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Outline

€ The element abundance pattern itself
» What is the element abundance pattern and where is it
measured ?
» The importance of meteorite data, what is a primitive sample ?
» Asteroids and comets
» The main features observed on the abundance pattern

€ Beyond the average element abundance pattern
» Pre-solar grains. How do we find them ? What do they look like ?
» The origin of pre-solar grains ? Open issues
» Short-lived radio-nuclei and the context of the solar system birth
» The amount of short-lived radio-nuclei in the protoplanetary disk
» Why is it such a problem ? Is the solar system generic ?
» Their importance for planetary science

EJC 2016 “Origin of Nuclei in the Universe »
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atomic-hydrogen

clouds . g
M W
molecular clouds hot bubbles
Star-gas-star A
v cycle
= p The ISM is composed of
supernovae an 0 o
star formation stellar winds gas (99%) and dust (1%).
Stellar formation yield :

N 4 3-10 M, /year

stellar burning/ (Mgaxy = 102M) M= Solar mass

heavy-element

formation

The stellar formation yield is about 5 times
that of stellar ejection (mainly in gaseous
form).

Copyright © Addison Weasley
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It is the starting composition in high Z elements of
the Local Inter-Stellar Medium 4.5 Gyrs ago



Stars are forming in dense molecular clouds

An emblematic example
The Eagle nebula
Distance 6500 LY (2 kpc)

Size of the clouds :
1LY, ~50 kAU, ~ 0.3 pc
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The final solar system architecture

* M Soleil (M) : 1.99 10%° kg
* MTerre (Mg): 5.97 10**kg
* M lJupiter (M, ) : 1.90 10%/ kg (317 Mg, 0.1% M)

There a spectacular dichotomy between
the inner (rocky) and outer (gaseous/icy) solar system
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What is a primitive sample ?
the key role of small-bodies

Meteorite origins
Ordinary chonderites

Metamorphosed
Primitive planetesimal
planetesimal

_ DT chasses reveal different parts of the solar planetesimals that expertenced compiete melting. These bodies
MMWM.«MMWM differentiated t0 layers: an ton Coce, a mantle, and a crust.
metamorphosed planetevimaly — bodies that partially melted and

then recrystaliized. Iron meteotites and achondtites come from

Kring, D. (2006), Astronomy



The solar system small bodies

* The asteroids
* between Mars and Jupiter

* The Kuiper belt object (KBO)
* between 30 et 50 AU

(25143) Itokawa Asteroid

 The comets
* Jupiter-type

* Oort-cloud Comets (> 5 000 AU)

67P/Churyumov—Gerasimenko
ESA Rosetta mission



A major goal for the futur space missions

o
G
A

OSIRIS-Rex 4 Deep Impact

Hayabusa Il

Analysing the solid component of small bodies provides unique information on
the composition of the proto-solar nebulae and the context of the solar system birth
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Presolar grains are
in the matrix

L 500 o Ca-AI omdes and S|I|cates
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a nuclei
12C, 160 (He burning)
12C+12C — 20Ne + o (C burning)
2ONe(y, o )'O
2ONe(at, Y)**Mg
160+160 — 28Si+o (O burning)

20 30 40 50 80
Nucleon Number A

N=Z nuclei are more abundant

24Mg(12,12) >> 26Mg(12,14)
285i(14,14) >> 30Sj(14,16)
40Ca (20,20) >> 42Ca
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 Stable odd-odd nuclei are rare : D, 6Li, 1°Be et 4N

* The masses of even-even nuclei and odd-odd nuclei are separated by 2 MeV

» The ground state spin and parity of all even-even nuclei is always J° = 0*

* The energy of the first excited state in an even-even nucleus is always higher than

that of the odd-even.

