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ABSTRACT

Context. An accurate 28P(p, γ)29S reaction rate is crucial to defining the nucleosynthesis products of explosive hydrogen burning in
ONe novae. Using the recently released nuclear mass of 29S, together with a shell model and a direct capture calculation, we reanalyzed
the 28P(p, γ)29S thermonuclear reaction rate and its astrophysical implication.
Aims. We focus on improving the astrophysical rate for 28P(p, γ)29S based on the newest nuclear mass data. Our goal is to explore the
impact of the new rate and associated uncertainties on the nova nucleosynthesis.
Methods. We evaluated this reaction rate via the sum of the isolated resonance contribution instead of the previously used Hauser-
Feshbach statistical model. The corresponding rate uncertainty at different energies was derived using a Monte Carlo method. Nova
nucleosynthesis is computed with the 1D hydrodynamic code SHIVA.
Results. The contribution from the capture on the first excited state at 105.64 keV in 28P is taken into account for the first time. We
find that the capture rate on the first excited state in 28P is up to more than 12 times larger than the ground-state capture rate in the
temperature region of 2.5 × 107 K to 4 × 108 K, resulting in the total 28P(p, γ)29S reaction rate being enhanced by a factor of up to 1.4
at ∼1 × 109 K. In addition, the rate uncertainty has been quantified for the first time. It is found that the new rate is smaller than the
previous statistical model rates, but it still agrees with them within uncertainties for nova temperatures. The statistical model appears
to be roughly valid for the rate estimation of this reaction in the nova nucleosynthesis scenario. Using the 1D hydrodynamic code
SHIVA, we performed the nucleosynthesis calculations in a nova explosion to investigate the impact of the new rates of 28P(p, γ)29S.
Our calculations show that the nova abundance pattern is only marginally affected if we use our new rates with respect to the same
simulations but statistical model rates. Finally, the isotopes whose abundance is most influenced by the present 28P(p, γ)29S uncertainty
are 28Si, 33,34S, 35,37Cl, and 36Ar, with relative abundance changes at the level of only 3% to 4%.
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1. Introduction

Nova explosions stand out as relatively frequent cataclysmic
events. They occur in interacting binary systems consisting of
a white-dwarf and a main-sequence (or a red-giant) compan-
ion, with an estimated Galactic frequency of ∼50+31

−23 novae per
year (Shafter 2017). It is worth noting that only a fraction of
these events, around ten per year, are actually obscured by inter-
stellar dust. In contrast to type Ia supernovae, neither the white
dwarf nor the binary system is expected to be disrupted during
a classical nova. In fact, novae constitute recurrent phenomena,

exhibiting periodicities spanning between 104 and 105 yr. In
the subclass of recurring novae (by definition, novae observed
in outburst more than once), recurrence times vary from 1 to
100 yr. The question of whether these recurrence times constitute
a nearly continuous sequence, encompassing the shorter values
observed for recurrent novae and the longer periods predicted for
classical novae, is still a matter of debate.

Classical novae are characterized by the ejection of approxi-
mately 10−7 to 10−4 M⊙ of nuclear-processed material, at typical
velocities exceeding 1000 km s−1 (Starrfield et al. 2008, 2016;
José & Shore 2008; José et al. 2016). Spectral analysis has proven
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instrumental in unraveling crucial details concerning the proper-
ties of expanding nova ejecta; it particularly sheds light on its
chemical composition. Observationally, the nova ejecta exhibits
significant amounts of carbon (C), nitrogen (N), and oxygen
(O). In the case of ONe novae, which constitute approximately
one-third of the total, there are discernible overabundances of
additional elements, such as neon (Ne), as first reported by
Gehrz et al. (1998). In fact, spectroscopic analyses have revealed
that the inferred metallicity within the ejecta typically falls
within the range of Z ∼ 0.2–0.5. The origin of these metallicity
enhancements in the ejecta remains unexplained, although pre-
vailing hypotheses attribute them to mixing episodes occurring
at the core-envelope boundary. Among the different mechanisms
proposed to date, one of the most promising involves Kelvin-
Helmholtz hydrodynamic instabilities within the context of 3D
turbulent convection (Casanova et al. 2011; José et al. 2020).
This dynamic framework offers a compelling explanation for the
observed metallicity enhancements, providing a deeper under-
standing of the intricate processes underlying nova events. An
alternative mechanism was recently proposed, which is based on
deep, shear-driven mixing (Bellomo et al. 2024).

The main nuclear processes during nova outbursts involve
proton captures, (p, γ) and (p, α), and β+-decays, with the main
nuclear path running close to the valley of stability. Current
models for novae predict peak temperatures below 4×108 K, pre-
cluding the occurrence of α-capture reactions and the potential
extension of the nuclear path through CNO breakout. Calcium
(Ca) is thought to be the endpoint in nova nucleosynthesis (José
et al. 2006, 2001). From a nuclear physics perspective, novae rep-
resent unique stellar explosions; the relatively confined nuclear
activity, involving approximately one hundred species (below
mass A < 40) linked through a few hundred nuclear processes,
as well as the limited range of temperatures attained during the
outburst, T ∼ 107 to 4 × 108 K, allow us to rely primarily on
experimental information (José et al. 2006).

