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Short-lived (~Myr) radioactive nuclei in the     
early Solar System: the evidence   

(Lee et al. 1977) 

5 x 10-5 is the canonical value: homogeneous 
at ±10% è precise chronometer  

(Jacobsen et al. 2008; Villeneuve et al. 2009)  
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 0.717 Myr 

This energy 
generated heating 

in primordial 
planetesimals. 	  

Short-lived radioactive 
nuclei in the early 
Solar System: the 

effect 

It determined the timescale on which melting occurred 
 and the minimum size of a body that differentiated  

(e.g. Moskovitz & Gaidos 2011). 	  
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Ø  Produced by the effect of the 
chemical evolution of the 
Galaxy?  

Ø  Produced in situ in the early 
Solar System? 

Ø  Produced in an external 
stellar source? 

Short-lived radioactive nuclei in the early 
Solar System: the origin?  



→
↓

←
↑

Stellar  
Evolution 

Star Formation 

Supernovae 

Interstellar 
Medium 

Produced by the effect of the 
chemical evolution of the Galaxy? 	  

Chemical enrichment of the interstellar medium by 
previous generations of stars: 

Most likely 
origin of the 

longest 
living, e.g., 

238U, 247Cm, 
129I  



Produced in situ in the  
early Solar System? 

The X-wind model (Lee et al. 1998) 

Irradiation by energetic particles from the young Sun 
results in reactions producing radioactive nuclei. 

YES for 10Be, which cannot be made in stars,  
NO for 60Fe, which can only be made in stars.  

Ø  The maximum amount of 
26Al that could have been 
produced is insufficient 
(Duprat & Tatischeff 2007). 

Ø   Measurements of the 24Mg
(3He,p)26Al cross section 
exclude this origin for 26Al 
(Fitoussi et al. 2008) 

 



Produced in an external stellar 
source? 

1.  Produce the right 
inventory of short-lived 
radioactive nuclei   

2.  Have been there, in the 
right place and at the 
right time 

3.  Been associated with a 
pollution mechanism 
that efficiently carried 
the radioactive nuclei 
from the stellar ejecta 
into the first solids that 
formed in the Solar 
System 

Candidate stellar sources must:  



What do stars produce? 
Low-mass 

AGBs 
~ 1 - 4 M¤ 

26Al (if deep 
extra mixing 
is at work), 
41Ca,107Pd 
(too much 
unless no 

main neutron 
source)  

 
 
 

(Wasseburg et 
al. 2006) 

Massive 
AGBs 

~ 4 - 7 M¤ 
 

26Al, 41Ca, 
60Fe,107Pd 

 
 
 
 
 

(Trigo-
Rodriguez, 

Garcia-
Hernandez, 
Lugaro et al. 

2009) 

Super 
AGBs 

~ 7-11 M¤ 
 

26Al, 41Ca, 
60Fe,107Pd?, 

182Hf?  
 
 
 
 
 
 

(Lugaro, 
Doherty et al. 

2012) 

 
 

Supernovae 
> 11 M¤ 

26Al, 41Ca, 
53Mn (too 

much unless 
ejecta are 
selected), 

60Fe,107Pd?,
182Hf? 

 
 
 
 

(Takigawa et al. 
2008, Ellinger  

et al. 2010)  

Wolf-Rayet 
stars  

> 40 M¤ 
 

26Al, 41Ca, 
107Pd 

 
 
 
 
 
 
 
 

(Arnould et al. 
2006) 



The O isotopes 

!

Half micron-sized corundum are 
26Al rich and half are 26Al poor 

(Makide et al. 2011) 

But they have the same O 
isotopic ratio distribution.  

	  aaaaa	  

	  Earth 
	  
	  
	  
	  

solar  
wind       
	  
	  
	  

If 26Al came from a star, some effect should also be 
evident in the O composition (Wasserburg et al. 1998, Sahijpal & 

Soni 2006, Gounelle & Meibom 2007)  

Makide et al. “HETEROGENEOUS DISTRIBUTION OF 
26

AL IN SOLAR CORUNDUM GRAINS” 

 !19! 
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Fig. 5.— Probability for a cluster of membership size N to produce a supernova progenitor
of a given mass M! as a function of N . The three curves show the probability distributions

for progenitor masses of M! = 10, 25, and 75 M" (from left to right).

