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Motivation Presolar Grains

Various Phases of Presolar Grains Are Known Today

Nanodiamonds: Only a few
million atoms
Silicon Carbide (SiC)

Best studied phase
Extracted

Graphites
Large as well
Tend to contain
significant contamination

Silicates, oxides, etc.
< 1 µm in diameter
Must be found in-situ
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CHONDRITE CLASSIFICATION

Chondritic meteorites are subdivided into many groups based on shared chemical and isotopic characteristics,
elemental composition, and physical properties such as the abundance and size of chondrules. Chondrites of a given
group are presumed to have originated from the same or very similar parent asteroid(s). The majority of meteorite
falls on Earth are ordinary chondrites (OCs), which are further divided into at least three groups according to Fe
contents. Despite their name, carbonaceous chondrites (CCs) contain only up to a few percent of carbon (C). They
are more rare but display more primitive characteristics than those of OCs. CCs are further divided into numerous
subclasses, including CI (Ivuna type), CV (Vigarano type), CO (Ornans type), CM (Murray type), CR (Renazzo
type), CK (Karoonda type), CB (Bencubbin type), and CH (high-metal type). Enstatite chondrites are chemically
reduced compared with OCs and CCs, and Rumuruti chondrites are chemically similar to OCs but more oxidized.
The remarkable diversity in physical and chemical properties of the different chondrite groups indicates that they
sample a wide variety of environments and processes from the early Solar System.
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Figure 3
(a) Photograph of slice of Allende carbonaceous chondrite with a calcium-aluminum-rich inclusion (CAI)
and chondrules indicated (photo courtesy of Shiny Things, licensed under CC BY 2.0). (b) Scanning electron
microscope image of Dominion Range 08006 carbonaceous chondrite, showing the fine-grained matrix that
lies between CAIs and chondrules. Matrix includes trace amounts of presolar stardust grains that formed in
outflows and ejecta of previous generations of stars. (c) Electron microscope images of three presolar grains
(graphite image courtesy of Sachiko Amari; silicate image courtesy of Rhonda Stroud).
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Motivation Presolar Grains

The Best Studied Presolar Phase: Silicon Carbide (SiC)

δ-units: Deviation from solar (‰)
Presolar grains identified by their extreme
isotopic composition
Classified by analyzing their Si, C, and N
isotopic composition
Carry their parent stars isotopic composition
Hands-on astrophysics samples

Galactic chemical evolution
Stellar nucleosynthesis
Transport processes in the interstellar medium

Are you convinced that these grains come
from other stars?

Definition:

δ

(
iX
jX

)
=

[
(iX/jX)smp

(iX/jX)⊙
− 1

]
× 1000

smp: Sample measured
⊙: Solar composition
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Why Presolar Grains are Intersting The s-process

Observations of Live 99Tc in AGB Stars
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Why Presolar Grains are Intersting The s-process

Enhancements in 99Ru in Presolar Stardust (Savina+, 2004)

Ruthenium isotopic composition measured
in µm-sized SiC grains by RIMS
Comparison with slow neutron capture
process models

101Ru/100Ru agrees with models
99Ru/100Ru elevated due to in-situ decay
of 99Tc

Measurements require in-situ decay of 99Tc
Proof that these grains come from AGB
stars (stars of class S)
Many further measurements since
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Why Presolar Grains are Intersting The s-process

How Old are Presolar Grains? At Least 4.5 Billion Years!

Cosmic-rays in ISM irradiate presolar grain
Production of cosmogenic 21Ne

Not expected to condense into grain
Concentration c can be measured
Production rate p can be calculated
Exposure time t = c/p

Heck et al. (2020): Measured cosmic ray
exposure ages for 40 SiC grains
Most grains formed < 1 Ga prior to solar system
Some are several billion years old
Ages likely dominated by destruction of grains
in ISM

Last modified: June 10, 2019 (prh) 

 3 

 25 

 26 
 27 
Figure 3. Presolar Ne exposure ages. Histogram showing the distribution of presolar 28 
SiC 21Ne exposure ages. Inset: Plot of the sum of the individual probability density 29 
functions of presolar SiC 21Ne exposure ages (logarithmic axes). Samples with upper age 30 
limits are not included in the histogram but are included in the probability function.  31 
  32 
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Measurement Techniques Separation

