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Apparent excesses in early-solar 26Al, 36Cl, 41Ca, and 60Fe disappear if one accounts for ejecta from
massive-star winds concentrated into dense phases of the ISM in star-forming regions. The removal
of apparent excesses is evident when wind yields from Wolf–Rayet stars are included in the plot of
radionuclide abundances vs. mean life. The resulting trend indicates that the solar radionuclides were
inherited from parental molecular clouds with a characteristic residence time of 108 yr. This residence
time is of the same order as the present-day timescale for conversion of molecular cloud material into
stars. The concentrations of these extinct isotopes in the early solar system need not signify injection
from unusual proximal stellar sources, but instead are well explained by normal concentrations in average
star-forming clouds. The results imply that the efficiency of capture is greater for stellar winds than for
supernova ejecta proximal to star-forming regions.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Correlations between radioactive decay mean lives (τR, related
to half life by τR = t1/2/ ln(2)) and radionuclide abundances (e.g.,
Wasserburg et al., 1996) provide a test of various scenarios for the
provenance of solar-system rock-forming elements. In the simplest
case of continuous production and radioactive decay, radionuclides
with the shortest τR (shortest half lives) should be least abundant
when their concentrations are normalized to their stable coun-
terparts. Apparent excesses in 26Al/27Al, 41Ca/40Ca, and 60Fe/56Fe
relative to this expectation in particular have been taken as ev-
idence for injection of these short-lived nuclides into the early
solar system by a variety of sources, including supernovae proxi-
mal to the site of solar system formation (e.g. Ouellette et al., 2007,
2010; Gritschneder et al., 2012). Recent models have underscored
the importance of enrichment of short-lived radionuclides in star-
forming regions by collapse supernovae (SNe) ejecta (Vasileiadis et
al., 2013) and/or by winds from rapidly rotating Wolf–Rayet (WR)
or main-sequence WR progenitors (Gaidos et al., 2009; Gounelle
and Meynet, 2012).

The atomic 60Fe/26Al (based on measurements of their de-
cay products in meteorites) at the time of formation of the first
solids in the solar system was ∼0.002 while the steady-state
Galactic value deduced from γ -ray decay activities of these iso-
topes is ∼0.6 (Diehl et al., 2006, 2010; Tang and Dauphas, 2012;

E-mail address: eyoung@epss.ucla.edu.
http://dx.doi.org/10.1016/j.epsl.2014.02.014
0012-821X/© 2014 Elsevier B.V. All rights reserved.
Wang et al., 2007). Supernova debris injection (Vasileiadis et al.,
2013) does not offer an obvious explanation for the low 60Fe/26Al.
Specific scenarios involving multiple stages of enrichment, first by
supernova ejecta in previous generations of star formation fol-
lowed by subsequent enrichment by winds, can account for the
depressed 60Fe/26Al (Gounelle and Meynet, 2012). In most cases,
if not all, explanations for the relative abundances of the short-
lived radionuclides in the early solar system point to extraordinary
sequences of events involving supernovae or combinations of su-
pernovae and WR stars proximal to the site of solar system for-
mation in both space and time. Estimates for the probabilities of
these occurrences are often in the single digit percentiles or less
(e.g., Gaidos et al., 2009).

Recently, Jura et al. (2013) showed that the initial 26Al/27Al
ratio for the solar system of ∼5 × 10−5 is apparently similar to
star-forming regions today in the Galaxy. Their conclusion is based
mainly on two observations. Firstly, Jura et al. pointed out that
if 26Al is produced locally by winds from massive stars in star-
forming regions, the proper calculation for estimating the concen-
tration of 26Al in these regions is to divide the Galactic mass of
26Al (between 1.5 and 2.2 M� , Diehl et al., 2006, 2010) by the
mass of H2 in the Galaxy (8.4 × 108 M� , Draine, 2011) rather
than the mass of total H (4.95 × 109 M�) as is commonly done.
This is because the former traces molecular clouds, the sites most
likely to be enriched by winds. Converting the mass ratio to atomic
abundances, and combining with solar abundances of Al (atomic
Al/H = 3.5 × 10−6, Lodders, 2003), Jura et al. obtain a 26Al/27Al ra-
tio of 2 to 3 × 10−5 for regions susceptible to star formation today.
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This value is consistent with the solar value when one corrects for
the increase in total Al in the Galaxy over the last 4.6 Gyr (e.g.,
Huss et al., 2009 derive a factor for GCE 27Al growth of 1.62 over
this interval). Secondly, Jura et al. noted that white dwarf stars pol-
luted by impacting asteroids show elemental abundances implying
rock–metal differentiation; the impactors in these extra-solar plan-
etary systems were once molten. Since these rocks were essentially
chondritic in bulk composition and small in size (see Jura et al.,
2013 and references therein), making 26Al decay the only viable
heat source, the minimum 26Al/27Al required to produce melting
can be calculated and is �3 × 10−5 (Jura et al., 2013). It appears
that melting of small rocky bodies by the decay of 26Al is common
outside of the solar system. The conclusion is that star-forming re-
gions throughout the Galaxy have compliments of 26Al similar to
that present in the young solar system.

The proposed concentration of 26Al in star-forming regions of-
fers a natural explanation for the disparity in 60Fe/26Al between
the solar system and the average Galactic value. Where 26Al is
produced mainly by WR and pre-WR main-sequence winds, the
product 26Al can seed the parental molecular clouds. WR stars
are sufficiently massive (e.g., �25 M� , lifetimes of several Myr)
that they deposit their ejecta prior to escape from the vicinity of
giant molecular clouds where stars are actively forming. By con-
trast, 60Fe is produced mainly from SNe from a variety of stellar
masses with many of the progenitor stars living longer than the
lifetimes of parental giant molecular clouds (Murray et al., 2010).
Non-detection of γ -decay emission from 60Fe and the presence of
resolvable γ emission from 26Al in the Cygnus star-forming region
(SFR) where WR stars have been observed suggests the decoupling
of these nuclides in at least one SFR (Martin et al., 2009), although
the decoupling is uncertain due to the relatively high detection
limit for 60Fe γ -decay there.

In this paper the consequences of the apparent heterogeneous
distribution of 26Al in the interstellar medium (ISM) are explored
for other radionuclides. The production of 60Fe, 41Ca, and 36Cl in
particular, relative to 26Al, by stellar winds, and the latest measure-
ments of the daughter products of these nuclides in meteorites,
are used to update the plot of relative abundances of the radionu-
clides versus mean life by decay. The result indicates that the solar
abundances of 26Al, 36Cl, 41Ca, 53Mn, 60Fe, 107Pd, 129I, 182Hf, 244Pu,
246Sm, 235U and 238U are all consistent with values expected from
the average rate and efficiency of star formation in the Milky Way.
There appears to be no compelling reason to invoke special cir-
cumstances to explain the concentrations of these nuclides. They
evidently entered our solar system in concentrations consistent
with those expected for molecular clouds in general.

