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2	Discovery	of	cosmic	rays	
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•  1785	Coulomb:	spontaneous	discharge	of	electroscopes	
•  Early	20th	century:	effect	is	due	to	ionizing	radia8on	
•  1907	-	1911	D.	Pacini:	measurements	away	from	Earth’s	 									
crust,	then	underwater	=>	not	terrestrial	radioac8vity		

•  1912	V.	Hess	(Nobel	price	in	1936):	increase	in	ionizaFon	 	 									
with	height	=>	cosmic	origin	

•  1928	J.	Clay:	increase	in	ionizaFon	with	laFtude	=>	charged	par8cles	

Hess’	balloon	flight	in	1912	

Pacini’s	first	mission	in	1907	

Measurements	by	Clay	et	al.	



3	Cosmic	ray	spectrum	
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•  Almost	a	power	law	over	13	decades	in	
energy	and	31	decades	in	flux!	

•  At	low	energies,	mostly	protons	(89%)		
+	9%	α-parFcles,	1%	heavier	nuclei	and	 
1%	electrons	

•  TransiFon	from	GalacFc	to	extragalacFc	
origin	around	∼ 3	×	1017	eV	(?)	

Schroder	et	al.	
(Astro2020)	

?	



4	Ultra-high-energy	cosmic	rays	
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•  Nearly	20	years	of	data	from	the	Pierre		
Auger	Observatory	(3000	km2)		

•  ConfirmaFon	of	the	extragalac8c	origin	of	
UHECRs,	significant	anisotropy	at	large	scale	

• Mixed	composiFon,	increasingly	heavier	
above	2	×	1018	eV	

•  Possible	sources:	je`ed	ac8ve	 	 				
galac8c	nuclei,	starburst	galaxies...	

The	Pierre	Auger	CollaboraFon	(2023)	

The	Pierre	Auger	CollaboraFon	(2022)	

Cen A 



5	Galac8c	cosmic	rays	&	supernovae	
Fermi/LAT	• GCRs	are	thought	to	be	produced	in	

supernova	remnants	(Baade	&	Zwicky	1934)	

•  Consistent	with	CR	power	and	supernova	
energeFcs:	LCR = Lγ / Rγ ~ 1041 erg/s,			
where	Rγ ~ 0.004 is	the	γ-ray	radiaFon	yield	
(=	efficiency)	for	p + p → π0 + X and	Lγ from	
π0	decay	~ 5×1038 erg/s (Strong	et	al.	2010)	

CR p 

ISM H p 
p γ	

γ	π0 (τ ≈	10-16 s) ⇒  LCR ~ 10%	of	the	kine8c	power	supplied	by	supernovae	
• Diffusive	shock	accelera8on	in	supernova	shocks	=	First-order	Fermi	(1949)	
process	(Krymskii	1977;	Bell	1978;	Axford	et	al.	1978;	Blandford	&	Ostriker	1978)		

Tycho 									SNR	 Interstellar	medium	Shocked	medium	
Vshock Vshock / r 

VSN ejecta!104 km/s 
            >>  
ISM	sound	speed	cS ≈  
100 (T/106 K)0.5 km/s 
⇒  Strong	shock	
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6	Supernova	distribu8on	in	the	ISM	phases	

SNR	sFll	interacFng	with	
stellar	winds	lost	by	the	
progenitor	star	

Cas	A	(SN	IIb)	 Tycho	(SN	Ia)	

SNR	evolves	in	a	warm	
and	parFally	ionised	ISM	

Explosion	in	a	bubble	of	
hot	plasma	

Crab	(SN	II)	

• Massive	stars	are	born	in	OB	associa8on	and	their	wind	acFviFes	generate	
superbubbles	(SBs)	of	hot	plasma,	where	most	core-collapse	SNe	explode											
(~80%;	Lingenfelter	&	Higdon	2007)	

• With	25%	of	GalacFc	SNe	of	Type	Ia	occurring	 	 	 	 	 	 	 											
in	the	warm	ISM:	60%	of	SNe	in	hot	SBs,	 	 	 	 	 	 	 	 							
40%	in	warm	ISM	(28%	in	WNM,	12%	in	WIM)		

Superbubble	
T∼106	K	

H2	

Warm	ISM	

SNe	
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7	Galac8c	CR	source	abundance	data		

1.   Overabundance	of	refractory	elements	over	volaFles	
in	the	GCR	composiFon	=>	preferen8al	accelera8on	of	
dust	grains	(in	the	interstellar	medium,	refractory	
elements	are	mainly	found	in	dust)	

2.   Overabundance	of	22Ne	(22Ne/20Ne	is	5	Fmes	solar)	=>	
contribuFon	of	material	from	massive	star	winds	
	See	Meyer,	Drury	&	Ellison	(1997)	

