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Abstract

Phosphorus-enhanced (P-rich; [P/Fe] 2 +0.8) giants have been found among mildly metal-poor field stars, but in
only one star in a globular cluster (GC), M4 (NGC 6121). Also, in a sample of bulge spheroid stars, some of them
showed a moderate P enhancement in the range +0.5 < [P/Fe] < +1.0. In this paper we derive the P abundance
of moderately metal-poor ([Fe/H] = —1) GC stars, aiming to check if the phenomenon could be related to the
unusual multiple stellar populations found in most GCs. Here we present the detection of moderately P-enhanced
stars among two out of seven bulge GCs (Tonantzintla 1 and NGC 6316), with metallicities similar to those of the
bulge-field P-rich stars. Using H-band high-resolution (R 22,500) spectra from the APOGEE-2 survey, we
present the first high-resolution abundance analysis of [P/Fe] from the P 1 16482. 932 A line in a sample of
selected bulge GCs. We find that all P-rich stars tend to also be N-rich, which hints at the origin of P-rich stars as
second-generation stars in GCs. However no other correlations of P and other elements are found, which are
usually indicators of second-generation stars. Further studies with larger samples and comparisons with field stars
will be needed before any firm conclusions are drawn.

Unified Astronomy Thesaurus concepts: Globular star clusters (656); Galactic bulge (2041); Stellar
abundances (1577)

1. Introduction A. B. A. Queiroz et al. (2021), having kinematical and
dynamical characteristics indicating that they belong to the
bulge spheroid, and with [Fe/H] —1.0 (R. Razera et al.
2022). For these stars, we studied the abundances of C, N, O,
Mg, Si, Ca, and Ce in R. Razera et al. (2022), Na and Al in

B. Barbuy et al. (2023), and the iron-peak elements (V, Cr,

Phosphorus-enhanced (P-rich) giant stars were identified
by T. Masseron et al. (2020a) by exceeding a photospheric
[P/Fe] = +0.8 (P-rich field stars), abundances well above
typical Galactic levels in a range of metallicities, —1.35 <

[Fe/H]< —0.58, and located in the inner Galactic halo, from
the second generation of the Apache Point Observatory
Galactic Evolution Experiment (APOGEE-2; S. R. Majewski
et al. 2017). The sample was further investigated by
M. Brauner et al. (2023, 2024), including a detailed
discussion of the possible nucleosynthesis processes respon-
sible for the enhancement of phosphorus.

Recently, we analyzed [P/Fe] abundances in a sample of 58
stars, selected from the reduced-proper-motion stars from

5 NuGrid Collaboration; http: / /nugridstars.org.
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Mn, Co, Ni, and Cu) in B. Barbuy et al. (2024). In a fourth
paper, B. Barbuy et al. (2025) derived abundance ratios of
phosphorus, sulfur, and potassium for this sample. In
particular, [P/Fe] abundances were not available from the
latest APOGEE-2 data release (see, e.g., Abdurro’uf et al.
2022). We found that our sample has similarities with that of
T. Masseron et al. (2020a), and M. Brauner et al. (2023, 2024),
although less P enhanced, with P abundances reaching
[P/Fe] +1.0.

The Galactic bulge is the least studied region of the Galaxy
(e.g., B. Barbuy et al. 2018), and much is still to be revealed
from observations of bulge-field (e.g., S. Nepal et al. 2025) and
globular cluster (GC) stars (e.g., S. O. Souza et al. 2024a). In
the present work we search for P-rich stars among selected
bulge GCs that also have metallicity around the P-rich field
stars, and that were analyzed in the H band, based on
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high-resolution (R 22,500) near-infrared (NIR) spectra from
the APOGEE-2 survey (S. R. Majewski et al. 2017; R. P. Sch-
iavon et al. 2024), and the bulge Cluster APOgee Survey
subprogram (CAPOS; D. Geisler et al. 2021).

The inspected clusters included the APOGEE-2 clusters
NGC 6522 (J. G. Fernandez-Trincado et al. 2019), UKS 1
(J. G. Fernandez-Trincado et al. 2020), Tonantzintla 1 or
NGC 6380 (J. G. Fernandez-Trincado et al. 2021a, hereafter
Ton 1) and the CAPOS clusters Tonantzintla 2 or Pismis 26
(J. G. Fernandez-Trincado et al. 2022, hereafter Ton 2),
NGC 6558 (D. Gonzalez-Diaz et al. 2023), HP 1 (L. Henao
et al. 2025), and NGC 6316 (H. Frelijj et al. 2025), with some
stars in NGC 6380 also observed within CAPOS. Our aim is to
verify whether the excess on [P/Fe] found in moderately
metal-poor field stars is also detected in bulge GCs in the same
metallicity range.