Nova nucleosynthesis in the Si–Ca region is mainly governed
by the 30P(p, γ)31S reaction (in competition with 30P(β+)30Si),
which determines the final 30Si/28Si ratio in the ejecta; this
is a valuable tool for identifying presolar grains of a puta-
tive nova origin (Downen et al. 2012). Other reactions, such as
28P(p, γ)29S, also have an obvious influence on nova nucleosyn-
thesis in this mass region. As pointed out by Iliadis et al. (2002)
in a thorough sensitivity study, a 28P(p, γ)29S rate variation by
a factor of 100 results in a noticeable change in the final abun-
dances of 33,34S, 35Cl, and 36Ar in some nova models, by factors
between 0.92 and 1.4. Proton captures on 29S cannot proceed
in a nova explosion because of the –480 keV proton separation
energy in 30Cl. Thus, the reaction flow passing through 28P is
responsible for the synthesis of intermediate-mass elements in
this region, either by 28P(p, γ)29S(β+)29P, or by 28P(β+)28Si(p,
γ)29P. In light of this, accurate 28P(p, γ)29S rates are needed for
a comprehensive understanding of the main nova nucleosynthe-
sis path as well as for the abundance patterns of elements ranging
from Si to Ca (José et al. 2001).

There currently exist four different rates for the 28P(p,
γ)29S reaction in the literature. The earliest evaluation was pre-
sented by Wallace & Woosley (1981), but the method used to
derive the rate was not clarified. Later, this rate was reevalu-
ated by Rauscher & Thielemann (2000), Cyburt et al. (2010),
and Sallaska et al. (2013) based on Hauser-Feshbach statisti-
cal estimates. It is well known that the statistical model is only
applicable for the case of sufficient high-level density in the
compound nucleus (Rauscher & Thielemann 2000; Cyburt et al.
2010). However, this condition is not met for 29S, especially in

the low-energy domain of nova interest. The reaction rate for
nova nucleosynthesis is mainly determined by the near-threshold
isolated resonances, and it is substantially influenced by the
nuclear masses of the nuclei involved in the reaction. Therefore,
for an arbitrary reaction, accurate nuclear masses are crucial for
determining the reaction rates. For the 28P(p, γ)29S reaction, the
Q values used in the previous four works are nearly identical:
about 3290(50) keV (Rauscher & Thielemann 2000; Cyburt et al.
2010; Sallaska et al. 2013; Wallace & Woosley 1981). However,
the recently released nuclear mass data of 28P and 29S in the eval-
uation of atomic mass (AME2020) (Wang et al. 2021) provides a
highest precision reaction Q value of 3235(13) keV, which allows
us to reduce the uncertainty of the reaction rates.

In order to verify whether the Hauser-Feshbach statistical
model is suitable for the evaluation of this reaction rate, espe-
cially for the nova temperature domain, in this work we derive
the 28P(p, γ)29S rate by using the contributions from narrow
and isolated resonances, rather than by the statistical model used
in previous works (Rauscher & Thielemann 2000; Cyburt et al.
2010; Sallaska et al. 2013). In addition, considering the realistic
stellar evolution scenario, the effect of the thermally populated
excited states of target nuclei should also be considered. The new
reaction rate includes the contribution from proton capture on the
first excited state of 28P at 105.64 keV. With the new rate, we also
explore its impact on the nucleosynthesis process in ONe novae.

The paper is structured as follows. Section 2 introduces the
basic formalism for astrophysical reaction-rate calculations. We
derive the new reaction rate for 28P(p, γ)29S, including both the
contribution from ground-state and first-excited state capture, in
Sect. 3. In Sect. 4, we investigate the impact of the new rates on
the nova nucleosynthesis when using the 1D hydrodynamic code
SHIVA. The conclusions are discussed in Sect. 5.

2. 28P(p, γ)29S reaction rate

2.1. Shell model calculation

The 29S energy structure information currently remains
unknown, except the ground state and the other five excited
states at 1222 keV, 1727 keV, 2887 keV, 7.4 MeV, and 10 MeV
(Shamsuzzoha Basunia 2012). However, none of these excited
states resides in the energy region of nova interest. Furthermore,
the energy levels of its mirror nucleus 29Al obtained from the β−
decay of 29Mg by Guillemaud-Mueller et al. (1984) are poorly
understood; the assignment of spin and parity and the branch-
ing ratios of γ transitions for the specific excited states are still
not confirmed, with only upper limits provided. The spectro-
scopic factors of proton emission for our target states used to
calculate the resonant rates are also unknown. It is reported
that the shell model can guarantee the typical uncertainty of
around 100 keV in level energies for the sd-shell nuclei (Brown
& Wildenthal 1988; Herndl et al. 1995). Therefore, we per-
formed a shell-model calculation to derive the energy structure
information used to calculate the resonant reaction rates. We
calculate the 29S energy levels using the KSHELL shell-model
code (Shimizu et al. 2019) and the sd-shell-model space involv-
ing the π0d5/2, π0d3/2, π1s1/2, ν0d5/2, ν0d3/2, and ν1s1/2 valence
orbits. Here, π denotes the proton and ν denotes the neutron. The
new isospin-breaking USDC interaction was used in the present
work (Magilligan & Brown 2020). The calculated results on the
energy levels of 29S and the mirror nucleus 29Al are shown in
Fig. 1. For comparison, the available experimental energy levels
of this pair of mirror nuclei are also added. We can see that the
energy levels of 29Al predicted by the shell-model match closely
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Fig. 1. Comparison of experimental and theoretical excitation energies
for mirror nuclei 29S and 29Al, where “SM” is the result of the Shell-
model, and “Exp” is the result from the experiment. The numbers on the
dashed lines represent the energy level differences in megaelectronvolt
for the corresponding energy levels.

the experimental result. The other critical information used to
calculate the resonant reaction rates, such as reduced transition
probabilities B(M1) and B(E2) and the spectroscopic factor of
28P(p, γ)29S, are also obtained through the shell model.

