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ABSTRACT

Aims. In this study we address whether the age—metallicity relation (AMR) deviates from the expected trend of metallicity increasing
smoothly with age. We also show the presence (or absence) of two populations, as recently claimed using a relatively small dataset.
Moreover, we studied the Milky Way thin disk’s chemical evolution using solar twins, including the effect of radial migration and
accretion events.

Methods. In particular, we exploited high-resolution spectroscopy of a large sample of solar twins in tandem with an accurate age
determination to investigate the Milky Way thin disk age—metallicity relationship. Additionally, we derived the stars’ birth radius and
studied the chemical evolution of the thin disk.

Results. We discovered that statistical and selection biases can lead to a misinterpretation of the observational data. An accurate
accounting of all the uncertainties led us to detect no separation in the AMR into different populations for solar twins around the Sun
(=0.3 < [Fe/H] < 0.3 dex). This lead us to the conclusion that the thin disk was formed relatively smoothly. For the main scenario
of the Milky Way thin disk formation, we suggest that the main mechanism for reaching today’s chemical composition around the
Sun is radial migration with the possible contribution of well-known accretion events such as Gaia-Enceladus/Sausage (GES) and

Sagittarius (Sgr).

Key words. stars: abundances — stars: kinematics and dynamics — stars: solar-type — Galaxy: disk — solar neighborhood —

Galaxy: structure

1. Introduction

The formation and evolution of the Milky Way are among the
most important topics in modern astronomical research. Using
the advantage of our location from inside the Milky Way we
can study it in great detail. Based on different observational
results, several models of Galaxy formation were suggested in
the past. The first to form was the infant metal-poor bulge
through rapid collapse (see, e.g., Plotnikova et al. 2023 and
references therein). Then 11-12 Gyr ago the thick disk and the
halo were formed (Chiappini et al. 1997) according to the sim-
ple closed box model with instantaneous mixing of produced
elements (Pagel 1997) where metallicity increases smoothly
with time (Sahlholdt et al. 2022). Later on, around 10 Gyr
ago, the thin disk started to form (Chiappini et al. 1997). Its
formation created a double population in the alpha-metallicity
diagram (Yoshii 1982; Gilmore & Reid 1983). According to the
Chiappini et al. (1997) model, two infall episodes originated
the halo-thick disk and thin disk. About 10 Gyr is the time
found for the second infall in the revised two-infall model by
Spitoni et al. (2019), which was designed to reproduce the two
alpha-abundance sequences observed in the solar neighborhood.
More recently, several other models were suggested that assumed

* Corresponding author; anastasiia.plotnikova@studenti.

unipd.it

as second infall the accretion of the gas previously ejected
into the halo (Khoperskov et al. 2021) or accreted from some
major merger events, such as the Gaia-Enceladus/Sausage (GES)
(Bignone et al. 2019; Buck 2020).

In this paper we focus on the thin disk formation as this
work’s main target of investigation, and we would like to address
the following questions: What the key moments in the evolu-
tion of our Galaxy are, and whether its most recent evolution
has occurred in substantial isolation from the surrounding envi-
ronment (e.g., Snaith et al. 2015) or instead if external factors
have strongly contributed to the creation of multiple stellar pop-
ulations (e.g., Chiappini et al. 1997). The latest literature is
rich in observational studies suggesting that the recent evolu-
tion of the Galaxy has been influenced by the interaction with
dwarf galaxies (e.g., Ruiz-Lara et al. 2020; Bland-Hawthorn &
Tepper-Garcia 2021; Lu et al. 2024; Antoja et al. 2022; Gondoin
2023; Ratcliffe et al. 2023) merging with the Milky Way, such as
the GES (Belokurov et al. 2018; Helmi et al. 2018) or Sagittar-
ius (Sgr) (Ibata et al. 1994). The same scenario is also supported
by theoretical studies and simulations (e.g., Laporte et al. 2019;
Wang et al. 2024).

Currently, the different models have tiny differences between
them and we need a more detailed analysis of high-quality obser-
vational data to be able to distinguish them. We are lucky to
have access to several high-resolution spectroscopic datasets
such as HARPS and APOGEE, and high-quality astrometry from

A298, page 1 of 11

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://www.aanda.org
https://doi.org/10.1051/0004-6361/202451167
https://orcid.org/0000-0002-7504-0950
https://orcid.org/0000-0003-1124-7378
https://orcid.org/0000-0002-0155-9434
mailto:anastasiia.plotnikova@studenti. unipd.it
mailto:anastasiia.plotnikova@studenti. unipd.it
https://www.edpsciences.org/en/
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Plotnikova, A., et al.: A&A, 691, A298 (2024)

