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A B S T R A C T 

We identified a sample of 58 candidate stars with metallicity [Fe/H] � −0.8 that likely belong to the old bulge spheroid stellar 
population, and analyse their Na and Al abundances from Apache Point Observatory Galactic Evolution Experiment (APOGEE) 
spectra. In a previous work, we inspected APOGEE-Stellar Parameter and Chemical Abundance Pipeline abundances of C, N, 
O, Mg, Al, Ca, Si, and Ce in this sample. Regarding Na lines, one of them appears very strong in about 20 per cent of the sample 
stars, but it is not confirmed by other Na lines, and can be explained by sky lines, which affect the reduced spectra of stars in 

a certain radial velocity range. The Na abundances for 15 more reliable cases were taken into account. Al lines in the H band 

instead appear to be very reliable. Na and Al exhibit a spread in abundances, whereas no spread in N abundances is found, and we 
found no correlation between them, indicating that these stars could not be identified as second-generation stars that originated 

in globular clusters. We carry out the study of the behaviour of Na and Al in our sample of bulge stars and literature data by 

comparing them with chemodynamical evolution model suitable for the Galactic bulge. The Na abundances show a large spread, 
and the chemodynamical models follow the main data, whereas for aluminum instead, the models reproduce very satisfactorily 

the nearly secondary-element behaviour of aluminum in the metallicity range below [Fe/H] � −1.0. For the lower-metallicity 

end ([Fe/H < −2.5), hypernovae are assumed to be the main contributor to yields. 
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 I N T RO D U C T I O N  

he mix of stellar populations in the Galactic bulge includes relics
f an early classical bulge, as made evident from RR Lyrae (D ́ek ́any
t al. 2013 , Savino et al. 2020 ), red clump stars (Kunder et al.
020 ), metal-poor stars (Arentsen et al. 2020 , Sestito et al. 2023 ),
nd very old globular clusters such as NGC 6522 (e.g. Barbuy 
t al. 2009 , 2014 , 2021 ; Fern ́andez-Trincado et al. 2019 ). The
etal-poor stellar population components have a metallicity peak 

t [Fe/H] ≈−1.0, and there are traces of lower-metallicity stars –
ee surv e ys by Howes et al. ( 2016 ), Casey & Schlaufman ( 2015 ),
he Pristine Inner Galaxy Surv e y (Arentsen et al. 2020 ), and the
hemodynamical Origins of Metal-poor Bulge Stars (Lucey et al. 
022 ). Metallicities of [Fe/H] ≈−1.0 in the Galactic bulge are due to
 fast chemical enrichment (Chiappini et al. 2011 , Wise et al. 2012 ,
arbuy, Chiappini & Gerhard 2018a ). Tumlinson ( 2010 ) suggests

hat half of the oldest stars in the Galaxy should be found in the
alactic bulge. 
 E-mail: b.barbuy@iag.usp.br (BB); amancio.friaca@iag.usp.br (ACSF); 
eitor.ernandes@geol.lu.se (HE) 
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The great majority of bulge stars, instead, show two major 
etallicity peaks at [Fe/H] ≈−0.4 and + 0.3 (Ness et al. 2013 ;
occali et al. 2017 ; Rojas-Arriagada et al. 2020 – see also Barbuy
t al. 2018a ). Zoccali, Valenti & Gonzalez (2018) found that the
etallicity peak at [Fe/H] ≈−0.4 make up 48 per cent of the total

tellar mass of the bulge, within the region | l | < 10 and | b | < 9.5, it
s more axisymmetric than the metal-rich one, and their orbits do not
ollow the bar, and the remaining 52 per cent belong to the range of
etal-rich stars. 
Queiroz et al. ( 2020 , 2021, and references therein) reported the
ix of stellar populations in the bulge, including the presence 

f a bar-induced pseudo-bulge (e.g. Bensby et al. 2017 ) inner
hin and thick disc, inner halo, as well as accreted components
uch as Gaia–Enceladus–Sausa g e (Belokurov et al. 2018 ; Helmi
t al. 2018 ). Horta et al. ( 2021 ) and Fern ́andez-Trincado et al.
 2022b ) summarize the multiple other dwarf galaxy remnants, and
inor substructures, accreted during the early stages of the Galaxy 

ormation. 
Understanding the formation of the present composition and 

tructure of the Galactic bulge has involved, at first, early building
locks that merged into a proto-Milky Way (MW), within the lambda-
old dark matter scenario (White & Rees 1978 ; White & Frenk 1991 ),
nd within which the oldest in situ stars and clusters were formed.
his is the component that we are interested in. 
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Table 1. Line list: log gf from VALD3 (Piskunov et al. 1995 , Ryabchikova et al. 2015 ), Kurucz ( 1993 ), and NIST (Martin et al. 2002 ). 

