
COSMIC RAYS, DUST, AND THE MIXING OF SUPERNOVA EJECTA INTO THE INTERSTELLAR
MEDIUM IN SUPERBUBBLES

R. E. Lingenfelter

Center for Astrophysics and Space Sciences, University of California, San Diego, La Jolla, CA 92093-0424; rlingenfelter@ucsd.edu

and

J. C. Higdon

W. M. Keck Science Center, Claremont Colleges, Claremont, CA 91711-5916; jimh@lobach.jsd.claremont.edu

Received 2006 December 14; accepted 2007 January 30

ABSTRACT

Most of the galactic core-collapse supernovae occur inOB associations that produce superbubbles, and thus, the bulk
of the cosmic rays are accelerated in the cores of such superbubbles by the shockwaves from these supernovae. Herewe
show that the initial mixing of the freshly synthesized elements from such supernovae with the gas and dust in the
interstellar medium also occurs in the cores of these superbubbles, and that the unique composition of the galactic cos-
mic rays can be produced there by suprathermal ion injection from interactions of this mix of dust, gas, and supernova
shocks. We further show that the basic features of the cosmic-ray composition provide a unique measure of the mixing
ratio of the fresh supernova ejecta and the old interstellar medium in this initial phase of interstellar mixing.

Subject headinggs: cosmic rays — dust, extinction — ISM: abundances — ISM: bubbles — stars: Wolf-Rayet —
supernovae: general

1. INTRODUCTION

The composition of galactic cosmic rays differs very significantly
from that of the local interstellar medium, inferred from solar sys-
tem material. These differences provide crucial insights into the
initial mixing of freshly synthesized elements into the interstellar
medium, and they offer direct measures of the metallicity of the
supernova-active cores of superbubbles. Here we consider the pro-
cesses and environments that are thought to determine these dif-
ferences and show quantitatively how they combine to produce
the peculiar, but potentially universal, composition of the cosmic
rays.

There are three basic differences between the cosmic-ray source
composition, as deduced from the HEAO-3 measurements
(Engelmann et al. 1990), and the protosolar composition. (1) The
refractory element abundances relative to H are all enriched by a
roughly constant factor of roughly 20 compared to protosolar val-
ues. (2) The corresponding volatile element abundances have a
mass-dependent enrichment for those heavier than He (A > 4)
that reaches a factor of as much as 10 for the heaviest volatiles.
(3) Carbon and oxygen do not fit into either scheme and are en-
riched by intermediate factors of 9 and 5. These enrichments are
all shown in Figure 1.

The roughly constant enrichment of the refractory elements is
thought to result from suprathermal injection by the sputtering of
ions off of fast refractory grains through collisions with the am-
bient gas (Cesarsky&Bibring1981; Ellison et al. 1997). The strong
correlation of cosmic-ray enrichment with elemental condensation
temperature, defining the continuum between ‘‘refractory’’ and
‘‘volatile’’ elements, has been shown byMeyer et al. (1997). Even
though the sputtering cross sections are mass dependent (e.g.,
Sigmund 1981), the total sputtering yield is still expected to sim-
ply reflect the grain composition, because the fast, shock-accelerated
grains are completely destroyed by repeated sputtering, making
supernova shock interactions the principal process of grain de-
struction (e.g., Draine &McKee 1993). A similar correlation also
exists between the cosmic-ray enrichment and the first ionization

potential of the elements, which is inversely correlated with the
condensation temperature. But as we discuss below, the vast ma-
jority (�90%) of the cosmic rays heavier than He are accelerated
by supernovae occurring in the hot (�106 K), dust-rich, fully ion-
ized gas in the cores of superbubbles (e.g., Higdon et al. 1998;
Higdon & Lingenfelter 2005), where the ionization potential has
no apparent significance.
As we have suggested (Lingenfelter et al. 2000), the mass-

dependent enrichment of volatile elements can also result from
suprathermal injection of the volatiles in the hot ambient gas scat-
tered by fast refractory grains, and, as we show below, the mass
dependence of the scattering cross section is quite consistent with
that of the cosmic-ray enrichment. Here the mass dependence of
the cross section is preserved because only a very small fraction
of the ambient gas is scattered by the fast grains, and they prefer-
entially scatter the heavier elements.
Finally, as we have shown (Lingenfelter et al. 1998, 2000), the

