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ABSTRACT
The presence of short-lived radionuclides (t1/2 < 10 Myr) in the early solar system provides important infor-

mation about the astrophysical environment in which the solar system formed. The discovery of now extinct
10Be (t1/2 = 1.4 Myr) in calcium-aluminum-rich inclusions (CAIs) with Fractionation and Unidentified Nuclear
isotope anomalies (FUN-CAIs) suggests that a baseline concentration of10Be in the early solar system was
inherited from the protosolar molecular cloud. In this paper, we investigate various astrophysical contexts for
the nonthermal nucleosynthesis of10Be by cosmic-ray-induced reactions. We first show that the10Be recorded
in FUN-CAIs cannot have been produced in situ by irradiationof the FUN-CAIs themselves. We then show
that trapping of Galactic cosmic rays (GCRs) in the collapsing presolar cloud core induced a negligible10Be
contamination of the protosolar nebula, the inferred10Be/9Be ratio being at least 40 times lower than that
recorded in FUN-CAIs (10Be/9Be∼ 3× 10−4). Irradiation of the presolar molecular cloud by background
GCRs produced a steady-state10Be/9Be ratio <∼ 1.3×10−4 at the time of the solar system formation, which
suggests that the presolar cloud was irradiated by an additional source of CRs. Considering a detailed model
for CR acceleration in a supernova remnant (SNR), we find thatthe10Be abundance recorded in FUN-CAIs can
be explained within two alternative scenarios: (i) the irradiation of a giant molecular cloud by CRs produced
by >∼ 50 supernovae exploding in a superbubble of hot gas generated by a large star cluster of at least 20,000
members and (ii) the irradiation of the presolar molecular cloud by freshly accelerated cosmic rays escaped
from an isolated SNR at the end of the Sedov-Taylor phase. In the second picture, the SNR resulted from the
explosion of a massive star that ran away from its parent OB association, expanded during most of its adiabatic
phase in an intercloud medium of density of about 1 H-atom cm−3, and eventually interacted with the presolar
molecular cloud only during the radiative stage. This modelnaturally provides an explanation for the injection
of other short-lived radionuclides of stellar origin into the cold presolar molecular cloud (26Al, 41Ca and36Cl)
and is in agreement with the solar system originating from the collapse of a molecular cloud shocked by a
supernova blast wave.
Subject headings: cosmic rays — nuclear reactions, nucleosynthesis, abundances — solar system: formation

— supernova remnants — acceleration of particles

1. INTRODUCTION

Several short-lived radionuclides (SLRs) with half-lives
t1/2 < 10 Myr were present in the protoplanetary disk at the
time of the solar system formation, including10Be,26Al, 36Cl,
41Ca,53Mn, 60Fe,107Pd, and182Hf (see Dauphas & Chaussi-
don 2011, for a review). These SLRs have various origins.
Some, such as53Mn (t1/2 = 3.7 Myr), 107Pd (t1/2 = 6.5 Myr),
and182Hf (t1/2 = 8.9 Myr) had initial abundances in the early
solar system consistent with the levels expected from the
long-term chemical evolution of the Galaxy (Meyer & Clay-
ton 2000). Others, such as26Al ( t1/2 = 0.72 Myr), were most
probably synthesized in a nearby stellar source just beforeor
during the birth of the solar system (see, e.g., Villeneuve et al.
2009; Tatischeff et al. 2010). Various stellar sources of26Al
have been proposed in the literature since the discovery of ex-
cess26Mg (the decay product of26Al) in calcium-aluminum-
rich inclusions (CAIs) from the Allende meteorite (Lee et al.
1976): a core-collapse supernova (SN; Cameron & Truran
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1977; Pan et al. 2012), an asymptotic giant branch (AGB) or
super-AGB star (Wasserburg et al. 1994; Lugaro et al. 2012),
a Wolf-Rayet star (Arnould et al. 1997; Tatischeff et al. 2010),
and more recently a massive star (of massM > 30M⊙) on the
main sequence (Gounelle & Meynet 2012).

Since the first evidence of60Ni excesses in Allende CAIs
(Birck & Lugmair 1988), the initial value of the60Fe/56Fe
ratio in the early solar system remains debated. In-situ mea-
surements suggest a high initial abundance of60Fe (t1/2 =
2.6 Myr) in chondrites, at a level of60Fe/56Fe∼ 10−7 (see,
e.g., Tachibana et al. 2006; Mishra et al. 2010), while bulk
measurements in several types of meteorites and in sub-
components (e.g. chondrules) exhibit much lower ratios, typ-
ically of the order of∼ 10−8. Whereas the latter value is
compatible with the average interstellar medium (ISM) com-
position at the time of the solar system formation (Tang &
Dauphas 2012), the high value may reveal a possible contam-
ination of the early solar system by material from a nearby
SN (Wasserburg et al. 1998). However, caution is required
in interpreting these data. The inferred initial60Fe/56Fe ratio
can be biased by data reduction (Ogliore et al. 2011; Telus et
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al. 2012) and the possible redistribution of Fe (after the60Fe
decay) can result in a substantially higher (or lower) apparent
60Fe/56Fe ratio (Telus et al. 2014). As a result, in the cur-
rent level of knowledge, the60Fe data do not provide clear
evidence that the solar nebula was substantially polluted by a
SN responsible for triggering the gravitational collapse of the
protosolar molecular cloud.

A key question raised by these observations is to under-
stand to what extend the birth of the solar system occurred in
generic conditions or require a specific astrophysical context
involving an unusual sequence of stellar events. The substan-
tial contamination of the protosolar nebula by specific stellar
nucleosynthetic products carried by winds and/or SN ejecta
necessarily requires ad hoc assumptions on the immediate
neighborhood of the solar system at the time of its forma-
tion. However, in the past years, attempts were made to ex-
plain the presence of most SLRs in a global generic approach
taking into account the astronomical observation of star form-
ing regions (Gounelle & Meynet 2012; Young 2014; Sahijpal
2014). In the model proposed by Gounelle & Meynet (2012),
the early solar system60Fe budget comes from a first gener-
ation of stars, whereas26Al is injected later by the winds of
a specific massive star of second generation located at close
distance from the gas shell in which the solar system was
born (see also Gounelle 2014). More recently, Young (2014)
showed that the abundance of most SRLs can be explained
within a generic Galactic evolution model taking into account
the capture of massive-star winds in dense molecular clouds.
Within such a context,10Be (t1/2 = 1.4 Myr) is of uttermost
interest since it is not produced by stellar nucleosynthesis, but
only by accelerated particle induced reactions (Reeves 1994).
Therefore, it was not taken into account in the approaches
mentioned above, but was assumed to arise from another con-
text. In this paper, we investigate different non-thermal nucle-
osynthesis scenarios for10Be that shed light on the astrophys-
ical context of the solar system formation.

This SLR was present in various CAIs (e.g. McKeegan et
al. 2000; Chaussidon et al. 2006; Wielandt et al. 2012) and
refractory hibonites (e.g. Marhas et al. 2002; Liu et al. 2009)
with an initial ratio10Be/9Be ranging from∼ 3×10−4 to ∼
9×10−4 (see Srinivasan & Chaussidon 2013, and references
therein). Recently, Gounelle et al. (2013) reported the detec-
tion of a much higher initial concentration of10Be in one CAI
from the chondrite Isheyevo:10Be/9Be = (10.4±1.6)×10−3.
Such a large variation of the10Be/9Be ratio can be explained
if substantial amounts of10Be were synthesized within the
early solar system by solar energetic particle irradiationof
gas and/or dust located at the inner edge of the protoplane-
tary disk (Gounelle et al. 2006, 2013; Leya et al. 2003; Liu
et al. 2009). In this model, the variability of the10Be abun-
dance is a result of the large range of irradiation dose received
by target material during flaring events. By analogy with the
present day implantation of10Be in lunar materials, Bricker
& Caffee (2010) proposed an alternative model in which10Be
is synthesized by large flares in the atmosphere of the young
Sun, and then incorporated into the solar wind and implanted
into refractory solids at the edge of the protoplanetary disk.

Wielandt et al. (2012) recently identified the past presence
of live 10Be in two CAIs with Fractionation and Unidentified
Nuclear isotope anomalies (FUN-CAIs), with an initial ratio
10Be/9Be∼ 3×10−4. FUN-CAIs are rare refractory igneous
objects that formed very early in the history of the solar sys-

tem, most likely prior to the condensation of canonical CAIs,
and had minor interaction with any solar gas (see Thrane et
al. 2008). Therefore, Wielandt et al. (2012) suggested thatthe
10Be/9Be ratio recorded by FUN-CAIs represents a baseline
level present in presolar material inherited from the protoso-
lar molecular cloud. Wielandt et al. (2012) further suggested
that the10Be enrichment of the protosolar molecular cloud re-
sults from the trapping of Galactic cosmic rays (GCRs) in the
collapsing cloud core (Desch et al. 2004).

Gamma-ray astronomy has recently provided direct ev-
idence that CR protons are accelerated in SN remnants
(SNRs), where they produce neutral pions by interacting with
ambient thermal gas (Ackermann et al. 2013). In some ob-
jects, part of the pionic gamma-ray emission arises from out-
side the remnant and is most likely due to CRs that escaped
the acceleration site and now interact with nearby molecular
clouds (Abdo et al. 2010; Uchiyama et al. 2012). Inspired by
these gamma-ray observations – hadronic gamma-ray emis-
sion is necessarily accompanied by spallation nucleosynthesis
of light elements – we investigate the possibility that the10Be
abundance recorded by FUN-CAIs was produced by CRs ac-
celerated in a nearby SNR.

The main goal of this paper is to use the meteoritic data
on protosolar10Be to study the assumption that the birth of
the solar system was triggered by a SN shock. In Section 2,
we develop a detailed model for the production of hadronic
CRs at the blast wave of a SNR and the transport of these
energetic particles in the postshock plasma. We then use the
derived particle distribution functions to calculate light ele-
ment nucleosynthesis as a function of the ambient medium
density. In Section 3, we first show that10Be found in FUN-
CAIs was most probably not produced by nonthermal nu-
cleosynthesis within the early solar system (Sect. 3.1) and
then study various models of10Be synthesis in the protoso-
lar molecular cloud (Sect. 3.2). In the following of this Sec-
tion, based on recent results on the abundance of10Be nuclei
in current-epoch GCRs, we first show that the GCR-trapping
model put forward by Desch et al. (2004) cannot account for
10Be/9Be∼ 3× 10−4 at the time of the solar system forma-
tion. We then evaluate the amount of protosolar10Be pro-
duced by irradiation of the presolar molecular cloud by back-
ground GCRs and highlight the need for an additional source
of CRs producing nonthermal nucleosynthesis in the presolar
gas. We then use the10Be production rate derived in Sect. 2
to explore two models of SN-molecular cloud interaction: one
where the radioactive nuclei are produced inside the SNR by
trapped CRs interacting with shocked molecular gas, and an-
other one where10Be is produced in a molecular cloud irradi-
ated by freshly accelerated CRs that escaped from the remnant
during the radiative stage of its evolution. In the continua-
tion of the latter model, we also consider a scenario where the
10Be-producing CRs are accelerated in several SNe explod-
ing in a superbubble of hot gas resulting from the activity of
massive stars in an OB association. The results of the various
models are discussed in Section 4 and a conclusion is finally
given in Section 5.

2. MODEL OF LIGHT ELEMENT NUCLEOSYNTHESIS BY CR
SPALLATION IN AN SNR

2.1. Rate of cosmic-ray production at SN blast wave

Both gamma-ray emission from SNRs (e.g., Giordano et
al. 2012) and models for the origin of the CRs detected near
Earth (e.g., Ptuskin et al. 2010) show that a sizeable fraction
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of the kinetic motion of an expanding SN shell gets converted
into accelerated particles, most likely by the diffusive shock
acceleration process (Caprioli 2012, and references therein).
In a young SNR, typically 50% of the ram kinetic energy flux
processed by the blast wave goes into CRs at any instant (El-
lison & Bykov 2011). About 20% of this energy flux is given
to particles that continuously escape upstream into the ISM,
while the remaining CRs carrying 30% of the available kinetic
energy are trapped within the SNR until it becomes radiative
(Caprioli et al. 2010; Ellison & Bykov 2011). In the present
work, we consider only the production of light elements by
trapped CRs. We assume that the total kinetic power acquired
at any instant by these particles at the forward shock front is
given by

ẆCR = fCRẆs = fCR×
1
2
ρCSMV 3

s ×4πR2
s , (1)

with fCR = 30%. Here,ρCSM is the density of the circum-
stellar medium (CSM) of the SN,Rs andVs = dRs/dt being
the forward shock radius and velocity, respectively. Assum-
ing power-law density profiles for both the outer SN ejecta,
ρej ∝ tn−3R−n (with n > 5), and the CSM,ρCSM ∝ R−s (with
s < 3), we have from the self-similar, thin-shell approxima-
tion (Chevalier 1982) that during the initial free expansion
phase of the SNR:Rs ∝ t (n−3)/(n−s). Equation (1) then gives
ẆCR ∝ tm with m = (2n +6s −ns −15)/(n −s). If ρCSM is con-
stant (s = 0), thenm = 2−15/n; but if ρCSM drops asR−2, which
corresponds to the case where the blast wave initially expands
in the winds of the progenitor star, thenm = −3/(n −2). The
power-law index of the outer SN ejecta being typically in the
range 8< n < 12 (see, e.g., Matzner & McKee 1999), we ob-
tain 0.125< m < 0.75 fors = 0 and−0.5< m < −0.3 for s = 2.
Thus, in an SNR resulting from the explosion of a massive star
that experienced strong mass loss at the end of its life, the CR
powerẆCR is expected to be maximum just after the outburst.

For simplicity, we neglect in this work the light element
nucleosynthesis during the free expansion phase and further
assume that the SNR expands into a CSM of constant density.
This will allow us to obtain a lower limit on10Be production
in an SNR, which will be independent of the SN type and the
wind mass loss of the progenitor star. We note, however, that
in remnants of massive star explosions, the production of10Be
during the early stage of interaction of the SN ejecta with the
progenitor wind might be significant.

