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After solar neutrinos and SN1987A, we now finally have a signal
for high-energy extraterrestrial neutrinos:
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IceCube signal: High Energy Starting Events  (tracks and showers) + throughgoing muons

Perhaps 2 different
spectral indices?

No sign of clustering
Isotropic
No correlation with galactic plane

+ showers
x tracks
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Antares All-flavour neutrino point source search

Point spread function (E-2 spectrum)Dataset: 
o 2007 - 2015
o 2424 days lifetime
o All-flavour analysis:

7622 tracks 
180 showers

‘Can we find sources of neutrinos in the sky?’
Strategies:
- Grid scan of sky-positions 1x1 degree
- GC region scan
- Sagittarius A* (Extended source: Gaussian profiles)
- Coordinates of interest

- Candidate list of 106 (pulsars, SNRs)
- IceCube events (13 HESE)

PRELIMINARY

Background 
Simulation
(Atmospheric
Neutrinos and 
Muons)

Ingredients : 

Likelihood ratio based test statistic
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X : track : shower



Antares Point Source Searches

Most significant cluster : 1.9 σ

Most sensitive upper limit in fraction of the sky
in particular at low energies (< 100 TeV)
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Antares Diffuse flux

MC uncertainty bands include
Honda +- 25 %
Enberg high/low
Detector systematics

‘Is there a neutrino flux resulting from unresolved sources?  (on top of background)’

Track channel Cascade channel
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Energy estimator



Antares Diffuse Flux : upper limits and best fit

F1f(100 TeV) ~ (1.7±1.0) 10-18 (GeV cm2 s sr)-1

G ~ 2.4+0.5
-0.4

Limits on 1-flavour flux normalization (100 TeV)

Results : 

33 events (19 tracks + 14 showers) in data
24 ± 7 (stat.+syst.) events from background MC

1.6σ excess, null cosmic rejected at 85% CL 
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Under construction: KM3NeT
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Better angular resolution than IceCube
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Very high energy neutrinos: air showers:  Auger, GRAND
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Close relation
between neutrinos,
cosmic rays and
gamma rays

The IceCube flux is about as 
high as could be 
optimistically expected!
(Waxman-Bahcall)
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And the disadvantages  

• Low cross sections, huge detectors

• Difficult operating environment  (South Pole, Deep Sea)

• Backgrounds: cosmic ray muons, atmospheric neutrinos
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50 TeV



Multi-messenger: Neutrinos and γ/X rays/optical

Offline: look for correlations in directions (and perhaps time) with a list of known γ/X ray sources

Transients: quasi-real-time alert system
neutrino telescope triggers something else   (ν telescope wide field of view)
something else triggers neutrino telescope
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Correlation with a priori catalogue
(IceCube)

Starburst/radio galaxy
Quasars
Pulsar Wind Nebulae
BL Lac Blazars
X-ray binaries
Supernova remnant

Highest correlation with MGRO J1908+06
Post-trial p-value 10%
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Bright Blazar Mrk 421: how much hadronic contribution?
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3rd IceCube High Energy Neutrino:  coincidence with a blazar?

Probability for accidental
overlap estimated at 5% ?

Recently: a second coincidence
between an IceCube track and a blazar
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Coincidence in space AND time for transient sources

Real-time alert sent by Antares to observatories for EM observations
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Alerts sent to Antares:

• Gravitational Waves triggers from LIGO/VIRGO

• HESE, and all events > 1 PeV from IceCube

• GRBs from Swift/Fermi

• Fast Radio Bursts (FRB) from Parkes Radio Telescope
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Typically triggers dedicated analyses
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What do we know about the IceCube sources ?
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• High-luminosity GRB contribution <= 1%

• Blazar contribution <= 27%  (but perhaps more at high E)

• Starburst galaxies seem to produce too few gamma rays

“Dark sources” are still allowed:

• Core collapse supernovae with stellar envelope, or thick circumstellar medium
• Low-luminosity or choked GRBs
• Core regions of AGNs
• Tidal disruption events
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Neutrinos and charged cosmic rays
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GZK horizon ~200 Mpc

Neutrino horizon 4 Gpc
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Cosmogenic neutrinos: produced by CR interacting with CMB/EBL
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CR + γ CMB à X + π,    pions decaying to neutrinos

UHECR composition: discrepancy between
Auger and TA

Astrophys.J. 825 (2016) no.2, 122

IceCube limits seem to disfavor the
higher flux associated with protons



Neutrinos and gravitational waves

31



32



33

Asymmetric
core collapse

Neutron star +
Neutron star

Black hole +
Black hole

Perhaps if there is
an accretion disk



Binary black hole mergers:
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Binary black hole merger:

No neutrinos/gamma rays expected if regions around black holes devoid of matter
But: perhaps possibility for emission if there is an accretion disk
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= fraction of energy in neutrinos

K. De Vries et al., arXiv:1709.04880  (ICRC 2017)

Matter around BH (in terms of GW energy)



Multi-messenger approach: with a list of neutrino events, one can do a
GW sub-threshold analysis: include events with low signal/noise
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arXiv:1707.04263

Neutron star – neutron star,  or black-hole – neutron star merger

Likely to be the engines of short gamma ray bursts  (like SGRB170817A)
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Astrophys.J. 848 (2017) L4

EE = extended emission
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Conclusions

We have a cosmic neutrino signal. Its magnitude is as high as can be expected,
close to Waxman-Bahcall bound.  Universe seems to be making neutrinos efficiently.

Advantages of neutrinos: no attenuation, no deflection, large field of view,
high duty cycle, real-time alert, 0.1 degree angular resolution

Disadvantages: low cross sections, challenging detectors, backgrounds

IceCube sources are still unknown. Only multi-messenger approach will identify them.
Experiments + theory (modeling)!

Multi-messenger is more than bi-messenger  


