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THE ANTARES NEUTRINO TELESCOPE 2
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WHY LOOKING FOR TRANSIENT SOURCES ? 3

‣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)



WHY LOOKING FOR TRANSIENT SOURCES ?

▸ WHY LOOKING AT TRANSIENT SOURCES ?
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- 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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TWO APPROACHES 5

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

TWO APPROACHES
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FLARING SOURCES 10

FLARING SOURCES

▸ Assuming neutrino 
emission coincident in 
time with 
electromagnetic outburst 
emission  

▸ Usually keV-GeV 
emission (wide FoV)
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▸ Start constraining some hadronic microquasar emission models

FLARING SOURCES

MICROQUASARS (ANTARES coll., arXiv:1609.07372, JCAP in press)

▸ High baryonic loading disfavored 
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▸ TANAMI collaboration reported observations of 6 bright blazars locally compatible with the 2 first 
PeV IceCube events IC14 and IC20. 

▸ No event observed by ANTARES from 4 blazars (time integrated analysis) 

▸ If NIC90 < nb of events observed by IC: a blazar origin can be excluded 

▸ Relevant constraints on spectral index

FLARING SOURCES

BLAZARS (ANTARES coll., A&A 576, L8, 2015)



GAMMA-RAY BURSTS 13

GAMMA-RAY BURSTS

ɣ-rays+ν▸ Search for muon 
neutrinos for 4 bright 
GRB observed between 
2008 and 2013.  

▸ Two scenarios are 
investigated: internal 
shocks and photospheric 
models.

(ANTARES coll., arXiv:1612.08589 )

▸ Stacked search for time 
shifted neutrinos (during 5 
years of ANTARES data): 
probes wider time 
windows up to 40 days: 
no significant detection

(ANTARES coll., EPJC 2017, 77)



FAST RADIO BURSTS 14

No events within ΔT = TFRB-250s;TFRB+750s (RoI=2°) - Compatible with the background 
expectations 
⇒ U.L. on the total energy emitted in neutrinos for E-2 and E-1 spectra: 

1.4 x 1055 erg (E-2 spectrum) 
3.1 x 1056 erg (E-1 spectrum)

‣ MoU signed in 2015 between the SUPERB project (FRB 
discovery) at the Parkes observatory and the ANTARES 
collaboration 

‣ SUPERB team → send the FRB trigger alerts to the 
ANTARES alert pipeline 

‣ ANTARES coll.→ fast search for neutrino counterpart in 
the online neutrino data stream 

‣ 7 FRBs analyses by ANTARES so far
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No events within ΔT = TFRB-250s;TFRB+750s (RoI=2°) -  Compatible with the background 
expectations 
⇒ U.L. on the total energy emitted in neutrinos for E-2 and E-1 spectra: 

1.4 x 1055 erg (E-2 spectrum) 
3.1 x 1056 erg (E-1 spectrum)

‣ MoU signed in 2015 between the SUPERB project (FRB 
discovery) at the Parkes observatory and the ANTARES 
collaboration 

‣ SUPERB team → send the FRB trigger alert to the 
ANTARES alert pipeline 

‣ ANTARES coll.→ fast search for neutrino counterpart in 
the online neutrino data stream 

‣ 7 FRBs analyses by ANTARES so far

Preliminary



GRAVITATIONAL WAVE FOLLOW-UPS 16

For BH/NS or NS/NS 
systems : 

gravitational waves  
+ electromagnetic 
+ neutrino emission 
expected if ejection 
process with baryonic 
component
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tHEN - tGW ∈[-500s; +500s]
(Baret et al., 2011)

GRAVITATIONAL WAVE FOLLOW-UPS
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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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GRAVITATIONAL WAVE FOLLOW-UPS

‣ Energy radiated in GW: ~5 x 1054 erg 

‣ Typical short GRB isotropic-equivalent energies are ~1049 erg 

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

‣ Constraints on the total energy radiated in neutrinos
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‣ GW151226 + LVT151012 (submitted to PRD very soon)  

‣ ANTARES member of the Virgo/LIGO follow-up effort since dec. 2016  
    ⇒ Real time follow-up 
    ⇒ private GCN after each alert  

‣ Electromagnetic follow-up difficult due to uncertain localization 
benefit from neutrino telescopes 
could significantly constrain the location of the source

GRAVITATIONAL WAVE FOLLOW-UPS



ICECUBE HE EVENTS 21

ICECUBE ALERTS
IC160814IC160731

IC161103 No ANTARES event found in coincidence 
(ROI=2°, ±500s; ±1h) 
 
⇒ U.L. on the radiant neutrino fluence for 

E-2 and E-2.5 spectra: 

~15 GeV/cm2 in [2.8 TeV, 3.3 PeV] for E-2  
~30 GeV/cm2 in [0.4 TeV, 280 TeV] for E-2.5

IceCube High Energy Starting Events 
and Extremely High Energy (>1 PeV) 
events.



