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Abstract: The unique resonance features in the '>C+'2C fusion reaction lead to significant fluctuations in the

branching ratio R, =0 ,/0,, making it difficult to determine R,, at astrophysical energies. By combining

pla
Hauser—Feshbach statistical-model calculations with constraints from direct charged-particle and gamma-ray meas-

urements, we investigate the energy dependence of the averaged R,,, and predict its behavior within the Gamow

pla
window. Owing to the strong energy dependence of R, , the corresponding reaction-rate ratios, (ov),/{(cv),, during
core and shell carbon burning are determined to be 0.29, 0.45, and 0.52 at Ty = 0.5, 1.0, and 1.2, respectively, which

are significantly lower than the widely adopted CF88 constant value of 0.79. The implications of the revised

(ov),/{0ov), ratio for stellar nucleosynthesis and white-dwarf evolution are also discussed.
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I. INTRODUCTION

The '2C+'2C fusion reaction is a key process in stel-
lar evolution, governing the carbon-burning phase in
massive stars, the formation of white dwarfs, and the ig-
nition of Type la supernovae and superbursts [1—4]. At
astrophysical temperatures (0.5 < Ty < 1.2), the reaction
proceeds at sub-barrier energies corresponding to
E.~1-3 MeV.

The fusion forms a highly excited *Mg compound
nucleus with excitation energies of 15-17 MeV, which
predominantly decays through the proton and o channels,
12C(12C, p)**Na and '>C("2C,a)*Ne. The branching ratio is

o,(E) _ Si(E)

RP/(X(E) = O'Q(E) - S;(E)’

(M

where o, and o, are the fusion cross sections for the
2C(?C,p)*Na and "C("’C,a)*Ne channels, respect-
ively, and S* is the modified astrophysical S-factor,
which quantifies the competition between these two main
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reaction channels. S* is defined as [5]

87.21
S (Eem) = 0(Ecm)Ecm €Xp (7 + 0.46Ecm> ,
VEcm

2
where o(E.,) is the fusion cross section and E, is the
center-of-mass energy in units of MeV. The modified S-
factors for the '2C(*2C,p)*Na and '*C('’C,a)*Ne chan-
nels are denoted by S, and S, respectively.

This ratio has direct astrophysical implications. It
governs the relative production of »*Na and *Ne and in-
fluences nucleosynthesis pathways in massive stars [6].
It also serves as an important input for white dwarf mod-
els [2], particularly for interpreting stellar seismology ob-
servations.

The investigation of the proton-to-alpha branching ra-
tio, Ry, = 0,/0,, is highly motivated by its distinct ad-
vantages over absolute cross-section measurements. Ex-
perimentally, extracting this ratio effectively cancels out
major sources of systematic uncertainties, such as those
originating from target thickness, beam current integra-
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tion, and the absolute calibration of detection efficiencies.
Consequently, R,/, serves as an exceptionally clean and
robust probe for exploring compound-nucleus decay dy-
namics.

Although numerous experiments on the 2C+2C fu-
sion reaction have been performed over the past decades,
significant discrepancies remain among the reported cross
sections, particularly at low astrophysical energies. In
Ref. [7], Li et al. employed the statistical-model code
TALYS [8, 9] to estimate the branching ratios of unob-
served (missing) channels in both the proton and a decay
modes. By correcting the measured partial cross sections
using these estimated branching ratios, they reconciled a
substantial fraction of the discrepancies among the exist-
ing data sets. After applying these corrections, the experi-
mental results agreed within approximately +30% for
E.n 24 MeV. The total fusion cross section was sub-
sequently obtained by combining the proton, a, and neut-
ron channels, and was compared with the proposed upper
and lower limits.

In this work, we investigate the averaged behavior of
the ratio R,/ (E) by normalizing TALY S-based calcula-
tions from Ref. [7] to experimental cross sections correc-
ted for missing channels. This approach enables us to de-
rive an updated description of the competition between
the 2C(*2C, p)**Na and '>C('2C,a)*Ne channels. We fur-
ther perform an extrapolation to astrophysical energies
and provide a revised evaluation of the corresponding re-
action-rate ratio. The astrophysical implications are also
discussed.