Species λ χ ex log gf log gf log gf Notes 
( Å) (eV) (VALD3) (Kurucz) (NIST) 

Na I 15992.450 4.284 − 0 .800 – – Little sensitive to abundance 
16373.853 3.753 − 1 .330 − 1 .330 − 1 .328 Faint line 
16388.858 3.754 − 1 .030 − 1 .030 − 1 .027 Best line, but has a sky line for some stars 
16786.400 4.289 − 1 .300 – – Good line, but faint and blend with tellurics 

Al I 16718.957 4.085 0 .290 0 .152 0 .220 
16750.539 4.088 0 .408 –
16763.359 4.087 − 0 .524 − 0 .550 − 0 .480 
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In Razera et al. ( 2022 ), a selection of 58 candidate stars to belong
o the oldest Galactic bulge in situ component was identified. The
election was based on the study by Queiroz et al. ( 2020 , 2021),
hat combined APOGEE samples with proper motions from the
aia Early Data Release 3 (EDR3, Gaia Collaboration 2021 ). Their

election consists of stars with a large eccentricity, orbits confined
o the bulge region, and with moderate to low metallicities of
Fe/H] < −0.8. This sample could be a representative of the field
ounterpart of the oldest globular clusters in the inner Galaxy, as
dentified in P ́erez-Villegas et al. ( 2020 ). 

In Razera et al. ( 2022 ), we adopted the non-calibrated stellar
arameters from the APOGEE Stellar Parameter and Chemical
bundance Pipeline ( ASPCAP ; Garc ́ıa-P ́erez et al. 2013 , 2016), and

ederived the abundances of C, N, O, and Ce, and adopted the ASPCAP

ata release 17 (DR17) abundances of Mg, Al, Ca, and Si. In the
resent work, we focus on the odd-Z elements Na and Al. 
In Section 2 , the selection of our sample is described. The element

bundances are verified in Section 3 . In Section 4 , the results are
ompared with literature data for bulge samples, and discussed. In
ection 5 , conclusions are drawn. 

 T H E  SAMPLE  

he APOGEE (Majewski, Schia v on & Frinchaboy 2017 ) is part of
he Sloan Digital Sk y Surv e y III and IV (SDSS; Blanton et al. 2017 ),
hat carried out a spectroscopic surv e y of MW stars. 

The cryogenic, multifibre (300 fibres) APOGEE spectrograph
Wilson et al. 2019 ) on the 2.5-m SDSS telescope (Gunn et al. 2006 )
t Apache Point Observatory surv e yed the Northern Hemisphere
APOGEE-2N), and on the 2.5-m Ir ́en ́ee du Pont telescope at Las
ampanas Observatory the Southern Hemisphere (APOGEE-2S)
as observed. 
Zasowski et al. ( 2013 , 2017 , 2019 ), Beaton et al. ( 2020 ), and

antana et al. ( 2021 ) give further details regarding the design of the
POGEE surv e y and target selections. The data reduction pipeline

s described in Nidever et al. ( 2015 ), and the APOGEE line list is
escribed in Smith et al. ( 2021 ), Cunha et al. ( 2017 ), and Hasselquist
t al. ( 2016 ). The DR17 is the final data release of the SDSS-IV
urv e y which ended in 2021 January. It contains high-resolution
 R ∼ 22 500) near-infrared H-band spectra for o v er 2.6 × 10 6 stars,
o v ering both northern and southern sky (Abdurro’uf et al. 2022 ). 

In Razera et al. ( 2022 ), the selection of 58 spheroid bulge stars was
escribed. In summary, we started from the chemo-orbital reduced-
roper-motion sample selection carried out in Queiroz et al. ( 2021 ):
rbits were computed adopting distances from StarHorse (Santiago
t al. 2016 ; Queiroz et al. 2018 ), and proper motions from the Gaia
DR3 (Gaia Collaboration 2021 ). In order to identify spheroidal
ulge stars, we adopted a maximum distance to the Galactic centre
f d GC < 4 kpc (Bica, Ortolani & Barbuy 2016 ); a maximum vertical
NRAS 526, 2365–2376 (2023) 
xcursion from the Galactic plane | z| max < 3.0 kpc; eccentricity
 0.7; orbits that do not indicate a membership in the bar structure;

ounter-rotating stars azimuthal velocity ( V φ < 0.0); and metallicities
Fe/H] < −0.80. 

The coordinates, distance, proper motions, radial velocities, peri-
entric and apocentric distances, maximum height, and eccentricities
f the 58 selected stars are given in Razera et al. ( 2022 ). Spectra have
NR > 50, and 56 out of the 58 stars show a renormalized unit weight
rror (RUWE) Gaia EDR3 parameter RUWE ≤ 1.4, therefore have
eliable astrometric parameters. 

 ANALYSI S  

he abundances were determined by comparing the observed spectra
ith the synthetic ones. The synthetic spectra are computed with the

ode TURBOSPECTRUM from Alvarez & Plez ( 1998 ) and Plez ( 2012 ).
odel atmosphere grids are from Gustafsson et al. ( 2008 ). This code

nd model atmosphere grid is similar to the ASPCAP software, and
herefore is suitable for comparisons. 

Table 1 reports the lines that we verified in the spectra of the 58
ample stars. The atomic line list employed is that from the APOGEE
ollaboration described in Smith et al. ( 2021 ). Molecular electronic
ransition lines of CN A 

2 � -X 

2 � from Sneden et al. ( 2014 ) and
rooke et al. ( 2014 ), vibration-rotation CO X 

1 � 

+ from Li et al.
 2015 ), C 2 Ballik-Ramsay b3 �g − - a3 � u and Phillips A1 � u -
1 �g + from Yurchenko et al. ( 2018 ), and FeH A 

4 � - X 

4 � from
argreaves et al. (2010) are included. 
We have adopted the non-calibrated (spectroscopic) stellar param-

ters ef fecti ve temperature T eff , gravity log g , metallicity [Fe/H], and
icroturbulence velocity v t obtained through the ASPCAP (Garc ́ıa-
 ́erez et al. 2016 ) software from DR17. These stellar parameters are
eported in Table 2 . 

