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Massive stars and stellar clusters
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$308 Wolf Rayet bubble (XMM) Toala et al.
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Crescent nebula (cygnus, XMM Newton) Toala et al.

Young mass:ye star( 25Msol) Red glant



Bubble nebula (NGC 7635) Hubble

(>45Msol) (intially 60Msol) O star



Massive stars, OB associations, stellar winds,
wind bubbles, supperbubbles?
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1. First few millions years

Mechanical energy output
dominated by winds

"
y

2. Explosion of massive stars

Mechanical energy from
supernovae

3. Combined effets
Winds + SNe: superbubbles?

Interior: hot, tenuous, and very
turbulent medium shaped by
winds+ repeated explosions?

Where does the acceleration takes place:
SNR shocks? Winds termination shocks?
Turbulence? All of it? Other (compact)
objects inside?



Consider one star (group of stars gathered) in ISM

Mass-loss rate and veolcity: V., Uy,

Wind kinetic power: [, = MU?U/Q

Mass conservation: Density profile:
My,
v(pwu’w) — O Pw = 47TuwR2

/ Winds lauched from transfer momenty of stellar photon to matter

Star luminosity-> increases with mass powerfuI-W|nds around
massive stars

Momentum carried by wind = Momentum carried by stellar photons

) *

L, u L U
Ly~ == ~ 3 x 10 - v
4 e T <3 x 1O5L@> (3000km/s> erg/s

Total energy output over the lifetime of the star 7, ~ 1 — 10 X 106yr (Very massive stars

L* w *
Ey ~ Lyt ~ 4 x 10 “ ") erg
3 x 10°Lg / \ 3000km/s / \ 4Myr




L U T
By~ LyTe ~ 4 x 10°° - = -
Tema (3 < 1O5L@> (3000km/s) (4Myr> o8

~ 105lerg ~ on the order of total explosion energy of a SN
explosion, thus expected to impact the ambient ISM

Number of these massive stars?

Luw.tot ~ N Ly ~ 10 —10*erg/s

Mechanical power to inflate
f?
SNR power? interstellar bubbles

VSN ~ 3/century —_—) LSN,tot ™~ 1O4Qerg/s

Ostars N ~ 10* — 10°
_—)

Wolf Rayet N ~ 103 — 10%



Evolution of interstellar bubbles

1. Free expansion: CSM matter pushed by the wind RFS ~ Uy
and accumulates in dense shell at Rsh. The wind
expands freely and since the shell is highly AT . :
supersonic, a forward shock forms. My = ?IOORFS ~ Myt

: 1/2
3M,,
ﬁ ’7'
e AT pous,
2. When mass of gas swept-up is

comparable to mass carried by the N v P W, O\ 73
wind, the expansion decelerates TrE ~ 15 10-6 M, /yr g (SOOOkm /S) yr
TFE << Tk

Almost instantenous: FE can be neglected!

3. Adiabatic phase: Shocked ISM becomes very hot [} ~ 10% — 10°K
Cavity inside the bubble
5 Muw At some point the wind cannot

Pram = puwly, = A2 b expand freely -> reverse
(termination) shock




Evolution of interstellar bubbles

Contact discontinuity:
pressure and velocity
continuous but density can
jump abruptly

Thickness of the shell of
shocked ISM:

AR = Rrg — Rcp
Shocked Mgpen ~ 47 RpsAR X 4100

wind A

3
must be equal to total mass ?RFSIOO

Shocked e that has been shocked

ISM AR = 0.08 Rps

RFS ~ RCD Thin-shell approximation



Evolution of interstellar bubbles

3. Adiabatic expansion: (radiative losses can be neglected)

Wind kinetic power is dissipated at the TS (internal energy and
pressure). This contributes to push onto the shell

Possible to look for a scale free solution

1/5
Rec ~ a L_'w #3/5
(Zeldovich et al. 2002): FS 00
_dRps 3 Hps 3 (LW>1/5 —2/5

it 5 ¢t 5"

P0

Us

Very high Temperature:

3 L 25 0 g N5t MO
KT = 2 2 4442 w ( ) Vv
16/ R (1036 erg/s) cm—? 101 yr )

» Plasma emitting in UV/X-ray domain

Cooling depends on temperature: 7cooling

End adiabatic phase: tage ~ Tcooling



Evolution of interstellar bubbles

10°K < T <107°K
Cooling function: A(T) = AOT_1/2 16 x 10-197-1/2 erg S B

Raymond et al. 1988

Fully inonized plasma nH, ne ~1.2 nH (to account for presence of Helium)
L = nyn,A(T) ~ 1.@(T)
Dense shell cools first

Thermal energy density of fully ionized plasma: €t ~~ 2.33/27”{ kT

3/2 1 3/2
o G 23(KT) 2.5 x 104 (L) ( il ) y1

L 32 noAogkl/? N cm 3 0.1keV

7 1L s/
~ 8.6 x a'¥/1! v (%)
TAD e 1036 erg /s cm~3 7

TAD << T4

Adiabatic phase can also be neglected!



