
Cosmic ray sources

Markus Ahlers

University of Wisconsin-Madison & WIPAC

Bootcamp 2012
June 13, 2012, Madison

Markus Ahlers (UW-Madison) Cosmic ray sources June 13, 2012



The cosmic leg

The all-particle spectrum (as E2.5×J) of cosmic rays.
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[from Particle Data Group ’05]
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The cosmic leg

The all-particle spectrum (as E2.5×J) of cosmic rays.
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The cosmic leg

The all-particle spectrum (as E2.5×J) of cosmic rays.
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A word on scale. . .

106 eV = 1 MeV me ' 0.5 MeV

109 eV = 1 GeV mp ' 1 GeV

1012 eV = 1 TeV
√

sLHC ' 7 TeV

1015 eV = 1 PeV Emax,Earth ' 2 PeV

1018 eV = 1 EeV ?

1021 eV = 1 ZeV ?????
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Zetta-electronvolt?

mball ' 0.41kg

v ' 120km/h

Ekin =
1
2

mballv2 = 1 ZeV
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A word on units. . .

• natural units: c = ~ = kB = ε0 = µ0 = 1
• conversion factors:

~c ' 2× 10−7eVm c ' 3× 108 m
s

kB ' 8.6× 10−5 eV
K

αEM '
1

137
=

e2

4π

• example

1Tesla = 1
Vs
m2 =

c
m/s

~c
eVm

1√
4παEM

(eV)2 ' 195(eV)2

• other important relations/definitions:

1erg ' 624 GeV 1eV ' 1.8× 10−36 kg 1pc ' 3.26ly ' 3.09× 1016 m
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Particle acceleration in the Universe

• Acceleration is a continuous process.

Ü Accelerators need to confine the particle by
magnetic fields.

• Larmor radius:

RL =
E

ZeB
' 1.1

Z

(
E

EeV

)(
B
µG

)−1

kpc .

• maximal energy from RL = Racc:

Emax ' 0.9Z
(

Bacc

µG

) (
Racc

kpc

)
EeV .

• for example, the LHC:

Emax ' 9
(

Bacc

8T

) (
Racc

4km

)
TeV .

LHC

size

magnetic
deflection
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Acceleration mechanism?
• There is a problem with this analogy.

8 Universe is a “perfect conductor”

Ü It is unlikely to build up large potentials on long time-scales that accelerate
charged particles.

• astrophysical environments are described (to leading order) as an ideal
magneto-hydrodynamical (MHD) system:

∂tρ = −∇(ρv) (continuity)

ρ(∂t + v∇)v = (∇× B)× B−∇p (momentum)

∂B = −∇× E (Faraday’s law)

∇B = 0 (no divergence)

E = −v× B (Ohm’s law)

• in particular, Ohm’s law gives E ⊥ v

Ü no acceleration along electric fields

Ü exceptions (NLO effects): magnetic reconnections, double layers, relativistic
motion,. . .

Markus Ahlers (UW-Madison) Cosmic ray sources June 13, 2012



Fermi’s idea

P H YS I CAL R EVI EW VOLUM E 75, NUMBER 8 APRIL 1S, 1949

On the Origin of the Cosmic Radiation
ENRICO FERMI

Institute for Nuclear Studies, University of Chicago, Ckicago, ILlinois
{Received January 3, 1949)

A theory of the origin of cosmic radiation is proposed according to which cosmic rays are originated
and accelerated primarily in the interstellar space of the galaxy by collisions against moving mag-
metic 6elds. One of the features of the theory is that it yields naturally an inverse power law for the
spectral distribution of the cosmic rays. The chief difhculty is that it fails to explain in a straight-
forward way the heavy nuclei observed in the primary radiation.

I. INTRODUCTION
N recent discussions on the origin of the cosmic
radiation E. Teller' has advocated the view

that cosmic rays are of solar origin and are kept
relatively near the sun by the action of magnetic
fields. These views are amplified by Alfvhn, Richt-
myer, and Teller. ' The argument against the con-
ventional view that cosmic radiation may extend
at least to all the galactic space is the very large
amount of energy that should be present in form of
cosmic radiation if it were to extend to such a huge
space. Indeed, if this were the case, the mechanism
of acceleration of the cosmic radiation should be
extremely efficient.
I propose in the present note to discuss a hy-

pothesis on the origin of cosmic rays which attempts
to meet in part this objection, and according to
which cosmic rays originate and are accelerated
primarily in the interstellar space, although they
are assumed to be prevented by magnetic fields
from leaving the boundaries of the galaxy. The
main process of acceleration is due to the interaction
of cosmic particles with wandering magnetic fields
which, according to Alfvbn, occupy the interstellar
spaces.
Such fields have a remarkably great stability

because of their large dimensions (of the order of
magnitude of light years), and of the relatively high
electrical conductivity of the interstellar space.
Indeed, the conductivity is so high that one might
describe the magnetic lines of force as attached to
the matter and partaking in its streaming motions.
On the other hand, the magnetic field itself reacts
on the hydrodynamics' of the interstellar matter
giving it properties which, according to Alfvkn, can
pictorially be described by saying that to each line
of force one should attach a material density due to
the mass of the matter to which the line of force is
linked. Developing this point of view, Alfthn is
able to calculate a simple formula for the velocity
V of propagation of magneto-elastic waves:

V=H/(4s p) &, (1)
' Nuclear Physics Conference, Birmingham, 1948.
~Alfvdn, Richtmyer, and Teller, Phys. Rev. , to be pub-

lished.I H. Alfv4n, Arkiv Mat, f. Astr. , o. Fys. 298, 2 (1943).

where H is the intensity of the magnetic field and
p is the density of the interstellar matter.
One finds according to the present theory that a

particle that is projected into the interstellar
medium with energy above a certain injection
threshold gains energy by coll'isions against the
moving irregularities of the interstellar magnetic
field. The rate of gain is very slow but appears
capable of building up the energy to the maximum
values observed. Indeed one finds quite naturally
an inverse power law for the energy spectrum of the
protons. The experimentally observed exponent of
this law appears to be well within the range of the
possibilities.
The present theory is incomplete because no

satisfactory injection mechanism is proposed except
for protons which apparently can be regenerated at
least in part in the collision processes of the cosmic
radiation itself with the diffuse interstellar matter.
The most serious difficulty is in the injection
process for the heavy nuclear component of the
radiation. For these particles the injection energy
is very high and the injection mechanism must be
correspondingly efficient.

II. THE MOTIONS OF THE INTERSTELLAR MEDIUM

It is currently assumed that the interstellar space
of the galaxy is occupied by matter at extremely
low density, corresponding to about one atom of
hydrogen per cc, or to a density of about 10 "g/cc.
The evidence indicates, however, that this matter
is not uniformly spread, but that there are conden-
sations where the density may be as much as ten
or a hundred times as large and which extend to
average dimensions of the order of j.o parsec.
(1 parsec. =3.1)&10'8 em=3. 3 light years. ) From
the measurements of Adams4 on the Doppler effect
of the interstellar absorption lines one knows the
radial velocity with respect to the sun of a sample
of such clouds located at not too great distance from
us. The root mean square of the radial velocity,
corrected for the proper motion of the sun with
respect to the neighboring stars, is about 15 km/sec.
We may assume that the root-mean-square velocity

4 W. S. Adams, A.p.J. 9'7, 105 (1943).
ii69

• exercise (my only one for today!): Try to get this paper on the web!

• hints:

• http://inspirehep.net/ (type in "f a fermi and t cosmic")
• http://adsabs.harvard.edu/abstract_service.html
• http://arxiv.org/

Markus Ahlers (UW-Madison) Cosmic ray sources June 13, 2012



Fermi’s original idea

“collisionless” scattering of charged particles with “magnetic clouds”

cosmic ray

cosmic ray

β = v/c

θ1

θ2
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Fermi acceleration (second order)

• “magnetic cloud” with velocity β.

• momentum in rest frame

E′1 = γE1(1− β cos θ1)

• elastic scattering within cloud
conserves energy (E′2 = E′1) but
isotropizes the emission direction θ′2

• emitted energy

E2 = γE′2(1 + β cos θ′2)

p2

p1

β
θ1

θ2

• energy gain per scatter:

∆E
E1

=
E2 − E1

E1
= γ2(1 + β cos θ′2)(1− β cos θ1)− 1

Ü can be positive or negative depending on scattering angle
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Fermi acceleration (second order)
• distribution of θ′2 is (appr.) isotropic dn

d cos θ′2
∝ 1

• averaging over θ′2:

〈∆E〉θ′2
E1

=

∫ 1

−1
d cos θ′2

dn
d cos θ′2

∆E
E1

=
1
2

∫ 1

−1
d cos θ′2

∆E
E1

= γ2(1− β cos θ1)− 1

• distribution of θ1 follows number of particles per second in direction θ1

dn
d cos θ1

∝ (1− β cos θ1)

• further averaging over θ1

〈∆E〉θ1&θ′2

E1
=

∫ 1

−1
d cos θ1

dn
d cos θ1

〈∆E〉θ′2
E1

=
1
2

∫ 1

−1
d cos θ1(1− β cos θ1)[γ

2(1− β cos θ1)− 1]

= γ2
(

1 +
β2

3

)
− 1 =

1 + β2

3

1− β2 − 1 ' 1 +
β2

3
+ β2 − 1 =

4
3
β2

Ü on average energy gain with ∆E/E ∝ β2

Ü slow for β � 1; these days called second order Fermi acceleration
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Macroscopic treatment

• second order Fermi acceleration can be treated by a diffusion equation in
momentum space:

∂tn = ∇pD∇pn− 1
τ

n + Q

• diffusion tensor D can be anisotropic, for instance if scattering centers have
preferred direction

Dij =
〈∆pi∆pj〉

2λ

• diffusion coefficient is momentum dependent D = Dp1 and Dp ∝ D0(p/p0)
2−δ

• Bohm diffusion δ = 1, Kolmogorov diffusion δ = 5/3, . . .

• steady-state solution for δ = 2 [e.g. Mertsch’11]

n ∝ E−γ γ ' 1
2

+
1
3

p2
0

D0τ

8 no universal power law
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Diffuse shock acceleration
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Diffuse shock acceleration
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Diffuse shock acceleration

“collisionless” scattering of charged particles across shocks

cosmic ray

cosmic ray

“downstream”“upstream”

shock

βsh = vsh/c
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Rankine-Hugoniot relations

• consider the particle flow through an area A on
the shock front during a time ∆t in the
rest-frame of the shock

u∗2 = ush u∗1 =
ush − u2

1− ushu2

Ü differential volume ∆V1,2 = ∆x1,2A = ∆tu∗1,2A

Ü relation between mass density ρ1,2, pressure
p1,2 and energy density ε1,2 from mass,
momentum and energy conservation across
shock

A

∆tu
∆tu
1

2

∆V1ρ1 = ∆V2ρ2 (mass)

∆V1ρ1u∗1 + ∆tAp1 = ∆V2ρ2u∗2 + ∆tAp2 (momentum)
1
2

∆V1ρ1(u∗1 )2 + ∆V1ε1 + ∆tu∗1 Ap1 =
1
2

∆V2ρ2u∗2
2

+ ∆V2ε2 + ∆tAu∗2 p2 (energy)
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• consider the particle flow through an area A on
the shock front during a time ∆t in the
rest-frame of the shock

u∗2 = ush u∗1 =
ush − u2

1− ushu2

Ü differential volume ∆V1,2 = ∆x1,2A = ∆tu∗1,2A

Ü relation between mass density ρ1,2, pressure
p1,2 and energy density ε1,2 from mass,
momentum and energy conservation across
shock

A

∆tu
∆tu
1

2

u∗1ρ1 = u∗2ρ2 (mass)

ρ1u2
1 + p1 = ρ2u∗2

2
+ p2 (momentum)

1
2
ρ1u∗1

3
+ u∗1 (ε1 + p1) =

1
2
ρ2u∗2

3
+ u∗2 (ε2 + p2) (energy)
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Rankine-Hugoniot relations

• consider the particle flow through an area A on
the shock front during a time ∆t in the
rest-frame of the shock

u∗2 = ush u∗1 =
ush − u2

1− ushu2

Ü differential volume ∆V1,2 = ∆x1,2A = ∆tu∗1,2A

Ü relation between mass density ρ1,2, pressure
p1,2 and energy density ε1,2 from mass,
momentum and energy conservation across
shock

A

∆tu
∆tu
1

2

u∗1ρ1 = u∗2ρ2 = Φ (mass)

Φ(u∗1 − u∗2 ) = p2 − p1 (momentum)
1
2

Φ(u∗1
2 − u∗2

2
) = u∗2 (ε2 + p2)− u∗1 (ε1 + p1) (energy)
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Rankine-Hugoniot relations

• finally. . .
1
2

(p2 − p1)(u∗1 + u∗2 ) = u∗2 (ε2 + p2)− u∗1 (ε1 + p1)

• compression ratio:

r =
u∗1
u∗2

=
ρ2

ρ1
=

2(ε2 + p2)− (p2 − p1)

2(ε1 + p1) + (p2 − p1)

• equation of state: p = ωε

ω =
1
3

(relativistic) ω =
2
3

(non-relativistic)

Ü for ε1 � ε2 we have r ' (2 + ω)/ω and

r = 7 (relativistic) r = 4 (non-relativistic)

Ü cosmic frame velocity:

u2 =
(r − 1)βsh

r − β2
sh
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Fermi acceleration (first order)

• shock with velocity βsh Ü β = (r−1)βsh
r−β2

sh
.

