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The big picture of gravitational wave astronomy 
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The big picture of gravitational wave astronomy 

LISA pathfinder 
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Evolution of binary star systems 

• Most of massive stars live in binary systems



8

Evolution of binary star systems 

• Most of massive stars live in binary systems

•  Undergo mass transfer
•  Accretion / ejection processes
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Neutrino detection : important hint of the 
jet composition and formation 



Neutrino emission of X-ray binaries ? 
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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

– 5 –

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

– 5 –

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

– 5 –

β=v/c

258 260 262 264 266 268
-30

-28

-26

-24

-22

-20

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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Evolution of binary star systems 

• Most of massive stars live in binary systems

•  Undergo mass transfer
•  Accretion / ejection processes
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Compact objects coalescence 

For BH/NS or NS/NS 
systems : 

gravitational waves  
+ electromagnetic 
+ neutrino emission 
expected if ejection 
process with baryonic 
component
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Black hole binary coalescence 
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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Discovery of GW150914  

Sept. 14th, 2015 at 09:50:45 UTC 

GW signal recorded by the LIGO 
Hanford and Livingston detectors  

Produced by a stellar-mass binary 
black hole merger at redshift 

z=0.09+0.03   (~410 Mpc) 

LIGO-Virgo collaborations 
PRL 116, 061102, 2016 

-0.04
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Discovery of GW150914  

The Astrophysical Journal, 741:103 (19pp), 2011 November 10 Farr et al.

Figure 14. Marginalized distributions for the exponential parameters Mmin (top)
and M0 (bottom) defined in Section 3.3.2 from an analysis including the high-
mass systems. The distribution for the scale mass, M0, has moved to higher
masses relative to Figure 6 to fit the tail of the mass distribution; we now
have 2.8292 ! M0 ! 7.9298 with 90% confidence, with median 4.7003. The
distribution for Mmin is less affected, though it has broadened somewhat toward
low masses.

samples in the analysis produces a distinctive tail, eliminating
the correlations discussed in Section 3.3.1 and displayed in
Figure 5 for the low-mass subset of the observations.

4.2.2. Decaying Exponential

Figure 14 displays the marginalized distributions for the
exponential parameters Mmin and M0 (Section 3.3.2) from an
analysis including the high-mass systems. The distribution for
the scale mass, M0, has moved to higher masses relative to
Figure 6 to fit the tail of the mass distribution; the distribution
for Mmin is less affected, though it has broadened somewhat
toward low masses.

4.2.3. Gaussian

Figure 15 displays the marginalized distributions for the
Gaussian parameters (Section 3.3.3) when the high-mass objects
are included in the mass distribution. The mean mass, µ, and
the mass standard deviation, σ , are both increased relative to
Figure 8 to account for the broader distribution and high-mass
tail.

4.2.4. Two Gaussian

The analysis of the two-Gaussian model shows the largest
change when the high-mass samples are included. Figure 16
shows the marginalized distributions for the two-Gaussian pa-
rameters (Section 3.3.3) when the high-mass samples are in-
cluded in the analysis. In stark contrast to Figure 9, there are two
well-defined, separated peaks; the low-mass peak reproduces
the results from the low-mass samples, while the high-mass
peak (13.5534 ! µ2 ! 27.9481 with 90% confidence; median
20.3839) matches the new high-mass samples. The peak in α
near 0.8 is consistent with approximately four-fifths the total
probability being concentrated in the 15 low-mass samples.

4.2.5. Log Normal

The marginalized distributions for the log-normal parameters
(Section 3.3.4) when the high-mass samples are included in the

Figure 15. Marginalized distributions for the Gaussian parameters when the
high-mass objects are included in the mass distribution. The mean mass, µ
(solid histogram), and the mass standard deviation, σ (dashed histogram), are
both increased relative to Figure 8 to account for the broader distribution and
high-mass tail. The peak of the underlying mass distribution lies in the range
7.8660 ! µ ! 10.9836 with 90% confidence; the median value is 9.2012.

