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COSMOCHEMSTRY OF
PRESOLAR GRAINS

M. Busso
Dept. Physics & Geology, University of Perugia
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. Presolar samples in the S.S.

Discvovery of anomalous compositions in meteorites.

. Measurements in grains: from noble gases to main species
. The stellar origin of many presolar grains
. Grain anomalies & AGB stars: noble gases, s-elements, CNO,

Constraints to stellar models: mixing & reaction rates

. Radioactive Nuclei: any meaningful explanation? ;
. X grains, selection effects & many things we don’t know.
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THE COMPOSITION OF THE SUN
AND ITS CARRIERS

Solar Elemental Abundances
Element Number % Mass %
In 40 years, not
Hydrogen 9.0 734 much change!
Helium 78 25.0
Carbon 0.02 0.20
Nitrogen 0.008 0.09
Oxygen 0.06 0.8
Neon 0.01 0.16
Magnesium 0.003 0.06
Silicon 0.004 0.09
Sulfur 0.002 0.05
Iron 0.003 0.14

(ISM); not NECESSARILY from its gas phase!

Refractory elements were strongly segregated in solids, as in the
ISM today.

Identifying the carriers and finding reservoirs that remained
unmixed/unmelted means separating the ingredients from which :
the cake was made! Workshop in Nuclear Astrophysics - Russbah, March 10,2014

The Sun inherited its composition from the Interstellar Medium .!



THE ISOTOPIC SOLAR COMPOSITION
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As you may hear in these days, even from the average composition
of the Sun we infer many properties of nucleosynthesis processes.

Separating the carriers would permit to study them with

exceptional accuracy.
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ANCIENT METEORITES GENTLY
PROVIDED TO US

Allende (Mexico, 1969) Murchison (Australia, 1969)1

[
-
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THE SAMPLES

Material with unaltered composition, hence relatively rich
in the original solid constituents from which the average
solar abundances derive is found in comets, ancient
meteorites and small solids of non-planetary origin.

In the period 1999-2011 the STARDUST mission sampled
the comet WILD-2 and sent to the Earth a collection of
tiny particles trapped by a special “basket” of AEROGEL
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ANOMALIES FOUND IN METEORITES

Reynolds (1960) early recognized that pristine
meteorites had sub-systems showing excesses of
129%e from radioactive '*°l (Ryenolds, 1960)
Subsequently Reynolds & Turner (1964)
characterized another Xe anomaly, called Xe-HL,
with excesses of light and heavy Xe isotopes with
respect to *°Xe. They guessed this was the relics of
fission.

In the next years noble gases in early meteorites
were studied franctically. The fall of Allende (1969)
offered new sources for analysis. In 1977 Lee et al.

discovered *°Al (through its decay product *°Mg) :
Lewis, Gross & Anders (1975) showed that
anomalies affected other noble gases. *?Ne/*°Ne |

larger than the average S.S. ratio was foun (Ne-H). .
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From bulk to
grains.

Samples examined by
Reynolds & Turner

(1964) were large (from
mm to cm size).

After the Moon landing
mass spectroscopy and
chemical separation
techniques made 3
enormous jumps. |
In St. Louis Zinner & a
started selecting
(through acids) resistenti

AR BT B SiC grains -
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The Saint Louis Group

How can you find a h'edié in a hastak? :!
Simple: you burn the haystak and what 14
remains is the needle!

-
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In those years and until now, crucial role
played by the Max Planck Institute for
Chemistry (Mainz).

Experimentalists: Uli Ott, Peter Hoppe,...
Theory group headed by Karl-Ludwig Kratz

Strange enough, the Max Planck Institute
shows apparently no interest in continuing
the tradition!
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PRESOLAR GRAINS

o e : : " : In the last 25 years a
Supemdga e /- ; ,AGB Star S s o 3 : new source of
T . Eed myadl s asei o information on isotopic
Q > U .+ Protoplanetary D'Sk - abundances in stars has
' > K . become available in the
form of stardust
preserved 1n primitive

' ' meteorites.
Asteroids and Comets

Molecular Cloud

Grains from Red Giants
and supernovae were
imncluded into the
molecular cloud that

Meteoritesand - * collapsed into our Solar

Interplanetary .© - System.
Dust Partlcles

Some of these grains are
preserved in primitive
meteorites, from which
HE o e ASh they can be extracted
“Presolar Graing =, 5. g MO and studied in detail in

e ' AN B Cartoon by Larry Nittler the laboratory.
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THE INTERPRETATION

Meteoritic silicon carbide: pristine
material from carbon stars

Roy S. Lewis, Sachiko Amari & Edward Anders”

1. Enrico Fermi Institute and Department of Chemistry, University of
Chicago, Chicago, lllinois 60637-1453, USA

2. "Present address: McDonnell Center for Space Sciences, Washington
University, S5t Louis, Missouri 63130-4899, USA.

