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Abstract

Radioactive nuclei were present in the early solar system (ESS), as inferred from analysis of meteorites. Many are
produced in massive stars, either during their lives or their final explosions. In the first paper of this series
(Brinkman et al. 2019), we focused on the production of 26Al in massive binaries. Here, we focus on the production
of another two short-lived radioactive nuclei, 36Cl and 41Ca, and the comparison to the ESS data. We used the
MESA stellar evolution code with an extended nuclear network and computed massive (10–80 Me), rotating (with
initial velocities of 150 and 300 km s−1) and nonrotating single stars at solar metallicity (Z= 0.014) up to the onset
of core collapse. We present the wind yields for the radioactive isotopes 26Al, 36Cl, and 41Ca, and the stable
isotopes 19F and 22Ne. In relation to the stable isotopes, we find that only the most massive models, �60 and �40
Me give positive 19F and 22Ne yields, respectively, depending on the initial rotation rate. In relation to the
radioactive isotopes, we find that the ESS abundances of 26Al and 41Ca can be matched with by models with initial
masses �40Me, while

36Cl is matched only by our most massive models, �60Me.
60Fe is not significantly

produced by any wind model, as required by the observations. Therefore, massive star winds are a favored
candidate for the origin of the very short-lived 26Al, 36Cl, and 41Ca in the ESS.

Unified Astronomy Thesaurus concepts: Stellar winds (1636); Stellar evolution (1599); Stellar nucleosynthesis
(1616); Solar system (1528); Massive stars (732); Stellar rotation (1629)

1. Introduction

Radioactive isotopes with short half-lives of less than a few
million years (hereafter short-lived radioactive isotopes
(SLRs)), and specifically the famous case of 26Al with a half-
life of 0.72Myr (Basunia & Hurst 2016), but also 36Cl, 41Ca,
and 60Fe, with half-lives 0.301Myr (Nica et al. 2012),
0.0994Myr (Nesaraja & McCutchan 2016), and 2.62Myr
(Rugel et al. 2009), respectively, were present in the early solar
system (ESS). Their abundances are inferred from meteoritic
data reporting excesses in their daughter nuclei, for example,
the ESS 26Al/27Al ratio has been measured in calcium-
aluminum-rich inclusions (CAIs) to be equal to (5.23±
0.13)× 10−5 (Jacobsen et al. 2008). These radioactive isotopes
represent the fingerprint of the local nucleosynthesis that
occurred nearby at the time and place of the birth of the Sun.
Therefore, they give us clues about the environment and the
circumstances of such birth (Adams 2010).

These four isotopes can be made in massive stars and
expelled both by their winds, mainly during the Wolf-Rayet
(WR) phase of stars with an initial mass �35Me and/or due to
binary interactions Brinkman et al. 2019, and in equal or larger
amounts by their final core-collapse supernova (CCSN; Meyer
& Clayton 2000; Lugaro et al. 2018 and T. Lawson et al. 2021,
in preparation). While the 26Al, 36Cl, and 41Ca are ejected in
significant amounts by both the wind and the CCSN, the
amount of 60Fe in the stellar winds is negligible compared to
that in the CCSN ejecta. This is because 60Fe is produced via
neutron captures on the unstable 59Fe, and for this nucleus to

capture a neutron instead of decaying, higher neutron densities
(>1010–11 cm−3) are required than those produced during core
He burning. Therefore, 60Fe is only produced in carbon shell
burning and in explosive He- and C-burning conditions
(Limongi & Chieffi 2006; Tur et al. 2010; Jones et al. 2019)
toward the end of the evolution. Instead, large amounts of 26Al
are produced during H burning by proton captures on 25Mg and
expelled by the winds. The majority of the 26Al is expelled
together with 35Cl and 40Ca, which are produced during He
burning by neutron captures on the proceeding stable isotopes,
35Cl and 40Ca, respectively (e.g., Arnould et al. 1997, 2006;
Gounelle & Meynet 2012; Brinkman et al. 2019).
Massive star winds have been suggested as a favored site of

the 26Al in the ESS (e.g., Arnould et al. 1997, 2006; Gaidos
et al. 2009; Gounelle & Meynet 2012; Young 2014) also
because they do not eject 60Fe. Candidate CCSN sources of
26Al predict, instead, a more significant ejection of 60Fe,
leading to a 60Fe/56Fe ratio orders of magnitude above the
value observed in the ESS of; 10−8 (Tang & Dauphas 2012;
Trappitsch et al. 2018). Also, the ESS 60Fe/26Al ratio is
roughly two to three orders of magnitude lower than that
observed via γ-ray, which sample the average galactic medium
(Diehl 2013; Wang et al. 2020), and predicted by CCSN
models (Sukhbold et al. 2016; Austin et al. 2017). This
suggests that less 60Fe was present in the ESS as compared to
the galactic average, and/or that extra source(s) of 26Al were
present at the time of the birth of the Sun.
Arnould et al. (1997, 2006) considered production of

several SLRs, including 36Cl and 41Ca, by WR winds in both
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nonrotating and rotating models and concluded that these could
have been the sources of these SLRs in the ESS. More recent
studies have focused on 26Al only (Gounelle & Meynet 2012)
and also concluded that WR winds are a possible source. In our
first paper in this series, Brinkman et al. (2019, hereafter
Paper I), we also focused on 26Al and investigated how binary
interactions between nonrotating massive stars can influence its
wind yields. We showed that these interactions can lead to a
significant increase in the 26Al wind yields in stars of masses
10–35Me. For more massive stars, which become WR stars,
the effect of binary interaction is almost negligible.

In the present work we extend Paper I by computing the
evolution of stellar models up to core collapse with a larger
network of nuclear species and reactions, to calculate the wind
yields of the SLRs 36Cl, 41Ca, and 60Fe. We also include
rotation in this study as this impacts stellar evolution and the
winds (see, e.g., Maeder & Meynet 2012, for an overview). Our
revision of the production of these SLRs is timely because
updates in the ESS values of 36Cl and 41Ca have become
recently available (Liu 2017; Tang et al. 2017). Moreover, the
implementation of the mass-loss rates and of rotation represent
some of the main uncertainties in the models of massive stars,
and the differences obtained with different stellar evolution
codes need to be considered carefully. We will therefore
compare our results to those available in the literature.

With the extended nuclear network and calculations to beyond
H burning, we also present new predictions for two stable
isotopes that are produced during He burning and can be present
in the stellar winds: 19F and 22Ne. These are of interest because
Meynet & Arnould (2000) have shown that WR stars can
contribute significantly to the galactic 19F abundance, while
Palacios et al. (2005) found that WRs are unlikely to be the
source of galactic 19F, when including updated mass-loss
prescriptions and reaction rates. Recently, the discussion around
19F was rekindled by Jönsson et al. (2014a, 2014b, 2017) and
Abia et al. (2019), who reanalyzed observations of 19F and
proposed that asymptotic giant branch stars are the most likely
source of cosmic 19F. Still, due to the remaining uncertainty in
both the mass-loss prescriptions and the reaction rates (see, e.g.,
Stancliffe et al. 2005; Ugalde et al. 2008), WRs cannot be
excluded as the sources of galactic 19F (for a recent overview,
see, e.g., Ryde et al. 2020). As for 22Ne, there are puzzling
observations of an anomalous 22Ne/20Ne ratio in cosmic rays,
which is a factor of ∼5 higher than in the solar wind
(Prantzos 2012). The comparison to model predictions may be
a key to finding the source of cosmic rays in relation to OB
associations of massive stars.

