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ABSTRACT

Context. It is well known that cool star atmospheres depart from local thermodynamic equilibrium (LTE). Accurate abundance
determination requires taking those effects into account, bu .
Aims.

[N RaREsI o tentially useful as abundance diagnostics. The first paper in this series focusses on the light elements Na, Mg and
Al
Methods. The code PySME is used to compute curves-of-growth for 2158 MARCS model atmospheres in the parameter range
3800 < T.; < 8000K, 0.0 < log(g) < 5.5, and -5 < [Fe/H] < +0.5. Two microturbulence values, 1 and 2kms~!, and 9 abundance
points spanning —1 < [X/Fe] < 1 for element X, are used to construct individual line curves-of-growth by calculating the equivalent
widths of 35 Na lines, 134 Mg lines, and 34 Al lines. The lines are selected in the wavelength range between 2000A and 3um.

Results. We demonstrate the power of the new grids with LTE and NLTE abundance analysis by means of equivalent width measure-
ments of five benchmark stars; the Sun, Arcturus, HD84937, HD140283 and HD122563. For Na, the NLTE abundances are lower
than in LTE and show markedly reduced line-to-line scatter in the metal-poor stars. For Mg, we confirm previous reports of a signif-
icant ~ 0.25 dex LTE ionisation imbalance in metal-poor stars that is only slightly improved in NLTE (~ 0.18 dex). LTE abundances
based on Mg I lines agree better with models of Galactic chemical evolution. For Al, NLTE calculations strongly reduce a ~ 0.6 dex
ionisation imbalance seen in LTE for the metal-poor stars. The abundance corrections presented in this work are in good agreement

with previous studies for the subset of lines that overlap, with the exception of strongly saturated lines.

Conclusions.
assess the accuracy of the models. Here

available to stellar spectroscopists to
in particular

for metal-poor stars. The residual scatter is believed to be caused mainly by unresolved blends and/or poor atomic data, with the

notable exception of Mg, which calls for further investigation.

Key words. Radiative transfer — Stars: abundances — Stars: atmospheres — Stars: late-type — Techniques: spectroscopic

1. Introduction

The chemical composition of late-type stars is important for nu-
merous fundamental scientific questions, including but not lim-
ited to; the origin of elements, the internal physics of stars, and
the formation of matter and structure from dust and planets to
star clusters and entire galaxies. The amount of data collected
by stellar spectroscopic surveys has virtually exploded in the
last decade, as part of the "industrial revolution" of the field of
Galactic archaeology (Nissen & Gustafsson 2018; Jofré et al.

2019; Helmi 2020). Millions of optical and near-infrared spectra
are now available for analysis, and the precision of inferred stel-
lar parameters and chemical abundances is determined jointly by
the quality of the spectrum, the analysis method, and the physi-
cal accuracy of the stellar models.

Contrary to traditional spectroscopy that commonly relies
on careful selection of the most reliable spectral lines, every
pixel in entire spectra are now routinely analysed in the quest
for higher abundance precision. This includes lines with uncer-
tain atomic data, unknown blending properties, and departures
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from local thermodynamic equilibrium (LTE). The increasingly
popular data-driven machine-learning techniques (e.g. Ness et al.
2015) may mitigate the known shortcomings of synthetic stellar
spectra, but the model dependence still enters indirectly via the
presumed known labels on which the method is trained.

It is in general of great importance to understand the depar-
tures from LTE, the so called NLTE effects for all available abun-
dance diagnostics. However, employing fully consistent NLTE
radiative transfer for all elements in the calculation of model
atmospheres and synthetic spectra is numerically far too de-
manding today, and as a result, a hybrid approach is commonly
adopted. In the trace-element formalism, which we assume to
hold also in this study, the model atmosphere is computed in LTE
and the NLTE solution, i.e. the statistical equilibrium, is found
independently for one element at the time. As shown in multiple
studies, the impact of NLTE effects on derived chemical abun-
dances ranges from non-existent, to moderately influential, to
very strongly influential at an order of magnitude (e.g. Asplund
2005; Mashonkina 2014; Amarsi et al. 2020). The outcome de-
pends strongly on the conditions of the stellar atmosphere and
the spectral line of interest and NLTE effects can therefore not
be predicted a priori, but must be computed for large grids of
stars and lines.

Amarsi et al. (2020) recently published large grids of NLTE
departure coefficients for 13 elements. The application of these
grids for GALAH spectrum analysis revealed that NLTE abun-
dance patterns reduce the star-to-star scatter compared to LTE
and effects on individual stars and lines range from strongly
negative to moderately positive. That work was limited to the
wavelength range and parameter range of the GALAH survey,
but the departure coefficient grids have a much wider range of
applicability. Here, we use the grids of Amarsi et al. (2020) to
compute individual line synthetic spectra and curves-of-growth
for the full FGK parameter space for as many lines as possible
from the ultraviolet (UV) to the near infrared (NIR). The first pa-
per in this series studies the astrophysically very important light
elements with atomic number Z=11-13, i.e. Na, Mg, and Al.

Sect. 2 describes the observational data used to test the in-
fluence of the NLTE calculations. Sect. 3 describes the line se-
lection and the calculation of LTE and NLTE synthetic spectra.
Sect. 4 discusses the abundance results for the five benchmark
stars, compares it to previous NLTE work and to predictions
from models of Galactic chemical evolution (GCE). Sect. 5 sum-
marizes our conclusions.

2. Observations

Table 1 lists the spectral atlases used for the five benchmark stars
and their wavelength ranges. For the Sun and Arcturus, we used
atlases created with the Fourier transform spectrograph (FTS)
connected to the McMath/Pierce Solar telescope (Sun) and the
Coude Feed/Mayall telescopes (Arcturus) at Kitt Peak National
Observatory (Kurucz et al. 1984; Hinkle et al. 1995, 2000). For
the infrared Sun, we also used the atlas created with another
FTS connected to a telescope at the Institute for Astrophysics
in Goettingen (IAG, Reiners et al. 2016). UV spectra were not
used for the Sun and Arcturus because of the very strong line
blending.

UV spectra for the three metal-poor stars were retrieved from
the ASTRAL catalogue (Ayres 2013) that has been created with
the STIS spectrograph on the Hubble Space Telescope (HST).
Optical spectra for the stars were retrieved from the archive
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of the Paranal Observatory Project (Bagnulo et al. 2003), col-
lected with the UVES spectrograph on the VLT. For two stars,
HD140283 and HD122563, we also include infrared spectra ob-
served with the IGRINS instrument on the Harlan J. Smith Tele-
scope at McDonald Observatory (Afsar et al. 2016).

3. Method
3.1. Line selection

The lines used for abundance determination were only selected
based on the prospects of accurately measuring their equiva-
lent widths in (some part of) the covered parameter space. Lines
with very close blends by other species, either predicted as be-
ing present in the line list or visually evident from asymmetry
in their line profile, were discarded. The line atomic data were
retrieved from VALD ! using "extract all" requests with default
settings and including hyperfine splitting. The quality of avail-
able atomic data was not used as a selection criterion, and we
advise the reader to take this into consideration when using the
grids for abundance measurements.

The continuum was placed individually by eye for each line.
For the Sun and Arcturus, the original normalisation of the spec-
tral atlases was trusted to be accurate to within ~ 0.5%. The
equivalent widths were derived with Gaussian line fits using the
IDL SolarSoft library?. Multiple Gaussians were used to de-
blend partially blended lines. For strong lines, we model the
intrinsic Voigt profile using overlapping Gaussians of different
depth and width. The observed equivalent widths were computed
by integrating the fitted line profiles and range from 1—1000mA ,
which is a much more extended range than usually used for pre-
cision spectroscopy. The choice was made to demonstrate the
influence of NLTE for as many lines as possible, but the aver-
age stellar abundances shown in the paper are based on a more
restricted selection of lines. Good agreement was found when
comparing to the equivalent widths found by direct integration
of observed line profiles of the most unblended lines.

The equivalent width error was estimated as the sum of
three components; the formal fitting uncertainty as determined
with the Cayrel (1988) formula®, an additional 0.5% contribu-
tion stemming from the uncertainty in the continuum placement,
and finally an error due to the blending fraction. The latter was
estimated as 25% of the difference in equivalent width found by
directly integrating the observed and synthetic spectra in regions
where the synthetic flux is deeper than 0.1%. It should be clear to
the reader that this is an empirical approach that mainly is useful
to compare relative sizes of errors between lines. We omit errors
from other sources, such as atomic data.

3.2. Synthetic spectra

We compute LTE and NLTE synthetic spectra using the code
PySME v0.4.142 (Wehrhahn 2021, and Wehrhahn et al. in
prep.)*, a derivative of the classical and well-used Spectroscopy
Made Easy (Piskunov & Valenti 2017) with the IDL-libraries re-
implemented in python. A grid of 2158 MARCS models in the
parameter range 3800 < T.¢ < 8000K, 0.0 < log(g) < 5.5, and
-5 < [Fe/H] < +0.5, was used assuming two values of microtur-
bulence, 1 and 2kms~'. The abundance —1 < [X/Fe] < 1 was

! http://vald.astro.uu.se

2 http://www.lmsal.com/solarsoft/

3 1.5/(S/N) x V(A51/R), where S/N is the average flux error, A the
wavelength, 64 the pixel size, and R the spectral resolution

4 sme.astro.uu.se
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Table 1. Overview of the spectral atlases used, listing instrument/telescope and wavelength region.