This work is organized as follows: In Section 2, we describe
the sample stars. In Section 3, we describe the spectrum
synthesis calculations and results, and their implications are
discussed in Section 4. In Section 5 our conclusions are drawn.

2. The Sample

In the present work, we use data from the seventeenth data
release (DR 17; Abdurro’uf et al. 2022) of the APOGEE-2
survey (S. R. Majewski et al. 2017), which is one of the
programs of the Sloan Digital Sky Survey IV (M. R. Blanton
et al. 2017), to investigate the [P/Fe] abundance ratios for
selected bulge GCs, which are not available from APOGEE-2
DR 17 data products. The APOGEE-2 survey collects high-
resolution (R 22,500) spectra with high signal-to-noise
ratios in the H band (15140-16940 A) from NIR wavelength
spectrographs (J. C. Wilson et al. 2019) that operated on the
Sloan 2.5 m telescope (J. E. Gunn et al. 2006) at the Apache
Point Observatory (Northern Hemisphere) and on the Irénée du
Pont 2.5 m telescope (I. S. Bowen & A. H. Vaughan 1973) at
Las Campanas Observatory (Southern Hemisphere). The
targeting strategy of the APOGEE-2 survey is summarized
in R. L. Beaton et al. (2021) and F. A. Santana et al. (2021),
while the spectra are reduced as described in D. L. Nidever
et al. (2015), and analyzed using the APOGEE Stellar
Parameters and Chemical Abundance Pipeline (ASPCAP;
A. E. Garcia Pérez et al. 2016). The analysis of H-band
spectra in the APOGEE-2 project is carried out through a
Nelder—Mead algorithm (J. A. Nelder & H. Mead 1965),
which simultaneously fits the stellar parameters—effective
temperature (T.gp), gravity (log g), metallicity ([Fe/H]), and
microturbulence velocity (v,), together with the abundances of

-elements, and C, N, and O abundances, with the ASPCAP
pipeline, which is based on the FERRE code (C. Allende Prieto
et al. 2006). We revised the critical [C/Fe], [N/Fe], and [O/
Fe] ASPCAP abundances, given the presence of blending
molecular lines on the P I lines.

The sample consists mainly of giant star members of the
GCs Ton 1, and NGC 6316, for which a P enrichment has been
detected in this study. For HP 1 there might be one to three
stars with excess P, but a low S/N prevents a firm conclusion.
We also inspected the [P/Fe] abundance ratios in the clusters
NGC 6522, UKS 1, NGC 6558, and Ton 2, however, no P-rich
stars were identified for these GCs.
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3. Phosphorus Abundances

We computed the phosphorus abundances from the P I
15711.622 and 16482.932 A lines in the H band, adopting the
oscillator strengths log gf= —0.510 and —0.273 respectively,
from the APOGEE-2 collaboration. The P 1 15711.622 A line,
although computed for all stars, is shallow, so we concentrate
our analysis on the P I 16482. 932 A line. In any case, the
shallower P 1 15711.622 A line fit was either compatible with
the result of the better line, or too shallow to be considered.
These are the only useful lines in the H band, and the same
lines used by T. Masseron et al. (2020a) and M. Brauner et al.
(2023). We used the code for spectrum synthesis TURBOS-
PECTRUM from R. Alvarez & B. Plez (1998) and B. Plez
(2012), together with atmospheric models from B. Gustafsson
et al. (2008). The solar abundance adopted for P is that of
M. Asplund et al. (2021), that is, A(P) = 5.41, and those of the
12C™N'°0 trio, here very important due to the blending '*C'®0

lines, are A(C)=28.46, A(N)="7.83, and A(O)=8.69. The
complete atomic line list used is that from the APOGEE
collaboration, together with the molecular lines described in
V. V. Smith et al. (2021).