• momentum in rest frame

E′1 = γE1(1− β cos θ1)

• elastic scattering within cloud
conserves energy (E′2 = E′1) but
isotropizes direction

• emitted energy

E2 = γE′2(1 + β cos θ′2)

downstreamupstream

p2

p1

βsh

• energy gain per scatter:

∆E
E1

=
E2 − E1

E1
= γ2(1 + β cos θ′2)(1− β cos θ1)− 1

Ü always positive since cos θ1 < 0 and cos θ′2 > 0
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Fermi acceleration (first order)
• distributions of θ1 and θ′2 follow projection onto the shock:

dn
d cos θ1

∝ cos θ1 (cos θ1 < 0)
dn

d cos θ′2
∝ cos θ′2 (cos θ′2 > 0)

• averaging over θ′2:

〈∆E〉θ′2
E1

=

∫ 1

−1
d cos θ′2

dn
d cos θ′2

∆E
E1

= 2
∫ 1

0
d cos θ′2 cos θ′2

∆E
E1

= γ2(1− β cos θ1 +
2
3
β − 2

3
β2 cos θ1)− 1

• also averaging over θ1

〈∆E〉θ1&θ′2

E1
=

∫ 1

−1
d cos θ1

dn
d cos θ1

〈∆E〉θ′2
E1

= −2
∫ 0

−1
d cos θ1 cos θ1[γ

2(1− β cos θ1 +
2
3
β − 2

3
β2 cos θ1)− 1]

= γ2
(

1 +
2
3
β

)2

− 1 ' 1 +
4
3
β − 1 =

4
3
β

Ü on average energy gain with ∆E/E ∝ β
Ü first order Fermi acceleration more efficient
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Spectrum

• particle acceleration per crossing ∆E/E = ξ

• relative rate of particles crossing the shock from upstream to downstream:

Rcross =
1

4π
2π
∫ 1

0
d cos θ1 cos θ1 =

1
4

• relative rate of particles escaping the shock region

Resc =
u∗2
c

• probability that particle crosses the shock and escapes downstream:

Pesc =
Resc

Rcross
=

4u∗2
c

• evolution of energy and particle number

∂tE =
ξ

tcycle
E ∂tN = − Pesc

tcycle
N
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Spectrum
Ü dividing

∂EN = −Pesc

ξ

N
E

Ü re-arranging
dN
N

= −Pesc

ξ

dE
E

Ü integrating ∫ N(E)

N0

dN′

N′
= −

∫ E

E0

Pesc

ξ

dE′

E′

Ü final spectrum
N(E) = N0(E/E0)

−γ

• power index for non-relativistic plasma (r = 4) and strong shock

γ =
Pesc

ξ
' 4u∗2

(4/3)(u∗1 − u∗2 )
=

3
r − 1

' 1

Ü differential spectrum
dN
dE
∝ E−2
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Candidate sources

• CR acceleration is (most
likely) a continuous process.

Ü Accelerators need to
confine the particle by
magnetic fields.

• Emax ∼ size× field strength

LHC

size

magnetic
deflection

Hillas plot

starburst
wind

micro-
quasar

LHC

halo

RG
lobes

SNRinterplanet.
medium

white
dwarf

neutron
stars

intergal.
medium

galaxy
cluster

galactic
disk

blazarGRB

AGN

sun
spot

proton (β = 1)

gravitationally
unstable

(B
R

>
M

P
l )G

ZK

ankle

knee
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m
a
g
n
et
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fi
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d
B

cH−1
0MpckpcpcAUGmMmkm

GT

MT

kT

T
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Neutrino flux predictions

• pion production in CR interactions
with ambient radiation

π+ → µ+νµ → e+νeν̄µνµ
π0 → γγ

• inelasticity:

Eν ' Eγ/2 ' κEp/4

• relative multiplicity:

K = Nπ±/Nπ0

• pion fraction:

fπ ' 1− e−κτ

CR

ν

γ
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Neutrino flux predictions

• pion production in CR interactions
with ambient radiation

π+ → µ+νµ → e+νeν̄µνµ
π0 → γγ

• inelasticity:

Eν ' Eγ/2 ' κEp/4

• relative multiplicity:

K = Nπ±/Nπ0

• pion fraction:

fπ ' 1− e−κτ

3
4

Kfπ
1+K E2

pJp

E2
νJν

3K
4 E2

γJγ

∼

(E2
νJν ∼ energy density ω)
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Average pion fraction

• 3 neutrinos per pion; equally distributed after oscillation

• average energy loss in a single pγ interaction via ∆-resonance:

Eν
Eπ
' 1

4
and K ≡ Nπ+ + Nπ−

Nπ0
' 1

2

• fπ depends on optical depth τpγ(Ep) and mean inelasticity 〈x〉 ' 0.2

Ü particle number conservation (no magnetic field at the moment):

Eν
dNν
dEν

(Eν) ' 3K
1 + K

Eπ
dNπ
dEπ

(Eπ) ' 3K
1 + K

Ep

(
1− e−〈x〉τpγ(Ep)

〈x〉

)
dNp

dEp
(Ep)

• can be rewritten as an (approximate) energy relation with Eν ' 〈x〉Ep/4:

E2
ν

dNν
dEν

(Eν) ' 3K
4(1 + K)

(
1− e−〈x〉τpγ(Ep)

)
︸ ︷︷ ︸

“fπ”

E2
p

dNp

dEp
(Ep)

• final neutrino spectra after meson/muon cooling in magnetic fields
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Optical depth for pγ

• interaction rate averaged over isotropic spectrum (E′γ = (Ep/mp)Eγ(1− cos θ))

Γpγ(E) ≡ 1
2

1∫
−1

d cos θ
∫

dEγ (1− cos θ)
dNγ
dEγ

(Eγ)σpγ(Eγ ′)

• Breit-Wigner approximation (width Γ∆ ' 0.11 GeV and σ0 ' 34 µb)

σpγ(Eγ ′) ' s
E′γ2

σ0Γ
2
∆s

(s− m2
∆)2 + Γ2

∆s︸ ︷︷ ︸
Breit-Wigner

' s
E′γ2 Γ∆

√
sσ0πδ(s− m2

∆)︸ ︷︷ ︸
narrow-width approximation

• opacity of pγ collision (εmin = (m2
∆ − m2

p)/4Ep)

τpγ(Ep) = RsizeΓpγ(Ep) ' Rsize

(
π

2
Γ∆σ0m3

∆

m2
∆ − m2

p

)
︸ ︷︷ ︸

0.04

m2
p

Ep
2

∫
εmin

dε
ε2 nγ(ε)
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Galactic γ-ray sources

• hadronic interaction relate
neutrinos and γ-rays on
production (Eγ ' 2Eν)

Qall ν(Eν) ' 3KQγ(Eγ) ,

• for close-by (galactic) sources this
translates into a direct relation
between the observed point-source
spectra

Jall ν(Eν) ' 3KJγ(Eγ) ,

32ND INTERNATIONAL COSMIC RAY CONFERENCE, BEIJING 2011

for neutrino point sources over a wide energy range is cho-
sen.
The southern sky is filtered by using energy estimators
to separate the large amount of down-going atmospheric
muons from a hypothetical neutrino signal with a harder
spectrum. For vertically down-going events with zenith an-
gles between 0 and 50 degrees, we take advantage of the
IceTop detector in order to reject atmospheric muons orig-
inating from a shower that produces a signal in at least two
of the PMTs of the IceTop detector. This IceTop veto al-
lows us to reject background with ⇠ 99% efficiency in the
very vertical zenith angles without losing signal neutrino
efficiency (< 1 %).

Figure 2: Solid angle averaged neutrino effective area in the
northern sky for the 59-string IceCube configuration (dot-
ted line) and the 40-string configuration (solid line) for an
equal ratio of ⌫µ and ⌫̄µ as a function of the true neutrino
energy.

Figure 3: Nuetrino angular resolution as a function the
true neutrino energy for the 59-string IceCube configura-
tion and the 40-string configuration.

The final data sample for the 59-string configuration has
a total number of 107,569 events, among them almost 2/3

Figure 4: Expected sensitivity (solid line) for 90 % C.L.
using the classical (frequentist) construction of upper lim-
its, and discovery potential defined as the minimum flux
required to have a 50% probability to claim a discovery
of a point-source with a E�2 neutrino spectrum with con-
fidence level equivalent to 5�, (dotted line), for the com-
bined analysis using the 40-string and 59-string configura-
tion data. Both lines are shown as a function of the decli-
nation.

come from the southern sky and the rest from the up-going
region. The estimated atmospheric muon contamination in
the northern sky is ⇠5 %. The solid angle averaged neu-
trino effective area for both detector configurations in the
northern sky is shown in Fig. 2 as a function of the true
neutrino energy. The overall increase in neutrino effective
area in the up-going region of the 59-string configuration
with respect to the previous IceCube configuration of 40
strings is a factor of ⇠ 1.3 for energies > 1 TeV and up
to a factor of 2 at lower energies due to the event selection
based on BDTs trained with softer neutrino spectra. Fig. 3
shows the angular resolution defined as the median of the
point spread function (PSF) as a function of the true neu-
trino energy. The PSF is defined as the angle between the
reconstructed muon track and the true neutrino direction.
The BDT used in the 59-string configuration allows more
low energy signal events to pass the event selection with
worse angular resolution, that explains why the median dis-
tribution is worse compared to the 40-string configuration
at energies below 10 TeV.
The expected sensitivity for the 2 years (375 + 348 days)
of combined data and the discovery potential is shown in
Fig. 4 as a function of declination for a E�2 neutrino spec-
trum. The overall improvement with respect to the 40-
string configuration sensitivity is about a factor of ⇠ 2.5
making it comparable to the projected 1-year sensitivity of
the completed IceCube detector.

9

• typical IceCube sensitivity for TeV-PeV neutrino sources in the northern
sky:

E2Jνµ ' 10−11TeVcm−2s−1
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Neutrino point sources
• in general, flux F (erg/cm2/s) and luminosity L (erg/s) of a source (γ-ray, neutrino,

. . . ) are related via the luminosity distance dL

F =

∫
dE E J(E) =

L
4πd2

L

• for close-by sources dL is just the Euclidian distance

8 not so for cosmic sources at redshift z� 0:

dL = (1 + z)

z∫
0

dz′

H(z′)
.

• Hubble parameter accounts for the expansion of the universe; for ΛCDM model:

H(z) = H0

√
ΩΛ + Ωm(1 + z)3

ΩΛ ' 0.74, Ωm ' 0.26, H0 ' 72
km
s

Mpc−1

• neutrino spectrum:

Jν(z,E) =
(1 + z)2

4πd2
L

Qν((1 + z)E)
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Jetted sources

• many γ-ray sources show a jet-like outflow, e.g. quasars, micro-quasars, γ-ray
bursts

• neutrino in co-moving and observatory frame satisfy ∆t = ∆x and ∆t′ = ∆x′ and
are related by a Lorentz tranformation

∆t′ = Γ∆t − Γ∆~x · ~β ∆~x′ · ~β = Γ∆~x · ~β − β2Γ∆t

• observation angle relative to the velocity

cos θ′ =
cos θ − β

1− β cos θ

• convenient to define the Doppler factor

δ =
1

Γ(1− β cos θ)

Ü with this we can define

sin θ′ = δ sin θ E′ = E/δ
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Jetted sources

Comoving Frame

x′

∆t′em

t′

∆t′obs ∆tobs

∆tem

cos θβ∆tem

x

t

Observatory Frame

• two neutrinos emitted in a time-interval ∆t′em and ∆x′em = 0 are observed in the
co-moving frame within ∆t′obs = ∆t′em

• in the observer frame ∆tem = Γ∆t′em and ∆tobs = ∆tem − β cos θ∆tem = ∆t′obs/δ

• apparent displacement of the source projected onto the night-sky is
∆xobs = sin θβ∆tem after the emission time intervall ∆tem

Ü super-luminal motion:

βapp =
∆xobs

∆tobs
=

sin θβ
1− β cos θ
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Jetted sources

• transformation of spherical elements

dΩ′

dΩ
=

d cos θ′

d cos θ
= δ2

• number of particles emitted into a volume element ∆ω per energy ∆Eγ and
observation time ∆tobs is independent of the frame of reference

dFν
dE

(E) =
dΩ′

dΩ

∆t′obs

∆tobs

dE′

dE
dF′ν
dE′

(E′) = δ2 dF′ν
dE′

(E/δ)

• for comoving emissivity Q′ν = Q0(E/TeV)−α (GeV−1 s−1) and also including
red-shift scaling we have

J(z,E) =
(1 + z)2−αδ2+α

4πd2
L

Q0

(
E

TeV

)−α
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Extra-galactic γ-ray sources?
• CMB interactions (solid lines)

dominate in casade:

• inverse Compton scattering (ICS)
e± + γCMB → e± + γ

• pair production (PP)
γ + γCMB → e+ + e−

• PP in IR/optical background
(red dashed line) determines the
“edge” of the spectrum.

• this calculation:
Franceschini et al. ’08

E/bsyn (pG)
Γ−1

ICS (CMB)
Γ−1

PP (IR/opt.)
Γ−1

PP (CMB)
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Rapid cascade interactions produce universal GeV-TeV emission (almost)
independent of injection spectrum and source distribution.