Star UV VIS IR

Sun - FTS/McMath-Pierce®  3726-9300A FTS/AIG® 4047-22994A
Arcturus - FTS/Coude Feed® 3726-9300A FTS/Mayall® 9127-53547A
HD84937  STIS/HST®  2276-3116A UVES/VLTY) 3040-10400A -

HD140283 STIS/HST®  1937-3 159A UVES/VLTY) 3040-10400A IGRINS/Smith® 14785-24780A
HD122563 STIS/HST® 2276-31 16A UVES/VLTY 3040-10400A IGRINS/Smith® 14785-24780A

@ Kurucz et al. (1984), used <9000A @ Reiners et al. (2016), used >9000A © Hinkle et al. (2000), used <9200A
@ Hinkle et al. (1995), used >9200A © Ayres (2013), used <3050A ) Bagnulo et al. (2003), used >3050A

®) Afgar et al. (2016)

varied in steps of 0.25 dex, resulting in 9 abundance points for
each element X. For each line, 38844 LTE and NLTE synthetic
spectra were thus computed. In total, approximately 200,000
CPU hours were used for the calculations.

The spectra were computed individually, on a wavelength
grid spanning +100A centred on each line. Wavelength points
with normalized synthetic flux deeper than 0.99999 were saved
and used to compute equivalent widths by integrating the flux
profiles. NLTE abundance corrections were subsequently com-
puted by interpolating the LTE and NLTE curves-of-growth to
observed equivalent widths.

To synthesize lines in NLTE, PySME takes as input
pre-computed grids of departure coefficients, i.e., ratios of
NLTE/LTE level populations as a function of atmospheric depth.
We used version 3 of the grids® recently published by Amarsi
et al. (2020) that were computed with the NLTE code Balder
(Amarsi et al. 2018), and make sure that PySME uses the same
grid of atmospheric models as Balder. The atomic models used
by Amarsi et al. (2020) to compute departure coefficients were
originally constructed for Na by Lind et al. (2011), Mg by Osorio
et al. (2015), and Al by Nordlander & Lind (2017).

The solar abundance scale adopted as reference in this paper
(Grevesse et al. 2007) is the same as used in the MARCS models
and the departure coefficient grid, specifically A(Na) = 6.17,
A(Mg) = 7.53, A(Al) = 6.37, and A(Fe) = 7.45.

3.3. Stellar parameters

The stellar parameters adopted for the five benchmark stars are
summarized in Table 1. The effective temperatures for stars other
than the Sun have been computed by bolometric fluxes and limb-
darkened angular diameters. In the case of Arcturus, HD140283
and HD122563, the diameters have been directly measured by
interferometry, while for HD84937, surface-brightness relations
were used to obtain indirect diameters by Heiter et al. (2015).
Surface gravities for the stars other than the Sun have been com-
puted with the fundamental relation to mass and radius.
Metallicities and microturbulence values that can be found
in the literature are based on different stellar parameters and/or
different radiative transfer codes and/or different modelling as-
sumptions (1D/3D, LTE/NLTE). To ensure homogeneity, we
therefore redetermine the metallicity, [Fe/H], and microturbu-
lence values, &, for all the stars by measuring the strength of
11-14 Fell lines and enforcing a flat trend in LTE abundance
with equivalent width. The lines were selected based on the rec-
ommendations of Heiter et al. (2021) and are summarized in Ta-
ble A.4. The atomic data can be found in Heiter et al.. We note
that the metallicity scale for the metal-poor stars is in agreement

> https://zenodo.org/record/3982506#.YGG_2S9yrx5

Table 2. Adopted stellar parameters

Star Ter log(g) [Fe/H] 3
K] [kmy/s]
Sun 5772@  4.44@ 0.0 0.99@
Arcturus 4286®  1.64® 055 1.3
HD84937  6356® 4.06® -2.06@ 1.2@
HD140283 5792@  3.65© .238@ 13
HD122563 46369 1.40© -2484 18

@ Pria et al. (2016)
®) Heiter et al. (2015)

© Karovicova et al. (2020)
@ This work

within 0.03dex with the recent study by Amarsi et al. (2016),
when limiting the comparison to Fe I lines modelled in 1D LTE.

4. Results and discussion
4.1. Na

Departures from LTE for Nal have been studied extensively,
starting with pioneering efforts half a century ago (Athay &
Canfield 1969; Gehren 1975). More recent references can be
found in Lind et al. (2011) and Alexeeva et al. (2014). The dom-
inant NLTE effect in Nal is darkening of the cores of strong
lines, caused by photon suction. NLTE corrections based on
equivalent-width measurements are negative and can reach more
than -0.5 dex at full saturation. Due to the sparsity of lines of
this alkali in late-type spectra, saturated lines are sometime the
only available diagnostic. One extreme example is the use of the
NaD lines in metal-poor horizontal branch stars, with NLTE cor-
rections as large as —0.9 dex (Marino et al. 2011).

Grids of NLTE corrections for Nal lines have been published
by several authors, all solving the restricted NLTE problem for
trace elements in 1D LTE stellar atmospheres:

— Mashonkina et al. (2000), for 14 optical/NIR lines < 1.3um
Takeda et al. (2003), for 8 optical lines

Shi et al. (2004), for 8 optical lines

Andrievsky et al. (2007), for the NaD lines

Lind et al. (2011), for 11 optical/NIR lines < 1.1um

This study includes 35 NaI UV-NIR lines.

The optical wavelength band has traditionally dominated
studies of Galactic archaeology, but with the advent of high-
resolution multi-object spectrographs like APOGEE (Majewski
et al. 2017), the NIR is attracting more and more attention. To
our knowledge, the first work to study NLTE effects on the
1.6um Nal lines in the H band is Osorio et al. (2020), but as
their method is based on spectrum synthesis, they did not pub-
lish a grid of NLTE corrections. In this study, we compute and
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make available corrections for 35 Nal lines between 3302A and
2.59um, thus extending the availability of such data both into the
UV and further into the NIR. All oscillator strength have high
quality, with A-B ratings in NIST. New broadening data due to
hydrogen collisions were computed for three NIR lines around
2.2um using the Anstee, Barklem & O’Mara theory (Anstee &
O’Mara 1995; Barklem & O’Mara 1997); in the case of the 2.14
micron line the upper state is a Rydberg state and an estimate
of the broadening was made following Osorio et al. (2015) (see
also Hoang-Binh & van Regemorter 1995).

Fig. 1 shows the Na LTE and NLTE abundances determined
for the five benchmark stars in our sample. The abundance and
line data can be found in Table AA.1. For the Sun and Arcturus,
13-14 lines are available in the optical (< 1.1ym) and 2-4 lines
around 2um. NLTE effects are moderate, lowering the average
abundance by -0.1 dex. The line-to-line scatter in the Sun and
Arcturus is slightly reduced.

In the metal-poor stars, only 3-5 lines are strong enough to be
measured. The NLTE abundances are lower by —0.2 dex on av-
erage, and a drastically reduced scatter is seen for all stars. This
is primarily driven by the strong negative NLTE abundance cor-
rection for the Na D lines. Overall, acceptable agreement is seen
across UV, optical, and NIR wavelength ranges, when available.

Fig. 2 illustrate how the typical NLTE effect for unsaturated
lines vary as a function of stellar parameters. Four different stel-
lar types are shown, one red giant, one horizontal branch star,
one cool dwarf and a turn-off star. We see that NLTE corrections
for unsaturated lines are typically small and negative, —0.1 dex
to —0.2 dex, everywhere in the displayed parameter space. Only
at the very lowest metallicities, a slight positive upturn is seen.

4.2. Mg

Mg is typically twenty times more abundant than its two neigh-
bours in the periodic table, and many more lines are also avail-
able as abundance diagnostics in late-type stars. Lines of both
neutral and singly ionized Mg can be measured down to low
metallicity. The first NLTE investigation again dates back to
Athay & Canfield (1969) and many have followed since then.
Several studies have determined NLTE line formation for a spe-
cific sample of stars, e.g. Andrievsky et al. (2010), Bergemann
et al. (2017b), and Sitnova et al. (2019), but only a handful of
studies have provided NLTE abundance corrections in tabulated
form:

Shimanskaya et al. (2000) for five optical lines

Metle et al. (2011) for 16 optical/NIR lines < 1.2um
Bergemann et al. (2015) for two NIR lines

Osorio & Barklem (2016) for 19 optical/NIR lines < 2.1um
This study includes 134 Mg I UV-NIR lines.

For Mg 1, NLTE effects are typically small and can be both
positive and negative, depending on the competing effects of
overionization and photon suction. Because the model atom (Os-
orio et al. 2015) lacks collisions between hydrogen atoms and
Mg 11, we suspect that NLTE effects are overestimated for Mg I1
and assume that LTE is a better approximation.

