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stellar mass sources



Outline
1) Why ? Multi-messenger astronomy   

2) What ? Transient astrophysical sources and their multi-messenger emission 

- Multi-wavelength emission  

- Multi-messenger emission (ν) 

3) How ? Multi-messenger observational technics and strategies  

4) Multi-messenger synergies 
 
   - EM and neutrino follow-up of GW events 

   - EM follow-up of neutrino events 

4



Multi-messenger 
astronomy ?



MULTI-MESSENGER ASTRONOMY 6
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13

▸ Hadronuclear (e.g. starburst galaxies, galaxy clusters, galactic cosmic rays)  
 
 
 

▸ Photohadronic (e.g. gamma ray-bursts, AGN, microquasars,…)  
 
 

ν carries ~3-5% of p energy 
⇒ TeV-PeV neutrinos + ɣ-rays 

produced by p with PeV-100 PeV 
energies

Neutrino spectral index ≈ 1-2 (harder 
spectrum for photohadronic processes 

since the density of target photons 
increases with proton energy)
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Cosmic-ray spectrumNeutrino diffuse fluxEM spectrum

GW detections
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WHY AN EM OR NEUTRINO COUNTERPART OF GW EMISSION 
WOULD BE AN IMPORTANT STEP FORWARD ? 16

If we assume that a small fraction of the energy released through GW is 
released through photons and neutrinos, it should be detectable ! 

➜ Which conversion mechanisms ?

Consider the GW signals in its astrophysical context 

Give an arcsec localization, estimate of the redshift of the source, identify the 
host galaxy 

Provide further information on the sources and their environment 

Constrain the emission and acceleration processes 

Constrain fundamental physics parameters (equation of state of neutron star, 
neutrino mass hierarchy, …) 

START MULTI-MESSENGER ASTRONOMY !!



Transient sources and their 
multi-messenger emission



TRANSIENT GW SOURCES 18

Transient GW signal with duration significantly shorter than the observation time 
and cannot be re-observed

Binary mergers Massive star core-collapse

focus here on sources detectable by LIGO/Virgo

3 dynamic regims of GW emission:  

Detection rates and horizons (adv. LIGO/
Virgo full sensitivity)

NS/NS - BH/NS - BH/BH

NS/NS: 0.04 - 100 / yr 
BH/BH: ~35 / yr

GW emission uncertain 
energy emitted through GW:  

~10-8 - 10-4 M⦿c2

Detection rate poorly constrained



CONNECTION TO GAMMA-RAY BURST 19

- 10x closer than long GRB 
- 100-1000 x less energetic 
- association with older stellar pop. 
- larger distance from the host galaxy 

center (~5-10 kpc) 

- associated with SN Ic 
- in star forming galaxies 
- far away galaxies 

kilonovae (?) Supernovae
Type II, Ib/c (Optical/IR, radio remnant) 

Short

Long

Short GRBs Long GRBs

Both phenomena may be related to GRB !



Multi-wavelength emission

What kind of EM emission can we expect from GW 
counterparts ?

(short) GRBs are often considered as 
the most promising GW counterpart 

(see e.g. Piran et al., 2013)



GAMMA-RAY BURST MECHANISM: FIREBALL MODEL 21

Fastest blobs will catch up with the slowest 
ones creating internal shocks inside the jet. 
The dissipated energy enables to accelerate 
particules through Fermi first order process. 



22

Black hole or magnetar 
(neutron star with B>1011 T) 

GAMMA-RAY BURST MECHANISM: FIREBALL MODEL

Fastest blobs will catch up with the slowest 
ones creating internal shocks inside the jet. 
The dissipated energy enables to accelerate 
particules through Fermi first order process. 
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Black hole or magnetar 
(neutron star with B>1011 T) 

GAMMA-RAY BURST MECHANISM: FIREBALL MODEL

Available energy for different progenitors
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fraction of accreted 
matter in relativistic 
outflow 

GAMMA-RAY BURST MECHANISM: FIREBALL MODEL

Fastest blobs will catch up with the slowest 
ones creating internal shocks inside the jet. 
The dissipated energy enables to accelerate 
particules through Fermi first order process. 
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blobs due to variability of central 
engine + jet non homogeneous 

GAMMA-RAY BURST MECHANISM: FIREBALL MODEL

Fastest blobs will catch up with the slowest 
ones creating internal shocks inside the jet. 
The dissipated energy enables to accelerate 
particules through Fermi first order process. 
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Internal shocks: 
transfer energy to the 
particles and magnetic fields 

GAMMA-RAY BURST MECHANISM: FIREBALL MODEL

Fastest blobs will catch up with the slowest 
ones creating internal shocks inside the jet. 
The dissipated energy enables to accelerate 
particules through Fermi first order process. 
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Prompt emission (within sec) 
gamma-rays 

GAMMA-RAY BURST MECHANISM: FIREBALL MODEL

Fastest blobs will catch up with the slowest 
ones creating internal shocks inside the jet. 
The dissipated energy enables to accelerate 
particules through Fermi first order process. 
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Merged shells are decelerated by the ISM 

GAMMA-RAY BURST MECHANISM: FIREBALL MODEL

The relativistic jet propagates until it 
interacts with the ambiant medium at 
large distance from the central engine.  
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Afterglow emission (hours, days, months) 
From X-rays to radio 

GAMMA-RAY BURST MECHANISM: FIREBALL MODEL

The relativistic jet propagates until it 
interacts with the ambiant medium at 
large distance from the central engine.  
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The relativistic jet propagates until it 
interacts with the ambiant medium at 
large distance from the central engine.  



