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A B S T R A C T 

Certain types of silicon carbide (SiC) grains, e.g. SiC-X grains, and low density (LD) graphites are C-rich presolar grains that 
are thought to have condensed in the ejecta of core-collapse supernovae (CCSNe). In this work, we compare C, N, Al, Si, and Ti 
isotopic abundances measured in presolar grains with the predictions of 21 CCSN models. The impact of a range of SN explosion 

energies is considered, with the high energy models fa v ouring the formation of a C/Si zone enriched in 

12 C, 28 Si, and 

44 Ti. 
Eighteen of the 21 models have H ingested into the He-shell and different abundances of H remaining from such H-ingestion. 
CCSN models with intermediate to low energy (that do not develop a C/Si zone) cannot reproduce the 28 Si and 

44 Ti isotopic 
abundances in grains without assuming mixing with O-rich CCSN ejecta. The most 28 Si-rich grains are reproduced by energetic 
models when material from the C/Si zone is mixed with surrounding C-rich material, and the observed trends of the 44 T i/ 48 T i 
and 

49 T i/ 48 T i ratios are consistent with the C-rich C/Si zone. For the models with H-ingestion, high and intermediate explosion 

energies allow the production of enough 

26 Al to reproduce the 26 Al/ 27 Al measurements of most SiC-X and LD graphites. In 

both cases, the highest 26 Al/ 27 Al ratio is obtained with H still present at X H 

≈ 0.0024 in He-shell material when the SN shock is 
passing. The existence of H in the former convective He-shell points to late H-ingestion events in the last days before massive 
stars explode as a supernova. 

Key words: nuclear reactions, nucleosynthesis, abundances – stars: abundances – stars: evolution – stars: massive – supernovae: 
general. 
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 I N T RO D U C T I O N  

resolar grains were produced by different types of stars nearby 
he Sun before its formation about 5 Gyr ago. These grains were
mportant ingredients for the first aggregates of solid materials from 

hich the parent bodies of primitive meteorites formed inside the 
rotoplanetary disc around the young Sun. These meteorites have 
een reco v ered on Earth and can therefore be analysed in laboratories.
he C-rich grains can be isolated from solar material by dissolving

he parent meteorite in acids to leave the resilient grains behind (e.g.
mari, Lewis & Anders 1994 ). The isotopic ratios and abundances of
resolar grains can be measured in laboratories providing a powerful 
iagnostic for theoretical stellar simulations. 
Few isotopic ratios are observable in stellar spectra, and they 

uffer from much larger uncertainties compared to data obtained 
 E-mail: jschof97@gmail.com 
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rom presolar grains. We refer to e.g. Carretta, Gratton & Sneden
 2000 ) and Spite et al. ( 2006 ) for C isotopic ratios, to Hedrosa et al.
 2013 ) for N, to Yong, Lambert & Ivans ( 2003 ), Carlos et al. ( 2018 )
or Mg and to Chavez & Lambert ( 2009 ) for Ti. 

Certain types of C-rich grains, e.g. SiC–X grains and low density
LD) graphites, formed in the ejecta of core-collapse supernovae 
CCSNe; the collapse of a massive star with initial mass ≥9 M �, e.g.

oosle y, He ger & Weaver 2002 ; Nomoto, Kobayashi & Tominaga
013 ; Sukhbold et al. 2016 ; Limongi & Chieffi 2018 ; Curtis et al.
019 ), identified because their isotopic abundances match the signa- 
ures of these events. Such signatures of CCSNe include 15 N-excesses 
elative to solar, 1 strong Si isotope anomalies, and evidence for the
resence of the radioactive isotope 44 Ti at the time of grain formation.
isco v ered by Bernatowicz et al. ( 1987 ), SiC grains are a C-rich

ype of presolar grain that are typically observed at concentrations 
 Unless otherwise stated to be absolute, all excesses and deficiencies of 
sotope abundances are discussed relative to solar ratios. 
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Figure 1. 12 C/ 13 C and 14 N/ 15 N isotopic ratios of individual presolar grains. 
SiC sub-types of possible SN origin (AB, C, X, and nova) are shown as well 
as LD graphites. The solar carbon and nitrogen ratio lines are plotted as solid 
lines as well as the terrestrial nitrogen ratio as a dashed line ( 14 N/ 15 N = 272). 
The solar 14 N/ 15 N ratio was taken from Marty et al. ( 2011 ). The SiC and 
LD graphite grain data were taken from the Washington University Presolar 
Grain Database (Hynes & Gyngard 2009 ; Stephan et al. 2020 ). 
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f < 50 ppm (but up to 150 ppm) and diameters of < 0 . 5 μm and up
o 30 μm (and references therein Davis 2011 ; Zinner 2014 ; Nittler &
iesla 2016 ). SiC and graphite grains are believed to only form

n C-rich environments, i.e. where C/O > 1 (by number fraction).
he strength of the CO molecular bond is such that no other C-rich
olecules could efficiently form (Ebel & Grossman 2001 ). There are

everal sub-types of presolar SiC grains (Mainstream, AB, C, X, Y,
, and putative nova; which are shown in Fig. 1 with the exception
f mainstream, Y, and Z grains) which are characterized by specific
sotopic ratios. Among other ratios, the most used to distinguish
etween different presolar grain types are 12 C/ 13 C, 14 N/ 15 N, the 2 delta
atio δ 29 , 30 Si and 26 Al/ 27 Al (Zinner 2014 ). 

SiC-X grains (about 1 per cent of all SiC grains, e.g. Zinner 2014 )
ave a relative excess of 28 Si to 29, 30 Si compared to solar ratios. Most
ave a 12 C, 15 N excess, while some have a 13 C, 15 N excess compared
o solar. The 26 Mg and 44 Ca excesses are due to the condensation of
nstable 26 Al and 44 Ti, respectively, in the grains (e.g. Besmehn &
oppe 2003 ). The majority of SiC-X grains also show an excess of

9, 50 Ti relative to 48 Ti and 10–20 per cent show a large excess of
4 Ca (Nittler et al. 1996 ; Besmehn & Hoppe 2003 ; Lin, Gyngard &
inner 2010 ). SiC-X are known to have originated from CCSNe,
rimarily due to their excesses of 28 Si and extinct 44 Ti (e.g. Nittler
t al. 1996 ). Evidence for initial 44 Ti within at least one of the few
iC grains classified as nova grains led to the conclusion that they
ad formed by CCSNe as 44 Ti production is a notable signature of
CSN nucleosynthesis (Nittler & Hoppe 2005 ). SiC type-AB grains
 ∼ 4 –5 per cent of all SiC grains; Amari et al. 2001b ) are believed
o have multiple sources including CCSNe (Liu et al. 2017a ; Hoppe
t al. 2019 ). Putative nova grains, and 15 N-rich and possibly also
5 N-depleted AB grains are consistent with the H-ingestion models
iscussed in this work, in Pignatari et al. ( 2015 ) and in Liu et al.
 2016 ). 

Low-density graphites (Amari, Lewis & Anders 1995 ) are another
ype of C-rich grain, showing a large 12 C/ 13 C ratio range. Excesses
nd deficits of 28 Si relative to 29, 30 Si are both observed, as are
xcesses in 26 Mg and 44 Ca. With few exceptions, the 14 N/ 15 N ratio of
NRAS 517, 1803–1820 (2022) 

 δ(ratio) = (grain ratio/solar ratio − 1) × 1000. 

s  

l  

a  
D graphites is mostly consistent at about 300, suggesting heavy
ontamination from terrestrial nitrogen (e.g. Amari et al. 1993 ;
oppe et al. 1995 ). Most LD graphites are believed to originate

n CCSNe due to their large range of C isotopic ratios and excesses
n signature isotopes such as 15 N, 18 O, 26 Mg, 28 Si, 44 Ca, and 49, 50 Ti
Travaglio et al. 1999 ). 

Isotopic signatures such as those found in presolar grains are
ormed in very specific regions of CCSNe. Classically, the main C-
ich region is the He/C zone (the He-shell of the ejecta) above the O-
ich O/C zone (Me yer, Weav er & Woosle y 1995 ). Ho we ver, Pignatari
t al. ( 2013a ) introduced a new set of models showing a new C-rich
one which was able to explain most observed abundances of C-rich
rains. As the shockwave of the CCSN reaches the bottom of the
e/C zone, its density and temperature increase dramatically. These

onditions ef ficiently acti v ate explosi ve He-burning. Ho we ver, at
 > 3.5 × 10 8 K the 12 C( α, γ ) 16 O reaction is up to orders of
agnitudes weaker relative to the subsequent reactions in the α-

apture chain, starting from the reaction 16 O( α, γ ) 20 Ne. This leads
o a 12 C- and 28 Si-rich, 16 O-deficient region in the deepest He/C shell
aterial, defined by Pignatari et al. ( 2013a ) as the C/Si zone. Addi-

ionally, non-homogeneous H-ingestion into the He/C zone prior to
he explosions results in the variable production of 13 C, 15 N, and 26 Al
y e xplosiv e H-burning deep in the C-rich He-shell, nearby the C/Si
one. H-ingestion combined with the extreme conditions of the SN
hockwave triggers the production of 15 N via the hot CNO cycle. This
llows the isotopic ratios of CCSN grains such as low 

12 C/ 13 C and
5 N-excesses to be reproduced by local mixing of material (Pignatari
t al. 2015 ; Liu et al. 2016 , 2018b ; Hoppe et al. 2018 ). 