Ü “cascade bound” for neutrinos [Berezinsky&Smirnov’75]
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• CMB interactions (solid lines)

dominate in casade:

• inverse Compton scattering (ICS)
e± + γCMB → e± + γ

• pair production (PP)
γ + γCMB → e+ + e−

• PP in IR/optical background
(red dashed line) determines the
“edge” of the spectrum.

• this calculation:
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Fermi-LAT (Abdo et al. ’10)

Fermi-LAT fit: E−2.4

EGRET (Sreekumar et al. ’98)

EGRET fit: E−2.1

Rapid cascade interactions produce universal GeV-TeV emission (almost)
independent of injection spectrum and source distribution.

Ü “cascade bound” for neutrinos [Berezinsky&Smirnov’75]
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UHE CR observation
16 24. Cosmic rays
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Figure 24.9: Expanded view of the highest energy portion of the cosmic-ray
spectrum from data of HiRes 1&2 [101], the Telescope Array [103], and the Auger
Observatory [104]. The HiRes stereo spectrum [112] is consistent with the HiRes
1&2 monocular results. The differential cosmic ray flux is multiplied by E2.6. The
red arrow indicates the change in the plotted data for a systematic shift in the
energy scale of 20%.

background [97,98]. Photo-dissociation of heavy nuclei in the mixed composition
model [99] would have a similar effect. UHECR experiments have detected events of
energy above 1020 eV [89,100–102]. The AGASA experiment [100] did not observe
the expected GZK feature. The HiRes fluorescence experiment [101,112] has detected
evidence of the GZK supression, and the Auger observatory [102–104] has presented
spectra showing this supression based on surface detector measurements calibrated
against its fluorescence detector using events detected in hybrid mode, i.e. with both the
surface and the fluorescence detectors. Recent observations by the Telescope Array [103]
also exhibit this supression.

Figure 24.9 gives an expanded view of the high energy end of the spectrum, showing
only the more recent data. This figure shows the differential flux multiplied by E2.6.
The experiments are consistent in normalization if one takes quoted systematic errors in
the energy scales into account. The continued power law type of flux beyond the GZK
cutoff previously claimed by the AGASA experiment [100] is not supported by the HiRes,
Telescope Array, and Auger data.

One half of the energy that UHECR protons lose in photoproduction interactions that
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Figure 9: Example of a longitudinal air shower development as measured with
fluorescence telescopes. Data points are taken from [145] (E = (30 ± 2) EeV)
and compared to ten simulated [133] air showers for three di↵erent primary
particle types using the hadronic interaction model Epos1.99 [36].

groups (see e.g. [150]) similar to what is done for surface de-
tectors. In the following, however, we will concentrate on the
first two moments of the Xmax-distribution, hXmaxi and �(Xmax).

For the determination of the average shower maximum, ex-
periments bin the recorded events in energy and calculate the
mean of the measured shower maxima. For this averaging not
all events are used, but only those that fulfill certain quality
requirements that vary from experiment to experiment, but all
analyses accept only profiles for which the shower maximum
had been observed within the field of view of the experiment.
Without this condition, one would rely only on the rising or
falling edge of the profile to determine its maximum, which
was found to be to unreliable to obtain the precise location of
the shower maximum. The field of view of fluorescence tele-
scopes is typically limited to 1-30 degrees in elevation. There-
fore some slant depths can only be detected with smaller e�-
ciencies than others, resulting in a distortion of the measured
Xmax-distribution due to undersampling in the tails of the distri-
bution [151, 152]. For instance, a detector located at a height
corresponding to 800 g/cm2 vertical depth cannot detect shower
maxima deeper than 800, 924 and 1600 g/cm2 for showers with
zenith angles of 0, 30 and 60 degrees respectively. On top of
this acceptance bias an additional reconstruction bias may be
present that can further distort the measured hXmaxi-values.

There are two ways to deal with such biases: If one is only
interested in comparing the data to air shower simulations for
di↵erent primary particles, then the biased data can be simply
compared to air shower predictions that include the experimen-
tal distortions. For this purpose the full measurement process
has to be simulated including the attenuation in the atmosphere,
detector response and reconstruction to obtain a prediction of
the observed average shower maximum, hXmaxiobs. Another
possibility is to restrict the data sample to shower geometries
for which the acceptance bias is small (e.g. by discarding verti-
cal showers) and to correct the remaining reconstruction e↵ects
to obtain an unbiased measurement of hXmaxi in the atmosphere.
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Figure 10: Elongation rates obtained by a linear fit in lg E to the Xmax data
of HiRes, Yakutsk, TA and Auger above di↵erent energy thresholds. Only fit
results with �2/Ndf < 2 are shown. The yellow, solid band is the average
obtained for HiRes, Yakutsk and TA , the green hatched band indicates the
average for all four experiments.

Whereas the former approach maximizes the data statistics,
the latter allows the direct comparison of published data to air
shower simulations even for models that were not developed at
the time of publication. Moreover, only measurements that are
independent of the detector-specific distortions due to accep-
tance and reconstruction can be compared directly.

The HiRes and TA collaborations follow the strategy to pub-
lish hXmaxiobs [130, 132] and to compare it to the detector-
folded air shower simulations. In the HiRes analysis the cuts
were optimized to assure an Xmax-bias that is constant with en-
ergy, but di↵erent for di↵erent primaries and hadronic inter-
action models. The preliminary TA analysis uses only mini-
mal cuts resulting in energy dependent detection biases. The
Auger collaboration quotes average shower maxima that are
without detector distortions within the quoted systematic uncer-
tainties [153] due to the use of fiducial volume cuts. Yakutsk
derives Xmax indirectly using a relation between the slope of
the Cherenkov-LDF and height of the shower maximum (cf.
Sec. 3.2). This relation is derived from air shower simula-
tions and is universal with respect to the primary particle and
hadronic interaction models [154]. We will therefore assume
in the following, that the the Yakutsk measurement is bias-free
and that it can be compared to air shower simulations directly.

To allow a comparison of the results of these experiments and
moreover to calculate hln Ai using the Eposmodel (cf. Sec. 3.4)
which was not used in some of the original publications, we
correct the hXmaxiobs-values of HiRes and TA by shifting them
by an amount � which we infer from the di↵erence of the pub-
lished hXmaxiobs-values for proton, QGSJetII to the simulated
values that are obtained without detector distortions:

hXmaxicorr = hXmaxiobs + � (27)

12

[Kampert&Unger’12]
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FIG. 3: 〈Xmax〉 and RMS(Xmax) compared with air shower simulations [20] using different hadronic interaction models[21].

ergy. If the properties of hadronic interactions do not
change significantly over less than two orders of magni-
tude in primary energy (< factor 10 in center of mass
energy), this change of ∆D10 =(82+35

−21) g/cm2/decade
would imply a change in the energy dependence of the
composition around the ankle, supporting the hypothe-
sis of a transition from galactic to extragalactic cosmic
rays in this region.

The 〈Xmax〉 result of this analysis is compared to the
HiRes data [10] in Fig. 2. Both data-sets agree well
within the quoted systematic uncertainties. The χ2/Ndf
of the HiRes data with respect to the broken-line fit de-
scribed above is 20.5/14. This value reduces to 16.8/14
if a relative energy shift of 15% is applied, such as sug-
gested by a comparison of the Auger and HiRes energy
spectra [2].

The shower-to-shower fluctuations, RMS(Xmax), are
obtained by subtracting the detector resolution in
quadrature from the width of the observed Xmax dis-
tributions resulting in a correction of ≤6 g/cm2. As can
be seen in the right panel of Fig. 3, we observe a de-
crease in the fluctuations with energy from about 55 to
26 g/cm2 as the energy increases. Assuming again that
the hadronic interaction properties do not change much
within the observed energy range, these decreasing fluc-
tuations are an independent signature of an increasing
average mass of the primary particles.

For the interpretation of the absolute values of 〈Xmax〉
and RMS(Xmax) a comparison to air shower simulations
is needed. As can be seen in Fig. 3, there are considerable
differences between the results of calculations using dif-
ferent hadronic interaction models. These differences are
not necessarily exhaustive, since the hadronic interaction
models do not cover the full range of possible extrapola-
tions of low energy accelerator data. If, however, these
models provide a realistic description of hadronic inter-
actions at ultra high energies, the comparison of the data
and simulations leads to the same conclusions as above,

namely a gradual increase of the average mass of cosmic
rays with energy up to 59 EeV.
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FIG. 3: 〈Xmax〉 and RMS(Xmax) compared with air shower simulations [20] using different hadronic interaction models[21].

ergy. If the properties of hadronic interactions do not
change significantly over less than two orders of magni-
tude in primary energy (< factor 10 in center of mass
energy), this change of ∆D10 =(82+35

−21) g/cm2/decade
would imply a change in the energy dependence of the
composition around the ankle, supporting the hypothe-
sis of a transition from galactic to extragalactic cosmic
rays in this region.

The 〈Xmax〉 result of this analysis is compared to the
HiRes data [10] in Fig. 2. Both data-sets agree well
within the quoted systematic uncertainties. The χ2/Ndf
of the HiRes data with respect to the broken-line fit de-
scribed above is 20.5/14. This value reduces to 16.8/14
if a relative energy shift of 15% is applied, such as sug-
gested by a comparison of the Auger and HiRes energy
spectra [2].

The shower-to-shower fluctuations, RMS(Xmax), are
obtained by subtracting the detector resolution in
quadrature from the width of the observed Xmax dis-
tributions resulting in a correction of ≤6 g/cm2. As can
be seen in the right panel of Fig. 3, we observe a de-
crease in the fluctuations with energy from about 55 to
26 g/cm2 as the energy increases. Assuming again that
the hadronic interaction properties do not change much
within the observed energy range, these decreasing fluc-
tuations are an independent signature of an increasing
average mass of the primary particles.

For the interpretation of the absolute values of 〈Xmax〉
and RMS(Xmax) a comparison to air shower simulations
is needed. As can be seen in Fig. 3, there are considerable
differences between the results of calculations using dif-
ferent hadronic interaction models. These differences are
not necessarily exhaustive, since the hadronic interaction
models do not cover the full range of possible extrapola-
tions of low energy accelerator data. If, however, these
models provide a realistic description of hadronic inter-
actions at ultra high energies, the comparison of the data
and simulations leads to the same conclusions as above,

namely a gradual increase of the average mass of cosmic
rays with energy up to 59 EeV.
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Figure 24.9: Expanded view of the highest energy portion of the cosmic-ray
spectrum from data of HiRes 1&2 [101], the Telescope Array [103], and the Auger
Observatory [104]. The HiRes stereo spectrum [112] is consistent with the HiRes
1&2 monocular results. The differential cosmic ray flux is multiplied by E2.6. The
red arrow indicates the change in the plotted data for a systematic shift in the
energy scale of 20%.

background [97,98]. Photo-dissociation of heavy nuclei in the mixed composition
model [99] would have a similar effect. UHECR experiments have detected events of
energy above 1020 eV [89,100–102]. The AGASA experiment [100] did not observe
the expected GZK feature. The HiRes fluorescence experiment [101,112] has detected
evidence of the GZK supression, and the Auger observatory [102–104] has presented
spectra showing this supression based on surface detector measurements calibrated
against its fluorescence detector using events detected in hybrid mode, i.e. with both the
surface and the fluorescence detectors. Recent observations by the Telescope Array [103]
also exhibit this supression.

Figure 24.9 gives an expanded view of the high energy end of the spectrum, showing
only the more recent data. This figure shows the differential flux multiplied by E2.6.
The experiments are consistent in normalization if one takes quoted systematic errors in
the energy scales into account. The continued power law type of flux beyond the GZK
cutoff previously claimed by the AGASA experiment [100] is not supported by the HiRes,
Telescope Array, and Auger data.

One half of the energy that UHECR protons lose in photoproduction interactions that
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Figure 9: Example of a longitudinal air shower development as measured with
fluorescence telescopes. Data points are taken from [145] (E = (30 ± 2) EeV)
and compared to ten simulated [133] air showers for three di↵erent primary
particle types using the hadronic interaction model Epos1.99 [36].

groups (see e.g. [150]) similar to what is done for surface de-
tectors. In the following, however, we will concentrate on the
first two moments of the Xmax-distribution, hXmaxi and �(Xmax).

For the determination of the average shower maximum, ex-
periments bin the recorded events in energy and calculate the
mean of the measured shower maxima. For this averaging not
all events are used, but only those that fulfill certain quality
requirements that vary from experiment to experiment, but all
analyses accept only profiles for which the shower maximum
had been observed within the field of view of the experiment.
Without this condition, one would rely only on the rising or
falling edge of the profile to determine its maximum, which
was found to be to unreliable to obtain the precise location of
the shower maximum. The field of view of fluorescence tele-
scopes is typically limited to 1-30 degrees in elevation. There-
fore some slant depths can only be detected with smaller e�-
ciencies than others, resulting in a distortion of the measured
Xmax-distribution due to undersampling in the tails of the distri-
bution [151, 152]. For instance, a detector located at a height
corresponding to 800 g/cm2 vertical depth cannot detect shower
maxima deeper than 800, 924 and 1600 g/cm2 for showers with
zenith angles of 0, 30 and 60 degrees respectively. On top of
this acceptance bias an additional reconstruction bias may be
present that can further distort the measured hXmaxi-values.