Gaia Data Release 3 (DR3). Altogether, they offer us a great
opportunity to study the Milky Way formation history in great
detail. One of these important details is the age-metallicity
relation. A recent study by Nissen et al. (2020) has found a
bimodality in the age-metallicity diagram traced by nearby solar-
twin stars. This result suggests the existence of two separate
populations within the thin disk resulting from two episodes of
accretion of gas onto the Galactic disk with a quenching of star
formation around 5—6 Gyr ago. The study of Nissen et al. (2020)
was based on only 72 stars and, as stated in the paper, it should be
proven with a bigger dataset to be a solid statistical result; how-
ever, their results seem to agree with more recent studies based
on APOGEE DR17 data' (Jofré 2021; Anders et al. 2023). In
particular, Jofré (2021) shows a clear discontinuity in the [C/N]-
metallicity diagram of red clump stars in the solar neighborhood.
For red clump stars the [C/N] abundance ratio can be considered
a proxy of stellar ages, and so the two populations found by Jofré
(2021) can be traced back to those of Nissen et al. (2020). Anders
et al. (2023) use chemical APOGEE abundances to derive the
ages of red giant stars confirming the bimodality of the age-
metallicity diagram suggested by Nissen et al. (2020) (see Fig. 8
in Anders et al. 2023) and Jofré (2021). The result should not
be surprising as their ages were mostly inferred by the C and N
abundances, which are the same analyzed by Jofré (2021). How-
ever, the actual presence of these populations in the thin disk is
still a matter of debate. Several other studies show no signature
of two populations (Xiang & Rix 2022; Lu et al. 2024; Miglio
et al. 2021). Interestingly, all of these studies use different age
determination methods, targets from different observations, and
cutoffs, which are the crucial points on this issue (Sahlholdt et al.
2022; Queiroz et al. 2023).

According to the simple closed box model with instanta-
neous mixing of produced elements (Pagel 1997), the metallicity
and abundances of other elements are expected to increase
smoothly with time. However, it was found that the chemical
trends of stars with different ages at the same location in the
Galaxy intersect with each other. Important insights in this con-
text were provided by Ratcliffe et al. (2023) based on APOGEE
data and age estimations from Anders et al. (2023). The authors
compute the birth radii of red giant branch stars based on the
assumption of the presence of radial migration, and use that
information to study the chemical evolution at different loca-
tions across the Galactic disk. The chemical trends of the stars
with different ages for the same birth radii are instead dis-
tributed smoothly, which means that radial migration can explain
the chemically mixed composition in the Galactic thin disk
stars. However, they reported the presence of fluctuations in the
metallicity and [X/H]-gradient evolution, which they tentatively
ascribe to the dilution in [Fe/H] from gas brought by the GES
and Sgr mergers. Two of these features are observed at lookback
times of ~4 and ~6 Gyr. Altogether it produces a scenario of
Milky Way formation with radial migration and accretion events
playing an important role in the chemical composition of the thin
disk.

For this work we focused on thin disk solar twins. Due to
their similarity to the Sun, we can perform high-accuracy dif-
ferential spectroscopic analysis, which makes them the perfect
candidates to study chemical evolution in detail. We studied the
age-metallicity relation (AMR) for the dataset of 485 stars with
high-resolution spectroscopic observation. We studied the main
sources of misinterpretation of the data, such as statistical and
selection biases and different types of uncertainties. In addition,

I https://www.sdss4.org/drl7/
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we derived the birth radii for stars under investigation to study
the ability of the radial migration model to explain observed
chemical trends. Moreover, we searched for signatures of the
most massive mergers.

In Sect. 2 we explain how we obtained all the different stel-
lar properties. In Sect. 3 we talk about the method we used to
study the AMR, and we present our results with a detailed anal-
ysis of all possible uncertainty sources. In Sect. 4 we study how
the radial migration model together with the presence of major
merger events can explain the observational features. We present
our conclusions in Sect. 5.

2. Data

In this work, we make use of two datasets of spectroscopic
parameters and abundances of solar twins (i.e., effective temper-
ature Torr 2 Torf, o + 200 K; surface gravity logg : logge + 0.20
dex; metallicity [Fe/H] : [Fe/H]o + 0.3 dex; where T.ff, o =
5771 K, log go = 4.44 dex and [Fe/H]y = 0.0 dex; Ayres et al.
2006) with high-resolution high signal-to-noise spectroscopic
observation to have a good number of stars for the statistics. The
first dataset consists of HARPS-North (HARPS-N) spectra for
114 stars, which were fully reduced and analyzed for this work,
as described in Sect. 2.1. The outcomes of this spectroscopic
analysis are the stellar parameters and chemical abundances.
This dataset was greatly expanded by the chemical abundances
derived by Casali et al. (2020) for 371 solar-twin stars observed
with the HARPS-South (HARPS-S) spectrograph. The ages and
birth radii were consistently derived in this work for all stars in
the two datasets (Sects. 2.5 and 2.6).

2.1. Spectroscopic analysis
2.1.1. Data sample and data reduction

To obtain high-quality spectra we used the observations available
in the archive of the HARPS-N spectrograph. This is a high-
precision spectrograph mounted on the Galileo National Tele-
scope (TNG) in La Palma Island (Canary Islands, Spain). With
HARPS-N we are able to obtain high-resolution (R =115 000)
optical spectra with a broad wavelength coverage (378—691 nm).

In the archive IA2? we queried for stars with CCF Mask equal
to G2 which should correspond to G-type stars. We obtained
reduced spectra for 1118 stars and most of them had several
exposulres. Among these, we only used spectra with S/N >
30px~.

All spectra were normalized by the IRAF® function
continuum and were Doppler-shifted by dopcor using spec-
tral radial velocities derived by crosscorrRV* through cross-
correlation with the solar spectrum. Then, all exposures were
stacked together by a Python script that re-bins each spec-
trum to the common wavelengths without changing the res-
olution, computes the median of the pixels, and applies 30
clipping to the pixel values. After the spectra were combined,
we were able to achieve for some stars the signal-to-noise ratio
2500 px~'. During the analysis, all spectroscopic binaries were
removed together with misclassified solar-type stars based on
cross-correlation analysis with respect to the solar spectrum.