For the solar abundance of Na and Al, we adopt A(Na) = 6.17
nd A(Al) = 6.37 from Grevesse, Asplund & Sauval ( 2007 ) and
dopted by Smith et al. ( 2021 ), close to the values of A(Na) = 6.22
nd A(Al) = 6.43 from Asplund, Amarsi & Grevesse ( 2021 ), and
(Na) = 6.33 and A(Al) = 6.47 from Grevesse & Sauval ( 1998 ). 
F or v erification, we also computed all lines for all stars with the

ode PFANT (Barbuy et al. 2018b ), as described in Razera et al. ( 2022 ),
ith the difference that we replaced the CO line list from Goorvitch

 1994 ) with the one of Li et al. ( 2015 ). 

.1 Na and Al lines 

odium 

The Na I lines are weak, and a check of all four lines available
n the APOGEE spectra is useful in order to a v oid discrepancies.
n particular, the line Na I 16388.850 Å appears very strong in a
raction of stars - see example in Fig. 1 . Hayes et al. ( 2022 ) have
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Table 2. Coordinates, stellar parameters, Na and Al abundances from original APOGEE- ASPCAP deri v ations from DR17 and [Al/Fe] for stars not available 
from DR17, and derived with TURBOSPECTRUM ([Al/Fe]T), using the lines reported in Table 1 . 

ID ID α δ T eff log g [Fe/H] v t [Na/Fe] [Al/Fe] [Al/Fe]T 

internal 2MASS (deg) (deg) (K) (km s −1 ) 