II. THEORETICAL FRAMEWORK

The decay is described using the Hauser-Feshbach
statistical model [10]. For a reaction from an entrance
channel a to an exit channel o', the averaged cross sec-
tion can be expressed as [10]

2J+1
war =TT —_—
Toar =T “XZ(21+1)(21'+1)

J

J J
{Zﬂ(a)} {ZMo/)}
Sl S’
J
(2]

a’ S

; 3)

where T, denotes the optical-model transmission coeffi-
cient for a given partial wave.

A useful interpretation of Eq. (3) can be obtained in
terms of decay branching ratios. For a given compound
nucleus state with total angular momentum J, the probab-
ility that the system decays into a specific exit channel o’
is determined by the ratio of its transmission coefficient
to the sum of transmission coefficients for all energetic-

ally accessible channels. This defines the branching ratio.

> Ty
bl = = (4)

> Te@)”

o’ S

where the denominator represents the total transmission
strength over all open channels.

Note that the entrance channel consists of two identic-
al 2C bosons with J™=0". Because the spatial wave
function must be totally symmetric, only even partial
waves (L =0,2,4,---) are permitted in the entrance chan-
nel. This parity-dependent selection rule restricts the en-
trance-channel transmission coefficients 7 to even L and
is rigorously included in our statistical calculations. The
spin populations of the **Mg compound nucleus pro-
duced by '2C+'2C fusion, calculated with the CCFULL
code [11], are displayed in Fig. 4 of Ref. [7]. At sub-bar-
rier energies, the spin-parity population of the *Mg com-
pound nucleus is dominated by the 0*, 2*, 4*, and 6*
components. As the energy decreases, high-spin fusion
channels are rapidly suppressed and become inaccessible.
Over the stellar energy range E.,=1-3 MeV, the 2*
state consistently accounts for approximately 56% of the
total population, while the 0* fraction decreases mono-
tonically from 39% at E,, =1 MeV to 33% at E, =3
MeV.

The statistical model calculations were performed us-
ing the TALYS code, restricting the reaction mechanism
to compound-nucleus formation and excluding pre-equi-
librium and direct reaction contributions to maintain con-
sistency with the low-energy physics of the 2?C+!2C sys-
tem. The default global Optical Model Potential (OMP)
was employed for both nucleons and o particles. The nuc-
lear level density was calculated using the Constant Tem-
perature Model matched to the Fermi Gas Model, and
width fluctuation corrections were applied. The calcula-
tions were performed separately for each spin state; the
final macroscopic results were constructed by weighting
these discrete contributions according to the spin popula-
tion predicted by CCFULL. Further computational de-
tails can be found in Ref. [7].

III. AVERAGED TREND OF THE R,,, RATIO

Figure 1 presents a comprehensive comparison of the
proton-to-alpha cross-section ratio for the '2C+!2C fu-
sion reaction obtained from different experimental ap-
proaches, including both direct and indirect measure-
ments. All direct and indirect measurement data have
been corrected for missing reaction channels following
the prescription of Li et al. [7]. The pronounced reson-
ance structures in the '>C+'2C fusion reaction produce
strong fluctuations in R,/,, making it difficult to determ-
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Fig. 1. (color online) The proton-to-alpha channel ratios are taken
Stephens [12], High and Cujec [13], Kettner ez al. [14, 15], Becker et
al. [19], and Fruet et al. [20], and from indirect methods by Munson
ment data were corrected for missing channels using the TALYS bran

from direct measurements by Patterson et al. [5], Mazarakis and
al. [16], Aguilera et al. [17], Barron-Palos et al. [18], Spillane e?
et al. [21], Nan et al. [22], and Tumino ef al. [23]. All measure-
ching ratios from Li ez al. [7]. The black solid and dashed lines in

panels (a) and (b) represent the recommended mean and +16 errors, respectively, based on our analysis of the gamma and particle data-

sets (fit parameters are listed in Table 1).

ine the ratio reliably at astrophysical energies.

