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A B S T R A C T 

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 λ Ori) using the TONALLI code. For 340 slow rotators ( v sin i ≤ 30 km s−1 ), 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 [ α/Fe] from [Mg/Fe], [Si/Fe], and [Ti/Fe], obtaining a median of −0 . 14 ± 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. 
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 I N T RO D U C T I O N  

n recent years, thanks to large-area spectroscopic surveys like
he RAdial Velocity Experiment (RAVE; Steinmetz 2003 ; Guiglion
t al. 2020 ), the Large Sky Area Multi-Object Fiber Spectroscopic
elescope (LAMOST; Cui et al. 2012 ; Zhao et al. 2012 ), the Gaia -
SO (Gilmore et al. 2012 ), the GALactic Archeology with Hermes

GALAH; De Silva et al. 2015 ; Martell et al. 2017 ), and the Sloan
igital Sky Survey IV (SDSS-IV; Blanton et al. 2017 ) APOGEE-2

Majewski et al. 2017 ) and SDSS-V (Almeida et al. 2023 ) Milky
ay Mapper (Kollmeier et al. 2017 ), we have access to enormous

nventories of stellar spectra with diverse stellar populations. These
nd other surveys are designed to provide uniform quality data, with
ufficient signal-to-noise ratio (SNR) and spectral resolution to allow
s the extraction of reliable stellar parameters, like effective temper-
ture (Teff ), surface gravity (log g), overall metallicity ([M/H]), age,
nd mass. 
 E-mail: rlopezv@astro.unam.mx 
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Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), whi

er 2025
The core samples of most of the mentioned surveys were stars in
he main sequence or post-main-sequence, with relatively quiescent
hotospheres that allow comparing properties of stellar populations
n distinct Galactic components. However, pre-main sequence or
ery young stars (age < 300 Myr) are subject to various pro-
esses that complicate the determination of their properties directly
rom their spectra, like high stellar rotation, magnetic activity, and
ariability. 

The SDSS-IV APOGEE-2 survey, which operates in the H 

and ( ∼1.5–1.7μm), provides a valuable window into the stellar
hotospheres of young stars. This wavelength range is significantly
ess affected by interstellar extinction and continuum veiling than
he optical regime, making it especially suitable for studying re-
ently formed stars in nearby star-forming regions. Consequently,
POGEE-2 data has become an increasingly used tool in the inves-

igation of young stellar populations (e.g. Cottaar et al. 2014 , 2015 ;
oster et al. 2015 ; Fernandez et al. 2017 ; Roman-Lopes et al. 2019 ;
omán-Zú˜ niga et al. 2023 ). However, a persistent challenge remains:

he reliable ( σ � 0 . 1 dex) determination of chemical abundances in
oung stars. Although early studies (e.g. Padgett 1996 ; Santos et al.
008 ) achieved abundance uncertainties slightly above 0.1 dex, they
© The Author(s) 2025.
y. This is an Open Access article distributed under the terms of the Creative
ch permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited.
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ere limited by small sample sizes, which prevented more detailed 
hemical analyses. 

The Orion star-forming region, one of the most studied regions 
ue to its youth and number of stars (e.g. Blaauw 1964 ; Brown,
artmann & Burton 1995 ; Stassun et al. 1999 ; Da Rio et al. 2016 ,
017 ; Kounkel et al. 2018 ; Hernández et al. 2023 ) has been the
ocus of ongoing debate regarding its chemical homogeneity. The 
nswer to this debate is of particular interest in better understanding 
nd constraining models of the chemical evolution of star-forming 
egions. The topic is still open. For example, Cunha & Lambert 
 1994 ) determined the abundance of C, N, O, Si, and Fe for 18 B-type
ain-sequence stars located in four groups of different ages. They 

ound that the abundance of O and Si was higher, up to 40 per cent,
n some of the youngest stars analysed, but found no enrichment in
, N, or Fe. The authors suggested that the observed trend to the
nrichment of the molecular cloud (where such stars formed) with 
he ejecta material of type II supernovae, which is rich in O and Si but
ot in C or N. Cunha, Smith & Lambert ( 1998 ) found a similar trend
n F and G Orion stars. In contrast, Simón-Dı́az ( 2010 ) showed that
he Si and O abundances of B stars in four subgroups of Orion OB1
ere all consistent with solar values. Later, D’Orazi et al. ( 2009 )

ound that stars in the Orion OB1 group show a lower Fe abundance
alue than younger, more embedded regions like the Orion nebula 
luster. Subsequent studies of Biazzo et al. ( 2011 , 2012 ) confirmed,
hrough the abundance analysis of several elements, that Orion is 
onsistent with a thin-disc population. 

More recently, Kos et al. ( 2021 ) revisited the chemical inhomo-
eneity in Orion using a significantly larger sample of GALAH 

pectra, consisting of about 300 stars across 15 different stellar 
lusters. Their results showed no evidence of self-enrichment in 
he λ-Ori group relative to the Orion B and Orion OB groups,
uggesting that the Orion complex is chemically homogeneous. It is 
mportant to note that Kos et al. ( 2021 ) reported strong correlations
etween elemental abundances and Teff , similar to those found by 
iana Almeida et al. ( 2009 ) for Fe. These trends may indicate
naccounted factors such as stellar variability, departures from Local 
hermodynamic Equilibrium (LTE), model dependencies, inaccurate 
tomic data, and line blending. 

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

 O R I O N  SAMPLE  

omán-Zú˜ niga et al. ( 2023 ) presented a catalogue consisting of
360 young stars, ranging from subsolar to supersolar spectral types, 
ocated in 16 Galactic star-forming regions and young open clusters 
bserved by the APOGEE-2 survey (Majewski et al. 2017 ). Román- 
ú˜ niga et al. ( 2023 ) selected the young stars in this catalogue using a
lustering method that removed most field contamination, yielding a 
obust sample of bona fide members of their respective star-forming 
egions. 

To define our working sample, we retrieved all epoch-combined 
D infrared spectra of the 1861 Orion members identified by Román- 
ú˜ niga et al. ( 2023 ) from the APOGEE-2 DR17 public database. 1 
 We used the apStar spectra downloaded from the SDSS-IV science archive 
ebapp. 
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25
oung stars often exhibit infrared excesses caused by interstellar 
xtinction or the presence of a protostellar disc. Both extinction 
nd disc-related phenomena relate to additional physical processes, 
ncluding accretion, magnetic activity, and continuum veiling, that 
an significantly affect the determination of atmospheric parameters 
nd chemical abundances. For instance, continuum veiling is a non- 
tellar emission that reduces the depth of photospheric absorption 
ines in the spectra of young stars (Joy 1949 ). In the infrared, veiling
s attributed to excess emission from dust at the inner disc wall’s
ublimation radius (e.g. Natta et al. 2001 ; Muzerolle et al. 2003 ) and
o warm gas within that radius (e.g. Fischer et al. 2011 ). 

