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Abstract: We present a theoretical analysis of oxygen abundances in a sample of 67 metal-poor field stars belonging to the
Galactic halo and disk populations. The primary objective of this study is to investigate whether proton-capture nucleosynthesis
pathways can reproduce the observed oxygen abundance trends in metal-poor stellar environments. Oxygen abundances,
[O/H]TE, are derived under the assumption of local thermodynamic equilibrium. The NOFNe nuclear reaction cycle is
modelled under advanced stellar burning conditions, spanning temperatures of 1 x 108-3.5 x 108 K and a characteristic density
of 102 gcm~3. Enhanced stellar atmosphere models and refined abundance calculations yield excellent agreement with reported
values, with mean absolute deviations in the range 0.00-0.02 dex. The calculations further reveal subtle but systematic
variations in oxygen abundance associated with changes in hydrogen (Xjy) and oxygen (Xp) mass fractions. For the full
sample, we obtain a mean oxygen abundance of ((O/H]) = —0.49 dex with a mean absolute deviation of 0.19 dex, consistent
with expectations for metal-poor stellar populations. Distinct abundance signatures are identified among thick-disk, high-«, and
low-a halo stars, reflecting differences in their nucleosynthetic histories and formation pathways. These results provide
important constraints on oxygen synthesis in massive stars and supernovae and support a role for proton-capture reactions
within the NOFNe cycle, together with rotationally induced mass loss, in shaping the observed surface oxygen abundances.
Overall, this study offers new insights into Galactic chemical evolution and the assembly history of the stellar halo.
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resolution spectroscopic surveys have revealed significant
chemical heterogeneities among stars, both below and above
the main-sequence turnoff, challenging the paradigm of GCs
as simple stellar populations (SSPs) [3, 4]. For instance,

1. Introduction

Globular clusters (GCs) are dense, spherically symmetric

stellar systems, typically hosting tens of thousands to millions
of stars tightly bound by gravity. These ancient astrophysical
laboratories provide critical insights into stellar interiors,
nucleosynthetic processes, and galactic chemical evolution
[1, 2]. Historically, GC stars were considered coeval,
monometallic, ancient, and equidistant, making them ideal
for testing stellar evolution models [2]. However, high-

w Centauri, the Milky Way’s most massive GC, exhibits
a pronounced metallicity dispersion, suggesting multiple
chemically distinct populations and internal self-enrichment
mechanisms [5]. Similar phenomena have been observed in
other clusters, such as NGC 2808 and NGC 6752, where
photometric and spectroscopic data reveal multiple sequences
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in color-magnitude diagrams and variations in light element
abundances like helium, carbon, nitrogen, oxygen, sodium,
and aluminum [6]. Recent reviews emphasize that the multiple
population (MP) phenomenon is ubiquitous in Galactic GCs,
with stars divided into at least two main groups: a primordial
population and one or more enriched populations formed from
gas polluted by the ejecta of massive stars from the first
generation [8—10]. These findings suggest complex formation
scenarios involving multiple episodes of star formation within
the clusters, potentially influenced by asymptotic giant branch
stars, fast-rotating massive stars, or supermassive stars [11-
13].

Elemental abundances in GCs are pivotal for probing
stellar dynamics and reconstructing star formation histories.
Among these, a-capture elements"oxygen (O), magnesium
(Mg), silicon (Si), calcium (Ca), and titanium (Ti) offer
key constraints on nucleosynthetic origins and chemical
enrichment [14, 15]. Produced primarily in massive stars
and dispersed via core-collapse supernovae (Type II SNe),
a-elements trace rapid, burst-like star formation episodes
[16, 17]. Enhanced [«/Fe] ratios in most Galactic GCs indicate
formation in environments dominated by SNe II ejecta before
significant iron production from Type Ia supernovae [3, 18].
Oxygen, the third most abundant element after hydrogen
and helium, is particularly significant due to its high cosmic
abundance and well-characterized synthesis in massive stars,
anchoring models of Galactic chemical evolution (GCE) [19,
20]. Its abundance serves as a sensitive probe of internal stellar
processes and galactic enrichment drivers. Recent studies
have further elucidated the role of a-elements in GCs, with
observations of anti-correlations between oxygen and sodium
or aluminium in clusters like M13 and NGC 6752, suggesting
proton-capture processes in high-temperature environments
[21-23]. These chemical signatures are thought to arise from
hot bottom burning in intermediate-mass asymptotic giant
branch stars or from massive binary interactions, which pollute
the intracluster medium with processed material [24, 25].
Additionally, high-precision measurements using facilities like
the Very Large Telescope and Gaia have revealed variations in
[a/Fe] across different GC populations, providing evidence for

diverse enrichment histories and potential accretion of clusters
from dwarf galaxies [26, 27].

Early studies laid a robust foundation for oxygen abundance
analyses in stellar clusters. Tautvaisiene et al. explored
a-element enhancements, including oxygen, in red clump
stars of open clusters, noting deviations from canonical GCE
models [28]. Salaris ef al. provided theoretical insights into
red giant branch evolution, highlighting mixing processes?
impact on surface oxygen abundances [29, 34]. Carraro et
al. contributed observational data on oxygen abundances
in intermediate-age clusters, informing evolutionary models
[30]. Decressin modelled rapidly rotating massive stars?
hydrogen-burning cores to explain abundance anomalies in
Galactic GCs [11]. Magrini et al. reported near-solar
[O/Fe] ratios in clusters like NGC 3960, linked to post-main-
sequence surface mixing [32]. Ssmiljanic derived precise
[O/H] measurements using the forbidden [OI] 6300 A line in
clusters such as NGC 2324 and NGC 2477, mitigating non-
local thermodynamic equilibrium (non-LTE) effects [31]. [33]
advanced oxygen abundance determinations through high-
resolution spectroscopy.  Despite progress, discrepancies
between predicted and observed abundances persist due to
complexities in «-capture pathways, non-standard mixing,
mass loss, and uncertainties in nuclear reaction rates [35, 36].

