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CHI HA ORDINATO TUTTA QUESTA ROBA?

LUCE DI DIVERSI TIPI

▸ La maggior parte della luce del cielo notturno che i nostri occhi 
percepiscono come tale proviene dalle stelle e la maggior parte di quelle 
che vediamo è contenuta nella nostra casa cosmica… la Via Lattea 

▸ Parte di quella luce è fatta di galassie a noi vicine  

▸ Con i nostri telescopi più potenti vediamo galassie da noi lontane, cosi 
tanto che l’universo che si espande la fa brillare di luce infrarossa 
(spostamento verso il rosso) 

▸ Ma vi è poi luce diversa, che va dalle onde radio ai raggi gamma che noi 
chiamiamo luce non termica - questa è prodotta da particelle cariche di 
altissima energia, che chiamiamo raggi cosmici quando questi 
interagiscono con l’ambiente
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ELEMENTARI DI ALTA ENERGIA CHE CI 

ARRIVANO DAL COSMO SONO COMPOSTE PRINCIPALMENTE DI 
PROTONI, MA ANCHE NUCLEI ATOMICI, 

ELETRONI ED ANTIMATERIA

QUANDO ENTRANO 
NELL’ATMOSFERA TERRESTRE 

GENERANO SCIAMI DI MILIARDI DI 
ALTRE PARTICELLE ENERGIE SINO A 10 MILIONI DI VOLTE PIU’ 

ALTE CHE NEI PIU’ GRANDI ACCELERATORI 
TERRESTRI - LE LEGGI DELLA FISICA 

SPINTE ALL’ESTREMO
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IL PRIMO SGUARDO UMANO FUORI DAL NOSTRO QUARTIERE COSMICO… 

IL Voyager I STA ORA VIAGGIANDO NEL MEZZO INTERSTELLARE … 

e MISURANDO I RAGGI COSMICI CHE A TERRA NON VEDREMO MAI!

24 miliardi di km dalla Terra — 17 km/s di velocita’ (520 milioni 
di km per anno) 

I messaggi che Voyager ci invia impiegano 22 ore ad arrivare 
a Terra viaggiando alla velocità della luce
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RAGGI COSMICI CHE NASCONO…
STELLE CHE NASCONO E MUOIONO … 

DOVE NASCONO I RAGGI COSMICI 
NELLA NOSTRA GALASSIA?
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SUPERNOVE DI TIPO 1 

L’esplosione di una supernova di tipo 1 
avviene quando una nana bianca risucchia 
massa dalla stella compagna e la sua massa 
diviene più grande della cosiddetta massa di 
Chandrasekhar, ovvero 1.4 volte la massa del 
Sole (questo è un fenomeno di meccanica 
quantistica) 

Dopo l’esplosione non rimane nulla della stella 
originale… si tratta di una deflagrazione 
nucleare
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maximum energy typically in the 10 � 100 TeV range (Cristofari
et al. 2020). The only possible exception to this conclusion applies
to powerful (& 5 ⇥ 1051 erg), rare (⇠ 1/104 years) core collapse
SNRs, with relatively small ejecta mass (few solar masses), for
which the maximum energy can indeed reach PeV energies. The
overall spectrum of CRs released in the ISM by each of the classes
of SN explosions mentioned above seems bumpy and unlike the
relatively smooth spectrum observed at the Earth. Although these
problems and di�culties might only suggest that our theoretical
approaches to the origin of CRs in SNRs are too simplistic, they
have also stimulated the search for alternative sources of CRs, with
special care for those that produce a spectrum extending to the knee
energy. In this context, stellar clusters (Reimer et al. 2006), OB
associations (Bykov & Toptygin 2001; Voelk & Forman 1982), and
supperbubbles (Bykov 2001; Parizot et al. 2004) have for instance
been proposed.