Determining the veiling is a complex task that lies beyond the
cope of this paper. However, we minimized its impact by identifying
nd excluding from our sample those stars exhibiting infrared excess, 
ollowing a semi-empirical approach. We collected Two Micron 
ll-Sky Survey (2MASS) and Wide-field Infrared Survey Explorer 

WISE) photometry for a sample of main-sequence stars brighter than 
 < 13. The sample was divided into 15 bins of J -band magnitude,
nd a Gaussian function was fitted to the corresponding ( K − W 3)
olour distributions to determine their expected photospheric flux 
alues. The results showed that, for bright stars ( J < 8 mag), the
hotospheric flux remains approximately constant at 0.267 mag. 
or stars in the range 8 < J < 13, the photospheric flux is better
escribed by the following fourth-degree polynomial: 

 K − W 3)phot = a + bJ + cJ 2 + dJ 3 + eJ 4 , (1) 

here a = 0 . 5138 , b = −0 . 2258 , c = 0 . 0713 , d = −0 . 0091, and
 = 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
he ALLWISE catalogue (Cutri et al. 2013 ). The ALLWISE catalogue
rovides the WISE photometry quality and contamination flags, 
hich are useful to identify bad WISE data. The quality flag (qph)
easures the quality of the profile fit photometry, based on the SNR

f each band, while the contamination flag (ccf) indicates if the
hotometry may be affected by an image artefact. We found that 559
ources had reliable (qph equal to A, B, or C) and unaffected (ccf
 0) WISE photometry and ( K − W 3) consistent, within 1.5 times

heir respective error, with their corresponding photospheric value. 
hese stars comprised our final working sample. 
Most of our young stars are in the Orion OB1 group (228 stars).

he remaining stars are located mostly uniformly in the λ Ori (116),
rion A (112), and Orion B (103) groups. The spatial distribution of
ur young sample is presented in Fig. 1 . 

 ATMO SPH ER IC  PARAMETER  

ETERMI NATI ON  

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

.1 TONALLI 

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

In short, TONALLI , which is based on the Asexual Genetic Algo-
ithm of Cantó, Curiel & Martı́nez-Gómez ( 2009 ), randomly selects
 set of stellar parameters and interpolates a synthetic spectrum at
hose values using the synthetic spectral grid of Jönsson et al. ( 2020 ).
he resulting synthetic spectrum is then rotationally broadened using 
MNRAS 543, 420–434 (2025)
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Figure 1. Spatial distribution of the 559 young stars located in the Orion 
star-forming region analysed in this work. 
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Table 1. Parameter space of the MARCS synthetic grid used in this 
work. 

Parameter Range Step 

Teff 3000–8000 K 100 K for Teff ≤ 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 
[ α/Fe] −0.75–1.00 dex 0.25 dex 
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he kernel described by Gray ( 2008 ), assuming a limb darkening
oefficient of 0.4. Finally, it is compared with the observed spectrum
sing a χ2 statistic. The stellar parameters (including v sin i) that
roduce the lower χ2 values are selected as ‘fathers’ to create the
ext generation of synthetic spectra. In the next generation, the
ynthetic spectra are created by randomly selecting spectra from a
mall vicinity around each father, and these new synthetic spectra are
ompared again to the observed spectrum, finding new fathers. The
earch vicinity around the fathers decreases in size each generation
ntil the stop criteria are achieved and the best-fitting spectrum is
ound. 

The atmospheric parameters fitted by TONALLI are variable, and
hey are directly related to the theoretical grid used. In our case, we
tted the effective temperature (Teff ), surface gravity (log g ), overall
etallicity ([M/H]) 2 , α-elements enhancement, and the projected

otational velocity ( v sin i). The first four atmospheric parameters
re bounded by the limits of the Jönsson et al. ( 2020 ) grid, while the
llowed range for v sin i is set by the user. 

It is important to note that Jönsson et al. ( 2020 ) specifically
eveloped a set of synthetic spectral grids tailored for APOGEE data.
hese grids are based on MARCS model atmospheres (Gustafsson
t al. 2008 ), match the average spectral resolution of APOGEE
bservations, and are synthesized at five different microturbulence
elocities ( ξ ). For our analysis, we used the grid computed at ξ = 2 . 4
m s−1 and explored the full parameter space coverage for Teff ,
M/H], and [ α/Fe] (see Table 1 ). For the v sin i, we constrained our
tting procedure to v sin i values between 0 and 50 km s−1 . Although
re-main-sequence stars might have rotational velocities higher than
0 km s−1 , their atmospheric parameters and chemical abundance
eterminations become more challenging due to the line blending
roduced in the spectrum by the rotation. 
Regarding log g , we used TEPITZIN , a photometric module incor-

orated in the TONALLI ecosystem, to obtain a photometric log g
alue that could be used as a prior (Adame et al., in preparation).
EPITZIN minimizes the distances between the observed photometric
olours (2MASS and Gaia ) and the theoretical ones of the PARSEC
NRAS 543, 420–434 (2025)

 This value comprises the sum of all metals. 

3

p

re-main-sequence evolutionary models (Marigo et al. 2017 ) to
etermine a best-fitting photometric log g value. This photometric
og g value serves as the centre of a prior that is given to TONALLI . To
eep consistent with the rest of the atmospheric parameters, we used
 flat prior of 1 dex of total width, however, the user could choose a
aussian or other functional form for this prior. 
Most of the young stars of Orion might still be, at least partially,

mbedded into their progenitor cloud producing a reddening that
ffects their photometry. Reddening would lead to inaccurate log g
hotometric values. For this reason, it is necessary to correct the
hotometry of our sample before using it in TEPITZIN . 
To determine the visual extinction ( Av ) of our sample, we

mplemented the code MASSAGE (Hernández et al. 2023 ). MASSAGE

equires temperature, Gaia (Gp, Rp, and Bp), and 2MASS (J and H)
hotometry to compute Av by minimizing the differences between
he observed and expected intrinsic colours of Marigo et al. ( 2017 )
ffected by reddening. The extinction Av is changed until the best
omparison is found through a χ2 statistic. We determined Av for our
ample, de-reddened their photometry, and then used the extinction
orrected photometry into TEPITIZIN to obtain a prior on log g . 

.2 Atmospheric parameters 

nce we have the extinction corrected photometry, we determined
he final atmospheric parameters (and their errors) of our sample
erforming 30 repetitions in TONALLI . We used the median (50
ercentile) of the posterior distributions as the value of the parameter
nalysed. We took the interquartile range of the results as the
ssociated error 3 to each parameter. 

