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ABSTRACT

We derive atmospheric parameters and chemical abundances in young G-, K-, and M-type stars (temperatures between 6500
and 3100 K) using infrared APOGEE-2 spectra. Atmospheric parameters were determined for 548 young stars in the Orion
complex (Orion A, B, OB1, and A Ori) using the TONALLI code. For 340 slow rotators (vsini < 30 km s™'), we derived C,
Mg, Si, K, Ti, and Fe abundances using 19 atomic lines, MARCS model atmospheres, and BACCHUS. To mitigate the impact of
circumstellar material, we excluded stars with infrared excess identified via 2MASS and WISE photometry. We find subsolar
[X/H] abundance ratios, consistent across elements and among all four groups, suggesting a chemically homogeneous Orion
complex. We computed [«/Fe] from [Mg/Fe], [Si/Fe], and [Ti/Fe], obtaining a median of —0.14 4 0.04, about 0.10 dex lower
than the value for nearby main-sequence stars (—0.04 £ 0.04) at similar [Fe/H]. This result aligns with predictions from Galactic
chemical evolution models. Furthermore, the median [C/H] abundance we derived for Orion agrees with previous estimations
based on the analysis of the ionized gas of the Orion nebula. This work sets the stage for extending the analysis to stars with
circumstellar material and higher rotational velocities, which will not only improve our understanding of Orion, but also provide

critical insight into the formation and evolution of young stars, as well as the chemical evolution of the Milky Way.

Key words: stars: abundances —stars: fundamental parameters — stars: pre-main-sequence — infrared: stars.

1 INTRODUCTION

In recent years, thanks to large-area spectroscopic surveys like
the RAdial Velocity Experiment (RAVE; Steinmetz 2003; Guiglion
et al. 2020), the Large Sky Area Multi-Object Fiber Spectroscopic
Telescope (LAMOST; Cui et al. 2012; Zhao et al. 2012), the Gaia-
ESO (Gilmore et al. 2012), the GALactic Archeology with Hermes
(GALAH; De Silva et al. 2015; Martell et al. 2017), and the Sloan
Digital Sky Survey IV (SDSS-IV; Blanton et al. 2017) APOGEE-2
(Majewski et al. 2017) and SDSS-V (Almeida et al. 2023) Milky
Way Mapper (Kollmeier et al. 2017), we have access to enormous
inventories of stellar spectra with diverse stellar populations. These
and other surveys are designed to provide uniform quality data, with
sufficient signal-to-noise ratio (SNR) and spectral resolution to allow
us the extraction of reliable stellar parameters, like effective temper-
ature (Teg), surface gravity (log g), overall metallicity ((M/H]), age,
and mass.

* E-mail: rlopezv @astro.unam.mx

The core samples of most of the mentioned surveys were stars in
the main sequence or post-main-sequence, with relatively quiescent
photospheres that allow comparing properties of stellar populations
in distinct Galactic components. However, pre-main sequence or
very young stars (age < 300 Myr) are subject to various pro-
cesses that complicate the determination of their properties directly
from their spectra, like high stellar rotation, magnetic activity, and
variability.

The SDSS-IV APOGEE-2 survey, which operates in the H
band (~1.5-1.7um), provides a valuable window into the stellar
photospheres of young stars. This wavelength range is significantly
less affected by interstellar extinction and continuum veiling than
the optical regime, making it especially suitable for studying re-
cently formed stars in nearby star-forming regions. Consequently,
APOGEE-2 data has become an increasingly used tool in the inves-
tigation of young stellar populations (e.g. Cottaar et al. 2014, 2015;
Foster et al. 2015; Fernandez et al. 2017; Roman-Lopes et al. 2019;
Roman-Zuiiga et al. 2023). However, a persistent challenge remains:
the reliable (o < 0.1 dex) determination of chemical abundances in
young stars. Although early studies (e.g. Padgett 1996; Santos et al.
2008) achieved abundance uncertainties slightly above 0.1 dex, they
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were limited by small sample sizes, which prevented more detailed
chemical analyses.

The Orion star-forming region, one of the most studied regions
due to its youth and number of stars (e.g. Blaauw 1964; Brown,
Hartmann & Burton 1995; Stassun et al. 1999; Da Rio et al. 2016,
2017; Kounkel et al. 2018; Hernandez et al. 2023) has been the
focus of ongoing debate regarding its chemical homogeneity. The
answer to this debate is of particular interest in better understanding
and constraining models of the chemical evolution of star-forming
regions. The topic is still open. For example, Cunha & Lambert
(1994) determined the abundance of C, N, O, Si, and Fe for 18 B-type
main-sequence stars located in four groups of different ages. They
found that the abundance of O and Si was higher, up to 40 per cent,
in some of the youngest stars analysed, but found no enrichment in
C, N, or Fe. The authors suggested that the observed trend to the
enrichment of the molecular cloud (where such stars formed) with
the ejecta material of type II supernovae, which is rich in O and Si but
not in C or N. Cunha, Smith & Lambert (1998) found a similar trend
in F and G Orion stars. In contrast, Simén-Diaz (2010) showed that
the Si and O abundances of B stars in four subgroups of Orion OB1
were all consistent with solar values. Later, D’Orazi et al. (2009)
found that stars in the Orion OB1 group show a lower Fe abundance
value than younger, more embedded regions like the Orion nebula
cluster. Subsequent studies of Biazzo et al. (2011, 2012) confirmed,
through the abundance analysis of several elements, that Orion is
consistent with a thin-disc population.

More recently, Kos et al. (2021) revisited the chemical inhomo-
geneity in Orion using a significantly larger sample of GALAH
spectra, consisting of about 300 stars across 15 different stellar
clusters. Their results showed no evidence of self-enrichment in
the A-Ori group relative to the Orion B and Orion OB groups,
suggesting that the Orion complex is chemically homogeneous. It is
important to note that Kos et al. (2021) reported strong correlations
between elemental abundances and T, similar to those found by
Viana Almeida et al. (2009) for Fe. These trends may indicate
unaccounted factors such as stellar variability, departures from Local
Thermodynamic Equilibrium (LTE), model dependencies, inaccurate
atomic data, and line blending.

The present study aims to present the chemical abundances of
young stars in four different groups of Orion through a homogeneous
and consistent method. We take advantage of the quantity and quality
of the near-infrared spectra of the SDSS-IV APOGEE-2 survey,
and our goal is to contribute to the understanding of the chemical
evolution of star-forming regions.

2 ORION SAMPLE

Romadn-Zuiga et al. (2023) presented a catalogue consisting of
3360 young stars, ranging from subsolar to supersolar spectral types,
located in 16 Galactic star-forming regions and young open clusters
observed by the APOGEE-2 survey (Majewski et al. 2017). Romén-
Zuiiga et al. (2023) selected the young stars in this catalogue using a
clustering method that removed most field contamination, yielding a
robust sample of bona fide members of their respective star-forming
regions.

To define our working sample, we retrieved all epoch-combined
1D infrared spectra of the 1861 Orion members identified by Romén-
Ziifiiga et al. (2023) from the APOGEE-2 DR17 public database.’