Figure 16. Marginalized distributions for the two-Gaussian parameters
(Section 3.3.3) when the high-mass samples are included in the analysis. The
means (µ1 and µ2) are represented by the solid histograms; the standard devi-
ations (σ1 and σ2) are represented by the dashed histograms. In stark contrast
to Figure 9, there are two well-defined, separated peaks; the low-mass peak
reproduces the results from the low-mass samples, while the high-mass peak
(13.5534 ! µ2 ! 27.9481 with 90% confidence; median 20.3839) matches the
new high-mass samples. The peak in α near 0.8 is consistent with approximately
15 out of 20 samples belonging to the low-mass peak.

analysis are displayed in Figure 17. The changes when the high-
mass samples are included (compare to Figure 10) are similar to
the changes in the Gaussian distribution: the mean mass moves
to higher masses and the distribution broadens. Because the
log-normal distribution is inherently asymmetric, with a high-
mass tail, it does not need to widen as much as the Gaussian
distribution did.

The confidence limits on the parameters for the parametric
models of the underlying mass distribution are displayed in
Table 5 (compare to Table 2).

12

Farr et al., 2011

From black hole masses in X-ray binaries :

GW150914 black hole masses : M1=36+5 M⦿ and M2=29+4 M⦿ -4 -4
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Discovery of GW150914  

The Astrophysical Journal, 741:103 (19pp), 2011 November 10 Farr et al.
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4.2.5. Log Normal

The marginalized distributions for the log-normal parameters
(Section 3.3.4) when the high-mass samples are included in the

Figure 15. Marginalized distributions for the Gaussian parameters when the
high-mass objects are included in the mass distribution. The mean mass, µ
(solid histogram), and the mass standard deviation, σ (dashed histogram), are
both increased relative to Figure 8 to account for the broader distribution and
high-mass tail. The peak of the underlying mass distribution lies in the range
7.8660 ! µ ! 10.9836 with 90% confidence; the median value is 9.2012.

Figure 16. Marginalized distributions for the two-Gaussian parameters
(Section 3.3.3) when the high-mass samples are included in the analysis. The
means (µ1 and µ2) are represented by the solid histograms; the standard devi-
ations (σ1 and σ2) are represented by the dashed histograms. In stark contrast
to Figure 9, there are two well-defined, separated peaks; the low-mass peak
reproduces the results from the low-mass samples, while the high-mass peak
(13.5534 ! µ2 ! 27.9481 with 90% confidence; median 20.3839) matches the
new high-mass samples. The peak in α near 0.8 is consistent with approximately
15 out of 20 samples belonging to the low-mass peak.

analysis are displayed in Figure 17. The changes when the high-
mass samples are included (compare to Figure 10) are similar to
the changes in the Gaussian distribution: the mean mass moves
to higher masses and the distribution broadens. Because the
log-normal distribution is inherently asymmetric, with a high-
mass tail, it does not need to widen as much as the Gaussian
distribution did.

The confidence limits on the parameters for the parametric
models of the underlying mass distribution are displayed in
Table 5 (compare to Table 2).

12

Farr et al., 2011

From black hole masses in X-ray binaries :

GW150914 black hole masses : M1=36+5 M⦿ and M2=29+4 M⦿ -4 -4

Coincident multi-messenger detection 
would be even more interesting !
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IceCube

ANTARES

Joint ANTARES - IceCube - LIGO/Virgo analysis
Phys. Rev. D (in press) : arXiv 1602.05411

Energy radiated in GW: ~5 x 1054 erg
Is a fraction of this energy emitted in neutrinos ? + Demonstrate synergies 

http://arxiv.org/abs/1602.05411
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In the case of a short GRB

➜ Online ANTARES and IceCube data
➜ Event selection from neutrino point-source searches
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Within ±500 s from GW alert

➜ Consistent with the background expectations
(4.4 events for IceCube; 10-2 for ANTARES)
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The directional point spread function (sky map) of the
GW event was computed through the full parameter es-
timation of the signal, carried out using the LALInfer-
ence package [33, 34]. The LALInference results pre-
sented here account for calibration uncertainty in the
GW strain signal. The sky map is shown in Fig. 1.
At 90% (50%) credible level (CL), the sky map covers
590 deg2 (140 deg2).

