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- Cosmic Rays and their unknowns: spectrum, composition, 
acceleration processes, propagation, and candidate sources.

- the cosmic ray - gamma - neutrino connection

- Recent results on multi-messenger astrophysics:          
Looking for messengers from the Early Universe, the 
violent Universe and the invisible Universe ! 

- Strong relation with all other lectures (DM - M. 
Schumann; Neutrinos - A. Blondel, Detectors - F. 
Harmann; Collider Physics - M. Kado…)
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 The real voyage of discovery consists not in 
seeking new landscapes, but in having new 
eyes. (Marcel Proust)

Something on methodology…



My favorite textbooks in Astroparticle
• T.K. Gaisser Cosmic Rays and Particle Physics (new edition 2016 available!)

• D. Perkins, Particle Astrophysics (2nd ed. 2009)

• T. Stanev, High Energy Cosmic Rays, Springer, 2004

• M. S. Longair, High Energy Astrophysics, Cambridge U. Press, 2010 

• S. Rosswog & M.Bruggen High-Energy Astrophysics

• C. Grupen, Astroparticle Physics, Springer, 2005

• M. Spurio Particles and Astrophysics, Springer

• L. Bergstrom and A. Goobar, Cosmology and Particle Astrophysics, Springer (2nd edition,2003) 



Data Particle Book

http://pdg.lbl.gov/

> 200 particles listed in PDB 
But only 27 have cτ > 1μm
and only 13 have cτ > 500μm

The physicist’s book of truth



Online material
On cosmic Rays:
 - M. Settimo, Review on extragalactic cosmic rays detection, https://arxiv.org/
pdf/1612.08108.pdf
 - Gaisser, Stanev, Tilav, Cosmic Ray Energy Spectrum from Measurements of 
Air Showers,  https://arxiv.org/pdf/1303.3565v1.pdf
-Kotera and Olinto, The Astrophysics of Ultrahigh Energy Cosmic Rays, https://
arxiv.org/abs/1101.4256

-Blümer, Enger and Hörandel, Cosmic Rays from the Knee to the Highest 
Energies, https://arxiv.org/pdf/0904.0725v1.pdf

Anything on neutrinos : http://www.nu.to.infn.it; 
Reviews on Astrophysics Neutrinos:http://web.mit.edu/redingtn/www/netadv/
Xnuastroph.html
Book: https://www.cambridge.org/core/books/cosmic-rays-and-particle-physics/
C81BA71195ADFC89EFCC2C565B617702
Recent results: https://arxiv.org/pdf/1511.03820.pdf
Atmospheric Neutrinos: https://arxiv.org/abs/1605.03073

Reviews on gamma-ray astronomy: http://web.mit.edu/redingtn/www/netadv/
Xgamma.html



http://www.sciencemag.org/video/watch-breakthrough-year-2016

The Chirp is visible with naked eyes for about 200 ms
Instantaneous SNR ~5, 
Optimal filter SNR ~ 24



The signals in the two LIGO interferometers



Bruce Allen, TeVPA 2016
https://indico.cern.ch/event/469963/
contributions/2277620/attachments/
1339053/2113990/
TeVPA_2016_09_13.pdf
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New signals from the Heavens
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SN1987A

Neutronization 
Thermalization: 

Oscillations with neutrinos from thermonuclear 
reactions in the Sun

~6 x 1010 ν cm-2 s-1  
Eν~ 0.1 – 20 MeV

~ 10 s bursts of 10 MeV νs from stellar 
collapse (I. Tamborra’s lectures)

enpe ν+→+−

νν +→+ +− ee

R. Davis

M. Koshiba

Nobel prize 2002

T. Kajita

~ 100,000 billion solar neutrinos pass 
through your body/s 
 ~1 neutrino stops in a lifetime!

Nobel prize 2015

A.B. McDonald

Oscillations with 
atmospheric neutrinos

Nobel prize 2016

Neutrinos winners!



Detected Extra-terrestrial neutrinos from 
sources: Solar neutrinos

Theoretical uncertainties

ppI

ppII

ppIII

Sun
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SN1987A

D = 55 kpc

Let’s pick up 2 of these events (similar emission time ) 
t1 = 0    E1 =20 MeV  
t2 = 12.5 s         E2 = 10 MeV 
�te = 0 and �td = |t2 � t1| = 12.5s and we find solving for the mass:

mc2 =
q

2cE1E2|�td|
d⇥|E2

2�E2
1 |

= 24 eV

Detected Extra-terrestrial neutrinos from 
sources: SN1987A
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SN1987A

Detected Extra-terrestrial diffuse 
neutrinos in IceCube

1347 d
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IceCube PeV energy astrophysical component

Cosmic neutrinos yet of unknown origin
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The long-standing puzzle on cosmic rays
More than 100 years of observations yet did not bring to a solution.
1912: VF Hess, after 7 balloon flights reaching an altitude of 5350m,
 found out:
-A radiation of high penetration power hits the atmosphere from above, 
which cannot be caused by radioactive emanations. 
-This radiation contributes to the total amount of observed ionisation at 
lower altitudes as well. 
- The sun is not the source of the extraterrestrial radiation. There is no 
difference between ionisation measured during the day and at night. 

|     | 
|     | 
|     | 

Kolhörster 

http://www.desy.de/2012vhess
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Millikan’s conclusions
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A bit of history…
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Approach to solve the puzzle:
• A multi-messenger approach can help in untangling all unknowns but needs 

to cope with messenger properties (charged and neutral cosmic rays).
• Measure the messenger’s properties (energy spectra, composition and 

direction);
• Identify candidate sources through understanding of acceleration 

mechanisms in extreme B-fields that can produce measured spectra and 
composition; use information from photons.

• Understand messenger propagation in intergalactic and galactic media 
and in the atmosphere;

• This requires good knowledge of nuclear cross sections and hadronic 
interactions in the fragmentation region and up to higher energies than 
colliders.

• Understanding propagation requires also understanding cosmological 
parameters (such as galaxy distributions, extragalactic background)

• Find direct evidence of cosmic sources on top of atmospheric backgrounds 
(mostly muons); gamma-rays have potential to classify such sources.