In Table 1 we report the photometric and ASPCAP spectro-
scopic (uncalibrated) stellar parameters, including effective
temperature (T.), surface gravity (log g), metallicity [Fe/H],
and microturbulence velocity (v;) for stars of the globular clusters
Ton 1 and NGC 6316. These stars were analyzed, from the
APOGEE-2 spectra, by J. G. Fernandez-Trincado et al. (2021a)
and H. Frelijj et al. (2025), respectively, and we adopt their stellar
parameters. For Ton 1 in particular J. G. Fernandez-Trincado et al.
(2021a) derived a series of photometric and spectroscopic
parameters. Although the study carried out by J. G. Fernandez-Tr-
incado et al. (2021a) was based on spectra from the APOGEE-2
DR 16 (R. Ahumada et al. 2020) with low S/N, this was certainly
improved with a second observation visit which was available in
the APOGEE-2 DR 17, for which spectra with high S/N
(S/N > 115 pixel ) for almost all the Ton 1 members were made
available. Therefore, we used the latter spectra for our analysis.
We adopted their photometric parameters, whereas their spectro-
scopic ones are very close to the ASPCAP DR 17 parameters,
which we also adopted, for a double check. The abundances of
[C/Fe], [N/Fe], and [O/Fe] were revised, for internal consistency,
because of their importance for properly taking into account the
blending of molecular CO lines. For this we used the region
15525-15590 A, which contains lines of '*C'°0, '°OH, and
12CN, as described in B. Barbuy et al. (2021) and R. Razera
et al. (2022). The strength of CO lines that affect the main P I line
are further checked with the line CO 15717.2A near the
secondary P I line, as illustrated in the Appendix. These revised
CNO abundances are reported in Table 1.

We also analyzed stars from NGC 6522, NGC 6558, UKS 1,
and Ton 2, with stellar parameters of J. G. Ferndndez-Trincado
et al. (2019, 2020, 2021b), D. Gonzalez-Diaz et al. (2023), and
J. G. Fernandez-Trincado et al. (2022), respectively. We found
that these stars do not show any P enhancements, a relevant
result that will be discussed below. Finally, HP 1 analyzed by
L. Henao et al. (2025) does show a P line that could be
enhanced in 3 out of 10 stars, but the lower S/N prevents us
from making a conclusion, so that we count this cluster as not
exhibiting P enhancement.

We also calculated the abundances of C, N, O, and P, using
the uncalibrated, or spectroscopic stellar parameters, from the
ASPCAP procedure, available in APOGEE-2 DR 17. As
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Table 1
Globular Clusters (GCs) with High [P/Fe] in Our Sample

GC APOGEE-ID Tetr log g [Fe/H] v [C/Fe] [N/Fe] [O/Fe] [P/Fe] S/N
(K) (cgs) (km s~ (pixel ")

9] 2 3 4) ) ©) @) ® © (19) (11)

Ton 1 2M17342588-3901406 3584 0.26 —0.78 2.37 +0.20 +0.30 +0.60 <0.40 260
3650 0.64 —0.87 2.44 +0.40 +0.30 +0.75 <0.40

Ton 1 2M17341922-3906052 3866 0.77 —0.61 1.56 +0.25 +0.35 +1.00 <0.40 162
3808 1.01 —0.80 2.17 +0.40 +0.25 +0.65 <0.40

Ton 1 2M17342921-3904514 3850 0.74 -0.79 2.50 —0.20 +1.00 +0.40 +0.60 242
4047 1.17 —-0.74 2.00 +0.00 +1.20 +0.90 +0.25

Ton 1 2M17343616-3903344 3890 0.81 —0.85 2.31 +0.10 +1.10 +0.65 +0.50 142
3982 1.15 -0.79 2.11 +0.15 +1.80 +1.10 +1.00

Ton 1 2M17343025-3903190 3859 0.75 —0.85 248 —0.14 +1.02 +0.35 +0.70 145
4117 1.21 -0.73 2.17 +0.15 +0.80 +0.70 +0.50

Ton 1 2M17342693-3904060 4073 1.14 —0.90 2.21 +0.20 +0.85 +0.60 <0.40 160
4152 1.29 —0.84 2.18 +0.15 +0.45 +0.40 <0.40

Ton 1 2M17342541-3902338 4059 1.12 —0.86 2.27 +0.30 +0.63 +0.40 +0.40 88
4282 1.57 —-0.72 2.00 +0.25 +0.55 +0.50 +0.80

Ton 1 2M17342767-3903405 4125 1.24 -0.79 2.10 —0.10 +1.10 +0.45 +1.00 144
4307 1.62 —0.68 1.93 —0.10 +0.80 +0.35 +0.80

Ton 1 2M17341969-3905457 4099 1.19 —0.83 2.14 —0.20 +1.20 +0.35 +0.80 146
4357 1.67 —0.69 1.99 +0.00 +0.70 +0.35 +0.50