We discarded from our analysis five stars as their interquartile
ange in T eff is higher than 500 K and six more with interquartile
ange in v sin i higher than 5 km s−1 , as we consider them inaccurate
eterminations. We report in Table 2 the atmospheric parameters
ound for the remaining 548 young stars of Orion. In Fig. 2 , we show
he Kiel diagram (log g versus Teff ) for our sample. In general, the
eff and log g values found with TONALLI lie in the expected range

or young stellar objects as predicted by the evolutionary tracks of
arigo et al. ( 2017 ). 
For most of the objects in our sample, we determined Teff between

200 and 6000 K, corresponding approximately to spectral types
5/M4 to F9 (e.g. Herczeg & Hillenbrand 2014 ), although we

ound some stars with temperatures as high as ∼6400 K. Adame
t al. ( 2024 ) found that TONALLI is capable of recovering reliable
tmospheric parameters for stars with Teff below ∼6200 K. This
ehaviour is linked to the theoretical grid of Jönsson et al. ( 2020 ),
s at higher Teff the number of spectral features becomes scarcer,
omplicating the fitting process and increasing the sensitivity to grid
egeneracies. 
 The interquartile range is defined as the difference between the 75 and 25 
ercentiles 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) 
t25 Effective temperature at percentile 25 
t50 Effective temperature at percentile 50 
t75 Effective temperature at percentile 75 
g25 Surface gravity at percentile 25 
g50 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 
C H Mean [C/H] abundance 
lowC Lower error in carbon abundance 
uppC Upper error in carbon abundance 
lC 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 
lMg Lines used in magnesium abundance 

determination 
Si H Mean [Si/H] abundance 
lowSiLLL Lower error in silicon abundance 
uppSi Upper error in silicon abundance 
lSi Lines used in silicon abundance determination 
K H Mean [K/H] abundance 
lowK Lower error in potassium abundance 
uppK Upper error in potassium abundance 
lK Lines used in potassium abundance 

determination 
Ti H Mean [Ti/H] abundance 
lowTi Lower error in titanium abundance 
uppTi Upper error in titanium abundance 
lTi Lines used in titanium abundance 

determination 
Fe H Mean [Fe/H] abundance 
lowFe Lower error in iron abundance 
uppFe Upper error in iron abundance 
lFe 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 
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Regarding log g , our estimates show a bimodal distribution, with 
eaks around ∼3.8 and ∼4.2 dex, spanning a total range from
pproximately 3.3 to 4.6 dex. This bimodality may reflect slight 
ifferences in stellar ages among the four Orion subgroups analysed, 
iven that log g serves as a proxy for stellar age. 
The [M/H] values obtained with TONALLI for the Orion stars are 

entred at −0 . 08 ± 0.12 dex, which is consistent with the solar
etal content within the errors. On the other hand, we found a
ean [ α/Fe] for our sample around −0 . 03 ± 0.06 dex, which is a

alue also consistent with the solar value, and it is well below the
rid step of 0.25 dex. The metallicity and α-elements enhancement 
stimations are in agreement with recent determinations of Kos et al.
 2021 ). However, these values should not be considered precise
easurements; instead, they represent approximate global estimates 

rom the synthetic models that best fit the observed spectra and are
ainly suitable for first-order comparisons. To derive more accurate 

bundances, a detailed line-by-line analysis is necessary. 
Finally, we identified that 73 per cent of our sample (402 stars)

ave projected rotational velocities ( v sin i) ≤ 35 km s−1 , with a
ean value of 20 km s−1 . In contrast, a substantial subset of 98 stars

xhibit v sin i values between 45 and 50 km s−1 . It is important to
mphasize that atmospheric parameters for these high v sin i sources 
hould be interpreted with extreme caution. First, edge effects may 
ompromise the reliability of the results, as our analysis explores 
elocities only up to 50 km s−1 . For instance, if a star intrinsically
otates faster than this limit, TONALLI will be unable to adequately 
roaden the synthetic spectrum to match the observed line depths. As
 result, the code compensates by adjusting other parameters, such 
s Teff , log g , or [M/H], in an attempt to reproduce shallower lines,
hich can lead to anomalous or unphysical values. This effect is not

xclusive to v sin i; it applies to all parameters. Once the algorithm
eaches the edge of the parameter space in any dimension, it tends
o compensate by aggressively modifying the remaining parameters, 
hereby introducing potential biases. As we show in the next section,
e found that the most objects with v sin i between 45 and 50 km

−1 exhibit artificially low [M/H] values. Secondly, increasing v sin i 
eads to significant line blending, which degrades our ability to 
ccurately determine parameters, particularly those with subtler 
pectroscopic signatures, such as log g and [M/H]. In these cases, our 
erived values should be considered as first-order approximations. 
n Fig. 3 , we show a portion of the observed spectra overplotted with
he corresponding best-fitting synthetic spectra for three different 
rion stars. These stars have similar values of Teff , log g , [M/H], 

nd [ α/Fe], but significantly different v sin i values, highlighting the 
hallenges in characterizing fast rotators. The fits for the stars with
oderate v sin i (upper and middle panels) show excellent agreement 
ith the observations. In contrast, the star in the bottom panel, which
as a higher rotational velocity, exhibits a noticeably poorer fit. This
xample illustrates how high rotation complicates spectral analysis 
nd may lead to less reliable atmospheric parameters, particularly 
or log g and [M/H]. 

.3 Comparing TONALLI parameters with literature 

e compared our stellar parameters with those from three different 
tudies: The APOGE E Stellar Parameters and Chemical Abundances 
ipeline in its version corresponding to DR17 ( ASPCAP DR17 ;
bdurro’uf et al. 2022 ), APOGEE Net III (ANet III; Sizemore et al.
024 ), and Gaia DR3 (Gaia Collaboration 2023 ). 
The ASPCAP Pipeline used a minimum χ2 statistic to compare 

bserved APOGEE spectra to a set of model libraries in a two-step
rocess that determined stellar parameters and abundances. 
On the other hand, ANet III (Sizemore et al. 2024 ), and its

redecessor (Olney et al. 2020 ; Sprague et al. 2022 ), used a deep
onvolutional neural network to predict Teff , log g , and [M/H] based 
n previously derived parameters (or ‘labels’) collected for APOGEE 

ata and other stars in diverse studies. 
Finally, the Gaia DR3 (Gaia Collaboration 2023 ) team estimated 

eff , log g , [M/H], radius, absolute magnitude G , distance and 
ine-of-sight extinction from low-resolution optical BP /RP spectra, 
pparent G magnitude and parallax. They employed a Markov Chain 
onte Carlo (MCMC) algorithm in three different steps to derive the
MNRAS 543, 420–434 (2025)
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M

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. 
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arameters mentioned above in a self-consistent manner from four
rids 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
ore specifically on the characterization of young stars, producing

arameters that are more adequate for a direct comparison with our
ork. 
In Fig. 4 , we compare our temperature estimates with the studies
entioned above. We have good agreement with ASPCAP DR17 and
Net III as we found a mean difference (literature – ours) of 62 ±
13 K and 92 ± 238 K, respectively. Both comparisons reveal a sim-
lar trend: hotter stars exhibit larger discrepancies between studies.
his divergence becomes noticeable for sources with TONALLI Teff 

bove 5000 K, where the mean temperature difference reaches 190 ±
70 K and 290 ± 213 K for ASPCAP DR17 and ANet III, respectively.
n contrast, for stars cooler than 5000 K, the differences are
ignificantly smaller, just 37 ± 90 K and 66 ± 112 K. This behaviour
ay stem from the fact that hotter stars have fewer spectral features in

he H -band, making temperature determinations more challenging.
or TONALLI , temperature estimates become less reliable beyond
6000 K (López-Valdivia et al. 2024 ). The comparison with ASPCAP