• Find the neutrinos from GZK interactions and interactions on ISM (they must 
be there!!)



tevcat.uchicago.edu/

More than 150 sources  
and 10 populations

The most probable suspects would show up in databases 
of GeV-TeV gamma-sources



Marek Kowalski | Deciphering the Astrophysical Neutrino Signal | 18.5.2015 |  Page 1 

Large Hadron Collider:  
Emax= c�e�B�R = 7 x 1012 eV 

Emax = cZeRB  
 
 

Man made accelerators:
•  dynamical (collisions between particles)
• Electromagnetic: f.e.m are produced 

according to ∇×E=-δB/δt



Marek Kowalski | Deciphering the Astrophysical Neutrino Signal | 18.5.2015 |  Page 11 

Particle accelerator around the Earth : 103 x LHC 
  

Astrophysical accelerators:
• Shocks: stochastic/turbulent acceleration due to repeated 

collisions of particles with a shock wave due to a SN explosion, 
galaxy merging,…

• Magnetic reconnection (magnetic energy -> kinetic energy)
• Annihilation of DM, decay of heavy particles, leptons in B-fields 

(bremsstrahlung, synchrotron, Inverse Compton)



Modernized Hillas' plot



-We are bombarded by stable (> 
106 yrs) CR s with energy up to 
1011 GeV

-CRs are isotropic, sources 
unknown as well as the number 
of populations that contribute

-non-thermal spectrum:

- about 2 orders of magnitude 
intensity flux lost per decade

ALL PARTICLE SPECTRUM 
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Proton Knee 3 PeV
1 particle/m2 yr

Ankle 5 x 1019 eV
1 particle/km2 century

Cosmic ray are equivalent to fixed 
target experiment

Ecm ≈ sqrt(2mEprojectile)
LHCpp


7TeV+7TeV
E

proj

= 14⇥1012

2⇥109

= 2⇥ 1017 eV

The Cosmic Ray (CR) Spectrum



Cosmic Ray composition below the knee
- Elements with Z>1 are much more 
abundant relative to H in CRs than 
in the interstellar medium (ISM): H is 
hard to ionise; 

-  Li, Be, B and Sc, Ti, V, Cr, Mn are 
secondaries of spallation processes 
of the high energy primary nuclei on 
ISM => more abundant in CRs than 
ISM

- The abundances of even Z > odd Z 
elements in CRs (odd-even effect): 
nuclei with odd Z or A are more 
weekly bound. Magic nuclei (Z = 
2,8,20,50,82,126) have full shells of 
n and p. Double magic nuclei, such 
as He and O) are particularly stable 

CR elemental abundances measured on 
Earth (filled symbols) compared to the 
solar system abundances (open symbols), 
all relative to carbon = 100.



Primary and Secondary CRs

Slide from 
Prof. 
Ting. 

p, n, e+, e- ,μ, ν



Below the knee (1 GeV-100 TeV):

α= 2.7

-The all-nucleon spectrum vs E/nucleon is the sum of free protons (about 75%), nucleons 
bound in He (about 17%) and heavier nuclei (about 8%) between 10-100 GeV/nucleon.

-Peters cycle (first measured by KASCADE): the knee is related to propagation and 
acceleration hence changes in the spectrum are rigidity-dependent. If there is a 
characteristic energy at which the proton spectrum Stephens Eknee, He steepens at 
2Eknee, O at 8 Eknee, …

The All nucleon Spectrum

https://arxiv.org/pdf/1303.3565v1.pdf



Composition
Above the proton knee of 3 PeV the composition is heavy.
What happens at the ankle is unclear…



Flux: � =
dN

dAdt
Rate at which a flux of parallel particles cross the plane of 
surface dA perpendicular to the beam 

n(~x) =
dN

d

3
x

=
dN

dldA

=
1

�c

dN

dtdA

=
1

�c

�

The number density of particles corresponding to the beam of particles (the flux) is :

dl = �cdt
d

3
x = dV = dldA

For astrophysical applications one considers the flux in an energy interval E, E+dE coming 
from an angle dΩ:


For an isotropic flux over the solid angle 4 π :

n(E, ~x) =
dN

dEd

3
x

=
4⇡

�c

�(E)

�(E) =
dN

dEdAdtd⌦

Flux and number density



Below the knee:

Flux
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Hence the energy density (provided by CR sources) is: ⇢E = 4⇡

Z
E

�c
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Galactic CR (below the knee) energy density

dE

for relativistic particles



The energy density of galactic cosmic rays is comparable to the energy density of the galactic 
magnetic field which is on average of 3-6 uG roughly parallel to the local spiral arm:

Galactic Magnetic field

Zweibel & Heiles 1997, Nature 385,131 
Berdyugin & Teerikorpi 2001, A&A 368,635

B2

8⇡
⇠ 4⇥ 10�13erg/cm3 ⇥ 6.24⇥ 1011 ⇠ 0.25eV/cm3

The magnetic field is frozen in to the ionised part of the gas of the Galaxy (ISM: 90% H and 10% 
He) which forms a magneto-hydrodynamic fluid which supports waves that travel with a 
characteristic speed called Alfvén velocity: 

Particles scatter on waves. The B-field and CR are strongly coupled.

1

2
⇢v2A =

B2

8⇡



Origin of the transport equation
Conservation of particles: @n

@t
+r · J = 0

Where we used: 
I

J · dS =

Z
(r · J)d3r = 0

The diffusion coefficient relates particle flow to gradient of particle 
density:

J = �D(r)rn(~r, t)

The diffusion equation in a stationary medium is:
@n

@t
= r · [D(r)rn]

If the fluid is in motion with a velocity field V( r) the equation 
becomes: @n

@t
+ V ·rn�r · [D(r)rn] = 0

Diffusion termConvection
yet no source term and no energy loss term

n = ni(~r, E)density of particles of 
type i at a point of 
space and of energy E



@ni(E,~r)

@t
+ V ·rni(E,~r)�r · [D(r)rni(E,~r)] = qi(~r, E, t)� pini(E,~r) +

v⇢(~r)

mp

X

k�i

Z
d�i,k(E,E0)

dE
nk(E

0,~r)dE0

Origin of the transport equation
If sources inject particles of type i time dependent rate
and we add losses of nuclei of type i by collisions with H in ISM of density ρ =  
mp/cm3 and decay at a rate:

qi(~r, E, t)

pi =
v⇢�i

mp
+

1

�⌧i
=

v⇢

�i
+

1

�⌧i

rate at which nuclei i 
interacts with H 

collision length of 
nuclei i

relativistic decay 
length of nuclei i

convection term

dE’

Diffusion term Source term Losses term
Gain term from spallation 
of heavier nuclei (energy/
nucleon remains constant 
in spallation)

To obtain the CR spectrum on would need to solve the 
transport equation. This is done by the GALPROP code 
including H and He of ISM: http://galprop.stanford.edu

GALPROP yields ~ the same answer for 
equilibrium fluxes as the ‘leaky box’ model 
and leads to exponential distributions of 
path lengths of CRs from sources to Earth.