2. Solar abundances vs. mean lives

Apparent excesses of 26Al, 36Cl, 41Ca, and 60Fe in the so-
lar system have been identified by plotting the ratios of the
atomic abundances of the radionuclides to their stable counter-
parts, NR/NS, versus mean lifetimes, τR, and comparing the result-
ing trends with expectations for the ISM (Wasserburg et al., 1996;
Lodders and Cameron, 2004; Jacobsen, 2005; Huss et al., 2009). In
such plots, the isotope ratios must be normalized to the produc-
tion ratios for the nuclides, PR/PS, because the ratios of nuclides
depend on the production ratios as well as on the rates of decay.
For example, consider the differential equation for the abundance
of a radionuclide in the ISM as a function of time (Jacobsen, 2005):

dNR

dt
= ψ(t)PR − λRNR (1)

where ψ(t) is the time-dependent rate of nuclide injection into
the ISM from stars, PR is the total production for the radionuclide
(ψ(t)PR = atoms/yr), and λR is the decay constant. The analogous
Table 1
Data used to construct Fig. 1.

Species NR/NS P SNe
R /PS

a Mean life (Myr)b

26Al/27Al 5.2 × 10−5 (1) 1.7 × 10−2 (12) 1.05 (14)
36Cl/35Cl 5.0 × 10−6 (2) 2.5 × 10−2 (12) 0.43 (12)
41Ca/40Ca 4.2 × 10−9 (3) 2.3 × 10−3 (12) 0.15 (15)
53Mn/55Mn 9.1 × 10−6 (4) 0.83 (12) 5.34 (16)
60Fe/56Fe 1.15 × 10−8 (5) 1.23 × 10−4 (12) 3.78 (17)
107Pd/108Pd 5.9 × 10−5 (6) 0.84 (12) 9.38 (18)
129I/127I 1.0 × 10−4 (7) 1.4 (12) 23.0 (19), (13)
146Sm/144Sm 8.0 × 10−3 (8) 2.7 (12) 98.10 (20)
182Hf/180Hf 1.0 × 10−4 (9) 0.33 (12) 12.84 (21)
244Pu/232Th 3.0 × 10−3 (10) 1.14 (12) 115.0 (22), (12)
235U/232Th 0.133 (11) 1.11 (13) 1015. (23)
238U/232Th 0.415 (11) 0.84 (13) 6446. (23)

a Uncertainties in production ratios taken to be +2x/−1/2x where x is the value
for the production ratio. These values are IMF-integrated supernova-dominated pro-
duction ratios.

b Uncertainties in mean lives taken to be ±10%.
Data sources: (1) Jacobsen et al. (2008); (2) Lin et al. (2005); (3) Liu et al. (2012);
(4) Nyquist et al. (2009); (5) Tang and Dauphas (2012); (6) Schönbächler et al.
(2008); (7) Brazzle et al. (1999); (8) Stewart et al. (1994); (9) Kleine et al. (2005);
(10) Hudson et al. (1989); (11) Wasserburg et al. (1996); (12) Huss et al. (2009);
(13) Jacobsen (2005); (14) Norris et al. (1983); (15) Paul et al. (1991); (16) Honda
and Imamura (1971); (17) Rugel et al. (2009); (18) Flynn and Glendenin (1969);
(19) Russell (1957); (20) Kinoshita et al. (2012); (21) Vockenhuber et al. (2004);
(22) Bemis et al. (1969); (23) Steiger and Jäger (1977).

expression for dNS is dNS = ψ(t)PS. Jacobsen (2005) showed that
the solution for the ratio NR/NS for extinct nuclides can be written
as

log

(
NR

NS

)
− log

(
PR

PS

)
� logτR − log T ∗ (2)

where T ∗ is the age of the Galaxy weighted by an evolving pro-
duction rate such that T ∗ = T 〈ψ〉/ψ(T ), 〈ψ〉 is the average rate
of total production and ψ(T ) is the rate at Galactic age T . Eq. (2)
shows that on a plot of log[(NR/NS)/(PR/PS)] vs. log(τR) one ex-
pects the short-lived nuclides to align on a line with slope of unity
and an intercept controlled by the age of the Galaxy and the his-
tory of star formation.

Eq. (2) is plotted in Fig. 1 for the age of the Galaxy at the time
the solar system formed assuming that the rate of nuclide pro-
duction has been constant (T ∗ = T = 12 Gyr − 4.6 Gyr = 7.4 Gyr).
The plotting positions for the various short-lived and longer-lived
radionuclides for which we have data from meteoritical materi-
als are shown for comparison in Fig. 1. Isotope ratios, production
ratios, and mean life values used in Fig. 1 are listed in Table 1.
Here, as is customary, we use 232Th (τR = 2 × 1010 yr) as the
pseudo-stable partner for the actinides. Production ratios are taken
from Huss et al. (2009). These production ratios are derived from
supernova-dominated yields integrated over a Salpeter stellar ini-
tial mass function (IMF) that specifies the numbers of stars N∗ of
mass M∗ (i.e., dN∗/dM∗ = βM−2.35∗ and β is a scaling parameter).
They are obtained from Eq. (14) in Huss et al. combined with a
primary yield of 0.016 (Huss et al., 2009, p. 4928), their k value
of unity, and a Galactic age of 7.4 Gyr (time at birth of the so-
lar system). They are generally within a factor of 2 to 3 of earlier
supernova-based production ratios (Jacobsen, 2005 and references
therein), suggesting uncertainties in (NR/NS)/(PR/PS) of at least a
factor of 2. Short-lived Be isotopes are not included in this analysis
for the present as they are generally regarded as being irradiation
products. 36Cl may also have an irradiation component and it is
noteworthy that the initial solar 36Cl/35Cl is uncertain to a factor
of 2× or more (Lin et al., 2005).

With the exception of the longest-lived nuclides, represented
here by 238U and 235U, solar-system radionuclides do not align
with relative abundances predicted by Eq. (2). Eq. (2) is inade-
quate because it fails to incorporate the residence times of material
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Fig. 1. Plot of radioisotope/stable isotope ratios normalized to supernova-dominated production ratios vs. mean lives. Open solar symbols are radionuclides where winds from
massive stars do not appear to be important. Black/white symbols refer to radionuclides that exhibit apparent excesses relative to predictions for a two-phase ISM. The curve
labeled single-phase ISM represents expectations where there is no opportunity for decay without production (Eq. (2)). The two lower curves represent residence times in
molecular clouds (τMC) where they are isolated from supernova production (Eq. (7)). Only the radionuclides are labeled. The isotope ratios implied by the labels are shown
in Table 1. Errors bars in the abscissa (mean life) are smaller than the symbols (see Table 1).
in the dense phases of the ISM where supernova production does
not occur. The rock-forming elements are mainly in dust, and dust
in clouds is protected from destruction by supernova shock waves
and sputtering that occurs in the diffuse interstellar medium. A fi-
nite residence time in clouds suppresses NR/NS relative to Eq. (2).

