
ALEXIS COLEIRO

NEUTRINO TELESCOPES AND 
TRANSIENT SOURCES

1

Atelier PNHE Transient Sky TS2020    |    LAL Orsay    |    June 20 - 22 2017 



NEUTRINO SPECTRUM 2

Cosmic	𝛎



NEUTRINO SPECTRUM 3

Cosmic	𝛎

41 m 

41 m ~40 m
Super Kamiokande 
~50 kilotons of water

Sun: with 500 days of 
exposure (90°x90°) from 
Super-Kamiokande



NEUTRINO SPECTRUM 4
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IceCube 
KM3NeT

~Gigatons of 
water/ice

Super Kamiokande 
~50 kilotons of water

Neutrino astronomy needs 
km3 scale detectors

ν are weakly interacting + low cosmic flux ➔ requires 
large instrumented volumes under sea/ice to reduce 
the muon background



DETECTION PRINCIPLE 5

Different ways to detect HE ν. 
One way particularly useful in astronomy: 
observation of muons produced in CC interaction of νμ 
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Hit position and time Hit amplitude

Direction Energy

Muon trace correlated to 
the neutrino direction

Different ways to detect HE ν. 
One way particularly useful in astronomy: 
observation of muons produced in CC interaction of νμ 
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p

Down-going 
 events

Atmospheric muons 
(background) 
108-1010 / yr 
(~1-10/sec for ANTARES)

μ
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Up-going 
 events

Atmospheric neutrinos 
(background) 
103-105 / yr 
(a few/day for ANTARES)

Atmospheric muons 
(background) 
108-1010 / yr 
(~1-10/sec for ANTARES)
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Cosmic neutrinos (signal) 
~1-2/yr for ANTARES 

~several/yr for KM3NeT/IceCube
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Atmospheric muons 
(background) 
108-1010 / yr 
(~1-10/sec for ANTARES)
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 events
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Cosmic neutrinos (signal) 
~1-2/yr for ANTARES 

~several/yr for KM3NeT/IceCube

Up-going 
 events

Atmospheric neutrinos 
(background) 
103-105 / yr 
(a few/day for ANTARES)

- The huge atmospheric muon background  (down-going 
events) can be removed by looking for up-going events.

- The atmospheric neutrinos that cross the Earth have 
unfortunately the same instrumental signature as cosmic 
neutrinos (both seen as up-going events).

BUT…



ANALYSIS PRINCIPLE 12

How to identify cosmic neutrinos ?

But spectrum of atmospheric neutrinos 
expected to be softer than neutrino spectra 
from astrophysical sources 

Below ~TeV: difficult to extract astrophysical 
signal 

At high energy: the background should be 
reduced 

Apply a cut in energy
Applying a cut in energy should remove most 
of the atmospheric neutrino background !



NEUTRINO SIGNATURES 13

Neutrino can interact outside the 
detector (larger effective volume) 

Good angular resolution (~0.2° in 
the sea) 

Quasi-spherical events 

Limited angular resolution (2-10°) 

Good energy resolution (10-15%) 
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HIGH ENERGY NEUTRINO TELESCOPES 14

IceCube

ANTARES

BaikalKM3NeT
~70 m 

350 m 

100 m 

14.5 m 

Interlink cables  

Junction 
box 

(since 
2002) 

40 km 

Anchor/line socket 
©Montanet 

Deployed  
in 2001 

•  25 storeys / line 
•  3 PMTs / storey 

•  885 PMTs 

12 line detector completed in May 2008 

8 countries 
31 institutes 
~150 scientists + engineers 

~20m/90m 

~200m/600m 
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ICE VS WATER 15Complementary coverage: 
galactic center / extragalactic sources  
(true for energy < 100 TeV) 

Complementary coverage  

Optical noise (biolum) + 40K / no noise  

Mediterranean : logistically attractive  

Absorption / diffusion  

Good pointing accuracy / Calorimetry  
 



PERFORMANCES 16

Angular resolution KM3NeT vs IceCube

Point-source  
discovery potential

ANTARES

ANTARES



TIMESCALE 17

2017
2022

KM3NeT deployment

2x115 lines in Sicily (ARCA) 
115 lines in France (ORCA)

24 lines @ARCA + 7 lines @ORCA 
already funded (currently under deployment)

…

IceCube Gen-2 phase 1 
NSF proposal (7 lines) 

~120 new lines 
Perf. increased by 1 order of mag.