Since the statistical model is expected to describe
only the average behavior of the branching ratio, a purely
theoretical prediction of the absolute proton-to-a cross-
section ratio, R, (E), remains challenging. This diffi-
culty mainly arises from the presence of complex mo-
lecular resonances that are not fully incorporated in
standard statistical-model calculations. To quantify the
deviation between experimental data and statistical-mod-
el predictions, we define the ratio

_ (Rp/a(E))exp 5)
FXRp/a(E))ratys

where R,/o(E)exp and R, (E)rays represent the experi-

mental ratios and the theoretical ratio predicted by TA-

LYS, respectively, and f represents the scaling factor ap-

plied to adjust the TALYS calculations.

To incorporate the statistical uncertainties of indi-
vidual data points, we employ a Monte Carlo resampling
technique. For each experimental point, 1000 random
samples are generated according to its Gaussian probabil-
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ity distribution, N(u;,0?). This parametric bootstrap ap-
proach naturally weights the dataset: high-precision
measurements produce tightly clustered samples, where-
as less precise data generate broader distributions. The
resulting ensemble is fitted with a log-normal distribu-
tion. Note that the data are binned with equidistant inter-
vals in logarithmic space (InR). Consequently, the Jac-
obian factor 1/R is intrinsically absorbed, and the distri-
bution in this logarithmic space follows a standard Gaus-
sian profile, which is fitted using
(InR—p)’
L(R) = Aexp {—T} ) (6)
where A4 is a normalization constant, and ¢ and ¢ are the
mean and standard deviation of InR, respectively. By
varying the scaling factor f, the value of the ratio R
(defined in Eq. (5)) can be adjusted. An appropriate
choice of fallows us to normalize the experimental ratio
(Rpjo(E))exp to the scaled TALYS theoretical prediction
F X (R,/a(E))mays, shifting the central value of R to unity.
Consequently, the mean of the logarithmic ratio becomes
zero (In1 = 0), corresponding to a central value u~ 0 for
the normal distribution of InR. For each dataset, / was
systematically optimized such that x4 converged to zero
within a tolerance of +0.002. Using the standard devi-
ation ¢ obtained from the log-normal fit of R, we define
the 16 confidence interval as [e#° =~ e7°,e#*® ~ ¢9]. There-
fore, the upper and lower limits of f'are estimated as fe°
and fe™°, respectively.

The scaled ratio, fXR,.(E)tays, 18 used to predict the
ratio down to astrophysical energies, while the J ob-
tained from the fit is used to estimate the deviation
between the true ratio and the TALYS prediction.

Different methods and measurements introduce dif-
ferent systematic uncertainties. In the following sections,
we group the evaluations of R,;,(E)., into three categor-
ies: measurements with charged-particle spectroscopy,
measurements with y-ray spectroscopy, and indirect
measurements. The fand +6 values obtained for each cat-
egory are compared. Based on this comparison, we re-
commend the best value of f together with the corres-
ponding uncertainty 6 (i.e., +6).

A. Fit to charged particle data

As shown in Fig. 11 of Ref. [24], at higher energies
(4.0 MeV <E,, < 6.0 MeV), direct charged-particle
measurements [5, 12, 16] are generally consistent.
However, below ~4 MeV, the proton- and a-channel S*
values reported by Patterson and Mazarakis remain sys-
tematically higher than those of Becker. If these discrep-
ancies stem from systematic uncertainties—such as those
associated with target thickness, beam-current integra-
tion, and the absolute calibration of detection efficien-

cies—the experimental R, ratio can largely cancel these
uncertainties.

We excluded the data of Mazarakis [12] from our
analysis due to a well-documented systematic energy off-
set of approximately 100 keV [17] and suspected beam-
induced background from deuterium contaminants at low
energies.

To establish a robust experimental trend for the pro-
ton-to-alpha branching ratio R, we performed a statist-
ical comparison between the TALYS prediction and the
direct charged-particle data. As detailed in Table 1, our
primary analysis focuses on the energy window
E.n =3.5-6.4 MeV. This interval is specifically chosen
to avoid the deep sub-Coulomb regime (E., < 3.5 MeV),
where a degraded signal-to-noise ratio and significant
background interference would otherwise introduce dis-
proportionate influence and potential bias into the statist-
ical inference.

