ing at the number of stars with a given log(N/O) and [Fe/H] in
the model and data as well. Nevertheless, to do this kind of study,
we need a much larger and more complete statistical dataset
of chemical abundances in our Galaxy than that presented by
this work. Large datasets are currently available, for example
from APOGEE, GALAH, and LAMOST (Majewski et al. 2017;
De Silva et al. 2015; Luo et al. 2015), however, they suffer from
lower resolution than in this work.

Putting together all these considerations, we can conclude
that the reference model alone is not able to reproduce the whole
abundance ratios along the radial range of the disc. Because of
radial variations of the Galactic properties and to the inside-out
formation of the disc, this is indeed expected. The more efficient
way to reproduce the abundance ratios in the outermost clusters is

by assuming relatively long infall timescales (τinf ∼ 7−8 Gyr) and
SFEs of the order of unity per Gyr, which is perfectly in line with
the inside-out scenario for the formation of the Milky Way disc.
We find that thin disc stars tend to have higher log(N/O) at fixed
log(O/H)+12 than thick disc stars; this can be reproduced only by
assuming for thin disc stars higher average SFEs and longer infall
timescales, which has the effect that the SFE is more important
than the effect of the infall timescale. Finally, lower outflow load-
ing factors also seem to reproduce better the abundance patterns
in the inner open clusters.

8. Milky Way in the extragalactic framework

In Fig. 7, we compare our results (right panel) with the
MaNGA sample (Belfiore et al. 2017), which includes 550
resolved galaxies with stellar masses between 109 and 1011 M�
(left panel). The Milky Way stellar data span an interval in
log(N/O) as large as the whole range spanned by external
galaxies belonging to various bins of stellar masses. The stel-
lar mass of our Galaxy is estimated to be 6.1± 1.1× 1010M�
(Licquia & Newman 2015). The bulk of the thick disc stars and
the innermost clusters are indeed in agreement with log(N/O)
of external galaxies in the stellar mass bin 10.50–10.75. On the
other hand, the outer regions of the Milky Way show log(N/O)
values consistent with those of low stellar mass galaxies, in
which the SFE is typically lower. In addition, in the very inner
clusters and in high metallicity thick disc stars, we observe the
highest values of log(N/O), reached in inner parts of the more
massive star-forming galaxies. Such high values are also reached
in resolved H II regions of nearby galaxies (see e.g. Fig. 6 of
Bresolin et al. (2004) where measurements in M 51, M 101 and
NGC 2403 are shown). The radial variation of log(N/O) in the
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Galaxy can be interpreted as a consequence of the different SFE,
infall timescales, and galactic wind between the central and outer
regions of discs. This is not limited to the H II regions but also
Galactic stellar populations keep traces of the different mecha-
nisms of formation of various regions of the Milky Way.

9. Summary and conclusions

We present the Gaia-ESO IDR2-3, IDR4, IDR5 abundances of N
and O in open clusters and in field stars belonging to thin and
thick discs. We estimate the effect of stellar evolution on N abun-
dance, and we correct the abundance of giant stars making use of
the stellar evolution models of Lagarde et al. (2012). The study
of individual stars and clusters has shown that the stellar popula-
tions of the Milky Way present a wide range of log(N/O), mainly
located in the region dominated by the secondary production
of N. This distribution is comparable to their range observed
in individual HII regions in external massive galaxies, or even
larger (e.g. Bresolin et al. 2004). We compare log(N/O) versus
[Fe/H] in our samples with a grid of chemical evolution mod-
els, based on the models of Vincenzo et al. (2016). The Galactic
reference model alone is not able to reproduce all the resolved
Galactic trends. We need a higher SFE and/or a longer infall
timescale in the outskirts to reproduce the abundance ratios in
the outer regions, coupled with a shorter infall timescale in the
inner regions together with a lower outflow loading factor to
explain the abundance ratios in the inner disc. This is in line
with the request of an inside-out formation in the Milky Way
disc. Interestingly, thin disc stars have higher average log(N/O)
ratios at fixed log(O/H)+12 than thick disc stars; this feature can
be better reproduced by models assuming higher average SFEs
for thin disc stars. We also compared our resolved Milky Way
results with the local Universe sample of MaNGA, finding a
remarkably good agreement, but with the Milky Way data span-
ning a larger range of log(N/O) than integrated observations of
galaxies of similar stellar mass.
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Stonkutė, E., Koposov, S. E., Howes, L. M., et al. 2016, MNRAS, 460, 1131
Suárez-Andrés, L., Israelian, G., González Hernández, J. I., et al. 2016, A&A,

