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Lichtenberg et al. (2019) 
calculated the effect of 

different initial 
abundances in the 

planet building blocks
of the radioactive 

nucleus 26Al (half life = 
0.7 Myr) 

See also Ciesla et al. 
(2015, ApJ)
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stars without the need to fit specific accretion dynamics, as it has 
been proposed25,34. However, because the TRAPPIST-1 system is 
just the first of perhaps many such systems, coordinated observa-
tional efforts will be required to establish population characteristics 
for similar systems, in order to distinguish between 26Al desicca-
tion and migration-driven mechanisms25,34 as the origin of the 
TRAPPIST-1 planet compositions.

For accretion scenarios in which planetesimals represent the pri-
mary carrier of water, our models suggest that planetary systems 
with 26Al abundances similar to or higher than the Solar System 
generically form terrestrial planets with low water mass fractions, 
with O!f wt( %)H O2

. This effect is more pronounced for planets 
further out from their host star, as embryos in these regions grow 
preferentially from water-rich solids. For a non-uniform distri-
bution of 26Al in Milky Way star-forming regions, the systematic 
water depletion in 26Al-enriched systems suggests the existence of 
two qualitatively distinct classes of planetary systems: water-poor 
(26Al-rich) and water-rich (26Al-poor) systems, with a systematic 
mean-radius deviation for sub-Earth terrestrial planets between 
these classes. The resulting shape of the distribution of dry and wet 
planetary systems depends on the genuine, but unknown, distribu-
tion of 26Al levels21 among planet-forming systems and the nature 
and timing of protoplanet accretion. If rocky planets grow primarily 
from the accumulation of planetesimals, then the suggested devia-
tion between planetary systems should be clearly distinguishable 
among the rocky exoplanet census. If, however, the main growth 
of rocky planets proceeds from the accumulation of small particles, 
such as pebbles, then the deviation between 26Al-rich and 26Al-poor 
systems may become less clear, and the composition of the accreting 
pebbles needs to be taken into account. Therefore, in future work, 
models of water delivery and planet growth need to synchronize the 
timing of earliest planetesimal formation35, the mutual influence of 
collisions36 and 26Al dehydration, the potential growth by pebble 
accretion17–19, and the partitioning of volatile species between the 
interior and atmosphere of growing protoplanets37 in order to fur-
ther constrain the perspectives for rocky (exo-)planet evolution38.

Methods
Planetesimal dehydration. We model water loss from instantaneously formed 
planetesimals composed of a rock–ice mixture using numerical models that employ 
a conservative !nite-di"erences, fully staggered grid method coupled to a marker-
in-cell approach39,40. #e thermo-chemical evolution of planetesimals is computed 
in a two-dimensional in!nite cylinder geometry on a Cartesian grid, solving the 
Poisson, continuity, Stokes and energy conservation equations. We assume the 
planetesimals to be accreted with the temperature of the protoplanetary disk 
beyond the water snowline, T0 = 150 K, which is kept constant during the evolution 
of the planetesimal using the free-surface ‘sticky-air’ method41. Heating is provided 
by the decay of 26Al, which de!nes the radiogenic heat source term over time
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where fAl is the chondritic abundance of aluminium42, 26Al0 = (26Al/27Al)0 is the ratio 
of 26Al to stable 27Al at the time of planetesimal formation, = .E 3 12 MeVAl26  is the 
decay energy43 and ! = .1 03 MyrAl26  is the mean lifetime. We ignore any potential 
heat contribution from 60Fe, which may further boost radiogenic heating rates in 
extrasolar systems20,44. If the planetesimal interior reaches temperatures beyond the 
rock disaggregation threshold45 at a silicate melt fraction of ! ! 0.4, where the rock 
viscosity drops by more than ten orders of magnitude, we approximate the thermal 
conductivity in the soft turbulence limit46 with
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with the convective heat flux q, the temperature difference across nodes "T, silicate 
density "s, thermal expansivity of molten silicates #liq, silicate heat capacity cp, local 
gravity g(x, y), and lower cut-off viscosity $num. For numerical values used and 
further details and references on the code, see ref. 13. The initial planetesimal water-
to-rock ratio beyond the snowline is expected to be between about 0.05  
(refs. 33,47), the water content of carbonaceous chondrites, and about 0.5, as 
suggested by equilibrium condensation calculations42. Here, we adopt a value  
closer to the upper estimate, = .f 0 3H O,init2

, but our calculations only marginally 
depend on the adopted value.
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Fig. 3 | Qualitative sketch of the effects of 26Al enrichment on planetary 
accretion. Left, 26Al-poor planetary systems; right, 26Al-rich planetary 
systems. RP, planetary radius. Arrows indicate proceeding accretion 
(middle), planetesimal water content (bottom right, blue–brown) and live 
26Al (bottom right, red–white).
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Fig. 4 | Shift in mean transit radii between planetary populations with 
varying 26Al enrichment. Quantitative predictions for planetary mean 
transit radii (see Methods) for given mass bins in planetary systems with 
26Al, normalized to the case completely devoid of 26Al. Open symbols 
indicate radius deviations averaged over simulations with rplts = 50 km; 
filled symbols combine 3-km, 10-km and 50-km planetesimals. Triangles 
indicate planets with >f 0H O2

; circles include also completely dry planets 
that formed entirely inside of the water snowline. For varying selection 
criteria, the planet radii per mass bin for 26Al-enriched systems deviate 
from non-enriched systems by up to about 10%.
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Why are radioactive 
nuclei important to build 

terrestrial habitable 
planets? 
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The radioactive decay of
26Al in the early Solar 
System was a main 
source of heat in 

planetesimals, altering 
their thermo-mechanical 
evolution and outgassing 

volatiles.

Lichtenberg et al. 2016 (Icarus)

Where did this nucleus 
came from? 
Are other planetary 
systems born rich in 26Al?

Figure 11: Density isocontours in a mixing 3D model, with
Rp = 110 km, �init = 0.25 and tform = 0.1 Myr. The density
increased from the inside (dark red, ⇢ = 3100 kg m�3) to the
outside (dark blue, ⇢ = 3385.6 kg m�3). Therefore, the model
experienced buoyancy driven mass movement.

perienced more heating by SLRs, which resulted in higher peak
temperatures and steeper heating curves. Planetesimals display-
ing mixing can be expected to have experienced iron-silicate
separation. The fraction of bodies prone to significant internal
silicate melting was consistent with previous work on the ther-
mal histories of planetesimals (Sanders and Taylor, 2005).

With decreasing radius of the body the technical assessment
of the numerical model became more important, as a thermo-
mechanical regime with partially molten, but non-convectional
interior was observed (static melt class in Fig. 1). In this regime
with ' . 0.4 we expect the Stokes velocity vStokes ⇠ g/⌘ for
iron droplets to be small, such that the time scale for di↵erenti-
ation is high. These melt-bearing but undi↵erentiated planetes-
imals are a potentially important link for impact splash models
of chondrule formation (see, e.g., Sanders and Taylor, 2005;
Sanders and Scott, 2012; Dullemond et al., 2014). For a more
stringent analysis of the importance of these models and cor-
responding parameter ranges we will further evaluate this con-
nection in future work.

A subset of our models evolved to a state with highly porous
outer layers, which altered the cooling history of the planetesi-
mal. These shells occupied a larger fraction of the planetesimal
radius with later formation time and smaller radius of the body.
Hence, smaller and later formed objects were the most pow-
derous bodies, which can have implications on their dynamical
behavior during impact processes, as investigated by Jutzi et al.
(2008, 2009). The larger planetesimals in our dataset can ei-
ther be subject to catastrophic impact events with similar-sized
bodies or subject to impacts by smaller bodies. For both cases
the state of the material is important for the interaction with the
encountered body. All in all these e↵ects tend to influence the

dynamical history of the accretion phase of terrestrial planets
and cannot be neglected for investigations of collisional growth.
Additionally, the thickness of the shells could be used to relate
the structure of pristine bodies in the Solar System, which did
not experience catastrophic impact events after their rapid for-
mation, to their formation time.