2.2. Reaction-rate calculation

The thermonuclear 28P(p, γ)29S reaction rate can be calculated
as the incoherent sum of all resonant and nonresonant cap-
ture contributions. It is well known that only the resonances
located in the energy window of astrophysical interest (called the
Gamow window) significantly contribute to the reaction rate. For
isolated narrow resonances, the resonant reaction rate for capture
on a nucleus in an initial state i can be calculated as a sum over all
relevant compound nucleus states j above the proton threshold
(Fowler & Hoyle 1964; Hou et al. 2023b):

NA ⟨σν⟩res,i = 1.5394 × 1011 × (µT9)−3/2 ×
∑

j

ωγi j

× exp
(
−

Ei j

kT

)
(cm3 s−1 mol−1), (1)

where NA is Avogadro’s constant, µ is the reduced mass of the
28P+p system in atomic mass units, T9 is the temperature in
gigakelvin (GK), and k is the Boltzmann constant. The resonance
energy in the center-of-mass system, Ei j = E j −Q− Ei, is calcu-
lated from the excitation energies of the initial Ei and compound
nucleus E j state, where the resonance strengths ωγi j are given in
units of MeV and can be calculated for proton capture as

ωγi j =
2J j + 1

(2Jp + 1)(2Ji + 1)
Γpi j × Γγ j

Γtot j
, (2)

where Ji is the spin of the target and Jp = 1/2 is the spin of a
proton. J j, Γpi j and Γγ j are spin, proton and γ-decay width of the
compound nucleus state j, respectively. The total width Γtot j is
given by Γtot j = Γpi j + Γγ j. The proton width can be obtained
from the proton spectroscopic factor multiplied by the single-
particle proton width Γspi j, as Γpi j = C2S i jΓspi j (Iliadis 1997).

28P+p
(28P) = -7147.9(1.1) keV

(29S) = -3094(13) keV
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Fig. 2. Simplified level scheme of 29S. The drawing is not to scale.
The mass excesses and single proton separation energy (S p) are from
AME2020 (Wang et al. 2021), whereas the energies of the excited states
are from the shell-model calculation.

The γ-decay widths are obtained from electromagnetic
reduced transition probabilities B(ΩL; Ji → J f ), where Ω stands
for electric or magnetic, which carry the nuclear structure infor-
mation of the resonance states and the final bound states. The
reduced transition probabilities were computed within the frame-
work of the shell model. The corresponding γ-decay widths for
the most contributed transitions (M1 and E2) can be expressed
as Herndl et al. (1995)

ΓM1[eV] = 1.16 × 10−2E3
γ[MeV]B(M1)[µ2

N], and

ΓE2[eV] = 8.13 × 10−7E5
γ[MeV]B(E2)[e2 f m4]. (3)

In a stellar plasma, the low-lying excited states of the tar-
get nucleus are thermally populated and might have considerable
influence on the actual astrophysical reaction rate. Thus, the
rate contribution from the first excited state of 105.64 keV in
28P should also be taken into account. In this work, the mass
excesses of 28P and 29S were taken from AME2020 (Wang et al.
2021), where the specific values are –7147.9 (1.1) keV and –3094
(13) keV, respectively. Then, the proton separation energy (S p)
is fixed at 3235.1 (13) keV, as marked in Fig. 2. For classical
ONe nova explosions with a peak temperature of 4 × 108 K
(Starrfield et al. 2016), the upper limit of the nova Gamow win-
dow is less than 485 keV. In other words, the reaction rate, which
includes contributions from all excited states of 29S with exci-
tation energies below 3.72 MeV, is sufficient for the accurate
simulation of nova nucleosynthesis. However, considering that
this reaction may be used in another proton capture process that
occurs in X-ray bursts, we include 13 energy levels above the
threshold here to ensure that the reaction rate is also reliable
for X-ray bursts, even those with an extreme peak temperature
of 1.95 × 109 K (Schatz et al. 2001). Here, it needs to be clar-
ified that not all energy levels of the above 13 states are from
shell-model predictions. There are five resonant states in mir-
ror nucleus 29Al known experimentally, which are at 3.433 MeV
(1/2+), 3.577 MeV (9/2+), 3.641 MeV (5/2+), 4.403 MeV (7/2+),
and 4.656 MeV (5/2+), respectively. For reliability, here we use
the excitation energies of the corresponding five energy levels in
29S obtained by adding the shell model’s calculated level shift
to the respective energy level of mirror states in 29Al instead of
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Table 1. Parameters for present 28P(p, γ)29S resonant-rate calculation.

