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Massive stars and stellar clusters

1/R profile as 
expected in 
continuous 

injection from 
sources  

Aharonian et al. 2019, Yang et al. 2021

LHAASO Cao et al. 2024

PeV photons!



S308 Wolf Rayet bubble (XMM) Toala et al. 



Crescent nebula (cygnus, XMM Newton) Toala et al. 

Young massive star (>25Msol), Red giant



Bubble nebula (NGC 7635) Hubble

O star(>45Msol) (intially 60Msol)
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1. First few millions years
Mechanical energy output 

dominated by winds

2. Explosion of massive stars
Mechanical energy from 

supernovae

3. Combined effets
Winds + SNe: superbubbles?

Massive stars, OB associations, stellar winds, 
wind bubbles, supperbubbles? 

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?
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Consider one star (group of stars gathered) in ISM
<latexit sha1_base64="mSrvi1a4XdvHeTcGbXfaAZ0HY/k="></latexit>

Ṁw, uwMass-loss rate and veolcity:
<latexit sha1_base64="m1sbE3dVpjog3Q+gPuvveLXi5WQ="></latexit>

Lw = Ṁu2
w/2Wind kinetic power: 

Mass conservation: 
<latexit sha1_base64="8wsALi6j6jvocAhA/U0g01NY0ls="></latexit>

→(ωwuw) = 0

Density profile: 
<latexit sha1_base64="4E+TrPiNE/Dr9IO6wyHqWXfw8PA="></latexit>

ωw =
Ṁw

4εuwR2

Winds lauched from transfer momenty of stellar photon to matter 

Star luminosity-> increases with mass -> powerful winds around 
massive stars

Momentum carried by wind ≈ Momentum carried by stellar photons 
<latexit sha1_base64="/ow7dky//0s2tooIO/6yIWAb2DI="></latexit>

Ṁwuw → 1

2

Lω

c
<latexit sha1_base64="ltakH3lm5HI5UBAAg2Pdb9Dqjd8="></latexit>

Lw → Lω

4

uw

c
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uw
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erg/s

Total energy output over the lifetime of the star
<latexit sha1_base64="wlzDze0owQBMA0i+rsZOZtQdUjY="></latexit>

ωω → 1↑ 10↓ 106yr (Very massive stars)
<latexit sha1_base64="p1hL7Icb9CLKxFl0bp+WdqCYPnI="></latexit>
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Ew → Lwωω ↑ 4↓ 1050
(

Lω

3↓ 105L→

)(
uw

3000km/s
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ωω

4Myr

)
erg

<latexit sha1_base64="7iynv2ocYl1GPTePanlwb9O65IY="></latexit>

→ 1051erg ≈ on the order of total explosion energy of a SN 
explosion, thus expected to impact the ambient ISM 

Number of these massive stars? 
<latexit sha1_base64="U8p9JFfJijWeKxCYj9l0Qzg6218="></latexit>

N → 104 ↑ 105
<latexit sha1_base64="kwzEh8cA0/nL9CDuaZfalamzfCI="></latexit>

N → 103 ↑ 104

O stars
Wolf Rayet

SNR power?

<latexit sha1_base64="rIQ5SAgj6Qu0TpY/75fIfGHYpDE="></latexit>

ωSN → 3/century
<latexit sha1_base64="SkMnVgNf/Fy2oONvJ0dJUdnS9K4="></latexit>

LSN,tot → 1042erg/s

<latexit sha1_base64="eOkpBHzLlkN/crp94xUVzvo/FQQ="></latexit>

Lw,tot → NLw → 1041 ↑ 1042erg/s

Mechanical power to inflate 
interstellar bubbles 



Evolution of interstellar bubbles

1. Free expansion: CSM matter pushed by the wind 
and accumulates in dense shell at Rsh. The wind 

expands freely and since the shell is highly 
supersonic, a forward shock forms. 

2. When mass of gas swept-up is 
comparable to mass carried by the 

wind, the expansion decelerates 

<latexit sha1_base64="FF87CNt4xfE08Oc6mfHKj/D3cA4="></latexit>

ωFE → 15

(
Ṁw

10→6M↑/yr
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n→1/2
0

(
uw

3000km/s
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yr

Almost instantenous: FE can be neglected! 

