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Abstract

Presolar graphite grains carry the isotopic signatures of their parent stars. A significant fraction of presolar
graphites show isotopic abundance anomalies relative to solar for elements such as O, Si, Mg, and Ca, which are
compatible with nucleosynthesis in core-collapse supernovae (CCSNe). Therefore, they must have condensed
from CCSN ejecta before the formation of the Sun. Their most puzzling abundance signature is the **Ne-enriched
component Ne-E(L), interpreted as the effect of the radioactive decay of ?*Na (T1/2=2.6 yr). Previous works
have shown that if H is ingested into the He shell and not fully destroyed before the explosion, the CCSN shock in
the He- shell materral produces large amounts of **Na. Here we focus on such CCSN models, showrn a
radioactive 2°Al production co 2patlble with grain measurements, and analyze the conditions of *’Na
nucleosynthesrs In these models Na is mostly made i in the He shell, with a total ejected mass varying between
2.6 x107* M, and 1.9 x 10°° M. We show that such **Na may already impact the CCSN light curve 500 days
after the explosron and at later stages it can be the main source powering the CCSN light curve for up to a few
years before **Ti decay becomes dominant. Based on the CCSN yields above, the 1274.53 keV ~-ray flux due to

Na decay could be observable for years, after the first CCSN light is detected, depending on the distance. This
makes CCSNe possible sites to detect a **Na ~-ray signature consistently Wrth the Ne-E(L) component found in
presolar graphites. Finally, we discuss the potential contribution from **Na decay to the Galactic positron
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annihilation rate.

Unified Astronomy Thesaurus concepts: Core-collapse supernovae (304); Supernovae (1668)

1. Introduction

The radioactive isotope *Na (T1)2=2.6 yr) can be made by
proton-capture reactions and the 5" decay of Mg in different
stellar environments, such as classical novae (e.g., J. José &
M. Hernanz 1998) and core-collapse supernovae (CCSNe, e.g.,
S. E. Woosley & T. A. Weaver 1995). **Na decays to the
stable isotope **Ne relatively shortly after its production, with
its half-life orders of magnitude smaller than typical stellar and
astronomical timescales.

However, the 22Na produced at the time of the ejection, and
now decayed, is measurable today thanks to meteoritic stardust

8 NuGrid Collaboration, http:/ /nugridstars.org.

Original content from this work may be used under the terms
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analysis. D. C. Black & R. O. Pepin (1969) first observed the
so-called Ne-E(L) component in carbonaceous meteorites,
which is characterized by an extremely high **Ne enrichment
relative to the solar abundance. This was later identified as
being carried by presolar graphite grains (S. Amari et al.
1990). Instead, much smaller or negligible 51gnatures were
detected for the other two Ne stable isotopes °Ne and *'Ne."”
Since D. D. Clayton (1975), the commonly accepted explana-
tion of the **Ne-rich Ne-E(L) component is that the observed
*2Ne condensed in grains as *’Na. Being a noble gas, the
original stellar Ne could not condense in dust, and any
component directly implanted in the formed grains seems to be
extremely small. Therefore the ’Ne excess derives from the
condensation of *Na into the grains. As a confirmation of this

® The most abundant Ne stable isotope in nature is 2°Ne, with the solar Ne
composition being 90.48%, 0.27%, and 9.25% for *°Ne, *'Ne, and **Ne,
respectively (https://www.nndc.bnl.gov/nudat3/).
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scenario, P. R. Heck et al. (2018) analyzed low-density
graphite grains from the Orgueil (CI1) meteorite finding that
(**Na-) **Ne-rich grains are quite common: six out of seven
grains on one mount are “*Ne-rich and five of them carry an
1sot0p1(: 51%nature compat1ble with a CCSN origin (the
remaining ~“Ne-rich grain, 8m-13, was proposed to be formed
instead by a low-mass, low-metallicity asymptotic giant
branch star). If “Ne would be implanted, other Ne isotopes,

2ONe and *'Ne, should also have been implanted. In Murchison
low-density grains, only *Ne was detected (R. H. J. Nichols
et al. 1994). Of the five **Ne-rich Orgueil low- den51ty grains
from CCSNe mentioned above, only one grain contained
measurable >'Ne (P. R. Heck et al. 2018). For this 2glram with
2INe, it was estimated that the nucleosynthetlc “Ne (ie.,
implanted **Ne) would be 0.5% of the total **Ne in the grain.
Therefore, even in this ]:z)ecuhar case, the majority of the *Ne
measured is still from **Na.

Multiple isotopic anomalies measured in single graphites
indicate that a significant fraction of them condensed from
CCSN ejecta (e.g., C. Travaglio et al. 1999). Among others,
the measured range of C isotopic ratio and excesses in '°N,
26A1, 28Si, and **Ti are all signatures shared with presolar SiC
grains of type X, also made in CCSN ejecta (E. Zinner 2014;
L. R. Nittler & F. Ciesla 2016; A. Boujibar et al. 2021; N. Liu
et al. 2024b, and references therein). However, the 22Ne-rich
Ne-E(L) component is still not quantitatively explained by
CCSN simulations.