'We used the apStar spectra downloaded from the SDSS-IV science archive
webapp.
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Young stars often exhibit infrared excesses caused by interstellar
extinction or the presence of a protostellar disc. Both extinction
and disc-related phenomena relate to additional physical processes,
including accretion, magnetic activity, and continuum veiling, that
can significantly affect the determination of atmospheric parameters
and chemical abundances. For instance, continuum veiling is a non-
stellar emission that reduces the depth of photospheric absorption
lines in the spectra of young stars (Joy 1949). In the infrared, veiling
is attributed to excess emission from dust at the inner disc wall’s
sublimation radius (e.g. Natta et al. 2001; Muzerolle et al. 2003) and
to warm gas within that radius (e.g. Fischer et al. 2011).

Determining the veiling is a complex task that lies beyond the
scope of this paper. However, we minimized its impact by identifying
and excluding from our sample those stars exhibiting infrared excess,
following a semi-empirical approach. We collected Two Micron
All-Sky Survey (2MASS) and Wide-field Infrared Survey Explorer
(WISE) photometry for a sample of main-sequence stars brighter than
J < 13. The sample was divided into 15 bins of J-band magnitude,
and a Gaussian function was fitted to the corresponding (K — W3)
colour distributions to determine their expected photospheric flux
values. The results showed that, for bright stars (J < 8 mag), the
photospheric flux remains approximately constant at 0.267 mag.
For stars in the range 8 < J < 13, the photospheric flux is better
described by the following fourth-degree polynomial:

(K — W3)phot =a +bJ +cJ* +dJ* +eJ?, (1

where a = 0.5138,b = —0.2258, ¢ = 0.0713,d = —0.0091, and
e = 0.0004. We looked for the 2MASS (Cutri et al. 2003) and WISE
(Wright et al. 2010) photometry for the young stars of Orion in
the ALLWISE catalogue (Cutri et al. 2013). The ALLWISE catalogue
provides the WISE photometry quality and contamination flags,
which are useful to identify bad WISE data. The quality flag (qph)
measures the quality of the profile fit photometry, based on the SNR
of each band, while the contamination flag (ccf) indicates if the
photometry may be affected by an image artefact. We found that 559
sources had reliable (qph equal to A, B, or C) and unaffected (ccf
= 0) WISE photometry and (K — W3) consistent, within 1.5 times
their respective error, with their corresponding photospheric value.
These stars comprised our final working sample.

Most of our young stars are in the Orion OB1 group (228 stars).
The remaining stars are located mostly uniformly in the A Ori (116),
Orion A (112), and Orion B (103) groups. The spatial distribution of
our young sample is presented in Fig. 1.

3 ATMOSPHERIC PARAMETER
DETERMINATION

In this section, we summarize the methods followed to determine
the atmospheric parameters of the Orion stars. We recommend the
reader see a more detailed explanation about TONALLI in Adame
et al. (2024) and on using TONALLI in a stellar sample of low-mass
main-sequence stars in Lépez-Valdivia et al. (2024).

3.1 TONALLI

To determine the basic atmospheric parameters of our sample, we
employed the code TONALLI (Adame et al. 2024).

In short, TONALLI, which is based on the Asexual Genetic Algo-
rithm of Cantd, Curiel & Martinez-Gémez (2009), randomly selects
a set of stellar parameters and interpolates a synthetic spectrum at
those values using the synthetic spectral grid of Jonsson et al. (2020).
The resulting synthetic spectrum is then rotationally broadened using
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Figure 1. Spatial distribution of the 559 young stars located in the Orion
star-forming region analysed in this work.

the kernel described by Gray (2008), assuming a limb darkening
coefficient of 0.4. Finally, it is compared with the observed spectrum
using a x? statistic. The stellar parameters (including v sini) that
produce the lower x2 values are selected as ‘fathers’ to create the
next generation of synthetic spectra. In the next generation, the
synthetic spectra are created by randomly selecting spectra from a
small vicinity around each father, and these new synthetic spectra are
compared again to the observed spectrum, finding new fathers. The
search vicinity around the fathers decreases in size each generation
until the stop criteria are achieved and the best-fitting spectrum is
found.

The atmospheric parameters fitted by TONALLI are variable, and
they are directly related to the theoretical grid used. In our case, we
fitted the effective temperature (Teg), surface gravity (log g), overall
metallicity ([M/H])?, a-elements enhancement, and the projected
rotational velocity (vsini). The first four atmospheric parameters
are bounded by the limits of the Jonsson et al. (2020) grid, while the
allowed range for v sini is set by the user.

It is important to note that Jonsson et al. (2020) specifically
developed a set of synthetic spectral grids tailored for APOGEE data.
These grids are based on MARCS model atmospheres (Gustafsson
et al. 2008), match the average spectral resolution of APOGEE
observations, and are synthesized at five different microturbulence
velocities (§). For our analysis, we used the grid computed at§ = 2.4
km s~! and explored the full parameter space coverage for Te,
[M/H], and [«/Fe] (see Table 1). For the v sini, we constrained our
fitting procedure to v sin i values between 0 and 50 km s~'. Although
pre-main-sequence stars might have rotational velocities higher than
50 km s~!, their atmospheric parameters and chemical abundance
determinations become more challenging due to the line blending
produced in the spectrum by the rotation.

Regarding log g, we used TEPITZIN, a photometric module incor-
porated in the TONALLI ecosystem, to obtain a photometric log g
value that could be used as a prior (Adame et al., in preparation).
TEPITZIN minimizes the distances between the observed photometric
colours (2MASS and Gaia) and the theoretical ones of the PARSEC

2This value comprises the sum of all metals.
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Table 1. Parameter space of the MARCS synthetic grid used in this

work.

Parameter Range Step

Tesr 3000-8000 K 100 K for Tegr < 4000 K
250 K otherwise

log g 0.0-5.5 dex 0.5 dex

[M/H] —2.50-1.00 dex 0.25 dex

[a/Fe] —0.75-1.00 dex 0.25 dex

pre-main-sequence evolutionary models (Marigo et al. 2017) to
determine a best-fitting photometric log g value. This photometric
log g value serves as the centre of a prior that is given to TONALLIL. To
keep consistent with the rest of the atmospheric parameters, we used
a flat prior of 1 dex of total width, however, the user could choose a
Gaussian or other functional form for this prior.

Most of the young stars of Orion might still be, at least partially,
embedded into their progenitor cloud producing a reddening that
affects their photometry. Reddening would lead to inaccurate log g
photometric values. For this reason, it is necessary to correct the
photometry of our sample before using it in TEPITZIN.

To determine the visual extinction (A,) of our sample, we
implemented the code MASSAGE (Hernandez et al. 2023). MASSAGE
requires temperature, Gaia (Gp, Rp, and Bp), and 2MASS (J and H)
photometry to compute A, by minimizing the differences between
the observed and expected intrinsic colours of Marigo et al. (2017)
affected by reddening. The extinction A, is changed until the best
comparison is found through a x 2 statistic. We determined A, for our
sample, de-reddened their photometry, and then used the extinction
corrected photometry into TEPITIZIN to obtain a prior on log g.

