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ABSTRACT

Context. Stars presently identified in the bulge spheroid are probably very old, and their abundances can be interpreted as due to the
fast chemical enrichment of the early Galactic bulge. The abundances of the iron-peak elements are important tracers of nucleosynthesis
processes, in particular oxygen burning, silicon burning, the weak s-process, and a-rich freeze-out.

Aims. The aim of this work is to derive the abundances of V, Cr, Mn, Co, Ni, and Cu in 58 bulge spheroid stars and to compare them
with the results of a previous analysis of data from the Apache Point Observatory Galactic Evolution Experiment (APOGEE).
Methods. We selected the best lines for V, Cr, Mn, Co, Ni, and Cu located within the H-band of the spectrum, identifying the
most suitable ones for abundance determination, and discarding severe blends. Using the stellar physical parameters available for our
sample from the DR17 release of the APOGEE project, we derived the individual abundances through spectrum synthesis. We then
complemented these measurements with similar results from different bulge field and globular cluster stars, in order to define the trends
of the individual elements and compare with the results of chemical-evolution models.

Results. We verify that the H-band has useful lines for the derivation of the elements V, Cr, Mn, Co, Ni, and Cu in moderately metal-
poor stars. The abundances, plotted together with others from high-resolution spectroscopy of bulge stars, indicate that: V, Cr, and Ni
vary in lockstep with Fe; Co tends to vary in lockstep with Fe, but could be showing a slight decrease with decreasing metallicity;
and Mn and Cu decrease with decreasing metallicity. These behaviours are well reproduced by chemical-evolution models that adopt
literature yields, except for Cu, which appears to drop faster than the models predict for [Fe/H]<—0.8. Finally, abundance indicators
combined with kinematical and dynamical criteria appear to show that our 58 sample stars are likely to have originated in situ.

Key words. stars: atmospheres — Galaxy: abundances — Galaxy: bulge
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1. Introduction

The very early Galactic bulge formed from a merger of dark
matter haloes and their respective matter content, consisting of
first-generation stars and globular clusters (GCs) (e.g. Gao et al.
2010). The subsequent processes of bulge formation are still
debated in the literature, and observational evidence is needed
to advance discussions on this topic. The GCs identified with a
metallicity of [Fe/H]~ —1 appear to be very old, with ages of
12.5-13.5 Gyr (Bica et al. 2024), and should have formed in the
earliest bulge. In this work, we analyse stars that could be the
counterparts of these clusters.

The Galactic bulge is known to host two main popula-
tions of field stars: a metal-poor, alpha-enhanced population
([Fe/H]~ —0.5; [@/Fe]~+0.25), and a metal-rich, alpha-poor one
([Fe/H]~+0.3; [a@/Fe]~0.0 (Rojas-Arriagada et al. 2019; Queiroz
et al. 2020). The two components have different spatial distri-
bution and kinematics (e.g. Babusiaux et al. 2010; Zoccali et al.
2017; Queiroz et al. 2021). Specifically, the metal-rich compo-
nent is believed to be associated with the Galactic bar, whose
origin can certainly be traced back to the well-known bar forma-
tion caused by the dynamical instabilities of the disc, themselves
induced by the spiral arms. The metal-poor component, on the
other hand, traces a more spheroidal component whose origin
is still debated. It could be an early so-called classical bulge,
but some models can reproduce structures qualitatively com-
patible with this component as a result of the early merger of
substructures caused by the dynamical instability of a disc with
a rather large velocity dispersion (e.g. Athanassoula et al. 2017,
Debattista et al. 2017).

Because the differences between the weak-bar or spheroid
resulting from a thick disc and a pressure-supported classical
bulge seem to be rather subtle, it is important to study the metal-
poor component of the Milky Way (MW) bulge in great detail
in order to provide multidimensional constraints on the models,
and thus be able to distinguish between the two formation sce-
narios. To this aim, a few years ago we began to complete and
characterise a sample of 58 moderately metal-poor bulge stars
that can be safely associated with the old and metal-poor bulge
spheroid (Razera et al. 2022).

In order to better understand the earliest bulge stars, we
selected stars with a metallicity of [Fe/H] < —0.8, because
among the metal-poor stars in the Galactic bulge there is a peak
at [Fe/H] ~ —1.0 in both bulge GCs (Rossi et al. 2015; Bica et al.
2016; Pérez-Villegas et al. 2020; Bica et al. 2024) and field stars
(Lucey et al. 2021). This relatively high metallicity for the oldest
stars is due to a fast chemical enrichment (Chiappini et al. 2011;
Wise et al. 2012; Barbuy et al. 2018a; Matteucci 2021).

There is also the possibility to have bulge stars with an ex
situ origin, brought in via early accretion events that include the
Gaia-Sausage-Enceladus (GSE — Belokurov et al. 2018; Helmi
et al. 2018), and other proposed ones; in particular Kraken
(Kruijssen et al. 2019), Koala (Forbes 2020), Heracles (Horta
et al. 2021), and Aurora (Myeong et al. 2022; Belokurov &
Kravtsov 2023), which are the most important structures iden-
tified in the region.

We applied this selection process to the reduced proper
motion (RPM) stars from Queiroz et al. (2021) as a starting
point, with stars observed by the Apache Point Observatory
Galactic Evolution Experiment (APOGEE project — Majewski
et al. 2017). To select spheroid stars, we applied kinematical
and dynamical criteria. These criteria applied to APOGEE stars
resulted in 58 stars, the characteristics of which are reported in
Razera et al. (2022).
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Once the stars were selected, we extracted the H-band spec-
tra from APOGEE and reanalysed them. In Razera et al. (2022),
we analysed the abundances of C, N, O, Mg, Si, Ca, and Ce;
in Barbuy et al. (2023), the same stars were analysed for their
Na and Al lines in the H-band. Sales-Silva et al. (2024) anal-
ysed the neutron-capture elements Nd and Ce, including some
stars in common with the present sample. Our main interest in
the present work is to analyse the iron-peak element abundances
of these moderately metal-poor spheroid bulge stars. Generally,
the a-elements and heavy elements tend to be more commonly
studied, given their relatively easy interpretation in terms of
nucleosynthesis. The iron-peak elements that are less studied,
however, have potentially powerful implications; for example, for
interpretations regarding the origin of stars as in situ or ex situ,
as recently shown by Nissen et al. (2024).

The iron-peak elements with measurable lines in our sam-
ple stars in the H-band are V, Cr, Mn, Co, Ni, and Cu. The
elements V, Cr, Mn, and Co are in the lower iron-peak ele-
ment group, which includes elements with 21 < Z < 27 (45 <
A < 58). In massive stars, depending on temperatures and den-
sities, these elements are produced in explosive oxygen burning
and incomplete and complete explosive Si burning; for densities
typical of core-collapse supernovae (CCSNe), a-rich freeze-out
takes place (Woosley & Weaver 1995; Nomoto et al. 2013). The
elements Ni and Cu are among the upper iron-group elements,
which include elements with 28 < Z <32 (57 < A <72). In mas-
sive stars, these elements are mainly produced in two processes,
namely neutron capture on iron-group nuclei during He burning
and later burning stages, also called weak-s component (Limongi
& Chieffi 2003), and the a-rich freeze-out in the deepest layers.
The iron-peak elements are also produced by Type Ia supernovae
(Iwamoto et al. 1999).

This paper is organised as follows: in Section 2, we describe
the sample stars. In Section 3, we describe the present abundance
analysis. In Section 4, we discuss our results. In Section 5, we
present chemical-evolution models that are compared with the
data. In Section 6 we use our derived abundances to identify
our sample stars through in situ—ex situ origin indicators. We
summarise our conclusions in Section 7.

2. The sample

As explained in Razera et al. (2022), our selection is based on the
RPM sample from Queiroz et al. (2021), which, in turn, is based
on the stars observed by APOGEE, combined with StarHorse
distances (Santiago et al. 2016; Queiroz et al. 2018), and cross-
matched with proper motions from the Gaia Early Data Release
3 (Gaia Collaboration 2021). The selection identified stars with
a distance to the Galactic centre of dgc < 4 kpc, a maximum
height of |Z|ax < 3 kpc, eccentricity of > 0.7, and with orbits not
supporting the bar, where the orbits were computed in Queiroz
et al. (2021), and imposing a metallicity of [Fe/H] < —0.8. This
led to a sample of 58 stars with spectra observed and analysed
within APOGEE.