REAL-TIME ANALYSIS 22

LOOKING FOR TRANSIENT MULTI-MESSENGER SOURCES

Alert 
triggering

+ …

- Time to send an alert: ~5 s 
- First optical image <20 s 
- Median angular resolution: ~0.3° 
-Triggers: single HE, preferred direction,  
  multiplets
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TATOO (TELESCOPE-ANTARES TARGET OF OPPORTUNITY)

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 

237 alerts sent to optical telescopes since mid 2009 
+13 to Swift since mid 2013

REAL-TIME ANALYSIS
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TATOO: 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:

REAL-TIME ANALYSIS
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TATOO: ANT150109A ALERT

ATel #7999

REAL-TIME ANALYSIS
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TATOO: ANT150109A ALERT

ATel #7999

Active X-ray star

REAL-TIME ANALYSIS
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TATOO AND GAMMA-RAY BURSTS  
JCAP 02:062, 2016

REAL-TIME ANALYSIS

‣ 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
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TATOO AND GAMMA-RAY BURSTS  
JCAP 02:062, 2016

REAL-TIME ANALYSIS

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



29CONCLUSION

‣ Multi-messenger astronomy era ! (GW + neutrino diffuse flux) 

‣ Further constrain physical processes at play in HE sources 

‣ Increase discovery potential of neutrino telescopes (by observing the same 
source with different probes) 

‣ Refines the efficiency of the detection, by profiting of relaxed cuts (exploiting 
the advantages of time-dependent analysis) 

‣ Would improve the statistical significance of the observations, by coincident 
detection (sustained by the development of alert systems between the 
experiments)  

‣ Stay tuned (KM3NeT, GW/neutrinos, IceCube alerts,…) ! 



BLACK-HOLE / BLACK-HOLE MERGERS
4 Perna, Lazzati & Giacomazzo

Shock-heated	disk,	
MRI	active	and	
actively	accreting	
onto	BHS

Duration	of	accretion	(GRB)

Dead	disk

Tidally	heated	outer	rim,	MRI	active

Black	Holes

Catastrophic,	
full	disk-heating

Steady-state	
outer	rim	heating

FIG. 2.— Comparison of the free-free, viscous, and gravitational inspiral
timescales as a function of the orbital separation for a system of two M =
30 M� black holes. One of the two BHs is assumed to be surrounded by
a ’dead’ fallback disk. The disk is reactived once the gravitational timescale
becomes smaller than the viscous one. From that point on the two BHs merge
on the very short timescale tGW, followed by an electromagnetic emission on
the timescale tvisc.

and Cerioli et al. 2016 for numerical simulations of the ’tidal-
squeezing’ effect ). We focus here on a binary black hole sys-
tem with two identical black holes and with orbital separation
r. We also assume that the disk and the binary orbits are in
the same plane, even though a different geometry should not
affect the conclusions of this argument. The tidal truncation
radius in this case is RTT ⇠ 0.3R (Paczynski 1977). For any
reasonable parameter set, the viscous timescale at the outer
rim of the disk (Eq. 2) is much shorter than the gravitational
waves inspiral timescale4 tGW (Hughes 2009; see Figure 2):

tGW =
5

256
c5

G3
R4

2m3 = 0.37
R4

8

m3
30

s. (5)

In this regime, the bare black hole excites tidal dissipation,
concentrated in the outer rim of the accretion disk (Papaloizou
& Pringle 1977; Ichikawa & Osaki 1994). The associated
heating ionizes the outer rim of the disk turning on the MRI.
Because the inner part of the disk is still neutral, the material
in the outer rim cannot accrete, and hence piles up at the outer
edge of the dead zone.

As long as tGW > t0, the system evolves in a quasi steady-
state fashion, since the disk has time to adjust to the new BH-
BH configuration, maintaining an MRI active outer rim push-
ing against an inactive and non-accreting inner disk. As the
binary shrinks, it reaches a point at which tGW ' t0. From that
moment on, the disk does not have time to adjust to the inspi-
ral of the binary system and the tidal heating reaches the inner
part of the disk, likely becoming an impulsive, shock-driven
event rather than a quasi-stationary process, analogously to
what seen in numerical simulations of extended disks sur-
rounding a central binary BH (Farris et al. 2015).