intermediate enrichment of carbon and oxygen can also result from
suprathermal injection by sputtering of C andO ions fromgraphite
and oxides in the fast refractory grains, with a small additional
contribution from scattering of volatile C and O in the hot inter-
stellar gas. Here we also show quantitatively that the cosmic-ray
C/Fe and O/Fe ratios provide additional measures of the mixing
of the fresh supernova andWolf-Rayet (WR) wind ejecta with the
old interstellar medium in superbubble cores.
In the following, we first briefly review the evidence that su-

perbubbles are the shock acceleration sites of the bulk of the cos-
mic rays. Next, we discuss the selective injection of ions into such
accelerating shocks by the sputtering and scattering of suprather-
mal ions off of shock-accelerated refractory grains in the supernova-
active cores of the superbubbles. Then we use the cosmic-ray
source abundance ratios of all of the refractory elements, deter-
mined by Engelmann et al. (1990), as well as those conspicuously
anomalous elements C andO, to calculate new independent mea-
sures of the mixing fraction of the fresh supernova ejecta andWR
winds in the old interstellar gas and dust in the superbubble cores.
We show that these new measures together with those previously
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determined from other cosmic-ray-related abundances, including
cosmic-ray spallation produced Li, Be, and B, in old halo stars, all
suggest a roughly constant mixing ratio in superbubbles through-
out the age of the Galaxy.

2. OB ASSOCIATIONS AND SUPERBUBBLE
ORIGIN OF COSMIC RAYS

In order to quantitatively understand the composition of cos-
mic rays we need to consider the environment in which they are
accelerated. The galactic cosmic rays are thought to result primarily
from the preferential acceleration of suprathermal ions by shock
waves from supernovae (e.g., Axford 1981). Core-collapse super-
novae (SN II and SN Ib/c) from massive (M > 8 M�) O and B
stars account for�85% of all galactic supernovae (e.g., van den
Bergh &McClure 1994), and together with WR winds they pro-
duce nearly all of the elements A > 4, although about one-half of
the Fe is produced by thermonuclear explosions (SN Ia), which
make up the remaining 15% of galactic supernovae (e.g., Timmes
et al. 1995). Most (80%–90%) of the SN II and SN Ib/c occur in
OB associations, and they form superbubbles, which thus contain
�70%–75% of all galactic supernovae (Higdon & Lingenfelter
2005).

Thus, roughly�70%–75% of the H and He are accelerated in
superbubbles, and �25%–30% or less come from the warm in-
terstellar medium, where shock acceleration is less efficient (e.g.,
Axford 1981). The superbubble contribution to heavier, A > 4,
cosmic rays, however, is much larger because, as we discuss in
detail below, the superbubble metallicity Zsb is�2.5 times that of
the average interstellar medium ZISM. Thus, with superbubbles
containing a fractionFSN � 70% 75% of the supernovae, the frac-
tion of heavier (A > 4) cosmic rays accelerated in superbubbles is
FSN(Zsb /ZISM)/½FSN(Zsb /ZISM)þ FSNþ 1� � 85% 88% (Higdon
& Lingenfelter 2005).

Essentially all of the cosmic-ray acceleration in superbubbles
is concentrated in their cores, which are enriched by the ejecta of

all of their supernovae and WR winds. Giant molecular clouds
can form OB associations with radii<10 pc, which can produce
anywhere from several to 10,000 core-collapse supernovae. These
core-collapse supernova progenitors live anywhere from �3 to
�35 Myr, depending on their mass, before they explode (e.g.,
Schaller et al. 1992). Since these stars have amean dispersion ve-
locity of <4 km s�1, or <4 pc Myr�1 (e.g., Blaauw 1991), their
subsequent supernovae all occurwithin a radius r � 150 pc. These
supernovae, together with the radiatively drivenWRwinds from
their progenitors, collectively create the hot, tenuous�10�3H cm�3

superbubbles, where the supernova shocks reach radii of �100 pc
(e.g., Higdon et al.1999). Thus, the shocks fromeach of the super-
novae successively sweep through all of the ejecta of previous
supernovae and accelerate cosmic rays out of the enrichedmix of
fresh SN-WR ejecta and old interstellar medium (ISM) in the su-
pernova-active cores of superbubbles.

3. REFRACTORY GRAINS
AND COSMIC-RAY INJECTION

The most abundant of the freshly nucleosynthesized elements
in the supernova ejecta form refractory oxides:MgO, Al2O3, SiO2,
CaO, Fe3O4, etc. As the expanding ejecta adiabatically cools, these
oxides condense into refractory grains within a couple of years
after the explosion, aswas dramatically shown in SN1987A,when
the optical luminosity of the ejecta dropped by almost a factor of 10
to emerge in the submillimeter band as thermal emission from
newly formed dust (e.g., Kozasa et al. 1991). In the supernova-
active cores of superbubbles, these fresh supernova grains mix
with old interstellar grains, which are depleted relative to Fe by as
much as half in some elements, such as Si,which remains primarily
as Fe2SiO4 (e.g., Spitzer & Fitzpatrick 1993; Savage & Sembach
1996; Jenkins 2004).