Many of our models reached elevated temperatures, poten-
tially high enough to outgas existing volatile elements. When
these models reached a specific boundary the resulting bodies
might end up as dry bodies, unable to deliver volatile elements
to the forming planets via impacts. Thus, future studies will
investigate the e↵ect of SLR heating and initial porosity on the
outgassing of volatiles in small bodies and therefore might have
implications for the habitability of planetary systems, when re-
lated to the delivery to accreting terrestrial planets (e.g., Elser
et al., 2012; Ciesla et al., 2015).

The more moderate models still showed temperatures high
enough for hydration and metamorphic transformation pro-
cesses, potentially creating serpentinites via an exothermic re-
action. As discussed in Abramov and Mojzsis (2011) such re-
actions can provide energy for non-volcanic hydrothermal ac-
tivity. Within certain depths of onion shell structured planetes-
imals, which are in accordance with our models and previous
work (Weiss and Elkins-Tanton, 2013, and references therein),
the energy output might be in the right regime for the synthe-
sis of primitive organic compounds, such as basic amino acids
(Cobb and Pudritz, 2014). Their synthesis is dependent on
the ammonia and water content of the corresponding planetesi-
mal and can also change with radial distance to the central star
(Cobb et al., 2015). Therefore, future studies can be directed to
couple interior evolution to exterior formation conditions, i.e.,
the region in the protoplanetary disk and the appropriate forma-
tion time for various size classes, to gain a better understanding
of the geological environment of early biological processes in
our Solar System.

6. Conclusions

The initial state of planetesimals in the early Solar System
crucially a↵ected their thermo-mechanical evolution, which
yields implications for terrestrial planet formation theories. We
have conducted numerous 2D and 3D finite-di↵erence fluid dy-
namics simulations of planetesimals with varying radius, for-
mation time and initial porosity. From these we have de-
termined the parameter space for various thermo-mechanical
regimes and the influence of initial porosity. Our conclusions
are the following.

• Typically, planetesimals with large size, early formation
time and high initial porosity tended to develop convec-
tion. Small radii, late formation times and low porosities
led to bodies which did not experience silicate melting.

• A third thermo-mechanical regime with largely molten
bodies without convectional mixing existed for an inter-
mediate parameter range with a trend toward small bodies
and formation times tform ⇡ 1.1–1.5 Myr after CAI forma-
tion.

11

Radioactive decay can generate heat!



“LOCAL”: A nearby dying star 
injected the radionuclides into 
the protosolar nebula (early
injection) or disk (late injection)

artist impression

artist impression

“GLOBAL”: During the evolution 
of the molecular cloud many 

stars died within it and polluted 
with radionuclides the gas from 

which new stars formed
Gaidos et al. 2009 … Vasileiadis et al. 2013 … 
Young 2014, 2016 … Kuffmeier et al. 2016 

Stellar origin hypotheses for the presence of  26Al in 
the early Solar System

Cameron & Truran 1977 … Hester et al. 2004 ... 
Wasserburg et al. 2006 … Lugaro et al. 2012 … 
Pan et al. 2012 …  Gounelle 2015 … Goodson et 
al. 2016



Solar origin hypotheses for the presence of  26Al in 
the early Solar System (see next talk)

Basic idea: fast protons and 3He can interact with material and 
produce 26Al (non-thermal spallation reactions). E.g., Lee et al. (1998) , 
Jacquet et al. (2019), Gaches et al. (2020, next talk). No. 1, 2007 NONTHERMAL NUCLEOSYNTHESIS OF SHORT-LIVED RADIONUCLEI L71

Fig. 1.—Maximum mass (in Earth mass units) of chondritic material bearing
irradiation-produced SLRs at their canonical abundance value, , as a func-maxMi

tion of spectral index of the accelerated particle energy spectrum. The SLR
production is calculated for a thick gas target of solar composition and nor-
malized to a kinetic energy p 4.3 # 1043 ergs (see text). The 7Be10 MeVEp
production is obtained with p 1 yr. MMSN: the rocky component of theindTirr
minimum-mass solar nebula, (Ruden 1999).rockMMMSN

Fig. 2.—Same as Fig. 1, but for a solid target of CI chondritic composition.

in the gas phase is due to the 4He(a, n)7Be reaction. For s 1
, the inferred 7Be/10Be ratio is higher than the CAI value2.8

inferred by Chaussidon et al. (2006), i.e., ; how-max maxM 1 M7Be 10Be
ever, this ratio critically depends on . If one considersindTirr

greater than 1 yr and/or a possible time delay between theindTirr
irradiation episode and the isotopic closure of the mineral
phase, the resulting can be significantly lowered, but formaxM7Be

the mass of the resulting reservoir ( ) willmax maxs 1 3 M p M7Be 10Be
be smaller than .rockMMMSN
Irradiation of solid targets (see Fig. 2) produces 7Be, 10Be,

and 41Ca in amounts corresponding to exceeding by farmaxMi
over the entire range of spectral index. Although thisrockMMMSN

means that these radionuclei can potentially seed the comet-
forming region, it does not imply their overproduction. In a
solid target, both Be isotopes are produced by spallation re-
actions at energies above 30 MeV nucleon and the thick-!1

target limit is only reached for large-sized objects (k10 cm).
Irradiation of smaller objects can lead to orders-of-magnitude
reduction in these upper limits, provided that the accelerated
particles are not trapped by the magnetic configuration in the
target region. It is also possible that a significant fraction of
these SLRs end up accreted by the proto-Sun. For 41Ca, the
total production yield strongly depends on the accelerated 3He
component, via the exoenergetic reaction 40Ca(3He, )41Ca.2p
Thus, depending on the target size and 3He content, one can
find a spectral index ( ) for which the 10Be/41Ca ratio2.5 ! s ! 4
is compatible with meteoritic data and the mass of the resulting
reservoir ( ) is larger than . The 7Be resultsmax max rockM p M M41Ca 10Be MMSN
are difficult to reconcile with the meteoritic data since, over
the entire range of spectral index, . If indeed onlymax maxM ! M7Be 10Be
a minor part of the synthesized SLRs did finally find their way
to surviving refractory phases, then only 10Be and 41Ca can be
produced by irradiation at levels compatible with a homoge-
neous MMSN.

is compatible with a homogeneous MMSN only formaxM53Mn
, while falls short by a factor of 2–4. Both themaxs ! 2.5 M36Cl

36Cl and 53Mn main production channels involve proton- and
a-particle-induced reactions in the 10–100 MeV nucleon en-!1

ergy range. As a result, as with 10Be although to a lower extent,
the production of 53Mn and 36Cl will be significantly reduced
if it results from irradiation of K10 cm–sized objects. It is thus
not possible to obtain a coproduction of 10Be, 36Cl, 41Ca, and
53Mn (i.e., ) compatible withmax max max maxM p M p M p M10Be 36Cl 41Ca 53Mn
a homogeneous MMSN. Still, for both 36Cl and 53Mn, the con-
cept of canonical abundance itself is not firmly established.
CAIs and chondrules exhibit different 53Mn/55Mn ratios that
may indicate a heterogeneous spatial distribution of 53Mn in
the ESS (Gounelle & Russell 2005). Evidences of large 36S
excesses have been reported only in late-formed halogen-rich
phases while the 36Cl/35Cl ratios inferred from previous studies
on the main decay branch ( to 36Ar) were lower by a factor!b
of 100 (see Wasserburg et al. 2006 and references therein). If
future works demonstrate that the initial 53Mn and 36Cl whole-
rock bulk abundances are an order of magnitude lower than
the values currently adopted, an in situ coproduction of 10Be,
36Cl, 53Mn, and 41Ca compatible with the MMSN could be
conceivable.
Finally we find that the upper limit on the 26Al-related res-

ervoir, , is lower than 3 M . If 26Al was indeed widelymaxM26Al !

distributed over the protoplanetary disk with an average 26Al/
27Al abundance ratio of , this result shows that it is!55# 10
not possible to produce by irradiation an 26Al homogeneous
MMSN. High-precision Mg isotope measurements on samples
from the Earth, Moon, Mars, and bulk chondrites strongly sug-
gest that the 26Al reservoir was homogeneous at least on the
part of the disk that generated the terrestrial planets (Thrane
et al. 2006). An irradiation origin of 26Al seems thus very
unlikely since is already comparable to the mass of rocksmaxM26Al
that finally formed the inner solar system, leaving no room for
a loss of 26Al nuclei during the entire production and accretion
processes. In any case such a low upper limit clearly indicates
that no significant amount of irradiation-induced 26Al is ex-
pected to reach the comet-forming region.
By contrast with other SLRs, the ESS 26Al budget is some-

how better constrained since CAIs exhibit a bimodal distri-
bution with a well-defined peak at 26Al/27Al ! 5 # 10!5

(MacPherson et al. 1995). Although it is not demonstrated in

General main problems: 
1. The maximum mass of chondritic 

material bearing 26Al (in Earth 
masses) is always well below the 
total number needed to cover the 
rocky component of the minimum-
mass solar nebula (MMSN), Duprat
& Tatischeff (2007).

