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Disclaimer
I will only discuss non-thermal emission

Non-thermal emission
Continuum radiation of a distribution of particles 
with a non-Maxwellian energy spectrum, which 

does not depend on the temperature of the source. 
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Lorentz+CPT violation
Neutrino decay

DE-� interaction

DM-� interaction

Supersymmetry
E�ective operators

Secret �� interactions

Sterile �
DM decay

DM annihilation

Leptoquarks
Extra dimensions

Superluminal �

Acts during propagation

Acts at production

Acts at detection

A�ects �avor composition

C. Argüelles, M. Bustamante, A. Kheirandish, SPR, J. Salvado and A. C. Vincent, PoS(ICRC2019)849, 2020

Standard expectation: 
power-law spectrum

Standard expectation: 
isotropy (diffuse) 

directional (sources)

Standard expectation: 
equal flux of all flavors

Standard expectation: 
same arrival time as photons

Four main observables

https://pos.sissa.it/358/849
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Why do we care about flavor?
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It carries information about the 
mechanism of production...

Why do we care about flavor?
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It carries information about the 
mechanism of production...

Exotic physics could produce deviations 
from the standard expectations

...but also about the way neutrinos propagate 
from the sources to the detector

Why do we care about flavor?
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Neutrino

α j ,⊕{ } = Ujk
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2
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flavor ratios at source: 
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Standard cosmic neutrino propagation
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νe  νμ  ντ  ν1  ν2  ν3  
flavor eigenstates mass eigenstates

≠
produced in CC processes free propagation eigenstates

connected via the (non-diagonal) PMNS mixing matrix

iγ µ ∂
µ−m( )ν = 0

i ∂0−
!σ  
!
∇( )νL = mνR

i ∂0+
!σ  
!
∇( )νR = mνL

i∂t νL ,R
∓( )i = Hi  νL ,R

∓( )i
LCC = g

2 2
Wµ

+ ℓLα  γ µ UPMNS( )α jνLj( )
α j
∑  + h.c.

LCC = g
2 2

Wµ
+ ℓLα  γ µνLα( )

α
∑  + h.c.

But what are neutrino oscillations?
Mass & Mixing ⇒ Oscillations 
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u

d

W+

e+

νe

at short distances

νe e-

d u

W+

Production Detection

LCC = g
2 2

Wµ
+ ℓLα  γ µνLα( )

α
∑  + h.c.

mass & mixing ⇒ oscillations
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u

d

W+

e+

νe

at longer distances

νμ μ-

d u

W+

Production Detection

Propagation
Possible if 

there is 

mixing

mass & mixing ⇒ oscillations
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i ∂ν i

∂t
= Ei  ν i

In principle, one should use wave packets, but using plane waves 
provides the correct result.

Each mass eigenstate evolves as a plane wave:

ν i t( ) = e− iEit ν i t = 0( )
and acquires a different phase Eit

but flavor eigenstates are a combination of mass eigenstates

να t( ) = Uαi
∗ ν i t( )

i
∑ = Uαi

∗  e− iEit ν i t = 0( )
i
∑

Basics: oscillations in vacuum
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Pαβ = νβ να t( )
2
= Uαi

∗Uβ j ν j ν i t( )
ij
∑

2

= Uαi
∗Uβi  e

− iEit

i
∑

2

Probability of detecting νβ at a time t after having produced να 

but neutrino masses are very small, so they are (almost) always very relativistic

Ei ! p +
mi

2

2p
! E + mi

2

2E

Pαβ = Uαi
∗Uβi  e

− iΔmi
2

2E
t

i
∑

2 if non-degenerate states and 
if sufficient time of travel

mass and mixing ⇒ 

oscillations (Pαβ≠0)

Basics: oscillations in vacuum
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 Pure quantum mechanical effect: 
interference of different components 
with different phases and amplitudes 

 Relative phases depend on distance, 
mass square differences and energy 

 Amplitudes depend on mixing

Pαβ = δαβ − 4 Re Uαi
∗UβiUα jUβ j

∗⎡⎣ ⎤⎦
j≠i
∑  sin2 Δmij

2L
4E

⎛

⎝⎜
⎞

⎠⎟
+ 2 Im Uαi

∗UβiUα jUβ j
∗⎡⎣ ⎤⎦

j≠i
∑  sin

Δmij
2L

2E
⎛

⎝⎜
⎞

⎠⎟

Basics: oscillations in vacuum
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Pαβ =  sin2 2θ( )sin2 Δm2L
4E

⎛
⎝⎜

⎞
⎠⎟
= sin2 2θ( )sin2 1.27 Δm2

eV2
L

km
GeV
E

⎛
⎝⎜

⎞
⎠⎟

For two neutrinos: U = cosθ sinθ
−sinθ cosθ

⎛
⎝⎜

⎞
⎠⎟

Pαα =  1- Pαβ

Appearance

Disappearance

Maximal effect for L ~ E/Δm2

If L << E/Δm2 : No time to oscillate Pαβ ≈ 0

If L >> E/Δm2 : oscillations are averaged Pαβ =  1
2

sin2 2θ( )

να →να

να →νβ

Basics: oscillations in vacuum
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II. Neutrino oscillations in vacuum 12

Two-neutrino oscillations in vacuum

• Equation of motion (2 parameters): i
d~⌫

dt
= H~⌫; H = U ·Hd

0 · U
†;

O =
0
BBBB@

cos ✓ sin ✓
� sin ✓ cos ✓

1
CCCCA , Hd

0 =
1

2E⌫

0
BBBB@
��m

2 0
0 �m

2

1
CCCCA , ~⌫ =

0
BBBB@
⌫e
⌫X

1
CCCCA ;

• Posc = sin2(2✓) sin2
 
1.27
�m

2
L

E⌫

!
, P↵↵ = 1 � Posc;

• In real experiments ⌫’s are not monochromatic:

hP↵�i =
1
N

Z
dE⌫

d�

dE⌫
�CC(E⌫)P↵�(E⌫)

• Maximal sensitivity for �m
2
⇠ E⌫/L;

• �m
2
⌧ E⌫/L) No time to oscillate) hPosci ' 0;

• �m
2
� E⌫/L) Averaged osc.) hPosci '

1
2sin2(2✓).

Michele Maltoni <michele.maltoni@csic.es> Third NExT Workshop, 17–19/06/2013

Maximal effect for L ~ E/Δm2

From M. Maltoni

Basics: oscillations in vacuum
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Michele Maltoni <michele.maltoni@csic.es> Third NExT Workshop, 17–19/06/2013

Maximal effect for L ~ E/Δm2

Very long distances 
 L >> E/Δm2

From M. Maltoni

Basics: oscillations in vacuum

astrophysical neutrinos
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Maximal effect for L ~ E/Δm2

Very long distances 
 L >> E/Δm2

wave packets separate so that they 
cannot be differentiated in the detector

Pαβ =  Uαi
2 Uβi

2

i
∑

From M. Maltoni

Basics: oscillations in vacuum

astrophysical neutrinos
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UPMNS =
c12 s12 0
−s12 c12 0

0 0 1
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⎜
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0 1 0
−s13e
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⎟
⎟

eiη1 0 0
0 eiη2 0
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Current status

I. Esteban et al., JHEP 09:178, 2020

P. F. de Salas et al., JHEP 02:071, 2021

F. Capozzi et al., arXiv:2107.00532

See also:

https://link.springer.com/article/10.1007/JHEP09(2020)178
https://link.springer.com/article/10.1007/JHEP02(2021)071
https://arxiv.org/abs/2107.00532
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Pion sources

 

νe :νµ :ντ( )S = 1 : 2 : 0( )⇒ νe :νµ :ντ( )
⊕

= 1 :1 :1( )
           

π ± → µ± + νµ (νµ )

e± + νe(νe ) + νµ (νµ )

Flavor ratios at source and at Earth
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Pion sources

 

νe :νµ :ντ( )S = 1 : 2 : 0( )⇒ νe :νµ :ντ( )
⊕

= 1 :1 :1( )
           

π ± → µ± + νµ (νµ )

e± + νe(νe ) + νµ (νµ )

Muon damped  
sources

 

νe :νµ :ντ( )S = 0 :1 : 0( )⇒ νe :νµ :ντ( )
⊕

= 4 : 7 : 7( )
           

π ± → µ± + νµ (νµ )

e± + νe(νe ) + νµ (νµ )
✖

Flavor ratios at source and at Earth
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Flavor ratios at source and at Earth
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Neutron sources

 

νe :νµ :ντ( )S = 1 : 0 : 0( )⇒ νe :νµ :ντ( )
⊕

= 5 : 2 : 2( )
           n→ p + e− + νe

Flavor ratios at source and at Earth
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Assumes unitarity: sum equal to 1

Flavor triangles
O. Mena, SPR and A. C. Vincent, Phys. Rev. Lett. 113:091103, 2014First flavor analysis of IceCube data:

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.091103
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background muon flux is further reduced to give an expectation rate 
of 1.1!!!10"7 events in 4.6!years. This allows an a!posteriori rejection of 
the cosmic-ray muon background hypothesis by over 5#.