R17 shows smaller discrepancies, likely due to the use of the same
odel atmospheres and observational data. Nevertheless, differences
NRAS 543, 420–434 (2025)
n continuum normalization and parameter determination methods
ay still introduce variations (though these remain within typical

ncertainties). In contrast, ANet III relies on a machine learning
pproach based on the spectroscopic labels of its training set, which
ay introduce a systematic offset that contributes to the observed

ifferences. 
However, some Gaia DR3 temperatures are overestimated, in

xtreme cases up to 2000 K. This effect might be due to the
egeneracy of the evolutionary tracks for giants and young stars
sed in the Gaia determination pipeline. 
Regarding log g , we observe systematic trends in the residuals

hown in Fig. 5 . Across all three panels, the trend is consistent: at
ower TONALLI log g values, literature estimates tend to be higher by
p to 1.0 dex. This discrepancy decreases as log g approaches ∼4.1
ex, at which point the trend inverts, with TONALLI values becoming
igher, up to 0.5 dex, than those reported in the literature. Surface
ravity is arguably the most challenging atmospheric parameter to
etermine, as its influence on spectral lines overlaps with that of other
arameters but with subtler effects. Notably, several ASPCAP DR17
og g values cluster at 4.5 dex, which appears slightly too high for
oung, low-mass stars. Notably, several ASPCAP DR17 log g values
luster near 4.5 dex, which would be too high for pre-main sequence
tars; 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. 
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or main- and post-main sequence targets. In contrast, Gaia DR3 
stimates are more uniformly distributed around ∼4.1 dex, yet they 
emain on average 0.20 dex higher than our determinations and, 
ore importantly, higher than expected for the Orion age. Despite 

he observed trends, our best agreement is with ANet III, where our
og g values are on average 0.13 dex higher. The points in Fig. 5 are
olour-coded by TONALLI Teff ; however, no strong trend is observed. 
here is a slight indication that stars with higher log g in ANet 

II and Gaia (middle and right panels) tend to be hotter in our
nalysis. 

Finally, the [M/H] values exhibit a trend similar to that of log g, 
s shown in Fig. 6 . We find the best agreement between our [M/H]
alues and the ASPCAP DR17 estimates, with our measurements 
eing, on average, 0.02 ± 0.10 dex higher. In contrast, the [M/H]
alues from ANet III for Orion stars are more tightly constrained 
round solar metallicity (0.0 ± 0.2 dex), likely due to the spectral 
labels’ used to train their neural network. Meanwhile, the Gaia 
R3 metallicity estimates show substantial scatter across th e plot. 
his high dispersion is likely due to the low spectral resolution 
f the BP / RP spectra from which the [M/H] values were derived. 
dditionally, the Gaia metallicity estimates appear systematically 

oo low for the types of sources studied here. Similarly to Fig. 5 , we
olour-coded the comparisons in Fig. 6 using TONALLI Teff . We found 
 mild trend in the ANet III panel, where lower [M/H] values appear
o be associated with hotter stars in our analysis. This behaviour was
reviously reported for earlier versions of the ANet algorithm, which 
ended to predict lower metallicities for hotter stars (Olney et al.
020 ). Although newer versions of the algorithm have improved in
his regard, our results suggest that this issue may still persist to some
xtent in young stars. 

The atmospheric parameters derived with TONALLI for the Orion 
tars span Teff and log g ranges consistent with expectations from 

volutionary models. However, 22 sources exhibit metallicities below 

0 . 50 dex, which may be incompatible with the young age of Orion
nd the chemical properties of the thin disc stellar population. Among
hese sources, nineteen ( ∼86 per cent) have projected rotational 
elocities ( v sin i) exceeding 47 km s−1 . In these cases, the actual
tellar rotation may exceed the maximum v sin i value allowed in 
ONALLI (50 km s−1 ). As we mentioned before, when this upper
imit is reached, the algorithm struggles to reproduce the observed 
pectral line broadening. As a result, it compensates by artificially 
owering the [M/H] in an attempt to match the shallow spectral
eatures, leading to anomalously low values. As previously noted, the 
tmospheric parameters of sources with v sin i ≥ 45 km s−1 should 
e considered with caution and treated as first-order approaches. For 
his reason, the low [M/H] values in these high v sin i stars are likely
utliers rather than reliable measurements and should be discarded 
rom further analysis. 
MNRAS 543, 420–434 (2025)
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Figure 4. Comparison of the TONALLI Teff with the calibrated estimates of ASPCAP DR17 (Abdurro’uf et al. 2022 ), ANet III (Sizemore et al. 2024 ), and Gaia 
DR3 (Gaia Collaboration 2023 ). The number within the parenthesis is the stars included in each comparison. The lower panels are the differences between the 
literature and our estimates. 

Figure 5. The same as Fig. 4 but for log g . The points are colour-coded by TONALLI Teff . 
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 C H E M I C A L  A BU N DA N C E  DETERMINATION  

o determine the chemical abundances of our sample, we used
he atmospheric parameters obtained from TONALLI , the Brussels
utomated code to characterize high-accuracy spectra ( BACCHUS ;
asseron, Merle & Hawkins 2016 ), and the reduced spectra of
POGEE DR17 . 
NRAS 543, 420–434 (2025)
BACCHUS , computes on-the-fly synthetic spectra for a range of
bundances that compares to observations on a line-by-line basis.
he version of BACCHUS we used relies on the v15.1 of the 1D LTE

adiative transfer code TURBOSPECTRUM (Plez 2012 ). To generate
he synthetic spectra we employed a MARCS model atmosphere
rid (Jönsson et al. 2020 ), the atomic line list of Smith et al. ( 2021 ),
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Figure 6. The same as Fig. 4 but for [M/H]. The points are colour-coded by TONALLI Teff . 
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nd the molecular line lists for CO, CN, and OH of Li et al. ( 2015 ),
neden et al. ( 2014 ) and Brooke et al. ( 2016 ), respectively. 
Additionally, to compute a synthetic spectrum model , TURBOSPEC- 

RUM needs to be provided with (or compute) the basic atmospheric 
arameters (Teff , log g , [M/H], [ α/Fe]), microturbulence velocity, 
 convolution parameter, which includes the instrumental and rota- 
ional broadening, and a standard solar composition, which in our 
ase was that of Grevesse, Asplund & Sauval ( 2007 ). To derive
hemical abundances, BACCHUS compared, within a 30 Å spectral 
indow, the synthetic and observed spectra through four different 
ethods, namely, chi2 , syn , eqw , and int to find the best A(X) 4 

bundance for each method. In this study, we used the chi2 method,
hich minimizes the squared differences between observed and 

ynthetic spectra. This method is the most balanced among the 
our. 