Subsequent supernova shocks accelerate some of these weakly
charged grains to velocities well above the�106 K thermal veloc-
ities of�100 A�1=2 km s�1 of gas atoms of massA (Epstein 1980;
Ellison et al. 1997). The collisions of these accelerated grains with
the ambient gas sputter refractory elements off of the grains as
suprathermal ions at grain velocities. That sputtering preferen-
tially injects these refractory ions into the same shock for accelera-
tion to cosmic-ray energies (Cesarsky&Bibring 1981;Meyer et al.
1997).

In these same interactions of accelerated refractory grains with
the ambient gas, ambient H, He, and heavier volatiles are also
scattered by the fast grains to the same velocity. The scattering
cross section at a constant grain velocity is�zZ /(z2/3 þ Z 2/3)1/2,
where z and Z are the nuclear charges of the grain and gas nuclei
(e.g., Sigmund 1981). That scattering also injects the volatile ele-
ments into the same shock for acceleration to cosmic-ray energies
(Lingenfelter et al. 2000). As can be seen in Figure 1, this charge
dependence of the scattering cross section is quite similar to the
observed mass-dependent enrichment of the volatile elements in
the cosmic rays heavier than H, all of which have essentially the
same mass-to-charge ratio, A/Z � 2. This clearly suggests that
such scattering may account for the mass-dependent volatile en-
richment, but obviously much more detailed calculations are
needed.

Although most of the O in the ISM is in the gas phase, from
which some is injected by fast grain scattering, the fraction of O
bound in refractory oxides in the grains is also injected by sput-
tering and appears to be the major source for cosmic rays. The
cosmic-ray sourceO/Fe ratio is 5:2� 0:3 (Engelmann et al. 1990),
and the bulk of this can be accounted for simply from the chemistry
of the grains and the relative cosmic-ray abundances of the major
refractory elements (Lingenfelter et al. 1998). These elements have

Fig. 1.—Cosmic-ray source abundance enrichment relative to solar abun-
dances as a function of mass (modified fromMeyer et al. 1997). Also shown for
comparison with the volatiles is the cross section for the scattering of gas ions by
fast grains at a constant velocity, proportional to zZ /(z2/3 þ Z 2/3)1/2, where z and
Z are the nuclear charges of the grain and gas nuclei (e.g., Sigmund 1981), nor-
malized to He for masses A � 4, which all have essentially the same charge-to-
mass ratio, Z � A/2.
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cosmic-ray source abundance ratios of Si :Mg : Fe :Al :Ca of
0.99 : 1.03 : 1.00 : 0.08 : 0.06 (Engelmann et al. 1990), so if they
all were sputtered from their refractory oxides, principally SiO2,
MgO, Fe3O4, Al2O3, and CaO, in grains, they should be accom-
panied by sputtered O with an O/Fe ¼ 4:5. This would account
for �87% of the measured cosmic-ray source abundance ratio,
leaving the small remainder to grain-scatteredO from the surround-
ing gas. As we show in detail below, the relative abundances of
these refractory elements in the cosmic rays can be produced by a
mix of fresh SN-WR ejecta with a refractory oxide grain O/Fe ra-
tio of �8 and old ISM grains, primarily Fe2SiO4, with an O/Fe
ratio of �3.

Unlike nearly all of the other elements, most of the C in theGal-
axy appears to come from the winds of asymptotic giant branch
stars rather than supernovae (e.g., Timmes et al. 1995; Gavilan
et al. 2005). The bulk of the C in the ISM is also in gas as CO
(e.g., Savage & Sembach 1996), and some of it is injected by fast
grain scattering, but it cannot be strongly enriched in this way.
However, nearly all of the freshly synthesized C in supernova
ejecta condenses into the refractory grains as graphite, since the
intense radiation in supernovae prevents significant CO formation
in the ejecta (Clayton et al. 2001; Lingenfelter et al. 1998). Thus,
this C is injected by sputtering, and, as we show in detail below,
the cosmic-ray source C/Fe ratio of 4:2 � 0:3 (Engelmann et al.
1990) can simply reflect the C/Fe ratio in the superbubble core
mix, dominated by the SN-WR ejecta ratio.