2. There is co-production of other 
radioactive isotopes: significative 
production of 26Al leads to an 
overproduction of 10Be (e.g., Sossi
et al 2017)
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Figure 1. Time evolution of model 40-200-0.1-13, showing the log10 of the density in a cross-section along the rotation axis. The initial shock front and target cloud
are shown in (a), and the Rayleigh–Taylor fingers responsible for injecting shock wave material into the collapsing cloud are seen in (b). The formation of an edge-on
disk is evident in (c) and (d), the latter of which is expanded by a factor of 10 for clarity. Times shown are: (a) 0.0 Myr, (b) 0.0280 Myr, (c) 0.0539 Myr, and (d)
0.0833 Myr.
(A color version of this figure is available in the online journal.)

!150 AU, compared to !500 AU for the faster rotating model
(Figure 4(a)). Figure 5 shows that the slower rotating model
40-200-0.1-14 forms a disk without the large-scale spiral arms
seen in the faster rotating model 40-200-0.1-13. At this time
the central protostar has a mass of !0.25 M" and the disk
mass is !0.15 M". Compared to model 40-200-0.1-13, then,

in model 40-200-0.1-14 the protostar mass is somewhat higher,
and the protostellar disk mass is somewhat lower, as expected
for a slower rotating cloud core. Clearly both of these systems
need to accrete considerably more mass from the surrounding
protostellar envelope if they are to reach the mass of a solar-type
protostar. Figure 6 shows the SLRI abundances in the midplane

4

The Astrophysical Journal, 788:20 (9pp), 2014 June 10 Boss & Keiser

(a) (b)

(c) (d)

Figure 1. Time evolution of model 40-200-0.1-13, showing the log10 of the density in a cross-section along the rotation axis. The initial shock front and target cloud
are shown in (a), and the Rayleigh–Taylor fingers responsible for injecting shock wave material into the collapsing cloud are seen in (b). The formation of an edge-on
disk is evident in (c) and (d), the latter of which is expanded by a factor of 10 for clarity. Times shown are: (a) 0.0 Myr, (b) 0.0280 Myr, (c) 0.0539 Myr, and (d)
0.0833 Myr.
(A color version of this figure is available in the online journal.)

!150 AU, compared to !500 AU for the faster rotating model
(Figure 4(a)). Figure 5 shows that the slower rotating model
40-200-0.1-14 forms a disk without the large-scale spiral arms
seen in the faster rotating model 40-200-0.1-13. At this time
the central protostar has a mass of !0.25 M" and the disk
mass is !0.15 M". Compared to model 40-200-0.1-13, then,

in model 40-200-0.1-14 the protostar mass is somewhat higher,
and the protostellar disk mass is somewhat lower, as expected
for a slower rotating cloud core. Clearly both of these systems
need to accrete considerably more mass from the surrounding
protostellar envelope if they are to reach the mass of a solar-type
protostar. Figure 6 shows the SLRI abundances in the midplane

4

The Astrophysical Journal, 788:20 (9pp), 2014 June 10 Boss & Keiser

(a) (b)

(c) (d)

Figure 1. Time evolution of model 40-200-0.1-13, showing the log10 of the density in a cross-section along the rotation axis. The initial shock front and target cloud
are shown in (a), and the Rayleigh–Taylor fingers responsible for injecting shock wave material into the collapsing cloud are seen in (b). The formation of an edge-on
disk is evident in (c) and (d), the latter of which is expanded by a factor of 10 for clarity. Times shown are: (a) 0.0 Myr, (b) 0.0280 Myr, (c) 0.0539 Myr, and (d)
0.0833 Myr.
(A color version of this figure is available in the online journal.)

!150 AU, compared to !500 AU for the faster rotating model
(Figure 4(a)). Figure 5 shows that the slower rotating model
40-200-0.1-14 forms a disk without the large-scale spiral arms
seen in the faster rotating model 40-200-0.1-13. At this time
the central protostar has a mass of !0.25 M" and the disk
mass is !0.15 M". Compared to model 40-200-0.1-13, then,

in model 40-200-0.1-14 the protostar mass is somewhat higher,
and the protostellar disk mass is somewhat lower, as expected
for a slower rotating cloud core. Clearly both of these systems
need to accrete considerably more mass from the surrounding
protostellar envelope if they are to reach the mass of a solar-type
protostar. Figure 6 shows the SLRI abundances in the midplane

4

t = 28000 yr t = 83300 yr

Examples of the local scenario:
One single supernova triggering the collapse of the presolar

cloud core and injecting material with a shock wave 
(Alan Boss et al. series of many papers, see also Gritschneder et al. 2012) 

t = 0
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are shown in (a), and the Rayleigh–Taylor fingers responsible for injecting shock wave material into the collapsing cloud are seen in (b). The formation of an edge-on
disk is evident in (c) and (d), the latter of which is expanded by a factor of 10 for clarity. Times shown are: (a) 0.0 Myr, (b) 0.0280 Myr, (c) 0.0539 Myr, and (d)
0.0833 Myr.
(A color version of this figure is available in the online journal.)

!150 AU, compared to !500 AU for the faster rotating model
(Figure 4(a)). Figure 5 shows that the slower rotating model
40-200-0.1-14 forms a disk without the large-scale spiral arms
seen in the faster rotating model 40-200-0.1-13. At this time
the central protostar has a mass of !0.25 M" and the disk
mass is !0.15 M". Compared to model 40-200-0.1-13, then,

in model 40-200-0.1-14 the protostar mass is somewhat higher,
and the protostellar disk mass is somewhat lower, as expected
for a slower rotating cloud core. Clearly both of these systems
need to accrete considerably more mass from the surrounding
protostellar envelope if they are to reach the mass of a solar-type
protostar. Figure 6 shows the SLRI abundances in the midplane
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Figure 2. Model 40-200-0.1-13 log10 density cross-section perpendicular to the
rotation axis, showing the disk’s midplane at y = 2.75!1016 cm in Figure 1(d).
The region is shown at 0.0833 Myr and several distinct spiral arms are evident,
in a disk with a radius of "500 AU.
(A color version of this figure is available in the online journal.)

of model 40-200-0.1-14, again showing the remnant R-T fingers
and a distinct depletion in the region of the central protostar and
protostellar disk.

Finally, Figure 7 shows the midplane density for one of the
models that appears likely to form a multiple protostar system,
model 20-200-0.1-13. While a dominant, central protostar forms
in this model, there are also several distinct clumps evident
in the spiral arms. Given the early phase of evolution of this
protostellar disk, with significant mass yet to be accreted from
the infalling envelope, these clumps may have a better chance of
surviving the subsequent evolution and of producing a multiple
protostar system than clumps in a protoplanetary disk, where the
most of the disk mass has already been accreted and is primarily
draining onto the central protostar. Figure 8 shows that the SLRI
abundances in this model are even more non-uniform than in the
previous two models discussed, as might be expected given the
larger gas density variations seen in Figure 7, with the highest
abundances of SLRIs being confined to the regions exterior to
the multiple protostellar clumps.