The average ratio R,, was extracted using a Log-
Normal distribution defined by Eq. (6). Because the ex-
perimental uncertainties in cross-section ratios are pre-
dominantly multiplicative and the observables are strictly
non-negative, the Log-Normal distribution provides a
more rigorous statistical representation than a conven-
tional Gaussian distribution.

The results of this fitting procedure are comprehens-
ively illustrated in Fig. 2. Panel (b) of Fig. 2 shows the ra-
tio of the experimental data to the scaled TALYS predic-
tion, and panel (c) displays the corresponding Log-Nor-
mal distribution of these ratios. By fitting the data sets of
Becker and Patterson within E.,, = 3.5-6.4 MeV, we ob-
tained an optimal scaling factor of f =0.690. The statist-
ical analysis yielded a logarithmic standard deviation of
6=0.265. Consequently, the 1§ uncertainty band is
defined by multiplicative factors e¢=® =0.767 (lower limit)
and e*° = 1.303 (upper limit).

The scaled TALYS prediction, together with this pre-
cisely defined uncertainty band, is plotted against the ex-
perimental data in Fig. 2(a), demonstrating excellent
overall agreement within the selected energy window.
Furthermore, Table 1 summarizes these fit parameters
alongside those derived from other measurement tech-
niques (y-ray and indirect measurements), demonstrating
that the direct charged-particle data provide a tightly con-
strained average trend for calibrating the theoretical R,
ratio.

Note that extracting the total cross sections from ex-
perimental data requires correcting for unobserved weak
decay channels (e.g., highly excited states), for which we
used the statistical model estimates from Li et al. [7].
While this introduces some model dependence into the
"experimental” ratio, these unobserved channels typic-
ally account for a small fraction of the total reaction
yield. Consequently, the extracted central scaling factor f
remains primarily constrained by the direct measure-
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Fig. 2.  (color online) (a) Experimental ratio R, compared

with the present prediction and its +1§ uncertainty band. The
central line corresponds to a scaling factor of 0.690, with
lower and upper uncertainty bounds of 0.767 and 1.303, re-
spectively. Experimental data from Patterson et al. and Beck-
er et al. are shown for comparison. (b) Ratio of experimental
data to the scaled TALYS prediction, illustrating the extrac-
tion of the normalization factor. (c) Distribution of the ratio
values shown in panel (b), together with a Log-Normal fit.

ments of the dominant decay branches.

B. Fit to y-ray spectroscopy data and global analysis

In addition to charged-particle measurements, y-ray
spectroscopy provides an alternative method for extract-
ing partial cross sections. As shown in Fig. 1, the ratios
derived from y-ray data exhibit significantly larger fluctu-
ations, with R,, varying widely from approximately 0.2

Table 1. Log-normal fit results for experimental R

to 2.0, whereas the ratios extracted from charged-particle
measurements fluctuate within a narrower range (approx-
imately 0.5 to 1.5). y-ray spectroscopy detects fewer reac-
tion channels than charged-particle measurements. Con-
sequently, the extracted ratios are more sensitive to the
complex cluster structures and molecular resonances of
the '2C+'2C system near and below the Coulomb barrier,
resulting in significantly larger fluctuations.

We applied the Log-Normal distribution defined in
Eq. (6) to fit the TALYS prediction to the datasets of
Aguilera et al. [17], Kettner et al. [14, 15], and High and
Cujec [13]. As summarized in Table 1 and depicted in
Fig. 3, fitting these datasets over the reliable energy range
E.n=3.7-64 MeV yields an optimal scaling factor of
f=0.715. The statistical analysis of the data-to-theory ra-
tios yields a logarithmic standard deviation, correspond-
ing to multiplicative uncertainty bounds of e =0.689
(lower limit) and e*° = 1.452 (upper limit). Remarkably,
this central scaling factor (f=0.715) is in excellent
agreement with the factor independently derived from
charged-particle data (f =0.690). The noticeably wider
uncertainty band, however, correctly captures the large
intrinsic resonance fluctuations present in the y-ray chan-
nels.