Ex
29S(MeV) Er(MeV) Jπ l C2S 5/2 C2S 1/2 C2S 3/2 Γγ(eV) Γp(eV) ωγ(MeV)

3.351 0.116 1/2+ 2 0.0015 6.51 × 10−2 6.70 × 10−14 9.57 × 10−21

3.476 0.241 9/2+ 2 0.0000 0.6191 1.14 × 10−2 1.64 × 10−05 1.17 × 10−11

3.527 0.292 3/2+ 2 0.0177 0.0046 2.54 × 10−2 9.24 × 10−06 2.64 × 10−12

3.758 0.523 5/2+ 0 0.0071 0.0022 0.3854 3.08 × 10−2 1.48 × 1001 1.32 × 10−08

3.876 0.641 7/2+ 0 0.0000 0.0003 0.0095 5.73 × 10−4 2.41 × 1000 3.27 × 10−10

3.946 0.711 3/2+ 2 0.0461 0.2606 7.13 × 10−2 2.60 × 1000 1.98 × 10−08

4.054 0.819 5/2+ 0 0.0070 0.1159 0.0241 1.41 × 10−2 2.58 × 1002 6.06 × 10−09

4.153 0.918 1/2+ 2 0.0001 1.47 × 10−4 7.41 × 10−3 2.07 × 10−11

4.287 1.052 7/2+ 0 0.0028 0.0177 0.2060 4.67 × 10−3 2.32 × 1003 2.67 × 10−09

4.446 1.211 3/2+ 2 0.0242 0.0853 7.13 × 10−2 6.54 × 1001 2.04 × 10−08

4.560 1.325 5/2+ 0 0.0088 0.0062 0.0166 5.75 × 10−2 1.27 × 1003 2.46 × 10−08

4.622 1.387 7/2+ 0 0.0010 0.0015 0.0190 2.18 × 10−4 1.10 × 1003 1.25 × 10−10

4.700 1.465 9/2+ 2 0.0142 0.0006 3.82 × 10−2 3.22 × 1001 2.73 × 10−08

3.351 0.011 1/2+ 2 0.0276 0.0262 6.51 × 10−2 3.92 × 10−54 7.84 × 10−61

3.476 0.136 9/2+ 2 0.0183 1.14 × 10−2 2.38 × 10−11 2.38 × 10−17

3.527 0.187 3/2+ 0 0.0062 0.0921 0.2783 2.54 × 10−2 2.27 × 10−05 9.07 × 10−12

3.758 0.418 5/2+ 0 0.0011 0.1432 0.1283 3.08 × 10−2 1.00 × 1000 1.79 × 10−08

3.876 0.536 7/2+ 2 0.0038 0.0019 5.73 × 10−4 3.21 × 10−03 3.89 × 10−10

3.946 0.606 3/2+ 0 0.0000 0.0406 0.1094 7.13 × 10−2 2.24 × 1001 2.84 × 10−08

4.054 0.714 5/2+ 0 0.0006 0.0825 0.0528 1.41 × 10−2 8.30 × 1001 8.48 × 10−09

4.153 0.813 1/2+ 2 0.0686 0.3820 1.47 × 10−4 1.23 × 1001 2.95 × 10−11

4.287 0.947 7/2+ 2 0.0175 0.1254 4.67 × 10−3 1.36 × 1001 3.73 × 10−09

4.446 1.106 3/2+ 0 0.0232 0.0103 0.0007 7.13 × 10−2 4.79 × 1002 5.60 × 10−10

4.560 1.220 5/2+ 0 0.0134 0.0000 0.0010 5.75 × 10−2 3.63 × 1002 3.45 × 10−08

4.622 1.282 7/2+ 2 0.0008 0.3455 2.18 × 10−4 3.08 × 1002 1.74 × 10−10

4.700 1.360 9/2+ 2 0.0011 3.82 × 10−2 1.46 × 1000 3.72 × 10−08

Notes. Ex, excitation energy; Er, center-of-mass resonance energy; Jπ, spin and parity; C2S , spectroscopic factors; Γγ, γ-decay width; Γp, proton-
decay width and ωγ, resonance strength. The upper part is for ground-state capture; the lower part is for capture on the first excited state in
28P.

the absolute prediction of the shell model. The remaining eight
levels are taken from the shell-model calculation. The 13 energy
levels above the proton threshold are shown in Fig. 2, and the
relevant parameters for the 28P(p, γ)29S resonant rate calculation
are summarized in Table 1. The upper part of the table is for
ground-state capture, while the lower part is for capture on the
first excited state in 28P. Columns 5–7 refer to the spectroscopic
factors of the corresponding 0d5/2, 1s1/2, and 0d3/2 orbits.

For the nonresonant reaction rate, it is directly related to the
astrophysical S factor (S(E)) via the following expression (Rolfs
& Rodney 1988; Iliadis 2015):

NA ⟨σν⟩dc i = 7.8327 × 109 ×

ZpZT

µT 2
9

1/3

× S i eff

× exp

−4.2487

Z2
pZ2

Tµ

T9

1/3 (cm3 s−1 mol−1), (4)

where S i eff can be parameterized by the formula

S i eff ≈ S i(0)

1 + 0.09807

 T9

Z2
pZ2

Tµ

1/3 , (5)

and S (0) is the sum of the individual S factors of the transitions
from the initial state i into all bound states in the final nucleus; η
is the Sommerfeld parameter.