Extracting Presolar Grains in the Laboratory

Silicon Carbide:
Hardness: 9/10
Density: 3.2 g cm−2

Very acid resistant

Crush and freeze-thaw separation
Remove Solar System phases by acid treatment
Density separation in heavy-liquids to isolate SiC

Finding the Needle in the Haystack by
Burning Down the Hay

Amari et al. (1994)
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Measurement Techniques Mounting and Mapping

Sample mounting and mapping

Samples are drop-deposited on ultra-clean
gold foil
Solution evaporates and SiC stays behind
Imaging by secondary electron microscopy
Phase detection by energy dispersive
X-rays
→ Find the SiC grains
Create an overview map for navigation on
the sample
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Measurement Techniques Mounting and Mapping

Detection of SiC
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Measurement Techniques NanoSIMS

Nanoscale Secondary Ion Mass Spectrometry (NanoSIMS)

Analyze the isotopic composition
of Si, C, N in SiC grains
(requires 7 detectors)
Secondary ions analyzed
→ prone to isobaric interferences
Ideal instrument to measure
major isotopic composition
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Sample

Cesium Source

Primary column

Magnetic sectorMulticollection

Coaxiale lens

Coupling

Electrostatic sector

NanoSIMS

Courtesy: Florent Plane





Measurement Techniques RIMS

Trace element isotopic analyses

Resonance Ionization Mass
Spectrometry (RIMS)
Most sensitive technique
available for atom-limited
samples
Up to ∼ 40% useful yield
Only two instruments worldwide
that analyze presolar grains

LION at Lawrence Livermore
National Laboratory
CHILI at the University of
Chicago
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Measurement Techniques RIMS

An overview of Resonance Ionization Mass Spectrometry (RIMS)

Target Extractor Reflectron

Detector plus optics

Focusing optics

Ti:sapphire lasers
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An overview of Resonance Ionization Mass Spectrometry (RIMS)

Target Extractor Reflectron

Detector plus optics

Focusing optics

Ti:sapphire lasers

Ion pulse / Desorption pulse
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Measurement Techniques RIMS

Simultaneous Measurements of Iron and Nickel
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Trappitsch et al. (2018)
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Measurement Techniques RIMS

Simultaneous Sr, Zr, and Mo analysis (Shulaker+, 2022)
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Measurement Techniques RIMS

Limitations of Presolar Grain Measurements

Elemental Ratios: Highly dependent on
condensation environment
Elements of interest must condense into
presolar grain

Condensation temperature?
Refractory elements are more likely to
condense than volatile ones

We must have a reasonable number of
atoms in the sample to analyze them

1
9
9
9
I
A
U
S
.
.
1
9
1
.
.
2
7
9
L

C-star condensation (Lodders and Fegley, 1999)
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Measurement Techniques RIMS

The Number of Atoms in a SiC Grain

Mass m of a grain with density ρ and radius r

m = V ρ =
4
3
πr3ρ

Most of mass is SiC with a molar mass of MSiC = 40 g/mol
Number of SiC atoms in grain (NA: Avogadro’s number)

nSiC =
m

MSiC
NA =

4πr3ρNA

3MSiC

For a trace element with concentration cx (wt/wt) and molar
mass Mx

mx = cxm → nx = NA
mx

Mx

Example:

SiC grain with r = 1 µm radius:

nSiC = 2 × 1011

Assume 10 ppm (wt/wt) Fe:

nFe = 1.4 × 106

Solar abundance of 58Fe:
0.282%

n58Fe = 4014
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Measurement Techniques RIMS

Beware of Contamination

Presolar Grains spent 4.5 Ga in meteorite
Extraction with harsh acids of “solar” composition
Isotopes ratios of the same element

Simple mixing
Contamination with Solar on straight line

Isotopes ratios of different elements
Potential mixing region
Contamination curve depends on elemental
composition of sample
A more complicated case!