591, A69
Takahashi, K., Umeda, H., & Yoshida, T. 2014, ApJ, 794, 40
Takeda, Y., Sato, B., Kambe, E., et al. 2001, PASJ, 53, 1211
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Appendix A: Stellar parameters and abundances of individual stars

In this appendix, we present the stellar parameters and abundances used in the present work. The complete database for DR5 is
available on-line in the ESO portal.

Table A.1. Thin and thick disc star parameters and abundances.

CNAME Teff (K) log g ξ (km s−1) [Fe/H] 12+log(O/H) 12+log(N/H)

Thin disk stars
22052550-0854435 4776± 57 2.43± 0.11 1.53± 0.21 -0.36± 0.05 8.76± 0.10 7.67± 0.09
22174405-1338287 4736± 65 2.89± 0.11 1.31± 0.12 -0.37± 0.06 8.69± 0.04 7.71± 0.10
19265844+0000142 4849± 58 3.00± 0.11 1.28± 0.06 -0.28± 0.06 8.64± 0.08 7.70± 0.11
17580066-3442284 4722± 57 2.88± 0.11 1.28± 0.19 -0.16± 0.06 8.82± 0.07 7.89± 0.11
22181477-1256032 5040± 57 2.57± 0.11 1.66± 0.25 -0.34± 0.05 8.54± 0.06 7.62± 0.08
18265388-3158571 4862± 58 2.56± 0.11 1.34± 0.12 -0.38± 0.06 8.48± 0.02 7.61± 0.08
19264993+0111501 4679± 58 2.59± 0.11 1.44± 0.08 -0.06± 0.07 9.06± 0.23 8.19± 0.12
18174207-2853184 4662± 57 2.52± 0.11 1.32± 0.22 -0.33± 0.06 8.61± 0.05 7.76± 0.09
22071748-1455524 4707± 58 2.74± 0.11 1.30± 0.16 -0.30± 0.06 8.57± 0.09 7.73± 0.11
22292970-0713347 4771± 57 2.51± 0.11 1.49± 0.21 -0.27± 0.05 8.65± 0.05 7.81± 0.08
19265193+0044004 4880± 58 2.54± 0.11 1.50± 0.22 -0.43± 0.06 8.60± 0.04 7.76± 0.10
19274449-0018561 4678± 66 2.61± 0.12 1.61± 0.19 -0.14± 0.09 8.77± 0.05 8.05± 0.15
19280605+0101447 4926± 57 2.72± 0.11 1.42± 0.14 -0.19± 0.05 8.61± 0.05 7.92± 0.09
18200988-2736467 4920± 56 2.92± 0.11 0.90± 0.10 -0.17± 0.07 8.61± 0.04 7.97± 0.08
22072959-1530438 4950± 58 3.33± 0.11 1.12± 0.07 -0.10± 0.06 8.77± 0.01 8.13± 0.10
18250786-2440060 4935± 57 2.76± 0.11 1.43± 0.12 -0.05± 0.06 8.65± 0.02 8.13± 0.08
17543710-4118430 4695± 58 2.69± 0.11 1.88± 0.32 -0.16± 0.13 8.68± 0.03 8.19± 0.09
19273742+0142380 4744± 57 2.76± 0.11 1.65± 0.16 0.03± 0.08 8.70± 0.14 8.28± 0.11
18174473-2857509 4924± 65 3.06± 0.11 0.89± 0.15 0.01± 0.10 8.70± 0.02 8.37± 0.09
Thick disc stars
16032475-4552157 4770± 72 3.43± 0.13 1.46± 0.16 0.34± 0.16 10.0± 0.40 8.72± 0.27
18144087-3238090 4689± 57 2.84± 0.11 1.23± 0.18 -0.41± 0.06 8.78± 0.02 7.63± 0.09
22175268-1344270 4739± 57 2.44± 0.11 1.51± 0.21 -0.38± 0.06 8.77± 0.06 7.64± 0.09
