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2	GCR	abundance	data		

1.   Under-abundance	of	protons	and	α-par,cles	
2.   Overabundance	of	refractory	elements	over	vola)les	
3.   Overabundance	of	heavier	vola,le	elements	(Zn,	Se,	

Kr...)	compared	to	lighter	ones	(N,	Ne,	S,	Ar...)	
4.   Overabundance	of	22Ne	

	See	Meyer,	Drury	&	Ellison	(1997)	
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3	Protons,	α-par,cles	and	O	source	spectra	

•  Fit	to	Voyager	1	and	AMS-02	data	using	
a	1D	advec,on-diffusion	model	with	
homogeneous	diffusion	for	the	GCR	
propaga)on	(Evoli	et	al.	2019)	

•  Broken	power	law	source	spectra	from	
a	fit	of	propagated	spectra	to	the	data	
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The Origin of Galactic Cosmic Rays 3

Table 2. CR source spectrum parameters (Eq. 2).

Parameter H He O

⇢break 10 ± 2 GeV/n 200+160
�120 MeV/n 160+40

�30 MeV/n
Wl.e. 4.10 ± 0.03 3.98+0.08

�0.20 3.32+0.18
�0.24

Wh.e.
0 4.31 4.21 4.26

j2
min

1 16.0 for 13 d.o.f.2 7.3 for 14 d.o.f. 5.9 for 12 d.o.f.

0 Parameter fixed from Evoli et al. (2019).
1 Minimum j2 from a fit of the propagated spectrum to Voyager 1 data.
2 d.o.f.: degrees of freedom.

data as well, we introduce a break in the injection spectrum, so
that the number density of CRs of type 8 per unit energy interval,
§&8 (⇢) = 4c?2 58 (?)3?/3⇢ , is taken to be of the form:

§&8 (⇢) / V�1?Wl.e. for ⇢  ⇢break ,

/ V�1?Wh.e. for ⇢ > ⇢break . (2)

The parameters ⇢break and Wl.e. are then fitted to the Voyager 1 data,
and the results are given in Table 2. We see that the power law break
is significant for all three species (i.e. Wl.e. < Wh.e. at more than ⇠3f)
and more pronounced for O nuclei than for protons and U-particles.
Such a low-energy break in the source spectrum can be expected in
various scenarios of CR acceleration (see Tatische� & Gabici 2018),
but the reasons for the di�erence in the source spectra between H,
He and O are unclear and should be further investigated.

In Figure 1b, we show the ratio of B to C as a function of kinetic
energy, which is an important test for GCR propagation models (e.g.
Génolini et al. 2019). We see that the calculated B/C ratio compares
reasonably well with the data, although the model shows a lower
ratio than the Voyager 1 measurements below ⇠ 25 MeV nucleon�1.
However, the observed flattening of the B/C ratio at low energies is
not predicted by any CR propagation model, and the current result is
at least as good as those of the G��P��� models shown in Cummings
et al. (2016) and Boschini et al. (2020). We also see in Figure 1b that
the calculated B/C ratio assuming an unbroken power-law source
spectrum (dotted line in Fig. 1b) is even steeper at low energies.

To estimate the source abundances of protons and U-particles rel-
ative to that of O nuclei, we finally integrated the injection spectra
from a common CR minimum kinetic energy per nucleon, ⇢min, as-
sumed to be the same for all species. This assumption is consistent
with 2D particle-in-cell (PIC) simulations of CR injection and ac-
celeration in collisionless shocks (Caprioli et al. 2017; Hanusch et
al. 2019), which show that the injection momentum of ions into the
di�usive shock acceleration process is proportional to the particle
mass. However, the minimum energy of CRs in the ISM should also
depends on how these particles escape from SN remnants, which is
not well known. Here, we adopted a broad range for ⇢min based on
phenomenological arguments. As the low-energy CR spectra mea-
sured by Voyager 1 (Cummings et al. 2016, see Fig. 1a) and Voyager 2
(Stone et al. 2019) show no break down to ⇠ 3 MeV nucleon�1, we
took this value as an upper limit for ⇢min. As a lower limit we as-
sumed that ⇢min � 100 keV nucleon�1, because lower values of
⇢min would result in too high GCR source abundances of H and He
when compared to those of the other highly volatile elements N, Ne
and Ar (see Figure 2 and Section 3 below on the assumptions of the
GCR composition model).

[End of new text]
We took the GCR source abundances of O and other major ele-

ments from C to Ni from the recent work of Boschini et al. (2020),
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Figure 1. (a): Di�erential fluxes of GCR protons, U-particles and O nuclei
measured by Voyager 1 (red circles; Cummings et al. 2016) in the local ISM
and by AMS-02 (blue stars; Aguilar et al. 2015, 2017) near Earth. The solid
curves show the best-fit LIS assuming a broken power-law source spectrum
(Eq. 2). The dotted lines show the results for an unbroken power-law source
spectrum of slope Wh.e. providing a good fit to the AMS-02 data (see Table 2).
The dashed lines show the solar-modulated spectra with a force-field potential
� = 510 MV corresponding to the epoch of the AMS-02 observations (Evoli
et al. 2019). (b): Calculated B/C ratio compared to the AMS-02 (Aguilar et al.
2016) and Voyager 1 (Cummings et al. 2016) data. Solid, dashed, and dotted
lines: as in panel (a).

who used the G��P��� code to model the propagation of GCRs in
the ISM (Strong & Moskalenko 1998) and the H��M�� model to
describe the particle transport within the heliosphere (Boschini et al.
2019). The determination of source abundances by these authors is
based on the eleven local interstellar spectra (LIS) of CR elements
published by the AMS-02 collaboration, from H to O, plus Ne, Mg,
and Si (Aguilar et al. 2020, and references therein), as well as LIS
of CRs measured by HEAO-3-C2 (Engelmann et al. 1990) and Voy-
ager 1 (Cummings et al. 2016). Boschini et al. (2021) have recently
provided an updated source spectrum of Fe from the LIS of this
element published by AMS-02 (Aguilar et al. 2021).