All five noble gases in interstellar silicon carbide grains
have grossly non-solar isotopic and elemental abundances
that vary with grain size but are strikingly similar to
calculated values for the helium-burning shell of low-mass

carbon stars. Apparently these grains formed in carbon-star

envelopes, and were impregnated with noble gas ions from
a stellar wind. Meteoritic SiC provides a detailed record of
nuclear and chemical processes in carbon stars.

Nature 348, 293 (1990)

On the astrophysical interpretation of
isotope anomalies in meteoritic SiC grains

R. Gallino , M. Busso", G. Picchio” & C. M. Raiteri”

1. ‘Tstituto di Fisica generate dell' University Via P. Giuria 1,10125 Torino,
Italy

2. 'Osservatorio Astronomico di Torino, Strada dell'Osservatorio20,10025
Pino Torinese, Italy

3. *International School for Advanced Studies, Via Beirut 4, 34014 Trieste,
Italy

Meteoritic silicon carbide grains, formed in the winds from
carbon stars, contain noble gases and other species whose
elemental and isotopic abundances are a probe of stellar
nucleosynthesis. Theoretical models of carbon stars can
explain a variety of measured abundances, in particular the

range of krypton isotope ratios and the excess 2?Ne found
in the grains.

Nature 348, 298 (1990)

AGB STARS ENTER THE PICTURE !
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THE ADVENT OF NANO-SIMS

The nano-SIMS (nano-Secondary lon Mass
Spectrometry) technique allowed studies of
presolar grains to make a large forward jump.

Nano-SIMS perform mass-spectrometry on
secondary ions, sputtered from a solid target
(the grain) by the impact of a primary beam of
charged particles. High-accuracy experiments
now allow measuring single grains for the
isotopes of major species.

More recently, laser sputtering techniques (Andy

Davis, Chicago) permitted to select individual :
nuclei of trace species and to analyze single .,
grains for trace element isotopes. y
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Corundum

How do we know these
grains have a stellar origin?




Stellar Sources of Presolar Grains

AGB Stars

-
S e
k j_- g__;’

Cat Eye Nebula

>90% of S1C, Silicates,
Oxides; ~50% of Graphite

Supernovae Novae

5_

Cassiopeia A Nova Cygni 1992

<5% of SiC, Silicates, <1% of SiC, Silicates,
Oxides; ~50% of Graphite, Oxides, Graphite
100% Si3N,

s bLis
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The thermal pulses and the third dredge-up

CONVECTIVE ENVELOPE H, He, Fe etc. .
A SALTED WITH DREDGED UP MATERIAL ((_ \J)

w 2= CONVEGTIVE —
H/"THERMULSE J

—SheLL ;——// C-O CORE
He S
: o

time 4]

.

13C(a,n)16 O recently from the ASFIN COLLAB :
Workshop in Nuclear Astrophysics - Russbah, March 10,2014
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S-PROCESS PREDICTIONS VARY
WITH METALLICITY

3F

log(X,/X,)

Busso et al 1999
ARAA 37

log(X,/X,)

log(X,/X,)

0 : I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I

[Fe/H]
s-Process models using the same number of

neutrons per heavy seed produce different
s-element abundances for variable metallicity.
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DIFFERENT s-PROCESS
COMPOSITION IN AGB STARS

2-5_' Models for Z = O 02 '
| 7, values (mbarn™') as indicated
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| m Ball
| 0 mild-Ba
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| OCH subglants
L P BN

E 05 0 05
[hs/1s]

Different s-process compositions exist in stars with same
metallicity (different amounts of neutrons released, different
number of nucleosynthesis cycles). Similar spread found in
grains, since the first discoveries on noble gases.
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ISOTOPIC ABUNDANCES IN SiC GRAINS

I Mainstream SiC N
Corundum
Spinel
Hibonite

Isotopic Abundances
5 - R In C-rich (SiC) and
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PUZZLING CLASSES OF
GRAINS DISCOVERED

