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ABSTRACT

Context. The abundance ratio N/O is a useful tool to study the interplay of galactic processes, e.g. star formation efficiency, time-scale
of infall and outflow loading factor
Aims. We aim to trace log(N/O) versus [Fe/H] in the Milky Way and to compare it 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 use the abundances from idr2-3, idr4, idr5 data releases of the Gaia-ESO Survey both for Galactic field and open cluster
stars. We determine membership and average composition of open clusters and we separate thin and thick disc field stars. We consider
the effect of mixing in the abundance of N in giant stars. We compute a grid of chemical evolution models, suited to reproduce the
main features of our Galaxy, exploring the effects of the star formation efficiency, the infall time-scale and the differential outflow.
Results. With our samples, we map the metallicity range -0.6≤[Fe/H]≤0.3 with a corresponding -1.2≤logN/O≤-0.2, where the sec-
ondary 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 time-scale is needed in
the inner regions, while the outer regions need a longer infall time-scale, 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.

Key words. Galaxy: abundances, open clusters and associations: general, open clusters and associations: individual: Berkeley 31,
Berkeley 36, Berkeley 44, Berkeley 81, Trumpler 23, NGC 4815, NGC 6067, NGC 6259, NGC 6705, NGC 6802, NGC 6005, NGC
6633, NGC 2243, Rup 134, Mel 71, Pismis 18, M67, Galaxy: disc

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 channels:
the so-called primary and secondary productions. The primary
component directly derives from the burning of H and He and
it does not require any previous enrichment in metals. 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 previously produced C
and O. However, the primary and secondary productions of N
in LIMS are not enough to reproduce the observed plateau in

? 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).

N/O observed at very low metallicities. Including the produc-
tion of N in massive low-metallicity stars might help, although
our knowledge of N stellar yields for massive stars is still inade-
quate (cf. Meynet & Maeder 2000, 2002a,b; Chieffi & Limongi
2004, 2013; Gil-Pons et al. 2013; Takahashi et al. 2014). N abun-
dances 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; Martig et al. 2016;
Masseron et al. 2017; 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 through emission-line spec-
troscopy of HII regions or of unresolved star-forming regions,
both by individual studies (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) and by large surveys, as for instance
the Sloan Digital Sky Survey (SDSS) (Abazajian et al. 2009)
and the Sloan Digital Sky Survey IV Mapping Nearby Galax-
ies at Apache Point Observatory survey (MaNGA), from which
N/O was estimated 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 extragalac-
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tic datasets is i) a significant positive slope of N/O versus oxy-
gen abundance in the metal-rich regime, related to the secondary
production and ii) a plateau of N/O for low-metallicity galaxies.
The two metallicity regimes can be divided approximately 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 sam-
ples of stars and of 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 galaxies
lying along the line of sight to quasars (namely, in the so-called
Damped Lyα systems); examples of studies in this sense are Pet-
tini et al. (2002, 2008) and Zafar et al. (2014) (but see also Van-
gioni 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, a
supernova or a gamma ray burst, by making use of detailed nu-
merical codes taking 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, they
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 assem-
bled from two separated episodes of gas accretion with different
typical timescales (the shortest giving rise to the halo and thick
disc of our Galaxy, the longest to the thin disc), in which they
varied the assumed sets of stellar nucleosynthetic yields to un-
derstand the origin of the low-metallicity plateau in N/O. A simi-
lar analysis was done by Gavilán et al. (2006), who made use of a
collection of Galactic data sets of stellar and nebular abundances,
to constrain their chemical evolution models. To understand the
historical problem of nitrogen evolution, they introduced a pri-
mary component in intermediate-mass stars. In addition, they ex-
plained the dispersion of N/O to be due to a variation of the star
formation rates across the Galactic disc. This was also confirmed
by Mollá et al. (2006) who analysed the role played by star for-
mation efficiency in the evolution of the abundance ratio N/O.