It has especially been speculated that the winds of massive stars
may be a suitable location for the acceleration of CRs (Cesarsky &
Montmerle 1983; Webb et al. 1985; Gupta et al. 2018; Bykov et al.
2020). Moreover, recently the gamma ray emission from the region
around a few compact star clusters has been measured, including
Westerlund 1 (Abramowski et al. 2012), Westerlund 2 (Yang et al.
2018), Cygnus cocoon (Ackermann & et al. 2011; Aharonian et al.
2019), NGC 3603 (Saha et al. 2020), BDS2003 (Albert et al. 2020),
W40 (Sun et al. 2020) and 30 Doradus in the LMC (H. E. S. S.
Collaboration et al. 2015). These observations have been used to
infer the spatial distribution of CRs and their energy budget, sup-
porting the scenario in which a sizable fraction of the wind kinetic
energy is converted to non thermal particles and, at the same time,
maximum energies > 100 TeV are reached. These findings would,
than, suggest that stellar clusters can substantially contribute to the
flux of Galactic CRs.

Further support to such a conclusion comes from the analysis
of the 22Ne/20Ne abundance in CRs, which is a factor ⇠ 5 larger
than for the solar wind (Binns et al. 2006). This result is not easy
to accommodate in the framework of particle acceleration at SNR
shocks alone (Prantzos 2012) while can be more easily accounted
for if CRs are at least partly accelerated out of material contained
in the winds of massive stars (Gupta et al. 2020).

Here we show that the termination shock formed as a result of
the interaction of the intense collective wind of the star cluster with
the ISM is a potentially interesting site for particle acceleration up
to ⇠PeV energies, for several reasons: first, particle escape from the
upstream region (in the direction of the star cluster itself) is forbid-
den because of the geometry of the problem; 2) if a relatively small
fraction (⇠ 10%) of the wind kinetic energy is dissipated to mag-
netic energy, particle di�usion around the shock can be reduced,
thereby shortening the acceleration time; 3) if the kinetic luminos-
ity of the star cluster is large enough (& 3 ⇥ 1038 erg/s) then the
maximum energy is indeed in the ⇠PeV range; 4) in rather common
situations around the termination shock, the spectrum of acceler-
ated particles may be somewhat steeper than ⇢�2, as required by
observations of CRs on Galactic scale (Evoli et al. 2019, 2020).

The article is organised as follows: in §2 we briefly describe
the structure of the environment around the star cluster and the
properties of the termination shock where particle acceleration is
expected to take place. In § 3 we discuss the di�usion properties of
particles inside the wind bubble while in § 4 we describe in detail the
solution of the DSA problem at the termination shock and we derive
an expression for the maximum energy of accelerated particles. In
§5 we summarise our findings and we comment on the possibility

Termination
shock

Shocked stellar wind

Shocked ISM
ISM

u1

u2

Rc

Rs

Rcd≃Rfs=Rb

Figure 1. Schematic structure of a wind bubble excavated by a star cluster
into the ISM: 'B marks the position of the termination shock, 'cd the contact
discontinuity, and 'fs the forward shock.

that star clusters may in fact be prominent contributors to the flux
of CRs in the Galaxy.

2 THE BUBBLE’S STRUCTURE

The bubble excavated by the collective stellar wind launched by the
star cluster is schematically illustrated in Fig. 1: the central part is
filled with the wind itself, expanding with a velocity EF and density

d(A) =
§"

4cA2EF
, A > '2 , (1)

where '2 is the radius of the core where the stars are concentrated,
and §" is the rate of mass loss due to the collective wind. The
impact of the supersonic wind with the ISM, assumed here to have a
constant density d0, produces a forward shock at position 'fs, while
the shocked wind is bound by a termination shock, at a location 'B .
The shocked ISM and the shocked wind are separated by a contact
discontinuity at 'cd. The typical cooling timescale of the shocked
ISM is only ⇠ 104 yr, while the cooling time for the shocked wind
is several 107 yr which is comparable with the typical age of these
systems (Koo & McKee 1992a,b). As a consequence, the wind-
blown bubble spends the largest part of its life in a quasi-adiabatic
phase, meaning that the shocked wind is adiabatic while the shocked
ISM is cold and dense and compressed in a very thin layer, such that
we can approximate 'cd ' 'fs ⌘ '1 . Hence most of the volume
of the bubble is filled with the wind and the shocked wind. Below,
following Weaver et al. (1977) and Gupta et al. (2018) we provide a
simple approximation for the position in time of the forward shock
(FS) and the termination shock (TS). The mass accumulated at the
FS while moving in the ISM is " (') =

