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Nuclear burning 
The birth of the Sun and 

its planets 

Length scale ~ 10-14 m
Temperature > 107 K

Length scale ~ 1016 m
Temperature < 103 K

inside stars inside a molecular cloud  

?
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carried the
signatures of 

nuclear processes
from stars into

meteorites

Figure from Larry Ni6ler
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carried the
signatures of 

nuclear processes
from stars into

meteorites

Figure from Larry Ni6ler

Even if stardust was 

destroyed, some

signatures survived in

See lectures by 

Christoph Burkhardt
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Which stars
were present in 

the Galaxy at
the time of the
formation of 

the Sun?

In which
environment did
the Sun formed, 
and what kind of 

material it 
accreted from its

molecular
cloud?

How did
material

distributed
inside the

protoplanetary
disk?

?

?

?
?

Figure from Ma9as Ek

? ?
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Stardust from 

CCSNe (WP2) 

Bulk meteorites 

and CAIs (WP4)

Stardust from 

AGB stars (WP1) ✓

Short-lived radioactive

nuclei (WP3)

✓

✓✓

✓ ✓

Large (1 kpc)

Molecular Cloud 

Medium (50 pc)

Proto-planetary 

Disk 

Small (100 AU)Type Scale

1.

2.

3.

Solar Neighbourhood

≈ 90% from 
asympto/c giant 

branch (AGB) stars 

≈ 10% from 
core-collapse 
supernovae

short-lived

0.1 < half life < 100 Myr

✓
Meteori/c rocks 

and inclusions
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Silicon Carbide (SiC) grains

Other Data (mostly not single grains)

There are also graphite 

grains, oxide grains 

(aluminium oxides, 

spinel, hibonite), 

silicate grains, nano 

diamonds and other 

less abundant types

Presolar Grain Database 

of single grains 

(Stephan et al. 2023) 

Size 0.1 – 10 µm
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180 Ba stars
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Profile of the 
13C neutron 

source?
(Liu et al. 2018)

Metallicity? 
(Lugaro et al. 

2018)

Treatment 

of mixing? 
(BaAno et al. 

2019)

The large SiC grains must 

have originated from AGB 

stars with posi>ve [Fe/H]

Neutron captures produce 

negaBve d(88Sr/86Sr) only when 

[Ce/Y] is also negaBve! 
(Lugaro et al. 2020)

Number of grains

SiC grains from AGB stars show the 

slow neutron-capture signature: 

e.g., the large (≈ µm) grains 

The Ba stars with nega/ve 

[Ce/Y] are predominantly 

those with posi/ve [Fe/H]

180 Ba stars

See talk by Blanka Világos
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Nissen et al. (2020): 72 nearby solar-type stars 

with very well determined ages show two dis/nct 

sequences. The old but high metallicity stars: 

1. Were there at the *me of the birth of the Sun?

2. Did they migrate there later?

Age-metallicity rela>onship in the solar neighborhood 



mta.hu

The large SiC grains support Scenario 1.

For example, the black line: two-infall

galac/c chemical evolu/on (GCE) model 

of Spitoni et al. (2019).

Age-metallicity rela>onship in the solar neighborhood 

Nissen et al. (2020): 72 nearby solar-type stars 

with very well determined ages show two dis/nct 

sequences. The old but high metallicity stars: 

1. Were there at the *me of the birth of the Sun?

2. Did they migrate there later?
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millions	to	billions	of	years	

Produc3on	
of	chemical	

elements	

Birth	of	stars	
and	planets	

Ejec3on	of	chemical	
elements	 Planetary	nebulae	

Neutron	star	
mergers	

Chemical Evolu2on of the Milky Way

Figure from Richard Longland
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millions	to	billions	of	years	

Produc3on	
of	chemical	

elements	

Birth	of	stars	
and	planets	

Ejec3on	of	chemical	
elements	 Planetary	nebulae	

Neutron	star	
mergers	

top-right panel), mass of gas (bottom-left panel), and isotopic mass ratio predicted by

Radioac've Chemical Evolu2on of the Milky Way

EvoluBon of 

the mass 

raBo of a 

radioacBve 

to stable 

nucleus

Time of Sun’s formaEon

UncertainBes from, e.g., mass of 

gas, star formaBon rate etc.: 

three different independent 

realizaBons of the Milky Way

Côté et al. 2019a, ApJ
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millions	to	billions	of	years	

Produc3on	
of	chemical	

elements	

Birth	of	stars	
and	planets	

Ejec3on	of	chemical	
elements	 Planetary	nebulae	

Neutron	star	
mergers	

Côté et al. 2019b, ApJ; Yagüe López et al. 2021, ApJ

Radioac've Chemical Evolu2on of the Milky Way

EvoluBon of 

the mass 

raBo of a 

radioacBve 

to stable 

nucleus

Time of Sun’s formaEon

But stellar ejecta are discrete in +me:

using a Monte Carlo method we need to 

add a further sta+s+cal uncertainty 

(median, 1s, 2s, full) to each of the 

three Galaxies.
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Evolu2on of the number of biscuits in a plate

Every /me interval d

someone adds 

biscuits to the plate Every /me interval t someone eats 

half of the biscuits from the plate 

How many biscuits are on the plate?
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Evolu2on of the number of biscuits in a plate

Every /me interval d

someone adds 

biscuits to the plate Every /me interval t someone eats 

half of the biscuits from the plate 

How many biscuits are on the plate?