Given the excellent systematic agreement in the cent-
ral scaling factors derived independently from the
primary charged-particle and y-ray datasets, we construct
a comprehensive global fit to establish the final theoretic-
al trend. By combining the data from Patterson, Becker,
Aguilera, Kettner, and High and Cujec in the energy
range E.,=3.5-6.4 MeV, we obtain a global optimal
scaling factor of /= 0.698, which is the recommended
value from this work, with an uncertainty band corres-
ponding to the multiplicative factors ¢ =0.708 and
et =1.412 (see Table 1 and Fig. 4). This combined fit
confirms the normalization of the TALYS calculation,
demonstrating that the ratio R,,, converges to a consist-
ent value regardless of the distinct systematic errors in-
herent to particle or y-ray detection techniques. At sub-
barrier energies, a value of f=0.7 suggests that the
standard OMP may underestimate the a-particle penetrab-
ility for the 2C+'2C system.

/o Tatios normalized to the present prediction.

No. Fit dataset Fit range f 0 e *(lower) e*?(upper)
1 Particle: Becker [16], Patterson [5] 3.5-6.4 MeV 0.690 0.265 0.767 1.303
2 Gamma: Aguilera [17], Kettner [14, 15], High and Cujec [13] 3.7-6.4 MeV 0.715 0.373 0.689 1.452
3 Particle & Gamma: Becker [16], Patterson [5], Aguilera [17], 3.5-6.4 MeV 0.698% 0.345 0.708 1.412
Kettner [14, 15], High and Cujec [13] 3.7-6.4 MeV 0.698 0.330 0.719 1.391
4 Indirect: Nan [22] 1.0-3.0 MeV 1.319 0.773 0.462 2.166
5 Indirect: Nan [22], Tumino [23] 1.0-3.0 MeV 1.443 0.698 0.498 2.010

§ Recommended value 0.698 for scaling factor /.
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Fig. 3. (color online) (a) Experimental ratio R, compared

with the present prediction and its +16 uncertainty band. The
data are from Aguilera, Kettner, High, and Cujec. (b) Ratio of
experimental data to the TALYS calculation (scaled by a
factor of 0.715) in the energy range E., = 3.7-6.4 MeV. (c)
Log-normal distribution fit to the ratio values shown in panel

(b).

C. Comparison with indirect measurements

Deep inside the Coulomb barrier (E., < 2.5 MeV), re-
liable direct measurements are extremely scarce, leaving
only indirect data [21-23]. The Trojan Horse Method
(THM) employed by Tumino et al. [23] was originally
analyzed within the plane-wave approximation. While
subsequent corrections using the distorted-wave approx-
imation led to a substantially different energy depend-
ence of the extracted cross sections, the resulting R, ra-
tio remained unaffected. Munson et al. [21] populated the
Mg compound nucleus through inelastic scattering of
40 MeV a particles. The resulting R, ratio differs signi-
ficantly from that obtained in direct measurements. This
discrepancy arises because the surrogate reaction mech-
anism populates a spin-parity distribution that is substan-
tially different from that produced in sub-barrier >?C+!2C
fusion. Consequently, the extracted decay branching ra-
tios are not directly applicable to quiescent stellar carbon
burning. Future indirect measurements must therefore
constrain the populated spin-parity distribution in order to
reliably determine the proton-to-a competition deep with-
in the Gamow window.

