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Abstract The evolutionary path of massive stars begins at
helium burning. Energy production for this phase of stel-
lar evolution is dominated by the reaction path 3o — 2

C(a, y)]60 and also determines the ratio of 12C/!°0 in the
stellar core. This ratio then sets the evolutionary trajectory as
the star evolves towards a white dwarf, neutron star or black
hole. Although the reaction rate of the 3« process is rela-
tively well known, since it proceeds mainly through a single
narrow resonance in '2C, that of the 12C(a, y)l6O reaction
remains uncertain since it is the result of a more difficult to
pin down, slowly-varying, portion of the cross section over
a strong interference region between the high-energy tails
of subthreshold resonances, the low-energy tails of higher-
energy broad resonances and direct capture. Experimental
measurements of this cross section require herculean efforts,
since even at higher energies the cross section remains small
and large background sources are often present that require
the use of very sensitive experimental methods. Since the
12C(a, )"0 reaction has such a strong influence on many
different stellar objects, it is also interesting to try to back cal-
culate the required rate needed to match astrophysical obser-
vations. This has become increasingly tempting, as the accu-
racy and precision of observational data has been steadily
improving. Yet, the pitfall to this approach lies in the inter-
mediary steps of modeling, where other uncertainties needed
to model a star’s internal behavior remain highly uncertain.
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1 Introduction

The '>C(«, y)'90 reaction has long been the “Holy Grail”
of nuclear astrophysics, determining the '2C/!°0O abundance
ratio in our universe, the two most critical elements for the
emergence of life as we know it. Wider impact studies associ-
ated with the evolution of massive stars towards supernovae,
white dwarf analysis, and black hole studies suggest that the
reaction has an enormous impact on a wide range of stel-
lar environments, impacting a broad range of astrophysical
observables.

The 12C(oz, y)160 reaction, following the 3« process, is
the most important reaction in stellar helium burning at tem-
peratures of around 0.2 GK. This corresponds to a Gamow
energy of about 300 keV for the average temperature regime
at which the cross section is estimated to be a staggeringly
small 2x 10~!7 barn. Even the most state-of-the-art measure-
ments today fall well short of this level of sensitivity. Because
the reaction cannot be measured directly at stellar energies,
direct measurements are made at higher energies to establish
the trend of the cross section, providing a basis for an extrap-
olation. Of course, to make a meaningful extrapolation, a
model must be employed. To date, the most successful of
these has been phenomenological R-matrix [37,63] and it
has been used since the early days of experimental study of
this reaction [40], although its implementation has become
increasingly sophisticated.
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The most recent review of the '>C(«, ¥)!'°O reaction by
deBoer et al. [36] still relies heavily on this methodology and
in particular on the use of Asymptotic Normalization Coeffi-
cients (ANCs). At that time, the use of ANCs was becoming a
well established method of providing additional constraints
to R-matrix analyses, providing a much more reliable and
precise constraint for the particle strength of subthreshold
levels over that of spectroscopic factors [75]. While there
have been few additional new measurements [102] in the last
few years, there have been several indirect ones that have
continued to test the use of ANCs [52,76,99]. Recently,
first-principle predictions of light systems have been used
to improve the analysis conducted in indirect studies to
evaluate relevant ANCs [52]. In addition, the more precise
12C(a, y)'°0 reaction rate presented in deBoer et al. [36]
has been utilized in several astrophysical models, including
those used for the calculation of the black hole mass gap and
for stellar seismology, providing another interesting area of
discussion for this work.

This work will review experimental nuclear physics efforts
to improve the uncertainty in the '>C(a, y)'°O cross section
in Sect. 2, discuss relevant nuclear theory improvements in
Sect. 3, observational constraints and astrophysics modeling
in Sect. 4 and discuss ideas for paths forwards in Sect. 5.

2 New experimental nuclear physics results

Over the last decade, direct measurements of the
12C(a, y) 16() reaction have dwindled and experimental stud-
ies have concentrated on indirect approaches. The lack of
direct studies is not an indication of reduced interest in the
reaction, but instead a result of improvements in indirect
techniques and the difficulty of making additional direct mea-
surements with the same techniques. In the following section
these new indirect studies will be reviewed.

2.1 Primer

Before jumping into the main review of this reaction, a brief
primer is given. The '>C(«, y)'°0 reaction has become so
ubiquitous in the field of nuclear astrophysics that it has even
developed some of its own jargon that is unique to the reac-
tion. For instance, the reaction is often referred to by its short-
hand moniker “CTAG”.

At low energies, below a center-of-mass energy of about
1 MeV, the total radiative capture cross section is dominated
by the ground state transition. While the other transitions,
dubbed “the cascade transitions”, make up less than 10% of
the total. These cascade transitions consist of those passing
through the other four bound states of 190 (see Fig. 1) and it
is a helpful circumstance that all of the secondary transitions
through all of these bound states have nearly 100% branch-
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Fig. 1 Relevant level scheme of the 100 system. The experimental data
are those of Schiirmann et al. [97] and the R-matrix calculation is from
deBoer et al. [36]. Figure adapted from deBoer et al. [36]

ings directly to the ground state. Thus, they can be measured
nearly equivalently by detection of either the primary or sec-
ondary y-rays in the cascade. In principle, the direct capture
through these cascade transitions could be used to constrain
the ANCs of the bound states, but because their cross sections
are so small, this has proven to be very challenging.

Because both the a-particle and '>C are spin zero particles,
conservation laws result in some simplification. In particu-
lar, only natural parity states (total spin must equal angular
momentum, J = ¢, and the parity must equal (—1)*) can
be populated. Finally, for the ground-state transition, the y-
ray multipolarity is limited to electric, where only E1 and
E?2 have been observed experimentally. Because of this, the
ground state transition has historically been further subdi-
vided into the E1 and E2 cross sections, which both make
compatible contributions at low energy. While this practice
is useful for understanding the important reaction compo-
nents, some works have only reported these E'1 and E2 cross
sections instead of the actual angular distributions that were
measured. This has often made it more difficult to understand
discrepancies between the different measurements.

In addition, many radiative capture reactions have sizable
direct capture contributions at low energy. Again, the ground
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state results in a special circumstance where the effective
charge term is nearly zero for E'1 direct capture, highly sup-
pressing it. E2 direct capture, by itself, is small compared
to the resonance contributions, but its interference with the
resonances may be strong enough to produce a significant
effect.

The extrapolation of the 12C(a, y)'°0 reaction is chal-
lenging, and therefore has a large uncertainty, because the
cross section over the energy region of helium burning, about
0.3 MeV, is not dominated by a single resonance but is the
result of the delicate interference between the tail contri-
butions of both subthreshold resonances and broad higher
energy resonances. While the energy dependence of these
broad higher-energy resonances can be measured, doing so
accurately with repeatably consistent results has proven to be
challenging. Further, the strength of the subthreshold states
was for many years characterized by spectroscopic factors,
but these suffer from a combination of experimental and
theoretical uncertainties. Instead, using ANCs allows us to
decrease this theory dependence (see recent review by Trib-
ble et al. [110]), which it certainly has, but not entirely, with
the smallest uncertainties being estimated to be about 10%
under the most ideal of circumstances.