Several authors have calculated the multi-phase ISM equivalents
of Eq. (2) (Jacobsen, 2005; Huss et al., 2009). We will make use of
the model by Jacobsen (2005) for a two-phase ISM because the
results are given as analytical solutions that can be easily manipu-
lated for illustration. The results from numerical models (e.g., Huss
et al., 2009) are broadly comparable, however.

Following Jacobsen (2005) one can write four differential equa-
tions describing a box model for the ISM composed of dense
molecular clouds (MC) and surrounding diffuse inter-cloud space
(IC). The circumstance is depicted in Fig. 2. The equations are

dNR,IC

dt
= NR,MC

τMC
− NR,IC

τIC
+ ψ PR − λRNR,IC, (3)

dNS,IC

dt
= NS,MC

τMC
− NS,IC

τIC
+ ψ PS, (4)

dNR,MC

dt
= NR,IC

τIC
− NR,MC

τMC
− λRNR,MC, (5)

dNS,MC

dt
= NS,IC

τIC
− NR,MC

τMC
(6)

where τ j is the residence time of material in reservoir j and
Ni, j/τ j is the flux of nuclide i from reservoir j. Eqs. (3) and (4)
describe the time-dependence of the atomic abundances of ra-
dionuclide R and stable partner S in the diffuse ISM and Eqs. (5)
and (6) are the same for the molecular cloud phase. It is impor-
tant to recognize that the residence time in the cloud, τMC, is
a manifestation of the rate of transfer from molecular clouds to
inter-cloud space. A large value for τMC signifies a slow bleeding
of material from molecular clouds. At steady state, Jacobsen (2005)
showed that Eqs. (3) through (6) can be combined to give

log

(
NR,MC

NS,MC

)
− log

(
PR

PS

)

= 2 logτR − log
[
(1 − xMC)τMC + τR

] − log T ∗ (7)

where xMC is the mass fraction of the ISM that exists as molecular
clouds (∼0.17 today, Draine, 2011). For nuclides with mean life-
times significantly less than molecular cloud residence times, the
relationship between the left-hand side of Eq. (7) and log(τR) is a
line with a slope of 2, meaning that NR/NS normalized to PR/PS
varies as τ 2

R . For a given molecular cloud residence time and age
of the Galaxy, Eq. (7) predicts the abundances of the radionuclides
relative to their stable partners and the associated production ra-
tios.

Curves from Eq. (7) representing the time of solar system for-
mation and various values of τMC are compared with the meteorite
data in Fig. 1. A similar plot appears in Jacobsen (2005), in Huss
et al. (2009) and in Lodders and Cameron (2004). The significant
differences between Fig. 1 and those earlier plots arise because of
revisions to the initial solar 60Fe/56Fe (Tang and Dauphas, 2012)
and the decay mean lives of 60Fe (Rugel et al., 2009) and 146Sm
(Kinoshita et al., 2012).

A striking feature of Fig. 1 is that the radionuclides, both ex-
tant and extinct, can be divided into two groups, those with
(NS/NR)/(PR/PS) accounted for by τMC on the order of 108 yr
(238U, 235U, 146Sm, 244Pu, 182Hf, 129I, 107Pd, 53Mn), and those with
abundances well above the predicted values for τMC ∼ 108 yr (26Al,
36Cl, 41Ca, and perhaps 60Fe). Lodders and Cameron (2004) re-
ferred to the trend defined by the former group as the “mean
life squared” relationship in their analysis of extinct radionuclides
in the solar system, and Jacobsen (2005) shows that it is well
explained by Eq. (7). The existence of the group of short-lived ra-
dionuclides defined by apparent anomalous enrichments in 26Al,
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Fig. 2. Schematic illustration of the factors included in Eqs. (3)–(6) and Eqs. (9) and (10). Production of short-lived radionuclides R from WR stellar winds (P W
R ) and supernovae

(P SNe
R ) are indicated. The relationships between star-forming regions (SFR) composed of new stars and molecular clouds (MC), inter-cloud space (IC), and fluxes J between

them are shown in terms of the masses of the reservoirs MMC and MIC and the residence times in those reservoirs τMC and τIC . Low fluxes correspond to large residence
times.
36Cl, 41Ca and ∼60Fe in Fig. 1 is often taken as evidence for special
circumstances surrounding solar system formation (e.g., proximal
supernovae). 10Be would be in the latter group but is excluded for
the time being for the reasons cited above.

3. The effects of winds

The production ratios for the data plotted in Fig. 1 are based
on integrations of supernova yields over the masses of stars com-
prising the initial mass function (IMF). Stellar winds are included
in some SNe yield calculations. Woosley and Heger (2007) show
that winds and the subsequent explosion of a 60 M� progenitor
star produce roughly equal masses of 26Al, and that rapid rota-
tion (300 km s−1) doubles the yield of 26Al. Here we consider the
effects of additions of nuclides by winds from rapidly rotating mas-
sive stars with M∗ > 25 M� beginning on the main sequence (MS)
and continuing into the Wolf–Rayet phase of evolution (Arnould
et al., 1997, 2006). Because massive O stars may not always pro-
duce vigorous SNe but instead experience fallback directly to form
black holes, we consider winds independent from supernova yields
(Fryer et al., 2007) (we return to this aspect in Section 4.3). WR
stars eject mass at rates of ∼10−5 M� yr−1 for timescales of order
105 yr (Arnould et al., 1997). The more massive stars (>25 M�) go
through more protracted episodes of mass loss lasting several Myr,
extending the potential period of enrichment of O star environs.

The nuclides with the shortest mean lives that appear to be in
excess in Fig. 1 share the characteristic of being produced nearer
to the surface of the star by H and He burning, resulting in ex-
pulsion in WR winds. For example, 26Al is produced by H burning
and 36Cl and 41Ca mostly by core and shell He burning (Meyer,
2005). 53Mn, on the other hand, fits well with the longer-lived nu-
clides in Fig. 1 and is produced during Si burning (Clayton, 2003).
Rapid rotation of massive stars leads to ejection of H-burning prod-
ucts while still on the MS prior to the WN (nitrogen-rich hydrogen
burning), WC (carbon-rich helium burning), and WO (oxygen-rich
carbon burning) phases of WR evolution. Among these products is
26Al. Consequently, 26Al can be produced over several Myr of O
star evolution (Gounelle and Meynet, 2012) leading up to the WR
phase. 26Al ejection continues into the WN phase but ceases in the
WC–WO phase as a result of destruction by He burning (Arnould
et al., 2006). Other short-lived radionuclides of interest, including
36Cl, 41Ca, 60Fe, and 107Pd, are ejected in the WC phase. A useful
measure of the relative masses of short-lived radionuclides pro-
duced by WR winds is obtained by using the 60 M� progenitor
calculations for solar metallicity presented by Arnould et al. (2006)
and Gounelle and Meynet (2012) as an example. In those calcu-
lations the cumulative masses of nuclides ejected by winds are:
26Al ∼ 7 × 10−5 M� , 36Cl ∼ 7 × 10−7 M� , 41Ca ∼ 8 × 10−7 M� ,
60Fe ∼ 3 × 10−9 M� , and 107Pd ∼ 9 × 10−10 M� (note that ra-
dioactive decay is included in these calculations). Winds will make
significant contributions to the inventories of 26Al, 36Cl, and 41Ca
in star-forming regions with lesser contributions to the budgets of
60Fe and 107Pd.