The critical radius rcrit at which the two time-scales are

4 We note that the presence of a disk around one of the BHs will gen-
erally influence the angular momentum of the binary, and hence the merger
timescale; however, the effect is expected to be significant only if the mass of
the disk is at least comparable with that of the companion BH (Lodato et al.
2009).

equal is readily derived from Eqs. 2 and 5:

rcrit = 3.45⇥107
✓

R
H

◆4/5 m30

↵2/5
-1

cm. (6)

The accretion phase is very rapid, since the disk is very com-
pact due to the accumulation of material at the outer rim
that took place during the inspiral. If accretion produces the
launching of a relativistic jet – as seen in SGRBs (Berger
2014) and in tidal disruption events (Burrows et al. 2011) –
and the relativistic jet radiates in gamma-rays, we can derive
the burst duration from the viscous timescale at the critical
radius, obtaining:

tGRB = 0.005
✓

R
H

◆16/5 m30

↵8/5
-1

s . (7)

For a relatively thin disk with, e.g. (R/H) ⇠ 3 at the tidal
truncation radius, Eq. 7 yields tGRB = 0.2 s, in good agreement
with the Fermi transient associated to GW150914. The burst
luminosity depends on the mass accretion rate, which in turns
depends on the mass of the disk. A disk with a modest mass
of ⇠ 10-4 - 10-3 M�, such as the one discussed in Sect. 2,
would be consistent with the observed luminosity for standard
⇠ 10% efficiency values for the conversion of accretion power
to relativistic outflow and of the outflow power into radiation.

Before concluding, we note that an important condition of
our model is that the inner disk, say Rin ⌘ R(tGW = t0) .
108 cm, remains cold as long as tGW > t0. A potential dis-
turbance may come from the heated outer rim, which may
produce ionizing photons able to heat and ionize the inner re-
gions. In the following, we estimate the magnitude of such a
contribution. Let us consider the binary to be at a separation
R. The outer radius of the disk is then at Rd = RTT ⇠ 0.3R.
The accretion luminosity is Lacc = ⌘GMṀd/2Rd , where ⌘
is an efficiency factor (from mass to radiation), and Ṁd ⇠
Md/tGW. We obtain Lacc = 3⇥ 1039⌘Md,-4 m3

30/R5
10 erg s-1,

where Md,-4 ⌘ Md/(10-4M�). We note that the accretion
luminosity becomes sub-Eddington at R10 & 1, and is lim-
ited by the Eddington value LE = 3.7 ⇥ 1039m30 erg s-1 for
R10 . 1. The number of ionizing photons is Nphot / LtGW,
and it drops rapidly as R4 with orbital separation, for radii
R10 . 1. Hence, for a conservative estimate, we analyze
the situation at R10 ⇠ 1. Let’s assume a typical efficiency
⌘ ⌘ 0.1⌘-1. The precise spectral shape of the rim is not well
known, hence we parametrize as ✏ph ⌘ 0.1✏ph,-1 the fraction of
ionizing photons (UV). The emission geometry is also quite
uncertain, hence for simplicity we consider it isotropic, and
we put ourselves in the most conservative case by assum-
ing that the photons are impinging from the rim to the in-
ner disk perpendicularly. Then the only reduction is the ge-
ometric factor (Rin/Rd)2 = 9(Rin/R)2 = 9 ⇥ 10-4(Rin,8/R10)2,
accounting for the fraction of photons from the rim im-
pacting the inner disk. Including these factors, the number
of photoionizing photons is Nph = Lacc/(h⌫13.6eV ) tGW ⇠ 6 ⇥
1052⌘-1✏ph,-1 m30 Mrim

-4 R2
in,8/R3

10, having indicated with Mrim
-4

the mass in the rim in units of 10-4M�. This needs to be com-
pared with the number of Hydrogen atoms in the inner disk,
NH = Minner-disk/mp ' 1053 Minner-disk

-4 . We can hence define
a parameter ⇣ = 0.6⌘-1 ✏ph,-1 m30 Mrim

-4 R2
in,8 R-3

10 (Minner-disk
-4 )-1,

with the understanding that it represents the fraction of the
inner disk which could be ionized by the rim prior to the fi-
nal merger. In order to have the major output of the accretion

Perna et al. (2016)

Black hole
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MICROQUASARS arXiv:1609.07372
Modified Julian Date
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Figure 2. Results for GX1+4. (a) Event map around the direction of GX1+4 indicated by the green
cross. The full red (hollow blue) dots indicate the events (not) in time coincidence with the selected
flares. The size of the circle around the dots is proportional to the estimated angular uncertainty for
each event. (b) Distribution of the energy estimator dE/dX in a ±10