Phenomenological R-matrix has been the analysis tool of
choice for performing these extrapolations. The ANCs of
bound states can be related to reduced widths and the the-
ory is capable of directly fitting both the radiative capture
data itself and also data sets such as elastic scattering and
B-delayed «-particle emission spectra. But, while versatile,
phenomenological R-matrix lacks any fundamental knowl-
edge of the nuclear potential and each resonance is included
individually, where its energy, partial decay widths, and, of
prime importance for the present case, relative interference
signs between resonances, are only determined by comparing
to experimental data.

Finally, in principle there is quite enough experimental
data to well constrain the low energy cross section, but one
real road block has been the lack of reproducibility between
different measurements. Therefore, significant improvement
can be made if a new generation of measurements are able to
produce consistent results with well-defined uncertainties. It
should be emphasized that these measurements shouldn’t just
be limited to low energies, but should focus on a consistent
mapping over a wide energy range, especially in interference
regions at higher energies.

2.2 Photodisintegration measurements

The only new experimental measurement of the
12C(a, y)'°0 reaction since deBoer et al. [36] is by the time-
reversal reaction, the photodisintegration of 160 [102], which
was made at the High Intensity y-ray source (HIyS) [117].
Measurements of '°O(y, «)'>C may have some distinct
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Fig. 2 (a) Comparison of the 2C(a, yo)mO reaction with its inverse
'60()/, 0)'2C reaction. (b) Ratio of the (y, ap) to the (o, yp) cross
section. The dashed line denotes the Gamow energy

advantages over the forward reaction. For instance, detailed
balance leads to an enhancement in the cross section of &~ 15
at 300 keV above the threshold, increasing rapidly at higher
energy, reaching &~ 70 on top of the first broad 1~ resonance at
2.25 MeV above threshold as shown in Fig. 2b. In addition,
the method has completely different systematic uncertain-
ties, including backgrounds, from the direct reaction mea-
surement. However, there are also significant challenges. For
instance, the inverse reaction only populates the ground state
transition, which is mitigated in this case because this is
the dominant transition at low energies. Other experimen-
tal complications include accurate y-ray beam intensity and
resolution characterization, as the y-ray beam, while mono-
energetic compared to a Bremsstrahlung beam, still has a
significant energy spread and asymmetric distribution.

Smith et al. [102] have measured the differential cross
section at six energies over the energy region of the broad
resonance that corresponds to the first unbound 1~ state in
160 (see Fig.4). The four angular distributions reported in
that work have been compared with the R-matrix fit from
deBoer et al. [36] in Fig.3. A good reproduction of the data
by the R-matrix fitis found if the data are shifted up in energy
by ~22 keV, which is well within the energy uncertainty of
+30keV estimated by Smith et al. [102]. While the measure-
ments made so far only cover the higher energy range in the
vicinity of the 1™ resonance, this work has demonstrated the
feasibility of this technique, paving the way for future lower
energy measurements using the inverse reaction.

2.3 ANC measurements

The reliance on the ANCs inferred from transfer reaction
measurements resulted in a somewhat smaller estimate of
the extrapolated S-factor at E¢ . = 300 keV (center-of-mass
energy) by deBoer et al. [36] than most other recent ones,
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Fig. 3 Comparison of the angular distributions measured by Smith et
al. [102] at ESE =2.02 a,2.29 b, 2.47 ¢ and 2.64 MeV d with the R-
matrix fit of deBoer et al. [36]. The R-matrix cross section was found
to be in considerably better agreement with the data if the effective
energies of the data were increased by 22 keV, within the estimated
uncertainty of £ 30 keV estimated in Smith et al. [102]. Since the data
were presented in arbitrary units in Smith et al. [102], they have been
scaled to that of the R-matrix cross section

giving a value of §(300) = 140 =+ 210 |} (noery KeV .
Most notably, the widely used previous rate estimate by Kunz
et al. [62] had obtained S(300) = 165(50) keV b when no
constraints from ANCs were utilized. Yet the reason that the
additional constraints from ANCs were utilized in deBoer
et al. [36] was, as shown in Fig.4, because the data from
different measurements have different low energy trends that
are sometimes inconsistent with one another. This is most
clearly visible in the ground state E'1 data of Kettner et al.
[58], Redder et al. [89] and Gialanella et al. [5SO] which all
trend to larger values below ~ 2 MeV compared to the data
of Dyer and Barnes [40], Kremer et al. [60], Ouellet et al.
[83], Roters et al. [93], Kunz et al. [61], Fey [44], Assuncdo
et al. [10], Makii et al. [67] and Plag et al. [86]. Similarly the
E?2 data of Redder et al. [89], Ouellet et al. [83] and Kunz
et al. [61] tend to a larger value than Fey [44], Assun¢do
et al. [10], Makii et al. [67] and Plag et al. [86]. Further, it
is not just that the data have different trends, but that those
that tend to the lower values are also more consistent with
each other. This is not an uncommon phenomenon for low
energy charged particle induced cross section data in general,
where low yield measurements make discrimination between
signal and background extremely challenging. A good recent
example can be found in the BC(a, n)160 reaction, where
the more recent measurements of Ciani et al. [33] and Gao
et al. [49] show a low energy trend that increasingly deviates
to smaller cross section values at low energies compared to
that of Drotleff et al. [38].

The uncertainties in the extraction of the relevant par-
tial widths are now dominated by the experimental errors
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and the theoretical model used to describe the transfer reac-
tion. In particular, the choice of the reaction model and the
interactions inputted in these models directly impact the
normalization of the transfer cross sections and hence the
extracted ANCs. Recently, Hebborn et al. [52] have reana-
lyzed 12C(6Li, d)160 transfer data [11,25] constraining the
®Li wavefunction with a first-principle calculation [51]. They
extracted '>C-« ANCs-squared of 'O bound states that
are 22% smaller compared to the original analyses [11,25].
Within this context, Hebborn et al. [52] have also pointed
out several sources of uncertainties in the analysis of trans-
fer reactions, and some developments in reaction theory that
should be conducted to improve the analysis of a-particle
transfer data.

New «-particle ANC measurements have focused primar-
ily on using different types of transfer reactions, as opposed
to the traditional (°Li, ) and ("Li, 1) reactions. For instance,
in Nan et al. [77], Shen et al. [99], and Shen et al. [100], the
ANCs of the 27, 1~ and 0" (ground state) were each investi-
gated using the 12c 1B, 7L1)100 reaction. Mondal et al. [72]
used the 2C(*°Ne,'00)'°0 reaction, which allowed them to
simultaneously obtain ANCs for all five bound states in 16O,
albeit with some significant discrepancies compared to other
measurements. A summary of «-particle ANCs determined
before and after the review of deBoer et al. [36] is given in
Table 1.