From Fig. 1 and the preceding discussion it is evident that those
nuclides that deviate from the trend reflecting a slow leak from
molecular clouds characterized by τMC ∼ 108 yr are the same nu-
clides produced in significant abundance by winds from WR stars,
with the important exception of 107Pd. A reasonable conclusion
is that these nuclides deviate from the trend because supernova
production alone is an underestimate of their total production in
star-forming regions, yielding (NR/NS)/(PR/PS) values that are too
high. In order to test this hypothesis, one can calculate the miss-
ing 26Al production due to winds required to bring 26Al/27Al into
line with the majority of radionuclides, and then scale the wind
contributions of 36Cl, 41Ca, 60Fe, and 107Pd to that of 26Al using
the calculations by Arnould and others. If (NR/NS)/(PR/PS) for all
nuclides align with the 108 yr trend, then wind production is a
self-consistent explanation for the dispersion in the data in Fig. 2.

For this analysis, we rewrite the production ratio PR/PS for
each short-lived nuclide as
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Fig. 3. Same as Fig. 1 but with production from WR and pre-WR winds added to the denominator of the ordinate values for the data. 26Al, 36Cl, 41Ca, 60Fe, and 107Pd are
shifted as a result of the added wind production. The shift for 26Al is assumed by ansatz while the others are calculated based on the ratios of yields from Arnould et al.
(2006). Incorporation of wind production removes the apparent excesses exhibited by 26Al, 36Cl, 41Ca, and 60Fe without resulting in a deficit for 107Pd. Nuclides shown with
the open solar symbols are not produced in the winds. Curves bracketing a 200 ± 100 Myr residence time (τMC) are shown for reference and provide a reasonable fit to the
adjusted data. Dashed line shows the dispersion expected from incomplete mixing in clouds (see text).
PR

PS
= ΛSNe P SNe

R

ΛSNe PS
+ ΛW P W

R

ΛSNe PS
(8)

where P SNe
R is the radioisotope production term obtained from su-

pernova yields (Table 1) and P W
R is production term due to pre-WR

and WR winds. The terms ΛSNe and ΛW characterize the efficiency
of production and capture of supernova and wind ejecta, respec-
tively. For example, if winds dominate over supernovae in a given
astrophysical setting, ΛW/ΛSNe will be �1. If there is a finite pro-
duction due to supernovae but the products are not accessible in a
star-forming region, for whatever reason, ΛSNe = 0.

With the explicit separation of production by supernovae and
winds, Eqs. (3) and (4) are rewritten:

dNR,IC

dt
= NR,MC

τMC
− NR,IC

τIC
+ ψ

(
ΛSNe P SNe

R + ΛW P W
R

) − λRNR,IC,

(9)
dNS,IC

dt
= NS,MC

τMC
− NS,IC

τIC
+ ψΛSNe P SNe

S . (10)

It is straightforward to verify that substitution of ΛSNe P SNe
R +

ΛW P W
R for PR and ΛSNe P SNe

S for PS does not alter the derivation
given by Jacobsen (2005) since the values for production are al-
tered but not their role in the mass balance equations. Therefore,
Eq. (7) becomes

log

(
NR,MC

NS,MC

)
− log

(
P SNe

R + (ΛW/ΛSNe)P W
R

PS

)

= 2 logτR − log
[
(1 − xMC)τMC + τR

] − log T ∗. (11)

The production ratio (P SNe
R + (ΛW/ΛSNe)P W

R )/PS in Eq. (11) is
unknown where winds may be significant (i.e. where P W

R 	= 0) as it
reflects a number of factors (Section 4.3). In the absence of a priori
information, we treat this production ratio as a fit parameter and
invoke the ansatz that ΛW/ΛSNe is sufficiently large that 26Al/27Al
normalized by the production ratio lies on or near the array de-
fined by 53Mn, 182Hf, 129I, 246Sm, 244Pu, 235U and 238U in Fig. 1.
Adopting the ansatz assumes also that production is sufficiently
long-lived that 26Al is continuously replenished and τMC therefore
has meaning for short-lived nuclides as well as for the longer-
lived nuclides. The validity of this assumption is evaluated in
Section 4.4. A value of 26 for (P SNe

26Al
+ (ΛW/ΛSNe)P W

26Al
)/P27Al pro-

duces a value for (N26Al/N27Al)/((P SNe
26Al

+ (ΛW/ΛSNe)P W
26Al

)/P27Al)

of 2 × 10−6, in line with the aforementioned trend, as shown
in Fig. 3. Because with all else equal P W

26Al
∼ P SNe

26Al
(Woosley and

Heger, 2007), the adopted production ratio implies ΛW/ΛSNe ∼
(26.0 − 0.017)/0.017 = 1530 (Tables 1, 2).

Wind production ratios for the other short-lived radionuclides
are calculated from the expression

(ΛW/ΛSNe)P W
R

PS
= (ΛW/ΛSNe)P W

26Al

P27Al

P27Al

PS

P W
R

P W
26Al

(12)

where values for P W
R /P W

26Al
are those for a 60 M� progenitor O

star of solar metallicity (Arnould et al., 2006). Selection of produc-
tion ratios for a single representative stellar mass is necessitated
by the lack of IMF-integrated wind yields but is likely to be ade-
quate given the uncertainties of 2× or more in production ratios
in general and the limited range in production among larger O
stars (e.g., Fig. 3 of Gounelle and Meynet, 2012). Stable isotope
production ratios, P27Al/PS, in Eq. (12) are derived from the IMF-
integrated, solar-normalized values of Woosley and Heger (2007)
and the solar abundances (Lodders, 2003). Production ratios from
Eq. (12) are listed in Table 2.

For those short-lived nuclides produced by WR winds, includ-
ing 36Cl, 41Ca, 60Fe, and 107Pd, new values for (NR/NS)/((P SNe

R +
(ΛW/ΛSNe)P W

R )/PS), adjusted for the local wind contributions, are
shown in Fig. 3 plotted against τR (note that for radionuclides not
produced by winds, ΛP W = 0). Incorporation of pre-WR MS and
R
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Table 2
Wind mass production terms and atomic production ratios used to construct Fig. 3.