S. Amari (2009) discussed the possibility to reproduce the
measured upper limit of 0.01 for *’Ne / *2Ne in single graphites
(R. H. Nichols et al. 1992), using predictions from CCSN
models by T. Rauscher et al. (2002) and A. Chieffi &
M. Limongi (2004). Even the lowest 2ONe / 2Ne ratio in
CCSNe found in the He—-C zone was almost an order of
magnitude higher than the upper limit of 0.01 (0.096 and 0.088
from T. Rauscher et al. 2002; A. Chieffi & M. Limongi 2004,
respectively) and no ejecta matched the observed Ne isotope
ratios. Therefore, S. Amari (2009) confirmed that Ne-E(L) was
not generated by Ne isotopes directly implanted in dust,
supporting the **Na radiogenic origin. The former O-rich C
shell (or the O—Ne zone; B. S. Meyer et al. 1995) is the most
*2Na-rich part of typical CCSN ejecta, but it only carries a
small *Na abundance of a few parts per million by mass.
S. Amari (2009) tentatively proposed that the *’Na needed to
explain the Ne-E(L) component was produced in the O-Ne
zone, but a quantitative solution is still problematic. This is
because it is extremely unlikely to form large C-rich dust in
O-rich environments (e.g., D. S. Ebel & L. Grossman 2001)
and C-rich grains with typical CCSN signatures are not
generally consistent with abundances from O-rich material
(Y. Lin et al. 2010). More recently, A. Sieverding et al. (2018)
reconsidered the additional production of *Na by neutrino
spallation in the more external (and less O-rich) O-C zone,
mostly via the *’Ne(ve, e )**Na reaction, locally increasing the
*2Na for some of the models up to a few x 107® in mass
fraction. While such quantities would be compatible with the
typical “*Na abundances in the O-Ne zone and they would not
significantly change the total *’Na yields ejected by the CCSN
explosion, A. Sieverding et al. (2018) concluded that the much
smaller O/C ratio found in the O-C zone compared to deeper
regions could allow to form C-rich mixtures between the O-C
zone and the C-rich and 22Na—poor external He-C zone,
without overly diluting **Na. In any case, all these models
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predict local peak *Na abundances of up to a few x 107° in
mass fraction.

M. Pignatari et al. (2015) presented new CCSN models that
experienced late H ingestion into the He shell shortly before
the CCSN explosion, with the CCSN shock still finding traces
of H in these He-rich and C-rich regions. The resulting
nucleosynthesis is characterized by strong excesses in '°N and
2°Al, with C isotopic ratios varying by orders of magnitudes in
different C-rich local mixtures of CCSN material. Achieve-
ments and challenges in reproducing presolar grain signatures
are highlighted by several works where this first generation of
CCSN models affected by H ingestion are adopted (e.g.,
N. Liu et al. 2016, 2017, 2018, 2024a; P. Hoppe et al.
2019, 2024, 2023; J. Schofield et al. 2022). M. Pignatari et al.
(2015) also identified a local production of %2Na in the He-
shell layers of these models up to 10% in mass fraction during
the explosion, exceeding by orders of magnitudes any other
known nucleosynthesis pathway to make this isotope in
CCSNe. Besides mentioning the potential relevance for
graphites, however, the impact of such a production on CCSN
light curves and observations has not been fully explored

A well-known signature of **Na decay is the y-ray emission
at 1274.53 keV (e.g., R. Diehl & F. X. Timmes 1998).
A. F. Iyudin (2010) reported a possible COMPTEL detection at
40 confidence level of the *?Na ~-ray line from
Nova Cassiopeia 1995, with an estimated 22Na abundance of
the order of 10~ M.... Such an observation would be consistent
with stellar theoretical simulations of novae from typical ONe
white dwarfs, where the nova events are activated from H
burning thermal runaway on top of the white dwarf of material
accreted from a close by stellar companion (e.g., J. Jos¢ &
M. Hernanz 1998; P. A. Denissenkov et al. 2014; S. Starrfield
et al. 2016; R. Diehl et al. 2022; S.-C. Leung & T. Siegert
2022). However, different from typical rapid and more
massive ONeMg novae, Nova Cassiopeia 1995 had very slow-
expanding ejecta and low progenitor mass (M~ 0.6 M),
making its origin still unclear (L. Takeda et al. 2018).
V1405 Cas is another more recent example of slow and low-
mass Ne nova (U. Munari & P. Valisa 2022; K. Taguchi et al.
2023). M. M. Shara (1994) and M. M. Shara & D. Prialnik
(1994) predicted that white dwarfs smaller than typical ONeMg
novae with varying mass accretion stages could have generated
slow-ejecting novae (like, e. 2 Nova Cassiopeia 1995), provid-
ing ideal candidates for ““Na detection. However, limited
simulations are available exploring these regimes (e.g., P. Gil-
-Pons et al. 2003). For other novae in the literature, only upper
limits are available for y-ray emission from **Na decay (e.g.,
T. Siegert et al. 2021).

The detection of *’Na ~-ray emission has never been
reported (or expected) from CCSNe. In fact, for typical CCSN
models without H ingestion, the predicted emission is orders or
magnitude lower than COMPTEL’s or INTEGRAL’s detec-
tion limits (A. Sieverding et al. 2018, and references therein).

The decay of radioactive nuclei produced by the explosion
is a fundamental source powering the late-time bolometric
light curves of CCSNe. S. E. Woosley et al. (1989) studied the
evolution of the SN 1987A light curve considering the
contrlbutlon of >Co (T 3= =77 days), S7Co (T, 2 =272 days),

T1 (T1 2 =60 yr), and ° Na However, with a typical CCSN

%2Na yield of a few x 107° M., its contribution to the light
curve was found to be marginal or negligible at any time.
F. X. Timmes et al. (1996) found a similar result for
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SN 1987A, where the contribution from the decay of ®°Co
(T1/2=5.3 yr) was also taken into account in addition to the
radioactive sources mentioned above. Therefore, more recent
works do not even consider **Na as a relevant source powering
the CCSN light curve (e.g., I. R. Seitenzahl et al. 2014), and
the analysis by A. Sieverding et al. (2018) agrees with such an
approach. In this work we will show that CCSN models
carrying the **Na-rich signature of H ingestion challenge those
conclusions, and 22Na may also be relevant for the late-time
CCSN light curve.