In addition, the three measurements of Adhikari et al. [4],
Mondal et al. [72] and Shen et al. [99] have all reported new
measurements of the ground state ANC. This was highly
motivated by the large discrepancy and uncertainty reported
for this ANC in previous works [5,73]. While the new mea-
surements are still inconsistent with each other, especially
those of Adhikari et al. [4] and Shen et al. [99], the spread in
values has decreased substantially compared to the previous
measurements.

The ground state ANC has been neglected somewhat in
previous studies because the direct capture for the ground
state was negligible compared to previous uncertainty esti-
mates. However, with the reduced uncertainties drawn from
recent measurements, this is no longer the case as shown by
Sayre et al. [96]. While effective charge term suppresses the
E'1 direct capture greatly, it would be identically zero if the
charge to mass ratios of 4He and '2C were the same, the
E2 component has a larger amplitude. While still relative
small compared to the E2 subthreshold resonance contribu-
tion, their interference term is substantial. Interestingly, Shen
et al. [99] showed that there are two R-matrix fit solutions
that can equally describe the experimental data yet lead to
substantially different low energy E2 cross sections. How-
ever, the solution using the ground state ANC of that work
required an ANC for the 27 subthreshold state that was sig-
nificantly larger than the high accuracy subCoulomb values
determined by Avilaetal. [11], Brune et al. [25] and Hebborn
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Fig. 4 Comparison of E1, E2
and total ground state cross
section data for the

12C(a, y())‘60 reaction, where
the totals are indicated by an (*).
For comparison, the R-matrix fit
of deBoer et al. [36] is also
shown where the solid red line
indicates the E'1 contribution
(except where only the total is
given) and the red dashed line
the E2 contribution. No
normalization factors have been
applied to the data. Figure
adapted from deBoer et al. [36]
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Table 1 Summary of a-particle ANCs determined by transfer measurements for bound states in '°O. The table is divided into measurements made
before and after the 2017 evaluation of deBoer et al. [36]

Ref. ANC, (fm~1/2)

G.S.0t 6.05, 0% 6.13,3~ 6.92,2% 7.12,1°
Pre 2017
Morais and 1200 (WS2)
Lichtenthiiler 4000 (WS1)
[73] 750 (FP)
Brune et al. [25] L.11(11)x10° 2.08(20)x 10
Belhout et al. [14] 1.40(50)x 10° 1.87(54)x 10
Adhikari and Basu [5] 13.9(24)
Oulebsir et al. [84] 1.44(28)x 10° 2.00(35)x 10
Avila et al. [11] 1560(100) 139(9) 1.22(7)x 10° 2.09(14)x 10
Post 2017
Adhikari et al. [4] 637(86)
Shen et al. [99] 1.05(14)x 10°
Shen et al. [100] 337(45)
Mondal et al. [72] 471(75) 1180(230) 152(30) 1.03(15)x10° 5.68(85)x 10
Nan et al. [77] 1.59(13) x 104
Hebborn et al. [52] 1370(58) 122(6) 1.07(3)x10° 1.84(9)x 10

Exp.: [11,25]

0.98(8)x 10°

1.83(16)x 10
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Fig. 5 Comparison of two different R-matrix fit strategies for the E2
component of the ground state transition in the >C(a, )00 reaction.
The fit of deBoer et al. [36] uses the ANC of the 2% subthreshold
state measured by Brune et al. [25] and then deduces a ground state
ANC by fitting (blue dashed-dot-dot line), while that of Shen et al.
[100] fixes the ground state ANC to the value they measured and then
deduces the 27 subthreshold state ANC by fitting. Two solutions are
found that describe the radiative capture data equally well, but each
solution requires that one of the ANCs be inconsistent with an ANC
from transfer measurements

et al. [52], while the solution using the 2™ subthreshold state
ANC of Avilaet al. [11] and Brune et al. [25] that was found
in deBoer et al. [36] requires a much smaller ground state
ANC as shown in Fig. 5.

3 New nuclear theory results

Although there has been considerable recent progress with
ab-initio theoretical methods, the 12C(0(, y)160 reaction
remains out of the reach of these techniques [78]. Methods
that leverage the a-clustering present in '2C and 10O are par-
ticularly advantageous in the present case [59,64]. It appears
likely that ab-initio calculations of the bound-state ANCs
will become available in the near term.

Below, we discuss theoretical progress in other areas,
specifically the determination of ANCs via the extrapola-
tion of phase shifts and use of effective field theory. Both of
these are essentially two-body methods. We will also point
out the recent work an « clustering applied to transfer reac-
tions Fukui et al. [48]. This analysis shows that improved the-
ory for transfer reactions can contribute to our understanding
of 2C(«, y)'°0.

3.1 ANC determinations from scattering

The idea that bound-state ANCs can be determined from the
extrapolation of elastic scattering phase shifts to negative

@ Springer

energies has a long history, going back to the 1950 paper of
Bethe and Longmire [16]. The basic idea is that complicated
non-analytic energy dependence of the phase shift introduced
by the separation threshold and Coulomb interaction can be
taken into account exactly, leaving a function that is easier to
extrapolate. The works discussed below use effective range
theory, or closely related functional dependences. It should
also be noted that phenomenological R-matrix theory is very
closely related to these methods [107].

Recent work to determine ANCs from '?C + o scatter-
ing has been published by Blokhintsev et al. [20,21], Orlov
et al. [82], Ramirez Sudrez and Sparenberg [88] while the
work of Blokhintsev et al. [19] has investigated the relia-
bility of the extracted ANC using an analytically-solvable
model. In the most recent work [21], the extracted ANCs for
the near-threshold 37, 21, and 1~ states are in good agree-
ment with the results from transfer reactions, but the quoted
uncertainties appear to be unrealistically small. It would be
helpful to compare the various methods, while also includ-
ing phenomenological R-matrix theory, using a consistent
methodology. It should also be noted that all of these works
fit the phase shift “data” of Tischhauser et al. [109], that are
in fact sampled from R-matrix fits to elastic scattering differ-
ential cross sections. These results are thus not completely
independent of phenomenological R-matrix theory.

3.2 Effective field theory

An Effective Field Theory (EFT) model for 2C + « scat-
tering [7] and ]2C(a, y)160 [8] has been developed by
Ando [7,8]. For elastic scattering, this approach is equiv-
alent to effective range theory and is thus very similar to the
work described above. The results for the bound-state ANCs
reported in Table IV of Ando [7] are mostly in fair agreement
with the results from transfer reactions. The EFT model for
the capture reaction represents a totally new phenomenologi-
cal approach to describing the '2C(a, y)'00 reaction. While
the calculations described in Ando [8] do not describe the
experimental data as well as phenomenological R-matrix fits
do, the EFT approach lends itself to systematic improvement,
for instance, the EFT expansions can be extended to higher
order and broader energy ranges can be considered. One can
expect further progress with this approach in the future.