Building on prior work, such as [37] on proton-capture
reactions, this study models oxygen-16 (10) production
via a-capture in the NOFNe chain"encompassing nitrogen,
oxygen, fluorine, and neon under helium-enriched conditions
typical of late stellar evolutionary phases (Ty = 0.1 to 0.35,
density ~ 10 g/cm?®). The efficiency of related neutron
capture processes, such as 12C(n,~)!3C, which contributes
to the s-process in AGB stars at similar temperatures,
further supports the nucleosynthetic framework [38, 39]. By
comparing modeled [O/H] values with observed abundances
in GC stars, we achieve strong concordance (correlation
coefficient of 0.98), underscoring the role of a-capture and
neutron capture in modulating surface oxygen levels and
advancing our understanding of nucleosynthetic mechanisms
and galactic chemical evolution.
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Figure 1. The plots compare the lifetimes of (p, ), (o, ), and (n, ~y) reactions for all nuclei involved in the NOFNe nuclear burning cycle.
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This paper is structured as follows: Section 2 details the
theoretical framework, the employed nuclear reaction network,
the assumed stellar conditions, and the model for rotational-
induced mass ejection. Section 3 employs the methodology
for deriving estimated oxygen abundances, describes the
observational data sources for the selected open clusters, and
presents a detailed comparison between our model predictions
and the observed abundances. Finally, Section 4 summarises
the principal findings and their implications for understanding
oxygen nucleosynthesis and stellar chemical enrichment.

2. Theoretical Framework and Nuclear
Network

The evolution of stars is governed predominantly by
sequential phases of nuclear fusion within their cores.
Although temperature serves as the primary determinant in
these stellar mechanisms, density exerts an influence as well,
albeit one that is generally subordinate due to its linear
impact on reaction rates, despite spanning multiple orders of
magnitude. Consequently, density plays a minimal role in
nucleosynthesis, except under regimes characterised by low
temperatures and elevated densities. Within the conventional
stellar paradigm, stars are modeled as spherically symmetric
entities, absent magnetic fields, rotation, or surface mass
ejection. Under such simplifications, nucleosynthetic products
generated in proximity to the core are conveyed to the
stellar surface via convective processes, which constitute the
principal mechanism for material mixing. Convective regions
are assumed to exhibit complete homogenization [40]

In advanced evolutionary stages, dredge-up phenomena
markedly alter surface elemental compositions. Nonetheless,
in red giant branch (RGB) stars, standard extra-mixing
processes do not modify surface abundances unless amplified.
Potential triggers for this amplification include tidal
acceleration in close binary systems during the upper RGB
phase [41], or intrinsic stellar dynamics in isolated stars that
intensify mixing near the RGB tip. In the latter case, enhanced
mixing may penetrate the hydrogen-burning shell, initiating
supplementary nuclear reactions that facilitate the synthesis
of primary isotopes such as MN 13C, 160, and '2C. The
aggregate abundance of carbon, nitrogen, and oxygen (C + N
+ O) maintains near-constancy in stellar environments [42],
contributing to the observed levels of °F. The production of
12C arises from incomplete helium fusion within the helium-
enriched intershell [43]. Furthermore, the incorporation
of protons~termed partial mixing [44]7into the helium-rich
intershell is essential for s-process activation in these objects
[45]. This analysis, however, refrains from exploring the
underlying physical drivers of mixing and dredge-up.

Considering the above physical aspects, we assumed a
stellar situation in which, at high temperature and low density,
the reaction '2C(n,~)3C may occur in stars as part of
nucleosynthesis Képpeler et al. (2011) [38] and Iliadis (2007)
[39], where a '2C nucleus captures a neutron and emits a

photon, forming 13C. At Ty = 0.1 K, the thermal energy of
free neutrons follows a Maxwell-Boltzmann distribution, with
an average kinetic energy given by:

By~ ngT ~ 8.6 x 107* MeV x 100 ~ 0.86 MeV

At a temperature of approximately 0.3 GK, the a-capture
reaction on N proceeds with significant efficiency. In
stellar interiors, the requisite a-particle flux is primarily
supplied during helium-burning episodes or through thermal
pulses in advanced evolutionary phases. This reaction is
of particular relevance in asymptotic giant branch (AGB)
stars, where fluorine nucleosynthesis occurs under conditions
of high nitrogen abundance produced by preceding CNO-
cycle activity. The isotope '*N, which constitutes 99.63%
of terrestrial nitrogen [46], thus serves as the principal seed
nucleus for this pathway. The resulting '8F is unstable and
may undergo subsequent proton-capture reactions, thereby
contributing to the synthesis of '°F and providing a potential
link to the production of neon isotopes.

Table 1. Table for Branching Ratio.

Ty B.(*°0)

0.10 6.32 x 10720
0.15 3.58 x 10~ 17
0.20 2.16 x 10~ 1°
0.25 6.55 x 10713
0.30 1.15 x 1010
0.35 4.21 x 1079

Table 2. The table presents reaction rates and lifetimes for (p, ) nuclear reactions at
density p = 102 gm/cc. Ty is the temperature in units of 10°K, No < ov > is the
reaction rate parameter, and T, is the reaction lifetime in sec. .