We have mainly considered primary or mostly primary CRs in our
analysis, whose measured LIS and abundance are not very dependent
on nuclear spallation reactions that occur during the propagation of
CRs in the ISM. Indeed, although the nuclear reaction cross sections
used in the G��P��� code are accurately selected (e.g. Moskalenko
et al. 2013), the source abundances of several mostly secondary CRs
appear to remain uncertain. For example, the Sc/Si abundance ratio
reported in Boschini et al. (2020) is about two orders of magnitude
higher than in the solar composition (Sc is mostly a secondary CR
and Si a primary one), which does not seem to be realistic. However,
we use the GCR source abundance of Ar in our analysis, although the
LIS of this element includes a significant contribution from spallation

MNRAS 000, 1–22 (2021)
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4	p	and	α-par,cles	in	the	GCR	composi,on		

•  Integra,on	of	source	spectra	=>	p	&	α	abundances	similar	to	those	of	the	
other	vola)les	N,	Ne	and	Ar,	provided	that	the	minimum	CR	source	energy	
is	of	the	order	of	a	few	hundred	keV/n	

•  Escape	of	low-energy	CR	from	their	sources	(see	Schroer	et	al.	2022)?	
Source	spectrum	differences	between	p,	α-par,cles	and	heavy	nuclei?	

V.	Ta,scheff	 	 							Cosmic	Rays		in	the	Mul,-Messenger	Era 	 					APC,	Paris	 										 	Dec.	5-7,	2022	
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5	Ionisa,on	states	in	shock	precursors	
o  Dependence	of	accelera,on	efficiency	on	ion	rigidity	expected	from	nonlinear	

DSA	(Ellison+	1981)	and	PIC	simula,ons	(Caprioli+	2017)	=>	vola)le	element	
abundances	depend	on	ionisa,on	states	in	shock	precursors	(i.e.	ISM	phases)	

• Warm	ISM:	photoioniza,on	precursors	mainly	produced	by	He	I	and	He	II	photons	
from	the	post-shock	region	(Ghavamian	et	al.	2000;	Medina	et	al.	2014)	

•  Superbubbles:	collisional	ionisa)on	in	a	hot	plasma	(negligible	photoioniza)on)	
•  Stellar	winds:	photoioniza)on	by	EUV	radia)on	of	hot	stars	+	EUV	and	X-rays	from	
shocks	in	the	winds	=>	heavy	elements	mostly	triply	ionised	(e.g.	Hillier	2020)	



o  Average	frac,on	in	dust	for	each	element,	fd (i),	from	
•  Gas-phase	element	deple,ons	(Jenkins	2009,	2019;	 	 	 					
Ritchey	et	al.	2018)	

•  The	interstellar	dust	modeling	framework	THEMIS	(Jones	et	al.	2017)	
•  General	proper)es	of	primi,ve	interplanetary	dust	

6	Interstellar	gas	and	dust	composi,on	The ISM: Summary notes 4 2011/12 term 1

Figure 1: Definition of ‘equivalent width’.

Figure 2: H i Ly↵ curve of growth. Red stars indicate the linear (/ N) part, blue stars
indicate the flat part, and green stars indicate the damping (/

p
N) part.

4

Figure 22. Depletion slope (AX) as a function of the condensation temperature of the element. Orange symbols are used for the results obtained in this work; black
symbols show results for additional elements examined by J09.

Figure 21. Element depletions as a function of the condensation temperature (TC) from Lodders (2003). Orange symbols are used for the results obtained in this work;
black symbols show results for additional elements examined by J09. Upper panel: Depletion at F 0* � (denoted [X/H]0 in Table 8) vs. TC. Lower panel: Depletion at
F 1* � (denoted [X/H]1 in Table 8) vs. TC.

30

The Astrophysical Journal Supplement Series, 236:36 (40pp), 2018 June Ritchey, Federman, & Lambert

partly in dust 

mainly in dust 
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7	GCR	composi,on	model	
•  Measured	GCR	source	abundances:	

•  Dust	contribu)on:	

•  Gas	contribu)on:	
•  Model	inputs:	weights	of	ISM	phases	in	GCR	vola)le	 	 	 				
produc)on,	composi)on	of	22Ne-rich	reservoir	(fw(i))	

4 V. Tatische� et al.
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Figure 2. GCR source abundances relative to the SC composition as a function of atomic number (normalised to Fe⌘1). The SC abundances are from Nieva
& Przybilla (2012, Table 9) for He, C, N, O, Ne, Mg, Si, and Fe (B-type star composition) and Lodders et al. (2009, Table 10) for the other elements (solar
system composition; see text). The calculated GCR abundances of H and He are shown for two values of the CR minimum energy: ⇢min = 100 keV nucleon�1

and 3 MeV nucleon�1. The GCR source abundances of the heavier elements are taken from Boschini et al. (2020, 2021) and Murphy et al. (2016, SuperTIGER
data). The two large rectangles group together sets of highly volatile and refractory elements (see text).

of Ca and Fe nuclei. Indeed, noble gas elements are very important to
discriminate between the various GCR origin models (as discussed
in Section 5 below). By comparing the GCR source abundances
reported in Boschini et al. (2020, 2021) to that obtained in previous
works (Engelmann et al. 1990; Duvernois & Thayer 1996; Cummings
et al. 2016; Israel et al. 2018), we estimated the relative uncertainty
on these data to be about 10% for the mostly primary CRs C, O, Ne,
Mg, Si, S, Fe, and Ni, 20% for the “half primary" N, Na, Al, Ca and
Co, and 30% for Ar.