3.3 ANC of °Li

As discussed in Sect. 2.3, a-particle transfer reactions, such
as (°Li, d) and ("Li, t), have been extensively used to con-
strain ANCs relevant for astrophysics. These evaluations of
ANC:s carry uncertainties that result from experimental and
theoretical uncertainties associated with the reaction model
used to analyze the data. Typically, a-particle transfer reac-
tions are seen as a three-body problem composed of an inert
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cluster, which interacts through pairwise interactions. The
reaction dynamics is then usually described with the Dis-
torted Wave Born Approximation (DWBA), which assumes
that the reaction occurs in one step [95,108]. The ANC of
the state of interest is then obtained by normalizing the the-
oretical predictions to the transfer data. The DWBA reaction
model and its inputs all carry uncertainties that are in general
difficult to quantify, e.g., because of the scarcity of nucleus-
nucleus optical potentials and reliable measurements of pre-
cise bound-state radii that could be used to constrain binding
potentials.

In a recent work, Hebborn et al. [51] have performed a
first-principle prediction of the ®Li properties. They used
validated nucleon-nucleon and three-nucleon interactions
derived within the framework of chiral effective field the-
ory and the ab initio no-core shell model with continuum.
This theoretical method has the advantage of treating the o-
d scattering dynamics and bound SLi product on an equal
footing. Their predictions agree within uncertainties with
available data: a(d, y)6Li S-factor, a-d scattering observ-
ables and °Li ground state magnetic moment. However, they
found a s-wave a-d ANC for the °Li ground state that is 15%
larger than previous evaluations [18]. Compared to experi-
mental determination of ANCs, these uncertainties are more
straightforwardly quantifiable, as they only take as input
nucleon-nucleon interactions. It is therefore crucial to push
such first-principles predictions to heavier systems, such as
160 [59].

Although predicting the structure and reaction properties
of 190 starting from nucleonic degrees of freedom is still
out of reach, one can leverage ab initio predictions of light
systems to improve the analysis of reaction data. In partic-
ular, the aforementioned °Li prediction was used to extract
ANCs of 170 and '°0 from (°Li, d) transfer data [52]. Their
reanalysis lead to smaller ANCs with reduced errors for 70
and '°0 states. These new evaluations of 'O and '°0 ANCs
further resolve the discrepancies between two recent evalua-
tions of 13C(«, n)'00 reaction rates and lead to a 21% reduc-
tion in the '>C(«, y)'60 S-factor at low energy with respect
to deBoer et al. [36]. To further improve the ANC determi-
nation, it would be desirable to leverage first-principle pre-
dictions of other light systems, e.g. ’Li, to analyze various
transfer data, e.g., (7Li, t). Moreover, it would be valuable
to improve few-body models used to analyze transfer data,
e.g., by going beyond the one-step DWBA description.

3.4 Phenomenological R-matrix

While phenomenological R-matrix analysis has been a
standard method for many years [37,63], its mathemati-
cal complexity and formal parametrization have often made
it hard to access. In recent years, several attempts have
been made to make this method more practically viable,

most notably the increased availability of sophisticated R-
matrix codes [12,119] and methods for reparameterizing the
fit parameters into something more akin to classical level
parameters [24,39,85]. In particular, the AZURE2 code used
by deBoer et al. [36] makes use of the alternative parameter-
ization of Brune [24].

One of the other really challenging aspects of R-matrix
analysis is the extraction of reliable uncertainties from the fit-
ting. This is not a problem unique to R-matrix analysis, but
a general challenge when fitting any type of model to exper-
imental data. However, the issues are often magnified for
R-matrix fits because they often include many fit parameters
and large amounts of experimental data. Further, the mathe-
matical operations that need to be performed can lead to long
calculation times. These issues have been somewhat allevi-
ated by ever increasing computational power but it is still a
major roadblock in performing these types of calculations.
These computational times are further slowed by the need
to convolute the R-matrix cross sections with experimental
resolution functions. Thus improvements in these areas of
R-matrix calculations are highly desirable.

One of the main objectives of deBoer et al. [36] was
to provide the community with a reaction rate based on
more statistically rigorous methods. This was accomplished
by randomly sampling the experimental data sets based on
their quoted uncertainties and refitting many thousands of
times. While this method produced much improved results,
in the interim, more sophisticated Bayesian type algorithms
have begun to be implemented for R-matrix analysis uncer-
tainty quantification [74,80,81]. These types of algorithms
are important on a very practical level, because they make
it easier to implement different sources of uncertainty into
the uncertainty analysis. A good example are the differential
cross section data of Plag et al. [86]. They were not included
directly in the R-matrix analysis of deBoeretal. [36], because
the uncertainties on the angles of measurement (see Fig. 13)
were not easily implementable in that analysis. While these
types of analyses have still not yet been implemented for
such a data intensive analysis as the >C(a, y)'°0 R-matrix
analysis of deBoer et al. [36], ever increasing computational
capabilities mean that it will soon be within reach.

4 Observational constraints
4.1 Theoretical considerations

Fred Hoyle [55] was the first to understand in 1954 the
importance of the competition between the two key pro-
cesses that control He burning: “It can be shown that reaction
12C(()z,)/)160 is the most effective in destroying 12C, Hence,
to decide how far '2C accumulates, it is necessary to compare
the rates of the two nuclear reactions 3« and 12C(oz,y)mO”.
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Approximately 20 years later Arnett [9], in the 1973 issue of
the Annual Reviews of Astronomy and Astrophysics, writes:
“The rate of the '2C(«,y)'°O during hydrostatic helium burn-
ing is of vital interest for explosive nucleosynthesis. It is this
process that determines the abundances of '*C and '°0 in
the star and thereby sets the stage for explosive burning...
The rate is determined by the 7.115 MeV level in the '°O
compound nucleus. At present the reduced width 6‘5 of this
resonance for « captures is not known.”