3.2 Atmospheric parameters

Once we have the extinction corrected photometry, we determined
the final atmospheric parameters (and their errors) of our sample
performing 30 repetitions in TONALLI. We used the median (50
percentile) of the posterior distributions as the value of the parameter
analysed. We took the interquartile range of the results as the
associated error® to each parameter.

We discarded from our analysis five stars as their interquartile
range in T is higher than 500 K and six more with interquartile
range in v sini higher than 5 km s~!, as we consider them inaccurate
determinations. We report in Table 2 the atmospheric parameters
found for the remaining 548 young stars of Orion. In Fig. 2, we show
the Kiel diagram (log g versus T.s) for our sample. In general, the
Tesr and log g values found with TONALLI lie in the expected range
for young stellar objects as predicted by the evolutionary tracks of
Marigo et al. (2017).

For most of the objects in our sample, we determined T between
3200 and 6000 K, corresponding approximately to spectral types
M5/M4 to F9 (e.g. Herczeg & Hillenbrand 2014), although we
found some stars with temperatures as high as ~6400 K. Adame
et al. (2024) found that TONALLI is capable of recovering reliable
atmospheric parameters for stars with Ter below ~6200 K. This
behaviour is linked to the theoretical grid of Jonsson et al. (2020),
as at higher T the number of spectral features becomes scarcer,
complicating the fitting process and increasing the sensitivity to grid
degeneracies.

3The interquartile range is defined as the difference between the 75 and 25
percentiles of the posterior distribution.
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Table 2. Descriptive content of the Table of the stellar parameters and
chemical abundances determined in this work. The full table is available
in the electronic version of the paper.

Column name Description

OBJ 2MASS identification number

RA Right ascension (J2000)

Dec Declination (J2000)

25 Effective temperature at percentile 25

t50 Effective temperature at percentile 50

t75 Effective temperature at percentile 75

225 Surface gravity at percentile 25

250 Surface gravity at percentile 50

g75 Surface gravity at percentile 75

m25 Overall metallicity at percentile 25

m50 Overall metallicity at percentile 50

m75 Overall metallicity at percentile 75

a25 Alpha elements abundance at percentile 25
a50 Alpha elements abundance at percentile 50
a75 Alpha elements abundance at percentile 75
v25 Projected rotational velocity at percentile 25
v50 Projected rotational velocity at percentile 50
v75 Projected rotational velocity at percentile 75
CH Mean [C/H] abundance

lowC Lower error in carbon abundance

uppC Upper error in carbon abundance

1C Number of lines used in carbon abundance

determination

Mg H Mean [Mg/H] abundance

lowMg Lower error in magnesium abundance

uppMg Upper error in magnesium abundance

IMg Lines used in magnesium abundance
determination

Si_H Mean [Si/H] abundance

lowSiLLL Lower error in silicon abundance

uppSi Upper error in silicon abundance

1Si Lines used in silicon abundance determination

K_H Mean [K/H] abundance

lowK Lower error in potassium abundance

uppK Upper error in potassium abundance

IK Lines used in potassium abundance
determination

Ti_H Mean [Ti/H] abundance

lowTi Lower error in titanium abundance

uppTi Upper error in titanium abundance

ITi Lines used in titanium abundance
determination

Fe_H Mean [Fe/H] abundance

lowFe Lower error in iron abundance

uppFe Upper error in iron abundance

IFe Lines used in iron abundance determination

vmic Microturbulence velocity

alfa_Fe Alpha-elements to iron abundance ratio

e_alfa_Fe Error in alfa_Fe abundance

Regarding log g, our estimates show a bimodal distribution, with
peaks around ~3.8 and ~4.2 dex, spanning a total range from
approximately 3.3 to 4.6 dex. This bimodality may reflect slight
differences in stellar ages among the four Orion subgroups analysed,
given that log g serves as a proxy for stellar age.

The [M/H] values obtained with TONALLI for the Orion stars are
centred at —0.08 £ 0.12 dex, which is consistent with the solar
metal content within the errors. On the other hand, we found a
mean [«/Fe] for our sample around —0.03 £ 0.06 dex, which is a
value also consistent with the solar value, and it is well below the

Parameters and abundances of YSOs I. Orion 423

grid step of 0.25 dex. The metallicity and a-elements enhancement
estimations are in agreement with recent determinations of Kos et al.
(2021). However, these values should not be considered precise
measurements; instead, they represent approximate global estimates
from the synthetic models that best fit the observed spectra and are
mainly suitable for first-order comparisons. To derive more accurate
abundances, a detailed line-by-line analysis is necessary.

Finally, we identified that 73 per cent of our sample (402 stars)
have projected rotational velocities (vsini) < 35 km s~!, with a
mean value of 20 km s~!. In contrast, a substantial subset of 98 stars
exhibit vsini values between 45 and 50 km s~'. It is important to
emphasize that atmospheric parameters for these high v sini sources
should be interpreted with extreme caution. First, edge effects may
compromise the reliability of the results, as our analysis explores
velocities only up to 50 km s~!. For instance, if a star intrinsically
rotates faster than this limit, TONALLI will be unable to adequately
broaden the synthetic spectrum to match the observed line depths. As
a result, the code compensates by adjusting other parameters, such
as Ter, log g, or [M/H], in an attempt to reproduce shallower lines,
which can lead to anomalous or unphysical values. This effect is not
exclusive to vsini; it applies to all parameters. Once the algorithm
reaches the edge of the parameter space in any dimension, it tends
to compensate by aggressively modifying the remaining parameters,
thereby introducing potential biases. As we show in the next section,
we found that the most objects with v sini between 45 and 50 km
s~! exhibit artificially low [M/H] values. Secondly, increasing v sin i
leads to significant line blending, which degrades our ability to
accurately determine parameters, particularly those with subtler
spectroscopic signatures, such as log g and [M/H]. In these cases, our
derived values should be considered as first-order approximations.
In Fig. 3, we show a portion of the observed spectra overplotted with
the corresponding best-fitting synthetic spectra for three different
Orion stars. These stars have similar values of Ty, log g, [M/H],
and [«/Fe], but significantly different v sini values, highlighting the
challenges in characterizing fast rotators. The fits for the stars with
moderate v sini (upper and middle panels) show excellent agreement
with the observations. In contrast, the star in the bottom panel, which
has a higher rotational velocity, exhibits a noticeably poorer fit. This
example illustrates how high rotation complicates spectral analysis
and may lead to less reliable atmospheric parameters, particularly
for log g and [M/H].

3.3 Comparing TONALLI parameters with literature

We compared our stellar parameters with those from three different
studies: The APOGEE Stellar Parameters and Chemical Abundances
Pipeline in its version corresponding to DR17 (ASPCAP DRI17;
Abdurro’uf et al. 2022), APOGEE Net III (ANet III; Sizemore et al.
2024), and Gaia DR3 (Gaia Collaboration 2023).

