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Abstract

The origin of short-lived (T ~ 1 Myr) radionuclides (SRs) in the early solar system is a matter of debate. Some short-lived
radionuclides had abundances in the solar protoplanetary disk in excess compared to the expected galactic background
("Be, '"Be, 2°Al, 3°Cl, #!Ca and possibly >*Mn and °Fe). These SRs thus either originated from a supernova contamination,
or were produced by in situ irradiation of solar system dust or gas, or by Galactic Cosmic Ray (GCR) trapping in the molecular
cloud core progenitor of our solar system (for '°Be only). GCR trapping in the molecular cloud core seems to fail to reproduce the
initial abundance of '°Be, because trapping timescales exceed by one order of magnitude the observed core lifetimes. On
the other hand, irradiation models can synthesize large quantities of °Be and other SRs (Be, °Cl, °Al, 'Ca and >*Mn). In
addition, X-ray observations of young, solar-like stars provide direct evidence for protoplanetary disk irradiation in a
different energy window. The initial abundance of ®'Fe is poorly known, and its presence in the early solar system might be
accounted for galactic abundance rather than by a nearby supernova. To cite this article: M. Gounelle et al., C. R. Geoscience 339
(2007).
© 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

N

Les processus d’irradiation dans le systeme solaire jeune et ’origine des radioactivités éteintes a courte période.
L’origine des radioactivités éteintes de courte période (T~ 1 Myr) est débattue. Certaines radioactivités éteintes étaient
surabondantes dans le disque d’accrétion relativement au bruit de fond galactique ("Be,'°Be,?Al,36Cl,#!Ca et peut-étre
3Mn et ®Fe). Ces radioactivités éteintes sont le résultat, soit d’une contamination du disque par une supernova, soit de
I’irradiation du disque protoplanétaire par le rayonnement cosmique solaire, ou encore du pi€geage du rayonnement cosmique
galactique par le cceur moléculaire précurseur de notre systéme solaire (dans le cas du '°Be uniquement). Ce dernier mécanisme
peine a reproduire 1’abondance mesurée du '°Be, car les temps de piégeage requis sont trop longs comparés aux durées de vie
observées des coeurs moléculaires. En revanche, les modgles d’irradiation peuvent produire sans peine de grandes quantités de '°Be
et d’autres radioactivités éteintes ("Be, *°Cl, °Al, #!Ca and 3*Mn). En outre, les observations des jeunes étoiles de masse solaire
dans le domaine des rayons X fournissent une preuve directe de 1’irradiation autour des étoiles jeunes et indirectement du systéme
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solaire primitif. L’ abondance initiale du ®"Fe dans le systéme solaire primitif est mal connue : elle pourrait &tre compatible avec une
origine galactique. Pour citer cet article : M. Gounelle et al., C. R. Geoscience 339 (2007).
© 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Irradiation encompasses a large diversity of inter-
action modes of accelerated particles with solid or
gaseous matter. Depending on the energy of the
accelerated particles, irradiation can lead to structural
damage (e.g., [80]), or to the production of new isotopes
via nuclear reactions (e.g., [19]). Here we will restrict
ourselves to nuclear effects, i.e. to the nucleosynthesis
production of new isotopes due to the interaction of
matter with MeV cosmic rays, and more specifically on
the nucleosynthesis of short-lived radioisotopes (SRs)
in the early solar system. Other effects of irradiation are
discussed in a variety of recent reviews [5,7].

Short-lived radioisotopes (SRs) are radioactive
elements with half-lives of ~ 1 Ma. Their presence
in the nascent solar system is inferred from excesses of
their daughter isotopes in meteorites’ components,
mostly in primitive components such as Calcium-
Aluminium-rich Inclusions (CAls) [64,77]. Some SRs
(see Tableau 1) were present in the protoplanetary disk
at abundances significantly higher than the expected
average contribution of the interstellar medium [53].
These SRs therefore require a last minute origin (e.g.,
[75]). The origin of SRs is highly debated in the
cosmochemistry community, as it has important

Table 1
Initial values of radionuclides considered in the present paper

Tableau 1
Valeurs initiales des radionucléides considérés dans le présent article

R Ty (Ma) D S R/S ref

"Be 53d "Li 9Be 6.1 x1073 [8]

4Ca 0.1 4K 40Ca 4.0 %1077 [671 *
3601 0.3 36g 3¢l 1.6 x 107 [36,46]
26A] 0.74 Mg YAl 6x 1073 [79]
10Be 1.5 log 9Be 1x1073 [51]
60Fe 1.5 6ONj 56pe 1x10°¢ [54,70]
SBMn 3.7 BCr SMn  4x107° [2]

Note: R, D and S stand respectively for the radionuclide of interest, its
daughter and the stable reference isotope. The R/S values are observed
or inferred in CAls.

* The initial value of *!Ca was calculated from the measured initial
41Ca/ *°Ca [67], and assuming it endured an isotopic resetting similar
to that of 20Al [27,31,52].

consequences for the early solar system chronology
and planetesimal heating (e.g., [28,74]). Elucidating the
origin of SRs can also potentially constrain the
astrophysical context of our solar system birth (e.g.,
[29,56]).

Generally speaking, SRs can be made either by non-
thermal nucleosynthesis (nuclear reactions implying
cosmic rays at MeV energies), or by thermal nucleo-
synthesis (nuclear reactions atkeVenergies in the interior
of stars). Short-lived radionuclides once present in the
solar protoplanetary disk therefore originated from late-
type stars delivering freshly made nucleosynthetic
products (e.g., [4]), or by in situ irradiation of solar
system dust or gas (e.g., [31]). As far as the stellar model
for the origin of short-lived radionuclides is concerned,
supernovae are the most likely candidates, because
Asymptotic Giant Branch (AGB) stars are unlikely to be
found in the vicinity of star-forming regions [37].

