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The Hillas criterion

this is the best possible accelerator

® g d large charge

strong E field |
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“..a basic property of plasma, its tendency towards electrical neutrality. If over a large volume
the number of electrons per cubic centimeter deviates appreciably from the corresponding
number of positive ions, the electrostatic forces resulting yield a potential energy per particle
that is enormously greater than the mean thermal energy. Unless very special mechanisms are
involved to support such large potentials, the charged particles will rapidly move in such a way as
to reduce these potential difference, i.e., to restore electrical neutrality.”

(Lyman Spitzer “Physics of fully ionised gases")
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SNR shocks in one slide

stellar explosion of energy Esn = 10°! erg ejecting Mc; solar masses
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Large B fields observed!
(~100x7 )

NON LINEAR!
CR acceleration
—> CR escape
—> electric current
—> plasma instability
—> B is amplified

dies due to X

B, synchrotron losses 3
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The Hillas criterion applied to SNRs
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The Hillas criterion applied to SNRs
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can SNR shocks accelerate particles up the knee(s)? —> d most likely yes! |
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The Hillas criterion applied to SNRs

B U L
Emax ~ 3 1012Z T T V
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3 x 1014 — 3 x 106 eV / T \

~100 1-10

1-10

—> Carmelo told us (based on CR data) that SNRs must inject steep spectra (~E-24)

—> gamma-ray observations of individual SNRs suggests the same



The Hillas criterion applied to SNRs
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—> gamma-ray observations of individual SNRs suggests the same
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One can't have everything...

spectrum of CRs released in the ISM during the entire SNR life
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spectrum of CRs released in the ISM during the entire SNR life
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One can't have everything...

spectrum of CRs released in the ISM during the entire SNR life
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One can't have everything...

spectrum of CRs released in the ISM during the entire SNR life

| type II knee at the right place
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It is also worth noticing that none of the types of SNRs consid-
ered here is able alone to describe the relatively smooth CR spec-
trum that we measure over many decades in energy. In a way,
rather than being surprised by the appearance of features, one
should be surprised by the fact that the CR spectrum is so regular.

(Cristofari+ 2020)

can we
 tune it? |
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One can't have everything...

spectrum of CRs released in the ISM during the entire SNR life
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The Hillas criterion applied to GCs
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GCs shocks in one slide

massive virialised object —> ¢ ~ 200 X ¢y




GCs shocks in one slide

massive virialised object —> ¢ ~ 200 X gy

same order as SNR shocks!
(of course this is just a
coincidence)




The Hillas criterion applied to GCs
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The Hillas criterion applied to GCs
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The Hillas criterion applied to GCs
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The Hillas criterion applied to GCs

Emax
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. Hillas criterion does not include energy losses! |

L —

CR protons: Emax —> equilibrium between acceleration rate and energy loss rate

—> photopair production w. CMB —> O(10%°) eV



The Hillas criterion applied to GCs
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| Hillas criterion does not include energy losses! |
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CR protons: Emax —> equilibrium between acceleration rate and energy loss rate

—> photopair production w. CMB —> O(10%°) eV

CR iron: Emox —> photodisintegration w. CMB —> O(1020) eV
(Norman, Melrose & Achterberg 1995 ... Allard & Protheroe 2009 ... Vannoni+ 2011)



The Hillas criterion applied to GCs

E™ ~ 3 % 10%%7 5 v L eV
7 Vs G 1000 km/s /) \ pc
26 (Fe) /‘ T N

3 x 1020 eV ~1 "2

few 106

. Hillas criterion does not include energy losses! |

L —

CR protons: Emax —> equilibrium between acceleration rate and energy loss rate

—> photopair production w. CMB —> O(10%°) eV

CR iron: Emox —> photodisintegration w. CMB —> O(1020) eV
(Norman, Melrose & Achterberg 1995 ... Allard & Protheroe 2009 ... Vannoni+ 2011)
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| possible to accelerate UHECRs! —> G6ZK cutoff or Emax of the accelerator? |

—

| | other possible sources of UHECR AN, RBs...)




The Hillas criterion applied to GCs
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r'ecen'r clalms of a detection in GeV of Coma
| (Remi+ 2021, Baghmanyan+2022) |

GeV particles CANNOT escape clusters —> they will NEVER reach us ’s rate

TeV band —> mugh‘r pr'obe CRs ’rha’r wnll reach usl

(Norman, Melrose & Achterberg 1995 ... Allard & Protheroe 2009 ... Vannoni+ 2011)




A possible test: gamma rays from GCs
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Stellar wind termination shocksHh

Cassé & Paul 1980, 1982 — Cesarsky & Montmerle 1983

analogy with solar WTS (Parker, Jokipii..) + DSA (BOBALSKYy...)



Stellar wind termination shocks§

Cassé & Paul 1980, 1982 — Cesarsky & Montmerle 1983
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Stars or star clusters? Gamma rays...

Aharonian+ 2019, plus several papers especially by Yang and collaborators
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Stars or star clusters? Gamma rays...

Aharonian+ 2019, plus several papers especially by Yang and collaborators
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Stars or star clusters? Gamma rays...

Aharonian+ 2019, plus several papers especially by Yang and collaborators
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Stars or star clusters? Gamma rays...

Aharonian+ 2019, plus several papers especially by Yang and collaborators
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Stars or star clusters? Gamma rays...

Aharonian+ 2019, plus several papers especially by Yang and collaborators
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Stars or star clusters? Gamma rays...

Aharonian+ 2019, plus several papers especially by Yang and collaborators

~ spectra I

36 |

Wc2 Cocoon + @

10 Cygnus Cocoon

@
6 ’:‘9 ‘s__‘ ¥
Y
,“\..“
a 9

Cygnus Cocoon Argo
CMZ —@—

34 |

=3
/cm ™)

3
v 10

Micd Tonoon

10”

lO'l -

radial profile Y

Wd2 Cocoon

\1\ 4
l
Nd1l Coccon(=10 TeV) [ 1

\
\

local CR (= IZUL )

—

The efﬁc1ency of conversion of kmetlc energy of stellar winds to CRs can be as

_ TS
——_‘

high as 10 percent
wi vr ommant contnbutwn to the

e — = — __ = —

E e o y
3 ‘;"‘
= 10%° 1: E;~05PeV 2: E~02PeV
@ ~
o :
[ P
= g
() 10.:’8 g
W
-
O
=
o)
1028 - = = = = —
10 10 10 10° 107 10

Energy (GeV)

ﬂux of hlghest ene

107

ive stars may operate as proton PeVatrons
rgy gAIdctu: CRs. >

CMZ (>10 \)
V\ |

characteristic 1/R scaling: CR

diffusive escape from a point source

]

0

50

150 200 250 300 350

Projected distance (pc)

100 400



Stars or star clusters? Gamma rays...

Aharonian+ 2019, plus several papers especially by Yang and collaborators
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Interstellar bubbles around star clusters

Castor+ 75, Weaver+ 77, McCray&Kafatos 87, Mac Low&McCray 88, Koo&McKee 92...
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Conclusions

& The SNR paradigm for the origin of CRs suffers some major problems
& Most notably, can they accelerate up to the knee (and beyond)?

¥ Galaxy cluster accretion shocks might accelerate up to the maximum
energies observed

& Emerging (?) evidence —> need for a third component

B Wind termination shocks? Galactic wind? Stellar cluster winds?

B Stellar matter is needed to explain CRs! Stellar wind would fix the problem
with 22Ne/20Ne ratio.

& All cosmic rays from non-relativistic shocks?