<latexit sha1_base64="/0HjtyG3CbRhdwTycwQY2lfVGZ4="></latexit>

ωFE << ωω

3. Adiabatic phase: Shocked ISM becomes very hot
<latexit sha1_base64="akeq2RfmRojzh9AYqdN+e5oiEBg="></latexit>

Tb → 106 ↑ 108K

Cavity inside the bubble
<latexit sha1_base64="NnGbwb3DUAgJa0zsyYinz+nfP3I="></latexit>

Pram = ωwu
2
w =

Ṁuw

4εr2
→ Pb

At some point the wind cannot 
expand freely -> reverse 

(termination) shock

<latexit sha1_base64="3zK44uBzAuj5m0OoOgiEq+hxtrg="></latexit>

RFS → uwt
<latexit sha1_base64="h+bhI1RoJeqciLyzXPNppCK8zgU="></latexit>
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4ω

3
ε0R

3
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4ωε0u3
w

)1/2



Evolution of interstellar bubbles
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RFS
<latexit sha1_base64="I2p1yzJZG26yBJAiePqOdVijSj4="></latexit>

RCD

<latexit sha1_base64="ZFiGmuHCO6gsQErvvBnHaCdPoE8="></latexit>

RTS

ISM

Shocked 
ISM

Shocked 
wind

Contact discontinuity: 
pressure and velocity 

continuous but density can 
jump abruptly

Thickness of the shell of 
shocked ISM:

<latexit sha1_base64="2yRaxVVl01iDXZUGlmrNtAg/T80="></latexit>

Mshell → 4ωRFS!R↑ 4ε0

<latexit sha1_base64="gouzAFVeawLJZ6OO/kyzNBmKKE0="></latexit>

!R = RFS →RCD

must be equal to total mass 
that has been shocked

<latexit sha1_base64="W/eDf8ohELbFIHx/7lNuZC+s2w8="></latexit>

4ω

3
R3

FSε0
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!R = 0.08RFS

<latexit sha1_base64="7oMgAN/tb5eEbjo/wTq10NoFtg0="></latexit>

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 
(Zeldovich et al. 2002): 

<latexit sha1_base64="gyWWZWrto2kIwn9tq2UiPzuWMNw="></latexit>

RFS → a

(
Lw

ω0

)1/5

t3/5
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us =
dRFS

dt
=

3

5

RFS

t
=

3

5
a

(
Lw

ω0

)1/5

t→2/5

<latexit sha1_base64="X0tg7LO9GlZlnNAhGHDyNftkcv8="></latexit>

kT =
3

16
µmHu2

s
→ 44 a2

(
Lw

1036 erg/s

)2/5 ( n0

cm→3

)→2/5
(

t

104 yr

)→4/5

eV

Very high Temperature:

Plasma emitting in UV/X-ray domain

Cooling depends on temperature: 
<latexit sha1_base64="0IFRfQlLp7BM9ZwZj0Hhws4YXG0="></latexit>ωcooling

End adiabatic phase: 
<latexit sha1_base64="kQ1hTeObQZD6c0A9vnaNOIOPnBM="></latexit>

tage → ωcooling



Evolution of interstellar bubbles

Cooling function: 

Raymond et al. 1988

<latexit sha1_base64="UiJx5MtC3J3N2RE+I0XR8gnp8Ro="></latexit>

105K ↭ T ↭ 107.5K
<latexit sha1_base64="djqUQKU/fL/OK3P4Sm+wQDW5YcI="></latexit>

!(T ) = !0T
→1/2 → 1.6↑ 10→19T→1/2 erg cm3 s→1

Fully inonized plasma nH, ne ~1.2 nH (to account for presence of Helium) 
<latexit sha1_base64="PA7IGXA4y4tmYPVmRCDplfMzwbU="></latexit>

L → nHne!(T ) ↑ 1.2n2
H
!(T )

Dense shell cools first
<latexit sha1_base64="iQS4jJ4fy4EYRBNsmLHkIqjwm78="></latexit>

ωth → 2.33/2nHkTThermal energy density of fully ionized plasma: 
<latexit sha1_base64="g5lazvNGm6+OQi3gHEE4OsCUsI0="></latexit>

ωc =
εth
L =

2.3 (kT )3/2

3.2n0!0k1/2
→ 2.5↑ 104

( n0

cm→3

)→1
(

kT

0.1 keV
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yr

<latexit sha1_base64="X6YMjsXr409TQvol8Alis2p3nto="></latexit>

ωAD << ωω
Adiabatic phase can also be neglected! 