Probability of a stellar cluster with 
N stars to include a star of mass 
10, 25, 75 M¤(Fig. 5,  Adams 2010)  

10 

25 75 

What is the likelihood of having a dying star 
nearby while the Sun was born? 

Timescale problem: 
most stars are born 
in cluster within a 
few Myr. Only very 
massive (> 80 M¤), 
extremely rare stars 
may be able to reach 
the end of their 
evolution within this 
timescale. 
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ABSTRACT

This paper reviews our current understanding of the possible birth environ-
ments of our Solar System. Since most stars form within groups and clusters,
the question becomes one of determining the nature of the birth aggregate of

the Sun. This discussion starts by reviewing Solar System properties that pro-
vide constraints on our environmental history. We then outline the range of

star-forming environments that are available in the Galaxy, and discuss how
they a!ect star and planet formation. The nature of the solar birth cluster is

constrained by many physical considerations, including radiation fields provided
by the background environment, dynamical scattering interactions, and by the
necessity of producing the short-lived radioactive nuclear species inferred from

meteoritic measurements. Working scenarios for the solar birth aggregate can be
constructed, as discussed herein, although significant uncertainties remain.

Subject headings: Cluster Dynamics, Nuclear Abundances, Planet Formation,
Star Formation, Stellar Clusters, Supernovae, and the Sun

1. INTRODUCTION

Some of the most foundational questions in astrophysics are those of “origins”, including

the formation of the universe, galaxies, stars, and planets. On each of these fundamental
scales, astronomical entities are brought into existence through complex physical processes,
live out their lives, and often end with death-like finality. The origin of the universe and

galaxy formation fall in the domain of cosmology, although these scales are largely decoupled
from the question of solar birth. On smaller scales, star formation and planet formation

are intimately connected, since planets form within the circumstellar disks that arise from
protostellar collapse. In this regime, the origin of our own star and its planetary system

represents a fundamental astronomical issue.
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Fig. 7.— Probability of the solar birth cluster meeting several contraints as a function of
stellar membership size N . Solid curve shows the probability of the cluster producing a
supernova with progenitor mass M! ! 25M". The dashed curves show the probability of a

close encounter with b " 400 AU (to produce Sedna), but no encounters with b " 225 AU
(to preserve planetary orbits). Dotted curve shows the probability of the FUV radiation field

having G0 " 104. The heavy bell-shaped curve shows the joint probability distribution, for
which #N$ = 4300± 2800. These constraints are necessary but not su!cient: For successful

nuclear enrichment, the Solar System must also be located the proper distance from the
supernova and satisfy the corresponding timing constraints (see text).

25 

Probability 
of a close 
encounter 
to produce 

Sedna 

Probability of not too close encounters 
to preserve planetary orbits 

Probability of the Solar 
Nebula to avoid 

evaporation due to  
FUV radiation field  



The formation of the Solar 
System was triggered by the 
same star that injected the 
radioactive nuclei (Cameron 
and Truran 1977). In this case 
the radioactive nuclei were 
injected in the proto-solar 
cloud while it was collapsing 
(Boss and Keiser 2010). 

The original scenario 

 
 
 
 

However, observational evidence indicates that star 
formation is not typically triggered by 

supernovae or stellar winds but can occur 
at the edge of HII regions generated by massive stars. 