Table 1 shows that only models with the higher initial
rotation rate considered (10#13 rad s#1) resulted in collapse
and fragmentation, as is to be expected for rotationally driven
fragmentation during protostellar collapse (e.g., Boss 1986).
However, this fragmentation only occurred for the models with
the slowest shock speed considered, 20 km s#1, and not for
otherwise identical models with 40 and 60 km s#1 shocks,
so clearly the slower, gentler shocks were more conducive
to triggering collapse leading to fragmentation for the faster
rotating clouds. Table 1 also shows that the models that were
not compressed enough to undergo sustained collapse were
those with the higher shock speeds (40 and 60 km s#1) and
higher shock densities, limiting the range of shock parameters

Figure 3. Model 40-200-0.1-13 shock wave material (color field) in the disk’s
midplane at 0.0833 Myr, plotted as in Figure 2. Shock wave SLRIs have been
injected throughout this region, with higher concentrations (orange) surrounding
the innermost disk (light green).
(A color version of this figure is available in the online journal.)

consistent with the shock triggering scenario. The slower
rotating clouds, on the other hand, generally led to single
protostar formation, and hence remain as likely candidates for
the presolar cloud core in this formation scenario.

3.2. Injection Efficiencies

We now turn to an estimation of the degree to which SLRIs are
injected. The injection efficiency fi is defined (BK12, BK13) as
the fraction of the incident shock wave material that is injected
into the collapsing cloud core. In practice, this means collapsing
regions with ! > 10#16 g cm#3. Estimated values of fi are
listed in Table 1, along with the mass of the shock wave-derived
material contained in the dynamically collapsing regions. Note
that fi was not estimated for several of the models in Table 1
because of the failure of a disk array that stored some of the
model data files intended for eventual detailed analysis.

Table 1 shows that fi = 0.032 and 0.034 for models 40-200-
0.1-13 and 40-200-0.1-14, respectively, essentially identical to
the value of fi = 0.03 estimated for the non-rotating-cloud
version 40-200-0.1 (BK12) of these same models. Table 1’s es-
timates of fi were obtained by calculating the amount of color
contained within the region with ! > 10#16 g cm#3. BK12
used a somewhat different means for estimating fi, namely cal-
culating the amount of color within "1016 cm of the density
maximum. In order to compare the effects of these two differ-
ent estimation schemes, fi was re-estimated for 2D non-rotating
model 40-200-0.1 from BK12 using the present scheme, result-
ing in an estimated fi = 0.033, right in the middle of the values
for the two new 3D models, and close to the BK12 estimate of
fi = 0.03. However, the results of the new models differ from the
expectations of the 2D models (BK13), where it was found that
including target cloud rotation could increase fi by a factor as
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rotating clouds, on the other hand, generally led to single
protostar formation, and hence remain as likely candidates for
the presolar cloud core in this formation scenario.
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the fraction of the incident shock wave material that is injected
into the collapsing cloud core. In practice, this means collapsing
regions with ! > 10#16 g cm#3. Estimated values of fi are
listed in Table 1, along with the mass of the shock wave-derived
material contained in the dynamically collapsing regions. Note
that fi was not estimated for several of the models in Table 1
because of the failure of a disk array that stored some of the
model data files intended for eventual detailed analysis.

Table 1 shows that fi = 0.032 and 0.034 for models 40-200-
0.1-13 and 40-200-0.1-14, respectively, essentially identical to
the value of fi = 0.03 estimated for the non-rotating-cloud
version 40-200-0.1 (BK12) of these same models. Table 1’s es-
timates of fi were obtained by calculating the amount of color
contained within the region with ! > 10#16 g cm#3. BK12
used a somewhat different means for estimating fi, namely cal-
culating the amount of color within "1016 cm of the density
maximum. In order to compare the effects of these two differ-
ent estimation schemes, fi was re-estimated for 2D non-rotating
model 40-200-0.1 from BK12 using the present scheme, result-
ing in an estimated fi = 0.033, right in the middle of the values
for the two new 3D models, and close to the BK12 estimate of
fi = 0.03. However, the results of the new models differ from the
expectations of the 2D models (BK13), where it was found that
including target cloud rotation could increase fi by a factor as
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models that appears likely to form a multiple protostar system,
model 20-200-0.1-13. While a dominant, central protostar forms
in this model, there are also several distinct clumps evident
in the spiral arms. Given the early phase of evolution of this
protostellar disk, with significant mass yet to be accreted from
the infalling envelope, these clumps may have a better chance of
surviving the subsequent evolution and of producing a multiple
protostar system than clumps in a protoplanetary disk, where the
most of the disk mass has already been accreted and is primarily
draining onto the central protostar. Figure 8 shows that the SLRI
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rotating clouds. Table 1 also shows that the models that were
not compressed enough to undergo sustained collapse were
those with the higher shock speeds (40 and 60 km s#1) and
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consistent with the shock triggering scenario. The slower
rotating clouds, on the other hand, generally led to single
protostar formation, and hence remain as likely candidates for
the presolar cloud core in this formation scenario.

3.2. Injection Efficiencies

We now turn to an estimation of the degree to which SLRIs are
injected. The injection efficiency fi is defined (BK12, BK13) as
the fraction of the incident shock wave material that is injected
into the collapsing cloud core. In practice, this means collapsing
regions with ! > 10#16 g cm#3. Estimated values of fi are
listed in Table 1, along with the mass of the shock wave-derived
material contained in the dynamically collapsing regions. Note
that fi was not estimated for several of the models in Table 1
because of the failure of a disk array that stored some of the
model data files intended for eventual detailed analysis.

Table 1 shows that fi = 0.032 and 0.034 for models 40-200-
0.1-13 and 40-200-0.1-14, respectively, essentially identical to
the value of fi = 0.03 estimated for the non-rotating-cloud
version 40-200-0.1 (BK12) of these same models. Table 1’s es-
timates of fi were obtained by calculating the amount of color
contained within the region with ! > 10#16 g cm#3. BK12
used a somewhat different means for estimating fi, namely cal-
culating the amount of color within "1016 cm of the density
maximum. In order to compare the effects of these two differ-
ent estimation schemes, fi was re-estimated for 2D non-rotating
model 40-200-0.1 from BK12 using the present scheme, result-
ing in an estimated fi = 0.033, right in the middle of the values
for the two new 3D models, and close to the BK12 estimate of
fi = 0.03. However, the results of the new models differ from the
expectations of the 2D models (BK13), where it was found that
including target cloud rotation could increase fi by a factor as
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The general problem with supernovae: 
They do not produce short-lived radionuclides in the proportion 

needed to reproduce their observed abundances in the early Solar 
System (typically…)

32 M. Lugaro et al. / Progress in Particle and Nuclear Physics 102 (2018) 1–47

Fig. 13. Results for selected SLRs from a model that assumes injection from a single stellar source of initial mass 6, 15, and 25 M� , and a time delay
�t = 1 Myr. The predicted 60Fe/56Fe ratios are indicated in each panel. In the 6 M� model, 129I/127I is off scale, many orders of magnitude below unity and
53Mn/55Mn is zero. Updated from [94].

of the s-process isotopes of the elements heavier the Fe [96]. We thus do not consider low-mass AGB stars further, also due
to the additional difficulty in envisaging a scenario to answer Q3, i.e., how low-mass AGB could have contributed to the
composition of the Sun at its birth. The reason is that these stars are very long lived (⇠ 1 Gyr) and are not expected to be
associated with star-forming regions [225].

More massive AGB and Super-AGB stars of mass above 6 M� live much shorter lives (< 50 Myr) and could be envisaged
to have been present or have contributed to the composition of the early Solar System [80,95,96]. These stars produce
copious amounts of 26Al thanks to the proton captures occurring at the base of the convective envelope (see Section 3.2).
Production of all the other SLRs is due to neutron captures and is linked to the dredge-up episodes that carry material into
the envelope from the deep He-rich layer, where the neutron-capture processes occur. In the top panel of Fig. 13 we show
a typical example for which a self-consistent solution could be found for a number of SLRs, except that the abundance of
36Cl is too low, no 53Mn is produced in these stars, and the 60Fe/56Fe is more than two orders of magnitude higher than the
currently recommended value around 10�8 [96], or a factor of 4 higher than the highest observed values. Similar results can
be found for Super-AGB stars of initial masses between 6 and 9 M� [80]. However, it should be noted that the efficiency of
the dredge-up episodes is one of the main uncertainties in AGB models. For example, if these stars did not experience any
dredge-up, no SLRs would be ejected by their winds, except for 26Al, which is produced directly in the envelope. In this case,
it may be plausible to attribute the origin of the other SLRs either to the effect of GCE and/or to local in situ non-thermal
nucleosynthesis together with the Be isotopes.