All these features are due to the paring energy
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Negative of binding energy per nucleon (MeV)

9 4 : g BaKr 11980 Volume
8 ' ZM ? 15—
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2 {*He
2
12 | 1 | ] |
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The strong interaction has a short range : B(A) = cst + corrections (see liquid drop
model)

The B(A) general behavior results from the combined effects of coulomb repulsion,
surface and symmetry energy. It produces a maximum at A ~ 60.
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Fig. 2.3. Abundance (A4 = 50, 100)

Before Ge : neutron poor isotopes are more abundant
After Ge : neutron rich nuclei are more abundant

The coulomb barrier gets high, the neutron capture takes over
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* The rapid (r) and slow (s) peaks are due to nuclear structure shells effects



Beyong the average abundance pattern,
the quest for star dust

Infrared image of Andromeda Galaxy (dust)

24.0 um Spitzer MIPS

A Jach Rollins - Charler H Joffe puiion " Stardust Memonries”
Rodert Greenhssst Woodiy Allesi Jach Rollinis-Charles H Joffe
Gordow Wellid Mel Bownee T Wnited fntists. oz

A part of elements produced in stars are locked in solids and travel
trough ISM as interstellar dust... where are they gone ?
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* The Xe isotopic data show various
components with relative ratios
strongly different from the solar
average values

* Two main component :
— Xe-HL (Heavy-Light)
— Xe-S
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s it possible to identify
the carriers of these isotopic anomalies ?
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* It took 25 years to identify the carrier of these anomalies
* The size of these grains is 1-10 mm
 Thousands are analyzed so far

31



Presolar grains are extracted from the matrix of
carbonaceous chondrites

Météorite d'Allende  The matrix of chondrites contains small mineral
phases (SiC, Graphites, nano-diamants ... < 10 um)
directly inherited from stellar envelopes of
generations prior the Sun.

Supemova

170/160

.o o

@. s
C{%ﬁ&ﬁﬂ
PresolarGraing  Larry Nittler,

In-situ secondary ion mass image (P. Hoppe et al)

zateociie Carnegie Institution of Washington
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Is it possible to identify the nucleosynthetic sites of these grains 2.



Clues on the astrophysical sites of presolar grains

Pre-solar grains are vapor phase condensate in stellar envelopes
Presolar grains are refractory, Tcond = 1300-300 K°

Their condensation sequence strongly on the composition of the
stellar gas, mainly on the C/O ratio :

— if C/O < 1 all the carbon is locked in the CO molecule in the
gas phase (stable even at high T°)

=» condensation of oxides and silicates

— If C/O >1, a large fraction of the carbon is available for solid
phases
=» condensation of graphites and carbides



ldentification of the astrophysical site of SiC

The average solar C/O is <1, (C/O)sun = 0.4

— in meteorites most of SiC are presolar

SiC condense in a C rich environement: C/0>1

Massive stars are not good candidates (they produce more O than C,
C/0<1)

SiC contain s-process nuclei (Xe-s carriers)

SiC condense in C-rich stars
that are rich in s-process nuclei
- AGBs



similar to that observed in C-
stars

* AGB are the main producers of
C-rich dust

e SiC are seen in AGBs envelopes
(emission line @ 11.2 mm, Speck et al 1997)

e SiC contain s-process elements

* The isotopic signaturesin C &
N are that expected from AGB

Abund'ance
(4]
|

C stars
(Lambert et al., 1986)

-
o
|

600— | | Illllll [ R
Murchison
400 SiC

(Amari et al., 1992

Hoppe et al.,

200 1994, 1996)
0_ 1 lllllll T TTTrTd

100 10 102 10° 104
12C[13C

C isotopic ratios in C, bands in
C-stars and in SiC

36
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Fig. 4.3 Hertzsprung-Russell diagram, in which the stellar luminosity (on a Logig scale)
is plotted as a function of the effective (i.c. surface) temperature (also on a Logio scale,
and decreasing to the right}), showing the theoretical evolution of a star of Z = 0.02 and
mass 3 M. The label MS is for main sequence, RG for red giant, E-AGB for early
Asymptotic Giant Branch and TP-AGB for thermally pulsing Asymptotic Giant Branch
{see text for details and explanation of points labelled A, B and C).