The free expansion phase ends when the mass of interstellar
matter swept up and collected by the forward shock becomes
comparable to the mass of the SN ejecta,Mej, which occurs at
the time after explosion (Truelove & McKee 1999)

tST ≈ (1400 yr)

(

Mej

10M⊙

)5/6( ESN

1051 erg

)−1/2
( nH

1 cm−3

)−1/3
.

(2)
Here,ESN is the total kinetic energy of the SN outburst andnH
the H number density in the CSM. During the subsequent adi-
abatic Sedov-Taylor stage, the forward shock radius evolves
as

Rs = (12.5 pc)

(

ESN

1051 erg

)1/5
( nH

1 cm−3

)−1/5
(

t
104 yr

)2/5

,

(3)
such thatẆCR ∝ t−1 (see Eq. 1). The transition from the
Sedov-Taylor stage to the radiative pressure-driven snowplow

phase occurs at the time (Blondin et al. 1998)

trad≈
(

2.9×104 yr
)

(

ESN

1051 erg

)4/17
( nH

1 cm−3

)−9/17
. (4)

In the radiative phase, the thermal gas in the shell of the
swept-up material gradually recombines, which has the ef-
fects of terminating the process of particle acceleration and
allowing the CRs previously accelerated to escape into the
ISM.

Considering only the CRs accelerated during the Sedov-
Taylor stage, the temporal evolution of the energy density of
these particles at the forward shock position can be writtenas
(see Parizot & Drury 1999b)

ǫCR(Rs, t) =
ẆCR

4πR2
sVs

≈ fCRESN

4πR2
sVst

. (5)

By definition, the CR energy density is also given by

ǫCR(Rs, t) =
∫ pmax

pmin

4πp2 f (p, t)E(p)d p , (6)

wherep andE are the particle momentum and kinetic energy,
respectively, and

f (p, t) = f0(t)
( p

mc

)−sp

(7)

is the CR phase-space distribution expected from the diffusive
shock acceleration theory (m is the particle mass andc the
speed of light). Typical limits of the CR momentum during
the Sedov-Taylor stage arepmin ∼ 10−3mc andpmax∼ 106mc
(e.g. Caprioli 2012). The differential number density of CRs
per unit energy interval – expressed for example in number
of particles cm−3 (MeV/nucleon)−1 – is related to the phase-
space distribution by

n(E,Rs, t) = 4πp2 f (p, t)
d p
dE

= 4π f0(t)
( p

mc

)1−sp

m2c

(

E
mc2

+1

)

. (8)

Recent gamma-ray observations of Galactic SNRs show
that the energy spectrum of relativistic CRs accelerated in
these objects is proportional toE−sE with sE in the range
2.2−2.4, which is steeper than theE−2 dependence predicted
by the test-particle model of first-order Fermi acceleration
(Caprioli 2011, and references therein). A CR source spec-
trum as steep asE−2.2 − E−2.4 is also needed to explain the
slope of the CR flux observed near Earth (∝ E−2.75). The
steepness of the CR source spectrum can be explained by the
Alfvénic drift of self-generated plasma waves in the precur-
sor regions of SN shocks (Caprioli 2011, 2012; see also Bell
1978). To account for this effect, we adopt for the slope of the
phase-space distributionsp = sE +2 = 4.3±0.1.

The integral in equation (6) can be readily calculated by
using as a first approximationE(p) = p2/2m for p ≤ mc and
E(p) = pc for p > pc (see also Drury et al. 1989):

ǫCR(Rs, t) = 4π f0(t)m4c5ℑ , (9)
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with

ℑ =

[

1−(pmin/mc)5−sp

5−sp
+ (pmax/mc)4−sp −1

4−sp

]

for sp 6= 4 and 5

ℑ = 1−
( pmin

mc

)

+ ln
( pmax

mc

)

for sp = 4

ℑ = 1− ln
( pmin

mc

)

−
(

mc
pmax

)

for sp = 5 .

(10)

For 4≤ sp ≤ 5, the calculation ofǫCR depends little on the
values ofpmin andpmax. Moreover, the approximation ofE(p)
used for this calculation leads to a negligible error in the re-
sult.

By expressing in equation (8) the time-dependent normal-
ization factorf0(t) from equations (5) and (9), we obtain:

n(E,Rs, t) =
Qs(E, t)
4πR2

sVs
, (11)

with

Qs(E, t) =
fCRESN

t
1

ℑm2c4

( p
mc

)1−sp
(

E
mc2

+1

)

. (12)

The latter quantity is the differential injection rate of
CRs at the forward shock front (number of particles
s−1 (MeV/nucleon)−1). Its expression in the form of equa-
tion (12) is a generalization of equation (16) in Parizot &
Drury (1999b), valid for any value ofsp. Using Qs(E, t) to
describe the CR injection rate presupposes that these particles
are instantaneously produced at the shock position whatever
their energy. This approximtaion is sufficient for the present
model, because the light elements are mainly produced by
spallation induced by non-relativistic CRs, and the accelera-
tion time of these particles at SN shocks is much shorter than
the dynamic timescale of SNRs.

2.2. Cosmic-ray transport in the postshock plasma

Because nonthermal particles in SNRs are thought to be
strongly coupled to the thermal plasma through the self-
generated magnetic turbulence, we assume that CRs are trans-
ported away from the shock front by simple advection with
the downstream thermal fluid (see, e.g., Parizot et al. 2006
for a study of high-energy CR electron transport in SNRs).
The differential number density of CRs of typej (protons,α
particles and heavier nuclei) at timet and positionR < Rs(t),
denotedn j(E,R, t), then results from the advection of the cor-
responding nonthermal population generated at the forward
shock front at timeti < t: n j(Ei,Rs(ti), ti) (eqs. 11 and 12)1.
The correspondence betweenR, t and ti is obtained by the
numerical solution of the equation

R(t) = Rs(ti) +
∫ t

ti

V [R(t ′)]dt ′ , (13)

whereV [R(t ′)] is the bulk velocity of the downstream thermal
fluid. We estimate the latter from the self-similar Sedov solu-
tion (see Chevalier 1983), neglecting the influence of the CR
pressure on the shock structure.

The main energy loss processes that can affect the energy
distribution of low-energy hadronic CRs during their trans-
port in the downstream medium are adiabatic and Coulomb
cooling. The formalism outlined in Appendix A allows us to
calculate the initial energyEi at timeti of the particlej that
has an energyE at timet and positionR (from eqs. A6 and

1 Note thatR > Rs(ti) since the SNR is expanding over time.
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FIG. 1.— Relative differential number densities of nonthermal16O ions at
various downstream positions in an SNR at the beginning of the radiative
stage, forESN = 1.5×1051 erg,nH = 10 cm−3, andsp = 4.3. The dashed lines
show the results obtained atR = 0.97Rs and 0.7Rs without taking into account
the Coulomb losses.
A8 for E < Et = 200 MeV nucleon−1 and eq. A13 forE ≥ Et).
Appendix A also gives the transfer functionG such that

n j (E,R, t) = n j (Ei,Rs(ti), ti)G{E,Ei,ρgas[R(t)]/ρCSM} . (14)

Remarkably, theG function depends on the relative density of
the downstream thermal gas,ρgas[R(t)]/ρCSM, obtained from
the self-similar Sedov solution, but not explicitly on the nature
of the particlej (see eqs. A11 and A15). However, the rela-
tion betweenEi andE that takes into account the Coulomb
losses depends on the atomic and mass numbers of the fast
ions (eq. A6).

Figure 1 shows calculated differential number densities of
fast 16O ions at various radii in an SNR entering the radia-
tive phase. The effect of the Coulomb losses is apparent
below ∼ 100 MeV nucleon−1. The effect of the adiabatic
losses can be assessed by comparing the differential densi-
ties above 200 MeV nucleon−1. Noteworthy, these losses are
partly offset by the fact that the CR injection rate decreases
with time (eq. 12). Thus, the layer being at the position
R = 0.7Rs at timetrad was shocked atti = 646 yr, and the dif-
ferential CR injection rate at that early time was much higher:
Qs(E, ti) = 14.6×Qs(E, trad). In comparison, att = trad, the
density of fast16O ions of energyE > 200 MeV nucleon−1

is about 1.6 times lower in this layer than that at the forward
shock position (Figure 1).

In Figure 2 we show radial profiles of CR proton energy
densities obtained by integration ofnp(E,R, trad) over energy.
The faster decay ofǫCR(R, trad) for nH = 100 cm−3 than for
nH = 10 cm−3 shows the significance of Coulomb energy
losses for such densities of the CSM. The sudden drop of
ǫCR(R, trad) atR/Rs = 0.68 (fornH = 10 cm−3) andR/Rs = 0.728
(for nH = 100 cm−3) is due to the assumption of the beginning
of the CR acceleration at the timetST marking the start of the
Sedov-Taylor phase (eq. 2): this limit is the maximum dis-
tance traveled by CRs in the downstream medium during the
time intervaltrad− tST. We see in this Figure than most of the
thermal gas and CRs are located close to the blast wave, which
shows the limits of previous models that have considered ho-
mogeneous SNRs (e.g. Parizot & Drury 1999a,b).

2.3. Light element production
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FIG. 2.— Radial profiles of the thermal gas density (ρgas) and the energy
density in nonthermal protons (ǫCR) in an SNR at the end of the Sedov-Taylor
phase.ρgas is the self-similar Sedov solution;ǫCR is calculated withESN =
1.5×1051 erg,Mej = 10M⊙, sp = 4.3, and for two values ofnH.

The production rate of a light elementk by CR interaction
with the ambient gas at radiusR and timet (in atoms cm−3 s−1)
is given by

qk (R, t) =
∑

i, j

∫ ∞

0
ni(R, t)n j(E,R, t)σi, j;k(E)v j(E)dE , (15)

where v j(E) is the velocity of the CR particle of typej,
σi, j;k(E) the cross section for the nuclear reactioni + j → k,
andni(R, t) = nHxiρgas[R(t)]/ρCSM, with xi the abundance of
the constituenti in the CSM, which we assume to have the
solar system composition (Asplund et al. 2009). We use
for the accelerated particles the composition of the current
epoch Galactic CRs at their sources, which we obtain by
taking the heavy ion abundances relative to O from Engel-
mann et al. (1990) and the alpha-to-oxygen and proton-to-
alpha abundance ratios recommended by Meyer et al. (1997):
Cα/CO = 19 andCp/Cα = 15. The resulting CR source com-
position is consistent with the theoretical works of Putze et al.
(2011). We assume that all the accelerated ion species have
the same energy spectrum as a function of kinetic energy per
nucleon.

In the next section we present with some details the synthe-
sis of 10Be by CR interaction in an SNR during the Sedov-
Taylor phase. We then evaluate in Sect. 2.3.2 the significance
of the production of the stable light elements6,7Li, 9Be, and
10,11B by this process.

2.3.1. 10Be/9Be at the end of the Sedov phase

10Be is mostly produced by spallation of CNO nuclei in col-
lisions with protons andα particles. The corresponding reac-
tion cross sections are presented in Appendix B. In Figure 3,
we show total production rate of10Be atoms calculated from
eq. (15), together with the contributions of the most abundant
CR species to this production . We see that10Be is mainly syn-
thesized by spallation of fast12C and16O, whose abundances
in the CR source composition areC12C/Cp = 2.8× 10−3 and
C16O/Cp = 3.5×10−3, respectively. In comparison, the abun-
dances of these species in the solar system composition are
x12C = 2.92×10−4 andx16O = 5.36×10−4.

10Be nuclei produced by spallation of fast heavy ions ac-
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FIG. 3.— 10Be production rates at the end of the Sedov-Taylor phase as a
function of the downstream positionR/Rs, for ESN = 1.5× 1051 erg, nH =
10 cm−3, andsp = 4.3. The contributions of fast protons,α particles,12C,
14N, and16O ions to the total rate are shown by the dashed curves.

quire in the reactions a recoil kinetic energy per nucleon sim-
ilar to that of the projectiles, i.e.Erec

>∼ 30 MeV nucleon−1

and >∼ 10 MeV nucleon−1 for spallation in H and He, re-
spectively (see Figure 12 in Appendix B). Depending on the
plasma density in the SNR, these fast10Be ions may not get
thermalized during the Sedov-Taylor stage and some of them
may escape into the ISM during the radiative phase. To esti-
mate the importance of this loss, we assume that the escaping
10Be ions are those having an energy loss time at the time of
their production,τloss∼ Erec/[(dE/dt)Coul(Erec)], greater than
the duration of the Sedov phase,trad− tST ≈ trad (eq. 4). Using
the power-law approximation of the Coulomb energy loss rate
presented in Appendix A (eq. A1), we readily obtain a lower
limit on the recoil energy of the escaping10Be:

Erec>
(

KXcompnHZ2trad/A
)

1
1+β , (16)

whereβ = 0.47 andK = 7.5×10−12 MeV nucleon−1 s−1 cm3

(see Appendix A),Z = 4,A = 10, andXcomp∼ 2, the latter fac-
tor taking into account the higher density of the SNR shell
relative to that of the CSM due to the shock compression
(nH ≡ nCSM

H in the above equation). With these numerical val-
ues and equation (4), we get:

Erec>
(

8.2 MeV nucleon−1
)

(

ESN

1051 erg

)0.16
( nH

1 cm−3

)0.32
.