Among short-lived radionuclides, some play a
special role, such as %0Fe and the radioactive beryllium
isotopes ("Be and 10B¢). Because ®°Fe cannot be made
by irradiation [44], it is often asserted that the past
presence of °Fe in meteorites is definite evidence for
the contamination of our nascent solar system by a
supernova ejecta (e.g., [36]). This opinion is tied to the
notion that the initial solar system ®*Fe/ *°Fe ratio was
high (~1x 107% Tableau 1). Be isotopes are
destroyed in the interior of stars [61] and cannot have
a stellar origin. The irradiation origin of "Be is well
established; however, its presence in the early solar
system was reported only from one CAI [8]. Beryllium-
10 was ubiquitous in the formation region of CV3 and
CM2 CAlIs [8,48,49,51,68]. The early solar system 10Be
is attributed to irradiation by a majority of authors ([6,7]
and references therein). Desch, Connolly and Sriniva-
san [10] challenged however the idea that the discovery
of beryllium-10 was a ‘smoking gun’ for internal
irradiation in the early solar system [26].

The goal of the present article is to establish the
irradiation origin of °Be (Section 2), to review the
irradiation models leading to the production of other
SRs together with beryllium isotopes (Section 3), to
examine the (indirect) evidence for early solar system
irradiation given by X-ray observations of young,
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solar-like stars (Section 4), and to discuss the initial
abundance and origin of iron-60 (Section 5).

2. The irradiation origin of 1*Be

The first evidence for beryllium-10 in the early solar
system was brought by [51]. Since then, numerous
authors confirmed that beryllium-10 was abundant in
the protoplanetary disk, at least at the time and spatial
location of CV3 and CM2 CAIs formation
[51,68,48,49,8]. Beryllium-10 is produced vastly by
any irradiation model [25,45,50], and since its
discovery, its presence in the early solar system has
been ascribed to the irradiation of nebular dust or gas by
protosolar cosmic rays (e.g., [7]). Desch et al. [10]
challenged that idea, and proposed that most of the
beryllium-10 observed in CAls was made via Galactic
Cosmic Ray (GCR) trapping during the molecular cloud
core stage which precedes the formation of a protostar.
In the following, we examine this proposal at the light of
molecular cloud cores observations.

The amount of '"Be trapped in a molecular cloud
core depends mainly on the GCR flux, on the core
surface density and on the core lifetime [10]. To
reproduce the observed solar system abundance, Desch
et al. [10] need a factor of 2 increase of the GCR flux.
The GCR flux is directly linked to the star formation
rate, and there is, at present, no experimental evidence
for an increase of the star formation rate 4.5 Gyr ago
[63]. To model the core surface density, they use
ambipolar diffusion models developed by [9]. Ambi-
polar diffusion models are now known to poorly
describe the evolution of a molecular cloud core (e.g.,
[38,41]). We note, en passant, that the core considered
by Desch et al. weighs 45 M, one order of magnitude
larger than the cores which give birth to solar-like stars
[10]. Finally, to trap enough !°Be, the molecular cloud
core needs to trap 'Be for ~ 10 Myr [10]. This
timescale far exceeds the observed timescales of
molecular cloud cores which are typically of a few
10° yr [55]. 1 Myr is probably a maximum value for the
prestellar core lifetimes [39-41,55]. It is also worth
noting that there is now a wealth of observations and
theoretical considerations suggesting that molecular
clouds do not leave longer than a few Myr (e.g., [1,13]).
Cores which are a subentity of molecular clouds can
hardly have a lifetime longer than the molecular clouds
themselves. Given that the conditions needed to
reproduce the abundance of '°Be in the early solar
system strongly differ from those observed in observed
molecular cloud cores, it casts some doubt on the
trapping hypothesis.

Given the difficulty of trapping '°Be from the GCR
in the molecular cloud core, and the facility to
make it via irradiation, it is probable that most of the
10Be present in the early solar system originated via
the irradiation of gas and dust by protosolar cosmic
rays.

3. Co-production of other short-lived
radionuclides by irradiation

3.1. General considerations

As demonstrated above, it is likely that most of
the '°Be found in CAls is made by in situ irradiation in the
early solar system. Among other short-lived radio-
nuclides, "Be and 3°Cl are also very likely to originate
from in situ irradiation for the reasons given below.

Beryllium-7 was discovered in the Allende CAI
3529-41 by [8]. Beryllium-7 is a SR with an extremely
short half-life (7', = 53 days). Such a short half-life
prevents a SN injection in the solar system. Timescales
separating the end of nucleosynthesis in SN and
incorporation in CAIs are estimated to be of
~ 1 Myr [29,56]. After ~ 1 Myr, all the "Be putatively
made in a SN would have decayed. In addition, stars do
not produce beryllium isotopes [61].

Evidence for **Cl was found recently in a diversity of
Allende and Ningqiang CAls [36,46]. Not only does the
early solar system abundance of **Cl relative to that of
26 AT far exceeds that of supernova ejecta [36,59], but it
is also virtually impossible to mechanically inject 3°Cl
into the protoplanetary disk via a supernova. Ouellette
et al. [57] showed that injection of SRs by a SN occurs
in the solid phase. The gas phase of the ejecta is
deflected by the high density disk, implying that only
the elements locked in solid dust grains can make it into
the disk. It is, however, well known that chlorine resides
in the gas phase in the interstellar medium [65], and that
there is no known refractory mineral that can
incorporate chlorine [47]. Combined with the fact that
dust condensation is inefficient in supernova ejecta [14],
it means that virtually no chlorine-36 atom made in a
supernova can make its way into a nearby proto-
planetary disk.

More generally, from the astrophysical point of view,
Gounelle and Meibom [30] showed that it is extremely
unlikely that a supernova exploded close enough of a
newly formed planetary disk to inject the correct
amount of SRs. This is mainly because massive stars
evolution timescales are too long, compared to typical
timescales of star formation in embedded clusters, for
them to explode as supernovae within the lifetime of
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disks, which will be limited by UV ionization (from the
massive stars) and planetary formation.

3.2. Irradiation models

Nucleosynthesis via irradiation of matter in the solar
accretion disk by high energy particles (> MeV) has
long been considered as a promising alternative path to
stellar nucleosynthesis [19]. The discovery that 2°Al
was alive in the solar accretion disk [42] prompted
studies examining its production via proton irradiation
(e.g., [35,43]). These authors estimated that large
fluences were needed to reproduce the observed 2°Al
abundance. In the absence of experimental evidence for
elevated fluences, irradiation fell into relative disgrace
until Lee et al. [44] revived it (see below), and X-ray
observations of solar-like young stars provided a strong
astrophysical evidence for irradiation [17].