Additionally, we analyzed solar spectra obtained through
observations of asteroids, planets, and the planets’ satellites (i.e.,

2 http://archives.ia2.inaf.it/tng/

3 https://iraf-community.github.io/pyraf.html
4 https://pyastronomy.readthedocs.io/en/latest/
pyaslDoc/aslDoc/crosscorr.html
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Vesta, Venus, Europa, Ganymede). As detailed in the following
paragraphs, the solar spectrum was essential to perform a line-
by-line differential analysis of our stellar sample with respect to
the Sun.

2.1.2. Stellar parameters and chemical abundances

The method of spectroscopic analysis applied in this work is
the line-by-line differential analysis relative to the solar spec-
trum, which is also the same method applied by Casali et al.
(2020) to derive their chemical abundances. This method is per-
fectly suited for the analysis of solar-twin stars as it cancels out
the impact of log gf parameters in the error balance and also
reduces the impact of systematics in models and in the spectrum
normalization. As a result, the line-by-line differential analysis
lets us derive stellar parameters and chemical abundances with
extremely high precision (Ramirez et al. 2014; Meléndez et al.
2014; Spina et al. 2016; Spina et al. 2018; Nissen et al. 2020;
Casali et al. 2020). In our analysis, we also adopted the same
code and linelists used by Casali et al. (2020). To derive chem-
ical abundances of 25 chemical elements (C, Na, Mg, Al, Si, S,
Ca, Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Sr, Y, Zr, Ba, La, Ce,
Nd, Sm, Eu) we used the master list of atomic transitions of
Meléndez et al. (2014) that includes 98 lines of Fe I, 17 of Fe II,
and 183 for the other elements, detectable in the HARPS spec-
tral range (3780-6910 A), and measured their equivalent widths
(EWs) with Stellar diff’.

The Stellar diff code allows the user to interactively
select one or more spectral windows to create a mask around
each studied line that contains the measuring line and parts of
the local continuum around it without any contamination from
other lines. Choosing the continuum locally allows us to mini-
mize the uncertainties due to imperfect spectrum normalization
and unresolved features in the continuum (Bedell et al. 2014).
The code fits each line of interest with a Gaussian profile and
provides the EW and uncertainty. Additionally, Stellar diff
is able to identify hot pixels and cosmic rays and remove them
from the analysis.

To determine the stellar parameters we used the
qoyllur-quipu (g2)° code (Ramirez et al. 2014). This
code performs line-by-line differential analysis of the EWs of
the iron lines relative to the measurements of the Sun. The q2
algorithm iteratively searches for three equilibria: extinction,
ionization, and the trend between the iron abundances and
the reduced EW log[EW/A]. Iterations start with the initial
parameters (normal solar parameters) and produce a final set of
parameters that satisfy all three equilibria. For the analysis we
used the Kurucz (ATLAS9) grid of model atmospheres (Castelli
& Kurucz 2004), the MOOG 2014 version (Sneden 1973), and
the following solar parameters: T.rr = 5771 K, logg = 4.44
dex, [Fe/H] = 0.00 dex, and & = 1.00 km/s (Ayres et al. 2006).
The uncertainty evaluation procedure is described in Epstein
et al. (2010) and Bensby et al. (2014) where the relation between
stellar parameters is taken into account. The typical uncertainty
for each parameter, which is the average uncertainty of all stars,
is 0(Terp) = 9 K, o(logg) = 0.03 dex, o([Fe/H]) = 0.007
dex, and o(¢) = 0.02 km/s. In Fig. 1 we present the metallicity
distribution for the dataset analyzed in this work and for the
dataset from Casali et al. (2020). We can see that both datasets
are consistent with each other.

5 https://github.com/andycasey/stellardiff
¢ https://github.com/astroChasqui/q2
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Fig. 1. Metallicity distribution for the dataset analyzed in this work and
for the dataset from Casali et al. (2020).

From stellar parameters and their uncertainties g2 using
appropriate atmospheric models derives chemical abundances
for each of the 25 chemical elements. All the abundances are
scaled relative to the Sun’s measurements on a line-by-line basis.
In addition, with the blends driver in the MOOG code, q2
takes into account the hyper-fine splitting (HFS) effects in Y,
Ba, and Eu. The HFS line list is adopted from Meléndez et al.
(2014). However, this approach still leaves the possibility for
additional uncertainty. Ideally, each line should be fully modeled
and the observed shape should be compared with the modeled
one (Bensby et al. 2005; Feltzing et al. 2007), although our
analysis is robust enough for stars with close-to-solar stellar
parameters. Finally, g2 derives uncertainties for every abundance
[X/H] by the quadratic sum of the line-by-line scatter due to
EW measurements (standard error) and errors of the atmospheric
parameters. For the chemical elements with just one line mea-
surement (Sr, Eu) as a standard error, we took the uncertainty of
the EW measurement with Stellar diff.

2.1.3. Comparison of two datasets

The spectra for the dataset of solar twins analyzed in this work
(HARPS-N) and dataset from Casali et al. (2020) (HARPS-S)
were acquired by spectrographs with similar characteristics. The
same spectral analysis was aslo applied to both of these datasets.
However, there may still be some small systematics in abundance
determinations of the two datasets, due to minor differences
between the instruments.