Supernova pollution of  
protoplanetary disks 

Hester & Desch (2003) 

(1) Radiation from a 
massive star drives an 
ionization front, which 
triggers collapse of 
molecular cores. 
(3) The ionization front 
overruns the core, 
forming an EGG, which 
evaporates, exposing the 
disk. Disk evaporation 
ends, leaving a protostar 
and bare protoplanetary 
disk. 
(4) The massive star 
goes supernova, 
injecting newly 
synthesized elements 
into surrounding disks. 



v Only the dust from the supernova can be trapped in 
the protoplanetary disk, and the size of the dust 
needs to be ~ 0.4 µm (“aerogel” model of Ouellette 
et al. 2010) 

v The dust must carry all the Al and very little O, to 
avoid large O isotopic changes (Ellinger et al. 2010);  

v Only rare, massive (> 50 M¤) stars reach the end of 
their evolution before protoplanetary disks dissipate 
(< 4 Myr). The supernova has to be at the right 
distance.  

v Probability is very small L < 10-3 (Williams & 
Gaidos 2007, Gounelle & Meibom 2008)  

Supernova pollution of 
protoplanetary disks 



Other proposed scenarios: Herschel 

Ø  Star formation is complex: 
structures are hierarchical in time 
and space, star formation is 
sequential, tangled gaseous 
filaments are present, cluster-
cluster interactions, etc etc 

è different stellar generations contributed to the early 
radioactivity (Gounelle & Meynet 2012), with 
“granparent” supernovae contributing 60Fe and one 
“parent” massive star contributing 26Al. 

Ø A runaway Wolf-Rayet star from a nearby OB 
association reached the early Sun (Tatischeff et al. 
2010)  

 



1)  Most stars in OB 
associations are in 
the mass range that 
will evolve to become 
massive AGB stars 
(after ~ 50 - 400Myr) 
and Super-AGB stars 
(after ~ 30 Myr). 

2)  A Super-AGB star 
from a dissolving OB 
association reached 
nearby the early Sun. 
(timescale?)  

3)  Material from the 
Super-AGB  winds 
was accreted onto 
the solar nebula/disk 
and then mixed in. 

Super-AGB “toy” 
scenario  



Summary and Conclusions I 
The presence of radioactivity in the 
young Solar System was discovered 
more than 30 yr ago. It significantly 
affected the early evolution of our 
Solar System but its origin is still 
unexplained!  

Stellar models can be found that 
reproduce the observations, 
however, it appears unlikely for a 
nascent star to be nearby a dying 
star L 



Anthropic selection? 
“We suggest that volatile loss on heating of 

planetesimals favours future development of 
technological civilisations in Solar Systems 

with elevated concentrations of 26Al.”  
Gilmour & Middleton (2009, Icarus)  

Is this problem telling us something about 
star formation environments in general or 

was the Sun a special case? 

Summary and Conclusions II 



Anthropic selection? 
“We suggest that 
volatile loss on 

heating of 
planetesimals 
favours future 

development of 
technological 

civilisations in Solar 
Systems with 

elevated 
concentrations of 

26Al.” Gilmour & 
Middleton (2009)  



Anthropic selection? 
“Since our technological civilisation depends on 
our planet's properties, anthropic selection can 

explain the close match between the high 26Al/27Al 
ratios in the earliest Solar System solids, which 

are difficult to produce in models of star-formation, 
and the limiting value required to cause (the 

widely observed) thermal processing of 
planetesimals. We suggest that volatile loss on 

heating of planetesimals favours future 
development of technological civilisations in 

Solar Systems with elevated concentrations of 
26Al.” Gilmour & Middleton (2009)  



Summary and Conclusions 
 “Super-AGB” stars produce a variety of 
short-lived radioactive nuclei, with minor 
changes to the O isotopes depending on 
nuclear and stellar uncertainties.  

Incorporation of radioactive nuclei into the protoplanetary 
disk from a nearby supernova is dependent on dust 
formation in supernovae: can all the Al and little O be 
incorporated into > ~ 0.4 µm dust grains? 

They need to be considered in relation 
to the origin of short-lived radioactive 
nuclei in the early Solar System.  



Do Super-AGB stars exist? 

Optical image of the AGB star 
CW Leo: the massive dust 
envelope is detectable 
because it reflects (or scatters) 
the light from the Galaxy! The 
envelope is so opaque that the 
light from the central star does 
not reach the outside easily in 
the optical.  