This paper structure is as follows: In Section 2, we describe
the method and the physical input of our models. In Section 3,
we discuss the stellar evolution results and all the relevant
stellar evolution details for our models, and compare them to
results from the literature. In Section 4, we present the
nucleosynthetic yields of our models and compare these to
various studies in the literature. In Section 5, we compare our
findings to the abundances of the SLRs in the ESS and discuss
which stars are good candidates to explain them. In Section 6,
we end with our conclusions.

2. Method and Input Physics

As in Paper I, we have used version 10398 of the MESA
stellar evolution code (Paxton et al. 2011, 2013, 2015, 2018) to
calculate massive star models with and without the effects of

rotation. We have included the extended nuclear network of
209 isotopes within MESA such that the stellar evolution and
the detailed nucleosynthesis are solved simultaneously. The
input physics we used for the single massive stars is described
in the next section. Only the key input parameters and the
changes compared to the input physics of Paper I are discussed.
The inlist files used for the simulations are available on

Zenodo under a Creative Commons 4.0 license: doi: 10.5281/
zenodo.5497213.

2.1. Input Physics

The initial masses of our models are 10, 15, 20, 25, 30, 35, 40,
45, 50, 60, 70, and 80Me. The initial composition used is solar
with Z= 0.014, following Asplund et al. (2009). For the initial
helium content we have used Y= 0.28. Our nuclear network
contains all the relevant isotopes for the main burning cycles (H,
He, C, Ne, O, and Si) to follow the evolution of the star in detail
up to core collapse. All relevant isotopes connected to the
production and destruction of 26Al, 36Cl, 41Ca, 19F, 22Ne, and
60Fe are also included into our network. Including the ground
and isomeric states of 26Al, the total nuclear network contains
therefore the following 209 isotopes: n, 1,2H, 3,4He, 6,7Li,
7−10Be, 8−11B, 12−14C, 13−16N, 14−19O, 17−20F, 19−23Ne,
21−24Na,23−27Mg, 25Al, 26Alg,

26Alm,
27,28Al, 27−33Si, 30−34P,

31−37S, 35−38Cl, 35−41Ar, 39−44K, 39−49Ca, 43−51Sc, 43−54Ti,
47−58V, 47−58Cr, 51−59Mn, 51−66 Fe, 55−67Co, 55−69Ni, 59−66Cu,
and 59−66Zn. Following Farmer et al. (2016, and references
therein) a nuclear network of 204 isotopes is optimal for the full
evolution of a star, especially because it includes isotopes that
influence Ye, which are important for the core collapse (see
Heger et al. 2000).
We changed the reaction rate library from NACRE to the

JINA reaclib (Cyburt et al. 2010), version 2.2. The main
difference that will affect the evolution is the 14N(p,γ)15O rate,
which is updated to (Imbriani et al. 2005). For 19F, we use the
19F(α,p)22Ne from Ugalde et al. (2008), included in the JINA
reaclib.
As in Paper I, we have used the Ledoux criterion to establish

the location of the convective boundaries. The semi-convection
parameter, αsc, was set to 0.1 and the mixing length parameter,
αmlt, to 1.5. We make use of overshooting via the step-overshoot
scheme with αov= 0.2 for the central burning stages. For better
convergence of the models, especially in the later stages of the
evolution, we switched off the overshoot on the helium burning
shell and the later burning shells and the overshoot on the
hydrogen shell was reduced to αov= 0.1.
We also updated our wind mass-loss scheme. For the hot

phase (Teff� 11 kK), we use the prescription given by Vink
et al. (2000, 2001) and for the cold phase (Teff� 1 kK) we use
the prescription given by Nieuwenhuijzen & de Jager (1990).
For the WR phase we now use the prescription given by Nugis
& Lamers (2000) instead of that given by Hamann et al. (1995).
All phases of the wind have a metallicity dependence µM Z0.85
following Vink et al. (2000) and Vink & de Koter (2005).
We have evolved the stars to the onset of core collapse,

using an (iron-)core-infall velocity of 300 km s−1 as the
termination point of our simulations.

2.2. Rotation

From observations, we know that massive stars rotate, and
often at rates high enough to influence their evolution (see, e.g.,
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Maeder & Meynet 2000b, for a review). In Paper I, we did not
include rotation because we focused on the impact of binary
interactions. Here, we do include rotation but do not consider
full binary interactions. Rotation in MESA is implemented as
in Heger et al. (2000). The two variables fc and fμ are set to
their commonly used values 1/30 and 0.05 (as calibrated by
Heger et al. 2000). We include the Taylor–Spruit dynamo for
angular momentum transport, following the implementation of
Heger et al. (2005). The Taylor–Spruit dynamo is included
because this mechanism allows for efficient transport of angular
momentum, which is needed to allow for stellar evolution
models to match observed rotation rates in many different
stellar objects in different stellar evolutionary phases (see, e.g.,
recent publications of Aerts et al. 2019 and Belczynski et al.
2020). We use an initial rotational velocity of 150 and 300
km s−1, to cover the rotational velocities observed on the main
sequence, which are between 200 and 250 km s−1 (Arnould
et al. 2006). For the models that include the effects of rotation,
the wind will receive a rotational boost. MESA includes the
boost as given by Langer (1998). However, Maeder & Meynet
(2000a) pointed out that some effects have been excluded in
this treatment, and therefore we implement the rotational boost
as in their Equation (4).30. We follow the implementation for
MESA by Keszthelyi et al. (2020), to which we have added the
temperature dependence of the empirical alpha parameter,
determined by Lamers et al. (1995)8 Below log(Teff)= 3.90,
the alpha parameter is undefined and we set it to 1, which
makes the boost disappear. Above log(Teff)= 4.7, the alpha
parameter is again undefined. Here, we have set it to 0.52,
extrapolating the results of Lamers et al. (1995).

2.3. Yield Calculations

Our focus is on the pre-supernova isotopic yields from the
winds. To calculate these yields, we integrate over time,
because wind mass loss is a continuous process. For the stable
isotopes, there are two yields to consider, the total yield and the
net yield. The total yield is calculated as described above. The
net yield is the total yield minus the initial abundance present in
the star. For the SLRs, the net yield is identical to the total yield
because there is no initial abundance present in the stars for
these isotopes. The total yields and the relevant initial
abundances are presented in Section 4.