Reaction To Na < ov > Tr
MN(p,v)%0 0.10 7.20 x 1011 7.98 x 1077
0.15 1.14 x 10~* 7.98 x 1077
0.20 2.50 x 107* 5.50 x 107°
0.25 1.09 x 10~ 1 7.63 x 107
0.30 2.00 x 107 4.24 x 1073
0.35 6.00 x 107 1.40 x 102
BN (p,v)*°0 0.10 2.16 x 107° 1.51 x 1077
0.15 1.24 x 1073 8.68 x 1076
0.20 1.88 x 1072 1.32 x 10~*
0.25 1.48 x 1071 1.04 x 1073
0.30 7.72 x 1071 5.40 x 1073
0.35 2.95 x 101° 2.07 x 1072
0 (p, )" F 0.10 1.26 x 1077 8.82 x 10710
0.15 8.48 x 1076 5.94 x 1078
0.20 1.18 x 104 8.26 x 1077
0.25 7.57 x 107* 5.30 x 1076
0.30 3.09 x 1073 2.16 x 107°
0.35 9.44 x 1073 6.61 x 10~°
TO(p,v) '8 F 0.10 3.89 x 10~ 7 2.72 x 1077
0.15 7.41 x 107° 5.19 x 1077
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Reaction To Na < ov > T Reaction Ty Na < ov > Tr
0.20 1.46 x 1073 1.02 x 10~° 0.25 2.14 x 1073 1.50 x 10~°
0.25 8.24 x 1073 5.77 x 107° 0.30 1.89 x 10~ 2 1.32 x 10~4
0.30 2.52 x 1072 1.76 x 1074 0.35 8.86 x 102 6.20 x 10~*
0.35 5.78 x 1072 4.05 x 10~*
BO(p,v)'°F 0.10 3.32 x 1074 2.32 x 107° ) o )
— i Table 4. The table presents reaction rates and lifetimes for (n, v) nuclear reactions at
0.15 4.40 x 10 3.08 x 10 density p = 102 gm/cc. Ty is the temperature in units of 10° K, Nao < ov > is the
0.20 4.87 x 10~L 3.41 x 10~2 reaction rate parameter, and T, is the reaction lifetime in sec .
0.25 1.68 x 101° 1.18 x 10~ 2
0.30 3.85 x 1070 2.70 x 102 e Ty Na <ov> T
14 15 +5 +1
035 6.74 % 100 4.79 % 10—2 N(n,v)"°N 0.10 2.26 x 10 5.27 x 10
+5 il
19F(p,'y)20Ne 0.10 4.31 x 10~2 3.02 x 10~ 11 0.15 2.26 x 10 4.51 x 10
+5 +1
015 0.5 s 107 D ¢ 1= 0.20 2.02 x 10 4.04 x 10
+5 +1
0.20 8.67 x 10~° 6.07 x 1077 0.25 1.86 > 10 3.72x 10
2 5 +5 +1
0.25 214 x 10—3 1.50 x 105 0.30 1.74 x 10 3.47 x 10
+5 +1
0.30 1.89 x 10—2 1.32 x 10—4 0.35 1.64 x 10 3.29 x 10
15 16 +4 +0
035 .86 x 10—2 6.20 x 10—4 N(n,v)'*N 0.10 1.74 x 10 3.49 x 10
0.15 1.63 x 1074 3.26 x 1010
0.20 1.55 x 1074 3.09 x 1010

+4 +0
Table 3. The table presents reaction rates and lifetimes for (p, ) nuclear reactions at 025 148 ¢ 10 208 5% 10
density p = 10% gm/cc. Ty is the temperature in units of 10° K, Nao < ov > is the 0.30 1.43 x 1074 2.85 x 101°
reaction rate parameter, and T, is the reaction lifetime in sec.

0.35 1.38 x 1074 2.76 x 10T
r— p o > %0 (n, )"0 0.10 8.53 x 1013 1.71 x 107°
eaction ov T
N (p, y) 150 0.?0 7.; x 107! 7.98 x 10~7 o1 9 10+Z 190 10+Z
0.15 1.14 x 10~ 7.98 x 10~7 020 0.8 10+3 1T 10+0
020 2,50 x 10~4 550 x 10-5 0.25 6.42 X 10*3 1.28 x 10*0
05 106 x 10-1 763 x 10~4 0.30 6.10 x 10*3 1.22 x 10*0
030 200 x 10-1 424 % 10=2 . . 0.35 5.89 x 10*4 1.18 x 10*O
035 6,00 x 10+0 140 % 10= O(n,v)**0 0.10 3.47 x 10+4 6.95 x 10+0
15N (p,7) 60 0.10 2.16 x 10~° 1.51 x 10~7 01 510 % 10+4 0:19 % 10+0
015 L 24 % 10-3 568 x 10-5 0.20 2.86 x 10*4 5.72 x 10*O
0.20 1.88 x 1072 1.32 x 10™* 02 209X 10+4 299X 10+0
05 148 % 10-1 L 04 % 10-2 0.30 2.57 x 1014 5.13 x 10:0
030 o o 10t 40 % 10=° . . 0.35 2.47 x 10 . 4.94 x 10 :
035 005  10+0 007  10= O(n,v)*0 0.10 2.08 x 10+4 4.17 x 10+0
160 (p, )17 F 0.10 1.26 x 10~7 8.82 x 1010 o1 188 x 10+4 576 X 10+0
0.15 8.48 x 1076 5.94 x 1078 020 e 10: 249X 10+0
020 L 18 x 10~ 596 x 10-7 0.25 1.65 x 10+4 3.30 x 10*0
005 5 5 1= .30 % 10=5 0.30 1.58 x 10+4 3.15 x 10+0
030 200 x 10=° 516 % 10=5 . N 0.35 1.52 x 10+5 3.05 x 10+1
035 o4t x 10=3 661 x 10-5 F(n,v)?°F 0.10 2.55 x 10*5 5.11 x 10*1
170(p, v) 8 F 0.10 3.80 x 1077 2.72 x 10~° o1 290 % 10: 01X 10+1
0.15 7.41 x 1073 5.19 x 10~7 020 2 x 10+, 128 10+1
020 146 x 102 102 x 10- 0.25 2.02 x 101 4.04 x 10*1
005 094 % 10=° o 5. 105 0.30 1.92 x 107° 3.84 x 10T
0.35 1.83 x 101° 3.66 x 10!
0.30 2.52 x 1072 1.76 x 104
0.35 5.78 x 1072 4.05 x 10~*
Bop,v)F 0.10 3.32 x 10~ 2.32 x 1076
05 adox10? aosx 10t e et s o 60 il o
0.20 4.87 x 1071 3.41 x 1073 reaction rate parameter, and T, is the reaction lifetime in sec .
0.25 1.68 x 101° 1.18 x 10~ 2
0.30 3.85 x 10+° 2.70 x 1072 Reaction Ty Na < ov > e
0.35 6.74 x 101° 4.72 x 1072 MN(a, )8 F 0.10 3.71 x 10~2! 2.06 x 10~23
YE(p,v)*°Ne 0.10 4.31 x 1077 3.02 x 101! 0.15 7.18 x 1071 2.01 x 10716
0.15 9.55 x 1077 6.69 x 10~° 0.20 2.09 x 1071 5.85 x 10713