Evolution of interstellar bubbles

Partially radiative phase: dense shell cools but at TS, still pretty adiabatic

Interior density is low enough so that the cooling happens on longer timescales

Most of the life of bubbles happens in this partially radiative phase.

Let us assume that all kinetic energy accross 1 . — ( A R?) 1 Poui
FS is radiated, the rate of energy loss is: 2

3/5
Constant in time if [tpg o T /

Leff — Lw — Lrad

Still valid: Rps ~ a (Lw> Ve 43/5 Castor et al. 1975
0 a=0.76 (instead of 0.88 in FE)

Possible to define an effective injected
power constant in time:

Rps ~ 26 [ — 1/5( no )—1/5 t o\’
~ C
o 1036 erg/s cm ™3 Myr P

L L/5 no —1/5 t —2/5
~1 w (%) k
trs ~ 15 (1036 erg/s) cm 3 (Myr) m/s




Evolution of interstellar bubbles

3 3
Total energy of system: Eiot ~ (Lw — Lyaa)t = [1 — 27 (5) a’| Lyt
Cold dense expanding shell _|_ Thermal energy of interior
1 o1 (3\° 3\ [4n
e e (Yo e (1) (5

P=45x 1012 w ( ) 3
. ( 1036 erg/s) cm 3 (Myr) erg/cm |

R 26 Ly, H/5 ( no )_1/5 t\*°
~ C
e 103% erg/s cm~3 Myr P

L V5 g NSt T
~1 w (%) k
ups ~ 15 (1036 erg/s) cm 3 (Myr) m/s

(Rirts valid unil when? Forward shook s st stong?

M1 L. 1/5( o )_1/5 TNV 20
> T\ 1036 erg/s cm 3 10K Myr

TraD ~ IMyr




The internal structure of Interstellar bubbles

At the FS, the shell becomes very dense and thin because of cooling

If cooling is very efficient, we can consider temperature constant across shock transition

Momentum + mass conservation:

2
r—M?)(r—1)=0
pru; + mc?,o = pauj + chi,o ( )( )
p1ul = P2uU2 Solution r=1 : (no shock wave..)
r = _/\/12 Compression can be very large!
BQ
o By = rBy =2 x r?
In fact also magnetic field ST
compressed at the shock 2
PaUy X T
For large compression, the magnetic pressure dominates
I I . . . p u2 ~ 7“2B_%
For highly supersonic and superAlfvenic shock, momentum conservation gives: 7™ S

U1 > Cs.0 (V] =>> /UA’O

; 8 p1u Ve C AMa > 1 Compression factor is
g B? B A bounded




The internal structure of Interstellar bubbles

The shocked wind is extremely hot-> the sound speed high enough that pressure
equilibrates across the cavity on a timescale shorter than the bubble age -> interior
pressure uniform

Thermal conduction at the interface between the hot cavity and the cold dense shell ->
evaporation of shell material into the bubble, where it mixes with the shocked wind.

The boundary between shocked ISM and shocked o 1
wind is not sharp: Heat flow is proportional to the h — 0 >

temperature difference: -
Thermal conductivity

At equilibrium: Heat flow balance by
- mechanical flow..

L T~ 1.0 x 10 w ( ) K| -
,;: (1036 erg/s) p—— (Myr) \‘ If only shocked wind:

. Mt
| i ~ o~ 4 x 10t em™?
i n~1.3x102 ( L ) ( no_g) ( i ) cm ™ | ’

‘ cim }

Myr

1030 erg/s

Evaporated matter largely conrtibutes to density inside the bubble!