31GAMMA-RAY BURST MECHANISM: MULTI-WAVELENGTH EMISSION

Various lightcurves 
(variability down to the ms timescale)

Two classes of bursts

Short

Long

Short
Long

Prompt gamma-ray emission
associated with the jet



32GAMMA-RAY BURST MECHANISM: MULTI-WAVELENGTH EMISSION

Prompt gamma-ray spectrum well fitted by Band function

with (A, Ep, 𝛂, 𝛃 are fitted).

Spectra can be explained by synchrotron mechanism (leptonic component). 
Hadronic component cannot be totally excluded: keV-MeV photons could be explained by 
synchrotron emission of p + e (or Inverse-Compton of secondary e+e-). But would require 
100 x more energy in protons and magnetic fields than in gamma-rays (but depends on 𝚪 
which is poorly constrained).

𝛂+2

𝛃+2

Ep

Prompt gamma-ray emission
associated with the jet



33GAMMA-RAY BURST MECHANISM: MULTI-WAVELENGTH EMISSION

Afterglow multi-wavelength emission

D. Turpin, PhD thesis

Results from the deceleration of the flow by the external medium (uniform or stellar wind)

Timescales depend on wavelength (<days in X-rays, <month in optical, <year in radio)



34GAMMA-RAY BURST MECHANISM: MULTI-WAVELENGTH EMISSION

Afterglow multi-wavelength emission

afterglow with 
synchrotron fit 

GRB 051111 

Butler et al., 2006

 Synchrotron emission from relativistic blast waves expanding into an external medium



Gravitational wave (~100 Hz) emitters 

mergers of  
compact objects

massive star  
core-collapse

short GRBs long GRBs

Prompt (high-energy) emission 
+ afterglow (multi-wavelength)  

orphan afterglow (?)

kilonova (?) CCSN

NS/NS or NS/BH



Multi-messenger emission

What kind of multi-messenger emission is expected 
from GW counterparts ? 

Still assuming a GRB model: 
- (Ultra-) High-energy cosmic rays ? 
- High-energy neutrinos ?
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Photospheric model  TeV - PeV ν 
Internal shocks PeV ν ICMART model PeV - EeV ν 

GAMMA-RAY BURST MECHANISM: NEUTRINO EMISSION

Zhang & Kumar 2013 

Assume protons are accelerated at a specific position inside the jet (same position as 
neutrino production)
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Photospheric model  TeV - PeV ν 
Internal shocks PeV ν ICMART model PeV - EeV ν 

Photospheric model Internal shocks 

GAMMA-RAY BURST MECHANISM: NEUTRINO EMISSION

Zhang & Kumar 2013 

ICMART
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Photospheric model  TeV - PeV ν 
Internal shocks PeV ν ICMART model PeV - EeV ν 

Photospheric model Internal shocks 

depends on Band β 
+ proton spectral index

depends on Band 𝛼 
+ proton spectral index

depends on Epeak and 𝚪

depends on pion  
synchrotron cooling

GAMMA-RAY BURST MECHANISM: NEUTRINO EMISSION

Zhang & Kumar 2013 

ICMART
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Photospheric model  TeV - PeV ν 
Internal shocks PeV ν ICMART model PeV - EeV ν 

Photospheric model Internal shocks 

One-zone models (assume that the bulk of neutrinos is 
produced at fixed radius) ➜ Start to be constrained by 

observations.  
Multiple-zone models expect lower flux of neutrinos 

GAMMA-RAY BURST MECHANISM: NEUTRINO EMISSION

Zhang & Kumar 2013 

ICMART

depends on Band β 
+ proton spectral index

depends on Band 𝛼 
+ proton spectral index

depends on Epeak and 𝚪

depends on pion  
synchrotron cooling



41GAMMA-RAY BURST MECHANISM: COSMIC RAYS

• Modeling of the internal shock according to Daigne & Mochkovitch 1998 
⇒  gives an estimate of physical quantities (E, 𝚪,𝛒, B,…) at internal shocks based on a few free parameters  

• Calculate the SED of prompt emission according to Daigne, Bosnjak & Dubus 2009  
⇒  SED are used as soft photons target for the accelerated cosmic-rays  

• Midly relativistic acceleration of cosmic-rays using the approach of Niemiec & Ostrowski 2004-2006 + Shock 
parameters are given by the internal shock model  

• + including energy losses (photo-hadronic and hadron-hadron)  
⇒  cosmic-ray and neutrino output for a GRB of a given luminosity 

• Cosmological evolution of GRB (Piran & Wanderman 2010) ⇒  diffuse UHECR (and neutrino) fluxes

For instance Globus et al., 2014

Compatible with UHECR observations from 
Auger if: 
(i) the prompt emission represents only a 

very small fraction of the energy 
dissipated at internal shocks (especially 
for low and intermediate luminosity 
bursts) 

(ii) most of this dissipated energy is 
communicated to accelerated cosmic-rays

(distribution of the dissipated jet energy)



Gravitational wave (~100 Hz) emitters 

mergers of  
compact objects

massive star  
core-collapse

short GRBs long GRBs

high-energy cosmic-ray emission (?) 
 

high-energy neutrino emission (?)

NS/NS or NS/BH



43CORE-COLLAPSE SUPERNOVAE: NEUTRINO EMISSION

H

He
O - Si

Fe

Massive star M ≳ 10M⦿ 
Onion structure

A core-collapse SN alone also produces neutrinos !

