
30TH INTERNATIONAL COSMIC RAY CONFERENCE

A Possible Mechanism to Form the Source Composition of Galactic Cosmic Rays as
Viewed from the Fractionation of Heavy Elements in Carbonaceous Chondrites

KUNITOMO SAKURAI , MAKOTO HAREYAMA , SATOSHI KODAIRA AND NOBUYUKI HASEBE

Research Institute for Science and Engineering, Waseda University, 3-4-1 Okubo, Shinjuku-ku, Tokyo 169-
8555, Japan

Abstract: Referring to the observed data in the depletions of elements, refractory and siderophile, in the
interstellar clouds, the chemical composition of dust grains has been deduced, though it is highly variable
among these clouds. This variability seems to reflect upon the place where such dust grains are formed
inside these clouds. Deep inside the clouds, the chemical composition of dust grains is well coincident
with that of carbonaceous chondrites as classified as CI. Since the source composition of galactic cosmic
rays in much more abundant in refractory and siderophile elements, being classified as heavy and ultra-
heavy ones, as compared with those as contained in carbonaceous CI chondrites, the most of volatile
elements must have been lost during the process which took place in forming the matter as identified
to be ’seed mass’ which is to be later accelerated to cosmic ray every this process seems necessarily to
be associated with the heating and ionization of dust grains formed within interstellar clouds. Volatile
elements must have effectively been lost from chondrites though that process, which become process,
and then form the seed mass, which becomes the source matter from which cosmic rays are generated
afterward.

Introduction

Even now, it has not been resolved in whether
galactic cosmic rays (GCRs) are mainly acceler-
ated in some localized regions as the sites of su-
pernova explosions or in the interstellar space as
a whole. In order to search for the regions where
the most of GCRs are accelerated, it is necessary to
determine the source composition of GCRs and its
dependence on the physical proportions of various
nuclei contained in GCRs. At present, two com-
petitive ideas have been proposed on the formation
of the source composition of GCRs; the one is con-
cerned with the first ionization potentials (FIPs) in
atomic states of nuclei as observed in GCRs (e.g.,
Casśe and Goret (1978)), while the other empha-
sizes the important role of volatility of each ele-
ment which is the component of GCRs (Sakurai,
1989). Both of these ideas suggest that the most
of GCRs are generated from the interaction of the
source material of GCRs with shock waves asso-
ciated with supernova explosions in the interstellar
space (e.g., Ellison et al. (1997)).

The FIP oriented idea assumed that partially ion-
ized particles while drifting in the interstellar space
are preferentially accelerated to high energy as
GCRs. However, the other one which considers
the importance of the volatility of elements con-
sisting of GCRs proposes that the source material
of GCRs should be formed in some giant molec-
ular clouds in the interstellar space, though these
clouds are initially originated from supernova ex-
plosions within OB associations (Higdon and Lin-
genfelter, 2003). The physical nature of this ma-
terial may be causally related to the condensation
temperature of each element in those clouds, since
the source material of GCRs seems to have been
formed due to the fractionation of elements as de-
pendent on this temperature (Sakurai, 1989, 1998).
If this is the case, the higher is this temperature to
each of various elements, the more abundant are
the elements in the source material of GCRs (e.g.,
Hasebe et al. (2005)). This expectation has been
confirmed through the comparison of the chemi-
cal abundance of the source material of GCRs with
that of the solar atmosphere, which is thought of as
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Figure 1: The source composition of galactic cos-
mic rays as a function of the elemental condensa-
tion temperature, being normalized with the ele-
ment Si for the chemical abundances of galactic
cosmic rays in their sources and the solar atmo-
sphere (Hasebe et al., 2005).

the standard of the universal abundance (e.g., Lod-
ders (2003)).

The Chemical Composition of Galac-
tic Cosmic Rays in Their Sources as
Compared with Those of Carbonaceous
Chondrites

It has been shown in Fig.1 that both of refractory
and siderophile (i.e., semi refractory) elements are
overabundant in the chemical composition of the
source material of GCRs as compared with that
of the solar atmosphere, which is almost the same
as that of carbonaceous chondrites classified as CI
(Hasebe et al., 2005). This figure clearly indicates
that, as a function of the condensation tempera-
ture of elements, the most of the elements, refrac-
tory and siderophile, have a tendency to become
overabundant in the source composition of GCRs
than the chemical composition of the solar atmo-
sphere (Sakurai, 1989). This result may suggest
that the source material of GCRs is identified as the
dust grains formed gradually as somehow effec-
tively losing volatile elements during the processes
of elemental condensation inside giant molecular
clouds.
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Figure 2: The chemical abundance of the interstel-
lar dust grains versus that of the solar atmosphere.