APOGEE is part of the Sloan Digital Sky Survey IV
(Blanton et al. 2017, SDSS-IV/V). The APOGEE spectroscopic
programs targeted MW stars at high resolution (R ~ 22 500)
and high signal-to-noise ratios in the H-band (15 140-16 940 A)
(Wilson et al. 2019) and included about 7x10° stars, covering
both the northern and southern sky. While APOGEE-1 observed
the Galactic bulge at [ > 0° using the 2.5m Sloan Founda-
tion Telescope at the Apache Point Observatory in New Mexico
(Gunn et al. 2006), these observations were complemented with
APOGEE-2 using the 2.5m Irénée du Pont Telescope at the



Table 1. Line list and oscillator strengths.
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Species A Xex log gf log gf log gf Comments Source
A) (eV) (VALD3) (Kurucz) (APOGEE)
VI 15924.791®  2.138 —1.108 -1.177 hfs Best line Smith+13
15925.595  4.888 -3.134 - hfs Weak Hayes+22
Crl 15177.217 5.950 —1.140 —1.960 —1.140 Weak Present search
15177.759 5.978 —2.741 -2.192 —2.741 Weak Present search
15178.593®  3.369 -2.020 —-2.542 —1.651 2nd best line Present search
15680.063®  4.697 0.068 0.270 —-0.001 Best line Smith+13
15860.214  4.697 —-0.063 0.129 -0.077 Apogee gap Smith+13
16015327  4.696 —-0.141 —-0.105 -0.141 Heavily blended  Present search
Mnl 15159.200%  4.889 0.619 0.606 hfs Smith+13
15217.793%  4.889 0.520 0.507 hfs Smith+13
15262.702%  4.889 - 0.379 hfs Smith+13
Col 16757.711® 3409 -0.923 -1.369 hfs Unique line Smith+13
Nil 15 605.655%  5.305 -0.150 - -0.247 Smith+13
15632.611 5.305  -0.042 —-0.247 0.074 Wing strong line Smith+13
16013.745% 5305  —0.699 - -0.297 Present search
16 136.097%)  5.488 —0.003 —0.165 -0.156 Present search
16 153.114 5.525  -3.048 - -3.048 Wing strong line  Present search
16363.105%  5.283 0.588 0.422 0.274 Present search
16584.439% 5305 -0.876 - -0.485 Smith+13
16585.380  6.035 —4.052 -2.190 -4.052 Weak Present search
16589.440% 5469  —0.345 -0.493 -0.533 Smith+13
16673.583%  6.034 0.221 0.678 0.306 Smith+13
16815.471®  5.305 -0.584 —0.547 -0.501 Smith+13
16 818.746™  6.039 0.473 - 0.347 Smith+13
16 823.121 6.256 -1.389 - —1.389 Weak Present search
Cul 16005.735%)  5.348 -0.205 -0.050 -0.157 Unique line Smith+13

Notes. Oscillator strengths from VALD3, Kurucz & Bell (1995), and the APOGEE collaboration (adopted) are reported. The present search used
the APOGEE line list. The symbol * indicates the lines useful for the present moderately metal-poor stars.

Las Campanas Observatory in Chile (Bowen & Vaughan 1973).
Santana et al. (2021) and Beaton et al. (2021) describe the
targeting of APOGEE for the south and north, respectively.

The analysis of H-band spectra in the APOGEE project is
carried out through a Nelder-Mead algorithm (Nelder & Mead
1965), which simultaneously fits the stellar parameters — effec-
tive temperature (Teg), gravity (log g), metallicity ([Fe/H]), and
microturbulence velocity (v;) — together with the abundances
of carbon, nitrogen, and a-elements with the APOGEE Stel-
lar Parameter and Chemical Abundances Pipeline (ASPCAP)
(Garcia Pérez et al. 2016), which is based on the FERRE
code (Allende Prieto et al. 2006). In the present work, we use
APOGEE Data Release 17 - DR17 (Abdurro’uf et al. 2022).

3. Calculations

We adopted the uncalibrated stellar parameters effective tem-
perature (Teg), gravity (log g), metallicity ([Fe/H]), and micro-
turbulence velocity (v;) from the APOGEE DR17 results; these
are reported here in Table A.l1. For DR17, the parameters were
obtained with new spectral grids constructed using the Syn-
spec spectrum synthesis code (Hubeny & Lanz 2017; Hubeny
et al. 2021). We note that in da Silva et al. (2024) we verified
the reliability of ASPCAP for deriving stellar parameters, and
concluded that the use of molecular-line intensities is a powerful
method, in particular for the derivation of effective temperatures.

We computed the abundances of V, Cr, Mn, Co, Ni, and Cu
in the H-band using the code TURBOSPECTRUM from Alvarez
& Plez (1998) and Plez (2012). Model atmosphere grids are
from Gustafsson et al. (2008). The solar abundances of the stud-
ied iron-peak elements are from Asplund et al. (2021), namely:
A(Cr) = 5.62, A(Mn) = 542, A(Co) = 4.94, A(Ni) = 6.20, and
A(Cu) =4.18.

Table 1 reports the lines in the H-band that we used to mea-
sure the abundances of the iron-peak elements V, Cr, Mn, Co, Ni,
and Cu in the spectra of the sample stars. Oscillator strengths
were adopted from the line list of the APOGEE collaboration,
which were initially adopted from the most recent line list of
Kurucz & Bell (1995), with log gf values updated with NIST
values, and adjusted based on the Sun and Arcturus but only
within 2 sigma of log gf uncertainties. For comparison pur-
poses, we also show the log gf values from the Vienna Atomic
Line Database (VALD3): see the line lists of Ryabchikova &
Pakhomov (2015) and Kurucz & Bell (1995). We note that NIST
log gf values are not available for any of these studied lines. The
APOGEE lines that are given as split in hyperfine structure (hfs)
are only indicated as such. The lines identified as found in the
present work correspond to a search for measurable lines using
the APOGEE line list; the weak lines for this work could be
useful in spectra of more metal-rich stars.

The full atomic line list employed is that from the APOGEE
collaboration, together with the molecular lines described in
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V/F‘e]=+0.08 V/Fe]=+0.10
V/Fe]=-0.08 (apogee) VfF‘e =-0.01 (apogee)
c5 2M17532599-2053304 c19 2M17552681—-334272
1 1 1 1 1 1
om0 16920.0 16926.0 ies00 % 16920.0 16926.0 16930.0

Wavelength (A) Wavelength (A)

Fig. 1. V1 lines in stars 2M18200365-3224168 (b26), 2M17532599-
2053304 (c5), 2M17224443-2343053 (c10), and 2M17552681-3342729
(c19) computed with [V/Fe]=—0.3 (red), 0.0 (cyan), +0.3 (blue), and
final values if different (magenta), compared with the observed spec-
trum (black).

Smith et al. (2021). Previously, Razera et al. (2022) and Barbuy
et al. (2023) examined the lines of the elements C, N, O, Na, Al,
Mg, Si, Ca, and Ti (Ti was considered as unmeasurable in these
stars due to severe blends).

4. Iron-peak elements: V, Cr, Mn, Co, Ni, and Cu

We analysed lines of V, Cr, Mn, Co, Ni, and Cu as detailed below.
The fits were all carried out visually, adopting convolutions with
FWHM from 0.65 to 0.75 A in the range 1500017 000 A. These
full width at half maximum (FWHM) values are compatible with
those based on a directly measured FWHM of ~0.7 A, with 10—
20 per cent variations seen across the wavelength range by Ashok
et al. (2021) and Nidever et al. (2015). Although for most of the
lines the resulting abundance is similar to that reported in DR17,
there are cases where the visual inspection is needed because of
noise or defects. The results are given in Table A.1.

Vanadium: the V1 15924.791 A line, together with the
weaker line at 15925.595 A is measurable; all other lines are too
shallow in these metal-poor stars. Hayes et al. (2022) indicate
a further two lines, which only appear in stars more metal-rich
than those analysed here. Figure 7 of this latter paper shows
results for stars with metallicities [Fe/H] > —1.0. In Table A.2,
we replace the values of [V/Fe] from the DR17 results with more
reliable measurements from the BACCHUS Analysis of Weak
Lines in APOGEE Spectra (BAWLAS). BAWLAS is part of the
DR17 release as a Value Added Catalog (VAC Hayes et al. 2022),
and presents abundances for some of the elements represented
by only weak lines, namely Na, P, S, V, Cu, Ce, and Nd, as
well as '2C/"*C ratios. The VAC used only spectra with higher
signal-to-noise ratios (S/N~120). Figure 1 shows the fit to the
V115924791 A line in four stars: 2M18200365-3224168 (b26),
2M17532599-2053304 (c5), 2M17224443-2343053 (c10), and
2M17552681-3342729 (c19). However, even considering that
some of the fits are credible, some noise is present in the region
and the plot of [V/Fe] versus [Fe/H] shows a large spread (see
Sect. 5).
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1.00 F 1 T R T

0.85 -[Cr/Fe’: +0.08 -
Cr/Fe]=-0.25 (apogee)

c17 2M17382504-2424163
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16176.0

Arbitrary Flux
o
8

Crl 15860.214
0.80

0.86 L
16880.0
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161600
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Arbitrary Flux

Crl 15680.063

Crl 16015.327
0.80 L
16012.0

0.85

1
160140 160160  16018.0
Wavelength (A)

1
15680.0
Wavelength (A)

Fig. 2. Cr1 lines in star 2M17382504-2424163 (c17) computed with
[Cr/Fe]=-0.3 (red), 0.0 (cyan), +0.3 (blue), and +0.08 (magenta)
compared with the observed spectrum (black). The final result of
[Cr/Fe]=+0.08 is shown in magenta.