Classically, the e xplosiv e α-capture at the bottom of the former
onv ectiv e He-shell activates a neutron burst peaking up to 10 18–20 

eutrons cm 

−3 , produced by the 22 Ne( α, n ) 25 Mg reaction. This nucle-
synthesis process was called the n-process (Blake & Schramm 1976 ;
hielemann, Arnould & Hillebrandt 1979 ). Much later, its signature
as identified in heavy elemental abundances measured in presolar
iC-X grains such as large excesses of 58 Fe, 88 Sr , 96 Zr , 95, 97 Mo, and

38 Ba (e.g. Meyer, Clayton & The 2000 ; Pellin et al. 2006 ; Pignatari
t al. 2018 ) and in the production of the radioactive isotope 32 Si
Pignatari et al. 2015 ). Ho we ver, this scenario has been discounted
s a way to explain the r-process because it could not reproduce the
 -process ab undance pattern in the Solar system (Blake et al. 1981 ).
he presence of H in the He-shell during the SN explosion may lead

o a suppression of the n process, where it becomes more probable to
estroy 22 Ne by proton capture than by the 22 Ne( α, n ) 25 Mg reaction
Pignatari et al. 2015 ). The production of 44 Ti and 40 Ca in the C/Si
one along with the possible strong depletion of 40 Ca by neutron
apture predicts abundances consistent with the observation of large
4 Ca/ 40 Ca in the C-rich grains discussed (Pignatari et al. 2013a ). It is
till matter of debate if in presolar grains the abundance signatures
f H-ingestion coexist with the neutron-capture signature of the n-
rocess. Indeed, the n-process acti v ation would be compatible with
he 30 Si- and 32 S-enhancements measured in in some putative nova
rains (Liu et al. 2016 ; Hoppe et al. 2018 ), and with the 32 Si- and
0 Ti-enhancements found in a sample of SiC–AB grains (Liu et al.
017a ). On the other hand, measurements of the Sr, Mo, and Ba
sotopic abundances in SiC–AB grains seem to be compatible with
he pre-e xplosiv e s-process abundances in the He shell, and not with
he n-process (Liu et al. 2018b ). In the first case, major asymmetries
riggered by the H ingestion in the pre-e xplosiv e He shell structure
ould be required in order to explain for the same single grain the

ignatures of both the n-process and of a late H-ingestion event
eaving H behind in the former He shell material. While this may be
 natural expectation from multidimensional simulations, it cannot

art/stac2498_f1.eps
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Figure 2. A schematic of the layered ‘onion shell’ structure of a CCSN ejecta 
from a massive star progenitor as described by Meyer et al. ( 1995 ) with each 
layer is labelled with its most abundant elements excepting for the central 
zone. In this case, NS represents the central neutron star formed after the 
CCSN explosion. The C/Si zone is also indicated at the bottom of the He/C 

zone. Relative concentrations of C and O are indicated for each zone, with 
the exception of the deepest Si/S and Ni zones, where there are essentially no 
C and O left. 
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Table 1. The three 15-M � CCSN models used for the work and introduced 
by Pignatari et al. ( 2013a ) are summarized. They are without H-ingestion. 
For these models, the table shows the mass coordinates of the He-shell and 
C/Si zone, the shock peak temperature at the bottom of the deepest C-rich 
ejecta (i.e. the C/Si zone in the 15d and 15r2 models) as well as the explosion 
energy range of each model. 

Models without H-ingestion 

Model set 15d 15d 15r2 15r4 
Shock peak temperature (K) 2.2 × 10 9 2.2 × 10 9 1.6 × 10 9 

C/Si zone (M �) 2.945–2.975 2.945–2.975 2.945–2.975 
He-shell (M �) 2.945–3.3 2.945–3.3 2.945–3.2 
Explosion energy (erg) 3–5 × 10 51 1–2 × 10 51 < 10 51 
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e captured by 1D stellar simulations. Additionally, those abundance 
ignatures of high neutron-density exposures could also be the effect 
f a local acti v ation of the intermediate neutron-capture process (i-
rocess; Cowan & Rose 1977 ), following the H ingestion event. 
he i-process has been proposed as a nucleosynthesis source active 

n massive stars at low metallicities (e.g. Roederer et al. 2016 ;
anerjee, Qian & Heger 2018 ; Clarkson, Herwig & Pignatari 2018 ),
ut it also has been proposed as a source of anomalous signatures
n presolar grains for Ti isotopes (HD graphites; Jadhav et al. 2013 ),
a isotopes (in some mainstream SiC grains; Liu et al. 2014 ) and

2 Si-enrichments (in SiC AB grains; Fujiya et al. 2013 ). In order to
erify all of these different scenarios, new abundance observations 
re required for more presolar grains of different types. 

An alternative scenario for the formation of SiC-X grains is that 
8 Si and 44 Ti originate from the Si/S zone, which is the region of
he ejecta dominated by e xplosiv e O-burning (Me yer et al. 1995 ).
ig. 2 shows a schematic of the layered ‘shell’ structure of a
CSN ejecta as described by Meyer et al. ( 1995 ) with the stellar
ones. The Si/S zone is mostly made of 28 Si and 32 S by O fusion,
nd 44 Ti is efficiently produced by α-capture (Woosley & Weaver 
995 ). The high 12 C/ 13 C ratios are signatures of He-burning and
igh 26 Al/ 27 Al ratios can be produced in the He/N zone by H-
urning. Ho we ver, these isotopic ratios are produced in different, 
on-neighbouring layers undergoing different phases of burning prior 
o the SN explosion (e.g. Woosley & Weaver 1995 ; Rauscher et al.
002 ). This requires deep, inhomogeneous mixing of these layers 
n the CCSN ejecta while maintaining C > O. For instance, Si and
i signatures may need contributions from the Ni, O/Si, and Si/S
ones where complete or partial Si-burning and O-burning occur 
e.g. Travaglio et al. 1999 ; Xu et al. 2015 ). The He/N and He/C zones
here H- and incomplete He-burning occurs are also required. This 

s where the C > O condition is met for SiC condensation (Lodders &
e gle y 1997 ). This C > O condition necessitates extremely limited
ddition of material from the intermediate O-rich layers (Travaglio 
t al. 1999 ). 3D hydrodynamic models predict mixing in the ejecta
arried out by Rayleigh–Taylor instabilities (Hammer, Janka & 

 ̈uller 2010 ). It remains to be seen if these instabilities allow the
nner regions to penetrate (while minimizing the addition of material 
rom) the O-rich regions and mix with those rich in C. Astronomical
bserv ations of supernov ae remnants have sho wn extensi ve mixing
ithin the ejected material (Hughes et al. 2000 ; Kifonidis et al. 2003 ).
CCSNe also show a large range of explosion energies, from very

aint CCSNe with few 10 50 erg to hypernovae, up to 5 × 10 51 erg
e.g. Nomoto et al. 2013 ). Travaglio et al. ( 1999 ) demonstrated that
t was possible to reproduce most isotopic abundances with these 
odels but also highlighted their shortcomings such as the lack of

5 N and the need for the C-rich condition. To o v ercome this need for
ixing between non-neighbouring layers, Clayton, Liu & Dalgarno 

 1999 ) and following works suggested the possibility of condensing
-rich grains in O-rich material. Ho we v er, this remains contro v ersial
s Ebel & Grossman ( 2001 ) concluded that only nanometre-sized
rains such as nano-diamonds may form in this turbulent O > C
nvironment and is therefore unrealistic for SiC formation. It was 
lso shown by Lin et al. ( 2010 ) that the isotopic ratios of SiC grains
f SN origin are inconsistent with the predictions for O-rich material.
n the other hand, the advantage of the formation of the C/Si zone is

o have isotopes such as 28 Si and 44 Ti made in a C-rich environment,
n the vicinity of C-rich He shell layers. 

In this work, we compare the abundance predictions of 21 CCSN
odels with the observed isotopic ratios of C, N, Al, Si, and Ti of

ifferent types of C-rich presolar grains with established or possible 
CSN origin. The structure of the paper is as follows. Section 2
escribes the stellar models. In Section 3 , the theoretic predictions
re compared with observed grain abundances. Section 4 summarizes 
he results. 

 T H E O R E T I C A L  STELLAR  M O D E L S  

n this study, 4 sets of CCSN models are used: two progenitor masses,
f 15 and 25 M �, both with and without the ingestion of H into the
e/C zone in the pre-SN phase. All of the models have a metallicity

caled to Z = 0.02 from the solar abundances by Grevesse & Noels
 1993 ). A summary of their main features and specifications can be
ound in Tables 1 and 2 . Detailed information for the models are
ublished in Pignatari et al. ( 2015 , 2016 ). 
The stellar progenitors were all calculated using the code GENEC 

Eggenberger et al. 2008 ). Rotation and magnetic fields were not in-
luded. Mass-loss rates during the main-sequence phase (log T eff > 

.9, where T eff is the ef fecti ve temperature) were taken from Vink,
e Koter & Lamers ( 2001 ). For 3.7 < log T eff < 3.9, De Jager,
ieuwenhuijzen & van der Hucht ( 1988 ) prescriptions were used,

nd for more advanced stages and log T eff < 3.7, a scaling law
ith the stellar luminosity was adopted (Pignatari et al. 2016 ).
onsistently with typical GENEC stellar simulations, the nuclear 
etwork to follow energy generation is made of isotopes included 
xplicitly ( 1 H, 3 He, 4 He, 12 C, 13 C, 14 N, 15 N, 16 O, 17 O, 18 O, 20 Ne,
2 Ne, 24 Mg, 25 Mg, 26 Mg, 28 Si, 32 S, 36 Ar, 40 Ca, 44 Ti, 48 Cr, 52 Fe, and
MNRAS 517, 1803–1820 (2022) 
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Table 2. The 18 CCSN models used for the work and with H-ingestion are summarized as follows. The 25 M � models have H-ingestion 
into the He/C in the pre-SN phase. Model 25d was fully published by Pignatari et al. ( 2016 ). The rest of the 25d set and the 25T set were 
introduced by Pignatari et al. ( 2015 ). The 25av set is introduced in this work. For each H-ingestion model, the table shows the shock peak 
temperature at the bottom of the deepest C-rich ejecta (i.e. the C/Si zone in the 15d and 25T models, a C-rich region with mild O depletion 
triggered by e xplosiv e He-b urning for the 25a v models and the He/C zone for the 25d models), mass coordinate of the He-shell and O-rich 
O/nova zone, and the abundance of H remaining in the He-shell from ingestion before the SN shock. 