In the study of p(**Na,a)*Ne by Nan et al. [22], ex-
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Fig. 4. (color online) (a) Experimental ratio R,,, compared

with the present prediction and its +16 uncertainty band. The
comprehensive dataset includes measurements from Patterson,
Becker, Aguilera, Kettner, and High and Cujec. (b) Ratio of
the experimental data to the TALYS calculation (scaled by a
global factor of 0.698) in the energy range E.,=3.5-6.4
MeV. (c¢) Log-normal distribution fit to the ratio values shown
in panel (b).

citation functions for the proton and a channels were
measured using a thick-target inverse-kinematics ap-
proach combined with y-particle coincidence techniques.
A multi-channel R-matrix analysis revealed a series of
discrete 0* and 2* resonances in the relevant energy re-
gion and provided branching ratios for the dominant de-
cay channels across the Gamow window. These results
highlight the strong energy dependence and large fluctu-
ations of the channel competition, which have important
implications for observables such as the R, ratio and the
resulting astrophysical reaction rates.

Figure 5 presents the combined analysis of the THM
datasets reported by Tumino et al. [23] and Nan et al.
[22]. As the experiments only resolved partial transitions
to specific low-lying states (predominantly the po, pi, ao,
and «; channels), the data points were corrected using the
statistical-model estimates of the missing-channel branch-
ing ratios provided by Li et al. [7].

By applying our log-normal distribution to fit these
corrected indirect datasets against the TALYS prediction
within the energy range E.,=1-3 MeV, we obtain a
scaling factor of f =1.443. As depicted in Fig. 5(c), the
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Fig. 5. (color online) (a) Experimental ratio R, compared

with the present prediction and its +16 uncertainty band. Data
from Refs. [22, 23]. (b) Ratio of the experimental data to the
TALYS calculation, which is scaled by a factor of 1.443, over
the energy range E., = 1-3 MeV. (¢) Distribution of the ra-
tio values shown in panel (b), together with a log-normal fit.

resulting log-normal distribution exhibits a broad disper-
sion. Most importantly, this indirectly derived scaling
factor (f =1.443) deviates substantially —by roughly a
factor of two—from the average trend established by the

direct charged-particle and gamma-ray measurements
(f =0.698). This striking discrepancy highlights the per-
sistent systematic differences between direct and indirect
techniques and calls for further theoretical investigation
to clarify their origin.

D. Prediction of the R/, ratio within the
Gamow window

While our predicted average R, ratio is generally
consistent with the CF88 [25] value (~0.8) above
E.n =4.0 MeV, it decreases significantly as the energy
extends deeper into the Gamow window. The strong sup-
pression of the proton channel relative to the a channel at
low energies is primarily governed by the availability of
decay channels.

As the center-of-mass energy decreases, the number
of energetically accessible proton-emission channels di-
minishes much more rapidly than that of the a-emission
channels. To illustrate this behavior systematically, we
investigated the critical cutoff energies at which the
branching ratios for specific highly excited states (e.g., p,
to py and a, to as) decrease to 35% of their respective
maximum values (Fig. 6). As shown in Fig. 7, at
E.m ~ 4.0 MeV, where R,,, ~0.78, the energetically open
proton-emission channels extend from py to po, whereas
the open a-emission channels are mainly limited to ay,
a;, and ;.

As the energy decreases further from 4.0 MeV down
to 0.5 MeV, the proton-emission channels close sequen-
tially, whereas the @ and a; channels remain open down
to E., =0 MeV. The Q value for the 2C(2C, a)*Ne re-
action is 4.62 MeV, substantially larger than the 2.24
MeV associated with the 2C('2C, p)**Na reaction. This
sequential closure of proton decay channels, originating
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10k (a) Proton Channel | (b) a Channel |
2
g
&
&
S
g
m
10° — o E—
Ecm (MeV) Ecm (MeV)
Fig. 6. (color online) The branching ratios for the different channels of >C('2C,p)?*Na and '>C('?C,a)*Ne reactions were calculated

by Li et al. [7]. The cut-off energies at which the branching ratio of each specific single channel (p,, ps, ps» Ps> P15 Pss Pos Q15 @2, @3,
a4, as) drops from its maximum value (B, , marked with stars) to 35% of B, with decreasing energy are marked with circles.
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channels (proton: p,, ps, ps» Ps» P75 Ps> Pos O @1, @2, @35 s,
as) are plotted versus the excitation energy E, of the corres-

(color online) The cut-off energies of specific single

ponding *Na or *Ne nucleus. The solid circles represent the
values for the proton channels (p,, ps, ps» ps> P7> Ps> Po); the
solid squares represent the values for the a channels (a;, a;,
a3, ay4, @s). These data are taken from the previous calcula-
tion by Li et al. [7] (Fig. 6). The dashed and dash-dotted lines
are linear fits to the displayed points for the proton and «
channels, respectively.

from the intrinsically smaller Q value of the proton chan-
nel, strongly suppresses the competitiveness of proton
evaporation at stellar energies. Such a mechanism natur-
ally leads to the pronounced decline of the R, ratio pre-
dicted within the Gamow window.