T and density high enough to 
produce heavy elements up to iron 

by nuclear fusion
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Massive star M ≳ 10M⦿ 
Onion structure

Collapse of the degenerate core 
(implosion)

Electron pressure decreases and 
becomes insufficient to resist gravity

~1500 km
H

He
O - Si

Fe

CORE-COLLAPSE SUPERNOVAE: NEUTRINO EMISSION

As Mcore ~ MChand, pressure of degenerate 
relativistic electrons decreases due to electron 

capture and becomes insufficient to resist 
gravity ➜ collapse



45

• Infalling matter bounces on 
the core 

• Shock wave forms within the 
iron core 

• Shock receives energy from 
neutrinos  

• Neutrino heating enhanced 
by convection and shock 
oscillations (SASI) 

• ~99% of the energy released 
through neutrinos

Mass accretion

Shock wave

ν

ν

ν
PNS
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 G

. R
af
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lt

CORE-COLLAPSE SUPERNOVAE: NEUTRINO EMISSION

- After less than half a sec., a new 
equilibrium is reached between gravity 
and nuclear matter (mostly neutrons) 
with ∅~10 km = protoneutron star 

- Infalling matter bounces on this core  

- Shock wave forms within the iron core 

- Shock wave looses kinetic energy while 
propagating (via iron photodissociation 
+ electron capture) ➜ star cannot 
explodes 

- Shock wave gains energy from 
neutrinos (Colgate & White, 1966) 

- Neutrino heating enhanced by 
convection and shock oscillations (SASI) 
➜ star explosion 

- ~99% of the energy released through 
neutrinos. 
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• Infalling matter bounces on 
the core 

• Shock wave forms within the 
iron core 

• Shock receives energy from 
neutrinos  

• Neutrino heating enhanced 
by convection and shock 
oscillations (SASI) 

• ~99% of the energy released 
through neutrinos

Mass accretion
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~MeV neutrinos 

CORE-COLLAPSE SUPERNOVAE: NEUTRINO EMISSION

- After less than half a sec., a new 
equilibrium is reached between gravity 
and nuclear matter (mostly neutrons) 
with ∅~10 km = protoneutron star 

- Infalling matter bounces on this core  

- Shock wave forms within the iron core 

- Shock wave looses kinetic energy while 
propagating (via iron photodissociation 
+ electron capture) ➜ star cannot 
explodes 

- Shock wave gains energy from 
neutrinos (Colgate & White, 1966) 

- Neutrino heating enhanced by 
convection and shock oscillations (SASI) 
➜ star explosion 

- ~99% of the energy released through 
neutrinos 

low energy (MeV) 
neutrinos !

Tamborra et al., PRD90, 2014

simulation for M=27 M⦿
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SN1987A: 25 neutrinos observed 
by 3 separate observatories 
(>10σ) in 13 sec.

CORE-COLLAPSE SUPERNOVAE: NEUTRINO EMISSION

confirm the general picture of 
CCSN but too low statistics to 
resolve lightcurve



Gravitational wave (~100 Hz) emitters 

mergers of  
compact objects

massive star  
core-collapse

short GRBs long GRBs

BH/BH

?



49THE CASE OF BLACK-HOLE / BLACK-HOLE BINARIES

Multi-messenger emission ? 
Basic ingredients for GRB mechanisms (+ CR acceleration):  
magnetic fields + disk (baryonic environment). 

may come from MHD 
instabilities in the disk (?)

Where does the baryonic 
environment come from ? 
How can a disk remain bound 
around such a system ?

Two examples:

Perna et al., 2016

« two clumps in a dumbbell configuration that formed 
when the core of a rapidly rotating massive star 
collapsed ».
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dead disk remains bound in the BBH system

BH

Loeb 2016 
but see Woosley 2016  
+ Dai et al. 2016)

http://iopscience.iop.org/journal/2041-8205/page/Focus_on_BBHM


50THE CASE OF BLACK-HOLE / BLACK-HOLE BINARIES

BH

see however Kimura et al., 2016 (different 
timescale + EM too faint)

- Weak supernova ➜ part of the 
envelope remains bound 
(assuming 40M⦿, Z<0.01Z⦿ + 
angular momentum outer layers 
high enough)

- Evolution of the disk depends on 
viscosity which drives transport of 
angular momentum 

- For t>tvisc, T decreases ➜ angular 
momentum transport reduced ➜ 
« dead » disk (as observed by 
Wang et al. 2006 for NS) 

- Final seconds: outer rim is heated 
by tidal effects (inner part still 
neutral)  

- tGW < tvisc: accretion activated Perna et al., 2016

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

  

          
              



Multi-messenger 
observational strategies



Multi-wavelength observation techniques
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+antennas (for MHz > f > GHz)
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+antennas (for MHz > f > GHz)
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MeV GeV - TeV

field-of-view: 1-2 sr 
coded-mask  

semi-conductors 
scintillators
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+antennas (for MHz > f > GHz)
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56ELECTROMAGNETIC SPECTRUM

+antennas (for MHz > f > GHz)
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MeV GeV - TeV

field-of-view: ~ sr 
at 100 MHz (dipole 

antenna)



High-energy neutrino observation 
techniques 



NEUTRINO SPECTRUM 58
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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 59

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 



DETECTION PRINCIPLE 60

μ
p

Down-going 
 events

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

p

ν

μ
Up-going 
 events

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

Cosmic neutrinos 
(signal)