Many Mgl lines have oscillator strengths with large uncer-
tainties in the VALD3 database, with corresponding entries in
NIST flagged as C (< 25%) or lower. The transition probabili-
ties have been much improved with the combined experimental
and theoretical study by Pehlivan Rhodin et al. (2017), and we
used this reference when possible. In Fig. 3, we show Mg I-based
abundances determined with Pehlivan Rhodin et al. values with
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filled black bullets and other Mg lines with open bullets. Red
bullets mark Mg II lines. The line-by-line abundances are listed
in Table A.A.2.

Between 26 and 55 lines are used for abundance determi-
nation of the five benchmark stars, which is significantly more
than previous studies. The average NLTE effect for Mg lines is
—0.02 dex in the Sun, —0.10dex in Arcturus and +0.08 dex for
the metal-poor turn-off and subgiant. As the plots clearly show,
the line-to-line scatter is smaller when only considering lines that
have high-quality transition probabilities. The line-to-line scatter
for Mg lines is not significantly affected by NLTE. In both LTE
and NLTE there is a tendency for saturated lines to give lower
abundance. In particular, the saturated lines <3000A give abun-
dances that are significantly lower than the average. The mean
abundances and standard deviations shown in Fig. 3 are based on
weak to moderately strong lines with good oscillator strengths,
as indicated in the figure caption.

Mg I lines are not commonly used for abundance analysis in
the literature, and it is particularly important to stress the signif-
icant ionization imbalance, of order ~ 0.25 dex in LTE and only
mildly reduced to ~ 0.18 dex in NLTE, found for HD84937 and
HD140283. This confirms the results of Alexeeva et al. (2018)
who reported a clear discrepancy between abundances based on
Mg I 4481A and the average of Mgl lines for the same two
stars. Here, we add two bluer MgII lines that support the high
abundance found with 4481A , and hence undetected blends in
the latter is probably not the underlying cause. At this point, we
may only speculate along the same lines as Alexeeva et al. in
that 3D effects may be to blame for the ionization imbalance,
and we plan to tackle Mg with full 3D NLTE modelling in a
future study. However, according to Bergemann et al. (2017a),
NLTE abundances computed based on Mg lines using so called
< 3D >-models, which are spatial and temporal averages of full
3D simulations, are not substantially higher than 1D-based abun-
dances. We cannot rule out that our atomic model or modelling
assumptions underestimates the NLTE effects in Mg I in both 1D
and 3D, perhaps because the trace element method neglects pos-
sible feedback effects from other elements (Osorio et al. 2020).

Looking at a more extended parameter space, Fig.2 shows
that our predicted Mg abundance corrections for unsaturated
lines show a simple trend that is increasingly positive toward
lower metallicites. At the lowest metallicities, giants are pre-
dicted to depart from LTE by ~ 0.3 dex.

4.3. Al

NLTE spectroscopic analysis for Al was mainly pioneered by
Baumueller & Gehren (1996, 1997), highlighting the strong ove-
rionization in metal-poor stars. Later important work include,
e.g., Gehren et al. (2004, 2006) and Andrievsky et al. (2008),
which however did not compute grids of abundance corrections
to use for quantitative spectroscopy. The first such grids were
published by:

— Menzhevitski et al. (2012) for 9 optical lines

— Mashonkina et al. (2016) for 6 optical lines
Nordlander & Lind (2017) 26 UV-NIR lines

This study includes 43 AlI + 3 AIII UV-NIR lines

The number of Al lines available for abundance analysis in
the five benchmark stars is similar to Na, i.e., around 18 in to-
tal at high metallicity, but only a handful at low metallicity. The
main reason why Al is nevertheless a less well studied element
is that the detectable lines at low metallicity fall below 4000A
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Fig. 1. Na abundances derived from neutral lines with W, ,.s < 3 x 107 (black bullets) and Warea > 3% 1073 (open bullets) in LTE (left) and NLTE
(right). The horizontal lines and grey shaded regions correspond to the mean and one sigma standard deviation of the lines.
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Fig. 2. The figure illustrates the average NLTE effect for optical unsaturated lines (3000 — 10, 000A and W, rea < 1073) as a function of metallicity.
Four different stellar types are shown with stellar parameters as indicated by the legend. Only those data points are retained that have < 0.1 dex

standard deviation among the spectral lines used to form the mean.

or in the H band, while Na has strong lines in the optical. The
NLTE effects are also similar at high metallicity, with photon
suction causing increasingly negative corrections as the lines be-
come saturated. At low metallicity, however, the overionization
of neutral Al is much stronger than for both Na and Mg and the
AlT NLTE abundance corrections are therefore positive, of order
+0.4 dex in the two unevolved stars.

As shown in Fig.4 and Table AA.3, the line-to-line scatter for
neutral lines is not strongly affected overall, but we note that for
Arcturus, NLTE analysis brings the strong NIR lines into agree-
ment with the optical lines. For HD140283 and HD84937, we
can investigate the ionization balance using A1l 2669A which
forms close to LTE and has a high-quality g f-value from Tribert
et al. (1999). For the neutral lines, we adopted the theoretical gf-
values available in TOPbase (Mendoza et al. 1995). We find that
the abundance determined from the singly ionized line is higher
than the neutral lines by 0.6dex in LTE and 0.2dex in NLTE.
Given the fewer number of lines and their scatter, we consider
the ionization imbalance in NLTE for Al less alarming than for
Mg. The ionization balance of Al was first investigated by Roed-
erer & Lawler (2021) for a sample of 11 metal-poor stars, finding
a 0.4-0.9 dex discrepancy between the ionization stages in LTE.
They further noted that the NLTE corrections provided by Nord-
lander & Lind (2017) resolved the imbalance.

Fig.2 emphasizes further how important NLTE analysis is
for Al abundances of metal-poor stars, with corrections of up to
0.8 dex for giants in the metal-poor end of the studied grid. Cool
dwarf stars show a different behaviour, with negative corrections
in the metallicity range where unsaturated optical lines are de-
tectable.

4.4. Comparison to previous work

In Sect. 4.1-4.3 we listed several literature studies that present
NLTE abundance corrections for Na, Mg, and Al for a grid of 1D
model atmospheres. As a whole, these present a variety of dif-
ferent atmospheric and atomic models, as well as different codes
for statistical equilibrium and radiative transfer calculations. In
common for all three elements, is that quantum mechanical data
for collisions with neutral hydrogen have become available in the
last decade (Belyaev et al. 2010; Belyaev 2013; Barklem et al.
2010, 2012), thereby removing a notorious and large source of
uncertainty in the atomic model. The impact of the new data on
stellar abundances with respect to the previously adopted Drawin
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formula (Drawin 1968, 1969) have been extensively described
(e.g. Mashonkina 2013; Mashonkina et al. 2016; Ezzeddine et al.
2018). Here, we limit the comparison to work that use, with mi-
nor modifications, the same atomic model and MARCS atmo-
spheric models as was used by Amarsi et al. (2020) to compute
the departure coefficients adopted in this work. The comparison
therefore mainly highlights differences caused by choice of code
to solve the statistical equilibrium and compute the synthetic
spectrum. All previous work shown in Fig.5 used MULTI2.3
(Carlsson 1992) for both purposes, while we have used Balder
to establish the statistical equilibrium and PySME to compute
the curves-or-growth.

In Fig.5 we compare our results to Lind et al. (2011) for
Na, Osorio & Barklem (2016) for Mg, and Nordlander & Lind
(2017) for Al. The agreement for the majority of lines is good,
but there are several notable exceptions, in particular for satu-
rated lines with reduced equivalent widths in the range W, ;¢ =
(1 = 3) x 1073, For such lines, our new corrections can be sig-
nificantly different, and usually more negative. The effect is
strongest for the two giants in our sample. To attempt to trace
the origin of these differences, we have investigated the curves-
of-growth in some more detail.

Fig.6 illustrates how the line strength grows in LTE and
NLTE for three lines that are saturated in Arcturus; Na 8183A R
Mg7692A , and A121164A . Our new curves-of-growth com-
puted with Balder/PySME are compared to ones computed with
MULTI2.3. We see that in all three cases that the agreement be-
tween LTE curves and NLTE curves at a given line strength is
similar, i.e., the new results deviate in unison from the old. This
leads us to conclude that the differences do not originate in differ-
ent solutions to the statistical equilibrium, but from calculation
of LTE and NLTE line and continuous opacity by MULTI2.3 and
PySME.

We note the flattening of the curves for Mg that is evident
at high abundance, where the equivalent width appears insen-
sitive to increased abundance. In fact, this is a behaviour seen
for all Mg lines, and at [Mg/Fe] > 1, the curves can even
have a negative slope. This counter-intuitive behaviour can be
explained by the importance of Mg as electron donor. As the
abundance increases, the continuous opacity which is dominated
by H™ also increases, reducing spectral line strengths. If the at-
mospheric models had been recomputed consistently with the
adopted chemical composition, the trends may well look dif-
ferent. The dotted line marked "Consistent" in the Mg panel
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Fig. 3. Mg abundances derived from neutral lines with W,.,, < 3 X 1075 and high-quality gf-values (black bullets), from neutral lines with
Wrea > 3 % 107° and/or low-quality gf-values (open bullets), and from singly ionized lines (red bullets) in LTE (left) and NLTE (right). The black
horizontal lines and grey shaded regions correspond to the mean and one sigma standard deviation of the lines marked with filled black bullets.
The red horizontal lines correspond to the mean of the singly ionized lines.
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illustrates this by showing a smaller part of the LTE curve-of-
growth for which we have used alpha-negative ([a/Fe] = —0.4),
alpha-poor ([a/Fe] = 0.0) and alpha-enhanced MARCS models
([a/Fe] = 0.4) instead of the standard composition ([a/Fe] =
0.2 at [Fe/H] = —0.5). This curve crosses the reference and in-
consistent LTE curve-of-growth (black solid) at [a/Fe] = 0.2 as
expected, but does not show the same flattening at higher abun-
dance. We therefore advise caution in the use of the grids at the
upper and lower end of the abundance range.

