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Abstract. The composition of Galactic Cosmic Rays (GCR) presents strong similarities to
the standard (cosmic) composition, but also noticeable differences. The most important is
the high isotopic ratio of 2?Ne/?’Ne, which is ~5 times higher in GCR than in the Sun and
provides key information on the GCR origin. We investigate the idea that GCR are acceler-
ated by the forward shocks of supernova explosions, as they run through the presupernova
winds of the massive stars and through the interstellar medium. We use detailed wind and
core yields of rotating and non-rotating models of massive stars with mass loss, as well as
simple models for the properties of the forward shock and of the circumstellar medium. We
find that the observed GCR ?2Ne/?*’Ne ratio can be explained if GCR are accelerated only
during the early Sedov phase, for shock velocities >2000 km/s. The acceleration efficiency,
assumed constant during that period, is found to be of the order of 1076-1073, i.e. a few
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particles out of a million encountered by the shock escape the SN at GCR energies.
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1. Introduction

The site of the acceleration of GCR remains
debatable today, despite more than five decades
of theoretical and observational studies. Over
the years, it has been suggested that GCR are
accelerated in 1) SN remnants (either by the
forward or the reverse shock or both), 2) the in-
terstellar medium (ISM), 3) the winds of mas-
sive stars, 4) the interiors of superbubbles, ex-
cavated by the massive star winds and the sub-
sequent SN explosions of an OB association.
Each one of the proposed sites has its own ad-
vantages and shortcomings, regarding the en-
ergetics and/or the composition of accelerated
matter
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The most conspicuous feature of GCR
source composition is undoubtely the high iso-
topic 22Ne/?°Ne ratio. Its value obtained from
analysis of the CRIS instrument, leads to a
best estimate (Binns et al. 2008) of 0.387 +
0.007 (statistical) = 0.022 (systematic). This is
5.3+0.3 times the value of the (**Ne/?°Ne),, ra-
tio in the solar wind. Contrary to the case of
the elemental source GCR abundances, which
may be affected by various physico-chemical
factors (first ionization potential, condensation
temperature, etc.) isotopic ratios can only be
affected by nucleosynthetic processes and thus
provide crucial information on the origin of
cosmic ray particles.

In this work we study the ’?Ne/*’Ne ratio
of GCR accelerated by the forward shocks of
SN explosions, as they run through the pre-
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supernova winds of massive stars and through
the interstellar medium. We consider the whole
mass spectrum of massive stars (from ~10
to 120 Mp), including stars with either small
or large mass losses prior to their explo-
sions. We consider stellar properties (masses
of winds, ejecta, yields etc.) from recent mod-
els with mass loss and or without rotation
(from Hirschi et al. 2005 - hereafter HMMO0S5
- and Limongi and Chieffi 2006 - hereafter
LCO06 -, respectively), the former having larger
22Ne enhancements in their winds. We adopt
a simplified prescription, suggested in Ptuskin
and Zirakashvili (2005) and reformulated in
Caprioli (2011), to describe the structure of the
circumstellar medium at the time of the explo-
sion and we consider that GCR start being ac-
celerated in the Sedov-Taylor (ST) phase of the
SN remnant (see Prantzos 2011 for a detailed
description of the model and results).

2. Results

Fig. 1 (top and middle) displays the evolution
of the velocity vg and radius Ry of the forward
shock and of the mass Mg (< Rg) swept up by
it, for the cases of a 20 and a 60 M, rotating
star, respectively. The similarity of the curves
for vg, Rg and Mg(< Ryg) for the 20 and 60
Mg, stars simply reflects the self-similarity of
the ST solution. The small differences in the
early ST phase are due to the difference of the
ejected mass M; in the two stars.

The bottom panel of Fig. 1 displays the
evolution of the "N/'°O and 22Ne/?°Ne ra-
tios (i.e. the ratios of the corresponding masses
for each isotope), expressed in units of the
corresponding solar values. The evolution of
22Ne/*Ne is quite different in the two mod-
els. In the 20 My star, no He-burning prod-
ucts are encountered by the shock wave and
the 2’2Ne/*°Ne ratio has always its initial (so-
lar) value. A high 2>Ne/?°Ne ratio is initially
encountered in the processed layers of the 60
Mg, star, which is progressively diluted as the
shock moves outwards.

The composition curves of the bottom
panel of Fig. 1 give the time (or mass) inte-
grated composition encountered by the shock
wave and, in consequence, the composition of
the particles that have been accelerated up o
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Fig. 1. Evolution of the SN remnants of two rotat-
ing stars of initial masses 20 My (dotted) and 60
M, (solid), respectively. Top: velocity of the for-
ward shock and swept up mass. Middle: Shock ra-
dius and density profile before shock arrival (see
text). Bottom: Composition of the matter swept up
up to time ¢ by the shock wave, for the '*N/'°0O and
22Ne/*Ne ratios. In all panels, the thick portions of
the curves indicate the period of efficient particle ac-
celeration, i.e. from the beginning of the ST phase
and as far as vy, > v,,,. The value of v,,;, (=1900
km/s for the rotating star models in the figure) is
chosen so that the IMF averaged theoretical ratio of
22Ne/*°Ne matches the observed one in GCR (see
Fig. 2).