μ
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μ
p

Down-going 
 events

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

p

ν

μ
Up-going 
 events

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

Cosmic neutrinos 
(signal)

μ
- 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…
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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 !
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Requires good angular resolution

Looking for coincidences with other astrophysical signals: 
➜ multi-messenger searches

Requires temporal coincidences with other probes (CR, GW, photons)

Looking for anisotropies (clusters of events) in the sky:  
➜ point source searches

Looking for excess at high energies:  
➜ diffuse flux analyses

63

En
b.
 o

f 
ev
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ts

expected  
background

Looking for coincidences with other astrophysical signals: 
➜ multi-messenger searches

Requires temporal coincidences with other probes (CR, GW, photons)

Concerns mainly extragalactic sources  

Requires good energy resolution 
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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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IceCube

ANTARES

Baikal
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~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 
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86 lines, completed end 2010 
1 km3 instrumented volume 
DeepCore: denser (8 strings)   
IceTop: air shower detectors

Different media:  
different technical 
challenges



ICE VS WATER 68Complementary 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  
 



69

time

Ice

Water

Ice: stronger scattering but lower 
absorption than water: better 
calorimeter

Complementary coverage  

Optical noise (biolum) + 40K / no noise  

Mediterranean : logistically attractive  

Absorption / diffusion  

Good pointing accuracy / Calorimetry  
 

Water: lower scattering of light than ice

⇒ Better angular resolution

ICE VS WATER



High-energy neutrino detection

TeV-PeV cosmic neutrinos

small cross-section  
+ very low flux

huge instrumented volumes  
(~km3 scale) - Cherenkov detection

atmospheric muon + neutrino background

high-energy cut  
(diffuse flux)

spatial  
clustering

transient / 
multi-messenger



Core-collapse SNe neutrino detection at 
MeV energies
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~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)



Latest results of high-energy neutrino 
telescopes
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1.0	+/-	0.2	PeV	

,me	
2012 : observation of two very 
energetic cascade events (E>1015 eV) 
by IceCube 

Energy very well reconstructed 

Very poor resolution on the neutrino 
direction 

Published in 2013 
   
  ➜ World premiere: first two 

“certified” astrophysical neutrinos  ever 
observed

1.1	+/-	0.2	PeV	

A COSMIC HE NEUTRINO FLUX
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now ~7σ significance

HE starting events - 4 years - all flavors

Compatible with isotropy 

Sources non identified yet 

Excess also visible in track channel (5.6σ)

In the months following the detection of Ernie & Bert, IceCube pointed a clear excess of events above 
~100 TeV w.r.t the atmospheric ν background
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now ~7σ significance

HE starting events - 4 years - all flavors

Compatible with isotropy 

Sources non identified yet 

Excess also visible in track channel (5.6σ)

In the months following the detection of Ernie & Bert, IceCube pointed a clear excess of events above 
~100 TeV w.r.t the atmospheric ν background

The poor angular resolution does not enable to identify the 
sources yet…

But we can start constraining their location and their 
classes by looking at the spectrum…

And also using ANTARES !
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Results of IC tracks(6yr) and IC combined not compatible at > 3.6σ level 

Indication of spectral break (different energy thresholds) ? 

Indication of Galactic and extra-galactic contributions (different hemispheres) ?

90% CL contours

Eν>25 TeV

Eν>190 TeV

?
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FIG. 4. Extraterrestrial neutrino flux (⌫ + ⌫̄) as a function
of energy. Vertical error bars indicate the 2�L = ±1 con-
tours of the flux in each energy bin, holding all other val-
ues, including background normalizations, fixed. These pro-
vide approximate 68% confidence ranges. An increase in the
charm atmospheric background to the level of the 90% CL
limit from the northern hemisphere ⌫

µ

spectrum [9] would re-
duce the inferred astrophysical flux at low energies to the level
shown for comparison in light gray. The best-fit power law is
E2�(E) = 1.5⇥ 10�8(E/100TeV)�0.3GeVcm�2s�1sr�1.

excess at low energies, hardening the spectrum of the re-
maining data. The corresponding range of best fit astro-
physical slopes within our current 90% confidence band
on the charm flux [9] is �2.0 to �2.3. As the best-fit
charm flux is zero, the best-fit astrophysical spectrum
is on the lower boundary of this interval at �2.3 (solid
line, Figs. 2, 3) with a total statistical and systematic
uncertainty of ±0.3.

To identify any bright neutrino sources in the data, we
employed the same maximum-likelihood clustering search
as before [11], as well as searched for directional corre-
lations with TeV gamma-ray sources. For all tests, the
test statistic (TS) is defined as the logarithm of the ratio
between the best-fit likelihood including a point source
component and the likelihood for the null hypothesis, an
isotropic distribution [34]. We determined the signifi-
cance of any excess by comparing to maps scrambled in
right ascension, in which our polar detector has uniform
exposure.

As in [11], the clustering analysis was run twice, first
with the entire event sample, after removing the two
events (28 and 32) with strong evidence of a cosmic-ray
origin, and second with only the 28 shower events. This
controls for bias in the likelihood fit toward the positions
of single well-resolved muon tracks. We also conducted
an additional test in which we marginalize the likelihood
over a uniform prior on the position of the hypothetical
point source. This reduces the bias introduced by muons,
allowing track and shower events to be used together, and
improves sensitivity to multiple sources by considering
the entire sky rather than the single best point.