There are 27 stars in common between Casali et al. (2020)
and our dataset. This allowed us to compare the precision
and accuracy of the abundances and stellar parameters derived
by us and by Casali et al. (2020). To this end, we per-
formed a linear regression (y = kx + b) in [X/Hlis work Versus
[X/H]his work—[X/MH]casaii sSpace. As a result, for most of the
chemical elements we do not see the correlation between the
abundance difference and the abundance value derived in this
work (Table 1, the slope consistent with zero within 20" or zero
(Ca, Na)). We only see a constant systematic shift between Casali
et al. (2020) and our sample abundances. Only a few elements
show a slightly increasing difference between the two datasets
with increasing abundance value (Table 1: Mg, Sc, Zn, V), but
they are only 20% of the whole amount of elements. There-
fore, we only applied the shift correction for Casali et al. (2020)
data to bring all abundances to the same point (Table 1). This
correction was computed as a median shift between these two
abundances for each element.
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Table 1. Comparison of abundances derived in this work and abun-
dances derived by Casali et al. (2020) for the 27 stars in the overlap.

Element k Ak b Ab Shift
CI 0.000 0.025 0.044 0.009 0.059
Nal 0.000 0.029 0.019 0.005 0.029
Mgl 0.124 0.051 0.043 0.007 0.067
All 0.012 0.039 0.015 0.002 0.042
Sil 0.023 0.034 0.023 0.004 0.034
SI 0.033 0.035 0.045 0.010 0.031
Cal 0.045 0.034 0.029 0.005 0.035
Scl 0.081 0.046 0.032 0.008 0.060
Til 0.030 0.030 0.024 0.004 0.031
VI 0.061 0.034 0.031 0.007 0.024
Crl 0.012 0.042 0.029 0.005 0.039
Mnl -0.026 0.027 0.030 0.006 0.027
Col 0.046 0.040 0.034 0.007 0.033
Nil 0.005 0.030 0.021 0.005 0.027
Cul -0.034 0.041 0.046 0.009 0.041
Znl 0.064 0.040 0.020 0.005 0.038
Srl 0.007 0.001 0.009 0.002 0.001
Scll 0.022 0.044 0.034 0.007 0.042
Till 0.041 0.042 0.030 0.005 0.041
Crll 0.011 0.033 0.021 0.004 0.029

2.2. Distance determination

Distance is one of the most important parameters in dynam-
ics studies. Plotnikova et al. (2022) showed that, for the bright
stars in the solar vicinity, the directly inverted Gaia Early
Data Release 3 (EDR3) parallaxes are the best distance esti-
mation method. Since most of the stars under consideration are
bright and are located inside 200 pc around the Sun, for dis-
tance determination we used only Gaia EDR3 parallaxes (Gaia
Collaboration 2021).

2.3. Astrometric parameters

Intending to calculate orbits and orbital parameters, we extracted
the coordinates and proper motion components from the Gaia
DR3 archive (Gaia Collaboration 2023). The uncertainties for
the astrometric parameters are shown in Table 2. Radial veloci-
ties were obtained from the spectroscopic analysis. The position
and velocity of the stars in equatorial coordinates were trans-
formed to galactocentric coordinates by the astropy’ Python
package.

2.4. Kinematics

We obtained orbits and orbital parameters for all stars in the
dataset by numerical calculation and adopting a model of
Galactic axisymmetric potential. We corrected the velocities of
the stars by the velocity of the Sun with respect to the Galac-
tic center, which is computed independently from the velocity of
the local standard of rest (Reid & Brunthaler 2004; GRAVITY
Collaboration 2018; Drimmel & Poggio 2018):

Vro = —12.9+3.0km s, (1)

7 https://docs.astropy.org/en/stable/_modules/astropy/
coordinates/builtin_frames/galactocentric.htmlastropy
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Table 2. Uncertainties of Gaia Early Data Release 3 astrometry
(Gaia Collaboration 2021).

Data product or source type Typical uncertainty

G<15 G=17 G=20

Five-parameter astrometry

Position, mas 0.01-0.02 0.05 0.4

Parallax, mas 0.02-0.03 0.07 0.5

Proper motion, mas yr~! 0.02-0.03  0.07 0.5

Six-parameter astrometry

Position, mas 0.02-0.03 0.08 0.4

Parallax, mas 0.02-0.04 0.1 0.5

Proper motion, mas yr~! 0.02-0.04 0.1 0.6
Vgo = 245.6 = L.4km s, )
Vzo =7.78 £0.09 km s, 3)

Here the distance between the Galactic center and the Sun is
Ry = 8.122 + 0.033 kpc (GRAVITY Collaboration 2018).

We used the McMillan (2017) Galactic potential without
bar implementation in galpy® (Bovy 2015) to calculate the
orbits and orbital parameters, such as the total energy (E,),
eccentricity (e), apo-center (R,p,), peri-center (R).,;), guiding
radius (Ry,iq.), angular momentum along the z-axis (L), and the
velocity components in different directions (vy, vg, Vg, V7).