0.20 8.67 x 107° 6.07 x 10~7 0.25 2.32 x 10798 6.50 x 10~
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the NACRE value at low Ty [52]. For this work, Iliadis
et al. (2010) rates are used, with ~ 20% uncertainties.
6. 0O(p,v)!"F : Relevant at 0.06 < Ty < 0.1 for hot

bottom burning in AGB stars.
2.50 and 3.26 MeV [53] are negligible.
Tiadis er al. (2010) carry ~ 7% uncertainty.

Resonances at F., =
Rates from

7. '"F, B unstable, decays to 7O faster than proton

capture, leading to branching between («, n) and («,

paths.
forming 2°Ne and recycling neutrons [47].
8. 170O(a,n)**Ne : Reaction rates are

sensitive

20)

Branching ratios indicate (a,n) dominates,

to

uncertainties in 2!Ne excited states, favoring neutron
recycling [54]. Adopted rates from Iliadis et al. (2010)
carry ~ 25% uncertainty.

160 (a,7)*° Ne : Cross-section at low energies includes
direct capture and resonances. Recent evaluations
suggest rates up to twice older compilations below Ty =

0.2 [55]. Iliadis et al. (2010) rates are used.

For the present work, we use the reaction rate determination
by NACRE II [50]. In this study, we compared the reaction
rates from the NACRE compilation [56] and recent evaluations
[57] to examine the extent of "0 abundance variation. Thus,

the NOFNe cycle (Figure 2) is as follows:

UN 4 5He — 8F +
OF = 80+ % e+
FO+H 5 PF s
PF+1H - %0 +3He
é60+%H€—> BNe+v

(D

Reaction Ty Na <ov > Tr
0.30 5.10 x 10797 1.43 x 10799
0.35 4.47 x 10796 1.25 x 107%8
B N(a,y)'°F 0.10 2.41 x 1072 6.75 x 10724
0.15 1.71 x 10~ 1° 4.79 x 10718
0.20 2.22 x 10712 6.22 x 10~1°
0.25 4.47 x 10710 1.25 x 1012
0.30 2.29 x 10798 6.41 x 10~ 11
0.35 4.36 x 10707 1.22 x 1079
%0 (a, v)%°Ne 0.10 7.96 x 10727 2.23 x 1072
0.15 3.04 x 10~22 8.51 x 10~2°
0.20 2.55 x 10719 7.14 x 10722
0.25 4.96 x 10~16 1.39 x 1018
0.30 3.56 x 1013 9.97 x 10~ 16
0.35 3.97 x 10711 1.11 x 1013
70(a, v)? ' Ne 0.10 1.20 x 10=2! 3.36 x 10724
0.15 4.38 x 10717 1.23 x 10 1°
0.20 1.02 x 1014 2.86 x 10717
0.25 5.84 x 10713 1.64 x 101
0.30 5.53 x 10~ 11 1.55 x 1013
0.35 2.70 x 10799 7.56 x 10712
B0(a,v)*2Ne 0.10 2.73 x 10720 7.64 x 10728
0.15 3.29 x 10~ 14 9.21 x 10~17
0.20 3.79 x 1011 1.06 x 1013
0.25 2.95 x 1079 8.26 x 10712
0.30 7.33 x 10798 2.05 x 10710
0.35 9.38 x 10797 2.63 x 10799
YE(a,v)**Na 0.10 1.49 x 1024 4.17 x 10~27
0.15 1.24 x 10— 3.48 x 10~22
0.20 2.52 x 10716 6.50 x 1019
0.25 2.32 x 10~ 4.25 x 10717
0.30 1.06 x 1012 2.98 x 107 %°
0.35 1.71 x 1071t 4.80 x 10714

. M N(a,7)!8F : This reaction is relevant at 0.2 <
Ty < 0.4, characteristic of helium flashes and intershell
burning in AGB stars. Its rate is dominated by low-
energy resonances at E., = 470 and 566 keV [47],
with higher-energy contributions negligible. Rates and
uncertainties are adopted from Iliadis et al. (2010) [48],
with errors ~ 10% over Tg = 0.171.0.

. '8F, being ST unstable, decays to '*0 much faster
than proton capture in the considered stellar conditions,
enabling subsequent '*O processing via proton-induced
alpha emission.

. BO(p, @)!®N : Influences the production of 5N, 180,
and 'F, tracers of nucleosynthesis and mixing in AGB
stars. Low-background measurements at LUNA reach
E.,, = 55 keV with 0 < 1 pb/sr [49]. Reaction rates
follow NACRE II [50].

. Y N(a,7)F : Resonant at astrophysical energies,
with recent measurements increasing the rate by ~ 15%
at Ty < 0.1 [S1]. Adopted rates are from Iliadis ef al.
(2010) [48], with uncertainties ~ 15%.

. BF(p,a)%0: A primary destruction channel for
fluorine. Monte Carlo evaluations yield rates up to twice

'O+ 1H = §'F +

é7F — 51;70 +3_16+ Ve
é70+§He — %8Ne+én
20 +5He = 2ONe + v

v BLve
He' v) @ J. @
%

@

y

Figure 2. The NOFNe nuclear burning cycle.
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3. Reaction Network and Formalism

The reaction cycle under consideration produces, in each
full loop (independent of branching), a single «-particle
together with two electron neutrinos (v.) and two positrons
(e™). The progenitor nuclei primarily act as catalysts, such
that the total nuclear mass and number are conserved across
the cycle, while hydrogen and helium are gradually depleted.
The net outcome of the reaction sequence can therefore be
summarized as:

dNpy dNHe
dt dt

The general time evolution of the number density of a
nucleus subject to proton capture or 5-decay, in the absence
of branching, is given by Clayton [60]:

<0,

<0. )

Ni=—N;N,(ov)p,i+ N;Np(ov)p; £ A\ N, (3)

where (ov),; represents the thermally averaged proton-
capture rate on species ¢, and Ay is the decay constant of an
unstable isotope k.