Beyond Ni, we used the GCR source abundances reported by Mur-
phy et al. (2016), which were obtained from data of the SuperTIGER
experiment combined with TIGER abundances (Rauch et al. 2009),
weighted by the statistics recorded with each experiment. The re-
ported uncertainties combine the statistical and systematic errors.
The abundances given by Murphy et al. (2016) were normalised to
the Fe abundance obtained from Boschini et al. (2021).

The GCR data used in our analysis are given in Table 3 and shown
in Figure 2 relative to the standard cosmic (SC) composition of the
ISM in the solar neighbourhood. We used for the SC composition
the abundances measured by Nieva & Przybilla (2012) from spectro-
scopic observations of 29 early B-type stars, which are considered
to be ideal indicators for present-day interstellar abundances. Rela-
tive to H, the B-type star abundances of C, N, and Si are slightly
lower than the protosolar abundances (i.e. those of the solar system
4.56 Gyr ago) assessed by Lodders et al. (2009, see Table 10), and
both sets of abundances are consistent for He, O, Ne, Mg and Fe.
We used the protosolar abundances of Lodders et al. (2009) for all
elements not treated in Nieva & Przybilla (2012).

The overabundance of refractory elements over volatiles in the
GCR source composition compared to that of the local ISM is striking
in Figure 2. As convincingly shown by Meyer et al. (1997) and Ellison
et al. (1997), it can be explained by material locked in dust grains
being accelerated to CR energies more e�ciently than interstellar
gas-phase ions. Another striking feature in Figure 2 is that the well-
determined GCR abundances of the highly refractory elements Mg,
Al, Si, Ca, Fe, Co, and Ni are in the same proportions as those in the
SC composition to within ⇠20%, which strongly suggests that these

elements are accelerated out of the ISM and not from a reservoir with
a specific composition di�erent from the SC one.

Lingenfelter et al. (1998) (see also Lingenfelter 2019) suggested
that the refractory elements are injected in the GCR population by
high-velocity dust grains formed in core-collapse SN ejecta, which
are sputtered in the SN reverse shock, when it moves back through the
ejecta, and in the forward shock, when fast grains catch up with the
slowing blast wave. But the fact that the abundances of the refractory
elements in the GCR source composition are in cosmic proportions
argues against this scenario. Indeed, if Mg, Al, Si and Ca are mainly
produced in core-collapse SNe, ⇠70% of Fe, Co and Ni is currently
synthesised in thermonuclear SNe (Timmes et al. 1995). The fact
that all these elements are found in cosmic proportions in the GCR
source composition provides strong evidence that the accelerated
particles come from various dust grains of the ISM mix, and not only
from core-collapse SN grains. In addition, as already pointed out by
Meyer & Ellison (1999), the GCR source population contains main
s-process elements such as Ba (/ = 56; see Binns et al. 1989), which
are mainly synthesised by the slow neutron capture in low-mass stars
during the asymptotic giant branch phase, and thus are not expected
to be present in significant amounts in SN ejecta.

3 MODEL ASSUMPTIONS

3.1 Galactic cosmic ray composition

Based on the seminal work of Meyer et al. (1997), here we attempt
to explain the source composition of GCRs from H to Zr with three
basic assumptions. First, the overabundance of refractory elements in
the GCR composition results from e�cient acceleration of ISM dust
grains in strong shocks, as studied in detail by Ellison et al. (1997).
Assuming that the measured GCR abundance of any element 8 comes
from two sources, one from a gas reservoir and another associated
with ISM dust, i.e.⇠mes (8) = ⇠gas (8) +⇠dust (8), the dust contribution
can be written as:

⇠dust (8) = SC(8) 53 (8)ndust , (3)

MNRAS 000, 1–22 (2021)
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Figure 2. GCR source abundances relative to the SC composition as a function of atomic number (normalised to Fe⌘1). The SC abundances are from Nieva
& Przybilla (2012, Table 9) for He, C, N, O, Ne, Mg, Si, and Fe (B-type star composition) and Lodders et al. (2009, Table 10) for the other elements (solar
system composition; see text). The calculated GCR abundances of H and He are shown for two values of the CR minimum energy: ⇢min = 100 keV nucleon�1

and 3 MeV nucleon�1. The GCR source abundances of the heavier elements are taken from Boschini et al. (2020, 2021) and Murphy et al. (2016, SuperTIGER
data). The two large rectangles group together sets of highly volatile and refractory elements (see text).

of Ca and Fe nuclei. Indeed, noble gas elements are very important to
discriminate between the various GCR origin models (as discussed
in Section 5 below). By comparing the GCR source abundances
reported in Boschini et al. (2020, 2021) to that obtained in previous
works (Engelmann et al. 1990; Duvernois & Thayer 1996; Cummings
et al. 2016; Israel et al. 2018), we estimated the relative uncertainty
on these data to be about 10% for the mostly primary CRs C, O, Ne,
Mg, Si, S, Fe, and Ni, 20% for the “half primary" N, Na, Al, Ca and
Co, and 30% for Ar.

Beyond Ni, we used the GCR source abundances reported by Mur-
phy et al. (2016), which were obtained from data of the SuperTIGER
experiment combined with TIGER abundances (Rauch et al. 2009),
weighted by the statistics recorded with each experiment. The re-
ported uncertainties combine the statistical and systematic errors.
The abundances given by Murphy et al. (2016) were normalised to
the Fe abundance obtained from Boschini et al. (2021).