1.1. How Much **Na is Required to Make the Ne-E(L)
Component?

An open question is what would be the *Na amount
required in the parent CCSN ejecta to explain the existence of
the Ne-E(L) component in graphites, and this is indeed a
difficult issue for which we can only derive some general
indications. The most **Ne-rich graphites known, with a
presumed CCSN origin, are the Murchison grain KFB1-161
with about 1.7 x 102 cm® STP g '** (R. H. Nichols et al.
1992) and the Orgueil grain OR1d-8m-7 with 1.9 x 10~ cm®
STP g*1 (P. R. Heck et al. 2018). Therefore, we could consider
a maximum Ne-E(L) concentration of 2.0 x 1072 ¢cm® STP g_]
as a reference. For graphites, this concentration would
correspond to an atomic **Na/'*C ratio of 1.1 x 107>, where
we considered that the molar volume of an ideal gas is 22,400
cm?® STP mol_l, and that there are 5.02 x 1072 atoms in 1 g of
12C. The ?Na condensation time in dust (given that **Na is
short-lived) and the fractionation factor of C/Na during
condensation should also then be taken into account, and both
quantities are difficult to estimate.

Regarding the condensation time, for SiC-X grains U. Ott
et al. (2019) estimated a timescale of 20 yr, which is 7-8 times
the half-life of *Na. If we assume that graphites would have a
comparable condensation time in CCSN ejecta, the **Na
abundance in the C-rich mixture where the grains condensed
from would have been at least 128 times higher than that
measured in grains KFB1-161 and OR1d-8m-7 at the time of
the CCSN explosion, i.e., 22Na/IZCNO.OOI. There are no
estimates available to date for the C/Na fractionation factor in
graphites, but we may expect it to be at least much larger than
unity since graphite condenses at high temperatures (e.g.,
K. Lodders & B. Fegley 1995). Indeed, graphite grains tend
to condense at about 1600-2000 K, where the exact
temperatures depend on the pressure and gas compositions
(e.g., T. J. Bernatowicz et al. 1996). Na in particular is a
volatile element, and it would start to condense at much lower
temperatures, while graphite grains already started to form.
Thus, we could reasonably expect that not all Na in the gas
would condense into graphite grains, but that the amount of
*?Na that effectively condensed in graphite grains would be
instead much lower than that in the gas of the original
composition. At the moment, it is unknown how much Na in
the original gas would condense into graphite grains. To give
an idea about how these factors would change significantly for
different elements, for presolar SiC condensation we derived
an N/C fractionation of a factor of 50 (P. Hoppe et al. 2018)
and an S/Si fractionation of a factor of 10* (M. Pignatari et al.
2013b).

20 Units for volume in gaseous form per gram at standard temperature and
pressure.
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Based on these considerations, we may use
*Na/'?C~0.001 as a lower limit for the initial CCSN
material mixture from which KFB1-161 and OR1d-8m-7
condensed (i.e., using the unrealistically low C/Na fractiona-
tion of one). In the C-rich He-C zone ejecta, the '*C
abundance typically varies between a few up to 20%-30% in
the deepest parts of the former He shell (e.g., J. den Hartogh
et al. 2022) and in the C—Si zone (M. Pignatari et al. 2013a).
Therefore, using a '2C abundance of 10% as representative of
the C-rich CCSN mixture from where C-rich grains would
condense, a 22Na/ 12C ~ 0.001 would correspond to a 22Na
average abundance of ~(0.0001. This concentration is at least 2
orders of magnitude higher than the typical **Na abundances
of a few parts per million predicted in O-rich CCSN ejecta in
typical CCSN ejecta, even without considering a necessary
dilution with the ??Na-poor C-rich material of the He—C zone.
So, we may conclude that the **Na production in the O-Ne
region or in the O—C zone cannot be responsible for the Ne-E
(L) component. In this work we will instead show that the
amount of **Na made in the He shell of CCSN models with H
ingestion is compatible with the estimates presented here.

This work is organized as follows. Section 2 describes the
stellar models and the code used to obtain the supernova (SN)
light curves. The results are discussed in Sections 3, 4, and 5,
and the conclusions are given in Section 6.

2. The Production of >Na and 2°Al in Stellar Models with
Late H Ingestion

Twelve CCSN models with H ingestion were calculated
from a progenitor with initial mass M =25 M. and initial
metallicity Z=0.02.' The stellar progenitor was calculated
using the GENEC code (P. Eggenberger et al. 2008). Rotation
and magnetic fields were not included (M. Pignatari et al.
2016). The six most energetic models are 25T-H, 25T-HS,
25T-H10, 25T-H20, 25T-H50, and 25T-H500, already intro-
duced by M. Pignatari et al. (2015). The 25T-H model carries
H enrichment in the whole He-rich shell material, obtained in
the 25 M., progenitor (about 1.2% in H M. Pignatari et al.
2015, 2016), while in the other models the H abundance in the
He shell is reduced by a factor of 5, 10, 20, 50, and 500,
respectively. The CCSN explosion of the 25T models is
produced by artificially increasing the temperature and density
peak of the original 25 M., model, to reproduce the explosive
conditions of a 15 M, star in the He-shell layers (M. Pignatari
et al. 2015; J. Schofield et al. 2022). The other six models
considered here (25av-H, 25av-HS5, 25av-H10, 25av-H20,
25av-H50, and 25av-H500) were designed to have peak
temperature and density peaks at the midpoint between the
25T models and the original CCSN 25 M, model (J. Schofield
et al. 2022).

From comparing the amount of “°Al produced and the
*°A1/?’Al ratio found in these models with C-rich presolar
grains from CCSNe, J. Schofield et al. (2022) showed that the
25T-H, 25T-HS5, 25T-H10, 25av-H, 25av-HS5, and 25av-H10
models produce amounts of “°Al compatible with observa-
tions, up to the largest 2°Al / 27 Al ratio measured being larger
than one (P. Hoppe et al. 2024; N. Liu et al. 2024a).

