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Silicon carbide grains of type C provide evidence for the production of the unstable isotope
325j in supernovae.

M. Pignatart-*4, E. Zinnef, M.G. Bertoll#14, R. Trappitsch>%4, P. Hoppé, T. Rauschér’, C. Fryef14,
F. Herwig?1914 R. Hirschit1214 F.X. Timmed%1314 F.-K. Thielemanh

ABSTRACT

Carbon-rich grains are observed to condense in the ejeataceht core-collapse super-
novae, within a year after the explosion. Silicon carbidargg of type X are C-rich grains with
isotpic signatures of explosive supernova nucleosyrghegve been found in primitive mete-
orites. Much rarer silicon carbide grains of type C are aigppatb-group of SiC grains from
supernovae. They show peculiar abundance signatures frdS$, isotopically heavy Si and
isotopically light S, which appear to to be in disagreemeithwnodel predictions. We pro-
pose that C grains are formed mostly from C-rich stellar nietexposed to lower SN shock
temperatures than the more common type X grains. In thisasicerextreme®?S enrichments
observed in C grains may be explained by the presence ofkblait®?Sj (T1/2 = 153 years)
in the ejecta, produced by neutron capture processesgtdiriim the stable Si isotopes. No
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mixing from deeper Si-rich material and/or fractionatidnSofrom S due to molecular chem-
istry is needed to explain ti8S enrichments. The abundance®®i in the grains can provide
constraints on the neutron density reached during the sapgexplosion in the C-rich He shell
material. The impact of the large uncertainty of the neutrapture cross sections in tAeSi
region is discussed.

Subject headings. stars: abundances — stars: evolution — stars: interiorsars:sinassive

1. Introduction

Despite recent improvements in simulations of core-cslegupernova (CCSN) explosions (({gjlanka

) the understanding of supernova still has major gaps$,0bservations of SN and their ejecta still
provide many puzzles (e.iu_EnLer_eﬂaL_jOlZ, and referetiwerein). Of particular importance may be
the assymmetric nature of the explosion and the hydrodynmaewvelopment of the layers ejected after the

explosion (e.gl, Kijeer et Al. 2dﬂgmgg_ammmgmll ZQﬂO).

Several types of pre-solar grains from primitive carbooasemeteorites that are associated with SN
nucleosynthesis due to their isotopic ratios (see EQJMMHM;LZMLZQJJS) provide con-
straints on these explosions. Pre-solar grains carry gmagires of their stellar origin, and their interpreta-
tion may help to guide CCSN models.

Silicon carbide is one of the types of stardust grains theg lieeen identified in primitive meteorites
(e.g.3). While most of these so-called pressi@rgrains originate in Asymptotic Giant Branch
stars, there are two rare sub-types of SiC grains that hae3Nrigin. Type X grains (about 1% of all
presolar SiC grains), have large excess&8$i. This signature and evidence for the initial presencéof
in a subset of these grains is proof of their SN origin: bothidpes are predicted to be abundant in the Si/S
zone of supernovaE_LBaus_Qh_eLéLaL_iZOOZ). More recbngaaﬁéﬂ_el_dl.L(ZQiS), hereafter P13, showed that
283j and**Ti may also be produced at the bottom of the He shell exposéitjtoshock velocities and/or
high energies, reproducing several isotopic abundanderpattypical of SiC X grains and graphites from
SNe.

Silicon carbide grains of type C are even rarer (about 0.1%lloSiC grains) than SiC X grains.
They have a large excess #Si and3°Si and most of them have been found by automatic searches in
the NanoSIMS detection apparatus. Some of these grainsisosttinct*4Ti, similar to SiC-X grains.
Just over a dozen of these grains have been identified, aedhawve been analyzed for their S isotopic
ratios, showing larg@2S excesses, witF?SA334S ratios ranging up to 16 times solar (Amari et al. 1999:
Cuoac ot . 2030 Comgar a1, L0 tope & o Pbac Ak s o) 030, Qrhous-Daunay o
|_Lﬂ Xu et aiLOjZ). This is puzzling, because in existiNgt®dels the only zone with larggS excesses
is the Si/S zone (Meyer et al. 1995), which has I#%&i excesses, whereas zones it depletions (i.e.,