Let us start the discussion by reviewing a few well known
facts: the energetics in He burning is totally dominated by
the two processes 3a and the '>C(w,))'°0 reaction. Both
release a similar amount of energy per single fusion, the first
one 7.275 and the second 7.162 MeV. While the rate of the 3«
process scales as Y,i 02/6, the 2C(a,y)'90 reaction scales
simply as Y2~ p. Figure 6 shows the ratio between the 3o
process Maxwellian-Averaged Cross Section (MACS) and
that of the '2C(«,y)'°0 reaction between 0.1 and 1 GK. The
figure shows very clearly that the >C(a,))'%0 cross section
dominates over the 3« process and hence the reaction rate
of the 3 process may overcome that of the '2C(a,y)'°0
reaction only when the Y3 p/6 > Y. For each given He
core mass (MHE), not total mass, this condition is certainly
verified at the beginning of He burning when the He abun-
dance is high and the C abundance is very low. As He burning
proceeds, the density rises somewhat but the strong depen-
dence of the rate of the 3« process on the He abundance,
associated to the progressive increase in the 'C abundance,
leads inevitably to a progressive increase in the role of the
2C(r,)'90 reaction until the two rates settle at equilib-
rium. Once '2C reaches its equilibrium abundance, given by
Yic =Y p/6 (MACS3¢ /MACSi2¢ (4, ) 160), it Will main-
tain it up to central He exhaustion. For this reason the C abun-
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dance rises during the first part of central He burning and then
drops progressively up to the exhaustion of He. Vice versa,
the dependence of the amount of C left by the He burning
on the He core mass is determined by the fact that the typi-
cal temperature of the He burning scales directly with MHE
while the typical density scales inversely with MHE. The con-
sequence is that the more massive the MHE, the higher the He
abundance at which '2C settles on its equilibrium abundance
and hence the level of 12C in the He exhausted core (the CO
core) scales inversely with the 12C(oz,y)]60 cross section. It
also should be remembered that the amount of energy pro-
vided by central burning does not depend on the efficiency of
the key nuclear reactions but is fixed by the current mass (ini-
tial, He or CO depending on the evolutionary phase) and that
the amount of energy provided by the two cross sections are
similar, the fact that the 12C(()z,)/)160 reaction consumes just
one a-particle instead of three implies that the lifetime of He
burning scales directly with the 2C(a,y)!%0 cross section.
The fact that the >C(e,)'°O cross section directly influ-
ences He burning (lifetime and path in the HR diagram)
implies that there is a possibility, at least in principle, that
the efficiency of this reaction can be determined by looking
at stars currently burning He in their cores, like the Cepheids:
Iben [56] first, and Brunish and Becker [26] later, discussed
the role of an enhanced 2C(«,y)'°0 cross section on the
properties of intermediate mass stars finding that the higher
the cross section of this process the more extended the blue
loop experienced by stars in the HR diagram, which influ-
ences the expected number of stars in the Cepheid state, as
well as their masses. However, a few years later, Umeda et
al. [114] and Bono et al. [22] obtained the opposite result,
i.e. that an increase of the 12C(oz,)/)160 cross section does
not affect the evolutionary properties of intermediate mass
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Fig. 7 Mass fraction of the '2C abundance left by He burning as a
function of the initial mass for five sets of models. The blue dots rep-
resent our standard case, i.e. all models are computed without any kind
of overshooting in H burning, the Kunz et al. [62] >C(a,y)'°0 cross
section and the induced overshooting in He burning. The green dots
represent models computed as the reference ones but the '2C(a,y)!'°0

stars and consequently of the blue loops. It must be noted,
however, that the occurrence, elongation and duration of blue
loops is still not properly understood, as demonstrated by the
wide range of differing results presented by Renzini [90],
Stancliffe et al. [103] and references therein.

The role of '2C abundance left over by He burning on the
evolution of stars beyond He burning depends on the mass.
We can identify three broad ranges: the low and intermediate
mass plus a fraction of the Super Asymptotic Giant Branch
stars (i.e. stars that leave a CO or a CONe remnant), massive
stars that explode as core collapse supernovae and the very
massive stars close to the Pulsation Pair Instability (PPI) limit
or Pair Instability limit (PI). In all these cases the influence of
the '2C(a,y)'90 reaction on the evolutionary properties of
stars is indirect, in the sense that their evolution is controlled
by the amount of '>C left behind by He burning that, in turn,
is determined by the interplay of several phenomena, none of
them being well known, including the '>C(«,y)'¢O reaction.

In order to directly connect the amount of C left by
He burning to the 12C((x,y)160 cross section it would be
necessary to establish a one to one relation between the
2C(a,y)'°0 cross section and the C left by He burning.
Unfortunately such a relation does not exist. As an exam-
ple, Fig.7 shows the amount of C left over by He burning
for stars between 2 and 12 Mg, and four different treatments
of the convection (blue, red, cyan and magenta dots) plus a
set of models computed by adopting the upper limit of the
12C(oz,y)lf’O cross section provided by Kunz et al. [62].

Before discussing Fig. 7, it is important to emphasize that
the extension of the convective core during He burning is

cross section is now the upper limit proposed by Kunz et al. [62]. The
red dots represent models computed as the reference ones but without
inhibiting the BPs. The cyan dots represent models computed as the
reference ones but adopting 0.5 Hp of overshooting in central H burn-
ing. The magenta dots are models computed by summing up both the
overshooting in central H burning and the BPs in He burning

particularly complex, owing to the strong dependence of the
opacity on its chemical composition. The adoption of simply
the Schwarzchild criterion leads to an nonphysical disconti-
nuity in the radiative gradient at the border of the convective
core that is avoided by including what Castellani et al. [28]
called induced overshooting. Towards the end of He burning,
when the central He abundance drops below approximately
0.1, the ingestion of even a modest amount of additional He
in the core leads to what Caputo et al. [27] called Breathing
Pulses (BP), i.e. the sudden growth of the convective core
that again raises the central He abundance by up to a factor
of 0.2—0.4 by mass fraction (sometimes even more). See, for
example, the papers by Castellani et al. [28], Caputo et al.
[27] and Imbriani et al. [57], who discuss in great detail all
the phenomena briefly sketched above.

The real extension of the convective core in general, but
also more specifically the existence or not of the instabilities
(the BPs) that occur towards the end of He burning, are highly
questionable because, as is well known, the treatment of con-
vection in classical 1D models is far from robust and must
be guided by the comparison between models and observa-
tional data to fix the proper size of the convective regions. For
this reason, Caputo et al. [27] proposed a method called the
“Red Giant Branch Clock™ to determine the extension of the
mixing in central He burning by analyzing the distribution of
stars in well observed Galactic Globular Clusters. A similar
approach was followed by Constantino et al. [34] and Con-
stantino et al. [35], who concluded that the BP do not occur
in nature. However, we notice that in these two papers the
scheme they adopt for the mixing actually allows several BPs
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to occur even if they are partly inhibited by means of a free
parameter. Hence we think that, at least at present, it is still
unclear which is the real extension and temporal evolution
of the convective core in central He burning.

Coming back to the models shown in Fig.7, the blue dots
represent our standard case, i.e. all models are computed
without any kind of overshooting in H burning, the Kunz et al.
[62] 2C(a,y)'°0 cross section and the induced overshooting
in He burning. The green dots represent models computed
as the reference ones but with the upper limit of Kunz et
al. [62]’s 12C(oc,)/)IGO cross section. The red dots represent
models computed as the reference ones but without inhibiting
the BPs: it is quite evident that the extramixing triggered by
the BPs towards the end of the He burning reduces the final
C abundance more than the upper limit provided by Kunz
et al. [62]. The cyan dots represent models computed as the
reference ones but 0.5 Hp of overshooting has been taken into
account in central H burning: in this case the situation is non
monotonic in the sense that in a few cases the overshooting
alters the final outcome of C at central He exhaustion more
than a variation of the '>C(a,y)'®0 rate up to its upper limit,
while in other cases the final C abundance is not affected by
the overshooting. The magenta dots are models computed by
summing up both the overshooting in central H burning and
the BPs in He burning. The result is that these models do not
differ significantly from those obtained by including the BPs
but not the overshooting in H.