Ratio A P W
R

a P27Al/PS (ΛW/ΛSNe)P W
R /PS

b (P SNe
R + (ΛW/ΛSNe)P W

R )/PS
c

26Al/27Al 7 × 10−5 M� (1) 1.0 25.98 26.00
36Cl/35Cl 7 × 10−7 M� (2) 28.26 (3) 5.303 5.328
41Ca/40Ca 8 × 10−7 M� (2) 2.21 (3) 0.4158 0.4181
60Fe/56Fe 3 × 10−9 M� (2) 0.194 (3) 9.361 × 10−5 2.170 × 10−4

107Pd/108Pd 9 × 10−10 M� (2) 0.800 (3) 6.494 × 10−5 0.8429

a A = atomic mass ratio and converts P W
R in atomic fraction to solar mass, other columns are in atomic units.

b Calculated from Eq. (12) with ΛW/ΛSNe P W
26Al

/PS = 25.98.
c Total production ratios (Eq. (12)) using the SNe production ratios in Table 1 and column 4 of this table.

Sources: (1) Gounelle and Meynet (2012); (2) Arnould et al. (2006); (3) Woosley and Heger (2007).
WR winds results in all radionuclides aligning on a single trend
consistent with τMC = 200 ± 100 Myr within errors (Fig. 3). Most
importantly, 36Cl, 41Ca, and 26Al, lying well above the τMC = 200
curve in Fig. 1, shift downward in Fig. 3 by orders of magnitude
while 60Fe, lying just above the curve in Fig. 1, shifts just enough
to settle onto the curve in Fig. 3. Lastly, 107Pd, already on the
curve in Fig. 1, does not move when winds are included, thus
preserving the alignment of all of the nuclides within error of a
single τMC curve. The displacements in the radionuclide plotting
positions in Fig. 3 relative to Fig. 1 are the result of additions in
production spanning five orders of magnitude and serve to verify
the ansatz that a single residence time (τMC) applies to the solar
system parental cloud. They suggest that winds played the dom-
inant role in producing 36Cl, 41Ca, 26Al and made a subordinate
contribution to 60Fe and a negligible contribution to 107Pd. Lin-
ear regression of the short-lived nuclides in Fig. 3 for τR ranging
from 41Ca to 244Pu gives a slope of 1.80 ± 0.07 (1σ ) (least squares
with errors in abscissa and ordinate) and an intercept of −5.90 at
log(τR) = 0. The best fit is within the ±100 Myr envelope in Fig. 3.

4. Discussion

4.1. Consistency among radionuclide abundances

Alignment of all radionuclides on a single curve for τMC of
200 ± 100 Myr in Fig. 3 suggests that the solar abundances of
short and long-lived nuclides are the result of processes described
by Eq. (11). The alignment is unlikely to be coincidental in that
it involves products of stable isotope yields dominated by SNe
(i.e., P SNe

27Al
/P SNe

S ) and radioisotope yields dominated by winds of
highly variable magnitude. If not coincidence, it follows that these
nuclides were inherited from a typical molecular cloud 4.6 Gyr be-
fore present. While evidence for extinct short-lived radionuclides
in the solar system has historically been taken as evidence for
their anomalous concentrations, Fig. 3 suggests instead that there
are no resolvable excesses relative to expectations for a molecular
cloud. For example, rather than being in excess, the solar rela-
tive abundance of 41Ca is more than 3 orders of magnitude lower
than expected for a single-phase ISM (Fig. 3). The relatively low
concentrations of all of the short-lived radionuclides relative to ex-
pectations for a single-phase ISM are best explained as the result
of slow exchange of mass between clouds and inter-cloud space
characterized by a large value of τMC relative to decay mean lives.
For the longer-lived radionuclides, this value for τMC affords free,
unsupported decay. In the case of the shorter-lived radionuclides
(SLRs), the value for τMC suppresses the abundances of SLRs by
ensuring that significant radioactive decay occurs within MCs even
as the masses of the nuclides are replenished (Section 4.3).

The alignment of radionuclides on a single array in Fig. 3 sug-
gests specific values for τMC and ΛW/ΛSNe. Both require indepen-
dent assessments of plausibility.
4.2. Value for τMC

The characteristic timescale τMC reflects the time to exit molec-
ular clouds either by dissolution of the cloud entirely or conver-
sion of a small fraction to stars and planets. The value for τMC
in Fig. 3 is an order of magnitude longer than the lifetimes of
individual molecular cloud structures (e.g., Lada and Lada, 2003;
Murray et al., 2010). However, Elmegreen (2007) draws impor-
tant distinctions between the lifetimes of cloud cores that produce
star clusters, ∼3 to 10 Myr, giant molecular clouds (GMCs), ∼10
to 20 Myr, and super-cloud and cloud complexes, with lifetimes
of >50 Myr. These varying timescales are the result of the fact
that more than 90% of cloud mass resides outside the densest re-
gions where star formation is rife in surrounding envelopes. In the
life cycle of giant molecular clouds, massive stars disrupt individ-
ual cloud masses in star-forming regions (Leisawitz et al., 1989;
Elmegreen, 2007), often before supernova formation (Murray et
al., 2010; Pagani et al., 2012). However, this disruption is local,
and the clouds are not so much completely destroyed as they are
“shredded” (Elmegreen, 2007). The inefficiency of star formation
and the persistence of cloud fragments means that molecules and
dust can persist in the molecular cloud phase for orders of magni-
tude greater timescales than the lifetime of a single cloud structure
(Elmegreen, 2007). The longevity of molecular cloud material is ev-
idenced in spiral galaxy M51 where vestiges of GMCs are seen to
traverse inter-arm space, requiring lifetimes of 108 yr (Koda et al.,
2009). In a statistical sense, the principal means for exiting molec-
ular clouds is therefore related to the rate at which stars form from
clouds.

The rate of conversion of dense ISM to stars can be calculated
from the molecular cloud mass, MMC, of 8.4×108 M� and star for-
mation rates, ψ , of 0.9 to 3 yr−1 in the present-day Galaxy (Draine,
2011). The mean timescale for converting clouds to stars is then
MMC/ψ = 280 to 840 Myr with a median of 420 Myr. The median
is within a factor of 2 of the τMC in Fig. 3, suggesting that the
solar radionuclide abundances are a reflection of the rate of star
formation from molecular clouds ca. 4.6 Gyr before present. It is
noteworthy that the characteristic timescale for dust destruction
in the ISM is also estimated to be ∼400 Myr to 600 Myr (Tielens,
2005).