2! The reference solar elemental abundance adopted was N. Grevesse &
A. Noels (1993), but using a more recent solar isotopic distribution by
K. Lodders (2003).
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Figure 1. Top left panel: isotopic abundances (in mass fraction) in the He-shell ejecta of the CCSN models 25T-H and 25T-H10 (thick and thin lines, respectively).
The horizontal red colored band highlights the Na production range compatible with the Ne-E(L) component (see text for details). Top right panel: as the top left
panel, but for 25av-H and 25av-H10 (thick and thin lines, respectively). Bottom left panel: total >’Na yields in solar masses (continuous lines) and from the He-shell
ejecta only (dashed lines) for all the 25T set models with respect to the available amount of hydrogen at the onset of the CCSN explosion in the He shell. For
comparison, the same data are provided for 2°Al and *°Fe. The yields of the models consistent with the Ne-E(L) component are highlighted with large red circles.
The vertical magenta colored area highlights the production variation between the 25T-H and the 25T-H10 models. In this area, the total ’Na yields are always
dominated by the He-shell ejecta. Bottom right panel: as the bottom left panel, but for the 25av set of CCSN models.

The postexplosion abundance profiles of **Na, 2°Al, and *“Fe
from our selected models in the He-shell material are shown in
the upper panels of Figure 1. As discussed by M. Pignatari et al.
(2015), the presence of protons in the He shell at the passage of
the CCSN shock tends to suppress the *Ne(cv, n)*>Mg neutron
source reaction and the following neutron burst, since the
ZNe(p, 7)*’Na reaction has a much higher efficiency. Therefore,
®Fe and other neutron-capture products are not produced in
these conditions. On the contrary, the activation of proton
captures in the explosive He shell allows to make significant
amounts of both **Na and °Al. In particular, in Figure 1 the **Na
abundance peak is between almost 0.1 (25T-H) and about 10>
(25av-H10), in mass fraction, in these CCSN ejecta (the area
between the two **Na abundance curves is highlighted in red).
The corresponding total yields ejected are provided in the lower
panels of the same figure. For the models of set 25T that are
consistent with the highest °Al measurements in presolar grains,
i.e., 25T-H, 25T-HS, and 25T-H10 (J. Schofield et al. 2022), the
total “°Fe yields decrease by up to 2 orders of magnitude
compared to the model with the lowest amount of H available
(25T-H500), *°Al increases by up to an order of magnitude, and
#2Na by more than 3 orders of magnitudes (left panel). For the

25av models (right panel), the most varying isotope is **Na,
where the yield obtained with the 25av-H model is an order of
magnitude larger than 25av-H5 and 25av-H10 (see the red-
shaded area between the two **Na curves in the figure).

Figure 1 shows that the **Na yields are of the order of a
few x 107° M., for 25T-H10, 25av-H10, and 25av-HS5,
comparable to the typical production from CCSN models
without proton ingestion. With respect to previous models
(e.g., T. Rauscher et al. 2002; A. Chieffi & M. Limongi 2004;
A. Sieverding et al. 2018), the main difference is that the **Na
production (with local abundance peaks between a few x 10~
and a few x 10~®) would be directly located in the C-rich He-
shell material. In any case, as discussed in Section 1.1, these
abundances are by orders of magnitude too small to explain the
Ne-E(L) component. Models 25T-H, 25T-HS, and 25av-H
show instead local abundances larger than one part per million
in the He-shell material. In the figure, we indicated a 22Na
reference abundance = (0.001 as a qualitative indicator of the
minimum local production compatible with the Ne-E(L)
component. This would be roughly compatible with the **Na
>0.0001 lower limit derived in Section 1.1, accounting for a
factor of 10 dilution between the most **Na-rich component
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Figure 2. Integrated nucleosynthesis fluxes (log;o([6Y;/6t];), showing the cumulative variation of the abundance Y; = X;/A; due to reaction j) at 47 s after the peak
explosion temperature at mass coordinates 6.855 M, (top left, CCSN shock peak temperature Tpeq = 1.1 GK), 6.908 M, (top right, Teac = 0.8 GK), 7.038 M,
(bottom left, Tpeax = 0.55 GK), and 7.333 M, (bottom right, Tjecax = 0.33 GK) of model 25T-H, in the regions of interest for the 22Na production. These mass
coordinates correspond to different production efficiencies of *>Na (see Figure 1, upper left panel). The arrow color scale on the right correspond to the flux strength.

Heavy-lined boxes correspond to stable isotopes.

and the **Na-poor C-rich material in the mixture of CCSN
ejecta where graphites condense. Notice that such a dilution
factor is an arbitrary choice. At this stage we cannot yet derive
a clear recipe for this, because of the uncertainties related to
the **Na condensation into grains (see the discussion in
Section 1.1). Indeed, because of elemental fractionation all
*2Na would likely not condense into graphite grains with the
original relative abundances. Furthermore, we could realisti-
cally assume wide grain-to-grain variations if we consider the
isotopic anomalies for indicative elements like Si and Ca (e.g.,
A. Besmehn & P. Hoppe 2003; M. Pignatari et al. 2013a;
J. Schofield et al. 2022). For instance, dilution factors down to
a factor of 200 were considered by Y. Xu et al. (2015) for the
different components ejected, to generate mixtures of CCSN
material to reproduce presolar grain abundances.

A factor of 10 dilution was assumed here to take all these
considerations into account.

In Figure 1, the extra production of **Na due to the
overlapping contribution of proton ingestion and the CCSN
explosion results in *?Na yields between about 4 x 10> and
3 x 107 M, (Figure 1), between 1 and 3 orders of magnitude
larger than the typical CCSN production dominated by the O—Ne
zone and/or by the O-C zone contributions (e.g., A. Sieverding
et al. 2018).