2 



Leaky Box Model
If CR nuclei are in a stationary condition (ni = const) and the diffusion and 
convection terms are substituted by an escape probability from the Galaxy 
containment volume with very small characteristic time:

@ni(E,~r)

@t
+ V ·rni(E,~r)�r · [D(r)rni(E,~r)] = qi(~r, E, t)� pini(E,~r) +

v⇢(~r)

mp

X

k�i

Z
d�i,k(E,E0)

dE
nk(E

0,~r)dE0

0

{
ni(E,~r)

⌧esc

⌧esc <<
c

h

Mean time in containment volume

�esc = ⇢�c⌧esc
Mean amount of matter traversed before 
escaping

ni(E)

⌧esc
= qi(E)�


�c⇢

�i

�
ni(E) +

�c⇢

mp

X

k�i

�i,knk(E)

dE’

source term Loss term due to interactions production term due to spallations

the probability of a particle remaining in the box after a time

 t is exp(-t/τesc)



The CR age
If we apply the equation to B (stable and not produced by sources qB = 0) and 
considering C and O the source nuclei with similar flux: 
nB(E)
⌧esc

+
h
�c⇢
�B

i
nB(E) = �c⇢

mp
(�C!BnC(E) + �O!BnO(E))

nB(E)
nC(E) = �esc(E)

1+�esc(E)
�B

�C!B+�O!B

mp

where we can plug measured values of cross sections and the 
interaction length of B:

�B ⇠ 7g/cm2;�C!B ⇠ 73mb;�O!B ⇠ 236mb

From the measured value of B/C we find an energy dependent escape length:

Hence the age of the CRs in the Galaxy depends on the energy and amounts to 
millions of years

⌧esc = �esc/�c⇢

nB(E)

⌧esc
(1 +

�esc

�B
) =

�c⇢

mp
(�c!B + �O!B)nC(E)

0.3-0.6



AMS B/C measurement

not 0.6! non linear shock 
diffusion hint…

B/C ~ 1/D(E) = E-δ

δ =

The escape time or path length decreases with energy



§ ISS : 108 m x 80m, 420 t 
§ orbit height 400km
§ Inclination = 51.57 o

§ 15.62 revolutions/day 

§ AMS: acceptance: 0.45 m2 sr 
§ Long exposure: 3 years 
§ Redundant measurements 
§ Strong gradients of temperature : 

-60°C ÷ +40°C   
§ Weight < 7 Tons 
§ Power consumption < 3kW

AMS-02 on the International Space Station



• TRD (e/p) 
§ Scintillator system (TOF)  

(β, dE/dx, trigger) 
• Superconducting magnet (BL2= 0.85 

Tm2) 
• Silicon Tracker (rigidity, charge) 
• RICH (β, charge) 
• Em. Calorimeter(energy, e/p)

Particle ident.
Rigidity meas.



AMS findings: local sources or DM?

M. Schumann’s lectures on DM



Low energy galactic spectra in the leaky box
For primary nuclei for which no secondaries are created during propagation 
spectra the leaky box model equation: 

ni(E,~r)

⌧esc
= qi(E)�


�c⇢

�i

�
ni(E) +

�c⇢

mp

X

k�i

�i,knk(E)

If the interaction term dominates on the escape 
one, as in the case of protons λesc (5-10 g/cm2) < 
λP = (ρISM σint)-1 =      1.67 x 10-27 kg/(1 cm-3 x 50 x 
10-27 cm2) = 34 g/cm2 spectra resemble the 
source spectrum. 

If the observed spectrum is  

The source spectrum is

nP (E) =
qP (E)⌧esc(E)

1 + �esc(E)/�P

nP (E) / E�↵

qP (E) / nP (E)/⌧esc = E�↵�� ⇠ E�2.7�(0.3÷0.6) ⇠ E�2.4÷2.1

0



PAMELA

CREAM

Before AMS

PAMELA found a kink at 
about 200 GeV/n with 

hardening of the spectrum



http://arxiv.org/pdf/1511.04460v3.pdf

Rigidity

Gyroradius

AMS confirmed PAMELA result and 
found that the He spectrum is 
harder than H one.

p/He ratio



Who are the accelerators and how 
do they accelerate?

In a SN gravitational 
energy released is 
transformed into 
acceleration 
       à 
E-2 spectrum



Below the knee:

Flux
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Hence the energy density (provided by CR sources) is: ⇢E = 4⇡

Z
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dE
dE
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Remember: energy density - flux

dE

for relativistic particles



The volume of the Milky Way can be approximated by a disk with a thickness of 300 pc and a radius 
of 0.3 kpc. Compute the volume of the Milky Way in cubic centimetres.

The volume of the Galaxy

1 kpc = 3.0857 × 1021 cm

Vdisk ⇠ ⇡R2
diskhdisk

⇠ ⇡[15kpc]2[0.3kpc]

⇠ 6⇥ 1066cm3



Energy balance

M = 10Msun (=10×2×1033 g) 

K=1051 erg 
■ scm

g
erg

M
KV /103

)102(10
1022 8

33

51

⋅≅
⋅⋅

⋅
=≅ ■ 210−≅

c
V

■

Rate of SN ∼ 3 / century  =  
Power = K x rate =1051 erg  x 3/3.15 x 10-9 ∼ 1042 erg/s 
5-10% of the energy in the ejecta suffices to produce the measured galactic 
CR flux

The luminosity in galactic CRs is:

For a typical SN:

1 eV = 6.24 x 1011 erg

LCR = ⇢E
V

⌧esc
⇠ 1eV/cm3

6.24⇥ 1011erg/eV
⇥ 6⇥ 1066cm3

3⇥ 106yr ⇥ 3.15⇥ 107s/yr
⇠ 1041erg/s

FREE EXPANSION VELOCITY

The energy emitted from the Sun is approximately 3.6 x 1033 erg/s



EXTRAGALACTIC SOURCES: AGN jets, GRB fireballs 

Centaurus A



The radio source Cygnus A is produced in a galaxy some 600 million light-years away. The radio 
waves are coming from electrons propelled at nearly the speed of light from the bright center of the 
galaxy -- the location of a black hole. Electrons are trapped by the magnetic field around the galaxy.

The most powerful sky accelerators: AGN jets, GRB fireballs 

NRAO



The most powerful sky accelerators: AGN jets, GRB fireballs 



Energy density in extra-galactic CRs: 

Power needed by a population of sources of protons with E-2 to generate ρE over the Hubble time 
= 1010 yrs ≈1044 erg Mpc-3 yr-1≈3 x 1037 erg Mpc-3 s-1 

Which work out to a luminosity of : 3⇥ 19

39
erg/s per galaxy

3⇥ 10

42
erg/s per cluster of galaxies

2⇥ 10

44
erg/s per AGN

2⇥ 10

52
erg per cosmological GRB.