2.5. Age determination

We derived ages using the isochrone fitting technique on the Kiel
diagram. To obtain the ages and their uncertainties, we made use
of the algorithm developed by Plotnikova et al. (2022). Specifi-
cally, the parameters for each star were randomly independently
selected 10000 times from a Gaussian distribution, with mean
as the parameter value and sigma as its uncertainty. For each
selected set of parameters (out of 10000), an age was com-
puted. Afterward, the obtained age distribution was fitted with
the Gaussian distribution; as a result, we take the mean as the age
estimation and the sigma as the age uncertainty. The age fitting
was carried out using the Padova isochrones PARSEC® with the
steps Aage = 0.1 Gyr, A[Fe/H] = 0.05 dex; and for very young
stars (initial guessed age is smaller than 1 Gyr) we repeated the
algorithm with the steps Aage = 0.01 Gyr, A[Fe/H] = 0.05 dex.
Since we have effective temperature and surface gravity from
high-precision spectroscopic analysis, we derived ages with a
median uncertainty of 0.7 Gyr. It is also worth mentioning that
it is necessary to calibrate these ages as a function of metallicity
to take into account the influence of atomic diffusion at the solar
age (Meléndez et al. 2012; Dotter et al. 2017) and to obtain the
last most accurate estimate for the age of the Sun (Connelly et al.
2008; Amelin et al. 2010). Therefore, we computed the age of the
Sun for six different values of metallicity ([Fe/H]): 0.00, 0.05,
0.06, 0.07, 0.08, 0.09 dex. As Fig. 2 shows, the metallicity equal
to 0.08 dex shows the best agreement with the Connelly et al.
(2008) and Amelin et al. (2010) solar age (4.5 Gyr). Therefore,
we applied a 0.08 dex shift as a metallicity calibration.

To check the accuracy of the determined ages we compared
our results with the ages from Casali et al. (2020) for 371 stars

8 http://github.com/jobovy/galpy
9 http://stev.oapd.inaf.it/cmd
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Fig. 2. Age of the Sun calculated for different values of metallicity to
calibrate isochrones for the influence of atomic diffusion at the solar
age. Light blue represents the mean values for the Sun’s age, blue is the
median, and dark blue is the Gaussian mean. The gray line is the most
accurate estimate of the Sun’s age Connelly et al. (2008); Amelin et al.
(2010).

we have in common and the ages from Nissen et al. (2020) for
52 stars. Figure 3-left shows excellent agreement between our
age determinations and those from Casali et al. (2020). This is
expected since both studies use a similar method of analysis.
Specifically, both studies derived ages by isochrone fitting tech-
nique in surface gravity versus effective temperature space. Both
studies also accounted for the atomic diffusion at the solar age.

Regarding the comparison between our age determinations
to those from Nissen et al. (2020), it is worth mentioning that in
both cases the ages were derived through isochrone fitting tech-
niques, but in different parameter spaces. Nissen et al. (2020)
used the T, sy versus luminosity (L) space, while for this work we
used T,y versus logg. In Fig. 3-middle the average uncertainty
for the two datasets is equal to 0.7 Gyr. The mean difference
(difage) between the two measurements for the overlapping stars
and its standard deviation (direct error) is

N i _ i
2i:o (ageN issen agerhis work)
N

difage = =0.17+ 130 Gyr, (4)

and the indirect error of the average difference is

Adifage = \/AageNissen2 + Aagethis work2
= V0721 0.7% = 0.9 Gyr. )

The fact that direct (1.3 Gyr) and indirect (0.9 Gyr) errors
are close to each other means that the ages from the two differ-
ent methods are in good agreement. Additionally, the ages from
Casali et al. (2020) for these 52 stars show the same correla-
tion as values from this work (Fig. 4, middle). The tests with
the Casali et al. (2020) and Nissen et al. (2020) ages both show
that our age determination method is accurate and gives the same
precision as in Casali et al. (2020) and in Nissen et al. (2020).

2.6. Determination of the Rpju

Chemical abundances contain information regarding the birth
environment of the star (Freeman & Bland-Hawthorn 2002;
Ratcliffe et al. 2022), and are representative of when (age)
and where (Rp;;) the star was born (e.g., Minchev et al. 2018;

Frankel et al. 2018; Ness et al. 2019; Lu et al. 2024). Since we
have age and metallicity, we can derive the birth radius using the
method described in Lu et al. (2024) and Ratcliffe et al. (2023),
which has been shown to work in galaxies with stronger bars, for
example the Milky Way (Ratcliffe et al. 2024). We assume that
the star-forming gas in the Milky Way is azimuthally chemically
homogeneous (observation: Deharveng et al. 2000; Esteban et al.
2017; Arellano-Cérdova et al. 2021; simulations: Vincenzo &
Kobayashi (2018); Lu et al. 2022) and that the birth metallicity
gradient is always linear in radius (Arellano-Cérdova et al. 2021;
Esteban et al. 2022). Therefore, for any lookback time (1), we can
write metallicity ([Fe/H](R, 7)) as a function of the metallicity
gradient at that time (V[Fe/H](7)), birth radius, and metallicity
at the Galactic center ([Fe/H](0, 7)):

[Fe/H](Rpirm, ) = V[Fe/H](7) * Rpirsn + [Fe/H](0, 7). (6)

By rearranging Eq. (6) we can estimate the birth radius as a
function of age and metallicity:

Fe/H] — [Fe/H](0,
Ruyn(age, [Fe/H]) = £/ V][Fe[/é]/@;( 2§ )

The metallicity at the Galactic center and the metallicity gradient
as a function of lookback time were taken from Ratcliffe et al.
(2023).

2.7. Origin

To derive the origin of the dataset under investigation we used
the Al-Mg correlation map, which shows one of the best sepa-
rations between halo, thin disk, and thick disk stars. As we can
see in Fig. 5, almost all of our stars are lying in the location of
the thin disk stars. By also taking into account that their stellar
parameters are Sun-like, we consider them to be a good sample
of thin disk stars.