4.5. Comparison to Galactic chemical evolution models

All three elements studied here are primarily forged in massive
stars during hydrostatic carbon burning and returned to the in-
terstellar medium by core-collapse supernovae (SN) and hyper-
novae (HN) (Nomoto et al. 2013; Johnson 2019). The a-element
Mg is predicted to form a plateau value in [Mg/Fe] at low metal-
licity and decreasing ratio when supernovae of type la (SNIa)
start contributing with relatively more Fe. The metallicity at
which this decrease occurs is environment dependent, because
the star formation history depicts how much Fe had time to form
via SN and HN prior to the delayed onset of SNIa. In the Milky
Way, the "knee" in the [@/Fe] is located at [Fe/H] = —1.

Na and Al yields, however, depend also on the available neu-
tron excess and thus on the metallicity of the massive star pro-
genitor. The [Na/Fe] and [Al/Fe] ratios are therefore predicted to
increase with increasing metallicity, until SNIa start contributing
and reduce the ratios. For completeness, it should be mentioned
that all three elements have minor contributions from the NeNa
and MgAl nucleosynthesis channels that coexist with the CNO
cycle of hydrogen at high temperature and are therefore fre-
quently studied e.g. to characterize the different generations of
stellar populations of globular clusters (Bastian & Lardo 2018).

Our sample of stars is much too small to draw conclusions
concerning the success or failure of GCE models. However, the
NLTE effects we have demonstrated in this paper are systematic
and have a similar effect on stars with similar stellar parameters.
It is therefore of interest to compare models and observations to
gauge the possible impact for larger samples. Fig. 7 shows how
the abundances compare to the GCE model of Kobayashi et al.
(2020).

As seen in Fig.7, the mean [Mg/Fe] abundance for metal-
poor stars is 0.27, based on Mgl lines (NLTE) and 0.46, based
on MgII lines (LTE). Interestingly, the latter is in significantly
better agreement with the plateau value of the model. Kobayashi
et al. (2020) report on a similar offset using NLTE literature stud-
ies of neutral Mg lines. On the other hand, in the metal-poor
regime the GCE model is in excess of the NLTE abundances for
neutral lines by ~ 0.2dex for all three elements studied here,
which may point to a different explanation, such as a change
in the relative abundance of alpha elements due to a change in
nuclear reaction rates and/or stellar mass loss (due to rotation
and/or binary interaction, see Kobayashi et al. 2006). We further
note that the predicted [(Na,Al)/Fe] ratios could become even
higher for GCE models that are based on yields taking into ac-
count the effects of stellar rotation.

With such few observational data points as shown in Fig. 7,
these are merely speculations, and we call for a larger investiga-
tion of the Mg (and Al) ionization balance to be performed over
a large range of metallicities. This is particularly relevant and ur-
gent because these abundances are frequently used to trace the
origin of halo stars, and differentiate between ones that formed
in-situ at high values compatible with the Galactic thick disk and

low values that are interpreted as sign of accretion from lower-
mass systems (e.g. Nissen & Gustafsson 2018; Helmi 2020).

5. Conclusions

There is a great need to understand how departures from LTE
affect chemical abundance determination for all absorption lines
that are detectable in stellar spectra. In this work we have com-
puted NLTE abundance corrections with PySME for 2 — 5 times
more lines for Na, Mg, and Al, compared to what is available
in the literature. We show that NLTE analysis generally leads
to improved consistency between abundance diagnostics for five
benchmark stars and that our NLTE corrections are compatible
with previous studies that used the same atomic and atmospheric
models, except for strongly saturated lines for which NLTE cor-
rections are very sensitive to the choice of radiative transfer code.
Our conclusions for the different elements are:

— Nal NLTE corrections are increasingly negative with line
strength until the point of maximum saturation. Unsaturated
optical lines nearly always have moderately negative correc-
tions. NLTE abundances for different lines are significantly
more homogeneous compared to LTE for metal-poor stars.

— MgI NLTE corrections are mostly small in absolute value
and can be both positive and negative. The ionization bal-
ance is met in the Sun, assuming MgII lines form in LTE,
but not in metal-poor unevolved stars. The 0.2 dex NLTE
ionization imbalance for HD84937 and HD140283 can de-
pend on shortcomings in the methodology or the atomic or
atmospheric model and must be further investigated. Mg is
an important electron donor, and indirect effects on the con-
tinuous opacity may lead to unphysical growth curves when
the atmospheric model is not consistently updated. Caution
is advised when using our data for [Mg/Fe] < —-0.5 and
[Mg/Fe] > 0.5.

— AlI NLTE corrections for metal-rich stars are increasingly
negative with line strength until the point of maximum sat-
uration. Unsaturated, optical lines display trends of sharply
increasing positive corrections towards lower metallicity for
turn-off stars and giants. NLTE analysis strongly improves
the ionization balance in the metal-poor regime.

The grids of LTE and NLTE equivalent widths are available
on the CDS.
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Appendix A: Line data

This appendix contains four tables, one for each element Na,
Mg, Al and Fe, containing line atomic data as well as equivalent
widths and abundances for the benchmark stars.

Specifically, the tables lists for each spectral line the species,
the air wavelength in A , the lower level excitation energy in eV,
the log(g f)-value, and the Van der Waals broadening parameter
(VdW) that represent the logarithm of FWHM per unit pertuber
number density at 10,000 K, given in [rad s~! cm™3]. If no data is
present in this column, the Unsold broadening recipe was used.
For each line, there are two or three lines with stellar data that
should be interpreted as equivalent width in mA (first row), the
LTE abundance (second row), and NLTE abundance (third row,
not available for Mg II lines and Fe II lines).
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Table A.1. Na line list

Sun Arcturus HD84937  HDI140283  HDI22563
Ion A[A] Nr.  Eiw loggf VAW Wi [mA] WimA] WimA] Wi mA] Wi [mA]
A(Na)rg A(Na)rrg A(Na)r1g A(Na)rg A(Na)rre
ANa)nite ANa)nere ANNa)nre ANa)nere A(Na)ncre
Nal 3302368 6 0.000 -1.750 43+ 02 3.0+ 0.2
3.99+ 0.02  3.40+ 0.03
3.88+0.02 3.33+0.03
Nal 4497.657 18 2.104 -1.530
Nal 4668558 18 2.104 -1.270 90.6+ 7.4
6.09+ 0.13
6.00+ 0.13
Nal 4982811 18 2.104 -0.92 80.0+ 5.1 116.5+3.7
6.28+0.06 6.16% 0.07
6.20+ 0.06  6.02+ 0.07
Nal 5148838 4 2102 -2.040 13.6£0.5 299+53
6.26+0.02 5.80+ 0.11
621+ 0.02 5.75+0.11
Nal 5153402 6 2.104 -1.740
Nal 5682633 6 2102 -0710 -6855® 944+34 1313+54 2.6+ 0.1
6.14+ 0.03  6.01+ 0.08 3.59+ 0.02
6.03+ 0.04 5.80+ 0.08 3.53+ 0.02
Nal 5688.199 18 2.104 -0.410 -6.855® 1343+2.8 151.7+22 4.1+ 0.2
621+ 0.02  6.01+0.03 3.52+ 0.02
6.08+0.02 5.81+ 0.03 3.46+ 0.02
Nal 5889949 6 0.000 0.110 -7526® 766.4+80 980.6+33.8 113.5+0.7 117.0+3.0 185.9+5.3
6.10+ 0.01 5.55+0.03 4.29+0.01 3.86+0.05 3.77+0.06
6.00+ 0.01 559+ 0.03 3.78+0.01 3.44+0.03 3.34+ 0.07
Nal 5895922 4 0.000 -0.190 -7526® 557.9+63 678.3+12.9 94.0+0.6 90.5+0.5 161.0+24
6.10+ 0.01 551+0.02 4.26+0.01 3.74+0.01 3.73+0.03
599+ 0.01 5.55+0.02 3.84+0.01 3.45+0.01 3.31+0.03
Nal 6154226 4 2102 -1.550 388+ 0.5  73.0+1.0
6.32+0.01 5.91+0.01
6.24+ 0.01  5.80+ 0.01
Nal 6160.747 6 2.104 -1.250 597+ 04  98.2+0.7
6.35+ 0.01  6.00+ 0.01
6.24+0.01  5.84+ 0.01
Nal 8183255 6 2.102 0240 7230 2296+ 1.8 243.6+1.8
6.21+0.01  6.03+0.01
5.97+0.01 5.71+0.02
Nal 8194.807 18 2.104 0.540  -7230® 304.0+3.9 2983+24 215+03 13.1+04
6.22+0.01 6.06+0.01 4.02+0.01 3.53+0.01
5.99+0.02 5.83+0.02 3.87+0.01 3.41+0.01
Nal 9465929 3 3.617 -0.750
Nal 9961.272 3 3.617 -0.580 13.5+04  27.8+0.2
5.96+ 0.01  5.94+ 0.00
5.94+0.01 5.87+ 0.00
Nal 10746.447 6 3.191 -1.290 132+ 1.0  162+0.2
6.23+0.04 5.78+ 0.00
6.22+0.04 5.77+ 0.00
Nal 10834865 3 3.617 -0.260 382+ 1.5 53.3+06
6.09+ 0.02  5.94+ 0.01
6.07+0.02  5.85+ 0.01
Nal 11381442 4 2102 -0470  -7.109®
Nal 11403.768 6 2.104 -0.17V -7.109?®
Nal 12311479 6 3.753 -1.010
Nal 12319970 18 3.753 -0.710
Nal 12679.187 3  3.617 0200 -6.653®
Nal 14767539 6 3.753 -0.540
Nal 14779.720 18 3.753 -0.251
Nal 16373870 4 3.753 -1.330
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Table A.1. continued.