Waxman & Bahcall, PRD59, 1999 and PRD64, 2001)

�E = 4�
c

R E
max

E
min

10�7

E dEGeV
cm3 ⇠ 3⇥ 10�19 erg

cm3

Emax/Emin ⇠ 103

From BATSE: 300 GRB / Gigaparsec3 yr

equal	to	the	observed 
energy density of 
extragalactic CRs

Energy balance for extra-galactic sources
The cosmic ray flux above the ankle is given by  “one 3 × 1010 GeV 
particle per kilometer square per year per steradian.” This can be 
translated into an energy flux 

E2 dNCR

dE
=

3⇥ 1010GeV

(1010cm2)(3⇥ 107s)sr
= 10�7GeVcm�2s�1sr�1

Emin ≃ 1010 GeV and Emax = 1012 GeV 

2⇥ 1051erg ⇥ 300

Gpc3yr
⇥ 1010yr ⇥ Gpc3

2.9⇥ 1082cm3
⇠ 2⇥ 1019erg/cm3

51
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A “collision” with a magnetic 
cloud or the crossing across 
high magnetic fields close to a 
shock can cause an increase in 
energy of a particle. The energy 
increase is  ΔE/E=ξ

The Fermi acceleration mechanism



§ CR acceleration is a stochastic process. At each accelerating event particle 
gains: 

§ Probability that the particle is not followed up: Pesc 

§ Probability that the particle is iterated in acceleration: 1 - Pesc 
§ For a particle with injection energy E0, after k iterations: 
§ The probability of having received k accelerations and then escape is:  

§ The number of particles after k encounters that remain (if N0 where there 
initially) is

Nk = N0Pk = N0(1� Pesc)
kPesc

k =
ln(Ek/E0)

ln(1 + ⇠)

The Fermi acceleration mechanism



Nk = N0Pesc(1� Pesc)
ln(Ek/E0)

ln(1+⇠) = N0Pescexp


ln(1� Pesc)

ln(Ek/E0
ln(1+⇠)

�
=

N0Pescexp


ln(Ek/E0)ln(1� Pesc)

ln(1 + ⇠)

�
) Nk = N0Pesc

✓
Ek

E0

◆ ln(1�Pesc)
ln(1+⇠)

Differentiating we get:

for Pesc << 1 and ξ<<1

dN

dE
/ E

ln(1�Pesc)
ln(1+⇠) �1 = E���1

Pesc =
Tcycle

Tesc

The spectrum of the Fermi acceleration mechanism

characteristic time for the acceleration cycle 

characteristic time for escape from the acceleration region 



The spectrum of the Fermi acceleration mechanism
§ The number of iterations after the acceleration has been working for a time t:

§ And 

1) Higher-energy particles take longer to accelerate than low-energy 
particles. 

2) If a Fermi accelerator has a limited lifetime, TA, then it will also be 
characterised by a maximum energy per particle that it can produce:

k
max

= t/T
cycle

E  E0(1 + ⇠)t/Tcycle

E  E0(1 + ⇠)TA/Tcycle

This would be true if Tcycle is independent on energy which maybe 
not true for SNR

⇠ =
E � E0

E0
=

E

E0
� 1



elastic scattering

Particles are relativistic particles: E = pc  and c = 1
Cloud speed β = V/c (not relativistic)

�E

Ei
=

Ef

Ei
� 1 = �2

(1� � cos ✓i)(1 + � cos ✓⇤f )� 1

Lorentz transformation to the cloud frame from the lab frame:

cloud frame 

Fermi acceleration

E⇤
i = E⇤

f

z

Ef = �(1 + � cos ✓⇤f )E
⇤
f = �2

(1� � cos ✓i)(1 + � cos ✓⇤f )Ei

E⇤
i = �(1� �pz,i ) = �Ei(1� � cos ✓i)

Collision-less plasma:   The interaction with the turbulent 
magnetic field is practically elastic.



Geometry for the cloud (2nd order)

The prob. of particle head-on 
or rear-end collisions on the 
cloud is prop. to the relative 
velocity between the particle 
and the cloud. 

M >> m



1st and 2nd order Fermi acceleration

<
�E

Ei
>= �2

(1� � < cos ✓i >)(1 + � < cos ✓⇤f >)� 1

<cos𝜃*f > = 0 directions of escape velocity 
are isotropic in the cloud frame

<cosθi> = - β/3

dN

d cos ✓

⇤
f

= const

�1  cos ✓⇤f  1

dN

d cos ✓i
/ vrel / (1� � cos ✓i) �1  cos ✓i  1

Prob of particle head-on or rear-end collisions 
on the cloud prop. to the relative velocity 
between the particle and the cloud. 



Average incident angle in 2nd order 
The probability of a head-on or rear-end collision of particles on the cloud is proportional to the 
relative velocity between the particle and the cloud:

As a matter of fact:

The average incident angle is:



Shock = discontinuity surface in 
thermodynamic properties (density, 
temperature, velocity and pressure) 
Collision-less shock: the transition from pre- 
to post-shock states << particle mean free 
path between collisions (observed by 
astronomers)

Collision-less shock

For a strong shock (the Mach number is very 
large) and for a monoatomic gas:

⇢2
⇢1

=
v1
v2

= 4

mass conservation across the shock

pressure equation

Energy conservation, where u is internal 
energy



Why 1st order is efficient?

p2,T2,ρ2

In Shock frame: the unshocked gas 
flows into the shock with velocity 

And shocked gas flows away behind us 
with velocity

⇢2
⇢1

=
v1
v2

= 4

downstream

v1 = |U|

v2 = v1/4 = U/4

v2 = |U/4 - U| = 3/4U v1 = |U - U| = 0 v1 = U - U/4= 3/4Uv2 = |U/4 - U/4| = 0

When crossing the shock 
from either side, the particle 
sees plasma moving toward 
it at a velocity of 3/4U

A particle at rest in the unshocked gas frame 
(upstream) sees the shock approaching at 
velocity U and the shocked gas approaching 
at 3/4U. As it crosses the shock, the particle is 
accelerated at mean speed 3/4U.

Upstream   

Observers’ frame

p1,T1,ρ1

A particle at rest in the shocked gas frame 
(downstream) sees the shock approaching at 
velocity U/4 and the shocked gas approaching 
at 3/4U.



1st and 2nd order Fermi acceleration

<
�E

Ei
>= �2

(1� � < cos ✓i >)(1 + � < cos ✓⇤f >)� 1

<cos𝜃*f > = 0 directions of escape velocity 
are made isotropic in the cloud frame

<cosθi> = - β/3

dN

d cos ✓

⇤
f

= const �1  cos ✓⇤f  1

0  cos ✓⇤f  1

<cos𝜃*f > = 2/3 normalised projection of an 
isotropic flux on a plane with

<cosθi> = - 2/3 normalised projection of an 
isotropic flux on a plane with

dN

d cos ✓i
/ vrel / (1� � cos ✓i) �1  cos ✓i  1

Prob of particle head-on or rear-end collisions 
on the cloud prop. to the relative velocity 
between the particle and the cloud. �1  cos ✓i  0

Θi

Θf



1st and 2nd order Fermi acceleration

<
�E

Ei
>= �2

(1� � < cos ✓i >)(1 + � < cos ✓⇤f >)� 1

<
�E

Ei
>= �2(1 + �2/3)� 1 =

=
1 + �2/3

1� �2
� 1 ⇠ 4�2/3

<
�E

Ei
>= �2(1 + 2�/3)(1 + 2�/3)� 1 =

= ⇠ 4�/3

� = v1 � v2

Speed of the cloud

� << 1 The shock is not relativistic!



