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The Discovery of Presolar Grains

Like many great discoveries,
it started with data that did

not make sense. But first,
some background...

100nm

Hoppe (1999)



|Isotopes
Carbon-12 Carbon-13 Carbon-14

 Definitions
N .. . -
« Same atomic number (£) @5 | @ @ 13C
- Different atomic mass (A=2Z + N) 14C
* Nuclides = isotopes of more than one

element (12C 160) 6 protons 6 protons 6 protons
’ 6 neutrons 7 neutrons 8 neutrons

* Measurements 18,

» Delta notation 160>
l
« Makes small differences more apparent 5180 = 150 P —1 | x1000%0
» Ratios are heavy isotope/light isotope <ﬁ>
standard



The Discovery of Presolar Grains

Rare gases in the chondrite Renazzo

A Component of Primitive Nuclear Composition in

Carbonaceous Meteorites
RoBERT N. CLAYTON
LAWRENCE GROSSMAN
TosHiko K. MAYEDA

G. Turner

: 1 August 1964 | https://doi.org/10.1029/)Z069i015p03263 | Citations: 245

1962

» Solar System passed through A R 1969
high-T stage that vaporized all cs e [ [ [ [on [ e [ [ [ [ [ e[
solids — no isotopic S BARBRABOASAGAE - ldentified Ne isotopic
anomalies m|z[n[olnlmlelelelnloln]s]el]; anomalies in a chondrite

& - 1964 1973

- |dentified Xe isotopic et ats « |dentified O isotopic
anomalies in a | fmlolele anomalies in early Solar

chondrite RCECERnRaaGRGE System condensates
‘ (CAls)

The Formation of the Sun and Planets

A G W. CAMERON TRAPPED NEON IN METEORITES — 11

Mount Wilson and Palomar Observatories, Carnegie Inslilulion of Washinglon, California
Institute of Technology, and Atomic Energy of Canads Limited, Chalk River,
Ontario, Canada, and NASA Institute for Space Studies, New York, N. Y.

D.C.BLACK and R.O.PEPIN
Sehool of Physics and Astronomy.
Minneapolis, Minnesot

of Minnesota,

Received 11 July 1969




The Discovery of Presolar Grains

1975

* |solated carrier of Xe
anomaly in a chondrite
using acid digestion but
could not identify the
phase

Noble Gases in the Murchison Meteorite:

Possible Relics of s-Process Nucleosynthesis

B. SmiNIvASAN*, EDWARD ANDERS
Enrico Fermi Institute and Department
of Chemistry, University of Chicago,

More and more

anomalies

detected: Sr, Nd,

Ti, Ca, etc.

Other carriers of
isotopic anomalies
identified:
SiC = Ne, Xe
Graphite = Ne

Interstellar diamonds in meteorites

Roy S. Lewis*, Tang Ming*, John F. Wacker*},
Edward Anders* & Eric Steelf

rtment of Chemistry,
linais 60637, USA
ional

Host Phase of a Strange
Xenon Component in Allende

Most of the noble gases reside in three rare minerals
comprising less than 0.5 percent of the meteorite.

Roy S. Lewis, B. Srinivasan, Edward Anders

Chicago, lllinois 60637

1978

» Extrapolated acid
residue Xe back to
pure-end member —
matched s-process
nucleosynthesis
(only happens in
stars)

.......

Bureau of Standards,

1987

* Determined that Xe
carrier was pure C
(nanodiamonds) by
using very harsh acid

(perchloric)

Fig. 1 Dark-field transmission electron micrograph of Allende

CJ, in which bright areas are diamond grains diffracting electrons

ne part of the innermost ring of the diffraction pattern shown

s most grains do not have the proper orientation, the

ndance of diamond is perhaps five times higher than
indicated by the bright areas in the picture.




|Isotopic Anomalies

« How anomalous is anomalous?

: 1 =1L |
- >090.99% of L 5| ;
o 10°} Solar System 1 8T .
g-.._ : Solar E i |
s > 0w h ]

104k | 1 10 100 1000 10000

12C/13C

Solar

10°
10° 10" 10° 10°

180/160




|Isotopic Anomalies

« How anomalous is anomalous?

170/160

102F
10°}

10%}

10°

© Hibonite

@ Spinel

® Mg-Cr Spinel

@ Fe-Mg-Cr Spinel
A TIO,

O Silicates

10°

10"

10°

180/160

10°

Frequency

10

100

12C/13C

1000

10000



|Isotopic Anomalies

« How anomalous is anomalous?