Similarly, the early pulse signature can be used to reject the atmos-
pheric neutrino background hypothesis. Above roughly 100!TeV, the 
atmospheric neutrino flux from the prompt decay of charmed mesons 
is expected to be greater than that from the decay of longer-lived pions 
and kaons. Charmed mesons can decay to electron (anti)neutrinos that 
are often accompanied by muons produced in other branches of the 
same air shower. These muons can be used to veto atmospheric neu-
trinos17,18. The expectation rate of atmospheric neutrinos passing the 
PEPE event selection with accompanying muon energy consistent with 
the observed early pulses is around 2!!!10"7 in 4.6!years. We conclude 
that the event is induced by an astrophysical neutrino.

Given the negligible atmospheric background rate, the remainder 
of this Article assumes that the event originated from a single 
high-energy astrophysical neutrino interaction. The major back-
grounds to the Glashow resonance are charged-current (CC) interac-
tions (mediated by the exchange of a virtual W±) of electron (anti)
neutrinos with nucleons. Neutral-current (NC) interactions (mediated 
by the exchange of a virtual Z0) from all three flavours are a secondary 
background. Figure!3b illustrates the expected rate from each interac-
tion channel. The posterior distribution of visible energy, reconstructed 
assuming a cascade hypothesis for different ice models, has a 68% 
highest-probability-density region of 6.05!±!0.72!PeV and is shown in 
Fig.!3a. Assuming a single power-law astrophysical flux with $ $: = 1 : 1, 
astrophysical spectral index %astro!=!2.49 and normalization at 100!TeV 
of 2.33!"!10"18!GeV"1!cm"2!s"1!sr"1 (ref. 2), we expect to observe 1.55 Glashow 
resonance hadronic cascades in our data.

Assuming the best-fit flux in ref. 2, a likelihood-ratio test based on the 
visible energy rejects both CC and NC interactions in favour of Glashow 
resonance with a P value of 0.01, corresponding to a (one-sided) signifi-
cance of 2.3#. Systematic uncertainties due to the ice modelling and 
the global energy scale, which affect the visible energy reconstruction, 
are included. The P value is also tested against spectral assumptions 
under a single power-law flux, and the results for other spectra are 

given in Methods. The test’s sensitivity is due to the fact that the visible 
energy distribution from Glashow resonance differs both in shape and 
in normalization from the background at these energies.

This is a conservative estimate that does not rely on early pulses. 
As muons are produced in meson decay, the energy of the hadronic 
shower is directly related to the leading muon energy. In electron neu-
trino CC interaction at these energies, on average only about 20% of 
the total neutrino energy is deposited hadronically. Thus, while the 
amount of early Cherenkov light is consistent with the leading muon 
energy expected from a hadronic shower at the Glashow resonance 
(6.3!PeV), it is an order of magnitude above that expected from a CC 
electron neutrino interaction at those energies. In NC interactions, the 
outgoing neutrino escapes undetected and carries away a large por-
tion of the total energy. Thus, while an NC shower is purely hadronic, a 
much higher incoming neutrino energy is required. The steeply falling 
power-law flux of astrophysical neutrinos results in a suppression of 
the NC background.

Although we would ideally incorporate early pulses for CC and 
NC background rejection, there are several technical challenges 
that this can pose, including full resimulations of the MC sets that 
include systematic uncertainties of the hadronic interaction models. 
Such studies are under way, and inclusion of this information will be 
especially important for IceCube-Gen219, which, owing to its much 
larger effective area, will record many more events at the Glashow 
resonance.

A segmented differential flux fit20 was also performed using three 
equal-width bins in the logarithm of the neutrino energy over the 
range 4!PeV to 10!PeV. The results, shown in Fig.!4 (red), complement 
other IceCube diffuse analyses21–24. The central energy bin extends the 
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Fig. 2 | Directional reconstructions under two hypotheses. The 90% 
contours from the cascade (red) and hybrid cascade+track (blue) directional 
reconstructions are shown in equatorial coordinates. The most-probable 
direction according to the hybrid reconstruction is shown as the purple star. 
Systematic uncertainties on the scattering and absorption of photons in ice 
have been included in both contours. The results are consistent and indicate a 
common origin. The hybrid reconstruction improves pointing, reducing the 
contour area by a factor of 5, and should be beneficial to the multi-messenger 
campaign for such events in the future. Effects of ice anisotropy are shown in 
the Methods section, and the combined best-fit direction is at right ascension 
(RA) 12!h 50!min 47.9!s and declination (dec.) #15.9°. The area within the 90% 
probability cascade+track contour is about 68!deg2.
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Fig. 3 | Reconstructed energy posterior probability density and expected 
distributions from MC simulations. a, Posterior probability density of the 
visible energy for this event. Systematic uncertainties due to the ice and global 
energy scale of the detector are included. b, Expected Monte Carlo (MC) event 
distributions in visible energy of hadrons from W" decay (GR h., blue), the 
electron from W" decay (GR e., orange), charged-current interactions (CC; red) 
and neutral-current interactions (NC; green) for a live-time of 4.6!years from 
the PEPE sample. We assume the ratio $ $: = 1 : 1, a flavour ratio of 1:1:1 at Earth, 
an astrophysical spectrum measured from ref. 2, and cross-sections according 
to equation!(1) and ref. 32. The effect of Doppler broadening on the Glashow 
resonance (GR)33 is also taken into account.
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background muon flux is further reduced to give an expectation rate 
of 1.1!!!10"7 events in 4.6!years. This allows an a!posteriori rejection of 
the cosmic-ray muon background hypothesis by over 5#.

Similarly, the early pulse signature can be used to reject the atmos-
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resonance with a P value of 0.01, corresponding to a (one-sided) signifi-
cance of 2.3#. Systematic uncertainties due to the ice modelling and 
the global energy scale, which affect the visible energy reconstruction, 
are included. The P value is also tested against spectral assumptions 
under a single power-law flux, and the results for other spectra are 

given in Methods. The test’s sensitivity is due to the fact that the visible 
energy distribution from Glashow resonance differs both in shape and 
in normalization from the background at these energies.

This is a conservative estimate that does not rely on early pulses. 
As muons are produced in meson decay, the energy of the hadronic 
shower is directly related to the leading muon energy. In electron neu-
trino CC interaction at these energies, on average only about 20% of 
the total neutrino energy is deposited hadronically. Thus, while the 
amount of early Cherenkov light is consistent with the leading muon 
energy expected from a hadronic shower at the Glashow resonance 
(6.3!PeV), it is an order of magnitude above that expected from a CC 
electron neutrino interaction at those energies. In NC interactions, the 
outgoing neutrino escapes undetected and carries away a large por-
tion of the total energy. Thus, while an NC shower is purely hadronic, a 
much higher incoming neutrino energy is required. The steeply falling 
power-law flux of astrophysical neutrinos results in a suppression of 
the NC background.

Although we would ideally incorporate early pulses for CC and 
NC background rejection, there are several technical challenges 
that this can pose, including full resimulations of the MC sets that 
include systematic uncertainties of the hadronic interaction models. 
Such studies are under way, and inclusion of this information will be 
especially important for IceCube-Gen219, which, owing to its much 
larger effective area, will record many more events at the Glashow 
resonance.