b1 2M17153858 −2759467 258.911 −27.996 3922.7 0.34 −1.65 2.62 0 .25 − 0 .13 − 0 .27 
c1 2M17173248 −2518529 259.385 −25.315 3977.0 1.0 −0.91 1.81 − 0 .13 ∗ 0 .08 0 .00 
b2 2M17173693 −2806495 259.404 −28.114 3908.9 0.95 −0.97 2.20 − 0 .25 0 .19 0 .12 
c9 2M17190320 −2857321 259.763 −28.959 4139.6 1.19 −1.20 1.83 0 .53 0 .05 0 .00 
c10 2M17224443 −2343053 260.685 −23.718 4058.3 1.02 −0.88 1.97 − 0 .10 ∗ 0 .38 0 .23 
b3 2M17250290 −2800385 261.262 −28.011 3796.6 0.91 −0.82 2.39 − 0 .06 ∗ 0 .04 0 .00 
b4 2M17265563 −2813558 261.732 −28.232 4096.2 1.0 −1.32 1.89 0 .69 0 .02 0 .00 
b5 2M17281191 −2831393 262.050 −28.528 4029.1 0.96 −1.19 1.73 − 0 .39 0 .05 0 .00 
c2 2M17285088 −2855427 262.212 −28.929 3838.0 0.63 −1.23 2.18 − 0 .38 − 0 .07 0 .00 
c15 2M17291778 −2602468 262.324 −26.046 3844.3 0.71 −0.99 2.10 − 0 .44 0 .27 0 .20 
c11 2M17292082 −2126433 262.337 −21.445 3983.4 0.78 −1.27 2.59 0 .21 0 .27 0 .40 
c25 2M17293482 −2741164 262.395 −27.688 4143.5 1.03 −1.25 1.85 0 .04 0 .02 − 0 .05 
b6 2M17295481 −2051262 262.478 −20.857 4205.9 1.50 −0.85 1.71 − 0 .72 0 .38 0 .25 
c3 2M17301495 −2337002 262.562 −23.617 3814.0 0.69 −1.06 2.22 0 .26 0 .19 0 .19 
b7 2M17303581 −2354453 262.649 −23.913 3863.0 0.77 −0.98 2.13 − 0 .20 0 .20 0 .06 
c16 2M17310874 −2956542 262.786 −29.948 4175.7 1.20 −0.93 2.07 − 0 .02 0 .21 0 .15 
c12 2M17323787 −2023013 263.158 −20.384 3865.7 1.03 −0.85 1.94 − 0 .05 0 .22 0 .20 
b8 2M17324257 −2301417 263.177 −23.028 3668.2 0.79 −0.82 2.30 0 .09/ 0.25 ∗ 0 .22 0 .18 
b9 2M17330695 −2302130 263.279 −23.037 3566.6 0.35 −0.93 2.42 − 0 .16 − 0 .08 0 .10 
c13 2M17330730 −2407378 263.280 −24.127 4042.5 0.25 −1.90 1.88 0 .35 − 0 .17 -0 .31 
c26 2M17341796 −3905103 263.575 −39.086 4163.5 1.42 −0.89 1.84 − 0 .28 0 .35 0 .35 
c27 2M17342067 −3902066 263.586 −39.035 4380.4 1.40 −0.93 1.99 0 .36 ∗ 0 .30 0 .15 
b10 2M17344841 −4540171 263.702 −45.671 3869.2 0.85 −0.88 2.16 − 0 .22 ∗ 0 .27 0 .10 
b11 2M17351981 −1948329 263.833 −19.809 3553.5 0.44 −1.11 3.06 − 0 .15 − 0 .01 − 0 .05 
b12 2M17354093 −1716200 263.921 −17.272 3895.5 1.01 −0.87 2.02 − 0 .20 0 .24 0 .18 
c17 2M17382504 −2424163 264.604 −24.405 3880.4 0.99 −1.05 1.55 0 .26 ∗ 0 .27 0 .18 
b13 2M17390801 −2331379 264.783 −23.527 3740.4 0.83 −0.81 2.35 − 0 .03/ 0.25 ∗ 0 .05 0 .05 
b14 2M17392719 −2310311 264.863 −23.175 3643.3 0.67 −0.87 2.55 − 0 .15 ∗ − 0 .06 0 .05 
c4 2M17453659 −2309130 266.402 −23.154 4133.1 1.27 −1.20 1.08 − 0 .15 − 0 .12 − 0 .15 
b15 2M17473299 −2258254 266.887 −22.974 4018.3 0.47 −1.74 2.12 0 .15 − 0 .11 − 0 .25 
b16 2M17482995 −2305299 267.125 −23.092 4213.6 1.24 −1.03 2.10 0 .06 ∗ -0 .06 − 0 .20 
b17 2M17483633 −2242483 267.151 −22.713 3651.5 0.44 −1.09 2.58 -0 .20/ 0.08 ∗ 0 .08 0 .06 
c28 2M17503065 −2313234 267.628 −23.223 3819.4 0.98 −0.88 2.1 0 .09 ∗ 0 .23 0 .28 
b18 2M17503263 −3654102 267.636 −36.903 3893.5 0.64 −0.99 2.19 0 .08 ∗ 0 .23 0 .17 
c18 2M17511568 −3249403 267.815 −32.828 3921.2 0.98 −0.90 2.04 − 0 .02 0 .21 0 .18 
c5 2M17532599 −2053304 268.358 −20.892 3896.9 0.91 −0.87 2.10 − 0 .19 0 .18 0 .15 
c19 2M17552681 −3334272 268.862 −33.574 4051.0 1.08 −0.89 1.98 − 0 .14 0 .46 0 .41 
b19 2M17552744 −3228019 268.864 −32.467 4018.9 1.0 −1.06 2.00 − 0 .08 0 .23 0 .10 
c20 2M18005152 −2916576 270.215 −29.283 4158.9 1.04 −1.02 2.21 0 .16 0 .32 0 .23 
c21 2M18010424 −3126158 270.268 −31.438 3773.1 0.68 −0.83 2.20 0 .00/ 0.02 ∗ 0 .16 0 .05 
b20 2M18020063 −1814495 270.503 −18.247 3988.8 0.80 −1.38 2.04 − 0 .20 − 0 .05 -0 .20: 
c14 2M18023156 −2834451 270.632 −28.579 3617.4 0.42 −1.19 3.02 − 0 .64 0 .01 0 .10 
c22 2M18042687 −2928348 271.112 −29.476 4164.7 0.88 −1.21 2.14 − 0 .15 − 0 .05 − 0 .17 
c6 2M18044663 −3132174 271.194 −31.538 3832.6 0.92 −0.90 2.22 − 0 .06 0 .18 0 .20 
b21 2M18050452 −3249149 271.269 −32.821 3940.8 0.77 −1.16 2.08 − 0 .45 0 .23 0 .14 
b22 2M18050663 −3005419 271.278 −30.095 3439.9 0.23 −0.92 2.52 0 .01 ∗ − 0 .08 − 0 .02 
c23 2M18052388 −2953056 271.350 −29.885 4252.9 0.92 −1.57 1.92 0 .57 − 0 .03 − 0 .20 
b23 2M18065321 −2524392 271.722 −25.411 3893.1 0.95 −0.89 2.02 − 0 .73 0 .27 0 .20 
c7 2M18080306 −3125381 272.013 −31.427 4310.0 1.57 −0.90 1.48 − 0 .70 0 .46 0 .50 
b24 2M18104496 −2719514 272.687 −27.331 4153.1 1.33 −0.82 2.05 − 0 .05 0 .25 0 .12 
b25 2M18125718 −2732215 273.238 −27.539 3617.2 0.44 −1.31 2.64 − 0 .31 − 0 .21 − 0 .30 
c24 2M18142265 −0904155 273.594 −9.071 3920.5 1.12 −0.85 2.13 − 0 .32 0 .29 0 .18 
c29 2M18143710 −2650147 273.655 −26.837 4240.5 1.30 −0.92 1.97 − 0 .20 0 .26 0 .13 
c30 2M18150516 −2708486 273.772 −27.147 3833.4 1.0 −0.83 2.14 − 0 .04 0 .24 0 .14 
c8 2M18195859 −1912513 274.994 −19.214 4102.0 1.05 −1.24 1.78 − 0 .16 0 .02 0 .00 
b26 2M18200365 −3224168 275.015 −32.405 3976.6 0.95 −0.86 1.94 − 0 .05 0 .35 0 .22 
c31 2M18344461 −2415140 278.686 −24.254 4294.5 1.09 −1.42 1.83 − 0 .23 0 .12 − 0 .03 
b27 2M18500307 −1427291 282.513 −14.458 4076.0 1.23 −0.95 1.73 − 0 .10 0 .31 0 .15 