T T T rrrr| T T LIL | ' LI LI I L | u u u 1 I |
’ :
10°F s E ]
: _ A . P
O-rich stars $) n
C
m —
>
g —
+ -
RO T = —
—io, Wi 5 o LL
W LT T
’ 0‘3)0" ".I~ . ]
+ 4 :
© Hibonite | ( 10 100 1000 10000
= e Spinel ; "3 12C/1 3C
2 @ Mg-Cr Spinel . ]
B e Fe-Mg-Cr Spinel Iof ]
o - Tio, 3
B O Silicates
10° ;

10° 10 10° 10°
80 /%0



How Old are Presolar Grains?

Presolar means before the Solar System...

...but how long before?

Lifetimes of interstellar dust from cosmic ray exposure
ages of presolar silicon carbide | 2020 PNAS paper

Philipp R. Heck®™<'®, Jennika Greer®"*, Levke K66p™", Reto Trappitsch?, Frank Gyngard®', Henner Busemann®,
Colin Maden?, Janaina N. Avila", Andrew M. Davis®>“/, and Rainer Wieler?

» Performed age-dating using exposure ages
instead of long-lived radionuclides (e.g., U-Pb)

» Exposure ages = spallation reactions from cosmic rays
in the interstellar medium (produce cosmogenic Ne) 0 1000 2000 3000 4000

Presolar 2'Ne exposure age (Ma)

Number of samples

* Long-lived radionuclide analyses require more sample

material and known initial isotopic compositions 11 . 1

5 0 1000 2000 3000
40 /al’ge SIC gl’alnS fme AGB StarS Presolar 21Ne exposure age (Ma)

« 3.9+ 1.6 Mato ~3 x 2 Ga before the start of the Solar System (~4.6 Ga)
* One grain as old as 7.6 Ga!




Significance of Presolar Grains

 Presolar grains are our only samples from
stars and so act as ground-truth for
astrophysical studies
* Theoretical work

« Observational work o e = | c .

« Lab-based work

* Presolar grains have experienced many
different processes over their long “lives’
* Formation around stars
 Transit through the space between stars .
stellar evolution,

* Residence in the solar n_ebu'a nucleosynthesis, and the early
« Residence on small bodies Solar System

J

Presolar grains can teach us about
galactic chemical evolution,
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Stellar Life Cycles

» Stars are the product of two fundamental
forces battling one another

« Qutward push of energy from thermonuclear
fusion vs inward pull of gravity




Stellar Life Cycles

» Stars are the product of two fundamental
forces battling one another

* Outward push of energy from thermonuclear
fusion vs inward pull of gravity

« Stars go through a series of stages from
birth to death

* The stages are marked by a change in the
delicate balance of fusion vs gravity

 Mass determines what stages a star goes
through and its ultimate fate

Luminosity (compared to the sun)

10—

10-2

102

104

10-°

SUPERGIANTS

10 000 6 000
Surface Temperature (in degrees)




Brief Summary

- _Birth S _EFQ'Main Sequenc_e Main Sequence

!n

L g ) SUPERGIANTS .
104 ]

ke Thermo-
. T nuclear
' 8 fusion
Stellar Nurseries Protostars Main Sequence Star

(molecular clouds) .
H-core burning




Brief Summary

Post-Main Sequence

Depends on the mass of the star

Low mass
(<0.4 M)

Intermediate/high mass
(20.4 M)



Brief Summary

Post-Main Sequence

Intermediate/high mass
(20.4 M,,)

Red Giant Branch

l

Horizontal Branch

N

Intermediate Mass High Mass

P N

Asymptotic Giant Branch Type Il Supernova

| l

White Dwarf + Planetary Nebula Neutron Star OR Black Hole
|

Special Case

!

Type la
Supernova



Stages That Produce Presolar Grains
RGB stars

. : 1. The star shines by shell
H—hl.lﬂ'lll'lg gﬁﬂell:,urenlng 104+ hydrogen fusion: The inert || 3. Core helium
=hell _ P core shrinks and the fusion begins with

H-shell burning T

outer layers expand. the helium flash (*).

p—

-~

~—
tJ

Red-
giant
branch

Luminosity (L)

2. Luminosity increases

and surface temperature
decreases, so the star
moves up and to the
] right on the H-R
diagram (along the red-
giant branch).

 Larger radius of red giants means gravity is —

Weaker near the SurfaCe — reSUItS in Mass 16,000 10,000 6000 3000
loss — PRESOLAR GRAINS! SR ekl T



Stages That Produce Presolar Grains
AGB stars

nen-burning i
enhvelope m Asymptotic P:fc';ir,','.: '\
giant ‘
branch
A
H-burning | a2 ]
5hell G

7. The star now shines
by shell hydrogen fusion
and shell helium fusion:
The core shrinks and the
outer layers expand.

Luminosity

<

shell
8. Luminosity increases and
surface temperature decreases,
inert C-0 so the star moves up and to the
cCore right on the H-R diagram (along
the asymptotic giant branch).

