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COSMIC RAYS IN THE MULTI-MESSENGER ERA

This is not a new concept for CR physics: the field has been enjoying 
a  wealth  of  data  from  radio  waves,  gamma  rays,  positrons, 
antiprotons,  nuclei  and  having  in  mind  the  “behind-the-corner” 
discovery of neutrinos for decades… 

The news is  that  neutrinos  are  finally  here,  that  they are  actually 
telling us more interesting things that we could have guessed…

and that we detected GW from a bunch of binary systems, and one of 
them happened to be a  gamma ray burst  (source of  gamma rays, 
hence a source of non-thermal particles).



MEASUREMENTS…

Talks by J.C. Díaz Vélez, S. Zhang, P. Zuccon

‣ Spectral characteristics from acceleration and 
propagation mechanism effects 

‣ Mass composition reveals information about local 
source environment and of cosmic ray propagation in 
the Galaxy.  

‣ In general, it is thought that cosmic rays with energies 
below PeV are of galactic origin and that their 
acceleration and transport in the Galaxy occur through 
diffusive processes driven by B-fields.  

‣ Energies up to PeV assumed from 1st order Fermi 
acceleration in shocked plasmas of SNRs with 
propagation through scattering on random fluctuations 
in the ISMF. 

‣ CR of  extra-galactic origin above 109 GeV 
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 The Cosmic-Ray Spectrum
https://web.physics.utah.edu/~whanlon/spectrum.html

J.C. Díaz Vélez

Several  speakers  have  stressed  how  the 
situation that measurements are revealing is at 
odds with the standard model of CR origin

But  the  theoretical  aspects  of  that  model  are 
very simple while this field develops in a very 
data driven way — it is obvious that while data 
get  better,  we  understand  more  of  the  fine 
details of the standard model - that is why we 
are carrying out measurements

Especially  important:  power  laws  do  not 
contain  scales  —  it  is  only  when  we  see 
deviations  (breaks)  that  we  identify  scales 
(remember the knee?)



SPECTRAL BREAKS: CONSISTENT 
APPEARANCE OF FEATURES IN THE SPECTRA

P. Zuccon - UniTN & TIFPA Cosmic Rays in the MM Era - Paris 2022 7

Multi TeV proton flux features

CALET

ISS-CREAM

P. Zuccon - UniTN & TIFPA Cosmic Rays in the MM Era - Paris 2022 8

Multi TeV proton flux features

What is the origin of these structures 
New features in the propagation?

Local sources ?



Primary CRs group in two spectral classes:
• light (He-C-O) and 
• heavy (Ne-Mg-Si)

Mixed -> N, Na, and Al
• both primary and secondary CRs, mixed 

with different compositions

Iron 
• appears to belong the same class of 

light primary nuclei. 
• Ni looks similar to Fe.

Along with p-He anomaly, hint for non-
universal spectral indices for all Z>1 
nuclei?

A complex picture

P. Zuccon - UniTN & TIFPA Cosmic Rays in the MM Era - Paris 2022 16

p/He anomaly
• The He spectrum is harder than the proton on
• Both the spectra seems to have a kink at ~ 300 GV
• the p/He ratio decrease smoothly

P. Zuccon - UniTN & TIFPA Cosmic Rays in the MM Era - Paris 2022 6

Not explained by standard CR propagation theory and in principle acceleration should be the same for p and He

1) VIRTUALLY ALL ELEMENTS HAVE A SPECTRAL BREAK 
AT FEW HUNDRED GV RIGIDITY, THOUGH LESS 
EVIDENCE IN HEAVIER NUCLEI, DUE TO A MORE 
PROMINENT ROLE OF SPALLATION AT LOW ENERGY


2) THE BREAK IS VISIBLE ALSO FOR SECONDARY/
PRIMARY RATIOS —> IT IS DUE TO A CHANGE IN THE 
TRANSPORT


3) PROTONS MUST BE INJECTED WITH A STEEPER 
SOURCE SPECTRUM THAN HELIUM (AND NUCLEI)


4) CARE MUST BE USED IN THE CLASSIFICATION OF 
ELEMENTS IN PRIMARY AND SECONDARY: VIRTUALLY 
ALL ELEMENTS ARE NOT PURE, ESPECIALLY THE 
INTERMEDIATE MASS ONES


5) UNACCEPTABLY LARGE DEPENDENCE OF THE 
CONCLUSIONS ON PARTIAL CROSS SECTIONS THAT 
ARE UNCERTAIN (SOME OF THEM) AT THE LEVEL OF 
30-50%, WHILE DATA ARE MUCH MORE ACCURATE 
(TALK BY F. DONATO) 
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The spectrum of secondary fluxes  

The rigidity dependence of Li, Be and B  
are nearly identical,  

but different from the primary  
He, C and O (and also p).  

Li, Be, B fluxes measured by Pamela and AMS  
show an identical hardening  
 w.r.t. energy above 200 GV.  

The spectral index of secondaries  
hardens 0.13 +- 0.03 more than  

for primaries 

See talk by Paolo Zuccon 



ON THE IMPORTANCE OF MEASURING 
CROSS SECTIONS

Fragmentation cross sections 

Probably the most limiting aspect now 
Dedicated campaigns are needed (LHCb, NA61, Amber/Compass, …)

De La Torre Luque+ JCAP 2021 Weinrich+ A&A 2021

They matter in both directions: as a loss term for progenitors, as a 
source term for daughters 

Talk by F. Donato

THERE ARE MANY INSTANCES IN WHICH THE UNCERTAINTIES IN THE CROSS SECTIONS LIMIT OUR 
ABILITY TO INFER PHYSICAL INFORMATION. ONE SUCH INSTANCE IS THE PRODUCTION OF BE AND B 
FROM HEAVIER ELEMENTS —> LIMITS ON HOW WELL WE CAN DERIVE THE SIZE OF THE MAGNETIZED 
HALO OF THE GALAXY
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CR CLOCKS: UNSTABLE ELEMENTS
7

FIG. 4. Left Panel: Ratio of Beryllium over Boron fluxes. The dotted line shows the case without decay for 10Be while the
other lines refer to different values of H, as labelled. Right Panel: ∆χ2 ≡ χ2 − χ2

min computed on the Be/B data as a function
of the halo size H. We show both the case where only the statistical errors are used (solid orange) and the case with the total
errors (solid blue). The best-fit reduced χ2’s are ∼3 and ∼0.85 in the two cases. The allowed maximum χ2 at 3σ
and 5σ are also indicated with dotted lines.

with the AMS-02 data on the ratios B/C (left panel) and

Be/C (right panel) for different values of H as labeled. In

these plots we show the total experimental uncertainty,

obtained summing in quadrature the statistical and sys-

tematic errors as published by the AMS-02 Collaboration

[4–6]. As expected, for low values of H, say ∼ 1 kpc, the

effect of
10
Be decay is weak, thereby leading to overes-

timating the Be/C ratio and underestimating the B/C

ratio.

In Fig. 3, as in the forthcomings figures, we plot also

the residual respect to experimental data, defined as the

”distance” between the theoretical expectation and data

divided by the total experimental error. As follows from

Fig. 3, the residual is always confined within 3σ, confirm-

ing a good accuracy of our fitting procedure.

The residuals clearly shows a preference for relatively

large values of the halo size, H ∼ 6 kpc. A similar con-

clusion can be drawn by considering the Be/O and B/O

ratios, not shown here. A quantitative assessment of the

significance of these fits will be discussed in Section III B

using the Beryllium over Boron ratio.

B. Beryllium over Boron ratio

In order to calculate the Be/B ratio, we solve the trans-

port equations for all isotopes of both beryllium (
7
Be,

9
Be and

10
Be) and boron (

10
B and

11
B). As we discuss

below, this ratio is more sensitive to the value of H with

respect to the secondary to primary ratios.

If all isotopes of Be were stable, the Be/B ratio at

rigidities above ∼ 10 GV would be a slowly decreasing

function of energy, up to about ∼ 200 GV, where the

spallation time of Be becomes appreciably longer than

the escape time from the Galaxy. The slight decrease re-

flects the fact that the total inelastic cross section scales

as ∝ A
0.7

and boron (denominator) is slightly heavier

than beryllium. At higher rigidity, since the production

cross sections are basically independent of energy [44],

the Be/B ratio is expected to be constant. Moreover, the

spallation of Boron increases the amount of Beryllium

(numerator) at the same energy per nucleon. This be-

haviour is shown as a black dotted line in the left panel

of Fig. 4. At rigidities ≲ 10 GV the spallation cross sec-

tion acquires a small energy dependence which reflects in

the small increase with rigidity visible in the figure.

The AMS-02 data clearly show that the Be/B ratio

increases with rigidity at least up to ∼ 100 GV. The

simplest explanation of such a trend is based on the decay

of
10
Be at low rigidity, where decays occur faster than

escape. The coloured solid lines in the left panel of Fig. 4

show the results of our calculations for the best-fit to the

secondary-over-primary ratios for different values of H as

found in the previous Section.

The residuals are also shown in the bottom part of the

left panel of Fig. 4. In the right panel of the same Figure

we plot as a function of H the ∆χ2 (defined as the dif-
ference between the χ2

(H) and its minimum χ2
min)

 The Be/B ratio is sensitive to the diffusion time, 
because the decays of 10Be decrease the 
numerator and increase the denominator 

 The data suggest a halo size larger than 5 kpc 

 The main source of uncertainty is related to the 
cross sections for Be and B production

Evoli et al. 2020 24

Evoli et al. 2020



THE CASE OF ANTIPROTONS

The antiproton source spectrum 

The effect of LHCb data is to select a high energy  
 trend of the pbar source. 

   
A harder trend is preferred.  

 13

Korsmeier, FD, Di Mauro, PRD 2018

pp —> p- X source term  LHCb pHe —> p- X data & our fit 

Talk by F. Donato

THE PRODUCTION OF ANTIPROTONS IN CR IS HISTORICALLY ONE OF THE MOST IMPORTANT 
INDICATORS OF TRANSPORT, BUT THE ERROR BAR ON PBAR PRODUCTION CROSS SECTION 
MAKE THE WHOLE DIFFERENCE BETWEEN STANDARD PICTURE AND REQUIREMENT OF NEW 
PHYSICS 



POSITRONS
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Pulsars as positron galactic factories
Evoli, Amato, Blasi & Aloisio, PRD 2021
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! AMS-02 data requires an efficiency of conversion: ∼ 20% of the energy released after the Bow-Shock phase
(tBS " 56 ky) although degenerate with 〈P0〉.

! The required slopes γ ∼ 1.8/2.8 are very steep with respect to values we usually infer from γ-rays [Torres+, JHEA 2014]

! Shaded areas: 2-sigma fluctuations due to cosmic variance (CDF)

! HAWC has detected bright and spatially extended TeV gamma-ray sources surrounding the Geminga and Monogem
pulsars [HAWC coll., Science 358, 2017] showing similar efficiencies

C. Evoli (GSSI) Cosmic leptons 05/12/2022 11 / 19 .
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The electron spectrum from SNRs
Evoli, Amato, Blasi & Aloisio, PRD 2021
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! Existence of a fine structure at∼ 42 GeV→ result of KN effects in the ICS on the UV bkg [Evoli+, PRL 2020]

see also alternative interpretation in [Di Mauro et al, PRD, 104, 2021]

! Electrons require a spectrum steeper than protons by∼ 0.3→ puzzling!