Ton 1 2M17342177-3906173 4166 1.31 —0.78 2.10 —0.20 +1.20 +0.40 +0.70 123
4345 1.73 —-0.69 1.94 —0.15 +1.00 +0.40 +0.50

Ton 1 2M17342943-3902500 4136 1.26 —0.76 2.01 +0.20 +0.50 +0.00 +0.70 125
4362 1.68 —0.69 1.98 +0.20 +0.60 +0.20 +0.80

Ton 1 2M17343521-3903091 4174 1.33 —0.87 2.11 —0.40 +1.00 +0.20 +0.80 115
4607 1.57 —0.73 2.66 +0.30 +0.65 +0.40 +0.40

NGC 6316 2M17163864-2809385 4119 1.18 —0.88 249 +0.40 +0.80 +1.00 +0.80 65
4003 1.43 —0.73 1.73 +0.20 +0.40 +0.60 +0.80

NGC 6316 2M17165235-2809502 4118 1.18 —0.74 1.67 +0.25 +0.45 +0.95 <0.40 70
3996 1.39 —-0.75 1.71 +0.28 +0.55 +0.70 <0.40

NGC 6316 2M17163623-2808067 3842 0.68 —0.86 2.95 —-0.20 +0.95 +0.30 +0.40 80
4059 1.21 -0.77 2.16 +0.00 +0.90 -+0.60 +0.40

NGC 6316 2M17163330-2808396 3979 0.93 —0.84 2.24 —0.40 +1.55 +0.45 +0.80 85
4094 1.35 —0.73 2.08 +0.15 +1.60 +0.70 +0.70

NGC 6316 2M17164048-2808443 4051 1.06 —0.85 2.17 +0.10 +0.90 +0.65 +0.40 85
4071 1.52 -0.73 1.73 40.15 +0.65 +0.55 +0.40

NGC 6316 2M17164482-2808302 4083 1.12 —0.76 1.69 +0.20 +0.55 +0.85 +0.70 90
4004 1.36 —0.76 1.72 +0.20 +0.35 —+0.65 +0.80

NGC 6316 2M17163393-2811052 3884 0.75 —1.00 2.70 +0.15 +0.90 +0.70 +0.40 105
3932 1.25 —0.81 1.86 +0.15 +0.80 +0.60 +0.40

NGC 6316 2M17163903-2807212 3871 0.73 -0.97 2.80 +0.15 +0.95 +0.75 +0.75 135
3871 0.94 —0.76 2.00 +0.12 +0.85 +0.70 +0.50

NGC 6316 2M17163911-2804506 3754 0.52 —0.85 2.23 +0.30 +0.42 +0.85 <0.40 140
3710 0.58 —0.90 2.45 +0.32 +0.20 +0.70 <0.40

NGC 6316 2M17163627-2807166 3668 0.36 —0.93 2.72 +0.20 +0.55 +0.55 +0.30 170
3666 0.73 —0.82 247 +0.17 +0.30 +0.45 <0.40

Note. Column information: (1) GC ID; (2) APOGEE star identification; (3)—(6) stellar parameters taken from literature (first line) and ASPCAP (second line);
columns (7), (8), (9), and (10) report our measured [C/Fe], [N/Fe], [O/Fe], and [P/Fe] abundance ratios. In column (11) we report the S/N from DR 17.

concluded by P. da Silva et al. (2024), the ASPCAP method
(A. E. Garcia Pérez et al. 2016), which used the balance of
molecular lines of CO, CN, and OH, is a reliable indicator of
stellar parameters, in particular effective temperatures. This
double work was worth the effort to check the reliability of
high values of N in an important fraction of the sample stars.
Interestingly, several stars for which the P line is detected
show a very high N abundance, typical of second-generation
stars of globular clusters. This double check was also useful
because for Ton 1 we identified 7 out of 12 stars with high
levels of [P/Fe] = 40.5. For NGC 6316 we have identified six
P-rich stars ([P/Fe]> +40.5). In contrast, H. Frelijj et al.

(2025) reported [P/Fe] abundances for only four stars in this
cluster, whose values seem different by about 0.3 dex from
ours, perhaps due to a difference in the continuum placement,
a difference in the atmospheric models, or to the noise.
Uncertainties are reported in Table 3. .

Figure 1 shows examples of the fitted P 1 16482.932 A lines
for four stars in the clusters Ton 1 (rows 1 and 2) and
NGC 6316 (rows 3 and 4).