Models with H-ingestion 

X H in He-shell 1 . 2 per cent 0 . 24 per cent 0 . 12 per cent 0 . 06 per cent 0 . 024 per cent 0 . 0024 per cent 
before SN shock 

Model set 25T 25T-H 25T-H5 25T-H10 25T-H20 25T-H50 25T-H500 
Shock peak temperature (K) 2.3 × 10 9 

C/Si zone (M �) 6.815 −6.820 
O/nova zone (M �) 6.83–7.04 6.84–7.02 6.86–7.00 6.87–6.96 – –
He-shell (M �) 6.81 −9.23 

Model set 25av 25av-H 25av-H5 25av-H10 25av-H20 25av-H50 25av-H500 
Shock peak temperature (K) 1.5 × 10 9 

C/Si zone (M �) –
O/nova zone (M �) 6.82–6.87 6.82–6.85 6.82–6.85 6.82–6.84 – –
He-shell (M �) 6.82–9.23 

Model set 25d 25d-H 25d-H5 25d-H10 25d-H20 25d-H50 25d-H500 
Shock peak temperature (K) 0.7 × 10 9 

C/Si zone (M �) –
O/nova zone (M �) –
He-shell (M �) 6.82–9.23 
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6 Ni) and implicitly in chain reactions to correctly follow the energy
eneration up to Si burning (e.g. Hirschi 2007 ). 
F or the CCSN e xplosion, the mass cut abo v e which the material

s ejected (i.e. the mass of the final compact remnant) is given
y the analytical formula of Fryer et al. ( 2012 ), depending on the
nitial mass and metallicity of the progenitor. The amount of matter
hat falls back after the launch of the explosion is also taken into
ccount. For the stellar layers ejected, the main information for the
CSN nucleosynthesis are given by a semi-analytical description for

he shock heating and following temperature and density evolution
n the different layers. The shock velocity through the stellar
tructure is defined by the Sedov blastwave solution (Sedov 1946 ).
he peak post-shock temperature and density calculated for each
one of the CCSN ejecta are followed by an adiabatic exponen-
ial decay for few seconds, when only β-decay nuclear reactions
emain active from radioactive unstable isotopes (Pignatari et al.
016 ). 
The thermodynamic and structural information from the stellar
odels and from the CCSN explosions are used as input for the post-

rocessing nucleosynthesis calculations which generates complete
tellar yields. For these models, we used the parallel multizone code
ppnp from the NuGrid post-processing simulation tool framework.
he nuclear network is dynamic, increasing up to more than 5200

sotopes and 74 000 reactions depending on the needs from the
ucleosynthesis conditions found. The detailed description of the
ost-processing code, the simulation setup and the nuclear reaction
etwork is given in Pignatari et al. ( 2016 ). 
Explosive He-burning conditions are particularly rele v ant for our

tudy. The triple- α and 12 C( α, γ ) 16 O reaction rates are from Fynbo
t al. ( 2005 ) and Kunz et al. ( 2002 ), respectively. The 22 Ne( α,n) 25 Mg
eaction rate is from Jaeger et al. ( 2001 ). More recent rates are
ecoming available for this reaction (e.g. Tal w ar et al. 2016 ; Adsley
t al. 2021 ; Ota et al. 2021 ), which is the dominant source of neutrons
n e xplosiv e He burning (Thielemann et al. 1979 ; Me yer et al. 2000 ;
ignatari et al. 2018 ). Ho we ver, nuclear uncertainties should have a
NRAS 517, 1803–1820 (2022) 
imited impact at the rele v ant temperatures for this study, of the order
f 10 9 K or higher. Neutron capture rates are from the KADONIS 0.3
ompilation where available (Dillmann et al. 2006 ), otherwise for
nstable isotopes the theoretical rates adopted were from the JINA
EACLIB version 1.1 (e.g. Cyburt et al. 2010 ). Available stellar β-
ecay rates are from Fuller, Fowler & Newman ( 1985 ) and Oda et al.
 1994 ) for light isotopes, and for the iron group isotopes and beyond
e used Langanke & Mart ́ınez-Pinedo ( 2000 ) and Goriely ( 1999 ). 
For this work, we use three 15 M � models by Pignatari et al.

 2013a , 2016 ). The explosion simulations include the fallback
rescription by Fryer et al. ( 2012 ) and use the recommended initial
hock velocity for one case, while two further cases with the shock
elocity divided by two and four have also been calculated (models
5d, 15r2, and 15r4, respectiv ely). F or model 15d, the shock v elocity
f material that does not fall back is 2 × 10 9 cm s −1 , corresponding
o an explosion energy of 3-5 × 10 51 erg. Models 15r2 and 15r4
orrespond to SN explosion energies of 1–2 × 10 51 erg and less than
0 51 erg, respectively (Pignatari et al. 2013a , 2016 ). Note that with the
emi-analytical approach used for our models, the SN shock is driven
ff the proto-neutron star based on the mass cut derived from Fryer
t al. ( 2012 ). With this approach, the initial shock velocity becomes
 crucial parameter, directly related to the temperature and density
eaks in different stellar layers during the CCSN explosion (e.g.
ignatari et al. 2016 ; Ritter et al. 2018 ). Ho we v er, shock v elocities
annot be mapped directly to CCSN explosion energies. Therefore,
or each model we provide an indicative range of CCSN energies
orresponding to the given initial shock velocities, instead of a single
xplosion energy. 

Our approach for the CCSN models is different from other studies
n the literature, where several methods were adopted to produce
arge-scale 1D nucleosynthesis and abundance yield calculations.
ifferent engines have been used to artificially drive the explosion,

mong others a piston (Woosley & Weaver 1995 ; Rauscher et al.
002 ; Sieverding et al. 2018 ), a thermal bomb (e.g. Thielemann,
omoto & Hashimoto 1996 ; Nomoto et al. 2013 ), the injection of
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Figure 3. Isotopic abundances (mass fractions) in the lower He-shell ejecta 
of the 25T-H and 25T-H20 models (upper and lower panels, respectively) 
immediately after the CCSN explosion. The abundance profiles for H, 4 He, 
12, 13 C, 14, 15 N, and 16 O are shown, taking into account their radiogenic 
contributions. The secondary x -axis on the top is showing the scale of 
the CCSN shock peak temperatures in GK (10 9 K units) at different mass 
coordinates. 
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hermal energy (e.g. Limongi & Chieffi 2003 ), or more recently 
f fecti ve neutrino-dri ven models (Perego et al. 2015 ; Sukhbold et al.
016 ; Curtis et al. 2019 ). While the greatest impact of the methods
sed to simulate the CCSN explosion are expected to be seen in
he most internal layers of the CCSN ejecta where the iron group
lements are made, the more e xternal re gions of the CCSN ejecta
ele v ant for this work (the former C-rich He shell) are not much
ffected by the adopted approach to simulate the explosion. A much 
reater impact is instead due to the evolution of the stellar progenitor
nd to the uncertainties in the progenitor structure (e.g. Pignatari 
t al. 2015 ). 

In this simulation framework, for the most energetic CCSN models 
escribed abo v e (15d and 15r2), the temperature rises from 3.1 × 10 8 

 in the pre-SN stage to a peak of up to about 2.0 × 10 9 K in the
orming C/Si zone (Pignatari et al. 2013a ). Note that for these models
n the former O/C zone and at the bottom of the C/Si zone there is
till a small region where O is destroyed but there is not enough
 He to make 28 Si. Here, the temperature rises up to about 2.2 × 10 9 

 (see Table 1 ). In the region of the former He shell rele v ant for
 xplosiv e nucleosynthesis, the SN peak temperature in model 15r4 
s about 30–40 per cent lower than in 15d, while 15r2 and 15d are
he same. 

The 25d model is calculated for a 25 M � progenitor star. Since no
ubstantial 56 Ni is ejected by the explosion, we may classify 25d as
 faint SN model (Pignatari et al. 2016 ). After core C-burning ends
n the progenitor star, the conv ectiv e He-shell becomes unstable and
ngests H into it from abo v e the He-rich re gion. The be ginning of
ore O-burning deacti v ates the convecti ve zone completely until the
N explosion, leaving the He-rich shell with a H abundance of about
 . 2 per cent . With 25d, Pignatari et al. ( 2015 ) introduced 25d-H5,
5d-H10, 25d-H20, 25d-H50, and 25d-H500 (25d model set). These 
odels are the same as 25d in all respects except the H abundance

n the He-shell is reduced by a factor of 5, 10, 20, 50, and 500,
espectively. 

Pignatari et al. ( 2015 ) also introduced the 25T model set where the
emperature and density of 25d are artificially increased to reproduce 
he e xplosiv e conditions of a 15 M � star in the He shell layers (15d

odel, included in this study). The bottom of the C/Si zone in the
5d model reaches a peak temperature 3.3 times higher than in the
5d model (2.3 × 10 9 K rather than 0.7 × 10 9 K), with the 25T
odel reaching 2.2 × 10 9 K. The peak density is also 100 times

igher. The same range of pre-explosion He-shell concentrations of 
 are examined here; 25T-H, 25T-H5, 25T-H10, 25T-H20, 25T-H50, 

nd 25T-H500. As an example, the abundance profiles in the He- 
hell ejecta of 25T-H and 25T-H20 are shown in Fig. 3 . Relevant
ifferences are the stronger 12 C depletion in 25T-H compared to 
5T-H20, partially compensated by the production of 13 C. The pre- 
N 

14 N and 15 N abundances are both increased by the SN explosion
n model 25T-H, by up to an order of magnitude and two orders of

agnitudes, respectively, in some of the He shell zones shown in the
gure. On the other hand, in the 25T-H20 model the N ejecta will be
ore representative of the pre-SN abundances, defined by the specific 
 ingestion event (Pignatari et al. 2015 ). In Fig. 3 , for both the two
odels we can see the formation of the so-called O/Nova zone in

he ejected CCSN abundances just abo v e the bottom of the He shell
Pignatari et al. 2015 ), where oxygen is more abundant than carbon.
ndeed, the combined 12 C depletion and 16 O production allows an 
-rich region to form from the C-rich pre-e xplosiv e He shell. In these

onditions, the e xplosiv e ‘No va-like’ H-burning nucleosynthesis 
n the previous H-ingestion products provides a nucleosynthesis 
haracterized by high enrichments of e.g. 15 N, 25 Mg, and 26 Al. Such 
nomalous signatures have been studied by several presolar grains 
tudies recently, supporting the existence of the conditions discussed 
ere based on isotopic measurements of both presolar SiC grains (Liu
t al. 2017a , 2018a ; Hoppe et al. 2019 ) and presolar silicates (Hoppe
t al. 2021 ). For each model, the mass coordinates of the O/Nova
ones formed during the CCSN explosions are given in Table 2 . 