There are two ways to deal with such biases: If one is only
interested in comparing the data to air shower simulations for
di↵erent primary particles, then the biased data can be simply
compared to air shower predictions that include the experimen-
tal distortions. For this purpose the full measurement process
has to be simulated including the attenuation in the atmosphere,
detector response and reconstruction to obtain a prediction of
the observed average shower maximum, hXmaxiobs. Another
possibility is to restrict the data sample to shower geometries
for which the acceptance bias is small (e.g. by discarding verti-
cal showers) and to correct the remaining reconstruction e↵ects
to obtain an unbiased measurement of hXmaxi in the atmosphere.
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Whereas the former approach maximizes the data statistics,
the latter allows the direct comparison of published data to air
shower simulations even for models that were not developed at
the time of publication. Moreover, only measurements that are
independent of the detector-specific distortions due to accep-
tance and reconstruction can be compared directly.

The HiRes and TA collaborations follow the strategy to pub-
lish hXmaxiobs [130, 132] and to compare it to the detector-
folded air shower simulations. In the HiRes analysis the cuts
were optimized to assure an Xmax-bias that is constant with en-
ergy, but di↵erent for di↵erent primaries and hadronic inter-
action models. The preliminary TA analysis uses only mini-
mal cuts resulting in energy dependent detection biases. The
Auger collaboration quotes average shower maxima that are
without detector distortions within the quoted systematic uncer-
tainties [153] due to the use of fiducial volume cuts. Yakutsk
derives Xmax indirectly using a relation between the slope of
the Cherenkov-LDF and height of the shower maximum (cf.
Sec. 3.2). This relation is derived from air shower simula-
tions and is universal with respect to the primary particle and
hadronic interaction models [154]. We will therefore assume
in the following, that the the Yakutsk measurement is bias-free
and that it can be compared to air shower simulations directly.

To allow a comparison of the results of these experiments and
moreover to calculate hln Ai using the Eposmodel (cf. Sec. 3.4)
which was not used in some of the original publications, we
correct the hXmaxiobs-values of HiRes and TA by shifting them
by an amount � which we infer from the di↵erence of the pub-
lished hXmaxiobs-values for proton, QGSJetII to the simulated
values that are obtained without detector distortions:

hXmaxicorr = hXmaxiobs + � (27)
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HiRes composition

FIG. 3: HiRes stereo <Xmax> compared with the predictions for QGSJET01, QGSJET-II and

SIBYLL protons and iron after full detector simulation. The number of events in each energy bin

is displayed below the data point.

Due to detector, reconstruction, and event selection acceptance effects, the proton and

iron “rails” in Fig 3 are shifted relative to the raw CORSIKA predictions. However, we find

that the shift in mean Xmax for QGSJET01 and QGSJET-II protons is independent of energy

to approximately 1.8 g/cm2/decade. We assign a systematic uncertainty of 2.7 g/cm2/decade

to the elongation rate based on small variations of event selection cuts. Uncertainties in

the energy do not have a large effect on elongation rate results due to the logarithmic

energy scale. The choice of VAOD was the main systematic in a previous elongation rate

analysis [28], however the use of an hourly atmospheric database in the present analysis

renders this source of systematics negligible.

The phototube pointing directions have been confirmed by studies using stars [29] to

within 0.3◦, corresponding to a shift in Xmax of approximately 15 g/cm2. Averaging over

mirrors, this contributes a net uncertainty of 3.3 g/cm2 to the value of <Xmax>. The

subtraction of the Cherenkov light from the phototube signal can introduce an uncertainty

in Xmax due to uncertainties in electron multiple scattering. Previous studies [28] in which

the width of the Cherenkov beam was varied by 2◦ (1 σ) indicated negligible effect on the
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TA composition

degree, contrary to observed UHECR and associated multiplet (see
Fig. 3). Also heavy nuclei whose smearing is much larger and
whose eventual nucleon fragments (A-ðA"1Þ) should lead to
parasite tail that greatly differs in mass and energy and bending
angle with the observed AUGER one. If heavy UHECR are around
us and they are bent, only a galactic smeared component may be
somehow discovered; for the composition see Figs. 4 and 5. Our
He-like UHECR do fit the AUGER and the HIRES composition
traces see Figs. 4 and 5. The He secondaries are splitting in two (or
a fourth) energy fragments along Cen A tail (see Figs. 1–3) whose
presence has being foreseen and published many times in last

years [6]. Indeed the dotted circle around Cen A containing the
two (of three) multiplet (see Fig. 3) has a radius as small as 7.51, it
extend in an area that is as smaller as 200 square degrees, below
or near 1% of the observation AUGER sky (see Fig. 1). The
probability that two among three sources fall inside this small
area is offered by the binomial distribution:

Pð3;2Þ ¼ 3!
2! % ð10"2Þ2 % 99

100C3& 10"4

Moreover the same twin tail of the events are aligned almost
exactly 70.1 rad along UHECR train of events toward Cen A (see
Fig. 3). Therefore the UHECR multiplet alignment at twenty EeV
has an a priori probability as low as Pð3;2ÞC3& 10"5 to follow
the foreseen signature [6].

4. TeV g and UHECR nuclei connection?

As we mentioned Cen A may explain nearly a quarter of the
UHECR events; but where are the other coming from? What is the
nature and origin of all the other UHECR events? Composition
favors mostly heavy nuclei and as we shall see Fig. 5 by local
sources. In recent maps of UHECR we noted first hint of galactic
source rising as an UHECR triplet [4]. Also the hint by Al26 g map
traced by Comptel somehow overlapping with UHECR events at
1–3 MeV favors a role of UHECR radioactive elements (as Al26),
see Fig. 6. The most prompt ones are the Ni56, Ni57 (and Co56,
Co60) made by Supernova (and possibly by their collimated GRB
micro-jet components, see Ref. [25]) ejecta in our own galaxy.
Indeed in all SN Ia models, the decay chain Ni56-Co56-Fe56

Fig. 2. The last 2010 UHECR event map [5] by AUGER and the overlap multiplet
clustering toward Cen A [22], inside the last Fermi 2011 g map and labels, whose
UHECR twin multiplet expected sources are within a tiny disk area (of radius
below 7.51).

Fig. 3. The AUGER 2010 UHECR event map [5] and two of the three multiplet
clustering toward Cen A [22]; their sources as shown by dotted curve are within a
tiny disk area (at radius of 7.51); the dotted ellipsoid area of the UHECR and
multiplet clustering is also extremely correlated, aligned and small.

Fig. 4. One recent UHECR AUGER slant depth and composition derived by air
shower feature; note the best fit of He on most of the highest UHECR events
combining both Hires and AUGER results.

Fig. 5. One of last UHECR Telescope Array Composition derived by air shower
slant depth shown on 2011; note the best fit of He on most of the highest UHECR
events combining both Hires and AUGER results.

Fig. 6. The last 2010 UHECR event map by AUGER and the Multiplet clustering
toward Cen A overlap the MeV Comptel g map; note the apparent clustering of
UHECR along the Vela, Magellanic stream, Cen A and other galactic regions. These
g area may contains additional clustering in future records probing a galactic
nature of a fraction of UHECR.
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UHE CR observation
Auger distribution (E > 55 EeV)

Fig. 1.— The 69 arrival directions of CRs with energy E ≥ 55 EeV detected by the Pierre Auger Observatory up

to 31 December 2009 are plotted as black dots in an Aitoff-Hammer projection of the sky in galactic coordinates.

The solid line represents the field of view of the Southern Observatory for zenith angles smaller than 60◦. Blue

circles of radius 3.1◦ are centred at the positions of the 318 AGNs in the VCV catalog that lie within 75 Mpc

and that are within the field of view of the Observatory. Darker blue indicates larger relative exposure. The

exposure-weighted fraction of the sky covered by the blue circles is 21%.

The updated estimate of the degree of correlation must include periods II and III only, because the parameters

were chosen to maximise the correlation in period I. In Fig. 2 we plot the degree of correlation (pdata) with

objects in the VCV catalog as a function of the total number of time-ordered events observed during periods

II and III. For each additional event the most likely value of pdata is k/N (number correlating divided by the

cumulative number of arrival directions).

The confidence level intervals in the plot contain 68.3%, 95.45% and 99.7% of the posterior probability for

pdata given the measured values of k and N . The posterior probability distribution is pk
data(1 − pdata)

N−k(N +

1)!/k!(N − k)!, corresponding to a binomial likelihood with a flat prior. The upper and lower limits in the

confidence intervals are chosen such that the posterior probability of every point inside the interval is higher

than that of any point outside. The amount of correlation observed has decreased from (69+11
−13)%, with 9 out

of 13 correlations measured in period II, to its current estimate of (38+7
−6)%, based on 21 correlations out of a

total of 55 events in periods II and III.

The cumulative binomial probability that an isotropic flux would yield 21 or more correlations is P = 0.003.

This updated measurement with 55 events after the initial scan is a posteriori, with no prescribed rule for

rejecting the hypothesis of isotropy as in (6, 7). No unambiguous confidence level for anisotropy can be derived

from the probability P = 0.003. P is the probability of finding such a correlation assuming isotropy. It is not

the probability of isotropy given such a correlation.

We note that 9 of the 55 events detected in periods II and III are within 10◦ of the galactic plane, and none

of them correlates within 3.1◦ with the astronomical objects under consideration. Incompleteness of the VCV

catalog due to obscuration by the Milky Way or larger magnetic bending of CR trajectories along the galactic

disk are potential causes for smaller correlation of arrival directions at small galactic latitudes. If the region

within 10◦ of the galactic plane is excluded the correlation is (46± 6)% (21 correlations out of 46 events), while

8

TA distribution (E > 57 EeV)
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Fig. 2.— Autocorrelations in the TA data sets at E > 10 EeV,
E > 40 EeV, and E > 57 EeV (top, middle, and bottom rows,
respectively). Left panels: the number of pairs with angular sepa-
rations δ normalized to the area of the angular bin (data points),
compared to the expectation for the uniform distribution (shaded
histogram). The errors are 1-sigma Poisson errors. Right panels:
probability, P (δ), that the excess of pairs with the angular separa-
tion less than δ occurs as a fluctuation in a uniform distribution.
Small P (δ) indicates a departure from isotropy.

When accessing the significance of departures from
isotropy on the basis of P (δ) represented in Figure 2,
one should take into account the fact that the angular
scale of the excess is not known in advance. Thus, there
is a statistical penalty for choosing this scale a posteri-
ori (see Tinyakov & Tkachev (2004) for a detailed dis-
cussion). Taking this penalty into account, none of the
three examined data sets shows a significant deviation
from an isotropic distribution.

Interestingly, although close clusters in the high-energy
TA event set are absent, one of the TA events falls within
1.7◦ of a high energy event observed by the Auger Ob-
servatory (Abreu et al. 2010). Both events have E >
1020 EeV. The center of the doublet has the Galactic
coordinates l = 36◦, b = −4.3◦.

4. CORRELATION WITH ACTIVE GALACTIC NUCLEI

The Auger collaboration has reported a correlation
(Abraham et al. 2007, 2008a) between UHECRs with
E > 57 EeV and the nearby (redshift z ≤ 0.018 or, equiv-
alently, distance d < 75 Mpc) Active Galactic Nuclei
(AGNs) from the Veron-Cetty & Veron (VCV) catalog
(Veron-Cetty & Veron 2006). The greatest correlation
was observed at the angle of 3.1◦. In the control data set,
the number of correlating events was 9 out of 13, which
corresponds to about 69% of events. The Auger col-
laboration has recently updated the analysis and found
that a smaller fraction of the UHECR events correlates
with the same set of AGNs in the latest UHECR data
set (Abreu et al. 2010) than in the original one. Out of
55 events with E > 55 EeV, 21 were found to correlate
with AGNs, which corresponds to a fraction of correlat-

0180360

Fig. 3.— Hammer projection of the TA cosmic ray events with
E > 57 EeV and nearby AGNs in the Galactic coordinates. Corre-
lating and non-correlating events are shown by filled red and empty
blue circles, respectively. AGNs are represented by black dots. The
dashed line shows the boundary of the TA exposure.

ing events equal to 38%. In this section we test the TA
data for correlations with AGN.

The set of 472 nearby AGNs used by Abraham et al.
(2007) contains 7 objects listed at zero redshift, all in
the field of view of TA. Of these 7 objects, two are stars,
one is a quasar with unknown redshift, one is a Seyfert 2
galaxy, two are spiral galaxies (including the Andromeda
galaxy) and one is a dwarf spheroidal galaxy. We exclude
these objects from the analysis, which leaves 465 objects
in the AGN catalog.

The TA exposure is peaked in the Northern hemi-
sphere, so that the AGNs visible to TA are largely dif-
ferent from those visible to Auger, though there is some
overlap. The distribution of nearby AGNs over the sky is
not uniform because of the large scale structure (see Sec-
tion 5 for more detail) and because the VCV catalog is
not complete: due to observational bias it tends to con-
tain more objects in the Northern hemisphere. For this
reason, a larger fraction of events is expected to correlate
with AGNs in the TA data under the assumption that
AGNs are sources of the observed UHECRs. Taking into
account the distribution of nearby AGNs over the sky
and assuming equal AGN luminosities in UHECR, we
estimated the correlating fraction will be ∼ 73% for TA
on the basis of the original PAO claim, and ∼ 43% on
the basis of the updated analysis by PAO.

The sky map of TA events with E > 57 EeV and
nearby AGNs from the VCV catalog is represented in
Figure 3 in Galactic coordinates. The cosmic rays are
shown by filled red (correlating events) and empty blue
circles (non-correlating events). AGNs are shown by
black dots.