29305 excesses) are predicted to have dk®depletions (e.g.. Rauscher et al. 2002). Hoppelet al. 2012

have invoked element fractionation between sulfur andailiby molecule chemistry in the SN ejecta to
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explain this result. However, this ad hoc explanation caemxplain all the data, especially the S isotopic
composition of one C grain with(®3S£2S) ands(3*SF?S) values being as low as -940 . ),
even more extreme than those of S in the Si/S zone. In thisr pe@@ropose that th&S excesses in C
grains are due to the radioactive decay of short-li¥esi (r1/2 =153 years[_Qu_eLI_ej_&_B_a[ﬂéj_Zth). We
present models of explosive nucleosynthesis in the inngrgpghe He/C zone wheré€’Si and3°Si as well
as32S excesses can be produced while maintaining a C-rich emaiat.

The paper is organized as follows. Il 82 we describe theastaibdels and the nucleosynthesis cal-
culations, in BB we compare theoretical results with mesments for C grains. Finally, if B4 we give our
conclusions.

2. Stellar model calculations and nucleosynthesis

This investigation is based on seven SN explosion modela t5M,, Z = 0.02 star, three of which
were introduced in P13. The pre-supernova evolution isitzatied with the code GENEt_LEgg_Qub_QLgﬁr_ét al.

). The explosion simulations include the fallback prigsion b)AEQLeLel_dI.L(ZQiZ), and are performed
for a case with recommended initial shock velocity and seesavhere the latter is reduced by a factor of
2,4,5, 10, 20 and 100, respectively (models 15r, 15r2, 18s¢h, 15r10, 15r20 and 15r100). The standard
initial shock velocity used beyond fallback is<2Ll0°cm s. The kinetic explosion energy for these 15,M
models ranges from 45 x 10°ergs to less than 2ergs. The post-processing code MPPNP is used to
calculate the nucleosynthesis in the star before and dthimgxplosion (see e.é., Bennett diﬂOlZ). For
the present study we focus only on the C-rich explosive Heihgrlayers, including the He/C zone and a
small part of the O/C zone.

The abundances of key species aAd“*Si are reported in Fi§l1 for models 15r and 15r4. Results
are similar for the intermediate model 15r2. The bottom & He/C zone is strongly affected by the
explosion. While'?C is not significantly modified'®0 is depleted and feeds the production of heasier
isotopes, including®Si. This stellar region was defined as the C/Si zone in P13.rT4ia reason for this
behavior is the highet-capture rates starting from tA&O(,7)?°Ne reaction than that of théC(x,~)°0
reaction at explosive He shell temperatures (as explaig€ilB). Models with lower shock velocities show
weaker explosion signatures. In particular, model 15r16@schot show any significant departures from
pre-explosive abundances during the explosion in the ICrggion.

Along the Si neutron capture chaif?3°Si and heavier unstable Si species are produced efficiently
by neutron captures starting froffSi. The larger explosion temperatures in model 15r than idehb5r4
are pushing the production peaks of different Si neutroh-species to larger mass coordinates, not signif-
icantly affecting their absolute abundance. Thereforandhnce yields for the Siisotopes in the explosive
He shell result from the interplay betweencaptures and neutron captures, triggered by activatigheof
22Ne(a,n?5Mg neutron source (e.d., Meyer et ial. 2000, and referenegsith). The main abundance fea-
tures and dominating nucleosynthesis fluxes for two diffetines of the SN explosion are given in Hi. 2,
in the so-called C/Si zone (M- 2.95 M., model 15r, see also P13). In the early stages of the explo-
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sion, depending on the availali&Ne, thea-capture path starting froffO is accompanied by (f)(c,n)
sequences, producing the samapecies. An example ©Ne(a,7)?*Mg and ?°Ne(n;)?Ne(a,n)?*Mg.
During the later stages of the explosion and/or e abundances, thevf) fluxes become dominant.
Note that for explosive He burning conditions the[) fluxes are compensated by their reverse reactions,
and proton captures on the abundarisotopes do not affect the abundance of their parent spbeieause

of the efficient reversey(p) photodisintegrations.