The wind termination shock

i , L 3/10 ( - )_3/10 e “1/2 ;4 N\ 2/5
~ 3. _ —_— _— — C
s 10% erg /s cm—3 3000 km /s Myr) P

1/5 _ 3/5 T S ——— o

L o 1/5 t : 3/10 —1/2 —-3/5
Rpg ~ 26 <—w) ( ) (—) pc ¥ _ dRrs Ly, ng \ /10 Uy ot I
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Bubble inflated by a cluster of massive stars

Average quantities can be obtained with analogous reasoning with N stars

15 " 1/5( no )—1/5 to\
s 0 cm—3 10 Myr _
8/35 2/35 0" ,
. n : Model : N3
T ~ 2.0 x 10° (95)7 (50 : o
00 cm™— 10 102 | tayn = 2.5 Myr
6/35 19/35 ;
_ * no t -3 1 g gt g argny f 1 1 Lo aaal 1 1 oo aaal
n~7.0x 10 %) (Cm_3) (ﬁ 10 o - pe
r (pc)
3/10
. 35@%)

~3/10 ( ) ; - . Gupta et al. (2018) numerical sim.
3000 km/s ( ) ’
'.: Mrs = (

3
,Ptot p— <Lw>N* ~U 104'§ 1 1 1 lllll 1 ! 1 1 lllll 1 1 1 1 llll'
3 - — g
10° E 2 5
- g
1/5 _ Driving Free wind Shocked wind <
R 2.6 x 107 NP o \TVB (o 10 soue
Fs ~ 2.6 X ( ) e
00 cm—3 1 B
= 100 F
&
*? 10°
w2
=
)
A

10 Myr

3 3000 km/s /) \ 3 pc 10 Myr f

Correction factor to match more accurate studies 7] ~~ 0.22



Bubble inflated by a cluster of massive stars

a=41—-44 - M~3-7




CRs from stellar clusters and interstellar bubbles

Cassé & Paul 1980,1982; Volk& Forman 1982, Cesarsky & Montmerle 1983; Webb
et al. 1985, Bykov et al. 2001 ++, Parizot et al. 2004, Ferrand & Marcowith 2010,
Morlino et al. 2021, Vieu et al. 2022, 2023, 2024, Harer et al. 2025 ..

YOUNG Forward shock OLD
+shell of

% e / shocked ISM T uewFiime,

y

NV \ SNR shocks ¥

N ' , 7 o N . s

. 7
- -

Wind termination shdck _
Hot diluted turbulent bubble

Castor et al. 1975, Weaver et al. 1977, MacCray&Kafatos 1987, MacLow&McCray 1988, Koo&McKee 1992

24



Particle acceleration?

Where are particles accelerated? Mechanism?
Maximum energy of accelerated particles?
Spectrum of accelerated particles?

B~ (9> Bul
C

7 B U L
Erax >~ 3 PeV
100 1 )(1000km/8)( ) ¢

Not well constrained

B2
PB—_<Pram_pwu2
ST

2o Prot 18/35( no )9/70 t 4/35 PV
e T3 1050 erg/Myr cm 3 10 Myr

Particle acceleration at the WTS?

af 1 0 o of\ , p d(uR?) 0f
“9R ~ RZOR OR) ' 3R2 dR Op

Analytical solution hard to find (D= =~ =) Numerical solving
. lterative methods
const, not physical)

Maximum energy: Hillas criterion in
the turbulent bubble




Particle spectrum at termination shocks

1 e — re==o
a 0.100 h ‘\\s‘\\‘\ \\\\\ 3
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Figure 4. Thick lines: distribution function of CR at the shock for different
diffusion coeflicients. Thin lines: corresponding escaping flux. The results
refer to the benchmark case described in the text.

Morlino et al. 2021



A complex environment

A lot can happen: acceleration, reacceleration (turbulence), reacceleration at
various shocks

Stochasticity, not easy to account for (Vieu, Gabici et al. 2022)
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Population of young massive star clusters in
the TeV range

ke
HGPS sensitivity (s~1)
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Menchiari et al. 2022, 2023, Batzofin 2026



Microquasars

Massive star

Black hole,

Wiki, ESA/NASA GROJ1655-40 (artist view)



Millions of light years

Particle acceleration at microquasars
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Y% 01-0.9

Jet velocity: 8 = .

Jet power: Lj~ 10%° — 104061’%/ S

Magnetic field (jet base): B ~ 10* — 10°G
B x R—l...Q

Size: R ~ 107 — 10¥cm

Light years

Complex to model!