III. HIGH-ENERGY NEUTRINO
COINCIDENCE SEARCH

High-energy neutrino observatories are primarily sen-
sitive to neutrinos with �GeV energies. IceCube and
Antares are both sensitive to through-going muons
(called track events), produced by neutrinos near the
detector, above ⇠ 100GeV. In this analysis, Antares
data include only up-going tracks for events originat-
ing from the Southern hemisphere, while IceCube data
include both up-going tracks (from the Northern hemi-
sphere) as well as down-going tracks (from the Southern
hemisphere). The energy threshold of neutrino candi-
dates increases in the Southern hemisphere for IceCube,
since downward-going atmospheric muons are not filtered
by the Earth, greatly increasing the background at lower
energies. Neutrino times of arrival are determined at µs
precision.

Since neutrino telescopes continuously take data ob-
serving the whole sky, it is possible to look back and
search for neutrino counterparts to an interesting GW
signal at any time around the GW observation.

To search for neutrinos coincident with GW150914, we
used a time window of ±500 s around the GW transient.
This search window, which was used in previous GW-
neutrino searches, is a conservative, observation-based
upper limit on the plausible emission of GWs and high-
energy neutrinos in the case of GRBs, which are thought
to be driven by a stellar-mass black hole—accretion disk
system [35]. While the relative time of arrival of GWs
and neutrinos can be informative [36–38], here we do
not use detailed temporal information beyond the ±500 s
time window.

The search for high-energy neutrino candidates
recorded by IceCube within ±500 s of GW150914 used
IceCube’s online event stream. The online event stream
implements an event selection similar to the event selec-
tion used for neutrino point source searches [39], but opti-
mized for real-time performance at the South Pole. This
event selection consists primarily of cosmic-ray-induced
background events, with an expectation per 1000 seconds
of 2.2 events in the Northern sky (atmospheric neutri-
nos), and 2.2 events in the Southern sky (high-energy
atmospheric muons). In the search window of ±500 s
centered on the GW alert time (see below), one event
was found in the Southern sky and two in the Northern
sky, which is consistent with the background expectation.
The properties of these events are listed in Table I. The

# �T [s] RA [h] Dec [�] �rec
µ [�] Erec

µ [TeV] fraction
1 +37.2 8.84 �16.6 0.35 175 12.5%
2 +163.2 11.13 12.0 1.95 1.22 26.5%
3 +311.4 �7.23 8.4 0.47 0.33 98.4%

TABLE I. Parameters of neutrino candidates identified by Ice-
Cube within the ±500 s time window around GW150914. �T
is the time of arrival of the neutrino candidates relative to that
of GW150914. Erec

µ is the reconstructed muon energy. �rec
µ

is the angular uncertainty of the reconstructed track direc-
tion [43]. The last column shows the fraction of background
neutrino candidates with higher reconstructed energy at the
same declination (±5�).

neutrino candidates’ directions are shown in Fig. 1.

The muon energy in Table I is reconstructed assum-
ing a single muon is producing the event. While the
event from the Southern hemisphere has a significantly
greater reconstructed energy [40] than the other two
events, 12.5% of the background events in the same dec-
lination range in the Southern hemisphere have energies
in excess of the one observed. The intense flux of at-
mospheric muons and bundles of muons that constitute
the background for IceCube in the Southern hemisphere
gradually falls as the cosmic ray flux declines with en-
ergy [41]. The use of energy cuts to remove most of this
background is the reason that IceCube’s sensitivity in the
Southern sky is shifted to higher energies.

An additional search was performed using the high-
energy starting event selection described in [19]. No
events were found in coincidence with GW150914.

The IceCube detector also has sensitivity to outbursts
of MeV neutrinos (as occur for example in core-collapse
supernovae) via a sudden increase in the photomultiplier
rates [42]. The global photomultiplier noise rate is mon-
itored continuously, and deviations su�cient to trigger
the lowest-level of alert occur roughly once per hour. No
alert was triggered during the ±500 second time-window
around the GW candidate event.

The search for coincident neutrinos for Antares
within ±500 s of GW150914 used Antares’s online re-
construction pipeline [44]. A fast and robust algorithm
[45] selected up-going neutrino candidates with ⇠mHz
rate, with atmospheric muon contamination less than
10%. In addition, to reduce the background of at-
mospheric neutrinos [46], a requirement of a minimum
reconstructed energy reduced the online event rate to
1.2 events/day. Consequently, for Antares the expected
number of neutrino candidates from the Southern sky in
a 1000 s window in the Southern sky is 0.014. We found
no neutrino events from Antares that were temporally
coincident with GW150914. This is consistent with the
expected background event rate.