1st order Fermi shock acceleration

<
�E

Ei
>=

(1� � < cos ✓i >)(1 + � < cos ✓⇤ >f )

1� �2
� 1

< cos ✓i >=

R 0
�1 cos ✓i cos ✓id cos ✓iR 0

�1 cos ✓id cos ✓i
=

[cos ✓3i ]
0
�1/3

[cos ✓2i ]
0
�1/2

=

1/3

�1/2
= �2/3

< cos ✓⇤f >=

R 1
0 cos ✓⇤f cos ✓

⇤
fd cos ✓

⇤
fR 1

0 cos ✓⇤fd cos ✓
⇤
f

=

[cos ✓⇤f ]
1
0/3

[cos ✓2i ]
1
0/2

=

1/3

1/2
= 2/3

<
�E

E
>=

(1 + 2
3�)(1 +

2
3�)

1� �2
� 1 ⇠ 4

3
� linear in the speed

0



1st and 2nd order Fermi acceleration
<

�E

Ei
>= �2

(1� � < cos ✓i >)(1 + � < cos ✓⇤f >)� 1

2nd order

⇠ =
1 + 4

3� + 4
9�

2

1� �2
� 1 ⇠ 4

3
� =

4

3

v1 � v2
c

1st order

⇠ =
1 + 1

3�
2

1� �2
� 1 ⇠ 4

3
�2

A shock wave moves with speed -v1 relative t
v2 is the relative speed with respect to the shock front of the gas flowing away from the 
shock in the downstream region (v2 < v1)
In the lab frame the gas behind the shock moves with U =-v1+ v2 = speed of the shocked 
gas (downstream) relative to the unshocked gas (upstream)



2nd order Fermi acceleration: elastic scattering on irregularities of the B-field into magnetized clouds 

⌧esc ⇠ 106yrs

� =
P
esc

⇠
⇠ (�t)

encounters

/⌧
esc

4
3�

2
⇠ n

clouds

(⇡r2
cloud

)c
4
3 ⇥ (10�3)2

⇠ 10

prob to exit the Galaxy between one encounter and the next with the clouds

- the random velocity of clouds is small β< 10-4-10-2
-For particles scattering among the magnetic clouds in the galaxy before escaping, the mean free 
path would be of the order of 0.1 - 1 pc with only few collisions per year leading to rather slow 
energy gain.

-Not all collisions result in an energy gain!

2nd order Fermi acceleration spectrum

positive energy gain but inefficient!



For a large plane shock the rate of encounters is given by the projection of an isotropic cosmic ray 
flux onto the plane of the shock front:

ρCR= number density of relativistic particles being accelerated.
The rate of convection downstream away from the shock is: 

Z 1

0
dcos✓

Z 2⇡

0
d�

c⇢CR

4⇡

cos ✓ =

c⇢CR

4

⇢CR ⇥ v2

Pesc =
⇢CRv2
c⇢CR/4

=
4v2
c

dN

dE
/ E�(�+1) = E�2

depends only on the ratio of velocities of gas 
upstream and downstream

1st order Fermi acceleration spectrum

� =
Pesc

⇠
=

4v2
4
3 (v1 � v2)

=
3

v1/v2 � 1
=

3

4� 1
= 1



Since the characteristic length for diffusion of particles << radius of curvature of the shock we can use 
the plane approximation to SNR which are candidates for 1st order Fermi mechanism acceleration. 
During the free expansion phase the relation Rshock = speed of expansion x t applies
A shock wave looses its accelerating efficiency when the ejected mass = mass of the swept up in ISM 
or ρ

SN
 = ρ

ISM
~1p/cm

3

⇢
SN

=
10M�

4
3⇡R

3
schock

=

■

⇢ISM = 1.6⇥ 10�24g/cm3

Radius of shock wave

R
shock

=
⇣

3·10M�
4⇡⇢ISM

⌘1/3
=

⇣
30⇥2⇥1033g

4⇡⇥1.6⇥10�24g/cm3

⌘1/3

= 1.4⇥ 1019 cm ⇠ 5 pc

T
shock

=
R

shock

v1
⇠ 1.4⇥ 1019

5⇥ 108cm/s
⇠ 5⇥ 1010s ⇠ 1000yr

After this phase the Sedov-Taylor phase starts when the shock speed decreases due to the reverse 
shock when ISM begins to exercise significant pressure on ejecta. For t >> Tshock the initial energy 
has been transferred almost entirely to swept up material:

Characteristic duration of the shock wave

v
shell

=

s
3E

2⇡R3
shock

⇢
) v

shell

/ R�3/2
shock

/ t�3/5 from R

3/2
shock

dR

shock

dt

= const and R
shock

/ t↵



Maximum energy problem
Maximum number of possible scattering cycles:

Tshock = duration of acceleration process
Tcycle = time of back and forth encounter of the shock

N
cycle

=
T
shock

T
cycle

E
max

= N
cycle

�E =
⇠E0Tshock

T
cycle

tcycle =
4

c

✓
D1

v1
+

D2

v2

◆

Because the diffusion length of energetic particles cannot be smaller than the Larmor radius 
of the particle in the galactic B-field for acceleration to occur in the irregularities of the B-field:

Dmin =
rLc

3
⇠ 1

3

Ec

ZeB

v2 = 1/4 v1

• when B1 = B2 one can assume that D1 = D2

Tcycle =
20Ec

3ZeBv1

T

E
max

=
v1
c

ET
shock

3ZeBv1c

20Ec
⇠ 3⇥ 103yr⇥ Ze⇥ 3⇥ 10�6G⇥ (5⇥ 108cm/s)2

20
erg

E
max

⇠ Z ⇥ 300TeV

Diffusive Shock Acceleration cannot explain the knee of CRs.



The B-field in SNRs
Diffusive Shock Acceleration: Emax ∼ 100 TeV x Z 
Need non-linear processes of magnetic field amplification 
consistent with observed filaments of dimension 10-2 pc that 
imply synch. emission in  large magnetic fields 

Blasi et al, http://arXiv.org/pdf/1105.4521



The cosmic rays being accelerated can cause streaming instabilities and generate hydromagnetic waves. 
These waves themselves can be the source of diffusion in the upstream, un-shocked region. With this 
coupling, the acceleration process is nonlinear, and spectra do not follow E-2 power law.

Non linear DSA can reach Z x PeV thanks to the dynamical connection between particles being accelerated 
and the background plasma but predicts harder spectra than what observed with a concave shape.

Non linear DSA and spectra 

D. Caprioli et al. / Astroparticle Physics 33 (2010) 160–168 



What is gamma astronomy telling on SN?
Can 1st-order Fermi acceleration at SNR shocks explain the spectrum (injection, 
magnetic field amplification, diffusion losses)?Observed spectra are convex. It is 
possible that the 2nd order is still a valid explanation but also that there unobserved SN…
Age dependent efficient of accelerators. We need CTA for a clear classification!