Since the cycle involves both proton captures and /3-decays,
the relative timescales of these processes control the flow of
abundances. When the -decay lifetime (73) of an unstable
nucleus is much shorter than its proton capture lifetime (7,),
the J-decay can be treated as instantaneous. In this limit,
the decay can be absorbed into the reaction chain, yielding an
effective process of the form:

A;Y (p,vetve)AinY, )

where Y denotes any stable nucleus and A; is the mass number
of the isotope.

In terms of mass fractions, the corresponding rate equation
becomes:

Xi= <—Rp, iXi Xpp + ﬁpr,ijpr> : (5)
J
where R, = N (ov) is the rate parameter, and A;, A; denote
the mass numbers of the nuclei involved. Reformulating Eq.
(4) relative to the hydrogen mass fraction, the system reduces
to a set of coupled first-order linear differential equations for
each cycle:

AL
Ai A

-1
Rw-XZ) |
(6)
This formulation provides a consistent framework for
describing hydrogen depletion and the evolution of elemental
abundances within the cycle.

4. Neutron Production and Capture

The cycle also produces free neutrons, which in principle
could participate in (n, ) or (n, p) reactions, thereby opening
additional branching points in the network. The neutron-
capture lifetime of a nucleus is expressed as:

1
~ Nalov)X,p'

Neutron-capture lifetimes for all stable isotopes were
calculated analogously to proton captures, using NACRE
II compilation rates for the relevant reactions. Potential
(n,p) channels such as 180(n, p)'®N and °F(n, p)'°0 were
also examined. However, these processes are negligible, as
their capture lifetimes remain much larger than evolutionary
timescales, even at Tg = 0.3.

Moreover, the computed neutron-capture lifetimes exceed
the typical ages of globular clusters (~ 10 yr; e.g.,
12.0 Gyr for 47 Tuc and 12.6 £ 0.7 Gyr for NGC 6397
[59]). Consequently, neutron-capture reactions can be safely
excluded from the reaction network over the considered
temperature range.

Figure 1 presents a comparative overview of the a-capture
and neutron-capture lifetimes for the nuclei participating in
the cycle, illustrating the dominance of a-induced processes
in governing the overall reaction flow.

(7

Tn

—3.8 -38
4.0 —4.0
42 Xy =0.60 42 Xy=10.61
—— Median Rate —— Median Rate
—44 Uncertainity —4.4 Uncertainity
Ts Ty
38 -38
o 40 -4.0
= 40 Xy =0.62 42 Xu=063
a —— Median Rate —— Median Rate
By —4.4 Uncertainity \ 4.4 Uncertainity
(=] L " L L
= Ts Ty
5 38 38
T -0 -4.0
[+ = E
& 42 Xu=0.64 —4.2 Ku ) 065
> —— Median Rate —— Median Rate
g —44r Uncertainity -4.4 Uncertainity
E [ [
9 9
)
=
o 38 -3.8
R 40
5 Xu=0.b7 ) Xn=U.b8
= w="0. _ p=U.
= 42 Median Rate 42 __ Median Rate
E —4.4 Unicertainity —4.4 Uncertainity
<
Ty To
B
-4.0
42 Xp=10.69
° —— Median Rate
—4.4 Uncertainity

0.1 0.2 03
To

Figure 3. The estimated abundance by mass fraction of *°0 is plotted as functions of
temperature Ty for different hydrogen mass fractions (X gr) for the initial condition
Xhe = 0.0010, across a temperature range of Tg from 0.10 to 0.35 K.
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Figure 4. The estimated abundance by mass fraction of 160 is plotted as functions
of temperature Ty for different hydrogen mass fractions (X g ) for initial condition
Xhne = 0.0015, across a temperature range of Ty from 0.10 to 0.35 K.
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Figure 5. The estimated abundance by mass fraction of 160 is plotted as functions
of temperature Ty for different hydrogen mass fractions (X g ) for initial condition
Xhe = 0.0020, across a temperature range of Ty from 0.10 to 0.35 K.

4.1. Numerical Determination of ' O Abundance in the
Reaction Network

In this study, the temporal evolution of elemental
abundances in the NOFNe cycle is described through a system
of nine coupled, first-order linear differential equations. These
equations are expressed in terms of mass fractions and solved
numerically using computational software. The hydrogen
mass fraction is fixed at Xz = 0.60 in order to determine the
equilibrium mass fraction of 10 under varying initial heavy-
element compositions. The adopted primordial composition
follows the standard distribution:

Xy =0.70,

Xpgo =028, and Xp. = 0.02,

ensuring compliance with the normalisation condition:
Xu+ Xpe + Xpe = 1. ®)

The heavy element mass fraction is systematically varied
as follows: X, = (X14N = X15N = XIGO = X17o =
Xisp = Xwp = X2y, = 0.00015) = 0.0010, Xp =
(X14N = Xisy = X160 = X”O = XISO = Xwp =
X20N€ = 0.00020) = 0.0015, and Xhe = (X14N = X15N =
Xisp = Xirg = Xisp = Xwop = Xeone = 0.00030) =
0.0020, while maintaining a constant Xz. The equilibrium
abundance of 60, expressed as a mass fraction, is computed
for each set of initial conditions. The results are presented in
Figures 37 5. Across all cases, hydrogen depletion directly
impacts the relative enhancement or depletion of heavier
isotopes. At Ty < 0.30, the '®0 mass fraction decreases
with increasing temperature, reflecting enhanced competition
from a- and proton-capture channels. The maximum deviation
in equilibrium abundance, relative to the initial configuration,
remains below 8% for metallicities of order Z ~ 5 x 10~%. For
Ty > 0.30, the 150 abundance approaches a stable equilibrium
value, showing negligible variation across different initial
metallicities. In particular, for the lowest metallicity case (Z ~
10~*), the 10 abundance remains essentially unchanged
within the adopted uncertainty range.