Ø '
0 4cA2d03A , where d0 is

the external density. The momentum of the material accumulated in
the thin shell between 'cd and 'fs is " (') §' and changes because
of the work done by the pressure % in the hot bubble:

3

3C

⇥
" (') §'

⇤
= 4c'2%. (2)

On the other hand, the energy density in the bubble is n =
4
3c'

3 %
W6�1 , where W6 is the adiabatic index, and it changes ac-
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THE RAM PRESSURE OF THE COLLECTIVE WINDS OF A STAR 
CLUSTER EXCAVATES A BUBBLE OF ~100 pc  

INSIDE THE BUBBLE A STANDING TERMINATION SHOCK IF 
FORMED WHERE PARTICLE ACCELERATION CAN TAKE PLACE 

THE  MAXIMUM ENERGY DEPENDS STRONGLY ON THE WIND 
VELOCITY 

FOR SHOCKS WITH V>3000 Km/s PeV ENERGIES CAN BE REACHED

4

The simple criterion discussed above, using Kolmogorov tur-
bulence, leads to:

⇢max ⇡ 1014 [1/2
⌫

§"11/10
�4 E37/10

8 d�3/5
1 C4/510

✓
!2
2pc

◆�2
eV. (13)

The expression for the di�usion coe�cient in Eq. (12) is valid
as long as the Larmor radius of particles is smaller than !2 . Using
Eq.(11) this constraint can also be written as:

⇢ . 6.8 ⇥ 1015 [1/2
⌫

§"1/5
�4 E2/5

8 d3/10
1 C�2/5

10

✓
!2
2pc

◆
eV. (14)

For larger energies,⇡ (⇢) / ⇢2, independent of the type of turbulent
cascading (see, for instance, Dundovic et al. 2020), and acceleration
quickly becomes ine�cient.

Imposing that ⇢max does not exceed the bound in Eq. (14) one
obtains the additional constraint:

§"9/10
�4 E33/10

8 d�9/10
1 C6/510

✓
!2
1pc

◆�3
. 69 (15)

One can see from Eq. (13) that in order to reach PeV energies, for
the reference values of the parameters one needs wind speeds of
⇠ 2500 km/s using [⌫ ⇠ 0.1. The constraint in Eq. (15) implies
that the wind speed be. 3600 km/s for the same reference values of
the other parameters (notice however the strong dependence upon
!2). It follows that a typical star cluster may produce particles with
energy in the PeV energy region, but not much larger than that. The
dependence of this conclusion upon the spectrum of the turbulence
in the wind region is relatively weak: if the turbulence follows a
Kraichnan cascading process, such that ⇡ (⇢) = E/3 (A!!2)1/2,
it can be easily seen that the maximum energy imposed by the
condition ⇡1 (⇢max)/D1 ⇡ 's reads

⇢max ⇡ 4 ⇥ 1014 [1/2
⌫

§"4/5
�4 E13/5

8 d�3/10
1 C2/510

✓
!2
2pc

◆�1
eV. (16)

In this case, in order to reach PeV energies one needs wind speeds
larger than ⇠ 2000 km s�1 for [⌫ ⇠ 0.1 and the other parameters
chosen at their reference values.

In both cases it appears that massive star clusters characterized
by large wind speeds can account for CR acceleration in the knee
region, provided turbulence can be developed down to small enough
scales to ensure resonant scattering. The time required for such a
cascade process to take place can be estimated (at the termination
shock) as

g2 ' !2
E�

= 2.9 E�1
8 [�1/2

⌫

✓
!2
2pc

◆
kyr, (17)

where E� = ⌫0/
p

4cd = [1/2
⌫

p
2 EF is the Alfvén speed (spatially

constant in the cold wind). The time g2 is clearly much shorter than
the dynamical time scale of a star cluster, but it is also required to be
shorter than the advection time of the wind across the region between
the star cluster and the termination shock, i.e. CF = 'B/EF . For our
standard parameters’ values we have g2/CF = !2EF/('BE�) ' 0.1.