To date there is only one reported candidate Super-
AGB star in the Small Magellanic Cloud (Groenewegen et al. 

2009). They are very difficult to detect because:  
Ø they have very short lives ~ 60,000 yr;  
Ø they are heavily obscured by their dust shells, as 

AGB stars.  



Do Super-AGB stars exist? 

Nova outbursts result 
from accretion of 
material onto a white 
dwarf from a binary 
companion. 

~ 1/3 – 1/4 of nova outbursts should involve an O-Ne 
white dwarf (Livio & Truran 1994, Gil-Pons et al. 2003)  

Some nova systems 
show extremely high 
Ne abundances, 
revealing the presence 
of an underlying O-Ne 
white dwarf.  

Clues from novae! 



? M¤<  Minitial < ? M¤ 

Doherty et al. 2012 

Initial 
Metallicity 

Z 

Solar 
Metallicity  



? M¤<  Minitial < ? M¤  Ø the treatment of 
stellar mixing 
determines the size 
of the He 
convective core and 
the efficiency of 
second dredge-up,  

Ø the 12C(α,γ)16O rate 
determines the C/O 
ratio left in the core 
after He burning 

Ø the cross sections 
of the main C 
burning 12C + 12C 
reactions 

Siess (2007) 

+ overshoot 
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Schematic Super-AGB structure 

O-Ne core 
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O-Ne core 

26Al and O isotopes in Super-AGB stars 

Efficient Hot Bottom Burning T > 100 million K 

25Mg(p,γ)26Al(p,γ)27Si   

16O(p,γ)17O 
17O(p,α)14N  
18O(p,α)15N  
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O-Ne core 

60Fe in Super-AGB stars 

22Ne(α,n)25Mg neutron source, in thermal pulses 
T > 400 million K, high neutron density > 1015 cm-3 

56Fe(n,γ)57Fe(n,γ)58Fe(n,γ)59Fe(n,γ)60Fe(n,γ)61Fe 
59Fe(β- ν)59Co 
T1/2= 44.5 days	


Requires neutron 
density > 1011 cm-3  

180Hf(n,γ)181Hf(n,γ)182Hf(n,γ)183Hf? 



36Cl and 41Ca in Super-AGB stars 

Second dredge-up 

Evolution of a Minitial = 8.5 M¤ star 36Cl and 41Ca in Super-AGB stars 

Core H burning 

Core He 
burning 

Core C burning 

Ashes of H burning, 
rich in 13C and 14N. 
13C(α,n)16O 
èneutron source 

40Ca(n,γ)41Ca 
41Ca(n, γ / α / p) 41Ca(e-,ν)41K  
35Cl(n,γ)36Cl 
36Cl(n, γ / α / p) 

Strong T and ρ 
dependence 

106Pd(n,γ)107Pd(n,γ)108Pd? 

First dredge-up 



Efficient Hot Bottom Burning T > 100 million K 

26Al and O isotopes in Super-AGB stars 

Ne-O core 

25Mg(p,γ)  
26Alm(β+ν)26Mg  
26Alg(p,γ)27Si  

16O(p,γ)17O 
18O(p,α)15N  

17O(p,α)14N  

Being measured 
at the LUNA 
underground 
laboratory in 
Gran Sasso.  

A large degree of uncertainty is due to the lack of a complete 
theory of convection. This affects the burning temperature and 
mostly how much 26Al is produced. 



22Ne(α,n)25Mg 
neutron 

source, in 
thermal pulses 
T > 400 million 
K, high neutron 
density > 1015 

cm-3 

Nucleosynthesis in Super-AGB stars 

Ne-O core 

56Fe(n,γ)57Fe(n,γ)58Fe(n,γ)59Fe(n,γ)60Fe(n,γ)61Fe 

60Fe in Super-AGB stars 

59Fe(β- ν)59Co 
T1/2= 44.5 days	


Requires neutron density > 1011 cm-3  

A large uncertainty is due to the lack of 
understanding of convective borders. This 
affects the dredge-up and how much 60Fe is 
carried to the stellar surface. 