Notes . [Na/Fe] values in bold face are from the VAC data derived with BAWLAS (see the text) and those marked with a star: ∗ are the considered ones. 
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Figure 1. Na I 16388.850 Å, and the three Al I 16718.957, 16750.539, and 16763.359 Å lines in star 2M17301495 −2337002. Observed spectrum (black) and 
synthetic spectra computed with [Na,Al] = 0.26,0.19 ± 0.10 (green), and [Na,Al] = 1.11,0.19 (red). Note that the higher Na abundance changes the strength of 
the also present CO, C 2 lines. 
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erified that stars with apparently strong Na I 16388 Å lines fall in
he radial velocity range where a strong night sky line falls on this
a I line. This is due to a poor night sky line subtraction, for stars

n the radial velocity range that should be a v oided for this Na I line,
hich is about −60 to −110 km s −1 . This includes 14 stars from our

ample, that we discarded for the Na abundance plot. 
This is corroborated by the fact that the high Na abundance

hat would be needed to reproduce the line Na I 16388.850 Å
s ho we ver not confirmed by the other Na lines, and in partic-
lar line Na I 16373.853 Å that has very similar excitation en-
rgy and oscillator strength, as illustrated in Fig. 2 showing that
he high Na abundances are contradicted by another three Na I
ines for star 2M17301495 −2337002. On the other hand, among
he stars in the radial velocity range to be discarded, star b17
 2M17483633 −2242483 shows the affected line giving Na abun-

ances compatible with the other lines, and this one is kept. 
Note also that the high Na abundances do affect the fit of the

l lines, due to the dissociation equilibrium involving several Na-
omposed molecules, such as NaO, NaC, NaOH, and NaAl, as shown
n the subsection below. 

The ASPCAP DR17 [Na/Fe] values are reported in Table 2 . For
our stars there are the verified and more reliable results based on
he Value Added Catalogue (VAC) that were processed through the
NRAS 526, 2365–2376 (2023) 
ACCHUS Analysis of weak lines in APOGEE spectra (BAWLAS;
ayes et al. 2022 ) and they are given in bold face in the table. 
For the five more metal-poor stars the Na lines are too weak,

herefore Na in these stars were also discarded. 
Another check we carried out was to compare the fits from

he ASPCAP Na abundances with the fits with TURBOSPECTRUM :
bundances discrepant by more than ∼0.40 dex which led us to
iscard the Na abundance of another 16 stars. 
Fig. 2 shows the fit to one of the best spectra as concerns the

a lines, fitted with the values issued from our calculations with
URBOSPECTRUM , the value from DR17, and the BAWLAS calibrated
alue. This figure shows that: (i) the Na I 15992.5 Å line is insensitive
o the Na abundance;and (ii) the BAWLAS value is suitable with
he local thermodynamic equilibrium (LTE) calculations even if it
onsidered non-LTE (NLTE) effects. 

Thus, we have considered the four BAWLAS analysed stars, and
or these the Na abundance is close to the fits with TURBOSPEC-
RUM . This can be seen in Fig. 2 , where the value [Na/Fe] = 0.25
rom BAWLAS is compatible with that from TURBOSPECTRUM of
Na/Fe] = 0.36. We also considered the other 11 stars for which
Na/Fe] values from ASPCAP -DR17 and from TURBOSPECTRUM fits
re compatible. In total, we are left with 15 stars with reliable Na
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Figure 2. Star b13 = 2M17390801 −2331379: observed spectrum (black) and synthetic spectrum computed with the results from TURBOSPECTRUM : 
[Na/Fe] = 0.36 (red), DR17: [Na/Fe] = −0.03, and BAWLAS: [Na/Fe] = 0.25 (green) showing the fit to the four Na lines. 
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As final comments on Na, Martell et al. ( 2016 ) preferred not to
nalyse Na from APOGEE. J ̈onsson et al. ( 2020 ) also point out
hat, after inspecting several Na lines, in APOGEE DR16, where 
a is measured using only two relatively weak lines, they conclude 

hat it is one of the least precisely determined element abundances. 
he technical problems with Na lines, in particular, in regions of

ellurics, are also described in J ̈onsson et al. ( 2020 ). Finally, Osorio
t al. ( 2020 ) point out NLTE effects in the H-band Na lines. 

Aluminum 

The Al abundances were derived with both the TURBOSPEC- 
RUM and PFANT codes, and the results essentially corre- 
pond to the ASPCAP abundances, as can be seen in Table 2 ,
here the TURBOSPECTRUM results are reported in the column 

Al/Fe]T. 
Fig. 1 shows the Na I 16388.850 Å feature, and the three 

l I 16718.957, 16750.539, and 16763.359 Å lines for star 
M17301495 −2337002. This figure illustrates the influence of the 
a abundance on the strength of the Al lines, due to blends with C-

 O-bearing molecular lines, that is, a higher Na abundance leads 
o formation of more NaC, NaOH, etc., therefore changing the 
issociation equilibrium, and modifying the strength of CO, CN, 
 2 , and OH lines. This is shown by the red lines corresponding to

he higher Na abundance that causes changes in the strength in the
lso present CO and C 2 lines. 
The fits to all 58 stars for Al are suitable by adopting the ASPCAP

bundances within 0.2 dex, and in most cases within 0.1 dex. Another
xample is given in Fig. 3 for star c1 = 2M17173248 −2518529,
or which [Na,Al] = 0.26,0.0 is adopted, whereas ASPCAP gives 
Na,Al] = −0.13,0.08. 