The main parameters of any irradiation models are the
proton flux, the irradiation duration, the abundance of
cosmic-rays (*He, *He) relative to protons (' H), the target
abundance, the nuclear cross section, and the energy
spectrum of protons [7]. The proton energy spectrum is
usually considered to satisfy a power law, N(E) ~E~?,
with varying index p. The most likely astrophysical
context for irradiation synthesis of short-lived radio-
nuclides is the solar accretion disk [7]. In such a context,
the Sun magnetic activity has the possibility to accelerate
particles according to two broad classes of events [60].
Gradual events emit soft X-rays and are electron- and
3He-poor. More frequent impulsive events emit hard
X-rays and are electron- and *He-rich. Impulsive events
have steeper energy spectra than gradual flares.

A model examining the possibility of producing
short-lived radionuclides by irradiation of solar system
dust by proton and *He nuclei at asteroidal distances
was examined by [25,49,50]. In this work, shielding of
the whole solar accretion disk is ignored and accelerated
solar particles are supposed to have free access to dust at
~3 AU. These authors limit themselves to examine
gradual events having shallow proton energy spectra
(p ~3) and normalize their yields to '°Be. Marhas and
Goswami [50] contend that irradiation can account for
all '%Be, 10 to 20 % of *'Ca and **Mn and none of the
26 Al present in the early solar system.

The irradiation model [26,31,44] in the context of
the x-wind theory for low-mass star formation (e.g.,
[66]) introduced four conceptual modifications com-
pared to the previously discussed models. First,
irradiation takes place close to the Sun, in a gas-poor
region, enhancing considerably the proton flux [44]
compared to models that locate irradiation at asteroidal

distances, where the proton flux is dramatically
reduced by an inverse square law and the interaction
with all the gas contained in the solar accretion disk.
Second, it has opened the 3He channel for the
production of short-lived radionuclides. Opening the
3He channel makes it possible to produce *°Al at a level
comparable to what is observed in meteorites [44].
Third, it provides a natural transport mechanism, the
x-wind, from the regions close to the Sun where
irradiation takes place until asteroidal distances where
chondrites are believed to have agglomerated [66].
Fourth, it calculates absolute yields instead of relative
yields scaled to a given short-lived radionuclides. This
is because the proton and other accelerated particles
fluxes are scaled to X-ray young, solar-like stars
observations rather than normalized to a given short-
lived radionuclide such as '°Be [44].

In the x-wind model, irradiation of protoCAls takes
place in the reconnection ring where magnetic lines tying
the protostar and the accretion disks reconnect, providing
a powerful mechanism for accelerating 'H, *He and “He
nuclei to energy up to a few tens of MeV [44]. After
irradiation has taken place, protoCAls are picked up by
the x-wind and delivered to asteroidal distances. In the
favorite model of [26], *“He/ 'H = 0.1, 3He/ 'H = 0.3
and p = 4. The proton flux is scaled to the X-ray young,
solar-like stars observations using an empirical relation
found for the present Sun, L, (E> 10 MeV) ~0.09Ly
[44]. The average Ly = 5 x 10°* erg s~'value of young,
solar-like stars estimated by [44] and used by [26] is very
close to that found in 2002 by a survey of 43 low-mass
stars in the Orion Nebular Cluster [16]. The irradiation
time depends on the protoCAls size and varies from ~ 1
to ~10 yr. The steep energy spectra (p =4) with
elevated *He abundance corresponds to impulsive events
in the Sun [60]. Using these parameters, Gounelle et al.
[26] calculated that the initial solar system abundance
of 1°Be, 26Al and >*Mn could be reproduced within a
factor of a few. In that model, *'Ca was overproduced
compared to the measured initial abundance
(*'Ca/ *°Ca = 1.5 x 107®), unless a core-mantle struc-
ture for protoCAls was considered.

Using the same exact model as [26], Gounelle et al.
[31] could reproduce the initial abundance of ’Be
measured by [8]. The ability of the x-wind model to
produce a relatively high amount of "Be relative to '°Be
arises from low irradiation times, that can compete
with the fast decay of "Be. They showed that if *'Ca
abundance was originally higher than the measured
value, as expected from recent work on N
[27,31,52,79], its initial abundance could be reproduced
as well (Fig. 1).
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Fig. 1. Results of the irradiation model of [31]. Yields of "Be, !9Be,
26 A1, 36C1, 4! Ca and >*Mn for a chondritic chemistry and the spectral
parameters p = 4 and *He/ 'H = 0.3. The yields are normalized to the
values mentioned in Tableau 1. (Adapted from [31]).

Fig. 1. Résultats du modele d’irradiation de [31]. Abondances pro-
duites par irradiation de "Be, '“Be, 2°Al, 3°Cl, *'Ca et 3Mn en
adoptant une chimie chondritique et les parametres spectraux
p =4 et 3He/'H = 0, 3. Les abondances (relativement aux isotopes
stables respectifs) sont normalisées aux valeurs observées dans les
météorites et mentionnées dans le Tableau 1. Adapté de [31].

The decoupling of '°Be and 2°Al observed in some
rare hibonite-bearing CAls [49] can be accounted for by
irradiation during gradual events instead of impulsive
events [31]. Because gradual events have shallower
energy spectra than impulsive events, they can
overproduce '°Be relative to 2°Al. In the contemporary
Sun, gradual events are ~ 100 times less frequent than
impulsive events, in agreement with the observation that
hibonite-rich CAls are rare.

