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Dust Formation After Supernova Explosion
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Ebel, D.S.(2006) Condensation of rocky material in astrophysical environments.
In Meteorites and the Early Solar System Il (D. Lauretta et al., eds)
U.Arizona, Tucson. p.253-277, + 4 plates. (after plate #1)

Calculated Stability Relations
in Systems of Solar Composition
at Various Total Pressures
(cordierite & sapphirine suppressed;
vapor always present)

Massive amount of dust formed in SN 1987a

D
(=
(=)

h
S
S

Temperature (K)

+ feldspar

X
liquid + olv + metal + opx
+ fsp + Ca-px

Ca-pyroxene + metal + olivine 38
+ feldspar + orthopyroxene of

+ Cr-spinel

Ca-pyroxene + feldspar + orthopyroxene
+ metal + olivine + Cr-spinel

* The elemental composition of a grain is determined by both the gas composition
and condensation condition (P/T)

* The isotopic composition of a gran is determined by that of the ejecta from which
the grain condensed



Secondary lon Mass Spectrometry

(without significant isobaric interferences)
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Microscope vs Telescope Isotope Analysis

] F1.0 |-
0.4 a

0.3 N -
02 :
044 L

1.5

1.0

r-process

Ba: f

from Liu et al. (2022) Universe

135+137

l| 1 L1 1 IIIIIII 1 1 IIIIIII :l 1 IIIIIII 1 L1 -
- & oxides (a) T (b)
1| © silicates I I
j Group 2 T _
A % %9838, 1
§ ¢ o Pods o éé
1 ||IIII| 1 LI Illlll .I | LI Illlll 1 LI 1 lllllll 1 1 lllllll ll LI llllll 1 LI
10-418 1610-3 10-2 10-4 18 161 0-3 10-2
O/ O O/ O

Plots above based on data from presolar grain database (Hynes and

Hinkle et al. (2016)

Gyngard 2009) and stellar observations from Lebzelter et al. (2015) and



Titanium-44: Smoking Gun of Supernova Nucleosynthesis

= ) 50000 ' ' '
5x10 44T gamma ray
emission lines
: 40000 — —
—~ 30000 — -
S
© 20000 -
q-I/O
10000 — —
i Ti), = 2.1420.14
0 l l l
Boggs et al. (2015) Sic. Enero (keV) 0.0 0.1 0.2 0.3 0.4

*1ica

44Ti (t,, = 60 years): Inferred initial presence in many presolar grains (SiC, Si;N,,
graphite), pointing to their Type Il core-collapse supernova (CCSN) origin.



1D CCSN Nucleosynthesis Models

25 M Pre-SN model from
Rauscher et al. (2002)




1D CCSN Nucleosynthesis Models

25 M., Pre-SN model from
Rauscher et al. (2002)




1D CCSN Nucleosynthesis Models
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Diverse Isotopic Signatures of CCSN Grains
PRI IO IR I He/C zone
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Supernova Explosion and Supernova Dust
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Supernova Explosion and Supernova Dust
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CCSN SIC Grains — Products of Large-scale Mixing

He Wall

He/C and He/N Material

\  * C, N-rich condensation for dust formation
= Neutron-burst isotopic signatures
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Inner Si/S Material

= Correlated radiogenic “°Ti and 28Si
enrichments (Liu et al. 2018, Sci Adv;
Liu et al. 2023 LPSC)

= Correlated %Al and 28Si enrichments (Liu et al. 2024, ApJL)
= Correlated 44Ti and 28Si enrichments (Lin et al. 2010, ApJ)

3D hydrodynamic simulations of supernova explosions predict pile up of core material
In the He shell due to shock deacceleration (e.g., Wongwathanarat et al. 2017)



How Could X Grains Form Such A Tight Correlation?
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25 Mg Model Calculations for Si/S Zone

Assuming #°V all decayed to *°Ti
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Mixing SI/S with Outer C-rich Materials
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Inner SiI/S Shells Best Explain Grain Data
Shock temperature = (4.2—4.8) x 10° K
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Quick Summary

He/C zone -

Presolar X SiC and Si;N,
grains sampled materials from
Fe/Ni, SI/S, and He/C zones
(and shells above)

Fe/Ni & SI/S

Discussed in Liu et al. (2024) ApJL



Heavy -element Isotopic Compositions of X Grains
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S;N, and X SIC = Isotopic Twins
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et al. 2010, and this study



S3N4 and X SIC — Isotopic Twins

Type X SIC — Intrinsic Ti with extrinsic Ca
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Calcium Isotopes

» Ca - the most abundant element with the largest number of stable isotopes
= Six stable isotopes are produced by distinct nucleosynthesis processes

= Short-lived isotope 41Ca

Ti46nl Ti147 Ti48». Ti49 | Ti50
Ca/TisoIar:25 80% | 7/.3% |73.8% | 55% | 5.4%
Sc45
100%
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96.9% flx105al 0.6% | 0.1% | 2.1% | 162d 0.004%§ 45d [10.2%
K39 | K40 | K41 | = Cais dominated by 4°Ca
93.3% | 0.01%]| 6.7% = |sobaric interferences at masses 46 and 48




Si;N, Calcium Isotopic Patterns
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Mass (amu) Liu et al. (2024) in prep.

= Si3;N, grains show the largest enrichments in 46Ca
= Neutron-burst signature, powered by ?°Ne(a,n)*®Mg that provides ~101’ neutrons/cm?



Neutron-burst in the He/C Zone
:- 25 Mg model for He/C zone X -
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Grain data overall agree with predicted H/C zone’s compositions at (1.00-1.75) x 10> erg
Small discrepancies may reflect nuclear uncertainties, GCE effects, etc.



Contribution of Fe/NiI Material
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Contribution of Fe/NiI Material
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= 4046Cq 4849,50Tj
= Ti/Ca =~ 0.02

Inner Si/S Material

\\ . 40C8., 48Ti, 49\/ (949'“)
| = Ti/Ca = 0.01

= 40Ca, T
= Ti/Ca =~ 0.7

= Mixing with core material leads to greater reductions in §4°°9Ti than in 346Ca
He/C to core mixing ratio =~ 97:3, but more Si;N, data are needed to improve the statistics



Conclusions and Outlook

Presolar grains from CCSN include SiC, Si;N,, and graphite with
diverse isotopic compositions, recording the signatures of a variety of
nucleosynthesis processes occurring in their parent CCSNe

Their heavy-element isotopic signatures are controlled by neutro-
bursts in the He/C zone and light-element isotopic signatures by both
the neutron bursts and alpha-rich freezeouts in deep interior, thus
enabling constraining the relative mixing ratios across CCSNe

Nuclear uncertainties are needed to be investigated to assess
uncertainties in our derived constraints
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Could Local, Small-scale Mixing Work?

C/SI zone

Si/S zone (#8Si)

Fe/Ni zone
(ZSSi)

The C/Si zone was proposed by
Pignatari et al. (2013) ApJL
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These alpha-processes produce

significantly different elemental patterns
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