The GCR data used in our analysis are given in Table 3 and shown
in Figure 2 relative to the standard cosmic (SC) composition of the
ISM in the solar neighbourhood. We used for the SC composition
the abundances measured by Nieva & Przybilla (2012) from spectro-
scopic observations of 29 early B-type stars, which are considered
to be ideal indicators for present-day interstellar abundances. Rela-
tive to H, the B-type star abundances of C, N, and Si are slightly
lower than the protosolar abundances (i.e. those of the solar system
4.56 Gyr ago) assessed by Lodders et al. (2009, see Table 10), and
both sets of abundances are consistent for He, O, Ne, Mg and Fe.
We used the protosolar abundances of Lodders et al. (2009) for all
elements not treated in Nieva & Przybilla (2012).

The overabundance of refractory elements over volatiles in the
GCR source composition compared to that of the local ISM is striking
in Figure 2. As convincingly shown by Meyer et al. (1997) and Ellison
et al. (1997), it can be explained by material locked in dust grains
being accelerated to CR energies more e�ciently than interstellar
gas-phase ions. Another striking feature in Figure 2 is that the well-
determined GCR abundances of the highly refractory elements Mg,
Al, Si, Ca, Fe, Co, and Ni are in the same proportions as those in the
SC composition to within ⇠20%, which strongly suggests that these

elements are accelerated out of the ISM and not from a reservoir with
a specific composition di�erent from the SC one.

Lingenfelter et al. (1998) (see also Lingenfelter 2019) suggested
that the refractory elements are injected in the GCR population by
high-velocity dust grains formed in core-collapse SN ejecta, which
are sputtered in the SN reverse shock, when it moves back through the
ejecta, and in the forward shock, when fast grains catch up with the
slowing blast wave. But the fact that the abundances of the refractory
elements in the GCR source composition are in cosmic proportions
argues against this scenario. Indeed, if Mg, Al, Si and Ca are mainly
produced in core-collapse SNe, ⇠70% of Fe, Co and Ni is currently
synthesised in thermonuclear SNe (Timmes et al. 1995). The fact
that all these elements are found in cosmic proportions in the GCR
source composition provides strong evidence that the accelerated
particles come from various dust grains of the ISM mix, and not only
from core-collapse SN grains. In addition, as already pointed out by
Meyer & Ellison (1999), the GCR source population contains main
s-process elements such as Ba (/ = 56; see Binns et al. 1989), which
are mainly synthesised by the slow neutron capture in low-mass stars
during the asymptotic giant branch phase, and thus are not expected
to be present in significant amounts in SN ejecta.

3 MODEL ASSUMPTIONS

3.1 Galactic cosmic ray composition

Based on the seminal work of Meyer et al. (1997), here we attempt
to explain the source composition of GCRs from H to Zr with three
basic assumptions. First, the overabundance of refractory elements in
the GCR composition results from e�cient acceleration of ISM dust
grains in strong shocks, as studied in detail by Ellison et al. (1997).
Assuming that the measured GCR abundance of any element 8 comes
from two sources, one from a gas reservoir and another associated
with ISM dust, i.e.⇠mes (8) = ⇠gas (8) +⇠dust (8), the dust contribution
can be written as:

⇠dust (8) = SC(8) 53 (8)ndust , (3)

MNRAS 000, 1–22 (2021) Standard	cosmic	composi)on	of	the	
ISM	(B-type	stars	+	solar	system)	

Elemental	frac)on	
in	ISM	dust	

Global	efficiency	
factors	

6 V. Tatische� et al.

GCR abundance arising from the gas reservoir can then be written
as:

⇠gas (8) = SC(8) (1� 53 (8))ngas [GF 5F (8) 5 F�/& (8)+(1�GF ) 5 SC
�/& (8)] ,

(5)

where ngas is a global e�ciency factor for the injection of interstellar
ions into the GCR population, GF the contribution of the W.-R.
wind reservoir to the GCR source gas population (in total number
of atoms) and 5 9

�/& (8) = (1 � - 9
0,8)�8/&

9
8 , with - 9

0,8 , �8 and & 9
8

the fraction of neutral atoms, the atomic mass and the mean ionic
charge (without the neutral fraction; see Section 3.4) for ions 8 in
the region immediately upstream of shock waves propagating in the
medium of composition 9 (SC or W.-R. winds). The gas reservoir of
SC composition may include several phases of the ISM, such as a
mixture of hot gas, warm neutral medium (WNM) and warm ionised
medium (WIM). In this case, the mass-to-charge ratio factor in the
above equation is obtained from

5 SC
�/& (8) =

’
:

0: 5
SC,:
�/& (8) , (6)

where 0: is the relative contribution of the ISM phase : to the
GCR volatile production and 5 SC,:

�/& (8) the mass-to-charge ratio of
element 8 in the photoionisation precursor of shocks propagating in
the :-phase.

Equations (3) and (5) allow us to readily estimate the relative
contributions of the ISM dust and gas reservoirs in the measured
GCR abundances:

⇠dust (8) =
⇠mes (8)✓

1 + 1� 53 (8)
53 (8) ·

GF 5F (8) 5 F
�/& (8)+(1�GF ) 5 SC

�/& (8)
n

◆ , (7)

⇠gas (8) =
⇠mes (8)✓

1 + 53 (8)
1� 53 (8) ·

n
GF 5F (8) 5 F

�/& (8)+(1�GF ) 5 SC
�/& (8)

◆ , (8)

where n = ndust/ngas. Similarly, the GCR abundance arising from the
gas reservoir of SC composition is obtained from:

⇠SC
gas (8) =

⇠mes (8)✓
1 + 53 (8)

1� 53 (8) ·
n

(1�GF ) 5 SC
�/& (8) +

GF 5F (8) 5 F
�/& (8)

(1�GF ) 5 SC
�/& (8)