Uncertainties of the model arise mainly from a poor
knowledge of the nuclear cross sections, especially for
the *He channel. Many of the *He cross sections used in
[44] and [26,31] are the result of nuclear fragmentation
codes. To reduce uncertainties in the cross section
knowledge, nuclear physicists based at Orsay have
undertaken a program of measurements of *He-induced
cross sections [18,71]. Fitoussi et al. [18] found that the
experimental 2*Mg(*He, p)?°Al cross section is a factor
of ~ 2 lower than the estimate of [44], within the range
of the announced uncertainties. Compared to what is
observed in the contemporary Sun, the irradiation
model also requires larger 3He/'H ratios [72]. It was
also recently argued that irradiation models do not
produce enough 2°Al to contaminate the whole
accretionary disk [12], although observed heterogene-
ities in the 2 Al distribution in the disk [28] indicate that
it is not necessary for irradiation models to synthesize a
minimum solar nebula of °Al.

4. X-ray evidence for protoplanetary disk
irradiation

The variable, intense and ubiquitous X-ray activity
of young, solar-like stars is indicative of the acceleration
of high-energy particles that have the possibility to
irradiate gas and dust from the protoplanetary disk [78].
Although there is no direct evidence for high-energy
particles irradiation, there is a growing evidence for
X-ray irradiation of the disk dust.

T Tauri stars are low-mass (M ~0.5-2 M) young
stars, of effective temperatures 3000-4000 K, aged a
few million years. Their internal structure is entirely
convective. They have been known for a long time to be
highly variable in the optical domain, and show strong
chromospheric lines, like the Sun. Thus it has been long
suspected that T Tauri stars are, like the Sun itself, the
seat of magnetic activity (starspots, . ..), the magnetic
fields resulting from convection-induced dynamo. With
the advent of X-ray satellites in the late 1970s, the first
cases of X-ray emission by T Tauri stars were
immediately reported in nearby star-forming regions
(Taurus, Ophiuchus, etc.).

In parallel, near- to mid-IR observations, both from
the ground and in space, revealed that a significant
fraction of T Tauri stars displayed an IR excess, i.e.,
were more luminous in IR, sometimes by a large factor,
than the black-body emission of their photospheres.
Using a variety of arguments, it was possible to explain
this excess in terms of extended circumstellar disks,
with a temperature law decreasing outwards. Direct
imaging of young stars, in star forming regions like
Orion, proved the existence of protoplanetary disks
around these stars, consistent with the laplacian view of
the solar system. These disks form the reservoir out of
which matter falls onto the star and makes it grow.

It is now observationally proven that all T Tauri stars,
whether of not they are surrounded by circumstellar
disks, and for all masses, are X-ray emitters [17,21].
About 30 star-forming regions have been observed in
X-rays, and they all show this same result. The X-rays
are generally seen in the form of hour-long, solar-like
flares, and this is interpreted as heating from
reconnection of large magnetic loops (up to several
stellar radii in a few cases, see, e.g., [15]). The general
properties of the X-ray emission can be summarized as:
the X-ray emission from T Tauri stars is qualitatively
‘solar-like’, and is a proxy for magnetic fields. It is true
that X-rays from accretion shocks onto the star have
been also observed, but these cases concern only a
handful of stars so far, which are presumably in a state
of low magnetic activity (e.g., [62]), compared with
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thousands of T Tauri stars showing the same magnetic
activity in the form of X-ray flares (e.g., [21,32]).
Quantitatively, however, the X-ray luminosity, scaled
to the stellar bolometric luminosity (the Ly /Ly, ratio)
reaches levels several orders of magnitude above the
solar X-ray luminosity: (Lx/Lvol)rrs Up to
10*(Ly /Loot) < but with a large dispersion. In absolute
terms Ly ~ 10% — 10°° erg s ', the dispersion being one
or even two orders of magnitude either way. The
dispersion is partly explained by a dependence on mass
and age (e.g., [78]), and is much larger than that due to
flare variability alone. The X-ray plasma generally
displays two temperatures, a dominant hard component
Tx > 1 keV, attributed to magnetic activity, and a fainter
soft component, of unclear origin but perhaps linked with

Flare Fe 6.7 kel (i

accretion or shocks in a jet funnel close to the star (e.g.,
[34D.

For T Tauri stars surrounded by circumstellar disks,
such high X-ray luminosities suggest the possibility to
directly observe irradiation effects (Fig. 2). Glassgold
et al. [24] were the first to compute the ionization effects
of X-rays. They adopted a model in which the X-rays
were emitted at high stellar latitudes (‘lamppost
irradiation’), and the disk was ‘flared’, i.e. geometrically
thicker far from the central star because of the decrease of
the local gravity. The result was that, except in the
equatorial plane where the disk density was highest,
resulting in a column density absorbing the X-rays up to
Ny ~10% cm 2, the ~ 1 keV X-rays effectively ionized
the gas out to large distances (several 10 AU). However,

lonized
zone

Fig. 2. Generic sketch of the irradiation environment of circumstellar disks in protostars and T Tauri stars. The young star is magnetically active (as
seen ubiquitously in X-ray observations). Based on the solar analogy, the X-ray emitting models are based on plasma confinement by large magnetic
loops (height up to 1-2 stellar radii), either on the star itself or sometimes connecting the star and the disk. The magnetic loops sit at intermediate
latitudes, allowing X-ray irradiation in a ‘lamppost’ fashion, out to large distances from the central star (10-20 AU). Among various irradiation
effects, two have been directly observed in T Tauri stars: the fluorescence Fe K line at 6.4 keV (as shown here), and very recently the Nell 12.8 wm
line, as predicted by X-ray irradiation models. See text for details.

Fig. 2. Illustration schématique de I’irradiation des disques circumstellaires autour des protoétoiles et des étoiles TTauri. La jeune étoile est
magnétiquement active, comme 1’indiquent les observations dans le domaine des rayons X. Les modeles d’émission de rayons X, en analogie avec le
soleil contemporain, sont basés sur le confinement du plasma par de grandes boucles magnétiques (jusqu’a 1 a 2 rayons stellaires), attachées a 1’étoile
elle-méme ou parfois connectant I’étoile et le disque. Les boucles magnétiques se trouvent a des latitudes moyennes, permettant une irradiation de
type «réverbere» jusqu’a des distances éloignées de I’étoile centrale (10 a 20 AU). Parmi les effets de I’irradiation observés autour des étoiles jeunes,
on trouve la florescence de la ligne K du fer 2 6,4 keV (illustré ici), et la ligne Nell du néon a 12,8 wm. Cette derniere observation avait été prédite par
les modeles d’irradiation (voir texte).
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at higher altitudes above the disk plane, the X-rays,
having a longer mean free path because of the reduced
density, not only ionize the gas but also warm it, to
temperatures as high as 3000-4000 K. The existence of
such a warm, tenuous ‘atmosphere’ above a cold disk
(typically ~ 100 K or less) offers a nice alternative
explanation to the observations of CO overtone near-IR
bands in T Tauri stars with disks [23].