(17)
This result shows that most10Be nuclei produced in inverse
kinematics, i.e. by spallation of fast heavy ions, will escape
the SNR during the radiative phase. On the other hand, as
illustrated in Figure 13, the vast majority of10Be ions syn-
thesized by accelerated proton- andα-particle-induced spal-
lations (direct kinematics) are produced with recoil energy
Erec < 8 MeV nucleon−1, and will stop in the SNR in a time
τloss< trad as long asnH

>∼ 1 cm−3. Here we make the simplify-
ing assumption that all10Be produced in direct kinematics are
trapped in the SNR and all those produced in inverse kinemat-
ics are lost in the ISM before the end of the SNR. Because the
latter do not enrich the shocked gas layer, they are no longer
considered in this work. However, we see in Figure 3 that
lost 10Be ions are about 10 times more abundant than those
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FIG. 4.— Temporal evolution of the production of10Be in an SNR during the Sedov-Taylor phase.Left: instantaneous production rate (in atoms s−1) divided by
the H density in the CSM (nH); right: evolution of the abundance ratio10Be/9Be. The calculations were carried out withESN = 1.5×1051 erg andMej = 10M⊙

(see eq. 2), and three different values ofnH. The hatched areas reflect the errors arising from the uncertainty in the slope of the phase-space distribution:
sp = 4.3±0.1 (eq. 7).

produced in direct kinematics (mainly by proton reactions).
10Be ions produced in a downstream region near the blast

wave may be able to cross the shock front to the upstream
medium and thus be injected in the diffusive shock accelera-
tion process. This may occur in a region of thickness

∆R ∼ rD
Vs

, (18)

wherer is the shock compression ratio (r = 4 for a test-particle
strong shock) andD is the spatial diffusion coefficient of10Be
nuclei in the downstream medium. Taking for the latter the
Bohm value,D = vrg/3 wherev is the particle speed and
rg = pc/QeBps the particle gyroradius (p is the particle mo-
mentum,Q the charge number,−e the electronic charge, and
Bps the postshock magnetic field), we get for fully stripped
(Q = 4), non-relativistic10Be ions:

∆R
Rs

= 2.8×10−8

(

Erec

8 MeV nucleon−1

)(

Bps

100µG

)−1

×
(

ESN

1051 erg

)−2/5
( nH

1 cm−3

)2/5
(

t
104 yr

)1/5

. (19)

Given the small size of the region of interest, the reaccelera-
tion of 10Be ions produced by spallation of ambient CNO by
fast protons andα particles can be safely neglected.

Figure 4a shows the quantity

Q10Be(t)
nH

=
1

nH

∫ Rs(t)

0
q10Be(R, t)×4πR2dR (20)

for three values ofnH. Here, q10Be(R, t) is calculated from
equation (15) withj ≡ p orα. We see that the10Be production
rate rapidly increases at the beginning of the Sedov-Taylor
phase and then becomes nearly independent of time. This
is because the contribution of freshly accelerated CRs to the
total 10Be production becomes negligible at the end of this
stage. Attrad, Q10Be/nH is in the range (3 – 4)×1033 cm3 s−1

whatever the CSM density.
Figure 4b shows the temporal evolution of the isotopic ratio

10Be/9Be in the SNR interior:

10Be
9Be

(t) =

∫ t
0 Q10Be

(

t ′
)

dt ′

x9BeVSNR(t)nH
, (21)

whereVSNR(t) = 4πR3
s (t)/3 is the SNR volume at timet and

x9Be = 2.63× 10−11 is the estimated protosolar abundance of
9Be (Asplund et al. 2009). This equation assumes that the
number of9Be atoms synthesized in the SNR can be neglected
in front of the number of circumstellar atoms collected by the
forward shock. This will be checked in the next section.

The mass of material contained in the SNR at the end of the
Sedov-Taylor phase is significant:MSNR = ρCSMVSNR(trad) =
1460, 840, and 490M⊙, for nH = 1, 10, and 100 cm−3, re-
spectively. At that time, the isotopic ratio10Be/9Be in this
material amounts to respectively∼ 1.2×10−4, ∼ 5.6×10−4,
and∼ 2.5× 10−3 (Figure 4b). In comparison, the inferred
10Be/9Be ratio in the protosolar molecular cloud is∼ 3×10−4

(Wielandt et al. 2012). The implications of these calculations
for the astrophysical context of solar system formation aredis-
cussed in Section 3.

2.3.2. Production of stable light elements

We have calculated the production of the stable isotopes
6Li, 7Li, 9Be, 10B, and11B, from the reaction cross sections
discussed in Tatischeff & Thibaud (2007) and using the same
formalism as for10Be. In particular, since our first goal is
to study the composition of the protosolar molecular cloud,
we have considered only the reactions induced by acceler-
ated protons andα particles. Some results obtained with
nH = 100 cm−3 are given in Table 1.

6Li and 7Li are mainly synthesized in collisions of accel-
eratedα particles with ambient He. In this so-calledα +α
reaction, a significant fraction of Li nuclei are produced with
recoil energies> 8 MeV nucleon−1 and will not get thermal-
ized in the SNR (see eq. 16). The relative numbers of6Li and
7Li given in Table 1 thus represent upper limits to the possible
contamination of the protosolar molecular cloud by Li atoms
synthesized in an SNR. Anyway, we see that the production of
stable elements by this process is negligible compared to the
composition of the protosolar molecular cloud resulting from
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TABLE 1
PRODUCTION OF STABLE LIGHT ELEMENTS IN AN

SNRa

Isotope Qk(trad)/nH
b Nk/(xknHVSNR)c

(1034 atoms cm3 s−1) (‰)

6Li 10.0 15.8d

7Li 17.7 2.4d

9Be 1.1 7.5
10B 4.3 6.6
11B 11.0 4.3
a For nH = 100 cm−3, sp = 4.3, ESN = 1.5×1051 erg, and
Mej = 10M⊙.
b Instantaneous production rate of the isotopek at trad di-
vided by the H density in the CSM. This ratio depends
only weakly onnH (see Figure 4a for10Be).
c Number of atomsk synthesized in the SNR during the
Sedov phase (Nk) divided by the number of atomsk of
the CSM collected by the forward shock during the same
period, in per mil.
d Escape from the SNR of6Li and 7Li produced in the
α+α reaction is not taken into account (see text).

billions of years of Galactic chemical enrichment. This con-
firms previous results which showed that nonthermal produc-
tion of the stable isotopes of Li, Be and B in SNRs is not im-
portant for Galactic chemical evolution (e.g., Parizot & Drury
1999a,b; Tatischeff & Kiener 2011).

3. THE ORIGIN OF10BE IN FUN-CAIS

The model developed in Section 2 shows that production
of 10Be in an SNR can be significant when compared to the
level of radioactive contamination of the early solar system.
This result prompted us to study in detail the origin of10Be
in FUN-CAIs. In Section 3.1, we first examine if the10Be
nuclei incorporated in these objects were produced within the
solar system by spallogenic nucleosynthesis induced by solar
energetic particles, or if they were inherited from the proto-
solar molecular cloud, as suggested by Wielandt et al. (2012).
Reaching the conclusion that the10Be found in FUN-CAIs
was not produced within the early solar system, we then study
in Section 3.2 the origin of this radioactivity in the protosolar
molecular cloud. In Sections 3.2.1 to 3.2.5, we successively
review five models of10Be enrichment of a molecular cloud
that could potentially account for the10Be/9Be ratio recorded
by FUN-CAIs.

3.1. 10Be in FUN-CAIs: in situ production within the solar
system or a protosolar heritage?

The variability of 10Be abundances measured in canoni-
cal CAIs and refractory hibonites supports an heterogeneous
distribution of this radioactivity in the early solar system,
which is best explained by a local production by solar ener-
getic particles (Srinivasan & Chaussidon 2013, and references
therein). In this context,10Be could have been synthesized in
three types of setting: (i) through spallation of solar nebula
gas close to the proto-sun (e.g. McKeegan et al. 2000), (ii)
by large flares in the atmosphere of the young star (Bricker &
Caffee 2010), or (iii) by irradiation of the refractory inclusions
themselves or their precursor materials in the protoplanetary
disk (Gounelle et al. 2001, 2013; Liu et al. 2009, 2010).

The initial abundances of10Be measured by Wielandt et al.
(2012) in two FUN-CAIs are10Be/9Be = (2.77±0.24)×10−4

in AXCAI 2771 (a CAI from the CV chondrite Axtell) and
10Be/9Be = (3.37± 0.20)× 10−4 in KT1 (a CAI from the

CV chondrite NWA 779). These abundances are lower than
those found in canonical CAIs and hibonites (see Srinivasan
& Chaussidon 2013). FUN-CAIs are known to contain large
mass-independent isotope anomalies of nucleosynthetic ori-
gin (Birck 2004), which reflects that these objects had little
isotope exchange with a gas of solar composition. Thus, as
already pointed out by Wielandt et al. (2012),10Be forma-
tion in any solar gas cannot explained the presence of10Be in
FUN-CAIs. We argue below that an in situ production of10Be
by irradiation of the FUN CAIs themselves is also unlikely.

3.1.1. 6Li overproduction in irradiated FUN-CAIs

Wielandt et al. (2012) suggested that an in situ spallogen-
esis of10Be should be accompanied by a significant produc-
tion of 6Li. To provide a quantitative discussion of this ar-
gument, we first assume that the differential flux spectrum of
the CAI-irradiating solar energetic particles is a power law
in kinetic energy per nucleon above the energy thresholds of
the6Li- and 10Be-producing nuclear reactions. We allow the
spectral index of this power-law distribution to vary between
s = 2.5 and 4, which is typical of modern solar flares (see also
Duprat & Tatischeff 2007). We take the acceleratedα-particle
to proton abundance ratio to beα/p = 0.1. Considering that
in refractory solids6Li and10Be are mainly produced by spal-
lation of target16O, we obtain that the production rate ratio
Q(6Li)/Q(10Be) ranges from 26 fors = 2.5 to 62 fors = 4.

Wielandt et al. (2012) carried out most of their analyses
on melilite samples. They measured Be concentrations in
melilite grains of the FUN-CAIs ranging from 54 to 1214 ppb,
with an mean value of [Be] = 376 ppb. The mean concentra-
tion of spallogenic6Li produced in situ is then predicted to
be

[6Li] spal=
Q(6Li)

Q(10Be)
×

10Be
9Be

× [Be]∈ [2.9 ppb,7.0 ppb], (22)

where10Be/9Be∼ 3×10−4 is the approximate initial abun-
dance of10Be in the FUN-CAIs (Wielandt et al. 2012). The
mean concentration of spallogenic7Li can be calculated in the
same way. The resulting Li isotopic ratio ranges from 0.86 for
s = 4 to 1.24 fors = 2.5.

The measured mean concentration of6Li in melilite of the
FUN-CAIs if 10.9 ppb (Wielandt et al. 2012). Assuming that
it results from a mixing of spallogenic and chondritic Li (with
the chondritic ratio7Li/6Li = 12.06±0.03; Seitz et al. 2007),
we would expect a mean isotopic ratio in the samples ranging
from 7Li/6Li = 4.9 for s = 4 to 7Li/6Li = 9.2 for s = 2.5. In
comparison, the weighted mean of the Li measurements in
melilite of the FUN-CAIs is7Li/6Li = 11.93±0.02 (Wielandt
et al. 2012), much closer to the chondritic value.

The issue of spallogenic6Li overproduction is even more
significant when considering individual samples with high
Be abundance and/or low6Li concentration. For exam-
ple, Wielandt et al. (2012) measured a Be concentration of
1214± 122 ppb in one melilite grain of the FUN-CAI KT1.
In the model of in situ production, this sample should contain
a concentration of spallogenic6Li in the range 9.5 – 22.6 ppb
(eq. 22), whereas the measured6Li concentration is much
lower: [6Li] = 2 .19±0.25 ppb. As Wielandt et al. (2012) al-
ready noted (see also Thrane et al. 2008), it is unlikely thatthe
original Li content of this FUN-CAI was completely erased
during secondary events and replaced by Li from a chondritic
reservoir.
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3.1.2. Inconsistent in-situ production of 10Be/9Be in different
mineral phases

In fact, regardless of the Li data, that samples with very
different Be concentrations fall into the same isochron in a
10Be–10B isochron diagram strongly argues against an in-situ
production of10Be. In the model of spallogenesis in refrac-
tory solids, the initial abundance of10Be in a given CAI is
generally calculated as (see, e.g., Gounelle et al. 2013)

10Be
9Be

=
[16O]
[Be]

∫ ∞

0
Np(E)

[

σp(E) +
α

p
σα(E)

]

dE . (23)

Here,σi is the cross section for the reactioni+16O→10 Be and
Np(E) is the differential fluence of energetic protons (number
of particles cm−2 MeV−1). The concentration of16O in CAI
minerals is about 60% (by number of atoms). But [Be] varies
considerably from one mineral phase to another. Thus, the
mean Be concentration in the pyroxene grains of the FUN-
CAI KT1 is [Be] = 38 ppb, which is an order of magnitude
lower than in melilite (Wielandt et al. 2012). The fact that
the initial abundance of10Be was about the same in these
two mineral phases – as can be deduced from the10Be–10B
isochron diagram (Wielandt et al. 2012, Figure 1b) – would
require the proton fluence received by melilite to be about
ten times higher than that received by pyroxene (see eq. 23),
which is truly unlikely. In other words, for a given proton
fluence the10Be/9Be ratio should be ten times higher in py-
roxene than in melilite, which is not observed.

Noteworthy, this argument is also valid for canonical CAIs,
which makes a case against in situ spallogenesis also for these
objects. But in contrast to FUN-CAIs, canonical CAIs may
have inherited10Be from an irradiated solar nebula at the in-
ner edge of the accretion disk. In Srinivasan & Chaussidon
(2013), the nebula is considered to be a mixture of a small
fraction of refractory solids and of un-fractionated solargas,
with a solid-to-gas mass ratio of∼ 10−3–10−2.