Sun Arcturus HD84937 HD140283 HD122563
Ion A[A] Nr.  Eiw loggf VAW Wi [mA] WimA] WimA] Wi mA] Wi [mA]
A(Na)Lte A(Na)rtg A(Na);rg A(Na)irg A(Na)re
A(Na)ncre ANa)necre ANa)ncre ANa)nere AMNa)nite
Nal 16388.850 6 3.753 -1.03D
Nal 18465.420 3 3.617 1.000
Nal 21452.268 3 4284 -0.14D 90.4+ 0.6
6.06+ 0.00
6.02+ 0.00
Nal 22056.393 6 3.191 0290 -7.009%  346.9+32 384.3+23 4.6+ 0.5
6.06+0.01 591+0.01 3.11+ 0.05
6.08+ 0.01 5.85+0.01 3.28+ 0.04
Nal 22083.654 4 3.191 -0.01V  -7.009%®  240.8+ 1.4 317322
6.05+£0.00 591+ 0.01
6.07+£ 0.00 5.88+0.01
Nal 23348.377 6 3.753  0.280
Nal 23379.049 18 3.753 0.58) -6.883®@ 326.4+ 5.0
5.95+0.02
5.82+ 0.02
Nal 25959.867 3 4284 0.27MD

(D Ralchenko et al. (2010) @ Barklem et al. (2000)
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Sun Arcturus HDS84937  HDI40283  HDI22563
Ton A[A] Nr.  Eow loggf VAW Wi[mA] W, [mA] W, [mA] W,[mA] W, [mA]
AMg)rTE AMgre AMgire  AM@re AME)ire
AMonrE AMgnete AMZnere AMgnere AME)NLTE
Mgl 2025824 1  0.000 -0.98D
Mgl 2531458 2 2712 -151%9 -6.150?
Mgl 2546302 3 2717 -0.88® -6310@
Mgl 2554565 2 2712 -1.16®
Mgl 2564936 3 2717 -0.87®
Mgl 2776638 2 2709 -0.12¥ 975+25  96.0+ 1.7
5.12+0.03  4.74+ 0.02
529+ 0.03  4.96+ 0.02
Mgl 2779831 2 2712 0459 133.5+2.3  123.3+23
498+ 0.02 4.54+0.02
5.14+ 0.02  4.75+ 0.02
Mgl 2781349 2 2712  -0.19¥ 903+ 82  1322+1.2
5.02+0.11 5.11+0.01
520+ 0.10 5.28+ 0.01
Mgl 2782972 1 2717 -0.13® 953+2.0 958+ 1.7
5.13+ 0.03 478+ 0.03
531+ 0.03  5.00+ 0.02
Mgl 2846717 1 2709 -1.340 61.6+1.5 612+1.6
5.80+ 0.03  5.39+ 0.03
5.90+ 0.03  5.49+ 0.03
Mgl 2848345 2 2712 -0.87M 89.0+27  86.8+1.7
5.85+0.05 5.42+0.03
5.93+0.04 5.51+0.03
Mgl 2852126 1  0.000 0.24D -7.591®
Mgl 2938473 1 2712  -1.79D 408+ 09  37.7+05
5.82+0.02 536+ 0.01
591+ 0.02 5.45+0.01
Mgl 2941994 1 2717 -1.57D 469+ 09  52.0+0.8
5.72+0.02 5.42+0.02
5.82+0.02 5.52+0.02
Mgl 3091064 1 2709 -0910 -6.877® 96.3+3.8  77.9+5.4
5.88+0.06 5.12+ 0.09
5.94+0.05 5.21+0.08
Mgl 3092984 2 2712 -0430  -6.877®
Mgl 3096887 3 2717 -0210 -6.877® 1151+ 1.7
5.43+ 0.02
5.50+ 0.02
Mgl 3329919 1 2709 -1.800 34.0+03  38.1+04
5.65+0.01 5.31+0.01
5.75+0.01  5.41+0.01
Mgl 3332146 1 2712 -1.320
Mgl 3336674 1 2717 -1.100 657+ 08  71.3+0.8
5.65+0.02  5.29+0.02
574+ 0.02  5.38+ 0.01
Mgl 3829357 2 2709 -0210 -7.291® 1355+ 0.8 137.0+ 1.0 165.4+6.3
5.52+0.01 5.16+0.01 5.07+0.07
5.58+0.01 522+ 0.01 5.08+0.07
Mgl 3832302 3 2712 0260 -7.291® 155.0+ 1.0 163.8+ 1.1 244.7+72
524+ 0.01 4.93+0.01 5.16+0.03
5.30+0.01  5.00+0.01 5.20+0.04
Mgl 3838287 4 2717 049D  -7291® 186.2+ 1.2 273.0+ 8.0
5.26+ 0.01 5.07+ 0.03
5.32+ 0.01 5.12+ 0.03
Mgl  3843.698 1 4346 -1.48% 2.9+ 0.1
5.33+ 0.02
5.39+ 0.02
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Table A.2. continued.

Sun Arcturus HD84937 HD140283 HD122563
Ion A[A] Nr.  Epw loggf VAW WimA] Wi [mA] Wi mA] WimA] WimA]
AMg)LTE AMg)LTE AMg)LTE AMg)ire  AMgE)LrE
AMgIncre . AMgINcre . AMgINcre - AMgncte . AME)NLTE
Mgl 3858.860 1 4346 -1.520 4.6+ 0.1 6.0+ 0.2 103+ 1.4
5.55+0.01 543+ 0.01 5.22+0.07
5.61+ 0.01 5.50+ 0.01 5.30+0.07
Mgl 3878.306 1 4346  -0.46°®
Mgl 3903.859 1 4346 -0.510 20.8+ 0.2 47.6x 1.5
499+ 0.01 5.11+0.03
5.07+£0.00 5.22+0.02
Mgl 3938.400 1 4346  -1.20%
Mgl 3986.753 1 4346  -1.06® 16.2+ 0.3 13.9+ 0.2 319+ 1.1
5.64+0.01 5.35+£0.01 5.35+0.02
5.69+ 0.01 542+ 0.01 5.44+0.02
Mgl 4057.505 1 4346  -0.90¥ 24.0+ 0.3 20.0+ 0.2 397+ 1.5
5.68+ 0.01 5.37+0.00 5.32+0.03
5.73+ 0.01 545+ 0.01 5.43+0.03
Mgl 4167271 1 4346  -0.750 365608  27.5+03  57.0+ 1.3
5.76+ 0.01 5.39+0.01 5.45+0.02
5.83+ 0.01 547+ 0.01 5.53+0.02
Mgl 4351.906 1 4346  -0.59M 39.6+ 5.1 37.2+ 49
5.68+0.09 5.42+0.09
5.74+ 0.08 5.51+0.09
Mgl 4571.096 1 0.000 -5.400  -7.770® 115.8+£ 2.0 246.2+12.4 3.5+ 0.1 8.2+ 0.1 86.2+ 0.5
7.58+ 0.03 7.48+0.09 5.38+0.01 5.16£ 0.01 5.24+0.01
7.57+ 0.03 7.48+ 0.09 5.48+ 0.01 5.28+0.01 5.32+0.01
Mgl 4621.301 1 2712  -5.00©
Mgl 4702.991 1 4346 -0.46V  -6.687® 367.6+40.2 315.4+17.0 49.4+ 0.5 42.6+ 0.3 75.8+ 0.5
7.28+ 0.11 7.17£0.06 5.66+0.01 5.33+0.00 5.34+0.01
7.27+0.11 7.17+£0.06 5.72+0.01 5.41+0.00 5.38+0.01
Mgl 4730.029 1 4346 -2.38M 653+ 2.8 1.4+ 0.1
7.66+ 0.04 5.82+ 0.03
7.65+ 0.04 5.87+ 0.03
Mgl 5167.322 1 2,709 -0.87D  -7.267® 105.8+10.9 108.7+12.1
5.62+0.17 5.21+0.17
574+ 0.16 5.31+0.16
Mgl 5172.684 1 2712 -0.390  -7.267® 148.3+ 0.8 150.0+£09 2125+1.2
5.67£0.01 5.22+0.01 5.13+0.01
5.73+ 0.01 5.28+0.01 5.17+0.01
Mgl 5183.604 1 2717  -0.17D  7.267® 168.4+ 1.0 1722+ 1.0 2370+ 14
5.62+0.01 5.19+0.01 5.08+0.01
5.67+ 0.01 524+ 0.01 5.12+0.01
Mgl 5222.925 1 4346 -3.51%
Mgl  5509.597 3 5108 -2.130
Mgl 5528.405 1 4346 -0510  -6.979® 316.9+ 8.2 320.8+27.6 46.9+ 0.3 40.5+ 0.3 77.8+ 0.5
7.38+ 0.02 726+ 0.11 5.71+£0.00 5.36+0.00 5.35+0.01
7.36+ 0.02 725+ 0.11 5.76+£0.01 5.41+0.00 5.34+0.01
Mgl 5711.088 1 4346  -1.740 110.0+ 0.6 154.8+ 2.4 4.8+ 0.1 4.0+ 0.1 10.9+ 0.1
7.62+ 0.01 7.65+£0.05 5.70+£0.01 5.39+0.01 5.28+0.01
7.59+ 0.01 7.50+0.04 5.77+ 0.01 5.46+ 0.01 5.33+0.01
Mgl 6318.717 1 5.108 -2.02M 37.2+2.3 63.0+ 34
7.52+ 0.04 7.45+ 0.09
7.51+0.03 7.40+ 0.08
Mgl 6319.237 1 5.108 -2.24M 26.1+ 1.5 552+ 2.7
7.53+ 0.03 7.67+0.16
7.53+ 0.03 7.57+0.10
Mgl 6319.493 1 5.108 -2.72M 10.9+ 1.0 30.0+ 2.6
7.56+ 0.04 7.59+ 0.11
7.56+ 0.04 7.57+0.10
Mgl 6630.833 1 5394  -3.92
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Table A.2. continued.