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), that allow the measurement of a
large variety of elements in stars of the Milky Way, it is possi-
ble to investigate with sizeable statistical samples the behaviour
of N/O in the different populations of our Galaxy. Among the
several on-going spectroscopic surveys, the Gaia-ESO Survey
(GES, Gilmore et al. 2012; Randich et al. 2013) has provided
high resolution spectra of different stellar populations of our
Galaxy using the spectrograph FLAMES@VLT (Pasquini et al.
2002). GES aims at homogeneously deriving stellar parameters
and abundances in a large variety of environments, including the
major Galactic components (thin and thick discs, halo, bulge),
open and globular clusters and calibration samples. The higher
resolution spectra obtained with UVES allow the determination
of abundances of more than 30 different elements, including also
nitrogen and oxygen both in field and in 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 kinemat-

ical information of the stars as provided by Gaia (Lindegren et
al. 2016; Brown et al. 2018) and stellar age information from as-
teroseismology studies (see, e.g. Casagrande et al. 2014, 2016),
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 Section 2 we describe
the spectral analysis and in Section 3 we present our samples. In
Section 4 we discuss the effect of mixing on nitrogen abundances
in evolved stars. In Section 5 we describe the set of chemical evo-
lution models adopted to compare with the data, and in Section 6
we give our results and in Section 6 we compare the Milky Way
with Local Universe results. In Section 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 abun-
dances 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 el-
ements, in some cases combined with carbon. In particular, in
the analysis of the optical stellar spectra, the 12C14N molecular
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 (Tautvaišienė et al. 2015).

To derive N and O abundances, all these lines and bands are
analysed simultaneously; in this iterative process, also the de-
termination of the C abundance is included. For the determina-
tion of the oxygen abundance, we take into account the oscillator
strengths of the two lines of58Ni and 60Ni that are blended with
the oxygen line (Johansson et al. 2003). The synthetic 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 fitting procedure of
the observations with theoretical spectra, we take into account
stellar rotation, which is one of the products of GES; the mea-
surements of stellar rotation are described in Sacco et al. (2014).

The atmospheric parameters of the stars are spectroscopi-
cally determined combining the results of several Nodes, with
a methodology described in Smiljanic et al. (2014). Average un-
certainties in the atmospheric parameters are 55 K, 0.13 dex, and
0.07 dex for Teff , log g, and [Fe/H], respectively. The uncertain-
ties on the abundances of N and O are estimated considering 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 abundances. Con-
sidering all these aspects, typical errors on nitrogen and oxygen
abundances are ∼0.10 and ∼0.09 dex, respectively. More details
about the method of analysis and the evaluation of the uncertain-
ties are given in Tautvaišienė et al. (2015).

3. The samples

Our samples are composed by Milky Way field stars and stars in
open clusters.
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The former sample includes stars observed with the UVES
setup centred around 580.0 nm that belong to the solar neigh-
bourhood and the inner disc samples. We have 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
abundances of N and O are listed in Table ?? in Appendix A.

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 not always they can be measured. In dwarf stars, the typ-
ical depth of the largest CN molecular band is ∼0.02 (in rel-
ative 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 them
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 reasons. 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 due
to internal chemical mixing processes. 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 anal-
ysis has been performed as in Magrini et al. (2018), using the
[Fe/H] abundance and radial velocity distributions to define clus-
ter 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, metallicity [Fe/H]), the median abundances of oxygen
and nitrogen with their standard deviations, the number of stars
and the reference data release.

4. The 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 composi-
tion of the stars at their birth (Tautvaišienė et al. 2015). Using
a set of stellar evolution models with both thermohaline and ro-
tation induced mixing by Lagarde et al. (2012), we estimate the
effect of these processes on the measured abundances of N and
O. In Figure 1, we show the abundances of N and O as a function
of surface gravity for both stars in clusters and field in the metal-
licity range -0.05≤[Fe/H]≤+0.05. We compare the data with a
set of models by Lagarde et al. (2012) computed for solar metal-
licity with both standard prescriptions (ST) and with thermoha-
line 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 in-
terval ∼0.6-10 Gyr. From the upper panel of Figure 1, nitrogen
is enhanced during the latest phases of the stellar evolution: N/H
in the few dwarf stars with surface gravities 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 Figure 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 aspects:
the presence of both thin and thick disc stars, the latter more
enhanced in O/Fe with respect to the thin disc stars; the miss-
ing correction of telluric absorption which is not included in the
Gaia-ESO standard reduction.