The S (0) for direct capture into the bound states of 29S
were calculated with a RADCAP code (Bertulani 2003) based
on a Woods-Saxon nuclear potential (central + spin-orbit) and a
Coulomb potential of a uniform charge distribution. The nuclear
potential parameters were determined by matching the bound-
state energies. The spectroscopic factors were calculated using
the shell-model code calculation. Table 2 lists the individual S
factors found for transitions into the seven bound states of 29S
from the 28P ground state and the first excited state. Our uncer-
tainty of S (0) for direct capture is set to 42%. This includes not
only an assumed uncertainty of 40%, as in Downen et al. (2022),
but also the contribution due to uncertainty of the Q-value of
13 keV.

3. New reaction rate

In stellar plasma, the total reaction rate is the sum of the capture
rate on all thermally excited states in the target nucleus weighted
with their individual population factors (Fowler & Hoyle 1964;
Schatz et al. 2005):

NA ⟨σν⟩ =
∑

i

(NA ⟨σν⟩res i + NA ⟨σν⟩dc i) ×
(2Ji + 1)e−Ei/kT∑
n(2Jn + 1)e−En/kT .

(6)

In this work, we only considered capture on the ground state and
the first excited state in 28P, since the 885 keV energy of the
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Table 2. Spectroscopic factors C2S and astrophysical S factors S (0) for direct capture into bound states in 29S.

Ex(MeV) Jπ (nl0) j0 C2S S (0) (keV b) C2S ∗ S(0)∗ (keV b)

0 5/2+ 2s1/2 0.4606 31.46 0.3936 38.59
1d3/2 0.1352 0.7612 0.1520 1.234
1d5/2 0.0567 0.3440 0.0288 0.2481

1.232 1/2+ 1d3/2 0.0796 0.1483
1d5/2 0.0627 0.0887 0.0090 0.0180

1.825 7/2+ 2s1/2 0.0317 2.574
1d3/2 0.5038 2.072 0.1902 1.125
1d5/2 0.0446 0.2085 0.0355 0.2429

2.109 3/2+ 2s1/2 0.0071 0.4053
1d3/2 0.0411 0.1098
1d5/2 0.0277 0.0580 0.0330 0.1020

2.719 3/2+ 2s1/2 0.0137 0.9193
1d3/2 0.0711 0.1418
1d5/2 0.0096 1.645 × 10−2

2.891 5/2+ 2s1/2 0.1517 14.02 0.0230 2.519
1d3/2 0.1590 0.3155 0.2961 0.8083

3.080 5/2+ 2s1/2 0.0015 0.1370 0.0029 0.3894
1d3/2 0.0001 1.608 × 10−4 0.0012 2.945 × 10−3

1d5/2 0.0008 1.334 × 10−3 0.0018 4.902 × 10−3

Total 52.06 47.01

Notes. Listed are results for capture on the 28P ground state as well as on the first excited state in 28P (denoted with an asterisk). Jπ are spin and
parity of the 29S final state, n is the node number, l0 is the single-particle orbital momentum, and j0 is the total single-particle angular momentum.

second excited state is too high to have an effective influence on
the reaction rate. The ground state is experimentally known to
have spin and parity 3+. However, the spin and parity assignment
of the experimentally known first excited state at 105.64 keV
have not been confirmed. For the calculation of the reaction rate,
we assign a spin parity of 2+ based on the comprehensive con-
sideration of both the level structure of the mirror nucleus 28Al
and our shell-model calculations.

The resonance energy uncertainty used in our evaluation is
158.5 keV, mainly contributed by the uncertainty in excited state
energy of the 158 keV, which is thought to be the maximum
energy difference between the shell-model prediction and the
experimental measurements for an arbitrary state below 5.0 MeV
in mirror nucleus 29Al. The gamma width uncertainties are uni-
formly assumed to be a factor of three, as in Hou et al. (2023a).
For the spectroscopic factor C2S predicted from the shell model,
we assign a corresponding uncertainty factor of 2, 5, 10 for cases
of C2S > 0.2, 0.01≤ C2S ≤0.2, and C2S < 0.01, respectively.
Using the resonance and the direct reaction information intro-
duced above, the reaction rate and associated upper and lower
limits can be consistently obtained by Monte Carlo sampling of
all corresponding uncertainties in the resonance energy, spec-
troscopic factor, and gamma transition width (Longland et al.
2010; Iliadis et al. 2010a,b,c). Table 3 is for the ground-state
capture, and Table 4 is for capture on the first excited state
in 28P.

The first excited state rate is overall larger than the ground-
state rate, and the maximum difference is up to two orders of
magnitude, as shown in Fig. 3. We also plot the fractional con-
tributions of different resonances to the reaction rate in Figs. 4
(capture on the ground state) and 5 (capture on the first excited
state). For ground-state capture, the resonant rate at 0.03 < T9 <
2 is dominated by the resonances at Er =241 and 523 keV, and

the resonances at 292 keV and 711 keV also make a substantial
contribution in a certain temperature region. The direct reaction
contribution dominates for temperatures below 0.03×109 K. The
rate contribution for capture on the first excited state is mostly
from three resonances at Er = 187, 418, and 606 keV for the
temperature range of 0.02 × 109–2 × 109 K.