2021
IceCube Gen-2 deployment



WHY LOOKING FOR TRANSIENT SOURCES ? 18

‣Multi-messenger studies of transient & variables sources: 

increase the sensitivity + discovery potential (reduce 
the background) 

increase the statistical significance (requiring joint 
detection)  

MULTI-MESSENGER CONTEXT
Neutrino telescopes suitable to look for transient sources:  

• continuously monitoring 2π sr (at least) 
• high duty cycle (>98%)



WHY LOOKING FOR TRANSIENT SOURCES ?

▸ WHY LOOKING AT TRANSIENT SOURCES ?

19

- Increase discovery potential and sensitivity  

- Improve statistical significance 

- Better understanding of physical processed

Average number of ANTARES events for a 5σ 
discovery (50% probability)  in ~3° 
Dec = -40° and E-2 energy spectrum
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20PROSPECTS WITH KM3NET

• Multi-messenger/transient group just created  

• Different working-groups:  

• Online reconstruction algorithm  
• Alert sending system 
• Online physics 
• Supernova detection 
• MoU discussions 

• Takes advantage of ANTARES and IceCube feedback 

• Reconstruction of cascade events (angular reconstruction ~2°: FoV reachable by 
follow-up optical telescopes) 

• Better angular resolution for tracks (~0.1°; reachable by 1-m class optical 
telescopes).
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LOOKING FOR TRANSIENT MULTI-MESSENGER SOURCES
2 APPROACHES:

Time dependent searches
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LOOKING FOR TRANSIENT MULTI-MESSENGER SOURCES
2 APPROACHES:

Real-time analysis

Alert 
triggering

+ …

TWO APPROACHES
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LOOKING FOR TRANSIENT MULTI-MESSENGER SOURCES
2 APPROACHES:

Time dependent searches



OFFLINE ANALYSES 24



12

FIG. 2. Upper limit on the high-energy neutrino spectral
fluence (⌫µ + ⌫µ) from GW150914 as a function of source
direction, assuming dN/dE / E�2 (top) and dN/dE /
E�2 exp[�

p
(E/100TeV)] (bottom) neutrino spectra. The re-

gion surrounded by a white line shows the part of the sky in
which Antares is more sensitive (close to nadir), while on
the rest of the sky, IceCube is more sensitive. For compari-
son, the 50% CL and 90% CL contours of the GW sky map
are also shown.

parison, the total energy radiated in GWs from the source
is ⇠ 5⇥ 1054 erg. Typical GRB isotropic-equivalent en-
ergies are ⇠ 1051 erg for long and ⇠ 1049 erg for short
GRBs [49], which may be similar to the total energy ra-
diated in neutrinos in GRBs [50, 51].

V. CONCLUSION

The results above represent the first concrete limit on
neutrino emission from this GW source type, and the first
neutrino follow-up of a significant GW event. With the
continued increase of Advanced LIGO-Virgo sensitivities
for the next observation periods, and the implied source
rate of 2–400Gpc�3yr�1 in the comoving frame based
on this first detection [52], we can expect to detect a
significant number of GW sources, allowing for stacked
neutrino analyses and significantly improved constraints.

Similar analyses for the upcoming observation periods
of Advanced LIGO-Virgo will be important to provide
constraints on or to detect other joint GW and neutrino
sources.
Joint GW and neutrino searches will also be used to

improve the e�ciency of electromagnetic follow-up obser-
vations over GW-only triggers. Given the significantly
more accurate direction reconstruction of neutrinos (⇠
1 deg2 for track events in IceCube [39, 42] and ⇠ 0.2deg2

in Antares [53]) compared to GWs (& 100 deg2), a joint
event candidate provides a greatly reduced sky area for
follow-up observatories [54]. The delay induced by the
event filtering and reconstruction after the recorded trig-
ger time is typically 3–5 s for Antares [43], 20–30 s for
IceCube [55], and O(1min) for LIGO-Virgo, making data
available for rapid analyses.
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Fluence Upper Limit

NEUTRINO FOLLOW-UP OF GW150914
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Constraints on the total energy radiated in neutrinos

11

FIG. 1. GW skymap in equatorial coordinates, showing
the reconstructed probability density contours of the GW
event at 50%, 90% and 99% CL, and the reconstructed di-
rections of high-energy neutrino candidates detected by Ice-
Cube (crosses) during a ±500 s time window around the GW
event. The neutrino directional uncertainties are < 1� and are
not shown. GW shading indicates the reconstructed probabil-
ity density of the GW event, darker regions corresponding to
higher probability. Neutrino numbers refer to the first column
of Table I.

source directional distribution is uniform. For temporal
coincidence, we searched within a ±500 s time window
around GW150914.