Mainstream ~93% o A+B grains 4-5% SiC AB grains

v Cgrains A Xgrains ~1%
Ygrains ~1% =m Zgrains ~1%
@ Nova grains

We infer stellar sources
from 1sotopic ratios

_...Solar 3

SRl  >10,000 SiC grains have

) T3 been analyzed
: ‘fl‘ ]
i‘v p
- BN AGB Mainstr., Y, Z
® & SNe ]
F Novae 8 ] ‘l
T T T | stars? AD
12C°C Novae
[
-
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SIC GRAINS CONTAINING
Mg (°°Al DECAY)

<
P~
‘éi.
<
w
od

120/130 i

*°Al abundances dispersed. 3
Correlation with *°C unclear.



CONSTRAINTS ON R. RATES & MIXING

IN AGB STARS FROM GRAINS

— expected

Mainstream SIiC
SIC X-grains

SIC Y-grains

SIC Z-grains

SIC A-grains

SIC B-grains

SIC Nova grains
Graphite grains
SN, grains

- "Singular” SIC grain
- Terrestrial

O <X

A -
-
l

e

¥ N
N a # '.
Ll nk
aga

v
»* ]
L ’

- A. Davis 2004

i...,*G)

X >l k"4 - ‘l_

Normal, ‘mainstream’ grains
certainly produced in AGBs
have a lower than expected
12C/*3C ratio (mixing to the

10°
120/

i surface of *C, product of H

13 10" burnin ).
c g

Ji4

{



The problem: a reminder
(The 12C/:3C ratio on the RGB)

Standard models - distinction between:

Radiative layers dar| _ 3 ke L) dlogT
160 T° 4m? dlogp

dr

rad

dr| _ _E_lg(} oM, dlogT
Convective layers drl, ydp r’ dlogp |,

More convection?

At right: First dredge-up in
a 5 Mo star according to

Dearborn.

All 1°C is taken to the surface, After the 1°DU 2C/13C drops from 89-90 (solar) to
but the 12/13 ratio does not 20-30. But we have stars with values 4-20. -
decline below about 20. - N
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Presolar Al O, grains

Presolar Grains: Nittler et al. 1997

| Solar ratios [] point A;
- ratios after first
i/ dredge-up for masses
1.1 - 2.0 M8 : C-F

0.002

0.0015

Dots: oxide grains
of group 2, due to

;/‘further mixing
; occurring in AGB

stars.

180/160

0.001

0.0005

_,CNO equilibrium

_ ) | _
:.| I T TR | (O | "
%0 0.0005 0.0;1 0.0015 0.002 (dependency on T!!)

170/160




0.0025

-0 (Palmerini et al. 2011)
0.002 o .
. o Normal Evolution

Y NACRE rates

VW e RGBT

// Extramixing (cbp)
///_
d Moving the end- |
I point requires

0.00/ changing the rate |
70/"°0 (lower 'O destruction) 4
[

130/150

0.001

0.0005

OXIDE GRAINS vs .
PA RAM ETE RIZ E D M IXI N Gmrkshop in Nuclear Astrophysics - Russbah, March 10,2014



170{160

0.0025

0.002

0.0015

0.001

0.0005

—

o
-

- E'_‘
\:

_______

A=02 © 045 0.1 °°0,

5 4 3 2 1
log?°Al/ZAl

Palmerini et al. 2014 (in preparation)

-

Explained by
intermittent
magnetic

buoyancy or |
other forced
mechanisms |
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O-rich grains from novae

o Silicates

“““—-——-su

pernovae

Even peculiar cases, in which 70 and *°0
are both enhanced (at odds with H-burning

composition) exist.

107 107

180/160
Borrowed from Gyngard and Nittler

]()‘

10

WY il

-
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S|
Nova models (J. Jose,
pers. comm.)

&C025%-50% 0O ONe 50%

- inaccessible to

- AGB stars 1.15M
1.15

1.0M o

AGB grains ~ &%
g \,.. > _.v {‘ﬁ(?;?&%',%} Do B ;

1.35—

Current nova
models miss
data

Requires
>90% mixing
with normal
material

170-rich grains from Nittler et al. 1997, 2008, 2012; Gyngard et al. 2010; Leitner et al. 2012

4

.
-
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FROM GRAINS TO STARS. PECULIAR ISOTOPIC RATIOS

1 _
. é TDU a |
= p---@s_ S AC-- === = m— ===
:ﬂé i _
T %D -
Zr_" | ]
=1+ —
: m MS grains :
Hedrosa et al. (2013) e A+B grains |
i @N stars i
—2 @] stars _
i 6 @ SC stars
B Lo vl o vl NI EEEE

100 101 102

lzc/lsc

108

Ll
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Types, abundances, sizes and sources of stardust.