The ASPCAP Pipeline used a minimum x? statistic to compare
observed APOGEE spectra to a set of model libraries in a two-step
process that determined stellar parameters and abundances.

On the other hand, ANet III (Sizemore et al. 2024), and its
predecessor (Olney et al. 2020; Sprague et al. 2022), used a deep
convolutional neural network to predict T, log g, and [M/H] based
on previously derived parameters (or ‘labels’) collected for APOGEE
data and other stars in diverse studies.

Finally, the Gaia DR3 (Gaia Collaboration 2023) team estimated
Teir, log g, [M/H], radius, absolute magnitude G, distance and
line-of-sight extinction from low-resolution optical BP/RP spectra,
apparent G magnitude and parallax. They employed a Markov Chain
Monte Carlo (MCMC) algorithm in three different steps to derive the
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Figure 2. Kiel diagrams obtained with TONALLI for the 548 stars of Orion split into the four groups analysed. As a reference, we include, as colour lines,
evolutionary models of Marigo et al. (2017) for solar metallicity at log(Age) = 6.0, 6.4, 6.8, and 7.2, corresponding roughly to 1, 2.5, 6.3, and 15 Myr,
respectively. The numbers enclosed in the parentheses are the sources included in each stellar group.

parameters mentioned above in a self-consistent manner from four
grids of synthetic spectra and a set of PARSEC COLIBRI isochrones
(Tang et al. 2014; Chen et al. 2015; Pastorelli et al. 2020).

Among the three pipelines mentioned above, ANet III focuses
more specifically on the characterization of young stars, producing
parameters that are more adequate for a direct comparison with our
work.

In Fig. 4, we compare our temperature estimates with the studies
mentioned above. We have good agreement with ASPCAP DR17 and
ANet III as we found a mean difference (literature — ours) of 62 =+
213 K and 92 + 238 K, respectively. Both comparisons reveal a sim-
ilar trend: hotter stars exhibit larger discrepancies between studies.
This divergence becomes noticeable for sources with TONALLI T
above 5000 K, where the mean temperature difference reaches 190 £
170 K and 290 + 213 K for ASPCAP DR17 and ANet III, respectively.
In contrast, for stars cooler than 5000 K, the differences are
significantly smaller, just 37 & 90 K and 66 £ 112 K. This behaviour
may stem from the fact that hotter stars have fewer spectral features in
the H-band, making temperature determinations more challenging.
For TONALLI, temperature estimates become less reliable beyond
~6000 K (Lépez-Valdivia et al. 2024). The comparison with ASPCAP
DR17 shows smaller discrepancies, likely due to the use of the same
model atmospheres and observational data. Nevertheless, differences
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in continuum normalization and parameter determination methods
may still introduce variations (though these remain within typical
uncertainties). In contrast, ANet III relies on a machine learning
approach based on the spectroscopic labels of its training set, which
may introduce a systematic offset that contributes to the observed
differences.

However, some Gaia DR3 temperatures are overestimated, in
extreme cases up to 2000 K. This effect might be due to the
degeneracy of the evolutionary tracks for giants and young stars
used in the Gaia determination pipeline.

Regarding log g, we observe systematic trends in the residuals
shown in Fig. 5. Across all three panels, the trend is consistent: at
lower TONALLI log g values, literature estimates tend to be higher by
up to 1.0 dex. This discrepancy decreases as log g approaches ~4.1
dex, at which point the trend inverts, with TONALLI values becoming
higher, up to 0.5 dex, than those reported in the literature. Surface
gravity is arguably the most challenging atmospheric parameter to
determine, as its influence on spectral lines overlaps with that of other
parameters but with subtler effects. Notably, several ASPCAP DR17
log g values cluster at 4.5 dex, which appears slightly too high for
young, low-mass stars. Notably, several ASPCAP DR17 log g values
cluster near 4.5 dex, which would be too high for pre-main sequence
stars; however, it is worth noticing that ASPCAP DR17 is optimized
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Figure 3. Small spectral window of three different observed spectra (grey crosses). In each panel, we overplot the synthetic spectra corresponding to the
best-fitting atmospheric parameters derived with TONALLI. The upper and middle panels show good-quality fits, while in the bottom panel the fit quality

deteriorates as TONALLI approaches the upper v sin i limit of the grid.

for main- and post-main sequence targets. In contrast, Gaia DR3
estimates are more uniformly distributed around ~4.1 dex, yet they
remain on average 0.20 dex higher than our determinations and,
more importantly, higher than expected for the Orion age. Despite
the observed trends, our best agreement is with ANet III, where our
log g values are on average 0.13 dex higher. The points in Fig. 5 are
colour-coded by TONALLI Teg; however, no strong trend is observed.
There is a slight indication that stars with higher log g in ANet
Il and Gaia (middle and right panels) tend to be hotter in our
analysis.

Finally, the [M/H] values exhibit a trend similar to that of log g,
as shown in Fig. 6. We find the best agreement between our [M/H]
values and the ASPCAP DR17 estimates, with our measurements
being, on average, 0.02 £ 0.10 dex higher. In contrast, the [M/H]
values from ANet III for Orion stars are more tightly constrained
around solar metallicity (0.0 £ 0.2 dex), likely due to the spectral
‘labels’ used to train their neural network. Meanwhile, the Gaia
DR3 metallicity estimates show substantial scatter across th e plot.
This high dispersion is likely due to the low spectral resolution
of the BP/RP spectra from which the [M/H] values were derived.
Additionally, the Gaia metallicity estimates appear systematically
too low for the types of sources studied here. Similarly to Fig. 5, we
colour-coded the comparisons in Fig. 6 using TONALLI Te. We found
a mild trend in the ANet III panel, where lower [M/H] values appear

to be associated with hotter stars in our analysis. This behaviour was
previously reported for earlier versions of the ANet algorithm, which
tended to predict lower metallicities for hotter stars (Olney et al.
2020). Although newer versions of the algorithm have improved in
this regard, our results suggest that this issue may still persist to some
extent in young stars.

The atmospheric parameters derived with TONALLI for the Orion
stars span T and log g ranges consistent with expectations from
evolutionary models. However, 22 sources exhibit metallicities below
—0.50 dex, which may be incompatible with the young age of Orion
and the chemical properties of the thin disc stellar population. Among
these sources, nineteen (~86 per cent) have projected rotational
velocities (vsini) exceeding 47 km s~!. In these cases, the actual
stellar rotation may exceed the maximum v sini value allowed in
TONALLI (50 km s~!). As we mentioned before, when this upper
limit is reached, the algorithm struggles to reproduce the observed
spectral line broadening. As a result, it compensates by artificially
lowering the [M/H] in an attempt to match the shallow spectral
features, leading to anomalously low values. As previously noted, the
atmospheric parameters of sources with vsini > 45 km s~! should
be considered with caution and treated as first-order approaches. For
this reason, the low [M/H] values in these high v sini stars are likely
outliers rather than reliable measurements and should be discarded
from further analysis.