◆ . (9)

We present our best estimates of the quantities 53 , GF , 5F , 5 SC
�/&

and 5 F
�/& in Sects. 3.2 to 3.4, and then derive n , as well as constraints

on the GCR source reservoirs, from a fit of the model to the GCR
abundance data (Section 4).

shocks the fraction of ions that enter the acceleration process above the
injection energy ⇢inj grows linearly with the ion mass-to-charge ratio (�/&) .
But contrary to Caprioli et al. (2017), Hanusch et al. (2019) found that the
injection e�ciency starts to saturate at (�/&) ⇠ 8–12 depending on the
shock Mach number. This e�ect is not well understood and seems to be
contradictory to the preferential acceleration of dust grains, which have very
large �/& ratio (see also the discussion in Eichmann & Rachen 2021). We
did not take such saturation into account in our model. Noteworthy, Caprioli
et al. (2017) also showed that the nonthermal spectra of di�erent elements at
the same kinetic energy per charge scale approximately as (�/&)2.

3.2 Gas-phase element depletions and dust in the interstellar
medium

Interstellar dust accounts for <⇠ 1% of the total mass of the ISM
(Draine 2003; Jones et al. 2017). Dust grains are condensed in the
winds of evolved stars and the ejecta of stellar explosions (novae and
supernovae), and also form in dense molecular clouds (Zhukovska
et al. 2008). The dust population is thought to be composed of a
heterogeneous mix of silicate and carbonaceous grains, whose com-
position and structure significantly evolve between di�use ISM and
dense molecular clouds (Jones et al. 2017). Dust grains are thought
to be mainly destroyed by sputtering in slow (+B < 200 km s�1),
radiative SN shocks propagating in the warm ISM (Bocchio et al.
2014).

Measurements of gas-phase element depletions are pivotal in de-
termining the mass and composition of dust in the ISM (e.g. Jones
2000). The fraction of an element that is incorporated into dust can
be estimated from measurements of its gas-phase abundance through
observations of appropriate absorption lines, and the assessment of
its absolute abundance in the ISM based on B-type star observations
(Nieva & Przybilla 2012) and the solar system composition (Lodders
et al. 2009). Cartledge et al. (2006) studied the gas-phase depletions
of Mg, P, Mn, Ni, Co, and Ge as a function of the mean H den-
sity along the lines of sight, and identified two abundance plateaus
representative of the depletion levels in the warm and cold neutral
ISM. In a comprehensive study of abundances reported in more than
a hundred papers for 17 elements, Jenkins (2009) showed that all
(logarithmic) depletions can be represented as varying linearly with
a general depletion factor �⇤ ranging between 0 and 1, where �⇤ = 1
is typical of the cold neutral medium (CNM) and �⇤ = 0 can be
associated with the WIM (see also Eichmann & Rachen 2021).

The amount and nature of dust contained in the hot ionised medium
of the ISM is very uncertain. The lifetime of ISM grains against ther-
mal sputtering in a hot and dilute plasma () ⇠ 106 K, = ⇠ 0.01 cm�3)
ranges from <⇠ 1 Myr for small (⇠10 Å) carbonaceous grains to
>⇠ 20 Myr for large (⇠0.1 `m) silicate grains (Tielens et al. 1994).

Moreover, McKee (1989) showed that the first SN from the most mas-
sive star in an OB association exploding in a SB environment should
destroy a large amount of dust initially contained in the interior of the
growing SB, such that following SNe from the same OB association
should process a medium largely cleansed of its dust component. But
Ochsendorf et al. (2015) argued from multi-wavelength observations
of the Orion-Eridanus SB that appreciable amounts of mass are con-
tinuously removed from molecular clouds and loaded into the SB
interior through destructive champagne flows and thermal evapora-
tion, such that each SNR within the SB cavity should in fact interact
with a significant amount of newly incorporated matter rich in dust
grains.

In Section 2 we show that the highly refractory elements Mg,
Al, Si, Ca, Fe, Co, and Ni should be in cosmic proportions in the
GCR source reservoir. As these elements are expected to be in the
same proportions in all phases of the ISM, we estimated the mean
fraction of each element contained in ISM dust considering the same
elemental composition for dust in the various phases of the ISM. The
mean elemental fractions in ISM dust are obtained from the large data
set of gas-phase abundances reported in Jenkins (2009, 2019) and
Ritchey et al. (2018), with the help of the interstellar dust modelling
framework THEMIS (Jones et al. 2017) and some general properties
of primitive interplanetary dust. We now discuss our results for each
element.

Hydrogen. Some H is expected to be present in the dust compo-
nent of the ISM. In the most primitive interplanetary samples, such

MNRAS 000, 1–22 (2021)

Ra)o	of	atomic	mass	A	
to	mean	ionic	charge	in	
shock	precursors	Q,	
corrected	to	frac)on	of	
neutral	atoms		
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8	Origin	of	GCR	vola,les	in	superbubbles	

o  SNRs	in	warm	ISM	contribute	to	the	GCR	vola)le	composi)on	for	<	28%,	whereas	
∼ 40%	of	SNe	occur	in	this	phase	and	not	in	SBs	(e.g.	Lingenfelter	&	Higdon	2007)	

o  Effects	of	neutral	atoms	on	the	accelera)on	process:	ion-neutral	damping,	
neutral	return	flux	(Morlino	et	al.	2013)?		
⇒  Hea)ng	of	the	upstream	plasma	
⇒  Reduc)on	of	the	shock	Mach	number		
⇒  Reduc,on	of	the	par,cle	accelera,on	efficiency	

H	atom	

hot	H+	
hot	H	
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9	22Ne	abundance	in	GCRs	

•  GCR	22Ne/20Ne	ra)o	≈ 0.35,	i.e	~ 5	,mes	
the	solar	ra,o	(Garcia-Munoz	et	al.	1970;	
Binns	et	al.	2005)	

•  Contribu)on	to	GCRs	of	Wolf-Rayet	wind	
material	(14N(α,γ)18F(β+)18O(α,γ)22Ne 
during	He	burning)?	(Cassé	&	Paul	1982)	

•  GCR	origin	in	superbubbles	enriched	in	
22Ne	from	winds	of	massive	stars?	

