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• GCRs	are	thought	to	be	produced	in	supernova	remnants	(Baade	&	Zwicky	1934)	
•  Consistent	with	the	cosmic-ray	power	and	supernova	energeDcs:	

!  KineDc	power	of	CRs	injected	in	the	Galaxy: LCR = Lγ / Rγ ~ 1041 erg/s,			
where	Rγ ~ 0.004 is	the	γ-ray	radiaDon	yield	(=	efficiency)	for	p + p → π0 + X 
and	Lγ from	π0	decay	~ 5×1038 erg/s (Fermi/LAT;	see	Strong	et	al.	2010)	

!  KineDc	power	supplied	by	supernovae:	LSN = ESN × fSN ~ 1042 erg/s,							
where	ESN ~ 1.5×1051 erg is	the	mean	energy	of	a	SN	and	fSN ~ 50 yr-1 is	the	
SN	rate	in	the	Milky	Way	(from	the	present-day	mass	of	26Al;	Diehl+	2006)		

•  From	which	phase(s)	of	the	ISM	are	the	CRs	extracted?	Do	all	supernovae	
contribute	equally	to	the	CR	produc0on?	=>	GCR	composi0on	



3	On	the	GCR	composi0on		

1.   Overabundance	of	elements	with	Z	>	2	relaDve	to	H	and	He	(as	compared	
with	the	solar	system	composiDon)		

⇒  Not	necessarily,	because	CR	protons	and	α-parDcles	have	different	source	
spectra	than	the	other	elements	(e.g.	TaDscheff	&	Gabici	2018)	

2.   Overabundance	of	refractory	elements	over	volaDles	due	to	the	more	
efficient	accelera0on	of	material	locked	in	dust	grains		

⇒  OK,	but	which	dust	grains?	From	which	ISM	phase(s)	are	they	accelerated?	

3.   Overabundance	of	the	heavier	vola0le	elements	compared	to	the	lighter	
ones	due	to	a	dependence	of	the	accelera0on	efficiency	on	ion	rigidity			

⇒  Expected	from	nonlinear	DSA	(Ellison+	1981)	and	PIC	simulaDons	(Caprioli+	
2017),	but	ionisaDon	states	in	shock	precursors?	Depends	on	the	ISM	phases			

4.   Overabundance	of	22Ne	due	to	the	acceleraDon	of	Wolf-Rayet	wind	material	
enriched	in	He-burning	products	

⇒  OK,	but	how	exactly	Wolf-Rayet	wind	material	is	incorporated	in	GCRs?	

Refs:	Meyer,	Drury	&	Ellison	(1997);	Ellison,	Drury	&	Meyer	(1997)	
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4	Protons,	α-par0cles	and	O	source	spectra	

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

• Updated	cross	secDon	database	to	be	
published	

•  Broken	power	law	source	spectra	from	
a	fit	of	propagated	spectra	to	the	data	
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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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5	GCR	abundance	data		

•  Abundances	from	integra0on	of	source	spectra	=>	the	abundances	of	H			
and	He	are	similar	to	those	of	the	other	volaDles	N,	Ne	and	Ar,	provided		
that	the	minimum	CR	source	energy	is	of	the	order	of	a	few	hundred	keV/n	

•  Highly	refractory	elements	Mg,	Al,	Si,	Ca,	Fe,	Co,	and	Ni	are	in	solar	system	
proporDons	=>	acceleraDon	of	various	dust	grains	of	the	ISM	mix	

V.	Ta0scheff	 	 	 		 					 												Journées	du	PNHE	 	 	 	 									14-16	septembre	2021	
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6	GCR	composi0on	model	

•  Measured	GCR	source	abundances:	

•  Dust	contribuDon:	

•  Gas	contribuDon:	

•  If	the	gas	reservoir	includes	several	phases	of	the	ISM:		

•  Fijng	theoreDcal	abundances	to	data	to	derive	xw ,	 	 	 						,	as	well	
as	constraints	on	the	GCR	source	reservoirs	(e.g.	their	temperature)	

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	composiDon	of	the	
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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
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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
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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
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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
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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)
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7	Interstellar	dust	composi0on	

o  Average	frac0on	in	dust	for	each	element,	fd (i),	from	
•  Gas-phase	element	deple0ons	(Jenkins	2009,	2019;	Ritchey	et	al.	2018)	
•  The	interstellar	dust	modeling	framework	THEMIS	(Jones	et	al.	2017)	
•  General	properDes	of	primi0ve	interplanetary	dust	
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8	Ionisa0on	states	in	shock	precursors	
•  Warm	ISM:	IonisaDon	states	of	the	WIM	and	the	WNM	from	absorpDon/emission	

line	measurements	(e.g.	Sembach	et	al.	2000;	Madsen	et	al.	2006)	
	+	photoionisa0on	precursors	mainly	produced	by	He	I	and	He	II	photons	from	the	
thin	ionisaDon	zone	behind	the	shock	(Ghavamian	et	al.	2000;	Medina	et	al.	2014)	