In this work we also present a new set of six CCSN models, aiming
t refining the study of the impact of different explosion energies in
odels with H-ingestion. The 25av model set was designed to be

n intermediate to the 25d and 25T sets by having its shock peak
emperature and peak density at the midpoint of the two. Again, the
5av set has a range of H concentrations as described abo v e. These
re labelled as: 25av-H, 25av-H5, 25av-H10, 25av-H20, 25av-H50, 
nd 25av-H500. Note that the temperature at the bottom of the C-rich
egion of models 25av is similar to the temperatures found in model
5r4 (see Table 2 ). 

 C O M PA R I S O N  WI TH  PRESOLAR  G R A I N S  

n this section, we compare the stellar models to the grain data.
e will only consider the abundance profiles in C-rich regions of

he SN ejecta for the comparison, i.e. the He/C zone and the C/Si
one (if the SN conditions allow its formation). For the models
MNRAS 517, 1803–1820 (2022) 
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Figure 4. 14 N/ 15 N and 12 C/ 13 C isotopic ratios as predicted across the He/C zone of four sets of models, compared with the measured data for individual SiC 

grains (sub-types AB, nova, X, and C) and LD graphites. The top left panel shows the CCSN abundances for the 15d, 15r2, and 15r4 models, exploring different 
SN energies. The top left panel shows the 25T set that has a single ener gy (ener getically similar to 15d but has different initial conditions) and explores the H left 
from ingestion. The bottom left and right panels show the 25av and 25d sets, respectively, which have same parameter space for H but have different energies. 
The continuous vertical and horizontal black lines indicate the solar ratios. 
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ffected by H ingestion, we will also consider the O/nova zone as
iscussed by Pignatari et al. ( 2015 ). Indeed, although it is O-rich, its
osition between the C/Si and the He/C zones makes it reasonable
o expect that local mixing of stellar material would still result in
-rich mixtures. 
In Fig. 4 , the C and N isotopic ratios of individual SiC grains and

D graphites are compared to the CCSN abundances predicted from
cross the He/C zone of the models. The 15d, 15r2, and 15r4 models
n the top left panel have the same stellar progenitor but have different
xplosion energies and no H-ingestion. The 25T models in the top
ight panel have the same explosion energy (extremely similar to
hat of 15d, see Section 2 ) but have different initial conditions. They
llow us to explore the impact of different amounts of H remaining
rom ingestion, ranging from 25T-H (about 1.2 per cent of H left at
he SN shock passage from the previous H-ingestion event) down
o 25T-H500 (about 0.0024 per cent). In the 25T-H500 case, there is
o significant e xplosiv e H-burning nucleosynthesis taking place, but
till has the signatures of H-ingestion such as the production of 13 C
nd 14, 15 N via the CNO-cycle. 

The 25av and 25d model sets are shown in the bottom left and
ight-hand panels, respectiv ely, co v ering the same parameter space
NRAS 517, 1803–1820 (2022) 
or H as the 25T set. Ho we v er, these model sets hav e different
xplosion energies (see Section 2 ). Note that the -H10 and -H50
odels are not shown in these figures, since they appear to follow a

inear behaviour with the initial H concentration in between models
H5 and -H500. As discussed in Pignatari et al. ( 2013a ), in the 15d
odel a C/Si zone is developed by CCSN nucleosynthesis with large

2 C/ 13 C ratios (10 5 –10 9 , off the right of the plot). The outer region
f the He/C zones and the He/N zone in the 15-M � models are
ffected by H-burning, with a subsolar C ratio of about 4. Assuming
ifferent combinations of local mixing between the C/Si zone, the
e/C zone, and other external CCSN layers, these models would
e potentially suited to explain the C and N ratios for the SiC-X
rains and LD graphites with C ratios larger than solar (Pignatari
t al. 2013a ). For the 25 M �, H-ingestion models, most of the He/C
one contains CCSN abundances that skirt along the edge of the
resolar SiC-AB grains at a 12 C/ 13 C ratio of around 20, co v ering
4 N/ 15 N values in the range 10 2 –10 4 . In these regions of the ejecta,
he 12 C/ 13 C ratio is defined by the main properties of the H-ingestion
vent and it is not affected by the CCSN explosion. Since these
odels share the same stellar progenitor, they all show the same

atio. On the other hand, we should expect that different H ingestions
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n different real progenitors could naturally produce a large variation 
f sub-solar 12 C/ 13 C ratios in He-shell layers, possibly even within 
he same star. Indeed, depending on the time-scale and strength of the
ngestion the C ratio may change significantly. In order to explore the
ealistic range of C ratios to be expected from H ingestion in massive
tars, multidimensional hydrodynamics simulations are needed (e.g. 
erwig et al. 2014 ; Woodward, Herwig & Lin 2015 ; Clarkson &
erwig 2021 ). In general, from our models we find that the C-rich
e shell in models with H-ingestion carries a much lower C ratio

ompared to the models without H-ingestion, reaching values much 
ower than solar. Therefore, these models appeared to be more suited 
o explain presolar C-rich grains from CCSNe with low C ratios
Pignatari et al. 2015 ). 

The deepest layers of the He/C zone are strongly affected by 
 xplosiv e H burning, and produce low 

12 C/ 13 C and 14 N/ 15 N ratios
hat are consistent even with the most extreme abundance signatures 

easured in putative SiC nova grains (Pignatari et al. 2015 ; Liu et al.
016 ; Hoppe et al. 2018 ), and with some degree of local mixing with
iC-AB grains (Liu et al. 2017a ; Hoppe et al. 2019 ). The differences

n the models compared to the upper He/C zone is due to the partial
cti v ation of the hot CNO cycle (e.g. Wiescher et al. 2010 ). Models
ith more remaining H in the deep He/C zone achieve lower 12 C/ 13 C

nd 14 N/ 15 N ratios in the CCSN ejecta due to radiogenic contributions 
o 13 C and 15 N. For example, 25T-H has the most H remaining from
ngestion and develops the lowest 12 C/ 13 C and 14 N/ 15 N ratios of all
he models, while 25T-H500 has no H deep in the He/C zone, so
evelops high 12 C/ 13 C and 14 N/ 15 N ratios. The CCSN abundances 
n the C/Si zone develop 12 C/ 13 C and 14 N/ 15 N ratios of about 10 7 –
0 9 and 0.01–400, respectively, so with local mixing between the 
/Si zone and the deep He/C zone, the 25T-H, 25T-H5, and 25T-H20
odels could potentially reproduce all SiC-X grains, including those 
ith 12 C/ 13 C ratios higher than solar (e.g. Hoppe et al. 2018 ). 
In the bottom left panel, despite the much lower SN energy, the

5av models show a similar evolution of the C and N ratios in the
CSN ejecta compared to the 25T set. The high 12 C/ 13 C region to the

ight of the plot represents the C-rich region at the top of the O/C zone
xtending from 6.73 to 6.82 M �. Mixing this region with material in
he He/C zone and the intermediate O-rich O/nova zone may explain 
he large scatter of anomalous ratios measured in presolar grains, 
till satisfying the constraint of a C-rich mixture. Since the 25av 
xplosions are less energetic than 25T, both less 14 N and 15 N are
ade at the bottom of the He/C zone, but still showing similar N

sotopic ratios o v erall. 
In the bottom right panel, at the bottom of the He/C zone (6.82
 �), the models 25d-H5 and 25d-H20 show trends similar to their

nalogous models at higher energies. Ho we ver, the lo west C ratio
eached by model 25d-H is 0.5, which is not as extreme as the 25T-H
nd 25av-H models. The SN e xplosiv e conditions combined with 
he lower H concentration allow 25d-H500 and 25d-H20 to provide 
2 C/ 13 C and 14 N/ 15 N ratios consistent with 14 N-rich SiC-AB grains
n the deep He/C zone around 6.82 M �. Alternatively, Hoppe et al.
 2019 ) suggested adjustments of C and Al isotopic ratios in the 25T
odels in order to simultaneously match C, N, and Al isotopic ratios

f AB grains (both 15 N-rich and 15 N-poor). 
In Fig. 5 , the Si isotopic ratios for SiC grains (sub-types AB, nova,

, and C) and LD graphites are shown with the CCSN abundances
redicted from the four model sets. In the top left panel, the 15d
nd 15r2 models show a large 28 Si-excess in the C/Si zone as shown
y low delta values for 29 Si/ 28 Si and 30 Si/ 28 Si. By assuming some
ixing with more external stellar material carrying a 28 Si-deficit or a 

lose-to-solar Si isotopic composition, these models can qualitatively 
eproduce grains which show 

28 Si-excess such as SiC-X, a rele v ant
umber of LD graphites, and a few nova grains (Pignatari et al.
013a ). On the other hand, in the same region of the ejecta 15r4 does
ot develop a C/Si zone and the 28 Si-rich signature obtained in 15d
nd 15r2. In the intermediate He/C zone of 15d, 15r2, and 15r4, there
re strong 28 Si-deficits due to the production of both 29 Si and 30 Si by
eutron capture (this is the neutron-burst signature due to the strong
cti v ation of the n-process, see e.g. Meyer et al. 2000 ; Pignatari
t al. 2013b , 2018 ), resulting in higher Si δ-values (up to 18 000 and
5 000 for 30/28 Si and 29/28 Si, respectively) than in the deeper He/C
one. In particular, the more energetic models show a more efficient
roduction of 30 Si compared to 29 Si. This material may be consistent
ith the 28 Si-deficit seen in SiC-C grains that continue off the right
f the plotted area, since mixing with material with ratios close-to-
olar will result in much less extreme ratios. In the CCSN ejecta,
i isotopic ratios become less extreme in the outer He/C zone, with
olar ratios or mild 28 Si-deficit due to the pre-e xplosiv e s-process
roduction in the He shell (e.g. Rauscher et al. 2002 ; Pignatari et al.
016 ; Sukhbold et al. 2016 ). 
In the top right panel of Fig. 5 , the 25T models also develop a