Chromium: there are four measurable lines, but only two are
useful for all stars. This is because, for one-third of the stars, the
line at Cr1 15 860.214 A falls in the instrument gap and the line
Cr116015.327 A is blended with a strong unidentified feature.
The latter line is measurable for only a few stars; in the others, it
results in a spurious, much higher Cr abundance. Regarding the
blends disturbing the 16 015.327 A line listed in Table 1, Smith
et al. (2021) points out possible identifications of a feature at
16 016.75 A, which could be Ni1, Zr1, or NiI; it is also blended
with a 12C'%0 line, but the CO lines are taken into account using
the proper abundances of C and O from Razera et al. (2022).

We adopted a mean of the Cr abundance from the two
measurable olines. With most cases, measured from the Crl
15178.593 A and 15680.063 A lines, we adopted the mean
obtained from the fits to these lines, or only the fit for the best
line, which is CrI 15680.063 A. In some cases, the result is
the mean of the three lines (always discarding Cr1 16015.327 A,
except in one unique star). Figure 2 provides an example of the
fits to the Cr lines for the star 2M17382504-2424163 (c17).

Manganese: the three lines listed in the APOGEE reference
papers cited above are suitable. Two other lines that we detected
are too faint in these metal-poor stars. In general, we find very
good agreement with the ASPCAP results (see Table A.2).
Figure 3 shows a fit for the 3 MnI lines in star 2M18200365-
3224168 (b26). In cases where the Mn abundance varies among
the lines, a mean value was adopted.

Cobalt: Co1 16757.7 A is the unique suitable line, as listed
in Smith et al. (2013), but is a very strong and clean line. We
also inspected two other lines, Col 15906.075 and 16 568.649
A, but these were not useful. Figure 4 shows the fit to the Co line
in four stars, namely 2M17392719-2310311 (b14), 2M17552744-
3228019 (b19), 2M17532599-2053304 (c5), and 2M17503065-
2313234 (c28).

Nickel: we analysed nine lines, identified with an asterisk
in Table 1, and in general they give the same resulting abun-
dance. For the cases where the result differs from line to line, we
adopted a mean Ni abundance. The line NiI 16 589.440 A tends
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Fig. 3. Manganese lines in star 2M18200365-3224168 (b26). The syn-
thetic spectra were computed with [MnFe]=—0.6 (green), —0.3 (red),
0.0 (cyan), and +0.3 (blue), and are compared with the observed spec-
trum (black). A final value of [MnFe]=—-0.3 fits the three lines well.
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Fig. 4. Cobalt line in four stars: 2M17392719-2310311 (bl14),
2M17552744-3228019  (b19), 2M17532599-2053304 (c5), and
2M17503065-2313234 (c28). The synthetic spectra were computed
with [Co/Fe]=—0.3 (red), 0.0 (cyan), +0.3 (blue), the APOGEE value
indicated in the panels (green), and the final value (magenta), and are
compared with the observed spectrum (black).

to give higher abundances in most stars. Figure 5 shows the fit to
the nine lines for star 2M18010424-3126158 (c21).

Copper: the Cul 16 005.735 A line identified by Smith et al.
(2013) is the single useful line. We also identified the Cul
16650.0 A line, but the latter is immersed in a strong feature
composed of other blending lines; this feature is insensitive
to the Cu abundance. The Cul 16005.735 A line is located
between a line consisting mainly of Fe 1, and a small contribution
of Til, Till, and Cal lines, and on the red side a strong Fel
line. The Cul line is on the wing of the bluer feature, and
can be checked. The main uncertainty in the Cu abundance
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Fig. 5. Nickel lines in star 2M18010424-3126158 (c21). The synthetic
spectra were computed with [Ni/Fe]=—0.3 (red), 0.0 (cyan), and +0.3
(blue), and are compared with the observed spectrum (black).
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Fig. 6. Copper line in six stars illustrating the difficulty in deriving Cu
abundances. The synthetic spectra were computed with [Cu/Fe]=-0.3
(red), 0.0 (cyan), +0.3 (blue), and +0.08 (magenta), an are compared
with the observed spectrum (black).

is due to the adopted continuum level. Regarding the contin-
uum, we verified the overall fit to the continuum in the region
16002-16011 A and for most stars we used the local contin-
uum at around 16009 A situated after the blend dominated
by the Fe1 16006.758 A line. It is also difficult to measure
the extent of the Cu deficiency in the severely Cu-deficient
cases. Figure 6 shows the fit to the Cul 16005.735 A line
for six stars: 2M17153858-2759467 (b1), 2M17173693-2806495
(b2), 2M17250290-2800385 (b3), 2M17265563-2813558 (b4),
2M17295481-2051262 (b6), and 2M17324257-2301417 (b8).

4.1. Non-LTE corrections

Non-local thermodynamic equilibrium (NLTE) corrections are
available for some of the lines of Cr, Mn, and Co by
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Fig. 7. [V, Cr, Mn, Co, Ni/Fe] vs. [Fe/H], plotting the differences
between the present results and the APOGEE DR17 values.

Bergemann & Cescutti (2010), Bergemann & Gehren (2008),
and Bergemann et al. (2010), provided on their website!. These
corrections are reported in Table B.1.

We conducted a detailed examination of the NLTE correc-
tions provided on the MPIA website for the available spec-
tral lines. For Crl, corrections are avq}ilable for the lines at
15 680.063, 15860.214, and 16 015.327 A, with an average cor-
rection of ~0.15 dex. An inspection of the curve of growth
and the line profiles did not reveal any significant discrepan-
cies. However, there are no corrections for the line 15 178.593 A,
which is one of the only two adopted; in addition, the corrections
appear too high, and so we did not apply these NLTE corrections
to Cr.

For Mn 1, corrections are provided for the lines at 15217.793
and 15262.702 A. The line at 15217.793 A exhibits an average
correction of ~0.10 dex, whereas the 15252.702 A line would
have a larger NLTE correction of ~0.5 dex. Therefore, as not
all three lines have corrections available, and because the cor-
rections appear reasonable for only one line and high for the
rest, we also did not apply NLTE corrections for Mn. The cor-
rections on Co1 16757.711 A abundances appear suitable, and
lead to the finding that Co appears under-abundant at the lower
metallicities.

Finally, the papers cited above as used for the NLTE correc-
tions adopt the classical inelastic collisions with the hydrogen
atoms by Drawin (1968) in their calculations. The approximation
is scaled by a factor Sy, which in the Bergemann et al. papers is
assumed to have a very low value (Sy = 0 for Cr and Mn and
Sy = 0.05 for Co), thereby maximising the size of the NLTE
corrections. For this reason, we finally did not apply the NLTE
corrections to the resulting spectroscopic abundances to any of
the analysed elements.

4.2. Uncertainties

The uncertainties in the derived abundances can be seen in
Figure 7, where we plot the difference in abundances, that is, the

I https://nlte.mpia.de/gui-siuAC_secE.php
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abundances derived in this work minus the ones derived with the
APOGEE-ASPCAP DR17 software. The differences between
the two measurements can be considered as the uncertainty,
which are mainly due to continuum placement.

There is good agreement between the two values for V,
Mn, and Co, with V tending to be higher in the present work,
and very good agreement regarding the Ni abundances. Finally,
the present Cr abundances are systematically higher than the
ASPCAP ones.

The mean difference between our results and ASPCAP are
found to be:

[V/Felpresent — [V/Felaspcap = +0.11 £ 0.005,
[Cr/Fe]present — [Cr/Fe]aspcap = +0.17 £ 0.003,
[Mn/Fe]present — [IMn/Fe]aspeap = —0.04 + 0.001, (1
[Co/Felyresent — [Co/Felaspcap = +0.03 £ 0.001,
[Ni/Fe]present — [Ni/Felaspcap = +0.00 + 0.0002.

The visual fits are more reliable than ASPCAP for lines in
noisy spectra or where lines are too faint, in which case ASPCAP
tends to assign very low abundances, and this is the reason for
our abundances being higher by +0.11 and +0.17 dex for V and
Cr. The VAC-BAWLAS results for vanadium partly mitigate this
issue. For Mn, Co, and Ni, the mean difference is low, but the
present results appear more homogeneous. The fits are available
upon request.

5. Chemical-evolution models

The chemical-evolution model for the Galactic bulge computed
here assumes a classical bulge. It is derived from the chemical-
evolution models of Friaca & Terlevich (1998), which adopted
a multi-zone chemical evolution coupled with a hydrodynamical
code. For the Galactic bulge, a classical spheroid with a baryonic
mass of 2x10° M, and a dark halo mass of 1.3x10'° M, are
assumed (e.g. Barbuy et al. 2018a).

Cosmological parameters from the Planck Collaboration VI
(2020) are adopted, namely Q,, = 0.31, Q5 = 0.69, Hubble
constant Hy= 68 km s™'Mpc™', and an age of the Universe of
13.801+0.024 Gyr.