4.3. Value for ΛW/ΛSNe

Values for ΛW/ΛSNe � 1 are implicit in the conclusion that 26Al
appears to be mainly concentrated in clouds (Jura et al., 2013). In
addition, the consistency of 26Al concentrations (i.e., 26Al/27Al) in
star-forming regions and resemblances to early solar values implies
recurring local production near clouds (Jura et al., 2013). This re-
curring production is simulated in Section 4.4. Fig. 3 suggests that
not only is 26Al produced with ΛW/ΛSNe � 1, but that 36Cl and
41Ca are as well. In contrast, 53Mn, 60Fe, 107Pd, 182Hf, 129I, 244Pu,
146Sm, and the longer-lived radionuclides, are evidently produced
mainly by supernovae. Localized production of the shortest-lived
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Fig. 4. Results of simulations of 26Al production by multiple star-forming events. Each plot shows the mass of 26Al ejected, modified by continuous radioactive decay. Left: all
WR stars evolve through the supernova stage. Right: only stars with progenitor masses <28 solar masses evolve to form supernovae.
radionuclides (those with τR � 1 Myr) should result in a differ-
ence between average Galactic ratios of shorter and longer-lived
nuclides and the ratios observed in materials produced in active
star-forming regions (e.g., the solar system).

Therefore, one measure of the focusing of production in star-
forming regions (SFRs) by winds might be the atomic steady-
state N60Fe/N26Al of 0.55 ± 0.22 for the Galaxy as a whole im-
plied by γ emission (Wang et al., 2007; Tang and Dauphas,
2012), compared with the N60Fe/N26Al in SFRs represented by
the solar value of 0.002. If SFRs sample 60Fe/H of the dif-
fuse ISM with fidelity, an assumption that is far from assured,
then (60Fe/26Al)Galaxy/(

60Fe/26Al)� = 300 ± 110, implying that
ΛW/ΛSNe ∼ 300. The uncertainties in this analysis are difficult to
quantify but include uncertainties in production ratios that are
typically known only to factors of 2 to 3 and the uncertainty
surrounding the assumption that 60Fe is uniformly distributed
throughout all phases of the ISM. Using ΛW/ΛSNe = 300 leaves
41Ca still within error of the 200 Myr τMC trend in Fig. 3 and
moves 36Cl, 26Al, and 60Fe more than a factor of 2 above the trend.

A number of factors may contribute to ΛW/ΛSNe � 1. The
life expectancies of massive B and O stars, τ∗ , can be calculated
as τ∗ = 10−6 (1.13 × 1010 M−3∗ + 0.6 × 108 M−0.75∗ + 1.2 × 106)
with stellar mass M∗ in solar mass units (Schaller et al., 1992;
Prantzos, 2007). These values for τ∗ with a typical IMF (e.g. the
Salpeter IMF) show that 75% of supernovae progenitor stars will
outlive their parental clouds if the latter persist for �10 Myr
(75% of supernova progenitor stars are B stars with 8 M� <

M∗ < 18 M�). With a typical velocity dispersion of 10 km s−1

(Elmegreen, 2007), the larger B stars will travel ∼100 pc (of the
order of the Galactic disk scale height) from their birth environ-
ment and their parental cloud will have largely dissipated by that
time. All else equal, a 30 M� O star (∼ minimum for a WR pro-
genitor) that evolves to a WR star will move on average ∼60 pc
during its lifetime of 6 Myr (an ∼ maximum for WR stars) and
the parental cloud is likely to be intact. The small fraction of su-
pernovae exploding during the lifetimes of parental clouds (∼0.25)
and the reduction in flux caused by increasing distances leads to
a reduction in the efficiency of SNe ejecta capture. However, any
geometric and/or temporal biases towards enrichments by winds
relative to supernovae will be diluted by subsequent explosion of
wind-producing stars as collapse SNe. A more fundamental means
for accruing a high fraction of wind products relative to SNe ejecta
in star-forming regions is evidently required.

Wolf–Rayet stars that collapse more or less passively to black
holes offer a natural explanation for high ΛW/ΛSNe. There is evi-
dence that many stars with M∗ > ∼25 to 35 M� and with metal-
licities of solar or less do not produce bright and energetic SNe
but rather collapse by fallback to form black holes directly with
either no associated supernova (prompt black hole formation) or
perhaps just a dim, failed supernova (delayed black hole formation)
(Smartt, 2009). Where sufficiently massive, these stars may be im-
portant sources of gamma-ray bursts (“collapsars”) (Woosley, 1993;
Fryer, 1999; Woosley et al., 1999; Fryer et al., 2007; Langer, 2012).
Direct formation of black holes is likely to be more common
for single massive WR stars. The Type Ib/c supernovae tradition-
ally attributed to WR progenitors (due to the paucity of hydro-
gen) are probably more often produced by lower-mass helium
stars robbed of hydrogen by a binary companion and with initial
masses ranging below the WR minimum threshold (Smartt, 2009;
Langer, 2012; Eldridge et al., 2013). The overall conclusion is that
many (up to 95%, Smartt, 2009) WR stars may emit substantial
winds without subsequent ejection of SNe debris. An example is
thought to be Cygnus X-1. Cyg X-1 is a black hole formed from
a WR progenitor with an initial mass >40 M� (Mirabel and Ro-
drigues, 2003). The formation of this black hole evidently occurred
with an undersized explosion or with no explosion at all (Mirabel
and Rodrigues, 2003). Counter examples also exist (Groh et al.,
2013) and the frequency of supernovae produced by WR stars re-
mains uncertain and a subject of active investigation.

4.4. Model for ΛSNe P SNe
26Al

+ ΛW P W
26Al

As an illustration of the potential for protracted production
of short-lived nuclides, the production of 26Al adjacent molecu-
lar clouds in star-forming regions was simulated numerically (Ap-
pendix A). 26Al from winds and/or supernovae produced within
the 10 Myr lifespan of their parental clouds were summed over
multiple generations of stellar clusters. Decay of 26Al was tracked
simultaneously (Appendix A). These episodes of star formation
were placed in series to represent hundreds of millions of years
of evolution comprising the long-term production of 26Al (i.e.,
ΛSNe P SNe

26Al
+ ΛW P W

26Al
) resulting from successive episodes of star

formation. Yields for 26Al were obtained by interpolation of pub-
lished models as a function of progenitor mass (Appendix A) for
both WR winds and collapse supernovae. Two scenarios were con-
sidered. In one, all WR stars explode as collapse SNe. In the other,
WR stars (minimum mass of ∼25 M�) with progenitor masses ex-
ceeding 28 M� do not explode (as if they collapse passively to
black holes instead). These two scenarios represent end-members
for comparison. Results are shown in Figs. 4 and 5.