<latexit sha1_base64="soH3p1PTL7t9buDo6WSG/+P7ysE="></latexit>

ωAD → 8.6↑ a15/11
(
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1036 erg/s

)3/11 ( n0

cm→3

)→8/11
kyr



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. 

<latexit sha1_base64="gyWWZWrto2kIwn9tq2UiPzuWMNw="></latexit>

RFS → a

(
Lw

ω0

)1/5

t3/5Still valid: 
a=0.76 (instead of 0.88 in FE)

Let us assume that all kinetic energy accross 
FS is radiated, the rate of energy loss is:  

<latexit sha1_base64="JdISvqMTEvFitw8KPfPsIx1Y2Q4="></latexit>
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s

)(1

2
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3
s

)

Constant in time if 
<latexit sha1_base64="btAQKxyaNPSp2HCB1oXzOy3ILQQ="></latexit>

RFS → t3/5Possible to define an effective injected 
power constant in time: <latexit sha1_base64="vX3ftsICD/VSsgSjyUu9Tv8Mm+s="></latexit>

Le! = Lw → Lrad

Castor et al. 1975
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RFS → 26

(
Lw

1036 erg/s

)1/5 ( n0

cm→3

)→1/5
(

t

Myr

)3/5

pc

<latexit sha1_base64="4+pFeEaHlwTr0Md2EN+51QZ1pL4="></latexit>

uFS → 15

(
Lw

1036 erg/s

)1/5 ( n0

cm→3

)→1/5
(

t

Myr

)→2/5

km/s



Evolution of interstellar bubbles
Total energy of system: 

<latexit sha1_base64="JmDP3nPmBtBCtbuR8q5B5pPkx+s="></latexit>

Etot → (Lw ↑ Lrad)t =

[
1↑ 2ω

(
3

5

)3

a5
]
Lwt

Cold dense expanding shell Thermal energy of interior+
<latexit sha1_base64="TYdB/c6jVLymDy3GKrf6eTa1yYs="></latexit>
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P = 4.5→ 10→12
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All this valid until when? Forward shock is still stong? 
<latexit sha1_base64="qWPcDsS2HsvYuSy5NIjhC7kHX1c="></latexit>
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ωRAD → 1Myr



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 

<latexit sha1_base64="p4yZMHZFDJip5DnURtQiU9vu9sw="></latexit>

ω1u
2
1 + ω1c

2
s,0 = ω2u

2
2 + ω2c

2
s,0

<latexit sha1_base64="pxLqs2RgHuT9jukkG1H7Rb/jxEI="></latexit>ω1u1 = ω2u2

Momentum + mass conservation: 
<latexit sha1_base64="3xxsYMUUGa8ICBq1le3ZeyUMukg="></latexit>

(r →M2)(r → 1) = 0

Solution r=1 : (no shock wave..)
<latexit sha1_base64="QmK6Ne1mFw0Mw5/ag5oiusGWTd4="></latexit>

r = M2 Compression can be very large!

In fact also magnetic field 
compressed at the shock 

<latexit sha1_base64="CxskHAT3g2Qe8SaxtFPAGypQa1Y="></latexit>

B2 = rB1

<latexit sha1_base64="UwUrl9kbAuXFt34r2k08EkLr1RU="></latexit>

B2
2

8ω
→ r2

<latexit sha1_base64="+xTP5s0PFFfB1EWw3y+57PjTe20="></latexit>

ω2u
2
2 → r

For large compression, the magnetic pressure dominates 

For highly supersonic and superAlfvenic shock, momentum conservation gives: 
<latexit sha1_base64="Bws7FFmgTcxhvAoKeL7SQJU8jxU="></latexit>

u1 → cs,0
<latexit sha1_base64="PK5AoVV4xDNql8JPlp1BMHjc+eE="></latexit>

u1 → vA,0
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(
8ωε1u2

1

B2
1

)1/2

=
↑
2MA ↓ 1

Compression factor is 
bounded



The internal structure of Interstellar bubbles

The boundary between shocked ISM and shocked 
wind is not sharp: Heat flow is proportional to the 

temperature difference:

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.