! The only aspect that is different between e− and p is the loss rate→ negligible inside the sources unless
B is very strongly amplified [Diesing & Caprioli, PRL 2020; Cristofari+, A&A 2021]

! Expected flatness of the high-energy positron fraction!

C. Evoli (GSSI) Cosmic leptons 05/12/2022 12 / 19
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The total lepton flux
Evoli, Amato, Blasi & Aloisio, PRD 2021
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! We show only directmeasurements: AMS-02, CALET, and DAMPE→ consistent feature at∼ 600 GeV

! Notice now the y-axis is in linear scale

! The data points of DAMPE have also been rescaled in energy by 3% to explore their compatibility with the
results of other direct measurements.

C. Evoli (GSSI) Cosmic leptons 05/12/2022 14 / 19

THERE IS LITTLE DOUBT THAT THE OBSERVED POSITRON 
FLUX AND POSITRON RATIO REQUIRE A SOURCE OTHER 
THEN SECONDARY PRODUCTION


THE BEST PHYSICALLY JUSTIFIED SOURCES ARE PULSARS 
(SEE TALK BY N. BUCCIANTINI), FOR WHICH THERE IS 
INDEPENDENT EVIDENCE OF APPROPRIATE SPECTRA AND 
PRESENCE OF POSITRONS

Talk by C. Evoli
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3) Results

9J.C. Arteaga-HAWC Cosmic Ray Composition ICRC 2021, online, Germany

• The elemental spectra do not follow a power-law function. 

• HAWC data show fine structure (> 5σ) between 10 TeV and 251 TeV:

‣  Softenings at O(10 TeV) for H, He and Z > 2.

‣  Hints for hardenings close to 100 TeV for H and He.

• ΦH(E)/ΦHe(E) < 1 for E = [10 TeV, 100 TeV].

• Composition becomes heavier from 10 TeV to 100 TeV.

• Bump in the the all-particle spectrum at ∼ 46 TeV reported
    by HAWC in 2017 is due to the superposition of individual
    softenings in the spectra of light and heavy mass groups.

• Knee-like feature at ∼ 32 TeV in spectra of H+He observed by     
  HAWC in 2019 comes from individual cuts in spectra for H and He.
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[HAWC Collab., PRD 96 (2017) 122001]

[HAWC Collab., PoS(ICRC2019) 176]

 HAWC p, He, Z>=3 HAWC: J. C. Arteaga 
• The elemental spectra do not follow a power-law function. 
 
HAWC data show fine structure (> 5σ) between 10 TeV and 251 TeV:  
                    ΦH(E)/ΦHe(E) < 1 for E = [10 TeV, 100 TeV]. 

• Composition becomes heavier from 10 TeV to 100 TeV. 
• Bump in the the all-particle spectrum at ∼ 46 TeV reported by HAWC in 2017 is due to 

the superposition of individual softenings in the spectra of light and heavy mass 
groups.  
[HAWC Collab., PRD 96 (2017) 122001] 

• Knee-like feature at ∼ 32 TeV in spectra of H+He observed by HAWC in 2019 comes 

from individual cuts in spectra for H and He.  
[HAWC Collab., PoS(ICRC2019) 176] 
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All-particle spectrum consistent with a broken 
power law 

     

with an index of γ1 = −2.5 ± 0.009 

with a break at  TeV, 

followed by an index of γ2 = −2.7 ± 0.004

ε = 9.9 ± 1.8. 
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24

3.3 ALL-PARTICLE COSMIC RAY ENERGY SPECTRUM

!15

The all-particle cosmic ray energy spectrum obtained in this work compared with the results from 
direct and indirect cosmic ray experiments [14-22].

J. A. Morales - Soto, ICRC 2021. Cosmic ray energy spectrum measured with HAWC.

Preliminary
J. A. Morales - Soto, ICRC 2021

J. A. Morales-Soto & J. C. Arteaga-Velázquez ECRS 2022

All-particle cosmic ray energy spectrum measured by the HAWC experiment from 10 to 500 TeV  

FEATURES ALSO ABOUND IN THE REGION BELOW THE KNEE

BUT WE HAVE NO INFORMATION ABOUT THE SECODNDARY/
PRIMARY  RATIOS  AT  SUCH  ENERGIES,  HENCE  WE  DO  NOT 
KNOW  WETHER  WE  ARE  LOOKING  AT  AN  EFFECT  OF 
TRANSPORT OR DIFFERENT TYPES OF SOURCES COMING INTO 
PLAY

THE  MOST  PROMINENT  FEATURE  REMAINS  THE  KNEE,  FOR 
WHICH  THE  LONG-STANDING  DEBATE  PERSISTS:  DUE  TO  A 
CHANGE IN TRANSPORT OR THE MAXIMUM ENERGY?  (TALK BY 
G. GIACINTI)

NOTICE  THAT  IT  REMAINS  UNCERTAIN 
WHETHER THE KNEE IS MADE BY THE LIGHTER 
COMPONENTS  OR  THE  INTERMEDIATE  MASS 
ONES

HUGE IMPLICATIONS FOR THE TRANSITION TO 
EXTRA-GALACTIC CR

IT  WILL  BE  A  PRECIOUS  ADDITION  TO  HAVE 
LHASSO  MEASUREMENTS  IN  THE  REGION 
AROUND THE KNEE!

H + He

ARGO/WFCTA prototype

PHYSICAL REVIEW D 92, 092005 (2015) 

T=~750 hrs  × 6 Tele. 

T=~220 hrs

ARGO-YBJ + a Cherenkov prototype
The knee of H&He spectrum at 

(700±230(stat.)±70(sys.)) TeV is measured

H and H+He spectra expectation by LHAASO

ALL PARTICLE SPECTRUM



MOVING OUR WAY OUT OF THE GALAXY
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Auger 2021, preliminary
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- Auger has smallest sys. 
uncertainty on energy 
scale (14%)

Phys. Rev. Lett. 125 (2020) 121106 
Phys. Rev. D102 (2020) 062005 
Eur. Phys. J. C81 (2021) 966 

Talks by J. Matthews and R. Engel
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POSSIBLY AN “AGREED UPON”
PICTURE OF MASS COMPOSITION?

Auger-TA comparison of Xmax distributions

13

Comparing Sibyll to QGSJet

The AugerMix result using Sibyll 2.3d is very similar to the old AugerMix result with QGSJetII-04

15

Conclusion

We have constructed a representation of Auger Xmax measurements as would have 
been seen in the TA detector using the Sibyll 2.3d high-energy interaction model.

This representation agrees with TA <Xmax> measurements well, but there is 
disagreement at some energies in 𝝈(Xmax). This disagreement is plausibly due to 
the handling of Xmax resolution due to varying aerosols at TA

A robust difference between the Auger and TA Xmax measurements has not been 
found

A journal publication from the Mass Composition Working Group 
is forthcoming

20

(UHECR 2022, D. Bergmann for the 
Auger-TA joint working group)

Field of 
view

Telescope

Shower size

(1)

(2)

Talk by R. Engel



Xmax distributions of TA vs AugerMix

Auger – TA composition WG 19
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Auger-TA comparison of Xmax distributions (i)
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Talk by R. Engel

Auger-TA comparison of Xmax distributions (i)
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Xmax distributions of TA vs AugerMix

Auger – TA composition WG 20
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⇢ (EeV) # 3? 3I 3 U3 [�] X3 [�] P(� AU1 )
4-8 106, 290 0.01+0.006

�0.004 �0.012 ± 0.008 0.016+0.008
�0.005 97 ± 29 �48+23

�22 1.4 ⇥ 10�1

8-16 32, 794 0.055+0.011
�0.009 �0.03 ± 0.01 0.063+0.013

�0.009 95 ± 10 �28+12
�13 3.1 ⇥ 10�7

16-32 9, 156 0.072+0.021
�0.016 �0.07 ± 0.03 0.10+0.03

�0.02 81 ± 15 �43+14
�14 7.5 ⇥ 10�4

�8 44, 398 0.059+0.009
�0.008 �0.042 ± 0.013 0.073+0.011

�0.009 95 ± 8 �36+9
�9 5.1 ⇥ 10�11

�32 2, 448 0.11+0.04
�0.03 �0.12 ± 0.05 0.16+0.05

�0.04 139 ± 19 �47+16
�15 1.0 ⇥ 10�2

Table 1: 3D dipole reconstruction. Shown are the number of events # , dipole components in the equatorial
plane 3? and along the rotation axis of the Earth 3I , the total 3D amplitude 3, dipole direction (U3 , X3) and
the probability to get a larger amplitude of AU1 from fluctuations of an isotropic distribution.
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Figure 1: Left panel:. Distribution of the normalized rate of events with energy above 8 EeV as a function
of the right ascension. The first-harmonic modulation obtained through the Rayleigh analysis is shown by a
black solid line. Right panel: Map of the flux of cosmic rays above 8 EeV in equatorial coordinates averaged
on top-hat windows of 45� radius. The location of the Galactic plane is shown with a dashed line and the
Galactic center is indicated with a star.

bin, averaged on top-hat windows of 45� radius is presented in the right panel of the same figure83

in equatorial coordinates. The dipole direction points ⇠ 115� away from the direction of the84

Galactic centre indicating an extragalactic origin for these cosmic rays, in agreement with previous85

publications [6, 7].86

The dipole amplitudes as a function of energy are presented in the left panel of Fig. 2. The87

evolution can be described as done in [6] by 3 = 310(⇢/10 EeV)V with 310 = 0.050 ± 0.007 and88

V = 0.98 ± 0.15. The reconstructed direction of the dipolar anisotropy for the di�erent energy bins89

is shown in the right panel of Fig.2 with corresponding 68% C.L. contours of equal probability per90

unit solid angle, marginalized over the dipole amplitude. There is no clear trend in the change of91

the dipole direction as a function of energy considering the present accuracy. The growth of the92

dipole amplitude as a function of energy can be a consequence of the larger relative contribution93

from nearby sources to the flux at higher energies with respect to the integrated flux from the94

more distant and isotropically distributed sources [10–18]. This suppression in the flux of sources95

at larges distances is expected to result from the interaction of UHECRs with the background96

radiation [19, 20]. Interpretation of the reconstructed dipole directions for the di�erent energy97

bins requires taking into account the magnetic deflections of the particles during their trajectory98
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Dipole reconstruction

5No clear trend in the evolution of dipole direction with energy 

Galactic coordinates

Corresponds to 6.6\

was 1.4 × 10EX (ApJ 2020) and 
2.6 ×10E[ (Science 2017)

3

Figure 1. Left above: The density field of the local universe derived from CosmicFlow-2 (Hoffman et al. 2018) in Super-
galactic coordinates; a 3D interactive view is available at [https://sketchfab.com/3d-models/quasi-linear-construction-of-the-density-field-
91448f58ed5b4a30b5dc270a34fb4352] Left below: The intensity map of the flux illuminating the Galaxy � 8 EeV, for sources following
the CosmicFlow-2 density field using the Eq. 1, “d90”, treatment; the pattern is virtually identical for the sharp-horizon treatment, but with
maximum relative flux =1.47 instead of 1.67 as in “d90”. The direction of the dipole component is not far from the CMB dipole. Right panels:
The colored lines are the percentage contribution to the observed UHECR flux coming from the indicated distance bins, as a function of energy,
for the parameters of the best-fitting d90 (above) and sharp-horizon SH* (below) models detailed in Table 1. The dots represent the average
over the energy bin indicated at the top. The actual calculation uses 1 Mpc bins in distance and 0.1 bins in log10(E).

discussed in Table 1; the meaning should be clear in context.)
Even if the source spectrum were known, Eq. 1 is not an ex-
act description because the energy loss rate evolves during
evolution as the composition and energy change. Moreover
the d90(A, E) values available in the literature are integrated
above a threshold rather than applying to a bin of energy.
A future more accurate treatment needs to take this into ac-
count as well as taking the source spectrum as an unknown
to be self-consistently fit.