In Fig. 4 the time evolution of the mass of 26Al available for
molecular clouds experiencing multiple episodes of star formation
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Fig. 5. Ratio of 26Al production by WR stars to that by SNe in the simulations shown in Fig. 4. Blue signifies dominance by SNe (ΛW/ΛSNe < 1) and red signifies dominance
by WR winds (ΛW/ΛSNe > 1). Where supernova formation is limited to stars <28 solar masses (right), winds can dominate more often than not. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
are shown for the case where WR stars end as supernovae and
the case where WR stars >28 M� do not form supernovae. In
both cases the abundances of 26Al are irregular but reach a quasi-
steady state near the typical yield for WR winds and SNe (∼10−4

to 10−5 solar masses of 26Al). This justifies the use of long-term,
persistent production in Eq. (11) for radionuclides with mean lives
orders of magnitude shorter than the life span of cloud material
(in this case 1 Myr vs. 400 Myr, respectively); these nuclides are
constantly replenished by the star formation process. This phe-
nomenon is analogous to the persistence of short-lived radionu-
clides in secular equilibrium in decay chains of long-lived isotopes
(e.g., persistence of 266Ra, τ266Ra = 2307 yr, in the 238U decay se-
ries with τ238U = 6.4 × 109 yr).

While the two plots in Fig. 4 resemble one another, the ratio of
26Al produced by WR stars vs. SNe is markedly different in the two
cases, as shown in Fig. 5. Since masses of 26Al produced by winds
and by supernovae are similar for a given progenitor mass, the or-
dinates in Fig. 5 are effectively ΛW/ΛSNe. In the case where all
stars die as supernovae, supernova yields tend to dominate the in-
ventory of short-lived nuclides (e.g., 26Al) (Fig. 5, left panel). How-
ever, where massive O stars that evolve inevitably to WR stars end
without supernova explosions, more often than not winds domi-
nate the yields (Fig. 5, right panel). In these cases ΛW/ΛSNe can
be as high as 103 for significant periods of time with maximum
values of ∼107 to 108. Figs. 4 and 5 suggest that there are plausi-
bly common circumstances where winds dominate over supernova
ejecta in star-forming regions. The effect of the fate of O stars on
ΛW/ΛSNe is depicted schematically in Fig. 6.

4.5. Mixing and mean life

The production models in Figs. 4 and 5 are for 26Al. The mean
lives of 41Ca and 36Cl are even shorter than that for 26Al. We would
expect, therefore, that these nuclides would deviate more strongly
from the best-fit curve in Fig. 3 due to the finite timescales of
mixing in clouds relative to the rate of radioactive decay and free
decay between recurrent injections. In lieu of a detailed numer-
ical simulation of star-forming regions that includes WR winds,
shredding and reassembly of molecular clouds, and cloud mixing
(beyond the scope of this work), we can crudely account for the
effects of incomplete mixing in Fig. 3 by invoking the phenomeno-
logical equation for concentration dispersion (σ ) as a function
of characteristic mixing time τmixing and decay mean life (Junge,
1974; Jobson et al., 1999):

σlog x = 0.43

(
τmixing

τR

)1/2

(13)

where in this case x is the ordinate in Fig. 3 and 0.43 is
log(x)/ ln(x). Mixing between and within clouds takes place over
parsec scales (3 × 1016 m) at ∼ sound speed Cs = √

kT /μ. For
cloud temperatures T of 10 K and reduced mass μ = 2.7 × 1.67 ×
10−21 kg, Cs = 175 m s−1. We can calculate a mixing timescale
from 3 × 1016 m/175 m s−1 = 1.7 × 1014 s or 5 Myr. This fig-
ure compares favorably with cloud turbulent velocities yielding
τmixing ∼ 2 Myr (Xie et al., 1995). Curves based on this mixing
timescale and Eq. (13) are shown in Fig. 3 bracketing the best-fit
molecular cloud residence time, depicting the expected dispersion
in relative short-lived radionuclide abundances as a function of τR.

The 41Ca and 36Cl data adhere more tightly to the best fit for
the specified value of ΛW/ΛSNe than the delays due to mixing
might imply. If the ansatz invoked above is correct, this implies
that production from winds is more continuous than presently
accounted for and/or inter-cloud and intra-cloud mixing is more
vigorous than that described here.

4.6. Testing predictions with astronomical observations

High ΛW/ΛSNe leads to the prediction that the positions of
WR stars should be well correlated with the positions of molec-
ular clouds in star-forming regions while the locations of super-
novae should be less well correlated. This prediction arises for
two reasons. Firstly, if massive O stars generally go through the
WR phase but do not inevitably explode vigorously as supernovae,
there should be a near perfect correlation between occurrences of
WR stars and molecular clouds and less of a correlation between
SNe and clouds. Secondly, SNe that form from less massive B stars
can explode further removed from star-forming regions than their
O-star siblings.

In principle, this prediction is testable by comparing the spa-
tial distributions of WR stars, SNe remnants, and molecular clouds.
In practice, this comparison is difficult within the Galaxy because
while galactic longitude and latitude are well constrained, confu-
sion in the third dimension arises from uncertainties in distances
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Fig. 6. Schematic illustration of the possible evolution of WR stars to either supernovae (SN) or black holes (BH) without vigorous supernova explosion and the effect on
ΛW/ΛSNe.
that are significant when viewing the Galactic disk edge on. A bet-
ter test should come from viewing galaxies face on.

The nearly face-on Local Group spiral galaxy M33 (the Triangu-
lum Galaxy) provides an opportunity to compare distributions of
WR stars (n = 206, Neugent and Massey, 2011), SNe remnants (n =
137, Long et al., 2010), and molecular clouds (n = 149, Rosolowsky
et al., 2007) because the uncertainties in distances are no more
than the ∼ scale height of the galactic disk. A two-dimensional
Kolmogorov–Smirnov (K–S) test was used to assess the probabil-
ity that the positions of WR stars, molecular clouds, and supernova
remnants in M33 represent the same 2-D distribution. The test fol-
lows procedures outlined by Press et al. (2007, Chapter 14). For
these tests the D statistics (a measure of the maximum disparity
in fractions of data present around each datum from each of two
data sets being compared) for pairs of data sets were compared
with Monte Carlo simulations of the data. The latter establish the
distribution of D for the null hypothesis where the distributions
are the same. A Gaussian (as opposed to a uniform) distribution
was used to produce the fictive random data to account for the
tendency for all objects to be concentrated towards the center of
the galaxy. One thousand synthetic simulations of the data sets
were obtained by random draws, each with the same number of
data points and same mean and standard deviations in Galactic
longitude and latitude as the actual data. Probabilities for correla-
tion between two groups were obtained by counting the fraction
of synthetic D statistics for random data that exceed the D statis-
tic for the actual data.

Results of the K–S tests show that there is a 72% probabil-
ity that the WR stars in M33 have the same 2-D distribution as
that defined by molecular clouds in M33. The probability that
SNe remnants have the same distribution as clouds drops to 56%.
The probability that WR stars and SNe remnants share the same
2-D distribution is 27%. While not dispositive, these first results
are consistent with WR stars evolving in the vicinity of molecu-
lar clouds in star-forming regions and SNe exploding further away
from clouds.