4. Discussion

In this section we discuss the possibility of P being
produced together with N in second-generation stars, and



THE ASTRONOMICAL JOURNAL, 170:245 (10pp), 2025 October

T T T
X
2
=
>
b
©
15
= |
2
< oss [ PI 16482.9 1 ass [ 1
[P/Fe]=0,+1,+0.8 [P/Fe]=0,+1,+0.8
Ton1-2M17342943-3902500 Ton1-2M17342767-3903405
0.80 1 1 1 0.80 1 1 1
) 16482.0 16484.0 16488.0 ) 16482.0 16484.0 16486.0
Wavelength (A) Wavelength (A)
T T T
x
2
=
2
g
=
2 o0} |
=< [P/Fe]=0,+1 085 - 1
=Vt [P/Fe]=0,+1,+0.5
Ton1-2M17343616-3903344 Ton1-2M17342177-3906173
0.85 1 1 1 0.80 1 1 1
) 16482.0 16484.0 16486.0 ) 16482.0 16484.0 16486.0

Wavelength (A) Wavelength (A)

|
PI 16482.9
[[P/Fe]=0,+1,+0.5
N6316-2M17163903-2807212

o8s [P/Fe]=0,+1,40.8

N6316-2M17163330-2808396
0.80

1 1 1 0.85 1 1 1
168482.0 16484.0 16486.0 18482.0 16484.0 18486.0

Wavelength (A) Wavelength (A)

[P/Fe]=0,+1,+0.8
N6316-2M17164482-2808302

[P/Fe]=0,+1,40.8
NB316-2M17163864-2809385

1 1 1 0.85 1 1 1
16482.0 16484.0 16486.0 16482.0 16484.0 16486.0
Wavelength (A) Wavelength (A)

Figure 1. P I 16482.932 A line in four stars in Ton 1 (rows 1 and 2) and
NGC 6316 (rows 3 and 4), fitted with synthetic spectra computed with [P/
Fe] = 0.0 (green), 1.0 (blue, and final values (red) if different from 0.0 or 1.0.
Synthetic spectra computed with molecular lines only are shown as dotted
lines.

compare our results with literature data and chemical evolution
models.

4.1. Nitrogen versus Phosphorus

The high N abundance in many of the P-rich stars is
striking. First, we stress that the high abundances of N are
compatible between all sources, i.e., the abundances from
CAPOS and APOGEE-2 photometric and spectroscopic
parameters, as well as from our derivations of C, N, and O,
using all of the above parameters, as can be seen in Table 1.

It appears that the P-rich stars tend to be also N rich, but the
contrary is not true, i.e., not all N-rich stars are P rich even in
the same GC. A connection P:N could be a hint on the

Barbuy et al.
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Figure 2. [P/Fe] vs. [N/O] (upper panel) and [Al/Fe] vs. [N/O] (lower panel)
for Ton 1 (green squares) and NGC 6316 (red squares).

possibility that the P-enhancement phenomenon occurs in
second-generation stars of globular clusters. However, there is
no clear one-to-one correlation between the P and the N
abundances, given that in these cases the P abundance tends to
be [P/Fe] = 0.8. Besides, M. Brauner et al. (2023) found that
not all P-rich stars are also N rich, although many of them are
N rich as well. This discrepancy between our results and field
P-rich stars shows that the question of P enrichment may be a
complex issue. Nevertheless, Figure 2 shows a clear correla-
tion between [P/Fe] versus [N/O], in particular for stars with
the higher N abundances. We also inspected Al abundances:
Ton 1 exhibits an Al-rich-N-rich behavior similar to that
observed in atypical Al-rich N-rich field stars (J. G. Ferndnde-
z-Trincado et al. 2020), but this is less clear in NGC 6316
(possibly due to selection effects), as shown in Figure 2. In any
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Figure 3. [P/Fe] vs. [Fe/H] for the present results compared with literature data. Dark green open stars: present work; red-filled circles: E. Caffau et al. (2011); red
open circles: E. Caffau et al. (2016); blue-filled triangles: I. U. Roederer et al. (2014); filled cyan circles and open black circles: Z. G. Maas et al. (2019); light-gray
filled circles: G. Nandakumar et al. (2022); light-gray open four-sided stars: Z. G. Maas et al. (2022); red open stars: B. Barbuy et al. (2025). Different model lines
correspond to the outputs of models computed for radii » < 0.5, 0.5 <r<1,1<r <2,and 2 <r < 3kpc from the Galactic center. Black lines correspond to

specific star formation v = 1 Gyr™", red lines to v = 3 Gyr".

case, there is evidence that N-Al-rich stars originate in GCs
(J. G. Fernandez-Trincado et al. 2021b; D. Minniti et al. 2024,
S. O. Souza et al. 2024b).