3. Stellar Models: Results and Discussion

In this section, we discuss the stellar evolution details of our
models and the impact of rotation on them. In Table 1, selected
relevant information of our models regarding the stellar
evolution is presented: the total stellar mass and core mass at
the end of the H, He, and C-core burning, the duration of these
burning phases, the total lifetime, the total mass loss, and the
compactness parameter. The start and end points of the
different burning phases are defined as in Götberg et al.
(2018).9 By the end of carbon burning the mass-loss phase has
mostly ended (see Figure 3) and all our models have finished

this stage. We then continued our models until a core-infall
velocity of 300 km s−1. In total, 31 out of our 36 models have
reached this point, with numerical issues halting the calcula-
tions of the remaining five models slightly prior to this stage.
The duration of hydrogen burning, tH (Column 3 of Table 1),

is shown in Figure 1(a). For all initial masses, tH increases with
the rotational velocity. The effect is the strongest at the lower
mass end (17% for 10 Me) and small for the three highest
masses of our grid (9% for 80 Me). The increasing duration of
the main sequence is due to rotational mixing. More hydrogen
is mixed into the core from the envelope, adding more fuel to
the core, and extending this burning phase. Together, this leads
to larger hydrogen-depleted cores, Mc,He, at the end of the main
sequence (dotted lines in Figure 2 and Column 4 in Table 1).
The only exceptions to this trend are the two most massive
models, 70 and 80 Me, which have a longer main sequence yet
smaller helium-core masses at the end of hydrogen burning
when rotating.
This is especially noticeable for the highest initial rotational

velocity. In these two most massive models, the increased
mass-loss limits the core growth. With more mass lost from the
star, there is less fuel to add to the core and to increase its mass.
This is shown by the solid lines in Figures 2 and 3, which
provide the final mass at the end of the main sequence, M*,H
(Column 5 of Table 1) and the mass loss on the main sequence
(Mini–M*,H), respectively. For the models below ∼50 Me,
there is little difference between in the mass losses between the
rotating and nonrotating models. The difference in final mass at
the end of the main sequences ranges between 1% and 4% for
these stars. Above ∼50 Me, the extra mass loss for the rotating
models becomes more significant, up to 50% more for our most
massive model.
The mass loss between the end of the main sequence and the

end of helium burning, M*,H–M*,He, represented by the dashed
lines in Figure 3, is comparable to that between the rotating and
nonrotating models with the same initial mass. The exceptions
are again the two most massive models, for which the mass loss
between the end of H and the end of He burning reduces with
the increasing rotational velocity. This is because these models
have already lost more mass on their main sequence (solid lines
in Figure 3), and as a consequence, experience less mass loss
afterward.
As a result of the larger core masses at the end of hydrogen

burning, the helium burning lifetime, tHe, becomes shorter for
most of the models with rotation (Figure 1(b) and Table 1).
This is because the heavier the cores, the faster the burning.
The three most massive models, however, the rotating models
have smaller helium-core masses at the end of hydrogen
burning compared to their nonrotating counterparts. For these
masses, the rotating models have longer tHe than their
nonrotating counterparts. The turnover point is around
∼50 Me, as can be seen in Figure 1(b).
After helium burning barely any mass is lost from the stars

(dotted lines in Figure 3). The helium-depleted core at the end
of helium burning, Mc,C (Column 7 in Table 1) increases in
mass for the models below ∼50 Me. For three highest masses,
however, the mass of the helium-depleted cores decreases with
the initial rotational velocity, which is a direct result of the
smaller helium cores earlier.
We note that the mass of the carbon depleted core, Mc,O

(reported in Column 10) is very sensitive to mixing in the final

8 We implemented a step function to connect their Equations (2) and (3) at
log(Teff) = 4.325, to match the data presented in their Figure 7.
9 For completeness, the end of the core H burning stage is defined as when the
central helium abundance is larger than 0.98 and the total luminosity produced
by nuclear burning is larger than 0.5 the luminosity of the star, the end of He-
core burning when the central carbon abundance is 0.4, the end of carbon
burning when the central carbon abundance is 0.01, and the end of oxygen
burning when the central oxygen abundance is 0.04.
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phases of the stellar evolution and a small fluctuation in the
mixing can easily alter this value.

The mass loss during the main sequence always increases
with higher rotational velocities (solid lines in Figure 3). The
same applies for the total lifetime of the star, ttot (Column 9 of
Table 1). On the other hand, the total mass loss during the
whole evolution, ΔM, (see Table 1) is not always larger for the
higher rotation rates.

The last column of Table 1 gives the compactness parameter,
ξ2.5. This parameter, as defined by O’Connor & Ott (2011) in
their Equation (10), determines how compact the core of the

star is just before the collapse and therefore how difficult it is to
explode the star. The compactness is sensitive to small changes
in the structure, and is therefore strongly dependent on the
model parameters and the codes used (see e.g., Sukhbold et al.
2016; Limongi & Chieffi 2018 and Schneider et al. 2021).

3.1. Comparison to Other Data Sets

We compare our results primarily to those of Ekström et al.
(2012, hereafter E12) calculated using the GENEC stellar
evolution code, and Limongi & Chieffi (2018, hereafter LC18)

Table 1
Selected Details of the Evolution of Our Stellar Models

Mini Vini tH Mc,He M*,H tHe Mc,C M*,He ttot Mc,O M*,C ΔM ξ2.5
(Me) (km s−1) (Myr) (Me) (Me) (Myr) (Me) (Me) (Myr) (Me) (Me) (Me) L

10 0a 23.00 1.83 9.78 1.98 1.52 9.11 25.37 1.38 9.04 0.96 6.09e-3
150a 23.95 1.92 9.75 1.89 1.58 9.06 26.21 1.34 8.99 1.01 7.69e-3
300 26.96 2.04 9.64 1.69 1.84 8.62 28.99 1.91 8.55 1.45 0.017

15 0 12.15 3.62 14.58 0.96 3.41 11.49 13.26 1.71 11.35 3.65 0.098
150 12.49 3.73 14.50 0.92 3.54 11.22 13.56 1.60 11.08 3.91 0.078
300 14.05 4.09 14.23 0.86 4.04 9.96 15.03 1.66 9.80 5.20 0.086

20 0 8.53 5.73 19.12 0.66 5.66 11.24 9.29 2.49 11.02 8.98 0.23
150 8.68 5.82 18.96 0.65 5.83 10.77 9.43 1.92 10.55 9.44 0.16
300a 9.87 6.45 18.39 0.60 6.62 9.39 10.55 2.99 9.28 10.71 0.40

25 0a 6.80 7.99 23.20 0.53 8.13 11.04 7.41 1.71 10.92 14.07 0.12
150 6.96 8.23 22.87 0.53 8.06 11.27 7.56 1.77 11.04 13.95 0.11
300 7.68 8.86 22.12 0.50 8.63 11.06 8.25 1.90 10.96 14.03 0.11

30 0a 5.80 10.35 26.89 0.47 10.73 13.56 6.32 2.44 13.47 16.52 0.23
150 6.00 10.80 26.13 0.45 10.70 13.25 6.50 2.23 13.12 16.87 0.22
300 6.47 11.29 25.39 0.44 10.81 13.24 6.96 2.16 13.12 16.86 0.19

35 0 5.15 12.74 30.38 0.42 12.95 15.64 5.62 3.00 15.46 19.51 0.18
150 5.27 13.05 29.75 0.41 12.55 15.15 5.73 2.79 15.00 19.98 0.23
300 5.70 13.90 29.09 0.40 12.12 14.83 6.15 2.69 14.65 20.33 0.29

40 0 4.69 15.17 33.23 0.39 13.63 16.40 5.12 3.21 16.24 23.74 0.19
150 4.78 15.49 32.55 0.38 13.21 16.11 5.20 3.07 16.04 23.93 0.23
300 5.15 16.39 30.94 0.37 13.72 16.70 5.56 3.09 16.65 23.32 0.26