For each star in our sample, we used the epoch-combined 1D 

POGEE spectrum 

5 , the TONALLI Teff , log g , [M/H], and initially 
e used the line lists reported in López-Valdivia et al. ( 2024 ) and
rilo et al. ( 2024 ) that allowed us to access to twelve light elements:
, Na, Mg, Al, Si, K, Ca, Ti, V, Cr, Mn, and Fe. 
We left the microturbulence velocity and the convolution pa- 

ameter of BACCHUS to vary freely. However, we initialized the 
onvolution parameter to be equal to v sin i value found in TONALLI ,
omething of great importance, as with this, the convergence ef- 
ectiveness of BACCHUS improved. The outcome of this process 
as the chemical abundance, together with a quality flag, SNR, 

nd equivalent width for each atomic line in the line list as well
s a value of microturbulence and convolution parameter for each 

tar. 

 A(X) = log ( nX / nH ) + 12. 
 We used the apStar spectra downloaded from the SDSS-IV science archive 
eb app (SAW). 

b
h
a

6

ber 202
.1 Final abundance and error 

o compute the final abundances and their uncertainties, we used the
est-fitting parameters derived with TONALLI . However, since these 
arameters have associated uncertainties, we adopted a Monte Carlo 
pproach to propagate their effects on the abundance determinations. 
pecifically, for each star, we repeated the abundance determination 
rocedure 100 times, each time perturbing the atmospheric parame- 
ers (Teff , log g , [M/H], and v sin i) by randomly sampling values from
 uniform distribution within their respective interquartile ranges 
s determined by TONALLI . In each iteration, we ran BACCHUS to
ompute the abundances for all available atomic lines, but selecting 
nly lines with a good-fit flag and SNR greater than 100 to ensure
igh-quality measurements. As a result, for each star and each 
elected atomic line, we obtained a distribution of 100 abundance 
alues. From this distribution, we adopted the median as the final
bundance estimate and defined the uncertainty as the range between 
he minimum and maximum values found across the 100 iterations. 

This procedure to obtain the uncertainties on the chemical abun- 
ances was time-consuming as BACCHUS is not parallelized. To solve 
his, we used the newly created GRID UNAM system, which allows
s to run BACCHUS in a pseudo-parallel way to reduce the computing
ime by occupying as many threads available at a given time in a
erver grid distributed among various institutions. The Grid UNAM 

s a high-performance computing infrastructure that brings together 
arious units within the National Autonomous University of Mexico 
UNAM) to enable the efficient and collaborative use of computa- 
ional and human resources. It operates through a 10 Gbps network
hat connects distributed computing and storage systems, offering 
oth high-performance and high-throughput computing services. Its 
eterogeneous infrastructure includes powerful computing clusters 
nd large-scale data storage supported by the MinIO 

6 platform, 
MNRAS 543, 420–434 (2025)
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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 Teff (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. 

λ Element χ log gf Van der Wals A ( X )Vesta 

(Å) (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 5.946 −2.102 −6.91 7.66 ± 0.02 

15884.454 Si 5.954 −0.945 −7.11 7.64 ± 0.02 
16060.009 Si 5.954 −0.452 −7.07 7.42 ± 0.02 
16094.787 Si 5.964 −0.088 −7.10 7.51 ± 0.05 
16215.670 Si 5.954 −0.565 −7.21 7.46 ± 0.02 
16241.833 Si 5.964 −0.762 −7.13 7.50 ± 0.02 
16828.159 Si 5.984 −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 2.345 −1.771 −7.49 5.05 ± 0.05 

15207.526 Fe 5.385 0.067 −7.21 7.65 ± 0.03 
15244.974 Fe 5.587 −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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idely used for handling workloads in machine learning, data
nalytics, and scientific applications. 

Recently, some studies have found trends between determined
hemical abundances and the stellar parameters, mainly temperature
e.g. Kos et al. 2021 ; Grilo et al. 2024 ; Kos et al. 2025 ), derived
rom spectra of the same or similar spectral resolution. In Kos
t al. ( 2025 ), there is an extended discussion on the trends they
ound between Teff and abundance value in stellar clusters. They
rgue that trends between abundance and another stellar parameter
ike gravity or v sin i might be the result of the relation of these
arameters with Teff , and that those trends disappear once detrending
s applied to the abundances. Kos et al. ( 2025 ) observed two main
ehaviours in their analysis, thanks to the fact that they included a
ide range of stars (e.g. giants and dwarfs) of different ages. They

ound a monotonic trend between 4800 and ∼6800 K, similar to the
ehaviour found by Grilo et al. ( 2024 ) in FGK dwarfs stars of the
leiades. The second trend found by Kos et al. ( 2025 ) was for lower

emperature stars, and it is steeper than the first, even showing a
harp upturn at ∼3800 K. Although the origin of the Teff -abundance
rends is not clear, there might be multifactorial causes related to
hysical processes (e.g. atomic diffusion) and processing issues (e.g.
ontinuum fitting, linelists, atmospheric models) as suggested by
os et al. ( 2025 ). Unveiling the nature of these trends is beyond the

cope of this work; however, we favoured the interpretation that these
rends are primarily driven by limitations in the atmospheric models
nd linelists. We refer the reader to section 4 of Kos et al. ( 2025 ) for a
ore detailed discussion on the origin of these trends. As a practical

olution, we identified and excluded from our analysis those atomic
ines that exhibit a significant systematic trend as a function of either
eff or log g . 
We computed the Spearman correlation coefficient ( r) to discard

hose lines that exhibited a moderate to high linear correlation
etween abundance and Teff and abundance and log g . To reinforce
he significance of the r coefficient computed, we randomly varied
he abundance value within its error and recomputed Pearson coef-
cients. After 300 iterations, we computed a mean r value and the
tandard deviation to assess the correlation of the examined atomic
ine with Teff and log g . We then selected lines with a weak linear
orrelation, corresponding to r ± σr values within the ±0.35 range.
n Fig. 7 , as an example, we present the abundance values derived
ith BACCHUS for three different carbon lines, plotted as a function
f Teff (left column) and log g (right column). Among the three lines,
nly the one identified as C3 (top panels), located at approximately
5 784 Å, was included in our final analysis, as it exhibits r below
.35 with both Teff and log g . In contrast, the C4 and C5 lines failed to
eet this criterion, with only one of their coefficients falling below

he threshold, and were therefore excluded from further analysis.
e found 19 atomic lines of 6 elements (C, Mg, Si, K, Ti, and Fe)

hat met our r value requirement, and those that we included in our
ubsequent analysis. In Table 3 , we present the basic information of
he atomic lines used in this work. It is important to mention that the
election threshold of the r coefficients is set arbitrarily, and if we
elaxed it, more lines would meet the criteria; however, abundance
rends might appear in our results. 