The middle and bottom panels of Fig. 13 present the same dilution exercise for two typical CCSNe. As first proposed
by [123], many authors still consider a nearby CCSN as one of the most promising candidates to have injected the SLR nuclei
into the protosolar cloud [226–228], or into the already formed protoplanetary disk [229]. Inferences on and dynamical
simulations of the birth environment of the Sun aremostly based on this scenario [230–232]. However, as outlined by several
authors [93] and as seen in Fig. 13, many problems are related to the nearby CCSN scenario in terms of abundances. The
two features that stand out most in this case are the overproduction of 53Mn and of 60Fe. 53Mn is roughly three orders of
magnitude higher than the value observed, 60Fe between one and three orders ofmagnitude higher, depending on the choice
of the ESS value. This are old-standing problems for CCSNe as candidate sources, and a number of CCSN models have been
presented that attempt to resolve them. One possible traditional solution, at least for the 53Mn overproduction, is the idea
that the inner part of the CCSN ejecta rich in 53Mn was not incorporated into the ESS, possibly because of extensive fallback
of matter onto the CCSN remnant (e.g., [100]). For this to work it is also required that no significant mixing occurs between
the inner and the outer ejecta prior to the fallback, i.e., 53Mn is not carried to the outer layers. Reducing the amount of 53Mn
via a stronger fallback also reduces the amount of 56Ni, produced in the same region as 53Mn, below the value observed in
typical CCSNe via its radioactive decay that powers their light curves. In this case, the CCSN that polluted the ESS would have
been somewhat fainter than a typical CCSN, which adds to the problem of the low probability for such an event, as discussed
in Section 5.3. Alternatively, it could be considered that the SLRs are required to be in the form of dust in order to be trapped
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Fig. 1. Sketch of the model described in Sect. 2. Star generations #1,
#2, and #3 are respectively in red, blue, and green. In panel b), SNe
remnants are shown with a dark contour. The reddish background sym-
bolizes 60Fe delivered by the SNe belonging to the first star generation.
In panel c), the purple color of the shell symbolizes the combination
of 26Al delivered by the single massive star wind from generation #2
and the 60Fe delivered by generation #1 stars. Our Sun, born in the cir-
cumstellar shell together with a few hundreds fellow low-mass stars
(generation #3), is shown in yellow.

26Al produc on

Main sequence (O) WR SN

Collect (t! ~ few 106 yr)
( !C ~ 105 yr)

CAI (~ 104 yr)

26Al injec!on

Collapse
Fig. 2. Timeline for 26Al injection in a dense collected shell around a
massive star, starting approximately 10 Myr after the birth of stellar
generation #1 and lasting !t!. The upper part of the figure represents
the time line of the central massive star of panel c in Fig. 1. In the mid-
dle part, the timeline of the 26Al production and injection (arrows) is
shown. Aluminum-26 is present in the wind some 105 yr after the star
formation and absent when products of helium-burning appear at the
surface (WC-type star) since 26Al is destroyed in helium-burning cores.
It is present while the star explodes as an SN. Aluminum-26 injection
in the shell lasts during the whole collection phase and is assumed to
stop during the collapse phase lasting a time !C ! 105 yr. The lower
part represents the timeline of the collected shell, which eventually col-
lapses to produce a protoSun and a protoplanetary disk in which most
CAIs form.

– At t ! 10 Myr, a second star generation (#2, containing a
total of N2 stars) forms in region #2, partly due to the com-
pressive action of the generation #1 SNe shockwaves onto
the molecular cloud gas (Preibisch & Zinnecker 2007) (see
panel b of Fig. 1).

– From t ! 10 Myr and for some Myr, the wind of one or
two massive stars from generation #2 will collect ISM gas
to build a dense shell surrounding an HII region of radius
5"10 pc (Deharveng et al. 2010). That collected shell, which
contains 60Fe originating in the SNe of the first generation,
will be wind-enriched in 26Al via e"cient turbulent mix-
ing (Koyama & Inutsuka 2002) during a time t! lasting a
few Myr (see Fig. 2).

– At t ! 10 Myr + t!, aluminum-26 delivery ends when
the dense shell fragments and collapses via a diversity of
gravito-turbulent mechanisms, such as gravitational instabil-
ities and ionization of a turbulent medium (Deharveng et al.
2010), to form a third generation star cluster (#3). The col-
lapse phase lasts !C ! 105 yr. Our Sun belongs to that third
generation of stars (see panel c of Fig. 1). CAIs formed in the
protoplanetary disk surrounding the protoSun on a timescale
of a few 104 yr (Jacobsen et al. 2008) contains 26Al from
the wind of the generation #2 massive star and 60Fe from the
generation #1 SNe (Fig. 2).

In the following, we show that such a scenario presents many re-
alizations that permit a good fit of the quantities of 26Al and 60Fe
at the solar system’s birth. In that respect, it provides a more
natural explanation than previous models, because it does not
require special and/or unlikely conditions, and leads to under-
standing how the solar system forms within a broader perspec-
tive. The key point is that 60Fe comes from the SNe of the first
generation of stars, while 26Al comes from the wind of a sin-
gle massive star belonging to a second star generation. This
decoupling between the sources of 60Fe and of 26Al is essential
to explain the observed 26Al/60Fe ratio when the solar system
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Examples of the local scenario:
Birth of the Sun in the circumstellar dense shell produced by 

the interaction of the winds of a Wolf-Rayet star and the 
molecular cloud gas 

(Gounelle & Meynet 2012, see also Dwarkadas et al. 2017) 
stars are several million yr and that the W–R phase occurs only
at the end of its life, it is likely that the injection of Al26

happens almost simultaneously as the shell is starting to
fragment and cores begin to form. Calculations also indicate
that heterogeneity in the initial material appears to be preserved
as the core collapses (see, e.g., Visser et al. 2009), so we would
expect that the Al26 distribution set up by the dust grains will
be preserved when parts of the shell collapse to form stars.
Since Al26 does not penetrate all the way into the dense shell,
given the short stopping distance, it is likely that there would
be some regions that do not contain much or perhaps any Al26 .
This is consistent with the fact that FUN CAI’s in meteorites
show very little to zero Al26 !(Esat et al. 1979; Armstrong
et al. 1984; MacPherson et al. 2007). Platy hibonite crystals and
related hibonite-rich CAIs are not only Al26 poor but appear to
have formed with a Al26 / Al27 ratio that is less than the Galactic
background (Kööp et al. 2016), whereas spinel hibonite
spherules are generally consistent with the canonical

Al26 / Al27 ratio (Liu et al. 2009). In the current scenario such
a diversity in Al26 abundance would be expected. In this model
our solar system is not the only one with with a high level of

Al26 ; other solar systems will be formed over the entire disk
area that may also have similar abundances of Al26 . Depending
on the subsequent evolution of the star and the formation or not
of an SN, these other systems may have different amounts of

Fe60 compared to ours. Thus our prediction is that there should
be other solar systems with an abundance of Al26 similar to
ours but with equal or higher abundances of Fe60 .

8. Discussion and Conclusions

The inference of a high abundance of Al26 in meteoritic
material has led to speculations over several decades that the
early solar system formed close to an SN. However, this would
be accompanied by an abundance of Fe60 above the back-
ground level. The recent discovery that the amount of Fe60 in
the early solar system was lower than that in the Galactic
background has prompted a re-evaluation of these ideas (Tang
& Dauphas 2012).