The dominating nucleosynthesis fluxes of the 25T-H CCSN
ejecta are shown in Figure 2 for different mass coordinates. In
the He-shell region where a large range of **Na values is
obtained (see Figure 1, thick lines, top left panel), the 22Na
peak abundance in mass fraction of 6.5 x 1072 is shown at
mass coordinate 6.855 M., (Figure 2, top left), 7 x 107> at
6.908 M., (top right), 2.7 x 107> at 7.038 M, (bottom left),
and 1x 107® at 7.333 M_, (bottom right). The temperature
peaks reached in these regions vary between 1.1 GK and
0.3 GK.

The **Na nucleosynthesis in these conditions varies greatly
from one mass location to the other, as shown in Figure 2.
For instance, in the hottest conditions (upper left) a number of
(o, p) reactions are activated together with proton captures,
similarly to X-ray burst conditions in accreting neutron stars
(e.g., M. Wiescher et al. 1999). In this specific trajectory, the
“Ne(a, p)**Na flux is clearly relevant for the production of
*2Na, and the rate currently used is based on theory. However,
in a simple test reducing its rate by a factor of 100, there was
only a 3% variation in the final **Na abundance calculated. In
this case the alternative '“Ne(p, 7)*°Na(p, 7)*'Mg flow
depletes '"Ne, feeding the production path *°Ne(p, 7)*'Na(p,
v)**Mg via the *°Na decay to *°Ne. Mg decays to **Na,
although the **Mg(c, p)*°Al reaction also destroys **Mg.



THE ASTROPHYSICAL JOURNAL, 990:19 (10pp), 2025 September 1

While we expect the rate of this reaction to affect the *Na
production peak reached in our CCSN models, its exper-
imental value is still a matter of debate. The **Mg(a, p)*°Al
reaction has been studied recently in the context of X-ray
bursts and rp-process nucleosynthesis. In particular, three
measurements were performed using radioactive ion beams
and complementary techniques. J. Randhawa et al. (2020)
performed the first direct measurement using an active-target
time-projection chamber system. J. Hu et al. (2021) used
Z5Al + p elastic and inelastic scattering to extract resonance
information of states in 2°Si with the thick-target yield in
inverse kinematics. H. Jayatissa et al. (2023) employed the
MUSIC active-target system to directly measure the reaction,
covering a similar energy range as J. Randhawa et al. (2020).
Surprisingly, the three results are in disagreement with each
other, beyond the given errors, and with theoretical predic-
tions, based on the statistical nuclear reaction mechanism.

Uncertainties of other nuclear rates are also relevant for **Na

nucleosynthesis in stars, for example the 2'Na(p, 7)**Mg and

the **Na(p, v)*>Mg reactions. For many conditions, the *'Na(p,
7)**Mg production pathway flow is activated. However, this
reaction has been studied extensively in the context of novae
and X-ray bursts. In particular, direct measurements with a
2Na beam using the DRAGON recoil separator (J. M. D’ Au-
ria et al. 2004) covered the temperature range of relevance here
and the reaction rate is considered well constrained. The
definition of the **Na(p, 7)**Mg reaction rate is instead still
controversial. A recent measurement of the lifetime of the
relevant 7785 keV state in Mg by C. Fougeres et al. (2023)
resulted in a resonance strength compatible with the upper
limit set by a previous direct measurement (S. Seuthe et al.
1990), but disagrees with two other direct measurements
(F. Stegmiiller et al. 1996; A. L. Sallaska et al. 2010).
Therefore, the **Na(p, 7)**Mg reaction is still uncertain in the
relevant temperature regions for novae (0.1-0.4 GK), and for
both X-ray bursts and this study (0.6-1.1 GK). New
measurements for this reaction are needed to elucidate the
disagreements.

A detailed study about the impact of nuclear reaction rates
and their uncertainties on the **Na production in CCSN
models from massive stars affected by H ingestion, is needed
in the future.

3. Late Core-collapse Suge‘:‘rnova Light Curves: **Na or
Ti?

There is growing evidence that many SNe have late-time
power sources starting from a few hundreds days after the
CCSN explosion, the brightest of which require shock
interactions or magnetars (L. Dessart 2024a, 2024b). But
radioactive decay can also contribute to the late-time emission.

Even though the decay half-life of **Na is ideally suited to
powering light curves at the 1-2 yr timescale, it is currently
not considered as a relevant source for CCSN light curves.
However, the yields shown in Figure 1 may significantly
change the picture. In particular, the models compatible with
the Ne-E(L) component in presolar grains (25T-H, 25T-HS,
and 25av-H) have **Na yields of 2.61 x 107> M, 8.60 x
107> M., and 4.44 x 107> M,, respectively. These are
between 20 and 1000 times larger than the values used by,
e.g., S. E. Woosley et al. (1989) to calculate the SN 1987A
light curve.
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To study the impact of these values on the bolometric light
curve of a CCSN like SN 1987A, we have used a Python
version of the ogen—source code snlite.?”> We used the 56Co,
37Co, **Ti, and ®°Co abundances by F. X. Timmes et al. (1996)
of 0.069 M., 0.0033 M., 107* M., and 2x 10> M,
respectively. Their production in the He shell is negligible
compared to more internal CCSN ejecta, and their yields are
not affected by H ingestion. At these late times after the
explosion, additional radioactive isotopes may also contribute
to the total light curve and their contribution should be studied
in more detail (e.g., 56’59Ni, 48’49V, and >'Cr; C. L. Fryer
et al. 2019).