8 Si-rich C/Si zone. Ho we v er, with the e xception of 25T-H500, the
5T models predict less extreme Si ratios in the He/C zone. Indeed,
uring the SN explosion proton capture on 22 Ne is in competition
ith α-capture, reducing the activity of the 22 Ne( α,n) 25 Mg reaction

nd the strength of the n-process (Pignatari et al. 2015 ; Liu et al.
018b ). Therefore, a lower remaining abundance of H from ingestion
e.g. 25T-H500) allows the production of larger 28 Si-deficit. By 
omparing with the models in the top left panel, a no v el CCSN
ucleosynthesis signature in 25T -H and 25T -H5 is observed at
he bottom of the He/C zone. Combined mild positive δ( 30 Si/ 28 Si)
nd ne gativ e δ( 29 Si/ 28 Si) are obtained, to a degree that is directly
ompatible with measurements in putative nova grains. This is simply 
ue to the e xplosiv e H-burning activ e in that region, fa v ouring the
roduction of 30 Si with respect to 29 Si. The same feature is obtained
n simulations for ONe novae (e.g. Amari et al. 2001a ; Jos ́e, Coc &
ernanz 2001 ; Jos ́e & Hernanz 2007a ; Denissenkov et al. 2014 ). In
odel 25T-H, just at the boundary between the He/C zone and the
/Nova zone, a positive δ( 30 Si/ 28 Si) starts also to be developed. The

ame signature in nova models can be reached for the most massive
Ne novae (see e.g. Amari et al. 2001a ; Jos ́e & Hernanz 2007b ).
o we ver, due to the higher temperatures involved in the O/Nova

one together with the high concentration of H, a much larger 28 Si-
eficit is achieved. We defer a discussion of the details of O/nova zone
ucleosynthesis to a future work. Here we are instead interested in
he specific differences obtained in models 25T-H and 25T-H5. These 

odels have the same explosion energy, but different H concentration 
n the stellar progenitor. In Fig. 6 , we show a more zoomed version
f the top right panel from Fig. 5 , showing also the evolution of the
jected CCSN abundances in the O/Nova zone. In this region, 25T-H
s evolving towards high positive δ( 29 Si/ 28 Si) and δ( 30 Si/ 28 Si) up to
5 000 and 60 000 per mil, respectively, (outside the plot boundary),
hile in the C/Si zone the ratios are returning to be consistent with
5d, shown in the top left panel of Fig. 5 . Model 25T-H5 shows
nstead a completely different trend. The ne gativ e δ( 29 Si/ 28 Si) is
aintained, while with the higher energies the ne gativ e δ( 30 Si/ 28 Si)

s eventually obtained, consistent with the SiC-X observed slope. 
he SN explosion is clearly not the cause of the difference, since

he two models share the same SN prescription. The different trends
etween 25T -H and 25T -H5 are only due to the different combination
f e xplosiv e H-burning and e xplosiv e He-burning nucleosynthesis in
he O/Nova zone, due to the different H concentration. This result is
nteresting and deserves further study, since it might provide future 
onstraints for stellar models with H ingestion. 
MNRAS 517, 1803–1820 (2022) 
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Figure 5. Si isotopic ratios in δ-notation for SiC grains (sub-types AB, nova, X, and C) and LD graphites are compared with the C-rich regions of the models, 
where δ(ratio) = (grain ratio/solar ratio − 1) × 1000. Abundance ratios measured in grains and CCSN abundance profiles from stellar models are shown in the 
four panels with the same symbols used in Fig. 4 . 

Figure 6. Zoomed version of the top right panel in Fig. 5 , only for models 
25T-H (red line with circles) and 25T-H5 (blue line with triangles), but 
showing the isotopic abundances for both C-rich CCSN ejecta (continuous 
line) and the O-rich O/Nova zone (dashed line). Abundance ratios measured 
in grains are shown with the same symbols used in Fig. 4 . 
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In the bottom left panel of Fig. 5 , no C/Si zone is formed by
 xplosiv e nucleosynthesis due to their lower explosion energy. On the
ther hand, the nucleosynthesis of Si isotopes in the He/C zone shows
everal similarities compared to the 25T models with analogous H
uel. Also at these explosion energies the different Si production
riggered in 25av-H with respect to 25av-H5 is visible, confirming
hat the result mostly depend on the H concentration. 

In the bottom right panel, the 25d models predict similar high Si δ-
alues in the He/C zone, with close to solar ratios in the intermediate
nd upper mass region. Only 25d-H shows a negative δ( 29 Si/ 28 Si)
ombined with the positive δ( 30 Si/ 28 Si) in the deepest part of the
e/C zone, as discussed in models 25T and 25av. 
Fig. 7 presents the 12 C/ 13 C and 26 Al/ 27 Al isotopic ratios for

CSN abundance simulations and grains. Compared to Fig. 4 , the
ull range of 12 C/ 13 C ratio obtained in the CCSN ejecta is shown.
n the top left panel, models with different explosion energies
ut no H ingestion do not reach the 26 Al enrichment needed to
eproduce the full range of grains observations, as already discussed
n Pignatari et al. ( 2013a , 2015 ). The comparison shown in the top
ight panel has been already discussed by Pignatari et al. ( 2015 )
nd we report them here for completeness. In particular, 12 C/ 13 C
ho ws a v ariation up to 11 orders of magnitude, with the highest
atios obtained in the C/Si zone on the right of the plot, to the lowest
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Figure 7. 26 Al/ 27 Al and 12 C/ 13 C isotopic ratios predicted by the CCSN models and compared with SiC grains (sub-types AB, nova, X, and C) and LD graphites 
are shown. For abundance ratios measured in grains and abundance profiles from stellar simulations, symbols are used as in Fig. 4 in the four panels. Continuous 
lines represent the He/C and C/Si zones, while the dashed lines indicate the O/nova zone between them. 
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ub-solar ratios obtained at the intersection between the O/Nova 
one and the He/C zone. The C-rich regions are plotted as solid
ines whereas the O/nova zone is plotted as dashed lines. Based
n preliminary calculations, we can anticipate that it is possible to 
eproduce the grains with highest 26 Al/ 27 Al ratios through mixing 
f the He/C, O/nova, and C/Si zones of models 25T -H and 25T -
5. This is obtained even with the model 25T-H10 (not shown 

n the figure), considering mixtures of matter predominantly from 

he O/Nova zone with small contributions of matter from the C-
ich zones below and abo v e (Hoppe, Pignatari & Amari 2022 ,
ubmitted). 

The bottom left panel shows that the same high 26 Al production 
uring the CCSN explosion noted in the top right panel can also
e obtained in models at lower energy (25av), keeping the same H-
ngestion parametrization. In this case, the H left at the CCSN shock
assage is controlling the 26 Al production. As with 25T-H5 compared 
o the other 25T models, 25av-H5 is the model showing the largest
6 Al/ 27 Al ratio in the O/Nova zone, over the full range of measured
 ratios. This is an interesting result. First, we would naively expect

he 26 Al enrichment due to e xplosiv e H-burning to increase with the
mount of H left in the He shell. This is not the case for the 25T and the
5av stellar sets. Both 26 Al and 27 Al are made during the explosion
n the O/Nova zone. Above a certain H abundance, 27 Al is produced

ore efficiently than 26 Al and the relative ratio decreases. In Pignatari 
t al. ( 2015 ), we have seen that model 25T-H10 (see Table 2 ) shows
imilar 26 Al/ 27 Al ratios in the O/Nova zone compared to 25T-H. A
aximum value of 26 Al/ 27 Al is reached with H left between about
 per cent and 1 per mill. More models would be needed to identify
hat is the amount of H yielding the largest 26 Al/ 27 Al ratio, that

ould be higher than the abundances of 25T-H5. With the present
odels, the same conclusions can be derived for the 25av set at lower
N energies. By taking into account the measured scatter for C, N,
l, and Si abundances in presolar grains (see also Figs 4 , 5 , and 6 ),
odels 25T-H5 and 25av-H5 seem to provide the required conditions 

o match the typical H-burning signatures identified, and higher H 

oncentrations do not help or make even worse the comparison with
bservations. 
Finally, in the bottom right panel the CCSN abundances ejected 

rom model 25d cannot explain the highest 26 Al/ 27 Al ratios observed.
he temperatures reached in the He shell in these models during the
N shock passage are not high enough to efficiently make 26 Al. The
re-SN 

26 Al abundance made during the H ingestion in our models
s more than an order of magnitude too low compared to the presolar
rains measurements of 26 Al-rich SiC-X and graphites. Beyond the 
cope of this paper, it would be useful to produce in the future one
r two additional sets of CCSN simulations where the impact of the
N explosion energy is explored between 25d and 25av settings (see
ection 2 ). 
MNRAS 517, 1803–1820 (2022) 

art/stac2498_f7.eps


1812 J. Schofield et al. 

M

Figure 8. 44 Ti/ 48 Ti and 30 Si/ 28 Si isotopic ratios of SiC grains (sub-types AB, nova, X, and C) and LD graphites are compared with CCSN model predictions 
across the C-rich zones. For abundance ratios measured in grains and abundance profiles from stellar models symbols are used as in Fig. 4 in the four panels. 
The δ-notation is used for the Si ratio. 
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Fig. 8 shows the 44 T i/ 48 T i and δ( 30 Si/ 28 Si) isotopic ratios for
resolar grains and the four model sets. It is worth taking into
onsideration here that 48 Ti and 48 Ca are indistinguishable when
easuring isotopic abundances in grains. Ho we ver, 48 Ca condenses
uch less efficiently into SiC than 48 Ti (Lodders & Fe gle y 1995 ).
he fractionation used for 48 Ca/ 48 Ti is 0.0001, i.e. only 1 Ca atom
ondenses for every 10 000 Ti atoms. In the figure, therefore, the
bundance of 48 Ti also takes into account the contribution of 48 Ca
fter fractionation. The same fractionation is applied for 44 Ca and the
adioactive isotope 44 Ti. As shown for 15d, 15r2, and 25T models
n the top panels, 28 Si-rich material coincides with high 44 Ti in the
/Si zone as they are both products of the explosive α-capture chain