In the present calculations, we use for theyjmeactions on unstable Si species the rates from Hauser-
Feshbach (HF) calculations by thNON- SMOKER code [LRaus_Qh_er_&lhi_eLemdbn_Zd)OO), available in JINA
REACLIBv1.1 (e.g.[SJMﬁMO). The uncertaintiéthe neutron capture rates in the mass region of
32Si are very large. Figufg 3, upper panel, shows the Maxwedlieeraged cross section (MACS) for neutron
capture or2Si as calculated from the HF cod€sHs . 2004) arfALYS 1. 4 .
1), antlON- SMOKER. At a temperature near 90 ket (L0°K) we see a difference of almost two
orders of magnitude between the highest (frG@oHs) and the lowest calculated valueBALYS 1. 4).
Notice, however, that these theoretical predictions dllecsinsistent within the large uncertainty of the
32Si(n;)%3sSi rate. The large uncertainty is due to the nuclear levekitieteing too low to apply the
HF model for neutron-rich isotopes of Si. The model reliestun statistical averaging over levels in the
compound nucleus and thus a sufficiently high nuclear lesesily is required at the compound formation
energy [LRa.LJS_Qh_QI'_e_tJMQD. The ENDF/B-VII.1 Iibrar)Ldn‘@wigk_e_t_aj.L(ZQ]ll) provides the location
of neutron capture resonances for even-even nuclei¥&8arshown in Fig[B, lower panel. While no data
are available or¥?Si neutron capture resonances, the neighboring even-exeai A°Si and?8Si give an
indication of the number of levels accessible at differenident particle energies. Above an energy of
~ 600 keV statistical methods become appropriate. For thsom, we considered an uncertainty of a factor
of 100 for the32Si neutron capture cross section. The impact of this uriogytis presented in[83.

Where experimental knowledge of the single resonanceséwes dbtained, such as in the casé%
and30Si, uncertainties may still arise from the precise locaamal strength of each resonance. However,
uncertainties from experiment are expected to be much ltveerthose introduced by the use of HF calcu-
lations in an inappropriate region.

3. Comparison with observations

We compare in Fid]4 the abundances from the C-rich ejecta frar models (§2) originating from
the C/Si zone, the whole He/C zone and the C-rich part of thi&Kene, with isotopic ratios of single
SiC X and C grains from the St. Louis Presolar Grains Datal@;e_e_s_&ﬂngaﬂmg). No mixing
between layers is considered and SiC-X and C grains @#3C lower than solar are excluded. They are
not reproduced by these models that have high C isotopi. rati

The standard model (15r, upper panel, layer 1[Fig.4) showsoag?®Si and32S production and
absence of?Si in the C/Si zone during the explosion (see also P13). Quiwia the inner part of the
He/C zone, the lower explosion temperatures and the neunost triggered by thé?Ne(x,n)*°Mg (n
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process, e.gl, Meyer et al. 2000) gradually red?fSi- and32S-enrichments, whered3Si is synthesized
and accumulated according to its neutron capture cros®se@ts discussed inCB2). The outer parts of
the He/C zone show mild enrichments of the stable neutiwn-&i and S isotopes due to pre-explosive
s-processing.

The?8Si-excess observed in SiC X grains are reproduced in pattedE/Si zone for the models 15r
and 15r2 (e.qg, layer 1 of model 15r, Hig. 4, lower panel). Sigr&ns show larget’S-excesses than SiC X
grains, and positivé(3°Si). Such a signature is consistent with abundance predi&from more external
zones in the C-rich He shell. In models 15r4-15r20 the sheahkperature is not sufficient to reproduce
the 28Si-excess observed in SiC X grains (see also P13). Conyetkelpresented models can reproduce
the Si and S isotopic ratios in the C grains over a large rangaitial shock velocities. Also in case
of contamination or mixing with isotopically more normal teaal (see P13), the grain signatures can be
explained sinceé(3°Si) values up to~ 15000-20000 (e.g., models 15r, 15r2 and 15r4, zones "2" and "3")
are associated with larg8S enrichmentsd(3*S) ~ —1000, Fig[#, lower panel, outside the plot range). For
most of the He shell material tHéSi signature dominates S isotopic anomalies, assumingoétneay Si/S
fractionation of 18 during grain formation (Fid.l4, lower panel). This assumptéxpresses the hypothesis
that all 3°S observed in C grains originates from the decay?&i (see below for details). Only little S
condenses into SIiC grains, justifying the assumed elerieatdionation (e.g.LAmaﬂ_el_ﬂlJQbS).