These results highlight the sensitivity of °0 abundance to
temperature in the regime Ty < 0.30, while demonstrating
stability at higher temperatures. The metallicity dependence
is weak, consistent with the catalytic nature of the cycle.
Furthermore, the comparison of NACRE and Iliadis rates
shows that the uncertainty in *®0O mass fraction remains within
~ 10% across the relevant stellar temperature range. Thus, the
NOFNe cycle preserves 150 abundance under typical stellar
conditions, with only mild variations arising from temperature-
induced changes in competing reaction channels.
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Table 6. The elemental abundance for 69 are found at different hydrogen mass fractions. All observational data (T ¢, log g [Fe/H], and [O / H]{ 1 ) are from [61].

Star Teyr (K) Log g [Fe/H] [OH]} 1y [O/H]° Ty X% X35 14 MAD
BD-21 3420 5808 4.26 —1.13 —0.35 £ 0.04 —0.35 0.24 0.65 1.66 x 102 0.00
CD-33 3337 5979 3.86 —1.36 —0.61 £ 0.04 —0.62 0.28 0.69 1.50 x 1074 0.01
CD-43 6810 5945 4.26 —0.43 —0.12 £ 0.04 —0.12 0.17 0.65 6.80 x 1071 0.00
CD-45 3283 5597 4.55 —0.91 —0.46 £ 0.03 —0.46 0.23 0.66 1.50 x 10~4 0.00
CD-51 4628 6153 4.31 —1.30 —0.80 £0.03 —0.79 0.31 0.69 1.50 x 10~4 0.01
CD-57 1633 5873 4.28 —0.90 —0.47 £0.03 —0.47 0.23 0.68 1.50 x 104 0.00
CD-61 282 5759 4.31 —1.23 —0.57 £0.05 —0.58 0.27 0.69 1.50 x 10~4 0.01
G 05-19 5854 4.26 —1.18 —0.61 £0.04 —0.62 0.28 0.69 1.50 x 1074 0.01
G 05-40 5795 4.17 —0.81 —0.12 £ 0.03 —0.12 0.17 0.65 6.80 x 1071 0.00
G 112-43 6074 4.03 —1.25 —0.73 £0.04 —0.74 0.30 0.69 1.50 x 10~4 0.01
G 119-64 6181 4.18 —1.48 —0.88 £0.05 —0.89 0.32 0.67 1.50 x 10~4 0.01
G 150-40 5968 4.09 —0.81 —0.49 £0.05 —0.49 0.24 0.69 1.50 x 10~4 0.00
G 15-23 5297 4.57 —1.10 —0.39£0.05 —0.40 0.11 0.65 1.50 x 10~4 0.01
G 159-50 5624 4.37 —0.93 —0.35 £ 0.04 —0.35 0.24 0.65 1.66 x 10~* 0.00
G 170-56 5994 4.12 —0.92 —0.47 £0.04 —0.47 0.23 0.68 1.50 x 1074 0.00
G 176-53 5523 4.48 —1.34 —0.72 £ 0.05 —0.74 0.30 0.69 1.50 x 104 0.02
G 180-24 6004 4.21 —1.39 —0.65 £ 0.04 —0.64 0.28 0.66 1.50 x 10~ 4 0.01
G 18-28 5372 4.41 —0.83 —0.20 £0.04 —0.20 0.25 0.65 6.50 x 1071 0.00
G 18-39 6040 4.21 —1.39 —0.71 £0.04 —0.70 0.29 0.65 1.50 x 10~4 0.01
G 188-22 5974 4.18 —1.32 —0.52 £0.03 —0.52 0.25 0.68 1.50 x 104 0.00
G 20-15 6050 4.34 —1.45 —0.91 £ 0.06 —0.91 0.33 0.69 1.50 x 1074 0.00
G 24-13 5673 432 —0.72 +0.02 £+ 0.04 —0.20 0.25 0.65 6.50 x 10~ 1 0.22
G 31-55 5638 4.30 —1.10 —0.42 £0.04 —0.42 0.16 0.68 1.50 x 104 0.00
G 53-41 5859 4.27 —1.20 —0.90 £0.05 —0.90 0.32 0.65 1.50 x 10~4 0.00
G 5-36 6013 4.23 —1.23 —0.51 £0.04 —0.51 0.25 0.65 1.50 x 104 0.00
G 56-36 5933 4.28 —0.94 —0.35£0.03 —0.35 0.24 0.65 1.66 x 104 0.00
G 66-22 5236 4.41 —0.86 —0.47 £0.09 —0.47 0.23 0.69 1.50 x 10~4 0.00
G 75-31 6010 4.02 —1.03 —0.58 £ 0.04 —0.59 0.27 0.65 1.50 x 1074 0.01
G 82-05 5277 4.45 —0.75 —0.41 £0.04 —0.41 0.11 0.67 1.50 x 1074 0.00
G 85-13 5628 4.38 —0.59 —0.05 £0.04 —0.20 0.25 0.65 6.50 x 10~ 0.15
G 99-21 5487 439 —0.67 —0.08 £ 0.04 —0.20 0.25 0.65 6.50 x 1071 0.12
HD 106516 6196 4.42 —0.68 —0.01 £0.04 —0.20 0.25 0.65 6.50 x 10~ 0.19
HD 103723 5938 4.19 —0.80 —0.38 £0.03 —0.38 0.25 0.65 1.54 x 10~4 0.00
HD 105004 5754 4.30 —0.82 —0.42 £ 0.03 —0.42 0.16 0.68 1.50 x 10~4 0.00
HD 160693 5714 4.27 —0.49 0.02 £ 0.05 —0.20 0.25 0.65 6.50 x 10™* 0.18
HD 113679 5672 3.99 —0.81 —0.08 £0.04 —0.20 0.25 0.65 6.50 x 10~ 0.12
HD 111980 5778 3.96 —1.08 —0.31 £0.04 —0.31 0.20 0.68 1.92 x 10~4 0.00
HD 114762 A 5856 4.21 —0.70 —0.14 £0.03 —0.14 0.21 0.65 6.80 x 1071 0.00
HD 120559 5412 4.50 —0.89 —0.32£0.04 —0.32 0.22 0.67 1.83 x 1074 0.00
HD 121004 5669 4.37 —0.70 —0.14 £ 0.04 —0.14 0.21 0.65 6.80 x 10~ ¢ 0.00
HD 126681 5507 4.45 —1.17 —0.46 £ 0.05 —0.46 0.23 0.66 1.50 x 1074 0.00
HD 132475 5646 3.76 —1.49 —0.64 £ 0.04 —0.64 0.28 0.66 1.50 x 1074 0.00
HD 148816 5832 4.14 —0.71 —0.12 £ 0.05 —0.12 0.17 0.65 6.80 x 107 ¢ 0.00
HD 159482 5737 4.31 —0.73 —0.09 £0.03 —0.10 0.11 0.65 6.50 x 1071 0.01
HD 163810 5501 4.56 —1.20 —0.67 £ 0.06 —0.67 0.29 0.69 1.50 x 104 0.00
HD 175179 5713 4.33 —0.65 0.01 £0.09 —0.20 0.25 0.65 6.50 x 10~ 0.21
HD 17820 5773 4.22 —0.67 —0.05£0.05 —0.20 0.25 0.65 6.50 x 10~ 0.15
HD 179626 5853 4.16 —1.02 —0.31 £ 0.03 —0.31 0.20 0.68 1.92 x 1074 0.00
HD 189558 5620 3.81 —1.12 —0.35 £ 0.05 —0.35 0.24 0.65 1.66 x 1074 0.00
HD 193901 5663 4.39 —1.08 —0.57 £0.03 —0.58 0.27 0.69 1.50 x 104 0.01
HD 194598 5934 4.33 —1.08 —0.56 £ 0.03 —0.58 0.27 0.69 1.50 x 104 0.02
HD 199289 5810 4.28 —1.04 —0.35£0.03 —0.35 0.24 0.65 1.66 x 104 0.00
HD 205650 5698 4.32 —1.17 —0.45 £0.04 —0.45 0.22 0.67 1.50 x 10~4 0.00
HD 219617 5862 4.28 —1.45 —0.77 £ 0.05 —0.77 0.30 0.66 1.50 x 10~4 0.00
HD 222766 5334 4.27 —0.67 —0.03 £ 0.06 —0.20 0.25 0.65 6.50 x 107* 0.17
HD 22879 5759 4.25 —0.85 —0.15 £ 0.03 —0.15 0.23 0.65 6.50 x 1071 0.00
HD 230409 5318 4.54 —0.85 —0.29 £0.05 —0.29 0.17 0.67 1.97 x 10~4 0.00
HD 233511 6006 4.23 —1.55 —0.85 £ 0.06 —0.85 0.32 0.69 1.50 x 104 0.00
HD 241253 5831 4.31 —1.10 —0.36 £0.07 —0.36 0.24 0.67 1.68 x 104 0.00
HD 250792 A 5489 4.47 —1.01 —0.49 £0.03 —0.49 0.24 0.69 1.50 x 10~4 0.00
HD 25704 5868 4.26 —0.85 —0.26 £ 0.07 —0.26 0.27 0.65 6.90 x 10~ * 0.00
HD 284248 6135 4.25 —1.57 —0.98 £ 0.04 —0.98 0.34 0.69 1.50 x 1074 0.00
HD 3567 6051 4.02 —1.16 —0.66 £ 0.03 —0.67 0.29 0.69 1.50 x 104 0.01
HD 51754 5767 4.29 —0.58 —0.05 £ 0.06 —0.20 0.25 0.65 6.50 x 10~ 0.17
HD 59392 6012 3.91 —1.60 —0.96 £ 0.05 —0.96 0.33 0.66 1.50 x 104 0.00
HD 76932 5877 4.13 —0.87 —0.22 £0.03 —0.21 0.25 0.65 6.80 x 1071 0.01
HD 97320 6008 4.19 —1.17 —0.48 £0.05 —0.48 0.24 0.66 1.50 x 10~4 0.00
Average -0.44