>

4

.
-

MineralType Abund Size Stellar source Relative
(ppm) (pm) contribution
Diamond 1400 0.002 SNII; solar system?
SiC 30 0.3-50
Mainstream __AGB(1.5-3M_) ﬂ;s_%ﬂp
X SIS .Q/0
Y ~1/2 solar metallicity AGB e
Z ~1/4 solar metallicity AGB few %
AB J-stars; born-again AGB <59
C —SiH- 0.1%
Nova Novae 0.1%
Graphite 10 1-20
SNII 60%
< AGB (1.5-3M ) 30%
—J-stars; born-again AGB <10%
Novae <10%
Si;N, 0.002 <1 SNIlI 100%
Oxides 50 0.1-2
Silicates 200 <1
1 AGB (1-2.2M ) 70%
2 AGB (<1.8 M_; CBP) 15%
3 B (low mass & metallicity); SNII 5%
4 — SN 10%
N Novae <1%

larch 10,2014



AGB stars produce most extrasolar grains
recovered in meteorites. They force us to
reconsider C-star nucleosynthesis.

AGB stars produce *°Al, and its abundance
(even when high!) can be explained by
nucleosynthesis & mixing models. #°Al in
the Early Solar System was essential in
melting large bodies.

Can an AGB star have ‘salted the soup’ of
the Early Solar System with *°Al and other
short-lived nuclei?:

(*°Al, “'Ca, °°Fe, and '°’Pd : Busso et al.
2003; Lugaro et al 2008)

Most people don’t believe that, as the
probability of an encounter with the
forming Sun is VERY small.

However we now know that dust is the

carrier of many isotopic peculiarities and
AGB stars are the main dust producers in
the lIniverce

meteorite

Workshop in Nuclear Astrophysics -

Presolar Grains

.

Russbah, March 10,2014



JOM:,.Z=27-/3 (W+06) [6.7TM;,Z=Z7Z., (TR+09) Measured
fo=4.0x10"" fo=3.3x10"" or extrapolated
Parent|Index (Np/Nr) A, (Np/Ni)a, (Np/Ni)a, (Np /N1 )a, at r = A;
P I A =053Myr Ay =65Myr| A =053 Myr (A>2) =6.0 Myr
25A1 | 27Al 5.0-107° 8.5-10~8 3.2.107° 9.8. 1078 5.0-1073 (Ay)
HCa [ 40Ca 1.5-10-8 - 1.5-10-8 - >1.5-107% (A
60Fe | “°Fe 2.1-107° 1.0- 107 2.6:107° 1.7-10=7  10.5—1107° (A))
07pg | 198pd 3.8-107° 2.0-107° 3.8.1077 2.0-10— 2.0-107° (A3)
BEr | PZr 2.5-1074 1.2:1073 1.6-10~* 8.6-107° (?)
PTe |1"Ru 1.9-10> - 1.4-10 - (?)
135Cs | 133 (Cs 3.6-1072 3.5:.10-° n.a. n.a. 1.6x10—4 (?7)
205ph |204Ph| < 3.4.107% <2.5-10~% n.a. n.a. | —2x 107 (?)

Busso (2011), Lecture Notes in Physics

i e il

-
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DO WE BELIEVE IN THIS MODEL?
Most people don’t

| am curious and | don’t exclude anything

SNe or other nucleosynthesis sources are equally unlikely
(because of little dust) and don’t offer the same “god
compromize” for various short lived nuclel.