For Star b20 = 2M18020063 −1814495 the fit to line Al I
6718.957 Å is stronger by about 0.2 de x, relativ e to the fit to the lines
l I 16750.539 and 16763.359 Å. The somewhat higher value from
SPCAP would aggravate the discrepancy for line Al I 16718.957 Å.
his may be due to non-optimal stellar parameters for this rather
ool red giant. For all other stars, the Al abundances are compatible
ithin ±0.1 dex between the three Al lines. 
Finally, NLTE corrections for the Al I 16718.957 and 16750.539 Å

ines are provided by Nordlander & Lind ( 2017 ). The corrections for
tars of metallicity [Fe/H] ∼−1.0 and ef fecti ve temperature near
500 K are rather small. 

 RESULTS  

he α-element abundances in bulge stars provide us with a constraint
n the formation history of its stellar populations: the formation time-
cale. In other words, a mean [ α/Fe] ∼ 0.5 in halo and bulge metal-
oor stars of [Fe/H] � −1.0 indicates a fast chemical enrichment at
MNRAS 526, 2365–2376 (2023) 
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Figure 3. Na I 16388.850 Å, and the three Al I 16718.957, 16750.539, and 16763.359 Å lines in star c1 = 2M17173248 −2518529. Observed spectrum (black) 
and synthetic spectra computed with the code TURBOSPECTRUM (red), adopting [Na,Al] = 0.26,0.0 ± 0.10 and with the very close ASPCAP abundances [Na,Al] 
= −0.13,0.08. 
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arly times, dominated by supernovae type II (SNeII, Woosley &
eaver 1995 ). 

.1 Chemo-dynamical evolution models and the odd-Z 

lements Na and Al 

he chemodynamical model is discussed in Fria c ¸a and Barbuy ( 2017 )
nd Razera et al. ( 2022 ). In summary, the chemodynamical model
s based on the model of galactic chemical evolution of Fria c ¸a &
erlevich ( 1998 ), consisting of a multizone chemical evolution
oupled with a hydrodynamical code. For the Galactic bulge, a
lassical spheroid with a baryonic mass of 2 × 10 9 M �, and a dark
alo mass of 1.3 × 10 10 M � are assumed. Cosmological parameters
f �m = 0.31, �� 

= 0.69, Hubble constant H 0 = 68 km s −1 Mpc −1 ,
nd age of the Universe of 13.801 ± 0.024 Gyr (Planck Collaboration
020 ) are assumed. 
For the nucleosynthesis yields, we adopt: (i) from massive stars,

he metallicity dependent yields from core-collapse SNe (SNe II)
rom Woosley & Weaver ( 1995 ), with some alterations of the yields
ollowing the suggestions of Timmes, Woosley & Weaver ( 1995 ),
nd for low metallicities ( Z < 0.01 Z �, or Fe/H] < −2.5), the yields
re from high e xplosion-energy hyperno vae (HNe) from Nomoto,
obayashi & Tominaga ( 2013 ); (ii) Type Ia SNe yields from Iwamoto
t al. ( 1999 ) – their models W7 (progenitor star of initial metallicity
NRAS 526, 2365–2376 (2023) 
 = Z �) and W70 (zero initial metallicity); and (iii) for intermediate-
ass stars (0.8–8 M �) with initial Z = 0.001, 0.004, 0.008, 0.02, and

.4 yields are from van den Hoek and Groene wegen ( 1997 ; v ariable
asymptotic giant branch, AGB case). 
In Fig. 4 are plotted the APOGEE ASPCAP DR17 values for 11 stars

nd the BAWLAS values for 4 stars. Literature data are from Alves-
rito et al. ( 2010 ), Bensby et al. ( 2017 ), Casey & Schlaufman ( 2015 ),
unha & Smith ( 2006 ), Fulbright, McWilliam & Rich ( 2007 ), Howes
t al. ( 2016 ), Johnson et al. ( 2014 ), Koch et al. ( 2016 ), Lamb et al.
 2017 ), Lecureur et al. ( 2007 ), Rich et al. ( 2012 ), Ryde et al. ( 2016 ),
nd Siqueira-Mello et al. ( 2016 ). In this figure are o v erplotted the
utputs of models computed for radii r < 0.5, 0.5 < r < 1, 1 < r < 2,
nd 2 < r < 3 kpc from the Galactic centre, and for star formation rate
SFR) values of ν = 1 and 3 Gyr −1 . The enhancement of α-elements
n bulge red giants appears to require such fast SFRs, as discussed
n Fria c ¸a & Barbuy ( 2017 ). Similar fast SFRs are adopted by, for
xample, Matteucci et al. ( 2020 ). 