In this work we have put forward an alternate suggestion that
our solar system was born at the periphery of a W–R bubble.
Our model adds details and expands considerably on previous
results by Gaidos et al. (2009), Ouellette et al. (2010), and
Gounelle & Meynet (2012) while adding some totally new
aspects, especially the fact that our solar system was created at
the periphery of a W–R wind bubble by triggered star
formation. W–R stars are massive stars, generally . :M25 ,
that form the !nal post-main-sequence phases of high-mass O
and B stars before they core-collapse as SNe (see Figure 6).
The Al26 that is formed in earlier phases is carried out by the
stellar mass loss in this phase. The fast supersonic winds from
these stars carve out windblown bubbles around the star during
their lifetime (Figure 6(a)). These are large low-density cavities
surrounded by a high-density shell of swept-up material. In our
model, the Al26 ejected in the W–R wind (Figure 6(b))
condenses onto dust grains that are carried out by the wind
without suffering much depletion until they reach the dense
shell (Figure 6(c)). The grains penetrate the shell to various
depths depending on the shell density (Figure 6(d)). The
ionization front from the star entering the shell increases the
density of the shell, causing material that exceeds a critical
mass to collapse and form star-forming cores (Figure 6(e)).
This has been observed at the periphery of many wind bubbles,

and we suggest that it is what triggered the formation of our
solar system, which was enriched by the Al26 carried out in the
W–R wind.
In our model, the Al26 will be injected into the dense shell

while the shell material is collapsing to form the dense cores
that will form stars that give rise to the solar system. Thus this
will happen close to the end of the star’s evolution and/or near
the SN explosion. Eventually either the SN shock wave will eat
away at the bubble and break through it; material will start to
leak through the bubble shell, which is generally unstable to
various instabilities (Dwarkadas et al. 1996; Garcia-Segura
et al. 1996; Dwarkadas & Balick 1998; Dwarkadas 2007; van
Marle & Keppens 2012; Toalá & Arthur 2011; Dwarkadas &
Rosenberg 2013), until it is completely torn apart; or the bubble
shell will dissipate. Either way the nascent solar system will
then be free of its con!ned surroundings.
A single star is responsible for all the Al26 in the initial solar

system, and perhaps for many other SLRs. Our model uses dust
grains as a delivery mechanism for the Al26 into the dense shell
that will then collapse to form the presolar core. In this our
model differs from many previous ones that also suggested
W–R stars as the source of the radionuclides. As pointed out,
the delivery mechanism and mixing of the SLRs with the
presolar molecular cloud is of utmost importance, as also
shown by Foster & Boss (1997), Ouellette et al. (2010), and
Boss & Keiser (2013); it is very dif!cult to get tenuous hot gas,
whether carried by fast winds or SN ejecta, to mix with the
dense cold gas in the presolar molecular cloud. Gounelle &
Meynet (2012) considered W–R bubbles but did not address
the crucial part of delivery and mixing of the SLRs into the
molecular cloud, attributing it to turbulent mixing. Young

Figure 6. Cartoon version of our model of the formation of the solar system.
(a) A massive star forms, and its strong winds and ionizing radiation build a
windblown bubble. The blue region is the windblown region and the 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. In this phase, the
momentum of the winds pushes the bubble all the way to the shell. At the same
time, dust forms in the wind close in to the star, and we assume that the Al26

condenses into dust. (c) Dust is carried out by the wind toward the dense shell.
(d) The wind is decelerated at the shell but the dust detaches from the wind and
continues onward, penetrating the dense shell. (e) Triggered star formation is
already underway in the last phase. Eventually some of the material in the shell
collapses to form dense molecular cores that will give rise to various solar
systems, including ours.
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Examples of the global scenario:
Evolution of 26Al and 60Fe in the galactic interstellar medium 

from high-resolution chemohydrodynamical simulations  
(Fujimoto et al. 2018) 

4032 Y. Fujimoto, M. R. Krumholz and S. Tachibana

Figure 5. The abundance ratios of short-lived isotopes in newly formed
stars. The central panel shows the joint PDF of 60Fe/56Fe and 26Al/27Al
from our simulations, with colours showing probability density and black
points showing individual stars in sparse regions. The top and right-hand pan-
els show the PDFs of 60Fe/56Fe and 26Al/27Al individually, with simulations
shown in blue. All simulation data are for stars formed from 740 to 750 Myr,
at Galactocentric radii from 7.5 to 8.5kpc. Green bands show the uncertainty
range of Solar system meteoritic abundances (Lee et al. 1976; Mishra &
Goswami 2014; Tang & Dauphas 2015; Telus et al. 2018); for 60Fe, due
to the wide range of values reported in the literature, we also show three
representative individual measurements as indicated in the legend.

the same data, zoomed-in on a 3.5 kpc region centred on the Solar
Circle.3 The figures show that the disc is fully fragmented, and
has produced GMCs and star-forming regions. The distributions of
60Fe and 26Al are strongly correlated with the star-forming regions,
which correspond to the highest density regions (reddish colours)
visible in the gas plot. This is as expected, since these isotopes are
produced by massive stars, which, due to their short lives, do not
have time to wander far from their birth sites.

However, there are important morphological differences between
the distributions of 60Fe, 26Al, and star formation. The 60Fe distribu-
tion is the most extended, with the typical region of 60Fe enrichment
exceeding 1 kpc in size, compared to !100 pc or less for the den-
sity peaks that represent star-forming regions. The 26Al distribution
is intermediate, with enriched regions typically hundreds of pc in
scale. The larger extent of 60Fe compared to 26Al is due to its larger
lifetime (2.62 Myr versus 0.72 Myr for 26Al) and its origin solely
in fast-moving SN ejecta (as opposed to pre-SN winds, which con-
tribute significantly to 26Al).

In addition to the comparison between SLRs and star formation,
it is interesting to compare SLRs to the distribution of hot gas
produced by SNe (defined here as gas with temperature T > 106

K), which we show in Fig. 4. We see that, as expected, regions of
60Fe and 26Al enrichment correlate well with bubbles of hot gas.
However, it is interesting to note that the outer edges of the 60Fe
or 26Al bubbles seen in Fig. 4 extend significantly further than the

3Simulation movies are available at https://sites.google.com/site/yusuke77
7fujimoto/data

bubbles of hot ISM. This could be a result either of cooling of
the hot gas on time-scales shorter than the decay of SLRs, or of
rapid mixing of SLRs into cooler regions. Regardless, our finding
that regions of SLR enrichment are generally larger in extent than
regions of hot gas may be testable in the future as higher resolution
observations of ! -ray emission from SLRs observed in situ in the
ISM become available.

3.2 Abundance ratios in newborn stars

To investigate abundance ratios of isotopes in newborn stars, when-
ever a star particle forms in our simulations, we record the abun-
dances of 60Fe and 26Al in the gas from which it forms, since these
should be inherited by the resulting stars. We do not add any ad-
ditional decay, because our stochastic star formation prescription
does not immediately convert gas to stars as soon as it crosses
the density threshold, and instead accounts for the finite delay be-
tween gravitational instability and final collapse. Fig. 5 shows the
probability distribution functions (PDFs) for the abundance ratios
60Fe/56Fe and 26Al/27Al; we derive the masses of the stable isotopes
56Fe and 27Al from the observed abundances of those species in
the Sun (Asplund et al. 2009), and we measure the PDFs for star
particles that form between 740 and 750 Myr in the simulation, at
galactocentric radii from 7.5 to 8.5 kpc (i.e. within "0.5 kpc of
the Solar Circle). However, the results do not strongly vary with
galactocentric radius, as shown in Appendix A. We also show that
the PDFs are converged with respect to spatial resolution at their
high-abundance ends (though not on their low-abundance tails) in
Appendix B.

In Fig. 5 we also show meteoritic estimates for these abundance
ratios (Lee et al. 1976; Mishra & Goswami 2014; Tang & Dauphas
2015; Telus et al. 2018). The PDF of 60Fe peaks near 60Fe/56Fe
! 3 # 10$7, but is !2 orders of magnitude wide, placing all the
meteoritic estimates well within the ranges covered by the simulated
PDF. The 26Al abundance distribution is similarly broad, but the
measured meteoritic value sits very close to its peak, as 26Al/27Al
! 5 # 10$5. Clearly, the abundance ratios measured in meteorites
are fairly typical of what one would expect for stars born near the
Solar Circle, and thus the Sun is not atypical.

4 D ISCUSSION

Our simulations suggest a mechanism by which the SLRs came to be
in the primitive Solar system that is quite different than proposed in
earlier work based on smaller scale simulations or analytic models.
We call this new contamination scenario ‘inheritance from Galactic-
scale correlated star formation’. Our scenario differs substantially
from the triggered collapse or direct injection scenarios in that both
of these require unusual circumstances – the core that forms the
Sun is either at just the right distance from an SN to be triggered
into collapse but well mixed, or the protoplanetary disc was hit by
SN ejecta and managed to capture them without being destroyed. In
either case stars with SLR abundances like those of the Solar system
should be rare outliers, while we find that the Sun’s abundances are
typical.