* Thermal pulses eject material — results In
mass loss - PRESOLAR GRAINS!

16,000 10,000 6000

9. Eventually the
star sheds its outer
layers to form a
planetary nebula.

3000

<— Surface temperature (K)



Stages That Produce Presolar Grains
Type Il SNe

C-fusion 1.6 billion kilometers
| | About 10,000 km

Hydrogen-fusing shell

Ne-fusion

Helium-fusing shell

. Carbon-fusing shell
A supergiant star

Neon-fusing shell

O-fusion

Oxygen-fusing shell

" Silicon-fusing shell
Si-fusion Central
regions of a
supergiant star

Iron core (no fusion)

« Fe cannot undergo fusion N\

Jupiter’s orbit

 All material in the star rushes into the core
* The core bounces back and produces a

powerful shockwave — PRESOLAR
GRAINS!



Stages That Produce Presolar Grains
Type la SNe

Helium
3. A “tlame™-a

runaway nuclear @achon

White dwart reaction—ignites in- gyyoen
the turbulent core of

the dwart.

Companion st
P e 4. The flame spreads outward,

converting carbon ('*C) and
oxygen ('°O) to radioactive
nickel (**Ni).

Core

& Nickel

C-core burning from

companion star

thin a few seconds, the dwarf has
g completely destroved. Over the
pwing weceks, the radioactive

el decavs, causing the debris to

 High T and P leads to explosion —

PRESOLAR GRAINS!



Log, (Abundance)

Element Formation
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Cosmic Ray
Spallation

Te Xe Ba
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Nucleosynthesis in Stellar Cores
H — He

4HeQ
1H(& /

ﬁ}r;’?

¢

older stars o’i\

Proton-proton chain CNO cycle



Nucleosynthesis in Stellar Cores
>He

Not fusing

Triple alpha process Other types of fusion
(C, Ne, O, Si)



Abundance of Si
is normalized to 10

do they form them?

Z, Atomic number

7p)
O
| S
O
@
—
©
[©
e
N
=

1S

Stellar Cores

Cosmic Ray
Spallation

Nucleosynthes

(eouepunqy)’ 607




Neutron Capture

 Produces elements that fusion cannot!  targetnucleus

Beta decay

14N
B- 0 ﬂ. e
\ ®

antineutrino

« Capture of a neutron by a nucleus
(increases atomic mass by 1)

_ i 26| . 26Mg +
N=n+1 i B e e
« Types = s-process and r-process gamma-ray| 0 LN -y

neutrino

e proton ® neutron ® proton @ neutron

S-process r-process P-Process
AGB stars Type |l supernovae? Type la supernovae?




-process

S-, r-, p

Abundance of Si
is normalized to 10

Z, Atomic number

<L

Stellar Cores

Cosmic Ray
Spallation

Nucleosynthes

(eouepunqy)’ 6o




a 4 i b h
SRS N 3

..lz.wnN.,rtuuw S 2SI TTRI ALY -
AT, msm,.v «u.am.www.ud«n .
k! ..vu;mw..ﬁ.mhuurm.-u,_ e P
AN PR T

-
>
-

IN

D

D
D
i

o | ]

G

H

Presolar Gra

Formation

Part 3




Circumstellar Environments

* Regions surrounding stars where material has been expelled or accumulated

Circumstellar shells Supernova remnants

\ Gas- & Dust
outflow

Type I Type la
supernovae (SNe) supernovae (SNe)

Pulsation Molecul e

W, formation \ " Grain

\ formation
\_\ ®
\‘\\ .

\
Stellar » Circumstellar
atmosphere envelope

Interstellar

He- & H- shells




Gas-Phase Condensation
Nucleation and growth

crystal




Gas-Phase Condensation
Equilibrium vs non-equilibrium

olivine

Equilibrium Non-Equilibrium

olivine

forsterite ' 7 « All about minimizing Kinetic effects
the Gibbs free play a role (reaction

energy (stability of rates, sticking
phases as a function coefficients, surface

of T and P) energies, etc.)