Three tests were performed to search for neutrinos cor-

FIG. 5. Arrival directions of the events in galactic coordi-
nates. Shower-like events (median angular resolution ⇠ 15�)
are marked with + and those containing muon tracks (. 1�)
with ⇥. Approximately 40% of the events (mostly tracks
[13]) are expected to originate from atmospheric backgrounds.
Event IDs match those in the catalog in the online supple-
ment [29] and are time ordered. The grey line denotes the
equatorial plane. Colors show the test statistic (TS) for the
point source clustering test at each location. No significant
clustering was observed.

related with known gamma-ray sources, also using track
and shower events together. The first two searched for
clustering along the galactic plane, with a fixed width
of ±2.5�, based on TeV gamma-ray measurements [35],
and with a free width of between ±2.5� and ±30�. The
last searched for correlation between neutrino events and
a pre-defined catalog of potential point sources (a com-
bination of the usual IceCube [36] and ANTARES [37]
lists; see online supplement [29]). For the catalog search,
the TS value was evaluated at each source location, and
the post-trials significance calculated by comparing the
highest observed value in each hemisphere to results from
performing the analysis on scrambled datasets.

No hypothesis test yielded statistically significant evi-
dence of clustering or correlations. For the all-sky cluster-
ing test (Fig. 5), scrambled datasets produced locations
with equal or greater TS 84% and 7.2% of the time for
all events and for shower-like events only. As in the two-
year data set, the strongest clustering was near the galac-
tic center. Other neutrino observations of this location
give no evidence for a source [38], however, and no new
events were strongly correlated with this region. When
using the marginalized likelihood, a test statistic greater
than or equal to the observed value was found in 28% of
scrambled datasets. The source list yielded p-values for
the northern and southern hemispheres of 28% and 8%,
respectively. Correlation with the galactic plane was also
not significant: when letting the width float freely, the
best fit was ±7.5� with a post-trials chance probability
of 2.8%, while a fixed width of ±2.5� returned a p-value
of 24%. A repeat of the time clustering search from [11]

The ANTARES neutrino telescope Maurizio Spurio

Figure 1: (Left) The red, green and blue lines refer to n
e

,nµ and nt neutrino effective area for IC HESE [4].
The black line refers to the ANTARES effective area for the nµ flavor obtained in the search for point-like
sources [8]. The effective area depends on the cuts of the selection analyses. Event rates can be obtained
by folding the assumed n spectrum with the effective areas. (Right) ANTARES 90% C.L. upper limits for
neutrino source (four different source widths) as a function of the declination [9]. The blue horizontal dashed
line corresponds to the signal flux corresponding to a source yielding the seven HESE in the IC hot spot.

Within the present statistics, the IC cosmic neutrino flux is compatible with flavor ratios
n

e

: nµ : nt = 1 : 1 : 1, as expected from charged meson decays in CR accelerators and neutrino
oscillation on their way to the Earth. The non-observation of events beyond 2 PeV suggests a neu-
trino flux with a power law F(E) µ E

�G with hard spectral index, e.g. G ' 2.0, and an exponential
cutoff, or an unbroken power law with a softer spectrum, e.g. G ' 2.3� 2.4. Different models
involving Galactic, extragalactic or exotic origin of the IC signal exist in the literature. Particularly
intriguing is the possibility that a sizeable fraction of the cosmic neutrinos observed by IC is origi-
nated in our Galaxy [7]. A possible contribution from transient extragalactic objects located in the
Southern sky can be considered as well.

The figure-of-merit in the analyses of neutrino telescope is the quantity called the neutrino
effective area, A

e f f

(E), which depends on the neutrino energy. A

e f f

(E) is defined as the ratio be-
tween the neutrino event rate in a detector (units: s�1) and the neutrino flux (units: cm�2 s�1) at
a given energy. It depends on the flavor and cross-section of neutrinos, on their absorption prob-
ability during the passage through the Earth, and on detector-dependent efficiencies. Fig. 1 (left)
shows the ANTARES effective area, A

nµ
ANT

, for nµ emitted by sources located at the declinations of
the Galactic Centre, compared with that of IC HESE. A

nµ
ANT

is larger than that of HESE (irrespec-
tively of the neutrino flavor) at energies below ⇠ 60 TeV. At the highest energies for the detected
neutrinos, 1 PeV, A

nµ
ANT

is a factor of two larger than that of IC for nµ while the total IC effective
area (An

e

IC

+A

nµ
IC

+A

nt
IC

) is 7.3 times larger than A

nµ
ANT

.
No hypothesis test on IC cosmic neutrinos yielded statistically significant evidence of clus-

tering or correlations. However, by comparing the number of detected events arising from the
Northern and Southern sky regions, taking into account the different effective areas for the two
regions, there appears to be an excess of events from the Southern sky [7]. IC is significantly larger

Effective area in the Galactic Center region

ANTARES has a good sensitivity  
in the Galactic center region. 
➜ can constrain the origin of the 
IceCube events

Just one example !
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FIG. 4. Extraterrestrial neutrino flux (⌫ + ⌫̄) as a function
of energy. Vertical error bars indicate the 2�L = ±1 con-
tours of the flux in each energy bin, holding all other val-
ues, including background normalizations, fixed. These pro-
vide approximate 68% confidence ranges. An increase in the
charm atmospheric background to the level of the 90% CL
limit from the northern hemisphere ⌫

µ

spectrum [9] would re-
duce the inferred astrophysical flux at low energies to the level
shown for comparison in light gray. The best-fit power law is
E2�(E) = 1.5⇥ 10�8(E/100TeV)�0.3GeVcm�2s�1sr�1.

excess at low energies, hardening the spectrum of the re-
maining data. The corresponding range of best fit astro-
physical slopes within our current 90% confidence band
on the charm flux [9] is �2.0 to �2.3. As the best-fit
charm flux is zero, the best-fit astrophysical spectrum
is on the lower boundary of this interval at �2.3 (solid
line, Figs. 2, 3) with a total statistical and systematic
uncertainty of ±0.3.