The relative di↵erence in propagation time for �GeV
neutrinos and GWs (which travel at the speed of light in
General Relativity) traveling to Earth from the source is
expected to be ⌧ 1 s. We note that the relative propa-
gation time between neutrinos and GWs may change in
alternative gravity models [47, 48]. However, discrepan-
cies from General Relativity could in principle be probed
with a joint GW-neutrino detection by comparing the ar-
rival times against the expected time frame of emission.

Directionally, we searched for overlap between the GW
sky map and the neutrino point spread functions, as-
sumed to be Gaussian with standard deviation �rec

µ (see
Table I).

The search identified no Antares neutrino candidate
that were temporally coincident with GW150914.

For IceCube, none of the three neutrino candidates
temporally coincident with GW150914 were compatible
with the GW direction at 90% CL. Additionally, the re-
constructed energy of the neutrino candidates with re-
spect to the expected background does not make them
significant. See Fig. 1 for the directional relation of
GW150914 and the IceCube neutrino candidates de-
tected within the ±500 s window. This non-detection is
consistent with our expectation from a binary black hole
merger.

To better understand the probability that the de-
tected neutrino candidates are being consistent with
background, we briefly consider di↵erent aspects of the
data separately. First, the number of detected neutrino
candidates, i.e. 3 and 0 for IceCube and Antares, re-
spectively, is fully consistent with the expected back-
ground rate of 4.4 and ⌧ 1 for the two detectors, with

p-value 1 � F
pois

(N
observed

 2, N
expected

= 4.4) = 0.81,
where F

pois

is the Poisson cumulative distribution func-
tion. Second, for the most significant reconstructed muon
energy (Table I), 12.5% of background events will have
greater muon energy. The probability that at least one
neutrino candidate, out of 3 detected events, has an en-
ergy high enough to make it appear even less background-
like, is 1� (1� 0.125)3 ⇡ 0.33. Third, with the GW sky
area 90% CL of ⌦

gw

= 590 deg2, the probability of a
background neutrino candidate being directionally coin-
cident is ⌦

gw

/⌦
all

⇡ 0.014. We expect 3⌦
gw

/⌦
all

di-
rectionally coincident neutrinos, given 3 temporal coinci-
dences. Therefore, the probability that at least one of the
3 neutrino candidates is directionally coincident with the
90% CL skymap of GW150914 is 1� (1�0.014)3 ⇡ 0.04.

B. Constraints on the source

We used the non-detection of coincident neutrino can-
didates by Antares and IceCube to derive a stan-
dard frequentist neutrino spectral fluence upper limit for
GW150914 at 90% CL. Considering no spatially and tem-
porally coincident neutrino candidates, we calculated the
source fluence that on average would produce 2.3 de-
tected neutrino candidates. We carried out this analysis
as a function of source direction, and independently for
Antares and IceCube.

The obtained spectral fluence upper limits as a func-
tion of source direction are shown in Fig. 2. We
consider a standard dN/dE / E�2 source model, as
well as a model with a spectral cuto↵ at high energies:
dN/dE / E�2 exp[�p

(E/100TeV)]. For each spectral
model, the upper limit shown in each direction of the sky
is the more stringent limit provided by one or the other
detector. We see in Fig. 2 that the constraint strongly
depends on the source direction, and is mostly within
E2dN/dE ⇠ 10�1 � 10GeV�1cm�2. Furthermore, the
upper limits by Antares and IceCube constrain di↵er-
ent energy ranges in the region of the sky close to the GW
candidate. For an E�2 power-law source spectrum, 90%
of Antares signal neutrinos are in the energy range from
3TeV to 1PeV, whereas for IceCube at this southern
declination the corresponding energy range is 200TeV to
100PeV.
We now convert our fluence upper limit into a con-

straint on the total energy emitted in neutrinos by the
source. To obtain this constraint, we integrate emission
within [100GeV, 100PeV] for the standard dN/dE /
E�2 source model, and within [100GeV, 100TeV] assum-
ing neutrino emission with a cuto↵ at 100TeV. We find
non-detection to correspond to the following upper limit
on the total energy radiated in neutrinos:

Eul

⌫,tot ⇠ 1052–1054
✓

D
gw

410Mpc

◆
2

erg (1)

Note that the wide allowed range is primarily due to the
large directional uncertainty of the GW event. For com-

Energy radiated in GW: ∼5 x 1054 erg 

Typical GRB isotropic-equivalent energies are ∼1051 erg (long GRB) and ∼1049 erg 
(short GRB) 

May be similar to total energy radiated in neutrinos in GRBs (Mészaros 2015; 
Bartos et al., 2013)

NEUTRINO FOLLOW-UP OF GW150914
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Real-time analysis

 
Triggers:  

- single HE (≳7 TeV) 
- multiplets (<3° within 15 min) 
- specific direction (<0.5° from 
local galaxies from GWGC catalogue 
within 20 Mpc), 



28THE TATOO PROGRAM ON ANTARES

‣ Performances 

All-data-to-shore concept: each PMT pulse above 0.3 pe sent to computer farm for processing 
(filtering + reconstruction + selection of events)

Time performances to send the alert: ~5 s  
data dispatching time + data filtering + event online reconstruction

1.5 s < 5 s a few ms

Alerts sent through GCN and VOEvents (identifier, time, coordinates, number of hits and 
reconstruction quality)

Total trigger rate tuned to 35/yr in agreement with optical telescope, 6/yr for Swift, 2/yr for 
HESS, 4/yr for MWA
Doublets: accidental coincidence rate due to background events: ~7x10-3 /yr (doublet ➜ 3𝜎 ; 
triplet ➜ 5𝜎)
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‣ Optical follow-up strategy

Crédits: D. Dornic

first image: t0+20 s

t (days)
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Radio Optical X-ray GeV ɣ-rays TeV ɣ-rays

MWA 
(12/yr)

TAROT 
ZADKO 
MASTER 
GWAC 
(30/yr)

Swift 
(6/yr)

Fermi 
(offline)

HESS 
(2/yr) 
HAWC 
(offline)

‣ Private MoU with all the observatories 

253 alerts sent to optical telescopes since mid 2009 
+14 to Swift since mid 2013  
+ 3 to HESS since 2014



31TATOO: ANT150109A ALERT

‣ E ~50-100 TeV 
‣ Error box=18 arcmin 
‣ Sent in 10s to Swift and Master 
‣ Swift obs: +9h 
‣ Master obs: +10h

follow-up with Swift/XRT:

follow-up with Swift/XRT:
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ATel #7999



33TATOO: ANT150109A ALERT

104 105

Wavelength (Å)
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VLT / X-Shooter follow-up
Probably an active X-ray star in a binary system (RS CVn) 

Probability of chance coincidence: ~3 %



35TATOO: CONSTRAIN GRB ORIGIN 

Active X-ray star

 
ANTARES COLLABORATION JCAP 02:062, 2016

‣ 93 alerts with early (<24h) optical 
follow-up analyzed (01/2010 - 
01/2016) 

‣ 13 follow-ups with delay <1min 
(best: 17s) 

‣ no transient candidate associated 
to neutrinos

‣ Constraints on origin of individual  
neutrinos 

‣ GRB origin unlikely

‣ Coincident detection (nu/GRB) by 
chance: Proba ~10-6 with optical 
telescopes



36TATOO: CONSTRAIN GRB ORIGIN 

Swift follow-ups‣ 13 X-ray follow-ups 

‣ delay of 5-6 h on average 

‣ no transient candidate associated 
to neutrinos

‣ Constraints on origin of individual  
neutrinos 

‣ GRB origin unlikely

‣ Coincident detection (nu/GRB) by 
chance: Proba ~10-7 with Swift

 
ANTARES COLLABORATION JCAP 02:062, 2016



37ICECUBE ALERT SYSTEM

‣ Performances 

Limited computing resources at the South Pole 

Limited connectivity (Iridium connection: low latency but low bandwidth)
(TDRSS connection: high latency but high bandwidth)

Alerts sent through AMON and GCN (identifier, time, coordinates, number of hits and 
reconstruction quality)

Event selection at South Pole ➜ Basic event info sent North ➜ analyses & alert generation in 
the North



38ICECUBE ALERT SYSTEM

‣ Performances 

Limited computing resources at the South Pole 

Limited connectivity (Iridium connection: low latency but low bandwidth)
(TDRSS connection: high latency but high bandwidth)

Alerts sent through AMON and GCN (identifier, time, coordinates, number of hits and 
reconstruction quality)

Event selection at South Pole ➜ Basic event info sent North ➜ analyses & alert generation in 
the North

Quick correlation 
analyses with HAWC, 
Auger, etc.