More recently, Glassgold and collaborators have
explored further atomic ionization effects in disk
atmospheres. They have shown, in particular, that
X-ray irradiation would ionize neon out to 20-30 AU,
with the emission of the Nell line at 12.81 pm [22].
This line has now been seen in a number of T Tauri stars,
consistent with theoretical predictions, by Spitzer,
demonstrating the reality of a direct X-ray irradiation
effect on disk atmospheres. This research is continuing
with other atomic X-ray ionization diagnostics (sulfur,
oxygen, etc.) that may be observable in the MIR and
FIR ranges in the near future (SOFIA, Herschel).

Another, purely X-ray evidence for deeper disk
irradiation comes from observations of the Fe K
fluorescence line at 6.4 keV in a number of T Tauri
stars with disks [15,73]. Here, the incoming X-rays,
either more or less continuous from coronal emission, or
more efficiently after a strong flare, induce a photo-
electric effect directly on the ground-level electrons; the
subsequent rearrangement of the upper levels by cascade,
of Fe in particular, because it normally radiates at
6.7 keV, results in the emission of a 6.4 keV fluorescence
photon. This effect had been predicted long ago [20], and
is frequently observed in AGNs (‘active galactic nuclei’,
which contain a supermassive black hole at their center).
There are, however, geometric conditions involved, and
the effect is best seen when the disk plane is within a few
degrees of the plane of the sky (star viewed ‘pole-on’).
This has a low statistical probability of occurring, so only
a handful of sources displaying this fluorescence line
have been discovered so far.

Even less numerous are T Tauri stars which show
both the Nell IR line and the Fe K 6.4 keV fluorescence
line (Ophiuchus cloud, Flaccomio et al., personal
communication), but as IR and X-ray surveys of star-
forming regions continue, the number of combined
Ne-Fe detections should increase.

In any case, given the huge number of T Tauri stars
with disks now known, which have distinctive common
X-ray and IR properties, the fact that a number of them
already show evidence for Nell 12.8 um or for
FeK 6.4 keV emission, or even both, proves beyond
doubt the reality, and ubiquity, of disk irradiation by
X-rays. This is a solid, albeit indirect, indication that

the early solar system must have been similarly
irradiated.

5. The initial abundance and origin of *'Fe

The initial value of °°Fe in the nascent solar system
is still uncertain. The ®°Fe/ °Fe ratio of 1 x 10~% might
be a too high estimate of the initial ®*Fe content in the
solar system. Most measurements on chondrules from
primitive meteorites including Semarkona yield mea-
sured ®°Fe/ “°Fe ratios between 2 and 4 x 1077 [58,70],
while one measurement from a Semarkona troilite
(FeS) gives °Fe/*°Fe ~ 9 x 107 [54]. High *°Fe/ *°Fe
initial ratios in troilite might be due to Fe-Ni
redistribution in the sulfides during later alteration
processes [33]. It is difficult to understand how troilite
would have formed with a higher initial ®*Fe/ 3°Fe ratio
than chondrules in the same meteorite. Ni isotopes
measurements in CAls are challenging. An upper limit
on the ®“Fe/ *°Fe ratio of 1.6 x 10~® was given by Birck
and Lugmair [3] for an Allende CAI having a Fe/Ni
ratio of ~20. A two point internal isochron for an
Allende CAI measured by Quitté et al. [58] gives an
initial ratio ®Fe/ °Fe of 4 x 10~7. Some researchers
claim that the initial ®*Fe/ °Fe ratio could have been as
low as 1.5 x 1077 [69].

The low part of the range is compatible with a galactic
background origin for ®'Fe. The present average galactic
value of the 2°Al/ 27 Al ratio has been estimated to be
8.4 x 107° [11]. Recent measurements of y-ray lines in
the interstellar medium with the Integral satellite have
yielded a ratio %°Fe/ 2°Al = 0.148 [76]. Using an
elemental ratio 2’ Al/ Fe = 0.109 [47] gives an average
galactic value for ®°Fe/ *°Fe of 1.4 x 107", This latter
value is identical to the lower value of the early solar
system estimate inferred from meteorites. Even if the
60Fe/>Fe ratio was as high as 4 x 1077 [58], fluctuations
around the average value could easily explain the
presence of ®'Fe due to a galactic background in the solar
system. It is important to note that this estimate is that of
the present interstellar medium. It might have been
significantly different in the interstellar medium 4.4 Gyr
ago. Such calculations only show that if the initial solar
system %Fe/ °Fe ratio was only a few times 107, the
need for a single supernova vanishes and leaves plenty of
room for its galactic origin.

Acknowledgments
We thank Anders Meibom for his careful reading

of the manuscript and Jean Duprat for his thorough
review.



892 M. Gounelle et al./C. R. Geoscience 339 (2007) 885-894

References

[1] J. Ballesteros-Paredes, R.S. Klessen, M.-M. Mac Low, E. Vaz-
quez-Semadeni, Molecular cloud turbulence and star
formation, in: B. Reipurth, D. Jewitt, K. Keil (Eds.), Protostars
and Planets V, University of Arizona Press, Tucson, 2007, pp.
63-80.

[2] J.L. Birck, C.-J. Alleégre, Evidence for the presence of 53Mn in
the early solar system, Geophys. Res. Lett. 12 (1985) 745-748.

[3] J.L. Birck, G.W. Lugmair, Nickel and chromium isotopes in
Allende inclusions, Earth Planet. Sci. Lett. 90 (1988) 131-143.