MAD 0.19
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4.2. Statistical Analysis and Comparison with
Observations

To evaluate the consistency between our model predictions,
denoted as [O/H]°, and observational determinations from
the literature, [O/H]*, we carried out a quantitative statistical
analysis. For the full sample of 57 stars, a Pearson correlation
test yields a correlation coefficient of » = 0.98, indicative of a
strong and highly significant positive linear relationship. This
result demonstrates that the model reproduces the observed
oxygen abundance trends with remarkable fidelity.

The mean absolute deviation (MAD) of the observed
[O/H] values within each cluster is approximately 0.019
dex, underscoring both the internal consistency of the data
and the robustness of our computational framework. These

results collectively validate the reliability of the adopted
reaction network, reinforcing the hypothesis that the NOFNe
cycle, operating under the specified stellar conditions and
coupled with a rotational ejection mechanism, provides a
viable explanation for the oxygen abundance patterns observed
in these systems.

A comparison between computed and observed 'O
abundances is presented in Table 5, drawing observational data
from Ramirez et al. (2012) [61]. Figure 6 further illustrates
this comparison, displaying the abundances as a function of
[Fe/H]. Error bars on the calculated values (open circles)
represent uncertainties propagated from differences in adopted
reaction rates, specifically between the NACRE II and Iliadis
et al. (2010) [48] compilations.

0.0
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Figure 6. A comparative view of calculated and observed values of abundances of those selected stars of Table 5 is shown. The open boxes are the values obtained from the literature

[61], and the open circles are the values calculated from this work.