After taking into account the effect of the thermally excited
state population by Eq. (6), the final reaction rate can be obtained
as listed in Table 5. Figure 6 shows the new total rate of
28P(p, γ)29S and the associated uncertainties. For comparison,
the previous rates collected in the Joint Institute for Nuclear
Astrophysics Reaction Library (JINA REACLIB) database from
Rauscher & Thielemann (2000), Cyburt et al. (2010), and
Wallace & Woosley (1981), and the latest one proposed in STAR-
LIB (Sallaska et al. 2013) (hereafter rath, ths8, wawo, and starlib,
respectively), are also added. Our result is, overall, larger than
the wawo rate, except for the narrow temperature interval of
0.17 × 109–0.26 × 109 K. Compared with the statistical model
rates, our new rate shows different patterns of discrepancy from
each one of them (ths8, rath, starlib) over the temperature range
T < 1 × 108 K, and the largest difference is over four orders of
magnitude. HF rate predictions are expected to behave worse in a
low temperature zone because of the lower nuclear level density
close to the threshold. However, for temperatures from 1× 108 K
to 1.1 × 109 K, which covers the entire temperature region of
nova interest, our rate agrees with the previous HF rates within
uncertainties, indicating that the statistical model is a reasonable
approximation for the prediction of the 28P(p, γ)29S rate in this
temperature region. For temperatures ≥1.1 × 109 K, which are
suitable for X-ray bursts, the statistical model rates are about a
factor of two above our high rate.

The new rate in units of cm3 mol−1 s−1 can be fitted
(less than 3% error in 0.01–10 × 109 K) by the following
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Table 3. New reaction rate for the ground-state capture for the 28P(p,
γ)29S.

T (GK) Low Median High u.f.

0.100 5.544E-14 9.608E-12 3.566E-10 5.028E+01
0.200 1.631E-07 5.179E-06 3.414E-05 1.774E+01
0.250 5.788E-06 1.122E-04 7.643E-04 1.343E+01
0.300 7.308E-05 1.045E-03 6.960E-03 1.088E+01
0.400 2.329E-03 2.100E-02 1.343E-01 7.867E+00
0.500 2.243E-02 1.448E-01 7.876E-01 6.058E+00
0.600 1.127E-01 5.582E-01 2.571E+00 4.915E+00
0.700 3.600E-01 1.520E+00 6.045E+00 4.167E+00
0.800 8.837E-01 3.248E+00 1.138E+01 3.656E+00
0.900 1.814E+00 5.858E+00 1.872E+01 3.294E+00
1.000 3.186E+00 9.482E+00 2.798E+01 3.026E+00
1.250 8.925E+00 2.249E+01 5.679E+01 2.595E+00
1.500 1.757E+01 3.978E+01 9.101E+01 2.342E+00
1.750 2.866E+01 5.963E+01 1.289E+02 2.176E+00
2.000 4.097E+01 8.007E+01 1.674E+02 2.058E+00
2.500 6.745E+01 1.224E+02 2.374E+02 1.904E+00
3.000 9.415E+01 1.621E+02 2.986E+02 1.809E+00
3.500 1.181E+02 1.971E+02 3.513E+02 1.748E+00
4.000 1.382E+02 2.257E+02 3.924E+02 1.707E+00
5.000 1.668E+02 2.668E+02 4.487E+02 1.661E+00
6.000 1.831E+02 2.880E+02 4.785E+02 1.636E+00
7.000 1.902E+02 2.964E+02 4.883E+02 1.623E+00
8.000 1.920E+02 2.973E+02 4.872E+02 1.616E+00
9.000 1.896E+02 2.930E+02 4.778E+02 1.614E+00
10.000 1.833E+02 2.846E+02 4.658E+02 1.611E+00

Notes. In units of cm3 mol−1 s−1. Columns 2, 3, and 4 list the 16th,
50th, and 84th percentiles of the total rate probability density at given
temperatures, respectively; u.f. is the uncertainty factor based on Monte
Carlo sampling of the total reaction rate. The total number of samples
at each temperature was 10 000.
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Fig. 3. Ratio of first excited state capture rate to that from the ground-
state capture.

analytic expression, using the standard seven-parameter REA-
CLIB format:

NA ⟨σν⟩ = exp(66.3299 − 1.1188T−1
9 + 11.9636T−1/3

9

− 79.8515T 1/3
9 + 4.75799T9 − 0.256103T 5/3

9

+ 30.5564 ln T9)

Table 4. New reaction rate for capture on the first excited state in 28P
for the 28P(p, γ)29S.

T (GK) Low Median High u.f.

0.100 2.229E-12 4.517E-10 1.705E-08 8.374E+01
0.200 1.459E-06 1.366E-04 7.320E-04 2.397E+01
0.300 5.611E-04 1.610E-02 6.447E-02 1.163E+01
0.400 1.664E-02 2.115E-01 7.282E-01 7.294E+00
0.500 1.390E-01 1.073E+00 3.377E+00 5.357E+00
0.600 5.767E-01 3.294E+00 9.576E+00 4.330E+00
0.700 1.628E+00 7.278E+00 2.027E+01 3.721E+00
0.800 3.475E+00 1.342E+01 3.521E+01 3.328E+00
0.900 6.297E+00 2.157E+01 5.462E+01 3.056E+00
1.000 1.006E+01 3.157E+01 7.746E+01 2.858E+00
1.250 2.346E+01 6.345E+01 1.448E+02 2.536E+00
1.500 4.124E+01 1.005E+02 2.174E+02 2.339E+00
1.750 6.174E+01 1.388E+02 2.906E+02 2.203E+00
2.000 8.303E+01 1.755E+02 3.570E+02 2.102E+00
2.500 1.266E+02 2.448E+02 4.776E+02 1.962E+00
3.000 1.659E+02 3.035E+02 5.677E+02 1.872E+00
3.500 2.002E+02 3.504E+02 6.397E+02 1.812E+00
4.000 2.262E+02 3.885E+02 6.935E+02 1.771E+00
5.000 2.608E+02 4.337E+02 7.537E+02 1.719E+00
6.000 2.769E+02 4.535E+02 7.780E+02 1.692E+00
7.000 2.802E+02 4.563E+02 7.748E+02 1.677E+00
8.000 2.777E+02 4.501E+02 7.574E+02 1.666E+00
9.000 2.705E+02 4.361E+02 7.304E+02 1.661E+00
10.000 2.606E+02 4.200E+02 6.998E+02 1.657E+00