For SiC: Most contamination results from
handling the samples in lab! 800 600 400 200 0

(96Zr/94Zr) ( )

800

600

400

200

0

(92
Zr

/94
Zr

) (
)
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Hands-on Astrophysics s-Process Nucleosynthesis

Asymptotic Giant Branch (AGB) Stars

Star expands rapidly, and cools
Cycles between H and He burning
→ Thermally pulsing AGB star
AGB stars are copious dust producers
Slow neutron capture (s-) process
forms elements along the valley of
stability
Two important neutron sources:

13C(α, n)16O
22Ne(α, n)25Mg
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Hands-on Astrophysics s-Process Nucleosynthesis

Two Neutron Sources are at Work

Time

M
a
ss

CO-Core

He intershell

Convective envelope

Convective pulses

s-process zone

dredge-up

dredge-up

Adopted from NuGrid Model
2M☉, Z☉, Pignatari et al. (2016)

13C(α, n)16O
Main s-process neutron source
Max < 107 n cm−3

1000s of years

22Ne(α, n)25Mg
Bottom of He intershell
Max 5 × 109 n cm−3

A few years
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Hands-on Astrophysics s-Process Nucleosynthesis

Where to Look in Presolar Grains
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Hands-on Astrophysics s-Process Nucleosynthesis

Who wins: Neutron Capture or β−-Decay

Branching ratio fn

fn =
λn

λn + λβ

Neutron capture rate

λn = NnvT ⟨σ⟩

β−-decay rate

λβ =
ln(2)
T1/2

15 
 

 
Figure 5. Branching factors fn = ln / (ln + lb) as a function of neutron density Nn and 
temperature for nuclides relevant in molybdenum nucleosynthesis. We used temperature 
dependent b-decay rates reported by (Takahashi & Yokoi 1987) and adapted neutron capture 
cross section from KADoNiS v1.0 (Dillmann et al. 2014). The two vertical dashed lines in each 
plot at neutron densities of 107 and 5×109 cm-3 mark the expected maximum neutron densities 
caused by the 13C(a,n)16O and 22Ne(a,n)25Mg reactions, respectively, in low-mass AGB stars, 
which should take place at peak temperatures close to 1×108 K and 3×108 K (see respective 
color-coded curves in each plot). 

4.2.1. Molybdenum-92 
The p-process isotope 92Mo can under no circumstances be created in a neutron capture 

process. In contrary, the s-process destroys any initially present 92Mo, forming 93Mo, which 
either decays into 93Nb or is transformed, by another neutron capture, to 94Mo. Although the 
neutron capture cross section for 92Mo is lower than for all other molybdenum isotopes (see 
Figure 1), it is still highest among stable nuclides with magic neutron number 50, e.g., by more 
than a factor of 10 higher than for 88Sr. Therefore, 92Mo destruction by the s-process in the 
helium intershell of AGB stars is rather effective, and we have no indication for any major 92Mo 
present in mainstream grains that is not solar in composition. 

4.2.2. Molybdenum-94 
The p-process isotope 94Mo should also be consumed by neutron capture in the helium 

intershell. However, as discussed by Lugaro et al. (2003), there are three ways to generate some 
94Mo during s-process nucleosynthesis. First, it could be created via two consecutive neutron 
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Hands-on Astrophysics s-Process Nucleosynthesis

Deciphering the Parent Star Conditions with Stardust Measurements

SiC grains can only condense in
carbon-rich areas, with C>O
Heavier-mass stars get hotter
→ Activate 22Ne neutron source more
→ Activate 96Zr production more
Additional complication: Nuclear physics
input uncertainties, e.g., 95Zr(n, γ) cross
section
Comparison of isotope with stardust
measurements allows determination of
parent stars
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Hands-on Astrophysics s-Process Nucleosynthesis

Multi-Element Measurements to Constrain the 13C-Pocket

Presolar grains allow us to probe the
formation, size, and mass of the
13C-pocket
Multi-element isotopic measurements in
individual grains can help to decipher the
physics
Many possible 13C-pocket configurations
can explain the measurements
One set of model must fulfill all
measurements constraints simultaneously

See Nan Liu et al. (20xx)

abundance of 84Sr. The exclusion criteria are (1) grains with
less than 2,000 measured strontium counts and (2) grains with
only the δ(84Sr/86Sr) upper limits determined because of the
low S/N in their mass spectra. Within uncertainties, the grain
data are in good agreement with the model predictions for
carbon-rich envelopes. Thus, our derived constraints on the 13C
pockets in Table 6 are supported by δ(84Sr/86Sr) values in
mainstream SiC grains, which have total 13C masses of
(6–19) × 10−7Me for three-zone models and (8–34) × 10−7

Me for Zone II models.