The exclusion of tendentious lines enhances the robustness of
ur abundance determinations, reducing the likelihood that observed
ariations arise from the line list itself. This approach enables more
eliable comparisons across different groups or stellar members,
inimizing spurious trends with effective temperature or surface

ravity. While all abundance analyses inherently depend on the
dopted model atmospheres and line lists, our methodology is
esigned to mitigate such dependencies. Additionally, although some
NRAS 543, 420–434 (2025)
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lements can exhibit departures from LTE that introduce trends with 
eff and log g , these effects are expected to be smaller in the near-

nfrared, particularly for cool dwarf stars with near-solar metallicity, 
han at optical wavelengths (e.g. Osorio et al. 2020 ; Olander, Heiter
 Kochukhov 2021 ). To quantify this, we used the publicly available
PIA non-LTE corrections service ( https://gemini-web.mpia.de/), 
hich compiles results from infrared studies of Mg, Si, Ti, and 
e (e.g. Bergemann et al. 2012 , 2013 , 2015 ). For these elements,

he corrections are negligible (typically < 0.02 dex). For potassium, 
he corrections are below 0.1 dex (Osorio et al. 2020 ), which is
omparable to the mean uncertainty in our K abundance (0.06 dex) 

.1.1 [X/H] abundance ratios 

e computed [X/H] 7 ratio for each selected line using the solar
bundance obtained, in the same fashion as our sample, from the 
POGEE DR17 Vesta spectrum (Table 3 ). We used the 1D solar

tmospheric parameters reported by Adame et al. ( 2024 ). If we had
ore than one selected line from the same element, we computed 

he mean value and propagated the individual errors to obtain a final
ncertainty. 
We did not measure the abundances for all the stars of our sample

or three main reasons: (i) the temperature of the star (too hot or cold)
nterfered to measure reliably some of the selected atomic lines; 
ii) there were cases where some spectral regions presenting data 
eduction issues, and (iii) the v sin i of the star was high ( > 30 km
−1 ), implying a higher degree of line blending. We also did not
eport [X/H] abundance estimations higher than 0.5 dex and lower 
han −0.75 dex, as we considered them as values incompatible 
ith the stellar population we are working with. We measured the 

bundance of two or more elements for 340 stars ( ∼62 per cent)
f our sample, that we report along with their respective errors
n Table 2 . Additionally, we examined the relationship between 
he microturbulence values derived with BACCHUS and the mean 
lemental abundances. No strong correlations were found, with 
earson coefficients ranging from r = −0 . 29 to −0 . 07 across all
lements analysed. We also investigated the potential correlation 
etween v sin i and the BACCHUS microturbulence values, again 
nding no significant trend. The median BACCHUS microturbulence 

n our sample is 1.1 km s−1 , and individual values for each star are
eported in Table 2 . 

 C H E M I C A L  A BU N DA N C E S  O F  O R I O N  

ccording to our [X/H] abundance ratios, the whole Orion complex 
resented subsolar abundances for all six elements studied. This 
esult aligns with the presence of a negative vertical metallicity 
radient observed in the solar neighbourhood using samples of giant 
nd hot stars (e.g. Hawkins 2023 ; Hackshaw et al. 2024 ). The Orion
tar-forming region, located approximately 100–180 pc below the 
alactic mid-plane (e.g. Zucker et al. 2020 ; Großschedl et al. 2021 ),

ies along the Radcliffe Wave (Alves et al. 2020 ), where similar trends 
ave been reported. Furthermore, our findings agree with Galactic 
isc metallicity maps, which show average metallicities of about –
.10 to –0.05 dex at the position of our sample (e.g. Poggio et al.
022 ; Martinez-Medina, Poggio & Moreno-Hilario 2025 ). While 
ost of the aforementioned studies focus on evolved or massive 

tars, the agreement with our results based on young, cool stars is
 The [X/H] = A(X)star − A(X)�, where the A(X) are the BACCHUS 

bundances found. 

f  

4
f
0

5

romising. It suggests that this type of analysis could be extended
o other star-forming regions to further investigate the radial and 
ertical metallicity gradients in the Galactic disc. 

Fig. 8 shows box plots of our [X/H] values to visually analyse
he abundance ratios in the different Orion groups. As previously 

entioned, the median abundance ratios for all elements are subsolar. 
espite this, most of them show a dispersion that still makes these

atios consistent with solar abundances. 
In terms of comparing the different groups, although there might 

e some differences between median abundance values, this was 
ot significant, and all of them were consistent within their corre-
ponding MAD, suggesting that the Orion complex was chemically 
omogeneous in all six elements analysed here (see Table 4 ). Our
esults agreed with Kos et al. ( 2021 ), where they also found slightly
ubsolar abundances for Orion members and chemical homogeneity. 

Comparing chemical abundances across different studies presents 
nherent challenges, as methodologies, atmospheric models, and 
tandard solar scales often differ. In many cases, a calibration to a
ommon framework is necessary to ensure meaningful comparisons 
e.g. Hinkel et al. 2014 ). None the less, relative comparisons can still
rovide valuable insight. 
To place the Orion members in context, we used the sample

rom López-Valdivia et al. ( 2024 ) as a reference for the chemical
bundances of the solar neighbourhood. This comparison sample 
ncludes G-, K-, and M-type stars with effective temperatures 
etween 3300 and 6000 K, all located within 100 pc of the Sun.
e adopted the atmospheric parameters reported in that study and 

pplied the same abundance determination methodology used in this 
ork to ensure consistency between the two data sets. 
The nearby sample is highly diverse, comprising stars with a wide

ange of masses and ages. To ensure a homogeneous comparison 
etween Orion and the solar neighbourhood, we divided both samples 
nto two Teff bins: stars with Teff ≤ 4000 K (M-type stars), and stars 
ith temperatures between 4000 and 5000 K (K-type stars). We 

lso restricted the comparison to stars with [Fe/H] values within 
0.5 dex. These two temperature bins encompass 93 per cent 

f the Orion stars for which BACCHUS chemical abundances were 
etermined. 
We compared the Orion [X/H] abundances to those of the solar

eighbourhood and found that the median values are quite similar 
etween both samples in both Teff bins (see Table 5 ). This agrees
ith previous studies that report remarkable chemical homogeneity 

cross the solar neighbourhood, based on both nebular and stellar 
racers (Esteban et al. 2022 ; Méndez-Delgado et al. 2022 ; Ritchey
t al. 2023 ). 

However, Kolmogorov–Smirnov (KS) tests indicate that the two 
opulations are statistically different, with very low P(KS) values. 
ince the nearby sample contains many more stars than the Orion
ample, we tested whether this difference in sample size might be
esponsible for the low KS probabilities. We performed a bootstrap 
rocedure, randomly drawing subsamples from the nearby popula- 
ion with the same number of stars as the Orion sample, and computed 
he KS test 10 000 times. We report the median of the resulting P(KS)
istribution in Table 5 . The low median P(KS) values persisted,
einforcing our initial result. 