[4] M. Busso, R. Gallino, G.J. Wasserburg, Short-lived nuclei in the

early Solar System: A low mass stellar source? Publ. Astron.

Soc. Aust. 20 (2003) 356-370.

M.W. Caffee, J.N. Goswami, C.M. Hohenberg, K. Marti,

R.C. Reedy, Irradiation records in meteorites, in: J.F. Kerridge,

M.S. Matthews (Eds.), Meteorites and Early Solar System,

Arizona University Press, Tucson, 1988, pp. 205-245.

M. Chaussidon, M. Gounelle, Short-lived radioactive nuclides in

meteorites and early solar system processes, C. R. Geoscience

339 (2007) 872-884.

M. Chaussidon, M. Gounelle, Irradiation processes in early Solar

System, in: D.S. Lauretta, H.Y. McSween (Eds.), Meteorites and

early solar system II, University of Arizona Press, Tucson, 200

pp. 323-340.

M. Chaussidon, F. Robert, K.D. McKeegan, Li and B isotopic

variations in an Allende CAI: Evidence for the in situ decay of

short-lived '°Be and for the possible presence of the short-lived

"Be in the early solar system, Geochim. Cosmochim. Acta 70

(2006) 224-245.

[9] S.J. Desch, T.C. Mouschovias, The Magnetic Decoupling Stage
of Star Formation, Astrophys. J. 550 (2001) 314-333.

[10] S.J. Desch, H.C. Connolly, G. Srinivasan Jr., An interstellar
origin for the Beryllium-10 in calcium-rich, aluminum-rich
inclusions, Astrophys. J. 602 (2004) 528-542.

[11] R. Diehl, et al., Radioactive 2°Al from massive stars in the
Galaxy, Nature 439 (2006) 45-47.

[12] J. Duprat, V. Tatischeff, Energetic Constraints on Irradiation-
induced Production of Short-lived Radionuclei in the Early Solar
System (abstract), Lunar Planet. Sci. Conf. 38 (2007) 1680.

[13] B.G. Elmegreen, Star Formation in a Crossing Time, Astrophys.
J. 530 (2000) 277-281.

[14] B. Ercolano, M.J. Barlow, B.E.K. Sugerman, Dust yields in
clumpy supernovae shells: SN 1987A revisited, Mon. Not.
R. Astron. Soc. 375 (2007) 753-763.

[15] F. Favata, E. Flaccomio, F. Reale, G. Micela, S. Sciortino,
H. Shang, K.G. Stassun, E.D. Feigelson, Bright X-Ray Flares
in Orion Young Stars from COUP: Evidence for Star-Disk
Magnetic Fields? Astrophys. J. Suppl. 160 (2005) 469-502.

[16] E.D. Feigelson, G.P. Garmire, S.H. Pravdo, Magnetic flaring in
the pre-main sequence Sun and implications for the early solar
system, Astrophys. J. 584 (2002) 911-930.

[17] E.D. Feigelson, T. Montmerle, High-Energy Processes in Young
Stellar Objects, Annu. Rev. Astron. Astrophys. 37 (1999)
363-408.

[18] C. Fitoussi, J. Duprat, V. Tatischeff, J. Kiener, M. Gounelle,
G. Raisbeck, C. Engrand, M. Assungdo, A. Coc, A. Lefebvre,
M.-G. Porquet, N. de Séréville, J.-P. Thibaud, F. Yiou,
C. Bourgeois, M. Chabot, F. Hammache, J.-A. Scarpaci, AMS
Measurement of 2*Mg(3He,p)*°Al Cross Section, Implications
for the 2°Al Production in the Early Solar System (abstract),
Lunar Planet. Sci. Conf. 35 (2004) 1586.

[5

—_

[6

=

[7

—

[8

—

[19] W.A.Fowler, J.L. Greenstein, F. Hoyle, Nucleosyntheis during the
early history of the solar system, Geophys. J. 6 (1962) 148-220.

[20] I.M. George, A.C. Fabian, X-ray reflection from cold matter in
active galactic nuclei and X-ray binaries, Mon. Not. R. Astron.
Soc. 249 (1991) 352-367.

[21] K.V. Getman, E.D. Feigelson, N. Grosso, M.J. McCaughrean,
G. Micela, P. Broos, G.P. Garmire, L. Townsley, Membership of
the Orion Nebula Population from the Chandra Orion Ultradeep
Project, Astrophys. J. Suppl. 160 (2005) 353-378.

[22] A.E. Glassgold, J. Najita, J. Igea, Neon Fine-Structure Line
Emission by X-Ray Irradiated Protoplanetary Disks, Astrophys. J.
656 (2007) 515-523.

[23] A.E. Glassgold, J. Najita, J. Igea, Heating Protoplanetary Disk
Atmospheres, Astrophys. J. 615 (2004) 972-990.

[24] A.E. Glassgold, et al., X-Ray ionization of protoplanetary disks,
Astrophys. J. 480 (1997) 344-350.

[25] J.N. Goswami, K.K. Marhas, S. Sahijpal, Did solar energetic
particles produce the short-lived radionuclides present in the
early solar system? Astrophys. J. 549 (2001) 1151-1159.

[26] M. Gounelle, FH. Shu, H. Shang, A.E. Glassgold, K.E. Rehm,
T. Lee, Extinct radioactivities and protosolar cosmic-rays:
self-shielding and light elements, Astrophys. J. 548 (2001)
1051-1070.

[27] M. Gounelle, The origin of short-lived radionuclides, New
Astron. Rev. 50 (2006) 596-599.

[28] M. Gounelle, S.S. Russell, Spatial heterogeneity in the accretion
disk and early solar chronology, in: A.N., Krot, E.R.D., Scott, B.,
Reipurth, (Eds.), Chondrites and the protoplanetary disk 341,
ASP Conference Series, San Francisco, 2005, 548-601.

[29] M. Gounelle, A. Meibom, The oxygen isotopic composition of
the Sun as a test of the supernova origin of 2°Al and 41Ca,
Astrophys. J. 664 (2007) L123-L125.

[30] M. Gounelle, A. Meibom, The origin of short-lived radionuclides
and the astrophysical environment of Solar System formation,
Astrophys. J, submitted.