Ton

A[A]

Nr.

Elow

loggf

Vdw

Sun
W,[mA]
AMg)LrE
AMg)NLTE

Arcturus
W, [mA]
AMg)LrE
AMg)NLTE

HD84937
Wy[mA]
AMg)LrE
AMg)NLTE

HD140283
W,[mA]
AMg)LrE
AMg)NLTE

HD122563
W [mA]
AMg)LrE
AMg)NLTE

Mgl

Mgl

Mgl

Mgl

Mgl

Mgl

Mgl

Mgl

Mgl

Mgl

Mgl

Mgl

Mgl

Mgl

Mgl

Mgl

Mgl
Mgl

Mgl

Mgl
Mgl

6765.450

6799.001

6841.084

6894.918

6965.409

7060.412

7387.687

7547.309

7560.539

7657.603

7659.901

7691.551

7722.590

7755.236

7759.298

7811.130

7877.480
7881.669

7930.801

8054.231
8098.715

5.753

5.753

5.753

5.753

5.753

5.753

5.753

5.933

5.946

5.108

5.108

5.753

5.946

5.932

5.933

5.946

5.932
5.933

5.946

5.933
5.946

1479

-1.540)

-1.59®

-1.62®

-1.499

-1.347

-0.987

-1.63®

-1.05®

-1.29M

-1.99M

-0.777

-1.19®

-1.91®

-1.60®

-1.06®

-1.67%
-1.45@

-0.957

-1.29®
-0.78M

849+ 2.1
7.45+ 0.01
7.44+ 0.01

917+ 24
7.51+ 0.03
7.48+ 0.03
42.0+0.3
7.53+ 0.00
7.52+ 0.00
114.7+ 3.6
7.50+ 0.02
7.48+ 0.02

1145+ 2.0

26.1£0.2
6.91+ 0.00
6.91+ 0.00
341+ 0.3
7.16+ 0.01
7.15+ 0.01
443+ 5.5
747+ 0.14
744+ 0.13
427704
7.48+ 0.01
7.45+ 0.01
554+ 0.6
7.54+ 0.01
7.51+0.01
70.5+ 0.8
7.78+ 0.03
7.65+ 0.03
82.6+£ 0.9
7.44+ 0.02
7.36+ 0.02
20.5+ 0.4
7.15+ 0.01
7.14+ 0.01
31.5£ 0.5
6.80+ 0.01
6.79+ 0.01
126.6+ 1.9
8.04+ 9.00
7.65+ 0.09

100.2+ 1.4
7.52+ 0.03
7.36+ 0.03
532+ 0.5
7.44+ 0.01
7.37+ 0.01
26.1£0.2
7.70+ 0.01
7.64+ 0.01
38.7+ 0.4
7.59+ 0.02
7.53+0.01
56.9+ 3.7
7.31+0.09
7.24+ 0.06

40.5+ 3.0
7.51+0.10
7.43+ 0.07
82.9+ 0.7
8.04+ 9.00
7.57+0.02

89.1+ 1.3

42+ 0.1
5.81+£0.02
5.87+0.02
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Table A.2. continued.

Sun Arcturus HD84937 HD140283 HD122563
Ion A[A] Nr.  Epw loggf VAW WimA] Wi [mA] Wi mA] WimA] WimA]
AMg)LrE AM@re  AMg)re AMgire AMg)Lre
AMgINure  AMgnere . AMg)nere - AMg)nere  AME)NLTE
7.53+0.01 7.56+ 0.04
7.51+0.01 7.43+0.02
Mgl  8213.023 2 5753 -0.497 1546208  122.0+ 6.1
7.53+0.00 7.56+0.18
7.50+ 0.00 7.27+ 0.09
Mgl 8305.591 2 5932 -1.22%
Mgl 8310.254 3 5933 -1.10W 70.2+ 5.1
7.67+0.18
7.50+ 0.09
Mgl 8346.113 7 5.946 -0.587 161.7+ 3.3 947+ 5.1
7.61+0.02 7.36%0.11
7.59+ 0.02 7.24+ 0.07
Mgl 8473.693 1 5933 -2.020¥ 10.3+ 0.1 21.9+0.2
7.50+ 0.01 7.66+ 0.01
7.49+ 0.01 7.60+ 0.01
Mgl 8710175 1 5931 -1.630
Mgl 8712.683 2 5932  -1.15M 60.7+ 2.2 67.0+ 1.3
7.53+0.02 7.62+ 0.06
7.51+0.02 7.47+ 0.03
Mgl 8717.814 3 5933 -0.93D 96.5+ 0.7 82.9+ 0.9
7.61+0.01 7.72+ 0.05
7.59+ 0.01 7.46+ 0.02
Mgl 8736.015 7 5946 -0.357 186.6+ 1.9 132.2+ 0.7 3.9+ 0.3 23+0.2 7.0+£0.3
7.56+ 0.01 7.79+£9.00 5.52+0.04 5.17+0.05 5.40+0.02
7.53+0.01 7.48+0.01 5.59+£0.03 529+0.04 547+0.02
Mgl 8806.757 1 4346  -0.1310  -7413®  468.0+11.9 630.8+39.3 80.5+ 1.0 74.9+ 0.6 138.8+ 1.0
7.37+0.02 7.30+0.09 5.71+£0.01 5.36+0.01 5.48+0.01
7.34+ 0.02 7.27+0.08 5.80+£0.01 546+0.01 5.38+0.01
Mgl 8923.569 1 5394 -1.680 63.6+ 0.4 74.6+ 1.3
7.71+ 0.00 7.49+ 0.03
7.70+ 0.00 7.54+ 0.03
Mgl 8928.827 1 5932 -1.699%
Mgl 8997.153 1 5933  -1.779% 18.7+ 0.1 26.9+ 0.2
7.51+0.00 7.49+ 0.01
7.50+ 0.00 7.42+ 0.01
Mgl 9255.750 2 5753  -0.137  -6.679®
Mgl 9414959 6 5946 -0.04@
Mgl 9438771 3 5933 0610
Mgl 9983.188 1 5931 -2.18W 10.3+ 0.1 15.0+ 0.7
7.55+ 0.00 7.45+ 0.03
7.53+0.00 7.41% 0.03
Mgl 9986475 1 5932 -1.700
Mgl 9993.209 1 5933 -1.48W
Mgl 10299.290 1 6.118 -2.08% 7.9+ 0.1
7.50+ 0.00
7.49+ 0.00
Mgl 10312531 1 6118 -1.720 181£0.1  21.4+02
7.52+ 0.00 7.40+ 0.01
7.51+0.00 7.35+0.01
Mgl 10811.134 8 5946  0.507  -6.677® 307.0« 3.1
7.53+ 0.03
7.10+ 0.02
Mgl 10953.320 1 5931 -0.88M 1044+ 24
7.55+0.02
7.52+0.02
Mgl 10957.290 2 5932  -0.41M
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Table A.2. continued.