Fig. 4. Fractional contributions to the total 28P(p, γ)29S reaction rate.
Resonances are labeled by their center-of-mass resonance energies, and
the label “DC” refers to the direct capture process. The contribution
ranges are shown as colored bands, with the band thickness representing
the uncertainty of the contribution. Resonances that contribute less than
15% are not shown here.

+ exp(−38.657 − 3.60937T−1
9 + 65.6321T−1/3

9

+ 1.01158T 1/3
9 − 27.0399T9 + 4.0197T 5/3

9

+ 39.3449 ln T9)

+ exp(−20.3953 − 0.0130833T−1
9 − 26.2335T−1/3

9

+ 67.7113T 1/3
9 − 22.8041T9 + 2.88872T 5/3

9

− 7.4298 ln T9). (7)
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Fig. 5. Same as Fig. 4, but for capture on the first excited state of 28P.

Table 5. Final new reaction rate for the 28P(p, γ)29S.

T (GK) Low Median High SEF

0.100 5.545E-14 9.610E-12 3.567E-10 1.00
0.200 1.652E-07 5.391E-06 3.526E-05 1.04
0.300 7.901E-05 1.228E-03 7.659E-03 1.18
0.400 2.799E-03 2.726E-02 1.538E-01 1.30
0.500 2.928E-02 1.994E-01 9.398E-01 1.38
0.600 1.525E-01 7.926E-01 3.171E+00 1.42
0.700 5.012E-01 2.161E+00 7.629E+00 1.42
0.800 1.233E+00 4.619E+00 1.459E+01 1.42
0.900 2.512E+00 8.305E+00 2.432E+01 1.42
1.000 4.385E+00 1.333E+01 3.661E+01 1.41
1.250 1.201E+01 3.118E+01 7.541E+01 1.39
1.500 2.327E+01 5.440E+01 1.214E+02 1.37
1.750 3.735E+01 8.042E+01 1.714E+02 1.35
2.000 5.274E+01 1.068E+02 2.224E+02 1.33
2.500 8.549E+01 1.597E+02 3.106E+02 1.30
3.000 1.173E+02 2.077E+02 3.854E+02 1.28
3.500 1.456E+02 2.485E+02 4.480E+02 1.26
4.000 1.686E+02 2.819E+02 4.963E+02 1.25
5.000 2.005E+02 3.267E+02 5.582E+02 1.22
6.000 2.176E+02 3.490E+02 5.888E+02 1.21
7.000 2.240E+02 3.564E+02 5.958E+02 1.20
8.000 2.246E+02 3.554E+02 5.899E+02 1.20
9.000 2.207E+02 3.480E+02 5.748E+02 1.19
10.000 2.132E+02 3.371E+02 5.564E+02 1.18

The stellar enhancement factor (SEF) is often used to
describe the effect of the stellar medium on the actual capture
rate relative to the ground-state capture rate obtained in the labo-
ratory. Hence, SEF is defined as the ratio of the actual capture
rate including thermal excitations of the target nucleus to the
ground-state capture rate. We calculate the corresponding SEF
at different temperatures caused by the first excited state capture
in 28P, as listed in the fifth column of Table 5. The first excited
state capture has an obvious enhancement effect on the reaction
rate over temperature region from 0.2 × 109 K to 10 × 109 K,
even up to 40% around 1 × 109 K.
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Fig. 6. Ratio of previous 28P(p, γ)29S rates normalized to present rec-
ommended rate (the median rates in Table 5). The different line patterns
correspond to the rates from Rauscher & Thielemann (2000), Cyburt
et al. (2010), Wallace & Woosley (1981), and Sallaska et al. (2013),
as marked in rath, ths8, wawo, and starlib, respectively. The shallow
blue shaded areas correspond to 68% coverage probabilities, labeled as
“Low” and “High” in Table 5. The vertical shallow gray band indicates
the typical temperature range of nova nuclear burning.