1	

2	
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8	Accelera8on	of	dust	grains	

o  Higher	efficiency	of	accelera8on	of	dust	 	 	 	 	 	 	 									
grains	in	SN	shocks,	because	interstellar		 	 	 	 	 	 	 	 			
grains	can	have	very	large	A/Q ~ 104 - 108	 	 	 	 	 	 	 	 							
and	parFcles	with	a	high	rigidity	(R ∝ A/Q)		 	 	 	 	 	 	 	 	 							
feel	a	larger	ΔV	of	the	background	plasma	 	 	 	 	 	 	 								
(Ellison	et	al.	1997,	1998)	
i.   Grain	accelera8on		
ii.   Grain	spu`ering	with	ambient	atoms	
iii.   Injec8on	of	spu`ered	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 

Material	enriched	in	dust	grains	
evaporated	off	the	SB	shell	and	
the	parent	molecular	clouds		

Superbubble	
T∼106	K	

H2	

Warm	ISM	

SNe	

o  ISM	phase	where	dust	grains	are	accelerated?	

"  Diffuse	shock	acceleraFon	occurs	in	ionised	
media	(requires	plasma	waves)		

"  But	dust	grains	are	mainly	found	in	cold	
molecular	clouds	and	the	warm	ISM	(however,	
see	Ochsendorf	et	al.	(2015)	for	dust	in	the	
Orion-Eradinus	superbubble)	
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9	22Ne	overabundance	in	Galac8c	CRs	

•  GCR	22Ne/20Ne	raFo	≈ 0.35,	i.e	~ 5	8mes	
the	solar	ra8o	(Garcia-Munoz	et	al.	1970;	
Binns	et	al.	2005)	

•  ContribuFon	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
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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	from	wind	termina8on	shocks	
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•  GCR	22Ne	not	from	enriched	superbubble	gas,														 	 	 						
because	overproducFon	of	14N	(main	sequence):																 	 	 							
(N/Ne)wind=2.6	=>	5.5x	the	ra8o	in	the	GCR	source	

•  More	likely	22Ne	is	produced	by	shock	acceleraFon																	 	 										
in	wind	termina8on	shocks	(see	Morlino	et	al.	2021)	

•  Assuming	the	acceleraFon	efficiency	in	WTS	to	be						 	 							
proporFonal	to	the	wind	mechanical	power:	

⇒ 22Ne/20Ne=1.56	in	the	accelerated	wind	composi8on	
⇒ Small	contribu8on	to	the	GCR	source	composiFon:	xw ≈ 6%	(VT	et	al.	2021)	
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11	Cosmic-rays	from	massive	star	clusters	and	superbubbles	

o  Vieu	et	al.	(2020,	2022):	detailed	theory	of	cosmic-ray	produc8on	in	superbubbles	
from	stellar	winds,	supernova	remnants	and	turbulence,	taking	into		account	the	
nonlinear	feedback	of	the	accelerated	parFcles	 	 	 	 	 				 	 												
=>	CR	are	mainly	accelerated	in	SNRs,	only	5	-	10%	of	CRs	are	produced	in	WTS	

o  Vieu	&	Reville	(2022):	explain	the	Galac8c	CR	popula8on	up	to	hundreds	of	PeV	

Propagation	
through	the	shell	

Colliding	
shocks	

Stellar	
winds	

Turbulence	

Supernovae	
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Sun 

12	

•  DetecFon	of	15	nuclei	of	60Fe	(life8me	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		

•  Approximate	maximum	distance	of	the	source(s):		L ~ (6 D γ τ60)1/2 ~ 2 kpc          
with	D ~ 4 × 1028  cm2 s-1 the	CR	diffusion	coefficient	and	γ = 1.6	the	Lorentz	factor	

⇒ Model	of	60Fe	synthesis	and	accelera8on	in	the	25	nearest	OB	associa8ons	based	
on	Gaia	census	(De	Séréville	et	al.	2024)	

	

Local	origin	of	60Fe	in	Galac8c	CRs	

⇒  Most	probable	origin	of	60Fe:	
recent	supernova	(≤	500	kyr)						
in	the	Sco-Cen	associa8on				
(∼140	pc),	from	explosion	of	a			
star	with	iniFal	M	=	13-20	Msol		

⇒  Local	OB	associa8ons	contribute	
∼	20%	of	(stable)	56Fe	GCRs	
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13	Conclusions	

o  ComposiFon	of	GalacFc	cosmic	rays	is	key	to	understanding	their	origin	

o Measured	source	abundances	point	to	an	origin	in	superbubbles,		
mainly	from	accelera8on	in	SN	shocks,	but	with	a	small	contribuFon	of	
acceleraFon	in	wind	termina8on	shocks	(xw ≈ 6%)	to	explain	the	22Ne	
overabundance	

o  60Fe	in	the	GCRs	likely	comes	from	a	recent	supernova	(≤	500	kyr)	in	the	
Sco-Cen	OB	associa8on	

o More	work	is	needed	to	understand	the	origin	of	the	GCR	refractories	-	
acceleraFon	of	dust	grains	in	superbubbles?	

o  CR	producFon	in	superbubbles	up	to	∼	3	×	1017	eV?	 	 	 	 	 							
=>		LHAASO	&	Cherenkov	Telescope	Array	gamma-ray	observatories	
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