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Introduction:  A critical constraint on solar system 

formation is the high 26Al/27Al abundance ratio of 
5×10-5 at the time of formation, which was about 17 
times higher than the average Galactic ratio [1,2,3,4]. 
The 60Fe/56Fe value measured from meteorites is about 
2×10-8, at least an order of magnitude lower than the 
Galactic background [4,5]. The abundance of 26Al as 
inferred in meteorites is too high [4,6,7] to be account-
ed for by long-term Galactic chemical evolution 
[4,8,9] or early solar system particle irradiation 
[10,11]. This challenges the assumption that a nearby 
supernova (SN) was responsible for the injection of 
these short-lived radionuclides into the early solar sys-
tem [12], unless one can explain why a SN injected 
only 26Al and not 60Fe. 

Sources of 26Al include SNe, AGB stars, and Wolf-
Rayet (W-R) stars. The probability of an AGB star 
being found near the Sun is extremely small [13], and 
it is unlikely to simultaneously explain the initial solar 
system abundance of 26Al, 60Fe, 107Pd and 182Hf  [14]. 

Wolf-Rayet Stars: This suggests W-R stars as the 
26Al source [5,15,16,17,18,19,20]. These hot stars 
form the final phase of post-main-sequence massive 
stars [21]. W-R stars produce 26Al but no 60Fe, so they 
fit the requirements. Although stellar evolution models 
differ in the amount of 26Al produced 
[22.23,24,25,26,27], an analysis of various stellar evo-
lution models suggests that W-R stars with initial mass 
over about 50 M can provide the requisite amount of 
26Al to seed the early solar system in most models. The 
26Al is mostly produced during the main-sequence 
stage, but is mainly emitted in the strong mass-loss that 
follows the main-sequence phase, including the W-R 
phase (Figure 1). 

Massive stars have strong supersonic winds, with 
wind speeds of order 1000-2000 km s-1, and mass loss 
rates of 10-7 to 10-4.5 M yr-1. These winds sweep up 
the surrounding medium to form large wind-blown 
bubbles, having a low density hot interior surrounded 
by a high-density cool shell [28,29].  The combined 
action of wind shocks and ionization fronts due to the 
hot stars can lead to local increases in the density of 
the shell, leading to collapse of the shell in some plac-
es and the formation of new stars [30,31]. This is 
known as triggered star formation, and is often seen in 
bubbles around massive stars [32,33,34,35], including 
W-R stars [36].  

In our detailed model of the formation of the solar 
system [37, Figure 2], the collapse of one such shell 
around a W-R star leads to the formation of the dense 
cores that give rise to the sun and planetary disk. Alu-
minium-26 is produced during the evolution of the 
massive star and released in the wind during the W-R 
phase. The 26Al subsequently condenses into dust 
grains that are seen around W-R stars in infrared ob-
servations [38,39], and estimated to be about 1μm in 
size [40]. These large dust grains can survive passage 
through the reverse shock and the low density shocked 
wind, reach the dense shell swept-up by the bubble, 
detach from the decelerated wind with the wind veloci-
ty and are then injected into the shell. The dust grains 
are destroyed in the shell due to ablation and non-
thermal sputtering, although a small fraction may sur-
vive, while the 26Al is released into the shell. The shell 
thickness and density varies, as does the velocity of the 
dust grains, so they will penetrate to different depths in 
different parts of the shell. Therefore, while some re-
gions may be rich in 26Al, others will not possess sig-
nificant amounts of 26Al. Such a diversity in 26Al 
abundance is also seen in meteorites. FUN (with frac-
tionation and unidentified nuclear isotope anomalies) 

Figure 1: The evolution of the wind mass-loss rate 
(blue) in a non-rotating 40 M_ star (parameters 
from [22]). The mass-loss rate is steady throughout 
the main-sequence phase, but increases dramatical-
ly in the red supergiant and W-R phases. In red is 
the amount of 26Al lost per year via the wind [37] 
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CAIs [41,42,43] and hibonite rich CAIs are generally 
26Al poor [44], whereas spinel hibonite spherules are 
consistent with the canonical 26Al/27Al ratio [45]. 

      

The final fate of the W-R star is model dependent. 
In some models the star collapses directly to a black 
hole [46], with no explosive nucleosynthesis accom-
panied by production of 60Fe. In other models the star 
explodes as a SN, but the ejecta distribution is asym-
metric [47,48] making it likely that no ejecta will reach 
the proto-solar system. Even if it does, it is unlikely 
that the hot, fast ejected material can easily mix with 
the cooler material in the solar system [49]. Thus it is 
unlikely that additional 60Fe will be injected into the 
proto-solar system. The 60Fe present comes from 
swept-up Galactic material, that could have been cool-
ing for the several million-year stellar lifetime. 

We estimate that 1-16% of all stars could have 
been formed via triggered star formation in bubbles. 
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Figure 2: Cartoon version of our model of the for-
mation of the solar system. (a) A massive star forms. 
Its strong winds and ionizing radiation build a wind-
blown bubble. The blue region is wind-blown region; 
yellow is the dense shell. An ionized region (white) 
separates them. (b) The bubble grows with time as the 
star evolves into the W-R phase. At the same time, 
dust forms in the wind close in to the star, and we 
assume the 26Al condenses into dust. (c) Dust is car-
ried out by the wind towards the dense shell. (d) The 
wind is decelerated at the shell, dust detaches from 
the wind and continues onward, penetrating the dense 
shell. (e) Triggered star formation is underway. Some  
material in the shell collapses to form dense molecu-
lar cores which will give rise to solar systems. [37] 
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