We explore the possible spreading of the source images
and reduction in horizon due to diffusion in the EGMF, us-
ing the sharp-horizon treatment. We adopt the simplest hy-
pothesis that the universe is filled with homogeneous and
isotropic turbulent magnetic fields. While the turbulence
level of the EGMF is still unknown, upper limits obtained by
various measurements or arguments exist (Durrer & Neronov
2013). We adopt a Kolmogorov spectrum and – to fully

cover the possible parameter space – we consider rms ran-
dom field strength 0.08  BEG  10 nG and coherence
length 0.08  �EG  0.5 Mpc. The diffusion coefficient,
DEG, and indeed all magnetic deflections, depends on rigid-
ity, E/Z; in the relevant rigidity domain, DEG is proportional
to
⇣
E/ZBEG�0.5

EG

⌘2
(Globus et al. 2008). The intensity profile

of a single source depends on the diffusion coefficient and on
the distance to the source; it is calculated by a method fol-
lowing the diffusion of light in scattering media, that allows
to take into account the transition between quasi-linear and
diffusive regimes, as detailed in Appendix A.

For a given assumed EGMF, composition and energy, and
adopting either the sharp-horizon or d90 attenuation, we cal-
culate the weight of a 1-Mpc-thick shell of matter at dis-
tance z in the total observed CR flux at the given (A, E). The
final illumination map for that (A, E) and attenuation model
is then the weighted sum of the surface mass density in each

Fundamental observation: 
non-trivial interplay of 
- mass composition, 
- magnetic horizon and 
- local source distribution

(Ding, Globus & Farrar 2101.04564) (Harari, Mollerach, Roulet PRD92 (2015) 06314)

6.6 s

p ⇠ 5⇥10�11
Exposure until end of 2020 (θ < 80°): 110,000 km2 sr yr

12 The Pierre Auger Collaboration
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Figure 6. Comparison of the dipole amplitude as a function of energy with predictions from models (Harari et al. 2015) with

mixed composition and a source density ⇢ = 10
�4

Mpc
�3

. Cosmic rays are propagated in an isotropic turbulent extragalactic

magnetic field with rms amplitude of 1 nG and a Kolmogorov spectrum with coherence length equal to 1 Mpc (with the results

having only mild dependence on the magnetic-field strength adopted). The gray line indicates the mean value for simulations

with uniformly distributed sources, while the blue one shows the mean value for realizations with sources distributed as the

galaxies in the 2MRS catalog. The bands represent the dispersion for di↵erent realizations of the source distribution. The steps

observed reflect the rigidity cuto↵ of the di↵erent mass components.

Regarding the possible origin of the dipolar CR anisotropy, we note that the relative motion of the observer with
respect to the rest frame of cosmic rays is expected to give rise to a dipolar modulation of the flux, known as the
Compton–Getting e↵ect (Compton & Getting 1935). For particles with a power-law energy spectrum d�/dE / E�� ,
the resulting dipolar amplitude is dCG = (v/c)(� + 2), with v/c the velocity of the observer normalized to the speed
of light. In particular, if the rest frame of the cosmic rays were the same as that of the cosmic microwave background,
the dipole amplitude would be dCG ' 0.006 (Kachelriess & Serpico 2006), an order of magnitude smaller than the
observed dipole above 8 EeV. Thus, the Compton–Getting e↵ect is predicted to give only a sub-dominant contribution
to the dipole measured for energies above 8 EeV.
Plausible explanations for the observed dipolar-like distribution include the di↵usive propagation from the closest

extragalactic source(s) or that it be due to the inhomogeneous distribution of the sources in our cosmic neighborhood
(Giler et al. 1980; Berezinsky et al. 1990; Harari et al. 2014, 2015). The expected amplitude of the resulting dipole
depends in these cases mostly on the number density of the source distribution, ⇢, with only a mild dependence on the
amplitude of the extragalactic magnetic field. For homogeneous source distributions with ⇢ ⇠ (10�5 � 10�3) Mpc�3,
spanning the range between densities of galaxy clusters, jetted radio-galaxies, Seyfert galaxies and starburst galaxies,
the dipole amplitude turns out to be at the level of few percent at E ⇠ 10 EeV, both for scenarios with light (Harari
et al. 2014) and with mixed CR compositions (Harari et al. 2015). A density of sources smaller by a factor of ten leads
on average to a dipolar amplitude larger by approximately a factor of two. An enhanced anisotropy could result if the
sources were to follow the inhomogeneous distribution of the local galaxies, with a dipole amplitude larger by a factor
of about two with respect to the case of a uniform distribution of the same source density. The expected behavior is
exemplified in Figure 6 where we have included the observed dipole amplitude values together with the predictions
from Harari et al. (2015) for a scenario with five representative mass components (H, He, C, Si and Fe) having an E�2

spectrum with a sharp rigidity cuto↵ at 6 EV and adopting a source density ⇢ = 10�4 Mpc�3 (ignoring the e↵ects of
the Galactic magnetic field). The data show indications of a growth in the amplitude with increasing energy that is
similar to the one obtained in the models. Note that this kind of scenario is also in line with the composition favored
by Pierre Auger Observatory data (The Pierre Auger Collaboration 2017c).
Regarding the direction of the dipolar modulation, it is important to take into account the e↵ect of the Galactic

magnetic field on the trajectories of extragalactic cosmic rays reaching the Earth.4 The facts that the Galactic magnetic

4 These deflections can not only lead to a significant change in the dipole direction and in its amplitude, but they also generate some
higher order harmonics even if pure dipolar modulation is only present outside the Galaxy (Harari et al. 2010).

p He
CNO

Si
Fe
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UHECR sky > 32 EeV from the Pierre Auger Observatory

M83

Cen A

NGC 4945

Anisotropy search in the toe region with Auger phase 1 data spanning 2004-2020 (17 years!)
~4σ from search in Centaurus region, confirmed by catalog-based searches.

Largest signal from starburst galaxies but no compelling evidence for catalog preference

For all these searches: most significant signal at Eth = 38-41 EeV on top-hat scale 𝚿 = 23-27° with signal fraction α = 5-15%

Evolution of signal: compatible with linear growth within expected variance, 5σ reach expected in 2025-30 

Most important evidence for UHECR anisotropy around the toe from a single observatory → UHECR source ID is near?
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Catalog-based searches

8

Best-fit parameters and threshold energy
Fit of attenuated flux pattern + isotropy to data with variable signal fraction and smoothing scale above Eth = {32, 33, …, 80} EeV 
For all four catalogs: most significant signal at Eth = 38-41 EeV on top-hat scale 𝚿 = 23-27° with signal fraction α = 6-15%
Post-trial deviation from isotropy: from 3.1σ (jetted AGN) up to 4.0σ (starbursts). 

Evolution of signal with exposure
Starbursts significance: 4.0σ in ApJL 2018, 4.5σ at ICRC2019 (similar α, 𝚿 above 38-41 EeV). 
Compatible with linear growth within expected variance 

Stronger a priori: the Centaurus region

Motivation 
Early-day flagging of Centaurus region (7% current exposure)  

Crowded area in the Council of Giants (3-6 Mpc)

Method & Result
Direction fixed to that of Cen A, free Eth and 𝚿 

Eth > 41 EeV, 𝚿 = 27°: 3.9σ post-trial deviation from isotropy (5% excess)

20°

M83

Cen A

NGC 4945

Auger, Science 2007
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UHECR sky > 32 EeV viewed from the Pierre Auger Observatory Jonathan Biteau

Catalog ⇢th [EeV]  [deg] U [%] TS Post-trial ?-value
All galaxies (IR) 40 24+16

�8 15+10
�6 18.2 6.7 ⇥ 10�4

Starbursts (radio) 38 25+11
�7 9+6

�4 24.8 3.1 ⇥ 10�5

All AGNs (X-rays) 41 27+14
�9 8+5

�4 19.3 4.0 ⇥ 10�4

Jetted AGNs (W-rays) 40 23+9
�8 6+4

�3 17.3 1.0 ⇥ 10�3

Table 2: The results of the searches for anisotropies against catalogs. The second to fourth columns provide
the threshold energy, the equivalent top-hat radius and the signal fraction maximizing the local TS, or
post-trial ?-value, shown in the fifth and sixth columns.

on the analysis results. The catalogs are fully complementary: 2MASS infrared observations of
“all” galaxies provide, through stellar mass, a deep view on integrated star-formation activity; radio
observations of bright starburst galaxies provide a more instantaneous view on ongoing starforming
activity; X-ray observations provide a census of “all” active galaxies, be they jetted or non-jetted;
W-ray observations finally focus on a sub-sample of jetted active galaxies.

To determine whether the flux patterns from these catalogs contribute to the anisotropy in the
toe region, we perform an unbinned maximum-likelihood ratio test [8] between the null hypothesis,
isotropy, and the test hypothesis, that is a catalog contribution added to an isotropic component,
where both hypotheses account for the exposure of the Observatory. The flux of each source is
weighted according to the UHECR attenuation expected from the best-fit model of the spectral and
composition data from [13]. The overall UHECR flux contribution of the catalog is normalized to
a free amplitude U (that of the isotropic component is 1-U) and the catalog flux pattern is smoothed
with a Fisher - von Mises function on a Gaussian angular scale, \. The local test statistic, TS,
corresponding to the maximum likelihood ratio is shown as a function of energy threshold in Fig. 2,
right. The TS profiles of the catalogs display an energy dependence similar to that observed in
the Centaurus region, obtained by profiling the pre-trial ?-value in Fig. 2, left, and penalizing for
the scan over the angular scale. As reported in Table 2, the signal is maximal for all four catalogs
above an energy threshold close to 40 EeV. For the sake of comparison with other results, the best-fit
Gaussian angular scales are converted to equivalent top-hat radii as  = 1.59⇥ \ [17], with best-fit
values at  ⇡ 25�. The signal fractions range from 6 to 15%. The local TS range between 17 and
25, yielding post-trial ?-values between 10�3 (3.1f) and 3 ⇥ 10�5 (4.0f), accounting for the scan
in energy threshold and the two free parameters (U, \).