Figure 4 shows the number of TA events correlating
with AGNs as a function of the total number of events
with E > 57 EeV ordered according to arrival time.
The black dashed line represents the expected number
of random coincidences in case of a uniform distribu-
tion calculated via Monte-Carlo simulation. The blue
line shows the expected number of correlating events as
derived from the original PAO claim. Shaded regions
represent 68% and 95% CL deviations from this expec-
tation calculated by the maximum likelihood method of
Ref. (Gorbunov et al. 2006). As is seen from Figure 4,
present TA data are compatible with both isotropic dis-

arrival directions and model predictions. For instance in Ref. (36) we have developed a method based on

the smoothed density maps that simultaneously tests both the correlation as well as the intrinsic clustering

properties of the data compared to the models. These tests are inconclusive with present data. The dispersion

in the predictions by different models decreases with an increasing number of events. For instance, the width of

the histograms in Fig. 7 decreases as 1/
√

N . With this dispersion reduced by a factor two, if the anisotropy is

substantiated by future data it should also become possible to narrow the range of viable astrophysical scenarios.

The HiRes collaboration has reported (40) that their data with threshold energies of 57 EeV are incompatible

at a 95% confidence level with a matter tracer model based on 2MRS galaxies with smoothing angles smaller

than 10◦. The analysis performed in (40) has the smoothing angle as the only free parameter. As already

mentioned at the end of section 3, comparison of results between the two observatories is especially challenging

around the GZK energy threshold. Auger arrival directions are compatible with models of the local matter

distribution based on 2MRS galaxies for smoothing angles of a few degrees and correlating fractions of about

40% (fiso ≈ 0.6 is required for the best fit).

5. Other aspects of the arrival directions

The autocorrelation of the arrival directions can provide information about clustering without reference to any

catalog. We show in Fig. 8 the autocorrelation function for the set of the 69 events with E ≥ 55 EeV. The

number of pairs of events with an angular separation smaller than a given value are plotted as black dots. The

68%, 95%, and 99.7% dispersion expected in the case of an isotropic flux is represented by coloured bands. For

angles greater than 45◦ (not shown) the black dots lie within the 68% band. The region of small angular scale

is shown separately for better resolution. The largest deviation from the isotropic expectation occurs for an

angular scale of 11◦, where 51 pairs have a smaller separation compared with 34.8 pairs expected. In isotropic

realizations of 69 events, a fraction f(11◦) = 0.013 have 51 or more pairs within 11◦. The fraction of isotropic

realizations that achieve f(ψ) ≤ 0.013 for any angle ψ is P = 0.10.
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Fig. 8.— Cumulative autocorrelation function for the set of 69 events with E ≥ 55 EeV (black dots). The

bands correspond to the 68%, 95% and 99.7% dispersion expected for an isotropic flux. The plot in the right

panel is an enlarged version of the left plot restricted to angles less than 15◦.

The region with the largest overdensity of arrival directions among the 69 CRs with E ≥ 55 EeV, as es-

timated by the excess above isotropic expectations in circular windows, is centred at galactic coordinates

(l, b) = (−46.4◦, 17.7◦). There are 12 arrival directions inside a window with radius 13◦ centred in that loca-
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tion, where 1.7 is the isotropic expectation. The centre of this region is only 4◦ away from the location of the

radiogalaxy Cen A (−50.5◦, 19.4◦) and it is not far from the direction of the Centaurus cluster (−57.6◦, 21.6◦).
It was noted in (6, 7) that the arrival directions of two CR events correlate with the nucleus position of the

radiogalaxy Cen A, while several lie in the vicinity of its radio lobe extension. At only 3.8 Mpc distance, Cen

A is the closest AGN. It is obviously an interesting region to monitor with additional data.

We show in Fig. 9 the number of CR arrival directions within a variable angular radius from Cen A. In a

Kolmogorov-Smirnov test, 4% of the realizations of 69 arrival directions drawn from an isotropic distribution

have a maximum departure from the isotropic expectation greater than or equal to the maximum departure

observed in data. The overdensity with largest significance is given by the presence of 13 arrival directions

within 18◦, in which 3.2 arrival directions are expected if the flux were isotropic.
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Fig. 9.— Cumulative number of events with E ≥ 55 EeV as a function of angular distance from the direction

of Cen A. The bands correspond to the 68%, 95%, and 99.7% dispersion expected for an isotropic flux.

The CRs in this region of the sky make a dominant contribution to the autocorrelation signal. For instance,

the 13 arrival directions that are within 18◦ from Cen A form 6 pairs separated by less than 4◦, and 28 pairs

by less than 11◦. These events also make a large contribution to the correlation with different populations of

nearby extragalactic objects, both because they are in excess above isotropic expectations and because this

region is densely populated with galaxies. The flux-weighted models illustrated in Figs. 4 and 5 predict that

the fraction of CRs inside a circle with radius 18◦ centred at the position of Cen A is 13.4% (2MRS) and 29.3%

(Swift-BAT), compared to 18.8% observed in data and 4.7% expected if the flux were isotropic.

In contrast to the region around Cen A and the Centaurus cluster, there is a paucity of events from the region

around the radiogalaxy M87 and the Virgo cluster. None of the 69 events with E ≥ 55 EeV is within 18◦ of

M87. Due to its northern declination, however, M87 gets only one-third the exposure that Cen A gets at the

Southern Auger observatory. Only 1.1 events are expected within that 18◦ circle for an isotropic flux.

Distance also matters. M87 is five times farther away than Cen A, so the flux would be 25 times less if the

18
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Diffuse fluxes

• spatially homogeneous and isotropic distribution of sources

• Boltzmann equation of comoving number density (Y = n/(1 + z)3):

Ẏi = ∂E(HEYi) + ∂E(biYi)− Γi Yi +
∑

j

∫
dEj γjiYj + Li ,

H : Hubble rate
bi : continuous energy loss
γji (Γi) : differential (total) interaction rate

• power-law proton emission rate:

Lp(0,E) ∝ (E/E0)
−γ exp(−E/Emax) exp(−Emin/E)

• redshift evolution of source emission or distribution:

Lp(z,E) = Lp(0,E)(1 + z)nΘ(zmax − z)Θ(z− zmin)
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Diffuse neutrino fluxes
• homogenous distribution of neutrino sources Lν

Jν(E) =
1

4π

∫ ∞
0

dz
H(z)

Lν(z, (1 + z)E) .

• cosmogenic neutrinos from CR propagation

Jν(Eν) ' 1
4π

∫ ∞
0

dz′

H(z′)

∫
dEp γpν(z′, Ep, (1 + z′)Eν) Yp(z′, Ep)

• proton spectrum

Yp(z, Ep(z,Ep)) ' 1
1 + z

∫ ∞
z

dz′

H(z′)
Lp,eff(z′, Ep(z′,Ep))

× exp

[∫ z′

z
dz′′

∂EbBH(z′′, Ep(z′′,Ep))

(1 + z′′)H(z′′)

]

• effective source term is defined as

Lp,eff(z,Ep) = Lp(z,Ep) +

∫
dEp γpp(z, Ep,Ep)Yp(z, Ep)
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UHE CRs and neutrinos

• observed UHE CR spectrum can be used to give an upper limit on diffuse
neutrino fluxes [Waxman&Bahcall’97]

E2
νJν(Eν) ' 3K

4(1 + K)

(
1− e−〈x〉τpγ(Ep)

)
︸ ︷︷ ︸

“fπ”

E2
p

dNp

dEp
(Ep) ≤ 3K

4(1 + K)
E2

pJp(Ep)

• we can estimate the proton flux as

E2Jp(Ep) ' tH

4π
ζzQCR tH ' H−1

0 ' 14 Gyr QCR ' 1044erg Mpc−3 yr−1

• evolution factor

ζz = H0

zmax∫
0

dz
(1 + z)n−γ

H(x)

• with K = 1 and ζz = 0.6− 3 (no to strong evolution) we get

E2
ν JWB

all ν ' (1.6− 8.0)× 10−8 GeV cm−2 s−1 sr−1
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Neutrino observation at very high energies
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Cherenkov radiation in transparent media (glaciers, lakes, oceans,. . . ).
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Neutrino observation at very high energies
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Coherent radio Cherenkov emission (Askaryan effect).
Observation in-situ, balloons or satellites.
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Neutrino observation at very high energies
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Coherent radio Cherenkov emission (Askaryan effect).
Observation from lunar regolith.
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Neutrino observation at very high energies
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Neutrino observation at very high energies

snow/ice

radio

shower front

neutrino

neutrino

EeV Neutrino
Signals

acoustic

bed
ro

ck

m
uon
ra

di
o 

(m
oo

n)

snow/ice

radio

shower front

neutrino

neutrino

EeV Neutrino
Signals

acoustic

bed
ro

ck
m

uon

flu
o
re

sc
en

ce

ra
di

o 
(m

oo
n)

Deeply penetrating quasi-horizontal showers.
Observation by CR surface arrays.
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Neutrino observation at very high energies
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Observation by CR surface arrays and/or fluorescence
detectors/satellites.
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Neutrino observation at very high energies
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Diffuse neutrino limits
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Diffuse neutrino limits
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Gamma-ray bursts (GRBs)
CONTENTS 7

Figure 1. Diversity of gamma-ray light curves observed by BATSE [127]

would strain a stellar origin interpretation, since from basic principles and experience

it is known that, even for the most efficient radiation conversion schemes, a dominant

fraction of the energy should escape in the form of thermal neutrinos and gravitational

waves. The energy requirements, however, are much less severe in the case when the

emission is collimated (§2.2).

GRB afterglow light curves such as those shown in Figure 2 have been followed

up starting several hours after the trigger in X-rays by Beppo-SAX and subsequently

HETE-2, and in the optical/IR from ground-based telescopes (or in some case with

HST), and have been explained in terms of forward shock emission (for discussions

of the pre-Swift data interpretation see, e.g. [471, 298, 525, 377]). Afterglows have

been followed up at radio wavelengths in some cases over months, and the analysis and

interpretation of the radio spectra and light curves [470, 38, 136] provides important

clues for the calorimetry and the multi-waveband model fits discussed in §5.1.
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Gamma-ray bursts & UHE CRs

• possible sources of UHE CRs:

4 comparable energy density: 1053 erg tHubble
−3 day−1 ' 1044 erg Mpc−3 yr−1

4 fulfill necessary conditions on time-scales (dynamical, cooling, acceleration) to
reach ultra-high energies [Hillas’84]

4 acceleration of UHE CRs possible, e.g., in internal or external reverse
shocks [Vietri’95;Waxman’95]

Ü smoking gun signal: neutrino production

• Neutrino emission of GRBs is one of the best-tested models: [IceCube, Nature’12]

4 cosmological sources (“one per day and 4π”)

4 wealth of data from Swift and Fermi

4 good information on timing and location (Ü background reduction)
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GRB neutrino emission
• Neutrino production at various stages of GRB, e.g.

Ü precursor pp and pγ interactions in stellar envelope;
also possible for “failed” GRBs [Razzaque,Meszaros&Waxman’03]

Ü burst pγ interactions in internal shocks [Waxman&Bahcall’97]

Ü afterglow pγ interactions in reverse external shocks
[Waxman&Bahcall’00;Murase&Nagataki’06;Murase’07]

presence of a jet (34–37). Whether or not a
jet is present, such energies are in principle
achievable for bursts arising from stellar pro-
genitors, but a poorly understood issue is how
this energy is converted into an ultrarelativ-
istic, and possibly collimated, bulk outflow.

An observation that attracted much at-
tention was the discovery (38) of a prompt
and extremely bright (visual magnitude mv

! 9) optical flash in GRB990123, 15 s after
the GRB started (and while it was still
going on). This is generally interpreted (23,
39) as the radiation from the reverse com-
ponent of the external shock. However,
such bright prompt flashes may be rare
because they have not yet been detected
from other bursts. Two other noteworthy
developments are the possibility of a rela-
tion between the differential time lags for
the arrival of burst pulses at different ener-
gies and the luminosity (40), and between
the degree of variability or spikiness of the
"-ray light curve variability and the lumi-
nosity (41, 42). These hypotheses are based
on data for bursts where an optical redshift
allows a determination of the luminosity,
under the assumption of isotropy. These

correlations are still tentative, but if con-
firmed they could be used to derive inde-
pendent estimates of the redshift of a GRB.

Progenitors and Environment
The progenitors of GRBs are not yet well iden-
tified. The current view of most researchers is
that GRBs arise in a very small fraction
(!10#6) of stars that undergo a catastrophic
energy release event toward the end of their
evolution. One class of candidates involves
massive stars whose core collapses (43–45),
probably in the course of merging with a com-
panion; these are often referred to as hyperno-
vae or collapsars (46). Another class of candi-
dates consists of neutron star (NS) binaries or
neutron star–black hole (BH) binaries (12, 13,
47, 48), which lose orbital angular momentum
by gravitational wave radiation and undergo a
merger. Both of these progenitor types are ex-
pected to lead to the formation of a black hole
whose mass is several times that of the sun
(MJ), surrounded by a temporary debris torus
whose accretion can provide a sudden release
of gravitational energy, with similar total ener-
gies (49), sufficient to power a burst. An e$, "
fireball arises from the enormous compression-

al heating and dissipation associated with the
accretion, possibly involving a small fraction of
baryons and magnetic fields in excess of 1015

G, which can provide the driving stresses lead-
ing to the relativistic expansion. This fireball
may be substantially collimated if the progeni-
tor is a massive star, where an extended, fast-
rotating envelope can provide a natural escape
route or funnel for the fireball along the rotation
axis (Fig. 3). Other possible alternatives include
the formation from a stellar collapse of a fast-
rotating neutron star with an ultrahigh magnetic
field (50–52) or the tidal disruption of compact
stars by 105 to 106 MJ black holes (53).