Sun Arcturus HD84937  HDI140283  HDI122563
Ion A[A] Nr.  Epw loggf VAW WimA] Wi [mA] Wi mA] WimA] WimA]
AMg)LTE AMg)LTE AMg)LTE AMg)ire  AMgE)LrE
AMgInete . AMnere . AMgInetE ANt AMg)NLTE
Mgl 10965417 3 5933 -0.18D 2197+ 48 1578+ 7.6
7.55+£0.02  7.49+0.17
7.49+0.02  7.12+0.09
Mgl 11032096 3 5946 -1.860
Mgl 11033.678 2 5946 -2.080 24.6+ 1.1
7.65+ 0.05
7.59+ 0.05
Mgl 11540672 1  6.118 -1.750
Mgl 11811558 1 5932 -1.04®
Mgl 11820982 1 5933 -1.520
Mgl 11828.171 1 4346 -0340  -7.192®  869.2+30.2
7.61+ 0.03
7.57+0.03
Mgl 12039822 1 5753 -1.550
Mgl 12083424 3 5753 038D  -6.981®
Mgl 12417937 1 5931 -1.660 423+ 04
7.56+ 0.00
7.54+ 0.00
Mgl 12423029 1 5932 -1.18D 96.5+ 2.3 94.5+ 0.7
7.63£0.02  7.61+0.05
7.60+0.02  7.43+0.01
Mgl 12426174 3 6588 -1.37® 6.5+ 0.1 34.4+0.3
7.05£0.00  7.66+ 0.01
7.05£0.00 7.51+0.01
Mgl 12735920 1 5753 -2.520
Mgl 12740204 1 5753 -2.04®%
Mgl 13117.840 3  6.588 -1.37®
Mgl 14615619 1  6.118 -1.23D
Mgl 14700279 2 6588 -0.937
Mgl 14877807 8 5946  1.167 1733+ 1.7 2579+ 1.7
519+ 0.01  5.13+0.01
519+ 0.01  5.04+ 0.00
Mgl 15024997 1  5.108 0.36@ 132.6£1.0 211.1£1.7
531+ 0.01 5.32+0.01
543+ 0.01 5.33+0.01
Mgl 15040246 1  5.108  0.120 858.9+44.6 1052+ 1.0 1309+ 1.2
7.70+ 0.05 533+ 0.01 4.95+0.01
7.66+ 0.06 545+ 0.01 5.03+0.01
Mgl 15047714 1 5108 -0.360 510.5+31.9 66.9£9.9  123.5+0.9
7.57+0.09 546+ 0.10 534+ 0.01
7.52+ 0.09 558+ 0.11 5.47+0.01
Mgl 15231648 8 6719 -0.82® 166.9+ 3.8
7.49+ 0.01
7.45+ 0.01
Mgl 15740706 1 5931 -0.220 365.1£10.0 21.6£0.5 457+ 0.6
7.45+ 0.04 538+ 0.01 5.33+0.01
7.38+ 0.04 539+ 0.01 530+ 0.01
Mgl 15748937 2 5932 0250 659.9+20.4  485.2+15.3 553+ 0.6  99.2+ 0.8
752+ 0.03  7.34+0.04 538+ 0.01 531+ 0.00
7.47£0.03  7.25+0.05 539+ 0.01 527+ 0.00
Mgl 15765744 3 5933  0.48D 546.7+11.3 764+ 08  136.1x 13
7.29+ 0.02 536+ 0.01 5.35+0.01
7.21+ 0.03 536+ 0.01 5.28+0.01
Mgl 15879562 3 5946 -1.120 173.7£139  201.7+ 1.3
7.59+0.06  7.30+ 0.01
7.56+0.06  7.31+0.01
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Table A.2. continued.

Sun Arcturus HD84937  HDI40283  HDI122563
Ion A[A] Nr.  Epw loggf VAW W,[mA] Wi[mA] W, [mA] W, [mA] Wi[mA]
AMg)r1E AMg)1E AMg)r1E AMg)rrE AMg)ri1E
AMg)nere AMnere AMnere ANt AME)NLTE
Mgl 15886225 2 5946 -1.340 873+12.1  177.0+ 1.8
7.32+0.08  7.30+0.01
731+ 0.08  7.32+0.01
Mgl 16364817 6 6719 -0.47®
Mgl 16624799 2 6726 -1.24®
Mgl 17108631 1 5394  0.09 1083.2+25.8 745.7+38.7 992+ 1.1 171.6+ 14
7.81+0.02  7.47+0.05 541+ 0.01  5.30+ 0.01
7.81+0.02  7.44+0.05 5.44+0.01  5.34+ 0.01
Mgl 19425260 1 6431 -1.03D 173.4+ 2.1
7.42+ 0.01
7.40+ 0.01
Mgl 21458863 1 6516 -1.320 108.7+ 0.7
7.39+ 0.00
7.36+ 0.00
Mgl 22807914 7 6719  0.407 502.2+43.6  591.4+3.2 11.0£09  19.8+0.9
731+ 0.07  7.48+0.01 5.19+ 0.04  5.09+ 0.02
7.31£0.06  7.33+0.01 541+ 0.03  5.28+0.02
Mgl 23736711 8  7.063 031®
Mgl 24798594 1 5931 -0.56"
Mgl 24818918 1 5932 -0.08" 490.4+51.9
7.51+0.13
7.36+ 0.15
Mgl 24860.547 1 5933  0.140
Mgl 25410967 11  6.779  0.597
Mgl 26392809 1  6.118  0.44®
Mgl 26495756 1  6.726  -1.00®%
Mgl 27730.703 1  6.726 -1.06%
Mgl 27751.189 1 6727 -0.84@
Mgl 2795528 1 0.000 0.10%9 -7.761®
Mgl 2802705 1 0.000 -021% -7.761®
MgIl  2928.633 1 4422 -0.54® 102.7+2.8  95.1+ 3.0
5.92+ 0.06 5.56+ 0.07
5.93+0.06 5.62+ 0.06
Mgll 2936510 1 4434 -0.249 1299+32  112.1+24
6.06+ 0.04 5.61+0.04
6.06+ 0.04  5.66+ 0.04
MgIl 3104747 3 8864 021¥
MgIl 4481200 3 8864 0.99® 323+ 03 13.7+02
5.88+ 0.00 5.67+ 0.01
5.84+0.00 5.62+ 0.01
MgIl  7877.054 1 9995 0.39® 14.1+ 0.4
7.50+ 0.02
7.49+ 0.02
MgIl 7896258 3 9.999 0.97® 21.6+ 0.3
741+ 0.01
7.39+ 0.01
MgIl 10092.177 3  11.630 1.28® 12.7+ 0.7
7.70+ 0.04
7.69+ 0.04
MgIl 10914244 1 8864  0.02® 46.0+ 0.4
7.61+ 0.01
7.41+ 0.01
MgIl 10951778 1  8.864 -0.23® 27.1+ 0.2
7.38+ 0.00
7.25+ 0.00

(M Pehlivan Rhodin et al. (2017) @ Kurucz (1975) ® Kurucz & Peytremann (1975) ® Ralchenko et al. (2010) ©® Schaefer (1971)
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Table A.2. continued.

Sun Arcturus HD84937 HD140283 HD122563

Ion A[A] Nr.  Epw loggf VAW WimA] Wi [mA] Wi mA] WimA] WimA]
AMg)LTE AMgire AMgre AM@re AMg)LTe
AMg)nere AMgnere - AMgnere - AMgnere - AMg)NLTE