4.3. Constraints from This Study: Contradictions
with Previous Conclusions?

In Liu et al. (2014b), it was found that AGB model
predictions for δ(92Zr/94Zr) decrease with increasing 13C-
pocket mass. It was concluded that a smaller Zone II 13C

pocket is preferred in explaining the close-to-solar δ(92Zr/94Zr)
values found by Nicolussi et al. (1997) and Barzyk et al.
(2007), in conjunction with δ(138Ba/136Ba) below −400‰ in a
few mainstream SiC grains found by Liu et al. (2014a). In fact,
as pointed out in our previous studies, in most of the cases it is
impossible to separate the effect of the 13C mass fraction from
that of the 13C-pocket mass by using only one tracer of the 13C
pocket (e.g., δ(138Ba/136Ba) or δ(92Zr/94Zr)).
Previously, we considered only the 13C mass fractions from

the D3 to U2 cases because the s-process efficiency of the 13C
pocket with pocket mass below 1 × 10−3Me becomes too low
to account for the range of δ(135Ba/136Ba) and δ(96Zr/94Zr) in
mainstream SiC grains. Because AGB model predictions for
δ(88Sr/86Sr) are sensitive to the 13C mass fraction, δ(88Sr/86Sr)
values in mainstream SiC grains from this study well constrain
the 13C mass fraction to lie below D1.3. Once the 13C mass

Figure 11. Four-isotope plots of δ(88Sr/86Sr) vs. δ(135Ba/136Ba). The models constrained in Table 4 are compared to the 47 mainstream SiC grain data from this study
with available correlated δ(88Sr/86Sr) and d (135Ba/136Ba) values. The K94 22Ne(α, n)25Mg rate is adopted in all model calculations.

Table 6
Further Constraints on Table 4 from δ(135Ba/136Ba) in Mainstream SiCs

Models 13C-Pocket Mass Total 13C Mass (10−7 Me)
(10−4 Me) D7.5 D6 D4.5 D3 D2 D1.5 D1.3

Three-zone 9.38 L ⋯ ⋯ 6.38 9.57 12.76 L
Three-zone_p2 18.76 L 6.38 8.50 12.76 19.14 L L
Zone-II_p2 10.6 L L 7.53 11.30 16.96 22.61 L
Zone-II_p4 21.2 L 11.28 15.08 22.61 33.92 L L

17

The Astrophysical Journal, 803:12 (23pp), 2015 April 10 Liu et al.

Liu et al. (2015)
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Hands-on Astrophysics Supernova Nucleosynthesis

Supernova Ejecta Mixing: What Regions do we Probe with Presolar Grains?
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How does material mix in the supernova ejecta? It’s already complicated in 1D!
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Hands-on Astrophysics Supernova Nucleosynthesis

Short-Lived Radionuclides: Timing Grain Condensation

Short-lived radionuclides allow to
determine the speed of condensation

49V–49Ti: > 2 a (Liu et al., 2018)
137Cs–137Ba: ∼ 20 a (Ott et al., 2019)

Of course, these results are
model-dependant!
Multiple stable isotope ratios have been
determined as well
Presolar grains from supernovae are very
rare

Supernova grains are currently vastly
understudied!

geochronological toolkit (40). Supernova nucleosynthetic models pre-
dict higher Ti/Si elemental ratios in the He/C zone than in the Si/S zone
(41), so in reality, themixing line in Fig. 3 should be a curve with steeper
slopes toward the Si/S zone. Thus, 282 ± 305‰ represents the lower
limit of d49TiSi/S. Instead of deriving a d49TiSi/S value with huge uncer-
tainties based on a polynomial fit, wewill adopt the lower limit of d49TiSi/S
(282 ± 305‰) tomore reliably constrain the X grain formation timing in
the followingdiscussion. It should be pointed out thatHe/C zone produc-
tion ratios for 49Ti/50Ti that are smaller than we have assumed (<1.04)
would shift d49TiSi/S to higher values (Fig. 2B and fig. S3), increasing
the reliability of this lower limit. In this way, the lower limit for d49TiSi/S
can be derived without relying on detailed SN model predictions and is
therefore independent of the model uncertainties.