MNRAS 543, 420-434 (2025)
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4 CHEMICAL ABUNDANCE DETERMINATION

To determine the chemical abundances of our sample, we used
the atmospheric parameters obtained from TONALLI, the Brussels
automated code to characterize high-accuracy spectra (BACCHUS;
Masseron, Merle & Hawkins 2016), and the reduced spectra of
APOGEE DR17.

MNRAS 543, 420-434 (2025)

BACCHUS, computes on-the-fly synthetic spectra for a range of
abundances that compares to observations on a line-by-line basis.
The version of BACCHUS we used relies on the v15.1 of the 1D LTE
radiative transfer code TURBOSPECTRUM (Plez 2012). To generate
the synthetic spectra we employed a MARCS model atmosphere
grid (Jonsson et al. 2020), the atomic line list of Smith et al. (2021),
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and the molecular line lists for CO, CN, and OH of Li et al. (2015),
Sneden et al. (2014) and Brooke et al. (2016), respectively.

Additionally, to compute a synthetic spectrum model, TURBOSPEC-
TRUM needs to be provided with (or compute) the basic atmospheric
parameters (Ter, log g, [M/H], [a/Fe]), microturbulence velocity,
a convolution parameter, which includes the instrumental and rota-
tional broadening, and a standard solar composition, which in our
case was that of Grevesse, Asplund & Sauval (2007). To derive
chemical abundances, BACCHUS compared, within a 30 A spectral
window, the synthetic and observed spectra through four different
methods, namely, chi2, syn, eqw, and int to find the best AX)*
abundance for each method. In this study, we used the chi2 method,
which minimizes the squared differences between observed and
synthetic spectra. This method is the most balanced among the
four.

For each star in our sample, we used the epoch-combined 1D
APOGEE spectrumS, the TONALLI Te, log g, [M/H], and initially
we used the line lists reported in Lopez-Valdivia et al. (2024) and
Grilo et al. (2024) that allowed us to access to twelve light elements:
C, Na, Mg, Al, Si, K, Ca, Ti, V, Cr, Mn, and Fe.

We left the microturbulence velocity and the convolution pa-
rameter of BACCHUS to vary freely. However, we initialized the
convolution parameter to be equal to v sini value found in TONALLI,
something of great importance, as with this, the convergence ef-
fectiveness of BACCHUS improved. The outcome of this process
was the chemical abundance, together with a quality flag, SNR,
and equivalent width for each atomic line in the line list as well
as a value of microturbulence and convolution parameter for each
star.

4AX) = log (nx/ny) + 12.
SWe used the apStar spectra downloaded from the SDSS-IV science archive
web app (SAW).

4.1 Final abundance and error

To compute the final abundances and their uncertainties, we used the
best-fitting parameters derived with TONALLL. However, since these
parameters have associated uncertainties, we adopted a Monte Carlo
approach to propagate their effects on the abundance determinations.
Specifically, for each star, we repeated the abundance determination
procedure 100 times, each time perturbing the atmospheric parame-
ters (Tegt, log g, [M/H], and v sin i) by randomly sampling values from
a uniform distribution within their respective interquartile ranges
as determined by TONALLI In each iteration, we ran BACCHUS to
compute the abundances for all available atomic lines, but selecting
only lines with a good-fit flag and SNR greater than 100 to ensure
high-quality measurements. As a result, for each star and each
selected atomic line, we obtained a distribution of 100 abundance
values. From this distribution, we adopted the median as the final
abundance estimate and defined the uncertainty as the range between
the minimum and maximum values found across the 100 iterations.

This procedure to obtain the uncertainties on the chemical abun-
dances was time-consuming as BACCHUS is not parallelized. To solve
this, we used the newly created GRID UNAM system, which allows
us to run BACCHUS in a pseudo-parallel way to reduce the computing
time by occupying as many threads available at a given time in a
server grid distributed among various institutions. The Grid UNAM
is a high-performance computing infrastructure that brings together
various units within the National Autonomous University of Mexico
(UNAM) to enable the efficient and collaborative use of computa-
tional and human resources. It operates through a 10 Gbps network
that connects distributed computing and storage systems, offering
both high-performance and high-throughput computing services. Its
heterogeneous infrastructure includes powerful computing clusters
and large-scale data storage supported by the MinlO® platform,

Ohttps:/min.io/
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widely used for handling workloads in machine learning, data
analytics, and scientific applications.

Recently, some studies have found trends between determined
chemical abundances and the stellar parameters, mainly temperature
(e.g. Kos et al. 2021; Grilo et al. 2024; Kos et al. 2025), derived
from spectra of the same or similar spectral resolution. In Kos
et al. (2025), there is an extended discussion on the trends they
found between Te and abundance value in stellar clusters. They
argue that trends between abundance and another stellar parameter
like gravity or vsini might be the result of the relation of these
parameters with T, and that those trends disappear once detrending
is applied to the abundances. Kos et al. (2025) observed two main
behaviours in their analysis, thanks to the fact that they included a
wide range of stars (e.g. giants and dwarfs) of different ages. They
found a monotonic trend between 4800 and ~6800 K, similar to the
behaviour found by Grilo et al. (2024) in FGK dwarfs stars of the
Pleiades. The second trend found by Kos et al. (2025) was for lower
temperature stars, and it is steeper than the first, even showing a
sharp upturn at ~3800 K. Although the origin of the T, -abundance
trends is not clear, there might be multifactorial causes related to
physical processes (e.g. atomic diffusion) and processing issues (e.g.
continuum fitting, linelists, atmospheric models) as suggested by
Kos et al. (2025). Unveiling the nature of these trends is beyond the
scope of this work; however, we favoured the interpretation that these
trends are primarily driven by limitations in the atmospheric models
and linelists. We refer the reader to section 4 of Kos et al. (2025) for a
more detailed discussion on the origin of these trends. As a practical
solution, we identified and excluded from our analysis those atomic
lines that exhibit a significant systematic trend as a function of either
Tt or log g.

We computed the Spearman correlation coefficient (r) to discard
those lines that exhibited a moderate to high linear correlation
between abundance and Tey and abundance and log g. To reinforce
the significance of the r coefficient computed, we randomly varied
the abundance value within its error and recomputed Pearson coef-
ficients. After 300 iterations, we computed a mean r value and the
standard deviation to assess the correlation of the examined atomic
line with Teg and log g. We then selected lines with a weak linear
correlation, corresponding to r &+ o, values within the 0.35 range.
In Fig. 7, as an example, we present the abundance values derived
with BACCHUS for three different carbon lines, plotted as a function
of Tt (left column) and log g (right column). Among the three lines,
only the one identified as C3 (top panels), located at approximately
15784 A, was included in our final analysis, as it exhibits r below
0.35 with both T and log g. In contrast, the C4 and CS5 lines failed to
meet this criterion, with only one of their coefficients falling below
the threshold, and were therefore excluded from further analysis.
We found 19 atomic lines of 6 elements (C, Mg, Si, K, Ti, and Fe)
that met our r value requirement, and those that we included in our
subsequent analysis. In Table 3, we present the basic information of
the atomic lines used in this work. It is important to mention that the
selection threshold of the r coefficients is set arbitrarily, and if we
relaxed it, more lines would meet the criteria; however, abundance
trends might appear in our results.