A segmented differential flux fit20 was also performed using three 
equal-width bins in the logarithm of the neutrino energy over the 
range 4!PeV to 10!PeV. The results, shown in Fig.!4 (red), complement 
other IceCube diffuse analyses21–24. The central energy bin extends the 
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Fig. 2 | Directional reconstructions under two hypotheses. The 90% 
contours from the cascade (red) and hybrid cascade+track (blue) directional 
reconstructions are shown in equatorial coordinates. The most-probable 
direction according to the hybrid reconstruction is shown as the purple star. 
Systematic uncertainties on the scattering and absorption of photons in ice 
have been included in both contours. The results are consistent and indicate a 
common origin. The hybrid reconstruction improves pointing, reducing the 
contour area by a factor of 5, and should be beneficial to the multi-messenger 
campaign for such events in the future. Effects of ice anisotropy are shown in 
the Methods section, and the combined best-fit direction is at right ascension 
(RA) 12!h 50!min 47.9!s and declination (dec.) #15.9°. The area within the 90% 
probability cascade+track contour is about 68!deg2.
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Fig. 3 | Reconstructed energy posterior probability density and expected 
distributions from MC simulations. a, Posterior probability density of the 
visible energy for this event. Systematic uncertainties due to the ice and global 
energy scale of the detector are included. b, Expected Monte Carlo (MC) event 
distributions in visible energy of hadrons from W" decay (GR h., blue), the 
electron from W" decay (GR e., orange), charged-current interactions (CC; red) 
and neutral-current interactions (NC; green) for a live-time of 4.6!years from 
the PEPE sample. We assume the ratio $ $: = 1 : 1, a flavour ratio of 1:1:1 at Earth, 
an astrophysical spectrum measured from ref. 2, and cross-sections according 
to equation!(1) and ref. 32. The effect of Doppler broadening on the Glashow 
resonance (GR)33 is also taken into account.
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reconstructions are shown in equatorial coordinates. The most-probable 
direction according to the hybrid reconstruction is shown as the purple star. 
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have been included in both contours. The results are consistent and indicate a 
common origin. The hybrid reconstruction improves pointing, reducing the 
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Fig. 3 | Reconstructed energy posterior probability density and expected 
distributions from MC simulations. a, Posterior probability density of the 
visible energy for this event. Systematic uncertainties due to the ice and global 
energy scale of the detector are included. b, Expected Monte Carlo (MC) event 
distributions in visible energy of hadrons from W" decay (GR h., blue), the 
electron from W" decay (GR e., orange), charged-current interactions (CC; red) 
and neutral-current interactions (NC; green) for a live-time of 4.6!years from 
the PEPE sample. We assume the ratio $ $: = 1 : 1, a flavour ratio of 1:1:1 at Earth, 
an astrophysical spectrum measured from ref. 2, and cross-sections according 
to equation!(1) and ref. 32. The effect of Doppler broadening on the Glashow 
resonance (GR)33 is also taken into account.
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Figure 4. Left panel: expected number of Glashow events as a function of exposure in the GRB case
for di↵erent injected primary isotopes (pure composition assumed, photohadronic interactions). It is
possible to exclude a source containing heavier isotopes from a source containing protons after about
95 equivalent years (vertical dashed line). Right Panel: neutron to proton ratio in the source (reached
in the state steady from the disintegration of nuclei) as a function of energy for di↵erent injection
isotopes. At the typical nucleon energy responsible for Glashow events (⇠ 20⇥ 6.3PeV, indicated by
vertical band) the number of interacting neutrons and protons is similar for iron and silicon. Here
L = 1052 erg/s.

therefore possible that a part of the di↵use neutrino flux comes from interactions of heavier
nuclei.

We simulate the nuclear cascade in the GRB case following ref. [59]. The implications
for the Glashow resonance are shown in figure 4 with injection of either protons, 28Si, or 56Fe
only. We again choose parameters such that muon damping does not occur at the Glashow
resonance. Note that the proton case is slightly di↵erent compared to the standard p� case,
because it is obtained considering a GRB with a luminosity of L = 1052 erg/s and t = 0.1 s.

As one important observation, nuclear disintegration of heavy nuclei leads to emission
of light fragments, mostly protons and neutrons. These can contribute to the neutrino
production similar to the primary nuclei [64]. The ratio between neutrons and protons is
approximately determined by the neutron-proton ratio of the primary nucleus, since at high
energies neutrons don’t decay inside the source, see right panel. Note that in the chosen
example the neutrino production is dominated by the secondary protons and neutrons [60],
whereas for smaller luminosities the photo-meson production o↵ heavier nuclei can dominate.
We therefore show in the right panel of figure 4 the neutron to proton ratio produced by the
disintegration of nuclei. For iron and silicon, the expected signal is larger than in the pp
scenario. This is due to the fact that these isotopes are neutron-rich (see right panel of
figure 4) and, as a consequence, the source contains more ⇡� from the process eq. (4.1). This
is confirmed by the flavor composition at the source, that is almost the same for iron and
silicon, namely (0.18 : 0.32 : 0 : 0.18 : 0.32 : 0). Obviously, in this case there is no possibility
to distinguish between pp and A� even if the exposure is huge.

It is however very interesting to observe that the A� scenarios can, almost independent
of the composition (for A � 2), be ruled out after about 95 equivalent years for a proton

– 14 –

D. Biehl et al., JCAP 01:033, 2017

Not really the ideal scenario 
Next generation? 

https://iopscience.iop.org/article/10.1088/1475-7516/2017/01/033/pdf
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They are expected to be produced in high-energy hadronic
processes in our Universe either directly from decaying
hadrons or from decaying charged leptons produced in the
hadronic interactions [13]. Regions of charged-particle ac-
celeration are prime candidates for high-energy neutrino
sources. The observation of EeV cosmic rays indicates
that objects of large size or high magnetic field strength
are accelerating charged particles to high energies, nar-
rowing the search for neutrino sources to a subclass of
objects [14, 15]. The diffuse cosmic ray, gamma ray, and
neutrino fluxes show similar energy content despite their
disparate energy regimes, as recent data demonstrates
(Fig. I.1). Despite this information and a wealth of cosmic-
ray observations, the sources of ultra-high-energy cosmic
rays are an unresolved mystery [16]. Thus, much like
solar neutrinos, which can escape their birthplace, high
energy astrophysical neutrinos are an indispensable probe
for cosmic-ray sources, providing insight into the long-
standing problem of the origin of cosmic-rays, as they can
escape dense environments and reach us unperturbed. By
studying their flux and energy spectrum, constraints can
be placed on the acceleration environments that produce
these neutrinos.

High-energy astrophysical neutrinos are also power-
ful probes of new physics [17]. This is in large part
because neutrinos are charged under flavor [13, 18, 19],
unlike other cosmic messengers. New nontrivial flavor
interactions can arise from a breaking of space-time sym-
metries [20, 21], secret neutrino interactions with the
cosmic-neutrino background [22–25], flavored dark-matter
neutrino interactions [26–28], or other nonstandard inter-
actions [29]. Beyond flavor, the very long distances tra-
versed by high-energy astrophysical neutrinos can be used
for accurate time-of-flight [30] and neutrino-flux spectral
distortion [31] measurements. High-energy astrophysical
neutrinos can probe very heavy decaying and annihilating
dark matter, whose other Standard Model products will
not reach Earth [32]. Finally, these neutrinos can also
probe the high-energy neutrino-nucleon cross section [33–
38]. Such a measurement is of interest due to the possibil-
ity of observing gluon screening [39], which could reduce
the cross section at the highest energies [40–42], or of un-
covering new physics phenomena, e.g., low-scale quantum
gravity [43], leptoquarks [44–50], sphalerons [51, 52], and
micro black hole production [53, 54]; see [55] for a recent
review.

The IceCube Neutrino Observatory has firmly estab-
lished the existence of high-energy astrophysical neu-
trinos. Northern sky measurements of through-going
muon tracks [56, 57], all-sky measurements using events
with interaction vertices contained in the detector fidu-
cial volume [58–61] such as high-energy starting events
(HESE), and additional studies extending to lower ener-
gies with contained cascades [62, 63] have all contributed
to the characterization of the astrophysical neutrino flux.
Archival and real-time directional searches have found
an excess with respect to background from a starburst
galaxy [64] and evidence of neutrino emission associated
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FIG. I.1. High-energy fluxes of gamma rays, neutrinos,
and cosmic rays. The segmented power-law neutrino flux,
described in Section VI A 5, obtained in the analysis described
in this paper, is shown with red circles. The single power-law
assumption, described in Section VIA1, is shown with the
light red region. The high-energy gamma-ray measurements
by Fermi [73] are shown in orange, while the extremely-high-
energy cosmic-ray measurements by the Pierre Auger Obser-
vatory [74] are shown as purple data points. The comparable
energy content of these three fluxes is of particular interest in
the investigation of cosmic-ray origin.

with a blazar [65, 66]. However, the energy spectrum,
directional distribution, and composition of this neutrino
flux are still too poorly constrained to differentiate be-
tween many astrophysical scenarios. This work focuses
on measuring the astrophysical neutrino spectrum us-
ing events with their interaction vertex contained inside
a fiducial volume; see [67] for additional details. The
astrophysical flux measurement assumes that the flux
is isotropic and equal in composition between all neu-
trino species, whose end result is shown in Fig. I.1. We
also present a directional search for neutrino sources in
Appendix H. Other work with this sample includes the
measurement of the neutrino flavor composition [68], the
search for additional neutrino interactions [69, 70] and
dark matter in the galactic core [71], and the measurement
of the neutrino cross section [72].