Here, ν = νSF is the inverse of the time-scale for the system
ormation (given in Gyr −1 ), that is, it is the ratio of the SFR over
he gas mass in M � available for star formation, or νSF = 1/M(M �)
M(M �)/d t . 
The Na abundance data show a large spread at all metallicities and

rom different sources and wavelength regions. Clearly the models
o not reproduce a drop in Na abundance as seen from the APOGEE
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Figure 4. Na/Fe] versus [Fe/H] for literature bulge field stars and 11 APOGEE ASPCAP DR17 abundances, plus 4 BAWLAS abundances. Symbols: grey 
four-pointed stars: Alves-Brito et al. ( 2010 ); red filled circles: Bensby et al. ( 2017 ); blue filled squares: Cunha & Smith ( 2006 ); strong-grey filled triangles: 
Fulbright et al. ( 2007 ); grey open pentagons: Casey & Schlaufman ( 2015 ); grey open pentagons: Howes et al. ( 2016 ); grey stars: Johnson et al. ( 2014 ); grey 
open pentagons: Koch et al. ( 2016 ); green open pentagons: Lamb et al. ( 2017 ); dark grey filled circles: Lecureur et al. ( 2007 ); green filled circles: Ryde et al. 
( 2016 ); grey open triangles: Siqueira-Mello et al. ( 2016 ); blue open circles: APOGEE ASPCAP DR17, and open green circles: BAWLAS. Chemodynamical 
evolution models with star formation rate of ν = 1 Gyr −1 (black) and 3 Gyr −1 (blue) or formation time-scale of 1 and 0.3 Gyr are o v erplotted. Different model 
lines correspond to the outputs of models computed for radii r < 0.5, 0.5 < r < 1, 1 < r < 2, and 2 < r < 3 kpc from the Galactic centre. 
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ata, and other literature data, and also it does not follow the increase
n Na abundance at the metal-rich end. This latter point is important
ecause strong Na features in galaxies have been used as argument 
o infer an initial mass function (IMF) top-heavy, that is, with more

assive stars (e.g. Spiniello et al. 2012 ). 
Models from Smiljanic et al. ( 2016 ), and Kobayashi, Karakas &

ugaro ( 2020 ) are applied to solar neighbourhood stars. Even 
o, these models as well as models from Kobayahi et al. ( 2006 )
pplied to the Galactic bulge follow the same trends as the present
odels. 
In Fig. 5 are plotted the APOGEE ASPCAP DR17 abundances for

l. Literature data are from Alves-Brito et al. ( 2010 ), Bensby et al.
 2017 ), Casey & Schlaufman ( 2015 ), Fulbright et al. ( 2007 ), Howes
t al. ( 2016 ), Johnson et al. ( 2014 ), Lamb et al. ( 2017 ), Ryde et al.
 2016 ), and Siqueira-Mello et al. ( 2016 ). In this figure, we omitted
he results from Lecureur et al. ( 2007 ) which appear out of scale and
oo spread. As in Fig. 4 , the outputs of models computed for radii
 < 0.5, 0.5 < r < 1, 1 < r < 2, and 2 < r < 3 kpc from the Galactic
entre are o v erplotted, and for the cases ν = 1 and 3 Gyr −1 . 
The steep decreasing trend of [Al/Fe] towards lower metal- 
icities for the entire range −4 < [Fe/H] < −1 is nicely
redicted. 
Sodium and aluminium are odd-Z nuclei that can be produced 

n massive stars, mainly during the carbon (but also neon) burning
hase. 23 Na can also be produced by p-captures (Ne–Na cycle), and
7 Al can be synthesized in the same stars through the Mg–Al cycle,
nd accumulates for T > 7 × 10 7 K. The Ne–Na and Mg–Al cycles
an also occur in the deep part of the H-burning shell of low-mass
tars, and these elements are among those identified as modified in
he outer atmospheres of low-mass AGB stars, together with N, and
 more notably. 
The nearly secondary-element behaviour of aluminium in the 
etallicity range of our sample could be explained by the fact that

his element is mainly produced by hydrostatic carbon and neon 
urning in massive stars, and some channels for its production come
rom products of 14 N through the CNO cycle during He burning.
s a consequence, the nucleosynthesis yields of Al show a strong
ependency on the metallicity of the progenitor stars. For instance, 
MNRAS 526, 2365–2376 (2023) 
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Figure 5. [Al/Fe] versus. [Fe/H] for literature bulge field stars and the APOGEE abundances (original DR17) for the 58 sample stars. Symbols: grey four-pointed 
stars: Alves-Brito et al. ( 2010 ); red filled circles: Bensby et al. ( 2017 ); strong-grey filled triangles: Fulbright et al. ( 2007 ); grey stars: Johnson et al. ( 2014 ); grey 
open pentagons: Casey & Schlaufman ( 2015 ); grey open pentagons: Howes et al. ( 2016 ); green open pentagons: Lamb et al. ( 2017 ); green filled circles: Ryde 
et al. ( 2016 ); grey open triangles: Siqueira-Mello et al. ( 2016 ); red open circles: APOGEE DR17 original and blue open circles were computed in this work 
for sample stars that had no APOGEE abundance v alue. Chemodynamical e volution models with SFR of ν = 1 and 3 Gyr −1 or formation time-scale of 1 and 
0.3 Gyr are o v erplotted. 
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2 Ne comes from 

14 N, and gives rise to 27 Al, through the channel:
2 Ne( α,n) 25 Mg(n, γ ) 26 Mg(p, γ ) 27 Al. In addition, the yields of 23 Na
nd 27 Al are both shown to depend on surplus neutrons available to
he SN explosion (WW95). These nuclei behave more like secondary
lements, since a significant fraction of the additional neutrons comes
rom stable neutron-rich nuclei that were present in the progenitor
tar. 

The trend of [Al/Fe] versus [Fe/H] is sensitive to the SFR of the
tar-forming environment, getting steeper below [Fe/H] ∼−1 when
tar formation is faster, as we can see by comparing the models with
= 1 and 3 Gyr −1 . In this way, the [Al/Fe] abundance ratios could
e used to constrain the formation time-scale of the system. 
The SFR of 3 Gyr −1 corresponds to a very fast time-scale of

.3 Gyr, whereas 1 Gyr −1 leads to a time-scale of 1 Gyr for the
nrichment of these moderately metal-poor stars. From the [Al/Fe]
ersus [Fe/H] plots both time-scales appear suitable. 