M Lugaro 2005

The internal structure of a 3 M AGB

Main Sequence

"1. Dredge-up™

RGB =) (4He, 13C, 14N)

H-burning

M>4 Mg
"2. Dredge-up"
(4He, 13C, 14N)

AGB =P

"3. Dredge-up"
wt» (12C, s-process El.

— Carbon star
(C/lOo >371)

He-burning
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Reminders on the CNO cycle

120

11N

10C

9B

cBe

4

N
-
6

130

g

C/N=3-0.01

12C/13¢=89 > 3

14N/15N = 272 - >>10 000

* C(p,v)"°N (B*)**C(p,v)**N(p,y)*0 (B*) >N(p,a)**C
N(p,y) is week

* The CN cycle favors 3C and *N
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amount of 22Ne is produced

KIF - : 1*N(a,y)*20(a,y)**Ne
200 v g
o 1 * The linear correlation comes
§ - from a mixing between :
N T I BRI I I — The solar end-member
© G & e 948 1 — The 22Ne AGB end-member.

20N 22N
syeNe M Lugaro 2005
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* SiC X grains are
highly enriched
in 28Sij, they
originate from
massive stars

i/4Si)

Q
v

6(29

M mainstream = w nové grains
[_..ﬁ ; : T R T
200 I— o
i Solar w |
O ‘,_ e R e el e A S0 el St S i B —
1 =
— 200 )
—400 - A =
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— 600 e e -
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M Lugaro 2005 -
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5(3°Si /28314)

%1000
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metallicity

The chemical evolution of the galaxy
(CEG) gradually enriches the galaxy in

heavy isotopes (2°39Si)

However a question is still pending,

why do the grains appears to be

younger than the solar system itself ?!

529Si/288Si (%o)

® Mainstream
& Type A&B
® Type Y&Z

slope 1.3
/ line

s
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He shell
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e

$ »

s 2

P. Hoppe 2007

-200 -100 0 100

539Si/28Si (%o)

I 1
200 300
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Heavy elements in SiC

/ > 26 elements are rare (traces, ~100 ppm)

S-process elements are overabundant in MS SiC
— Zr, Ba : 30 times more abundant than solar

They exhibit isotopic signatures of the s-process

The precision on the isotopic ratios (better than a few %)

provides unique constraints on stellar nucleosynthesis
models

Large diversity of isotopic compositions:
— different stellar conditions

— the incorporation mechanism varies depending on the volatility of

the element (vapor phase condensation, implantation ...)



’f{} convective
é 0.001] . envelope
5
°
2 001 He-rich
<§ intershell

0.001}

0.6l

In the HelS, the medium is
dominated by a resulting from
the H-shell (a=70 at%)

* The s-process takes place
in the He-rich inter-shell
(HelS) between the H-
burning shell and the He-
burning shell
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SZHI2Zr (%o)

d units represent per mil deviations from the
“solar” composition (%o)

90 91 92 94 96
Zr isotope

Nicolussi et al 1997

91,92,947r nuclei are relatively more abundant than °°Zr
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Extinct Technetium in Silicon Carbide
Stardust Grains: Implications for
Stellar Nucleosynthesis

Michael R. Savina,’* Andrew M. Davis,?? C. Emil Tripa,’? __ =200+
Michael ). Pellin,’ Roberto Gallino,* Roy S. Lewis,? 38
Sachiko Amari® g
The isotopic composition of ruthenium (Ru) in individual presolar silicon carbide OCC
(SiC) stardust grains bears the signature of s-process nucleosynthesis in as- F—’\
ymptotic giant branch stars, plus an anomaly in °°Ru that is explained by the >
in situ decay of technetium isotope °°Tc in the grains. This finding, coupled with xg

the observation of Tc spectral lines in certain stars, shows that the majority of
presolar SiC grains come from low-mass asymptotic giant branch stars, and that
the amount of °°Tc produced in such stars is insufficient to have left a de-
tectable °°Ru anomaly in early solar system materials.