45 0 4.35 17.57 35.74 0.36 14.85 17.95 4.76 3.43 17.90 27.06 0.26
150 4.48 18.28 34.28 0.35 15.26 18.20 4.88 3.28 18.13 26.82 0.26
300 4.81 19.22 34.03 0.35 15.57 18.63 5.20 3.62 18.55 26.41 0.31

50 0 4.09 20.05 37.93 0.35 16.84 19.92 4.48 3.77 19.87 30.07 0.31
150 4.21 20.79 35.93 0.34 16.68 19.80 4.59 3.53 19.71 30.23 0.30
300 4.47 21.77 36.26 0.38 17.70 20.81 4.85 3.99 20.73 29.21 0.33

60 0 3.71 25.04 41.39 0.33 19.49 22.76 4.07 4.53 22.67 37.25 0.31
150 3.78 25.84 43.08 0.32 20.09 23.37 4.14 4.60 23.29 36.63 0.32
300 4.02 25.89 34.26 0.35 13.19 16.01 4.40 3.15 15.93 43.99 0.23

70 0 3.43 30.29 50.32 0.31 22.86 26.36 3.78 15.14b 26.25 43.65 0.46
150 3.53 30.82 43.31 0.32 16.89 20.08 3.89 3.88 19.99 49.92 0.32
300 3.67 28.80 33.48 0.36 11.10 13.68 4.07 2.74 13.60 56.30 0.29

80 0 3.24 34.98 50.72 0.31 20.68 24.10 3.58 4.84 23.99 55.90 0.36
150 3.36 30.33 33.28 0.36 10.67 13.24 3.76 2.45 13.17 66.72 0.25
300 3.54 21.99 25.20 0.39 9.10 11.54 3.97 2.06 11.46 68.42 0.16

Notes.Mini is the initial mass inMe. Vini is the initial rotational velocity in kilometers per second. tH, tHe, and ttot are the duration of hydrogen burning, helium burning,
and the total evolution time in million years, respectively. M*,H, M*,He, and M*,C are the masses of the stars at the end of their respective burning phases. Mc,He, Mc,C,
and Mc,O are the masses of the hydrogen-depleted core, the helium-depleted core, and the carbon-depleted core at the end of the corresponding burning phases in Me.
ΔM is the total mass lost in Me. ξ2.5 is the compactness of the star at the final model.
a This run was terminated before core collapse was reached due to numerical difficulties; however, negligible mass loss is expected after this point.
b This run experienced computational difficulties in the final phases, leading to a much larger Mc,O than for any of the other models.
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calculated with the FRANEC stellar evolution code, for three
reasons. The first is that both studies present rotating and
nonrotating massive star models until the late phases of
evolution. The second is that the implementation of rotation
differs in these codes compared to what is used in MESA.
Specifically, the treatment of rotation in MESA is based on a
diffusive approximation, while in GENEC and FRANEC it is
based on diffusion advection approach (Maeder & Zahn 1998;
Paxton et al. 2013), with it well established that the impact of
rotation on stellar model computations varies depending on
which rotational mixing approach is used (see, e.g., Maeder &
Meynet 2000b). Finally, all the stellar evolution details from
these two studies are publicly available, though for E12 we do
not have yields for 36Cl, 41Ca, and 60Fe. We compare our
models to those from the literature at solar metallicity (taken to
be either Z= 0.014 or 0.02, depending on the source).

The E12 models have an initial rotational velocity of 0.4ωcrit

(corresponding to ∼260–350 km s−1). The LC18 models have
the same initial rotational velocities of 150 and 300 km s−1, as
our models.

Our models show similar trends as in those works, such as
the extended duration of the main sequence and the increased
mass loss in the early phases of the evolution. Overall, all the
different models show similar main-sequence lifetimes. How-
ever, the choice of mass-loss prescription makes a big
difference between the sets. The LC18 models lose much
more mass in the early phases when rotation is included. When
looking at their Figure 7, their lowest mass models including
rotation move up almost vertically in the Hertzsprung–Russell
diagram at the end of the main sequence. This leads to a strong
increase in the mass loss, which is not seen in our models nor in
those by E12.

4. Stellar Yields: Results and Discussion

In this section we present and discuss the wind yields for
26Al, 19F, 22Ne, 36Cl, and 41Ca from our models and compare
them to other studies in the literature. We do not present the
60Fe yields in quantitative detail because our models confirm
all the previous results that this isotope is not ejected in the
winds (the maximum yield we found is 4.55× 10−10 Me for
the nonrotating 70 Me model). In Table 2, the yields of the five
isotopes and the initial abundances of 19F and 22Ne are
presented. The complete set of wind yields for all isotopes and
models presented here, are available on Zenodo under a
Creative Commons 4.0 license: doi: 10.5281/zenodo.5497258.
As discussed in Section 3, for the low-mass end, 10–35 Me, of
the stars we investigate, most of the mass is lost between the
main sequence and the onset of helium burning. At the high
mass end, ∼35–80 Me, instead, the stars become WR stars and
continue to lose mass even during and shortly after helium
burning, stripping away not only the hydrogen-rich envelope,
but also the top of the hydrogen-depleted core. This strongly
impacts the yields of these stars, especially for the isotopes
synthesized after hydrogen burning.

4.1. SLRs

For 26Al (Figure 4(a)), the nonrotating yields are comparable
to those from Paper I, with the exceptions of the 10, 40, and
45 Me models. The reason is that the 10 Me model loses more

Figure 1. The duration of core hydrogen burning, tH (solid lines in the top
panel) and the duration of core helium burning, tHe (dashed lines in the bottom
panel) for the three rotational velocities as a function of the initial mass.

Figure 2. The total stellar mass M*,H, (solid lines) and the the hydrogen-
depleted core mass M*,He, (dashed lines) at the end of the main sequence for
the three rotational velocities as a function of the initial mass.

Figure 3. Mass loss for three different phases, the main sequence (solid lines,
Mini–M*,H), helium burning (dashed lines, M*,H–M*,He), and carbon burning
and beyond (dotted lines, M*,He–M*,f), as a function of the initial mass. The
final mass (M*,f) is the difference between the initial mass and the total mass
loss, Min–ΔM.
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mass in our earlier study due to a longer main-sequence
lifetime, leading to a slightly higher yield. The 40 and 45 Me

models are evolved until core collapse here, while earlier they
did not finish helium burning. This leads to a larger mass loss
and therefore a higher yield. The largest impact of the SNBs is
at the lower mass end, 10–35 Me (as shown in Paper I).
However, here we also find that, because both rotation and
binary interaction lead to an increased mass loss at similar
points in the evolution, the impact of the SNBs becomes
relatively smaller with increasing initial rotational velocity. The
effect of binary interactions becomes negligible for models
with initial masses of 40–45 Me, depending on the initial
rotational velocity. Overall, our 26Al yields are only mildly
sensitive to rotation and the wind prescription, since we

changed the latter from Hamann et al. (1995) to Nugis &
Lamers (2000) for the WR phase. The effect of the binary
interactions is stronger than the effect of rotation or changing
the wind.
Figures 4(c) and (e) show the 36Cl and 41Ca wind yields for

our models. Unlike for 26Al, where the yield increases
gradually with increasing mass, these yields show a sharp rise
of almost 15 orders of magnitude at masses between 20 and 30
Me, depending on initial rotational velocity. This is easily
understood when considering Figure 5, which shows the
Kippenhahn diagrams for nonrotating 30 and 50 Me models,
with the 41Ca mass-fraction on the color scale. Prior to core
helium burning, there is no 41Ca present within these stars. The
abundance of 41Ca (and 36Cl) increases due to neutron captures