Bosch-Ramon & Khangulyan 2009, Romero et al. 2017



Millions of light years

Particle acceleration at microquasars
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e, S
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Termination shocks (forward, reverse)
Diffusive shock acceleration

Jet recollimation shocks (jet
confined by external pressure

creating standing shocks)
Diffusive shock acceleration

Jet: internal shocks
Diffusive shock acceleration

Jet boudaries
Shear acceleration

Turbulence everywhere
Turbulent acceleration (Fermi2)

Jet base: Highly magnetized,
strong radiation field
' Magnetic reconnection, gap
acceleration, turbulent acceleration
(Fermi 2)

Bosch-Ramon & Khangulyan 2009, Romero et al. 2017



Millions of light years

Particle acceleration at microquasars
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Diffusive shock acceleration

Jet: internal shocks
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Jet boudaries
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Turbulence everywhere
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Jet base: Highly magnetized,
strong radiation field
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acceleration, turbulent acceleration
(Fermi 2)

Bosch-Ramon & Khangulyan 2009, Romero et al. 2017



Millions of light years

Particle acceleration at microquasars

QUASAR MICROQUASAR

UV AND
OPTICAL

Accl
DISK}

. __Raoo . _Ranio |

p a4

\ i, Maximum energy (Hillas?)

 * LOBE e~ LOBE

RELATIVISTIC | RELATIVISTIC pemination 10 73 B R oy
100 puG 1 pc

HOST COMPANION
GALAXY X-RAY STAR

ruinternal shocks o rz o e

RADIATION / RADIATION
o - B R
pER=EE  SESST A FU— S—. T S SEY - S ) PeV

Maximum energy (uncertain) but PeV- multi PeV ok

Region B R Bt ) PeV
Jet base 10* —10°G 107" —10Y cm 0.03 — 300 Z3 PeV
Internal shocks 1-103G 10" —10%em 3 x 107% — 300 ZB PeV

Termination shock 10 — 100 uG 0.1 —10pc 0.9 — 900 Z5 PeV

Mirabel and Rodriguez 1998 Bosch-Ramon & Khangulyan 2009, Romero et al. 2017



Microquasars: the case of SS433

Acceleration / cooling of electrons

3MeC

-2°00' tCOOl p—

40’T’y (UB -+ Urad)

30'

Galactic Latitude

-3°00' @

30'

-1 0 1 2 3 4 5
pre-trial significance [0]

HAWC 2018

HAWC/H.E.S.S: electrons?
energy dependent emission on pc

Time scale (yr)

scale jets. Fast cooling due to | T

. . : . : 10 10 10 10

intense stellar radiation field | Electron energy (TeV)

+magnetic field (GeV range : jet |
precession) Aharonian et al. 2024

LHAASO: electrons + protons

Particle acceleration: DSA? At which shocks (internal, forward, recollimation
shocks?)? Fermi 1I? Shear acceleration? Magnetic reconnection?

Bosch-Ramon 2006, 2011, Orelanna et al. 2007, Vila&Romero 2010, Khangulyan et al. 2024,
Bykov et al. 2024, Peretti et al. 2025, Fujita et al. 2026 + many more



Mixed contribution: microquasars + other

« standard » sources
Massive stars, SNRs?

1020 - \ * 10 Powerful

_ microquasars
T o Cork “;';"f‘"-'— - /
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TLI | e Total ¥ LHAASO (EPOS-LHQC)
Standard sources B CREAM
B DAMPE
1017 S -
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A

Kaci et al. 2025



E? Intensity [GeV m 25! sr1]

Cosmic ray electrons

Spectrum steeper than protons

| e | | | | ~ 3.1
103 '&\ AMS-02 \%&’ ) E 1
&
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lﬂl T IUPURTCY (I S Ry
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10~7 I | ll | ’
1 103 106 10° 1012 { Tesc ~ 10 x 10%yr

Energy [GeV]

t TeV electrons are local!

Nearby sources: laig ~ v/4Dtcool ~ 1kpc

s~ 5 <1078
Not too close, constraint from anisotropy:

r >3 x 10%° — 10%! ecm ~ 100 — 300 pc

5
D(E) ~ 107® ( b ) cm?s ™ 0~0.3—0.6

roughly same order



Cosmic ray electrons: good candidates

Supernova remnants

DSA proceeds the same way for protons and electrons (injection different, and
losses different)
. . , Accelerated and trapped
Discussion on RXJ1713-3946" particles (electron suffer loses)
(Protons, electrons?)