Recent studies (42, 43) have suggested that X grains do not necessar-
ily need to incorporate material from the inner Si/S zone to show large
28Si excesses because a Si/C zone could form at the bottom of the He/C
zone during SN explosions at high energies (for example, 5 × 1051 erg
for a 15M⊙ progenitor star), where the a-capture process can occur.
This would produce isotopic signatures that are similar to those of
the inner Si/S zone (for example, overproduction of 28Si, 48Ti, and
49V). The presence of the Si/C zone adjacent to the He/C zone is ideal
for condensing SiC within a small region of an SN without the need of
invoking large-scale selective mixing (Fig. 1), such as mixing the Si/S
and He/C zones but not the O-rich zones in between them (43). How-
ever, the Ti/Si elemental ratio of the Si/C zone is predicted to be several
orders of magnitude lower than that of the He/C zone (42). As a result,
invoking the Si/C zone, instead of the Si/S zone, as the source of 28Si pre-
dicts that 49Ti from theHe/C zonewould be the dominant contributor to
the 49Ti budgets of the X grains, which is inconsistent with the grain data.
Thus, we adopt SN model predictions for the Si/S zone (41), which is
supported by the grain data, as the source of 28Si excesses in X grains.

All the X grains show close-to-solar d46Ti and d47Ti values, indica-
tive of solar-like metallicities for their parent SNe (44). Consequently,
we compare ourX grain results to SNmodel predictions (41) for the Si/S

zones of solar metallicity progenitor stars with a wide range of initial
masses in Fig. 4. It takes 2 years after the explosion to enrich the Si/S
zone to a d49Ti value of −23‰, the 95% lower boundary of the d49TiSi/S
lower limit. However, the typical time delay between the explosion and
grain condensation in the SNe was probably even longer because the
two most important potential sources of systematic uncertainties,
(i) smaller 49Ti/50Ti production ratios and (ii) higher Ti/Si elemental
ratios in the Si/S zone relative to the He/C zone, can shift the extracted
d49TiSi/S to higher values. In support of this, we found a Ti- and V-rich
subgrain with a V/Ti ratio that is three times higher than that of its host
X grain (fig. S4) but observed no concomitant increase in d49Ti. Given
that no variation in d49Ti or d50Ti can be found between the host grain
and the subgrain, the subgrain should have condensed out of the same
mixed ejecta even earlier than its host grain to be captured inside [for
example, (37)], strongly indicating the absence of live 49V in the ejecta
when the subgrain condensed. Thus, X grainsmust have formed at least
2 years after the SN explosions, when the majority of live 49V had de-
cayed to 49Ti in the Si/S zone.

Finally, SN nucleosynthetic model calculations consistently predict
that the maximal d49Ti value that can be reached in the Si/S zone is
~500‰, suggesting that the production ratio of 49Ti/50Ti in the He/C
zone must lie above 0.5; otherwise, the d49TiSi/S values extracted from
the X grains are too high to be explained (fig. S3). Because this ratio also
needs to lie below unity based on the negative correlation found be-
tween the d49Ti* and d30Si values of the X grains, we can show the
amount of 50Ti produced by the neutron capture process to be about
one to two times that of 49Ti in the He/C zone.