3.1.3. Overheating of irradiated FUN-CAIs

Another argument against an in situ spallogenic origin of
10Be in FUN-CAIs is related to the heating of solids irra-
diated by high particle fluxes. Applying equation (23) with
10Be/9Be = 3×10−4 and [Be] = 376 ppb (the mean concentra-
tion measured by Wielandt et al. (2012) in melilite), we obtain
a required fluence in protons of energy greater than 10 MeV
ranging fromFp(> 10 MeV) = 1.2×1018 cm−2 for s = 2.5 to
5.4×1018 cm−2 for s = 4. At energies below the thresholds of
the nuclear reactions, we assume that the accelerated particle
spectrum extends as a power-law of indexs between 2.5 and
4 down to 1 MeV nucleon−1 and is flat below (s = 0). Such
a spectral shape is approximately representative of that mea-
sured in modern solar flares (Reames 1999). Taking into ac-
count acceleratedα particles with the same source spectrum
as for protons and withα/p = 0.1, the required total energy
fluence in fast particles becomesFtot = 3.2×1014 erg cm−2 for
s = 2.5 andFtot = 3.6×1016 erg cm−2 for s = 4.

To estimate what fraction of this nonthermal energy was de-
posited in the FUN-CAIs (in the scenarion of in-situ spalloge-
nesis), we first evaluated the projected range of protons andα
particles in these solids using the SRIM code (Stopping and
Range of Ions in Matter; Ziegler et al. 2010). We found that
fast particles of energy less than 21 MeV nucleon−1 should
stop in 2.5 mm of this material, which is the approximate di-

ameter of the FUN-CAIs KT1 and AXCAI 2771 (Thrane et al.
2008; Srinivasan et al. 2000). The energy fluence deposited
in the solids by particles of energyE < 21 MeV nucleon−1 is
then found to beFdep = 2.6× 1014 erg cm−2 for s = 2.5 and
Fdep = 3.6×1016 erg cm−2 for s = 4 (for the steepest particle
spectrum, 99.9% of the total nonthermal energy is contained
in particles of less than 21 MeV nucleon−1).

The heating of the target depends on the instantaneous
power they receive and thus on the irradiation time. The
typical duration of X-ray flares of pre-main-sequence stars
ranges from a few hours to a few days, with a mean value
of ∆t ≈ 105 s (Wolk et al. 2005). Assuming that the required
energy fluence is delivered by one of such flares would give
a mean energy flux endured by the refractory targets ranging
from fdep = 2.6×109 to 3.6×1011 erg cm−2 s−1, which corre-
sponds to an equilibrium temperature in the rangeT = 2600–
8930 K (fdep= σT 4 whereσ = 5.67×10−5 erg cm−2 s−1 K−4 is
the Stephan-Boltzman constant). Under such a power deposi-
tion, the targets would rapidly evaporate.

FUN-CAIs contain large nucleosynthetic anomalies in ele-
ments such as barium and strontium, whose melting temper-
atures are 1000 K and 1050 K, respectively. It proves that
these objects were not heated by secondary processes above
∼ 1000 K and therefore did not receive at any time a parti-
cle energy flux larger thanfdep = 5.7×107 erg cm−2 s−1. In
the model of in-situ10Be production, targets were then nec-
essarily exposed to a large number of relatively weak flares,
N > Fdep/(∆t fdep) = 46 fors = 2.5 (N > 6316 fors = 4). This
result is difficult to reconcile with the popular X-wind model
that assumes an intense irradiation of bare solids in the recon-
nection ring close to the proto-sun (see Gounelle et al. 2001).

Thus, in view of these issues, in situ spallogenesis seems
unable to account for the presence of10Be in FUN-CAIs. As
these objects had minor interaction with any solar gas, the
10Be/9Be ratio that they recorded must reflect the level of
10Be contamination of the protosolar molecular cloud.

3.2. The origin of 10Be in the protosolar molecular cloud

Several SNRs have been detected in gamma-rays at both
TeV and GeV energies (see Helder et al. 2012, and references
therein). In most of these objects, the gamma-ray emission
is thought to be produced by interaction of trapped CRs with
shocked material inside the remnant. In two cases, however,
part of the gamma-ray emission is clearly coming from out-
side the remnant and is most likely due to CRs that escaped
the acceleration site and now interact with nearby molecu-
lar clouds: W28 (Abdo et al. 2010) and W44 (Uchiyama et
al. 2012). Both SNRs are 104–105 yr old and have probably
reached the radiative stage of their evolution.

Inspired by these gamma-ray observations, we study in the
following various scenarios that could potentially explain the
10Be abundance of the protosolar molecular cloud. In the first
one (Sect. 3.2.3), we consider a SN exploding in the inter-
cloud medium and releasing non-relativistic CRs at the end of
the Sedov-Taylor phase. The escaping particles then spread
into the surrounding ISM and produce significant10Be nuclei
in a nearby molecular cloud. In the continuation of this model,
we consider in Section 3.2.4 the irradiation of a giant molecu-
lar cloud by CRs produced by an ensemble of SNe exploding
within a superbubble formed by an OB association. In Sec-
tion 3.2.5, we then consider a scenario where a massive star
escapes from its parent OB association and explodes within a
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FIG. 5.— Schematic illustration of various models of10Be enrichment of
an isolated molecular cloud (upper panel, a) and of a molecular cloud im-
pacted by an SNR (lower panels, b andc): (1) trapping of10Be GCRs, (2)
spallation reactions induced by GCR protons andα-particles, (3) spallation
reactions induced by protons andα-particles escaped from an isolated SNR
in the radiative phase or from a superbubble formed by the activity of sev-
eral massive stars and SNe in an OB association, and (4) spallation reactions
induced by CRs trapped within a SNR in the Sedov-Taylor phase. In panel
(c) the SNR has reached the radiative stage and10Be nuclei are produced by
freshly accelerated CRs diffusing both upstream and downstream the shock.

molecular cloud complex, so that some molecular gas is im-
pacted by the remnant during the Sedov phase. Some10Be
is then produced by trapped CRs interacting with shocked
material. But before that, we discuss two other models for
the origin of protosolar10Be already studied by Desch et al.
(2004): trapping of GCRs in the collapsing protosolar cloud
core (Sect. 3.2.1) and irradiation of the presolar molecular
cloud by background GCRs (Sect. 3.2.2). The five models
considered in the following are shown schematically in Fig-
ure 5.

3.2.1. Trapping of 10Be GCRs

Based on the work of Desch et al. (2004), Wielandt et
al. (2012) suggested that the10Be abundance in the protoso-
lar molecular cloud was generated by enhanced trapping of
GCRs. This model was first proposed to explain the presence
of 26Al in meteoritic inclusions (Clayton & Jin 1995). Al-
though the hypothesis of GCR trapping fall short to explain
the high 26Al content of the early solar system (Lee et al.
1998), it is worth considering in the case of10Be in view of
the high abundance of this secondary nucleus in the GCRs.

As a molecular cloud core collapses, its column density
rises and finally reaches values in the order of the stop-
ping length of energetic ions (∼ 0.01 g cm−2 for ions a
few tens of MeV per nucleon). Desch et al. (2004) studied
this mechanism within the framework of the model of De-
sch & Mouschovias (2001) for the evolution of the molec-
ular cloud core magnetic field and density. They consider
a timescale for the entire process of a few Myr, an abso-
lute flux of GCRs at the time of the solar system forma-
tion two times higher than the present one, and a10Be/H
ratio in the GCRs slightly lower (by 83%) than the present
value. Under these hypotheses and with a present-day GCR
flux of 10Be nuclei at energies<∼ 100 MeV nucleon−1 of
4.6×10−9 cm−2 s−1 sr−1 (MeV/nucleon)−1, Desch et al. (2004)
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FIG. 6.— 10Be/Be ratio (a) and10Be flux (b) in current-epoch GCRs. Here,
Be≡7Be+9Be+10Be. The GALPROP model is a conventional diffusive reac-
celeration model (Strong & Moskalenko 2001; Ptuskin et al. 2006) providing
a good description of elemental energy spectra measured with theAdvanced
Composition Explorer (Lave et al. 2013). The dotted lines show the values
adopted by Desch et al. (2004).

concluded that a10Be/9Be ratio as high as∼ 10−3 can be ob-
tained by trapping of energetic10Be.

We have revisited the trapping mechanism using the GCR
propagation code GALPROP2 to better estimate the en-
ergy dependence of the10Be flux at low energies. We
adopted a conventional diffusive reaccelerating model (Strong
& Moskalenko 2001; Ptuskin et al. 2006; parameter file
galdef_44_599278pub in GALPROP), which was recently
found to provide a good description of fluxes measured
with the Advanced Composition Explorer for particles with
nuclear charge 5≤ Z ≤ 28 in the energy range∼ 50–
550 MeV nucleon−1 (Lave et al. 2013). In Figure 6, we com-
pare the GALPROP10Be/Be ratio and10Be flux with the val-
ues adopted by Desch et al. (2004). The energy dependence
of the10Be flux results from a combination of the10Be differ-
ential production yield and the subsequent transport of thefast
ions in the ISM. The predicted decrease of the flux with de-
creasing energy is consistent with a recent measurement of the
B flux (also a purely secondary element) in the local ISM by
the Voyager 1 spacecraft (Cummings et al. 2013). Notewor-
thy, another commonly-used GALPROP model that do not
include the effects of diffusive reacceleration in the ISM (the
plain diffusion model; parameter file galdef_44_999726pub)
predicts an even steeper decline of the10Be flux at low ener-
gies.

Following Desch et al. (2004), we took into account both
the magnetic focusing and mirroring of ions in the cloud core
(usingBISM = 4 µG andBcore = 30µG), although their com-
bine effect have little influence of the final result. We used
for the core the same density profile as these authors, but we
calculated the energy losses of the fast ions with the SRIM
code. We find that the10Be GCRs trapped in the core have

2 http://galprop.stanford.edu/
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low initial energies; it is only during the last million year
before the gravitational collapse that10Be ions of more than
10 MeV nucleon−1 can be stopped in the core.

We also took into consideration that the GCR flux at the
time of the solar system formation was substantially larger
than its present value. The best proxy for the GCR flux at a
given time is most likely the SN rate. We note that models
of Li, Be and B evolution as a function of stellar metallicity
[Fe/H] depend only weakly on the time evolution of the GCR
flux, because both the production of light elements and that
of Fe vary with the SN rate (see Prantzos 2012). However, in
the models of chemical evolution of the solar neighbourhood
of Prantzos (2008) and Zhukovska et al. (2008), the local SN
rate 4.57 Gyr ago was higher than now by factors of 1.4 and
1.6, respectively. We thus adopted an enhancement factor for
the total GCR flux of 1.5, and multiplied it by a factor of 0.83
to take account of the lower10Be/H ratio in the GCRs in the
past (Desch et al. 2004).

Considering a starting cloud core free of10Be, the max-
imum of the10Be/9Be ratio is reached after a typical time
of 4 Myr (corresponding to two times the10Be mean life-
time). For time greater than 4 Myr, the10Be/9Be ratio drops
due to dilution in increasing amounts of9Be from the cloud
collapse. Under the prescriptions detailed above, we find
that the trapping of GCR10Be by the protosolar cloud core
results in a maximum10Be/9Be ratio of 7.7× 10−6, which
is ∼ 130 times less than the result of Desch et al. (2004).
Noteworthy, our calculated10Be/9Be ratio should be con-
sidered as an upper limit, because we assumed the10Be
flux to be constant below 10 MeV nucleon−1 (F = 3.06×
10−10 cm−2 s−1 sr−1 (MeV/nucleon)−1, see Figure 6).

A part of the discrepancy between our result and the work of
Desch et al. (2004) comes from the10Be flux at low energies
(the difference is by a factor of∼ 15 at 10 MeV nucleon−1). A
second source of discrepancy may come from the energy loss
treatment. In their paper, Desch et al. (2004) indicate thatthey
considered an effective range of 0.003 g cm−2 to slow down
10Be ions from 10 to 1 MeV nucleon−1 (cutoff energy at which
they assumed the ions to be trapped). Using SRIM tabula-
tions, it appears that the range of a10Be of 10 MeV nucleon−1

in a gas of solar composition is 0.036 g cm−2 (the later value
exhibits a negligible variation when considering a lower cut-
off at 1 MeV nucleon−1). As a result, much less10Be ions are
stopped than expected by Desch et al. (2004) and the resulting
10Be/9Be ratio in the cloud core remains far below the value
recorded in FUN-CAIs.

3.2.2. Steady-state production of 10Be by background GCRs

10Be is continuously produced in the Galaxy by direct spal-
lation reactions induced by GCR protons andα-particles off
ambient12C, 14N, and16O nuclei (of abundances in the solar
system compositionx12C = 2.92×10−4, x14N = 7.40×10−5, and
x16O = 5.36×10−4; Asplund et al. 2009). The lifetime of10Be
being shorter than the characteristic timescale of variation of
the GCR flux in the Galaxy, the10Be abundance is expected to
be in a steady state in the ISM. In the region of the protosolar
molecular cloud, we have

10Be
9Be

=
P10Beτ10Be

(9Be/H)⊙
, (24)
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FIG. 7.— Fluxes of GCR protons andα particles in the local ISM. Except
for the recent data taken with the Voyager 1 spacecraft (Stone et al. 2013), the
other observed fluxes were demodulated with the force field model of Glee-
son & Axford (1968) and with a solar modulation parameter depending on
the epoch of observations (see Benhabiles-Mezhoud et al. 2013, and refer-
ences therein). Solid lines (based on the Voyager and PAMELAobservations
only) represent the fluxes used in the present work.

whereP10Be is the10Be production rate per H atom 4.57 Gyr
ago,τ10Be = 2.001±0.017 Myr the10Be lifetime (Korschinek
et al. 2010), and (9Be/H)⊙ = 2.63×10−11 the protosolar abun-
dance of9Be (Asplund et al. 2009). We calculated the10Be
production rate in the thin target approximation, i.e. by sim-
ple integration over energy of the product of the GCR flux and
the spallation cross-sections presented in Appendix B. Using
the CR interaction model developed in Tatischeff et al. (2012),
we checked that the ionization losses of the fast protons and
α-particles can be neglected for10Be production as long as
the H column density of the irradiated cloud is< 1023 cm2.