4. SUPERBUBBLE CORE MIXING AND COSMIC-RAY
SOURCE ABUNDANCES

The cosmic-ray source abundances thus depend on the average
mixing ratio of the fresh SN-WR ejecta and the old ISM in the
supernova-active cores of superbubbles, where most of the cos-
mic rays are accelerated. From themeasured cosmic-ray abundance
ratios, therefore, we can make independent measures of the mixing
ratio.

In general, the cosmic-ray source abundance ratiosRcr ¼ Nx /Ny

of any two elements, or isotopes, of atomic mass X and Y, resulting
from the mix of fresh SN-WR ejecta and old ISM with total mass
fractions, Fej and (1� Fej), is given by the ratio of mass fraction

(X=Y )Rcr ¼
½ x fISM þ Fej( x fej � x fISM)�
½ y fISM þ Fej( y fej � y fISM)�

;

where x fej, x fISM, y fej, and y fISM are the mass fractions of X and Y
in refractory grains in the fresh SN-WR ejecta and the old ISM.
Thus, the implied average SN-WR ejecta mass fraction of the mix
from which all of the cosmic rays are drawn is

crFej ¼
½y fISM(X=Y )Rcr � x fISM�

½( x fej � x fISM)� ( y fej � y fISM)(X=Y )Rcr�
:

Then, since a fraction Fsb of all galactic supernovae occur in su-
perbubbles, while the rest occur in the old ISM, the correspond-
ing average SN-WR ejecta mass fraction in the supernova-active
cores of superbubbles, sbFej ¼ crFej /Fsb.

Thus, the resulting average metallicity of the superbubble cores
is

Zsb ¼ sbFejZej þ (1� sb Fej)ZISM;

where the metallicity of the present ISM, ZISM (e.g., Timmes et al.
1995), is about 1.32 times Z�, the protosolar value. This metal-
licity is dominated by O and has recently been redetermined by

Lodders (2003) to be 0.0149, only 75%of the previously accepted
value of Anders & Grevesse (1989). Thus, the present ZISM ¼
1:32;0:0149 ¼ 0:0197, which coincidentally happens to equal
almost exactly the previously accepted solar value of 0.020, which
has beenwidely used in the nucleosynthesis calculations. Themean
initial mass function ( IMF)–averaged metallicity of the core-
collapse SN and WR wind ejecta, Zej, is about 10 � 1 times the
protosolar value (e.g., Higdon & Lingenfelter 2003a; Kobayashi
et al. 2006). This value, which is also dominated byO, seems to be
rather robust for a wide range of supernova yields (e.g., Woosley
& Weaver 1995; Limongi & Chieffi 2003; Nomoto et al. 2006)
and WR wind yields (e.g., Schaller et al. 1992; S. Goriely 2006,
private communication). Thus, Zsb ¼ 1:3þ (8:7� 1:0)sbFej in
units of the new protosolar value.
The individual interstellar mass fractions, x fISM, are taken from

the redeterminations by Lodders (2003), and the mass fractions in
refractory grains are determined from the gas-phase abundance
depletions in warm clouds (e.g., Savage&Sembach 1996; Jenkins
2004). The corresponding core-collapse supernova and WR wind
ejecta mass fractions, x fej, are Salpeter IMF-averaged sums of cal-
culated contributions fromSN II (8–25M�), SN Ibc (25–49M�),
and WR winds (25–120M�), divided by the IMF-averaged total
ejecta and wind mass, equal to �18 M� per star of initial mass
between 8 and 120 M� (e.g., Higdon & Lingenfelter 2003a).
Here we take the SN II yields fromWoosley &Weaver (1995) up
to 15 M� and Rauscher et al. (2002) from 15 to 25 M� for the
stars that are not thought to have lost most of their H envelope in
winds. For the WR stars above about 25 M�, which are thought
to blow off most of their mass, we take the yields calculated by
Schaller et al. (1992) up to 40 M�, and their more recent values
above that (S. Goriely 2006, private communication). For the
added contribution of SN Ibc, which are thought to result from
core collapse of the residual He cores of WR stars with masses
up to about 40 M�, we have taken the yields of Woosley et al.
(1995), assuming that more massive stars end in black holes.
Although there is still significant uncertainty in the yields of