Dec (J2000)

.................. i —— 1-0"' T T T T rTT| T T T TR TT] T — T
J . I' | I
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o ' & :'\ | 1
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e H 1 ]
0.67 — o =423 T
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L 1377 I
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20 g O 2 ’ ” : ' \\," .
g Y e P "' \\ "
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: \\ "' \I
® =021~ Type Ia / 7
“l _04’11' ! I Illllll' | ! Ll |\|‘
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_ (O 68% PSF

40'

L L Y | S
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HESS Aharonian et al. 2016

17h10m

Difference of slope beteween electrons and protons

“18m . 16m.

PC, Blasi, Caprioli 2021



Cosmic ray electrons: good candidates

Pulsars, Pulsar winds, and halos

Geminga

PSR B0656+14

Moon (To Scale)

HAWC 2018




Cosmic ray electrons: good candidates

Pulsars, Pulsar winds, and halos

Dist=250 pc
Age=300 kyr

Radio quiet pulsar
One of brightest GeV

E ~ 3 x 10%%erg/s

Link between pulsar magnetospheres
Acceleration electron/positrons

CR electrons/positrons

TeV halos

CR diffusion and escape

HAWC 2018



Particle acceleration around pulsars

Nebula /Halo

———Light cylinder

—

~ | Magnetic
// “"Polar ™\ ‘ \
]

o A / upernova Turbulent acceleration / Fermi 2
mnant shell

cap
/ region

\ Neutron

\
b %
Fors Termination shock

/ " field lines |
Magnetic = [ \ / DSA
field |

Open : :
field lines K-ray intensity

High

©onature

Ultra-relativistic wind (e+) , high magnetizec
Stipped wind (regions alternating
+B, -B, +B, -B)

Pulsar magnetosphere (polar cap, slot gap, Relativistic reconnection

outer gap equatorial current sheet)
Electrostatic acceleration in gaps



Cosmic ray electrons: good candidates

Pulsars, Pulsar winds, and halos

DGeminga ~ 10%® — 10*"em? /s < Digy ~ 10%° — 10%%cm? /s

dFE 1

Geminga 2
dt x -k Tcooling X E
Uwaaqa +Ug ~ 1 eVem ™3

1T
teool & 3 X 10° ( eV) yT

E

PSR B0656+14

HAWC 2018

Important: Diffusion coefficient is energy dependent: E\’°
. D(F) x | =
extrapolation to GeV no easy!

How is diffusion suppressed? Mechanism?
Is this only close to source? (Usual picture) or Local Bubble?



Stage 1 (t < 10 kyr) FS Stage 2 (t ~ 10 - 100 kyr)
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The positron excess
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SNR radiative phase (protons+ electrons?)
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Explaining the CR composition
CR abundances relative to solar composition (Voyager/AMS/SuperTIGER)
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Volatiles: Flat abtindance/solar Aomimumber

ratio, A/Q ~2 for all elements
Injection from hot medium (superbubbles?)

Tatischeff et al. 2021
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Explaining the CR composition
CR abundances relative to solar composmon (Voyager/AMS/SuperTIGER)
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Atomic number

Model 1 Model 2 Model 4 Model 5
GCR gas source of SC compo.  70% WNM, 30% WIM  SB 60% SB, 60% SB,

28% WNM, 12% WIM  28% WNM, 12% WIM
22Ne-rich GCR gas source Accelerated winds Winds in § Accelerated wind Winds in SB Accelerated winds
SB temperature log(7sg)¢ - 6.50+0 > 6.45 6.5t g >6.35
Relative eff. € = €gyst/ €gas” 33.8+13.4 26.0+ 13 17.9+9.7 27. O + 13.2 22.8+10.6
W.-R. wind contribution x,,¢  10.3% 48.9% (5.1-6.1)% (55.611:3)% (7.3 -7.9)%

X2, (GCR dust source)? 24.6 26.9 25.9 260 24.8

Tl (GCR gas source)® 24.7 31.1 12.2 31.4 16.7
SB temperature log(7sg) - 6.6 (fixed 6.6 (fixed) 6.6 (fixed) 6.6 (fixed)
Relative eff. € = €gyst/ €gas” 33.8+13.4 23.2+94 202+7:2 24.6 +10.2 24.4+£9.2
W.-R. wind contribution x,,, € 10.3% 48.9% 5.9% 56.0% 7.7%

x2. (GCR dust source)? 24.6 28.0 26.9 264 25.0
XZm(GCR gas source)® 24.7 32.3 13.2 324 18.3
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Explaining the CR composition
CR abundances relative to solar composmon (Voyager/AMS/SuperTIGER)
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Diffusive shock acceleration of dust grains

1. Cosmic ray air showers?

]

?g ON THE HYPOTHESIS OF DUST GRAIN ORIGIN
&; OF COSMIC RAYS AIR SHOWERS

2; ( Research Note)

V.S.BEREZINSKY and O.F. PRILUTSKY
P. L. Lebedev Physical Institute of the U.S.S.R., Academy of Sciences, Moscow, U.S.S.R.