To identify any bright neutrino sources in the data, we
employed the same maximum-likelihood clustering search
as before [11], as well as searched for directional corre-
lations with TeV gamma-ray sources. For all tests, the
test statistic (TS) is defined as the logarithm of the ratio
between the best-fit likelihood including a point source
component and the likelihood for the null hypothesis, an
isotropic distribution [34]. We determined the signifi-
cance of any excess by comparing to maps scrambled in
right ascension, in which our polar detector has uniform
exposure.

As in [11], the clustering analysis was run twice, first
with the entire event sample, after removing the two
events (28 and 32) with strong evidence of a cosmic-ray
origin, and second with only the 28 shower events. This
controls for bias in the likelihood fit toward the positions
of single well-resolved muon tracks. We also conducted
an additional test in which we marginalize the likelihood
over a uniform prior on the position of the hypothetical
point source. This reduces the bias introduced by muons,
allowing track and shower events to be used together, and
improves sensitivity to multiple sources by considering
the entire sky rather than the single best point.

Three tests were performed to search for neutrinos cor-

FIG. 5. Arrival directions of the events in galactic coordi-
nates. Shower-like events (median angular resolution ⇠ 15�)
are marked with + and those containing muon tracks (. 1�)
with ⇥. Approximately 40% of the events (mostly tracks
[13]) are expected to originate from atmospheric backgrounds.
Event IDs match those in the catalog in the online supple-
ment [29] and are time ordered. The grey line denotes the
equatorial plane. Colors show the test statistic (TS) for the
point source clustering test at each location. No significant
clustering was observed.

related with known gamma-ray sources, also using track
and shower events together. The first two searched for
clustering along the galactic plane, with a fixed width
of ±2.5�, based on TeV gamma-ray measurements [35],
and with a free width of between ±2.5� and ±30�. The
last searched for correlation between neutrino events and
a pre-defined catalog of potential point sources (a com-
bination of the usual IceCube [36] and ANTARES [37]
lists; see online supplement [29]). For the catalog search,
the TS value was evaluated at each source location, and
the post-trials significance calculated by comparing the
highest observed value in each hemisphere to results from
performing the analysis on scrambled datasets.

No hypothesis test yielded statistically significant evi-
dence of clustering or correlations. For the all-sky cluster-
ing test (Fig. 5), scrambled datasets produced locations
with equal or greater TS 84% and 7.2% of the time for
all events and for shower-like events only. As in the two-
year data set, the strongest clustering was near the galac-
tic center. Other neutrino observations of this location
give no evidence for a source [38], however, and no new
events were strongly correlated with this region. When
using the marginalized likelihood, a test statistic greater
than or equal to the observed value was found in 28% of
scrambled datasets. The source list yielded p-values for
the northern and southern hemispheres of 28% and 8%,
respectively. Correlation with the galactic plane was also
not significant: when letting the width float freely, the
best fit was ±7.5� with a post-trials chance probability
of 2.8%, while a fixed width of ±2.5� returned a p-value
of 24%. A repeat of the time clustering search from [11]

The Astrophysical Journal Letters, 786:L5 (5pp), 2014 May 1 Adrián-Martı́nez et al.
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Figure 3. 90% CL flux upper limits and sensitivities on the muon neutrino flux
for six years of ANTARES data. IceCube results are also shown for comparison.
The light-blue markers show the upper limit for any point source located in the
ANTARES visible sky in declination bands of 1◦. The solid blue (red) line
indicates the ANTARES (IceCube) sensitivity for a point-source with an E−2

spectrum as a function of the declination. The blue (red) squares represent
the upper limits for the ANTARES (IceCube) candidate sources. Finally, the
dashed dark blue (red) line indicates the ANTARES (IceCube) sensitivity for a
point-source and for neutrino energies lower than 100 TeV, which shows that
the IceCube sensitivity for sources in the Southern hemisphere is mostly due to
events of higher energy. The IceCube results were derived from Aartsen et al.
(2013b).
(A color version of this figure is available in the online journal.)

The full-sky search looks for an excess of signal events
located anywhere in the whole ANTARES visible sky. A pre-
clustering algorithm to select candidate clusters of at least 4
events in a cone of half-opening angle of 3◦ is performed. For
each cluster, Ls+b is maximized by varying the free parameters
xs and ns. In this analysis, the most significant cluster is found
at (α, δ) = (−46.◦8,−64.◦9) with a post-trial p-value of 2.7%
(significance of 2.2σ using the two-sided convention). This
direction is consistent with the most significant cluster found in
the previous analysis. The number of fitted signal events is ns =
6.2. A total of 6 (14) events in a cone of 1◦ (3◦) around the fitted
cluster center are found. Upper limits at the 90% confidence
level (CL) on the muon neutrino flux from point sources located
anywhere in the visible ANTARES sky are given by the light
blue-dashed line in Figure 3. Each value corresponds to the
highest upper-limit obtained in declination bands of 1◦.