many less abundant elements and isotopes, the yields of the most
abundant elements, which we consider here, seem to be quite ro-
bust. Similar values have been calculated by other groups (e.g.,
Limongi &Chieffi 2003; Nomoto et al. 2006), and all have found
good agreement with galactic chemical evolution (e.g., Timmes
et al. 1995; Kobayashi et al. 2006). Because the major refractory
elements are all produced primarily in SN II, their ratios do not
vary greatly with supernova progenitor mass, and their ratios in
the accumulating ejecta in the superbubble cores also do not vary
much from their IMF-weighted average of yields from all the su-
pernovae in a superbubble. However, the mean life of local cos-
mic rays of �20 Myr (e.g., Higdon & Lingenfelter 2003b) is
significantly less than the�40 Myr supernova-active lifetime of
a superbubble (e.g., Higdon & Lingenfelter 2005). Thus, we cal-
culate the mass fractions in the superbubble mix as a function of
its age. Nonetheless, it is unlikely that a single superbubble is the
source of all the local cosmic rays, and the average mass frac-
tions over the lifetime of a superbubble would still seem to be a
reasonable value for local cosmic rays from an ensemble of
superbubbles.
To determine the average abundance ratios expected in the cos-

mic rays as a function of superbubble age, we calculate the ac-
cumulating ejecta abundances as a function of time over the
supernova-active lifetime of a superbubble and weight the time-
dependent contribution to the cosmic ray abundances by the su-
pernova rate as a function of time in the superbubble, assuming
a constant supernova kinetic energy and a constant fraction of
it going into cosmic rays. The time-dependent supernova rate is
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determined from the presupernova lifetimes as a function of mass
calculated by Schaller et al. (1992). We have described this proce-
dure in detail in our previous calculations (Higdon& Lingenfelter
2003a) of the expected 22Ne/20Ne isotope ratio in superbubble-
accelerated cosmic rays. In that case the 22Ne/20Ne ratio varies
greatly with progenitor mass and thus with time, since the bulk of
the 22Ne is produced early in the life of the superbubble by theWR
winds of stars above 25 M�, while the bulk of the 20Ne is pro-
duced late by SN II from progenitors below 25 M�.

The best-determined of the cosmic-ray source abundances of
the refractory elements is the Si/Fe ratio. It gives the most sen-
sitive measure of themix of fresh supernova ejecta grains and old
ISM grains in superbubble cores, and we show that the source
abundances of all the other refractory elements determined by
Engelmann et al. (1990), Mg, Al, Ca, Co, and Ni, are also quite
consistent with the same mix. The interstellar Si /Fe ratio also
gives an equally sensitive measure of the mix of core-collapse
and thermonuclear supernova yields in the ISM. The protosolar
ISM average Si /Fe of 1.19 (Lodders 2003) can be produced
by a roughly 1:1 accumulated mix of Fe from thermonuclear
(SN Ia) supernovaewith Si/Fe � 0:40 (e.g., Travaglio et al. 2004;
Kobayashi et al. 2006), and from core-collapse (SN II and SN Ibc)
supernovae with an IMF-averaged yield of Si/Fe � 2:1 from
SN-WR ejecta, calculated for the core-collapse supernova and
WRwind models discussed above. This mixing ratio is the same
as that inferred from measurements of the evolution of the Si /Fe
ratio versus Fe/H in old stars (e.g., Timmes et al. 1995; Kobayashi
et al. 2006).

The cosmic-ray source abundance ratio of Si /Fe of 0:99�
0:06 (Engelmann et al. 1990) can likewise be produced by a mix
of fresh supernova grains and old ISM grains. From the same
supernova andWRwind calculations, the IMF-averaged SN-WR
ejecta ratio Si/Fe � 2:1withmass fractions, Si fej and Fe fej, of 4:2 ;
10�3 and 4:1 ; 10�3, respectively, essentially all of which is likely
to be in grains (e.g., Kozasa et al. 1991). The old ISM refractory
grains, on the other hand, contain about 90% of the Fe and only
46% of the Si (e.g., Savage & Sembach 1996; Jenkins 2004),
mostly as Fe2SiO4 (Spitzer & Fitzpatrick 1993), with a ratio
Si/Fe� 0:6 fromgrainmass fractions, Si fISM and Fe fISM, of 0:50 ;
10�3 and 1:6 ; 10�3, respectively, assuming that the present ISM
mass fractions are increased by the metallicity factor of 1.32
(e.g., Timmes et al. 1995) compared to the protosolar values of
Lodders (2003). From the mixing equation above, the cosmic-ray
source Si /Fe ratio, Rcr of 0.99 and these mass fractions imply
cosmic-ray acceleration out of a mix of old ISM grains and fresh
SN grains with an average SN-WR ejecta mass fraction crFej of
about 12% � 4%, allowing a �20% uncertainty in the calcu-
lated yields. With a fraction FSN ¼ 70% 75% of all supernovae
occurring in superbubbles and the remainder in the ISM, the
average SN-WR ejecta mass fraction in the supernova-active
cores of superbubbles sbFej is about 17% � 5%, which corre-
sponds to a superbubble core metallicity Zsb � 2:8 � 0:5 times
protosolar.