4. Astrophysical impact for classical nova

The impact of the new 28P(p,γ)29S rates on nova nucleosynthesis
has been analyzed in a series of four simulations performed with
the spherically symmetric, Lagrangian, 1-D hydrodynamic code
SHIVA, which has been extensively used in the modeling of nova
outbursts (José 2016; José & Hernanz 1998). SHIVA includes a
general equation of state, with contributions from the degenerate
electron gas, the ion plasma, and radiation. Coulomb correc-
tions to the electron pressure component are taken into account,
and both radiative and conductive opacities are considered in
the energy transport. Nuclear-energy generation is determined
by means of a reaction network that contains 120 species (rang-
ing from 1H to 48Ti); this is linked through 630 nuclear processes
with updated rates from the STARLIB database (Sallaska et al.
2013; Iliadis, 2013, priv. comm.). Matter accreted from the stel-
lar companion, at a typical rate of 2 × 10−10 M⊙ yr−1 is assumed
to mix with material from the outermost layers of the under-
lying white dwarf to a characteristic level of 50% to match
observations of ONe novae. In all the hydrodynamic simula-
tions reported in this paper, a 1.35 M⊙ ONe white dwarf, with
an initial luminosity of ∼0.01 L⊙, has been adopted. All simula-
tions are identical, except for the specific prescriptions adopted
for the forward and reverse 28P(p, γ)29S rates: STARLIB rates
were adopted in the first simulation; for the additional three sim-
ulations, low, recommended and high 28P(p, γ)29S, and 29S(γ,
p)28P rates were used.

Table 6 summarizes the mean composition of ejecta,
expressed in mass fractions of Si–Ca group elements, corre-
sponding to three models computed with the newly established
low, recommended, and high rates (Cols. 2–4). The simula-
tions reveal that the adoption of the new rates does not sub-
stantially alter the abundance pattern of these isotopes when
compared to the model computed with STARLIB rates, with dif-
ferences amounting to less than 1.5%. The last column provides
the percentage change in abundances between the simulations
with upper and lower limits on the rates. Except for 28Si, the
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Table 6. Averaged mass fraction of ejecta (Si–Ca) from 1.35 M⊙ ONe
white-dwarf models.

Species Lower Recommend Upper |Xu − Xl|/Xl

28Si 3.11E-02 3.10E-02 3.02E-02 2.89%
29Si 2.42E-03 2.40E-03 2.40E-03 0.83%
30Si 1.54E-02 1.54E-02 1.53E-02 0.65%
31P 8.74E-03 8.73E-03 8.73E-03 0.11%
32S 5.28E-02 5.30E-02 5.37E-02 1.71%
33S 8.06E-04 8.14E-04 8.30E-04 2.98%
34S 3.67E-04 3.71E-04 3.79E-04 3.27%
35Cl 3.93E-04 3.98E-04 4.07E-04 3.56%
36S 1.56E-09 1.61E-09 1.58E-09 1.28%
36Ar 5.24E-05 5.33E-05 5.45E-05 4.01%
37Cl 1.47E-04 1.49E-04 1.52E-04 3.40%
38Ar 2.45E-05 2.47E-05 2.49E-05 1.63%
39K 6.06E-06 6.07E-06 6.06E-06 0.00%
40Ca 3.25E-05 3.25E-05 3.25E-05 0.00%

Notes. Xu and Xl indicate the isotope abundance using upper limits and
lower limits of 28P(p, γ)29S, respectively.

most abundant Si–Ca nuclei – 32S, 30Si, 31P, and 29Si- are
only marginally affected by the current uncertainties in the
28P(p, γ)29S and 29S(γ, p)28 rates. The most significant impact
is observed in 28Si, 33,34S, 35,37Cl, and 36Ar, with relative abun-
dance variations at the level of 3% to 4%. It is important to
emphasize that, while the new rates do not exert a significant
influence on element production in novae, the uncertainty of
these rates has now been significantly reduced. The present
reaction rate is accurate enough, making novae nucleosynthesis
predictions sound.

5. Conclusion

Accurate nuclear masses and excitation energies are crucial
quantities for improving the accuracy of proton-capture reaction
rates on short-lived and proton-rich nuclei. In this study, using
the updated proton threshold of S p = 3235.1(13) keV determined
by the 29S new mass of high-accuracy, together with the energy
structure information of 29S by shell model, we recalculated the
thermonuclear reaction rate of 28P(p, γ)29S and its associated
uncertainty via a Monte Carlo method. In particular, we consid-
ered the contribution from the capture on the first excited state
of 28P for the first time. We find that the first excited state in
28P at 105.6 keV has an enhancement effect of over 30% on the
final reaction rate over the temperature range from 4 ×108 K to
2.5 × 109 K, which is not considered in previous evaluations.
In comparison to the HF statistical model rates, it is found that
our new rate shows different discrepancy patterns from the ths8,
rath, and starlib rates in different temperature regions. Despite
the fact that HF predictions cannot be safely used for the case of
the compound nucleus with insufficient high-level densities, in
this specific case we see that the new rate still agrees with those
within uncertainties at typical nova temperatures.

To investigate the impact of the new reaction rates on the
hydrogen burning that occurred in ONe novae, we performed a
series of nucleosynthesis calculations in which four groups of
different reaction rates of 28P(p, γ)29S were used. Compared
with the result using previous starlib rates, it is found that the
adoption of new rates has no significant effect on the final

yields of intermediate-mass isotopes from Si to Ca produced in
a 1.35 M⊙ ONe nova explosion, and the largest differences are
no larger than 1.5%. Comparing two simulations using upper
and lower limits of reaction rates, we also find that the rate
uncertainty of up to two orders of magnitude at typical nova
temperatures has a limited impact on the final isotope abundance
of the ejecta from ONe nova outburst. Nuclides with the largest
changes in relative abundance are 28Si, 33,34S, 35,37Cl, and 36Ar,
approximately at the level of 3%−4%.
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