In order to estimate the chemical composition of
dust grains formed deep within giant molecular
clouds, the observed data on the depletion degrees
of various elements in these clouds have been an-
alyzed (Sakurai et al., 2007). The result thus ob-
tained is shown in Fig.2, which indicates that, ex-
cept for volatile elements, this composition is al-
most the same as that of the solar atmosphere rec-
ommended by Lodders (2003). It is thus necessary
to consider some possible mechanism in which
volatile elements must be efficiently taken away
from dust grains, because these elements are de-
ficient in the source material of GCRs as clearly
seen in Fig.1. This mechanism must interpret how
volatile elements have been efficiently lost from
duet grain. So, a possible mechanism is proposed
here as that which is schematically, shown in Fig.3.

As described in Fig.3, the initial composition of
dust grains is the same as or similar to the chemical
composition of CI chondrites, and these dust grains
seem to be heated and then partially ionized as a re-
sult of their encounters with shock waves of nearby
supernova explosions. Due to this heating and ion-
ization, volatile elements may be taken away effec-
tively from the gases formed in the outer regions
composite of partially ionized dusts and gases (the
middle and right figures in Fig.3). These dust and
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1)  Evapolation of Volatile Elements due to
     Heating by SN Shocks.
     Repeated Shock Heating Makes Volatile
     Elements Lost from the Matter in Gas
     Phase
2)  Refractory and Siderophile Elements
     Enriched within Partially Ionized Gases
     Evapolated from the Main Body of CI
     Chondrites

Time
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Figure 3: A possible time sequence for the source composition of galactic cosmic rays to be formed as the
result of the interaction of dust grains with SNE shock waves in the interstellar space (Sears, 2004).

gases being partially ionized, are, of course, defi-
cient of volatile elements.

Acceleration of Cosmic Rays as Re-
sulted from Their Interaction with Su-
pernova Shocks

As inferred from Fig.3, the chemical composition
of the source material of GCRs is somewhat simi-
lar to that of chondrites classified as CM or C2 and
C3 in the classical term. This source material, be-
ing partially ionized, is then accelerated as results
of its interaction with shock waves from supernova
explosions after released from dust grains into the
interstellar space.

These processes as outlined earlier in this paper
are highly suggestive for the source composition
of GCRs to be introduced from an efficient loss
of volatile elements from the source material of
GCRs as described in Fig.3. So, both of refractory
and siderophile (semi-refractory) elements neces-
sarily become relatively more abundant in source
material. These processes thus emphasize that the

volatility of elements must have worked more ef-
ficiently as compared with the ionization of ele-
ments as being reflected upon their first ionization
potentials (FIPs). It is noted, however, that the ion-
ization of dust grains and their dissolved compo-
nents is a factor important for them to be effec-
tively accelerated to high energy as cosmic rays.

While drifting in the interstellar space after re-
leased from dust grains, being partially ionized,
as described in Fig.3, these dust grains and their
dissolved components repeatedly encounter with
shock waves associated with supernova explosions
and accelerated into higher energy. Finally, these
dissolved components must be broken up into ion-
ized gases. These accelerated ionized gases could
be identified as GCRs. Thus, the chemical compo-
sition of these gases is necessarily similar to that
which is shown in Fig.1. The formation of the
source material of GCRs must have been initiated
with the process being possibly identified as frac-
tionation of elements in carbonaceous chondrites.
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Concluding Remarks

As shown in Fig.2, the chemical composition of
dust grains formed inside giant molecular clouds
is almost the same as that of the solar atmosphere,
except for such volatile elements as O, C and N.
Since the chemical composition of the source ma-
terial of GCRs is enriched in both refractory and
siderophile (semi refractory) elements more effi-
ciently as compared with those of the solar atmo-
sphere and CI chondrite, such mechanism as frac-
tionation of elements as shown in Fig.3 must take
place to effectively lose volatile elements from CI
chondrite inside giant molecular clouds. It should
be remarked that heating and ionization of dust
grains and their dissolved components play a role
important to form the source material of GCRs in
association with the repeated interactions between
these grains and shock waves from supernova ex-
plosions in giant molecular clouds. Many of such
explosions and SNE remnants have been observed
in the OB associations in the Orion arm in the in-
terstellar space.

In order to grasp some clue to resolve in which re-
gion cosmic rays are accelerated in the interstel-
lar space, it is essential to search for the chemical
composition of ultra heavy nuclei in cosmic rays,
since the observations of these nuclei using large
telescope array modularized solid state track detec-
tor stacks onboard super-pressure balloons or the
International Space Station may give some clue to
their origin.

Although it seems difficult to precisely identify the
species of those ultra heavy nuclei, since most of
them are minor components as compared with iron
group nuclei in cosmic rays, the stacks developed
by our group have proven excellent merit and ca-
pability in the test experiments done in our labora-
tory. Our plan on the observation of those nuclei
is described in Hasebe et al. (2007a) and a paper
to be presented to this conference (Hasebe et al.,
2007b).
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