For the nucleosynthesis yields, we adopt: (i) for massive
stars, the metallicity-dependent yields from core-collapse super-
novae (CCSNae)/Supernovae Type II (SNe II) from Woosley &
Weaver (1995), with some alterations of the yields following
the suggestions of Timmes et al. (1995), and for low metal-
licities (Z < 0.01 Zg, or [Fe/H] < -2.5), the yields are from
high-explosion-energy hypernovae (HNe) from Nomoto et al.
(2013); (ii) Type Ia Supernovae (SNla) yields are from Iwamoto
et al. (1999) — their models W7 (progenitor star of initial metal-
licity Z = Z) and W70 (zero initial metallicity); and (iii) for
intermediate-mass stars (0.8—8 M) with initial Z = 0.001, 0.004,
0.008, 0.02, and 0.4, we adopt yields from van den Hoek &
Groenewegen (1997) with variable i asymptotic giant branch
(AGB case). Models are computed for radii of r < 0.5, 0.5 <
r<l,l <r<2 and 2 < r < 3 kpc from the Galactic cen-
tre, and for specific star-formation rate values of v = 1 and
3 Gyr~!. We note that for Co, the SNe II yields from Woosley &
Weaver (1995) were computed both with original values and also
multiplied by two, following the recommendations of Timmes
et al. (1995), see further discussion below. The yields of SNe
Ia for Ni from Iwamoto et al. (1999) were divided by two,
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Fig. 8. [V/Fe] vs. [Fe/H] (upper panel) and [Mn/Fe] vs. [Fe/H] (lower
panel): Chemical-evolution models with SFR of v = 1 and 3 Gyr™!
(black and blue lines respectively) overplotted on the results of the
present study (yellow pentagons) and literature data. Bulge GCs are
from Ernandes et al. (2018) (blue squares), bulge field stars are from
Nandakumar et al. (2024) (sea green open stars). For V: thick disc and
halo stars from Ishigaki et al. (2013) (red filled circles), halo stars from
Hawkins et al. (2016a), and disc stars from Kepler+APOGEE given in
Hawkins et al. (2016b) (bold grey open stars). For Mn: bulge field data
from Lomaeva et al. (2019) (filled orange triangles), Schultheis et al.
(2017) (open red circles), Barbuy et al. (2013) (filled green circles),
McWilliam et al. (2003) (filled blue triangles), and GCs NGC 6528 by
Sobeck et al. (2006) (filled magenta triangles), NGC 6355 by Souza
et al. (2023) (filled red triangles). Different model lines correspond to
the outputs of models computed for radiir < 0.5, 0.5 <r< 1,1 <r<2,
and 2 < r < 3 kpc from the Galactic centre.

because, as the authors pointed out, the W7 model overpro-
duces ®Ni, the main Ni isotope. More over, from Table 3 of
Iwamoto et al. (1999), the W7 model has [**Ni/*°Fe]=+0.62, and
the W70 model, [®Ni/*°Fe]=+0.47, whereas the five remaining
models have an average [*®Ni/*®Fe]=+0.14, implying **Ni over-
abundances by factors of ~ 3 and ~ 2, for models W7 and W70,
respectively.

Below we describe the available literature data for the stud-
ied elements, which are taken into account in the [X/Fe] versus
[Fe/H] plots, and the chemical-evolution models. Figures 8, 9,
and 10 show [V/Fe] versus [Fe/H] (upper panel) and [Mn/Fe] ver-
sus [Fe/H] (lower panel), [Ct/Fe] versus [Fe/H] (upper panel) and
[Ni/Fe] versus [Fe/H] (lower panel), and [Co/Fe] versus [Fe/H]
(upper panel) and [Cu/Fe] versus [Fe/H] (lower panel), respec-
tively. The present data are compared with literature data and the
chemical-evolution models described above, that is, for specific
star formation rates of vgr = 1 and 3 Gyr~'. The literature data
included in these plots are described below.

Vanadium: In Figure 8 (upper panel) the present data are
compared with the following literature data: bulge GCs from
Ernandes et al. (2018), thick-disc and halo stars from Ishigaki
et al. (2013), halo stars from Hawkins et al. (2016a), disc stars
from Kepler+APOGEE given in Hawkins et al. (2016b), and
bulge field stars by Nandakumar et al. (2024). As most of the
available data on V do not correspond to bulge stars, the origin
of the different samples is indicated in the figure panel. The data
show a large spread.
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Fig. 9. [Cr/Fe] vs. [Fe/H] (upper panel) and [Ni/Fe] vs. [Fe/H] (lower
panel). Chemical-evolution models with SFR of v = 1 and 3 Gyr~!
(black and blue lines respectively) overplotted on the results of the
present study (yellow pentagons) and literature data: Johnson et al.
(2014) (blue filled circles), Bensby et al. (2017) (red filled circles),
Schultheis et al. (2017) (open red circles), Lomaeva et al. (2019) (filled
orange triangles), and Lucey et al. (2022) (grey filled circles, only for
Ni). Different model lines are for the same radii from the Galactic cen-
tre as in Fig. 8.
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Fig. 10. [Co/Fe] vs. [Fe/H] (upper panel) and [Cu/Fe] vs. [Fe/H] (lower
panel): Chemical-evolution models with specific star formation of v = 1
and 3 Gyr ~! for original yields from Woosley & Weaver (1995) (black
and blue respectively), and for Co yields multiplied by two (red and
magenta lines). Data consist of the present results (yellow pentagons)
and literature data, including field data from Johnson et al. (2014) (blue
filled circles), Ernandes et al. (2020) (red filled circles), and Schultheis
et al. (2017) (open grey circles), and Xu et al. (2019) (filled grey trian-
gles), plus GC data from Ernandes et al. (2018) (red open circles) in
the lower panel. Different model lines are for the same radii from the
Galactic centre, as in Fig. 8.
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Manganese: in Figure 8 (lower panel) the present data are
compared with literature data, including the GCs from Ernandes
et al. 2018, namely the metal-rich bulge clusters NGC 6528 and
NGC 6553, the moderately metal-poor clusters HP 1, NGC 6522,
and NGC 6558, and additionally the disc cluster 47 Tucanae;
again results for the metal-rich cluster NGC 6528 from Sobeck
et al. (2006), and the relatively metal-poor cluster NGC 6355
from Souza et al. (2023), and bulge field stars (Nandakumar
et al. 2024; Lomaeva et al. 2019; Schultheis et al. 2017; Barbuy
et al. 2013; McWilliam et al. 2003). We note that Schultheis et al.
(2017) are early results from APOGEE Data Release 13 (DR13).
Mn abundances from Lucey et al. (2022) are not plotted because
of the large scatter for this element. The models appear to fit the
data very well, however we note that the NLTE corrections were
not taken into account.

Manganese behaves as a metallicity-dependent element.
[Mn/Fe] decreases with decreasing metallicity due to the
decreasing trend in the yields from SNe II ejecta at metallici-
ties of lower than [Fe/H] ~ —1. In addition, for solar metallicities,
the SNe II Mn yields have almost solar abundances and the SNIa
contribution becomes noticeable for [Fe/H] > —0.8. For the W70
model of Iwamoto et al. (1999), [Mn/Fe] = -0 07, and [Mn/Fe] =
+0.10 for the W7 model. The impact of the SNe Ia is clearly seen
in Figure 8, in the small jump of [Mn/Fe] at [Fe/H] ~ —0.8, as
shown by the chemodynamical model with vsr =3 Gyr~!.

Chromium: literature data include bulge field stellar abun-
dances (Nandakumar et al. 2024; Lucey et al. 2022; Lomaeva
et al. 2019; Bensby et al. 2017; Schultheis et al. 2017; Johnson
et al. 2014). Cr tends to vary in lockstep with Fe. The models for
Cr show a suprasolar bump at [Fe/H]~—1.1 and a subsolar bow at
[Fe/H]~-2.0 as a direct consequence of the yields from Woosley
& Weaver (1995). Again, the data presented by Schultheis et al.
(2017) are early results from APOGEE DR13.

Cobalt: literature data include bulge field-stars (Nandakumar
et al. 2024; Ernandes et al. 2020; Lomaeva et al. 2019; Schultheis
et al. 2017; Johnson et al. 2014). Co tends to vary in lockstep with
Fe, but could be somewhat under-abundant in the more metal-
poor stars, which is not reproduced by the models. In Figure 10,
the NLTE Co abundances are taken into account in results from
Ernandes et al. (2020), but this is not the case for the present
data due to the reasons explained in subsection 4.1. For Co, the
data from Schultheis et al. (2017) are early results from APOGEE
DR13. The adopted yields from Woosley & Weaver (1995) are
shown with original values, but also with Co yields multiplied
by two, as recommended by Timmes et al. (1995). It appears
that with the new data for the more metal-poor stars, the original
yields are more suitable.

Nickel: literature data include bulge field-stars (Nandakumar
et al. 2024; Lomaeva et al. 2019; Bensby et al. 2017; Schultheis
et al. 2017; Johnson et al. 2014). Regarding the data from Bensby
et al. (2017), we adopt only the stars older than 11 Gyr. Schultheis
et al. (2017) are early results from APOGEE DRI13. Ni clearly
varies in lockstep with Fe. Relative to the other elements studied
here, the models for Ni follow the Fe more closely, with a devi-
ation from solar ratios at around [Ni/Fe]< + 0.1. This applies to
the models and also to the data.

Copper: literature data include bulge field-stars abundances
(Nandakumar et al. 2024; Ernandes et al. 2020; Lomaeva et al.
2019; Xu et al. 2019; Johnson et al. 2014), and GC data are from
Ernandes et al. (2018).