[31] M. Gounelle, EH. Shu, H. Shang, A.E. Glassgold, K.E. Rehm, T.
Lee, The irradiation origin of beryllium radioisotopes and
other short-lived radionuclides, Astrophys. J. 640 (2006)
1163-1170.

[32] N. Grosso, J. Alves, K. Wood, R. Neuhauser, T. Montmerle, J.E.
Bjorkman, Spatial Study with the Very Large Telescope of a New
Resolved Edge-on Circumstellar Dust Disk Discovered at the
Periphery of the p Ophiuchi Dark Cloud, Astrophys. J. 586
(2003) 296-305.

[33] Y. Guan, G.R. Huss, L.A. Leshin, ®“Fe—Ni and 3*Mn—>3Cr
isotopic systems in sulfides from unequilibrated enstatite chon-
drites, Geochim. Cosmochim. Acta 71 (2007) 4082-4091.

[34] M. Giidel, A. Telleschi, M. Audard, S. Skinner, K.R. Briggs,
F. Palla, C. Dougados, X-rays from jet-driving protostars and
T Tauri stars, Astron. Astrophys. 468 (2007) 515-528.

[35] D. Heymann, M. Dziczkaniec, Early irradiation of matter in the
Solar System: Magnesium (proton, neutron) scheme, Science
191 (1976) 79-81.

[36] W. Hsu, Y. Guan, L.A. Leshin, T. Ushikubo, G.J. Wasserburg,
A late episode of irradiation in the early solar system: Evidence
from extinct **Cl and 2 Al in the early solar system, Astrophys. J.
640 (2006) 525-529.

[37] J.H. Kastner, PC. Myers, An observational estimate of the
probability of encounters between mass-losing evolved stars
and molecular clouds, Astrophys. J. 421 (1994) 605-614.

[38] J. Jijina, P.C. Myers, F.C. Adams, Dense Cores Mapped in
Ammonia: A Database, Astrophys. J. Supp. 125 (1999) 161-326.



M. Gounelle et al./C. R. Geoscience 339 (2007) 885-894 893

[39] R. Kandori, et al., Near-Infrared Imaging Survey of Bok Glo-
bules: Density Structure, Astron. J. 130 (2005) 2166-2184.

[40] H. Kirk, D. Johnstone, J. Di Francesco, The Large- and Small-
Scale Structures of Dust in the Star-forming Perseus Molecular
Cloud, Astrophys. J. 646 (2006) 1009-1023.

[41] C.W. Lee, P.C. Myers, A Catalog of Optically Selected Cores,
Astrophys. J. Supp. 123 (1999) 233-250.

[42] T. Lee, D.A. Papanatassiou, G.J. Wasserburg, Demonstration of
26Mg excess in Allende and evidence for 2°Al, Geophys. Res.
Lett. 3 (1976) 109-112.

[43] T. Lee, A local irradiation model for isotopic anomalies in the
solar system, Astrophys. J. 224 (1978) 217-226.

[44] T. Lee, EH. Shu, H. Shang, A.E. Glassgold, K.E. Rehm, Pro-
tostellar cosmic rays and extinct radioactivities in meteorites,
Astrophys. J. 506 (1998) 898-912.

[45] I. Leya, A.N. Halliday, R. Wieler, The predictable
collateral consequences of nucleosynthesis by spallation reac-
tions in the early Solar System, Astrophys. J. 594 (2003)
605-616.

[46] Y. Lin, Y. Guan, L.A. Leshin, Z. Ouyang, D. Wang, Short-lived
chlorine-36 in a Ca- and Al-rich inclusion from the Ninggiang
carbonaceous chondrite, Proc. Natl. Acad. Sci. USA 102 (2005)
1306-1311.

[47] K. Lodders, Solar System abundances and condensation
temperatures of the elements, Astrophys. J. 591 (2003)
1220-1247.

[48] G.J. MacPherson, G.R. Huss, Extinct '°Be in Type A Calcium-
Aluminium-Rich Inclusions from CV chondrites, Geochim.
Cosmochim. Acta 67 (2003) 3165-3179.

[49] K.K.Marhas, J.N. Goswami, A.M. Davis, Short-lived nuclides in
hibonite grains from Murchison: Evidence for Solar System
evolution, Science 298 (2002) 2182-2185.

[50] K.K. Marhas, J.N. Goswami, Low energy particle production of
short-lived nuclides in the early solar system, New Astron. Rev.
48 (2004) 139-144.

[51] K.D. McKeegan, M. Chaussidon, F. Robert, Incorporation of
short-lived '°Be in a Calcium—Aluminium-rich Inclusion from
the Allende meteorite, Science 289 (2000) 1334-1337.

[52] K.D. McKeegan, A.N. Krot, D.J. Taylor, S. Sahijpal,
A.A. Ulyanov, Evaluation of 2°Al/*’Al at crystallization in
Efremovka CAls by high-precision, in situ ion microprobe
analyses (abstract), Meteoritics Planet. Sci. 39 (2004) 66.

[53] B.S. Meyer, D.D. Clayton, Short-lived radioactivities and the
birth of the sun, Space Sci. Rev. 92 (2000) 133-152.

[54] S. Mostefaoui, G.W. Lugmair, P. Hoppe, %0Fe: A heat source for
planetary differentiation from a nearby supernova explosion,
Astrophys. J. 625 (2005) 271-277.

[55] T. Onishi, A. Mizuno, A. Kawamura, K. Tachihara, Y. Fukui,
A compete search for dense cloud cores in Taurus, Astrophys. J.
575 (2002) 950-973.

[56] N. Ouellette, S.J. Desch, J.J. Hester, L.A. Leshin, A nearby
supernova injected short-lived radionuclides in our protoplane-
tary disk, in: A.N., Krot, E.R.D., Scott, B., Reipurth, (Eds.),
Chondrites and the Protoplanetary Disk 341, ASP Conference
Series, San Francisco, 2005. 527-538.

[57] N. Ouellette, S.J. Desch, J.J. Hester, Interaction of Supernova
Ejecta with Nearby Protoplanetary Disks, Astrophys. J. 662
(2007) 1268-1281.