Very similar values are also implied from the cosmic-ray source
abundance ratios of all of the other refractory elements, Mg, Al,
Ca, Co, and Ni, that were studied by Engelmann et al. (1990).
They also have comparable gas-phase depletion in the ISM (e.g.,
Savage & Sembach 1996; Jenkins 2004), which suggest that the
old ISM grains contain about 49% of the Mg and Al, and about
90% of the Ca, Co, and Ni. Using these ISM grain fractions to-
gether with the SN ejecta and WR wind yields from the above
models, we find that the SN-WR ejecta mass fraction of 17% �
5% in superbubbles inferred from the Si /Fe ratio, also gives
cosmic-ray source abundances for all of these elements that are

quite consistent with those determined by Engelmann et al. (1990),
as can be seen in Table 1.

Independently, the cosmic-ray source abundances of the two
conspicuously anomalous volatile-refractory elementsC andOcan
also be produced primarily by sputtering from a mix of fresh
SN-WR grains with old ISMgrains from the interstellar medium,
and these also provide independent estimates of the mixing ratio
in superbubble cores.

The cosmic-ray C source abundance ratio, C/Fe, is 4:2 � 0:3
(Engelmann et al. 1990), compared to the protosolar value of 8.45
(Lodders 2003).Although 90%of the interstellar Femass fraction
discussed above is in grains (e.g., Savage & Sembach 1996;
Jenkins 2004), nearly all of the interstellar C mass fraction C fISM
of 2:5 ; 10�3 is in CO, and other gases and only a negligible frac-
tion are thought to be in refractory graphite grains (e.g., Savage
& Sembach 1996; Lodders 2003). From the same models con-
sidered above, the IMF-averaged SN ejecta mass fraction of C is
1:0 ; 10�2, and that of the WR winds is 1:2 ; 10�2. As noted
above, the bulk of the C in the SN ejecta is expected to condense
as graphite, because the intense radiation in supernovae prevents
significant CO formation (Clayton et al. 2001), but the fraction of
C in the WR wind that condenses as graphite in their weaker ra-
diation field is not known, so we leave it as a variable, gwr. Thus,
we assume that the graphite mass fraction in the combined IMF-
averaged SN-WR ejecta C fej is 1:0 ; 10�2(1þ 1:2gwr). Again
from the mixing equation, the cosmic-ray source C/Fe ratio, Rcr

of 4.2, and these mass fractions imply an average SN-WR ejecta
mass fraction crFej of about 21/(1þ1:7gwr)%.With a superbubble
fraction of supernovae, FSN ¼ 70% 75%, the average SN-WR
ejectamass fraction in their supernova-active cores, sbFej, is about
29/(1þ 1:7gwr)%, or somewhere between about 11% and 29%
depending on the graphite grain fraction of C in WR winds.

The cosmic-ray O source abundance ratio, O/Fe is 5:2 � 0:3
(Engelmann et al. 1990), of which, as noted above, refractory
oxide could account for�87%, or O/Fe of�4.5, compared to the
protosolar value of 16.8 (Lodders 2003). Although most of the
interstellar Omass fraction of 6:6 ; 10�3 is in gas, about 16% can
be in old refractory grains, primarily Fe2SiO4 (Spitzer& Fitzpatrick
1993) and various other mineral combinations of the principal re-
fractory oxides, SiO2,MgO, Fe3O4, Al2O3, and CaO. This follows
from multiplying the protosolar abundances of these refracto-
ries, Si :Mg : Fe :Al :Ca of 1:19:1:22:1:00:0:15:0:08 (Lodders
2003) by their corresponding grain fractions of 0:46 : 0:49 : 0:90 :
�0:5 : 0:9 determined from Galactic disk depletion factors (e.g.,
Savage & Sembach 1996; Jenkins 2004), and their O/X ratios
of 2:1:1:3:1:5:1, which gives a combined O/Fe ratio of 3.0,
or a mass ratio of 0.86. Scaling that to the present Fe mass
fraction in old ISM grains of 1:6 ; 10�3, gives an O mass frac-
tion, O fISM of 1:4 ; 10�3 in refractory grains. The grain O mass
fraction in the SN-WR ejecta is also determined by the principal

TABLE 1

Refractory Element Abundances:

Superbubble versus Cosmic-Ray Sources

Element

SB Source

(sbFej � 17 � 5)

CR Source

(Engelmann et al.)