However, the scenario illustrated in our simulations is also very
different from the GMC confinement hypothesis. To see why, one
need only examine Fig. 3. Observed GMCs, and those in our simu-
lations, are at most !100 pc in size, whereas in Fig. 3 we clearly see
that regions of 60Fe and 26Al contamination are an order of magni-
tude larger. This difference between our simulations and the GMC
confinement hypothesis is also visible in the distribution of 26Al on
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Examples of the global scenario:
Abundance of 26Al and 60Fe in evolving giant molecular clouds 

from high-resolution RAMSES simulations  (Vasilieadis et al. 2013) 
3
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Fig. 1.— Supernova mass as a function of time (top), and values
of the ratios 26Al/27Al (mid) and 60Fe/56Fe (bottom) in dense,
star-forming gas of an evolving 40 pc, 105 M! GMC with ! = 0.05.
Grey dots show values sampled in dense, star-forming clumps, with
10% and 90% percentiles marked in blue and cyan. Dashed line
is the modeled bulk solar value of 2.8 · 10"5 (Larsen et al. 2011).
Time is indicated in Myr after formation of the GMC (10 Myr
o!set from simulation start).

26Al/27Al values is greater in the high-resolution ram-
ses case, which is able to maintain larger amplitude in-
homogeneities inside the compact molecular cloud struc-
tures. We note that gas accreting onto our ’sink particle’
representation of stars do so at densities ! 107 cm!3.
These contributions shows similar levels of 26Al—within
the rather large statistical spread–as that of the average
star forming gas, sampled at! 104 cm!3. This illustrates
that, although ine!cient, star-formation in cold molec-
ular clouds is a locally rapid process, occurring on time
scales of order crossing times (Elmegreen 2000). Thus,
we infer that the enhanced abundance of 26Al and 60Fe
in star-forming gas observed in our simulations—as com-
pared to the average galactic abundances—is a generic
feature of the chemical evolution of GMCs.
Figure 3 shows the ratio of 60Fe to 26Al in star-forming

gas and individual supernova ejecta, as well as the ratio
of accumulated yields at any one time. The latter pro-
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Fig. 2.— Similar results as those shown in the middle and bottom
panels of Fig. 1, but computed with the ramses adaptive mesh
refinement code. The timescale corresponds to that of Fig. 1. The
slanted gray lines in background indicate the decay rates. Yellow
thin curves show instantaneous relative 26Al/27Al abundance in
gas accreting to sink particles representing individual stars.

vides a direct estimate of the ratio of expected !-ray
line fluxes, since the large majority of ejected radioac-
tive 26Al and 60Fe nuclei will have had time to decay.
For both the stagger and ramses simulations, the pre-
dicted 60Fe/26Al ratio of total yields is slightly less than
0.2, consistent with the observed !-ray line flux ratio of
0.15±0.06 (Wang et al. 2007). The instantaneous ratio
of average number densities of 60Fe and 26Al is larger
by the ratio of their half-life, 3.6. Moreover, the aver-
age 60Fe/26Al ratio in star-forming gas is expected to
be larger than the global average, reflecting the time
required for hot supernova ejecta to be converted into
dense star-forming gas. Collectively, this implies that
the expected average 60Fe/26Al ratio in star forming gas
is typically considerably larger than 0.2 (Figure 3).

4. TIMESCALES AND MODE OF ADMIXING SUPERNOVA
EJECTA INTO STAR-FORMING GAS

The current perception of transport and mixing of
chemical yields in supernova-driven ISM is that this pro-
cess is rather ine!cient, leading to mixing timescales
that are longer than the typical lifetime of GMCs
(de Avillez & Mac Low 2002). However, these simula-
tions are based on the passive seeding of particle tracers
to a turbulent medium and, therefore, the tracer particles
are unrelated to the supernova events driving the ISM.
In contrast, our code allows for linking passive scalars
and particle tracers used as proxies for 26Al and 60Fe

Grey: Dense star-forming clumps

Yellow: Gas accreting to sink 
particles (individual stars)

Early Solar System values

The usual supernova problem of 
making too much 60Fe!
We need one special supernova for 
the local scenario (e.g., Takigawa et 
al. 2008) or we need to get rid of 
supernovae in the global scenario 
(e.g., Gaidos et al. 2009, Young 2014)



What can I do about this 
problem? Cosmochronology!

=



Isotope τ (Myr) Reference Initial Solar
isotope System ratio 

247Cm       22.5          235U          (5.6 ± 0.3) × 10−5 (5%)
244Pu         80            238U          (7 ± 1) × 10-3  (14%) 
182Hf          13            180Hf        (1.018 ± 0.043) × 10−4 (4%)
146Sm     98 or 149   146Sm       (8.28 ± 0.44) × 10−3 (5%)
129I             23            127I           (1.28 ± 0.03) × 10−4 (2%)
107Pd         9.4            108Pd       (6.6 ± 0.4) × 10−5 (6%)
92Nb          50             92Mo        (3.33 ± 0.68) × 10−5 (20%) 
53Mn          5.3            55Mn       (6.28 ± 0.66) × 10−6 (10%)
60Fe            3.8            56Fe         (1.01 ± 0.27) × 10−8 (26%) 
26Al           1.03           27Al        (5.23 ± 0.13) × 10−5 (2.5%)
Etc etc …
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radioactive nucleus in a 
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Phase I: Chemical Evolution of the Milky Way Galaxy

parcel of gas. In future studies, we will explore the impact of
adopting time-dependent star formation histories, which will
make ! a time-dependent variable. This could be important
when the adopted DTD function covers a time window of
several Gyr. Table 1 lists the de!nition of all terms relevant for
our study.

2.1. Range of Mean Lives and DTD Functions

Our main goal is to characterize the spread of SLR
abundances in a general way so that our results can thereafter
be applied to speci!c isotopes and known enrichment sources.
For this reason, we consider a wide range of mean lives that
encompasses most of the radioactive isotopes that can be

measured from meteorite data for the ESS (see Table!2 in
Lugaro et al. 2018). However, to use our statistical framework
(see Section 2.2), the radioactive abundances need to reach or
be near a steady state by the time the solar system forms.
Therefore, we exclude mean lives of several Gyr and instead
focus on mean lives between 1Myr and 1 Gyr. This range
excludes the longer-lived U and Th isotopes, as well as the
shorter-lived 36Cl and 41Ca. We will brie"y discuss at the end
of Section 5.2 where these isotopes !t within our results. For
the time interval between the formation of the progenitors, !,
we explore values between 1 and 316Myr, so the ratio "/!
mostly ranges from 0.01 to 316. Although ! is not easy to
determine from !rst principles, the range explored in this work

Figure 1. Evolution of the mass of radioactive isotopes found in a parcel of interstellar matter, assuming different ratios (different panels) between the mean life of the
isotopes " and the average time interval E� § between two successive enrichment events. The blue and red lines show the evolution when # is assumed to be constant
and random, respectively. In this !gure and throughout the paper, each enrichment event ejects 1 Me of radioactive material.

Figure 2. Visualization of the key parameters involved in our Monte Carlo calculations. Here ! is the constant time interval between the formation of two progenitors.
The delay times (blue arrows) represent the time intervals between the formation of the progenitors and their associated enrichment event. Those delay times are
randomly sampled from an input DTD function. The different # values are the time intervals between two consecutive enrichment events, regardless of the formation
time of the progenitors. This means that # cannot have negative values.
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Characterising the timescale of Phase II 
e.g. Scorpius Centaurus OB2 (Krause et al. 2018, A&A)

A&A proofs: manuscript no. SC_summary_v17
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Fig. 11. Sketch of evolutionary scenario on the basis of the results of the present study. a) Before 17 Myr ago the elongated gas cloud in Sco-Cen
has not formed any stars yet. b) 17 Myr ago: Something causes the onset of star formation in UCL. A superbubble forms. c) 15 Myr ago: The
superbubble has expanded beyond the scale height of the gas stream. It now expands quickly into more tenuous regions, but cannot penetrate into
the dense clumps in the parent cloud. d) 15 Myr ago: Star formation starts in LCC. This could be spontaneous, or enabled by compression by
the UCL superbubble or a supernova in a more distant, older member of the elongated cloud / star cluster system. e) 4-10 Myr ago: supernovae
pressurise the superbubble and squash the surrounded part of the parent cloud. Star formation sets in at USco. Winds from USco then sweep up
the rest of the cloud. f) 1 Myr ago: A supernova in USco pressurises the superbubble and its rim once again. Rho Ophiuchus and Lupus I start star
formation.

