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Introduction: While more and more planetary
systems are discovered around Sun-like stars, it is im-
portant to know how likely was the formation of the
Sun. The orbital elements of the giant planets and the
Kuiper belt as well as the presence of short-lived radi-
onuclides (SLRs), such as *°Al (T, = 0.72 Myr) and
%Fe (T,,= 2.6 Myr) in the early Solar System [1] have
helped for some time to answer that important question
[2]. Because in a large cluster dynamical encounters
are more frequent and disruptive than in a small one,
the dynamically cold orbital distribution of giant plan-
ets and the mere existence of the distant Kuiper belt
have been used to give an upper limit to the size of the
Sun’s parent cluster. SLRs in the Solar System have
long been thought to have been injected into the solar
dense core or protoplanetary disk by a nearby (< 1 pc)
supernova (SN) [3-5]. Because SN progenitors are
more numerous in large clusters than in small ones,
their presence in the nascent Solar System was used to
give a lower limit to the size of its parent cluster. Re-
cent findings have however relaxed these long-
standing constraints. The goal of the present work is to
reassess the likelihood of formation of a star-planet
system similar to our Sun.

New constraints: Based on new observational es-
timates of clusters’ lifetimes and densities, [6] showed
that the dynamical properties of the Solar System are
not incompatible with its birth in a large cluster. It has
been argued that the presence of a SN within a parsec
of a protoplanetary disk or a dense core is at odds with
star formation mechanisms [7, 8]. In addition, SNe
overproduce “Fe relative to *°Al and their respective
Solar System initial abundances [9]. Finally, the “Fe
Solar System initial abundance estimate has been de-
creased by a factor > 10 [10, 11]. These observations
lead to three important conclusions: (i) “Fe in the nas-
cent Solar System did not originate from a single near-
by SN but from a set of SNe which exploded many
Myr before the Solar System formation [12], (ii) the
SNe which delivered “’Fe were not the source of the
solar “°Al, (iii) *°Al presence in the early Solar System
is now the best (only) way to constrain the likelihood
of the astrophysical context of our Sun’s birth.

Aluminium-26 origin: While “Fe is delivered in-
to the interstellar medium (ISM) by SNe only, both
SNe and massive star winds contribute to the ISM in-
ventory of “°Al [13]. [14] and [15] have examined the
possibility that the *°Al-rich wind from a single (run-
away) Wolf-Rayet (WR) star contaminated the nascent
Solar System. Because WR stars are very rare and

soon followed by a SN explosion leading to an excess
of ®Fe, these models do not apply to the Solar System.
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Fig 1: Incorporation of *°Al in a dense shell created by
a massive star wind. Phases 1 & 2 correspond to the
collection of interstellar gas and injection of “°Al by
the wind (arrows). Phase 3 corresponds to the gravita-
tional collapse of the shell and the formation of a new,
% Al-rich, star generation including the Sun (yellow).
The whole process lasts a few Myr (see text).

[16] proposed instead that *°Al was injected in a
dense shell of mass = 1000 M J collected by a massive
star wind (Fig. 1). Because rotating massive stars mod-
els are used, injection in the shell starts as early as the
entry of the star into the main sequence, lasts for some
Myr and ends well before the SN explosion. When the
collected shell has become dense enough and gravita-
tionally unstable, it collapses and a second generation
of stars form which contain *°Al. Detailed calculations
have shown that as long as the parent star, baptized
Coatlicue, is more massive than My, = 32 Mo’ the
abundance of *°Al in the shell is equal or larger than
that of the Solar System, depending on the mixing effi-
ciency of the wind material with the shell. This model
is in line with observations of induced star-formation
within dense shells around massive stars [17].

Probability estimate: In the framework of that
model, it is possible to identify the most likely parent
cluster size in introducing two constraints : (i) the clus-
ter to which Coatlicue belonged contained at least one
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star more massive than M,;, = 32 M o (see above), and
(i1) it contained less than ng = 5 stars more massive
than Mgy = 8 M o in order to prevent the formation of
a superbubble [18] which would have caused *°Al leak-
ing rather than accumulation into the shell.
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Fig 2: Probability for a cluster to satisfy the dual con-
dition necessary for a massive star to inject °Al at the
solar abundance into a collected dense shell (see text).
The black curve is the result obtained with fiducial
parameters, while other curves are obtained in varying
the parameters M i, ng and Mgy (see text).

Simulating the stellar initial mass function (IMF) in
a Monte-Carlo fashion [19], it is possible to calculate
the probability density to realize that double condition
as a function of the parent cluster size (Fig. 2). There is
a distinct peak for a parent cluster size N =~ 1200. If
calculation parameters (such as M, ng, Msy) are set
to vary, the value of the peak does not change much
and remains within the range of 1000-2000 stars (Fig.
2).

It is possible to calculate the fraction of clusters
which realize that double condition using the number
distribution dN/dM of stellar clusters, which has been
estimated by several workers to vary as N? for clus-
ters’ sizes from Npi, = 107 to Ny = 5 x 10° [7, 20].
Using the fiducial probability distribution depicted
with black circles in Fig. 2, a total cluster fraction of
5.2 % is calculated. Exploring the whole range of
curves shown in Fig. 2, the total cluster fraction varies
between 3.5 and 5.8 %. Though this is not stricto sensu
the probability of formation of a star containing Al at
the solar value, this fraction tells us that 5 % of all
clusters offer a favorable setting for producing second
generation “°Al-bearing stars (and planets). Each of
these clusters will produce hundreds of *°Al-rich low-
mass stars (and planets).

Discussion: One percent or so is a relatively high
number. It means that, though not the rule, the pres-
ence of %Al in planetary systems is not at all an excep-
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tion. It corresponds to the observation that triggered
star formation is a common and generic mode of star
formation [21]. It is comparable to the probability es-
timate calculated by [7, 8] for injection by a single SN.
These works however vastly surestimated the fraction
of disks (or cores) present within 1 pc of a SN. In fact,
when massive stars are ready to explode as SNe, they
are surrounded by HII regions of radius a few pc where
star formation does not occur [21]. If that constraint
had been taken into account by [7, 8], the probability
estimate for a single SN would have been close to zero.

The number of a few % is in contradiction with
[22] claiming that *°Al is a common feature of plane-
tary systems. According to [22], white dwarves chemi-
cal composition imply that these stars have swallowed
differentiated asteroids. The observed variations of the
white dwarves Fe/Al could however be due to a non
solar composition or to contamination by planets rather
than asteroids (not requiring **Al as a heat source).

Conclusions: The recently identified mechanism
accounting for *°Al presence in the early Solar System
corresponds to a common astrophysical setting (few
%). The relatively high probability to form a planetary
system rich in **Al has important implications for the
habitality of other worlds [23]. The presence of a mas-
sive star at a few pc (rather than at a tenth of a pc)
might have positively influenced disk dissipation and
planetary formation [24].
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