This paper is organized as follows. In the first sec-
tions, II, III, IV, and V the detector is described, the event
selection is defined, and relevant backgrounds, system-
atics, and statistical methodology are discussed. In Sec-
tion VI, the results of this work concerning the isotropic
astrophysical flux are presented. Each of the results sub-
sections begins with a brief summary in italics, followed
by detailed discussions. Finally, Section VII summarizes
the main conclusions of this work.

21

Similar energy in gamma rays, neutrinos and cosmic rays from cosmic sources

Neutrinos and photons are guaranteed byproducts of high-energy cosmic-rays

The CR/Gamma-ray/Neutrino Connection

R. Abbasi et al. [IceCube Collaboration], arXiv:2011.03545

https://arxiv.org/abs/2011.03545
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Cosmic-ray interactions in the atmosphere

Cosmic-ray interactions off CMB photons

atmospheric neutrinos 

Neutrinos and photons are guaranteed byproducts of high-energy cosmic-rays

cosmogenic neutrinos 

Exotics
e.g., heavy

 dark matter 

p + γ CMB →Δ→ n +π +

p + X→ π ± /K ± +π 0 +Y

p + γ CMB →Δ→ p +π 0

Cosmic-ray interactions at the  source
astrophysical neutrinos 

pp  or   pγ

E < 100 TeV

E > 100 TeV

E > 100 PeV

The CR/Gamma-ray/Neutrino Connection
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hadronic 

photohadro
nic 

neutron decay 

π ± → µ± + ν
(− )

µ

π 0 → γ + γ

Eν ! Eπ / 4

Eγ ! Eπ / 2

µ± → e± +νe(νe )+νµ (νµ ) Eν ! Eπ / 4

pp interactions

n→ p + e− +νe E
ν
! 5 ×10−4En

Cosmic Neutrino production

e−ℓ/τγγ
dΦν(Eν = Eγ /2)

dEν
≃ 6

dΦγ(Eγ)
dEγ

e−ℓ/τγγ
dΦν(Eν = Eγ /2)

dEν
≃ 3

dΦγ(Eγ)
dEγ

p + γ → Δ → {π+ + n
π0 + p

4 ε′ γ E′ p ≥ m2
Δ − m2

pcomoving frame:

Eπ ≃ Ep/5 average fraction of energy transferred 
from the proton to the pion

pγ interactions
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What is the minimum neutrino energy from photohadronic 
(resonant) production off stellar light?  

Consider a background photon field with a wavelength of 200 nm. 

To reach PeV neutrino energies, what is the minimum energy of the 
photon background needed in highly boosted sources ( )?γ ∼ 300

Exercise:
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For pp, ,  

For pγ, ,  

κ̃π = 0.5 Kπ =
Nπ±

Nπ0
= 2

κ̃π = 0.2 Kπ =
Nπ+

Nπ0
= 1

κπ =
κ̃π

Nπ
≃ 0.2 fπ = 1 − e−κν ℓσn

Some definitions: 
  
 : inelasticity of the hadronic interaction 
 : inelasticity (per pion) of the interaction 
: number of produced pions 
: probability of pion production in the source

κ̃π
κπ
Nπ
fπ

Average energies of neutrinos and photons:

⟨Eγ⟩ = κγ Eπ ≃
Eπ

2
⟨Eγ⟩
EN

=
κπ

2
≃ 0.1⟨Eν⟩ = κν Eπ ≃

Eπ

4
⟨Eν⟩
EN

=
κπ

4
≃ 0.05

CR/Gamma-ray/Neutrino Connection
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Nπ± =
1
2 ∫

κν E2

κν E1

dNνμ

dEν
dEν Nπ0 =

1
2 ∫

κγ E2

κγ E1

dNγ

dEγ
dEγ

Relating number of pions to number of neutrinos and photons
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Nπ± =
1
2 ∫

κν E2

κν E1

dNνμ

dEν
dEν Nπ0 =

1
2 ∫

κγ E2

κγ E1

dNγ

dEγ
dEγ

κν

2

dNνμ

dEν
Eν=κν E

=
dNπ±

dEπ E

κγ

2
dNγ

dEγ
Eγ=κγ E

=
dNπ0

dEπ E

Differentiating with respect to E2

Relating number of pions to number of neutrinos and photons
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Qνμ (Eν) =
2
κν

Qπ± ( Eν

κν ) ≃ 8 Qπ± (4 Eν)

Qνe (Eν) =
1
κν

Qπ± ( Eν

κν ) ≃ 4 Qπ± (4 Eν)
Qγ (Eγ) =

2
κγ

Qπ0 (
Eγ

κγ ) ≃ 4 Qπ0 (2 Eγ)

Nνμ

Nνe

= 2: number of particles per unit time and energyQ
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Qνμ (Eν) =
2
κν

Qπ± ( Eν

κν ) ≃ 8 Qπ± (4 Eν)

Qνe (Eν) =
1
κν

Qπ± ( Eν

κν ) ≃ 4 Qπ± (4 Eν)
Qγ (Eγ) =

2
κγ

Qπ0 (
Eγ

κγ ) ≃ 4 Qπ0 (2 Eγ)

Nνμ

Nνe

= 2

1
3 ∑

α

Qνα (Eν) ≃
1
3 (Qνμ (Eν) + Qνe (Eν)) ≃ 4 Qπ± (4 Eν)

: number of particles per unit time and energyQ
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Qνμ (Eν) =
2
κν

Qπ± ( Eν

κν ) ≃ 8 Qπ± (4 Eν)

Qνe (Eν) =
1
κν

Qπ± ( Eν

κν ) ≃ 4 Qπ± (4 Eν)
Qγ (Eγ) =

2
κγ

Qπ0 (
Eγ

κγ ) ≃ 4 Qπ0 (2 Eγ)

Nνμ

Nνe

= 2

1
3 ∑

α

Qνα (Eν) ≃
1
3 (Qνμ (Eν) + Qνe (Eν)) ≃ 4 Qπ± (4 Eν)

: number of particles per unit time and energyQ

1
3 ∑

α

Eν Qνα (Eν) ≃ 4 Eν Qπ± (4 Eν) = [Eπ Qπ± (Eπ)]Eπ=Eν/κν
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Qπ± (Eπ) = Kπ Qπ0 (Eπ)Recalling that

Qνμ (Eν) =
2 Kπ

κν
Qπ0 ( Eν

κν ) Qνe (Eν) =
Kπ

κν
Qπ0 ( Eν

κν )
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Qπ± (Eπ) = Kπ Qπ0 (Eπ)Recalling that

1
3 ∑

α

Qνα (Eν) ≃
Kπ

κν
Qπ0 ( Eν

κν ) ≃
κγ Kπ

2 κν
Qγ (

κγ Eν

κν ) ≃ Kπ Qγ (2 Eν)

Qνμ (Eν) =
2 Kπ

κν
Qπ0 ( Eν

κν ) Qνe (Eν) =
Kπ

κν
Qπ0 ( Eν

κν )
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Qπ± (Eπ) = Kπ Qπ0 (Eπ)Recalling that

1
3 ∑

α

Qνα (Eν) ≃
Kπ

κν
Qπ0 ( Eν

κν ) ≃
κγ Kπ

2 κν
Qγ (

κγ Eν

κν ) ≃ Kπ Qγ (2 Eν)

Qνμ (Eν) =
2 Kπ

κν
Qπ0 ( Eν

κν ) Qνe (Eν) =
Kπ

κν
Qπ0 ( Eν

κν )

1
3 ∑

α

E2
ν Qνα (Eν) ≃

κν Kπ

2 κγ [E2
γ Qγ (Eγ)]

Eγ=κγ Eν/κν

≃
Kπ

4 [E2
γ Qγ (Eγ)]

Eγ=2 Eν
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Qπ± (Eπ) = Kπ Qπ0 (Eπ)Recalling that

1
3 ∑

α

Qνα (Eν) ≃
Kπ

κν
Qπ0 ( Eν

κν ) ≃
κγ Kπ

2 κν
Qγ (

κγ Eν

κν ) ≃ Kπ Qγ (2 Eν)

Qνμ (Eν) =
2 Kπ

κν
Qπ0 ( Eν

κν ) Qνe (Eν) =
Kπ

κν
Qπ0 ( Eν

κν )

E2
π Qπ± (Eπ±) ≃ fπ

Kπ

1 + Kπ
[E2

N QN (EN)]EN=Eπ/κπ

Assuming a fraction  of the energy goes into pions (calorimeter)fπ

1
3 ∑

α

E2
ν Qνα (Eν) ≃

κν Kπ

2 κγ [E2
γ Qγ (Eγ)]