<latexit sha1_base64="N9rnUOvq9DHMw+mH+6pZ/qPYviQ="></latexit>

Fh = →K
ωT

ωz
Thermal conductivity 

At equilibrium: Heat flow balance by 
mechanical flow.. 
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Evaporated matter largely conrtibutes to density inside the bubble! 
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If only shocked wind:



The wind termination shock
<latexit sha1_base64="kp2EaNO0tMRHct3sSjL0cshzij4="></latexit>
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Shock moving very slow! But fluid coming in at 3000 km/s 



Bubble inflated by a cluster of massive stars
Average quantities can be obtained with analogous reasoning with N stars

<latexit sha1_base64="Tqyfx2VZLFpfw3Cw7VkFg0cg7JI="></latexit>
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Correction factor to match more accurate studies  
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Bubble inflated by a cluster of massive stars

<latexit sha1_base64="AfE57jtqqBfd6CnP8ZNGO18KILw="></latexit>
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r → 1
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M2 → 1
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ω = 4.1→ 4.4 ↑ M ↓ 3→ 7



CRs from stellar clusters and interstellar bubbles

Forward shock

<latexit sha1_base64="VCVVZ6fWwS2lganpiP5CfJ/SoyQ="></latexit>uw

SNR shocks

Hot diluted turbulent bubble

YOUNG OLD
+shell of 

shocked ISM

Wind termination shock

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

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, Härer et al. 2025 ..

24



Particle acceleration?
Where are particles accelerated? Mechanism? 


Maximum energy of accelerated particles? 
Spectrum of accelerated particles?

Maximum energy: Hillas criterion in 
the turbulent bubble 
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L
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)
PeV

Not well constrained
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8ω
< Pram = εwu

2
w

Particle acceleration at the WTS? 
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Numerical solving 
Iterative methodsAnalytical solution hard to find (D= 

const, not physical)



Morlino et al. 2021

Particle spectrum at termination shocks



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) 



Population of young massive star clusters in 
the TeV range 

Menchiari et al. 2022, 2023, Batzofin 2026

Confronting population of simulated population to actual detected population (HESS, LHAASO) 



Microquasars

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

Massive star
Jets

Black hole, 
NS



Mirabel and Rodriguez 1998

Particle acceleration at microquasars

Jet velocity: 

Jet power: 

Magnetic field (jet base):
<latexit sha1_base64="XHJxONByKc65XoQ5N+7kUqSZOzE="></latexit>

B → 104 ↑ 106G
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B → R→1...2

<latexit sha1_base64="45de8qa2Rf0Ag1KI/ZZXl85K+rQ="></latexit>

ω =
vj
c

→ 0.1↑ 0.9
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Lj → 1036 ↑ 1040erg/s

Size: 
<latexit sha1_base64="VxtmLoUZ1D+WhGkL236HW/DdJeI="></latexit>

R → 107 ↑ 1019cm

Complex to model! 

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



Mirabel and Rodriguez 1998

Particle acceleration at microquasars

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

Jet: internal shocks
Diffusive shock acceleration 

Jet base: Highly magnetized, 
strong radiation field

Magnetic reconnection, gap 
acceleration, turbulent acceleration 

(Fermi 2)  

Jet recollimation shocks (jet 
confined by external pressure 

creating standing shocks) 
Diffusive shock acceleration 

Termination shocks (forward, reverse) 
Diffusive shock acceleration 

Shear acceleration
Jet boudaries

Turbulence everywhere
Turbulent acceleration (Fermi2)
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Turbulence everywhere
Turbulent acceleration (Fermi2)



Mirabel and Rodriguez 1998

Particle acceleration at microquasars

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

Maximum energy (Hillas?)
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(
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Region B R EHillas

max

Jet base 104 → 106 G 107 → 109 cm 0.03→ 300Zω PeV
Internal shocks 1→ 103 G 1010 → 1013 cm 3↑ 10→4 → 300Zω PeV
Termination shock 10→ 100µG 0.1→ 10 pc 0.9→ 900Zω PeV