If t/d is small, then there are typically no biscuits, unless they were just added

If t/d is large, then the number of biscuits can build up!
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t / d < 0.3

t = mean life d = Eme interval between stellar addiEons

Radioac've Chemical Evolu2on of the Milky Way

NO memory built

d

d

t / d > 2 memory built ➜ steady state
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t / d < 0.3

d = Eme interval between stellar addiEons

Radioac've Chemical Evolu2on of the Milky Way

NO memory built

d

d

Rapid neutron-

capture process 

nuclei: 
129I and 247Cm

t ~ 22 Myr

d ~ 100-500 Myr

Rare sources

t = mean life

t / d > 2 memory built ➜ steady state
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t / d < 0.3

t / d > 2

d = Eme interval between stellar addiEons

Radioac've Chemical Evolu2on of the Milky Way

memory built ➜ steady state

NO memory built

d

d

Rapid neutron-

capture process 

nuclei: 
129I and 247Cm

t ~ 22 Myr

d ~ 100-500 Myr

Rare sources

Slow neutron-

capture process 

nuclei: 
107Pd and 182Hf 

t ~ 10 Myr

d ~ 5 Myr

Common sources

t = mean life

See poster by Benjámin Soós
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Radioac've Chemical Evolu2on of the Milky Way

100-200 Myr

Côté et al. 2021, Science

from r-process 129I and 247Cm

The last neutron 

star merger

to contribute to 

the Sun material

Time of birth of the Sun

(from meteori4c data)
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millions	to	billions	of	years	

Produc3on	
of	chemical	

elements	

Birth	of	stars	
and	planets	

Ejec3on	of	chemical	
elements	 Planetary	nebulae	

Neutron	star	
mergers	

Radioac've Chemical Evolu2on of the Milky Way

Birth of the molecular cloud, from s-

process 107Pd, 135Cs, and 182Hf

100-200 Myr

Côté et al. 2021, Science

from r-process 129I and 247Cm

Trueman et al. 2022, ApJ

The last neutron 

star merger

to contribute to 

the Sun material

Time of birth of the Sun

(from meteori4c data)
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With 107Pd, 135Cs, and 182Hf, 205Pb is also produced 

by the s process in AGB stars

1. First experimentally 

derived decay rates for 
205Tl

2. First Accurate 205Pb and 
205Tl decay rates as 

func@on of stellar 

temperature and 

density! 

Leckenby et al., in prepara@on
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1. Anomalies probably carried into the Solar System by a “carrier”, 

a “physical trap”, probably stardust

2. The stardust was destroyed, and the nuclear signature diluted.

Very small varia@ons ~ 10-4 – 10-5 , error bars ~ 10-6

3. How did the stardust distribute these anomalies is not fully 

known, many scenarios are proposed

Analysis of bulk meteori@c rocks has revealed 

small but widespread varia'ons in stable isotope abundances. 

See lectures by Christoph Burkhardt
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Example: Molybdenum varia4ons in bulk meteorites

Neutron source reacBon rates, 

and neutron-capture cross 

secBons needed! 
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Example: Molybdenum varia4ons in bulk meteorites

Lugaro et al. (2023, EPJA) 

Neutron source reacBon rates, 

and neutron-capture cross 

secBons needed! 

Koehler (2022, PRC) measured a 95Mo 

neutron-capture cross sec;on 30% 

higher than the standard by Winters and 

Macklin (1987, ApJ)
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Example: Ca, Ti, Cr varia4ons in bulk meteorites

Neutron source reacBon rates, neutron-

capture cross secBons and decay rates 

needed! 
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Example: Ca, Ti, Cr varia4ons in bulk meteorites
40Ca: Dillman et al. Phys. Rev. C (2009)
42Ca, 43Ca, 44Ca: Musgrove et al., Nucl. 

Phys.  (1977)
46Ca: Mohr et al., Phys. Rev. C (1999).
48Ca: Mohr et al., Phys. Rev. C (1997).
46Ti, 47Ti, 48Ti, 49Ti, 50Ti: Allen et al. 

Technical report AAEC/E402, Australian 

Atomic Energy Commission (1977).
50Ti:  Sedyshev et al., Phys. Rev. C (1999).
50Cr, 53Cr, 54Cr: M. Kenny et al., Technical 

report AAEC/E400, Australian Atomic 

Energy Commission (1977). 
52Cr: Rohr et al., Phys. Rev. C (1989)
41Ca, 45C, 51Cr : only theore/cal (n,g); 

latest decay rates from Fuller et al. 1987

Neutron source reacBon rates, neutron-

capture cross secBons and decay rates 

needed! 
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Summary of 

example cases

Age-metallicity 
relaBonship

Mo variaBons 
from AGB SiC

Last neutron star merger 
and Bme between birth 
of molecular cloud and 

birth of the Sun
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Neutron captures 

produce nega>ve 

d(88Sr/86Sr) only when 

[Ce/Y] is also 

nega>ve! 140Ce

neutron 

magic = 82

88Sr

neutron 

magic = 50

86Sr

89Y