Observations related to the possible progen-
itors are restricted, so far, to the class of long
bursts (of "-ray durations tb ! 10 to 103 s),
because BeppoSAX is mainly sensitive to
bursts longer than about 5 to 10 s. For these
long bursts, the fading x-ray and optical after-
glow emission is predominantly localized with-
in the optical image of the host galaxy. In most
cases it is offset from the center, but in a few
cases (out of a total of about 20) it is near the
center of the galaxy (11). This is in disagree-
ment with current simple calculations of NS-
NS mergers, which suggest that high spatial

Fig. 3. Schematic GRB from a mas-
sive stellar progenitor, resulting in
a relativistic jet that undergoes in-
ternal shocks, producing a burst of
"-rays and (as it decelerates
through interaction with the ex-
ternal medium) an external shock
afterglow, which leads successive-
ly to "-rays, x-rays, optical, and
radio. Iron lines may arise from
x-ray illumination of a pre-ejected
shell (e.g., supernova remnant)
(60) or from continued x-ray irra-
diation of the outer stellar enve-
lope (67).

Fig. 4 (left). Comparison (26) of
the observed light curves of the
afterglow of GRB970228 at vari-
ous wavelengths with the simple
blast wave model predictions
(23). Fig. 5 (right). Snapshot
spectrum of GRB970508 at t %
12 days after the burst, compared
to a standard afterglow synchro-
tron shock model fit (29).

www.sciencemag.org SCIENCE VOL 291 5 JANUARY 2001 81
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Burst neutrino emission
• neutrinos from meson production, e.g.

π+ → µ+νµ → e+νeν̄µνµ

• spectra shaped by burst and proton
spectrum and synchrotron loss of
pions and muons before decay

[Waxman & Bahcall’97]

• for typical burst spectra this c s a
“plateau” of neutrinos
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Burst neutrino emission
• neutrinos from meson production, e.g.

π+ → µ+νµ → e+νeν̄µνµ

• spectra shaped by burst and proton
spectrum and synchrotron loss of
pions and muons before decay

[Waxman & Bahcall’97]

• for typical burst spectra this c s a
“plateau” of neutrinos
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IceCube search for burst neutrinos

50 m

1450 m

2450 m 

2820 m

IceCube In-Ice Array
86 Strings, 60 Sensors each
5160 Optical Sensors

AMANDA-II Array
Precursor to IceCube

Deep Core 
6 Strings - Optimized for lower energies
360 Optical Sensors

Eiffel Tower

324 m 

IceCube Lab

IceTop
80 Strings each with
   2 IceTop Cherenkov Detector Tanks
   2 Optical Sensors per tank
 320 Optical Sensors

Bedrock

 2010: 79 strings in operation 
 2011: Project complettion, 86 strings
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IceCube search for burst neutrinos

IC-1
04-05 Season

IC-9
05-06 Season

IC-22
06-07 Season

IC-40
07-08 Season

IC-59
08-09 Season

IC-79
09-10 Season

IC-86
10-11 Season

[courtesy of M. Santander]
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IC40+59 results
• Limits on neutrino emission coincident

with 215 (85) northern (southern) sky
GRBs between April 2008 and May
2010 (“IC40+59”). [Abbasi et al.’11;’12]

Ü Model-dependent limit for prompt
emission model.

Ü Model-independent limit for general
neutrino coincidences (no spectrum
assumed) with sliding time window
±∆t from burst.

• Stacked flux below “benchmark”
prediction of burst neutrino emission by
a factor 3-4. [Guetta et al.’04]

Ü conversion to diffuse flux via cosmic
GRB rate.

“model-dependent”

producing neutrinos at proton–photon (p–c) interactions in internal
shocks. The remaining parameter spaces available to each model
therefore have similar characteristics: either a low density of high-
energy protons, below that required to explain the cosmic rays, or a
low efficiency of neutrino production.

In the GRB fireball, protons are believed to be accelerated
stochastically in collisions of internal shocks in the expanding GRB.
The neutrino flux is proportional to the rate of p–c interactions, and so
to the proton content of the burst by a model-dependent factor.
Assuming a model-dependent proton ejection efficiency, the proton
content can in turn be related to the measured flux of high-energy
cosmic rays if GRBs are the cosmic-ray sources. Limits on the neutrino
flux for cosmic-ray-normalized models are shown in Fig. 3; each model
prediction has been normalized to a value consistent with the observed
ultra-high-energy cosmic-ray flux. The proton density can also be
expressed as a fraction of the observed burst energy, directly limiting
the average proton content of the bursts in our catalogue (Fig. 4).

An alternative is to reduce the neutrino production efficiency, for
example by modifying the physics included in the predictions16,17 or by
increasing the bulk Lorentz boost factor, C. Increasing C increases the
proton energy threshold for pion production in the observer frame,
thereby reducing the neutrino flux owing to the lower proton density at
higher energies. Astrophysical lower limits on C are established by pair
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Figure 2 | Upper limits on E22 power-law muon neutrino fluxes. Limits
were calculated using the Feldman-Cousins method21 from the results of the
model-independent analysis. The left-hand y-axis shows the total number of
expected nm events, while the right-hand y-axis (Fn) is the same as in Fig. 1. A
time window ofDt implies observed events arriving between t seconds before the
burst and t afterward. The variation of the upper limit (solid line labelled ‘90%
Upper limit’) withDt reflects statistical fluctuations in the observed background
rate, as well as the presence of individual events of varying quality. The dashed
line labelled ‘90% Sensitivity’ shows the upper limit that would have been
obtained with exactly the mean expected background. The event at 30 s (event 1)
is consistent with background and believed to be a cosmic-ray air shower.
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Figure 1 | Comparison of results to predictions based on observed c-ray
spectra. The summed flux predictions normalized to c-ray spectra6,9,19 are
shown as a function of neutrino energy (E) in dashed lines, with the dark grey
dashed line labelled ‘IC40 Guetta et al.’ showing the flux prediction for the 40-
string portion of the analysis, and the black dashed line labelled ‘IC40159
Guetta et al.’ showing the prediction for the full two-year dataset. The cosmic
ray normalized Waxman-Bahcall flux4,20 is also shown for reference as the pale
grey dashed line. 90% confidence upper limits on these spectra are shown as
solid lines, with the grey line labelled ‘IC40 limit’ showing the previous IceCube
result6 and the black ‘IC401IC59 Combined’ line showing the result from the
full dataset (this work). The predicted neutrino flux, when normalized to the
c-rays6,9, is proportional to the ratio of energy in protons to that in electrons,
which are presumed responsible for the c-ray emission (ep/ee, here the standard
10). The flux shown is slightly modified6 from the original calculation9. Wn (left
vertical axis) is the average neutrino flux at Earth, obtained by scaling the
summed predictions from the bursts in our sample (Fn, right vertical axis) by
the global GRB rate (here 667 bursts yr21; ref. 7). The first break in the neutrino
spectrum is related to the break in the photon spectrum measured by the
satellites, and the threshold for photo-pion production, whereas the second
break corresponds to the onset of synchrotron losses of muons and pions. Not
all of the parameters used in the neutrino spectrum calculation are measurable
from every burst. In such cases, benchmark values7 were used for the
unmeasured parameters. Data shown here were taken from the result of the
model-dependent analysis.
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Figure 3 | Compatibility of some neutrino flux predictions based on cosmic
ray production in GRBs with observations. The cross-hatched area
(‘IC40159 Allowed 90% CL’) shows the 90% confidence allowed values of the
neutrino flux (vertical axes, as in Fig. 1) versus the neutrino break energy (eb) in
comparison to model predictions with estimated uncertainties (points); the
solid line labelled ‘IC50159 Allowed 95% CL’ shows the upper bound of the
95% confidence allowed region. Data were taken from the model-independent
analysis from the time window corresponding to the median duration of the
GRBs in our catalogue ( |Dt | 5 28 s). Spectra are represented here as broken
power laws (Wn?{E

21/eb, E , eb; E22, E . eb}) with a break energy eb

corresponding to the D resonance for p–c interactions in the frame of the shock.
The muon flux in IceCube is dominated by neutrinos with energies around the
first break (eb). As such, the upper break, due to synchrotron losses of p1, has
been neglected here, as its presence or absence does not contribute significantly
to the muon flux and thus does not have a significant effect on the presented
limits. eb is related to the bulk Lorentz factor C (eb / C2); all of the models
shown assume C < 300. The value of C corresponding to 107 GeV is .1,000 for
all models. Vertical axes are related to the accelerated proton flux by the model-
dependent constant of proportionality fp. For models assuming a neutron-
decay origin of cosmic rays (ref. 8 and ref. 10) fp is independent of C; for others
(ref. 4) fp / C24. Error bars on model predictions are approximate and were
taken either from the original papers, where included10, or from the best-
available source in the literature15 otherwise. The errors are due to uncertainties
in fp and in fits to the cosmic-ray spectrum. Waxman-Bahcall4 (circle)
and Rachen8 (box) fluxes were calculated using a cosmic-ray density of
(1.5–3) 3 1044 erg Mpc23 yr21, with 3 3 1044 the central value20. The Ahlers10

model is shown with a cross. CL, confidence level.
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“model-independent”

producing neutrinos at proton–photon (p–c) interactions in internal
shocks. The remaining parameter spaces available to each model
therefore have similar characteristics: either a low density of high-
energy protons, below that required to explain the cosmic rays, or a
low efficiency of neutrino production.

In the GRB fireball, protons are believed to be accelerated
stochastically in collisions of internal shocks in the expanding GRB.
The neutrino flux is proportional to the rate of p–c interactions, and so
to the proton content of the burst by a model-dependent factor.
Assuming a model-dependent proton ejection efficiency, the proton
content can in turn be related to the measured flux of high-energy
cosmic rays if GRBs are the cosmic-ray sources. Limits on the neutrino
flux for cosmic-ray-normalized models are shown in Fig. 3; each model
prediction has been normalized to a value consistent with the observed
ultra-high-energy cosmic-ray flux. The proton density can also be
expressed as a fraction of the observed burst energy, directly limiting
the average proton content of the bursts in our catalogue (Fig. 4).

An alternative is to reduce the neutrino production efficiency, for
example by modifying the physics included in the predictions16,17 or by
increasing the bulk Lorentz boost factor, C. Increasing C increases the
proton energy threshold for pion production in the observer frame,
thereby reducing the neutrino flux owing to the lower proton density at
higher energies. Astrophysical lower limits on C are established by pair
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Figure 2 | Upper limits on E22 power-law muon neutrino fluxes. Limits
were calculated using the Feldman-Cousins method21 from the results of the
model-independent analysis. The left-hand y-axis shows the total number of
expected nm events, while the right-hand y-axis (Fn) is the same as in Fig. 1. A
time window ofDt implies observed events arriving between t seconds before the
burst and t afterward. The variation of the upper limit (solid line labelled ‘90%
Upper limit’) withDt reflects statistical fluctuations in the observed background
rate, as well as the presence of individual events of varying quality. The dashed
line labelled ‘90% Sensitivity’ shows the upper limit that would have been
obtained with exactly the mean expected background. The event at 30 s (event 1)
is consistent with background and believed to be a cosmic-ray air shower.
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Figure 1 | Comparison of results to predictions based on observed c-ray
spectra. The summed flux predictions normalized to c-ray spectra6,9,19 are
shown as a function of neutrino energy (E) in dashed lines, with the dark grey
dashed line labelled ‘IC40 Guetta et al.’ showing the flux prediction for the 40-
string portion of the analysis, and the black dashed line labelled ‘IC40159
Guetta et al.’ showing the prediction for the full two-year dataset. The cosmic
ray normalized Waxman-Bahcall flux4,20 is also shown for reference as the pale
grey dashed line. 90% confidence upper limits on these spectra are shown as
solid lines, with the grey line labelled ‘IC40 limit’ showing the previous IceCube
result6 and the black ‘IC401IC59 Combined’ line showing the result from the
full dataset (this work). The predicted neutrino flux, when normalized to the
c-rays6,9, is proportional to the ratio of energy in protons to that in electrons,
which are presumed responsible for the c-ray emission (ep/ee, here the standard
10). The flux shown is slightly modified6 from the original calculation9. Wn (left
vertical axis) is the average neutrino flux at Earth, obtained by scaling the
summed predictions from the bursts in our sample (Fn, right vertical axis) by
the global GRB rate (here 667 bursts yr21; ref. 7). The first break in the neutrino
spectrum is related to the break in the photon spectrum measured by the
satellites, and the threshold for photo-pion production, whereas the second
break corresponds to the onset of synchrotron losses of muons and pions. Not
all of the parameters used in the neutrino spectrum calculation are measurable
from every burst. In such cases, benchmark values7 were used for the
unmeasured parameters. Data shown here were taken from the result of the
model-dependent analysis.
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Figure 3 | Compatibility of some neutrino flux predictions based on cosmic
ray production in GRBs with observations. The cross-hatched area
(‘IC40159 Allowed 90% CL’) shows the 90% confidence allowed values of the
neutrino flux (vertical axes, as in Fig. 1) versus the neutrino break energy (eb) in
comparison to model predictions with estimated uncertainties (points); the
solid line labelled ‘IC50159 Allowed 95% CL’ shows the upper bound of the
95% confidence allowed region. Data were taken from the model-independent
analysis from the time window corresponding to the median duration of the
GRBs in our catalogue ( |Dt | 5 28 s). Spectra are represented here as broken
power laws (Wn?{E

21/eb, E , eb; E22, E . eb}) with a break energy eb

corresponding to the D resonance for p–c interactions in the frame of the shock.
The muon flux in IceCube is dominated by neutrinos with energies around the
first break (eb). As such, the upper break, due to synchrotron losses of p1, has
been neglected here, as its presence or absence does not contribute significantly
to the muon flux and thus does not have a significant effect on the presented
limits. eb is related to the bulk Lorentz factor C (eb / C2); all of the models
shown assume C < 300. The value of C corresponding to 107 GeV is .1,000 for
all models. Vertical axes are related to the accelerated proton flux by the model-
dependent constant of proportionality fp. For models assuming a neutron-
decay origin of cosmic rays (ref. 8 and ref. 10) fp is independent of C; for others
(ref. 4) fp / C24. Error bars on model predictions are approximate and were
taken either from the original papers, where included10, or from the best-
available source in the literature15 otherwise. The errors are due to uncertainties
in fp and in fits to the cosmic-ray spectrum. Waxman-Bahcall4 (circle)
and Rachen8 (box) fluxes were calculated using a cosmic-ray density of
(1.5–3) 3 1044 erg Mpc23 yr21, with 3 3 1044 the central value20. The Ahlers10

model is shown with a cross. CL, confidence level.
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IC40+59 results
• IceCube limit below benchmark

diffuse models normalized to UHE CR
data. [Waxman&Bahcall’03; Rachen et al.’98]

Ü IceCube’s results challenge GRBs
as the sources of UHE CRs!