Eγ=κγ Eν/κν

≃
Kπ

4 [E2
γ Qγ (Eγ)]

Eγ=2 Eν
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Qπ± (Eπ) = Kπ Qπ0 (Eπ)Recalling that

1
3 ∑

α

Qνα (Eν) ≃
Kπ

κν
Qπ0 ( Eν

κν ) ≃
κγ Kπ

2 κν
Qγ (

κγ Eν

κν ) ≃ Kπ Qγ (2 Eν)

Qνμ (Eν) =
2 Kπ

κν
Qπ0 ( Eν

κν ) Qνe (Eν) =
Kπ

κν
Qπ0 ( Eν

κν )

E2
π Qπ± (Eπ±) ≃ fπ

Kπ

1 + Kπ
[E2

N QN (EN)]EN=Eπ/κπ

Assuming a fraction  of the energy goes into pions (calorimeter)fπ

1
3 ∑

α

E2
ν Qνα (Eν) ≃

κν Kπ

2 κγ [E2
γ Qγ (Eγ)]

Eγ=κγ Eν/κν

≃
Kπ

4 [E2
γ Qγ (Eγ)]

Eγ=2 Eν

1
3 ∑

α

E2
ν Qνα (Eν) ≃ κν fπ

Kπ

1 + Kπ
[E2

N QN (EN)]EN=Eν/(κπ κν)
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The Waxman-Bahcall bound  
(on the diffuse neutrino flux)
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dΦνα (Eν)
dEν

= ∫
dΦPS

να (Eν)
dEν

n(z) dVc = ∫
(1 + z)2

4π d2
L(z)

Qνα ((1 + z) Eν) n(z) dVc

dVc = r2 dΩ
dz

H(z)
dL = (1 + z) r

The Waxman-Bahcall bound  
(on the diffuse neutrino flux)
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dΦνα (Eν)
dEν

=
1

4π ∫
∞

0

dz
H(z)

n(z) Qνα ((1 + z) Eν) =
1

4π
ζz(Eν)

H0
ℒνα (0, Eν) =

1
4π

ζz(Eν)
H0

n0 Qνα (Eν)

dΦνα (Eν)
dEν

= ∫
dΦPS

να (Eν)
dEν

n(z) dVc = ∫
(1 + z)2

4π d2
L(z)

Qνα ((1 + z) Eν) n(z) dVc

dVc = r2 dΩ
dz

H(z)
dL = (1 + z) r

The Waxman-Bahcall bound  
(on the diffuse neutrino flux)
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dΦνα (Eν)
dEν

=
1

4π ∫
∞

0

dz
H(z)

n(z) Qνα ((1 + z) Eν) =
1

4π
ζz(Eν)

H0
ℒνα (0, Eν) =

1
4π

ζz(Eν)
H0

n0 Qνα (Eν)

dΦνα (Eν)
dEν

= ∫
dΦPS

να (Eν)
dEν

n(z) dVc = ∫
(1 + z)2

4π d2
L(z)

Qνα ((1 + z) Eν) n(z) dVc

dVc = r2 dΩ
dz

H(z)
dL = (1 + z) r

1
3 ∑

α

E2
ν

dΦνα
(Eν)

dEν
=

1
4π

ζz(Eν)
H0

n0
1
3 ∑

α

E2
ν Qνα (Eν)

The Waxman-Bahcall bound  
(on the diffuse neutrino flux)
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dΦνα (Eν)
dEν

=
1

4π ∫
∞

0

dz
H(z)

n(z) Qνα ((1 + z) Eν) =
1

4π
ζz(Eν)

H0
ℒνα (0, Eν) =

1
4π

ζz(Eν)
H0

n0 Qνα (Eν)

dΦνα (Eν)
dEν

= ∫
dΦPS

να (Eν)
dEν

n(z) dVc = ∫
(1 + z)2

4π d2
L(z)

Qνα ((1 + z) Eν) n(z) dVc

dVc = r2 dΩ
dz

H(z)
dL = (1 + z) r

1
3 ∑

α

E2
ν

dΦνα
(Eν)

dEν
=

1
4π

ζz(Eν)
H0

n0
1
3 ∑

α

E2
ν Qνα (Eν)

1
3 ∑

α

E2
ν

dΦνα
(Eν)

dEν
=

1
4π

ζz(Eν)
H0

κν fπ Kπ

1 + Kπ
n0 [E2

N QN (EN)]EN=Eν/(κπ κν)

The Waxman-Bahcall bound  
(on the diffuse neutrino flux)
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dΦνα (Eν)
dEν

=
1

4π ∫
∞

0

dz
H(z)

n(z) Qνα ((1 + z) Eν) =
1

4π
ζz(Eν)

H0
ℒνα (0, Eν) =

1
4π

ζz(Eν)
H0

n0 Qνα (Eν)

dΦνα (Eν)
dEν

= ∫
dΦPS

να (Eν)
dEν

n(z) dVc = ∫
(1 + z)2

4π d2
L(z)

Qνα ((1 + z) Eν) n(z) dVc

dVc = r2 dΩ
dz

H(z)
dL = (1 + z) r

1
3 ∑

α

E2
ν

dΦνα
(Eν)

dEν
=

1
4π

ζz(Eν)
H0

n0
1
3 ∑

α

E2
ν Qνα (Eν)

1
3 ∑

α

E2
ν

dΦνα
(Eν)

dEν
=

1
4π

ζz(Eν)
H0

κν fπ Kπ

1 + Kπ
n0 [E2

N QN (EN)]EN=Eν/(κπ κν)

ℒN(EN) ≡ n0 E2
N QN (EN) ∼ 1044 erg Mpc−3 yr−1

E. Waxman and J. N. Bahcall, Phys. Rev. D59:023002, 1999

Using the measured luminosity:

E2
ν

dΦνα (Eν)
dEν

≃ 10−8 GeV cm−2 s−1 sr−1

The Waxman-Bahcall bound  
(on the diffuse neutrino flux)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.59.023002
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- thin sources 
- proton composition 
-  spectrum 
- normalization at  GeV 
- inelasticities and average energies  
taken as independent of the scenario 
- energy losses are not included 

E−2
p

Ep,min = 1010

Is this a robust bound?
Many assumptions

structed a bound for neutron-transparent sources which is
probably closer to current models for cosmic ray and neu-
trino production than our general upper limit above 1019 eV.
Examples for such models are the model for diffuse neutrino
fluxes from GRBs proposed by the same authors !18,1" #note
that this prediction assumes no cosmological evolution for
GRBs$, and model A in Mannheim !10" which was con-
structed using the cosmic ray limit with the assumption that
the emerging neutrons at %1010 GeV contribute to the extra-
galactic cosmic ray spectrum #both shown in Fig. 3$.

IV. DIFFUSE NEUTRINO SPECTRA FROM AGN JETS

In this section, we shall consider the spectra of cosmic ray
protons and neutrinos emerging from jets of two classes of
gamma ray emitting AGN, i.e., BL Lac objects and radio
quasars, which are usually combined as the class of blazars.
We shall use the estimated optical depths of gamma rays to
photon-photon pair production in a typical AGN of each
type, to infer the corresponding neutron-photon optical
depths in these objects. We shall show that high luminosity
AGN #like 3C279$ can be expected to be opaque to neutrons
at energies above about 108 – 109 GeV, while low luminosity
BL Lacs #like Mrk501$ must be transparent to neutrons at all
energies. Then assuming a model for the luminosity depen-
dence of the optical depths, and the local luminosity func-
tions of BL Lacs and quasars, we shall estimate the form of
the production spectra of cosmic ray protons and neutrinos
per unit volume of the local Universe. Applying the source
evolution functions found for BL Lacs and radio quasars,
respectively, we shall derive model estimates for the diffuse
neutrino contribution from these sources which are compat-
ible with cosmic ray limits. We shall also construct an upper
bound for the contribution of AGN jets, using the same
method as in the previous section, but for the appropriate

generic source spectra, Eqs. #14$ and #15$, varying the break
energy Eb over the range allowed by the models.

A. Cosmic ray proton and neutrino production spectra
from blazars

As our starting point, we assume a target photon spectrum
with index &!1 which we have already seen leads to

FIG. 2. Spectra of #a$ cosmic rays and #b$ neutrinos after propagation through the Universe of input spectra for optically thin pion
photoproduction sources for Emax!106, 3"107, 109, 3"1010, 1012, and 3"1013 GeV, assuming galaxy evolution as described in the text.
Spectra are normalized such that the cosmic ray intensity does not exceed the cosmic ray proton spectrum estimated from observations
!dotted line in part #a$" and such that the neutrino energy flux does not exceed 0.5 of the observed photon energy density above 3 MeV. The
dotted curve in part #b$ joins the peaks in the neutrino spectra and forms our neutrino upper bound for optically thin pion photoproduction
sources. The dashed line is the bound obtained by Waxman and Bahcall !1".