Mg........................ 92 � 18 103.8 � 2.6

Al.......................... 7.6 � 2.2 7.8 � 1.5

Si .......................... 100 � 17 100.0 � 1.3

Ca ......................... 7.8 � 2.3 6.0 � 0.9

Fe.......................... 101 � 20 100.8 � 1.9

Co......................... 0.3 � 0.1 0.19 � 0.06

Ni.......................... 6.1 � 1.8 5.68 � 0.22
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refractory oxides in the fresh condensates. The same models used
above give an IMF-averaged SN-WR ejecta abundance ratios
for Si :Mg : Fe :Al :Ca of 2:1:1:5:1:0:0:1:0:1. These give a
combined O/Fe � 7:3, and, scaling from the SN-WR ejecta Fe,
an ejecta O mass fraction in refractory grains, O fej ¼ 4:1 ;
10�3(7:3)(16/56) ¼ 8:6 ; 10�3. These mass fractions and the
cosmic-ray O/Fe source abundance ratio thus imply a cosmic-
ray averaged SN-WR ejecta mass fraction crFej of about 18%�
6%, and a corresponding superbubble core SN-WR ejecta mass
fraction sbFej of about 24% � 8%.

As can be seen from Table 2, these values are all quite similar
to the superbubble core mixing ratios that have previously been
inferred from other cosmic-ray abundance measurements of the
22Ne/20Ne and ThU/Pt-group. The cosmic-ray-determined ratios
mostly sample a local volume of �1 kpc over the last �20 Myr,
the characteristic propagation distance and lifetime of most local
cosmic rays, except the ultraheavy Th, U, and the Pt-group, which
have breakup lifetimes of only �1 Myr and probably come from
within �0.3 kpc (e.g., Higdon & Lingenfelter 2003b). A much
more wide-ranging measure, however, has been made from the
old halo star abundances of the rare light elements, Li, Be, and B,
which are thought to be produced primarily by the cosmic-ray
breakup of C andO (e.g., Reeves et al. 1970; Ramaty et al.1997).
These LiBeB abundances in old halo stars give a mean measure
of the SN-WR ejecta mixing fraction in superbubble cores aver-
aged overmuch,�10 kpc, of theGalaxy, and overmost,�10Gyr,
of its age.

The most sensitive of these measurements are those of the
Be/Fe ratio as a function of stellar metallicity, as represented by
Fe/H (e.g., Alibes et al. 2002). These measurements showed that
the Be/Fe ratio was surprisingly constant throughout the early
history of the Galaxy, rather than increasing with the rising Fe/H
metallicity of the ISM, which increased from about 0.001 to 0.1
over the age span of the measurements, as would have been ex-
pected if the cosmic-rayC andO, fromwhich the Bewas produced,
had been accelerated out of the ISM.This constancy clearly showed
that the cosmic-ray C and O had to come from sites of relatively
constant metallicity (Ramaty et al. 1997). These sites have since
been shown to be the superbubbles (Higdon et al. 1998; Higdon
& Lingenfelter 2005). The most recent analysis of all the Be/Fe
measurements up to the present epoch show (Alibes et al. 2002)
that the cosmic rays must have been accelerated in a mix with an
average SN-WR ejecta fraction of 25% � 14% throughout the age
of the Galaxy. This corresponds to a mean SN-WR ejecta fraction
of 29% � 14% in the cores of superbubbles, since at times when

Fe/H was <0.1, the SN Ia were not yet significant and roughly
85% of all supernovae occurred in superbubbles. That gives a
superbubble core metallicity of �2.9 times the protosolar value
in the earlyGalaxy, when the ISMmetallicitywas<0.1 and a pres-
ent value of�3.8 times protosolar with an ISM value of 1.32 and
70%–75% of all supernovae occurring in superbubbles.
The current measurements of Th and U in the cosmic rays

(Donnelly et al. 1999;Weaver&Westphal 2002) suggest a cosmic-
ray injection source abundance ratio of (actinide)/(Pt-group) of
�0:028 � 0:008, compared to a value of �0:014 � 0:002 ex-
pected in the present ISM. The cosmic-ray ratio would imply an
average SN-WR ejecta fraction of 27% � 11% in superbubble
cores and a core metallicity Zsb � 3:6 � 0:8 times protosolar
(Lingenfelter et al. 2003).
Previous analysis (Higdon& Lingenfelter 2003a) of the anom-