Pignatari et al. 2013a ). In the central layers of the C/Si zone these
odels achieve high values of 44 T i/ 48 T i, abo v e the plotted area:

he maximum ratios obtained are 3.78 and 2.97 for 15d and 15r2
espectively, and 29.9, 26.2, 26.1, and 26.1 for 25T -H, 25T -H5,
5T -H20, and 25T -H500, respectiv ely (be yond the plot range). In
articular for the 25T models, a large range of 44 T i/ 48 T i is obtained
n the C/Si zone, from no 44 Ti to the high values mentioned abo v e. As
iscussed in Pignatari et al. ( 2013a ), this variation of 44 Ti production
s a natural outcome of the α-capture chain of reactions triggered by
he e xplosiv e He-burning, where 44 Ti is at the end of the production
hain and requires high temperatures and α-capture efficiency to be
NRAS 517, 1803–1820 (2022) 
ade. The milder 44 T i/ 48 T i ratios observed in some 28 Si-deficient
raphites grains and SiC-C grains can be also reproduced in the top
eft panel, but not in the top right. Instead, 15r4 (top left Panel), 25av
bottom left Panel), and 25d models (bottom right Panel) are not
nergetic enough to form the C/Si zone with 28 Si and 44 Ti during the
CSN explosion. All of the models shown dev elop e xtremely high
( 30 Si/ 28 Si) in the He/C as the curve continues far past the right edge
f the plot. 
Fig. 9 shows the 49 T i/ 48 T i and 46 T i/ 48 T i ratios for our models

ompared to presolar grains. The isotope 49 V is a radioactive parent
f 49 Ti, with a half-life of 330 d. This means that some 49 V remains
hen the grains are condensing. Vanadium (in the form of VC 0.88 )

nd Ti (as TiC) are incorporated in ideal solid solution into SiC at the
ame 50 per cent condensation temperature (Lodders & Fe gle y 1995 ).
herefore, 49 V can be expected to condense at a similar rate to 49 Ti

n SiC grains and graphites, and we do not apply any fractionation
etween V and Ti in Fig. 9 . Instead, the contributions from the stable
sobars 46 Ca and 48 Ca to 46 Ti and 48 Ti, respectively, are taken into
ccount as in Fig. 8 . All of the CCSN stellar sets presented in Fig. 9
how the capability to produce high 49 T i/ 48 T i ratios in the C-rich
jecta. In the top left panel, for the C/Si zone 15d and 15r2 make 49 Ti
ostly as 49 V. An additional 49 Ti component is made in the He/C zone

y neutron captures, directly as 49 Ti or as radiogenic contribution
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Figure 9. 49 Ti/ 48 Ti and 46 Ti/ 48 Ti isotopic ratios in δ-notation of individual SiC grains (sub-types AB, nova, X, and C) and LD grains compared with abundance 
predictions of CCSN models. For abundance ratios measured in grains and abundance profiles from stellar models symbols are used as in Fig. 4 in the four 
panels. 
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rom the neutron-rich radioactives 49 Ca and 49 Sc. Models in the top 
ight panel still have the 49 V-rich component in the C/Si zone, but
eutron captures in the He/C zone are suppressed in the models with
ost H left. Ho we ver, in 25T -H and 25T -H5 the abundant pristine 48 Ti

s partially converted by direct proton captures to 49 V in the O/Nova
one and at the bottom of the He/C zone during the CCSN explosion,
enerating also in these conditions a supersolar 49 T i/ 48 T i ratio ( 48 Ti
nd 49 Ti are, respectively, 73.72 and 5.41 per cent of the solar Ti).
he 25av models (bottom left panel) and 25d models (bottom right
anel) also reproduce the observed scatter measured in presolar 
rains. Therefore, depending on the SN explosion energy and on 
he occurrence of H-ingestion, we can identify three components 
ielding supersolar 49 T i/ 48 T i ratio: a 49 V-rich one in the C/Si zone due
o e xplosiv e He burning, a (possibly) 49 V-rich one in the O/Nova zone
and in the deepest He/C zone layers) due to proton-captures and, if
o significant amount of H is present at the onset of the SN explosion,
he 49 Ti-rich neutron-capture component in the He/C zone. The 
eutron-burst in the He/C zone is suppressed in 1D CCSNe models 
eveloping the O/Nova zone (Pignatari et al. 2015 ). Therefore, if we
o not consider the mild pre-SN s-process signature in the He shell,
he proton-capture and the neutron-capture components discussed 
bo v e could be alternative results of local e xplosiv e nucleosynthesis.
o we ver, the multidimensional dynamic nature of H ingestion could 
asily lead to asymmetries and local differences in the He shell
hich could make the two components complementary products 
f the same CCSN explosion. While there are several studies of
 ingestion with multidimensional hydrodynamics simulations for 

ow-mass stars (Stancliffe et al. 2011 ; Herwig et al. 2014 ; Woodward
t al. 2015 ), at present the same e xtensiv e studies are not available
or massive stars to better constrain the stellar progenitors (see e.g.
larkson & Herwig 2021 ). The present limitations of 1D models
sed in this work need to be taken into account, and therefore we
annot derive strong constraints about the relative relevance of these 
ifference components at the moment. Based on the same generation 
f models, Liu et al. ( 2018a ) used the 49 Ti signature to distinguish
etween the contribution of the C/Si and the Si/S zones to condense
iC-X grains. They argued that by invoking the Si/C zone as the main
ource of 28 Si, the 49 Ti from the He/C zone would be the dominant
ontributor to the 49 Ti measured in grains, at odds with the data.
heir analysis was based on considering the Ti/Si ratio of the Si/C
one, which is orders of magnitude lower than that of the He/C zone
n CCSN models. Given what we have said above and taking into
ccount the uncertainties involved, we do not think these conclusions 
an be driven yet just based on the Ti/Si ratio. In particular, while
he abundance of C in the Si/S region is negligible, the abundances
f both C and Si are higher by at least an order of magnitude in the
MNRAS 517, 1803–1820 (2022) 
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Figure 10. Top Panel: 26 Al/ 27 Al and 12 C/ 13 C isotopic ratios predicted from 

15d, 25T-H5, and 25av-H5 are compared with SiC grains (178 sub-types 
AB, 15 nova, and 106 X) and 173 LD graphites. The presolar grains data 
are available from Hynes & Gyngard ( 2009 ) and Stephan et al. ( 2020 ). As 
a reference, we also show the data for 185 SiC mainstream grains (labelled 
as M), which are the most abundant type of SiC presolar grains and they are 
made in asymptotic giant branch stars (Zinner 2014 , and references therein). 
The median 26 Al/ 27 Al ratios are 0.1740, 0.0028, 0.0620, and 0.0006 for 
SiC-X, AB, Nova, and Mainstream, respectively. The median value for LD 

graphites is 0.0184. Continuous lines on the main plot represent the He/C and 
C/Si zones, while the dashed lines indicate the O/nova zone between them. 
The histograms on the axes show the distribution of each grain type in their 
respective isotopic ratio, with a solid opaque line indicating the median ratio. 
Bottom panel: the same as in the top panel, but for 26 Al/ 27 Al and 14 N/ 15 N 

isotopic ratios. Both solar and terrestrial N ratios are shown, as in Fig. 4 . 
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/Si zone compared to the He/C zone. In the stellar progenitor, the
e/C zone is only a partial He-burning region (the former conv ectiv e
e shell), and at the onset of the collapse still a lot of He fuel is

eft: 4 He is the most abundant isotope in the He/C zone. The C/Si
one is located instead at the bottom of the former He shell, where
ydrostatic He-burning was almost complete. This is the reason why
 can be even an order of magnitude higher than in the He/C zone.
dditionally, in this region explosive He-burning is destroying the
re-SN O to make Si and other elements, while C is not depleted
ecause the 12 C( α, γ ) 16 O rate is orders of magnitudes weaker than
he 16 O( α, γ ) 20 Ne reaction rate (Pignatari et al. 2013a ). Therefore,
ndependently from the Ti/Si ratio, the high enrichment in both C and
i is generating a qualitative expectation that ejecta from the C/Si
one will have a much higher formation efficiency of SiC grains
ompared to the He/C zone. Ti should then condense in these grains
rom consistent mixtures of C-rich and Si-rich stellar material. More
etailed predictions for Ti chemistry in environments with different
egrees of C and Si enrichment would require complete network
alculations with chemical reactions, that are beyond the scope of this
aper. 

For the sake of completeness, in the Appendix Figs A1 and A2
rovide the isotopic ratios 47 T i/ 48 T i with respect to 46 T i/ 48 T i, and
0 Ti/ 48 Ti with respect to 46 T i/ 48 T i for our models in comparison to
resolar grains. No additional constraints can be derived from these
gures compared to what we have already discussed. Nevertheless,
s for Si isotopes and other Ti isotopes discussed so far, a no v el
ucleosynthesis in the O/Nova zone compared to massive star models
ithout H ingestion can be also identified. We defer to a future paper

or the detailed analysis of the nucleosynthesis in the O/Nova zone. 

 T H E  A BU N DA N C E  S I G NATU R E S  O F  

A D I O  AC TIVE  ISO  TO PES  

26 A L  A N D  

44 TI  IN  

RESOLAR  G R A I N S  

n this section, we look further at the implications of the models
redictions, and for each grain type we consider the distributions of
sotopic abundance ratios for the radioactive isotopes 26 Al and 44 Ti. 

Fig. 10 , top panel, shows the 26 Al/ 27 Al and 12 C/ 13 C isotopic ratios
redicted by a selection of our CCSN models 15d, 25T-H5, and
5av-H5 and compared with presolar grains. The distribution of
sotopic ratios for each grain type is shown and the respective median
alues are reported. Based on the considerations made in the previous
ection, we used here for the analysis 25T-H5 and 25av-H5, and not
he analogous CCSN models with the highest initial H concentration.
ote ho we ver that the results that we deri ve from the discussion
ould not be much different. As we have seen in Fig. 7 , the ejected

bundance products from 25T-H5 and 25av-H5 have a sub-solar
2 C/ 13 C ratio in the He/C zone abo v e the O/Nova zone. In both of the
wo models, the ratio is becoming supersolar moving inward within
he O/Nova zone, and with a depletion of both C isotopes by proton
aptures. At the bottom of the O/Nova zone, both the C/Si zone in
5T-H5 and residual C-rich layers in 25av-H5 are 12 C-rich. In the
5d model, both the C/Si zone and the He/C zone have a 12 C/ 13 C
atio higher than solar, while the upper part of the He/C zone and the
e/N zone are sub-solar (Pignatari et al. 2013a ). 
If now we check more carefully the abundance distributions in

ingle presolar grains, SiC-X grains appear to show two 26 Al enrich-
ent peaks, one distinct at around 26 Al/ 27 Al ≈ 0.2 and potentially
 second peak (less clear with fewer data points) at 26 Al/ 27 Al ≈
.05. More data points would be required to clarify whether these
re indeed two distinct peaks or simply a single distribution with
 long tail towards low 