oo 4 ! BOth @ and d—o form preSOIar gralnsl 1200 1100 1000 900 800 700 600 500 400 300

log P [dyncm 2] TK]

dG = VdP - SdT

i -
alcm] [ [ periclase

le-06

quartz

4




|sotopic Signatures
AGB stars Type Il SNe

Type la SNe

S-process
elements F-pProcess

(especially for elements P-Process
subgrains) elements

[ -

Dying A Exploding Hgman synthesis L N O S— Or r—

Big
& Bang ?#‘;“x low-mass massive * No stablke sotopes
o, N stars -

RGB stars

BiuGueNa O  F

Cosmic Merging Exploding = T 8 r
ray neutron white S
fission stars dwarfs Al Si P S Cl

S =77~ e e IR

Sai T Y G Mn Fe Co N Guredn L Co Aa SoiiBe elements
- Y Zr Nb Mo Te Ru Rh Pd Ag Cd Sn Sb Te |
TE I8 T2 43 44 45 8 4 48 50 51 52 53

Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At
74 75 76 77 78 79 80 82 83 84 85

~Pr Nd Pm Sm Eu Gd Tb Ho Er Tm Yb
80 64 87

- B9 ‘81 82 83 85 88 89 70

Pa U N? Pu Am Cm Bk Cf Es Fm Md No Lr
91 @82 9 4 95 @8 97 98 99 100 101 102 103



Condensation in Circumstellar Shells
AGB star presolar grains

O-rich

Oxides and silicates
Requires C/O ratio < 1

C-rich

SiC and graphite

Requires C/O ratio > 1

Older AGB stars
(more time)

J

Younger AGB stars
(less time)

\

Y

AGB stars form O-rich or C-rich presolar
grains, depending on how long they have
been in the AGB phase

i¥n WD 8

SKU  X14,000



Condensation in Circumstellar Shells
AGB star presolar grains

1900

Calculated Stability Relations || phase bo””d‘ér fes
of Ti-bearing and Major Phases E,?ém?teum
in Systems Enriched in Carbon, Cas Lall

tot _ 103 = = metal alloy
atP**=107 bar o g,]ic\,ine
|

....... Fe3C
vaporonly |77 (B5hite
Corundum

1800

perovskite

+ melilite

Temperature (K)

—‘T-‘—I‘Ee—r‘l‘i"‘ﬁit{@/ o D A0 et gt
e SPiNEl+ Capyy,
+oliving ~ — LXerene T

“‘\ e I e Ty L i

Blrp, e spinel + Ca-pyroxene 1300

Co.

+ olivine

1100
0.86 1. ] _ 2.0
C/0 Ratio C/O Ratio

S type C type
C/O ~1 C/O >1
AGB stars AGB stars (multiple 3 DUP)




Condensation in Circumstellar Shells
AGB star presolar grains

1900

Calculated Stability Relations || phase bo””d‘ér fes
of Ti-bearing and Major Phases E,?ém?teum
in Systems Enriched in Carbon, Cas Lall

tot _ 103 = = metal alloy
atP**=107 bar o g,]ic\,ine
|

....... Fe3C
vaporonly |77 (B5hite
Corundum

1800

perovskite

+ melilite

Temperature (K)

—‘T-‘—I‘Ee—r‘l‘i"‘ﬁit{@/ o D A0 et gt
e SPiNEl+ Capyy,
+oliving ~ — LXerene T

“‘\ e I e Ty L i

Blrp, e spinel + Ca-pyroxene 1300

Co.

+ olivine

1100
0.86 1. ] _ 2.0
C/0 Ratio C/O Ratio

S type C type
C/O ~1 C/O >1
AGB stars AGB stars (multiple 3 DUP)




Condensation in Circumstellar Shells
Type Il SNe presolar grains

ey
xide

wE |

O-rich C-rich

Oxides and silicates
Requires C < O

« SiC and graphite
* RequiresC>0

Y

Type |l supernovae form O-rich or C-rich
presolar grains, depending on the shell

/

And many other
mineral phases as
well! The situation
is incredibly
complex with
supernovae dust.

" SKU X14,000 1vm WD 8



Day 1 Summary

To date, numerous presolar grains have been identified. Their isotopic
compositions reflect their formation in circumstellar environments.

These include:

* Red giant branch
(RGB) stars

* Asymptotic giant
branch (AGB) stars

* Type |l supernovae

- Type la supernovae -@@ e;

{O*V

Red Giant Star

AT s
i:‘ e “He ]
- _/

.}'




	1
	Slide 1
	Slide 2: Cosmochemistry:  Presolar Grains/Stardust 
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11

	2
	Slide 12: Cosmochemistry:  Presolar Grains/Stardust 
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27

	3
	Slide 28: Cosmochemistry:  Presolar Grains/Stardust 
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37