Maximum energy (uncertain) but PeV- multi PeV ok



Microquasars: the case of SS433

HAWC 2018
HESS 2024 LHAASO 2025

LHAASO: electrons + protons 
Particle acceleration: DSA? At which shocks (internal, forward, recollimation 

shocks?)? Fermi II? 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

+3 others
HAWC/H.E.S.S: electrons?  
energy dependent emission on pc 
scale jets. Fast cooling due to 
intense stellar radiation field 
+magnetic field (GeV range : jet 
precession)

Acceleration / cooling of electrons 
<latexit sha1_base64="VjjDuYYjV5IZ6QIJtknzrCMiDuE="></latexit>

tcool =
3mec

4ωT ε (UB + Urad)

Aharonian et al. 2024



Kaci et al. 2025

Massive stars, SNRs?

10 Powerful 
microquasars

Mixed contribution: microquasars + other 
« standard » sources



Cosmic ray electrons 
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Spectrum steeper than protons
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UB → 0.2↑ 0.6 eV cm→3
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UCMB → 0.26 eV cm→3

TeV electrons (IC and syn 
roughly same order 
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ωesc → 10↑ 106yr

TeV electrons are local!

Nearby sources:
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ldi! →
√

4Dtcool → 1kpc

Not too close, constraint from anisotropy: 
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ω ↭ 10→3
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r ↭ 3→ 1020 ↑ 1021 cm ↓ 100↑ 300 pc
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100 pc ↭ dist ↭ 1 kpc



Cosmic ray electrons: good candidates

Supernova remnants
DSA proceeds the same way for protons and electrons (injection different, and 

losses different) 

Discussion on RXJ1713-3946? 
(Protons, electrons?) 

HESS Aharonian et al. 2016

Accelerated and trapped 
particles (electron suffer loses) 

PC, Blasi, Caprioli 2021

Difference of slope beteween electrons and protons 



Cosmic ray electrons: good candidates

Pulsars, Pulsar winds, and halos

HAWC 2018 



Cosmic ray electrons: good candidates

Pulsars, Pulsar winds, and halos

HAWC 2018 

Dist≈250 pc 
Age≈300 kyr

Radio quiet pulsar

One of brightest GeV

Link between pulsar magnetospheres  
Acceleration electron/positrons 
CR electrons/positrons 
TeV halos 
CR diffusion and escape 

<latexit sha1_base64="X1zBo/jC3+m6G+MmNmDr+M+VZf4="></latexit>

Ė → 3↑ 1034erg/s



Pulsar magnetosphere (polar cap, slot gap, 
outer gap equatorial current sheet) 
Electrostatic acceleration in gaps

Ultra-relativistic wind (e±) , high magnetized 
Stipped wind (regions alternating 

+B, -B, +B, -B)
Relativistic reconnection

Termination shock
DSA

Nebula /Halo
Turbulent acceleration / Fermi 2

Particle acceleration around pulsars



Cosmic ray electrons: good candidates

Pulsars, Pulsar winds, and halos

HAWC 2018 
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DGeminga → 1026 ↑ 1027cm2/s ↓ DISM → 1028 ↑ 1029cm2/s

2-3 orders smaller (at ~10 TeV)
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ωcooling → 1

E
<latexit sha1_base64="WX4HtSJOnkzrUbmKuMERt7Tnt8c="></latexit>

Urad + UB → 1 eVcm→3
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rdi! →
↑
4Dt

Important: Diffusion coefficient is energy dependent: 
extrapolation to GeV no easy! 
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D(E) →
(

E

E0

)ω

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



Giacinti et al. 2020



The positron excess
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! =
e+

e→ + e+

Unexpected if sources inject same electrons and 
positrons the same way 

Positron produced in secondary CR interactions?
<latexit sha1_base64="oxCwH/5dPBbKGqg8tp+dlCSO4+c="></latexit>

p+ p → ω± + ω0 +X
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ω+ → µ+ + εµ
<latexit sha1_base64="6w2FepO8GL1W9elRl9eVUXslbAw="></latexit>

µ+ → e+ + ωe + ω̄µ

Possible with pulsars 
Possible with SNRs 

other exotic explanations?
Adriani et al. 2009, Aguilar et al. 2013, Hooper et al. 