3. Age-metallicity relation
3.1. Method

To study the presence of the two populations found by Nissen
et al. (2020) we used the following method. First, we determined
the axis d, in the age-metallicity plot that maximizes the sepa-
ration between the two populations. That axis was determined
through the linear discriminant analysis'? algorithm trained over
the ages and metallicities used by Nissen et al. (2020) (see their
Fig. 3). Then, we rescaled the data (0.6 dex in metallicity to
12 Gyr in age) to let age and metallicity affect the separation
equally. Finally, we projected all data points under investigation
on d, and we studied the distribution of stars across that new
axis. This procedure is illustrated in Fig. 6-left panel, where
we show the age-metallicity diagram with the 72 solar twins by
Nissen et al. (2020), the d, axis, the corresponding division line
for the two populations, and the solar twins projected across
the d, axis.

While studying the distribution of stars across d, one should
also consider the geometrical effects of that projection due to the
edges of the dataset under consideration. As an illustrative exam-
ple, the distribution of homogeneously distributed stars inside
the same age and metallicity range covered by the Nissen et al.
(2020) sample (age: 0-12 Gyr, [Fe/H]: —0.3-0.3 dex) is shown
in Fig. 6, right top (see all cutoffs in Table 3). In Fig. 6, right

10 sklearn.discriminant_analysis.Linear
DiscriminantAnalysis
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bottom, the shape of the d, parameter distribution is not linear Once we have determined the distribution of stars across the
because of the geometry of the dataset. Instead, the distribu- d, axis, we are interested in deriving the uncertainties in the star
tion has two decreasing wings on the edges. All of this occurs  counting at each bin of the d, parameter. There are two types of
because the dataset lies in a rectangular space (i.e., there is uncertainties:

no apparent correlation between ages and [Fe/H] abundances) 1. Measurement uncertainty associated with age and metallic-
and it is projected to the axis that is not parallel to one of the ity uncertainties of each star. We randomly and indepen-
sides. dently selected the metallicity and age values 1000 times
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Table 3. All cutoffs applied for the dataset under investigation. (T, =
5771 K, log go = 4.44 dex, Ayres et al. 2006).

Criteria Range
CCF mask G2
Spectroscopic binaries Removed
Misclassified by solar type stars Removed
Signal-to-noise, S/N > 30px~!

Effective temperature, T f
Surface gravity, log g
Metallicity, [Fe/H]

Age

Teff,@ +200 K
log go = 0.2 dex
—0.3-0.3 dex
0-12 Gyr

from the Gaussian distribution with the mean as the mea-
sured value and with sigma as its uncertainty.
2. Statistical uncertainty associated with bin counts,

1 1
\/ (1 - ) * Mstars, (8)
Npins Npins

where # is the probability that the star falling into a chosen

bin in 4., and 7, is the number of stars in the dataset.
The method described above rigorously considers all the sources
of uncertainty associated with the distribution of stars across
the d, axis. Through this approach, we can establish whether or
not there is significant evidence of the two populations identi-
fied by eye by Nissen et al. (2020). In Sect. 3.2 we discuss how
we applied this method to different datasets, including the one
analyzed by Nissen et al. (2020) and the much larger dataset
provided in this study.

3.2. Results

Now we apply the method explained in Sect. 3.1 to study the
presence of separation in the age-metallicity diagram pointed
out by Nissen et al. (2020). It is important to mention that their
dataset had only 72 stars, and Nissen et al. (2020) claim their
result should be checked with a bigger dataset. As our dataset
includes 485 stars, it offers the possibility to further investigate
this area in age-metallicity relation. In Fig. 4 we show the age-
metallicity relations for four different datasets: [1] the Nissen
dataset (72 stars, top row), [2] stars that are in common between
the Nissen dataset and ours (52 stars, second row), [3] the dataset
under investigation in this work (485 stars, third row), [4] the
dataset from Miglio et al. (2021) (2785 stars, bottom row; typical
age error 1 Gyr).

First, we analyzed Nissen’s dataset with the method
described in Sect. 3.1. We took into account the various sources
of uncertainty (Sect. 3.1), and we can see that the analysis shows
that the separation between the two populations is not relevant.
The drop in the star’s distribution across the d, axis is less than
1o uncertainty (Fig. 4, top row). All of this suggests that the sep-
aration found by Nissen et al. (2020) is due to the small number
of statistics.

Second, our dataset contains 52 stars in common with
Nissen et al. (2020), and can be seen in Fig. 3, right, the metal-
licity measurements are in perfect agreement with Nissen et al.
(2020). In addition, as we discuss in Sect. 2.5, the ages derived in
this work and in Nissen et al. (2020) have the same precision and
are in good agreement with each other. By applying the method
for the overlapping 52 stars with age and metallicity derived by
us we can see the same pattern as in Nissen et al. (2020) data;
however, when taking into account all the uncertainties, the sep-
aration between the two populations is not as evident as in the
Nissen et al. (2020) data (Fig. 4, second row). The analyses with
different ages and metallicity determinations both show the same
pattern, but we can conclude that taking into account uncertain-
ties the Nissen et al. (2020) dataset does not contain enough stars
to support a strong claim about the presence of two populations.