[58] G. Quitté, A.N. Halliday, A. Markowski, B.S. Meyer, C. Lat-
koczy, D. Gunther, Correlated Iron 60, Nickel 62, and Zirconium
96 in Refractory Inclusions and the Origin of the Solar System,
Astrophys. J. 655 (2007) 678-684.

[59] T. Rauscher, A. Heger, R.D. Hoffman, S.E. Woosley, Nucle-
osynthesis in massive stars with improved nuclear and stellar
physics, Astrophys. J. 576 (2002) 323-348.

[60] D.V. Reames, Solar energetic particles variations, Adv. Space
Res. 34 (2004) 381-390.

[61] H. Reeves, On the origin of the light elements (Z < 6 ), Rev.
Mod. Phys. 66 (1994) 193-217.

[62] J. Robrade, JJH.M.M. Schmitt, XMM-Newton X-ray spectros-
copy of classical T Tauri stars, Astron. Astrophys. 449 (2006)
737-747.

[63] H.J. Rocha-Pinto, J.M. Scalo, W.J., C. Flynn, Chemical enrich-
ment and star formation in the Milky Way disk, Astron. Astro-
phys. 358 (2000) 869-885.

[64] S.S. Russell, M. Gounelle, R. Hutchison, Origin of short-lived
radionuclides, Philos. Trans. R. Soc. Lond. A 359 (20011991-
2004).

[65] B.D. Savage, K.R. Sembach, Interstellar Abundances from
Absorption-Line Observations with the Hubble Space Telescope,
Annu. Rev. Astron. Astrophys. 34 (1996) 279-330.

[66] F.H. Shu, H. Shang, T. Lee, Toward an astrophysical theory of
chondrites, Science 271 (1996) 1545-1552.

[67] G. Srinisavan, J.N. Goswami, *'Ca in the early solar system,
Astrophys. J. 431 (1994) L67-L70.

[68] N. Sugiura, Y. Shuzou, A. Ulyanov, Beryllium-boron and alu-
minium-magnesium chronology of calcium-aluminium-rich
inclusions in CV chondrites, Meteoritics Planet. Sci. 36
(2001) 1397-1408.

[69] N.Sugiura, Q.Z. Yin, ®®Fe-%Ni systematics of some achondrites
(abstract), Meteoritics Planet. Sci. 40 (2005) 5061.

[70] S. Tachibana, G.R. Huss, N.T. Kita, H. Shimoda, Y. Morishita,
%Fe in chondrites: Debris from a nearby supernova in the early
solar system, Astrophys. J. 639 (2006) L90.

[71] V. Tatischeff, J. Duprat, M. Assungao, A. Coc, C. Engrand, M.
Gounelle, A. Lefevre, M.G. Porquet, N. de Séréville, J.P. Thi-
baud, C. Bourgeois, M. Chabot, F. Hammache, J.A. Scarpaci,
Cross sections relevant to gamma-ray line emission in solar
flares: 3He-induced reactions on '°O nuclei, Phys. Rev. C 68
(2003) 5804.

[72] J. Torsti, L. Kocharov, N. Lehtinen, M.L. Kaiser, M.J. Reiner,
Solar particle event with exceptionally high 3He enhancement in
the energy range up to 50 MeV nucleon ', Astrophys. J. 573
(2002) L59-L63.

[73] M. Tsujimoto, E.D. Feigelson, N. Grosso, G. Micela, Y. Tsuboi,
F. Favata, H. Shang, J.H. Kastner, Iron Fluorescent Line Emis-
sion from Young Stellar Objects in the Orion Nebula, Astrophys.
J. Supp. 160 (2005) 503-510.

[74] H.C. Urey, The cosmic abundances of potassium, uranium, and
thorium and the heat balances of the Earth, the Moon and Mars,
Proc. Natl. Acad. Sci. USA 41 (1955) 127-144.

[75] M. Wadhwa, Y. Amelin, A.M. Davis, G.W. Lugmair, B.S.
Meyer, M. Gounelle, S.J. Desch, From Dust to Planetesimals:
Implications for the Solar Protoplanetary Disk from Short-lived
Radionuclides, in: B. Reipurth, D. Jewitt, K. Keil (Eds.), Protostars
and Planets V, University of Arizona Press, Tucson, 2007pp. 835—
848.

[76] W. Wang, et al., SPI observations of the diffuse ®°Fe emission in
the Galaxy, Astron. Astrophys. 469 (2007) 1005-1012.

[77] G.J. Wasserburg, M. Busso, R. Gallino, K.M. Nollett, Short-lived
nuclei in the early Solar System: Possible AGB sources, Nucl.
Phys. A 777 (2006) 5-69.

[78] S.J. Wolk, ER. Hardnen, E. Flaccomio, G. Micela, F. Favata,
H. Shang, E.D. Feigelson, Stellar activity on the young suns of



894 M. Gounelle et al./C. R. Geoscience 339 (2007) 885-894

Orion: COUP observations of K5-7 pre-main sequence stars, [80] M. Zolensky, K. Nakamura, M.K. Weisberg, M. Prinz,
Astrophys. J., Suppl. Ser. 160 (2005) 423-449. T. Nakamura, K. Ohsumi, A. Saitow, M. Mukai, M. Gounelle,
[79] E.D. Young, J.I. Simon, A. Galy, S.S. Russell, E. Tonui, O. Lovera, A primitive dark inclusion with radiation-damaged silicates in
Supra-canonical, 2 Al/ 2’ Al and the residence time of CAls in the the Ningqgiang carbonaceous chondrite, Meteoritics Planet. Sci.

solar protoplanetary disk, Science 308 (2005) 223-227. 38 (2003) 305-322.



	Irradiation in the early solar system and the origin of �short-lived radionuclides
	Introduction
	The irradiation origin of {}^{10}{\rm{Be}}
	Co-production of other short-lived radionuclides by irradiation
	General considerations
	Irradiation models

	X-ray evidence for protoplanetary disk irradiation
	The initial abundance and origin of {}^{60}{\rm{Fe}}
	Acknowledgments
	References