39ICECUBE ALERT SYSTEM

‣ Several alert systems 

from T. Kintscher

+ X-rays



40ICECUBE ALERT SYSTEM

‣ Several alert systems 

from T. Kintscher

+ X-rays

• Search for statistically significant clustering in time and space 
• OFU: search for upgoing tracks from northern hemisphere over timescales up to 100 s over 

the full sky and within 3.5° (7 alerts / year to Swift, 9 alerts / year to PTF).  
• GFU: search for tracks from the entire sky over timescales up to 3 weeks around 184 

sources (a few alerts / year to IACT).



41ICECUBE ALERT SYSTEM

‣ Detection of IceCube triplet 

• On February 17, 2016.  

• Triplet of events arriving within 100 s of each 
other and consistent with a point source origin. 

• Expected only once every 13.7 year as random 
confidence of bkg events (proba of 32% 
considering IceCube livetime).

‣ Gamma-ray follow-up: most significant alert (2012/11/09): 
6 events in 4.2 days (p=0.002%). VERITAS obs: no significant 
excess seen.  

• Follow-up by ASAS-SN, LCO, MASTER (optical), 
Swift (X-ray), VERITAS, HAWC, Fermi-LAT 
(gamma-rays) 

• Rule out a nearby CCSN + bright GRB



42ICECUBE ALERT SYSTEM

‣ Several alert systems 

• Veto against atmospheric muons by outer detector layer 
• Starting tracks with Q > 6000 pe 
• Public alerts (~4 alerts/year - 1 signal / 3 bkg expected for E-2.58 spectrum)

from T. Kintscher

+ X-rays



43ICECUBE ALERT SYSTEM

‣ Several alert systems 

• High-energy throughgoing events 
• Npe > 3000 pe 
• Very good resolution (<0.2°) 
• Public alerts: expected S+B:  

     - 4+2 events/year (E-2) 
     - 2+2 events/year (E-2.5) from T. Kintscher

+ X-rays
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‣ First HESE/EHE alerts 

+ ANTARES follow-up: no detection

from T. Kintscher
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+ trigger of EM observations



CCSN DETECTION 46

~5 cm at ~10 MeV

• Positron track of some cm detected by 
photomultipliers through UV/optical 
Cherenkov lightp

e+

n

Detecting supernova neutrinos 
(with Cherenkov detectors)

• Neutrino interactions dominated by
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Detecting supernova neutrinos 
(with Cherenkov detectors)

• HE neutrino telescopes: optimized for >GeV 
neutrino detection (cannot resolve MeV events 
individually) 

• Each optical module detects Cherenkov light 
from its neighborhood  

• Increase of the counting rate not significant 

• SN signal appears as a collective rise in all 
optical modules above noise 

• Huge volume ⇒ high statistics (might help to 

~5 cm

resolve the neutrino lightcurve)

~1 m
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Detecting supernova neutrinos 
(with Cherenkov detectors)
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Detecting supernova neutrinos 
with KM3NeT (?)
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• End-to-end Monte-Carlo simulation for KM3NeT 
under development.
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Should give a 3𝜎 
sensitivity for Galactic 
CCSN (preliminary results).
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Detecting supernova neutrinos 
with KM3NeT (?)

Pointing	quality:	
~25°/N1/2  

without	bkg	!

νe+p→e++n

νe+e-→νe+e-Tomàs, Semikoz, Raffelt, Kachelriess & Dighe: Supernova pointing with low- and 
   high-energy neutrino detectors  [hep-ph/0307050] 
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• How to perform accurate follow-ups ? (which messengers/wavelengths are 
crucial ?) 

• Which neutrino candidates will be followed-up ? Selection of interesting events ? 
In the context of more and more transients. 

• Reconstruction/follow-up of cascade events with KM3NeT (~2° of angular 
reconstruction) + ~0.1° for tracks (reachable by 1-m class optical telescopes).  

• Needs an enhanced collaboration between astroparticle physicist / astrophysicists 
and exchange of know-how. 

• Opportunity with GW electromagnetic follow-up.
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IceCube angular resolution
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ANTARES angular resolution

ANTARES charge distribution



BACK-UP SLIDES 54



BACK-UP SLIDES 55