I I N I |
96 98 99 100 101 102 104

Mass number

- REPORTS p-nucleus
Fig. 1. Chart of the nuclides in
the Ru region. Percent abun-
dances (nonitalic) are shown for
each stable isotope; laboratory
half-lives (italic) are shown for
each unstable isotope. The main 1991~ 1 11007~
s-process path is shown as bold 1 99Tc 1, 190Te,

98Ry | [99Rull _ [1ooruld [101Ru|. [102RYy
1.88 12.7 Y 12.6 17.0 > 31.6

N=50

| I 1
arrows, and branches along the 213kyy - 158
s-path are shown as finer ar-
rows; 9°Tc decay that occurs in  [92p0 90| [95mo 1w [96mo ke [97Mo |+ [%8Mo 1< "99Mo ' [100mo
the envelope after TDU is shown | 14 g 0.25 [ 15.9 | 167 [P 0.5 ™| 24.1 [ 66n | | 9.63
as a dashed arrowtail. Unstable ——~ = ——F ——— bmmd L——F L— ----.

nuclei are outlined in dashed
lines; s-process—only isotopes
are outlined in bold. °®Ru and ®®Ru are p-process isotopes; '°°Ru is an s-process—only isotope (it is shielded from the r-process by stable °°Mo); "*4Ru
is an r-process isotope; and °°Ru,'®'Ru, and '°2Ru are produced by both the r- and s-processes.

Excess in 1°°Ru (s-only nucleus) e



DISCOVERY OF s-PROCESS BARIUM IN THE MURCHISON METEORITE

U. OtT AND F. BEGEMANN
Max-Planck-Institut fiir Chemie (Otto-Hahn-Institut)
Received 1989 November 2; accepted 1990 February 2

ABSTRACT

Barium strongly enriched in its s-process—produced isotopes has been detected in a residue of Murchison
meteorite. Relative to 13%132Ba of p-process origin the s-component is enriched by almost 50%. The inferred
isotopic composition of pure excess s-Ba in Murchison is distinct from average solar system s-Ba; the neutron
exposure for the production of excess s-Ba in Murchison of 7, = 0.17 mb~' was lower by more than 30%. In
the residue s-Ba is enriched over s-Xe about 1800-fold. Possibly, the enhancement is governed by the respec-
tive ionization energies which suggests implantation of s-process ions into preexisting host phases. Any HL-Ba
which possibly accompanies HL-Xe in this residue can only be enhanced by <260 times, suggesting that the
conditions for trapping HL-nuclides were different from conditions for trapping s-nuclides. Ba in a residue of
Allende meteorite is indistinguishable from normal at the 0.5%o (permill) level.

Subject headings: interstellar: grains — meteors and meteorites — nucleosynthesis
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Mixing between a solar end-member (i.e. the star’s envelope) and a pure s-process end-
member

%Mo is produced in the SiC producing stars (AGB) but not °°Mo nor *?Mo

The grains are very enriched in °®Mo (s-only) compared to solar

Models taking into accounts various neutron fluxes (3C pocket) for two stellar masses (1.5

and 3 M) can account for the data. The large symbols show when the condensation i is

possible (C/O>1)




Short-lived radionuclei,
something is wrong in the abundance of
radioactive nuclei in solar system protoplanetary disk




Short-lived radio-nuclei and the solar system birth
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alive 2°Al was present in the early solar system



® O & E chondrite objects

@ Normal CAls
® Achondrites
® FUN & UN CAls

200 400 600 800 1000 1200

40 CC CAls

o 1 2 3 4 5 6 7 8 9

Inferred initial 26A1/27Al (x 109) o
MacPherson, Davis, Zinner (1995)

The canonical value %°Al/%’Al (t=0) =5 10>
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26A| but other isotopic anomalies
that should also be reset (°°Ti...)