➜ Consistent with the background expectations
(4.4 events for IceCube; 10-2 for ANTARES)
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Constraints on the total energy emitted in neutrinos

• 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 
(Mészaros 2015; Bartos et al., 2013)

Neutrino follow-up 

4

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.

declination the corresponding energy range is 200TeV to
100PeV.

To characterize the dependence of neutrino spectral
fluence limits on source direction, we calculate these lim-
its separately for the two distinct areas in the 90% cred-
ible region of the GW skymap. For the larger region
farther South (hereafter South region), we find upper
limits E2dN/dE = 1.2+0.25

�0.36 GeVcm�2 and E2dN/dE =

7.0+3.2
�2.0 GeVcm�2 for our two spectral models without

and with a cuto↵, respectively. The error bars define the
90% confidence interval of the upper limit, showing the
level of variation within each region. The average val-
ues were obtained as geometric averages, which better
represent the upper limit values as they are distributed
over a wide numerical range. For the smaller region far-
ther North (hereafter North region), we find upper lim-
its E2dN/dE = 0.10+0.12

�0.06 GeVcm�2 and E2dN/dE =

0.55+1.79
�0.44 GeVcm�2. As expected, we see that the limits

Energy range Limit [GeV cm�2]
100GeV – 1TeV 150

1TeV – 10TeV 18
10TeV – 100TeV 5.1

100TeV – 1PeV 5.5
1PeV – 10PeV 2.8

10PeV – 100PeV 6.5
100PeV – 1EeV 28

TABLE II. Upper limits on neutrino spectral fluence (⌫µ+⌫µ)
from GW150914, separately for di↵erent spectral ranges, at
Dec = �70�. We assume dN/dE / E�2 within each energy
band.

are much more constraining for the North region, given
the stronger limits at the Northern hemisphere due to Ice-
Cube’s greatly improved sensitivity there. Additionally,
we see that the 90% confidence intervals for the South re-
gion, which is much more likely to contain the real source
direction than the North region, are fairly small around
the average, with the lower and higher limits only di↵er-
ing by about a factor of 2. The upper limits within this
area can be considered essentially uniform. We observe
a much greater variation in the North region.
To provide a more detailed picture of our constraints

on neutrino emission, we additionally calculated neutrino
fluence upper limits for di↵erent energy bands. For these
limits, we assume dN/dE / E�2 within each energy
band. We focus on Dec = �70�, which is consistent
with the most likely source direction, and also with most
of the GW sky area’s credible region. For each energy
range, we use the limit from the most sensitive detector
within that range. The obtained limits are given in Table
II.
We now convert our fluence upper limits 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 each source model. The
obtained constraint will vary with respect to source di-
rection as we saw above. It will also depend on the un-
certain source distance. To account for these uncertain-
ties, we provide the range of values from the lowest to the
highest possible within the 90% confidence intervals with
respect to source direction and the 90% credible interval
with respect to source distance. For simplicity, we treat
the estimated source distance and its uncertainty inde-
pendent of the source direction. We consider both of the
distinct sky regions to provide an inclusive range. For
our two spectral models, we obtain the following upper
limit on the total energy radiated in neutrinos:

Eul

⌫,tot = 5.4⇥ 1051 – 1.3⇥ 1054 erg (1)

Eul(cuto↵)

⌫,tot = 6.6⇥ 1051 – 3.7⇥ 1054 erg (2)

with the first and second lines of the equation correspond-
ing to the spectral models without and with cuto↵, re-
spectively. For comparison, the total energy radiated in
GWs from the source is ⇠ 5⇥ 1054 erg. This value can
also be compared to high-energy emission expected in

at d=410+160  Mpc-180
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of their values for short GRBs. Figure 1 also shows con-
ventional atmospheric neutrino flux [22] which has been
measured by IceCube up to 400 TeV [23].