Wolf-Rayet WR 124 

adjustments are rather uncertain. However, they show that ratios
previously thought to be inconsistent with solar-system abun-
dances may be consistent if GCRs are fractionated appropriately
on the basis of volatility and mass (see Binns et al., 2005 for addi-
tional discussion).

After these adjustments for elemental fractionation, our data
show an isotopic composition similar to that obtained by mixing
!20% of WR wind material with!80% of material with solar-system
composition. The largest enhancements with respect to solar-
system abundances predicted by the WR models, i.e. 12C/16O,
22Ne/20Ne, and 58Fe/56Fe, are consistent with our observations. This
fraction of WR wind material required is also consistent with that
estimated by Higdon and Lingenfelter (2003) based on neon alone.

4. Discussion

We see that two independent approaches at modeling the WR
contribution to GCRs (Higdon and Lingenfelter, 2003; Binns et al.,
2005) have shown that to explain the cosmic-ray data approxi-
mately 20% of the source material must be WR star ejecta. (Note
that this 20% figure is for all of the mass ejected from the stars from
birth through the completion of the WR phase, not only that which
is ejected in the WR phase). For WR material to be such a large
component of the GCR source material, it must be efficiently in-
jected into the GCR accelerator. This appears to be an important
constraint for models of the origin of GCRs.

Another important constraint for the origin of cosmic rays, pre-
viously obtained from CRIS results, is that most nuclei synthesized
and ejected by SNe must be accelerated >105 yr after synthesis.
Wiedenbeck et al. (1999) have shown that 59Ni, which decays only
by electron-capture, has completely decayed in the GCRs, within
the measurement uncertainties, to 59Co. The 59Ni can decay if it
condenses into dust grains or if it exists as a gas in atomic or
molecular form, or it could decay in a plasma environment. Meyer
et al. (1997) and Ellison et al. (1997) would assume that it is ini-
tially accelerated as dust grains, since it is a refractory element.
Dust grains are known to form in SN ejecta [e.g. SN1987A (Dwek,
1998) and Cas-A (Dunne et al., 2003)]. It appears likely that in an
OB association the 59Ni is synthesized, ejected into the circumstel-
lar medium, and condenses into dust grains where it decays into
59Co that is accelerated by SN shocks to cosmic ray energies.

In the superbubble environment, the mean time between SNe is
!0.3–3.5 MY, depending upon the number of stars in the OB associ-
ation (Higdon et al., 1998). If SN shocks are the accelerators of the
superbubble material, then, on average, this gives sufficient time
for 59Ni, synthesized in previous SNe, to decay. However, it has been
suggested that the high-velocity WR winds, which contain a similar
kinetic energy to that contained in SNRs, might accelerate 59Ni on
time scales shorter than its half-life, thus not allowing the 59Ni to
decay (Prantzos, 2005). If this were the case, it would follow that
GCRs do not originate in OB associations. In the scenario described
above, is there a mechanism that allows the 59Ni to decay?

To answer this question, we initially consider an OB association in
which the stars all form at the same time (i.e. they are coeval). In Fig.
2 we show the life history of such an association. This association
timeline begins with the localized condensation of molecular cloud
material into massive stars at T = 0 and ends when the least-massive
star that can undergo core-collapse (!8 M") ends its life as a super-
nova !40 MY later. Within a few million years after star formation,
the most massive stars evolve into the Wolf–Rayet phase. Their
high-velocity winds (!2000–3000 km/s) produce large low-density
bubbles in the molecular cloud. The expanding shocks produced by
the stars that undergo SN explosions combine to produce a super-
bubble. The epoch of the WR phase for rotating stars with initial
masses ranging from 40 to 120 M" is shown in Fig. 2. The most mas-
sive star modeled enters the WR phase roughly 2 MY after associa-
tion birth, and the least massive star that can evolve into a WR star
undergoes core-collapse roughly 4 MY later. The exact low-initial-
mass cutoff for entering the WR phase is model dependent and is be-
lieved to be between 25 M" and 40 M". (For details of models of
rotating stars, see Meynet and Maeder, 2003, 2005 for the nucleo-
synthesis reactions, see Arnould et al., 2006.) Core-collapse occurs
following the completion of the WR phase. So there is, at most, an
!4 MY interval in the life of a coeval OB association (!10% of its life-
time) during which acceleration of superbubble material by WR
winds could occur. It is important to note that these massive stars
are very rare. Since most OB associations have 10’s of OB stars, rather
than hundreds, the most massive stars are not present in most asso-
ciations, and the WR epoch is typically less than 4 MY.

Heger et al. (2003) suggest that most stars with initial mass
!P40 M" and metallicity roughly solar or less do not undergo a
SN explosion after core collapse, but instead form a black hole

106 107

T=0
OB Association
Birth

40M

60M

85M

120M

BH formation
For Z~<Z ;
Little 59Ni Ejecta

~25M ~8M

Time Since OB Association Formation (years)

WR Phase
With Rotation

OB Association Lifetime

Bubble/Superbubble Lifetime

WR Epoch

Main 59Ni generation &
Acceleration Epoch

Fig. 2. Schematic of OB association timeline (see text for description).