In Fig.[3, upper panel, we show tRéSi/?Si isotopic ratios from different models described D §2,
comparing them with the ratios inferred for C grains from thdiogenic3?S. We estimated the ratio of
the radioactive’Si (3°S*) to 28Si and thus the original®Si/?8Si ratio by assuming that all the S¢S in
the grains was eithe®S* or isotopically normal S ($:m) from contamination. The latter assumption is
based on the fact that S is volatile and is not likely to colsdento SiC. The grains are therefore expected
to contain only marginal intrinsic S. Second, the S coneigins are low in the He shell layers with no
283j enrichment. Finally, some of the S isotopic images of thgr&ins measured showé#S to be more
abundant at the edges of the grains &flexcesses to be higher in interior than in border regionsd&Ve
termined the atomig®Si/”8Si ratios by applying a $Si~ sensitivity factor of 3, inferred from measurements
of Si and S ion yields on synthetic SiC and Mundrabilla FeSpeetively (Hoppe et HI. ZQ|12). Sing&Sy
= 32574325 | and32S* = —0.001 x §Sx (32S*+32S,,4m), We obtained thé2S*/28Si ratios by multiplying
325P8sj with —0.001 % 6S. Here32S,om is 32S of the isotopically normal componenqs, (assumed to be
contamination). FofS we took the average 6{>3S£2S) ands(3*SFP2S). Within errors the latter two values
are equal for all measured grains, providing additionatlence that we are dealing just with an excess in
32Si. In Fig.[B, we show that the observed rangé3di/®Si ratios is matched by predictions from stellar
models at different energies, in agreement with[Big. 4. @3jptonditions required for matching the inferred
32Si/8si ratios (e.g., at M = 3.4 M for models 15r4 and 15r5) have a peak temperature &k 10°K and a
neutron density peak of 10 1%cm 3, with a?8Si mass fraction of 5 x 10°4. The models 15r-15r5 with
the highest explosion temperatures also fit the obsett®®Si ratio deeper in the He shell (e.g., at M =
3.05 M., for model 15r and 15r2), with 2Si mass fraction of- 5 x 1072, In these cases, the temperature
peak is about B x 10°K, with a neutron density peak of a few2Pam for few 10°sec, dropping quickly
to densities more typical of theprocess.
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Since the grains may contain some normal component (PEnférred®2Si/8Si needs to be consid-
ered a lower limit of the original ratio in the He shell magtriin Fig.[3, lower panel, we show that increasing
the neutron capture cross sectior?&8i by a factor of 100 (see discussion i §2) does not changeesults.

By reducing the??Si Maxwellian-averaged cross section (MACS) of the samwfabe32Si/?8Si ratio in-
creases by less than 10%, since & MACS adopted in our models is already lower than 1 mb, biebav
as a bottle-neck in the neutron capture flow feeding heavisp&ies. Note that at the temperatures of ex-
plosive He-burning the half-life of?Si can be reduced down to few days ( 1994). wowe
the timescale of the explosive nucleosynthesis is lessth@r8 secs, and the impact of th&Si half-life in

the calculations is negligible.

We have shown that CCSN models can explain the I18f§eexcess measured in SiC C grains by the
radioactive decay of the unstable isoto8i after grain formation. Furthermore, in SiC C grains mdst o
the remaining S is coming from contamination. We have idieatitwo typical conditions where the correct
325i/?8s;j ratio can be obtained, depending on the explosion terhperand on the abundance®88i.