Since we are only interested here to explore the relative
contribution of the different radioactive isotopes and we are
not directly comparing with observations, we will consider the
UV-optical-IR (UVOIR) pseudobolometric light curve, i.e.,
we assume that the emitting material where the radioactive
isotopes are located is still optically thick so that the ~y rays are
thermalized. Therefore, we are not applying any reduction
factor to the total light curve (e.g., I. R. Seitenzahl et al. 2014),
and we are not taking into account that v rays will become
fully untrapped between 100 and 1000 days after the explosion
while positrons can still be trapped depending on the magnetic
field distribution in the CCSN remnant and help power the
light curve (see, e.g., C. Kozma & C. Fransson 1998; and the
discussion in Section 5). Notice that a direct comparison
between the observed bolometric luminosities between 500
and 1500 days of SN 1987A (N. B. Suntzeff et al. 1992) and
the theoretical bolometric light curve was already made by
F. X. Timmes et al. (1996), showing that such an approx-
imation still reproduces quite well the observations in the give
time range after the CCSN explosion.

In this section we mostly focus instead in comparing the
relative contribution between *Na and other relevant radio-
active species, deferring a detailed comparison with observa-
tions to future papers using more advanced light-curve
modeling. However, the decline of the late-time light curve
is expected to be dominated by the half-life of the radioactive
decay of different elements. If this late-time light curve is
dominated by **Na, we expect a much shallower decay than
that produced by the 77 day half-life of *°Co. This shallow
light curve may explain the late-time evolution of some SNe,
e.g., SN 2020jvf (J. Sollerman et al. 2021). If this scenario
would be confirmed, than the light-curve decline could be used
to compare the relative contributions of *°Ni and **Na.

The values of the effective opacities are rsq=0.033 cm?
g_l, Rs7 = 2.4 x K56, and R44 = K22 = Rep = 0.04 sz g_l,
where the indices of the effective opacities refer to the mass
number of the respective radioisotope (S. E. Woosley et al.
1989; F. X. Timmes et al. 1996).

The results are shown in Figure 3 for models 25T-H, 25T-
HS, and 25T-H10 (top panel) and 25av-H, 25av-HS, and 25av-
H10 (bottom panel). The models not compatible with the Ne-E
(L) component do not show a significant impact on the CCSN
light curves. Instead, for the most *?Na-rich models compatible
with the Ne-E(L) component (25T-H, 25T-HS, and 25av-H),
the total light curve is affected by the *?Na decay contributing
during both the radioactive tail of >’Co and later the
radioactive tail of **Ti (e.g., B. Leibundgut & N. B. Suntzeff
2003). According to these models, the *’Na contribution

22 https: / /cococubed.com /code_pages/snlite.shtml
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Figure 3. Top panel: the UVOIR pseudobolometric light curve is shown
between 500 and 5000 days after the explosion (black continuous line;
F. X. Timmes et al. 1996). The relative contribution from the decay of 56Co,
57Co, *Ti, *°Co, and **Na are considered using previous default abundances.
In particular, the partial *’Na curve obtained using the default value of
2 x 107 M, from F. X. Timmes et al. (1996) is also shown (green continuous
line). For the range of 2Na production obtained in the 25T-H (highest green
dashed line), 25T-H5 (middle green dotted line), and 25T-H10 models (lowest
green dashed line), the corresponding total pseudobolometric light curves are
shown as the higher black dashed line, middle black dotted line, and lower
black dashed line, respectively. Their variation due to the **Na production
range is highlighted as a black striped area. Bottom panel: same as the top
panel, but considering the **Na production of the 25av-H, 25av-H5, and 25av-
H10 models.

will fade away only after thousands of days, when eventually
only **Ti remains to contribute, due to its longer half-life. With
a **Ti abundance of 10~* M, this will happen after about
5000 days (25av-H), 6000 days (25T-HS), and 10,000 days
(25T-H).

The production of “Ti in CCSNe and its relevance for SN
light curves has been extensively discussed in the literature
(e.g., G. Magkotsios et al. 2010; S. A. Grebenev et al. 2012;
I. R. Seitenzahl et al. 2014; A. Sieverding et al. 2018;
K. Hermansen et al. 2020; S. K. Subedi et al. 2020). L. S. The
et al. (2006) in particular highlighted a potential (and
unexpected from models) large variation of **Ti yields in
different CCSN remnants. Instead, because of the large range
of conditions that could be triggered by H-ingestion events in
different CCSN progenitors, we expect a variation by orders of
magnitude of **Na abundance yields. This would naturally
cause a significant variability of the late light curves between
different CCSNe, which could be due to the different **Na
amounts, without changing the typical **Ti CCSN yields. We
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do not know if CCSN material as for SN 1987A and
Cassiopeia A (Cas A) was affected by H-ingestion events.
Nevertheless, based on current CCSN models we conclude that
*2Na production compatible with the Ne-E(L) component in
presolar graphite grains would affect the radioactive tails of
CCSN light curves from about 500 days after the CCSN
explosion.

4. v-Ray Emission from *’Na: Too Old but Not Too Far

While the *Na ~-ray emission at 1274.53 keV is orders of
magnitude lower than the COMPTEL and INTEGRAL
detection limits, if the typical CCSN **Na yield of a few x
107% M., is used, this may not be the case for the H-ingestion
models. Therefore, we present predictions for the **Na
emission line assuming for simplicity that 20% of the **Na ~
rays are not thermalized and are emitted instead from the
system, starting from a year after the explosion (A. Sieverding
et al. 2018).