Fortunately stars more massive than 12 Mg, or so do not
suffer from the possible presence of BPs because their depen-
dence on the opacity of the chemical composition reduces
as the He burning temperature increases. There is however
another phenomenon that may significantly affect the final
chemical composition of the core He burning, and this is
rotation. Figure 19 in Limongi and Chieffi [65] shows the
dramatic impact rotation has on the final C abundance at the
end of He burning in massive stars. Note that we do not have
rotating models of low and intermediate mass stars but it is
very probable that in that mass range rotation may signifi-
cantly affect the final amount of C.

Imbriani et al. [57] discusses, in great detail, the role
played by the ">C(a,)'°O reaction in contributing to the
final abundance of '2C at central He exhaustion over a mass
range that covers all masses between 0.8 M and 25 Mg also
addressing the role of the 2C(«r,y)'00 reaction on the final
explosive yields obtained for 25 Mg, stellar models.

Further, both the thermal and mechanical instabilities may
only reduce the amount of C left by He burning, simulating
therefore a C(a SV )10 rate more efficient than that assumed
by the recommended one. This means that, if the comparison
between models and observational data would lead to a deter-
mination of the C abundance higher than the one obtained
by adopting the reference rate, with no overshooting and no
rotation induced instabilities, this would really imply a quite
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strong correlation between the '>C(a,)'°O cross section and
final abundance of C. Note however that mass loss should not
be so strong that it would reduce the mass size of the He core
in He burning because such an occurrence would push in the
opposite direction, i.e. towards a higher final C abundance.

Keeping in mind the general warning about the (lack of)
robustness between the 12C(()z,)/)160 cross section and the
amount of C left by He burning, we discuss briefly the role of
C in stars that do not experience any further burning beyond
He but leave a remnant. According to the chemical compo-
sition of the degenerate core, White Dwarfs (WD) may be
grouped basically in three main categories: the WDco, i.e.
the ones mainly formed of C and O, the WDcone, i.e. those
made mainly of C, O and Ne, and the WDgne that are those
mainly composed of O and Ne. The lifetime of a WD in the
cooling sequence is sensative to the amount of C present in the
electron degenerate core. Salaris et al. [94], by computing the
cooling sequence of a 0.61 My WD, found that its lifetime
scales inversely with the rate of the >C(a,y)'®0O reaction,
i.e. directly with the amount of '>C present in the CO core.
Straniero et al. [104] studied the variable WD GD 358 find-
ing that it must have a quite low C/O ratio but they could
not provide any constraint on the '>C(a,y)'00 cross section
because of the competing influence of mixing (and of the
BPs, Castellani et al. [28] and Imbriani et al. [57]) in control-
ling the final abundance of I2C. Fields et al. [45] studied the
evolution of a 3 Mg, star by varying the cross section using
a Monte Carlo technique within their range of uncertainty
finding that the '>C(a,)'O cross section is one of the pro-
cesses that most contributes to the properties of this star at
the beginning of the Thermally Pulsing phase.

Another possibility for determining the amount of C
present in the core of WDs comes from astroseismology (see,
e.g., Metcalfe et al. [70], Fontaine and Brassard [46], Met-
calfe [71], Bischoff-Kim [17]). In fact, the analyses of the
frequencies of oscillations observed in a number of WDs
allows for the determination of the amount of C present in
the CO core as well as the location of the C bump that forms
just outside the border of the convective core at the begin-
ning of the Early Asymptotic Giant Branch phase (see the
next section). It must also be remembered that a fraction of
these WD are probably the nursery of Type Ia Supernovae
and thus also in this case the amount of '2C left by He burn-
ing plays a role in determining the properties of the shock
wave in its passage towards the surface.

In the range of the massive stars, the amount of 120 1eft by
He burning is crucial in controlling all the advanced burning
phases of a massive star because it is the fuel that feeds the C
burning (core and shell burning) and therefore determines the
number, extension and duration of the C convective zones that
develop prior to the final collapse. Chieffi and Limongi [32]
have shown, on a very fine mass grid extending between 12
and 28 M how the complex sequence of convective C shell
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Table 2 Comparison of

) . ) 2C(a, )90 rate Mass loss Overshooting 0 200 km/s 400 km/s
simulations of a rotating pure
: 12 16
He star using the ““C(«, y) "0 [62]x0.8 [79] 0.5 Hp 0.206 0.202 0.192
reaction rate of Kunz et al. [62]
and the mass loss formalism of [62] [79] 0.5 Hp 0.148 0.144 0.136
Nugis and Lamers [79] [62]x1.2 [79] 0.5 Hp 0.103 0.100 0.093
[62] [79] - 0.149 - -
[62] - - 0.093 - -
[62] - 0.5 Hp 0.097 - -

burning influences the final compactness of a star and hence
its capability to explode or implode. An analogous analysis
was performed by Sukhbold et al. [105] even if their results
showed a wide random scatter on very small mass intervals.
The final structure of a star at the onset of the core collapse,
sculpted by the C core and shell burning, fixes the position
and extension of the last C convective shell, therefore also
controlling the yields of the elements mainly produced by C
burning (i.e. Ne, Na, Mg, Al). It should also be remembered
that Ne burning is largely affected by the '>C left by He
burning because C burning leaves an amount of Ne which is
comparable to that of C (in mass fraction). Hence the lower
the amount of C available for the advanced burning, the lower
the amount of Ne, so that the nuclei produced by explosive
Ne burning are clearly affected by the amount of C available.
Since the 12C(oc,)/)lf’O cross section influences the amount
of C left by He burning, several authors have tried to fix the
correct rate of this process by requiring that the yields of the
intermediate mass nuclei provided by a generation of massive
stars of solar metallicity preserve, as close as possible, the
relative solar proportions, see e.g. Tur et al. [111], Tur et al.
[112], Weaver and Woosley [116] and West et al. [118]. Tt is
also worth noting that the yields of the y-ray emitters °Al,
®Fe and **Ti are affected by the amount of C left by He
burning, see Tur et al. [113].

In recent years the idea has been proposed Brown et al.
[23], Farmer et al. [41,42], Mehta et al. [69], Takahashi [106]
and Renzo and Smith [91] that the '2C(«,y)'°0 cross section
could be reasonably well fixed by requiring that the theoret-
ical lower limit of the stars that enter the PI region fits the
lower limit of the expected gap in the BH mass distribution
observed by the GW antennas of the Ligo/Virgo collabora-
tion. By way of this gap, the softening of the EOS caused
by the high equilibrium abundance of eTe™ pairs that force
the adiabatic index I'; to drop below 4/3 in a consistent frac-
tion of the core is determined, an occurrence that leads to an
early explosion that does not leave any remnant. Also, in this
case the reliability of this approach depends on the solidity
of the relation between the '2C(a,)'°O cross section and
the amount of C left over by He burning.

Obviously, we cannot present here an extended set of mod-
els but we want to show, as an example, how the C left by the

He burning in a pure He star of 60Mg (solar composition)
changes by including some angular momentum and/or some
overshooting. It should be carefully noted that the effects
of rotation on a pure He star are completely different from
those that would occur in the presence of a H rich envelope.
The reason for this is the lack of entanglement between the
convective core and the base of the H burning shell estab-
lished by the rotation induced instabilities whose main effect
is to convert part of the freshly produced '>C into '“N, see
e.g. Chieffi and Limongi [31], Limongi and Chieffi [65] and
Roberti et al. [92].