• Limit on burst neutrino emission
depends on neutrino break energy
“εb ∝ Γ2” (break in optical depth).

• Results from model-dependent
analysis translate into bounds of GRB
parameters. [Guetta et al.’04]

Ü Neutron emission models largely
ruled out. [MA, Gonzalez-Garcia & Halzen’11]
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FIG. 2. Limits on E�2 fluxes from the model-independent
analysis as a function of the size of the time window |�t|,
calculated using the Feldman-Cousins method17. The left y-
axis shows the total number of expected ⌫µ events while the
right-hand vertical axis is the same as the right-hand vertical
axis in Fig. 1. A time window of �t implies observed events
arriving between t seconds before the burst and t afterward.
The variation of the upper limit with �t reflects statistical
fluctuations in the observed background rate, as well as the
presence of individual events of varying quality. The event
at 30 seconds (Event 1) is consistent with background and
believed to be a cosmic-ray air shower.

E�2 muon neutrino fluxes at Earth as a function of the
size of the time window |�t|, the di↵erence between the
neutrino arrival time and the first reported satellite trig-
ger time. As a cross-check on both results, the limit from
this analysis on the average individual burst spectra6,10

during the time window corresponding to the median
duration of the bursts in the sample (28 seconds) was
0.24 times the predicted flux, within 10% of the model-
dependent analysis.

Assuming that the GRBs in our catalog are a rep-
resentative sample of a total of 667 per year7, we can
scale the emission from our catalog to the emission of
all GRBs. The resulting limits can then be compared
to the expected neutrino rates from models that assume
that GRBs are the main sources of ultra high energy cos-
mic rays4,9,11, with sampling biases of the same order
as model uncertainties in the flux predictions18,19. Lim-
its from the model-independent analysis on fluxes of this
type are shown in Fig. 3.

These limits exclude all tested models4,9–11 with their
standard parameters and uncertainties on those parame-
ters (Figs. 1, 3). The models are di↵erent formulations of
the same fireball phenomenology, producing neutrinos at
proton-photon (p�) interactions in internal shocks. The
remaining parameter spaces available to each therefore
have similar characteristics: either a low density of high-
energy protons, below that required to explain the cosmic
rays, or a low e�ciency of neutrino production.

In the fireball scenario, protons are accelerated
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FIG. 3. Limits from the model-independent analysis in
comparison to theoretical predictions relating GRB neutrino
fluxes to the cosmic ray flux. Data are taken from the time
window corresponding to the median duration of the GRBs
in our catalog (|�t| = 28 seconds). Spectra are represented
as broken power laws (�⌫ · {E�1/✏b, E < ✏b; E

�2, E > ✏b})
with a break energy ✏b corresponding to the � resonance for
p� interactions in the frame of the shock. The muon flux
in IceCube is dominated by neutrinos with energies around
the first break (✏b). As such, the upper break, due to syn-
chrotron losses of ⇡+, has been neglected, as its presence or
absence does not contribute significantly to the muon flux
and thus does not have a significant e↵ect on the presented
limits. The neutrino break energy ✏b is related to the bulk
Lorentz factor � (✏b / �2). All of the models shown assume
� ⇠ 300. The value of � corresponding to 107 GeV is > 1000
for all models. Vertical axes are related to the accelerated pro-
ton flux by the model-dependent constant of proportionality
f⇡. For models assuming a neutron-decay origin of cosmic
rays (Rachen and Ahlers) f⇡ is independent of �; for others
(Waxman-Bahcall) f⇡ / ��4. Error bars on model predic-
tions are approximate and were taken either from the original
papers, where included11, or from the best-available source in
the literature18 otherwise. The errors are due to uncertain-
ties in f⇡ and in fits to the cosmic-ray spectrum. Waxman-
Bahcall4 and Rachen et al.9 were calculated using a cosmic
ray density of 0.5 � 1 ⇥ 1044 erg Mpc�3 yr�1, with 1044 the
central value16.

stochastically in collisions of internal shocks in the ex-
panding GRB. The neutrino flux is proportional to the
rate of p� interactions, and so to the proton content of the
burst by a model-dependent factor. Assuming a model-
dependent proton ejection e�ciency, the proton content
can in turn be related to the measured flux of high-energy
cosmic rays if GRBs are the cosmic ray sources. Limits on
the neutrino flux for extragalactic cosmic ray normalized
models are shown in Fig. 3; each model prediction has
been normalized to a value consistent with the observed
ultra high-energy cosmic ray flux. The proton density
can also be expressed as a fraction of the observed burst
energy, directly limiting the average proton content of
the bursts in our catalog (Fig. 4).

An alternative is to reduce the neutrino production ef-

5

ficiency, for example by modifying the physics included
in the predictions19,20 or by increasing the bulk Lorentz
boost factor �. Increasing � increases the proton en-
ergy threshold for pion production in the observer frame,
thereby reducing the neutrino flux due to the lower pro-
ton density at higher energies. Astrophysical lower limits
on � are established by pair production arguments10, but
the upper limit is less clear. Although it is possible that
� may take values of up to 1000 in some unusual bursts,
the average value is likely lower (usually assumed to be
around 3006,10) and the non-thermal gamma-ray spectra
from the bursts set a weak constraint that � . 200021.
For all considered models, with uniform fixed proton con-
tent, very high average values of � are required to be
compatible with our limits (Figs. 3, 4).

In the case of models where cosmic rays escape from
the GRB fireball as neutrons9,11, the neutrons and neu-
trinos are created in the same p� interactions, directly
relating the cosmic ray and neutrino fluxes and remov-
ing many uncertainties in the flux calculation. In these
scenarios, � also sets the threshold energy for production
of cosmic rays. The requirement that the extragalactic
cosmic rays be produced in GRBs therefore does set a
strong upper limit on �: increasing it beyond ⇠ 3000
causes the proton flux from GRBs to disagree with the
measured cosmic ray flux above 4⇥1018 eV, where extra-
galactic cosmic rays are believed to be dominant. Limits
on � in neutron-origin models from this analysis (& 2000,
Fig. 3) are very close to this point, and as a result all
such models in which GRBs are responsible for the entire
extragalactic cosmic-ray flux are now largely ruled out.

Although the precise constraints are model dependent,
the general conclusion is the same for all the versions of
fireball phenomenology we have considered here: either
the proton density in gamma ray burst fireballs is sub-
stantially below the level required to explain the highest
energy cosmic rays or the physics in gamma ray burst
shocks is significantly di↵erent from that included in cur-
rent models. In either case, our current theories of cos-
mic ray and neutrino production in gamma ray bursts
will have to be revisited.

1Waxman, E. Cosmological gamma-ray bursts and the highest
energy cosmic rays. Phys. Rev. Lett. 75, 386–389 (1995).

2Vietri, M. The Acceleration of Ultra–High-Energy Cosmic Rays
in Gamma-Ray Bursts. Astrophysical Journal 453, 883 (1995).
arXiv:astro-ph/9506081.

3Milgrom, M. & Usov, V. Possible Association of Ultra–High-
Energy Cosmic-Ray Events with Strong Gamma-Ray Bursts.
Astrophysical Journal Letters 449, L37 (1995). arXiv:astro-
ph/9505009.

4Waxman, E. & Bahcall, J. High energy neutrinos from cosmolog-
ical gamma-ray burst fireballs. Phys. Rev. Lett. 78, 2292–2295
(1997).

5Avrorin, A. V. et al. Search for neutrinos from gamma-ray bursts
with the Baikal neutrino telescope NT200. Astronomy Letters
37, 692–698 (2011).

6Abbasi, R. et al. Search for Muon Neutrinos from Gamma-ray
Bursts with the IceCube Neutrino Telescope. Astrophysical Jour-
nal 710, 346–359 (2010).

7Abbasi, R. et al. Limits on Neutrino Emission from Gamma-Ray

300 350 400 450 500 550 600 650 7005

10

20

 line (this result)

 3 years IC86

FIG. 4. Limits on GRB energy in protons, as a function of the
fireball bulk Lorentz factor from the model-dependent analy-
sis, within the framework of Guetta et al.6,10. The exclusion
lines indicate the parameter ranges that can be excluded at
a 90% confidence level from this analysis and the expected
sensitivity for 3 years of the complete IceCube detector. The
standard values shown on the plot are taken from Guetta et
al.10. The excluded region is the region found to the left and
above the exclusion line. Note that the quantities shown here
are model-dependent.

Bursts with the 40 String IceCube Detector. Phys. Rev. Lett.
106, 141101 (2011). 1101.1448.

8Abbasi, R. et al. The IceCube data acquisition system: Sig-
nal capture, digitization, and timestamping. Nuclear Instru-
ments and Methods in Physics Research A 601, 294–316 (2009).
0810.4930.
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Cosmogenic neutrinos
• “Guaranteed” neutrino production from UHE CR propagation in cosmic radiation

background. [Greisen&Zatsepin’66;Kuzmin’66;Berezinsky&Zatsepin’70]

Ü resonant proton interaction pγ → ∆→ nπ+ with CMB: ECR < EGZK ' 40EeV

Ü peak neutrino contribution at Eν ' 1EeV

UHE CR spectrum radiation background
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Figure 24.9: Expanded view of the highest energy portion of the cosmic-ray
spectrum from data of HiRes 1&2 [101], the Telescope Array [103], and the Auger
Observatory [104]. The HiRes stereo spectrum [112] is consistent with the HiRes
1&2 monocular results. The differential cosmic ray flux is multiplied by E2.6. The
red arrow indicates the change in the plotted data for a systematic shift in the
energy scale of 20%.

background [97,98]. Photo-dissociation of heavy nuclei in the mixed composition
model [99] would have a similar effect. UHECR experiments have detected events of
energy above 1020 eV [89,100–102]. The AGASA experiment [100] did not observe
the expected GZK feature. The HiRes fluorescence experiment [101,112] has detected
evidence of the GZK supression, and the Auger observatory [102–104] has presented
spectra showing this supression based on surface detector measurements calibrated
against its fluorescence detector using events detected in hybrid mode, i.e. with both the
surface and the fluorescence detectors. Recent observations by the Telescope Array [103]
also exhibit this supression.

Figure 24.9 gives an expanded view of the high energy end of the spectrum, showing
only the more recent data. This figure shows the differential flux multiplied by E2.6.
The experiments are consistent in normalization if one takes quoted systematic errors in
the energy scales into account. The continued power law type of flux beyond the GZK
cutoff previously claimed by the AGASA experiment [100] is not supported by the HiRes,
Telescope Array, and Auger data.

One half of the energy that UHECR protons lose in photoproduction interactions that

February 16, 2012 14:07

10
−6

10
−5

10
−4

10
−3

10
−2

0.1

1

10

10
2

10
3

10
4

10
−12

10
−10

10
−8

10
−6

10
−4

10
−2

1 10
2

ω
n

γ
(ω

)
[c

m
−

3
]

ω [eV]

z = 0

IR/optical (Franceschini et al.’08)

max. radio (Protheroe & Biermann’96)

CMB

[Particle Data Group’12]

Markus Ahlers (UW-Madison) Cosmic ray sources June 13, 2012



Cosmogenic neutrinos 20
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FIG. 27: Compilation of sensitivity estimates from existing instru-
ments, published limits, and a range of GZK neutrino models, along
with the expected 3 year ARA sensitivity.

thus |∆Eν/Eν|y = ∆y/〈y〉 # 1. Assuming these errors are un-
correlated, and using ∆R/R ∼ 0.02 with a mean R ∼ 1 km,
and cosθC δθ = 0.06, the root-sum-squared error is domi-
nated by the Bjorken-y uncertainty, giving |∆Eν/Eν|total ∼ 1
for Eν = 3× 1018 eV. This resolution will also be compara-
ble for lower neutrino energies in the GZK neutrino spectral
range. The y-dominated uncertainty is generic for UHE neu-
trino experiments, but this energy resolution is wholly ade-
quate for the first-order science goals of the ARA instrument.