In conclusion, Cr and Ni vary in lockstep with Fe, that
is, [Cr/Fe] ~ [Ni/Fe] ~ 0.0 for all metallicities. Mn is
deficient for metal-poor stars and shows a clear secondary
behaviour. Regarding Co and Cu, in Barbuy et al. (2018a) and
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Ernandes et al. (2020), we suggested that abundances of Co and
Cu could be used to discriminate between their origin as neutron
capture elements on iron-group nuclei during He burning and
later burning stages, also called the weak-s component (Limongi
& Chieffi 2003), and the a-rich freeze-out in the deepest layers
(Woosley et al. 1973; Woosley & Weaver 1995; Woosley et al.
2002; Sukhbold et al. 2016). The results of Ernandes et al. (2020)
seemed to clearly show that Co follows Fe, but only a few points
at [Fe/H] < —1 were available to these authors. With the present
data, we see that for some stars, Co tends to vary in lockstep
with Fe, showing [Co/Fe] ~ 0.0, but there are also several stars
with a lower [Co/Fe] for [Fe/H] < —1. As mentioned above, fol-
lowing a suggestion by Timmes et al. (1995), the yields of Co
from Woosley & Weaver (1995) multiplied by two satisfy the
higher Co values, but for the Co-low more metal-poor stars, the
original lower Co yields provide a better fit to the data. This is
now evidence that Co, and likewise Cu, might have a secondary
behaviour, not being dominantly produced by alpha-rich freeze-
out as we suggested in Ernandes et al. (2020) but by a weak-s
process. Cu shows a clear secondary behaviour, but another issue
is that Cu appears to be even more deficient than predicted by the
models for [Fe/H] < —0.8.

Finally, Zasowski et al. (2019) studied the APOGEE DR14
and DRI15 abundances of 4000 stars located at distances of
<4 kpc from the Galactic centre, including Cr, Mn, Co, and Ni.
The data naturally show a large spread, but the general trend of
Cr, Mn, and Ni is compatible with the present results, whereas
their Co abundances show too large a spread to be compared with
the present results.

6. Inspecting abundance indicators

Table 2 lists the abundances of elements studied in Razera et al.
(2022) and Barbuy et al. (2023). Together with Table A.1, these
data gather all abundances verified by our calculations, in addi-
tion to that of cerium, which was also analysed in Razera et al.
(2022).

We have analysed some of these abundances as indicators of
origin as second generation from GCs, and abundance indicators
of in situ or ex situ origin.

— Nitrogen-rich stars in the bulge field were identified as
second-generation stars evaporated from GCs by Schiavon
et al. (2017) and Fernandez-Trincado et al. (2017). In our
sample stars, b15, c11, and C13 are N-rich with [N/Fe]>+0.5,
and could be considered as second-generation stars evap-
orated from GCs. The star c13 also has a rather high Na
abundance of [Na/Fe]=+0.35; see Table 2.

— We apply the correlations discussed in Montalban et al.
(2021),and Ortigoza-Urdaneta et al. (2023), who proposed
that [Ni/Fe] versus [(C+N)/O] is an indicator that can be
used to discriminate between an in situ and an ex situ stel-
lar origin, similar to the more popular representation in the
[Mg/Mn] versus [Al/Fe] plane. We show both the present
abundances and the APOGEE-ASPCAP abundances for the
same 58 stars. Figure 11 shows these plots, where we can
see that in the [Mg/Mn] versus [Al/Fe] plane there are stars
spread between the in situ and the ex situ region. The dif-
ference with the Queiroz et al. (2021) population is larger
for the results in this study when compared with the DR17
results that looked more spread between the two regions.
In the [Ni/Fe] versus [(C+N)/O] plot, more stars fall in
the Heracles locus. For [Mg/Mn] versus [Al/Fe], Queiroz
et al. (2021) demonstrated that counter-rotating stars popu-
late both the in situ and ex situ regions. Vasini et al. (2024)
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Table 2. Abundances of C, N, and O (Razera et al. 2022), Na and Al (Barbuy et al. 2023), and Mg, Si, and Ca from DR17.

D ID [Fe/H] [C/Fe] [N/Fe] [O/Fe] [Na/Fe] [Al/Fe] [Al/Fe] [Mg/Fe] [Si/Fe] [Ca/Fe]
int. 2MASS DR17 Razera+22 DR17 Barbuy+23 DR17

bl 2M17153858-2759467 —-1.65 -0.60 +0.40 +0.35 +0.25 -0.13 -0.27 0.33 0.13 0.19
b2 2M17173693-2806495  -0.97 -0.20  +0.00  +0.40 -0.25 +0.19 +0.12 0.35 0.22 0.22
b3 2M17250290-2800385 —-0.82 —0.05 +0.10 +0.35 -0.06®  +0.04 +0.00 0.33 0.10 0.11
b4 2M17265563-2813558 -132 -0.35 +0.20 +0.35 +0.69 +0.02 +0.00 0.34 0.31 0.21
b5 2M17281191-2831393 -119 -030 +040 +0.40 -0.39 +0.05 +0.00 0.25 0.21 0.19
b6 2M17295481-2051262  -0.85 —-0.30 +0.20  +0.40 -0.72 +0.38 +0.25 0.31 0.30 0.24
b7 2M17303581-2354453  -0.98 -0.25 +0.00  +0.40 -0.20 +0.20 +0.06 0.38 0.19 0.20
b8 2M17324257-2301417  -0.82  +0.00 —-0.10 +0.35 +0.25%)  +0.22 +0.18 0.36 0.18 0.19
b9 2M17330695-2302130 -0.93  +0.00  +0.00  +0.35 -0.16 -0.08 +0.10 +0.28 0.14 0.26
bl0  2M17344841-4540171  -0.88 —-0.30 +0.20 +0.35 -0.22%  +0.27 +0.10 0.34 0.27 0.26
bll  2M17351981-1948329  -1.11 -0.10 +0.10  +0.40 -0.15 -0.01 -0.05 0.28 0.06 0.21
bl2  2M17354093-1716200 -0.87 -0.20 +0.00  +0.37 -0.20 +0.24 +0.18 0.39 0.17 0.21
b13  2M17390801-2331379  —0.81 -0.10  +0.15  +0.38  +0.25®  +0.05 +0.05 0.33 0.15 0.12
bl4  2M17392719-2310311 -087 -010 +0.10 +0.38 -0.15%  -0.06 +0.05 0.25 0.11 0.21
bl5  2M17473299-2258254  -1.74 -0.70  +0.80 0.35 +0.15 -0.11 -0.25 0.34 0.27 0.15
bl6  2MI17482995-2305299 -1.03 -0.30 +0.30 +0.40 +0.06  -0.06 -0.20 0.28 0.40 0.01
bl7  2M17483633-2242483  -1.09 -0.20 +0.10  +0.35  +0.08*  +0.08 +0.06 0.28 0.13 0.25
bl8  2MI17503263-3654102 -0.99 -040 +0.40 +0.33  +0.08®  +0.23 +0.17 0.38 0.31 0.25
b19  2MI17552744-3228019 -1.06 -0.30 +0.40  +0.35 -0.08 +0.23 +0.10 0.31 0.32 0.20
b20 2M18020063-1814495 -138 -0.50 4030  +0.35 -0.20 -0.05 —-0.20: 0.22 0.19 0.13
b21  2M18050452-3249149 -1.16 -0.50 +0.20  +0.40 -0.45 +0.23 +0.14 0.32 0.35 0.24
b22  2MI8050663-3005419 -0.92 -0.10 +0.00 +0.40  +0.01% —-0.08 -0.02 0.29 0.14 0.12
b23 2M18065321-2524392 -0.89 -0.20 +0.20  +0.38 -0.73 +0.27 +0.20 0.36 0.23 0.23
b24  2M18104496-2719514  -0.82 -0.10  +0.10  +0.35 -0.05 +0.25 +0.12 0.46 0.20 0.16
b25  2MI18125718-2732215 -131 -022 +0.20 +0.40 -0.31 -0.21 -0.30 0.16 0.11 0.16
b26  2M18200365-3224168 -0.86 -0.35 +0.20 +0.32 -0.05 +0.35 +0.22 0.38 0.27 0.21
b27  2M18500307-1427291 -095 -0.30 +0.20  +0.38 -0.10 +0.31 +0.15 0.30 0.29 0.18
cl 2M17173248-2518529  —0.91  -0.25 +020 +0.38 —-0.13®  +0.08 +0.00 0.23 0.15 0.21
c2 2M17285088-2855427 -123 -045 +040 +0.40 —-0.38 -0.07 +0.00 0.33 0.18 0.19
c3 2M17301495-2337002 -1.06  -0.25 +0.20  +0.40 +0.26 +0.19 +0.19 0.27 0.22 0.25
c4 2M17453659-2309130  -1.20 -0.30  +0.30  +0.40 -0.15 -0.12 -0.15 0.21 0.15 0.11
¢S 2M17532599-2053304 -0.87 -0.25 +0.20 +0.40 -0.19 +0.18 +0.15 0.35 0.30 0.19
c6 2M18044663-3132174  -0.90  -0.15  +0.00 0.40 -0.06 +0.18 +0.20 0.38 0.18 0.26
c7 2M18080306-3125381 -0.90 -0.30  +0.00  +0.40 -0.70 +0.46 +0.50 0.29 0.35 0.26
c8 2M18195859-1912513 -124 -040 +040 +0.40 -0.16 +0.02 +0.00 0.26 0.23 0.21
c9 2M17190320-2857321 -1.20 -030 +0.20  +0.70 +0.53 +0.05 +0.00 0.32 0.28 0.21
cl0  2M17224443-2343053 -0.88 -0.35 +020 +0.37 -0.10% +0.38 +0.23 0.39 0.34 0.28
cll  2M17292082-2126433 -1.27 -0.60 +0.60  +0.38 +0.21 +0.27 +0.40 0.07 0.16 0.28
cl2  2M17323787-2023013 -0.85 -0.15 +0.20  +0.40 -0.05 +0.22 +0.20 0.35 0.24 0.21
cl3  2M17330730-2407378 -190 -0.70 +0.70  +0.38 +0.35 -0.17 -0.31 0.28 0.24 0.28
cl4  2M18023156-2834451 -119 -0.05 +0.10  +0.40 -0.64 +0.01 +0.10 0.29 0.13 0.28
cl5  2MI17291778-2602468  -0.99 -0.20 +0.30  +0.38 -0.44 +0.27 +0.20 0.38 0.30 0.15
cl6  2M17310874-2956542  -093 -0.40 +0.20 +0.36 -0.02 +0.21 +0.15 0.36 0.35 0.22
cl7  2MI17382504-2424163 -1.05 -020 +0.30 4040 +0.26%  +0.27 +0.18 0.31 0.17 0.13
cl8  2MI17511568-3249403  -090 -0.20 +0.00  +0.38 -0.02 +0.21 +0.18 0.39 0.24 0.21
cl9  2M17552681-3334272 -0.89 -0.30  +0.00  +0.40 -0.14 +0.46 +0.41 0.36 0.43 0.21
c20  2M18005152-2916576  —-1.02  -040 +0.20  +0.40 +0.16 +0.32 +0.23 0.28 0.40 0.24
c2l  2MI18010424-3126158  -0.83 —0.25 +0.00  +0.38  +0.02* +0.16 +0.05 0.40 0.20 0.20
c22 2MI18042687-2928348 -1.21  -0.50 +0.30  +0.40 -0.15 -0.05 -0.17 0.32 0.21 0.09
c23  2M18052388-2953056 -1.57 -0.35 +0.40 0.40 +0.57 -0.03 -0.20 0.31 0.26 0.20
c24  2M18142265-0904155 -0.85 -0.20 +0.20  +0.33 -0.32 +0.29 +0.18 0.37 0.26 0.21
c25  2M17293482-2741164  -125 -0.50 +0.30  +0.40 +0.04 +0.02 -0.05 0.30 0.28 0.22
c26  2M17341796-3905103 -0.89 -0.40 +0.25 +0.40 -0.28 +0.35 +0.35 0.34 0.36 0.23
c27  2M17342067-3902066 -0.93 -0.30 +0.20 +0.40 +0.36*)  +0.30 +0.15 0.30 0.41 0.14
c28  2MI17503065-2313234 -0.88 -0.10 +0.00 +0.35 +0.09®  +0.23 +0.28 0.36 0.22 0.18
c29  2M18143710-2650147  -0.92 -0.30  +0.10  +0.40 -0.20 +0.26 +0.13 0.35 0.31 0.14
c30 2M18150516-2708486  —-0.83  -0.05 +0.00  +0.31 -0.04 +0.24 +0.14 0.37 0.22 0.15
c31  2M18344461-2415140 -142 -045 +040  +0.40 -0.23 +0.12 -0.03 0.29 0.32 0.28