Although similar parameters are inferred for the four catalogs, the TS and corresponding
post-trial ?-values show marked di�erences. A quantitative comparison between the catalogs is
performed, as in [8], by testing a composite model including contributions from catalog #1 and
catalog #2 against a model including a contribution from catalog #1 only. A W-ray only, X-ray
only, or IR only contribution is disfavored with respect to a composite model including a radio
contribution from starburst galaxies above 38 � 41 EeV at confidence levels varying between 2
and 3f. While there is no significant indication for a preferred catalog, such di�erences can be
qualitatively understood from a comparison of the observed flux map shown in Fig. 1 with the best-
fit flux models shown in Fig. 3. The X-ray and W-ray models of all and jetted AGNs are dominated
by a contribution from Centaurus A, with additional mild contributions close to the edge of the
FoV from NGC 4151 (so-called “Eye of Sauron”) for the former and from the blazar Markarian 421
and the radio-galaxy NGC 1275 for the latter. The possible mild excess south of the edge of the

6

A closer look at the catalog-based models

Which UHECR overdensities do the models grasp?
Centaurus region in all models (M83 + Cen A + NGC 4945 at ~4 Mpc)

Galactic-South-pole tepid spot in starburst model (NGC 253 at ~4 Mpc)

No hotspot at (l,b) ~ (280°,75°) from IR model (Virgo cluster at ~16 Mpc)

Observed > 41 EeV

Best-fit models > 38-41 EeV 

9

Disclaimer: qualitative comparison
Starbursts + IR/X-ray/ɣ-ray vs IR/X-ray/ɣ-ray

yield only mild (2-3σ) preference for starbursts

Model flux map

All data until end of 2020, optimized quality cuts: 120,000 km2 sr yr

4.0s

3.1s

Growth of test statistic (TS) compatible with linear increase 
Discovery threshold of 5σ expected in 2025 – 2030 (Phase II) 
Other means to increase sensitivity (Auger 85% sky coverage)

(Auger, ApJ 935 (2022) 170)
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No hotspot at (l,b) ~ (280°,75°) from IR model (Virgo cluster at ~16 Mpc)

Observed > 41 EeV

Best-fit models > 38-41 EeV 

9

Disclaimer: qualitative comparison
Starbursts + IR/X-ray/ɣ-ray vs IR/X-ray/ɣ-ray

yield only mild (2-3σ) preference for starbursts

Model flux map

All data until end of 2020, optimized quality cuts: 120,000 km2 sr yr

4.0s

3.1s

Growth of test statistic (TS) compatible with linear increase 
Discovery threshold of 5σ expected in 2025 – 2030 (Phase II) 
Other means to increase sensitivity (Auger 85% sky coverage)

(Auger, ApJ 935 (2022) 170)

NOTICE  THAT  THE  POSSIBLE  CORRELATION  WITH  STARBURSTS  DOES  NOT  MEAN  THAT  THEY  ARE  THE  SOURCES  OF 
UHECR: IN FACT MOST SB GALAXIES DO NOT HAVE ENOUGH JUICE TO EVEN GET CLOSE TO UHE. THIS MAY HAPPEN 
FOR UFO (TAIL OF SB), BUT THEN…



A LOT OF THINGS TO MAKE SENSE OF … 


LET’S START FROM THE FEATURES IN THE CR SPECTRA…


AT 300 GV ALL SPECIES WE MEASURE SHOW A CHANGE OF SLOPE…


WE KNOW THAT THIS PHENOMENON IS ALSO PRESENT IN THE 
SECONDARY/PRIMARY RATIOS, HENCE THIS FEATURE IS INTRINSIC IN THE 
WAY PARTICLE DIFFUSE IN THE GALAXY


THIS BOILS DOWN TO UNDERSTANDING WHY CRS SCATTER 
IN THE GALAXY


DUE TO THE TRANSITION FROM A 
SELF-GENERATED TURBULENCE TO A 

PRE-EXISTING TURBULENCE

(PB+2012, …)

NON TRIVIAL SPATIAL DEPENDENCE 
OF D(E,Z) ON THE HEIGHT UPON THE 

DISC (Tomassetti 2012, …)



GOLDEN RULE
IF YOU WANT PARTICLES TO DIFFUSE IN SPACE, YOU NEED RESONANCES! 
NAMELY MAGNETIC FIELD POWER ON PARALLEL WAVENUMBERS-1 OF LARMOR 
RADIUS OF THE PARTICLES…


THERE ARE MAINLY TWO SOURCES OF TURBULENCE: 

1) MHD TURBULENCE THAT IS INJECTED AT SOME SCALE AND CASCADES 

TO SMALLER SCALES


2) TURBULENCE WHICH IS SELF-GENERATED BY COSMIC RAYS THEMSELVES

NON-LINEAR TRANSPORT

 18

COSMIC RAYS STIR MAGNETIC 
FIELDS ON THE SCALE OF THEIR 

OWN LARMOR RADIUS 
(STREAMING INSTABILITY)

TURBULENCE IS ALSO INJECTED BY 
SN EXPLOSIONS AND CASCADES 
TOWARDS SMALLER SCALES

THIS MECHANISM IS VERY 
IMPORTANT BELOW A FEW 
HUNDRED GV

D(E,Z) OUTPUT OF THE PROBLEM

Similar to 
K. Dolag’s



THE  THING  YOU  HEAR  ABOUT  ASSUMING  KOLMOGOROV  (OR  ELSE) 
TURBULENCE  MEANS  THAT  ENERGY  IS  INJECTED  AT  SOME  SCALE  L AND 
CASCADES TO SMALLER SCALES 

k

P(k)

1/L

k-5/3
IF  ΔB/B<<1  (WEAK  TURBULENCE)  THEN  THE 
DIFFUSION COEFFICIENT PARALLEL TO B IS >> THAN 
THE PERP ONEAnisotropic diffusion

Giacinti et al, 1710.08205 

Talk by G. Giacinti



WARNINGS AND IMPLICATIONS
TURBULENCE BECOMES VERY ANISOTROPIC AND TYPICALLY THERE IS NO POWER LEFT TO SCATTER 
PARTICLES WITH RL(E)<~0.1 L — WHAT IS THE SOURCE OF SCATTERING THEN??? 

YET, IF SOME KIND OF TURBULENCE DOES EXIST, AND IF THERE ARE GALACTIC ACCELERATORS 
WITH EMAX>>PEV, THEN A KNEE IS EXPECTED (PROPOSED ALREADY IN THE 60’S). 

G.Giacinti and D.Semikoz,  in preparation

Knee – Proton flux 

1.6% of all SNe

(rare, extreme 

CCSNe in dense 

winds)

2.5 slopes

2.2 injection

Lmax = 

25pc

Talk by G. Giacinti

Recall that this is 
due to transport 



ACCELERATION/SOURCES
Talks by A. Spitkovsky 

&
V. Tatischeff

FOR GALACTIC CR IT APPEARS CLEAR THAT SHOCKS PLAY A CENTRAL ROLEQuasiparallel shocks: proton and electron accelerators                                                
Mach 10 nonrelativistic hybrid simulation of proton acceleration

Density

Bz
V

B0

1. SHOCKS  IN  MOST  ASTROPHYSICAL 
SITUATIONS ARE COLLISIONLESS (MEDIATED 
BY E.M. INSTABILITIES)

2. THE  INJECTION  OF  PARTICLES  AT  THE 
SHOCK  IS  SEVERELY  DEPENDENT  UPON 
INCLINATION  ANGLE  (SUPPRESSED  FOR 
>45DEG) 

3. THE  SHOCK  ACCELERATES  EFFECTIVELY 
ONLY  IN  THE  PRESENCE  OF  SELF-
GENERATED  WAVES  (STREAMING 
INSTABILITY)

4. THE ROLE OF THESE WAVES TO SHAPE THE 
SPECTRUM HAS BEEN RECENTLY STUDIED

Caprioli&Spitkovsky 2014



ACCELERATION/SOURCES
Talks by A. Spitkovsky 

&
V. Tatischeff

FOR GALACTIC CR IT APPEARS CLEAR THAT SHOCKS PLAY A CENTRAL ROLEQuasiparallel shocks: proton and electron accelerators                                                
Mach 10 nonrelativistic hybrid simulation of proton acceleration

Density

Bz
V

B0

1. SHOCKS  IN  MOST  ASTROPHYSICAL 
SITUATIONS ARE COLLISIONLESS (MEDIATED 
BY E.M. INSTABILITIES)

2. THE  INJECTION  OF  PARTICLES  AT  THE 
SHOCK  IS  SEVERELY  DEPENDENT  UPON 
INCLINATION  ANGLE  (SUPPRESSED  FOR 
>45DEG) 

3. THE  SHOCK  ACCELERATES  EFFECTIVELY 
ONLY  IN  THE  PRESENCE  OF  SELF-
GENERATED  WAVES  (STREAMING 
INSTABILITY)

4. THE ROLE OF THESE WAVES TO SHAPE THE 
SPECTRUM HAS BEEN RECENTLY STUDIED

Caprioli&Spitkovsky 2014

With the effective compression felt 
by CRs                                                                                                   

 

CRs feel : the power-law 
index is not universal, but depends 
on the (CR-produced) B field 

Ab-initio explanation for the steep 
spectra observed?

q = 3rcr

rcr − 1 =
3rgas

rgas − 1 − α
> qDSA

rcr < rgas

36

A Revised Theory of Diffusive Shock Acceleration

Caprioli, Haggerty & Blasi 2020

Old DSA prediction

Revised prediction

Caprioli, Haggert&PB 2021



Acceleration/sources
✤ SNR are effective accelerators,  as also shown by the large B field in the X-ray rims. The 

highest effective Emax is reached at the beginning of Sedov phase 

✤ For SN-Ia Emax is typically around 100 TeV

✤ For SN-II exploding in the wind of the pre-SN star Emax can be a bit higher but still <<knee

✤ Only in rare, very energetic core collapse SNe one can get up to the knee region

✤ But the spectrum is all but trivial
P. Cristofari et al.: Cosmic ray protons and electrons from supernova remnants
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Fig. 2. Spectra of protons produced at SNRs from type Ia (top), type II
(center), and type II* (bottom) SNRs for ↵ = 4 (thick lines) and ↵ = 4.3
(thin lines) if they were instantaneously liberated into the ISM (bro-
ken shell assumption). The dashed curves illustrate the e↵ect of adia-
batic losses in the downstream region, while the dotted lines refer to the
escape flux from the upstream region. In the bottom part of each panel
we also show the local slope of the spectrum q(p) at a given momentum.

the normal ISM, with a spatially constant gas density and back-
ground magnetic field. For type Ia SNRs the e↵ective maximum
energy is a few tens of TeV (left panel of Fig. 2). There is an
additional spectral steepening at somewhat lower energies due
to the temporal evolution of the maximum energy. More specif-
ically, the steepening occurs at the maximum energy reached at
the end of the ST phase, typically a few TeV. The flux of escaping
CR protons starts at about the same energy, as is clearly visible
in Fig. 2.

For a strong shock, such as the one expected for a young SNR
expanding in the normal ISM, the spectrum of accelerated parti-
cles at the shock location has a slope very close to 4 (thick lines
in Fig. 2). Nevertheless, as recently discussed by Caprioli et al.
(2020), the spectrum can be steeper if the finite velocity of scat-
tering centers in the downstream plasma is taken into account.
For this reason, in Fig. 2 we also show the case ↵ = 4.3 (thin
lines). In all cases of interest, the spectra of CR protons that are
injected into the ISM (as the sum of the two contributions) are
quite close to the spectrum at the shock in terms of slope, with
the exception of the highest energies, as discussed above.

For type II SNRs, the spectrum of CR protons is shown in
the middle panel of Fig. 2. For the sake of making a fair com-
parison between the three types of SN explosions, here we used
an acceleration e�ciency of ⇠CR = 0.1 for all of them. As dis-
cussed by Cristofari et al. (2020), because of the di↵erent rates
of occurrence of these events in the Galaxy, for type II SNRs
the e�ciency is required to be somewhat lower than for type Ia,
which is also reflected in a lower value of the maximum energy
of particles accelerated at the shock (see Eq. (12)). Despite this
bias, the maximum achievable energy for type II SNRs remains
on the order of ⇠105 GeV and falls short of the knee by a large
amount, as already pointed out by Cristofari et al. (2020).