D. Comparison to Existing Instruments

Fig. 27 provides a comprehensive graphic summary of the
comparison of our estimated ARA sensitivity to estimates for
several operating experiments, along with 2006 limits from
the ARA forerunner experiment RICE [2]. We have already
noted the comparison of ARA to the published ANITA limits;
here we use projections for ANITA’s reach after three flights,
along with similar projections for IceCube and the Auger Ob-
servatory. GZK neutrino models are also included from a wide
range of estimates [27, 28, 30, 31, 34, 37, 43], including the
pure-Iron UHECR composition model noted above.

ARA improves over any other current instrument by an or-
der of magnitude within 3 years of operation, filling in an im-
portant gap in sensitivity in the heart of the cosmogenic neu-
trino spectral energy region. IceCube has excellent sensitivity
to lower energies, up to the 10 PeV level, and ANITA has un-
matched sensitivity at the higher energies, above 10 Eev. The

Auger Observatory, while probing a similar energy range as
ARA, does not have as high a neutrino sensitivity as it is pri-
marily a UHECR instrument. ARA will complement these
other instruments by making high sensitivity observations in
the 0.1-10 EeV energy range, matching the peak of the ex-
pected cosmogenic neutrino fluxes.

V. CONCLUSIONS

We have described the design and initial performance of
a new ultra-high energy neutrino detector at the South Pole,
the 16-antenna, self-triggering ARA-testbed, which is a high-
fidelity prototype for future ARA detector stations. Our initial
operation extending well into the the extreme thermal environ-
ment of the austral winter indicates that radio-frequency inter-
ference is infrequent and has only a slight impact on operation
for our testbed detector, which is closest of any future ARA
stations to the primary sources of interference at the South
Pole station. Other than brief periods of sporadic interference,
the baseline radio noise levels are dominated by the pure ther-
mal noise floor of the ambient ice, and the thermal noise does
not appear to be correlated to wind velocity. We have demon-
strate the ability to maintain impulse trigger sensitivity at a
level close to the thermal noise. We have demonstrated RF
impulse propagation of more than 3 km slant range through
the South Pole ice without significant loss of signal coherence.
We have demonstrated inter-antenna pulse timing precision of
order 100 ps, implying angular resolutions which are more
than adequate for neutrino vertex reconstruction. We have
presented simulations using characteristics projected from our
measurements which give high confidence that our completed
phase-I array, ARA-37, will achieve its goal of a robust detec-
tion of cosmogenic neutrinos, and will lay a clear foundation
for an observatory-class instrument.
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Appendix A: ARA Autonomous Renewable Power Stations
(AARPS)

As ARA moves farther from the station, the transition from
station power to autonomous power sources will become in-
creasingly important. The planned ARA footprint calls for
three ARA stations to be powered from a single node, requir-
ing about 300W from that node.

A variety of power sources were reviewed during 2010 in-
cluding photovoltaic (PV) arrays, wind turbines, diesel gener-
ators, fuel cells, and Stirling engine generators. The first three
remain in consideration with the renewable sources, PV and
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especially in the upper 2 km of its depth, is the clearest solid
dielectric medium on Earth in the radio range, and is the most
compelling natural feature of the ARA site.

Fig. 25(bottom) also shows the arrival zenith angular distri-
bution of neutrino events that were detected, showing that the
neutrino angular acceptance spans a range from ∼ 5◦ below
the horizon to ∼ 45◦ above the horizon, more than 6 steradi-
ans of solid angle.

TABLE II: Expected numbers of events Nν from several UHE neu-
trino models, comparing published values from the 2008 ANITA-II
flight with predicted events for a three-year exposure for ARA-37.

Model & references Nν: ANITA-II, ARA,
(2008 flight) 3 years

Baseline cosmogenic models:
Protheroe & Johnson 1996 [27] 0.6 59
Engel, Seckel, Stanev 2001 [28] 0.33 47
Kotera,Allard, & Olinto 2010 [29] 0.5 59

Strong source evolution models:
Engel, Seckel, Stanev 2001 [28] 1.0 148
Kalashev et al. 2002 [30] 5.8 146
Barger, Huber, & Marfatia 2006 [32] 3.5 154
Yuksel & Kistler 2007 [33] 1.7 221

Mixed-Iron-Composition:
Ave et al. 2005 [34] 0.01 6.6
Stanev 2008 [35] 0.0002 1.5
Kotera, Allard, & Olinto 2010 [29] upper 0.08 11.3
Kotera, Allard, & Olinto 2010 [29] lower 0.005 4.1

Models constrained by Fermi cascade bound:
Ahlers et al. 2010 [36] 0.09 20.7

Waxman-Bahcall (WB) fluxes:
WB 1999, evolved sources [37] 1.5 76
WB 1999, standard [37] 0.5 27

In Table II we give expected neutrino event totals from a
wide range of currently allowed cosmogenic neutrino models
for ARA in three years of operation, compared to recent pub-
lished expectations for the best current limits to date, from the
ANITA-II flight [3]. It is evident that ARA-37 will extend in
sensitivity above ANITA-2’s sensitivity by factors of two or-
ders of magnitude or more. For strong-source-evolution and
baseline models, ARA-37 detects between of order 50 to over
200 events in three years of operation, enough to establish the
basic characteristics of the energy spectrum and source arrival
directions.

There are also recent cosmogenic neutrino flux estimates
which compute neutrino fluxes subject to constraints from the
Fermi diffuse gamma-ray background [36], and which include
a heavier nuclear composition (e.g., an admixture of iron) for
the UHECRs [29, 34, 35]. Over a 3-year timescale all of these
models are detectable, but in some cases only marginally, and
up to five years will be necessary to establish the flux. Over
the planned instrument life of a decade or more, ARA-37 will
thus be able to not only establish the flux levels for all of even
the most conservative models, but to begin measurements of
their energy spectral dependence as well.

C. Resolution

Although not directly important for detection of neutrinos,
the resolution of both the distance and angles to the neutrino
interaction vertex, as well as the ability to reconstruct coarse
neutrino incident directions on the sky, are important char-
acteristics of our detector, and we have studied them in de-
tail. This is especially important for our current realization of
ARA-37, since the wider spacing will lead to very few multi-
station coincident events, and thus each station must function
as a stand-alone neutrino detector in both shower energy esti-
mation and neutrino direction angular resolution.

To make these measurements, we have 16 antennas per sta-
tion, and thus 16 waveform amplitudes and phases, as well as
the frequency spectral components of the coherently-summed
waveform which can be estimated to good precision once the
arrival direction is fitted. From the Vpol and Hpol data we
also fit the plane of polarization, and with precise timing we
can measure the radius of curvature of the arriving wavefront.

Our measurement of the distance to the neutrino vertex is
accomplished by the estimates of the wavefront curvature.
This may be thought of as measuring the residuals when fit-
ting the arrival times to a plane wave. For the angular mea-
surements, the antenna array is analyzed as a correlation inter-
ferometer, and precise timing differences between the arrival
times of the Askaryan radio impulse are determined for all of
the N(N −1)/2 pairs of N antennas.

Complementing the precise timing measurements, we can
also operate our cluster array as a radio intensity gradiome-
ter and polarimeter. The gradiometric function comes through
amplitude calibration of the received impulse, and the polari-
metric information comes from ratios of the calibrated ampli-
tudes of the Vpol and Hpol antennas.

All of these estimates are done in offline reconstruction rou-
tines. They are not necessary for the triggering of the array to
record potential neutrino events, but they do make maximal
use of the recorded information in the waveforms and arrival
times of the events.

1. Vertex Resolution

The critical parameter for vertex location is the intra-cluster
timing precision. For this we have used actual measurements
made with ANITA data, to which our collaboration has access.
The ANITA payload, which uses waveform digitizers that are
comparable to our planned digitizers, has demonstrated tim-
ing resolution as good as 30 ps rms for waveforms registered
at the 4σ-level detection threshold of ANITA. These timing
precisions come about from extensive in-flight calibration us-
ing ground-based impulse generators, and have proven robust
in the ANITA analysis [5]. For our simulations we have de-
rated these values by a factor of 3.3 to account for our more
limited radio bandwidth, the slower sampling rate we expect
to use, and for possibly unknown systematics in our calibra-
tion.

Fig. 26(left,middle) shows the results of these simulations
for both the range and pointing resolution to the vertex. The

[ARA’11]

Best-fit range of GZK neutrino predictions (∼two orders of magnitude!) cover various
evolution models and source compositions.
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FIG. 1: Left panel: Two models of extra-galactic CRs assuming a homogenous distribution of protons (red line) and iron
(blue line) between zmin = 0.001 (4 Mpc) and zmax = 2. For the proton sources we use an injection spectrum with γ = 2.3,
Emin = 1018 eV, Emax = 1020.5 eV and assume strong source evolution with n = 5. The extra-galactic iron sources assume an
injection spectrum with γ = 2.3, Emin = 1018 eV, Emax = 26×1020.5 eV no evolution n = 0. Right panel: The corresponding
spectra of cosmogenic γ-rays (dashed lines) and neutrinos (dotted line) for the two models. The diffuse γ-ray spectrum of the
proton model is marginally consistent with the diffuse extra-galactic spectrum inferred by Fermi-LAT [51] and the diffuse upper
limit on cosmogenic neutrinos from the 40-string configuration (IC40) of IceCube [55]. The cosmogenic γ-ray and neutrino
spectra of the iron model are two orders of magnitude below the proton model predictions.

source fluxes associated with these CR sources. We will assume that the emission rate of CR sources is fixed and that
their number density evolves with redshift.

In the following we are going to consider two models of extra-galactic CR sources, that have been considered
previously in fitting the UHE CR data [12, 31]. The first model consists of CR proton sources with a strong evolution
(n = 5) with a relatively low crossover below the ankle. For the injection spectrum we use the power index γ = 2.3
and assume exponential cutoffs at Emin = 1018 eV and Emax = 1020.5 eV (see Eq. (4)). The spectrum of protons after
propagation through the CRB is shown as a red line in the left panel of Fig. 1. The second model assumes a pure
injection of iron with the same spectral index γ = 2.3 but no evolution of the sources (n = 0). We assume the same
exponential cutoff at low energies as in the case of the proton model, Emin = 1018 eV, and a high energy cutoff at
Emax = 26 × 1020.5 eV, motivated by the rigidity dependence of the maximal energy of CR accelerators, Emax ∝ Z.
The total spectrum of primary iron and secondary nuclei produced via photo-disintegration is shown as the blue line
in the left panel of Fig. 1.

Both models reproduce the UHE CR data above the ankle reasonably well. The deficit below the ankle is assumed
to be supplemented by a galactic contribution. Note that the crossover with the galactic component is higher for
the all-iron model than for the all-proton model. The fit of the model spectra to the CR data sets the absolute
normalization of the CR emission rate. This can be expressed as the required bolometric power density per CR
source, which depends on the local density of source, H0. For both models we find a value of

L ≡
∫

dE E Q(E) $ 1042

( H0

10−5 Mpc−3

)−1

erg s−1 . (6)

III. ELECTROMAGNETIC CASCADES FROM HEAVY NUCLEI

The production and interaction of cosmogenic electrons, positrons and γ-rays are governed by a set of Boltzmann
equations analogous to Eqs. (3). Electromagnetic interactions of photons and leptons with the CRB can happen on
time-scales much shorter than their production rates [32]. The driving processes of the electromagnetic cascade in
the cosmic background photons are inverse Compton scattering (ICS) with CMB photons, e± + γbgr → e± + γ, and
pair production (PP) with CMB and CIB radiation, γ + γbgr → e+ + e− [22, 33]. In particular, the spectral energy
distribution of multi-TeV γ-rays depends on the CIB background at low redshift. For our calculation we use the
estimate of Franceschini et al. [25]. We have little direct knowledge of the cosmic radio background. A theoretical
estimate has been made [34] of the intensity down to kHz frequencies, based on the observed luminosity function and

• UHE CR emission toy-model: Q(z,E) ∝ E−γe−E/Emax (1 + z)nΘ(zmax − z)

• 100% proton: n = 5 & zmax = 2 & γ = 2.3 & Emax = 1020.5 eV

• 100% iron: n = 0 & zmax = 2 & γ = 2.3 & Emax = 26× 1020.5 eV

• Diffuse spectra of cosmogenic γ-rays (dashed lines) and neutrinos (dotted lines)
vastly different. [MA&Salvado’11]
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Approximate∗ scaling law of energy densities

ων ∝
∑

i

A2−γi
i

E2
thQi(Eth)

2− γi︸ ︷︷ ︸
composition

×
∫ zmax

0
dz

(1 + z)n+γi−4

H(z)︸ ︷︷ ︸
evolution

* disclaimer:

• source composition Qi with mass number Ai and index γi

• applies only to models with large rigidity cutoff Emax,i � Ai × EGZK

previous examples (zmax = 2 & γ = 2.3):

• 100% proton: n = 5 & Emax = 1020.5 eV
ωγ ∝ 1× 12

• 100% iron: n = 0 & Emax = 26× 1020.5 eV
ωγ ∝ 0.27× 0.5

Ü relative difference: ∼ 82.
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Guaranteed cosmogenic neutrinos

• Cascades of UHE CR nuclei in
background conserve
EN ' ECR/A.

Ü minimal cosmogenic
neutrinos from nucleon
spectrum:

Jmin
N (EN) = A2

obsJCR(ECR)

• dependence on cosmic
evolution of sources:

• no evolution (dotted)

• star-formation rate (solid)

Ü ultimate test of UHE CR
proton models with ARA-37
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