26 Al abundances. Based on Pignatari et al.
NRAS 517, 1803–1820 (2022) 
 2015 ) and results presented in Section 3 , the first peak may be the
ignature of late H-ingestion and SN explosions at higher energy
25T or 25av). The potential second peak could be explained from
ixing of the He/C and He/N zones (15d reaches these values), or
-ingestion in low-energy CCSNe (e.g. 25d, see Fig. 7 ). This should
e confirmed by future works, where mixing models are applied to
eproduce the composition of single presolar grains. The first peak is
uch stronger, which would be consistent with the scenario where
ost of SiC-X are forming in high-energy explosions (Pignatari et al.
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013a ). We cannot derive a direct constraint on the frequency of H-
ngestion in CCSNe. This is because most of the observed CCSN dust
ould have originated from a single CCSN immediately before the 
ormation of the Solar system, with late H-ingestion and asymmetric 
jecta. The distribution of 26 Al/ 27 Al measured in LD graphites is quite
ifferent to that of SiC-X grains, despite the o v erall similar range of
atios found. This may appear to be quite surprising, considering that 
he two types of grains are formed in the same parts of the CCSN
jecta. There is a higher peak at 26 Al/ 27 Al ≈ 0.06 and a shallow
road peak at ≈0.01. Like for SiC-X grains, it is still unclear if
his second peak really exists. Ho we ver, the distribution of 26 Al/ 27 Al
atios appear to be shifted towards higher values for SiC-X compared 
o LD graphites. This could be explained assuming that LD graphites 
ondensed efficiently in CCSN ejecta exposed to a broader range 
f nucleosynthesis conditions compared to SiC-X grains, including 
ess extreme temperature and density peaks during the SN explosion 
e.g. Pignatari et al. 2018 ). On the other hand, as Travaglio et al.
 1999 ) pointed out we cannot exclude that the 26 Al/ 27 Al measured
oday in graphites was affected by loss of radiogenic 26 Mg, which 
ould also explain these lower ratios. SiC-AB grains show a broad 
istribution with a peak at 0.003. Since different types of stellar
ources are contributing to these grains (Amari et al. 2001b ; Liu
t al. 2017a , b ; Hoppe et al. 2019 ), we cannot derive clear constraints
pplying specifically to CCSNe from the o v erall distribution shown. 
ossibly because of the low number of data, the 26 Al/ 27 Al in
utativ e No va grains is scattered o v er two orders of magnitudes,
artially o v erlapping with the SiC AB grains, and with a median
alue of 0.062 that is consistent with the LD graphites higher 
eak. 
In the top panel, we also report the abundance distribution with 

he position of the median line for the measured 12 C/ 13 C ratios.
nterestingly, as we have seen for Al isotopes, we find again that the C
istribution for SiC-X and LD graphites is different, with the median 
t 172 (higher than solar) and 79 (lower than solar), respectively. This
s an intrinsic difference of the two populations of grains, and it is
learly not due to a different solar contamination or loss of radiogenic
aterial as it could be for 26 Mg. In the figure, we report 106 SiC-X

rains with 22 per cent of 12 C/ 13 C ratios less than solar and 78 per cent
2 C/ 13 C greater than solar, and 173 LD graphites with 52 per cent of
2 C/ 13 C ratios less than solar and 48 per cent 12 C/ 13 C greater than
olar. In the classic scenario where 28 Si is formed in the Si/S zone,
here is no explanation of these differences, since the Si/S zone is
-poor (and Al-poor) and would not affect the C-ratio. Additionally, 

f we assume that both 13 C and 26 Al found in grains are a product
f e xplosiv e H-burning or of the He/N zone, because the 12 C/ 13 C
edian of LD graphites is lower than in SiC-X data we would also

xpect the 26 Al/ 27 Al median to be higher. This is not the case. On the
ther hand, this appears to be further confirmation of the C/Si zone as
he origin of 28 Si in these grains. Compared to LD graphites, a larger
raction of SiC-X are 28 Si-rich and 12 C-rich like the C/Si zone. This
ould qualitativ ely e xplain why a larger fraction of SiC-X grains have
2 C/ 13 C larger than solar, independently from the nucleosynthesis 
ource of 13 C and 26 Al. The SiC-X grains preferentially form in 
igh-energy CCSNe or in high-energy components of asymmetric 
CSNe ejecta where the C/Si zone is created during the explosion. 
n the other hand, LD graphites are formed in a larger range of

onditions, in ejecta with and without the 28 Si-rich and 12 C-rich C/Si
one. Finally, SiC nova grains and SiC-AB grains show consistent 
2 C/ 13 C distributions, with medians equal to 5.1 and 4.4, respectively. 

In Fig. 10 , bottom Panel, we show the 26 Al/ 27 Al and 14 N/ 15 N
sotopic ratios from the CCSN abundances predicted in 15d, 25T-H5, 
nd 25av-H5 and we compare them with SiC grains. Models 25T-H5 
nd 25av-H5 show the same abundances in the external part of the
e/C zone, with an 26 Al/ 27 Al of the order of 0.05, generated from the
-ingestion event, and a 14 N/ 15 N ratio higher than solar, but quickly
ecreasing with moving deeper in the He/C zone. At the bottom of
he He/C zone a sudden rise of the 26 Al/ 27 Al up to about a value of 0.3
s also seen for both the two models. We can clearly see that in these
egions nucleosynthesis patterns are shaped by nuclear reactions, 
hich are the same in the two models. The 26 Al/ 27 Al ratio rises up to
-3 in the O/Nova zones of both 25T-H5 and 25av-H5. However, the
 isotopic ratio decreases in 25T-H5 and increases in 25av-H5. For

he presolar grains analysis of the N abundances the bottom of the
/Nova zone and the C/Si zones are not relevant, since they are both
-poor. The model 15d shows higher ratios in the external He/C zone

ompared to the two models with H-ingestion, reaching a maximum 

6 Al/ 27 Al value of 0.2 but with much lower N abundances (Pignatari
t al. 2015 ). In the He/C zone and in the C/Si zone 26 Al is not made
fficiently by e xplosiv e nucleosynthesis. The e xplosiv e production
f 15 N allows the reduction of the N isotopic ratio, but its production
s too weak compared to observations (Bojazi & Meyer 2014 ), and
he whole N abundances in the deepest C-rich ejecta shown in the
gure would not be rele v ant once some small degree of mixing is
llowed for ejected stellar material. 

We have already discussed in the top Panel the 26 Al/ 27 Al distribu-
ion in presolar grains. The 14 N/ 15 N for LD graphites is not indicative
f the original composition because of terrestrial contamination. 
here contamination from terrestrial material did not completely 

rase the N signature, the LD graphites carry a low N ratio,
articularly for high 26 Al/ 27 Al ratios. The original 15 N-rich signature 
 as lik ely very high in these grains. Concerning the different types
f SiC grains shown in the figure, there is a general trend (due to
uclear astrophysical reasons) of correlated 15 N and 26 Al abundances 
cross the whole grain population, but within a large grain-to-grain 
catter. Putativ e no va grains again behave like a 15 N-rich tail of the
iC-AB grain spread ( 14 N/ 15 N medians of SiC Nova and SiC-AB
rains are 31 and 252, respectively). The population of SiC-X grains
arry a higher 26 Al compared to other grains with the same N ratio.
he sub-solar 14 N/ 15 N ratios show a scatter of a factor of 20, with a
edian of 66 that is in between SiC Nova and SiC-AB grains. 
Fig. 11 shows the 26 Al/ 27 Al and 44 T i/ 48 T i isotopic ratios from the

nal CCSN abundances in 15d, 25T-H5, and 25av-H5 and compared 
ith SiC-X and LD graphites. Only a limited number of grains have
een measured for both 26 Mg ( 26 Al) and 44 Ca ( 44 Ti): 15 SiC-X and
1 LD graphites. A particular problem for Ca isotope measurements 
s contamination of the grains with terrestrial Ca, such that existing
4 Ca excesses may remain hidden (Besmehn & Hoppe 2003 ). This
ay explain that from the 138 X grains measured for Ca, only 38

ho wed resolv able excesses in 44 Ca, although it should be noted that
a contamination has no effect on inferred 44 T i/ 48 T i ratios. Because
f the low statistics available, we cannot deriv e an y significant
onclusions from the ab undance distrib ution in the histogram aspect
f this figure. It is interesting to note that for SiC-X grains the
6 Al/ 27 Al medians between this sample and the extended sample 
rom Fig. 10 are consistent within 12 per cent. For LD graphites, the
1 grains here have a median that is a factor of 3.7 higher compared to
he extended sample in Fig. 10 . Ho we ver, we cannot yet conclude that
4 Ti-rich LD graphites tend to be also 26 Al-rich based on 11 grains
nly. More grains with both 44 Ti and 26 Al measurements would be
eeded. 

Concerning the abundance curves from CCSN models shown in 
ig. 11 , the C/Si zone in 15d and 25T-H5 provides the 44 Ti, with

4 Ti/ 48 Ti ratios larger than 0.001 (see e.g. Pignatari et al. 2013a ). The
/Si zone does not make 26 Al. Instead, in the figure this radioactive
MNRAS 517, 1803–1820 (2022) 
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Figure 11. 26 Al/ 27 Al and 44 Ti/ 48 Ti isotopic ratios predicted from the CCSN 

models 15d, 25T-H5, and 25av-H5 are compared with 15 SiC-X grains and 
11 LD graphites. The median 26 Al/ 27 Al ratios are 0.16 and 0.07, respectively. 
Continuous lines on the main plot represent the He/C zone (squeezed at 
44 Ti/ 48 Ti � 10 −4 ) and the C/Si zone, while the dashed lines indicate the 
O/nova zone between them. The histogram on the 26 Al/ 27 Al axis shows the 
distribution of each grain type, with a solid opaque line indicating the mean 
ratio. Also a histogram of 44 T i/ 48 T i ratios is shown. 
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sotope is provided by the O/nova zone (in 25T-H5 and 25av-H5)
nd at the bottom of the He/C zone (the region around 44 T i/ 48 T i �
.0001). We may anticipate here that a local mixing of these regions
ould result in a large degree of 26 Al and 44 Ti enrichment. In the

uture, e xtensiv e comparisons between mixing models from CCSN
odels with H ingestion and single presolar grains carrying both

4 Ti- and 26 Al-enrichment are needed. Previously, Xu et al. ( 2015 )
sed the models 15r (really similar to the model 15d presented here)
nd 15r4 (presented in this work) to reproduce a sample of single SiC
 grains including both 26 Al and 44 Ti. Ho we ver, both these models

re without H ingestion. In Hoppe et al. ( 2018 ), for the first time
4 Ti was explored for two SiC-X grains and a SiC-C grain in the
ontext of the 25T H-ingestion SN models presented here. From that
tudy, it was shown that predictions for 44 Ti are too high when C-,
-, and Si-isotopic compositions and 26 Al/ 27 Al ratios are well fitted.
he possible sources of such a discrepancy were considered, among
thers the extension and detailed abundance profiles of the C/Si zone.
nterestingly, in the high-energy CCSN model 25T-H5 we also see a
4 Ti production in the O/nova region, with 44 T i/ 48 T i increasing up to
bout 0.2 with decreasing mass coordinate. The absolute abundance
f 44 Ti in this region is about three orders of magnitudes lower than
n the C/Si zone, reaching a maximum abundance in the order of
0 −6 in mass fraction. The nucleosynthesis in the deepest layers of
he O/Nova zone is given by the combination of proton captures and
-captures that start to become rele v ant at these conditions. Some

4 Ti is made and at the same time the initial 48 Ti is depleted by a
actor of 2–3, which explains the rise of the 44 T i/ 48 T i ratio. 

