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HESE and Throughgoing muons

6 years of HESE suggests soft
power law spectrum

E −α with α = 2.9 ± 0.3
8 years of TGM suggests hard
power law spectrum

E −α with α = 2.2 ± 0.1

Figure from IceCube, ICRC 2017

No clear tension. Above 200 TeV
HESE and TGM are in agreement

The shape of the spectrum is crucial
for multi-messenger analyses
See E.Bernardini talk for details
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One identified source
Coincident emission of gamma-rays and one IceCube neutrino from Blazar TXS0506+056
This is the first example of multi-messenger astronomy with neutrinos

See S. Britzen talk
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The composition of the extragalactic gamma-ray background

About 80% of the Extragalactic Gamma
Ray Background (EGB, diffuse + point
sources) is powered by blazars

It is natural to consider that blazars
are also high energy neutrino emitters
See F.Krauss talk

Figure from Ajello et al., APJ 2015
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What is the origin ?
4 of the most plausible candidates (Blazars, Starburst Galaxies, GRBs, Milky
Way) seem to be already disfavored as sources of high energy neutrinos.

Blazars

< 19% − 27 %
IceCube, Astrophys.J. 835
(2017) no.1, 45

Starburst
Galaxies

< 10 %
Bechtol et al., Astrophys.J.
836 (2017) no.1, 47

Milky Way

< 10 %
IceCube, Astrophys.J. 868
(2018) no.2, L20

GRBs

⇠ 1%
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IceCube, Astrophys.J. 824
(2016) no.2, 115

Most of the IceCube signal still remains without any satisfying counterpart
!5
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Why are blazars disfavored as neutrino emitters ?
There are no correlations between the arrival directions of high energy neutrinos
and known (resolved) blazars

If blazars are neutrino emitters, the
contribution of not detected (unversolved)
blazars has to be relevant

Figure from IceCube, Astrophys.J. 835 (2017) no.1, 45

The brightest blazars (high luminosity BL Lacs and
FSRQs) cannot power the entire IceCube flux

Resolved blazars cannot contribute more than
20-25% to the flux of high energy neutrinos.
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Cosmic evolution of blazars

BL Lacs and FSRQs obtained using the
cosmic evolution provided in:
• Ajello et al., APJ 2014 (BL Lacs)
• Ajello et al., APJ 2012 (FSRQs)
The luminosity threshold is an average one,
chosen to replicate the about 1500 resolved
sources contained in the 3LAC catalogue
About 7000 unresolved BL Lacs
expected from the distribution

ρ45 ≃ 10 Gpc−3

ρ47 ≃ 0.01 Gpc−3

Figure from Palladino et al., APJ 2019
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Evolution

Number
resolved

Number
unresolved

Resolved
γ- flux

Unresolved
γ - flux

Low luminosity
BL Lacs

Negative

359

6070

64%

36%

High Luminosity
BL Lacs

Positive

609

981

90%

10%

FSRQs

Positive

566

601

97%

3%

All blazars

---

1534

7652

88%

12%

The IceCube stacking limit (APJ 2017) limits to the contribution of resolved sources
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How to produce neutrinos in low luminosity blazars ?

Lν Lcr
Lν =
Lγ
Lcr Lγ

✏⌫

The neutrino efficiency production is small —> We need many protons

Let us recall that in our model
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Palladino et al., APJ 2019, Astrophys.J. 871 (2019) 41

8/12

Results

Low energy flux: residual atmospheric
background (conventional, prompt) +
galactic neutrinos
Flux above 200 TeV: low luminosity BL
Lacs (about half flux from resolved
sources and half from unresolved sources)

Negligible contribution from high luminosity
sources, to not violate the stacking bound

Figure from Palladino et al., APJ 2019
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pp sources instead of pgamma sources ?
The proton-proton collision is a natural way
to produce high energy neutrinos

Why pp source are disfavored ?
The argument is contained in Behctol et al. 2015,
“Evidence against Star-Forming Galaxies as the
dominant source of IceCube neutrinos”

Following the shape suggested by HESE,
the contribution to the neutrino flux cannot be
higher than 10%, otherwise the associated
gamma-ray flux is too high

There is a strong hypothesis:
“Following the shape suggested by HESE”
What happens if we follow the shape suggested by
throughgoing muons ?

Figure from Bechtol et al., 2015 (published in APJ 2017)
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Which pp sources ?

- we consider luminous and very luminous pp
sources. As prototype we have chosen NGC
253, Arp 220
- in these sources the star formation rate is
10-100 times higher than a normal Galaxy;
- these sources are rich of gas. There is the
ideal environment for pp interaction and for
neutrino production
The spectrum of Starburst Galaxy NGC 253

Figure from Royas-Bravo,Araya, MNRAS, 2016

Figure from Palladino et al., arXiv:1812.04685
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The multi-messenger result

The associated gamma-ray flux is 25% of EGB, compatible
within 1 sigma with Fermi estimated non blazar contribution

Using:
−2.1
- E
with a multi-PeV cutoff
- the luminosity of NGC 253
- the star formation rate as source evolution
- a source density of 8 × 105 Gpc−3
it is possible to:

- interpret the throughgoing muon flux
- produce 75%-80% of observed HESE
- explain at least 50% of the low energy neutrino
flux in the 1 TeV- 100 TeV energy range

Figure from Palladino et al., arXiv:1812.04685
submitted to JCAP
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Conclusion
• The majority of astrophysical neutrinos still remains without any counterpart
• High luminosity BL Lacs and FSRQs cannot power the entire IceCube flux
• Low luminosity BL Lacs are plausible sources of high energy neutrinos, if they are
rich of protons
• pp sources (such as Starburst Galaxies) can provide the dominant contribution to
astrophysical neutrinos, although they cannot power the entire observed flux