Normalized "‘Abundance

* A chronological interpretation

e Some refractory phases formed
when 2°Al was not present

2GAI, "Ca
(Absent)

~(2-4) x10%

-

V

Free decay

2 3

p 0
Time (arbitrary units)

Goswami & Sahjipal, ApJ 1998

Still an open question



26A| et OFe are efficient heat
sources for planetary
differentiation

> Consequences on:

— The origin of theses isotopes

— The possibility to built an isotopic
chronology

Temperature (°K)
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g T rR=0
e -~ R=06
¢ 2000 + - fR=09
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£
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I
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Fig. 7. Time-temperature profiles for planetesimals heated by
the radioactive decay of 25Al as described by Eq. 4. Curves are
shown for the core (/R = 0). the muddle (/R = 0.6), and
the outer im (r/R = 0.9) of planetesimals with radu of 5 km
formed at t = 0 and 1 Ma (3) and 20 km formed at 1 and 3 Ma
(b). Caleulated uzing thermal properties of mafic izneous rock
(x = 7.6 x 10~7 m*/5 [31]), and a constant surface temperature
of 100 K.

Latourette et al 1998
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1 Chondrules

Figure 4. Initial **Al/*’Al ratios of CAlIs and chondrules. Bulk CATs: Galy et al. (2000);
Bizzarro et al. (2004); CAls: MacPherson et al. (1995); Imai & Yurimoto (2000); Itoh et
al. (2002); Amelin et al. (2002); Hsu et al. (2003); Kita et al. (2004); Chondrules: Hutch-
eon & Hutchison (1989); Russell et al. (1996);, Kita et al. (2000); McKeegan et al.

(2000b); Huss et al. (2001); Yurimoto & Wasson (2003); Kunihiro et al. (2004), Kuraha-
shi et al. (2004); Kita et al. (2005).

Kita et al 2005, Connelly et al. ApJ 2008

e The 2°Al/%’Al rations in chondrules are systematically lower than in
CAls

 Chronological interpretation : DT = 1-3 Myrs between the CAls and
chondrules formation.
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Still uncertain :
’Be (T,/,= 53 days) - ’Li, '‘Be/°Be =6 103 ?

M. Chaussidon et al 2006

10Be is produced by spallation reactions on CNO,
Irradiation induced by light particles accelerated by the young Sun?
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“CAl and Chondrules are formed at close distance from the star (the reconnection ring :
R=0.06 AU) then transported at several AU over the disk by the x-wind...”



Table 1

Mean life times and abundances of short-lived nuclides, uniform production (UP) and early Solar System invento|

Radioactive  Reference  Process Mean life (NR/NT)Ess (NRyNTyup
isotope (R) isotope (I) TR (Myr) Ay} =0Myr
By 227 rir 6.45 % 10%2.03 x 104 0.438 0.388
D5y 28y rr 1.02 % 10% 645 x 10° 0312 0.289
Hpy 23271 rr 115;2.03 x 10* 3x 1073 5.6% 1073
28y rr 115: 6.45 x 103 6% 10-3 1.4 % 10-2
Hicm 25y rir 225:1.02 % 107 (=2x 1073 <1074 8.9x 1073
182y 180y rins 13: stable 2.0x10~* 45x 1074
1465 m 1445, pip 148; stable 1.0 x 10—2 1.5x 1072
92Nb 9Nb pis 52: stable ? 1.0 x 10—*
135¢s 133¢cs rsins 2.9: stable 1.6 x 10—42 2.1 % 104
205 py 204py 535 22: stable ? -
1291 127} rirs 23: stable 1.0 x 10~4 (2-5)x 1073
107pg 108 py srirs 9.4 stable 2.0x10=3 62 x 1074
OFe 36Fe eq, exp, § 2.2: stable (2% 1077:2x 107%) 5x 1077
S3Mn 55Mn p.expiexp  5.3:stable (~6x1077:5% 107%)  ~1x10~*
4l 40ca s,exp;exp  0.15:stable 1.5x 1078 2% 10-8
36y e s3exp 0.43: stable 5% 1076 3.8 x 10~7
2641 2741 piexp 1.03; stable 5% 107% ~1077
10ge 9Be spallation  2.3: stable 1x 1073 0
Wasserburg et al Nucl. Phys; A 2006
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