For both models of turbulent cascading the dependence of the
maximum energy upon wind speed is rather strong (⇠ E3.7

8 for
Kolmogorov and ⇠ E2.6

8 for Kraichnan). This strong dependence is
the reason why the maximum energy is in the PeV region only for
very fast winds, while rapidly dropping to lower values for slower,
most common star cluster winds.

A comment about the expected spectrum of accelerated par-
ticles is in order. While DSA at a strong shock almost invariably
leads to a spectrum 5 (?) / ?�4, independent of the geometry of

the shock, multi-wavelengths observations of young SNRs (like Ty-
cho or Cas A) require a proton spectrum / ?�4.3 (Caprioli 2011).
Interestingly, the same spectral index is also inferred based upon
gamma-ray spectra measured from massive stellar clusters (Aha-
ronian et al. 2019), and inferred from CR transport in the Galaxy
(Evoli et al. 2019, 2020). From the theoretical point of view, some
deviations from the standard predicted spectra are expected when
the Alfvénic Mach number is finite and of order a few (Bell 1978).
In the case discussed above, the magnetic field at the shock is as
given in Eq. (11) and the Alfvén speed can be easily calculated
to be E�,1 = EF[1/2

⌫

p
2, for a strong shock. This means that the

Alfvénic Mach number is ⇠ 4.5. Because of the development of
turbulence in the upstream plasma, one can expect that the e�ec-
tive Alfvén speed, accounting for the waves moving in all direc-
tions, is vanishingly small. On the other hand, as shown by Caprioli
et al. (2020) using hybrid simulations, for self-generated perturba-
tions, downstream of the shock there seems to be a net velocity of
these waves in the direction away from the shock. In a parametric
form, we can write the mean velocity of the waves downstream as
Ē�,2 = j

p
11

2
p

2
[1/2
⌫ EF , where j = 0 for waves that are symmetrically

moving in all directions.
On a very general ground, the slope of accelerated particles is

determined by the e�ective compression ratio which accounts for
the average speed of the scattering centers:

f2 =
EF ,1

EF ,2 + Ē�,2
=

4

1 + 4.68j [1/2
⌫

. (18)

A spectral slope of 4.3 would require f2 = 3.3, which in turn would
imply j [1/2

⌫ = 4.5 ⇥ 10�2. Using as a reference value [⌫ ⇡ 0.1,
this condition translates to j ⇡ 14%. Hence an asymmetry at the
level of ⇠ 10 ÷ 15% in the modes would be su�cient to produce
spectra of accelerated particles somewhat steeper than ?�4.

3.2 Self-generated turbulence

On top of MHD turbulence, some level of magnetic field self-
generation is also expected due to the excitation of streaming insta-
bility by accelerated particles in the proximity of the termination
shock. Below we briefly discuss the resonant and the non-resonant
branch of this instability. If the spectrum of accelerated particles
is ⇠ ?�4, then the resonant instability produces a flat turbulence
power spectrum (Amato & Blasi 2006):

Fres =
✓
X⌫

⌫1

◆2
=

c

2
bCR
⇤

EF
E�

=
c

2
bCR
⇤

(2[⌫)�1/2, (19)

where we introduced ⇤ = ln(?max/<?2) ⇠ 13. Notice that here
we are assuming that the self-generated turbulence is produced on
top of a large scale field (yet turbulent on smaller scales). This is
a rather risky procedure for a few reasons: first, the instability is
calculated assuming that there is a regular, well defined field that
defines the unperturbed particle trajectories, not a turbulent field.
Second, in the presence of pre-existing turbulence, the growth of
the instability is quenched, as discussed by Farmer & Goldreich
(2004). In conclusion, the power spectrum reported above should
be considered as an absolute upper limit to the strength of the
phenomenon. In any case, one can see that Fres becomes of order
unity only for [⌫ . 10�4, a rather small value. In any case the
turbulent quenching would make this phenomenon of little impact.

Contrary to resonant modes, the non-resonant streaming insta-
bility (Bell 2004) is allowed to grow only if the energy density in
the CR current times EF/2 is smaller than the energy density in the

MNRAS 000, 1–11 (2021)



COSA FA UN’ONDA D’URTO?
10

00
0 

km
/s

VELOCITA’ DEL 
SUONO 10km/s

Mezzo interstellare 
freddo G a s c a l d o 

dietro l ’onda 
d’urto 
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ONDE D’URTO E COSE CHE ESPLODONO? 
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In entrambi i sistemi di riferimento 
c’è un campo elettrico indotto dal 
movimento di campi magnetici!