Only when parameters are pushed to the extreme (what we
have called here type II* SNRs) can the maximum energy reach
the knee, as shown in the right plot of Fig. 2. As already pointed
out by Caprioli et al. (2009b), the superposition of the escape
flux from the di↵erent stages of shock evolution in the complex
environment around these SNRs may lead to the appearance of
bumps in the overall CR spectrum that might be related to the
feature recently measured by DAMPE in the 10�100 TeV region
of the proton spectrum (An et al. 2019).

The corresponding spectra of electrons injected by SNRs of
di↵erent types into the ISM are shown in Fig. 3. The thick and
thin curves refer to ↵ = 4 and ↵ = 4.3, respectively. The dash-
dotted line identifies the spectrum of particles accelerated at the
shock, as if they were immediately liberated into the ISM, with-
out energy losses. The solid lines are the spectra of electrons
liberated into the ISM after adiabatic and synchrotron losses
downstream of the shock, while the upstream escape flux, lim-
ited to the times when the maximum energy of electrons is not
determined by energy losses, is shown in the form of dotted lines.
If the SNR shell were broken or if confinement in the down-
stream region were energy-dependent (e.g., due to turbulence
damping), the actual contribution would lie between the dash-
dotted and solid lines.

The rate of synchrotron losses is larger when the condition
for the growth of the magnetic field through the excitation of
the nonresonant hybrid instability is fulfilled. As discussed in
Sect. 2, B2

2/⇢ / v7�↵
sh for this instability, and hence the mecha-

nism becomes less e↵ective or even ine↵ective in the late stages
of SNR evolution; these stages are, however, crucial for the pro-
duction of low energy electrons. As a consequence, the e↵ect of
radiative energy losses is only important at energies at or above
teraelectronvolt levels, while it is minor at lower energies, as
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Fig. 2. Spectra of protons produced at SNRs from type Ia (top), type II
(center), and type II* (bottom) SNRs for ↵ = 4 (thick lines) and ↵ = 4.3
(thin lines) if they were instantaneously liberated into the ISM (bro-
ken shell assumption). The dashed curves illustrate the e↵ect of adia-
batic losses in the downstream region, while the dotted lines refer to the
escape flux from the upstream region. In the bottom part of each panel
we also show the local slope of the spectrum q(p) at a given momentum.

the normal ISM, with a spatially constant gas density and back-
ground magnetic field. For type Ia SNRs the e↵ective maximum
energy is a few tens of TeV (left panel of Fig. 2). There is an
additional spectral steepening at somewhat lower energies due
to the temporal evolution of the maximum energy. More specif-
ically, the steepening occurs at the maximum energy reached at
the end of the ST phase, typically a few TeV. The flux of escaping
CR protons starts at about the same energy, as is clearly visible
in Fig. 2.

For a strong shock, such as the one expected for a young SNR
expanding in the normal ISM, the spectrum of accelerated parti-
cles at the shock location has a slope very close to 4 (thick lines
in Fig. 2). Nevertheless, as recently discussed by Caprioli et al.
(2020), the spectrum can be steeper if the finite velocity of scat-
tering centers in the downstream plasma is taken into account.
For this reason, in Fig. 2 we also show the case ↵ = 4.3 (thin
lines). In all cases of interest, the spectra of CR protons that are
injected into the ISM (as the sum of the two contributions) are
quite close to the spectrum at the shock in terms of slope, with
the exception of the highest energies, as discussed above.

For type II SNRs, the spectrum of CR protons is shown in
the middle panel of Fig. 2. For the sake of making a fair com-
parison between the three types of SN explosions, here we used
an acceleration e�ciency of ⇠CR = 0.1 for all of them. As dis-
cussed by Cristofari et al. (2020), because of the di↵erent rates
of occurrence of these events in the Galaxy, for type II SNRs
the e�ciency is required to be somewhat lower than for type Ia,
which is also reflected in a lower value of the maximum energy
of particles accelerated at the shock (see Eq. (12)). Despite this
bias, the maximum achievable energy for type II SNRs remains
on the order of ⇠105 GeV and falls short of the knee by a large
amount, as already pointed out by Cristofari et al. (2020).

Only when parameters are pushed to the extreme (what we
have called here type II* SNRs) can the maximum energy reach
the knee, as shown in the right plot of Fig. 2. As already pointed
out by Caprioli et al. (2009b), the superposition of the escape
flux from the di↵erent stages of shock evolution in the complex
environment around these SNRs may lead to the appearance of
bumps in the overall CR spectrum that might be related to the
feature recently measured by DAMPE in the 10�100 TeV region
of the proton spectrum (An et al. 2019).

The corresponding spectra of electrons injected by SNRs of
di↵erent types into the ISM are shown in Fig. 3. The thick and
thin curves refer to ↵ = 4 and ↵ = 4.3, respectively. The dash-
dotted line identifies the spectrum of particles accelerated at the
shock, as if they were immediately liberated into the ISM, with-
out energy losses. The solid lines are the spectra of electrons
liberated into the ISM after adiabatic and synchrotron losses
downstream of the shock, while the upstream escape flux, lim-
ited to the times when the maximum energy of electrons is not
determined by energy losses, is shown in the form of dotted lines.
If the SNR shell were broken or if confinement in the down-
stream region were energy-dependent (e.g., due to turbulence
damping), the actual contribution would lie between the dash-
dotted and solid lines.

The rate of synchrotron losses is larger when the condition
for the growth of the magnetic field through the excitation of
the nonresonant hybrid instability is fulfilled. As discussed in
Sect. 2, B2

2/⇢ / v7�↵
sh for this instability, and hence the mecha-

nism becomes less e↵ective or even ine↵ective in the late stages
of SNR evolution; these stages are, however, crucial for the pro-
duction of low energy electrons. As a consequence, the e↵ect of
radiative energy losses is only important at energies at or above
teraelectronvolt levels, while it is minor at lower energies, as
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Fig. 2. Spectra of protons produced at SNRs from type Ia (top), type II
(center), and type II* (bottom) SNRs for ↵ = 4 (thick lines) and ↵ = 4.3
(thin lines) if they were instantaneously liberated into the ISM (bro-
ken shell assumption). The dashed curves illustrate the e↵ect of adia-
batic losses in the downstream region, while the dotted lines refer to the
escape flux from the upstream region. In the bottom part of each panel
we also show the local slope of the spectrum q(p) at a given momentum.

the normal ISM, with a spatially constant gas density and back-
ground magnetic field. For type Ia SNRs the e↵ective maximum
energy is a few tens of TeV (left panel of Fig. 2). There is an
additional spectral steepening at somewhat lower energies due
to the temporal evolution of the maximum energy. More specif-
ically, the steepening occurs at the maximum energy reached at
the end of the ST phase, typically a few TeV. The flux of escaping
CR protons starts at about the same energy, as is clearly visible
in Fig. 2.

For a strong shock, such as the one expected for a young SNR
expanding in the normal ISM, the spectrum of accelerated parti-
cles at the shock location has a slope very close to 4 (thick lines
in Fig. 2). Nevertheless, as recently discussed by Caprioli et al.
(2020), the spectrum can be steeper if the finite velocity of scat-
tering centers in the downstream plasma is taken into account.
For this reason, in Fig. 2 we also show the case ↵ = 4.3 (thin
lines). In all cases of interest, the spectra of CR protons that are
injected into the ISM (as the sum of the two contributions) are
quite close to the spectrum at the shock in terms of slope, with
the exception of the highest energies, as discussed above.

For type II SNRs, the spectrum of CR protons is shown in
the middle panel of Fig. 2. For the sake of making a fair com-
parison between the three types of SN explosions, here we used
an acceleration e�ciency of ⇠CR = 0.1 for all of them. As dis-
cussed by Cristofari et al. (2020), because of the di↵erent rates
of occurrence of these events in the Galaxy, for type II SNRs
the e�ciency is required to be somewhat lower than for type Ia,
which is also reflected in a lower value of the maximum energy
of particles accelerated at the shock (see Eq. (12)). Despite this
bias, the maximum achievable energy for type II SNRs remains
on the order of ⇠105 GeV and falls short of the knee by a large
amount, as already pointed out by Cristofari et al. (2020).

Only when parameters are pushed to the extreme (what we
have called here type II* SNRs) can the maximum energy reach
the knee, as shown in the right plot of Fig. 2. As already pointed
out by Caprioli et al. (2009b), the superposition of the escape
flux from the di↵erent stages of shock evolution in the complex
environment around these SNRs may lead to the appearance of
bumps in the overall CR spectrum that might be related to the
feature recently measured by DAMPE in the 10�100 TeV region
of the proton spectrum (An et al. 2019).

The corresponding spectra of electrons injected by SNRs of
di↵erent types into the ISM are shown in Fig. 3. The thick and
thin curves refer to ↵ = 4 and ↵ = 4.3, respectively. The dash-
dotted line identifies the spectrum of particles accelerated at the
shock, as if they were immediately liberated into the ISM, with-
out energy losses. The solid lines are the spectra of electrons
liberated into the ISM after adiabatic and synchrotron losses
downstream of the shock, while the upstream escape flux, lim-
ited to the times when the maximum energy of electrons is not
determined by energy losses, is shown in the form of dotted lines.
If the SNR shell were broken or if confinement in the down-
stream region were energy-dependent (e.g., due to turbulence
damping), the actual contribution would lie between the dash-
dotted and solid lines.

The rate of synchrotron losses is larger when the condition
for the growth of the magnetic field through the excitation of
the nonresonant hybrid instability is fulfilled. As discussed in
Sect. 2, B2

2/⇢ / v7�↵
sh for this instability, and hence the mecha-

nism becomes less e↵ective or even ine↵ective in the late stages
of SNR evolution; these stages are, however, crucial for the pro-
duction of low energy electrons. As a consequence, the e↵ect of
radiative energy losses is only important at energies at or above
teraelectronvolt levels, while it is minor at lower energies, as
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Acceleration/sources
✤ SNR are effective accelerators,  as also shown by the large B field in the X-ray rims. The 

highest effective Emax is reached at the beginning of Sedov phase 

✤ For SN-Ia Emax is typically around 100 TeV

✤ For SN-II exploding in the wind of the pre-SN star Emax can be a bit higher but still <<knee

✤ Only in rare, very energetic core collapse SNe one can get up to the knee region

✤ But the spectrum is all but trivial
P. Cristofari et al.: Cosmic ray protons and electrons from supernova remnants
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Fig. 2. Spectra of protons produced at SNRs from type Ia (top), type II
(center), and type II* (bottom) SNRs for ↵ = 4 (thick lines) and ↵ = 4.3
(thin lines) if they were instantaneously liberated into the ISM (bro-
ken shell assumption). The dashed curves illustrate the e↵ect of adia-
batic losses in the downstream region, while the dotted lines refer to the
escape flux from the upstream region. In the bottom part of each panel
we also show the local slope of the spectrum q(p) at a given momentum.

the normal ISM, with a spatially constant gas density and back-
ground magnetic field. For type Ia SNRs the e↵ective maximum
energy is a few tens of TeV (left panel of Fig. 2). There is an
additional spectral steepening at somewhat lower energies due
to the temporal evolution of the maximum energy. More specif-
ically, the steepening occurs at the maximum energy reached at
the end of the ST phase, typically a few TeV. The flux of escaping
CR protons starts at about the same energy, as is clearly visible
in Fig. 2.