Fluxes of GCR protons andα-particles in the local ISM
are presented in Figure 7. Thanks to the Voyager probe that
has recently reached the edge of the solar system, these GCR
spectra are now well known down to∼ 3 MeV nucleon−1

(Stone et al. 2013). We combined the Voyager data with
PAMELA observations (Adriani et al. 2011) to build accurate
synthetic spectra up to a few hundred GeV nucleon−1.

The process of interaction of CRs with molecular clouds is
not well known. Skilling & Strong (1976) pointed out that the
generation of Alfven waves outside dense clouds can exclude
CRs below a few hundred MeV from clouds. More recently,
Everett & Zweibel (2011) found that the CR density inside
clouds may decrease slightly in general, and by an order of
magnitude in some cases. However, we assume here that low-
energy CRs can freely penetrate the clouds and that the10Be
instantaneous production rate is the same in all phases of the
ISM. The10Be/9Be ratio calculated here should thus be con-
sidered as an upper limit to the ratio produced by GCR irradi-
ation of the presolar molecular cloud.

With the GCR spectra determined by the Voyager and
PAMELA observations, we obtain a current-epoch10Be pro-
duction rate of 1.16×10−21 yr−1 H−1. The production rate is
dominated by proton-induced reactions on ambient12C and
16O, the contribution ofα particles representing 13% of the
total. The10Be production rate found in the present work is
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FIG. 8.— Evolution of the10Be/9Be ratio in a molecular cloud irradi-
ated by CRs escaping from an SNR, for two values of the distance be-
tween the cloud and the SNR at the end of the Sedov-Taylor phase. Up-
per panel: dcl = 10 pc; lower panel: dcl = 30 pc. The blue hatched ar-
eas correspond to the initial isotopic ratio found by Wielandt et al. (2012)
in two FUN-CAIs: 10Be/9Be = (2.77± 0.24)× 10−4 in AXCAI 2771 and
10Be/9Be = (3.37± 0.20)× 10−4 in KT1 (2σ errors). The horizontal dot-
ted line shows the steady state isotopic ratio produced by background GCRs
4.57 Gyr ago (10Be/9Be = 1.3× 10−4). The dashed lines show additional
10Be produced by CR protons andα particles released from the SNR at the
end of the Sedov phase. These curves were obtained for different values
of the CR diffusion coefficient and H density of the intercloud medium –
curves 1 and 2:D = 3× 1027 cm2 s−1, 3 and 4:D = 1026 cm2 s−1; 1 and 3:
nH = 1 cm−3, 2 and 4:nH = 0.1 cm−3 (see text). The solid lines show the sum
of the 10Be/9Be ratio produced in case 3 and the steady state isotopic ratio
produced by the background GCRs.

smaller by a factor of two than the value obtained by De-
sch et al. (2004),P10Be = 2.41× 10−21 yr−1 H−1. Accord-
ing to equation (24), we have nowadays in the local ISM
10Be/9Be = 8.9× 10−5. With an enhancement factor of 1.5
for the GCR ion fluxes 4.57 Gyr ago (see Sect. 3.2.1), we
finally get10Be/9Be = 1.3×10−4 at the time of the solar sys-
tem formation. Although significant, this value is substan-
tially lower than the isotopic ratio recorded in FUN-CAIs
(10Be/9Be = (2.77±0.24)×10−4 and (3.37±0.20)×10−4 in
AXCAI 2771 and KT1, respectively, the errors being at 2σ),
which suggests that the presolar molecular cloud was irradi-
ated by an additional source of CRs before its gravitational
collapse.

3.2.3. 10Be production by CRs escaped from a nearby SNR

Here, we consider a model in which an additional amount of
10Be is produced in the presolar molecular cloud by spallation
reactions induced by protons andα-particles escaped from a
nearby SNR (model 3 in Figure 5). This model can be applied
to a massive star that evolved within its parent OB association,
in the vicinity of a molecular cloud complex. The thermaliza-
tion of multiple stellar winds emitted from the star clusterfor
million years formed a large cavity of hot gas known as a su-

perbubble, inside which the massive star finally explodes. In
this context, the SN occurs at a typical distance of a few tens
of parsecs from the parent molecular cloud complex and the
SNR expands in an ambient medium of densitynH < 1 cm−3

(see Tatischeff et al. 2010).
The highest-energy CRs accelerated at a SN blast wave con-

tinuously escape the remnant into the ISM during the Sedov-
Taylor phase (Caprioli et al. 2010; Ellison & Bykov 2011).
However, these high-energy particles (E ≫ 1 GeV) produce
little 10Be. Spallation nucleosynthesis is mainly due to non-
relativistic CRs, which remain efficiently trapped within the
remnant before it enters the radiative stage. For simplic-
ity, we assume that all non-relativistic CRs produced in the
SNR during the Sedov phase are suddenly released in the
ISM at the transition timet0 = trad (eq. 4). At the timet af-
ter explosion, these CRs will have diffused over a distance
Rdiff (t) ≈

√
6D(t − t0), whereD is the spatial diffusion coef-

ficient of the fast particles in the vicinity of the SNR. We as-
sume here isotropic diffusion, although CRs escaping an SNR
may diffuse preferentially along regular magnetic field lines
(Nava & Gabici 2013). Fort ≫ t0, the CR density can be
taken to be constant within the diffusion radiusRdiff (t). Within
this volume, the thin-target production rate of10Be nuclei per
ambient H atom can be written as

P10Be(t) = PSNR
10Be

R3
s −R3

in

[Rs +Rdiff (t)]3
. (25)

Here,Rin andRs are the inner and outer radii of the SNR shell
filled with CRs at the timetrad after explosion (see Figure 2)
andPSNR

10Be = Q10Be(trad)/NSNR
H is the10Be production rate in this

shell (Q10Be is given by equation (20) andNSNR
H is the total

number of H atoms in the shell). From the model described
in Sect. 2, we findPSNR

10Be = 1.0×10−19 and 5.9×10−21 yr−1 H-
atom−1 for nH = 1 and 0.1 cm−3, respectively.

Equation (25) assumes that the ionization losses of the es-
caping CRs can be neglected, such that the CR spectrum does
not vary with time inside the diffusion volume, apart from the
normalization. As before (Sect. 3.2.2), it is a valid approxi-
mation as long as the H column density of the irradiated cloud
is < 1023 cm2 (see Tatischeff et al. 2012). We also consider
(as in Sect. 3.2.2) that the CR spectrum is not altered by the
process of CR penetration into the molecular cloud. Equa-
tion (25) also assumes that the entire volume of the SNR is
filled with CRs at the timet.

The net rate of variation of the10Be/9Be ratio in the irradi-
ated cloud is given by

d
dt

( 10Be
9Be

)

=
P10Be(t)

x9Be
−

1
τ10Be

10Be
9Be

. (26)

Results obtained from a numerical solution of this equation,
with P10Be(t) calculated at each time step from equation (25),
are shown in Figure 8 for two values ofnH and two values of
the diffusion coefficientD. The latter parameter is not well
known. With the typical mean diffusion coefficient for the
propagation of GCR nuclei in the local interstellar magnetic
field B (Berezinskii et al. 1990),

D ≈ 1028β j

(

R j

1 GV

)0.5( B
3 µG

)−0.5

cm2 s−1, (27)

whereβ j = v j/c andR j is the particle rigidity, one gets for
100 MeV protons: D ≈ 3× 1027 cm2 s−1. However, the
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gamma-ray emission of molecular clouds near W28 is best
explained with a diffusion coefficient much smaller than the
average Galactic one (Fujita et al. 2009; Gabici et al. 2010),
and we also useD = 1026 cm2 s−1. Such a suppression of the
diffusion may be the result of an increase in the level of mag-
netic turbulence due to CR streaming away from the SNR.

The irradiation of a molecular cloud located at a distance
dcl from the SNR starts at the timetmin ≈ d2

cl/6D after the
time t0 of CR escape. Then, the evolution of the CR flux
depends on the diffusion coefficient: if particle diffusionis
still suppressed at the distancedcl from the SNR, the flux of
CRs impinging the cloud decreases relatively slowly, which
enhances the10Be production (see Figure 8). As also shown
in Figure 8, the10Be/9Be ratio in the cloud increases with
nH, which is due to the increase of the total number of CRs
produced in the SNR. Noteworthy, under our assumptions, in
particular as long as the thin-target approximation applies, the
10Be/9Be ratio only depends on the CR flux, but not on the
ambient medium density.

Finally, we find that this model could explain the abundance
of 10Be in the protosolar molecular cloud, but only for special
conditions (Figure 8): (i) the molecular cloud must be located
close enough to the SNR,dcl

<∼ 10 pc, (ii) the particle dif-
fusion between the SNR and the cloud must be significantly
suppressed with respect to the average diffusion of the GCRs,
D ≪ 3×1027 cm2 s−1, and (iii) the SNR must have expanded
in a medium of densitynH ∼ 1 cm−3. The last requirement
is particularly restrictive, because the density inside a super-
bubble aged over 3 Myr (the minimum lifetime of a massive
star) is of the order 10−2 cm−3 (Mac Low & McCray 1988;
Tatischeff et al. 2010). Thus, in this scenario the SN cannot
result from the explosion of a massive star within its parent
OB association.

3.2.4. 10Be production in a giant molecular cloud by CRs escaped
from several SNRs within a superbubble

Star clusters containing more than a few thousands mem-
bers can give rise to several SNe exploding, with a tight space
and time correlation, within the associated superbubble ofhot
gas. It is therefore relevant to evaluate the10Be budget re-
sulting from the accumulation of CRs produced by succes-
sive SNe from a large cluster. For this purpose, inspired by
the model presented in Gounelle et al. (2009, see also Young
2014), we use Monte Carlo simulations of the activity of mas-
sive stars (≥ 8 M⊙) in an OB association. First, the ini-
tial mass of the stars in the parent cluster are calculated ac-
cording to the Initial Mass Function (IMF) of Kroupa et al.
(1993) using the mass-generating function given in Brasseret
al. (2006), and assuming a maximum stellar mass of 120M⊙.
Young (2014) considered, as initially suggested by Fryer etal.
(2007), that single Wolf-Rayet stars do not explode as bright
SNe, but rather collapse by fallback to form massive black
holes. However, such an assumption is not supported by radio
observations of type Ibc SNe (Chevalier & Fransson 2006),
and do not agree with the recent spectroscopic observations
of SN 2013cu (Gal-Yam et al. 2014). Therefore, we consider
here a classical scenario where all stars of initial mass greater
than 8M⊙ end their life as a SN explosion. We verified a pos-
teriori that the simulation results are not strongly dependent
of the maximum mass of the stars exploding as a SN, as long
as it is above∼ 30M⊙. With the IMF of Kroupa et al. (1993),
the fraction of stars between 8 and 120M⊙ is 2.4×10−3, cor-
responding to≈ 12 and≈ 48 SNe for a cluster containing
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FIG. 9.— Evolution of the10Be/9Be ratio in a molecular cloud irradiated by
CRs escaped from several SNRs from a parent cluster of 5000 stars. The time
origin corresponds to the birth of the star cluster. Panel (a): the molecular
cloud is located at an increasing distanceRSB(t) from the SN explosions (see
text); panel (b): the molecular cloud is at a fixed distancedcl = 60 pc (see
text). Individual SNR contributions to the10Be/9Be ratio are represented
by the black solid lines, while the cumulative production isshown in red.
The green solid line shows the sum of the10Be/9Be ratio produced by CRs
accelerated in the superbubble and the steady state isotopic ratio produced by
the background GCRs (black dashed line). The data of Wielandt et al. (2012)
are shown by the blue hatched areas, as in Figure 8. The calculations assume
a CR diffusion coefficientD = 1026 cm2 s−1 and a H density in the molecular
cloudnH = 100 cm−3.

5000 and 20,000 stars, respectively.
The explosion time (ti) of each massive star is calculated us-

ing the stellar lifetimes from Schaller et al. (1992). For a solar
metallicity (Z = 0.02) the explosion times are ranging from 3
to 39 Myr for the most and less massive stars considered here.
Given the number of SNe in the cluster, the density inside the
superbubblenSB and its radiusRSB are calculated at eachti
using the prescriptions given in Tatischeff et al. (2010, eqs. 1
and 3). The last step of the simulation calculates the produc-
tion of 10Be in the nearby molecular cloud induced by each
SNR following the approach presented in Sect 3.2.3. This is
done by solving Eq. (26) where the inner radius of the SNR
shell filled with CRs at the timetrad (Rin) and the10Be produc-
tion rate in this shell (PSNR

10Be) depend on the density in which
evolves the SNR. These parameters are calculated for the den-
sity of the superbubble when the considered star explodes, i.e.
nSB(ti). In order to take into account the stochastic nature of
star formation our Monte Carlo model is repeated for many
star clusters of the same size until a stable average trend is
obtained for the time evolution of the10Be/9Be isotopic ratio.
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Figure 9 shows the result of a single Monte Carlo realiza-
tion for a cluster of 5000 stars when the associated superbub-
ble expands in a molecular cloud of H densitynH = 100 cm−3.
Two scenarios are presented. The first one (Figure 9a) consid-
ers that the superbubble creates an expanding spherical cavity
in its parent molecular cloud so that the molecular cloud is lo-
cated at the distanceRSB(t) from the exploding SNe assumed
to be at the center of the superbubble. The contribution of
individual SNR to the production of10Be decreases with in-
creasing explosion times due to the dilution effect caused by
the superbubble expansion (see Eq. (25)). In this model, the
obtained10Be/9Be ratio should be considered as an upper limit
since we neglected the ongoing superbubble expansion during
the time it takes for CRs to diffuse to the molecular cloud. As
an example, a 8M⊙ star explodes as a SN 39 Myr after the
birth of the cluster and at that time the superbubble has a ra-
dius RSB = 165 pc. The time needed for the CRs to reach
such a distance is 14 Myr (forD = 1026 cm2 s−1) during which
the superbubble has further expanded toRSB = 198 pc. In the
end, the CRs will reach the molecular cloud at a distance of
≈ 225 pc after≈ 24 Myr. These additional delay and dilution
factor result in an effective smaller10Be production.