Implications for SN dust formation
Observations [for example, (20, 21)] have suggested continuous dust
formation in SNe for up to tens of years after the explosions. Our results
show that SiC grains that condensed out of C-rich core-collapse SN
ejecta began at least 2 years after their parent stars exploded. Although
SiC is inferred to be a minor dust component according to the optical
and near-infrared spectra for several SNe, with carbonaceous grains
being the dominant component [for example, (20)], a recent SN dust
condensation model predicts a delayed but concomitant formation of
both C-rich phases in SNe (32). Our result, for the first time, provides
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Fig. 3. d49Ti* versus d30Si of the same set of X grains in Fig. 2 and three un-
grouped SN grains. Note that the Lin et al. grain data (33) from Fig. 2 are not plotted
here because of the lack of information on d50Ti values in these grains. d49Ti* denotes
d49Ti of a grain after substracting the amount of 49Ti made by neutron capture in the
He/C zone (see theSupplementaryText). Thenegative trend shownas a linear fit line (red
solid line) with 95% confidence (gray band) results from variable contributions from
theHe/C zone to the 48Ti and 30Si budgets of the grains (eq. S5). The fact that grainswith
d30Si > ~−200‰ show constant d49Ti* = −1000‰ (yellow region) means that the con-
tributions from the Si/S zone are negligible in affecting the 48Ti budgets of these grains.
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Hands-on Astrophysics Galactic Chemical Evolution

The Curious Case of GCE Dominated Isotopes in Presolar Grains

Mainstream SiC grains: from low-mass stars
Star does not contribute to Si isotopic
composition
Certain isotopes are thus great proxies for GCE
GCE predicts enrichment of 29Si and 30Si over
time in galaxy
Age-metallicity relation
Presolar grains however are enriched in 29Si and
30Si compared to Solar System

Presolar grain measurements require
heterogeneous GCE

Presolar grain database
Hynes and Gyngard (2009)
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Hands-on Astrophysics Galactic Chemical Evolution

Other Isotopes show the Same Behavior compared to the Solar System

54Fe and 60Ni
correlate with 29Si
Enrichments in
54Fe and 60Ni
found as well
Age-metallicity
relation cannot
explain these
observations
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Hands-on Astrophysics Galactic Chemical Evolution

Many Explanation Attempts Over the Years

The problem is twofold:
Slope of Si correlation > 1
Enhancement in secondary 29,30Si

Stellar migration (Clayton, 1997)
→ Range too small
Presolar galactic merger (Clayton, 2003)
Stochastic/heterogeneous GCE (Lugaro et
al., 1999, Nittler, 2005)
→ Ti data does not agree
Dust production bias (Lewis et al. 2013)
→ Slope difficult to explain
Overarching 29Si problem! (Timmes and
Clayton, 1996)

Clayton (1997)
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Stochastic/heterogeneous GCE (Lugaro et
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→ Ti data does not agree
Dust production bias (Lewis et al. 2013)
→ Slope difficult to explain
Overarching 29Si problem! (Timmes and
Clayton, 1996) Lugaro et al. (1999)
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The problem is twofold:
Slope of Si correlation > 1
Enhancement in secondary 29,30Si

Stellar migration (Clayton, 1997)
→ Range too small
Presolar galactic merger (Clayton, 2003)
Stochastic/heterogeneous GCE (Lugaro et
al., 1999, Nittler, 2005)
→ Ti data does not agree
Dust production bias (Lewis et al. 2013)
→ Slope difficult to explain
Overarching 29Si problem! (Timmes and
Clayton, 1996) Lewis et al. (2014)
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Hands-on Astrophysics Galactic Chemical Evolution

Influence of Nuclear Reaction Rates for Si Production/Destruction
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Look at influence of nuclear reaction rate
uncertainties on overall yield (production
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Plug back into GCE model
Example of 26Mg(α, n) ×3 shows
enhancement in 29Si and 30Si
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Hands-on Astrophysics Galactic Chemical Evolution

Influence of Nuclear Reaction Rates for Si Production/Destruction
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Hands-on Astrophysics Galactic Chemical Evolution

Influence of Nuclear Reaction Rates for Si Production/Destruction
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Conclusions & Outlook

Where to Go From Here?

Presolar grains allow us to directly probe stellar
nucleosynthesis in the laboratory
Allows us to study

Nucleosynthesis
Galactic Chemical Evolution
Interstellar Medium

Isotopic information is unique

Another Messenger to Elucidate our
Understanding of Nuclear Astrophysics!
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