Finally we calculate the HESE number (cascade or
track) at the IceCube detector from GW150914-GBM us-
ing the corresponding neutrino e↵ective area A⌫,e↵(✏⌫),
averaged over the full sky in the ⇠ 25 TeV - 1 PeV energy
range [24], as

N⌫ = T

Z 1 PeV

25 TeV

dN⌫

d✏⌫
A⌫,e↵(✏⌫)d✏⌫ , (6)

where T = 1 s. Note that the 90% confidence region
of the joint LIGO-Fermi localization of the GW150914
event (bottom right panel of Fig. 8 in Ref. [7]) lies entirely
in the Southern hemisphere at Dec < �60�. Neutrinos
with ⇠ 1 PeV energy in the upper limit of integration in
Eq. (6) su↵ers negligible absorption inside the earth for
this source localization region. The atmospheric neutrino
flux is much lower than the flux from the GW150914-
GBM in this energy range for R . 3 ⇥ 1012 cm (see
Fig. 1).

RESULTS AND DISCUSSION

Our main results are shown in Fig. 2 where we have
plotted the number of HESE (cascade- or track-type) in
IceCube from the short burst GW150914-GBM in coin-
cidence with the gravitational wave detection. In the top
panel we plot the bulk Lorentz factor � of the GRB jet in
the x-axis, which is the most-sensitive parameter for cal-
culating the p� interaction e�ciency in Eq. (3). We have
kept the flux variability time tv = 10�2 s fixed. In the
bottom panel we plot the flux variability time tv in the
x-axis, which is the other sensitive parameter. We have
kept � = 101.5 fixed in this case. The y-axis of Fig. 2
(both panels) shows the ratio of the proton to photon
energy ⌘p = Lp/L� in Eq. (5). Di↵erent shading in the
plot represents di↵erent number of events as indicated in
the sidebars. The contour lines indicate number of HESE
as 1, 2, 3, etc. from the bottom and above.

Note in Fig. 2 (top panel) that the event number is
lower for higher � & 102, as expected, and deduced from
non-detection of GRBs in neutrinos [25–27]. For � . 10,
the peak in Fig. 1 shifts to further below the 25 TeV
threshold energy for HESE detection. Thus the HESE
detection is the most e↵ective for 10 . � . 102. The tv

dependence (bottom panel) is milder than the � depen-
dence, with a preference for tens of ms variability. The
preferred range of radii for HEN production is therefore
between ⇠ 3 ⇥ 1010 cm and ⇠ 3 ⇥ 1012 cm. The atmo-
spheric neutrino flux is lower than the HEN flux in the
energy range of Eq. (6) for these radii even in case of
⌘p = 1 (see Fig. 1).

The plots in Fig. 2 allow us to put constraints on the
⌘p � � and ⌘p � tv parameter spaces using non-detection

FIG. 2: Number of high-energy starting events in the Ice-
Cube detector calculated from the flux of the short GRB in
coincidence with GW150914. The ratio of the proton to elec-
tromagnetic energy ⌘p = Lp/L� is plotted against the jet bulk
Lorentz factor � (top panel) and the flux variability time tv
(bottom panel). The contour lines represent 1, 2, 3 ... etc.
HESE (from the lowest and above). The minimum values of
⌘p, � and tv for detection of 1 HESE are 1.6 ⇥ 103, 37 and
2⇥10�2 s, respectively. Non-detection of any event results in a
limit on the isotropic-equivalent jet power Lp . 3⇥1052 erg/s.

of any HEN by IceCube in coincidence with the GW
event [20]. The minimum parameter values for detec-
tion of 1 HESE is (⌘p, �) = (1.6 ⇥ 103, 37) (top panel)
and (⌘p, tv) = (1.6⇥ 103, 2.1⇥ 10�2 s) (bottom panel).
The tv = 10�2 value kept fixed in the top panel is largely
consistent with the value in the bottom panel where ⌘p

is the minimum. Similarly the � = 101.5 value kept fixed
in the bottom panel is largely consistent with the value
obtained in the top panel where ⌘p is the minimum. As
a result the minimum ⌘p values are also consistent with
each other. A detection of at least 1 HESE would then
require Lp/L� & 1.6⇥103 or Lp ⇠ 3⇥1052 erg/s, at least.

Moharana et al., 2016

- Calculate HEN flux from a short GRB 
- Non-detection of neutrino event can constrain jet parameters
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of their values for short GRBs. Figure 1 also shows con-
ventional atmospheric neutrino flux [22] which has been
measured by IceCube up to 400 TeV [23].