W.R. Binns et al. / New Astronomy Reviews 52 (2008) 427–430 429

Adapted	from	Binns	et	al.	(2008)	
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The cosmic-ray source composition  
differs from that of the Solar System. 

•  The CRIS experiment, 
finds a 22Ne/20Ne 
source ratio relative to 
SS of 5.3±0.3 

•  Earlier experiments 
also found substantial 
enhancements (e.g. 
Ulysses, Voyager, 
CRRES, ISEE-3)

•  Best explanation is 
that this might result 
from an admixture of 
WR wind material, rich 
in 22Ne, with normal 
ISM (with SS 
composition). (Casse, 
Meyer, & Reems, ICRC 1979; 
Casse and Paul 1982 ApJ; 
~1979; Montmerle, 1979; 
Cesarsky & Montmerle, 1981; 
Higdon & Lingenfelter 2003, 
2005)

22Ne/20Ne source abundance 
0.387 ± 0.007 (stat) ±0.022 (sys) 
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10	GCR	22Ne	NOT	from	enriched	superbubble	gas	
•  Composi)on	of	massive	star	(MS)	winds	and	

supernova	(SN)	ejecta	from	stellar	yields	of	
Limongi	&	Chieffi	(2018)		

⇒ (22Ne/20Ne)wind+SN=0.12,	close	to	solar,	as	MS	
winds	and	SN	ejecta	are	the	main	sources	of	
20Ne	and	22Ne	in	the	Universe	(Prantzos	2012)	

•  Enrichment	of	superbubble	gas	only	by			
winds	from	MS		≥	40	Msol	(Binns	et	al.	2008)	

⇒ (22Ne/20Ne)wind=0.61,	would	require	xw ≈ 50%	
mixing	of	MS	winds	with	material	of	solar	
composi)on,	but	a	high	metallicity	of	SB	gas		
is	not	supported	by	X-ray	observa,ons							
(e.g.	Kavanagh	2020)	
⇒ 	(N/Ne)wind=2.6,	5.5x	the	ra,o	in	the	GCR	
source	composi,on,	as	MS	loose	large	
amounts	of	14N	during	the	main	sequence,	
and	Wolf-Rayet	WN	phases	
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11	GCR	22Ne	from	wind	termina,on	shocks	
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•  Shock	accelera)on	in	WTS,	see	Morlino	et	al.	(2021)	

•  Yields,	mass	loss	rates	&	stellar	types	from	Geneva	
Observatory’s	database	(e.g.	Ekström	et	al.	2012)	

•  Accelera)on	efficiency	in	WTS	assumed	to	be						
propor)onal	to	the	wind	mechanical	power																						
(see	also	Kalyashova	et	al.	2019)	

⇒ 22Ne/20Ne=1.56	in	the	accelerated	wind	composi,on	

⇒ Small	contribu,on	to	the	GCR	source	composi)on:	xw ≈ 6%			
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Single massive star 

Acceleration of wind vs SNe ejecta in star clusters 3

Figure 1. Various diagnostics from 3D star cluster simulations for a compact (left) and a loosely-bound cluster (right). Snapshots of
density (top colour palette) and shock Mach numbers (bottom colour palette) in the z = 0 plane at 2.9 Myr are shown. Sub-plots show
the zoomed-in view of the central few pc of the star cluster where magenta circles denote the locations of the stars after projecting them
in the z = 0 plane. Left and right panels show two di↵erent simulations that have identical set-up except for the core radius Rc of the
cluster. For both left and right panels, the ambient shocks are weak and appear dark according to the bottom colour palette. The figure
shows that a compact star cluster forms a WTS (left panel), and its Mach number is ⇠ 5 � 10, as shown by bright points.

distributed much beyond 3.2 pc, and there is no coherent
WTS. We have also confirmed this for the clusters of mass
& 103

M�. Therefore, compact star clusters can form WTS.

2.2 Mach number of WTSs

In the case of compact clusters, the physical properties of
the wind (e.g., density, velocity, and pressure profiles) in
the region r < Rts are similar to the model of Chevalier &
Clegg (1985). For r � Rts, there is a shocked wind region,
which is separated from the ambient medium via a contact
discontinuity (for details, see Weaver et al. 1977). In order to
determine the Mach number of the WTS, we need to know
the shock velocity and the upstream wind (free-wind) profile.
In the lab frame, the WTS slowly moves outward (see e.g.,
Eq. 9 in Gupta et al. 2018a), the upstream velocity is the
same as the wind velocity. The upstream sound speed can
be obtained by using Table 1 in Chevalier & Clegg (1985).
This gives the Mach number of WTS as

M =
vw
cs
=

vw

0.56 €
M

�1/2
L

1/2
w (Rts/Rc)�2/3

' 2.5
✓

Rts
Rc

◆2/3
. (2)

This implies that a large separation between WTS and the
cluster core leads to a large Mach number which increases
with time as the termination shock moves out.

For a typical cluster of mass 103
M� (NOB ⇡ 12) Eq.

be internal shocks in the collective wind region but they will not
a↵ect the qualitative picture of the existence of WTS.

(1) gives Rts ⇡ 3.2 pc P

�1/2
in,�10 L

1/2
w,37. The corresponding Mach

number of WTS is

M ⇡ 6
✓

Rc
pc

◆�2/3 ✓
Pin

10�10 dyne cm�2

◆�1/3 ✓
Lw

1037 erg s�1

◆1/3
.

(3)

This suggests that compact clusters can have high Mach
number WTS. In contrast, the outer shock Mach number is
small as seen in Fig. 1.

Although these calculations refer to star clusters, Eq.
(3) is also valid for the wind from a single star. In this case,
Rc can be taken as the radius beyond which the wind be-
comes supersonic. This scenario is also applicable for bigger
star clusters (i.e., core radius >> Rts) in which a global WTS
may not form (as shown in the right panel of Fig. 1). In this
case, individual stars can accelerate CRs in their WTS. We
discuss these cases separately in section 4.1.4.