Figure 4 shows the expected 1274.53 keV ~y-ray flux due to
the decay of 22Na from models 25T and 25av, for a CCSN
exploded at the time and distance of SN 1987A (top panel) and
Cas A (bottom panel). For a CCSN at a distance of the order of
50 kpc, the **Na ~-ray signature consistent with the Ne-E(L)
component would be detectable for up to 10 yr, using the
COMPTEL detection limit. The detection period would be up
to around 40 yr for a CCSN at a distance of around 3 kpc.
Concerning SN 1987A, even considering the model with the
largest *Na yield, 25T-H, the **Na decay signature would
have been below the INTEGRAL detection capabilities. A
25T-H signature could have been detectable by COMPTEL,
while the 25T-HS5 model flux is just below the detection limit
at the beginning of its operation. However, in the early stages
(~1 year) it is difficult to distinguish the **Na line from the
>°Co line at 1238 keV (D. M. Leising & H. G. Share 1990),
where the COMPTEL energy resolution at these energies was
about 5% of the FWHM, or about 60 keV (V. Schoenfelder
et al. 1993). Based on our models, we would expect that at
about 5 yr from the explosion there should be up to 3 orders of
magnitude more **Na than *°Co due to its much longer half-
life, and therefore any line in this energy window would
definitely come from “*Na decay (see, e.g., Figure 3 for the
same effect on the light curve). Unfortunately, we were not
able to find any SN 1987A spectra from COMPTEL at these
later stages in the literature.

Future detectors for v-ray astronomy could improve the
probability to detect the *Na signature from different stellar
sources including CCSNe (C. L. Fryer et al. 2019). The
Compton Spectrometer and Imager (COSI) NASA small
explorer, scheduled to launch in 2027, will be able to detect
~3 x 107° photons cm > s~' for the 1274.53 keV line
expected from the decay of **Na (J. A. Tomsick et al. 2023).
The detector for the proposed e-ASTROGAM ~-ray telescope
will have a predicted detection limit of 3.8 x 10~® photons
cm s~ ! for 2Na (A. de Angelis et al. 2018). Even with these
sensitivities, COSI and e-ASTROGAM will be unable to
detect **Na from any known young SN remnant. However,
with new Galactic supernovae they will be able to easily
distinguish the *’Na signature predicted by the models
discussed here, and they should also be able to detect the
*2Na signature for supernovae throughout the Local Group.
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Figure 4. Upper panel: the predicted 1274.53 keV ~-ray flux due to **Na
decay is calculated for the SN 1987A remnant from the first possible detection
of the CCSN explosion until the present day, if we consider the yields from
models 25T-H (higher green dashed line), 25T-H5 (middle green continuous
line), and 25T-H10 (lower green dashed line), and models 25av-H (higher
magenta dashed line), 25av-H5 (middle magenta continuous line), and 25av-
H10 (lower magenta dashed line). The areas between the two sets of curves are
colored accordingly. A distance of 51.4 kpc is adopted (N. Panagia 1999). The
flux obtained using the default ’Na abundance from F. X. Timmes et al.
(1996) is reported as a reference (black continuous line). Note that the curves
for 25T-H10 and 25av-H10 are not visible, as they are hidden behind the
default (black) curve (25T-H10) and the 25av-H curve (25av-H10). Horizontal
lines are the detection limit for COMPTEL (2 x 107 photons cm™? s’],
dashed line; A. F. Iyudin 2010) and INTEGRAL (7.6 x 10~ photons cm™>
s, dotted line; T. Siegert et al. 2018) during their operation time. Lower
panel: the same as in the upper panel, but for Cas A, at 3.4 kpc. In this case,
the COMPTEL and INTEGRAL detection limits appear just like data points
(within the red circle) along the longer timeline.

5. Decay Products: Positrons Produced and Core-collapse
Supernova Remnants

With the much larger **Na yields from our models (see
Figure 1 and the discussion in Section 2), a CCSN could
produce 5 x 10°°-5 x 102 positrons from **Na decay. With a
CCSN rate of 1-2 century ' and assuming all follow such high
H ingestion, these models would yield a production rate of
10*'-10% positrons s7!, close to the annihilation rate in the
Milky Way of about 5 x 10* positrons s, considering both
the measurements of the Galactic bulge and the disk (e.g.,
J. Knodlseder et al. 2005; T. Siegert et al. 2016; T. Siegert
2023). However, a large fraction of these positrons may be
trapped in the CCSN flow, annihilate, and thus power the

Pignatari et al.

CCSN light curve (see Section 3). Whether or not these
positrons are trapped in the flow depends among other things
upon the configuration and orientation of the magnetic field
(e.g., S. A. Colgate et al. 1980; S. A. Colgate et al. 1997).

The escape fraction of the positrons produced by *°Co decay
has been studied in detail through comparisons to late-time
light curves for thermonuclear SNe (Type Ia SNe, SNe Ia;
P. A. Milne et al. 1999, 2001; E. Churazov et al. 2015). On
average, for SNe Ia only a few percent of the positrons would
escape. However, based on observations of late-time light
curves (and the lack of late-time energy deposition) it was
shown that even a subset of SNe Ia with a high fraction of
positron escape would be sufficient to explain most of the
Galactic positron rate (T. Siegert et al. 2016).

The escape fraction of positrons is proportional to the
density of the ejected material when the positrons are
produced. CCSNe are typically characterized by higher-mass
ejecta (>5 times higher) and lower velocities (~30% lower)
compared to SNe Ia. The density of the SN Ia ejecta at 77 days
(77.236 days is the half-life of *°Co) is roughly the same
density of the CCSN ejecta at 2.6 yr (the half-life of **Na).
Given that the escape fraction is roughly proportional to this
ejecta density, we expect the escape fraction of **Na decay
positrons in CCSNe to be similar to the *°Co decay positrons
in SNe Ia (P. A. Milne et al. 1999, 2001). Hence, unless the
magnetic field structure in CCSNe is very different than that of
SNe Ia, the positrons produced from the decay of **Na should
only contribute a few percent to the positron fraction in the
Milky Way. Therefore, even with the large concentrations of
*Na compatible with the Ne-E(L) component, escape
fractions larger than 20%-30% (i.e., an order of magnitude
larger than the fractions we just estimated in the text) would be
needed in order to have positrons from **Na decay to
significantly contribute to the Galactic positron annihilation
rate. Additionally, we would expect that only a subset of
CCSN progenitors would be affected by a late H ingestion and
generate the enhanced **Na abundance signature. This would
reduce even further the net CCSN contribution to the Galactic
budget. In conclusion, the current (marginal) CCSN contrib-
ution to the positron annihilation rate of the Galactic disk
could be more like a lower limit of their real contribution.
Based on the models presented in this work and on the
discussion in this section, there could indeed be an additional
(<1%) contribution from **Na decay. At the moment it is not
possible to estimate the absolute contribution, due to the model
uncertainties and the unknown occurrence of the **Na-rich
production compatible with the Ne-E(L) component in
presolar graphite grains.