4.2. Chemical Evolution Models

Figure 3 shows the present results compared with data from
the literature and chemical evolution models from B. Barbuy
et al. (2025). Data from the literature on P, compared to other
elements, are relatively rare. Previous work includes E. Caffau
et al. (2011) in 20 disk-dwarf stars, and E. Caffau et al. (2016)
added another four disk-dwarf stars. I. U. Roederer et al.
(2014) measured P in 14 halo stars. Z. G. Maas et al. (2019)
derived P abundances in nine disk stars, and Z. G. Maas et al.
(2022) in 163 disk and halo stars. K. Sadakane & M. Nishim-
ura (2022) studied P in 45 main-sequence stars, G. Nandaku-
mar et al. (2022) measured P in 38 disk stars.

Finally, T. Masseron et al. (2020a, 2020b) measured P in 16
stars, M. Brauner et al. (2023) enlarged the sample to 78
confirmed P-rich stars (including the ones from T. Masseron
et al. 2020a, 2020b). An important result of M. Brauner et al.

(2023) was the detection of a member enriched in P of the
globular cluster M4, a nearby disk cluster. M. Brauner et al.
(2024) further explored in detail the anomalous pattern of
heavy elements for a small sample of P-rich stars, resulting in
enhanced heavy element abundances, possibly of s-process
and/or i-process origin (M. Lugaro et al. 2023). These very
P-rich stars are not included in Figure 3, in order to not hide
the effect on the clusters.

T. Masseron et al. (2020a) and M. Brauner et al. (2023, 2024)
have obtained very high P abundances ([P/Fe] > +0.8) for a
sample of stars that have metallicities around [Fe/H] —1. The
orbital analysis of the Masseron—Brauner sample of P-rich stars
led to the identification of most of them belonging to the thick
disk and the inner Galactic halo. However, no such effect is seen
at higher or lower metallicities. In particular, the results by
I. U. Roederer et al. (2014) for halo stars show that such an
effect is absent in the outer halo.

In M. Brauner et al. (2024) the nucleosynthesis processes
responsible for P enhancement were discussed, but while CO-
shell mergers from massive stars (C. Ritter et al. 2018;
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Table 2
List of Analyzed Globular Clusters
Cluster Mass RV ds [Fe/H] Age Nitars
M) (kms™") (kpc) (Gyr)
Ton 1 3.41 x 10° +1.92 24 9.607 0.30 —0.80 0.04 129 1.1 12:7
NGC 6316 375 0.69 x 10° +99.1 0.8 11.152 038 -0.87 0.02 13.1 05 10:6
HP 1 1.1 038 x 10° +40.1 1.1 6.995 0.14 —-1.15 0.03 128 09 10:1
NGC 6522 3.92  0.54 x 10° —14.0 0.6 7.295 021 —1.04 0.09 128 1.0 5:0
NGC 6558 293 1.09 x 10* -195.6 0.7 7474 029 -1.15 0.08 123 1.1 4:0
UKS 1 8.0 x 10* +66.12 129 15.581 0.57 —-0.98 0.11 13.0 12 6:0
Ton 2 8.01 4.02 x 10* —183.8 0.8 6.987 0.34 —-0.70  0.05 12 7:0

Note. Masses and radial velocities from H. Baumgardt & M. Hilker (2018), J. G. Ferndndez-Trincado et al. (2020), and distances from H. Baumgardt & E. Vasiliev
(2021). Metallicities are taken from J. G. Fernandez-Trincado et al. (2021a) for Ton 1, J. G. Fernandez-Trincado et al. (2022) for Ton 2, L. Henao et al. (2025)
for HP 1, H. Frelijj et al. (2025) for NGC 6316, J. G. Fernandez-Trincado et al. (2019) for NGC 6522, D. Gonzélez-Diaz et al. (2023) for NGC 6558, and
J. G. Fernandez-Trincado et al. (2020) for UKS 1; and ages from the compilation by D. Deras et al. (2023) and E. Bica et al. (2024). Ny.s: Where each entry is x:y
and x is the number of stars studied, with y the number of P-rich stars with [P/Fe] > 0.5.