FIG. 3. Muon neutrino upper bounds for optically thin pion
photoproduction sources #curve labeled 'n(#1$ and optically thick
pion photoproduction sources #curve labeled 'n($1$; the hatched
range between the two curves can be considered the allowed region
for upper bounds for sources with 'n(%1. For comparison we show
the bound obtained by Waxman and Bahcall !1" #for an evolving
source distribution$. Predictions for optically thin photoproduction
sources are also shown: proton-blazar #Mannheim 1995 !10", model
A$—dotted curve, and GRB sources #Waxman and Bahcall 1997,
!18"$—dashed curve. Also shown is an observational upper limit
from Fréjus !83" and the atmospheric background !84".

KARL MANNHEIM, R. J. PROTHEROE, AND JÖRG P. RACHEN PHYSICAL REVIEW D 63 023003

023003-8

9

Figure 5. Average neutron and neutrino energy with respect to the proton input
energy Ep, and the mean proton inelasticity due to photon–proton pion production
in a typical GRB radiation field. The dotted lines represent the respective values
from the !-approximation which are only met for interactions near threshold, e.g.
at low input energies !p < 106. Solid lines denote the results from the SOPHIA
simulations.

energy part of the cross section, the antineutron production is only 1/40 of the neutron
production. The neutrons carry on average 50% of the input energy (see Fig. 5) with
a neutron multiplicity of roughly 0.4. Antineutrons have mean energies of ! 0.1Ep

with a multiplicity of approximately 0.05. Antineutrons and neutrons of the same
energy are produced by protons of di!erent energy. For example, we need an input
proton energy of 1010GeV for the production of a antineutron of energy 109GeV while
for a neutron of the same energy the proton input energy must be " 2 · 109GeV. One
has to weight the ratio of the resulting neutron and antineutron multiplicities, and
this is determined by the input proton spectrum. For this purpose we use a E!2

di!erential spectrum as a typical equilibrium particle spectrum for GRB. For photon–
proton interactions at high CM energies, as is the case for GRBs, we therefore expect
antineutron-to-neutron multiplicities of the order 0.01.

Since photon–proton interactions in TeV-blazar ambient photon fields take part
predominantly at threshold, these objects are not expected to be strong sources
of antinucleons. SOPHIA simulations show that the total energy for antineutron
production does not exceed 10!4 of the proton input energy with the average
antineutron carrying roughly 1/10 of Ep. Neutrons, on the other hand, take up about
20% of the input energy with a mean particle energy of 0.8Ep, as expected from the

A. Mücke et al., astro-ph/9905153

K. Mannheim, R. J. Protheroe and J. P. Rachen,  
Phys. Rev. D63:023003, 2001

are compared to the projected IceCube three-year sensitiv-
ity for a E!2

! spectrum [3], as well as the estimated atmos-
pheric neutrino background (taken from Ref. [1], with the
spectrum assumed to be / E!3

! above 1 PeV). The small
background fluxes, which will be hard for IceCube and
KM3Net to detect, follow from the strong upper limit on
interactions with the radiation field required so that all
UHECR sources satisfy "A# < 1. It is particularly strong
when an ironlike composition is assumed as an explanation
of the PAO data, as in Refs. [24,27].

Although we have discussed only neutrinos from pion
decay, they are also produced by neutron decay following
photodisintegration. However, these neutrinos give lower
background fluxes. The typical neutrino energy in the
neutron rest frame is "0:48 MeV, and "A# < 1 gives
E2
!!! & 1:9# 10!13fz$A=56%!1:21 GeV cm!2 s!1 sr!1

for electron antineutrinos.

B. Condition on photodisintegration effective optical
depth

The PAO composition results are still uncertain, and it is
possible that the composition is mixed rather than ironlike.
Also, perhaps a moderate fraction of nuclei undergo pho-
todisintegration interactions in their sources, such that the
requirement "A# < 1might be too strong. Instead of this, it
would be more conservative to define a condition on the
photodisintegration energy-loss time tdis for nuclei of ini-
tial mass A.

After a heavy nucleus with A (e.g., iron) experiences one
photodisintegration interaction via the GDR, the atomic
number is A! 1, which is still heavy. For the first interac-
tion, the fractional nuclear energy loss, i.e., the inelasticity,
is roughly $GDR " 1=A around the GDR resonance (since
#A is conserved before and after single-nucleon emission
by the GDR) [34]. The photodisintegration energy-loss
time is roughly estimated by multiplying Eq. (4) by $GDR

(or one can evaluate it numerically in a somewhat different
manner [26]). Then, the more conservative requirement of
nucleus survival is that the effective (energy-loss) photo-
disintegration optical depth is smaller than unity, i.e.,
fA# & tint=tdis " tint$GDR=tA# < 1. Then, instead of
Eq. (7), we have

fmes " fp# & 8:2# 10!2$A=56%!0:21: (10)

This is larger than that in the previous subsection since
some photodisintegration is now allowed.

The corresponding nucleus-survival landmark for the
neutrino background is analogous to Eq. (8). However,
when nucleons are ejected from nuclei via the GDR, both
the nuclei themselves and the ejected nucleons produce
neutrinos via photomeson interactions. Instead of Eq. (8),
in more generality, we have

E2
!!! & 1

4

ctH
4%

'fp#$EA=A%fA#$EA%

( fmes$EA%$1! fA#$EA%%)E2
A

d _NA

dEA
; (11)

where we have still assumed fA# < 1. However, because
fp#$EA=A% " fmes$EA%, this becomes the same as Eq. (8).
Hence, similar to Eq. (9), the neutrino (!& ( "!&) back-
ground flux is

E2
!!! & 8:4# 10!10fz$A=56%!0:21 GeV cm!2 s!1 sr!1;

(12)

which is still lower than the WB landmark by 1 order of
magnitude. The near-A independence of this result is a
consequence of the fact that 'GDR$GDR " A$1=A% " 1; in
the previous subsection, the term $GDR was not included.
The results are shown in Fig. 2.
The neutrino background from nuclei accelerators was

briefly considered in Ref. [39], where it was argued that
this flux is much smaller than the WB flux. Our work is
different, since we quantitatively take into account the
nucleus-survival condition, showing that it is crucial to
constrain properties of the sources and that it leads to a
small but appreciable neutrino flux.
Similar to Eq. (12), the landmark for neutrinos from

neutron decay following photodisintegration can be
obtained; the condition fA# < 1 leads to E2

!!! &
10!11fz$A=56%!0:21 GeV cm!2 s!1 sr!1 for electron
antineutrinos.

C. Dependence on spectral index

The nucleus-survival landmarks expressed in Eqs. (9)
and (12) were derived for a E!2

CR spectrum. Different in-
dices are allowed from UHECR observations, depending
on source evolution models. Here, modifying assumption
(b), we consider the case where dNCR

dECR
* #A+1$dNA

dEA
% ,

#A+1$yA dNCR

dECR
% with dNA

dEA
/ E!s

A . Here, yA is the fraction of
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nuclei with mass A. As an example, assuming a two-
component case, Eq. (1) is replaced by

E2
!!! !

1

4

ctH
4"

!
fp#E

2
p

d _Np

dEp
" fmesE

2
A

d _NA

dEA

"
; (13)

where we have used fp##EA=A$ ! fmes#EA$. For the
UHECR energy injection rate at 1019 eV, we use
E2
CRd _NCR=dECR % 0:6& #s' 1$1044 ergMpc'3 yr'1 [31].
To set landmarks, we take only the larger of the two

terms above (one for protons, one for nuclei). A neutrino of
energy E! can be produced by a proton of energy Ep (
20E! or a nucleus of energy EA ! 20AE!; the cosmic-ray
energy flux is smaller (larger) at the higher energy for s >
2 (s < 2). For s > 2, Eq. (12) is replaced by

E2
!!! & 8:4& 10'10 GeV cm'2 s'1 sr'1

& fz#A=56$'0:21#s' 1$E2's
!;17:7: (14)

For s < 2, Eq. (12) is replaced by

E2
!!! & 8:4& 10'10 GeV cm'2 s'1 sr'1

& fz#A=56$1:79's#s' 1$E2's
!;15:95: (15)

Results for an example with s > 2 are shown in Fig. 3.