Fermi 7 yr sky survey
Julie McEnery, TeVPA2016
https://cds.cern.ch/record/2216217



Fermi 7 yr Galactic plane survey
1720 sources (54 extended)

https://indico.cern.ch/event/469963/contributions/2269492/attachments/1334601/2006957/3FHL_tevpa_dominguez_v6.pdf



New sources with increasing energy…



Galactic plane survey

Unidentified gamma-ray TeV sources (pulsar wind nebula, magnetars, galactic black 
hole,…other acceleration mechanisms), Extended PeVatrons?



CTA
5°

8°



New features in the gamma band: the Fermi bubbles
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γ-ray emission leptonic or hadronic? 
CTA can contribute adding statistics 

above 500 GeV and scanning different 
latitude regions

The bubble spectrum





             photon energy [eV]

Inv. Compton  
scattering by the same electrons 

dE/dtIC = k γe
2Urad

energy	
flux	

E2 d/dE	

~ νF(ν)

synchrotron radiation 
from electrons 

dE/dtSy = k γe
2 Umag ~ γe2 B2

 

keV TeV

In leptonic processes: the synchrotron luminosity is proportional to the B-field strength and Lorentz 
factor of electrons radiating. Inverse Compton: in the rest frame of an electron the photon energy is 
boosted by γe and after scattering, transforming in the lab again, the photon energy is boosted by γe2. The IC 
luminosity is also proportional to the energy density of seed photons which can be the synchrotron photons. 
Synchrotron cooling is faster than IC if B > 3 uG.
In hadronic processes, photons are produced via π0 → γγ.

Psync/PIC = Umag/Urad
in the Thompson regime

Spectral energy distribution of RXJ 1713.7-3946



IC

Synch.

High B field	
(~160 µG)

Aharonian et al. 2004

~ 80% SSC 
~ 20% IC 
   FIR,mm, 

   CMB

Spectra extend to about 40 TeV
New HAWC measurement: 

https://arxiv.org/pdf/1701.01778.pdf

1 Crab (2-10 keV) = 2.4 · 10-8 erg cm-2 s-1Crab Nebula SED



Hadronic/Leptonic SEDs

Blasi et al, https://arxiv.org/abs/0810.0094v1



Hadrons in SNRs? RXJ 1713.7-3946
Do we see γ-rays from hadronic interactions (π0 decays), or are they from 
inverse-Compton scattering by (radio synchrotron emitting) electrons? 

- First claim from CANGAROO (Nature 2002) not confirmed by Fermi

- TeV emission is often following the CO matter contours.  

HESS morphology study 

Aharonian et al., Nature, 432, 75 (2004) ; 
Aharonian et al., A&A, 464, 235 (2007)



`The dominance of leptonic processes in explaining the gamma-ray emission does not mean that no protons are accelerated in this 
SNR, but that the ambient density is too low to produce a significant hadronic gamma-ray signal.’ (arXiv:1103.5727).

Aharonian et al., Nature, 432, 75 (2004) ; Aharonian et 
al., A&A, 464, 235 (2007)

Fermi observations of RXJ 1713.7-3946



Ackermann et al. (Fermi Collaboration), Science, 339, 807 (2013)

Fermi identified various candidates for pionic gammas but yet did not verify that what we yet do not 
have a convincing model on CR acceleration  

Evidence for pion decay?



THE FIRST PEVATRON!!
Nature 531 (2016) 476 (https://inspirehep.net/record/1434943)

 The Galactic Centre PeVatron appears to be located in the same region as the central γ-ray source HESS 
J1745-290.  
Interpretation: Sgr A*, the pulsar wind nebula G 359.95-0.0416,17, and a spike of annihilating dark matter.  
Sgr A*, black hole of 3.6 million solar masses: the  current rate of particle acceleration is not sufficient to provide a 
substantial contribution to Galactic cosmic rays, Sgr A* could have plausibly been more active over the last ≳ 106−7 
yr, and therefore should be considered as a viable alternative to SNRs as a source of PeV Galactic cosmic rays.

VHE γ-ray spectra of the diffuse emission and 
HESS J1745-290. The vertical and horizontal 
error bars show the 1σ statistical error and bin 
size, respectively. Arrows represent 2σ flux 
upper limits. The 1σ confidence bands of the 
best-fit spectra of the diffuse and HESS 
J1745-290 are shown in red and blue shaded 
areas, respectively. The red lines show the 
numerical computations assuming that γ-rays 
result from the decay of neutral pions 
produced by proton-proton interactions. The 
fluxes of the diffuse emission spectrum and 
models are multiplied by 10. 

H.E.S.S. : Central 10 pc of the Galaxy for 10 yrs



Imaging Cherenkov Telescopes history
C. Galbreith and J. Jelley when visiting the Harwell Air Shower Array in UK 
in 1951, had the idea to try to detect a short light pulse from a CR air 
shower which involves millions of charged particles. They tested the 
hypothesis with a 5 cm PMT mounted on a focal plane of a 25 cm 
parabolic mirror in a garbage can. 

• They observed oscilloscope triggers 
from light pulses that exceeded the 
average night-sky background every 2 
min. 

• Gamma signals from sources (Crab) 
where detected only in 1989 by 
Whipple…

Mirror

PMT

Thrash Bin !!



Early History of Atmospheric Cherenkov Technique

1948 PMS Blackett (Nobel) in the 
Royal Society Report on the study of 
the night-sky light and aurora pointed 
out that ≈0.01% of the night light sky 
comes from Cherenkov light emitted 
by CRs and their secondaries as 
they traverse the atmosphere.



~10 km

γ

“Shower”

Cherenkov radiation

Imaging Air Cherenkov Technique

1.4°

140 m

UV-optical reflecting mirrors focussing 
flashes of Cherenkov light produced 
by air-showers onto ns-sensitive 
cameras. 

For E=1 TeV (EC ≃ 80 MeV) 
Xmax ≃ X0  ln ( E/EC ) / ln 2  
hmax = h0 ln(XA/Xmax) ➡  5 km

1st Interaction:

X0 ≃ 40 g/cm2 
λpair = 9/7 X0  ≃ 50 g/cm2 
X = XA e –h/h0  and XA ≃ 103 g/cm2 
hpair = h0 ln(XA/λpair) ➡ 20 km 

θC(max) = acos (1/n) ≃  1.4°



1800 m altitude



Dependency of the lateral distribution on 
the primary energy
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The density is about 
100 photons/m2/TeV between 
300-600 nm.
For a typical instrumental 
efficiency of 10% (reflectivity 
of mirror surfaces and QE of 
photosensors) primary 
reflectors of 100 m2 are 
needed to produce images 
containing 100 ph for a 
primary gamma of 100 GeV.



New photosensors
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From current arrays to CTA
Light pool radius
R ≈ 100-150m 
≈ typical telescope Spacing 

✓Large detection Area
✓More Images per shower
✓Lower trigger threshold

✓Improved angular 
resolution


✓Improved 
background rejection 
power


➡ More telescopes!