The exclusion of tendentious lines enhances the robustness of
our abundance determinations, reducing the likelihood that observed
variations arise from the line list itself. This approach enables more
reliable comparisons across different groups or stellar members,
minimizing spurious trends with effective temperature or surface
gravity. While all abundance analyses inherently depend on the
adopted model atmospheres and line lists, our methodology is
designed to mitigate such dependencies. Additionally, although some
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Figure 7. Logarithmic abundance values found with BACCHUS for three
different carbon lines (C3, C4, C5) are shown as a function of T (left)
and log g (right). The number in parentheses indicates the wavelength of each
line, while r represents the mean Spearman correlation coefficient calculated
for the corresponding data set. The red star and dashed line indicate the solar
abundance associated with the line under analysis. Based on our selection
criteria (see the text), only the line identified as C3 was ultimately included
in our analysis.

Table 3. Basic information of the 19 atomic lines used in this study. The last
column is the solar abundance determined using the APOGEE DR17 Vesta
asteroid spectrum.

A Element X log gf  Vander Wals  A(X)vesta
A) (eV)

15784.536 C 9.631 —0.588 —6.99 8.56 + 0.02
15740.716 Mg 5.931 —0.323 —6.84 7.51 £0.06
15879.521 Mg 5946  —2.102 —6.91 7.66 £ 0.02
15884.454 Si 5954  —0.945 —7.11 7.64 £0.02
16060.009 Si 5954  —0.452 -7.07 7.42 +0.02
16094.787 Si 5964  —0.088 —7.10 7.51 £0.05
16215.670 Si 5954  —0.565 —7.21 7.46 £ 0.02
16241.833 Si 5964 —0.762 —7.13 7.50 £ 0.02
16828.159 Si 5984  —1.058 —7.10 7.62 £0.04
15163.067 K 2.670 0.632 —6.82 4.93 £0.02
15168.377 K 2.670 0.441 —6.82 5.06 £ 0.02
16635.158 Ti 2345  —1.771 —7.49 5.05 £ 0.05
15207.526 Fe 5.385 0.067 —-7.21 7.65 £ 0.03
15244.974 Fe 5587 —0.134 —7.01 7.49 £ 0.03
15723.586 Fe 5.621  —0.011 —7.05 7.51 £0.03
15904.324 Fe 6.365 —0.154 —7.19 7.43 £0.02
15920.642 Fe 6.258  —0.011 —7.01 7.45 £0.02
16125.899 Fe 6.351 0.618 —6.91 7.54 £0.03
16316.320 Fe 6.280 0.857 —6.90 7.49 £ 0.03
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elements can exhibit departures from LTE that introduce trends with
T and log g, these effects are expected to be smaller in the near-
infrared, particularly for cool dwarf stars with near-solar metallicity,
than at optical wavelengths (e.g. Osorio et al. 2020; Olander, Heiter
& Kochukhov 2021). To quantify this, we used the publicly available
MPIA non-LTE corrections service (https://gemini-web.mpia.de/),
which compiles results from infrared studies of Mg, Si, Ti, and
Fe (e.g. Bergemann et al. 2012, 2013, 2015). For these elements,
the corrections are negligible (typically <0.02 dex). For potassium,
the corrections are below 0.1 dex (Osorio et al. 2020), which is
comparable to the mean uncertainty in our K abundance (0.06 dex)

4.1.1 [X/H] abundance ratios

We computed [X/H]” ratio for each selected line using the solar
abundance obtained, in the same fashion as our sample, from the
APOGEE DR17 Vesta spectrum (Table 3). We used the 1D solar
atmospheric parameters reported by Adame et al. (2024). If we had
more than one selected line from the same element, we computed
the mean value and propagated the individual errors to obtain a final
uncertainty.

We did not measure the abundances for all the stars of our sample
for three main reasons: (i) the temperature of the star (too hot or cold)
interfered to measure reliably some of the selected atomic lines;
(ii) there were cases where some spectral regions presenting data
reduction issues, and (iii) the v sini of the star was high (>30 km
s71), implying a higher degree of line blending. We also did not
report [X/H] abundance estimations higher than 0.5 dex and lower
than —0.75 dex, as we considered them as values incompatible
with the stellar population we are working with. We measured the
abundance of two or more elements for 340 stars (~62 per cent)
of our sample, that we report along with their respective errors
in Table 2. Additionally, we examined the relationship between
the microturbulence values derived with BACCHUS and the mean
elemental abundances. No strong correlations were found, with
Pearson coefficients ranging from r = —0.29 to —0.07 across all
elements analysed. We also investigated the potential correlation
between vsini and the BACCHUS microturbulence values, again
finding no significant trend. The median BACCHUS microturbulence
in our sample is 1.1 km s~', and individual values for each star are
reported in Table 2.

5 CHEMICAL ABUNDANCES OF ORION

According to our [X/H] abundance ratios, the whole Orion complex
presented subsolar abundances for all six elements studied. This
result aligns with the presence of a negative vertical metallicity
gradient observed in the solar neighbourhood using samples of giant
and hot stars (e.g. Hawkins 2023; Hackshaw et al. 2024). The Orion
star-forming region, located approximately 100-180 pc below the
Galactic mid-plane (e.g. Zucker et al. 2020; GroBschedl et al. 2021),
lies along the Radcliffe Wave (Alves et al. 2020), where similar trends
have been reported. Furthermore, our findings agree with Galactic
disc metallicity maps, which show average metallicities of about —
0.10 to —0.05 dex at the position of our sample (e.g. Poggio et al.
2022; Martinez-Medina, Poggio & Moreno-Hilario 2025). While
most of the aforementioned studies focus on evolved or massive
stars, the agreement with our results based on young, cool stars is

TThe [X/H] = AX)gar — A(X)e, where the A(X) are the BACCHUS
abundances found.
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promising. It suggests that this type of analysis could be extended
to other star-forming regions to further investigate the radial and
vertical metallicity gradients in the Galactic disc.

Fig. 8 shows box plots of our [X/H] values to visually analyse
the abundance ratios in the different Orion groups. As previously
mentioned, the median abundance ratios for all elements are subsolar.
Despite this, most of them show a dispersion that still makes these
ratios consistent with solar abundances.

In terms of comparing the different groups, although there might
be some differences between median abundance values, this was
not significant, and all of them were consistent within their corre-
sponding MAD, suggesting that the Orion complex was chemically
homogeneous in all six elements analysed here (see Table 4). Our
results agreed with Kos et al. (2021), where they also found slightly
subsolar abundances for Orion members and chemical homogeneity.

Comparing chemical abundances across different studies presents
inherent challenges, as methodologies, atmospheric models, and
standard solar scales often differ. In many cases, a calibration to a
common framework is necessary to ensure meaningful comparisons
(e.g. Hinkel et al. 2014). None the less, relative comparisons can still
provide valuable insight.