Finally we calculate the HESE number (cascade or
track) at the IceCube detector from GW150914-GBM us-
ing the corresponding neutrino e↵ective area A⌫,e↵(✏⌫),
averaged over the full sky in the ⇠ 25 TeV - 1 PeV energy
range [24], as

N⌫ = T

Z 1 PeV

25 TeV

dN⌫

d✏⌫
A⌫,e↵(✏⌫)d✏⌫ , (6)

where T = 1 s. Note that the 90% confidence region
of the joint LIGO-Fermi localization of the GW150914
event (bottom right panel of Fig. 8 in Ref. [7]) lies entirely
in the Southern hemisphere at Dec < �60�. Neutrinos
with ⇠ 1 PeV energy in the upper limit of integration in
Eq. (6) su↵ers negligible absorption inside the earth for
this source localization region. The atmospheric neutrino
flux is much lower than the flux from the GW150914-
GBM in this energy range for R . 3 ⇥ 1012 cm (see
Fig. 1).

RESULTS AND DISCUSSION

Our main results are shown in Fig. 2 where we have
plotted the number of HESE (cascade- or track-type) in
IceCube from the short burst GW150914-GBM in coin-
cidence with the gravitational wave detection. In the top
panel we plot the bulk Lorentz factor � of the GRB jet in
the x-axis, which is the most-sensitive parameter for cal-
culating the p� interaction e�ciency in Eq. (3). We have
kept the flux variability time tv = 10�2 s fixed. In the
bottom panel we plot the flux variability time tv in the
x-axis, which is the other sensitive parameter. We have
kept � = 101.5 fixed in this case. The y-axis of Fig. 2
(both panels) shows the ratio of the proton to photon
energy ⌘p = Lp/L� in Eq. (5). Di↵erent shading in the
plot represents di↵erent number of events as indicated in
the sidebars. The contour lines indicate number of HESE
as 1, 2, 3, etc. from the bottom and above.

Note in Fig. 2 (top panel) that the event number is
lower for higher � & 102, as expected, and deduced from
non-detection of GRBs in neutrinos [25–27]. For � . 10,
the peak in Fig. 1 shifts to further below the 25 TeV
threshold energy for HESE detection. Thus the HESE
detection is the most e↵ective for 10 . � . 102. The tv

dependence (bottom panel) is milder than the � depen-
dence, with a preference for tens of ms variability. The
preferred range of radii for HEN production is therefore
between ⇠ 3 ⇥ 1010 cm and ⇠ 3 ⇥ 1012 cm. The atmo-
spheric neutrino flux is lower than the HEN flux in the
energy range of Eq. (6) for these radii even in case of
⌘p = 1 (see Fig. 1).

The plots in Fig. 2 allow us to put constraints on the
⌘p � � and ⌘p � tv parameter spaces using non-detection

FIG. 2: Number of high-energy starting events in the Ice-
Cube detector calculated from the flux of the short GRB in
coincidence with GW150914. The ratio of the proton to elec-
tromagnetic energy ⌘p = Lp/L� is plotted against the jet bulk
Lorentz factor � (top panel) and the flux variability time tv
(bottom panel). The contour lines represent 1, 2, 3 ... etc.
HESE (from the lowest and above). The minimum values of
⌘p, � and tv for detection of 1 HESE are 1.6 ⇥ 103, 37 and
2⇥10�2 s, respectively. Non-detection of any event results in a
limit on the isotropic-equivalent jet power Lp . 3⇥1052 erg/s.

of any HEN by IceCube in coincidence with the GW
event [20]. The minimum parameter values for detec-
tion of 1 HESE is (⌘p, �) = (1.6 ⇥ 103, 37) (top panel)
and (⌘p, tv) = (1.6⇥ 103, 2.1⇥ 10�2 s) (bottom panel).
The tv = 10�2 value kept fixed in the top panel is largely
consistent with the value in the bottom panel where ⌘p

is the minimum. Similarly the � = 101.5 value kept fixed
in the bottom panel is largely consistent with the value
obtained in the top panel where ⌘p is the minimum. As
a result the minimum ⌘p values are also consistent with
each other. A detection of at least 1 HESE would then
require Lp/L� & 1.6⇥103 or Lp ⇠ 3⇥1052 erg/s, at least.