In the second scenario (Figure 9b), we consider a geomet-
ric configuration representative of a non-spherical superbub-
ble expanding preferentially away from the parent molecu-
lar cloud complex due to the lower density of the ambient
medium in this direction (see, e.g., Burrows et al. (1993)
for the geometry of the Orion-Eradinus superbubble with re-
spect to the Orion molecular cloud complex). In this case,
we simply assume that the molecular cloud is located at a
fixed distance (dcl = 60 pc) from the place of the SN explo-
sions. For comparison with the previous scenario, the same
sequence of massive stars has been generated. When the most
massive star of the present Monte Carlo realization explodes
(M = 106M⊙), the superbubble radius isRSB = 36 pc, which
is smaller thandcl. Therefore, the contribution of this spe-
cific SNR to the10Be/9Be ratio comes later and is less than
in the case where the molecular clould is always at the edge
of the superbubble. On the contrary, as soon asRSB is greater
thandcl, the 10Be/9Be production ratio comes earlier and is
enhanced compared to the first scenario. Noteworthy, in the
second scenario, the propagation time of CRs to the molecular
cloud is by assumption the same for all SNe (1.8 Myr).

We considered a whole range of cluster size, from 5000 up
to several 105. For each cluster size, the Monte Carlo proce-
dure was repeated 50 times and the mean of all realizations
was calculated (red solid curves in Figures 10a and b). We
checked that increasing the number of realizations do not sig-
nificantly change the mean result. For a cluster size of 5000
stars, none of the two scenarios presented above is able to
reproduce the10Be/9Be isotopic ratio found by Wielandt et
al. (2012) in the AXCAI 2771 and KT1 FUN-CAIs. In the
scenario where the molecular gas is located at the edge of
the expanding superbubble, a cluster size of>∼ 30,000 stars
is required to account for the meteoritic observations (Fig-
ure 10a). By contrast, a smaller cluster size of≈ 20,000 stars
is needed in the second scenario (Figure 10b). In both cases,
the 10Be/9Be isotopic ratio reaches a steady state value 10 –
15 Myr after the formation of the cluster and then starts to
decrease after about 40 Myr. This time interval is consis-
tent with the lifetime of giant molecular clouds (27±12 Myr;
Murray 2011), which suggests that most protostars formed
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FIG. 10.— Time evolution of the10Be/9Be isotopic ratio produced in a giant
molecular cloud by a cluster of 30,000 stars withdcl = RSB(t) (upper panel)
and a cluster of 20,000 stars withdcl = 60 pc (lower panel). Each Monte-
Carlo realization is represented by a black dashed line and the average of 50
realizations is shown by the red solid line. The green solid line shows the
sum of the average result and the steady state10Be/9Be ratio produced by the
background GCRs (black dashed line). The data of Wielandt etal. (2012) are
shown by the blue hatched areas, as in Figure 8.

in such an irradiated cloud can contain10Be at a level close
to that recorded by FUN-CAIs, whatever the time of gravita-
tional collapse of the prestellar cores.

These simulations thus show that the abundance of10Be
in the protosolar molecular cloud can be explained by the
irradiation of a giant molecular cloud by CRs produced
by >∼ 50 SNe exploding in a superbubble generated by a
large star cluster of at least 20,000 members. The mass
distribution of young clusters (t <∼ 10 Myr) is well de-
scribed by the so-called Schechter function (Schechter 1976):
dN∗/dM ∝ M−α exp(−M/M∗), with M∗ = 2× 105 M⊙ and
α = 2 for Milky-Way-type spiral galaxies (Larsen 2009; Porte-
gies Zwart et al. 2010). Assuming a minimum stellar mass at
0.01M⊙ (Brasser et al. 2006), the IMF of Kroupa et al. (1993)
gives a mean stellar mass of 0.39M⊙, corresponding to a total
mass ofM ≈ 8×103 M⊙ for a cluster of 20,000 stars. With a
minimum cluster mass of 100M⊙ (Larsen 2009), the propor-
tion of clusters more massive than 8×103 M⊙ is of the order
of 1%. About a dozen of clusters with masses in the range 104

– 105 M⊙ are known in our galaxy (Figer 2008).

3.2.5. 10Be production in a molecular cloud impacted by an SNR

Here, we discuss an alternative scenario where a molecu-
lar cloud is directly impacted by a SNR from a massive star
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that escaped from its parent cluster. Due to dynamical in-
teractions with other cluster stars, nearly half of O-type stars
in the Galaxy acquire velocities exceeding the escape veloc-
ity from their parent OB association (Stone 1991). We con-
sider in this context two phases of10Be production: dur-
ing the Sedov-Taylor stage when trapped CRs interact with
shocked molecular gas (Figure 5b), and then during the radia-
tive stage when freshly accelerated CRs diffuse both upstream
and downstream the shock (Figure 5c).

In Section 2, for the sake of generality we have considered
the case of an SNR expanding into an homogeneous CSM of
constant densitynH and found that fornH = 100 cm−3 (a typi-
cal density for a molecular cloud), the shocked gas inside the
remnant contains10Be/9Be∼ 2.5×10−3 at the end of the adi-
abatic (Sedov) phase, which is nearly an order of magnitude
higher than the10Be abundance of the protosolar molecular
cloud inferred by Wielandt et al. (2012). In the more realis-
tic case where only part of the forward shock hits a molecu-
lar cloud (as represented in Figure 5b), the10Be/9Be ratio in
shocked molecular gas is expected to be of the same order of
magnitude, because both the10Be production and the number
of collected9Be atoms scale as the area of the contact surface
between the shock and the cloud (see Section 2).

The high10Be/9Be ratio found above assumes that the SNR
interacts with a molecular cloud from the beginning of the
Sedov phase. The10Be abundance in the shocked gas would
obviously be lower if the SNR initially expands into an inter-
cloud medium of lower density, typicallynH ∼ 1 cm−3, and
then hits a molecular cloud only after some timetcol > tST.
An upper limit on the time interval∆t = trad− tcol can be ob-
tained from the calculated10Be production rate in the SNR
shell at the timetrad: PSNR

10Be = 2.9× 10−17 yr−1 H-atom−1 for
nH = 100 cm−3. Assuming that the10Be production rate re-
mains approximately constant over∆t, we get

∆t <
10Be
9Be

x9Be

PSNR
10Be

= 270 yr. (28)

Here, we have taken10Be/9Be = 3×10−4. In comparison, the
Sedov-Taylor stage lasts∼ 3× 104 yr for nH = 1 cm−3 and
∼ 2800 yr fornH = 100 cm−3 (eq. 4).

During the radiative stage of the SNR evolution, until the
gravitationnal collapse of the protosolar molecular cloud, an
additional amount of10Be is synthesized in the cloud by
CRs diffusing both upstream and downstream the forward
shock. This quantity can be estimated using the simple for-
malism given in Section 3.2.3, withdcl = 0 pc. If we adopt
nH = 100 cm−3 to estimate the number of CRs accelerated dur-
ing the Sedov-Taylor phase, together withD = 1026 cm2 s−1,
we find that the10Be/9Be ratio produced during the radia-
tive stage reaches a maximum of 2.2× 10−3 about 0.3 Myr
after the start of this phase. This value is again much higher
than the estimated protosolar abundance of10Be. But with
nH = 1 cm−3, the maximum10Be/9Be ratio is reduced to
2.1× 10−4, which is in better agreement with the meteoritic
data, taking into account the baseline ratio of<∼ 1.3× 10−4

produced through irradiation of the cloud by background
GCRs (Sect. 3.2.2).

For nH = 1 cm−3, the maximum value of the10Be/9Be ratio
in the molecular gas upstream the shock is reached∼ 1 Myr
after the start of the radiative stage of the SNR evolution. As-

suming that the SLR41Ca (t1/2 = 0.102 Myr) was synthesized
in the SN or the progenitor star prior to explosion (see Sect.4
below), such a delay may be too long to allow for a signifi-
cant seeding of the early solar system by this radioactivity. If
the gravitationnal collapse of the protosolar cloud core started
∼ 0.1 – 0.3 Myr after the SN explosion, the additional amount
of 10Be/9Be produced by CRs escaping at the end of the Se-
dov phase was between 1.0×10−4 and 1.7×10−4.

In summary, when a molecular cloud is impacted by
a young SNR, the production of10Be inside the remnant
by trapped CRs propagating in shocked molecular material
should rapidly exceed the protosolar10Be abundance recorded
by FUN-CAIs. On the other hand, if the SNR expands during
most of the Sedov phase in an intercloud medium of density
of ∼ 1 H-atom cm−3 and interacts with the molecular cloud
only during the radiative stage, the number of10Be nuclei pro-
duced in the cloud by freshly accelerated CRs escaped from
the remnant can explain the meteoritic data.

4. DISCUSSION

Of the five models considered above, two appear to be able
to explain the Be isotopic ratio deduced from FUN-CAIs: (i)
the irradiation of a giant molecular cloud by CRs produced by
a large number of SNe exploding in a superbubble generated
by a massive OB association and (ii) the impact of the preso-
lar molecular cloud by an isolated SNR in the radiative stage
of its evolution. A key difference between these two models
is that in the second case, it is likely that the collapse of the
presolar cloud core was triggered by a SN shock, as first sug-
gested by Cameron & Truran (1977). We now discuss these
two models in the context of broader scenarios that have been
proposed to explain the presence of other SLRs in the early
solar system.

Jura et al. (2013) argue that the initial ratio26Al/27Al ∼
5× 10−5 of the solar system is a common feature in star-
forming regions. Their conclusion is mainly based on the ob-
servation of a large variation of the Fe/Al abundance ratio at
the surface of white dwarves, which they attribute to a pol-
lution of the star’s atmosphere by accretion of differentiated
asteroids. In their model, the heat source for igneous differ-
entiation of extrasolar asteroids is from radioactive decay of
26Al and an initial isotopic ratio of26Al/27Al ≥ 3×10−5 is re-
quired to melt these bodies. The conclusion of these authors
challenges most models for the origin of this SLR in the early
solar system, because these models generally assume that the
formation of the solar system took place in an unusual con-
text for star formation in the Galaxy, e.g. in the vicinity of
an AGB or super-AGB star (Wasserburg et al. 1994; Lugaro
et al. 2012), near a runaway Wolf-Rayet star (Tatischeff et al.
2010), or in a dense collected shell around a specific mas-
sive star (of initial massM > 30 M⊙) on the main sequence
(Gounelle & Meynet 2012).

By contrast, recent works have explored a more generic so-
lution for the origin of the SLRs, where the canonical abon-
dances of these species are the natural consequence of chem-
ical self-pollution of giant molecular clouds (Gounelle etal.
2009; Vasileiadis et al. 2013; Young 2014; Sahijpal 2014). In
these models, the concentrations of SLRs produced in mas-
sive stars and SNe are higher in molecular cloud complexes
than the background levels of the Galaxy, because the stellar
winds and SN ejecta from OB associations preferentially en-
rich their parental molecular clouds. Numerical simulations
showed that the abundances of26Al, 36Cl, and41Ca in most
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star-forming regions could be comparable to those in the early
solar system (Vasileiadis et al. 2013; Young 2014; Sahijpal
2014). However, the process of injection of hot stellar de-
bris into cold molecular cloud cores is not elucidate in these
models (see Tatischeff et al. 2010). Moreover, the relatively
low abundances of53Mn and60Fe compared to26Al in the so-
lar protoplanetary disk is difficult to explain in this context,
given that53Mn and60Fe are substantially produced in SNe
(see, e.g., Vasileiadis et al. 2013; Sahijpal 2014).

The present work shows that all molecular clouds in
the Galaxy should contain10Be at a minimum level of
10Be/9Be∼ 10−4 due to continuous irradiation of the clouds
by GCR protons andα-particles (Sect. 3.2.2), but also that
only a few giant molecular clouds may be enriched at the level
of 10Be/9Be∼ 3× 10−4 recorded by FUN-CAIs, as a result
of an additional, local production of CRs by nearby SNe. In
Section 3.2.4, we found that more than∼ 50 SNe exploding
in a superbubble generated by a star cluster of at least 20,000
members are needed to reach the10Be enrichment measured
in FUN-CAIs, and that the proportion of such large clusters
in the Galaxy is of the order of a percent. Thus, the abun-
dance of10Be in the early solar system cannot be explained
as a generic result of the chemical evolution of giant molec-
ular clouds, contrary to what Jura et al. (2013) advocated for
26Al. We note, in particular, that in the model with clusters
of 5000 stars considered by Young (2014), it is not possible to
produce enough10Be to explain the Be isotopic ratio recorded
in FUN-CAIs (see Figure 9).

The alternative model which could explain the level of10Be
found in FUN-CAIs is reminiscent of the scenario we put for-
ward in Tatischeff et al. (2010). In this paper, we proposed
that 26Al, as well as41Ca and perhaps36Cl originated in a
massive star (of massM ≥ 25 M⊙) that escaped from its par-
ent OB association and interacted with a neighboring molec-
ular cloud complex3. In this model,26Al, 41Ca and36Cl were
synthesized and subsequently expelled into the CSM during
the Wolf-Rayet phase that preceeds the explosion of the star.
These ejecta were efficiently mixed with ambient molecular
gas within the hydrodynamically instable bow shock result-
ing from the supersonic motion of the runaway star. With the
nucleosynthesis yields of Wolf-Rayet stars given by Palacios
et al. (2005) and Arnould et al. (2006), we found that a total
mass of molecular gas as high as∼ 2× 104 M⊙ could have
been contaminated by these SLRs at canonical abundances.
The final explosion of the massive star as a SN then trig-
gered the formation of many new stars from the SLR-enriched
shocked gas, including the sun.