©® Kurucz (1993)  Line has mixed subcomponents from Ralchenko et al. (2010) and Kurucz & Peytremann (1975)
® Barklem et al. (2000)  Barklem & Aspelund-Johansson (2005)
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Table A.3. Al line list
Sun Arcturus HD84937 HD140283 HD122563
Ion A[A] Nr.  Eg loggf VAW W, [mA] W, [mA] WimA] Wi mA] WimA]
A(AlrE A(ADrE A(Al)rE A(ADrrE A(ADLrE
AADnitE AADNre AADnere AADNete A(ADniTe
All 2118.341 1 0.000 -1.56M 8.6+ 1.0
3.16+ 0.06
3.49+ 0.05
All 2134.747 2 0.014 -1.100
All 2145.555 1 0.000 -1.25M 17.8+ 0.4
3.23+ 0.01
3.57+ 0.01
All 2204.626 7 0.000 -0.90M 36.5+ 0.8
3.31+0.02
3.68+ 0.02
All 2210.095 2 0.014 -0.601 55.1+ 1.0
3.31+ 0.02
3.68+ 0.01
All 2269.158 2 0.014 -041M 819+ 1.1
3.50+ 0.01
3.89+ 0.01
All 2567.982 6 0.000 -0.931 69913 257+ 1.3
3.00+ 0.03
3.44+ 0.04
All 2575.095 12 0014 -0.679 -6.990® 36.1+ 1.1
3.01+0.02
3.47+0.03
All 2652.475 4  0.000 -1.540M
All 2660.386 6 0.014 -1.24M 26.1+£ 1.0 324+ 0.6
378+ 0.02 3.47+0.01
4.14+ 0.03 3.91+0.01
All 3082.153 1 0.000 -0.500  -7.380% 517+ 0.6
3.55+ 0.01
4.05+ 0.02
All 3092.774 2 0.014 -0.190  -7.380®
All 3944.006 4 0.000 -0.610 -7.315® 72.7+ 0.5 743+ 4.3
3.73+£0.01 3.27+0.07
4.19+ 0.01 3.80+ 0.08
All 3961.520 6 0.014 -0310  -7.315% 70.2+ 0.5
3.42+ 0.01
3.87+ 0.01
All 5557.062 6 3.143 -2.380
All 6696.045 7 3.143  -1.57M 39.5+04 86.9+ 2.4
6.46+ 0.01 6.24+0.03
6.43+ 0.01 6.14+0.03
All 6698.671 4 3.143 -1.87M 215+ 0.2 60.8+ 0.6
6.47+0.01 6.29+0.01
6.44+ 0.01 6.21+0.01
All 6905.646 1 4.022 -1.34M 15.1+ 0.1
6.52+ 0.00
6.51+ 0.00
All 6906.287 2 4.022 -1.160 15.1£ 0.1 36.4+ 0.3
6.35+£0.00 6.33+0.00
6.34+ 0.00 6.30+ 0.01
All 7084.643 2 4.022 -0.99M 21.0+ 0.6 449+ 1.2
6.33+£ 0.01 6.30+0.02
6.32+ 0.01 6.26+0.02
All 7361.568 1 4.022 -0.95M 26.0+ 0.3
6.40+ 0.01
6.38+ 0.01
All 7362.296 2 4.022 -0.780M 36.0+ 0.7 66.0+ 2.9
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Table A.3. continued.
Sun Arcturus HD84937 HD140283 HD122563
Ion A[A] Nr.  Eg loggf VAW W, [mA] W, [mA] WimA] Wi mA] WimA]
A(ADrrE A(ADrrE A(ADrrE A(Al)rTE A(Al)rLTE
AADNere AADNire AADNere A(ADnere A(ADNLTE
6.39+ 0.01 6.39+0.04
6.38+0.01 6.33+0.04
All 7835.309 1 4.022 -0.701 427+ 1.6 67.6x= 1.7
6.41+0.02 6.32+0.02
6.39+0.02 6.23+0.02
All 7836.134 2 4.022 -0.52M 59.1+ 0.7 86.3+ 0.6
6.44+0.01 6.41+0.01
6.42+0.01 6.29+0.01
All 8772.865 1 4.022 -0360  -6.675% 803+24 100.5+1.3
6.37+0.02 6.32+0.02
6.34+0.02 6.16+0.01
All 8773.897 2 4022 -0.18D -6.675® 105.0+0.6 118.3+3.6
6.39+ 0.00 6.36+ 0.04
6.35+0.00 6.17+0.04
All 10768.361 6 4.085 -2.02M
All 10782.045 1 4.087 -1.770 18.0+ 0.2
6.38+ 0.01
6.32+ 0.00
AlT 10872973 4 4.085 -1.33M 18.4+ 0.1 374+ 0.3
6.47+0.00 6.33+0.01
6.45+0.00 6.29+0.01
All 10891.735 6 4.087 -1.03M 353+ 34
6.51+ 0.06
6.49+ 0.06
All  11253.189 1 4.022 0160  -6.970®
All 11254.886 2 4.022 0349 69709
All 12749.835 1 4.022 2270
All 12757.260 1 4.022 -2.520
All 13123406 6 3.143 021D 396.4+5.1 437.8+8.6
6.56+0.01 6.55+0.03
6.47+0.01 6.26+0.04
All 13150.748 4 3.143  -0.09D 384.7+ 5.7
6.58+ 0.03
6.23+ 0.04
All 15968.287 3 4827 -141M
All 16718.957 1 4.085 0.21M 322.0+ 6.4 4152+39 18.9+ 0.4
6.43+0.02 6.53+9.00 3.88+ 0.01
6.36+0.02 6.45+0.02 3.92+ 0.01
All  16750.564 1 4.087 0.46WM 18.1£ 04
3.61+0.01
3.70+ 0.01
All 16763.359 1 4.087 -0.490 160.9+ 7.3 283.4+ 3.7
6.44+0.04 6.52+9.00
6.39+0.04 6.45+0.02
AlTl  17699.092 6 4.673 -1.211 447+ 04
6.23+ 0.00
6.25+ 0.00
All  21093.031 4  4.085 -0.290 332.2+ 3.0
6.53+0.02
6.20+ 0.01
All 21163754 6 4.087 0.01D 396.7+2.2
6.56+ 9.00
6.25+ 0.01
Alll  2669.157 3 0.000 -4.98@ 269+ 0.9 28.7+ 0.5

4.25+0.02 3.83+0.01
4.25+0.02 3.83+0.01
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Table A.3. continued.

Sun Arcturus HD84937 HD140283 HD122563

Ion A[A] Nr.  Eg loggf VAW W, [mA] W, [mA] WimA] Wi mA] WimA]
A(ADrrE A(ADrrE A(ADrrE A(ADrrE A(Al)rLTE
AADnre AADNcte AADNire AADnete A(ADNLTE

AlIl  2816.185 1 7421 -0379

(D Mendoza et al. (1995) @ Tribert et al. (1999) @ Barklem et al. (2000)
@) NIST: G. Tachiev and C. Froese Fischer.
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Table A.4. Fe line list
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Sun Arcturus HD84937 HD140283  HDI122563
Ton A[A]  Nr.  Eo loggf VAW Wi[mA] W,[mA] WilmA] Wi[mA] W,[mA]
A(Fe)rre A(Fe)rte A(Fe)i e AFe)i g A(Fe)rte
Fell 4923921 1 2.891 -1.260 -7.8840 632+ 04  58.6+04 1044+06
2.08+0.01 -2.49+0.01 -2.52+0.01
Fell 4993350 1 2.807 -3.68% -7.804®  398+0.4 1.8+ 0.1 2.1+0.1 6.4+ 0.1
0.01+ 0.01 -1.96+ 0.03  -2.13+0.03 -2.50+ 0.01
Fell 5169.028 1 2.891 -1.000 -7.887® 769+ 1.6  72.9+2.7
2.02+0.03  -2.43+ 0.07
Fell 5197567 1 3230 -2220 _7.880®  83.6+0.6 13.0+ 0.2 10.8+ 0.1 39.0+ 0.3
-0.11+ 0.02 2.12+0.01  -2.43+0.01 -2.49+ 0.01
Fell 5234.623 1 3221 -2.180 -7880®  88.6+13  93.7+1.9 15.7+ 0.2 13502 409+ 04
20.05+0.03 -045+0.10 -2.07+0.00 -236+0.01 -2.51+0.01
Fell 5264802 1 3230 -3.130 -7.875®  486+05  48.0+0.5 2.3+ 0.1 1.5+ 0.1 8.5+ 0.1
0.07+0.02  -0.67+0.02 -2.03+0.02 -2.44+0.03 -2.44+ 0.01
Fell 5316.695 2 3.153 -1.820 .7.886® 33.6+£03  297+02  81.1+06
2.07+0.01 -237+0.00 -2.49+0.01
Fell 5325552 1 3221 -3.160 .7.883®  453+05  46.9+0.8 2.3+ 0.1 1.5+ 0.1 7.1+ 0.1
0.01£0.02 -0.68+0.04 -2.02+0.02 -2.42+0.03 -2.52+0.01
Fell 5414070 1 3221 -3580 _7878®  285+0.3  30.2+03 3.3+ 0.1
-0.01£0.01 -0.70+ 0.02 -2.44+ 0.01
Fell 5425249 1 3200 -3220 .7886®  421+04  44.6+04 2.3+ 0.1 1.5+ 0.1 6.9+ 0.1
-0.06+0.01 -0.74+0.02 -1.99+0.02 -2.38+0.03 -2.50+0.01
Fell 5427816 1 6724 -1.58® -7.890®  54+0.1
0.14+ 0.00
Fell 5991371 1 3.153 -3.65® -7.895®  314+03  36.7+04
0.08+ 0.01  -0.29+ 0.03
Fell 6084.102 1 3200 -3.88® -7.892®  20.7+0.1 25.9+ 0.3 2.0+ 0.1
0.06+ 0.01  -0.34+ 0.02 243+ 0.02
Fell 6149246 1 3.889 -2.84® .7870®  36.0+03  343+0.3 0.9+ 0.1 4.0+ 0.1
0.08+ 0.01  -0.24+ 0.03 233+ 0.05 -2.34+0.01
Fell 6369459 1 2891 4110 -7.899®  194+0.1 25.1+ 0.2 2.6+ 0.1
-0.09+ 0.00 -0.70+ 0.01 -2.48+ 0.02
Fell 6432676 1 2891 -3570 _7899®  40.8+0.3  48.4+03 1.4+ 0.1 8.5+ 0.1
-0.09+ 0.01 -0.59+0.02 -2.16+0.04 -2.49+ 0.01
Fell 6456379 1 3903 -2.18® 7873®  649+04  54.1+05 5.5+ 0.2 3.9+ 0.1 13.7+ 0.2
0.08+0.01 -0.58+0.04 -2.03+0.01 -2.33+0.01 -2.42+0.01
Fell 6516077 1 2.891 -3310 -7.899®

(M Meléndez & Barbuy (2009) @ Raassen & Uylings (1998) ® Barklem & Aspelund-Johansson (2005)
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