Table 2
Isotopic Yields in Me

Mini Vini
19Fini

19F 22Neini
22Ne 26Al 36Cl 41Ca

(Me) (km s−1) (Me) (Me) (Me) (Me) (Me) (Me) (Me)

10 0 4.67e-06 4.61e-07 8.90e-4 8.47e-05 7.19e-11 8.82e-23 7.90e-23
150 4.67e-06 4.71e-07 8.90e-4 8.68e-05 2.78e-10 1.11e-22 1.29e-22
300 4.68e-06 4.20e-07 8.92e-4 7.77e-05 1.40e-10 1.67e-22 1.70e-22

15 0 6.42e-06 1.69e-06 1.32e-3 3.12e-4 8.85e-09 3.00e-22 1.41e-21
150 6.42e-06 1.74e-06 1.32e-3 3.24e-4 1.47e-08 5.12e-22 2.10e-21
300 6.45e-06 1.21e-06 1.33e-3 2.26e-4 2.34e-08 5.32e-22 3.06e-21

20 0 8.22e-06 4.01e-06 1.79e-3 7.43e-4 1.81e-07 1.94e-21 1.28e-20
150 8.24e-06 4.04e-06 1.79e-3 7.57e-4 1.92e-07 9.48e-22 1.33e-20
300 8.28e-06 2.04e-06 1.79e-3 3.86e-4 5.87e-07 1.75e-21 2.87e-20

25 0 9.67e-06 5.87e-06 2.23e-3 1.09e-3 1.17e-06 2.80e-21 6.27e-20
150 9.69e-06 5.23e-06 2.23e-3 9.89e-4 1.59e-06 4.52e-21 9.28e-20
300 9.75e-06 2.28e-06 2.24e-3 4.41e-4 3.93e-06 4.98e-16 2.06e-15

30 0 1.11e-05 6.38e-06 2.69e-3 1.19e-3 3.41e-06 6.76e-21 2.22e-19
150 1.12e-05 5.84e-06 2.70e-3 1.12e-3 4.68e-06 3.30e-15 1.42e-14
300 1.12e-05 2.39e-06 2.70e-3 4.77e-4 9.89e-06 1.45e-13 6.66e-13

35 0 1.33e-05 6.77e-06 3.20e-3 1.27e-3 8.44e-06 4.70e-16 1.96e-15
150 1.33e-05 5.84e-06 3.20e-3 1.13e-3 1.06e-05 6.85e-13 3.23e-12
300 1.34e-05 2.51e-06 3.20e-3 5.27e-4 2.11e-05 1.85e-10 9.29e-10

40 0 1.42e-05 7.06e-06 3.64e-3 1.36e-3 1.88e-05 7.99e-11 4.015e-10
150 1.43e-05 6.14e-06 3.64e-3 2.13e-3 2.05e-05 3.56e-08 6.07e-08
300 1.44e-05 2.82e-06 3.65e-3 5.09e-3 3.43e-05 1.82e-07 2.99e-07

45 0 1.61e-05 7.40e-06 4.13e-3 5.18e-3 2.94e-05 1.45e-07 2.44e-07
150 1.61e-05 6.31e-06 4.13e-3 1.01e-2 3.15e-05 3.59e-07 5.86e-07
300 1.63e-05 3.23e-06 4.13e-3 1.54e-2 5.32e-05 5.99e-07 9.78e-07

50 0 1.75e-05 7.82e-06 4.60e-3 1.21e-2 4.00e-05 4.18e-07 6.89e-07
150 1.76e-05 7.00e-06 4.60e-3 2.30e-2 4.30e-05 8.78e-07 1.43e-06
300 1.77e-05 3.42e-06 4.61e-3 2.14e-2 7.04e-05 8.26e-07 1.34e-06

60 0 1.91e-05 9.00e-06 5.50e-3 3.84e-2 6.65e-05 1.48e-06 2.42e-06
150 1.91e-05 7.28e-06 5.50e-3 4.23e-2 7.16e-05 1.63e-06 2.67e-06
300 1.93e-05 1.91e-05 5.51e-3 0.12 1.44e-4 3.88e-06 8.37e-06

70 0 2.09e-05 9.21e-06 6.43e-3 5.58e-2 9.70e-05 2.10e-06 3.46e-06
150 2.10e-05 1.78e-05 6.43e-3 1.38e-1 1.25e-4 5.00e-06 9.55e-06
300 2.11e-05 3.11e-05 6.43e-3 0.17 2.36e-4 4.48e-06 1.14e-05

80 0 2.43e-05 1.49e-05 7.41e-3 0.14 1.51e-4 5.40e-06 9.55e-06
150 2.44e-05 5.16e-05 7.41e-3 0.18 2.69e-3 4.52e-06 1.20e-05
300 2.46e-05 3.51e-05 7.41e-3 0.11 4.29e-4 2.59e-06 6.99e-06

Note. Mini is the initial mass in Me. Vini is the initial rotational velocity in kilometers per second. For the stable isotopes, the initial amount present in the star is also
given. The yields tabulated here are not corrected for radioactive decay that might take place in the ISM during the evolution of the star. Yields for all 209 isotopes in
the nuclear network are available on Zenodo doi: 10.5281/zenodo.5497258.
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Figure 4. The left panels show our SLR yields for the single star models (solid lines with symbols) for the three different initial rotational velocities. In panel (a), 26Al,
the red line shows the yields from Paper I. The dashed lines give the effective binary yields defined as SNB yields averaged on the period range given in Paper I
assuming a flat period distribution. These effective binary yields are presented to help visualize the effect of binary interactions. The shaded area between the single
star models and the effective binary yields therefore represents the results from the potential parameter space covered by binary systems. The right panels show the
single star models of this study together with the wind yields of various other studies, as listed in the legend.
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during He burning on 40Ca (and 35Cl), and it is also destroyed
by neutron-capture reactions (see, e.g., Lugaro et al. 2018,
Figure 7). For the 30 Me model, this 41Ca (and 36Cl) barely
reaches the surface, leading to a very low yield. However, for
the 50Me model the top layers of the helium burning core are
stripped away, leading to a more significant 41Ca (36Cl) yield.
For the rotating models, the WR phase is reached at a lower
initial mass, and the increase in the yields also moves toward
these lower initial masses. This means that these yields are
highly sensitive to the wind prescription used, especially for the
WR phase.

4.2. Stable Isotopes

Unlike the SLRs, the stable isotopes 19F and 22Ne are
already present in the star at the time of its birth. Both these
isotopes are typically destroyed by proton captures during
hydrostatic H burning as part of the CNO and NeNa cycles
through the 19F(p,α)16O and 22Ne(p,γ)23Na reaction. During
He burning, 19F is produced by α captures on 15N, and also
depleted by α captures, producing 22Ne (Meynet &
Arnould 2000). 22Ne is produced in the helium burning,
mainly by double α captures on 14N, while it is not
significantly destroyed. To expel a significant amount 19F into
the interstellar medium, the He-core needs to be exposed in an
early stage of helium burning, before 19F is destroyed.