Since both samples were restricted in Teff and [Fe/H], the observed 
ifferences might be, at least partially, attributed to differences in log 
 , which can be interpreted as a proxy for age. For M-type stars, we
ound median log g values (and MAD) of 3.86 ± 0.17 for Orion and
.78 ± 0.05 for the main-sequence stars. This difference is smaller 
or K-type stars, where the medians were 4.06 ± 0.13 and 4.68 ±
.04, respectively. 
MNRAS 543, 420–434 (2025)
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M

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 1.5 ×IQR. 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 # ˜ x ±MAD # ˜ x ±MAD # ˜ x ±MAD # ˜ x ±MAD # ˜ x ±MAD 

λ Ori 74 −0.07 ± 0.04 78 −0.23 ± 0.06 77 −0 . 17 ± 0.07 71 −0.10 ± 0.07 76 −0.17 ± 0.07 79 −0.05 ± 0.04 
Orion A 29 −0.08 ± 0.03 51 −0.27 ± 0.08 52 −0 . 16 ± 0.09 32 −0.12 ± 0.04 37 −0.18 ± 0.09 52 −0.06 ± 0.06 
Orion B 43 −0.04 ± 0.04 51 −0.22 ± 0.07 50 −0 . 12 ± 0.09 44 −0.17 ± 0.07 47 −0.15 ± 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 López-Valdivia et al. ( 2024 ), calculated in two 
different Teff 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. 

Teff ≤ 4000 4000 < Teff ≤ 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 López-Valdivia et al. 
( 2024 ) using the abundances determined in this study for M-type stars (upper 
panel) and K-type stars (bottom panel). The [ α/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 [ α/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 
[ α/Fe] for Orion stars. 
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Additionally, using our Mg, Si, and Ti abundance determinations, 
e computed [ α/Fe] for both samples. We define [ α/Fe] as a weighted

verage of the [Mg/Fe], [Si/Fe], and [Ti/Fe] abundance ratios. In 
his calculation, more weight is given to the measurements with 
maller uncertainties, so that the most precise values contribute more 
ignificantly to the final [ α/Fe] estimate. The resulting [ α/Fe] values
nd their corresponding uncertainties, calculated as the error in the 
eighted mean, are listed in Table 2 . 
For the M-type stars, the median [ α/Fe] were −0 . 14 ± 0 . 05 and
0 . 04 ± 0 . 06 for Orion and the main-sequence samples, respec-

ively. Similar values were found for the K-type stars: −0 . 12 ± 0 . 03
or Orion and −0 . 05 ± 0 . 03 for the main-sequence stars. 

Fig. 9 shows the [Fe/H]–[ α/Fe] (Tinsley–Wallerstein) diagram for 
oth populations. The abundances of the main-sequence stars fall 
ithin the expected locus of thin disc stars (e.g. Neves et al. 2009 ).
he Orion members, on the other hand, occupy a more constrained 

egion in this diagram and appear to be shifted toward lower [ α/Fe]
nd subsolar [Fe/H] values. This may suggest that the interstellar 
edium from which these younger stars formed has already been 

nriched by the stellar evolution of older stellar generations. From the 
volutionary perspective, the chemical abundance of the interstelar 
edium (ISM) is a better comparison to the abundance of young stars,
s the difference in the evolutionary stage is smaller than with the
ain-sequence stars. Moreover, the main-sequence stars of López- 
aldivia et al. ( 2024 ) are located at different distances and positions

n the Galaxy, something that might also introduce uncertainties. 
Méndez-Delgado et al. ( 2022 ) analysed the radial abundance 

radients of He, C, N, O, Ne, S, Cl, and Ar in the Galaxy using
ptical spectra of 42 H II regions, including M42 (the Orion Nebula).
hey determined a carbon abundance of M42 of 8.34 ± 0.02, which

ranslates to −0.05 ± 0.05, −0.12 ± 0.04, and −0.17 ± 0.09 if 
he standard solar composition of Grevesse et al. ( 2007 ), Asplund,
marsi & Grevesse ( 2021 ), or Lodders, Bergemann & Palme ( 2025 )

s adopted. The median [C/H] we have determined for the whole
rion complex is −0.06 ± 0.03, which agrees, when we take into

ccount the errors, with the three different values of M42. 
It is important to note that the C/H determination by Méndez-

elgado et al. ( 2022 ) in the Orion Nebula is based on the C II λ4267
ecombination line (RL), whose ratio with H β is virtually insensitive 
o the physical conditions of the gas. In contrast, the collisionally
xcited lines (CELs) C III ] λλ1907 , 1909, measured in the UV by
alter, Dufour & Hester ( 1992 ), are highly sensitive to the electron

emperature ( Te ) of the gas, and yield a C/H abundance approximately
0.4 dex lower (Esteban et al. 2004 ). The CEL-nebular calculations

re in tension with the stellar abundances reported in this work. 
The long-standing discrepancy between abundances derived from 

ELs and RLs has been widely debated in the literature (Chen et al.
023 ; Méndez-Delgado et al. 2023 , 2024a ). Determining which of
hese two methods yields more accurate chemical abundances is 
ritical to our understanding of the formation and chemical evolution 
f galaxies (Curti 2025 ). The stellar abundance measurements carried 
ut by our group may offer crucial insight into this issue, providing
n independent tracer of the true chemical content. The good 
greement between RL-based carbon abundances and those derived 
rom stellar objects supports the view that RLs may provide more
eliable abundance estimates (Méndez-Delgado et al. 2023 ), possibly 
ndicating that internal temperature fluctuations within the ionized 
as (Peimbert 1967 ), or other physical processes, may systematically 
ias CEL-based nebular abundances downward. 
The Orion nebula, or M42, is spatially located around the Orion A

roup; thus, the stars of this group are a better test bed to sense the
omposition differences between the young stars and the H II region.
n Fig. 8 (and Table 4 ), there is a hint that members of the Orion
 group possess a slightly lower carbon abundance than stars in the
ther three groups, aligning with the subsolar abundances reported by 
éndez-Delgado et al. ( 2022 ) for M42. The median [C/H] abundance 

or Orion A is −0.08 ± 0.03, the lowest in absolute value, although
ot significant if errors are considered, among all the Orion groups.
his comparison represents a valuable starting point for future studies 
ombining the APOGEE-2 data with the SDSS-V Local Volume 
apper, which will provide more and better Galactic ISM spectra. As
e showed, the combination of both surveys gives us the possibility to
o direct comparisons of the composition of gas and young stars for a
pecific region, such as in the case of Orion, and helps us to constrain
alactic chemical evolution models. Additionally, we can investigate 
radients within star-forming regions as well as within the Galaxy 
hrough the characterization of young stars (Hernández-Aburto et al., 
n preparation), and connect this with the previous determinations 
ade through the composition of the interstellar medium. 
The analysis of multiple chemical elements in stellar parameters 

s a rapidly growing area of research, not only within the stellar
ommunity but also in the context of nebular studies. As demon-
trated by Méndez-Delgado et al. ( 2024b ), comparing stellar Fe-
MNRAS 543, 420–434 (2025)
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ased metallicities with nebular O-based metallicities, as has been
one by some authors using low-resolution spectra (Bresolin et al.
016 ), is not only insufficient, but may also introduce systematic
iases in the interpretation of chemical abundances, particularly in
he broader context of Galaxy evolution. 