Alcune delle particelle nell’ambiente 
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dell’onda d’urto e acquistano energia… 

a causa del fatto che un campo 
magnetico in movimento induce un 
campo elettrico  
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Contrariamente a quel che avviene nel mondo di ogni giorno, nel mondo delle particelle 
elementari, nuove particelle, che non erano presenti all’inizio, possono essere create dal nulla, a 
condizione che certi numeri quantici siano preservati…  

Quando due protoni si scontrano, se c’è abbastanza energia, nuove particelle, i pioni, possono 
essere prodotte  

Esse hanno vita molto breve e rapidamente decadono producendo particelle note, come i fotoni 
(luce gamma) ed elettroni (e positroni)
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Una particella carica nel campo magnetico vicino 
all’onda d’urto emette una radiazione detta di 
sincrotrone, che consiste in onde radio!
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A dispetto dei sofisticati modelli di accelerazione di particelle che abbiamo 
sviluppato, e delle imponenti simulazioni numeriche in cui il fenomeno viene 
emulato a partire da principi primi… 

L’energia massima che viene prodotta sia in esplosioni di supernova sia in 
ammassi stellari è troppo bassa rispetto a quella dei raggi cosmici osservati a Terra 

Inoltre, ad oggi non abbiamo osservato alcuna sorgente la cui radiazione punti ad 
una energia massima delle particelle accelerate confrontabile con quelle a Terra?  

Dove sono dunque i cosiddetti PEVATRONI?
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RAGGI COSMICI DALL’ UNIVERSO !!!

SOLE

La nostra Galassia, la Via Lattea, non è grande a sufficienza né per accelerare né per 
contenere i raggi cosmici di energia superiore a circa 1018 eV, che devono dunque 
provenire da sorgenti esterne, su distanze cosmologiche. 

Questi cosiddetti RAGGI COSMICI DI ALTISSIMA ENERGIA sono avvolti ancora in un 
alone di mistero perché non conosciamo con certezza le loro sorgenti, e il loro moto dalle 
sorgenti sino a noi è tutto fuorché banale
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GALASSIE ATTIVE
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Difficile perché mentre si muovono dalle sorgenti sino a noi, l’Universo si espande e loro perdono un po’ della loro energia…

Ma soprattutto difficile perché mentre si muovono dalle sorgenti sino a noi, collidono contro la luce residua del Big Bang, il cosiddetto 
fondo a microonde, e cosi facendo muoiono rapidamente… 



L’Universo e’ permeato di una debole radiazione, la cosa più fredda esistente in 
Natura, solo pochi gradi sopra lo zero assoluto… 

E’ il residuo del Big Bang… circa 300 fotoni per ogni centimetro cubo di Universo, 
che ci arriva sotto forma di radio frequenze 

Circa l’1% della statica in un vecchio televisore e’ dovuto al Big Bang!!!
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VERSO LE ENERGIE PIÙ ELEVATE MAI OSSERVATE

DOVE I RAGGI COSMICI MUOIONO

Qui i raggi cosmici di energia 
altissima fanno fatica ad arrivare 
sulla Terra, a causa delle loro  
interazioni con la radiazione fossile 
dal Big Bang   

Noi chiamiamo questa cosa:  

la soppressione di Greisen-Zatsepin-
Kuzmin 
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Le particelle accelerate interagiscono cosi tanto con questa radiazione X che non riescono a uscire 
ma producono delle particelle secondarie, i NEUTRINI che invece escono e ci raccontano di quel 
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ma producono delle particelle secondarie, i NEUTRINI che invece escono e ci raccontano di quel 
che accade vicino al buco nero

Il telescopio a neutrini IceCube ha recentemente visto i 
neutrini da uno di questi oggetti, noto come NGC1068 

La Natura ha creato una censura cosmica che ci impedisce di 
vedere luce dal centro di questa macchina acceleratrice, ma 
non riesce pero’ a trattenere i neutrini

NGC1068
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