For a strong shock, such as the one expected for a young SNR
expanding in the normal ISM, the spectrum of accelerated parti-
cles at the shock location has a slope very close to 4 (thick lines
in Fig. 2). Nevertheless, as recently discussed by Caprioli et al.
(2020), the spectrum can be steeper if the finite velocity of scat-
tering centers in the downstream plasma is taken into account.
For this reason, in Fig. 2 we also show the case ↵ = 4.3 (thin
lines). In all cases of interest, the spectra of CR protons that are
injected into the ISM (as the sum of the two contributions) are
quite close to the spectrum at the shock in terms of slope, with
the exception of the highest energies, as discussed above.

For type II SNRs, the spectrum of CR protons is shown in
the middle panel of Fig. 2. For the sake of making a fair com-
parison between the three types of SN explosions, here we used
an acceleration e�ciency of ⇠CR = 0.1 for all of them. As dis-
cussed by Cristofari et al. (2020), because of the di↵erent rates
of occurrence of these events in the Galaxy, for type II SNRs
the e�ciency is required to be somewhat lower than for type Ia,
which is also reflected in a lower value of the maximum energy
of particles accelerated at the shock (see Eq. (12)). Despite this
bias, the maximum achievable energy for type II SNRs remains
on the order of ⇠105 GeV and falls short of the knee by a large
amount, as already pointed out by Cristofari et al. (2020).

Only when parameters are pushed to the extreme (what we
have called here type II* SNRs) can the maximum energy reach
the knee, as shown in the right plot of Fig. 2. As already pointed
out by Caprioli et al. (2009b), the superposition of the escape
flux from the di↵erent stages of shock evolution in the complex
environment around these SNRs may lead to the appearance of
bumps in the overall CR spectrum that might be related to the
feature recently measured by DAMPE in the 10�100 TeV region
of the proton spectrum (An et al. 2019).

The corresponding spectra of electrons injected by SNRs of
di↵erent types into the ISM are shown in Fig. 3. The thick and
thin curves refer to ↵ = 4 and ↵ = 4.3, respectively. The dash-
dotted line identifies the spectrum of particles accelerated at the
shock, as if they were immediately liberated into the ISM, with-
out energy losses. The solid lines are the spectra of electrons
liberated into the ISM after adiabatic and synchrotron losses
downstream of the shock, while the upstream escape flux, lim-
ited to the times when the maximum energy of electrons is not
determined by energy losses, is shown in the form of dotted lines.
If the SNR shell were broken or if confinement in the down-
stream region were energy-dependent (e.g., due to turbulence
damping), the actual contribution would lie between the dash-
dotted and solid lines.

The rate of synchrotron losses is larger when the condition
for the growth of the magnetic field through the excitation of
the nonresonant hybrid instability is fulfilled. As discussed in
Sect. 2, B2

2/⇢ / v7�↵
sh for this instability, and hence the mecha-

nism becomes less e↵ective or even ine↵ective in the late stages
of SNR evolution; these stages are, however, crucial for the pro-
duction of low energy electrons. As a consequence, the e↵ect of
radiative energy losses is only important at energies at or above
teraelectronvolt levels, while it is minor at lower energies, as
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Fig. 2. Spectra of protons produced at SNRs from type Ia (top), type II
(center), and type II* (bottom) SNRs for ↵ = 4 (thick lines) and ↵ = 4.3
(thin lines) if they were instantaneously liberated into the ISM (bro-
ken shell assumption). The dashed curves illustrate the e↵ect of adia-
batic losses in the downstream region, while the dotted lines refer to the
escape flux from the upstream region. In the bottom part of each panel
we also show the local slope of the spectrum q(p) at a given momentum.

the normal ISM, with a spatially constant gas density and back-
ground magnetic field. For type Ia SNRs the e↵ective maximum
energy is a few tens of TeV (left panel of Fig. 2). There is an
additional spectral steepening at somewhat lower energies due
to the temporal evolution of the maximum energy. More specif-
ically, the steepening occurs at the maximum energy reached at
the end of the ST phase, typically a few TeV. The flux of escaping
CR protons starts at about the same energy, as is clearly visible
in Fig. 2.

For a strong shock, such as the one expected for a young SNR
expanding in the normal ISM, the spectrum of accelerated parti-
cles at the shock location has a slope very close to 4 (thick lines
in Fig. 2). Nevertheless, as recently discussed by Caprioli et al.
(2020), the spectrum can be steeper if the finite velocity of scat-
tering centers in the downstream plasma is taken into account.
For this reason, in Fig. 2 we also show the case ↵ = 4.3 (thin
lines). In all cases of interest, the spectra of CR protons that are
injected into the ISM (as the sum of the two contributions) are
quite close to the spectrum at the shock in terms of slope, with
the exception of the highest energies, as discussed above.

For type II SNRs, the spectrum of CR protons is shown in
the middle panel of Fig. 2. For the sake of making a fair com-
parison between the three types of SN explosions, here we used
an acceleration e�ciency of ⇠CR = 0.1 for all of them. As dis-
cussed by Cristofari et al. (2020), because of the di↵erent rates
of occurrence of these events in the Galaxy, for type II SNRs
the e�ciency is required to be somewhat lower than for type Ia,
which is also reflected in a lower value of the maximum energy
of particles accelerated at the shock (see Eq. (12)). Despite this
bias, the maximum achievable energy for type II SNRs remains
on the order of ⇠105 GeV and falls short of the knee by a large
amount, as already pointed out by Cristofari et al. (2020).

Only when parameters are pushed to the extreme (what we
have called here type II* SNRs) can the maximum energy reach
the knee, as shown in the right plot of Fig. 2. As already pointed
out by Caprioli et al. (2009b), the superposition of the escape
flux from the di↵erent stages of shock evolution in the complex
environment around these SNRs may lead to the appearance of
bumps in the overall CR spectrum that might be related to the
feature recently measured by DAMPE in the 10�100 TeV region
of the proton spectrum (An et al. 2019).

The corresponding spectra of electrons injected by SNRs of
di↵erent types into the ISM are shown in Fig. 3. The thick and
thin curves refer to ↵ = 4 and ↵ = 4.3, respectively. The dash-
dotted line identifies the spectrum of particles accelerated at the
shock, as if they were immediately liberated into the ISM, with-
out energy losses. The solid lines are the spectra of electrons
liberated into the ISM after adiabatic and synchrotron losses
downstream of the shock, while the upstream escape flux, lim-
ited to the times when the maximum energy of electrons is not
determined by energy losses, is shown in the form of dotted lines.
If the SNR shell were broken or if confinement in the down-
stream region were energy-dependent (e.g., due to turbulence
damping), the actual contribution would lie between the dash-
dotted and solid lines.

The rate of synchrotron losses is larger when the condition
for the growth of the magnetic field through the excitation of
the nonresonant hybrid instability is fulfilled. As discussed in
Sect. 2, B2

2/⇢ / v7�↵
sh for this instability, and hence the mecha-

nism becomes less e↵ective or even ine↵ective in the late stages
of SNR evolution; these stages are, however, crucial for the pro-
duction of low energy electrons. As a consequence, the e↵ect of
radiative energy losses is only important at energies at or above
teraelectronvolt levels, while it is minor at lower energies, as
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Fig. 2. Spectra of protons produced at SNRs from type Ia (top), type II
(center), and type II* (bottom) SNRs for ↵ = 4 (thick lines) and ↵ = 4.3
(thin lines) if they were instantaneously liberated into the ISM (bro-
ken shell assumption). The dashed curves illustrate the e↵ect of adia-
batic losses in the downstream region, while the dotted lines refer to the
escape flux from the upstream region. In the bottom part of each panel
we also show the local slope of the spectrum q(p) at a given momentum.

the normal ISM, with a spatially constant gas density and back-
ground magnetic field. For type Ia SNRs the e↵ective maximum
energy is a few tens of TeV (left panel of Fig. 2). There is an
additional spectral steepening at somewhat lower energies due
to the temporal evolution of the maximum energy. More specif-
ically, the steepening occurs at the maximum energy reached at
the end of the ST phase, typically a few TeV. The flux of escaping
CR protons starts at about the same energy, as is clearly visible
in Fig. 2.

For a strong shock, such as the one expected for a young SNR
expanding in the normal ISM, the spectrum of accelerated parti-
cles at the shock location has a slope very close to 4 (thick lines
in Fig. 2). Nevertheless, as recently discussed by Caprioli et al.
(2020), the spectrum can be steeper if the finite velocity of scat-
tering centers in the downstream plasma is taken into account.
For this reason, in Fig. 2 we also show the case ↵ = 4.3 (thin
lines). In all cases of interest, the spectra of CR protons that are
injected into the ISM (as the sum of the two contributions) are
quite close to the spectrum at the shock in terms of slope, with
the exception of the highest energies, as discussed above.

For type II SNRs, the spectrum of CR protons is shown in
the middle panel of Fig. 2. For the sake of making a fair com-
parison between the three types of SN explosions, here we used
an acceleration e�ciency of ⇠CR = 0.1 for all of them. As dis-
cussed by Cristofari et al. (2020), because of the di↵erent rates
of occurrence of these events in the Galaxy, for type II SNRs
the e�ciency is required to be somewhat lower than for type Ia,
which is also reflected in a lower value of the maximum energy
of particles accelerated at the shock (see Eq. (12)). Despite this
bias, the maximum achievable energy for type II SNRs remains
on the order of ⇠105 GeV and falls short of the knee by a large
amount, as already pointed out by Cristofari et al. (2020).

Only when parameters are pushed to the extreme (what we
have called here type II* SNRs) can the maximum energy reach
the knee, as shown in the right plot of Fig. 2. As already pointed
out by Caprioli et al. (2009b), the superposition of the escape
flux from the di↵erent stages of shock evolution in the complex
environment around these SNRs may lead to the appearance of
bumps in the overall CR spectrum that might be related to the
feature recently measured by DAMPE in the 10�100 TeV region
of the proton spectrum (An et al. 2019).

The corresponding spectra of electrons injected by SNRs of
di↵erent types into the ISM are shown in Fig. 3. The thick and
thin curves refer to ↵ = 4 and ↵ = 4.3, respectively. The dash-
dotted line identifies the spectrum of particles accelerated at the
shock, as if they were immediately liberated into the ISM, with-
out energy losses. The solid lines are the spectra of electrons
liberated into the ISM after adiabatic and synchrotron losses
downstream of the shock, while the upstream escape flux, lim-
ited to the times when the maximum energy of electrons is not
determined by energy losses, is shown in the form of dotted lines.
If the SNR shell were broken or if confinement in the down-
stream region were energy-dependent (e.g., due to turbulence
damping), the actual contribution would lie between the dash-
dotted and solid lines.

The rate of synchrotron losses is larger when the condition
for the growth of the magnetic field through the excitation of
the nonresonant hybrid instability is fulfilled. As discussed in
Sect. 2, B2
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sh for this instability, and hence the mecha-

nism becomes less e↵ective or even ine↵ective in the late stages
of SNR evolution; these stages are, however, crucial for the pro-
duction of low energy electrons. As a consequence, the e↵ect of
radiative energy losses is only important at energies at or above
teraelectronvolt levels, while it is minor at lower energies, as
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THE BUBBLE OF STELLAR CLUSTERS2

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-

MNRAS 000, 1–11 (2021)

Morlino, PB, Peretti & Cristofari 2021

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
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5 RESULTS

In this section we describe in detail the results of our calculations
in terms of spectra of particles accelerated at the TS, spectrum of
CRs in the bubble and spectrum and morphology of the gamma
ray emission produced in the bubble through pp collisions. Special
emphasis is put on the discussion of CR energy losses, in that this
phenomenon a�ects both the spectrum of escaping CRs and the
interpretation of gamma ray emission, and was not accounted for in
previous work on the topic.