D. Dependence on composition

Our results in Eqs. (9), (12), (14), and (15) do not depend
on the composition itself. They do have A dependence,
which comes from which nucleus is adopted for the
nucleus-survival condition. Generally speaking, the re-
quirement fA# < 1 (or $A# < 1) leads to composition-
dependent landmarks, since Eq. (13) implicitly includes
yA. However, we can define our landmark by just the
largest of the composition-dependent terms, as done in
deriving Eqs. (14) and (15). The energy of a nucleus
producing a neutrino with energy E! is higher than that
of a proton producing a neutrino with energy E!. For s > 2,

the first term in Eq. (13) is more important. Thus, for the
same yA, more neutrinos with E! come from protons than
from nuclei. For s < 2, the second term is more important,
and the situation is reversed. For s % 2, because
fp##EA=A$ ! fmes#EA$, the landmark neutrino flux is al-
ready independent of the composition.

E. Discussion of applicability

While our results are general, they must be accompanied
by some caveats.
First, our arguments are valid only when the photodis-

integration and photomeson interactions are both governed
by resonances (the ratio of our nucleus-survival landmark
and the WB landmark essentially follows from the relative
properties of the GDR resonance and the " resonance). In
principle, nonresonance effects could be important over a
broad energy range. For example, in the high-energy limit,
photodisintegration is governed by fragmentation, where
many pions and nucleons are produced, and then one
would not expect a significant difference between fmes

(or fp#) and fA#. However, in many astrophysical situ-
ations, both the photodisintegration and photomeson pro-
cesses are well described by resonance approximations as
long as the target photon spectrum is soft enough
[10,21,36,38]. For a power-law photon spectrum with %!
2, the resonance approximations are good [10,21,36], and
our landmarks are valid; if %! 1, nonresonance effects are
moderately important [10,21,38,40,41]. For a blackbody
photon spectrum with temperature T, the energy-loss rate
is maximal around EA0 ’ 0:5mAc

2 #"GDR&=kT, so that one
has to consider only the nucleus-survival condition at this
energy as long as the injection energy of nuclei is lower
thanEA0. Thus, in practice, our results would be valid when
the targets are radiation fields with sufficiently soft spectra,
as considered here.
On the other hand, for hadronuclear processes, including

the pp interaction, where the nonresonant region is crucial
except near the pion-production threshold, our results
would not be valid. At high energies, this cross section is
'Ap ! 5& 10'26A2=3 cm2 (in the shadowing limit), where
spallation, fragmentation, and meson production occur.
Detailed studies would be required for nucleus-survival
landmarks in such cases and are beyond the scope of this
work.
Second, in deriving Eqs. (7) and (10), we implicitly

assumed that tint is the same for nucleons and nuclei. For
transients such as GRBs, tint ( tdyn is expected. But for
persistent sources, one may expect tint ( tesc, and the
escape time may be different between the two. In addition,
particle escape could be related to another problem. Since
the landmarks are normalized by the UHECRs, assumption
(a’) implies that all the UHECRs accelerated in the sources
contribute to the observed UHECR flux (i.e., the effective
optical depth for all loss processes fA ) 1). This might be
true, especially at the highest energies; for example, for
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E2
ν

dΦPS
να (Eν)
dEν

≃ 10−12 TeV cm−2 s−1 ( 2.4
ζz ) ( 10−5 Mpc−3

ρ0 ) ( 10 Mpc
d )

2

Using the IceCube 
measurement of the 

diffuse flux
E2

ν
dΦνα (Eν)

dEν
≃ 10−8 GeV cm−2 s−1 sr−1

For an individual continuously emitting source at 10 Mpc

3

source is consistent with upper limits of neutrino point
sources in an un-binned search [26]. In the case of tran-
sient sources we write instead L(z, E) = Ḣ(z)dN/dE(E)
with transient rate density Ḣ(z) and spectrum dN/dE
of an individual flare. In this case the mean neutrino
fluence F from an individual transient can be expressed
as

E
2
⌫
F⌫ '

0.3± 0.1

⇠z,2.4Ḣ0,�6d
2
1

GeV

cm2
, (6)

where Ḣ0 = Ḣ0,�610�6Mpc�3yr�1 is the local flar-
ing/burst density rate. The sensitivity of IceCube for
triggered transient sources lies at about 0.1GeV/cm2 de-
pending on zenith angle and emission time scale [23, 25].

The previous estimates depend on the distance of the
source. In the case of a large number of sources we can
express the probability that the closest source contributes
with an expected number of events n as

p1(n) '
3

2

1

n

✓
n(r̂)

n

◆ 3
2

e
�(n(r̂)

n )
3
2

(7)

where the distance r̂ is defined via H0r̂
3�⌦/3 = 1,

i.e. the radius of a sphere where we expect one source
in the experimental field of view (FoV) �⌦. The general
probability distribution of the kth-closest source is given
in Appendix A.

In Figure 1 we show the contribution of the closest
continuous or transient source in terms of the density
of the underlying source population and as 10% quan-
tiles around the median (solid lines) according to Eq. (7)
and Eqs. (5) and (6), respectively. We assume an obser-
vation time Tlive = 5 yrs for the total number of tran-
sient sources. The dotted horizontal lines show the esti-
mated sensitivity of IceCube to continuous and transient
sources for a detector live-time of five years assuming an
event rate of Ṅ ⇠ 50 yr�1 above a muon energy thresh-
old of 10 TeV and low background [33]. The estimated
sensitivity (90% C.L.) shown in Fig. 1 is then simply
J ' fsky4⇡J IC

⌫
⇥ 2.3/(TliveṄ) for event associations with

continuous sources and F ' fsky4⇡J IC
⌫

⇥2.3/Ṅ for events
triggered by transient sources, where we introduced the
fractional sky coverage fsky = �⌦/(4⇡). We will pro-
vide a more precise estimate of the detector sensitivity
including backgrounds in the following sections.

These results already indicate that the non-observation
of individual neutrino sources (and in particular the
closest one) is consistent with the hypothesis of an ex-
tragalactic origin of the recent IceCube observation (1)
for su�ciently large source densities and/or rates. On
the other hand, the identification of individual neutrino
sources with the continued observation with IceCube over
the next years will be challenging unless the source dis-
tribution is su�ciently sparse and/or rare. In the next
sections we will make this statement more quantitative
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FIG. 1: Point sources sensitivity for continuous (top) and
transient (bottom) sources. The shaded areas show the 10%
quantiles around the median expectation from the closest
sources of the ensemble. The dotted horizontal line show the
IceCube sensitivity after five years estimated for a muon en-
ergy threshold of 10 TeV (see main text).

and discuss the required event numbers and search strate-
gies for an identification of the sources with IceCube or
next-generation neutrino observatories.

III. POINT SOURCE STATISTICS

A model-independent identification of neutrino sources
can be the detection of spatial or temporal clusters with
total number of m neutrino events or more. The required
value for m needed for a significant detection depends on
the density of sources as well as the expected number of
signal and background events. The neutrino event clus-
ters will be most likely associated with local neutrino
sources and we can hence simplify the discussion by con-
sidering Euclidean space, where we neglect redshift scal-
ing of energy and comoving volume. The contribution
from a single local source at distance r  H

�1
0 can be

expressed as

n(r) '
H0

fsky4⇡r2⇠z
⇥

(
N/H0 (continuous)

Ṅ/Ḣ0 (transient)
(8)

In the following we will derive results in terms of the
expected number of events N or Ṅ = N/T of all neutrino
sources.
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Figure 2: Left: Comparison of the diffuse neutrino emission (solid magenta band) to the effec-
tive local density and luminosity of extragalactic neutrino source populations. We indicate sev-
eral candidate populations (î) by the required neutrino luminosity to account for the full diffuse
flux [17] (see also [25]). The lower (upper) edge of the band assumes rapid (no) redshift evolu-
tion. The dark-blue-shaded region indicates IceCube’s discovery potential of the closest source
of the population (E2fnµ+n̄µ ⌃ 10�12 TeV/cm2/s in the Northern Hemisphere [26]). Right: The
same comparison for transient neutrino sources parametrized by their local density rate and bolo-
metric energy [27]. The discovery potential of the closest source is based on 10 years of livetime
(E2Fnµ+n̄µ ⌃ 0.1 GeV/cm2 in the Northern Hemisphere [28]).

ingly, several IceCube analyses [10,58] show an excess of neutrinos below 100 TeV, indicating that
the sources are opaque to g-rays, as expected, e.g., for intense X-ray and soft g-ray sources [59].

B) Precision measurements of the neutrino flux can test the idea of cosmic particle unifica-
tion, in which sub-TeV g-rays, PeV neutrinos, and UHE cosmic rays can be explained simultane-
ously [17, 41, 60, 61]. If the neutrino flux is related to the sources of UHE cosmic rays, then there
is a different theoretical upper limit (the dashed green line in Fig. 3) to the neutrino flux [62, 63].
UHE cosmic ray sources can be embedded in environments that act as “cosmic-ray reservoirs”
where magnetic fields trap cosmic rays with energies far below the highest cosmic-ray energies.
The trapped cosmic rays collide with gas and produce a flux of g-rays and neutrinos. The measured
IceCube flux is consistent with predictions of some of these models [29,39,40]; see, however, [64].