IV. NEW REACTION-RATE RATIO, (ov),/{0V),,
AND ITS IMPACT ON ASTROPHYSICAL
MODELS

We recalculated the reaction rates for '2C(*2C, p)**Na
and "*C("*C,a)*Ne by adopting the constant §* =3x10'°
MeV-b recommended by CF88 for the 2?C+!2C fusion re-
action, along with the R,, ratio established in this work.
The reaction rate ratio, (ov),/{(oVv),, is shown in Fig. 8.
The present work reveals a pronounced temperature de-
pendence of this ratio, which deviates significantly from
the prediction of the widely used CF88 model [25].

While the CF88 compilation assumes a nearly con-
stant (ov),/{ov), ratio of ~0.79 over most astrophysical
temperatures, our results exhibit a strong temperature de-
pendence. The ratio increases from 0.29 at To=0.5 to
0.45 at Ty = 1.0, then to 0.52 at Ty = 1.2, 0.70 at Ty = 1.8,
and ~ 0.78 at Ty = 2.5, after which it approaches a nearly
constant value. Compared with the CF88 compilation, our
lower ratios at Ty < 1.2 imply a stronger dominance of the
a channel during hydrostatic carbon burning, potentially
modifying the seed distribution for subsequent weak s-

1.0

“F Explosive [ (5SS
0.3F Shell Hydrostatic Shell Carbon Burning
' Shell (1.0~1.2 GK)
Explosive Shell Carbon Burning
0.2F Core (1.8~2.5 GK)
’ — = CF88
= Present
0.1r —-- Pignatari 2012 (Standard)
1 1 T
1 2 3 4
Ty (GK)
Fig. 8. (color online) Temperature dependence of the reac-

tion rate ratio (ov),/(ov), from the present work (solid
curve), compared with the recommended values from CF88
[25] (dashed lines) and the constant ratio of 0.35/0.65 =~ 0.54
from Pignatari et al. [6] (dash-dotted line). Colored shaded re-
gions indicate the various stages of stellar carbon burning:
core carbon burning (0.5~ 1.0 GK, gray), hydrostatic shell
carbon burning (1.0 ~ 1.2 GK, green), and explosive shell car-
bon burning (1.8 ~ 2.5 GK, red).

process nucleosynthesis. At explosive carbon-burning
temperatures (7o > 2), the ratio gradually approaches the
CF88 prediction, indicating an increasing contribution
from the proton channel in high-temperature stellar envir-
onments.

Pignatari et al. [6] investigated the impact of uncer-
tainties in the carbon-burning reaction channels on stellar
nucleosynthesis. They adopted three values of the reac-
tion-rate ratio, (ov),/{ov), =0.54, 19, and 0.05, to ex-
plore the influence of the competition between the proton
and a channels on the abundances of nuclei that serve as
the primary fuel for subsequent stellar evolutionary
stages. Their calculations demonstrated that the competi-
tion between the proton and o channels in the >?C+'2C re-
action plays a crucial role in determining the nucleosyn-
thesis flow during carbon burning. In the proton-domin-
ated scenario, proton-induced reaction chains and neut-
ron production through the *C(a,n)'°O reaction are sig-
nificantly enhanced, leading to stronger weak s-process
nucleosynthesis and increased abundances of odd-Z nuc-
lei such as 2Na and 2Al. In contrast, the strongly a-
dominated scenario suppresses proton-induced reaction
flows and shifts the nucleosynthesis path toward a-cap-
ture products. Our predicted average value of (ov),/(oV),
lies much closer to the standard value of 0.54 than to
either of the two extreme scenarios, as shown in Fig. 6.
We suggest that incorporating these temperature-depend-
ent ratios into stellar and galactic chemical evolution
models will yield more reliable predictions of the
23Na/*Ne abundance ratio in massive stars.