2.5. Hydrodynamic simulations of the superbubble

We used the 3D mesh-refining hydrodynamics code RAMSES
(Teyssier 2002) to simulate the Sco-Cen superbubble. We first
performed a global simulation of the superbubble and then stud-
ied the reaction of a molecular cloud to the sudden pressure in-
crease when it is overrun by a superbubble. We used a standard
cooling-heating function taking into account atomic and molecu-
lar transitions. Massive star feedback is simulated by a spherical
source region of 1 pc radius with mass, energy and 26Al input
rates as determined from stellar models (Fierlinger et al. 2016).

2.5.1. Global simulation

We run the global simulations in a smooth background medium.
As sources we used a plausible configuration of massive stars
(Table 2) given the observed stellar population (Table 1). Due
to stochasticity of the IMF, the number of past supernovae is
highly uncertain. To be conservative, we decided for a number
of massive stars on the low side of the literature estimates (com-
pare Table 1). The initial density distribution was homogeneous
at 8.5⇥10�24 g cm�3, consistent with the total Himass we find in
the USco loop (104 M�, Gaczkowski et al. 2017) and in the wider
region of 368,000 M� (Pöppel et al. 2010). The initial equilib-
rium temperature was 1647 K and the box size (290pc)3. Here,
we do not attempt to include dense gas clouds. This simulation
can therefore not address nested shells or details of late star for-
mation directly. Current observations should be compared to the
final state of the simulation at t = 15.8 Myr.

We show the time evolution of the simulation up to the
present epoch in Fig. 9. UCL and LCC form here separate su-

Table 2. Stars used in the the 3D hydrodynamic simulation

Suba Tf
b (X,Y,Z)c M⇤d TSN

e

UCL 0 -2.27, 3.56, -3.89 60 4.86
UCL 0 -2.27, 3.56, -3.89 32 7.22
UCL 0 -2.27, 3.56, -3.89 25 8.61
UCL 0 -2.27, 3.56, -3.89 20 10.48
UCL 0 -2.27, 3.56, -3.89 20 10.48
UCL 0 -2.27, 3.56, -3.89 15 15.07
LCC 2 -26.6, -47.6, -25.3 60 6.86
LCC 2 -26.6, -47.6, -25.3 25 10.61
LCC 2 -26.6, -47.6, -25.3 15 17.07
USco 10 50.6, 27.5, 6.16 60 14.86

Notes. (a) Subgroup name. (b) Formation time in Myr. (c) Fixed position
of the respective star on the grid in pc. (d) Mass of the star in solar
masses. (d) Explosion time of the star in Myr.

perbubbles that merge from about 5 Myr after initialisation of
the simulation (10 Myr ago). The pressure during this period is
consistently high, in excess of 10 times that of the ambient gas.

Around 10 Myr, the superbubble experiences again high
pressure due to three supernovae in LCC and UCL within about
0.1 Myr. This is of course an arbitrary feature of our modelling,
but demonstrates that such a coincidence is well possible. At
this time, the superbubble has engulfed the position of USco.
Any dense clouds in this region would thus be compressed. It is
possible that USco stars formed in this way. In our simulation,
feedback from USco starts at this time (Fig. 9, second row).
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Fig. 11. Sketch of evolutionary scenario on the basis of the results of the present study. a) Before 17 Myr ago the elongated gas cloud in Sco-Cen
has not formed any stars yet. b) 17 Myr ago: Something causes the onset of star formation in UCL. A superbubble forms. c) 15 Myr ago: The
superbubble has expanded beyond the scale height of the gas stream. It now expands quickly into more tenuous regions, but cannot penetrate into
the dense clumps in the parent cloud. d) 15 Myr ago: Star formation starts in LCC. This could be spontaneous, or enabled by compression by
the UCL superbubble or a supernova in a more distant, older member of the elongated cloud / star cluster system. e) 4-10 Myr ago: supernovae
pressurise the superbubble and squash the surrounded part of the parent cloud. Star formation sets in at USco. Winds from USco then sweep up
the rest of the cloud. f) 1 Myr ago: A supernova in USco pressurises the superbubble and its rim once again. Rho Ophiuchus and Lupus I start star
formation.

2.5. Hydrodynamic simulations of the superbubble

We used the 3D mesh-refining hydrodynamics code RAMSES
(Teyssier 2002) to simulate the Sco-Cen superbubble. We first
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ied the reaction of a molecular cloud to the sudden pressure in-
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cooling-heating function taking into account atomic and molecu-
lar transitions. Massive star feedback is simulated by a spherical
source region of 1 pc radius with mass, energy and 26Al input
rates as determined from stellar models (Fierlinger et al. 2016).

2.5.1. Global simulation

We run the global simulations in a smooth background medium.
As sources we used a plausible configuration of massive stars
(Table 2) given the observed stellar population (Table 1). Due
to stochasticity of the IMF, the number of past supernovae is
highly uncertain. To be conservative, we decided for a number
of massive stars on the low side of the literature estimates (com-
pare Table 1). The initial density distribution was homogeneous
at 8.5⇥10�24 g cm�3, consistent with the total Himass we find in
the USco loop (104 M�, Gaczkowski et al. 2017) and in the wider
region of 368,000 M� (Pöppel et al. 2010). The initial equilib-
rium temperature was 1647 K and the box size (290pc)3. Here,
we do not attempt to include dense gas clouds. This simulation
can therefore not address nested shells or details of late star for-
mation directly. Current observations should be compared to the
final state of the simulation at t = 15.8 Myr.

We show the time evolution of the simulation up to the
present epoch in Fig. 9. UCL and LCC form here separate su-

Table 2. Stars used in the the 3D hydrodynamic simulation

Suba Tf
b (X,Y,Z)c M⇤d TSN

e

UCL 0 -2.27, 3.56, -3.89 60 4.86
UCL 0 -2.27, 3.56, -3.89 32 7.22
UCL 0 -2.27, 3.56, -3.89 25 8.61
UCL 0 -2.27, 3.56, -3.89 20 10.48
UCL 0 -2.27, 3.56, -3.89 20 10.48
UCL 0 -2.27, 3.56, -3.89 15 15.07
LCC 2 -26.6, -47.6, -25.3 60 6.86
LCC 2 -26.6, -47.6, -25.3 25 10.61
LCC 2 -26.6, -47.6, -25.3 15 17.07
USco 10 50.6, 27.5, 6.16 60 14.86

Notes. (a) Subgroup name. (b) Formation time in Myr. (c) Fixed position
of the respective star on the grid in pc. (d) Mass of the star in solar
masses. (d) Explosion time of the star in Myr.

perbubbles that merge from about 5 Myr after initialisation of
the simulation (10 Myr ago). The pressure during this period is
consistently high, in excess of 10 times that of the ambient gas.

Around 10 Myr, the superbubble experiences again high
pressure due to three supernovae in LCC and UCL within about
0.1 Myr. This is of course an arbitrary feature of our modelling,
but demonstrates that such a coincidence is well possible. At
this time, the superbubble has engulfed the position of USco.
Any dense clouds in this region would thus be compressed. It is
possible that USco stars formed in this way. In our simulation,
feedback from USco starts at this time (Fig. 9, second row).
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Take-away messages:
• There is no consensus on the origin of the radioactive heat 

source 26Al in the early Solar System and we do not know if 
other planetary systems are also born rich in 26Al. 
• But, we can use other radionuclides to investigate the 

environment of the Sun’s birth and therefore the origin of 
26Al by measuring how long the presolar matter spent inside 
a molecular cloud before the formation of the Sun.
• To address all these question stellar nucleosynthesis is the 

core knowledge and detailed models of the radioactive
evolution of the Milky Way are needed
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