For the majority of the models shown in Figure 6, the initial
abundance (red lines) of the stable isotopes are higher than
the amount expelled from the stars, and therefore the net yield
is negative. Only the heaviest, rotating models in our set
(�60 Me) produce a positive net yield. This is in agreement
with the earlier results for 19F by Meynet & Arnould (2000)
and Palacios et al. (2005).

For 22Ne the stars have positive yields for masses 40–45 Me
and above, depending on initial rotational velocity. This is
because, unlike 19F, 22Ne is not completely destroyed during
hydrogen burning and during helium burning, 22Ne is not
completely destroyed while 19F does. Therefore, it is easier to
obtain a positive yield. These yields are not only sensitive to
the wind prescription, which determines how much material is
ejected, but also to the internal mixing processes due to

rotation, which leads to more or less destruction of the initial
abundance.

4.3. Comparison to Other Data Sets

The right panels of Figures 4 and 6 show the results of our
models along with several other studies from the literature. On
top of showing the results of LC18 and E12, we also consider
the nonrotating models from Sukhbold et al. (2016), computed
with the KEPLER stellar evolution code, Pignatari et al.
(2016), computed with GENEC for the for mass range of
interest, and from Ritter et al. (2018), computed with MESA
version 3709. We note that E12 and Pignatari et al. (2016) both
use the GENEC code; however, the models of Pignatari et al.
(2016) cover all burning stages. Therefore, all isotopes we are
interested in are included, while for for E12 we do not have
yields for 36Cl, 41Ca, and 60Fe. Overall, the yield sets are in
broad agreement within the uncertainties of the stellar evolution
modeling. The models that stand out the most are the low-mass
(10–30 Me) LC18 models. These models show an increase in
the SLR yields from nonrotating to rotating orders of
magnitude higher than found by the other models. For 26Al,
the LC18 increase is comparable to the increase in the 26Al
yields we found in Paper I between single stars and binary
models. This behavior in the LC18 models is due to a very
strong increase in the mass loss compared to their nonrotating
models, leading to an increased yield. This difference in mass
loss is due to the treatment of rotational mixing and the
formation of a dust driven wind, as explained in Chieffi &
Limongi (2013).
For the stable isotopes, also the highest mass models by

Sukhbold et al. (2016) stand out. These models lose much more
mass than our 60–80 Me stars, especially their 80 Me model
loses nearly 74 Me, compared to ;56 Me for our nonrotating
model. The 20 and 25 Me E12 models have higher yields than
the overall trend for these two masses, because these stars have
a slight boost to their winds, independent of rotation.

5. Early Solar System (ESS)

The radioactive isotopes we have studied in the previous
section were inferred to be present in the ESS from observed
excesses of their daughter nuclei in meteoritic inclusions. In

Figure 5. Kippenhahn diagrams for a 30 Me star in the left panel and for a 50 Me the right panel, both nonrotating. The horizontal axis shows the time left until core
collapse. The color scale shows the 41Ca mass fraction. The green-hatched areas represent convective regions, the blue hatched areas, overshoot, and the red areas
semi-convection. The red dotted line is the size of the hydrogen-depleted core.
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this section, we consider a simple dilution model for 26Al, 36Cl,
and 41Ca, to investigate if their abundances in the ESS can be
explained self-consistently with the models presented here.
While other stellar objects in the galaxy can produce these
isotopes, such as novae and asymptotic giant branch stars,
much research has focused on massive stars as ESS polluters,
because these stars live short enough to be able to eject material
within star-forming regions, which have typical lifetimes of at
most a few tens of million of years (Murray 2011).
Furthermore, massive star winds are preferred by several
authors (Gaidos et al. 2009; Gounelle & Meynet 2012;
Young 2014; Dwarkadas et al. 2017) as a most favored site
of origin for 26Al because there are several difficulties for
CCSNe to produce the abundances of SLRs in the proportion
required to match the ESS values (see discussion in Lugaro
et al. 2018). For example, they produce too high abundances of
60Fe and 53Mn. Both these isotopes have half-lives 4–50 times
higher than the SLRs that we consider in the calculation here;
therefore, their abundances in the ESS can be explained by
decaying their abundances in the interstellar medium as derived

by galactic chemical evolution (see, e.g., Wasserburg et al.
2006; Tang & Dauphas 2012; Trappitsch et al. 2018; Côté et al.
2019a, 2019b).

5.1. The Dilution Method

The comparison to the ESS values is performed in four steps:
Step 1 is to determine a dilution factor, f for each stellar

model. This is defined as =f M

M
SLR
ESS

SLR*
, where MSLR

ESS is the mass of

a given SLR in the ESS, and MSLR* is the mass of the same SLR
ejected by the stellar wind, i.e., the total yield. We use 26Al tp
deter,one f and then apply the same value to 36Cl and 41Ca,10

this is because the 26Al/27Al ratio in the ESS is very well
established to 5.23× 10−5, as reported by Jacobsen et al.
(2008) and recently confirmed by Luu et al. (2019). We derive

Figure 6. The left panels show our 19F (top) and 22Ne (bottom) yields and the initial abundances. The red line indicates the initial abundance of the models. The right
panels show the stellar models of this study together with the yields of various other studies.

10 If the injection of the SLRs occurred in the form of dust grains, chemistry,
and dust formation could lead to different f values for the different isotopes
because Al, Ca, and Cl are different elements. While Al and Ca should behave
chemically in a very similar way, the situation for Cl may be different. We do
not consider these uncertainties here.
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an initial amount of 26Al of 3.1× 10−9Me assuming the solar
abundance of 27Al (Lodders 2003) and a total mass of 1 Me to
be polluted (see details in Lugaro et al. 2018).
Step 2 is to determine the delay time (Δt), which is the time

interval between wind ejection and the formation of the first
solids (the CAIs) in the ESS, for which time the SLR values are
given. After we have applied our determined f to the yields of
41Ca, to obtain the diluted amount of this isotope in Step 1, we
decay the 41Ca until we reach the observed ESS 41Ca/40Ca
ratio of 4.6× 10−9. The time needed, is the delay time.

Step 3 is to calculate a new abundance of 26Al by reverse
decaying the initial ESS amount of 26Al using the delay time
from Step 2. With this we recalculate f and use it to repeat Step
2. We continue this iteration until we converge to a Δt value
within a 10% difference from the previous value.

Step 4 is to apply the final f to calculate the diluted 36Cl
abundance. We then repeat Step 2 for 36Cl also to determine a
delay time for 36Cl (ΔtCl) using the ESS 36Cl/35Cl ratio of
2.44× 10−5 measured in the Curious Marie CAI (Tang et al.
2017).