3 NUMERICAL SET-UP

The central result of the present work is to compare the en-
ergy e�ciency in accelerating wind material, SNe ejecta, and
ambient matter by the WTS and SNe shocks. For this pur-
pose, we need to quantify the fraction of upstream energy
that is encountered by wind material, SNe ejecta, and am-
bient matter. In order to estimate the energy processed at
di↵erent shocks, we consider four di↵erent acceleration sce-
narios, which can be broadly classified into two categories:
(1) isolated SN (sections 4.1.1 and 4.1.2) and (2) star cluster
(sections 4.1.4 and 4.1.3). In the first case, SN shock expands

MNRAS 000, 1–18 (0000)

Gupta	et	al.	(2020)	



12	Cosmic-rays	from	massive	star	clusters	and	superbubbles	

o  Vieu	et	al.	(2020,	2022a,	2022b,	2022c):	detailed	theory	of	cosmic-ray	produc,on	in	
superbubbles	from	stellar	winds,	supernova	remnants	and	turbulence,	taking	into		
account	the	nonlinear	feedback	of	the	accelerated	par)cles	 	 	 	 	 				
=>	CR	are	mainly	accelerated	in	SNRs,	only	5	-	10%	of	CRs	are	produced	in	WTS	

o  Vieu	&	Reville	(2022):	explain	the	Galac,c	CR	popula,on	up	to	hundreds	of	PeV	

Propagation	
through	the	shell	

Colliding	
shocks	

Stellar	
winds	

Turbulence	

Supernovae	

©	T.	Vieu	
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13	Accelera,on	of	dust	grains	
o  Higher	efficiency	of	accelera,on	of	dust	 	 	 	 	 	 	 									

grains	in	SN	shocks,	because	interstellar		 	 	 	 	 	 	 	 			
grains	can	have	very	large	A/Q ~ 104 - 108	 	 	 	 	 	 	 	 							
and	par)cles	with	a	high	rigidity	(R ∝ A/Q)		 	 	 	 	 	 	 	 	 							
feel	a	larger	ΔV	of	the	background	plasma	 	 	 	 	 	 	 								
(Ellison	et	al.	1997,	1998)	
i.   Grain	accelera,on		
ii.   Grain	spuoering	with	ambient	atoms	
iii.   Injec,on	of	spuoered	ions	with	the	supra-thermal	velocity	of	the	parent	grain	

Test-particle 

CR-modified 

V 

x 

downstream                upstream 

r  > 4 r = 4 

shock rest frame 

Precursor low rL 

high rL 
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Material	evaporated	off	the	SB	
shell	and	the	parent	molecular	
clouds,	enriched	in	dust	grains							
=>	accelera,on	of	refractories	

Accelera,on	of	vola,le	elements	
from	the	hot	superbubble	plasma		



14	GCR	accelera,on	efficiency	

o  Efficiency	of	GCR	produc)on	from	the	γ-ray	luminosity	of	the	Milky	Way	and	
the	proton	source	spectrum:	NGCR(p) ≈ (0.2 - 1.5)×1045 protons s-1 

o  Es)ma)ng	the	mass	of	gas	swept	up	by	interstellar	shocks,	we	get:	
•  Accelera)on	efficiency	of	superbubble	gas	by	SN	shocks:	ηSB ≈ (0.4 - 2.3)×10-5  
•  Accelera)on	efficiency	of	wind	material	by	WTSs:	ηwind ≈ 0.8 ηSB 

•  Accelera)on	efficiency	of	GCR	refractories	from	dust	grains:	ηdust > 10-4  ~	
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•  Detec)on	of	15	nuclei	of	60Fe	(life,me	τ60=3.8 Myr)	and	2.95×105 56Fe	with	16.8	yr	
of	data	of	ACE/CRIS	(Binns	et	al.	2016)	

•  60Fe	produced	in	core-collapse	SNe	and	released	in	superbubbles	(Diehl	et	al.	2021)	
=>	can	be	accelerated	by	subsequent	SNe	before	decay	(De	Séréville	et	al.,	in	prep.)	

•  Approximate	maximum	distance	of	the	source(s):		L ~ (6 D γ τ60)1/2 ~ 2 kpc          
where	D ~ 4 × 1028  cm2 s-1 is	the	CR	diffusion	coefficient	at	~500 MeV/nucleon   
(e.g.	Evoli	et	al.	2019)	and	γ = 1.6	the	Lorentz	factor	

⇒  Unique	constraint	on	the	contribu,on	of	local	source(s)	to	the	total	GCR	flux	

Origin	of	60Fe	in	GCRs	
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•  Nearest	OB	associa)on:	
Scorpius-Centaurus	(∼	140	pc),		
at	the	origin	of	the	Local	Hot	
Bubble	from	~ 15	SNe	in	the			
last	~ 14	Myr	(Zucker	et	al.	2022)	

• Maximum	CR	energy	density	
from	a	recent	SN	in	Sco-Cen:					
εCR	=	1050	erg	/	VSC	=	0.2	eV	cm-3	



16	Conclusions	

o  Composi)on	of	Galac)c	cosmic	rays	is	key	to	understanding	their	origin	

o Measured	source	abundances	of	primary	and	mostly	primary	CRs	from	
H	to	Zr	point	to	an	origin	in	superbubble	environment,	mainly	from	
accelera,on	in	SN	shocks,	with	a	small	contribu)on	of	accelera)on	in	
wind	termina,on	shocks	(xw ≈ 6%)	to	explain	the	22Ne	overabundance	
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