 C O N C L U S I O N S  

his work has compared the isotopic abundances of presolar SiC
rains and graphites from CCSNe with the predictions of four sets
f 1D CCSN models with a range of energies, both with and without
-ingestion: 15d, 25T, 25av, and 25d. Compared to previous works,
e are including in our analysis six additional CCSN models with
NRAS 517, 1803–1820 (2022) 
 ingestion (set 25av), and intermediate explosion energies between
he 25T and 25d stellar sets (Pignatari et al. 2015 ). The primary
im of this work is to study the impact of differing energies and
emaining H (0 . 0024 per cent ≤ X H ≤ 1 . 2 per cent ) in H-ingestion
odels as well as comparing the predictions of models with and
ithout H-ingestion but with the same range of explosion energies.
he isotopic ratios focused on were C, N, Al, Si, and Ti of LD
raphites and SiC grains of Type X, AB, C, and nova, which have
otentially condensed from CCSN ejecta. In particular, we discuss
he production of the radioactive isotopes 26 Al and 44 Ti. 

The 15d, 15r2, and 25T models develop a C/Si zone, ranging in
xplosion energy between 1 and 5 × 10 51 erg and with a temperature
t the bottom of the C-rich region between 2.2 × 10 9 (15r2) and
.3 × 10 9 K (25T; Pignatari et al. 2015 ). These models are able
o reproduce the 28 Si- and 44 Ti-excesses of SiC-X grains and LD
raphites, consistently with the nucleosynthesis signatures of Si and
i isotopes measured. The most H-rich 25av models still develop
n O/Nova zone, but the C-rich layers ejected at the bottom of the
egion are not forming a fully built C/Si zone: the peak temperature
f 1.5 × 10 9 K was not high enough to efficiently convert 16 O into
8 Si. Ho we ver, we do see the destruction of 16 O here as well as a
mall signatures for 20 Ne and 24 Mg production. The nucleosynthesis
ignatures calculated in the O/Nova zone shows remarkable similar-
ties in the 25T and 25av sets, showing that in principle it is possible
o disentangle the impact of the amount of H present in the He shell at
he CCSN onset from the impact of the CCSN explosion energy. The

ain reason is that by increasing the explosion energy the O/Nova
one is extending more outward in the former conv ectiv e He shell,
itigating the effect of the higher temperatures generated. For both

he two CCSN sets 25T and 25av, we find that the models with
nitial X H ≈ 0.0024 (25T-H5 and 25av-H5) are producing the highest
6 Al/ 27 Al ratios, reproducing the most extreme 26 Al enrichment
easured in grains. In particular, the 26 Al/ 27 Al ratio is not increasing

inearly with the increasing of the initial H, independently from the
xplosion energy. We show that both the two sets of models develop
i isotopic ratios at the bottom of the He/C zone that are consistent
ith SiC-Nova grains, together with the C and N ratios (models 25T-
, 25T-H5, and 25T-H10, 25av-H, 25av-H5, and 25av-H10). On the
ther hand, the nucleosynthesis of Si isotopes in the O/Nova zone
s quite different between 25T-H (25av-H) and 25T-H5 (25av-H5),
ith the highest H abundances driving an efficient production of both

9 Si and 30 Si. We discuss some of the rele v ant similarities between
he nucleosynthesis obtained in the O/Nova environment compared
o ONe Novae (e.g. Amari et al. 2001a ). 

Finally, we discussed the abundance distribution in presolar grains,
ooking in particular at C and N isotopic ratios, 26 Al and 44 Ti. Two
istinct populations can be possibly identified for both SiC-X grains
nd LD graphites, an 26 Al-rich one and an 26 Al-poor. Ho we ver, the
6 Al-poor component is less clearly defined, and more statistics is
eeded. in order to draw meaningful conclusions. The C abundance
istribution instead show relevant differences between SiC-X grains
nd LD graphites. Combined with the Al signature, we discuss and
ound these distributions consistent with the scenario where the 28 Si-
ich contribution would come from the 12 C-rich C/Si zone. On the
ther hand, the same explanation would not apply if the 28 Si-rich
ontribution would come from the 12 C-poor Si/S zone. Unfortunately,
here is only a limited number of grains with both 26 Al and 44 Ti

easured. More data would be required to derive trends between
6 Al and 44 Ti enrichments. 

In future works, we plan to study in detail the nucleosynthesis in the
/Nova zone for the models discussed here. We identify significant
ifferences in the production of Si and Ti isotopes by reducing from
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C-rich presolar grains from massive stars 1817 

i  

2
p  

2

o
b
o  

a
c
d  

2  

d
u
o
m  

b  

2  

f
b  

P  

i  

g
p
o
n
t
a  

g
t

A

W
t
a
C
t
t
(
E
H
G
n
b
U
t
p

D

T  

r
f  

N
P
P
r

R

A
A

A  

A  

A  

A  

B
B  

B
B
B  

B
C  

C
C
C
C
C
C
C  

C
D
D  

D
D  

 

E
E  

F  

F  

F
F
G
G  

H
H  

H  

H
H  

H  

H
H
H  

H  

H  

J  

J  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/517/2/1803/6694099 by U
niversity of H

ull user on 28 April 2023
nitial H concentrations in the order of 1 per cent (models 25T-H and
5av-H) to few per mill (models 25T-H5 and 25av-H5). While the 
roduction path of the radioactive isotope 26 Al is similar, the resulting
6 Al/ 27 Al ratio does not behave linearly with the initial abundance 
f H explored. Additionally, these models need to be further tested 
y comparing their predictions with elements and isotopic ratios 
n a grain by grain basis, where the qualitative consistency of the
bundance signatures described in this work need to be quantitatively 
ompared within mixtures of CCSN layers to match the measured 
ata (e.g. Travaglio et al. 1999 ; Xu et al. 2015 ; Liu et al. 2016 , 2017a ,
018b ; Hoppe et al. 2018 , 2019 , 2021 ). This would act as further
iagnosis of these models and allow the continued impro v ement 
pon them where grain signatures are not reproduced. The network 
f nuclear reactions used for our stellar calculations is becoming 
ore reliable at the temperatures range rele v ant for explosi ve He-

urning (see ho we ver, e.g. Pignatari et al. 2013b ; Bojazi & Meyer
014 ). The CCSN explosion energy as a single parameter to explore
rom the different nucleosynthesis patterns is relatively easy to handle 
y specific nuclear astrophysics studies. Ho we ver, as we stressed in
ignatari et al. ( 2015 ) and other more recent works the outcome of H

ngestion events in 1D models should be taken only as a qualitative
uidance in specific comparisons with single presolar grains. While 
roton-capture rates are typically well known at temperatures in the 
rder of 2–3 × 10 8 K, multidimensional hydrodynamics models are 
eeded to define the evolution of the structure of He-burning layers, 
he local nucleosynthesis driven during the H ingestion and eventu- 
lly the amount of H left in the He-burning ashes. To this end, presolar
rains represent the most powerful observational diagnostic available 
o study these events in massive star progenitors of past CCSNe. 
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Figure A1. 47 Ti/ 48 Ti and 46 Ti/ 48 Ti isotopic ratios in δ-notation of individual SiC grains (sub-types AB, nova, X, and C) and LD grains compared with 
predictions of models across the He/C zone. The C/Si zone of the 15d and 25T sets continue off the plots to the upper right of the region shown. For abundance 
ratios measured in grains and abundance profiles from stellar models symbols are used as in Fig. 4 in the four panels. Strong abundance variations are seen in 
the C/Si zone and the He/C zone, ejecting material with depletion of 47 Ti with respect to 48 Ti in some regions of the C/Si zone, or with strong production of 
47 Ti in the He/C zone. 
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Figure A2. 50 Ti/ 48 Ti and 46 Ti/ 48 Ti isotopic ratios in δ-notation shown for individual SiC grains (sub-types AB, nova, X, and C) and LD grains compared with 
predictions of models. For abundance ratios measured in grains and abundance profiles from stellar models symbols are used as in Fig. 4 in the four panels. As 
we have seen for 49 Ti in Fig. 9 , high 50 T i/ 48 T i is made by three main channels: in the C/Si zone, 50 Ti stable isobars 50 V and 50 Cr are mostly made (but they 
cannot be distinguished from 

50 Ti in presolar grain measurements); in the O/Nova zone, as 50 V from proton capture on 49 Ti or as 50 Cr from the proton-capture 
chain 48 Ti(p, γ ) 49 V(p, γ ) 50 Cr; by neutron captures in the He/C zone, and 50 Ti is mostly ejected as itself. In the figure no fractionation is applied when adding 
the 50 Ti, 50 V, and 50 Cr signatures. The highly abundant initial 50 Cr is boosting the δ( 50 Ti/ 48 Ti) to almost 4000 per mil even in the more external layers of the 
He/C zone, shown in the figure with normal 46 T i/ 48 T i ratios. 
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