180Hf(n,γ)181Hf(n,γ)182Hf(n,γ)183Hf? 



Toy model of pollution of 
the early Solar System by 
a nearby Super-AGB star  

Example: Minitial = 8.5 M¤, Z = 0.02 
(1) dilution factor = 1/2000 è distance = 0.04 pc   
(2)  time delay = 0.11 Myr  
 
Results: 
Ø  26Al/27Al = 5. x 10-5  (sets the dilution factor) 
Ø  41Ca/40Ca = 1.5 x 10-8  (sets the time delay) 
Ø  36Cl/35Ca = 5.2 x 10-7 ( obs. 5.2 x 10-6)  
Ø  60Fe/56Fe = 3.7 x 10-7 (obs? 10-8 – 10-6) 
Ø  17O/16O è + 0.5% 

 



What do stars produce? 
Low-mass 

AGBs 
~ 1 - 4 M¤ 

26Al (if deep 
extra mixing 
is at work), 
41Ca,107Pd 
(too much 
unless no 

main neutron 
source)  

 
 
 

(Wasseburg et 
al. 2006) 

Massive 
AGBs 

~ 4 - 7 M¤ 
 

26Al, 41Ca, 
60Fe,107Pd 

 
 
 
 
 

(Trigo-
Rodriguez, 

Garcia-
Hernandez, 
Lugaro et al. 

2009) 

Super 
AGBs 

~ 7-11 M¤ 

Supernovae 
> 11 M¤ 

26Al, 41Ca, 
53Mn (too 

much unless 
ejecta are 
selected), 

60Fe,107Pd?,
182Hf? 

 
 
 

(Meyer & 
Clayton 2003, 
Takigawa et al. 
2008, Ellinger  

et al. 2010)  

Wolf-Rayet 
stars  

> 40 M¤ 
 

26Al, 41Ca, 
107Pd 

 
 
 
 
 
 
 
 

(Arnould et al 
2006) 

? 



What do stars produce? 
Low-mass 

AGBs 
~ 1 - 4 M¤ 

26Al (if deep 
extra mixing 
is at work), 
41Ca,107Pd 
(too much 
unless no 

main neutron 
source)  
No O 

changes 
 

(Wasseburg et 
al. 2006) 

Massive 
AGBs 

~ 4 - 7 M¤ 
 

26Al, 41Ca, 
60Fe,107Pd 

 
Minor O 
changes 

 
 

(Trigo-
Rodriguez, 

Garcia-
Hernandez, 
Lugaro et al. 

2009) 

Super 
AGBs 

~ 7-11 M¤ 

Supernovae 
> 11 M¤ 

26Al, 41Ca, 
53Mn (too 

much unless 
ejecta are 
selected), 

60Fe,107Pd?,
182Hf? 

 
Large O 
changes  

 
(Takigawa et al. 
2008, Ellinger  

et al. 2010)  

Wolf-Rayet 
stars  

> 40 M¤ 
 

26Al, 41Ca, 
107Pd 

 
No O 

changes 
 
 
 
 
 

(Arnould et al 
2006) 

? 
Core H, He, C 
burning, loses 

material by 
winds and 

dies as a O-
Ne white 

dwarf. 
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What do Super-AGB stars produce? 

Abundance 
ratios of O and 

short-lived 
radioactive 

nuclei at the 
stellar surface 

of a stellar 
model with 

Minitial = 8.5 M¤ 

Z = 0.02 first thermal pulse 



Herschel space 
observatory 

	  IC 5146 is a star-forming 
cloud which includes the 
Cocoon Nebula, an H  II 
region illuminated by the B0 
V star BD + 46°3474 
(Arzoumanian et al. 2011) 

Star formation is complex: 
structures are hierarchical in 

time and space, star 
formation is sequential, 

tangled gaseous filaments are 
present, cluster-cluster 

interactions, etc etc 


