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Img: The Carina Nebula, located at 2.3 kpc, hosts 8 massive stellar 
clusters which blow several cavities (credit: Preibisch et al. 2012)

Can superbubbles accelerate UHE protons?
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Why do we need UHE protons?Why do we need UHE protons?

Protons of tens of 
PeV:

This is what we 
need to match 
KASCADE-Grande 
and Auger data



Why do we need UHE protons?Why do we need UHE protons?

Galactic centre

HAWC 2020

LHAASO 2021

HESS 2016



Why do we need UHE protons?Why do we need UHE protons?

UHE photons: produced by UHE 
protons?

Candidates:
Pulsar wind nebulae
Massive star clusters/superbubbles
Sagittarius A*

From Cygnus-X 
star forming region 
/ OB2 association 
of massive stars

Unknown source, 
but correlated with 
 a giant MC

LHAASO 2021
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Can superbubbles
accelerate UHE protons?



Can superbubbles accelerate UHE protons?

What are “superbubbles”? Formation? Properties?

What is the difference between superbubbles, massive 
star clusters, star-forming regions, interstellar bubbles…?

How particle acceleration works in superbubbles?

What is the maximum energy?
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Multi-wavelength view of the Orion-Eridani superbubble
From Ochsendorf et al. 2015



Stellar cluster

Superbubble formationSuperbubble formation



Stellar cluster

Winds

Superbubble formationSuperbubble formation



Stellar cluster

Winds

Supernovae

Superbubble formationSuperbubble formation



Stellar cluster

Winds

Supernovae

Superbubble
– Low density cavity
– Expanding

Shell

Outer shock

Interior

Superbubble formationSuperbubble formation



Nomenclature of bubbles (everybody uses different definitions...)

Small bubbles (1 pc) = circumstellar bubbles

Medium bubbles (10 pc) = interstellar bubbles (young clusters)

Large bubbles (100 pc) = superbubbles (old clusters)
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The Cygnus-X region in gamma-rays
Fermi collab. 2011



Stellar clusters / Superbubbles do accelerate cosmic rays...

HAWC collab. 2021

Cygnus OB2

Fermi collab. 2011

HESS collab. 2012

Ohm et al. 2013

Westerlund I



HAWC collab. 2021

Cygnus OB2

Fermi collab. 2011

HESS collab. 2012

Ohm et al. 2013

Westerlund I

Maximum energy =
achieved in the electric
potential uBR :

Emax = q uBR

 = 100 PeV for B = 100 µG
         u = 3000 km/s
         R = 100 pc 

Stellar clusters / Superbubbles do accelerate cosmic rays…               … up to 10s PeV according to 
                                                                                                                            common belief

Hillas 1984

Hillas 1984



HAWC collab. 2021

Cygnus OB2

Fermi collab. 2011

HESS collab. 2012

Ohm et al. 2013

Westerlund I
Very nice but…

What
is
the
acceleration
mechanism
?
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potential uBR :
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SB forward shock?
Standard DSA mechanism
Emax = acceleration rate VS SB age

WITAM What
is
the
acceleration
mechanism
?

SB shock:
10 TeV



SB forward shock?
Standard DSA mechanism
Emax = acceleration rate VS SB age

WITAM What
is
the
acceleration
mechanism
?

SB shock:
10 TeV

Vieu+22 in prep.



WITAM What
is
the
acceleration
mechanism
?

SNR: 1 PeV

Supernova remnants expanding in the SB?
Standard DSA mechanism
Emax = acceleration rate VS SNR age

Low-density => longer expansion
Low-density => less efficient B field amplification

Note: compact cluster => SNR expand in the free-wind
B ~ hundreds of µG in the free-wind for very massive clusters!

Ferrand&Marcowith 2010
Vieu+2021
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WITAM What
is
the
acceleration
mechanism
?

Collective wind termination shock?
Requires a compact cluster (e.g. Westerlund 1)
Standard DSA
Emax = geometry limitations (e.g. Morlino et al. 2021)

Gupta+2020
Morlino+2021



WITAM What
is
the
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mechanism
?

HD turbulence: 0.5 PeV

MHD turbulence?
Stochastic (re)acceleration / Fermi II
Emax = acceleration rate VS escape rate

Very inefficient if the diffusion is not Bohm-like.

Bykov+199x
Ferrand&Marcowith 2010
Vieu+2021
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HD turbulence: 0.5 PeV

Vieu+22 in prep.

MHD turbulence?
Stochastic (re)acceleration / Fermi II
Emax = acceleration rate VS escape rate

Very inefficient if the diffusion is not Bohm-like.



WITAM What
is
the
acceleration
mechanism
?

Individual wind termination shock?
Requires a loose cluster (e.g. Cygnus OB2)
Nonlinear stochastic acceleration (Bykov+ 199x)
Emax = acceleration rate VS escape rate

Issue: the relevant velocity is NOT that of the winds, but
The mean velocity in the SB
=> needs to introduce a CR-wind « scattering cross-section » 
=> this cross-section is very low



WITAM What
is
the
acceleration
mechanism
?

Pulsar-WTS collision? (Bykov+ 201x)
Emax = geometry limitations
Unclear how to inject and confine the CR
But large B => can work in principle
A nice way to use the properties of a pulsar to
reaccelerate protons.
Numerical simulations are now needed.

Bykov+2021

(see also Vieu+2020 for similar results 
but discussion on the time limitation)



     AD

Provides useful estimates of the SB properties
Geometry, magnetic fields, turbulence level, diffusion coefficient, shock

       sizes, density, temperature…

Qualitative results on the typical shapes of CR and gamma-ray spectra 
produced in SBs, in various configurations (e.g. loose/compact, effect of the 
shell...)

First quantitative comparison with gamma-ray data and the local CR spectrum

If you’re looking for a pedagogical approach to the subject and have 
some time to lose, have a look at my PhD thesis (available on TEL)

Exemple from proper computations (detailed self-consistent 
model)

Exemple from proper computations (detailed self-consistent 
model)



Propagation
through the shell

Exemple from proper computations (self-consistent model)Exemple from proper computations (self-consistent model)

Stellar winds

Turbulence

Supernovae

Shock reacceleration



Exemple from proper computations (detailed self-consistent model)
Exemple from proper computations (detailed self-consistent model)

Emax
turbulence

Emax
WTS
(loose)

Emax
SNR
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Superbubbles look great!
Do you think the maximum
energy can be like – 100 PeV?

Hum… Let mecompute a few u B R



Can superbubbles accelerate UHE protons?

Loose associations => Emax ~ few PeV

Compact and very massive clusters => Emax ~ up to 5 PeV

Colliding pulsar-WTS => Emax ~ 10 PeV

Is this enough to account for the proton flux near Earth and recent gamma-ray observations?



Loose associations => Emax ~ few PeV

Compact and very massive clusters => Emax ~ up to 10 PeV

Colliding pulsar-WTS => Emax ~ 10 PeV

Is this enough to account for the proton flux near Earth and recent gamma-ray observations?

In fact… how do we define Emax,
observationally speaking?

f(p) = p^-s exp(-E/Emax)



Superbubbles look great!
Do you think the maximum
energy can be like – 100 PeV?

“Maximum energy”?What do you mean?

Thanks!
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