Third, we analyzed the whole sample from this work. In
Fig. 4, third row, we do not see any signature of the two pop-
ulations. The resulting distribution is in good agreement within
the uncertainties with the model of homogeneously distributed
stars in the age-metallicity map (Fig. 6, bottom right). Moreover,
we do not detect any double structure in the age-metallicity plot
(Fig. 4, third-row middle) and in the age-metallicity density map
(Fig. 4, third row left).

In the end, we also analyzed the data from Miglio et al.
(2021) via our method. Their dataset is composed of red giant
and red clump stars with APOGEE metallicity measurements
and asteroseismic high-accuracy ages (average uncertainty:
1 Gyr). We cut their dataset in metallicity to match our range
of study (0.3 < [Fe/H] < 0.3 dex). In Fig. 4, bottom right,
we detect a single population centered around 3 Gyr with
smoothly decreasing density toward older ages. This effect can
be explained by the fact that the selected stars are from the red
giant branch and red clump region. Stars spend less time in the
red giant branch and the red clump phases than in the main
sequence. Therefore, these two regions are mainly populated by
stars with a specific narrow mass range, and hence ages. How-
ever, for the main sequence this range of masses is bigger, and
as a result we have a more horizontal distribution in age. That
is why we do not see the homogeneous distribution across the d,
axis as we see for our dataset of solar-twin stars. However, for the
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Miglio et al. (2021) dataset we also do not detect the presence of
the two populations found by Nissen et al. (2020).

3.2.1. Unaccounted age uncertainties

It may still be argued that we have unaccounted age uncertainties
that blur over the separation. Therefore, we performed a test to
estimate the value of unaccounted uncertainty we need to blur
over the separation between two populations similar to those of
Nissen et al. (2020). To do that, we simulated the dataset of 485
stars (the same number as the dataset under investigation) with
two separate populations in the exact locations used in Nissen
et al. (2020) (Fig. 7, first row). We took three main points from
younger ((ageicyr, [Fe/Hlzex): (7, 0.2), (8, 0), (9, —0.2)) and
from older ((agegy, [Fe/Hlgex)): (1.5, 0.1), (3, —0.1), (5, —0.2))
populations, and randomly created blobs with Gaussian distribu-
tion with sigma equal 0.7 Gyr for age and 0.1 dex for metallicity
(Fig. 7, top left). For the measurement uncertainties, we used
0.06 dex for metallicity and 0.7 Gyr for age, which are the aver-
age uncertainties for our dataset. As a result, we see in Fig. 7, top
right, that the drop in density distribution has a 20" significance.
Then for each artificial star, we randomly selected an age value
inside the Gaussian distribution with the sigma equal to an unac-
counted error. This approach simulates the effect of blurring due
to unaccounted error in age. As a result, in Fig. 7 we can see
that the drop due to the presence of two populations disappears
when an unaccounted error is equal to 1.7 Gyr. This value should
be understood as an possible unknown uncertainty that we have
to have in addition to 0.7 Gyr age determination uncertainty to
be able to explain the absence of two populations through the
blurring effect. This value is 2.5 times bigger than the age deter-
mination uncertainty and also two times more than the direct
error of age dispersion between our ages and those from Nissen
et al. (2020) (Sect. 2.5). It means that it is very unlikely that we
have such a huge unaccounted error and, as a result, it is also
unlikely that we have a significant blurring effect.

3.2.2. Selection bias

While studying the Milky Way formation and evolution it is
very important to pay attention to the selection function effects.
Cutoffs in color-magnitude diagrams, distance limits, and other
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selection criteria misrepresent the real picture of our Galaxy. As
we have already discussed, for the Miglio et al. (2021) dataset
selecting stars from the red giant branch-red clump region (fast
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evolutionary phases) creates a peak in age at around 3 Gyr.
Feuillet et al. (2018), however, found a double-peaked structure
due to selection bias. In addition, as shown in Sahlholdt et al.
(2022), a distance larger than 600 pc creates a bias in the age-
metallicity map changing the initially homogeneous distribution
to the distribution with several features. As a result, the selection
function plays an important role in the study of the Milky Way
formation and evolution.

In our work, we selected stars from the main sequence—turn-
off point as this phase is much slower compared to the red giant
branch-red clump phase, and therefore our data should be much

less contorted. Most of our stars are also located inside a 200
pc bubble, which is far below the limit found by Sahlholdt et al.
(2022). Therefore, we can conclude that based on our knowledge
our data is not affected by the selection bias and represents the
original AMR in the solar neighborhood.

3.3. Age-metallicity relation summary

To sum up, the separation seen for stars selected in the Nissen
et al. (2020) dataset is not significant if we consider all sources
of uncertainty; the drop in star counts due to separation is less
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than lo. An increased number of stars with the same high-
quality high signal-to-noise metallicity measurements coupled
with accurate age values also do not show any signature of the
separation. This seems to indicate that the presence of two popu-
lations in the Nissen et al. (2020) study is probably due to a sort
of selection bias coupled with very low statistics. The compari-
son of this result with other studies, as we discussed in Sect. 3.1,
shows that only in the case of adopting ages from the APOGEE
based on C and N dependencies (Jofré 2021) shows the presence
of two populations. All the other studies do not show it (Xiang
& Rix 2022, nor do studies based on solar twins: Spina et al.
2016; Spina et al. 2018; Bedell et al. 2018; Casali et al. 2020).
The study of Miglio et al. (2021), which uses APOGEE stel-
lar parameters and abundances but Kepler asteroseismic ages,
also does not show any separation (Fig. 4, bottom row). This
implies that the age determination method plays an important
role, and that APOGEE ages may have a sort of bias that cre-
ates a nonlinear distribution in age. For example, Anders et al.
(2023) showed that the residuals between their ages and those
derived with other methods are not linear, but display an oscilla-
tion pattern. That could cause a nonlinear distribution of stars in
the age-metallicity map. This hypothesis should be checked with
a deeper study.