alous cosmic-ray 22Ne/20Ne (Binns et al. 2001, 2006) implied a
SN-WR ejecta mass fraction that is also quite similar to these val-
ues. The cosmic-ray ratio of 0.39 is 5:3 � 0:3 (Binns et al. 2005)
times the protosolar ratio of 0.073. Using theWRwind yield cal-
culations of Schaller et al. (1992), which are the dominant 22Ne
source, mixed with the core-collapse supernova yields (e.g.,
Woosley & Weaver 1995; Woosley et al. 1995), which are the
dominant 20Ne source, Higdon & Lingenfelter (2003a) showed
that the resulting SN-WR ejecta had a 22Ne/20Ne ratio of 1:0 �
0:35, or�14 times the protosolar value. Since nearly all the WR
stars and core-collapse supernovae occur in superbubbles, the
cosmic-ray ratio implies that in superbubble cores the time-averaged
mean SN-WR ejecta mass fraction is 18% � 5%, which give it
an average metallicity Zsb � 2:9 � 0:4 times protosolar. Recently
revised calculations of the WR winds (Hirschi 2004; S. Goriely
2006, private communication), however, give 22Ne yields that are
much lower than the previous values of Schaller et al. (1992), and
new detailed calculations of the expected cosmic-ray isotope ratio
as a function of superbubble age now seem called for, instead of
the overall average value, but we will not attempt that here.
Another large difference in the cosmic-ray source abundances

is the 58Fe/56Fe ratio, which is 1:7 � 0:3 times the protosolar
value (Binns et al. 2006). But unfortunately it cannot yet be used
as ameasure of themixing, because the nucleosynthetic yields of
the neutron capture isotope, 58Fe, have not yet been consistently
determined for either core-collapse or thermonuclear supernovae.
Aswe sawwith the Si/Fe ratio, the protosolar value of the 58Fe/56Fe
ratio should be essentially a 1:1 mix of Fe from SN Ia and SN-WR
ejecta. But recent independent calculations of even the ‘‘standard’’
W7 model for SN Ia give very different values of the 58Fe/56Fe

TABLE 2

Cosmic-Ray Measures of Superbubble Core Mixing and Metallicity

Measurement

Duration

(Myr)

Distance

(kpc) Ejecta Mass Percent in CR Source Ejecta Mass Percent in SB Cores SB Core Z ; Solar References

Old Halo Stars

Be/Fe.................... �104 �10 25 � 14 29 � 15 3.3 � 1.6 1

Cosmic Rays

Si /Fe .................... �20 �1 12 � 4 17 � 5 2.8 � 0.4 2

C/Fe ..................... �20 �1 8–21 11–29 2.3–3.8 2

O/Fe ..................... �20 �1 18 � 6 24 � 8 3.4 � 0.9 2

22Ne/20Ne ........... �20 �1 13 � 4 18 � 5 2.9 � 0.4 3

ThU/Pt-group....... �1 �0.3 20 � 8 27 � 11 3.6 � 0.8 4

References.—(1) Alibes et al. 2002; (2) this paper; (3) Higdon & Lingenfelter 2003a (but see text); (4) Lingenfelter et al. 2003.
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ratio, ranging from 0.08 (Travaglio et al. 2004) to 0.50 (Kobayashi
et al. 2006) times the protosolar value for this neutron capture prod-
uct, even though all of the thermonuclear burning yields are quite
similar. There are similarly large variations in the core-collapse
supernova yields, so we must also await more consistent deter-
minations of the 58Fe yield.

5. CONCLUSION

Thus, we see that all the major distinctive features of the ga-
lactic cosmic-ray source composition, which clearly set them apart
from that of the local interstellar medium (ISM), can result from
preferential enrichment primarily by suprathermal ions sputtered
off of fast refractory grains in the supernova ejecta andWolf-Rayet
wind–enrichedmix of gas and dust in the supernova-active cores of
superbubbles, where most (70%–75%) galactic supernova occur.

Perhaps most important, we see that the distinctive features of
the cosmic-ray source composition offer new insights into the

first stage of the long process of elemental mixing of freshly
synthesizedmaterial into the ISM.Moreover, they provide quan-
titativemeasures of themixing ratio of the fresh supernova ejecta
and the old ISM in the primal cores of superbubbles. Finally, as
we see in Table 2with orwithout theNe ratio, these initial SN-WR
ejecta mixing fractions in these superbubbles appear to be es-
sentially constant throughout most of the Galaxy and most of its
history.

The cause of the apparent constancy of the ejecta mixing ratio
in the superbubble cores is not yet clear, but its seemingly ubiq-
uitous nature suggests that it arises from a very robust and poten-
tial fundamental process.

We thank StephaneGoriely for as yet unpublishedWolf-Rayet
wind yields.
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