A few remarks need to be made about this method. First,
even though 26Al is not produced in the same evolutionary
phase as 36Cl and 41Ca, the bulk of these isotopes are expelled
into the interstellar medium at the same time. Therefore, we do
not need to take into account, for example, that some 26Al
might have decayed before 36Cl and 41Ca were ejected the star.
Second, we use the 41Ca/40Ca ratio to obtain Δt even though
this ratio is not well constrained in the ESS (Liu 2017) because
41Ca is the shortest lived of the three isotopes considered here.
Therefore, it is the most sensitive chronometer to short
timescales (see also Wasserburg et al. 2006). Moreover, the
abundances of both 36Cl and 41Ca can have a contribution from
irradiation by solar cosmic rays in the disk. Higher values of
36Cl than the ESS value used here have been measured in other
meteoritic inclusions and can be produced by irradiation within
the ESS. The value measured in Curious Marie probably
represents the primordial value derived from a stellar source
because 36Cl coexists in this CAI with the canonical value of
26Al (Tang et al. 2017). We note also that the measurements of
the ESS values of 41Ca and 36Cl might be affected by
systematic uncertainties, because the abundance of 41Ca is very
low and the abundance of 36Cl is based on the measurement of
its roughly 2% decay channel into 38S. For 41Ca the latest data
on a handful of CAIs (Liu 2017) demonstrate the presence of
this very short-lived isotope in the ESS, however, the data
precision is not high enough to be able to resolve possible
heterogeneities.

5.2. Results and Comparison to Other Studies

We apply the method described in Section 5.1 to our models
and they are considered to be a solution for the ESS when the
delay times for 41Ca and 36Cl are comparable with a factor of
up to 5. For our nonrotating models, a solution can be found for
26Al and 41Ca in the mass range 45–80 Me and Δt between 0.7
and 1Myr. In order to also match the 36Cl abundance, the mass
range needs to be restricted to stars with an initial mass of 60 Me
and higher. There still is a small inconsistency because Δt needs
to be lower for 36Cl than for 41Ca, as the delay time for 36Cl is
between 0.2 and 0.5Myr. The results for our rotating models are
similar, except that the mass range for which a solution is
possible for 26Al and 41Ca may extend down to 40 Me. If we
consider the three isotopes, it is possible to find a solution for

initial rotational velocity of 150 and 300 km s−1 at masses 50–80
Me and 60 and 70 Me, respectively.
In Figure 7 we look more closely at a selected set of models.

It shows the abundance ratios (R/S) for the three SLRs (R)
over their stable reference isotope (S) versus delay time for the
dilution factor f, for our stellar models with a mass of 40, 60,
and 80 Me. The horizontal bars represent the ESS ratios and
their uncertainties. We compare our results with the results
calculated from the LC18 models for the same initial masses.
For the 40 Me models (Figure 7(a)), the 36Cl and 41Ca yields

from the nonrotating model (solid lines) are too low to match
their ESS ratios. Only our rotating models (dashed and
dotted lines in panel a) can match both the Al and Ca ratios (at
105.9 yr), while the the Cl ratio is between one and two orders
of magnitude too low. This excludes this star as a potential
solution for the ESS. For the LC18 models (Figure 7(b)), the
nonrotating model does not match Cl or the Ca ratio either. As
for our models, the rotating models match both the Al and Ca
ratios. The difference is that in the LC18 models the Cl ratio is
matched very early on in the calculation, at 104.9 yr, while the
other ratios are matched after 1 Myr, while in our models the Cl
ratio cannot be matched at all. However, due to this large
difference in Δt, these models can still not be considered a
potential solution.
For the 60 Me models (Figure 7(c)), all of our models can

match the three isotopic ratios, the Cl ratio at 105.5 yr and the
other two ratios at 106 yr. For the LC18 models (Figure 7(d)),
only their model with an initial rotational velocity of 150 km s−1

matches the Cl ratio, but too early (104–4.6 yr) to be considered a
solution together with the Al and Ca ratios.
Finally, for the 80 Me (Figure 7(e)), we can match the ESS

ratios of the SLRs with our nonrotating model and the model
rotating at an initial velocity of 150 km s−1. There is still a
difference in the delay times for 41Ca and 36Cl of a factor of 2.
For the 80 Me LC18 models (Figure 7(f)), only the nonrotating
model matches all three ratios, and the Cl ratio is matched at
0.03Myr, while the other two are matched at 1.14Myr. This
difference is again too large to consider this as a solution. The
rotating models cannot match the Cl ratio.
The difference between the sets can be explained by

considering Figures 4(d) and (f). While the 41Ca yields are
very comparable between the two sets of both nonrotating and
rotating models for 60 and 80 Me, the nonrotating and rotating
36Cl yields are lower for the LC18 models due to the
differences in mass loss (see Section 4.1) compared to our
yields. Therefore, there is less 36Cl compared to 41Ca in
the LC18 models than in our models, making it harder to match
both ratios within the uncertainties. For the 40 Me models, the
rotating yields given by LC18 are higher than our rotating
yields for 36Cl, and 41Ca which explains why their rotating
models can match for the Cl ratio, while our models cannot.
Our results that the three radionuclides 26Al, 36Cl, and 41Ca

can be ejected by the winds of a variety of WR stars at relative
levels compatible with the meteoritic observations are also in
qualitative agreement with the results of Arnould et al.
(1997, 2006). Because these authors used 107Pd to calculate f,
our results are not directly comparable. However, if we
consider the delay times shown in Figures 5–7 of Arnould et al.
(2006), we find similar values for the delay time for the Ca
ratio, between 105.5 and 106 yr. Their delay time for the Cl ratio
for their 40 Me model is much closer to their delay time for the
Ca ratio compared to our models and those by LC18. However,
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the delay times for the Cl ratio are worse for their 60 and 85Me
models than for our models or those by LC18. Our result also
confirm the analysis of the production of 26Al in WR stars of
mass between 32 and 120 Me by Gounelle & Meynet (2012).
Our f factor may be compared to their ηwind/1000 in their

Equation (2), for which they find values ranging down to
2× 10−5. For our models it is possible to find a solution for
26Al and 41Ca for models with initial masses 60–80 Me with
dilution factors in the range 0.00011–7.2× 10−5 and Δt
around 1Myr.

Figure 7. Abundance ratios (R/S) for the three SLRs (R) over their stable reference isotope (S) for a certain dilution factor f. The solid lines represent the nonrotating
models, the dashed lines the models with an initial rotational velocity of 150 km s−1, and the dotted lines the models with an initial rotational velocity of 300 km s−1.
The horizontal bands represent the ESS ratios, with their respective errors. The vertical lines represent the delay time for the Ca ratio. The left panels give the results
for our models (40, 60, and 80 Me), the right panels give the results for the models by LC18 for the same masses. The range of values of f for each panel (in units of
10−4) are: (a) 1.32–2.64, (b) 2.44–3.03, (c) 0.60–1.13, d 0.54–1.37, (e) 0.16–0.5, and (f) 0.08–0.24.
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Overall, we conform that WR stars are a robust candidate
site for the production of 26Al, 36Cl, and 41Ca in the ESS.