Finally, Fig. 6 shows the models excluding contributions from
Ne (Nomoto et al. 2013 ), showing that the inclusion of HNe is

equired to satisfactorily reproduce the Al abundance in the more
etal-poor bulge stars. We note that models from Kobayashi et al.
NRAS 526, 2365–2376 (2023) 
 2006 ) decrease with decreasing metallicity, but not as steeply as
eeded to fit the data. 

.2 Checking for N–Na–Al correlations 

ield stars in the Galactic b ulge ha ve been studied, with claims that
bout 8 per cent of b ulge giants ha ve enhanced [N/Fe] typical of
econd-generation (2G) stars e v aporated from globular clusters or
rom disrupted globular clusters (Schiavon et al. 2017 ; Horta et al.
020 ; Fern ́andez-Trincado et al. 2021b , 2022b ). On the other hand,
artell et al. ( 2016 ) pointed out that only a small fraction of the
-rich stars in Schia v on et al. ( 2017 ) have enhanced Al abundances

ypical of 2G stars. 
For this reason, in Fig. 7 , we plot [N/Fe] versus [Al/Fe],

Na/Fe] versus [Al/Fe], and [N/Fe] versus [Na/Fe], for all stars (red
pen stars), and highlight selected stars in our sample that show
Al/Fe] ≥ 0.2 (blue open stars) in order to verify correlations between
 and Al, Na and Al, and N and Na. This figure indicates that there is
o correlation between these abundances, which excludes these stars
s being identified with originally 2G stars from globular clusters.



Light elements Na and Al in bulge stars 2373 

Figure 6. [Al/Fe] versus [Fe/H]: same as Fig. 5 , with chemodynamical evolution models with ν = 3 Gyr −1 and no HNe yields overplotted. 
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ote that M ́esz ́aros et al. ( 2020 ) adopts [Al/Fe] ≥+ 0.3 to identify
G stars, but we do not have many of these. 
Furthermore, Fern ́andez-Trincado et al. ( 2021a , 2022a ) have found 

 correlation between Al and Ce enhancements in stars of the 
lobular clusters NGC 6380 (Tonantzintla 1), and Tonantzintla 2 
Pismis 26). In order to check if this correlation applies to our
ample, in the lower right panel of Fig. 7 is plotted [Ce/Fe]
ersus [Al/Fe], using Ce abundances from Razera et al. ( 2022 )

see identification of Ce lines in Cunha et al. ( 2017 ). This
gure indicates that there might be a correlation between Ce and 
l enhancements, but a Pearson test shows an extremely weak cor- 

elation of a Pearson coefficient of r = 0.08, therefore essentially no
orrelation. 

 C O N C L U S I O N S  

azera et al. ( 2022 ) have selected 58 stars from the APOGEE list
f bulge stars, as representative members of an old spheroidal bulge. 
or this sample, we have analysed lines of the odd-Z elements 
a and Al. There are difficulties with Na lines available in the
 band: in particular the apparently best line Na I 16388.850 Å

ppears very strong in about 20 per cent of the stars, but this Na
nhancement is not confirmed by the other Na lines, and this effect
as explained by Hayes et al. ( 2022 ) as due to a sky line not cancelled
n the reductions, for stars in the radial velocity range of −110 <
 r < −60 km s −1 . For this, and also for the reason that the Na lines are
hallow, ASPCAP Na abundances of only 15 stars were considered as
eliable. 

As concerns Al, the three rather strong and clean Al lines are
ery adequate for deriving Al abundances, and the results from 

ur calculations with both TURBOSPECTRUM and PFANT confirm the 
SPCAP DR17 results at least within < 0.2 dex, and within < 0.1 dex
or most stars. 

We compare the abundances of Na and Al in our sample stars to
iterature data for bulge stars, and to new chemodynamical model 
alculations. The models nicely fit the decrease of Al abundance 
ith decreasing metallicity, and also show that it is required to
ave HNe included in the calculations for the metal-poor end. 
or Na, a spread is found in literature data as well as from

he ASPCAP Na abundances. At the high-metallicity end, the data 
how a trend for high Na abundances, which is not reproduced
y the models. This enhancement should be further investigated, 
o be confirmed or not, given that the interpretation of strong
a features in high-mass early-type galaxies are interpreted as a 

ombination of high Na abundances and a top-heavy IMF (Spiniello 
t al. 2012 ), representing an important impact on stellar population
MNRAS 526, 2365–2376 (2023) 
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Figure 7. [N/Fe] versus [Al/Fe], [Na/Fe] versus [Al/Fe], and [N/Fe] v ersus [Na/Fe], and [Ce/Fe] v ersus [Al/Fe], plotted for all stars (blue open stars) and stars 
with [Al/Fe] ≥ 0.2 (red open stars), Na abundances revised in DR17 Bawlas (Hayes et al. 2017) stars (green open stars). 
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A moderate spread in abundances of Na and Al is not confirmed
y N abundances, which exhibit no exceptional enhancement for any
f the sample stars, therefore there is no evidence for these stars to
orrespond to 2G stars from dissolved globular clusters. 
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