We have also investigated the effect of metallicity in the en-
hancement of nitrogen (and of oxygen) during stellar evolution
to see if we are allowed to apply, in first approximation, an
average correction to our stars, which span a metallicity range
of about ∼1 dex. In Figure 2, we show the variation of sur-
face abundances of nitrogen and oxygen at different metallici-
ties for three representative stellar masses (1, 1.25 and 2 M�)
using the ST models of Lagarde et al. (2012). In our metal-
licity range (0.005≤Z≤0.015) there are no strong variations of
∆N/H=N/Hinitial-N/Hmeasured and an average value of -0.25 dex is
a good approximation for low mass stars (mostly representative
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 de-
rived Parsec isochrones (Bressan et al. 2012) with the ages and
metallicities of Table 2, we estimate the variation of nitrogen
surface abundance during stellar evolution using the models of
Lagarde et al. (2012) for more massive stars. In Figure 3 we plot
∆N/H=N/Hinitial-N/Hmeasured 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 Figure 3 gives us the possibility to correct the N/H abun-
dances 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 have applied a
correction to 12+log(N/H) abundances and to N/O abundance
ratios, both in clusters and field stars. For the field population,
we have considered a constant correction of -0.25 dex, while for
the cluster stars we have used the fit in Eq. 1 using the turn-off
masses of Table 2. The errors due to this correction are difficult to
estimate and they are not propagated in the final abundances. In
the following analysis, for both populations we have considered
only stars with logg≤3.5 dex, which have more reliable determi-
nation of O and N abundances.

5. The abundance results

In Figure 4 we compare our results, after correcting nitrogen
abundances for the effects of stellar evolution, with those col-
lected by Israelian et al. (2004) for both metal-poor and metal-
rich dwarf stars. On the one hand, in the metallicity interval -
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, not available in our sample dominated by the disc
populations.

In Figure 5, we show [N/Fe] and [O/Fe] as function of [Fe/H]
in the thin-, thick-disc populations and in open clusters. We
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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
NGC6005 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
NGC6705 0.30±0.05 3.30 6.33±0.16 +0.16±0.04 8.70±0.03 8.51±0.30 16 dr5
NGC6067 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
NGC4815 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
NGC6802 1.00±0.10 2.12 6.96±0.07 +0.10±0.02 8.71±0.14 8.35±0.06 9 dr4
NGC6259 0.21±0.03 3.88 7.03±0.01 +0.21±0.04 8.86±0.05 8.62±0.05 9 dr5
NGC6633 0.52±0.10 2.63 7.71±0.01 -0.01±0.11 9.01±0.28 8.20±0.30 11 dr5
M67 4.30±0.50 1.30 9.05±0.20 -0.01±0.04 8.61±0.09 8.00±0.05 12 dr5
NGC2243 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

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

Fig. 1. 12+log(O/H) and 12+log(N/H) versus surface gravity in the field
and cluster stars (circle are single measurements, while with squares
are the results binned in log g bins of 0.5. The curves are the model of
Lagarde et al. (2012) for 1 M� (red dashed-ST, red continuous-TCR),
for 2 M� (black dashed-ST, black continuous-TCR) and for 3 M� (blue
continuous-TCR).

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 similar
distributions.

The bi-dimensional KS statistical test is the generaliza-
tion 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

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

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 re-
gion. 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. The chemical evolution models

We compare our observed data sample with the predictions of
classical one-zone chemical evolution models, making a very
similar approach as in Vincenzo et al. (2016), with standard as-
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Fig. 3. ∆N/H=N/H f inal-N/Hinitial versus mass in the ST models of La-
garde et al. (2012) at solar metallicity.

Fig. 4. log(N/O) versus [Fe/H] in our samples compared with the liter-
ature data of Israelian et al. (2004). Open clusters are shown with large
filled circle (in green clusters with RGC >7 kpc and in orange clusters
with RGC ≤7 kpc), thin and thick disc stars are represented with smaller
light blue and pink triangles, respectively. The literature sample of Is-
raelian et al. (2004) is represented with cyan squares.

sumption 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; Spi-
toni et al. 2015, 2017).

In summary, the star formation rate (SFR) is assumed to fol-
low a linear Schmidt-Kennicutt law, namely SFR(t) = SFE ×
Mgas(t), where SFE represents 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 exponen-
tially decaying as a function of time, namely I(t) ∝ exp(−t/τ),
normalised such that

∫ tG
0 dt I(t) = Minf, with τ representing the

so-called ”infall time scale”, a free parameter of our models, and
Minf the integrated amount of gas accreted into the Galactic po-
tential 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 as-
suming that the outflow rate is directly proportional to the 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 nucleosyn-

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
Figure 4.

thetic products of Supernovae (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 Vin-
cenzo 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 produce pri-
mary N, with an empirical stellar yield which 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
stellar mass formed for all our models (Bell et al. 2003; Maoz
et al. 2014). Finally, we assume the metallicity-dependent stellar
lifetimes of Kobayashi (2004).