that time. We assume here that particles are
accelerated to GCR energies with the same ef-
ficiency for shock velocities higher than some
critical value vy, which is the same for all
stellar masses. We determine v,,; empirically
by requiring that, when averaged over a stellar
Initial mass function (IMF) ®(M,.), the ratio
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where Rpps=5.3+0.3 is the observationally
determined source GCR ratio of ?Ne/?°Ne in
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Fig. 2. Abundance ratios of various nuclear species
in GCR source normalized to the corresponding so-
lar ones, as a function of the initial stellar mass.
In all panels, solid curves correspond to models
of HMMO5 and dotted curves to models of LCO06.
Upper, thin curves are for GCR accelerated at the
beginning of the ST phase and lower, thick curves
for the time-average at the end of GCR accelera-
tion. An average over a Salpeter IMF (and account-
ing for the swept up mass in each case) produces
the vertical segments to the right, their top point
corresponding to the beginning and the bottom one
to the end of the GCR acceleration phase, respec-
tively (also indicated by filled squares). These re-
sults are compared to GCR source abundance ratios
as derived by ACE data (points at the extreme right
with error bars) in Binns et al. (2005). The most
significant, unaffected by FIP, volatility etc., is the
one of 22Ne/?°Ne. The end of the GCR acceleration
phase is assumed to correspond to shock velocities
Umin Such that the time and IMF averaged theoret-
ical ratio (squares) of **Ne/*’Ne matches the ob-
served one (see text). For the set up adopted here
we find we find v,,;,=1900 km/s for HMM models
and v,,;,=2400 km/s for CL06 models.

solar units and my,(M,) and myo(M..) are swept
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Fig. 3. Graphical presentation of the results dis-
cussed in Sec. 2. Particle acceleration starts at the
beginning of the ST phase, located at mass coordi-
nate A;=Mg,,+ Mg;j, i.e. when the forward shock
(FS, arrows), launched at Mg,,, has swept up a
mass Ms;=Mp;. Acceleration stops at mass coordi-
nate A,, corresponding in the case dicussed here to a
shock velocity of 1900 km/s. The mass sampled by
the FS between those two regions is My..=A;-A;.
For rotating stars with mass M >30 M, an increas-
ing part of My includes nuclearly processed ma-
terial (shaded aerea), while for rotating stars with
M <18 Mg, Myc.. contains only material of ISM
(=solar) somposition.

up masses for star of mass M, and shock veloc-
ity (v > Upin)-

The results of the procedure appear in Fig.
2 for a few selected abundance ratios and for
the models of both HMMOS (solid curves) and
CLO06 (dotted curves). In all panels, the up-
per (thin) curves correspond to the composition
accelerated at the beginning of the ST phase
(maximal possible deviations from solar com-
position). It can be seen that stars with mass
<22 M, (for HMMOS5) and 32 M, (for CL06)
display no He-burning products in their accel-
erated particles. N is overabundant in lower
stellar masses, due to the 1st dredge-up.

The lower (thick) curves in all panels of
Fig. 2 correspond to composition accelerated
up to the end of the acceleration period which
is assumed to occur for a shock velocity vy,,.
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The corresponding IMF-averaged quantities
(between 10 and 120 M) are displayed on
the right of the curves: their uppermost point
corresponds to the beginning of the ST phase
and the lower one (also indicated with a filled
square) to the end of the acceleration period,
i.e. to v,,;,. The value of v,,;, is found to be
~ 1900 km/s for the HMMOS5 models with ro-
tation and ~20% higher (2400 km/s) for the
CLO06 models without rotation. The reason for
that difference is, of course the fact that ro-
tating models have larger processed layers, re-
quiring more dilution with circumstellar mate-
rial.

The material of Sec. 2 is summarized in
Fig.3 for the rotating models of HMMOS5. The
forward shock, launched at mass coordinate
MEy,, sweeps up a mass Mg ~Mg,, and then
starts accelerating particles, at mass coordi-
nate Aj=Mg,,+Mg, up to point A, (where
its velocity becomes v,,;,). For rotating stars
with M <15 Mg, A; lies beyond the stellar
surface and only ISM is accelerated. In stars
with 15<M,/My<25, A; lies beyond the pro-
cessed/mixed interior Mpy,c and the forward
shock accelerates first envelope and then ISM
material. For stars above 35 Mg, the shock first
accelerates processed material (hatched aerea),
then the - *?Ne normal - envelope and then
ISM. Finally, for stars with M>70 M, particle
acceleration ends when the shock is still within
the massive stellar envelope.

As shown in Prantzos (2011), assuming
that the spectrum of accelerated particles es-
caping the SN is a power law in momentum,
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one may find the efficiency with which parti-
cles are accelerated from the shocked circum-
stellar medium. For rotating stars it is found
to be in the range 3-6 107° i.e. a few particles
out of a million encountered ones are accel-
erated by the forward shock to GCR energies.
In the case of non-rotating stars, the energetics
is the same, but the swept-up mass is smaller
(by a factor of two, on average, in order to
get the observed 2>Ne/?’Ne ratio) and the cor-
responding efficiency is W ~107>. These es-
timates constitute only a gross average, since
the efficiency of particle acceleration may de-
pend (among other things) on the density of

the circumstellar medium or the shock velocity
(through a smoothly varying function f(vg) in-

stead of the Heaviside function f(vs > vpin)=1
and f(vs < Upin)=0 considered here). As ap-
proximate as they may be these results, ob-
tained through the constrain of the observed
GCR source 2*Ne/*’Ne ratio, may help to im-
prove our understanding of particle accelera-
tion in SN remnants.
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