The second search uses a list of 50 neutrino candidate-
source positions at which the likelihood is evaluated. The
list of sources with their corresponding pre-trial p-values and
flux upper limits is presented in Table 1. The largest excess
corresponds to HESS J0632+057, with a post-trial p-value of
6.1% (significance of 1.9σ using the two-sided convention). The
fitted number of source events is ns = 1.6. The limits for these 50
selected sources and the overall fixed-source sensitivity of the
telescope are reported in Figure 3. The 90% CL flux upper limits
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Figure 4. 90% CL upper limits obtained for different source widths as a function
of the declination. The blue horizontal dashed line corresponds to the signal flux
given by González-Garcı́a et al. (2013).
(A color version of this figure is available in the online journal.)

and sensitivities are calculated by using the Neyman method
(Neyman 1937).

6. IMPLICATIONS FOR THE INTERPRETATION OF THE
RECENT IceCube RESULTS

Following the recent evidence of high energy neutrinos by
IceCube (Aartsen et al. 2013a), a point source close to the
Galactic Center has been proposed to explain the accumu-
lation of seven events in its neighborhood (González-Garcı́a
et al. 2013). The corresponding flux normalization of this hy-
pothetical source (α = −79◦, δ = −23◦) is expected to be
Φ0 = 6 × 10−8 GeV cm−2 s−1.

This hypothetical source might be located at a different
point in the sky due to the large uncertainty of the direction
estimates of these IceCube events. The full-sky algorithm with
the likelihood presented in Adrián-Martı́nez et al. (2012) is
used, restricted to region of 20◦ around the proposed location.
The trial factor of this analysis is smaller than in the full-sky
search because of the smaller size of the region. In addition to the
point source hypothesis, three Gaussian-like source extensions
are assumed (0.◦5, 1◦ and 3◦). As in the full-sky search, a half
opening angle of 3◦ is used for the pre-clustering selection for
source widths smaller than 3◦. In the case of the 3◦ source
assumption, the angle is of 6◦.

No significant cluster has been found. Figure 4 shows the 90%
CL flux upper limits obtained for the four assumed different
spatial extensions of the neutrino source as a function of
the declination. The presence of a point source with a flux
normalization of 6×10−8 GeV cm−2 s−1 anywhere in the region
is excluded. Therefore, the excess found by IceCube in this
region cannot be caused by a single point source. Furthermore,
a source width of 0.◦5 for declinations lower than −11◦ is also
excluded. For an E−2 spectrum, neutrinos with E > 2 PeV
contribute only 7% to the event rate, hence these results are
hardly affected by a cutoff at energies on the order of PeV.

4

Number of IceCube Hese Events
2 3 4 5 6

]
-2

cm
-1

sr
-1 s

-1�
[G

ev
⇥

⇤
⇥� E

-710

-610

-510

-410

-310
ANTARES Preliminary

= 2.5�

= 2.4�

= 2.2�

= 2.0�
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ANTARES excludes single point  
source (E-2 spectrum) as origin of   

the cluster within 20° off  GC 
 Astrophys. J. Lett. 786:L5 (2014) 

Hypothesized Galactic Source ? 
Gonzalez-Garcia et al,  APP 57 (2014) 
Point Source at (α,δ)=(−79°, −23°): 
Φ = 6 x 10-8 E-2 GeV cm-2 s-1  

ANTARES constrains the IceCube 
signal event contribution to a 

diffuse neutrino flux in the 
Galactic Plane 

arXiv:1602.03036  

http://arxiv.org/abs/1602.03036


Multi-messenger 
synergies







1) Search for GRB neutrino counterparts

2) EM and neutrino follow-up of GW events

3) EM follow-up of neutrino events



1) Search for GRB neutrino counterparts

2) EM and neutrino follow-up of GW events

3) EM follow-up of neutrino events



GRB EM obs. nu counterpart ?
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Different approaches: 

- likelihood search based on GRB samples (e.g. Aartsen et al., 2016-2017) 
- focus on some bright GRBs (e.g. Albert et al., 2017) 
- stacking of a large sample of GRBs (e.g. Adrian-Martinez et al., 2016)

➜ no neutrino counterpart found so far !
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with 𝚪=300 and fp=10IceCube νμ 6-year dataset  
likelihood maximization (1172 GRBs) 
(Aartsen et al., 2017)

+ IceCube all sky/3	flavors	search 
likelihood maximization (3 years of IC data) 
(Aartsen et al., 2017)

Internal shocks Photospheric ICMART

➜ The average burst likely exhibits Γ and fp values that are largely excluded for neutrino 
production. But only valid for one-zone models !

SEARCH FOR GRB COUNTERPART WITH NU TELESCOPE
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These models assume proton acceleration at a single location (one zone) where γ-
rays are also produced and emitted.  
➜ Predicted prompt neutrino fluence will scale linearly with the proton content of 
the fireball. When acceleration location constraint is relaxed (dynamic GRB outflow 
is considered ➜ predicted prompt neutrino fluence significantly reduced (~10x) 
(Bustamante et al. 2015; Globus et al. 2015).

Consequences of non-detection ?

Prospects: simulation of multiple emission regions within the jet (e.g. Bustamante et al., 2017): 

➜ new prediction for the minimal diffuse GRB neutrino flux, likely within the reach of the planned 
detector upgrades, IceCube-Gen2 & KM3NeT.    

+ Looking for features in the shape of the GRB gamma-ray light curve, can allow to assess whether a 
particular burst is likely to be an intense neutrino source.