We have made several numerical experiments, by assuming
different prescriptions for Type Ia SNe, IMF and stellar yields,
and we have came to the conclusion that the aforementioned as-
sumptions 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 contin-
uously 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 aver-
age [O/Fe]–[Fe/H] and N/O–[Fe/H] abundance patterns.

The main differences between the chemical evolution models
of Vincenzo et al. (2016) and those of this work can be sum-
marised as follows. (i) Here 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). (ii) 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, vary-
ing 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
be seen also in our dataset and can be better understood – from
a physical point of view – only by making use of chemodynam-
ical simulations embedded in a cosmological framework (e.g.
Kobayashi & Nakasato 2011; Vincenzo & Kobayashi 2018). Fi-
nally, we assume in our model a single onset for the galactic
wind, which is maintained continuously afterwards; this may not
be entirely appropriate for actively star forming galaxies which
may experience large variations in their SFRs.

7. Results

In Figure 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 upper-right part of the plot,
where the secondary production of N dominates. Conversely to
studies of unresolved galaxies, with the stellar population of the
Milky Way we can 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 clusters we can also
relate the variation of N/O to different parts 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 which 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 fixed the
other parameters), 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 on the fact that the galactic wind onset in
Figure 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
observations, a variety of SFE is necessary. In particular, to re-
produce 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 place 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 time-scales 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 Figure 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 in-
fall timescales in agreement with other evidence of time scales
of the order of ∼8 Gyr of the Galactic thin disc at Solar Galacto-
centric distance. The inner disc open clusters can be better repro-
duced with models with shorter infall time scales, while the outer

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 time scale 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.

disc open clusters need a longer infall time scale in agreement
with the inside/out scenario. The assumption of infall timescales
τinf > 7 Gyr has little effect on the chemical evolution tracks in
Figure 6, for a fixed SFE, confirming that the main parameter
in our model to discriminate 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 as-
sume a differential outflow, which carries out only the main nu-
cleosynthetic 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 better suited to reproduce the high metallicity data of

Article number, page 6 of 9



Magrini, L. et al.: N/O in Open Clusters and Galactic discs

field stars, while for the inner disc clusters a lower loading fac-
tor is needed (see Figure 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 ones, being eventually
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 on the fact that, by moving along each chemical evo-
lution track in Figure 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 Figure 6. For ex-
ample, 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 shortest infall timescale in the middle panel
contains a large number of stars also after the development of the
galactic wind. Therefore, even though SFE and infall timescale
seem to suffer from some degeneracies in the chemical evolu-
tion tracks of Figure 6, their relative contributions might be bet-
ter discriminated by looking also at the number of stars with a
given log(N/O) and [Fe/H] in the model and in the data. Nev-
ertheless, to do this kind of study, we need a much larger and
more complete statistical dataset of chemical abundances in our
Galaxy than the one 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. Due to radial
variations of the Galactic properties and to the inside-out forma-
tion 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 MW 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, with the effect of the SFE being more impor-
tant than the effect of the infall timescale. Finally, lower outflow
loading factors seem also to better reproduce the abundance pat-
terns in the inner open clusters.

8. The Milky Way in the extragalactic framework

In Figure 7, we compare our results (right panel) with the
MaNGA sample (Belfiore et al. 2017) that 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 belong-
ing to different bins of stellar masses. The stellar 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 clus-
ters 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 metal-
licity thick disc stars, we observe the highest values of log(N/O),
reached in inner parts of the more massive star forming galax-
ies. 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 M51, M101 and NGC2403 are shown). The ra-

dial variation of log(N/O) in the Galaxy can be interpreted as a
consequence of the different SFE, infall time-scales and galactic
wind between the central and the outer regions of discs, and not
only the HII regions but also Galactic stellar populations keep
trace of the different mechanisms of formation of different parts
of the MW.

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 abundance,
and we correct the abundance of giant stars making used of the
stellar evolution models of Lagarde et al. (2012). The study of in-
dividual stars and clusters has shown that the stellar populations
of the MW present a wide range of log(N/O), mainly located in
the region dominated by the secondary production of N. This dis-
tribution 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 models, 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 time-scale in the outskirts
to reproduce the abundance ratios in the outer regions, coupled
with a shorter infall time-scale 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 MW 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 better reproduced by models assum-
ing 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
MW data spanning a larger range of log(N/O) than integrated
observations of galaxies of similar stellar mass.
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