•  Superbubbles:	collisional	ionisaDon	in	a	hot	plasma	(negligible	photoionisaDon)	
•  Stellar	winds:	photoionisaDon	by	the	EUV	radiaDon	of	hot	stars	+	EUV	and	X-rays	

from	shocks	in	the	winds	=>	heavy	elements	mostly	triply	ionised	(e.g.	Hillier	2020)	
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9	GCR	22Ne	from	enriched	superbubble	gas	
o  GCR	22Ne/20Ne	=	0.317	(Boschini	et	al.	2020),	i.e.	∼ 5	0mes	the	solar	ra0o	
•  Mix	of	massive	star	winds	and	SN	ejecta	in	SB	cores?	No,	22Ne/20Ne	too	low	
•  Only	massive	star	winds	in	SB	cores?	No,	22Ne/20Ne	s0ll	too	low	
•  Winds	from	very	massive	stars	≥	40	Msol	(e.g.	Binns	et	al.	2008)?	Maybe...	

Stellar	yields	from	
Limongi	&	Chieffi	(2018)	
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10	GCR	22Ne	from	wind	termina0on	shocks	
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•  Time-dependent	yields	and	mass	loss	rates	from	
the	Geneva	Observatory	database	(e.g.	Ekström	
et	al.	2012)	

•  Instantaneous	acceleraDon	efficiency	in	WTS	
assumed	to	be	proporDonal	to	the	wind	
mechanical	power	

⇒  22Ne/20Ne=1.56	in	the	accelerated	wind	compo.	

•  Gupta	et	al.	(2020):	
WTSs	can	contribute	
more	than	25%	of	the	
CR	produc0on	in	
massive	star	clusters	

⇒  22Ne-rich	CR	
component	(see	also	
Kalyashova	et	al.	2019)	
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11	Some	results	of	the	GCR	composi0on	model	

•  Various	models	
depending	on	the	
relaDve	weights	of	
the	ISM	phases	in	
the	GCR	producDon,	
and	the	origin	of	
GCR	22Ne	

•  Best-fit	model:				
GCR	accelerated	in	
superbubbles	+		
22Ne-rich	
component	from	
acceleraDon	in	wind	
termina0on	shocks	
(xw ≈ 6%)	

SNRs	in	the	warm	
ISM	contribute	
for	less	than	28%	

SB	temperature	>	2.8x106	K	

εdust / εgas = 20.2 ± 7.2 
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12	GCR	origin	in	superbubbles	

o  SNRs	in	the	warm	ISM	contribute	to	the	GCR	volaDle	composiDon	for	less	than	
28%	,	whereas	∼40%	of	SNe	occur	in	this	phase	and	not	in	SBs	=>	effects	of	neutral	
atoms	on	the	accelera0on	process	(e.g.	neutral	return	flux;	Morlino	et	al.	2013)?	

o  GCR	refractories	might	also	be	produced	in	SBs,	if	dust	is	conDnuously	replenished	
in	SB	interior	through	thermal	evaporaDon	of	molecular	clouds	in	contact	with	the	
hot	plasma	(see	Ochsendorf	et	al.	2015	for	the	Orion-Eradinus	SB)	
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13	GCR	accelera0on	efficiency	

o  Efficiency	of	GCR	producDon	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  EsDmaDng	the	mass	of	gas	swept	up	by	interstellar	shocks,	we	get:	
•  Efficiency	of	acceleraDon	of	SB	gas	by	SN	shocks:	ηSB ≈ (0.4 - 2.3)×10-5  
•  Efficiency	of	acceleraDon	of	wind	material	by	WTSs:	ηwind ≈ 0.8 ηSB 

•  Efficiency	of	acceleraDon	of	GCR	refractories	from	dust	grains:	ηdust > 10-4  ~	
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14	Conclusions	
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o  Measured	source	abundances	of	all	primary	and	mostly	primary	CRs	from	H	to	
Zr	are	well	explained,	including	the	overabundance	of	22Ne	

o  No	overabundance	of	elements	with	Z	>	2	relaDve	to	H	and	He,	if	the	
minimum	CR	source	energy	is	of	the	order	a	few	hundred	keV	nucleon-1	
⇒  CR	escape	from	their	sources?	

o  CR	volaDles	are	mostly	accelerated	in	Galac0c	superbubbles,	from	SN	shocks	
sweeping	up	a	plasma	of	TSB > 2.8 MK	
⇒  CR	producDon	in	superbubbles,	up	to	and	above	1015	eV?	

o  The	overabundance	of	22Ne	is	due	to	a	small	(xw ≈ 6%)	contribuDon	of	parDcle	
acceleraDon	in	wind	termina0on	shocks	of	massive	stars	
⇒  Diffusive	shock	acceleraDon	in	wind	terminaDon	shocks	

o  The	GCR	refractories	most	likely	originate	from	the	accelera0on	and	
spulering	of	dust	grains	in	SNR	shocks,	and	might	be	produced	in	
superbubbles	as	well	
⇒  Update	of	the	grain	acceleraDon	model	of	Ellison	et	al.	(1997)	based	on	

current	knowledge	of	dust	in	the	ISM	