5. Conclusions

Inclusion of winds from massive O stars can lead to alignment
of short and long-lived radio nuclides along a well-defined trend
in log[(NR/NS)/(PR/PS)] vs. log(τR) space when supernova pro-
duction ratios are augmented by production ratios that include WR
winds. The trend indicates that the solar abundances of radionu-
clides could have simply been inherited from the solar parental
molecular cloud. This cloud had abundances of radionuclides con-
sistent with the average residence time of 108 yr indicated by
the present-day rate of converting molecular clouds into stars in
the Milky Way. The apparent excesses in 26Al, 36Cl, 41Ca, and to
a lesser extent 60Fe, relative to other short- and long-lived nu-
clides, may well be artifacts of omitting the effects of massive-star
winds preferentially deposited into dense phases of the ISM in
star-forming regions. This analysis suggests that the solar concen-
trations of these extinct isotopes in the early solar system do not
a priori signify injection of specific proximal stellar sources, but in-
stead reflect average concentrations in average star-forming clouds.

The alignment of the short-lived nuclides upon adjustment for
winds is difficult, if not impossible, to explain by chance given that
the wind production terms for these nuclides vary by 5 orders of
magnitude. Still, this analysis relies on uncertain wind production
and capture by clouds relative to other sources of the elements
in star-forming regions, and verification of this hypothesis will re-
quire a better understanding of the heterogeneous production and
capture of nuclides in different phases of the interstellar medium.
Conversely, the solar abundances of shortest-lived nuclides may be
telling us that the most massive stars in star-forming regions can
collapse without supernova ejection.
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Fig. A.1. Examples of WR and WR + SNe < 28 M� 26Al production for a star-forming region. Left: WR production for three successive WR stars using Eq. (A.4) prior to
the death of the star and (A.2) after termination. Right: Same as at left with the addition of four supernovae where 26Al is added instantaneously followed by decay using
Eq. (A.2).
Appendix A. Production model

An IDL+Fortran code was written to simulate the production of
26Al in the vicinity of molecular cloud material for prolonged peri-
ods of time (∼400 Myr). The goal is to track the availability of 26Al
to cloud material that survives multiple episodes of star forma-
tion, as described by Elmegreen (2007). Fluxes between the diffuse
interstellar medium and molecular clouds are not modeled here;
this simulation represents only the long-term production term in
Eq. (11).

Fictive star clusters were generated using the mass generation
function of Kroupa et al. (1993) modified by Brasser et al. (2006).
With this function, initial masses for each star j are drawn at ran-
dom according to the expression

M j/M� = 0.01 + (
0.19x1.55 + 0.05x0.6)/(1 − x)0.58 (A.1)

where x is a uniformly distributed random number between 0
and 1. For the results in this paper we used 5000 stars per cluster
(i.e., 5000 random draws for x), representing the high end of clus-
ter populations where WR stars (i.e., O stars) are most likely to be
found. In the simulation, each cluster is considered to be proximal
to a parental cloud for 10 Myr. This cloud material is then exposed
to successive generations of star formation; the simulation consists
of tens of clusters produced in series. For example, for 30 clusters,
the total duration of the simulation is 300 Myr (10 × 30). In or-
der to allow for a finite interval of star formation (i.e., all stars in
a cluster are not born at exactly the same time), the birth date of
each star in a cluster was altered at random over a total time in-
terval of 1 Myr. The exact value of this “blurring” of birth dates
turns out to have little effect on the models.

The minimum mass for WR activity is ∼25 M� , meaning that
all WR stars eject winds in the vicinity of cloud material in this
model. For 5000 stars per cluster in these simulations, the average
number of WR stars per cluster is 1.6 ± 1.2 (1σ , based on sam-
pling 500 clusters), all of which evolve and die within 10 Myr of
their birth. The minimum initial mass for a star to deposit super-
nova ejecta proximal to clouds in the simulations is 18 M� (based
on stellar life times, see text), meaning that only ∼24% of super-
novae provide ejecta in these simulations. The average number of
supernovae is 11.9 ± 3.2 while the average number of supernovae
exploding within 10 Myr of birth is 2.9 ± 1.7.
The mass of 26Al ejected by WR winds and supernovae prox-
imal to cloud material is tallied as a function of time. Integrated
masses ejected by WR winds were obtained in approximate form
from Gounelle and Meynet (2012). The total yields as a function of
stellar progenitor masses used for interpolation for all masses are

Progenitor
Mass
(M�)

26Al
(M�)

20 2.0 × 10−10

25 2.0 × 10−6

30 2.0 × 10−5

60 7.0 × 10−5

80 1.0 × 10−4

120 2.0 × 10−4

where the maximum stellar mass considered was 120 M� . Yields
for Supernovae were obtained from interpolation of values given
by Chieffi and Limongi (2013). Precision in yields is not important
to the conclusions to be drawn from this simulation.

For every time step (∼0.3 Myr time intervals) each parcel of
26Al delivered by a star that experiences winds or ends its life
as a supernova within 10 Myr of the initiation of the cluster was
added to the total inventory of available 26Al for the duration of
the model (usually ∼400 Myr in this work, although in practice
these parcels are of little consequence after >10 half-lives). For
supernova ejecta a single pulse of 26Al with mass MSNeo

26Al, j
is added

to the total inventory of 26Al at the moment the star explodes (if
the star does so within 10 Myr of the birth of its cluster). The ra-
dioactive decay of this parcel of 26Al from supernova j is followed
through time t using

M26Al, j = MSNeo

26Al, j exp(−t/τ26Al). (A.2)

Products of winds evolve in a more complicated fashion be-
cause they are delivered over extended periods of time, with time
constant τW, simultaneous with radioactive decay with mean life
τ26Al. Their evolution is therefore governed by the equation

dM26Al, j = MW
26Al − M26Al, j (A.3)
dt τW τ26Al
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where M26Al, j is the time-dependent mass of 26Al evolving from

stellar source j as modified by radioactive decay and MW
26Al, j

is the

evolving mass of 26Al derived from the stellar source j at time t .
The solution for each WR source j is

M26Al, j(t) = τ26Al

τW − τ26Al
MWO

26Al

(
exp(−t/τW)

− exp(−t/τ26Al)
)

(A.4)

where MWO

26Al, j
is the total integrated mass of 26Al delivered by

winds from source j. Inspection of the time evolution of wind
products given by Gounelle and Meynet (2012) suggests a value
for τW of ∼8 Myr. Many O stars end their lives prior to this time
interval, so the time evolution in Eq. (A.4) is cut short with the
death of the WR star and is replaced by simple decay of the re-
maining 26Al using the form of Eq. (A.2). Typical results for WR
winds only and for winds together with supernovae are shown in
Fig. A.1.
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