R. Andrassy et al. 2020; L. Roberti et al. 2025) were the most
promising sources for the abundance anomalies of P-rich stars,
the astrophysical source of P-rich stars is not yet established.

B. Barbuy et al. (2025) have performed chemical evolution
modeling in order to investigate the abundance pattern of
phosphorus in bulge spheroid stars. Our chemical evolution
models for the bulge spheroid include not only hypernovae but
also enhancement of odd-Z elements from the neutrino process
taking place during core-collapse supernova yields (T. Yosh-
ida et al. 2008). However, these nucleosynthetic ingredients
are effective only at very low metallicities and still leave
unexplained the P excess of mildly metal-poor stars. Our
chemical evolution models (B. Barbuy et al. 2025) predict a
maximum [P/Fe] = +0.45 at [Fe/H] -0.85.

4.3. Bulge Stellar Populations

We analyzed here the [P/Fe] abundances in the bulge
globular clusters Ton 1 and NGC 6316. Note that, interest-
ingly, these GCs are in the main APOGEE-2 SDSS-IV and
also CAPOS samples. The same applies to HP 1, for which a
detection has still to be confirmed. However, so are
NGC 6522, NGC 6558, UKS 1, and Ton 2, which are not P
rich. We would like to identify a similarity between these two
clusters that show P-enriched stars, in contrast to those that do
not show P enrichment. They could indeed characterize a
subsample of clusters, or whether this is an effect of self-
enrichment, and indicate some type of particular nucleosynth-
esis. In Table 2 we list their main characteristics. We do not
see significant differences between the two samples of clusters.

D. Massari et al. (2019) suggested Ton 1 and NGC 6316, as
well as HP 1, NGC 6522, and NGC 6558, to be in situ main-
bulge clusters, and Ton 2 a low-energy cluster, whereas UKS 1
was not classified. A. Pérez-Villegas et al. (2020) classified HP
1, Ton 1, NGC 6522, and NGC 6558, as in situ main-bulge
clusters, and Ton 2 and NGC 6316 as thick-disk members.
D. A. Forbes (2020) suggested Ton 2 to belong to Koala.
T. M. Callingham et al. (2022) proposed HP 1, Ton 1,
NGC 6522, and NGC 6558 as main bulge, and Ton 2 and
NGC 6316 as members of their suggested Kraken structure.
V. Belokurov & A. Kravtsov (2024) suggested Ton 1, Ton 2,
HP 1, NGC 6316, NGC 6522, NGC 6558, and UKS 1 to be
in situ main-bulge clusters. D. Geisler et al. (2025) classifies
all our samples as bulge GCs except Ton 2 (disk) and UKS 1,
for which they are uncertain as to whether it is in situ or

ex situ. The P-rich phenomenon appears to be present in both
bulge and disk GCs. We also note that Ton 1 and Ton 2 are
closely projected in the sky with a separation of 40, but their
distances show that they do not form a physical pair.

In conclusion, we find no clear distinction in any major
parameter between the P-rich and P-normal GCs, except perhaps
their current masses, with a trend for P-rich stars to be in clusters
with masses above 10° M., but the currently most massive GC,
NGC 6522, does not show P enhancement. It should be noted
that the samples are small, and the clusters with the largest
samples are the ones that show P-enhanced stars.

5. Conclusions

We computed [P/Fe] abundance ratios in bulge GCs, in order
to verify which of them could host P-rich stars. In five of them,
namely NGC 6522, NGC 6558, UKS 1, and Ton 2, (and possibly
HP 1), no star showed P enhancement. On the other hand in Ton
1 and NGC 6316, more than half of the analyzed stars do show P
enhancements, in the range of +0.5 <[P/Fe] < +1.0. These
values are not as high as those found by T. Masseron et al.
(2020a) and M. Brauner et al. (2023, 2024) in field thick-disk and
inner-halo stars, but they are of the same order as those found in
the sample of 58 bulge-field stars by B. Barbuy et al. (2025), with
kinematical, dynamical, and chemical characteristics of the early
bulge spheroid. All of these stars have metallicities between
[Fe/H] —1.2 and —0.7.

From our results, it appears that all P-rich stars tend to be also
N rich, and that only a fraction of the analyzed stars show this
effect, in the same metallicity range as the field stars. This could
be the consequence of the so-called second-generation phenom-
enon that affects GCs. However, there is no clear correlation
between the P and N abundances, and we found no correlation
between P and other second-generation indicators such as Mg.
For Ton 1 there is a N:Al correlation, but not for NGC 6316.