(Received 5 January, 1973)

It is shown that relativistic and subrelativistic dust grains accumulate large electric
charges as a result of the interaction with photons and interstellar gas atoms. The
developing electrostatic forces break up the grains. The relativistic dust grains break
effectively within the solar system and, therefore, cannot give rise to the observed
extensive air showers.

The hypothesis of the dust grain origin of cosmic rays has been repeatedly put
forward (Herlofson, 1956; Spitzer, 1949). Recently Hayakawa (1972) took advantage
of this hypothesis to overcome the difficulties in explanating extensive air showers
with energies E>3 x 10'° eV.

We would like to remark that, when colliding with photons and interstellar gas
atoms, a relativistic dust grain accumulates a large electric charge which causes it to
break up. The relativistic dust grains with Lorentz factors y>30—50 are split up
within the solar system due to interaction with the solar photons. Subrelativistic dust
grains with velocities v>0.1 ¢ are split up due to interaction with interstellar gas
atoms.
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Diffusive shock acceleration of dust grains

2. Volatiles/refractories
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Preferential acceleration of dust grains?
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Diffusive shock acceleration of dust grains

Galactic Cosmic rays from Supernova Remnants: II Shock Acceleration of Gas
and Dust
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ABSTRACT

We present a quantitative model of galactic cosmic ray (GCR) origin and accelera-
tion, wherein a mixture of interstellar and/or circumstellar gas and dust is accelerated
by a supernova remnant (SNR) blast wave. The gas and dust are accelerated simultane-
ously, but differences in how each component is treated by the shock leaves a distinctive
signature which we believe exists in the cosmic ray composition data. A re-examination
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" Diffusive shock acceleration (DSA) of dust grains
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Shock

Diffusive shock acceleration (DSA) of dust grains
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" Diffusive shock acceleration (DSA) of dust grains
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Usual question on particle acceleration: Efficiency?
Maximum momentum? + Survival of grains”? 58



Maximum momentum of accelerated dust grains
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Maximum momentum of accelerated dust grains
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Maximum momentum of accelerated dust grains
Time evolution for a type la SNR
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Maximum momentum of accelerated dust grains
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Rigidity of iron dust grains
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Rigidity of iron dust grains

Arriving from upstream Accelerated through DSA
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Diffusive shock acceleration of dust grains

a & @b

Conclusions

. DSA at SNR shock waves can energize dust grains up to

Lorentz factor 103 - 104 (smaller grains)

The importance of the charging of grains (survival + Pmax)
Survival of dust grains in the ISM/ sputtering?

The distribution of grains in the SNR surroundings

The enhanced refractory/volatile ratio could be explained if
efficiency sufficient



Consensual pictures

Supernova remnants

must play a role in producing Galactic of CRs, but face issues (exact spectrum
accelerated and injected, efficiency)

could be pevatrons (rare and unusual events, or specific environments?)

The 22Ne/20Ne ratio
Local ISM (today + 4.5 Gyr ago)

Massive stars, star clusters, winds

. . . GCRS (CRIS) °
play a role in producing Galactic of CRs Solar Wind
SEP Derived
needed to account for CR composition CoronsAoune
pevatrons, but efficient enough? o
Ne-B
Ne-C
Ne-E(L)>100
Ne-C Ne-E(H)~12 o=P
IDPs

Microquasars

“Ne/ “Ne Ratio
definitely pevatrons
contribution lower energy? Stellar winds termination shocks
superpevatrons? Wolf-Rayet winds (22Ne enriched)

Binns et al. 2005, Prantzos 2012,
Tatischeff et al. 2018



The proton and Helium « knee »
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Summary

Supernova remnants, massive stars, star clusters,
superbubbles, wind termination shocks, unusual objects

Several open problems (spectrum? Efficiency? Escape around
sources?) for all of these candidates: interesting even if not pevatrons!

What does it mean to be a pevatron?

Very sensitive instruments can detect very few PeV particles
important for CR: Efficient pevatrons-superpevatrons
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