Before coming back to this issue we need to know better
the variation of the lifetime with T,p. Recent work shows
that stellar weak interactions are essentially NOT known
sufficiently well (SEE NEXT). :

We'll see. Maybe some of the young researchers present

Wi ” See’ one day Workshop in Nuclear Astrophysics - Russbah, March 10,2014
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THEORETICAL ESTIMATES OF STELLAR ¢~ CAPTURES. I. THE HALF-LIFE OF "Be IN EVOLVED STARS

S. SimoNucct! 2 S. TatoLi??49 S, PALMERINI®, AND M. Busso?
! Department of Physics, University of Camerino, Camerino, Italy
2 Istituto Nazionale di Fisica Nucleare, Sezione di Perugia, Perugia, Italy; stefano.simonucci@unicam.it
3 Interdisciplinary Laboratory for Computational Science, FBK-CMM and University of Trento, Trento, Italy: taioli@fbk.cu
~ *Department of Physics, University of Trento, Trento, Italy
? Department of Chemistry, University of Bologna, Bologna, Italy
® Departamento de Fisica Tedrica y del Cosmos. Universidad de Granada, Spain
7 Department of Physics, University of Perugia, Perugia, Italy
Received 2012 October 11; accepted 2012 December 13; published 2013 January 30

ABSTRACT

The enrichment of Li in the universe is still unexplained, presenting various puzzles to astrophysics. One open issue
is that of obtaining reliable estimates for the rate of ¢~ captures on 'Be for 7'and p conditions that are different from
the solar ones. This 1s of crucial importance for modeling the Galactic nucleosynthesis of Li. In this framework,
we present here a new theoretical method for calculating the e~ capture rate in typical conditions for evolved stars.
Furthermore, we show how our approach compares with state-of-the-art techniques for solar conditions, where
various estimates are available. Our computations include (1) “traditional™ calculations of the electronic density at
the nucleus, to which the e~ capture rate for ’Be is proportional, for different theoretical approaches including the
Thomas—Fermi, Poisson—Boltzmann, and Debye—Hiickel (DH) models of screening; and (2) a new computation,
based on a formalism that goes beyond the previous ones, adopting a mean-field “adiabatic™ approximation to the
scattering process. The results obtained with the new approach as well as with traditional ones and their differences
are discussed in some detail, starting from solar conditions, where our approach and the DH model essentially
converge to the same solution. We then analyze the applicability of both our method and the DH model to a rather
broad range of T and p values, embracing those typical of red giant stars, where both bound and continuum states
contribute to the capture. We find that over a wide region of the parameter space explored, the DH approximation
does not really stand, so that the more general method we suggest should be preferred. As a first application, we
briefly reanalyze the "Li abundances in red giant branch and asymptotic giant branch stars of the Galactic disk in
light of a revision in the Be decay only: however, we emphasize that the changes we find in the electron density
at the nucleus would also induce effects on the electron screening (for p-captures on Li itself, as well as for other
nuclei) so that our new approach might have rather wide astrophysical consequences.

Key words: nuclear reactions, nucleosynthesis, abundances — plasmas — stars: AGB and post-AGB —



Another role for AGB stars?

| T T T ! | T T T T | T T T T | T
CaseB | M=M [Fe’H]=-0.15 extended pocket
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:

From models with extended neutron reservoirs (Maiorca et al. 2012), recent efforts

suggest (Trippella et al.) that s- and r-processing are the only ingredients needed J
to explain heavy neutron-rich nuclei, without any LEPP contrinution. -
If this idea is OK — constraints to massive star nucleosynthesis & reaction rates!
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CONCLUSIONS

THE RECOVERY OF SOME OF THE SOLID INGREDIENTS THAT
CONTRIBUTED TO THE FORMATION OF THE SOLAR ABUNDANCES
CHANGED NUCLEAR ASTROPHYSICS

GRAINS RECOVERED AND MEASURED ARE THE OBJECT OF STRONG
SELECTION EFFECTS RELATED TO THEIR REFRACTORY NATURE AND
RESISTENCE TO STRESSES.

SN UNDERSAMPLED; AGB STARS OVERSAMPLED.

THEY ARE IDENTIFIED BY PRESENCE OF S-ELEMENTS, THE Ne-(H)
ANOMALY, THE RUN OF C AND O ISOTOPES, DEEP MIXING SIGNATURES

EXPLAINING THEM IN DETAIL FORCED THE MODELS TO CHANGE:
EXTRAMIIXNG INTRODUCED, ITS PROPERTIES STUDIED, REACTION
RATES DETERMINED.

UNDERSTANDING WHICH KIND OF STARS WERE AT THE ORIGIN OF
THE SHORT LIVED NUCLEI IN THE EARLY SOLAR NEBULA, REQUIRES
ANOTHER CHANGE; A NEW APPROACH TO WEAK INTERACTIONS IN
STARS (ALREADY STARTED).
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