Notes. Na abundances in boldface are from the Value Added Catalogue (VAC) data derived with BACCHUS Analysis of weak lines in APOGEE
spectra (BAWLAS), and the symbol “"means that for these stars, the Na abundance was considered reliable in Barbuy et al. (2023).
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Fig. 11. [Mg/Mn] vs. [Al/Fe] (upper panel) and [Ni/Fe] vs. [C+N/O]
(lower panel). Contours correspond to Heracles Horta et al. (2021) and
Gaia-Sausage-Enceladus Limberg et al. (2022), and the black points to
the RPM sample from Queiroz et al. (2021). Yellow pentagons show
abundances derived from the results presented here, while blue stars
show APOGEE-ASPCAP abundances for the same 58 stars.

demonstrate that the uncertainties on the chemical yields can
reproduce totally different star formation histories (SFHs) in
the [Mg/Mn] versus [Al/Fe] plane, which means that they
may reproduce an ex situ SFH using in situ yields. On the
other hand, Feltzing & Feuillet (2023) argue that this kind
of plot can lead to a clear separation between in situ metal-
weak disc and halo ex situ stars, which otherwise also show
a high and moderate [Mg/Fe], respectively. As for Ni, sub-
solar Ni is expected for ex situ stars, whereas [Ni/Fe] =
0.00+0.05 for our sample, which is characteristic of an in
situ origin. Second-generation stars can also mimic an in situ
origin on the [Mg/Mn] versus [Al/Fe] plane, as observed by
Fernandez-Trincado et al. (2022) and Souza et al. (2023),
who analysed individual stars of in situ GCs. For instance,
the GC NGC 6558, classified as in situ based on different
methods (Barbuy et al. 2018b; Pérez-Villegas et al. 2020;
Souza et al. 2024), has stars with low [Al/Fe], which could
lead to a misinterpretation that NGC 6558 is an ex situ
cluster, if only this criterion were taken into account.

— Nissen et al. (2024) point out a parallel between the abun-
dances of alpha elements and iron-peak elements. For their
alpha-low stars, V, Sc, and Co are also low. Our stars are all
alpha-enhanced, as can be seen from their O and Mg abun-
dances, and somewhat lower values of Ca and Si - this is
expected given that O and Mg are produced in hydrostatic
phases of massive stars, whereas Ca and Si are produced in
explosive phases (McWilliam 2016). For Nissen’s stars, the
alpha-enhanced stars show [Co/Fe]~+0.1, like most of our
stars, and the alpha-low ones show [Co/Fe] ~ —0.1. Also,
Nissen & Schuster (2010) found that nearly all accreted stars
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in the solar neighbourhood have —0.2 < [Ni/Fe] < —0.05.

Our sample stars are all alpha-enhanced and most of them

also show [Co/Fe]~+0.0 to 0.1, and [Ni/Fe] ~ 0.0, therefore

indicating an in situ origin.

In conclusion, we believe that [(C+N)/O] does not seem to offer
a robust way of discriminating between an ex situ and an in situ
origin, as it contradicts the other more reliable indicators such
as alpha-enhancement, but also [Al/Fe], which is low in Hera-
cles stars (—0.25 < [Al/Fe] < 0.0). CNO also depends critically
on stellar evolution processes of mixing and extra-mixing (e.g.
Smiljanic et al. 2009; Shetrone et al. 2019), whereas the other
abundance indicators depend on the nucleosynthesis that took
place in the environment where the stars were born.

As Heracles selection criteria include high eccentricities
and lower energies, some overlap with our selection criteria for
selecting our RPM sample (see Queiroz et al. 2020, 2021) is
expected.

There are coincidences with Heracles, with however one dis-
criminator being the low [Al/Fe] in Heracles stars. This structure
might well be an early progenitor of the early bulge of the Milky
Way, and not an accreted object. A similar case is Aurora, which
shows a wide range in [Al/Fe], and was considered by Myeong
et al. (2022) to contain early stars formed in the young Milky
Way.

7. Conclusions

This is the third paper of a series dealing with the chemical
abundance analysis of 58 stars selected to have [Fe/H] < —0.8
and orbits compatible with being members of a spheroidal com-
ponent of the Galactic bulge. In the present work, we have
recomputed the abundances of the iron-peak elements V, Cr, Mn,
Co, Ni, and Cu in spectra observed by the APOGEE collabora-
tion. We confirm which lines are suitable for the determination
of these abundances in the range of metallicities of —2.0 <
[Fe/H] < -0.8.

The abundances were compared with chemical-evolution
models, which appear to reproduce the [X/Fe] versus [Fe/H]
behaviour well in most cases. In summary, V, Cr, and Ni tend
to vary in lockstep with iron, as does Co, although the present
data on Co show a trend towards under-abundance for [Fe/H]
<—1, and might be showing a secondary behaviour similar to that
of Cu. Mn and Cu decrease with decreasing metallicity, and Cu
appears to drop faster than the models predict for [Fe/H]<—0.8.
Finally, using abundance discriminators, together with kinemat-
ical and dynamical criteria, our sample of 58 stars has the
characteristics of an in situ sample.
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Appendix A: Present and APOGEE-ASPCAP
abundance results

In Table A.1 are given the APOGEE uncalibrated stellar parame-
ters, and the present resulting abundances for the elements V, Cr,
Mn, Co, Ni, and Cu. In Table A.2 we report the abundances of V,
Cr, Mn, Co, and Ni from APOGEE DR17 for the 58 sample stars.
Copper was not measured by the APOGEE ASPCAP procedure.
The values in bold face correspond to data from the Value Added
Catalog (VAC), and analysed in BAWLAS (see text).