5.1 Spectrum of accelerated particles

Our benchmark case in terms of choice of parameters is that of
the Cygnus OB-2 cocoon, for which we have EF = 2800 km/s,
§" = 1.5 ⇥ 10�4

"� HA
�1, age of 3 million years, and density of

the outside ISM 20 2<
�3. With these values of the parameters,

the luminosity of the star cluster is !F = 3.8 ⇥ 1038 erg/s. The
termination shock is located at 'B = 15.3 pc while the outer edge
of the bubble is at 96 pc. While this set of parameters defines our
benchmark model, in the following we will investigate the e�ect of
changing these numbers within a reasonable range that may describe
a more generic star cluster or account for uncertainties in the value
of these parameters for the case of Cygnus OB-2 ??.

In Fig. 3 we show the spectrum of accelerated particles at
the TS in our benchmark case, assuming that the scattering waves
downstream of the TS are fully isotropic (D̃2 = D2, solid black line)
or that alternatively there is a 5% excess of waves moving away
from the shock toward downstream (D̃2 = D2 + 0.05E

�,2, dashed
black line). The latter case is expected to lead to a steeper spectrum
(Bell 1978) (see also discussion in Morlino et al. 2021). These
curves are obtained using the canonical expressions for the di�usion
coe�cients derived in §2, with [⌫ = 0.1. The blue curves for each of
the two cases listed above show the spectra of accelerated particles
in the case that the di�usion coe�cient downstream is artificially
reduced by a factor 5 to mimic the excitation of MHD instabilities
behind the shock front (Giacalone & Jokipii 2007)[Ma il valore 5
e’ scelto a caso o c’e’ un legame con G&J?].

Fig. 3 illustrates in a clear way how tricky is the definition of
the maximum energy in the spherical geometry typical of a stellar
cluster: although for the parameters that we have chosen here the
maximum energy can be easily read o� Fig. 2 to be of order⇠ 1 PeV,
one can see that the spectrum of particles accelerated at the TS starts
dropping appreciably at energy . 100 TeV, while in the PeV region
the spectrum is already exponentially dropping. As discussed by
Morlino et al. (2021), this e�ect is due to the appearance of a sort of
mean plasma speed upstream: for low energies, this e�ective speed
is close to E2 and the spectrum is the same that one would obtain for
a plain shock. At high energies, when the di�usion length upstream
is not negligible compared with the radius of the TS, the e�ective
speed becomes less than EF , which implies a smaller e�ective
compression factor and a steeper spectrum. This e�ect is more
pronounced for weak energy dependence of the di�usion coe�cient:
for Kolmogorov scaling, one has a gradual steepening rather than a
cuto�, that starts already in the TeV region. For Bohm di�usion the
spectrum starts cutting o� at approximately the maximum energy,
but the Bohm case is hardly supported when self-generation is
not at work [maybe with multiple scale of injection]. The case of
Kraichnan scaling adopted here is somewhat intermediate between
the Bohm and the Kolmogorov cases.

So far we have not discussed the role of energy losses: this is
because the time scale for losses is much longer than the acceleration

Figure 3. Spectrum of accelerated particles at the TS for D̃2 = D2 + [E�,2
with [ = 0 (solid lines) and [ = 0.05 (dashed lines). An e�ciency of
CR acceleration b⇠' = 0.01 has been used. The black curves refer to the
nominal di�usion coe�cient downstream, while the blue curves have been
obtained by suppressing artificially ⇡2 by a a factor 5. The low energy slope
of #0 (⇢) for [ = 0.05 (dashed lines) is 2.1.

time, hence the spectrum at the shock is weakly a�ected by losses.
This is illustrated in Fig. 4, where we plot the di�usion time scale in
the downstream of the shock, gdif (⇢) = '

2
1
/⇡2 (⇢) (red solid line),

the time scale of advection

gadv =
π

'1

'B

3A

D(A) =
1
3
'
1

D2

✓
'
1

'B

◆2
"
1 �

✓
'B

'
1

◆3
#
, (17)

in the form of a dash-dotted line, the timescale for losses due to
pion production, g

;
= ⇢/1(⇢), for density of target = = 15 cm�3

(top blue curve) and = = 30 cm�3 (bottom blue curve) and the age
of the star cluster, gage (thin black solid line). The acceleration time,
approximated here as

g022 (⇢) ⇡
3

D̃1 � D̃2


⇡1

D̃1
+ ⇡2

D̃2

�
, (18)

is shown multiplied by a factor 100 in order to make it visible in the
same plot. Clearly the maximum energy is not limited by energy
losses in a star cluster resembling the Cygnus OB-2 cocoon.

While losses are not fast enough to shape the spectrum of
accelerated particles, they are very important in shaping the spec-
trum of protons in the downstream region and, as a consequence,
the spectrum of particles escaping the cavity as well. Notice that
the observed gamma ray emission mainly comes from the region
downstream of the TS (see §5.2), hence it carries information on
the e�ect of energy losses as well.

In Fig. 5 we show the spatial distribution of particles with
energy 100 GeV (black), 1 TeV (red) and 100 TeV for an unrealis-
tically low density, = = 10�3 cm�3 (dotted lines), and for the more
realistic values = = 15 cm�3 (solid lines) and = = 30 cm�3 (dashed
lines) for the gas density in the cavity (this is expected to be mainly
in the form of neutral gas). One can clearly identify the position
of the TS at ⇠ 15 pc from the center and the edge of the bubble
at ⇠ 96 pc. From Fig. 4 one can appreciate that the transport in
the downstream region is mainly regulated by advection and losses
for ⇢ . 50 TeV, while di�usion plays the most important role at
higher energies. Hence the e�ect of losses is most visible in the spa-
tial distribution of lower energy particles in the downstream region
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Assuming that the turbulence follows a Kraichnan cascade, the
di�usion coe�cient upstream of the TS can be estimated as

⇡ (⇢) ⇡ 1
3
A! (?)E

✓
A! (?)
!2

◆�1/2
= 1.1 ⇥ 1025

✓
!2

1pc

◆1/2

[
�1/4
⌫

§"�1/10
�4 E

�1/5
8 d

�3/20
10 C

1/5
10 ⇢

1/2
GeV cm2 s�1

,

(5)

where A! (?) = ?2/4⌫(A) is the Larmor radius of particles of mo-
mentum ? in the magnetic field ⌫(A).

Other types of turbulent spectra were discussed by Morlino
et al. (2021). While the estimated maximum energy does not change
critically with di�erent choices of the turbulent cascade, the shape
of the spectrum of accelerated particles is sensibly a�ected by such
choice. For a Kolmogorov spectrum, the spectrum of accelerated
particles smoothly softens towards high energies and this results in
an e�ective maximum energy that is inadequate to describe gamma
ray spectra that extend to the & 100 TeV energy range [qui ag-
giungerei una citazione a Stefano che fa vedere bene proprio questo
punto] (see Menchiari et al. 2023, for a discussion about uncertain-
ties involved). Morlino et al. (2021) and Menchiari et al. (2023) also
considered the case of Bohm di�usion, but since the parameters in
star clusters are not promising in terms of self-generation of the
turbulence, we do not consider this case here. [Commenterei sul
fatto che una di�usione Bohm-like potrebbe verificarsi se ci sono
diverse scale di iniezione della turbolenza. Anche perchè il lavoro di
Stefano considere pure Bohm, e se lo scriviamo cosi poi entriamo in
contraddizione] Actually, a Bohm-like di�usion in a limited energy
range could also result from a turbulence injection on several scales.

Downstream of the termination shock, we assume that the mag-
netic field is only compressed by the standard factor

p
(2'2 + 1)/3,

that for a strong shock (compression factor ' = 4) becomes
p

11.
In this case ⇡2 ⇡ 0.55⇡1. Clearly the downstream di�usion coef-
ficient can be smaller than this estimate suggests, if other processes
(such as the Richtmyer-Meshkov instability Giacalone & Jokipii
2007) lead to enhanced turbulence behind the shock. We will dis-
cuss some implications of this scenario below.

The functional shape of the di�usion coe�cient as in Eq. 5 is
expected to hold up to energies for which the Larmor radius equals
the coherence scale !2 . At larger energies the standard ⇡ (⇢) / ⇢

2

appears, as can be found both analytically and using simulations
of test particle transport in di�erent types of synthetic turbulence
(see for instance (Subedi et al. 2017; Dundovic et al. 2020) and
references therein).

In the calculations discussed below we will use the di�usion
coe�cient in Eq. 5 (with a transition to / ⇢

2 at high energies),
because it provides the best fit to the high energy data from Cygnus
OB2, but we will comment on other choices.

3 MAXIMUM MOMENTUM

An estimate of the maximum energy that can be achieved at the TS
through DSA can be easily obtained even without a formal solution
of the transport equation, although, as discussed by Morlino et al.
(2021), special care is needed in interpreting the physical meaning
of such maximum momentum: due to the combination of spherical
symmetry of the problem and di�erent energy dependence of the
di�usion coe�cient, the spectrum of accelerated particles is char-
acterized by a pronounced cuto� at the maximum momentum in the
case of Bohm di�usion, while a milder energy dependence in ⇡ (⇢)
results in a gradual roll-o�, more similar to a spectral steepening

Figure 2. Contour plot of the log(2?max/%4+ ) as a function of the rate of
mass loss and the wind speed.

that starts at ? ⌧ ?max. The case of a Kraichnan turbulence is sort
of intermediate between Bohm and Kolmogorov and, as we discuss
below, provides the best description of the available observations.

The maximum momentum is defined by the most stringent
among the following three conditions: 1) the di�usion length up-
stream must be smaller that the radius of the termination shock: this
condition reads

?
(1)
max = 4 ⇥ 105

✓
!2

1pc

◆�1
[

1/2
⌫

§"4/5
�4 E

13/5
8 d

�3/10
10 C

2/5
10 GeV/c. (6)

2) The di�usion length downstream must not exceed the size of the
downstream region, which implies:

?
(2)
max = 2.7 ⇥ 106

✓
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1pc

◆�1
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1/2
⌫

§"3/5
�4 E

16/5
8 d

�1/10
10 C

4/5
10 GeV/c. (7)

3) The scattering should occur in the inertial range of the turbulence,
namely the Larmor radius should not exceed the coherence scale
!2 :

?
(3)
max = 6.8 ⇥ 106

✓
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1pc

◆�1
[

1/2
⌫

§"1/5
�4 E

2/5
8 d

3/10
10 C

�2/5
10 GeV/c. (8)

The actual value of the maximum momentum is determined by
the most stringent condition among these three, which depends
upon the values of the parameters (mass loss rate, wind speed,
density of the ISM, age of the star cluster, e�ciency of conversion
to magnetic turbulence and coherence scale of the turbulence). The
strongest dependence is the one on the wind speed. The dependence
of the maximum momentum on the mass loss rate and the wind
speed is illustrated in the contour plot in Fig 2, where we show
log(?max2/PeV) for parameters that are thought to be appropriate
for the Cygnus cocoon (age of 3 million years, density of the ISM
outside the cavity of ⇠ 10 cm�3 and coherence scale of Kraichnan
turbulence chosen as !2 = 1 pc). One can see that for the maximum
momentum to fall in the range around 1 PeV (log(?max/%4+) ' 0),
either very fast winds or large rates of mass loss are required. We
will see below that even these conditions may not be su�cient to
make a typical star cluster into a PeVatron.
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 Star clusters/superbubbles may in principle be efficient 
accelerators — DSA but in spherical symmetry (Talk by 
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address and probably solve the 22Ne problem

 The Emax can be estimated as:

THE BUBBLE OF STELLAR CLUSTERS2

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

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 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
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Spectrum & Composition  

Composition: Increasingly heavy with increasing energy, 
consistent with “Peters Cycle”

Possible second “light” population                                   
(Muzio et al 2021, Das et al 2021, Auger Coll 2022) 

Figure 1. Scenario 1. Left: The generation rate at the extragalactic sources for each representative
mass; the LE and HE contributions are shown as dashed and solid lines, respectively. Right: The
corresponding best-fit results for the all-particle energy spectrum at Earth, given by the superposition
of three components.