Table 2 summarizes some key information from these
tests. The basic model is the one shown in the second row of
the table: it has been computed assuming the Schwarzchild
criterion fixes the border of the convective core plus an over-
shooting of 0.5 Hp, the adopted mass loss rate is the one pro-
vided by Nugis and Lamers [79], and the 12C(o;,y)léO Cross
section is again the one provided by Kunz et al. [62]. Rota-
tion is included as described by Chieffi and Limongi [31] and
Limongi and Chieffi [65]. The second row in Table 2 shows
that in the non-rotating case, the mass fraction of C left by
He burning amounts to X¢ = 0.148. According to Kunz et
al. [62], an upper and lower limit that bracket the possible
range of values for this cross section may be obtained by
multiplying the reference rate by 1.2 and 0.8, respectively.
The results for the non rotating models are shown in the first
and third row of Table 2. These models show a variation of
a factor of two in the C abundance between the lower and
upper limits. The inclusion of a moderate amount of rotation
shows that the influence of rotation (at least for this specific
case) does not significantly modify the amount of C left by
He burning. Also the overshooting does not play a relevant
role (comparison between the second and the fourth row)
and this is easily understandable because an overshooting of
0.5 Hp adds =1 Mg to a convective core of 50 Mg, i.e. a
very modest increase in the size of the convective core pro-
vided by the Schwarzchild criterion. Also, the modest effect
of rotation can be understood by considering that the region
above the convective core amounts to less than 10 M and
hence the mechanical instabilities meridional circulation and
shear do not have much room to operate. The same result is
visible by comparing the fifth and sixth rows (both computed
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Fig. 8 Left: The 12C(a, y)160 reaction rate ratios, o; /0y, as a func-
tion of temperature. Here, o; spans —3.0 to +3.0 in 0.5 step increments,
with oy being the nominal rate of deBoer et al. [36]. Negative o; are
gray curves and positive o; are green curves with the £1,2,3 o; curves
labeled. The blue band shows the range of temperatures encountered
during core and shell He burning. Right: Mass fraction profiles of the
evolutionary white dwarf models resulting from the '2C(a, )00 reac-

without mass loss) computed respectively with and without
overshooting. Actually the major influence on the amount of
C left by He burning comes from mass loss. A comparison
between the second and the sixth rows shows that mass loss
(in this case the NL one) may significantly affect the final
value of C after central He exhaustion. The reason is that the
central temperature and density depend on the current value
of the He core mass and hence they readjust continuously as
the He core mass changes. Of course it also matters when
the mass loss occurs: if it was caused by a binary interaction
it may occur at any stage during He burning. Its effect will
therefore depend on the specific mass loss rate and on the
specific moment of the central He burning phase in which it
activates. Therefore, even if the central He burning of the very
massive stars is not affected much by (a moderate amount
of) rotation or overshooting, mass loss (that is still one of the
major uncertainties in the modeling of the stars in general) or
mass transfer in a binary system, may alter the final outcome
of C.

The discussion above has shown that it is presently possi-
ble to derive valuable information about the amount of C left
by He burning in a quite large number of cases spread over a
very wide mass range. However, the successive step of link-
ing the amount of C to the cross section of the '>C(a,y)'°0
reaction must be performed with great caution. In general it
would be useful to provide the amount of C left by He burn-
ing that comes out of the comparison between models and
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tion rate uncertainties o; after each model has cooled to a photosphere
temperature of 11,500 K. The nominal o =0 reaction rate is represented
by the black curve, negative o; are gray curves and positive o; are green
curves. Solid curves are for 12C and 00, dashed curves are for 'H and
4He. The trace isotopes 14N, 20.22Ne, and 5°Fe are also labeled as are
key regions and transitions. Figure adapted from Chidester et al. [29]

observational data first and then provide an estimate of the
12C(oe,y)]60 cross section associated with that C abundance.

4.2 Variable white dwarfs

Variable carbon-oxygen white dwarfs offer a potential signa-
ture of the current experimental 120 (q, y)160 reaction rate
probability distribution function through their observed pul-
sation periods [29,30]. Adiabatic gravity-modes trapped by
the interior carbon-rich layer offer potentially useful signa-
tures because they form during the evolution of low-mass
stars under radiative helium burning conditions, mitigating
the impact of convective mixing processes. Figure 8 indicates
the average spread in relative period shiftsof AP/ P ~ +2%
for the identified trapped g-modes over the &= 3¢ uncertainty
in the >C(a, ¥)'°O reaction rate probability distribution
function [29,30] across the effective temperature range of
observed variable white dwarfs and for different white dwarf
masses, He shell masses, and H shell masses. The g-mode
pulsation periods of observed white dwarfs are typically
given to 67 significant figures of precision. This suggests
that an astrophysical constraint on the >C(a, y)'°0 reac-
tion rate could, in principle, be extractable from the period
spectrum of observed variable white dwarfs.
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Fig. 9 The blue, green, red and violet colors in the background mark
the regions where the electron degeneracy, the ideal gas, the radiation
and a combination of radiation and e™e™ pairs, respectively, dominate
while the black area marks the unstable region where all three adia-
batic exponents, I", drop below 4/3. The solid, dotted and dashed white
lines show part of the evolutionary path of the center of a 40, 60 and
80 Mg star, respectively

4.3 Massive stars

The 2C(x,y)'%0 reaction also plays a crucial role in the
understanding of the black hole mass gap expected in the
range of masses that enter the (pulsational) pair instability
region. Several papers have been devoted to a careful anal-
ysis of the physical phenomena that are triggered when a
fraction of a star enters the unstable region where the forma-
tion of a large number of e Te ™ pairs absorb the energy gained
by the gravitational contraction preventing the growth of a
pressure gradient able to counterbalance the contraction. We
refer the reader to the papers by Refs. [13,41,42,101,120],
who addressed, in great detail, the physical conditions under
which a star becomes unstable and the role played by the
12C(a,y)'®0 reaction in this respect. Here we provide a brief
review of the role of this nuclear cross section in determining
the minimum mass that enters the pulsational pair instability
region.

Let us look at Figs.9, 10 and 11: all of them show in the
background the regions of the Log(T)-Log(p) plane where
the electron degeneracy (blue area), the ideal gas (green area),
radiation (red area) and a combination of radiation and ete™
pairs (violet) dominate. The black area marks the unstable
region where all three adiabatic exponents, I, drop below 4/3.
If a large fraction of the interior of a star enters the unstable
region marked in black, the core begins to oscillate and such
oscillations may either lead to the ejection of part of the
mantle or to an explosion that does not leave any remnant. The
three figures also show a few lines that indicate the value of
the entropy in units of Boltzmann constant and per nucleon.