4. Chemical trends

Chemical abundances, ages, metallicity, guiding radius, and
birth radius all together allow the chemical evolution of the
Milky Way disk to be traced. Figure 8 illustrates chemical trends
versus birth and guiding radius color-coded with age for 14
chemical elements. As for the guiding radius, we find that stars
of different ages are well mixed, and this high dispersion makes
it difficult to trace the chemical evolution with age. On the other
hand, exploiting the birth radius trends, we see that stars are sep-
arated from each other. This implies that radial migration (the
basis of the chemical evolution model in the birth radius deter-
mination method (Minchev et al. 2018; Lu et al. 2024; Ratcliffe
et al. 2023)) explains the basic age-chemistry dependences in
the disk region around the Sun. However, we note the presence
of knees and a slight overlap in the age ranges 4-6 Gyr and 8—
12 Gyr (Fig. 8). Therefore, some other mechanism should be at
work in tandem with radial migration. The most plausible mech-
anism is surely the cumulative effect of the accretion that the
Galaxy has experienced since its early assembly and that must
have had an impact on the disk evolution in particular. This has
been pointed out in several recent observational studies, which
for instance illustrate the role of the GES accretion event in alter-
ing the chemical evolution of the Milky Way disk in the period
from 8 to 11 Gyr (Ruiz-Lara et al. 2020; Gondoin 2023; Lu et al.
2024; Ratcliffe et al. 2023; Anders et al. 2023, to give a few
examples). These effects have also been reproduced by numeri-
cal simulations (Laporte et al. 2019; Belokurov et al. 2018; Helmi
et al. 2018; Buck et al. 2023; Wang et al. 2024). The period in
which GES was effective is depicted in Fig. 9 (orange region).
In addition, several studies have demonstrated the significant
impact of the Sgr pericentric passages (first: 4-6.5 Gyr; second:
1.5-2.2 Gyr; third: 0.4—-1 Gyr, Fig. 9, red region, Ruiz-Lara et al.
2020) in the history of the Milky Way disk formation around
the Sun. Finally, Wang et al. (2024) showed that the Sgr passage
affected the Milky Way in the past 3 Gyr, and also other passages
of Milky Way dwarf galaxies (Fig. 9, gray region). In addition,
in Fig. 9 we present the metallicity dispersion versus age plot
for our dataset, which shows the fluctuation corresponding to
GES merger in the range from 8 to 10 Gyr. Additionally, we
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note a small fluctuation corresponding to the Sgr first pericen-
tric passage around 5 to 6.5 Gyr, but this cannot be considered
significant due to the uncertainty.

5. Conclusions

In this study we analyzed 114 solar twins for which we per-
formed a spectroscopic analysis of high-resolution spectra from
HARPS-N. We also analyzed a dataset from Casali et al. (2020)
with spectroscopic analysis from Casali et al. (2020) (371 stars).
For both datasets, we derived ages with the isochrone fitting tech-
nique in the effective temperature versus logarithm of surface
gravity space with a metallicity correction for the atomic dif-
fusion at the solar age. As a result, we obtained high-precision
ages and chemical abundances that allowed us to study the AMR
for solar twins around the Sun ([Fe/H]: —0.3-0.3 dex). We used
a new parameter (d.; Sect. 3.1) to test the AMR separation into
two groups for solar twins in the solar vicinity. In the process, we
took into account all possible sources of errors and did not detect
a separation (Fig. 4). This result is in agreement with Miglio
et al. (2021), Xiang & Rix (2022), and Lu et al. (2024). For
Nissen et al. (2020), the separation was caused by the statistical
bias. In the literature, there are studies that reached the opposite
result (Jofré 2021; Ratcliffe et al. 2023). There are two possi-
ble reasons why these two studies show a separation. First of
all, they employed ages obtained from the use of C and N abun-
dances. This indicates that age determination is one of the crucial
aspects of studying these chemical trends. Another extremely
important parameter that should always be tested while study-
ing data that has cutoffs is the selection bias. Cutoffs in distance,
magnitude, metallicity, for example, produce features that lead
to misinterpretation of the data. This topic should be widely
explored.

We also studied the dependence of chemical abundance with
guiding and birth radii and age (Fig. 8). We see that mixed star
populations for the guiding radius transform into well-separated
trends for the birth radius. This means that radial migration,
which is the basis of the birth radii determination, explains well
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the star’s chemical distribution around the Sun, but some effects,
such as the presence of knees for some age trends of some ele-
ments or overlap for some age trends, lead us to the conclusion
that radial migration alone does not explain all the features in the
Milky Way formation history.

Several authors have already showed that GES mergers and
Sgr pericentric passages, as well as other passages and accre-
tions of dwarf galaxies, have affected the Milky Way evolution.
In Fig. 9 we also show fluctuations in the standard deviation
of metallicity versus age for the GES merger (8-10 Gyr) and
for the first pericentric passage of Sgr (5-6.5 Gyr). However, it
is worth mentioning that taking into account uncertainties is a
very important aspect of the statistical study. The fluctuations we
detected for GES and Sgr are not significant taking into account
the uncertainty.
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