To place the Orion members in context, we used the sample
from Lopez-Valdivia et al. (2024) as a reference for the chemical
abundances of the solar neighbourhood. This comparison sample
includes G-, K-, and M-type stars with effective temperatures
between 3300 and 6000 K, all located within 100 pc of the Sun.
We adopted the atmospheric parameters reported in that study and
applied the same abundance determination methodology used in this
work to ensure consistency between the two data sets.

The nearby sample is highly diverse, comprising stars with a wide
range of masses and ages. To ensure a homogeneous comparison
between Orion and the solar neighbourhood, we divided both samples
into two Teg bins: stars with Teir < 4000 K (M-type stars), and stars
with temperatures between 4000 and 5000 K (K-type stars). We
also restricted the comparison to stars with [Fe/H] values within
+0.5 dex. These two temperature bins encompass 93 per cent
of the Orion stars for which BACCHUS chemical abundances were
determined.

We compared the Orion [X/H] abundances to those of the solar
neighbourhood and found that the median values are quite similar
between both samples in both Teg bins (see Table 5). This agrees
with previous studies that report remarkable chemical homogeneity
across the solar neighbourhood, based on both nebular and stellar
tracers (Esteban et al. 2022; Méndez-Delgado et al. 2022; Ritchey
et al. 2023).

However, Kolmogorov—Smirnov (KS) tests indicate that the two
populations are statistically different, with very low P(KS) values.
Since the nearby sample contains many more stars than the Orion
sample, we tested whether this difference in sample size might be
responsible for the low KS probabilities. We performed a bootstrap
procedure, randomly drawing subsamples from the nearby popula-
tion with the same number of stars as the Orion sample, and computed
the KS test 10 000 times. We report the median of the resulting P(KS)
distribution in Table 5. The low median P(KS) values persisted,
reinforcing our initial result.

Since both samples were restricted in g and [Fe/H], the observed
differences might be, at least partially, attributed to differences in log
g, which can be interpreted as a proxy for age. For M-type stars, we
found median log g values (and MAD) of 3.86 4 0.17 for Orion and
4.78 £+ 0.05 for the main-sequence stars. This difference is smaller
for K-type stars, where the medians were 4.06 £ 0.13 and 4.68 £
0.04, respectively.
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Figure 8. Boxplot of the [X/H] abundance ratios derived in this work for each Orion group. The box encloses data between the inter-quartile range (IQR) while
the whiskers extend from the box to 1.5xIQR. The orange horizontal line is the median value. The total number of stars for each element is within parentheses.
Our determinations suggest that Orion is chemically homogeneous, as supported by the low MAD shown in Table 4.

Table 4. Median abundance values for each [X/H] and for each Orion group. We present the number of stars included in the computation,#, followed by the

median and median absolute deviation of our [X/H] estimations.

Group [C/H] [Mg/H] [Si/H] [K/H] [Ti/H] [Fe/H]

# X+MAD # ¥+MAD # X+MAD # X+MAD # X+MAD # ¥+MAD
A Ori 74 -0.07+£004 78 -023+006 77 —-0.17£0.07 71 -0.104£0.07 76 —0.17£0.07 79 —0.05=£0.04
Orion A 29 —-0.08x0.03 51 —-027+008 52 —-0.16+0.09 32 —-0.124+0.04 37 —-0.18+0.09 52 —0.06=+0.06
Orion B 43 —-0.04+004 51 -0224+£007 50 —-0.12+£0.09 44 —-0.174+0.07 47 —-0.154£0.07 51 —0.03£0.06
Orion OB 139  —0.06+£0.03 152 —-0.23+0.04 154 -0.14+£0.05 139 —-0.07=£0.06 138 —0.12+£0.06 155 —0.04+0.04

Table 5. Median [X/H] values and MADs for Orion young stars and the main-sequence sample from Lopez-Valdivia et al. (2024), calculated in two
different Tefr bins. Columns 4 and 7 show the median KS test p-values obtained through a bootstrapping procedure comparing both populations. Only
stars in the range —0.5 < [Fe/H] < +0.5 were included in the comparisons.

Tefr < 4000

4000 < Tegr < 5000

[X/H] Orion stars Main-sequence stars P(KS) Orion stars Main-sequence stars P(KS)

C —0.05 £ 0.04 (148) —0.17 £0.11 (327) 2.4e—15 —0.07 £ 0.02 (128) —0.04 +£0.09 (337) 3.3e—06
Mg —0.22 £ 0.06 (183) —0.26 +0.09 (441) 1.6e—03 —0.24 £ 0.04 (137) —0.15 +0.09 (401) 3.5e—12
Si —0.18 £ 0.08 (183) —0.22 £ 0.11 (449) 7.3e—03 —0.12 £ 0.04 (138) —0.10 £ 0.09 (411) 1.5e—05
K —0.13 £ 0.08 (149) —0.02 +0.08 (348) 2.1e—09 —0.08 £ 0.04 (128) —0.06 & 0.08 (404) 1.0e—03
Ti —0.16 £ 0.08 (163) —0.23 £0.10 (418) 1.2e—05 —0.13 £0.07 (127) —0.05 £ 0.10 (400) 1.5e—06
Fe —0.04 £+ 0.05 (188) —0.18 +0.13 (647) 1.1e—17 —0.04 £ 0.04 (139) —0.05 +£0.10 (411) 1.6e—04
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Figure 9. Tinsley—Wallerstein diagram for the Orion members (black
crosses) and the main-sequence stars (grey points) of Lopez-Valdivia et al.
(2024) using the abundances determined in this study for M-type stars (upper
panel) and K-type stars (bottom panel). The [«/Fe] ratio corresponds to
the weighted average of our [Mg/Fe], [Si/Fe], and [Ti/Fe]. The dotted and
dash—dotted lines represent the median value of [«/Fe] for the Orion and
main-sequence stars, respectively. We also included number density contours
for Orion (blue) and the main-sequence stars (grey). Error bars in the lower-
left corner of each panel represent the median uncertainties in the [Fe/H] and
[a/Fe] for Orion stars.

Additionally, using our Mg, Si, and Ti abundance determinations,
we computed [o/Fe] for both samples. We define [a/Fe] as a weighted
average of the [Mg/Fe], [Si/Fe], and [Ti/Fe] abundance ratios. In
this calculation, more weight is given to the measurements with
smaller uncertainties, so that the most precise values contribute more
significantly to the final [«/Fe] estimate. The resulting [«/Fe] values
and their corresponding uncertainties, calculated as the error in the
weighted mean, are listed in Table 2.

For the M-type stars, the median [«/Fe] were —0.14 4= 0.05 and
—0.04 £ 0.06 for Orion and the main-sequence samples, respec-
tively. Similar values were found for the K-type stars: —0.12 £ 0.03
for Orion and —0.05 = 0.03 for the main-sequence stars.