Cherenkov - basic formulas
• Cherenkov condition: 

βth>1/n  --->  θ>0

• The energy threshold 
(Lorentz factor) is 
determined by the refractive 
index. 

• The number of photons 
scales with lambda-2: 
Cherenkov light is 
dominantly blue in typical 
media such as water and 
air. 

• The number of photons 
scales with sin2θ

€ 

dN
dx

= 2παz2 1− 1
n2β 2

& 

' 
( 

) 

* 
+ ∫ dλ
λ2

€ 

cosθ =
1
nβ

€ 

γ >
1

1− n−2

€ 

dN
dx

= 2παz2 sin2∫ θ
dλ
λ2

• For β∿1 
• Water ≈ 41° 
• Air ≈ 1.0 to 1.3° 

For electrons:
Eth = me c2/sqrt(1-1/n2)

= E/m

• Air: 20 MeV 
• Water/ice: 0.7 MeV



Signal and background spectra and 
photosensor efficiency



• Night sky background:  φNSB ≈ 1012 photons/(m2 s sr) 
• Cherenkov pulse: φCh ≈7 photons/m2 in 2ns at 100 GeV 
• Transmittance of atmosphere T = 1 for simplicity 
• τ = 2 ns integration time of pulse counting system 
• qE= 0.25 quantum efficiency PMT, lightguide detection eff., miroir transmittance 
• Number of signal photoelectrons: φCh * A * T *qE  
• Number of background photoelectrons: φNSB  * A *T*qE* τ∗Ω
• Solid angle Ω greater than shower (> 1°) 
• We neglect that T, qE, ΦNSB and Φch depend on the wavelength

€ 

Signal
Noise

= Nσ =
Φch ⋅ A ⋅T ⋅ qE

ΦNSB ⋅ A ⋅ Ω⋅T ⋅ qE ⋅ τ

€ 

Nσ =Φch
T ⋅ A ⋅ qE
ΦNSB ⋅ Ω⋅ τ

€ 

A =
Nσ

Φch

$ 

% 
& 

' 

( 
) 

2
ΦNSB ⋅ Ω⋅ τ
T ⋅ qE

=5 sigma

A = 2⇥ 105��2
Ch

⌦

T
m2

Signal to noise example for photon of 100 GeV

Since �Ch / Ne± / E�,primary Eth / 1p
A

mirror



A new multi-messenger Astrophysics
Notice that the same equations govern particle 
production by cosmic rays accelerated by a supernova 
shock or black hole when colliding with ambient matter 
and particles in atmospheric showers.



Reminder: Mean free path
w = interaction prob. = w = N�dx σ = cross section

N= n. of target particles / volume 

P(x) = prob. that a particle does not interact after traveling a distance x
P(x + dx) = prob that a particle has no interaction between x and x+dx = P(x+dx) = P(x) (1-wdx) 

P (x+ dx) = P (x) +
dP

dx

dx = P (x)� P (x)wdx

dP

P

= �wdx ) P (x) = P (0)e�wx

P(0) = 1 it is sure that initially the 
particle did not interacts

� =

R
xP (x)dxR
P (x)dx

=
1

w

=
1

N�

Atomic number

Medium density

in g/cm2�I = �⇢ = ⇢
Nc�

= Amp

�



The multi-messenger’s horizons
Proton horizon (GZK cut-off):

The neutrino horizon is comparable to the 
observable universe!

p�2.7K ! �+ ! ⇥+n

�̄�1.95K ! Z ! X

L� = 1
⇥p��CMB

n�
⇠ 1

10�28cm2⇥400cm�3 ⇠ 10 Mpc

T. J. Weiler, Phys. Rev. Lett. 49, 234 (1982)
arxiv.org/pdf/0811.1160v2.pdf



The proton horizon

What about 
neutrons? for a 

neutron of 
E = 109 GeV, 
ldecay = Υc𝜏 = 

E/mc2x c x 886 s = 
109 GeV/1GeV x 

3x108m/s x 886s = 
2.66 x 1020 m x 3.24 
x 10-20 kpc/m = 8.6 

kpc



Reminder: Reaction thresholds
mp,pp mt,pt s=Ecm2    c=1

€ 

t + p→ M1 + M2 + ...Mn

s = Mf = Etot
2 − ptot

2

f
∑

Remember also that from the invariance of total 4-momentum squared in the CM and Lab  
frame:

th

The threshold of a reaction corresponds to the energy to produce all final states at rest.

p
s =

q
(Ep + Et)

2 � ( ~pp + ~pt)2 =

q
m2

p +m2
t + 2EpEt(1� �p�t cos ✓)

At threshold:

p
sth =

q
m2

p +m2
t + 2Epmt =

X

f

Mf

total energies in the lab

m2
p +m2

t + 2(Ek,p +mp)mt = (
X

f

Mf )
2

Ek,p =
(
P

f Mf )2 � (mp +mt)2

2mp

The projectile kinetic energy in the target rest frame (lab frame):



[Greisen 66;  
 Zatsepin & Kuzmin66]

2.73 K

Integrating over Planck spectrum 
Ep,th~ 5 ·1019 eV

effective energy for Planck spectrum of CMB

⇒Hence the threshold energy of the proton in the CM is  
⇒E’p ~ γp mp = 2 ·1020 eV

✏ =
m2

� �m2
p

2mp
⇠ 340MeV

✏0 = 3kBT = 4⇥ 2.73⇥ 8.62⇥ 10�5eV

�p =
✏0

✏
= 2 · 1011

The GZK cut-off



recent past…

now…

UHECR spectra



The ankle region: composition

M. Settimo, Review on extragalactic cosmic rays detection, https://arxiv.org/pdf/1612.08108.pdf

Is the extra-galactic component Fe or p dominated??

data do not differ much
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ν and γ beam dumps                    

accelerator (BH, 
n-star, shock…) is 
powered by
large gravitational 
energy

cosmic ray + gamma

cosmic ray + neutrinos

The generic cosmic source: beam dump model
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about 2 orders of magnitude!

In astrophysical environments, the density of photons is typically much larger than that of 
protons, unless there are residual masses from explosions (SNRs) or an accelerator with a 
molecular clouds and large rate of star formation (starbursts). Hence, even if the cross section for 
pp interaction is about 2 orders of magnitude larger than that of pγ, this last may dominate.