The present paper shows that the10Be/9Be ratio recorded
by FUN-CAIs can be explained by the impact of the presolar
molecular cloud by an isolated SNR, which had to evolve in
a medium of about 1 H-atom cm−3 during the Sedov phase
to produce enough CRs. This density is higher than that of
the hot ISM, which makes it plausible that the SN resulted

3 The abundance of36Cl in the early solar system is controversial. In their
review paper, Dauphas & Chaussidon (2011) give36Cl/35Cl > 1.5× 10−5,
based on measurements using the minor branch (1.9%) of36Cl decay to36S
(e.g. Jacobsen et al. 2011). But recent measurements using the major branch,
36Cl(β−)36Ar (98.1%), suggest that the concentration of36Cl in the early so-
lar system was much lower (Turner et al. 2013), at a level possibly consistent
with an origin in a massive star. According to Arnould et al. (2006), Wolf-
Rayet winds can carry enough36Cl to account for an initial36Cl/35Cl ratio
of the order of 10−6.

from the explosion of a massive star that escaped from its par-
ent cluster and associated superbubble. But we also found
above that the SN blast wave is unlikely to have impacted
the presolar cloud before the end of the Sedov phase, because
otherwise it would overproduce10Be. This implies that our
previous model for the origin of the other three SLRs must be
revised.

Detailed hydrodynamic simulations show that a low-speed
radiative shock (Vs ≤ 70 km s−1) impacting a dense molecular
cloud core can trigger its self-gravitational collapse (Boss et
al. 2010; Boss & Keiser 2013). These simulations also show
that a simultaneous injection of shock wave material into the
core is possible under certain conditions, but with a low in-
jection efficiency of the order of 10−2. However, the low ini-
tial ratio of60Fe/56Fe found by Tang & Dauphas (2012) from
analyses of whole rocks and constituents of various meteorites
argues against a contamination of the protosolar molecular
cloud by SN ejecta. It appears more likely that the presolar
molecular cloud was contaminated before the SN explosion
by the26Al-rich, 60Fe-poor wind of a progenitor Wolf-Rayet
star (Arnould et al. 1997; Tatischeff et al. 2010). But further
work is needed to study the mixing efficiency of Wolf-Rayet
winds into a molecular cloud.

The scenario sketched above has the potential to explain
the presence in the early solar system of the four SLRs hav-
ing the shortest half-lives4: 41Ca,36Cl, 26Al, and 10Be. SLRs
with longer half-lives such as60Fe and53Mn may have been
inherited from the average interstellar medium (Dauphas &
Chaussidon 2011; Tang & Dauphas 2012). Noteworthy, mod-
els of enrichment of the protosolar molecular cloud by the
winds of an AGB or super-AGB star (Wasserburg et al. 1994;
Lugaro et al. 2012), or by the winds of a massive star on the
main sequence (Gounelle & Meynet 2012) do not explain the
protosolar abundance of10Be.

FUN-CAIs are characterized by low inferred initial abun-
dance of26Al, with 26Al/27Al < 5×10−6, whereas the canon-
ical 26Al/27Al ratio in bulk CV CAIs amounts to (5.252±
0.019)× 10−5 (Larsen et al. 2011). Using182Hf–182W age
dating of a newly discovered FUN-CAI from the Allende me-
teorite, Holst et al. (2013) recently showed that the low26Al
abundance in this object,26Al/27Al ∼ 3×10−6, is not due to
a late formation occuring after that of the canonical CAIs, but
most likely to a heterogeneous distribution of the26Al carrier
in the protosolar molecular cloud. The interpretation of these
authors is that the core of the protosolar cloud was depletedin
26Al compared to the remaining cloud, due to incomplete mix-
ing of stellar ejecta, and that FUN-CAIs rapidly formed after
the core collapse by thermal processing of presolar dust ag-
gregates initially contained in the innermost part of the core.

Unlike 26Al and other SLRs originating in a stellar nucle-
osynthetic event,10Be was most likely distributed homoge-
neously in the protosolar molecular cloud, given that it was
produced by thin-target irradiation. The10Be concentration
recorded by FUN-CAIs thus probably represents a minimum
level initially present in all other primitive refractory solids.
Additional amounts of10Be were subsequently incorporated
in some objects following spallogenic nucleosynthesis within
the early solar system. This interpretation is consistent with

4 A hint for the presence of7Be (t1/2 = 53.2 days) in the early solar system
was reported by Chaussidon et al. (2006), but additional analyses of mete-
oritic samples have not confirmed this result (see, e.g., Liuet al. 2010).
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the available10Be/9Be data set from CAIs and refractory hi-
bonites (see Srinivasan & Chaussidon 2013).

5. CONCLUSIONS

We have developed a detailed model for the spallation nu-
cleosynthesis of light elements in an SNR, in which the treat-
ment of CR acceleration at the blast wave and transport of en-
ergetic particles in the downstream plasma is in accordance
with the constraints imposed by recent gamma-ray obser-
vations. The model includes a new formalism to describe
the transport of hadronic CRs undergoing both adiabatic and
Coulomb energy losses in the postshock plasma. In agreement
with previous works (Parizot & Drury 1999a,b), we find that
synthesis of the stable isotopes of Li, Be, and B by this mech-
anism does not have a significant effect on Galactic chemi-
cal evolution. By contrast, the10Be abundance produced in a
SNR during the Sedov-Taylor phase can be higher than the in-
ferred initial abundance of this radioisotope in the early solar
system.

We have then studied more deeply the origin of the
10Be/9Be ratio recorded by FUN-CAIs (Wielandt et al. 2012).
We first showed that10Be was not produced in situ by en-
ergetic particle irradiation of the FUN-CAIs themselves, be-
cause (i) it would lead to an overproduction of6Li in these
objects, (ii) the initial10Be/9Be ratio would be about ten
times higher in pyroxene than in melilite, contrary to the mea-
surements, and (iii) the irradiated FUN-CAIs would have ex-
perienced too much heating to retain large nucleosynthetic
anomalies in elements such as barium and strontium. We then
concluded that the10Be/9Be ratio recorded by FUN-CAIs
must reflect the level of10Be contamination of the protoso-
lar molecular cloud, as already suggested by Wielandt et al.
(2012).

Wielandt et al. (2012) also suggested that the10Be abun-
dance in the protosolar molecular cloud was generated by en-
hanced trapping of GCRs (Desch et al. 2004). However, using
the GALPROP code to estimate the low-energy flux of10Be
nuclei in the current-epoch GCRs, we found that the trap-
ping mechanism provides a negligible amount of10Be in the
molecular cloud core: the inferred10Be/9Be ratio is at least
40 times lower than the initial ratio measured in FUN-CAIs.

Irradiation of the presolar molecular cloud by the mean
population of GCRs in the Galaxy (the so-called CR sea) can
lead to a more significant production of10Be. Using fluxes
of GCR protons andα particles recently measured by the
Voyager 1 spacecraft at the edge of the solar system and as-
suming that low-energy CRs can freely penetrate molecular
clouds (see, however, Everett & Zweibel 2011, and references
therein), we found that direct spallation reactions off ambient
CNO nuclei produced in the ISM a steady-state10Be/9Be ra-
tio of 1.3× 10−4 at the time of the solar system formation.
This value is smaller by a factor of∼ 2.3 than the10Be/9Be

ratio recorded by FUN-CAIs, which suggests that the preso-
lar molecular cloud was irradiated by an additional source of
CRs.

Motivated by recent models for the chemical self-pollution
of giant molecular clouds (Gounelle et al. 2009; Young 2014),
we have studied if CRs produced by successive SNe explod-
ing within a superbubble generated by an OB association can
synthesize enough10Be in its parental molecular cloud. We
found that an enrichment of the molecular gas at the level
of 10Be/9Be∼ 3× 10−4 can be achieved only for a massive
OB association containing initially at least 20,000 stars.The
proportion of such large clusters in the Galaxy is of the or-
der of 1%. However, in this scenario it is not clear how the
other SLRs, which contrary to10Be are produced by stellar
nucleosynthesis, could be efficiently delivered into the preso-
lar cloud core (Tatischeff et al. 2010).

We have finally studied a scenario in which the required
additional CRs were accelerated in an isolated SNR near the
presolar molecular cloud. We have then considered two sites
of 10Be production: inside the SNR by trapped CRs inter-
acting with shocked molecular gas during the Sedov-Taylor
stage, and in a molecular cloud irradiated by CRs escaping
from the remnant during the radiative phase. We found that
10Be production in shocked molecular gas inside the remnant
should lead to a10Be/9Be ratio of about (2 – 3)×10−3 in this
medium at the end of the Sedov phase, which significantly ex-
ceeds the isotopic ratio recorded by FUN-CAIs. On the other
hand, if the SNR expands during most of the Sedov phase in
an intercloud medium of∼ 1 H-atom cm−3 and interacts with
a molecular cloud only during the radiative stage, the amount
of 10Be produced in the cloud by CRs escaped from the rem-
nant can explain the meteoritic data. Based on our previous
work on the origin of26Al in the protoplanetary disk (Tatis-
cheff et al. 2010), we propose that the SN resulted from the
explosion of a Wolf-Rayet star that ran away from its par-
ent OB association. Contamination of the presolar molecular
cloud by a Wolf-Rayet wind may indeed explain the mean
abundances of26Al, 41Ca and perhaps36Cl in the early solar
system.
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APPENDIX

COSMIC-RAY TRANSPORT INSIDE AN SNR WITH ADIABATIC AND COULOMB ENERGY LOSSES

Analytical models for the temporal evolution of accelerated particle energy distributions in SNRs have been developedto
calculate the nonthermal emission of these objects (e.g., Sturner et al. 1997), as well as light element nucleosynthesis in the
early galaxy (Parizot & Drury 1999a,b). These studies assume that the SNR interior is homogeneous and then provide the time
dependence of thevolume-averaged particle distribution functions. Here, we propose a simpleformalism to address the transport
of hadronic CRs undergoing both adiabatic and Coulomb losses in an inhomogeneous downstream plasma inside an SNR. Our
approach builds on the model developed by Reynolds (1998) for the synchrotron emission of SNRs. Relativistic electronsin
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FIG. 11.— Coulomb energy loss rate divided by the density of ambient H ions (nH) for fast protons and16O nuclei propagating in a fully ionized plasma
of electron densityne ∼= nH +2nHe

∼= 1.2nH and temperatureT = 0.5 keV. The dashed lines show a power-law fit to the energy loss rate between 10 and 200
MeV nucleon−1 (eq. A1).

these objects are subject to adiabatic, synchrotron and inverse Compton energy losses, and Reynolds found a simplification of
the problem of electron transport through the clever use of the power-law dependence of the energy-loss rate for the latter two
cooling processes,dE/dt ∝ E2.

Coulomb energy loss rate of fast protons and16O nuclei propagating in a fully ionized plasma is shown in Figure 11. We
used eq. (4.22) of Mannheim & Schlickeiser (1994) for these calculations, except that we replaced the atomic number of the fast
ions by an effective charge number calculated from eq. (18) of Kovaltsov et al. (2001). We adopted for the plasma temperature
T = 0.5 keV, which is a typical value for young and intermediate-aged SNRs. We see that between∼ 10 and 200 MeV nucleon−1,
the Coulomb energy loss rate can be well approximated by a power-law function:

−
(

dE
dt

)

Coul

∼= KE−βnHZ2/A, (A1)

with β = 0.47 andK = 7.5×10−12 MeV nucleon−1 s−1 cm3 when the kinetic energyE is expressed in MeV nucleon−1. Here,Z and
A are the atomic and mass numbers of the fast ions, respectively. Inspired by the work of Reynolds (1998) on electron transport
in SNRs, we will adopt the above power-law fit to describe the Coulomb losses. It is a sufficient approximation for our work,
because (i) light element production by CRs of energies< 10 MeV nucleon−1 is negligible and (ii) above 200 MeV nucleon−1

and for reasonable values ofnH, the adiabatic losses are dominant (see below).
The adiabatic energy loss rate ofnon-relativistic ions transported with the downstream plasma flow from the radiusR(t) to the

radiusR(t +dt) is given by

−
(

dE
dt

)

ad

= −
2
3

E
α [R(t)]

dα [R(t)]
dt

, (A2)

whereα [R(t)] = ρ [R(t)]/ρd (simply notedα hereafter),ρd = rρCSM being the mass density in the immediate postshock region,
r being the shock compression ratio (r = 4 for a test-particle strong shock). During the Sedov phase, α can be easily calculated
from the self-similar solution for the hydrodynamics (Figure 2). With our approximation for the Coulomb losses, the total energy
loss rate can be written as

dE
dt

=

(

dE
dt

)

Coul

+
(

dE
dt

)

ad

=
2
3

E
α

dα
dt

−KE−βnHZ2/A. (A3)

Posingw = E/α2/3, one gets from this equation

dw
dt

= −Kw−βα− 2
3 nHZ2/A, (A4)

which gives after integration a relation between the kinetic energyE of fast ions at the radiusR(t) and the energyEi of the same
ions generated at the forward shock position at timeti < t:

Ei =





(

E

{α [R(t)]}2/3

)β+1

+
KZ2

A
(β +1)

∫ t

ti

{

α
[

R(t ′)
]}− 2

3 (β+1)
nd

H

[

R(t ′)
]

dt ′





1
β+1

, (A5)

wherend
H [R(t)] = nCSM

H rα [R(t)] is the H number density at the radiusR(t). We thus have

Ei =

[

(

E

α2/3

)β+1

+
Z2nCSM

H

A
Θ(ti, t)

]
1

β+1

, (A6)
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with

Θ(ti, t) = Kr(β +1)
∫ t

ti

{

α
[

R(t ′)
]}

1
3 (1−2β)

dt ′ . (A7)

This last equation simplifies nicely forβ = 0.47, since we then have in very good approximation (to better than 2% after numerical
integration):

Θ(ti, t) = Kr(β +1)(t − ti) . (A8)

Equations (A6) and (A8) allow us to calculate merely the initial energy at the shock front of non-relativistic fast ions of given
atomic and mass numbers.