2009, Blasi 2009, Profumo 2012



SNR radiative phase (protons+ electrons?)

Difference between 
electron / proton in 
the LIS spectrum?



CR abundances relative to solar composition (Voyager/AMS/SuperTIGER)

Injection from hot medium (superbubbles?)

Tatischeff et al. 2021

Volatiles: Flat abundance/solar 
ratio, A/Q ~2 for all elements

26Explaining the CR composition
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CR abundances relative to solar composition (Voyager/AMS/SuperTIGER)

Injection from hot medium (superbubbles?)

Tatischeff et al. 2021

Volatiles: Flat abundance/solar 
ratio, A/Q ~2 for all elements

26

Mixed scenario 
Most CRs come from SNRs in superbubbles + ~5% 

from wind termination shocks of young stellar 
clusters

Explaining the CR composition



Diffusive shock acceleration of dust grains
1. Cosmic ray air showers?



Diffusive shock acceleration of dust grains
1. Cosmic ray air showers?



Diffusive shock acceleration of dust grains
1. Cosmic ray air showers?



Diffusive shock acceleration of dust grains
2. Volatiles/refractories

Lodders+ 2009,Nieva+ 2012, Murphy+2016 Boschini+ 2020,2021, Tatischeff+2021



Diffusive shock acceleration of dust grains
2. Volatiles/refractories

Lodders+ 2009,Nieva+ 2012, Murphy+2016 Boschini+ 2020,2021, Tatischeff+2021

Preferential acceleration of dust grains?



Diffusive shock acceleration of dust grains



Diffusive shock acceleration of dust grains
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Diffusive shock acceleration (DSA) of dust grains

DSA known to be efficient for protons/electrons/ions

Dust grains: big ions Ellison et al. 1997
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Diffusive shock acceleration (DSA) of dust grains

DSA known to be efficient for protons/electrons/ions

Dust grains: big ions Ellison et al. 1997

This work
New: Grain distribution in size, 

shock velocity, grain-grain 
collisions, etc.
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Diffusive shock acceleration (DSA) of dust grains

DSA known to be efficient for protons/electrons/ions

Dust grains: big ions Ellison et al. 1997

This work
New: Grain distribution in size, 

shock velocity, grain-grain 
collisions, etc.
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Usual question on particle acceleration: Efficiency? 
Maximum momentum? + Survival of grains? 
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Maximum momentum of accelerated dust grains

Acceleration time

Gyration time

Grain-grain coll

Electronic Sputtering

Thermal Sputtering
Sputtering



Maximum momentum of accelerated dust grains
Time evolution for a type Ia SNR
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Time evolution for a type Ia SNR



Maximum momentum of accelerated dust grains
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Rigidity of iron dust grains
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Conclusions
Diffusive shock acceleration of dust grains

1. DSA at SNR shock waves can energize dust grains up to 
Lorentz factor 103 - 104  (smaller grains) 

2. The importance of the charging of grains (survival + Pmax) 

3. Survival of dust grains in the ISM/ sputtering? 

4. The distribution of grains in the SNR surroundings 

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



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

Massive stars, star clusters, winds 

Consensual pictures

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?)

Supernova remnants

play a role in producing Galactic of CRs

pevatrons, but efficient enough?
needed to account for CR composition

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

Stellar winds termination shocks
Wolf-Rayet winds (22Ne enriched)

Microquasars
definitely pevatrons 
contribution lower energy? 
superpevatrons?



The proton and Helium « knee »

Interpretation: Several sources of Galactic cosmic rays (not only one) 
Complex behavior (not like the smooth all-particle spectrum)

LHAASO Cao et al. 2026



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

What does it mean to be a pevatron? 

Several open problems (spectrum? Efficiency? Escape around 
sources?) for all of these candidates: interesting even if not pevatrons! 
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Very sensitive instruments can detect very few PeV particles  
important for CR: Efficient pevatrons-superpevatrons

Summary