 SUMMARY  A N D  R E M A R K  C O N C L U S I O N S  

e determined atmospheric parameters (Teff , log g , [M/H], [ α/Fe],
nd v sin i) for a sample of 548 young stars in the Orion complex,
sing the spectral analysis code TONALLI (Adame et al. 2024 ). These
tars, located in four subgroups (A, B, OB, and λ Ori), were selected
ased on the absence of infrared excess, identified via their position
n the J –( K − W 3) colour–magnitude diagram. This selection min-
mizes the impact of continuum veiling on our parameter estimates.
he atmospheric parameters derived with TONALLI , particularly Teff 

nd log g , are consistent with evolutionary models for stars at the
ge of Orion. 

Using these parameters, we then applied the BACCHUS code
Masseron et al. 2016 ) to determine the chemical abundances of
, Mg, Si, K, Ti, and Fe. We obtained reliable abundances for at

east two elements in 340 stars with projected rotational velocities
sin i < 30 km s−1 , where line blending does not severely affect the

pectra. In addition, we analysed the spectrum of Vesta to determine
he solar reference abundances used in this study. 

The Orion stars exhibit subsolar [X/H] abundance ratios, in
greement with previous findings (Kos et al. 2021 ). We also find
hemical homogeneity across the subgroups Orion A, B, λ Ori,
nd Orion OB in all six elements analysed. To provide context
or the Orion abundances, we determined chemical abundances
or a nearby sample of main-sequence stars, representing the solar
eighbourhood. While the median [X/H] values in Orion are broadly
onsistent with those in the solar neighbourhood, a Kolmogorov–
mirnov (KS) test indicates that the two populations are statistically
istinct. 
Among the elements studied, three are α-elements (Mg, Si, Ti),

llowing us to compute [ α/Fe] ratios for both the young Orion stars
nd the nearby main-sequence sample. We find that Orion members
ave systematically lower median [ α/Fe] values compared to solar
eighbourhood stars, which may reflect the chemical evolution of
he Galaxy. 

Finally, we compared the median carbon abundance in Orion A
ith measurements from the Orion Nebula (M42) based on RLs

Méndez-Delgado et al. 2022 ). We find good agreement when the
ogarithmic abundance in M42 is referenced to the solar value from
odders ( 2003 ). 
The atmospheric parameters and chemical abundances presented

ere represent a first step toward a homogeneous chemical char-
cterization of young stars. Future work should aim to include
tars with low to moderate infrared excesses, as well as to explore
hemical abundances in fast rotators. This may be achieved through
pectral deblending techniques and/or higher spectral resolution.
hese populations – stars with infrared excess and high rotation rates
represent a substantial fraction of the young stellar population in
rion and are essential for achieving a comprehensive understanding
f the region’s chemical evolution. 
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antó J. , Curiel S., Martı́nez-Gómez E., 2009, A&A , 501, 1259 
hen Y. , Bressan A., Girardi L., Marigo P., Kong X., Lanza A., 2015,

MNRAS , 452, 1068 
hen Y. et al., 2023, Nat. Astron. , 7, 771 
ottaar M. et al., 2014, ApJ , 794, 125 
ottaar M. et al., 2015, ApJ , 807, 27 
ui X.-Q. et al., 2012, Res. Astron. Astrophys. , 12, 1197 
unha K. , Lambert D. L., 1994, ApJ , 426, 170 
unha K. , Smith V. V., Lambert D. L., 1998, ApJ , 493, 195 
urti M. , 2025, preprint ( arXiv:2504.08933 ) 
utri R. M. et al., 2003, The IRSA 2MASS All-Sky Point Source Catalog,

NASA/IPAC Infrared Science Archive. 2MASS All Sky Catalog of Point 
Sources. Available at: http://irsa.ipac.caltech.edu/applications/Gator/

utri R. M. et al., 2013, Explanatory Supplement to the AllWISE Data 
Release Products. Available at: http://wise2.ipac.caltech.edu/docs/releas 
e/allwise/expsup 

’Orazi V. , Randich S., Flaccomio E., Palla F., Sacco G. G., Pallavicini R.,
2009, A&A , 501, 973 

a Rio N. et al., 2016, ApJ , 818, 59 
a Rio N. et al., 2017, ApJ , 845, 105 
e Silva G. M. et al., 2015, MNRAS , 449, 2604 
steban C. , Peimbert M., Garcı́a-Rojas J., Ruiz M. T., Peimbert A., Rodrı́guez

M., 2004, MNRAS , 355, 229 
steban C. , Méndez-Delgado J. E., Garcı́a-Rojas J., Arellano-Córdova K. Z., 
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A&A , 637, A80 
adgett D. L. , 1996, ApJ , 471, 847 
astorelli G. et al., 2020, MNRAS , 498, 3283 
eimbert M. , 1967, ApJ , 150, 825 
lez B. , 2012, Astrophysics Source Code Library, record ascl:1205.004 
oggio E. et al., 2022, A&A , 666, L4 
itchey A. M. , Jenkins E. B., Shull J. M., Savage B. D., Federman S. R.,

Lambert D. L., 2023, ApJ , 952, 57 
oman-Lopes A. et al., 2019, ApJ , 873, 66 
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4 Instituto de Astronomı́a, Universidad Nacional Autónoma de México, Ap. 
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5 Department of Physics and Astronomy, University of North Florida, 1 UNF 

Dr, Jacksonville, FL 32224, USA 

6 Homer L. Dodge Department of Physics and Astronomy, University of 
Oklahoma, Norman, OK 73019, USA 

7 Centro de Investigación en Astronomı́a, Facultad de Ingenierı́a, Ciencia y 
Tecnologı́a, Universidad Bernardo O’Higgins, Avenida Viel 1497, Santiago, 
Chile 

8 Department of Physics and Astronomy, Vanderbilt University, VU Station 
1807, Nashville, TN 37235, USA 

9 Universidad Andres Bello, Facultad de Ciencias Exactas, Departamento 
de Fı́sica y Astronomı́a – Instituto de Astrofı́sica, Autopista Concepción- 
Talcahuano 7100, Talcahuano, Chile 
10 Steward Observatory, University of Arizona, 933 North Cherry Avenue, 
Tucson, AZ 85721-0065, USA 

11 Center for Astrophysics | Harvard & Smithsonian, 60 Garden Street, Cam- 
bridge MA 02138, USA 

12 Center for Astrophysics and Space Astronomy, University of Colorado 
Boulder, Boulder, CO 80309, USA 

13 Department of Astronomy, University of Virginia, Charlottesville, VA 2904, 
USA 

14 Department of Space, Earth & Environment, Chalmers University of 
Technology, E-412 96 Gothenburg, Sweden 
15 Departamento de Astronomı́a, Facultad de Ciencias – Universidad de La 
Serena, Av. Raul Bitran 1302, La Serena, Chile 
16 Instituto de Alta Investigación, Universidad de Tarapacá, Casilla 7D, Arica, 
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