Appendix B: Non-Local thermodynamic
Equilibrium corrections

Table B.1 provides the NLTE corrections for the lines available
in Bergemann & Cescutti (2010), for the elements Cr, Mn, and
Co. We only adopted the final values for the Co abundances,
given that for Cr and Mn there are no corrections for all the lines
studied, and for Cr and Mn the corrections appear too high.
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Table A.1. Stellar parameters and abundances of V, Cr, Mn, Co, Ni, and Cu derived.

1D 1D Ter logg [Fe/H] v, [V/Fe] [Cr/Fe] [Mn/Fe] [Co/Fe] [Ni/Fe] [Cu/Fe]
(internal) (2MASS) (K) (km/s)

bl 2M17153858-2759467 39227 034 -1.65 2.62 -0.05 +0.07 -0.35 —-0.05 +0.03 +0.45
b2 2M17173693-2806495 39089 0.95 -0.97 220  +0.05 +0.08 -0.35 +0.10 +0.00 —-0.60
b3 2M17250290-2800385 3796.6 091 -0.82  2.39 +0.05  +0.13 -0.15 +0.17 -0.04 +0.10
b4 2M17265563-2813558  4096.2 1.00 -1.32 1.89 +0.15 +0.15 -0.45 +0.00 +0.10 -0.18
b5 2M17281191-2831393  4029.1 096 -1.19 1.73 -0.15 -0.40 -0.43 -0.20 -0.07 —-0.08
b6 2M17295481-2051262 42059 150 -0.85 1.71 — +0.15: -0.45 +0.00 +0.03 +0.25
b7 2M17303581-2354453  3863.0 0.77 -0.98 2.13 +0.05  +0.20 -0.20 +0.15 -0.02 -0.10
b8 2M17324257-2301417 36682 0.79 -0.82  2.30 +0.12  +40.13 -0.18 +0.15 -0.02 -0.35
b9 2M17330695-2302130 3566.6 0.35 -0.93 242 +0.00  +0.15 -0.17 +0.16 +0.00 -0.20
b10 2M17344841-4540171  3869.2 0.85 —0.88 2.16 +0.05  +0.10 -0.27 +0.00 +0.00 -0.10
bll 2M17351981-1948329 35535 044 -1.11 3.06 -0.07 +0.08 -0.25 +0.00 +0.02 -0.27
bl2 2M17354093-1716200 38955 1.01  -0.87 2.02 +0.10  +0.23 -0.15 +0.19 -0.02 -0.17
bl4 2M17392719-2310311  3643.3 0.67 -0.87 2.55 +0.15  +0.20 -0.12 +0.14 +0.07 -0.45
bl5 2M17473299-2258254  4018.3 047 -1.74 2.12 +0.00 — -0.42 -0.10 +0.06 -0.45
bl6 2M17482995-2305299 4213.6 1.24 -1.03 2.10 — -0.15 -0.50 -0.12 +0.00 +0.00
bl7 2M17483633-2242483  3651.5 0.44 -1.09 2.58 -0.02 +0.13 -0.35 —-0.08 +0.00 -0.30
b18 2M17503263-3654102 3893.5 0.64 -0.99 2.19 +0.08  +0.12 -0.30 +0.03 -0.05 -0.18
b19 2M17552744-3228019  4018.9 1.0 -1.06 2.00 -0.05 -0.10 -0.40 -0.15 -0.02 +0.10
b20 2M18020063-1814495 3988.8 0.80 —1.38 2.04 -0.05 — -0.30 -0.09 +0.05 —-0.40
b21 2M18050452-3249149 39408 0.77 -1.16 2.08 -0.10 +0.15 -0.30 >-0.05 +0.04 +0.08
b22 2M18050663-3005419 34399 0.23 -0.92  2.52 -0.15 +0.16 -0.10 +0.10 -0.02 -0.27
b23 2M18065321-2524392 3893.1 095 -0.89  2.02 +0.00  +0.10 -0.23 +0.06 +0.00 -0.45
b24 2M18104496-2719514  4153.1 133 -0.82  2.05 — — -0.25 +0.03 +0.09 -0.20
b25 2M18125718-2732215  3617.2 044 -1.31 2.64 — +0.05 -0.15 -0.30 -0.02 -0.07
b26 2M18200365-3224168 3976.6 0.95 -0.86 1.94 +0.00  +0.15 -0.30 +0.00 +0.00 -0.26
b27 2M18500307-1427291  4076.0 123 -0.95 1.73 -0.12 +0.15 -0.40 +0.00 -0.03 -0.53
cl 2M17173248-2518529  3977.0 1.0 -0.91 1.81 +0.00  +0.20 -0.35 +0.00 -0.02 +0.05
c2 2M17285088-2855427 3838.0 0.63 -1.23 2.18 -0.50 +0.15 -0.40 -0.15 +0.00 -0.50
c3 2M17301495-2337002 38140 0.69 —1.06 222 -0.06 +0.15 -0.43 +0.00 -0.06 -0.35
c4 2M17453659-2309130  4133.1 127 -1.20 1.08 — -0.35 -0.38 — — -0.26
c5 2M17532599-2053304 38969 091 -0.87 2.10 +0.08  +0.20 -0.33 +0.15 +0.01 -0.15
c6 2M18044663-3132174 38326 0.92 -0.90 2.22 +0.07  +0.25 -0.27 +0.16 +0.10 +0.00
c7 2M18080306-3125381 43100 157 -0.90 1.48 — +0.10 -0.40 +0.00: -0.18 -0.27
c8 2M18195859-1912513 41020 1.05 -1.24 1.78 +0.12  +0.05 -0.39 -0.05 +0.01 +0.00
c9 2M17190320-2857321  4139.6 119  -1.20 1.83 — +0.00 -0.38 +0.00: — -0.50
clo 2M17224443-2343053 40583 1.02 -0.88 1.97 +0.02  +0.15 -0.24 +0.00 +0.00 -1.00
cll 2M17292082-2126433 39834 0.78 -1.27 2.59 +0.25  +0.40 -0.26 +0.25 +0.10 +0.00
cl2 2M17323787-2023013  3865.7 1.03 -0.85 1.94 +0.02  +0.20 -0.25 +0.03 +0.02 +0.00
cl3 2M17330730-2407378  4042.5 025 -1.90 1.88 — — —-0.54 +0.00: +0.00 +0.15
cl4 2M18023156-2834451 36174 042 -1.19 3.02 +0.08 -0.05 -0.27 +0.05 -0.06 +0.00
cl5 2M17291778-2602468 3844.3 0.71  —-0.99 2.10 -0.09 +0.18 -0.31 +0.03 +0.02 -0.30
cl6 2M17310874-2956542  4175.7 1.20 -0.93 2.07 — +0.08 -0.37 -0.06 -0.04 -0.05
cl7 2M17382504-2424163 3880.4 099 -1.05 1.55 +0.00  +0.08 -0.19 +0.02 +0.10 -1.00
cl8 2M17511568-3249403 39212 098 -090 2.04 +0.03 +0.17 -0.42 +0.06 +0.01 -0.15
cl9 2M17552681-3334272  4051.0 1.08 -0.89 1.98 +0.30  +0.30 -0.23 +0.06 +0.01 +0.00
c20 2M18005152-2916576  4158.9 1.04 -1.02 221 +0.13 — -0.32 +0.10 -0.04 +0.00
c21 2M18010424-3126158  3773.1 0.68 —0.83 220  +0.05 +0.15 -0.29 +0.00 +0.00 -0.10
c22 2M18042687-2928348 4164.7 0.88 -1.21 2.14 — +0.00: -0.54 -0.15: +0.00 +0.00
c23 2M18052388-2953056 42529 092 -1.57 1.92 — +0.17: -0.59 — +0.00 -0.30
c24 2M18142265-0904155 3920.5 112 -0.85 2.13 — +0.17: -0.32 +0.10 +0.02  -045:
c25 2M17293482-2741164  4143.5 1.03 -1.25 1.85 — +0.18: —-0.45 +0.06 -0.03 —-0.80:
c26 2M17341796-3905103  4163.5 142 -0.89 1.84 — +0.25 -0.37 +0.00: +0.01 -0.10
c27 2M17342067-3902066  4380.4 140 -0.93 1.99 — — —-0.40 +0.00: +0.01 —

c28 2M17503065-2313234  3819.4 098 -0.88 2.10 +0.00  +0.10 -0.24 +0.14 +0.06 +0.00
c29 2M18143710-2650147  4240.5 130 -0.92 1.97 — +0.30 -0.31 +0.05 +0.00 -0.30
c30 2M18150516-2708486 38334 1.0 -0.83 2.14 +0.01 +0.10 -0.23 -0.03 +0.00 +0.00
c31 2M18344461-2415140 42945 1.09 -1.42 1.83 — — -0.50 +0.00 +0.00 +0.30