6. Conclusions and Future Perspectives

Presolar graphite grains from CCSNe show the initial
presence of radiogenic 22Na, in the form of 22Ne, identified as
the Ne-E(L) component. In typical CCSN models the only part
of the ejecta where *?Na is produced is the inner O-rich O—Ne
zone far from the C-rich He-rich zone where graphite grains
are expected to form. Furthermore, the expected *Na is only a
few parts per million in mass in these regions, which is too low
to explain the measured Ne-E(L) component. Those two points
have been unsolved puzzles until now.

We have analyzed the production of **Na in 12 1D CCSN
models from massive star progenitors affected by H ingestion,
of which six are already consistent with the 2°Al signature in
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presolar grains from CCSNe. Compared to typical CCSN
models, the ?*Na abundances in the C-rich He shell can be
increased by several orders of magnitudes, and the integrated
yields may increase up to 3 orders of magnitude. We find that
from the six *°Al-rich models (i.e., with highest H ingestion),
three can also match the Ne-E(L) component.

We further discussed the impact of the predicted **Na
abundances on the CCSN light curve, on the **Na decay ~-ray
emission at 1274.53 keV, and on the potential CCSN
contribution to the positron annihilation rate observed in the
Galactic disk.

The main conclusions are the following.

1. The minimum *’Na abundance in a C-rich mixture to
explain the Ne-E(L) component detected in presolar
graphites is 0.0001. This condition is satisfied by three
H-ingestion CCSN models: 25T-H, 25T-HS, and 25av-H.
The total **Na yields in these models are 2.61 x 107> M.,
8.60 x 107> M., and 4.44 x 107> M_., respectively.

2. These models (25T-H, 25T-H5, and 25av-H) show a
relevant contribution of the decay of **Na to the CCSN
light curve starting from about 500 days to 1500 days.
The predicted **Na abundances compatible with the Ne-
E(L) component in presolar graphites may be more
relevant to the light curve than the **Ti contribution for
several years if H ingestion plays a significant role.
Beyond the simple calculations presented here, future
comprehensive CCSN light-curve simulations should test
the impact of the predicted *’Na abundances, and
compare with available observations from different
CCSNe.

3. The decay v-ray line at 1274.53 keV predicted from the
same models would be detectable by telescopes like
INTEGRAL and COMPTEL for up to 40 yr after a
CCSN explosion at a few kiloparsecs (e.g., Cas A), or up
to ~10 yr at ~ 50 kpc (e.g., SN 1987A). In particular for
the SN 1987A case, the si%nature should have been
detected by COMPTEL, if “*Na was produced by an
H-ingestion event and CCSN explosion such as in the
25T-H model. However, its signature would have been
extremely difficult to disentangle from the *°Co line at
1238 keV at these early stages due the instrument’s
resolution. On the other hand, it will be possible to detect
the predicted **Na signature from new Galactic CCSNe
with  future ~-ray telescopes like COSI and
e-ASTROGRAM.

4. We show that positron production from **Na decay could
significantly power the late CCSN light curve, but it
could also contribute to the observed positron annihila-
tion rate in the Galactic disk. We estimate its contrib-
ution to be small, of the order of a few percent, but
current model uncertainties are too large to make any
robust conclusion.

Nucleosynthesis predictions from 1D models experiencing
H-ingestion events are uncertain, and they should be taken
only as a qualitative guidance. Multidimensional hydrody-
namics models are needed to find out under which conditions
H ingestion can take place at high metallicities, and to define
the structure of He-burning layers following the ingestion of
H. This would allow us to quantify the local nucleosynthesis
driven during the H ingestion and to constrain a realistic
range for the amount of H left in the He-burning ashes
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(P. Hoppe et al. 2024, and references therein). At the moment,
3D simulations of convective H-He shell interactions in
massive stars are not available for this evolutionary phase, and
therefore the systematic uncertainties of any predictions
regarding the 3D macrophysics are unknown. In addition,
even if these problems can be solved in the future, the
necessary coupling to 1D evolution for timescale bridging is
another unsolved problem. The area of coupling of 3D
macrophysics events such as these to sufficiently large nuclear
reaction networks is also still in its infancy (D. Stephens et al.
2021). Isotopic ratios in presolar grains may provide crucial
benchmarks for such studies in the future. Furthermore, we
have seen that several nuclear reaction rates are still uncertain
in these nucleosynthesis regimes and more experiments and
sensitivity studies are needed.

In this work, the isotopic ratios measured in presolar
stardust grains have again demonstrated how they can be used
to define nucleosynthesis components and features that the
next generation of models of massive stars and CCSNe will
have to reproduce. The existence of the puzzling Ne-E(L)
component in presolar graphites is another crucial piece of the
puzzle to understand nucleosynthesis in CCSNe, and it should
be taken into account within the context of CCSN models used
to reproduce observations, from stellar archeology and CCSN
remnants, and for producing yields for Galactic chemical
evolution studies.
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