Figure 2. Scenario 1. Left: the Galactic contribution (dot-dashed line) and the extragalactic
contributions (grouped according to mass number) to the energy spectrum at the top of atmosphere.
Right: the corresponding relative abundances as a function of the energy.
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FIG. 1. Predictions of the UHECR source model producing the best description of the astrophysical neutrino flux for
Sibyll2.3c. Left: The CR predictions for spectrum (top) and composition (bottom) compared to shifted Auger observa-
tions [15–18], as detailed in Section III. The red and blue solid lines show the hXmaxi and �(Xmax) predictions of Sibyll2.3c
for pure proton and iron models. Right: The neutrino and gamma-ray predictions for this model (solid and dashed lines,
respectively). The neutrino flux contributions from non-UHECR sources and UHECR propagation interactions are shown sep-
arately with dot-dot-dashed, dot-dashed, and dotted dark magenta lines. The observed and inferred values of the extragalactic
gamma-ray flux [19], astrophysical neutrino fluxes [20, 21], flux measurements from the Glashow event [22], and upper-bounds
on the EHE cosmic neutrino flux from IceCube [22, 23] (black) and Auger [24] (grey) are shown. Data points are as detailed
in the text.

II. MODEL

A. Overview

To perform this analysis we extend the UFA15 frame-
work by adding interactions with gas in the source envi-
ronment (as described in Section II B), as well as mak-
ing a variety of technical improvements to the analysis
in [3]. Based on the results of [4], we adopt a source
evolution following the star-formation rate (SFR, [25])
and take a single-mass injection of CRs into the source
environment.1 We approximate the gas to be pure hy-
drogen since other components make up less than 10%
by number. We also introduce an alternate treatment of
the energy dependence of the escape time, based on the

1
The flux of neutrinos observed at Earth is sensitive to the source

evolution at high redshifts, however, we do not consider other

source evolutions here as the SFR evolution was found in [4] to

give one of the best-fits to UHECR data. Source evolutions which

are stronger at high redshift generally result in a larger neutrino

flux at Earth, but the quality of the fit to UHECR observations

degrades and requires an extremely hard CR spectrum escaping

the source [4, 26]. Source evolutions with lower source densities

at high redshift produce smaller neutrino fluxes at Earth and

also give a worse fit to UHECR data, so are not explored in this

study. A more complex injection composition was found not to

be needed [4], so for simplicity we adopt single-mass injection.

behavior of di↵usion coe�cients and reflecting the finite
size of sources. Details of our treatment of systematic
uncertainties are given in Section III.
A CR nucleus of energy E, mass A, and charge Z has

interactions with photons and gas at a rate ⌧�1

� (E,A)
and ⌧�1

g (E,A) when propagating in the source environ-
ment. These rates are specified by their cross sections,
the photon spectral density distribution, and the gas den-
sity. Thus we can fully characterize UHECR interactions
with photons and gas in a given source environment by
knowing the parameters specifying the photon spectrum,
and ⌧� and ⌧g for a reference nucleus and energy. Follow-
ing [3], we adopt 10 EeV 56Fe as this reference.
Only the total number of interactions prior to escape

matters in the processing of nuclei injected by the acceler-
ator, so only the ratio of the interaction and escape times
is relevant for fixing the composition and energy spectra
of CRs emerging from the source environment, given the
injected composition and spectrum. We denote these ra-
tios for the reference nucleus by the model parameters
resc ⌘ ⌧ ref

esc
/⌧ ref

int
= hN ref

int
i, the ratio of the escape and total

interaction times, and rg� ⌘ ⌧ refg /⌧ ref� = hN ref

� i/hN ref

g i,
the ratio of the hadronic and photohadronic interaction
times. In previous work [3, 4], the escape time was
taken to be a power law in rigidity, R ⌘ E/Z, so that
⌧esc = ⌧ ref

esc
(R/Rref)�esc , relative to the reference nucleus,

with �esc a free parameter of the model limited to be
within [�1,�1/3] covering the expected range from Kol-

IN ORDER TO MAKE SENSE OF THESE DATA ONE HAS 
TO ASSUME A FEW THINGS:

THE SOURCES MUST PRODUCE A MIXED MASS COMPOSITION 
(HARD TO IMAGINE THIS MAY HAPPEN IN THE STANDARD IGM)
 FAST TRANSITION BETWEEN COMPONENTS
 THE  MAX  ENERGY  CANNOT  HAVE  A  WIDE  SPREAD  (F. 
OIKONOMOU TALK)
 THE SOURCES MUST INJECT CR WITH VERY HARD SPECTRUM

THE HARD SPECTRA MAY RESULT FROM ACCELERATION IN NON-
STANDARD CONDITIONS, FOR INSTANCE LIKE THE ONES SHOWN 
BY A. SPITKOVSKY IN 3D RECONNECTION (IN GRB? IN RADIO 
GALAXIES?)

…BUT  THE  HARD  SPECTRA  MIGHT  REFLECT  ENERGY  LOSSES  IN 
THE SOURCES+ENERGY DEPENDENT ESCAPE (MODEL OF FARRAR, 
UNGER…) OR CONFINEMENT EFFECTS DUE TO MAGNETIC FIELDS 
(TALK BY B. EICHMANN)

…OR  SELF-CONFINEMENT  AROUND  THE  SOURCES  (ASK 
QUESTIONS IF YOU DEEM NECESSARY)

Searching for the sources of UHECRs 
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Auger Coll. 2022, JCAP

Figure 1. Scenario 1. Left: The generation rate at the extragalactic sources for each representative
mass; the LE and HE contributions are shown as dashed and solid lines, respectively. Right: The
corresponding best-fit results for the all-particle energy spectrum at Earth, given by the superposition
of three components.

Figure 2. Scenario 1. Left: the Galactic contribution (dot-dashed line) and the extragalactic
contributions (grouped according to mass number) to the energy spectrum at the top of atmosphere.
Right: the corresponding relative abundances as a function of the energy.
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Figure 3. Scenario 1. First two moments of the Xmax distributions as predicted by the best-fit
results, along with the measured values and the predictions for pure compositions of various nuclear
species according to Epos-LHC (dashed lines).
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Generic Source Properties: 
Allard et al 2007, 8, Hooper et al 2007, 
Unger et al 2015,  Auger Coll 2016, Kachelriess et al 2017, 
Muzio et al 2019, 2022, Mollerach et al 2020, 
Das et al 2021. 

Specific source classes:  
Jetted AGN - Eichmann et al 2017, 2022, Fang et al 2018, 
Kimura et al 2018, Rodrigues et al 2021
GRBs - Globus et al 2015, Biehl et al 2017, Zhang et al 2018, 
Boncioli et al 2018, 2019, Rudolf 2019,2022, Heinze et al 2020, 
TDEs - Biehl et al 2017, Guepin et al 2017, Zhang et al 2019
Transrelativistic Supernovae - Zhang & Murase 2019
Starburst galaxies - Condorelli et al 2022

Sources generally assumed to be 
intrinsically identical 

Distribution of maximum energies: 
UHECR protons:  Kachelriess & Semikoz 2007
Galactic sources:  Shibata et al 2010 
Discrete AGN: Eichmann et al 2022



Acceleration/sources - UHE
ONE SHOULD APPRECIATE HOW THE SITUATION CHANGED IN THE LAST TWENTY YEARS

WE  WENT  FROM  A  SITUATION  IN  WHICH  DATA  SHOWED  THAT  PROTONS  SHOULD  BE 
ACCELERATED TO ZeV ENERGIES, TO A SITUATION IN WHICH THE MAX RIGIDITY CANNOT BE 
HIGHER THAN ~2 EeV. 

CLEARLY  THE  PROBLEM  OF  ACCELERATING  PARTICLES  HAS  BECOME  MUCH  LESS 
DEMANDING 

YET  THERE  ARE  CONSTRAINT:  FOR  INSTANCE  THE  BULK  OF  STARBURSTS  DO  NOT  HAVE 
ENOUGH POTENTIAL TO ACCELERATE UP TO SUCH RIGIDITY — PERHAPS UFO MAY BE A RARE 
EXCEPTION (TALK BY E. PERETTI)

BUT DO NOT FORGET ACCRETION SHOCKS (AROUND CLUSTERS — K. DOLAG TALK), RADIO 
GALAXIES (TALK BY B. EICHMANN), GRBS (INTENSE RADIATION FIELD)



General Remarks

✤ EXPERIMENTS  GOT  SO  SENSITIVE  THAT  STATISTICS  IS  RARELY  A 
PROBLEM,  BUT SYSTEMATICS  OFTEN LIMITING FACTOR (THINK OF C 
AND O SPECTRA)

✤ A TOPIC THAT HERE WAS BASICALLY UNCOVERED BUT IT IS PROBABLY 
ONE OF THE HOTTEST TOPICS IS THE EXISTENCE OF TEV HALOS AND 
SUPPRESSED DIFFUSION NEAR SOURCES

✤ THE  SELF-GENERATION  OF  TURBULENCE  IS  CENTRAL  TO 
ACCELERATION, TO ESCAPE FROM SOURCES AND TO TRANSPORT ON 
GALACTIC SCALES, AS WELL AS LIKELY FOR ESCAPE OF UHECR FROM 
THEIR SOURCES - NOT DISCUSSED HERE



General Remarks
✤ THESE ARE CONSIDERATIONS THAT PLAY A CRUCIAL ROLE NOT ONLY FOR THEORY 

BUT  OBSERVATION  (THINK  OF  THE  DISTINCTION  BETWEEN  DIFFUSE  FLUX  AND 
NEAR-SOURCE INTERACTIONS, OR UHECR SUPPRESSION AT LOW E)

✤ AS SHOWN BY C. EVOLI, LOOKING AT ELECTRONS, IT SEEMS CLEAR NOW THAT  
LEPTONS  LOSE  ENERGY  AS  THEY  ARE  SUPPOSED  TO  (LIMITS  TO  ALTERNATIVE 
MODELS OF CR TRANSPORT TAILORED ON POSITRONS) — STILL, SOME FRACTION 
OF THE GRAMMAGE COULD BE ACCUMULATED NEAR THE SOURCES (THIS AFFECTS 
RESULTS EVEN MORE THAN CROSS SECTION UNCERTAINTIES)

✤ IT IS BECOMING CLEAR THAT B-FIELDS ON COSMOLOGICAL SCALES MAY PLAY A 
CRUCIAL ROLE IN SHAPING THE UHECR SPECTRUM (MAGNETIC HORIZON)…YET 
THERE ARE INDICATIONS THAT THE UNIVERSE IS LIKELY FILLED WITH EXTREMELY 
LOW VALUES OF B (VOIDS) [SEE CASE OF GRB221009A] 