The temporal evolution of the differential number density of CRs is obtained by expressing the conservation of particlenumber:

n j (E,R, t)dE = n j (Ei,Rs(ti), ti)αdEi. (A9)

Since eq. (A6) gives
dEi

dE
=

(

E
Ei

)β

α− 2
3 (β+1), (A10)

we have

n j (E,R, t) = n j (Ei,Rs(ti), ti)

(

E
Ei

)β

α(1−2β)/3. (A11)

It is noteworthy that the termα(1−2β)/3 is always very close to one and can thus be neglected in this equation. But if it is
the Coulomb losses that can be neglected (in practice ifnCSM

H ≪ 1 cm−3), thenΘ = 0 and we find from eqs. (A6) and (A11):
Ei = Eα−2/3 andn j (E,R, t) = n j (Ei,Rs(ti), ti)α1/3.

The above formalism applies only to non-relativistic energies, due to the approximation used for the adiabatic energy loss rate
(eq. A2). In the general case, we have to use the rate of momentum loss:

−
(

d p
dt

)

ad

= −
1
3

p
α

dα
dt

, (A12)

which is valid whateverp. If the Coulomb losses are neglected, we get from this equation pi = pα−1/3, which gives in terms of
kinetic energy per nucleon,

Ei =
√

(

E2 +2Empc2
)

α−2/3 +m2
pc4 −mpc2, (A13)

mp being the proton mass. The derivative ofEi(E) is

dEi

dE
=
α−2/3

(

E +mpc2
)

Ei +mpc2
, (A14)

such that we get from the equation of conservation of particle number (eq. A9):

n j (E,R, t) = n j (Ei,Rs(ti), ti)
α1/3

(

E +mpc2
)

Ei +mpc2
. (A15)

Equations (A13) and (A15) provide us with a formalism correctly handling adiabatic losses whatever the energy, but not taking
into account the Coulomb losses. It is therefore appropriate at sufficiently high energies for that the Coulomb losses are negligible.
In practice, we use these two equations aboveEt = 200 MeV nucleon−1 and eqs. (A6) and (A11) below this energy.

10BE PRODUCTION CROSS SECTIONS

Total cross sections for the production of10Be by spallation of CNO nuclei are shown in Figure 12. The cross sections for the
proton-induced reactions are well measured from thresholdto ∼ 2 GeV (Michel et al. 1997, and references therein). At higher
energies, we took them to be energy independent. The cross sections for theα reactions are less well known. The only available
experimental data stop at 40 MeV nucleon−1 (Lange et al. 1995). To obtain an estimate of theα reaction cross sections at higher
energies, we first used two different nuclear reaction codes: TALYS (version 1.4; Koning et al. 2005) and the latest version
(INCL4.6) of the Liège intranuclear cascade (INC) model (Boudard et al. 2013), coupled to the ABLA07 nuclear de-excitation
model (Kelíc et al. 2008).

The TALYS computer program accounts for the major nuclear reaction models for calculations ofγ-, n-, p-, d-, t-, 3He-, and
α-particle-induced reactions with target nuclides of mass 12 and heavier in the laboratory energy rangeElab = 1 keV – 250 MeV.
We see in Figure 12 that this code provides a fairly good description of the availableα reaction data, but compares poorly with
the data of Michel et al. (1997) for the proton-induced reactions atEp < 250 MeV. The code obtained by coupling INCL4.6
and ABLA07 provides a state-of-the-art description of spallation reactions induced by light particles up to∼ 8 GeV. We see in
Figure 12 that the INCL4.6+ABLA07 predictions are better than those of TALYS for the proton reactions. But the predictions of
the INC code for theα reactions are not satisfactory. They show in particular a very different behavior from one target to another
around 100 MeV nucleon−1, which is questionable.
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In view of these results, we finally estimated theα reaction cross sections above 200 MeV nucleon−1 from the parameterisation
of Ferrando et al. (1988). These authors have developed an empirical formula forα- to proton-induced cross section ratios,
σα/σp, based on measurements of spallation cross sections of C, O and Fe in He and H targets. We used forσp the semi-
empirical formulation of Webber et al. (2003), which gives areasonable description of the proton data at high energies (see
Figure 12). The difference between the cross sections obtained from the scaling procedures of Ferrando et al. (1988) andthe
INCL4.6+ABLA07 predictions is up to a factor of∼ 4 at 2 GeV nucleon−1. However, this uncertainty is not important for the
present work, because most of the10Be production in SNRs is due to proton reactions (see Figure 3and Sect. 2.3.1).

As discussed in Sect. 2.3.1, some10Be nuclei produced with a high recoil energy can escape the SNR into the ISM during the
radiative phase. Calculated energy distributions of recoil 10Be ions are shown in Figure 13. We see that for proton reactions,
almost all10Be nuclei are produced with recoil energyErec< 8 MeV nucleon−1. FornH

>∼ 1 cm−3, these ions stop in the remnant
before it becomes radiative (eq. 17). The lower panels of Figure 13 show that the vast majority of10Be produced inα reactions
are trapped in the SNR as well. Thus, forEα = 300 MeV nucleon−1, the calculated fractions of10Be produced withErec >
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8 MeV nucleon−1 are only∼ 0.2%,∼ 1.5%, and∼ 4%, for the spallation of12C, 14N, and16O, respectively.
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Kelić, A., Ricciardi, M. V., & Schmidt, K.-H. 2008, in “Joint ICTP-IAEA
Advanced Workshop on Model Codes for Spallation Reactions”, ed. by D.
Filgeset al., IAEA INDC (NDS)-1530, IAEA Publications, Vienna,
Austria, p. 181

Koning, A. J., Hilaire, S., & Duijvestijn, M. C. 2005, in AIP Conf. Proc.
769, Int. Conf. on Nuclear Data for Science and Technology (New York:
AIP), 1154

Korschinek, G., Bergmaier, A., Faestermann, T., et al. 2010, Nuclear
Instruments and Methods in Physics Research B, 268, 187

Kovaltsov, G. A., Barghouty, A. F., Kocharov, L., Ostryakov, V. M., &
Torsti, J. 2001, A&A, 375, 1075

Kroupa, P., Tout, C. A., Gilmore, G. 1993, MNRAS, 262, 545
Larsen, K. K., Trinquier, A., Paton, C., et al. 2011, ApJ, 735, L37
Lange, H.-J., Hahn, T., Michel, R., et al. 1995, Applied Radiation and

Isotopes, 46, 93
Larsen, S. S. 2009, A&A, 494, 539
Lave, K. A., Wiedenbeck, M. E., Binns, W. R., et al. 2013, ApJ,770, 117
Lee, T., Papanastassiou, D. A., & Wasserburg, G. J. 1976,

Geophys. Res. Lett., 3, 41
Lee, T., Shu, F. H., Shang, H., Glassgold, A. E., & Rehm, K. E. 1998, ApJ,

506, 898
Leya, I., Halliday, A. N., & Wieler, R. 2003, ApJ, 594, 605
Liu, M.-C., McKeegan, K. D., Goswami, J. N., et al. 2009,

Geochim. Cosmochim. Acta, 73, 5051
Liu, M.-C., Nittler, L. R., Alexander, C. M. O., & Lee, T. 2010, ApJ, 719,

L99
Lugaro, M., Doherty, C. L., Karakas, A. I., et al. 2012, Meteoritics and

Planetary Science, 47, 1998
Mac Low, M.-M., & McCray, R. 1988, ApJ, 324, 776
Mannheim, K., & Schlickeiser, R. 1994, A&A, 286, 983
Marhas, K. K., Goswami, J. N., & Davis, A. M. 2002, Science, 298, 2182
Matzner, C. D., & McKee, C. F. 1999, ApJ, 510, 379
McKeegan, K. D., Chaussidon, M., & Robert, F. 2000, Science,289, 1334
Meyer, B. S., & Clayton, D. D. 2000, Space Sci. Rev., 92, 133
Meyer, J.-P., Drury, L. O., & Ellison, D. C. 1997, ApJ, 487, 182
Michel, R., Bodemann, R., Busemann, H., et al. 1997, NuclearInstruments

and Methods in Physics Research B, 129, 153
Michel, R., Gloris, M., Lange, H.-J., et al. 1995, Nuclear Instruments and

Methods in Physics Research B, 103, 183
Mishra, R. K., Goswami, J. N., Tachibana, S., Huss, G. R., & Rudraswami,

N. G. 2010, ApJ, 714, L217
Murray, N. 2011, ApJ, 729, 133
Nava, L., & Gabici, S. 2013, MNRAS, 429, 1643
Ogliore, R. C., Huss, G. R., & Nagashima, K. 2011, Nuclear Instruments

and Methods in Physics Research B, 269, 1910
Palacios, A., Meynet, G., Vuissoz, C., Knödlseder, J., Schaerer, D., Cerviño,

M., & Mowlavi, N. 2005, A&A, 429, 613
Pan, L., Desch, S. J., Scannapieco, E., & Timmes, F. X. 2012, ApJ, 756, 102
Parizot, E., & Drury, L. 1999a, A&A, 346, 329
Parizot, E., & Drury, L. 1999b, A&A, 346, 686
Parizot, E., Marcowith, A., Ballet, J., & Gallant, Y. A. 2006, A&A, 453, 387
Portegies Zwart, S. F., McMillan, S. L. W., Gieles, M. 2010, ARA&A, 48,

431
Prantzos, N. 2008, EAS Publications Series, 32, 311
Prantzos, N. 2012, A&A, 542, A67
Putze, A., Maurin, D., & Donato, F. 2011, A&A, 526, A101
Ptuskin, V. S., Moskalenko, I. V., Jones, F. C., Strong, A. W., & Zirakashvili,

V. N. 2006, ApJ, 642, 902
Ptuskin, V., Zirakashvili, V., & Seo, E.-S. 2010, ApJ, 718, 31
Qin, L., Nittler, L. R., Alexander, C. M. O. ’., et al. 2011,

Geochim. Cosmochim. Acta, 75, 629
Reames, D. V. 1999, Space Sci. Rev., 90, 413
Reeves, H. 1994, Reviews of Modern Physics, 66, 193
Reynolds, S. P. 1998, ApJ, 493, 375
Sahijpal, S. 2014, Journal of Astrophysics and Astronomy, 35, 121
Schaller, G., Schaerer, D., Meynet, G., Maeder, A. 1992, A&AS, 269, 96
Schechter, P. 1976, ApJ, 203, 297
Seitz, H.-M., Brey, G. P., Zipfel, J., et al. 2007, Earth and Planetary Science

Letters, 260, 582
Skilling, J., & Strong, A. W. 1976, A&A, 53, 253



The origin of Beryllium-10 in the protosolar nebula 21

Srinivasan, G., & Chaussidon, M. 2013, Earth and Planetary Science Letters,
374, 11

Srinivasan, G., Huss, G. R., & Wasserburg, G. J. 2000, Meteoritics and
Planetary Science, 35, 1333

Stone, E. C., Cummings, A. C., McDonald, F. B., et al. 2013, Science, 341,
150

Stone, R. C. 1991, AJ, 102, 333
Strong, A. W., & Moskalenko, I. V. 2001, Advances in Space Research, 27,

717
Sturner, S. J., Skibo, J. G., Dermer, C. D., & Mattox, J. R. 1997, ApJ, 490,

619
Tachibana, S., Huss, G. R., Kita, N. T., Shimoda, G., & Morishita, Y. 2006,

ApJ, 639, L87
Tang, H., & Dauphas, N. 2012, Earth and Planetary Science Letters, 359,

248
Tatischeff, V., Decourchelle, A., & Maurin, G. 2012, A&A, 546, A88
Tatischeff, V., Duprat, J., & de Séréville, N. 2010, ApJ, 714, L26
Tatischeff, V., & Kiener, J. 2011, Mem. Soc. Astron. Italiana, 82, 903
Tatischeff, V., & Thibaud, J.-P. 2007, A&A, 469, 265
Telus, M., Huss, G. R., Ogliore, R. C., Nagashima, K., & Tachibana, S.

2012, Meteoritics and Planetary Science, 47, 2013
Telus, M., Huss, G. R., Ogliore, R. C., Nagashima, K., & Tomkins, A. 2014,

Lunar and Planetary Science Conference, 45, 2559

Thrane, K., Nagashima, K., Krot, A. N., & Bizzarro, M. 2008, ApJ, 680,
L141

Truelove, J. K., & McKee, C. F. 1999, ApJS, 120, 299
Turner, G., Crowther, S. A., Burgess, R., et al. 2013,

Geochim. Cosmochim. Acta, 123, 358
Uchiyama, Y., Funk, S., Katagiri, H., et al. 2012, ApJ, 749, L35
Vasileiadis, A., Nordlund, A., & Bizzarro, M. 2013, ApJ, 769, L8
Villeneuve, J., Chaussidon, M., & Libourel, G. 2009, Science, 325, 985
Wasserburg, G. J., Busso, M., Gallino, R., & Raiteri, C. M. 1994, ApJ, 424,

412
Wasserburg, G. J., Gallino, R., & Busso, M. 1998, ApJ, 500, L189
Webber, W. R., Soutoul, A., Kish, J. C., & Rockstroh, J. M. 2003, ApJS,

144, 153
Wielandt, D., Nagashima, K., Krot, A. N., et al. 2012, ApJ, 748, L25
Wolk, S. J., Harnden, F. R., Jr., Flaccomio, E., et al. 2005, ApJS, 160, 423
Young, E. D. 2014, Earth and Planetary Science Letters, 392,16
Young, E. D., Gounelle, M., Smith, R. L., Morris, M. R., & Pontoppidan,

K. M. 2011, ApJ, 729, 43
Zhukovska, S., Gail, H.-P., & Trieloff, M. 2008, A&A, 479, 453
Ziegler, J. F., Ziegler, M. D., & Biersack, J. P. 2010, Nuclear Instruments

and Methods in Physics Research B, 268, 1818