� declination band around the
source direction. The red line displays the value of the event in coincidence with the flare in a 3� cone
around the source direction. (c) Time PDF for the signal simulation (proportional to the X-ray light
curve). The red line displays the times of the ANTARES events associated with the source during a
flaring state in a 3� box around the source position.

electron energy is equal to 1 and 100, respectively (Figure 5). The model with a ratio equal
to 100 is excluded by the present limit. AJOUTER DESCRIPTION DES MODELES AVEC
QUI ON COMPARE

Figure 6 shows the hybrid SED for three significant XRB. The shaded yellow area rep-
resents an extrapolation of the flux during the studied flares from the average flux observed
by Fermi. The lower bound is computed from the average flux during the 2008–2012 period,
while the upper bound is simply the renormalised flux according to the maximum flux mea-
sured in the light curve. This comparison between the gamma-ray flux and the neutrino flux
limit provides an indication as to how to build an optimised source list for future searches
with ANTARES and its successor KM3NeT [23].

6 Conclusion

This paper discusses the time-dependent search for cosmic neutrinos from X-ray binaries us-
ing the data taken with the full ANTARES detector between 2008 and 2012. These searches
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Table 2. List of 8 X-ray binaries with hardness transition states reported in A-Tel.
Name #ATel Transition State Periods [MJD] (days)

GX 339-4 #2577 #2593
#3117 #3191

55303 – 55305 ( 2 ) 55308 – 55309 ( 1 )

55315 – 55316 ( 1 ) 55318 – 55319 ( 1 )

55580 – 55581 ( 1 ) 55616 – 55617 ( 1 )

H 1608-522 #2072 #2467 54960 – 54976 (16)

IGR J17091-3624 #3179 #3196 55611 – 55612 ( 1 ) 55962 – 55964 ( 2 )

IGR J17464-3213 #1804 #1813
#3301 #3842

54752 – 54759 ( 7 ) 55671 – 55672 ( 1 )

55925 – 55927 ( 2 )

MAXI J1659-152 #2951 #2999 55481 – 55487 ( 6 ) 55500 – 55502 ( 2 )

SWIFT J1910.2-0546 #4139 #4273 56094 – 56095 ( 1 ) 56131 – 56133 ( 2 )

XTE J1652-453 #2219 55010 – 55085 (75)

XTE J1752-223 #2391 #2518 55219 – 55220 ( 1 ) 55492 – 55493 ( 1 )

ratio test statistic. The likelihood, L, is defined as:

lnL =

 
NX

i=1

ln[NSSi +NBBi]

!
� [NS +NB] (4.1)

where Si and Bi are the probabilities for signal and background for an event i, respectively,
and NS (unknown) and NB (known) are the number of expected signal and background
events in the data sample. To discriminate the signal-like events from the background ones,
these probabilities are described by the product of three components related to the direction,
energy, and timing of each event. For an event i, the signal probability is:

Si = Sspace
( i(↵s, �s)) · Senergy

(dE/dXi) · Stime
(ti + lag) (4.2)

where Sspace is a parametrisation of the point spread function, i.e., Sspace
( i(↵s, �s)) the

probability to reconstruct an event i at an angular distance  i from the true source location
(↵s,�s). The energy PDF Senergy is parametrised with the normalised distribution of the muon
energy estimator, dE/dX, of an event according to the studied energy spectrum. The shape of
the time PDF, Stime, for the signal event is extracted directly from the gamma-ray light curve
parametrisation, as described in the previous section, assuming the proportionality between
the gamma-ray and the neutrino fluxes. A possible lag of up to ±5 days has been introduced
in the likelihood to allow for small lags in the proportionality. This corresponds to a possible
shift of the entire time PDF. The lag parameter is fitted in the likelihood maximisation
together with the number of fitted signal events in the data. The background probability for
an event i is:

Bi = Bspace
(�i) · Benergy

(dE/dXi) · Btime
(ti) (4.3)

where the directional PDF Bspace, the energy PDF Benergy and the time PDF Btime for the
background are derived from data using, respectively, the observed declination distribution
of selected events in the sample, the measured distribution of the energy estimator, and the
observed time distribution of all the reconstructed muons.

The goal of the unbinned search is to determine, in a given direction in the sky and at
a given time, the relative contribution of each component, and to calculate the probability to
have a signal above a given background model. This is done via the test statistic, �, defined
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