Pp and p-gamma processes



p-gamma Direct photo-production of pions:

p+ � ! p+ ⇡0eg.

p
sth = mp +m⇡ = 1.08 GeV

If the proton is at rest (Ep = mp),
 
Hence in the CM: E’p =γp mp  and the photon energy is :

For delta-resonance Δ(1232) it is larger:

Energy of the photon in the lab:

ϵ= 340 MeV in the lab

Hence the accelerated proton must have a threshold energy in the CM frame of:

p-p 

✏ =
m⇡(m⇡ + 2mp)

2mp
⇠ 150MeV

✏ =
m2

� �m2
p

2mp
⇠ 340MeV

✏0 = �p
m2

� �m2
p

2mp
= �2

p

m2
� �m2

p

2E0
p

E0
p = �2

p

m2
� �m2

p

2✏0
⇠ �2

p ⇥ 300GeV ⇥
✓
1MeV

✏0

◆



Kelner & Aharonian
http://arxiv.org/pdf/astro-ph/0606058.pdf

https://inspirehep.net/record/718405

0.1 TeV

1000 TeV

Assuming average energy fractions…

100 TeV

Gamma Neutrino



Two Body Decay Kinematics

In the Lab (pion at rest)
Each neutrino takes about 1/4 of the pion energy (on average)



Three Body Decay Kinematics

In the LAB and for Eπ >> mπ

(mass of electrons/neutrinos neglected)



p-gamma
On average 1/3 of the p energy goes into pions 
p+ � ! �+ ! p+ ⇡0

p+ � ! �+ ! n+ ⇡+
2/3
1/3

⇡0 ! � + �
⇡+ ! µ+ + ⌫µ ! (e+⌫e⌫̄µ) + ⌫µ
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Proton-proton



dN⌫

dE
=

dN�

dE
for p� p

dN⌫

dE
=

1

4

dN�

dE
for p� �

What happens during propagation 
of messengers to us?

Gamma-neutrino connection at source



oscillation probability in 3 families (A. Blondel’s lectures)

atmospheric Ue3 ↔θ13 Uµ3,Uτ3 ↔ θ23

solar Ue1, Ue2 ↔θ12  CHOOZ Ue3 ↔θ13

MNSP matrix

Oscillation probability (3 families)
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P(ν e →ν e ) = |Uei |i∑
2
|Uei |

2=|Ue1 |
4 + |Ue2 |

4 + |Ue3 |
4= 0.824 + 0.574 + 0 = 0.56

P(ν e →ν µ ) = |Uei |i∑
2
|Uµi |

2=|Ue1 |
2 |Uµ1 |

2 + |Ue2 |
2 |Uµ2 |

2 + |Ue3 |
2|Uµ1 |

2= 0.822 ⋅ 0.42 + 0.572 ⋅ 0.582 + 0 = 0.22

P(ν e →ντ ) = |Uei |i∑
2
|Uτi |

2=|Ue1 |
2 |Uτ1 |

2 + |Ue2 |
2 |Uτ 2 |

2 + |Ue3 |
2 |Uτ1 |

2= 0.822 ⋅ 0.42 + 0.572 ⋅ 0.582 + 0 = 0.22

40%40%20%ντ

40%40%20%νµ

20%20%60%νe

ντνµνeνα\νβ

For astrophysical source at kpc-distances emitting νs of 10 TeV: COSφ averages to zero since the 
extension of sources is about 1 pc and their distance is of the order of 1 kpc so the baseline is 
known with precision 1/1000 not 1/108 hence oscillations average out

We can express the phase in astro units:

Astrophysical neutrino oscillations



40%40%20%ντ

40%40%20%νµ

20%20%60%νe

ντνµνeνα\νβ

At source: ⌫e : ⌫µ : ⌫� ⇠ 1 : 2 : 0

Maybe not true if charmed meson threshold is 
overcome: 0:1:0 (Sarcevic et al., arXiv:0808.2807)

60% of νe survive and 2x20% come from 2xνµ = 100% 
2x40%=80% of 2xνµ survive and 20% come from νe= 100% 
20% of ντ come from νe and 2 x 40% from νµ= 100% 

At Earth: 
⌫e : ⌫µ : ⌫⌧ ⇠ 1 : 1 : 1

Maybe not true if muons cannot decay 
(Kashti & Waxman, PRL 95 (2005) 181101)

pion-muon decay

Flavor ratio at Earth
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Warning: we neglected absorption 
of photons
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Gamma-neutrino connection at Earth



Neutrino - gamma fluxes



IceCube  



> 98.5% of DOMs in stable operation

10” PMT

13” Glass 
(hemi)sphere

Digitized 
Waveform



Teresa Montaruli, Otranto, Sep 20-21, 2008

Concept of Neutrino Detector
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Between 300-600 nm about 3.5 x 104 Cherenkov photons/m of a muon track 

β∼1 and θc∼41o

€ 

θ ≈
1.5deg
Eν (TeV )

wavef
ront

θc



Neutrino events in a neutrino 
telescope



muon track: time is color; number of photons is energy



You have seen only 10 nms of data taking



above 100 TeV 

• cosmic  
  neutrinos: 
   
• atmospheric 
  background 
  disappears

atmospheric      neutrino cosmic

100 TeV 

dN/dE ~ E−2

1-10 events 
per year for fully 
efficient 1 km3 
detector

Subir’s lecture

level of Waxman & 
Bacall upper limit



Neutrino selection & background rejection
Upgoing thoroughgoing neutrino induced muons - Earth is a filter - or vertex identification of ‘starting 
events’ (tracks and cascades)

μ Veto

✘

!

μ

νμ

"

✘
atmospheric muon tag

atmospheric neutrino tag



Big Beard

• Big Beard

‣ After 3 yrs 37 events  
‣ with background:  
‣ 6.6+5.9-1.6  atm. neutrinos 

‣ 8.4±4.2   atm. muons

‣ i



High Energy Starting Events (4 yr)
Kopper, Giang, Kurahashi, ICRC 2015, POS 1081,  
PRL 113 (2014) 101101, Science 2013



High Energy Starting Events (4 yr)



4 yr (2010-14)  of HESE
Anti-coincidence veto + >6000 p.e. (>30 TeV)
54 events (17+events in PRL 113 (2014) 101101) of which 2 are evident background events.
Background: Measured: 12.6 ± 5.1 atmospheric muon events
Atmospheric prompt component estimated using a previously set limit on atmospheric neutrinos 
with 59 strings: 9.0-2.2+8.0 

1347 d



subm. to ApJ

Best fit astrophysical spectral index of γ = 2.13 ± 0.13



Combined fit

Tension > 3.6σ on spectrum from different analyses

http://arxiv.org/pdf/1607.08006v1.pdf

The p-value for obtaining the combined fit result and the result reported here from an unbroken 
powerlaw flux is 3.3σ, and is therefore in significant tension. 
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Use the Moon to verify pointing
Moon	shadow	LH	analysis	:	
>	6	σ	
0.2°	shi7	from	expected	posi@on

http://journals.aps.org/prd/abstract/
10.1103/PhysRevD.89.102004



Clustering of events test and did not yield significant evidence. 
A galactic plane clustering test using a fixed width of 2.5° around the plane (post trial p-value 7%) 
and using a variable-width scan (post trial p-value 2.5%).

Compatible with isotropy
Moderate excess from Southern Hemisphere



The Kowalski’s plot

Luminosity vs density for potential sources of high-energy astro- physical neutrinos. 

minimum power-density needed to produce the observed neutrino flux as 