22055148-0840028 4689± 58 3.00± 0.11 1.29± 0.15 -0.28± 0.07 8.91± 0.01 7.83± 0.12
19265258+0053111 4868± 58 2.51± 0.11 1.75± 0.24 -0.54± 0.09 8.65± 0.05 7.59± 0.13
19280306-0015035 4744± 58 2.74± 0.11 1.37± 0.13 -0.36± 0.07 8.70± 0.17 7.65± 0.12
18173083-2852585 4710± 57 2.50± 0.11 1.43± 0.20 -0.34± 0.06 8.78± 0.05 7.75± 0.08
18092086-2807021 4647± 57 2.58± 0.11 1.45± 0.12 -0.03± 0.07 9.18± 0.30 8.15± 0.09
19270855-0009249 4506± 67 2.66± 0.12 1.54± 0.22 -0.28± 0.12 9.02± 0.03 8.00± 0.18
18085492-2802494 4434± 57 2.34± 0.11 1.53± 0.12 0.10± 0.09 9.40± 0.35 8.39± 0.09
19272645+0149095 4632± 67 2.87± 0.12 1.48± 0.17 -0.20± 0.11 8.94± 0.03 7.93± 0.16
18133109-2833125 4712± 57 2.52± 0.11 1.46± 0.16 -0.20± 0.06 8.78± 0.04 7.83± 0.08
18244441-3319062 4664± 57 2.41± 0.11 1.48± 0.19 -0.30± 0.06 8.78± 0.06 7.84± 0.09
18181062-3246291 4558± 57 2.27± 0.11 1.54± 0.13 -0.13± 0.07 8.78± 0.04 7.84± 0.08
17581881-3825172 4826± 57 2.57± 0.11 1.52± 0.13 -0.45± 0.07 8.61± 0.02 7.68± 0.09
18051149-2728112 4677± 58 2.88± 0.11 1.26± 0.16 -0.09± 0.07 8.90± 0.02 7.97± 0.11
18135483-3244014 4718± 57 2.60± 0.11 1.47± 0.12 -0.09± 0.07 8.98± 0.16 8.05± 0.10
19263322+0009574 4676± 58 2.50± 0.12 1.66± 0.20 -0.31± 0.08 8.81± 0.07 7.88± 0.13
19265601+0013541 4579± 68 2.73± 0.12 1.72± 0.56 -0.14± 0.16 8.94± 0.06 8.03± 0.20
17544337-4113549 4614± 58 2.50± 0.11 1.65± 0.18 -0.28± 0.09 8.82± 0.05 7.92± 0.10
17573396-3826074 4732± 57 2.49± 0.11 1.50± 0.18 -0.25± 0.06 8.69± 0.07 7.80± 0.09
18084862-2805146 4710± 57 2.51± 0.11 1.42± 0.17 -0.18± 0.05 8.76± 0.07 7.87± 0.08
18125196-2828231 4632± 57 2.62± 0.11 1.51± 0.17 -0.04± 0.07 8.89± 0.04 8.00± 0.09
18182289-3255286 4789± 57 3.21± 0.11 1.17± 0.11 -0.15± 0.06 8.87± 0.02 7.99± 0.09
22122727-0719010 4412± 58 2.43± 0.11 1.49± 0.17 -0.20± 0.09 8.86± 0.04 7.99± 0.12
18261723-3134405 4555± 57 2.31± 0.11 1.50± 0.19 -0.18± 0.06 8.78± 0.07 7.93± 0.09
17584261-3836209 4710± 57 2.82± 0.11 1.29± 0.10 -0.17± 0.06 8.87± 0.06 8.03± 0.09
19270316-0032246 4452± 66 2.58± 0.12 1.71± 0.54 0.06± 0.11 8.94± 0.22 8.10± 0.17
17582318-3838109 4623± 57 2.37± 0.11 1.46± 0.18 -0.23± 0.06 8.73± 0.04 7.89± 0.09
18075802-3116498 4761± 56 2.71± 0.11 1.39± 0.07 -0.08± 0.06 8.86± 0.06 8.02± 0.08

Notes. The full table is available at the CDS.
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