As recently demonstrated by De Gerénimo et al. [2],
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whose calculations were based on our recommended
branching ratio, uncertainties in the (ov),/(ov), ratio
have important consequences for the structural and chem-
ical evolution of super-asymptotic giant branch (SAGB)
stars and their descendants, ultramassive white dwarfs
(UMWDs). Since the proton and o channels predomin-
antly produce »*Na and *°Ne, respectively, the branching
ratio directly determines the chemical composition of the
stellar core after carbon burning. De Geronimo et al. [2]
showed that the uncertainty in the branching ratio is one
of the dominant sources of uncertainty in the final chem-
ical structure of SAGB progenitors. In particular, a
stronger o channel (corresponding to a lower (ov),/{(oV),
ratio) substantially enhances the central *°Ne abundance,
with variations reaching up to ~ 17%. Such changes in
the 2°Ne/'°0 ratio affect the crystallization, cooling beha-
vior, and pulsational properties of the resulting UMWDs.

The branching ratio also influences the threshold
mass for carbon ignition. Because the o channel releases
more energy than the proton channel, a stronger a chan-
nel increases the efficiency of carbon burning and allows
carbon ignition to occur at slightly lower stellar masses.
De Geronimo et al. [2] found that the minimum zero-age
main-sequence (ZAMS) mass required to experience a
carbon flash may decrease by approximately 1.5% when
the o channel dominates. In addition, the mass range in
which carbon burning remains partially incomplete is
sensitive to the adopted (ov),/(ov), ratio.

We acknowledge that extrapolating the Hauser-Fesh-
bach statistical model into the deep sub-Coulomb Gamow
window (E., <3 MeV) encounters inherent physical lim-
itations. In this regime, the level density of the com-
pound nucleus **Mg is relatively low, and the reaction
mechanism is strongly modulated by discrete, structured
molecular resonances rather than overlapping statistical
states. Our physically calibrated TALYS prediction
serves as an average statistical trend. In stellar environ-
ments, the reaction rate is an integral over the Gamow

window. While individual discrete resonances will un-
doubtedly cause local fluctuations in the R,/ ratio, their
energy-averaged collective behavior is expected to fol-
low this statistical trend. Most importantly, providing an
energy-dependent, theoretically and experimentally con-
strained average trend of (ov),/(ov), represents a signi-
ficant improvement over the arbitrary constant branching
ratio historically adopted in standard astrophysical net-
works (e.g., CF88) and provides a more realistic "prior"
for future R-matrix evaluations of specific discrete reson-
ances.

V. SUMMARY

In summary, we have investigated the energy depend-
ence of the 2C("2C,p)*Na to '2C('*C,a)*Ne branching
ratio and its impact on carbon-burning nucleosynthesis. A
careful re-examination of sub-barrier experimental data
reveals significant discrepancies at E., <3.0 MeV. By
focusing on the more consistent high-energy regime, we
derived a new temperature-dependent branching ratio for
astrophysical environments. Our results demonstrate that
R,;, s not a constant but evolves dynamically with tem-
perature, and (ov),/{ov), decreases from approximately
0.78 at Ty =2.5 t0 0.29 at Ty = 0.5.

The deviation from the traditional CF88 constant ra-
tio may have implications for the various stages of hydro-
static carbon burning and the subsequent formation of
white dwarfs. While the present statistical framework
cannot fully resolve the structures of isolated resonances,
the temperature-dependent (ov),/(ov), averaged trend
established in this work provides a physically motivated
alternative to the widely adopted CF88 constant values.
This energy-dependent trend serves as an updated refer-
ence for modeling stellar chemical evolution. Ultimately,
determining the exact branching ratios still awaits high-
precision direct measurements deep within the Gamow
window.
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