5.3. The Impact of Neutron-capture Rates

From Figure 7, it becomes clear that to match the Al, Ca, and
Cl ratios using a self-consistent delay time within the scenario
and the ESS ratios discussed in this work, more 36Cl and/or
less 41Ca is required. To look more closely at this, we
performed a sensitivity study for the destruction of these two
isotopes. The dominant rate in the 36Cl and 41Ca destruction via
neutron captures are the 36Cl(n,p)36S and 41Ca(n,α)38Ar rates,
respectively. For the rate 36Cl(n,p)36S we use the reaclib label
“ths8” which corresponds to a theoretical determination by
Rauscher (2008). For 36Cl(n,p)36S reported experimental rates
are both similar to the value used here (de Smet et al. 2007) and
30% lower, at the temperature of interest here around 200–300
MK. For the 41Ca(n,α)38Ar rate the JINA reaclib reference is
Sevior et al. (1986), which is roughly a factor of 2 higher than
the theoretical rate by Rauscher (2008). Given that there are
significant differences between the current estimates, we
computed three additional 60 Me nonrotating models for
which we multiplied the neutron-capture reaction rates of
interest by different constants as indicated in Table 3.

The table also gives the yields for 36Cl and 41Ca. The 36Cl
yield increases when the reaction rate is decreased, as was
expected (models 2 and 4). For model 2, the 41Ca yield
increases slightly. For models 3 and 4 the 41Ca yield decreases
by about a factor 2, as is expected as well. The changes in the
yields are not fully linear due to other (neutron-capture)
reactions also playing a minor role in the destruction of the
these two isotopes. If we apply the delay time calculation to
these new models, we find that for model 1, the difference in
the delay time between the Ca ratio and the Cl ratio is a factor
of ∼3. For model 2, the delay time difference is similar to that
of model 1. This is visible in Figure 8, where the solid lines
(model 1) and the dashed lines (model 2) are more or less
overlapping. Models 3 (dotted lines) and 4 (dashed-dotted
lines), provide a better solution as the difference in the delay
time is reduced to a factor 1.8. There is little difference between
these two models. From this, we can conclude that to obtain a
better match for all three SLR ratios, a decrease in the amount
of 41Ca has more impact than the increase in the amount
of 36Cl.

5.4. Oxygen Isotopic Ratios

For sake of completeness, we also checked if the models that
reproduce 26Al and 41Ca affect the O isotopic ratios. This is
because a successful pollution model should avoid predicting a
correlation between the presence of 26Al and modification of
the O isotopes (Gounelle & Meibom 2007) to match the

observational evidence that some CAIs (the fractionated and
unknown nuclear anomalies class) and some corundum grains
are poor in 26Al, but they have virtually the same O isotopic
composition as those that are rich in 26Al (see, e.g., Makide
et al. 2011). The composition of the O isotopes in the winds is
dominated by H and He burning and its main features are
production of 16O and depletion of 17O and 18O, relative to
their initial amounts in the star, with 17O/16O and 18O/16O
ratios at most roughly 8 and 20 times higher than solar.
Therefore, when we add the O isotopic wind yields of the
selected models diluted by f to the O solar system abundances,
we obtained a decrease of the order of 0.1–1.5% in both the
17O/16O and 18O/16O ratios, increasing the absolute value with
increasing the stellar mass from 40–50 Me to 80 Me. While
variations at the lower values of this range would not be
detectable, those at the upper values would be. Therefore, if we
assume the specific scenario where the 26Al-poor and 26Al-rich
grains formed before and after injection, respectively, then the
lower masses would be favored to avoid changes in the O
ratios. However, the higher masses reproduce the 36Cl
abundance. This discrepancy needs to be further investigated.

6. Conclusion

We have investigated the production of selected stable and
radioactive isotopes in the winds of massive rotating stars. The
selected SLRs of interest for the ESS are 26Al, 36Cl, and 41Ca,
while the selected stable isotopes are 19F and 22Ne. These
results have been compared to various studies in the literature.
We also determined which of these models could self-
consistently explain the ESS abundances of 26Al, 36Cl, and
41Ca. We have found that:

1. For the SLRs, it is mostly the WRs in the mass range
40–80 Me that give significant yields. However, the 60Fe
yields are insignificant compare to the supernova yields.

2. Only our most massive rotating stars produce a net
positive 19F yield (�60Me for an initial rotation rate of
300 km s−1). For 22Ne, more stars give a net positive
yield, from � 40–45 Me, depending on the initial
rotational velocity.

3. The main effect of rotation is that it lowers the initial
mass for which the stars become WRs. For 26Al the effect

Table 3
Factors Used to Multiply the Indicated Reaction Rates from Their Standard
Values in the 60 Me Nonrotating Models Considered in this Section and the

Yields in Me Resulting from These Changes

36Cl(n,p)36S 41Ca(n,α)38Ar 36Cl (Me)
41Ca (Me)

Model 1 1 1 1.48e-06 2.42e-06
Model 2 0.5 1 2.47e-06 2.55e-06
Model 3 1 2 1.51e-06 1.29e-06
Model 4 0.5 2 2.41e-06 1.29e-06

Figure 8. Results for the reaction rate tests. The colors and bands are the same
as in Figure 7.
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of rotation on the yields is minimal, and only noticeable
around the WR limit. For 36Cl and 41Ca a higher rotation
rate leads to an increase in the yields at lower masses,
shifting from ∼30 to ∼20 Me. From ∼45 Me the yields
become again comparable for all models. For the stable
isotopes, the rotational mixing leads to lower yields
below 50 and 35 Me for 19F and 22Ne, respectively.

4. Overall, the yields from our models compare well to
those from the literature. There are some differences
caused by a different prescription of the mass-loss and/or
a different approach to rotational mixing. This clearly
shows that the treatment of stellar winds and the increase
of mass loss due to rotation, as well as the treatment of
rotation and rotational mixing, have still a large impact on
the yields.

5. In Section 5, we have investigated which of the stellar
models described in this paper could explain the ESS
abundances. Depending on the initial rotational velocity,
stars with an initial mass of 40–45 Me and higher could
explain the 26Al and 41Ca abundances. However, only the
most massive models (�60Me) can also explain the 36Cl
abundances. We remind that also the following CCSNe
of massive star models will expel a significant amount of
these isotopes, however, they produce an overabundance
of 60Fe relatively to its ESS value.

6. From our tests of the neutron-capture rates of 36Cl and
41Ca we conclude that to obtain a better match for all
three SLR ratios, a decrease in the amount of 41Ca,
derived from increasing its (n,α) rate, has more impact
than the increase in the amount of 36Cl, derived from
decreasing its (n,p) rate.

7. When comparing our models with the oxygen-ratios in
the Solar System, which are known to high precision,
however, we find that the high mass models decrease the
oxygen isotopic ratios, 17O/16O and 18O/16O, too much,
while the lower mass models stay within the error-
margins of the measurements.

For all isotopes discussed here, except for 26Al which we
presented in Paper I, the influence of binary interactions still
needs to be investigated. We will examine this in our upcoming
paper, where we will also calculate whether these binary yields
could match the ESS abundances. Future work includes the
formation of dust from the WR binary stars (see, e.g., Lau et al.
2020), since dust may be needed to incorporate SLRs into the
ESS (Dwarkadas et al. 2017). Furthermore, a more detailed
analysis of several uncertainties should be performed, which
includes different prescriptions for the winds and for the
rotational boost on wind loss, as well as investigations of the
effect of reaction rate uncertainties specifically on the
destruction of 19F, 41Ca, and 36Cl, and the neutron source
22Ne(α,n)25Mg reaction (Adsley et al. 2021). Finally, to present
a complete view of the isotopes discussed here, the explosive
nucleosynthetic yields will need to be calculated using our
models as the progenitors of the explosion.
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