C) The attenuation of UHE cosmic rays through resonant interactions with cosmic microwave
background photons results in the production of UHE neutrinos. This mechanism, first pointed out
by Greisen, Zatsepin and Kuzmin [67, 68] (GZK), causes a suppression of the UHE cosmic ray
proton flux beyond 5✓ 1010 GeV [67, 68] and gives rise to a flux of UHE neutrinos [69], not yet
detected, shown in Fig. 3. The observation of these cosmogenic neutrinos at ⇥EeV, or a stringent
upper limit on their flux, will severely restrict models of acceleration, source evolution, cosmic ray
composition, and transition from Galactic to extragalactic components, and serve as a complement
to cosmic-ray measurements to limit possible sources (e.g., [56, 69–87]).

The strong correspondence of high-energy messengers — suggested by the diffuse data in
Fig. 3 — provides excellent motivation for multi-messenger observations. Linking together obser-
vations of multiple messengers in time and space will allow direct correlation of neutrino sources

3

M. Ackerman et al., Bull. Am. Astron. Soc. 51:185, 2019

https://dx.doi.org/10.1103/PhysRevD.90.043005
https://arxiv.org/abs/1903.04334


Sergio Palomares-Ruiz
Sergio Palomares-RuizSergio Palomares-Ruiz

Astrophysical neutrinos32

ℒ(z, Eν) = ·ρ(z)
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dEν

E2
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ζz ) ( 10−6 Mpc−3 yr−1
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For a transient source at 10 Mpc

Using the IceCube 
measurement of the 

diffuse flux
E2

ν
dΦνα (Eν)

dEν
≃ 10−8 GeV cm−2 s−1 sr−1

3

source is consistent with upper limits of neutrino point
sources in an un-binned search [26]. In the case of tran-
sient sources we write instead L(z, E) = Ḣ(z)dN/dE(E)
with transient rate density Ḣ(z) and spectrum dN/dE
of an individual flare. In this case the mean neutrino
fluence F from an individual transient can be expressed
as

E
2
⌫
F⌫ '

0.3± 0.1

⇠z,2.4Ḣ0,�6d
2
1

GeV

cm2
, (6)

where Ḣ0 = Ḣ0,�610�6Mpc�3yr�1 is the local flar-
ing/burst density rate. The sensitivity of IceCube for
triggered transient sources lies at about 0.1GeV/cm2 de-
pending on zenith angle and emission time scale [23, 25].

The previous estimates depend on the distance of the
source. In the case of a large number of sources we can
express the probability that the closest source contributes
with an expected number of events n as

p1(n) '
3

2

1

n

✓
n(r̂)
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◆ 3
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e
�(n(r̂)

n )
3
2

(7)

where the distance r̂ is defined via H0r̂
3�⌦/3 = 1,

i.e. the radius of a sphere where we expect one source
in the experimental field of view (FoV) �⌦. The general
probability distribution of the kth-closest source is given
in Appendix A.

In Figure 1 we show the contribution of the closest
continuous or transient source in terms of the density
of the underlying source population and as 10% quan-
tiles around the median (solid lines) according to Eq. (7)
and Eqs. (5) and (6), respectively. We assume an obser-
vation time Tlive = 5 yrs for the total number of tran-
sient sources. The dotted horizontal lines show the esti-
mated sensitivity of IceCube to continuous and transient
sources for a detector live-time of five years assuming an
event rate of Ṅ ⇠ 50 yr�1 above a muon energy thresh-
old of 10 TeV and low background [33]. The estimated
sensitivity (90% C.L.) shown in Fig. 1 is then simply
J ' fsky4⇡J IC

⌫
⇥ 2.3/(TliveṄ) for event associations with

continuous sources and F ' fsky4⇡J IC
⌫

⇥2.3/Ṅ for events
triggered by transient sources, where we introduced the
fractional sky coverage fsky = �⌦/(4⇡). We will pro-
vide a more precise estimate of the detector sensitivity
including backgrounds in the following sections.

These results already indicate that the non-observation
of individual neutrino sources (and in particular the
closest one) is consistent with the hypothesis of an ex-
tragalactic origin of the recent IceCube observation (1)
for su�ciently large source densities and/or rates. On
the other hand, the identification of individual neutrino
sources with the continued observation with IceCube over
the next years will be challenging unless the source dis-
tribution is su�ciently sparse and/or rare. In the next
sections we will make this statement more quantitative
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FIG. 1: Point sources sensitivity for continuous (top) and
transient (bottom) sources. The shaded areas show the 10%
quantiles around the median expectation from the closest
sources of the ensemble. The dotted horizontal line show the
IceCube sensitivity after five years estimated for a muon en-
ergy threshold of 10 TeV (see main text).

and discuss the required event numbers and search strate-
gies for an identification of the sources with IceCube or
next-generation neutrino observatories.

III. POINT SOURCE STATISTICS

A model-independent identification of neutrino sources
can be the detection of spatial or temporal clusters with
total number of m neutrino events or more. The required
value for m needed for a significant detection depends on
the density of sources as well as the expected number of
signal and background events. The neutrino event clus-
ters will be most likely associated with local neutrino
sources and we can hence simplify the discussion by con-
sidering Euclidean space, where we neglect redshift scal-
ing of energy and comoving volume. The contribution
from a single local source at distance r  H

�1
0 can be

expressed as

n(r) '
H0

fsky4⇡r2⇠z
⇥

(
N/H0 (continuous)

Ṅ/Ḣ0 (transient)
(8)

In the following we will derive results in terms of the
expected number of events N or Ṅ = N/T of all neutrino
sources.
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Figure 2: Left: Comparison of the diffuse neutrino emission (solid magenta band) to the effec-
tive local density and luminosity of extragalactic neutrino source populations. We indicate sev-
eral candidate populations (î) by the required neutrino luminosity to account for the full diffuse
flux [17] (see also [25]). The lower (upper) edge of the band assumes rapid (no) redshift evolu-
tion. The dark-blue-shaded region indicates IceCube’s discovery potential of the closest source
of the population (E2fnµ+n̄µ ⌃ 10�12 TeV/cm2/s in the Northern Hemisphere [26]). Right: The
same comparison for transient neutrino sources parametrized by their local density rate and bolo-
metric energy [27]. The discovery potential of the closest source is based on 10 years of livetime
(E2Fnµ+n̄µ ⌃ 0.1 GeV/cm2 in the Northern Hemisphere [28]).

ingly, several IceCube analyses [10,58] show an excess of neutrinos below 100 TeV, indicating that
the sources are opaque to g-rays, as expected, e.g., for intense X-ray and soft g-ray sources [59].

B) Precision measurements of the neutrino flux can test the idea of cosmic particle unifica-
tion, in which sub-TeV g-rays, PeV neutrinos, and UHE cosmic rays can be explained simultane-
ously [17, 41, 60, 61]. If the neutrino flux is related to the sources of UHE cosmic rays, then there
is a different theoretical upper limit (the dashed green line in Fig. 3) to the neutrino flux [62, 63].
UHE cosmic ray sources can be embedded in environments that act as “cosmic-ray reservoirs”
where magnetic fields trap cosmic rays with energies far below the highest cosmic-ray energies.
The trapped cosmic rays collide with gas and produce a flux of g-rays and neutrinos. The measured
IceCube flux is consistent with predictions of some of these models [29,39,40]; see, however, [64].

C) The attenuation of UHE cosmic rays through resonant interactions with cosmic microwave
background photons results in the production of UHE neutrinos. This mechanism, first pointed out
by Greisen, Zatsepin and Kuzmin [67, 68] (GZK), causes a suppression of the UHE cosmic ray
proton flux beyond 5✓ 1010 GeV [67, 68] and gives rise to a flux of UHE neutrinos [69], not yet
detected, shown in Fig. 3. The observation of these cosmogenic neutrinos at ⇥EeV, or a stringent
upper limit on their flux, will severely restrict models of acceleration, source evolution, cosmic ray
composition, and transition from Galactic to extragalactic components, and serve as a complement
to cosmic-ray measurements to limit possible sources (e.g., [56, 69–87]).

The strong correspondence of high-energy messengers — suggested by the diffuse data in
Fig. 3 — provides excellent motivation for multi-messenger observations. Linking together obser-
vations of multiple messengers in time and space will allow direct correlation of neutrino sources
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