1) Search for GRB neutrino counterparts

2) EM and neutrino follow-up of GW events

3) EM follow-up of neutrino events



GW obs.

nu counterpart ?EM counterpart ?



GW obs.

nu counterpart ?EM counterpart ?
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Challenges to identify the source + host galaxy

Sky position mainly evaluated by 
triangulation based on arrival 
time delay between detectors.

Two detectors ➜ locus of 
constant time delay forms a ring 
on the sky (with additional info. 
on signal amplitude, … resolve 
this to parts of the ring).

Three detectors ➜ rings intersect 
in 2 locations (including source 
real location)

(depends on the signal-to-noise ratio)

Prospects (LVC, LRR 2016): 



GW SOURCE LOCALIZATION 95

GW150914 follow-up by iPTF  
(7.1 deg2 / observation)  

Kasliwal et al., 2016
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MoU with EM + neutrino collaborations

Credit: M. Branchesi

+ neutrino telescopes
can significantly constrain the 

source localization 
(angular error < 1° on the sky)



97FOLLOW-UP ALERTS STRATEGY

Credit: M. Branchesi

+ neutrino telescopes



98FOLLOW-UP OF GW150914

Credit: M. Branchesi

GW150914 ➜ alert sent 2 days after the detection ➜ update 19 days after 
(BBH nature) ➜ 4 months later: final FAR + skymap

25 follow-up teams responded to the GW alert

Abbott et al., 2016



99SOME INTERESTING OBSERVATIONS

Most complete coverage in the gamma-ray down to 10-7 erg cm-2 s-1 

X-rays coverage complete down to 10-9 erg cm-2 s-1 (MAXI), relatively spare at 
fainter flux with the Swift XRT (< 10-11 erg cm-2 s-1). 

Potential gamma-ray counterpart ?  

Fermi-GBM ➜ weak signal of 1 sec, 0.4 s after 
the alert. Fluence (1keV-10 MeV)=2.4 10-7 erg 
cm-2 (FAR=4.79 10-4 Hz) (Connaughton et al., 
arXiv:1602.03920) 

INTEGRAL ➜ no signal but stringent upper 
limit (Savchenko et al., 2016 ApJL, 820).  

MAXI & AGILE ➜ no signal detected.

– 11 –

Fig. 4.— Count rates detected as a function of time relative to the detection time of GW150914,

summed over all 14 GBM detectors. NaI data are summed over 50 - 980 keV and BGO data over

420 keV – 4.7 MeV. Time bins are 1.024 s wide and the red line indicates the background level. The

blue lightcurve was constructed from CTTE data, rebinned to optimize the signal-to-noise ratio. In

the top panel, the 0.256 s CTIME binning is overplotted on the 1.024 s lightcurve. lightcurve. The

dip before the spike associated with GW150914-GBM is not significant. Such dips are common in

stretches of GBM data, as can be seen in the longer stretch of data on the bottom panel. A 1600 s

stretch of data centered on GW150914-GBM, with 1.024 s binning, shows 100 runs each of positive

and negative dips lasting 3 s or longer relative to a third-order polynomial fit background over the

1600 s time interval, with 55 (38) negative (positive) excursions lasting 4 s or longer.

above	50	keV 
GBM

False	alarm	=	0.22%

– 9 –
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Fig. 1.— INTEGRAL/SPI-ACS lightcurve in ±10 s around GW150914 trigger time. Light

red symbols represent the measurements at the natural instrument time resolution of 50 ms;

dark red points are rebinned to 250 ms. The dashed black curve is the background level

estimated from a long-term average.
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tHEN - tGW ∈[-500s; +500s]
(Baret et al., 2011)

C
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if GW related to GRB event

neutrino telescopes: large field of view 
➜ can search for counterpart « offline »



GW150914 (search for potential neutrino counterpart within ±500 s)

102

- 3 neutrino candidates for    
IceCube 
- 0 for ANTARES 
➔ consistent with background 
expectations 

NEUTRINO FOLLOW-UP OF GW150914

Adrian-Martinez et al. 2016, (ANTARES, IceCube & LIGO/Virgo)
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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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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
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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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ANTARES & IceCube  
(TeV-PeV neutrinos)

Pierre Auger Observatory 
(100 PeV; 25 EeV neutrinos)
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107NEUTRINO FOLLOW-UP OF GW151226 & LVT151012

KamLAND 
(kton detector of νe 0.9-100 MeV)

SuperKamiokande 
(1.6 GeV - 100 PeV)neutrinos antineutrinos

➜  « The absence of MeV neutrino 
emission is inconsistent with the source 
of the gravitational wave signals being 
a near-by core-collapsed astronomical 
object »
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Gando et al., 2016

GW151226

GW150914



1) Search for GRB neutrino counterparts

2) EM and neutrino follow-up of GW events

3) EM follow-up of neutrino events



nu obs.EM counterpart ?



110THE TATOO PROGRAM ON ANTARES

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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111THE TATOO PROGRAM ON ANTARES

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



112TATOO: 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:



113TATOO: ANT150109A ALERT

ATel #7999



114TATOO: ANT150109A ALERT

ATel #7999

Active X-ray star



115TATOO: 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



116TATOO: 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

 
ANTARES COLLABORATION JCAP 02:062, 2016



117SNEWS

+ trigger of EM observations



118PROSPECTS

SVOM (multi-wavelength capabilities)

LSST KM3NeT SKA