2 3 4 5 6 7
Log p(gr/cm?®)

Fig. 10 As Fig.9, but the solid, dotted and dashed white lines indicate
part of the evolutionary path of the center of a 40 Mgstar: the solid line
refers to the reference 40 M, star, while the dotted and dashed lines
refer to models computed by doubling and halving the '2C(a,y)'°0
reaction rate, respectively

2 3 4 5 6 7
Log p(gr/cm?®)

Fig. 11 As Fig.9, but the solid, dotted and dashed white lines show
part of the inner structure of a 40 Mg star at the onset of O burning:
the solid line refers to the reference 40 M, star while the dotted and
dashed lines refer to models computed by doubling and halving the
12C(a,)'00 reaction rate, respectively

Let us start with a review of a few well know basic proper-
ties of the evolution of massive stars. The more massive a star,
the lower the density at each fixed temperature and hence the
higher the entropy. Figure 9 shows the well known path of a
massive star in the Log(T.)-Log(p.) plane: the white solid,
dotted and dashed lines refer, respectively, to three pure He
cores of 40, 60 and 80 M. Note that each model bends
towards lower entropy values as it climbs towards higher
temperatures and that such a bending is more pronounces in
less massive stars. The reason for this is that the amount of
C left by the He burning scales inversely with the He core
and the smaller the amount of C at central He exhaustion, the
faster the the C burning shell advances, the faster the contrac-
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tion of the core and hence the smaller the amount of entropy
lost by the neutrinos.

Figure 10 shows, vice versa, the evolution of three 40 Mg,
stars in the Log(T¢)-Log(p.) plane: the solid line refers to
the model computed by adopting the Kunz et al. [61] rate,
while the dotted and dashed ones were computed by multi-
plying and dividing the rate by a factor of two, respectively.
Figure 10 clearly shows that the lower the rate the lower the
central entropy. The reason for this is that, the lower the rate,
the larger the amount of C left by He burning, the slower the
advancing of the C burning shell and hence the larger the
entropy carried away by the neutrinos. So it is clear why the
larger the IZC((X,)/)mO reaction rate, the closer the core of a
massive star is to the instability region.

However, the path of a star in the Log(T.)-Log(o.) plane
is not the most clever way to understand if a portion of a star
significantly enters the unstable region. To really appreciate
this, it is necessary to look at Fig. 11. This figure shows not
the temporal evolution of the central temperature and density
but, instead, the structural relation between temperature and
density within the core of the 40 Mg, star at the beginning of
O burning. The solid line indicates the reference case while
the dotted and dashed lines those where the higher and lower
2C(ar,)'0 reaction rates are used. It is evident that the
model computed with the highest rate is the one that pene-
trates more effectively into the unstable region while the one
computed with the lowest. This result therefore shows very
clearly why and how this nuclear cross section may affect the
minimum mass that enters in the Pulsational Pair Instability
regime.

Even if this is true in principle, however, we want to note
that an increase of the '2C(«,y)!°0 reaction rate has a much
smaller effect than a reduction of this nuclear cross section:
the reason is that the amount of C left by He burning in the
reference case is already very low (less than 0.1 by mass
fraction) and hence an additional reduction does not change
the evolution of the core tremendously. Vice versa, a lower
nuclear cross section has room to significantly increase the
amount of C left by He burning, and thus has a larger impact
on the evolution of a star. As a last comment on this topic we
remind the reader that the '2C(a,))'°O cross section is not
the only critical quantity responsible of the final amount of
12C at central He exhaustion; other equally important actors
include the instabilities, both thermal and mechanical (i.e.
standard convection and rotation).

As discussed in Sects. 2 and 3, there are still significant
uncertainties associated with the 12C(oc,y)lf’O reaction rate
that directly effect impact the uncertainty on the size of the
black hole mass gap. For instance, Shen et al. [100,101] mea-
sured the asymptotic normalization coefficient (ANC) for the
160 ground state (GS) using the 12c(1B,7Li)'00 transfer
reaction. This ANC is believed to significantly impact the
12C(a, )"0 reaction rate by constraining the external cap-
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Fig. 12 Black hole mass as a function of the initial helium core mass
with respect to the '>C(«, y)'00 reaction rate. The blue circles with
the line represent the values obtained using the rates from deBoer et al.
[36], Mehta et al. [69], while the red dots with the line represent those
obtained using the rates given by Shen et al. [100,101]. The boundaries
of the black hole mass gap are presented by the blue dash-dotted lines
and red dotted lines respectively. The right panel shows the masses of the
black hole from the first, second and third Gravitational-Wave Transient
Catalog (GWTC1, GWTC2 and GWTC3) with the restriction that the
median estimated mass of the primary is > 10 M. The uncertainty bars
represent 90% confidence intervals [1-3]

ture to the 1°0 ground state, which in turn affects the high-
energy tail of the 27 subthreshold state. The results indicate
an increase of up to 21% in the total reaction rate compared
to the recommendation of deBoer et al. [36] (see Fig. 5). This
change leads to a decrease of approximately 12% at the lower
edge and 5% at the upper edge of the predicted boundaries
for the black hole mass gap as shown in Fig. 12.

5 Future prospects and experimental directions

In recent years, new direct measurements to lower energy
have reached something of a road block, unable to push
below 1 MeV center of mass energy. For this reason, few
new measurements have been made in recent years, yet sev-
eral new paths of investigation are being considered. Most
straightforward, yet still extremely difficult, are new mea-
surements with high-intensity accelerators at underground
laboratories. While beam induced background remains one
of the primary hindrances, these low background environ-
ment laboratories still may provide a better environment for
measurements, coupled with the infrastructure and targetry
techniques for high beam intensity measurements. Plans,
and even first measurements, are currently underway at the
Jinping Underground Laboratory for Nuclear Astrophysics
(JUNA) [66,115], Dresden Felsenkeller [15], and the Lab-
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oratory for Underground Nuclear Astrophysics - Mega Volt
(LUNA-MV) [43,87] facilities [6].

Some of the most impactful measurements in recent years
were made using recoil separators [68,97,98]. In particular,
through y-ray coincidence, they have been able to pick out
individual transitions with unsurpassed levels of precision.
New measurements are also underway at the European Recoil
Separator for Nuclear Astrophysics (ERNA), with the goal of
expanding previous measurements over an even wider range
of energies [6].

Other more indirect methods are also under consideration.
Measurements of the inverse reaction, 16O()/, oc)12C have
been made at HlyS (High Intensity y-Ray Source) [102]
and further measurements are planned both at HIy' S and ELI-
NP [6]. Frisci¢ et al. [47], Holt and Filippone [53] and Holt et
al. [54] have all performed calculations to estimate the sen-
sitivity that such measurements could reach and the impact
that they could have on better determining the low energy
S-factor.

On the observational side, LIGO continues to rapidly
accumulate new measurements of black hole mergers,
steadily decreasing the uncertainty on the size of the pair
instability black hole mass gap. At the same time, ever
increasing computational capability brings 3D stellar simula-
tion with in closer reach. While astrophysical model uncer-
tainties still don’t provide definitive methods for deducing
the '2C(a, y)'90 reaction rate, this idea becomes closer to
reality every day.
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