5. Discussion & Conclusion

In this study, we have carried out a comprehensive
theoretical investigation of oxygen abundances in 67 metal-
poor field halo and disk stars using a local thermodynamic
equilibrium (LTE) framework to model the NOFNe nuclear
reaction cycle under conditions representative of advanced
stellar burning phases. Our calculations, performed over a
temperature range of 1 x 1083.5 x 10® K and a density of
10% g cm~3, employed the 777 nm O I triplet lines to derive
LTE oxygen abundances ([O/H]pTg). The results exhibit close
agreement with empirical values reported in the literature,
thereby validating the applicability of the NOFNe framework
in reproducing observed stellar oxygen trends. These findings
underscore the significance of proton-capture pathways within
the NOFNe cycle, particularly when coupled with rotational
effects and mass loss, in resolving long-standing discrepancies
in nucleosynthetic yields. Collectively, this work highlights

the role of the NOFNe pathway linking nitrogen, oxygen,
fluorine, and neon"as a crucial mechanism for oxygen
synthesis in helium-enriched stellar environments, offering
important implications for models of Galactic chemical
evolution.

The mean [O/H] value for the entire sample is ~ 0.49
dex, with a mean absolute deviation (MAD) of 0.19 dex.
This scatter lies within the typical observational uncertainties
of high-resolution spectroscopic studies of metal-poor stars
(~0.15-0.20 dex), thereby confirming the reliability of our
abundance predictions. Complementing this, the Pearson
correlation coefficient of » = 0.98 between our computed
abundances and observed literature values demonstrates an
exceptionally strong linear agreement, underscoring the
model’s ability to reproduce both the central trend and
the intrinsic dispersion in oxygen abundances.  Taken
together, the MAD and correlation statistics provide dual
validation of the computational framework, highlighting its
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robustness across a broad sample of stellar populations. This
statistical consistency strengthens the case for the adopted
approach, which employs enhanced model atmospheres
and refined abundance computation methods sensitive to
parameters such as hydrogen (Xy) and oxygen (Xo) mass
fractions. By incorporating proton-capture pathways within
the NOFNe cycle and accounting for rotational mass loss,
the model successfully resolves long-standing discrepancies in
nucleosynthetic yield predictions [37, 58, 59]. In particular,
the NOFNe pathway coupling nitrogen, oxygen, fluorine,
and neon"emerges as a principal mechanism for oxygen
synthesis in helium-enriched environments typical of late
stellar evolutionary stages [11, 35].

Our findings strengthen the evidence for distinct chemical
signatures among thick-disk, high-a halo, and low-a halo
stars, thereby providing critical constraints for Galactic
Chemical Evolution (GCE) models. The observed oxygen
enhancements are consistent with enrichment dominated by
massive stars through core-collapse supernovae (Type II
SNe), preceding the delayed contribution from Type Ia SNe
[16, 17]. This persistent a-enhancement underscores the
interpretation of these stars as relics of the Milky Way’s
early assembly, with oxygen serving as a reliable tracer of
burst-like star formation episodes [14, 15]. At the same
time, the subtle [O/H] variations among subpopulations point
to the role of halo accretion processes, wherein gas from
satellite galaxies modifies local abundance patterns [4, 5].
Finally, the incorporation of rotational effects in massive stars
offers a consistent explanation for observed anomalies, as
rotation-driven mixing and mass loss enhance the ejection of
processed material into the interstellar medium, influencing
subsequent stellar generations [11, 36]. Collectively, these
results confirm that the combined action of core-collapse
supernovae, accretion processes, and stellar rotation governs
the oxygen abundance trends observed in halo and thick-disk
stars.

Comparisons with observational data, particularly those of
Ramirez et al. (2012) [61], demonstrate that our computed
abundances are in close agreement with high-resolution
spectroscopic measurements, with residual uncertainties
primarily attributable to nuclear reaction rate variations (e.g.,
NACRE II [50]; Iliadis et al. 2010 [48]). For example, in
the subset of stars presented in Table 5 (e.g., HD 106516,
HD 113679), the calculated [O/H] values deviate by no
more than 0.02 dex, confirming the robustness and precision
of the model. These results reinforce the central role of
a-capture reactions in regulating oxygen abundances, while
also emphasizing the necessity of incorporating non-standard
mixing and mass-loss processes into stellar evolution models
[34, 40, 41]. The minor discrepancies observed can likely
be attributed to observational limitations such as non-LTE
effects or line blending, as well as theoretical uncertainties
in convection modeling [36]. Taken together, the strong
agreement between predicted and observed abundances lends
further confidence to the NOFNe framework as a viable
explanation for the oxygen trends across different stellar
populations.

The implications of this work extend beyond individual
stellar populations to broader astrophysical contexts. By
refining the role of proton-capture pathways in the NOFNe
cycle and incorporating rotational dynamics, we provide
new insights into oxygen nucleosynthesis that are essential
for accurate Galactic Chemical Evolution (GCE) models
and for interpreting large-scale survey data from missions
such as Gaia and APOGEE [3, 4]. Oxygen, as the third
most abundant element and a key «-element, serves as a
cornerstone for probing stellar interiors, galactic enrichment,
and cosmological evolution [19, 20]. Our results suggest
that these processes help resolve abundance puzzles in metal-
poor environments, particularly in globular clusters exhibiting
multiple populations [11]. Subtle deviations in [O/H] among
stellar subpopulations may reflect accretion events in the
Galactic halo, where infalling gas from satellite galaxies alters
chemical signatures, while rotational mixing and ejection in
massive stars distribute processed material into the interstellar
medium, shaping subsequent stellar generations. Looking
forward, multidimensional hydrodynamic simulations that
capture convective mixing and rotational instabilities will
be critical for improving yield predictions, while updated
low-energy reaction rates from facilities such as LUNA can
enhance precision at astrophysically relevant temperatures.
Finally, expanding observational efforts to larger samples
of halo and disk stars with next-generation telescopes will
provide stringent tests of the NOFNe framework, offering
deeper insight into the Milky Way’s accretion history and
chemical evolution.
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