4, Conclusions

We have compared the isotopic signatures in presolar Si@gyod type C with nucleosynthesis pre-
dictions for CCSN ejecta exposed to different shock vellegitWe propose that the seemingly incompatible
Si and S isotopic ratios in these grains are explained byngissuthat the’?S excess observed today origi-
nates from radioactivé?Si that condensed into the forming SiC grains, and decayed3s at later stages.
Assuming that all the remaining S is due to contamination,estémated thé?Si/28Si ratio in the parent
CCSN ejecta, ranging from a few T0to a few 103. We propose this ratio to be a lower limit of its original
value in the explosive He shell layers, depending on thd lgiveontamination or mixing with more nor-
mal material for each C grain. Such ratios can be producedifi@rent shock velocities and/or explosion
energies. Two typical conditions reproducing directly tiserved?Si/?8Si ratios are: one with high tem-
perature and largé’Si abundance~ 1.6 x 10°K and ~ 5 x 1072, respectively), and one with temperature
~ 0.7-0.9 x 10°K and ?8Si abundance- 5 x 10™. In the first case the neutron density reaches a peak of
a few 132cm for few 10°sec, rapidly dropping to values more typical of therocess neutron-burst. In
the second case, the neutron density peak is on the ordeto#n 3.

In conclusion, C grains carry a record of the neutron densiched in the explosive He shell of
the CCSN where they formed. We showed that the theoreticeleaureactions in thé?Si mass region
have large uncertainties, but our results are not significaffected. We conclude that C grains carry the
signature of lower energy ejecta compared to SiC X graimaysty positived(Si) values and a significant
amount of*’Si produced by neutron captures.
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Fig. 1.— Isotopic abundance profiles given 2.5 seconds tifeeexplosion in the top of the O/C zone, the
C/Si zone, and the He/C zone of the 15 MN models 15r and 15r4. Shown are profiles 4die, 1°C,
160, and the Si isotopes along the neutron capture chain f&nto 34Si. The models 15r and 15r4 are
represented by thick and thin lines, respectively.



20 ==

30

EiS

2

Anz7

28

29

30

kil

32|33

Cll2s

v

28

29

E]

EIN v

2%

2

28

29

L

=
w

o
i}

24

ra

26

27

33

3

Hl22|23

2%

jl21|22

Proton number

=
o

Hia

20 ==

b}

21|

4

20

7

28

23|24

5

il

20

10

10
Neutron

o N1
15

20

number

30

EiS

2

33|34

Anz7

28

29

30

kil

: BE

37

i —— |

Cll2s

v

28

29

E]