The internal identification of stars with numbers starting with b or ¢, corresponds to spectra from DR14
and DR16 respectively.
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Table A.2. Abundances of V, Cr, Mn, Co, and Ni from APOGEE DR17 for the 58 sample stars.
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ID ID [V/Fe] [Cr/Fe] [Mn/Fe] [Co/Fe]  [Ni/Fe]
bl 2M17153858-2759467 — -0278  -0.375 -0.053 0.025
b2 2M17173693-2806495 0.201 0.028 -0.310 0.022  -0.006
b3  2M17250290-2800385 0.169 0.030 — 0.170 0.042
b4  2M17265563-2813558 0.141 0282 -0391 -0.131 0.068
b5  2MI17281191-2831393  -0.059 -0.644 -0.239 -0.200 -0.065
b6  2M17295481-2051262 -0.201 -0.214  -0.358 0.047 0.029
b7  2M17303581-2354453  —-0.069 0.021 -0.319 0.059 -0.019
b8  2M17324257-2301417 0.232 — — 0.147 0.080
b9  2M17330695-2302130  —0.403 — — 0.160 0.033
bl0 2M17344841-4540171 0.256 0.004  -0.266 0.073 0.039
bll  2M17351981-1948329 0.108 — — — 0.068
bl2 2M17354093-1716200 —0.005 -0.023  -0.255 0.143 0.062
b13  2M17390801-2331379 0.210 0.022 — 0.192 0.083
bl4  2M17392719-2310311 0.018 — — 0.142 0.006
bl5 2M17473299-2258254  —0.155 — 0470 -0.252  -0.060
bl6 2M17482995-2305299 -0.480 -0.013 -0.438 -0.026  -0.028
bl7 2M17483633-2242483 0.191 — — 0.088 0.020
bl8 2M17503263-3654102 -0.016 -0.065  -0.275 0.033 0.042
b19  2M17552744-3228019 0.347 -0.132 -0.314 0.022 0.004
b20 2M18020063-1814495 -0.831 -0.349 -0346 -0.155 -0.037
b21 2M18050452-3249149  —0.081 0.015 -0.297 -0.050 0.030
b22 2M18050663-3005419 — — — — —
b23  2M18065321-2524392  -0.134 0.016  -0.280 -0.019 0.004
b24 2M18104496-2719514  -0.027 -0.115  -0.250 0.005 0.008
b25 2MI18125718-2732215  —-0.350 — — -0.012 0.029
b26 2M18200365-3224168 0.060 0.026  -0.296 0.057 0.000
b27 2M18500307-1427291 -0.459 -0.174 -0.403 -0.026  —0.041
cl 2M17173248-2518529  —-0.221 -0.099  -0.299 0.010  -0.064
c2  2M17285088-2855427 -0.814 -0.092 -0.401 -0.067 -0.070
c3  2M17301495-2337002 0.211 0.032  -0.304 0.068 0.020
c4  2M17453659-2309130 -0.381 -0.820  -0.417 — -0.115
¢S5 2M17532599-2053304 0.164 -0.083 —-0.256 0.084 0.052
c6  2M18044663-3132174 0.036 0.000 -0.221 0.157 0.056
c7  2M18080306-3125381 -0.460 -0.117 -0.397 -0.425 -0.082
c8  2M18195859-1912513 0.101 -0.060 -0.390 -0.303  -0.058
c9  2M17190320-2857321  -0.628 -0.359  -0.384 0.109  -0.023
cl0 2M17224443-2343053 0.080 0.004  -0.237 0.000 0.033
cll  2M17292082-2126433  —0.120 0.041  -0.307 0.063  —0.037
cl2  2M17323787-2023013 0.091 0.006  -0.261 0.031 -0.002
cl3  2M17330730-2407378 0.030 — 0542 -0402 -0.056
cl4 2M18023156-2834451 0.152 — — 0.196 0.141
cl5 2M17291778-2602468  —-0.130 —0.005 -0.312  -0.017 0.007
cl6 2M17310874-2956542  -0.440 -0.222 -0.338 —0.060 0.039
cl7  2M17382504-2424163  —-0.123 -0.259  -0.194 0.023 0.163
cl8 2M17511568-3249403 0.010 0119 -0.332 0.064 -0.013
cl9  2M17552681-3334272 —-0.013 0.073 -0.274 0.057 0.024
c20 2M18005152-2916576 0.130 -0.009  -0.275 0.101 -0.021
c21  2M18010424-3126158 0.141 0.045 — 0.074 0.022
c22 2M18042687-2928348 —-0.321 -0.591 -0.537 -0.248  -0.044
c23  2M18052388-2953056 —0.881 0.168  -0.590 0.000 0.007
c24 2M18142265-0904155  -0.182 -0.224  -0.284 0.009 0.062
c25  2M17293482-2741164 — -0.088  -0.555 0.056  -0.084
c26 2M17341796-3905103  -1.052 -0.146  -0.368 —0.498 0.073
c27 2M17342067-3902066 —-0.134 -0.390 -0.496 —0.085 0.041
c28 2M17503065-2313234  —0.009 0.066 -0.244 0.138 0.046
c29 2M18143710-2650147 0.053 -0.026 -0.356 —-0.031 —-0.010
c30 2M18150516-2708486  —-0.004 -0.017 -0.226 0.061 0.054
c31 2M18344461-2415140 0.156 -0.128 -0.654 -0.218 —0.0905

Values in bold face are from VAC-BAWLAS.
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Table B.1. NLTE corrections (in dex) for the Cr I, Mn I, Co I lines available in nlte.mpia.de website.

ID Crl Crl Crl Mnl Mnl Col
15680.063 15860.214 (GAP) 16015.323 (BLEND) 15217.793 15262.702 16757.719

bl 0.134 0.124 0.114 -0.008 0.147 0.009
b2 0.139 0.131 0.122 0.091 0.758 -0.046
b3 0.113 0.104 0.097 0.105 0.840 -0.059
b4 0.215 0.205 0.192 0.049 0.431 -0.010
b5 0.185 0.176 0.166 0.051 0.543 -0.024
b6 0.204 0.193 0.184 0.213 no-conv -0.039
b7 0.127 0.119 0.111 0.074 0.688 -0.046
b8 0.090 0.083 0.077 0.079 0.695 -0.065
b9 0.075 0.069 0.065 0.042 0.521 -0.062
b10 0.126 0.118 0.110 0.100 0.818 -0.054
bll 0.078 0.073 0.069 0.021 0.365 -0.043
bl12 0.133 0.125 0.116 0.124 0.935 -0.053
bl4 0.086 0.080 0.075 0.061 0.592 -0.063
bl5 0.163 0.152 0.140 0.019 0.162 0.018
bl6 0.225 0.215 0.204 0.102 0.797 -0.025
bl7 0.090 0.085 0.081 0.018 0.402 -0.041
bl18 0.128 0.121 0.113 0.062 0.657 -0.042
b19 0.170 0.161 0.152 0.087 0.711 -0.034
b20 0.177 0.170 0.159 -0.001 0.313 -0.014
b21 0.153 0.146 0.138 0.036 0.531 -0.028
b22 weak weak weak 0.075 0.470 weak
b23 0.135 0.126 0.117 0.113 0.888 -0.053
b24 0.181 0.172 0.165 0.199 no-conv -0.041
b25 0.093 0.087 0.081 0.010 0.289 -0.029
b26 0.145 0.137 0.128 0.142 1.008 -0.051
b27 0.178 0.168 0.159 0.150 1.012 -0.041
cl 0.151 0.142 0.133 0.134 0.989 -0.049
c2 0.133 0.126 0.119 0.028 0.470 -0.028
c3 0.122 0.115 0.107 0.055 0.605 -0.043
c4 0.253 0.239 0.224 0.110 0.722 -0.026
c5 0.132 0.124 0.115 0.114 0.898 -0.053
c6 0.125 0.116 0.107 0.092 0.767 -0.054
c7 0.256 0.241 0.228 0.193 no-conv -0.028
c8 0.215 0.205 0.193 0.071 0.535 -0.016
c9 0.241 0.230 0.215 0.089 0.603 -0.020
cl0 0.165 0.156 0.147 0.149 1.018 -0.044
cll 0.167 0.160 0.151 0.009 0.365 -0.017
cl2 0.129 0.120 0.111 0.128 0.959 -0.056
cl3 0.170 0.161 0.152 0.098 0.192 0.043
cl4 0.088 0.083 0.078 0.012 0.313 -0.033
cl5 0.123 0.115 0.107 0.068 0.670 -0.046
cl6 0.196 0.187 0.180 0.134 0.987 -0.034
cl7 0.149 0.139 0.128 0.097 0.872 -0.045
cl8 0.141 0.132 0.123 0.117 0.900 -0.050
cl9 0.163 0.154 0.146 0.148 1.014 -0.043
c20 0.199 0.190 0.182 0.087 0.761 -0.026
c21 0.106 0.099 0.092 0.083 0.720 -0.062
c22 0.230 0.219 0.204 0.054 0.489 -0.001
c23 0.302 0.284 0.265 0.088 0.317 0.042
c24 0.139 0.130 0.120 0.137 0.980 -0.050
c25 0.226 0.216 0.203 0.071 0.510 -0.009
c26 0.195 0.185 0.177 0.182 no-conv -0.038
c27 0.283 0.270 0.255 0.138 0.982 -0.010
c28 0.126 0.116 0.107 0.104 0.832 -0.056
c29 0.218 0.207 0.197 0.145 1.015 -0.033
c30 0.127 0.117 0.107 0.121 0.913 -0.058
c31 0.328 0.306 0.285 0.097 0.414 0.034

The keywords no-conv, non-LTE did not converge and weak: The line is too weak (EW < 1mA).
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