In summary, our results strengthen the connection between
moderately metal-poor GCs and bulge-field stars, because we
detect the presence of P-rich stars in two bulge GCs. P-rich stars
might be second-generation stars (as evidenced by the simulta-
neous presence of P-rich and P-normal stars in a single GC, and
that all P-rich stars tend to be N rich), which would align with the
massive star nucleosynthesis scenario proposed here. On the
other hand, the strongly P-rich field stars by M. Brauner et al.
(2023) show a range of N abundances, making the production of
P-rich stars more complex than the second-generation GC
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explanation. Therefore this scenario should be further investi-
gated in the future. Certain nucleosynthesis scenarios, such as
those involving novae (G. H. Smith & R. P. Kraft 1996; C. Iliadis
et al. 2016), can be discarded to explain P-rich stars, due to the
finding of P-rich stars in two old GCs, where there was no time
for novae to evolve and contribute to stellar chemical enrichment,
because the time delay to form novae is similar to that to form
supernovae type Ia: a time of about 1Gyr (G. Cescutti &
P. Molaro 2019).

If we consider the main parameters of the GCs studied here,
there is no significant difference between those showing
P excess, and the others. The P overabundance was not
observed in other stellar populations, although P is not often
studied in the literature. Further investigations are needed on the
P excess, through the analysis of other samples of stars and from
the nucleosynthesis side. Specifically, the observed excess
P would exclude an asymptotic giant branch (AGB) scenario,
since AGB stars do not produce P efficiently (e.g., A. I. Karakas
& J. C. Lattanzio 2014; M. Pignatari et al. 2016). Finally, if the
connection between P-rich stars and second stellar generations
in GCs is confirmed, that would hint at massive stars as the
main polluters in GCs, at least with respect to P.

An important result is the absence of P-rich stars in five of
the seven clusters studied, and the key question that remains is:
why we can find P-enriched stars in some clusters and not in
other similar clusters?

Finally, higher S/Ns and larger samples of stars in the
detected P-enhanced clusters would be of great interest.
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Appendix
Uncertainties

There are no published non-LTE corrections for the P I lines
analyzed in this work, therefore these uncertainties cannot be
evaluated here. Figure 4 gives [P/Fe] versus the stellar
parameters effective temperature and gravity, showing that
there is essentially no trend between these quantities.

A typical uncertainty is computed by adopting errors in the
stellar parameters of AT.=100K, Alog g¢=0.2, and
Av, = —02kms ™!, shown in Table 3. This is applied to the
cool star Ton 1: 2M17342588-3901406 with T.; of 3584 K.
The total error in [P/Fe] is of 0.1 dex. For this star the CO is
strong enough within its low-temperature range such that a
variation of 100K does not change the derived P abundance
much. In contrast, the example of a less cool star (Ton 1:
2M17343616-3903344) shows a larger difference in P abun-
dance between the literature and the ASPCAP parameters with
Terr= 3890 K and 3982 K, respectively—in this particular case,
there is a weakening of the CO lines, leading to a higher
abundance of P with the warmer parameters (ASPCAP). The fits
are shown in Figure 5. For stars in this temperature range the
uncertainty can be considered to reach up to 0.3 dex, due to a
change in the CO band intensity. It is important to stress that the
higher P abundances are found for stars with T > 4000 K,
therefore these are much less affected by the CO line intensity
blending the P I line.

Finally, the use of a unique line, with the weaker line only
being useful in some cases, is a vulnerability of the present
results. It would be of interest to observe other P lines in these
same targets—although in the optical the extinction in the
bulge is much more problematic.

Table 3
Phosphorus Abundance Uncertainties for Star 1 (Ton 1:
2M17342588-3901406) and Star 2 (Ton 1: 2M17343616-3903344)

Star [P/Fe] AT Alog g Av, ( B2
( 100K) ( 02dex) ( 02kms™")

Star 1 +1.0 —0.01 +0.1 +0.0 +0.1

Star2  40.5 +0.2 +0.05 +0.15 +0.25

Note. We compute the uncertainties for changes in the stellar parameters of
AT = 100K, Alog g = 0.2, and Av, = —0.2km s, and the corresponding
total error is given in the last column.
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Figure 4. [P/Fe] vs. Tetr and [P/Fe] vs. log g, for stellar parameters from references cited in the text, and ASPCAP parameters.
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Terr = 3890 K and 3982 K, respectively. CO line intensity changes more dramatically in the temperature range.
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