2%

2

15 bf2324

ra

26

27

i|22|23

2%

jl21|22

3

w2

Proton number

10

0

21

2

30

a7

28

29

26

7

28

2

5

9

20

il

10

Ll
Neutron

o N1
15

20

number

—10 -

0.0 20
-15
-3.0
-4.5
-6.0 1°
-7.5
-9.0
-10.5
-12.0
-135

-15.0

0.0 20
-15
-3.0
-4.5
-6.0 1°
-7.5
-9.0
-10.5
—12.00
-135

-15.0

A= o = —
K |29{30]31 (32|33 |34 ] 35|36 | 37|84 10.8
Arlz7|28]29(30]31| 3233|3435
10.4
Cll26]|27|28|29|30]31 (32| 33| 32 == Je|
1 B4 B B B EL EH E 40.0
P|23|24 25| 26|27 |28 |20 |30 sz | 3334 |4
A 1-0.4 "y
|22 |23]|2e| 25|25 |27 32|33(3 -
[=}
—
1|21 22| 23| 24 )25 E BB E (=2
-0.8 O
lgzof21)22| 23 28|29 |30 {3
S BER ] 3 25(26|27|28 29|03 =-1.2
B [19 3 (24|25 |26 (27 |28 [ 29|4]
. -1.6
o feol21|22 |23 |24 |25 |25 | F
gfhe (2021|220 -2.0
EL 3 ET-HETY a NI
10 15 20
<o = — 1.0
K |29|30]31 (32|33 34|35 |36 | 3|2 |H
10.5
Arlz7|28]29(30]31 32|33 || F
.
Cllz6]|27|28|29|30]31 |32 0 E
| L ~40.0
S|as || 27|28 |20 |30 EH E
-
P|23|24 |25 26|27 |28 33[34 (3 4-0.5
—
|22 |23]|2e| 25|25 |27 1032| 33| ._3
[=]
_1 U —
1|21 22| 23|22 8| 29{30 31| 32| =2
(=}
lcJ20|21 |22 | 3 s BB R | 28|23 | 30 [ 319
=-1.5
12 |20 4| 25|26 | 27|28 [ 29|20 3
B [19 1fb2 3|24 |25 26|27 |28 | 29 3 -2.0
o feol21|22 |23 |24 |25 |25 | F
=2.5
e fpe|20|21|2(0
W14 BT ET-HETY a NI
10 15 20

Fig. 2.— The mass fraction abundance distributions (grkdt),and nucleosynthesis fluxes (arrows with
red to yellow color, right) at~ 10°sec (upper panels) and 102sec (lower panels) after the explosion
at mass coordinate 2.95Jviof the model 15r. The nucleosynthesis fluxe®;/pt];, show the variation of
the abundanc¥; = Xi/A; due to the reaction j. The arrow width and color corresponthéoflux strength.
Heavy-lined boxes correspond to the stable isotopes.



—-11-—

10 T T I I I
: CoH3
NON-SMOKER -------
TALYS 1.4 -
)
E v @A
) E -
2 _ ]
<
=
N
T T e
'(7) 01 F E
S‘) F
0.01 L : ' | I I
80 100 120 140 160 180
T (keV)
10000 ¢ ————— 285+
30 I
[ Si X
1000 F ]
[ t i
. 100 ]
o i
£ i
S 10 ]
s i
() r $ ]
p 1 i 2 ]
2 # i '
8 +><+ L . ++++ 3
0.1 F XXX o o0 ]
0.01 F ]
0.001 L E——

10 100 1000

Incident Neutron Energy (keV)

Fig. 3.— Upper panel: neutron capture MACS #8i, calculated by different statistical HF models in the
temperature range of interebt= 1-2 x 10°K (corresponding to~ 90— 170 keV). No experimental data
exist for 32Si, therefore one has to rely on theoretical calculationstisical methods are not applicable
in the primary energy range of interest for this nucleustefoee a more appropriate approach is needed to
constrain the uncertainty. Lower panel: neutron captupeszsections fot®Si and®°Si from the ENDF/B-

VII.1 library. (see end of[82 for discussion).
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Fig. 4.— Upper panel: Abundances of selected isotopes imtiter part of the O/C zone and the He/C
zone for model 15r before and after CCSN explosion (thin aiaktines). Lower panel: Thé&’Si/8Si and
34523 isotopic ratios of presolar SiC X and C grains, plotted-aalues, deviations from the solar ratios
in parts per thousandi(), are compared with predictions of three different modé&%,(15r4 and 15r20) in
the mass range shown in the upper panel. We highlight thegbeeldSi and S isotopic ratios of model 15r at
two different mass coordinates, M = 2.95 and 3.4 {8ee upper panel). The Si isotopic ratios of zones "2"
and "3" are located out of the plot range, witi°Si) ~ 15000 andi(34S) ~ —1000. A fractionation factor

of 10* for Si/S is assumed.
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Fig. 5.— Upper panel: Final isotopic ratSi/?2Si in the C-rich explosive He shell for models with initial
shock velocities varying by a factor of 100 (decreasing froodel 15r to 15r100). The blue-shaded area
denotes O-rich material. For comparison, the red-shadsiadicates the range $Si/?8Si ratios, inferred
from S isotopic ratios and S and Si abundances in presolaiCSifains, under the assumption that the
measured?S excess derives froRfSi decay. Lower panel: Impact on tf&Si/?2Si ratio from increasing
the 32Si neutron capture cross section by a factor of 100 for mabti&is and 15r10.
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