Fig. 9 shows the [Fe/H]-[«/Fe] (Tinsley—Wallerstein) diagram for
both populations. The abundances of the main-sequence stars fall
within the expected locus of thin disc stars (e.g. Neves et al. 2009).
The Orion members, on the other hand, occupy a more constrained
region in this diagram and appear to be shifted toward lower [«/Fe]
and subsolar [Fe/H] values. This may suggest that the interstellar
medium from which these younger stars formed has already been
enriched by the stellar evolution of older stellar generations. From the
evolutionary perspective, the chemical abundance of the interstelar
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medium (ISM) is a better comparison to the abundance of young stars,
as the difference in the evolutionary stage is smaller than with the
main-sequence stars. Moreover, the main-sequence stars of Lépez-
Valdivia et al. (2024) are located at different distances and positions
in the Galaxy, something that might also introduce uncertainties.

Meéndez-Delgado et al. (2022) analysed the radial abundance
gradients of He, C, N, O, Ne, S, Cl, and Ar in the Galaxy using
optical spectra of 42 H 1l regions, including M42 (the Orion Nebula).
They determined a carbon abundance of M42 of 8.34 4 0.02, which
translates to —0.05 £ 0.05, —0.12 £ 0.04, and —0.17 £ 0.09 if
the standard solar composition of Grevesse et al. (2007), Asplund,
Amarsi & Grevesse (2021), or Lodders, Bergemann & Palme (2025)
is adopted. The median [C/H] we have determined for the whole
Orion complex is —0.06 £ 0.03, which agrees, when we take into
account the errors, with the three different values of M42.

It is important to note that the C/H determination by Méndez-
Delgado et al. (2022) in the Orion Nebula is based on the C 11 A4267
recombination line (RL), whose ratio with H g is virtually insensitive
to the physical conditions of the gas. In contrast, the collisionally
excited lines (CELs) C1i] AA1907, 1909, measured in the UV by
Walter, Dufour & Hester (1992), are highly sensitive to the electron
temperature (7,) of the gas, and yield a C/H abundance approximately
~0.4 dex lower (Esteban et al. 2004). The CEL-nebular calculations
are in tension with the stellar abundances reported in this work.

The long-standing discrepancy between abundances derived from
CELs and RLs has been widely debated in the literature (Chen et al.
2023; Méndez-Delgado et al. 2023, 2024a). Determining which of
these two methods yields more accurate chemical abundances is
critical to our understanding of the formation and chemical evolution
of galaxies (Curti 2025). The stellar abundance measurements carried
out by our group may offer crucial insight into this issue, providing
an independent tracer of the true chemical content. The good
agreement between RL-based carbon abundances and those derived
from stellar objects supports the view that RLs may provide more
reliable abundance estimates (Méndez-Delgado et al. 2023), possibly
indicating that internal temperature fluctuations within the ionized
gas (Peimbert 1967), or other physical processes, may systematically
bias CEL-based nebular abundances downward.

The Orion nebula, or M42, is spatially located around the Orion A
group; thus, the stars of this group are a better test bed to sense the
composition differences between the young stars and the H 11 region.
In Fig. 8 (and Table 4), there is a hint that members of the Orion
A group possess a slightly lower carbon abundance than stars in the
other three groups, aligning with the subsolar abundances reported by
Meéndez-Delgado et al. (2022) for M42. The median [C/H] abundance
for Orion A is —0.08 = 0.03, the lowest in absolute value, although
not significant if errors are considered, among all the Orion groups.
This comparison represents a valuable starting point for future studies
combining the APOGEE-2 data with the SDSS-V Local Volume
Mapper, which will provide more and better Galactic ISM spectra. As
we showed, the combination of both surveys gives us the possibility to
do direct comparisons of the composition of gas and young stars for a
specific region, such as in the case of Orion, and helps us to constrain
Galactic chemical evolution models. Additionally, we can investigate
gradients within star-forming regions as well as within the Galaxy
through the characterization of young stars (Hernandez-Aburto et al.,
in preparation), and connect this with the previous determinations
made through the composition of the interstellar medium.

The analysis of multiple chemical elements in stellar parameters
is a rapidly growing area of research, not only within the stellar
community but also in the context of nebular studies. As demon-
strated by Méndez-Delgado et al. (2024b), comparing stellar Fe-
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based metallicities with nebular O-based metallicities, as has been
done by some authors using low-resolution spectra (Bresolin et al.
2016), is not only insufficient, but may also introduce systematic
biases in the interpretation of chemical abundances, particularly in
the broader context of Galaxy evolution.

6 SUMMARY AND REMARK CONCLUSIONS

We determined atmospheric parameters (Teg, log g, [M/H], [a/Fe],
and vsini) for a sample of 548 young stars in the Orion complex,
using the spectral analysis code TONALLI (Adame et al. 2024). These
stars, located in four subgroups (A, B, OB, and A Ori), were selected
based on the absence of infrared excess, identified via their position
in the J—(K — W3) colour—magnitude diagram. This selection min-
imizes the impact of continuum veiling on our parameter estimates.
The atmospheric parameters derived with TONALLI, particularly Teg
and log g, are consistent with evolutionary models for stars at the
age of Orion.

Using these parameters, we then applied the BACCHUS code
(Masseron et al. 2016) to determine the chemical abundances of
C, Mg, Si, K, Ti, and Fe. We obtained reliable abundances for at
least two elements in 340 stars with projected rotational velocities
vsini < 30 km s~!, where line blending does not severely affect the
spectra. In addition, we analysed the spectrum of Vesta to determine
the solar reference abundances used in this study.

The Orion stars exhibit subsolar [X/H] abundance ratios, in
agreement with previous findings (Kos et al. 2021). We also find
chemical homogeneity across the subgroups Orion A, B, A Ori,
and Orion OB in all six elements analysed. To provide context
for the Orion abundances, we determined chemical abundances
for a nearby sample of main-sequence stars, representing the solar
neighbourhood. While the median [X/H] values in Orion are broadly
consistent with those in the solar neighbourhood, a Kolmogorov—
Smirnov (KS) test indicates that the two populations are statistically
distinct.

Among the elements studied, three are w-elements (Mg, Si, Ti),
allowing us to compute [«/Fe] ratios for both the young Orion stars
and the nearby main-sequence sample. We find that Orion members
have systematically lower median [«/Fe] values compared to solar
neighbourhood stars, which may reflect the chemical evolution of
the Galaxy.

Finally, we compared the median carbon abundance in Orion A
with measurements from the Orion Nebula (M42) based on RLs
(Méndez-Delgado et al. 2022). We find good agreement when the
logarithmic abundance in M42 is referenced to the solar value from
Lodders (2003).

The atmospheric parameters and chemical abundances presented
here represent a first step toward a homogeneous chemical char-
acterization of young stars. Future work should aim to include
stars with low to moderate infrared excesses, as well as to explore
chemical abundances in fast rotators. This may be achieved through
spectral deblending techniques and/or higher spectral resolution.
These populations — stars with infrared excess and high rotation rates
— represent a substantial fraction of the young stellar population in
Orion and are essential for achieving a comprehensive understanding
of the region’s chemical evolution.
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