Moharana et al., 2016
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of their values for short GRBs. Figure 1 also shows con-
ventional atmospheric neutrino flux [22] which has been
measured by IceCube up to 400 TeV [23].

Finally we calculate the HESE number (cascade or
track) at the IceCube detector from GW150914-GBM us-
ing the corresponding neutrino e↵ective area A⌫,e↵(✏⌫),
averaged over the full sky in the ⇠ 25 TeV - 1 PeV energy
range [24], as

N⌫ = T

Z 1 PeV

25 TeV

dN⌫

d✏⌫
A⌫,e↵(✏⌫)d✏⌫ , (6)

where T = 1 s. Note that the 90% confidence region
of the joint LIGO-Fermi localization of the GW150914
event (bottom right panel of Fig. 8 in Ref. [7]) lies entirely
in the Southern hemisphere at Dec < �60�. Neutrinos
with ⇠ 1 PeV energy in the upper limit of integration in
Eq. (6) su↵ers negligible absorption inside the earth for
this source localization region. The atmospheric neutrino
flux is much lower than the flux from the GW150914-
GBM in this energy range for R . 3 ⇥ 1012 cm (see
Fig. 1).

RESULTS AND DISCUSSION

Our main results are shown in Fig. 2 where we have
plotted the number of HESE (cascade- or track-type) in
IceCube from the short burst GW150914-GBM in coin-
cidence with the gravitational wave detection. In the top
panel we plot the bulk Lorentz factor � of the GRB jet in
the x-axis, which is the most-sensitive parameter for cal-
culating the p� interaction e�ciency in Eq. (3). We have
kept the flux variability time tv = 10�2 s fixed. In the
bottom panel we plot the flux variability time tv in the
x-axis, which is the other sensitive parameter. We have
kept � = 101.5 fixed in this case. The y-axis of Fig. 2
(both panels) shows the ratio of the proton to photon
energy ⌘p = Lp/L� in Eq. (5). Di↵erent shading in the
plot represents di↵erent number of events as indicated in
the sidebars. The contour lines indicate number of HESE
as 1, 2, 3, etc. from the bottom and above.

Note in Fig. 2 (top panel) that the event number is
lower for higher � & 102, as expected, and deduced from
non-detection of GRBs in neutrinos [25–27]. For � . 10,
the peak in Fig. 1 shifts to further below the 25 TeV
threshold energy for HESE detection. Thus the HESE
detection is the most e↵ective for 10 . � . 102. The tv

dependence (bottom panel) is milder than the � depen-
dence, with a preference for tens of ms variability. The
preferred range of radii for HEN production is therefore
between ⇠ 3 ⇥ 1010 cm and ⇠ 3 ⇥ 1012 cm. The atmo-
spheric neutrino flux is lower than the HEN flux in the
energy range of Eq. (6) for these radii even in case of
⌘p = 1 (see Fig. 1).

The plots in Fig. 2 allow us to put constraints on the
⌘p � � and ⌘p � tv parameter spaces using non-detection

FIG. 2: Number of high-energy starting events in the Ice-
Cube detector calculated from the flux of the short GRB in
coincidence with GW150914. The ratio of the proton to elec-
tromagnetic energy ⌘p = Lp/L� is plotted against the jet bulk
Lorentz factor � (top panel) and the flux variability time tv
(bottom panel). The contour lines represent 1, 2, 3 ... etc.
HESE (from the lowest and above). The minimum values of
⌘p, � and tv for detection of 1 HESE are 1.6 ⇥ 103, 37 and
2⇥10�2 s, respectively. Non-detection of any event results in a
limit on the isotropic-equivalent jet power Lp . 3⇥1052 erg/s.

of any HEN by IceCube in coincidence with the GW
event [20]. The minimum parameter values for detec-
tion of 1 HESE is (⌘p, �) = (1.6 ⇥ 103, 37) (top panel)
and (⌘p, tv) = (1.6⇥ 103, 2.1⇥ 10�2 s) (bottom panel).
The tv = 10�2 value kept fixed in the top panel is largely
consistent with the value in the bottom panel where ⌘p

is the minimum. Similarly the � = 101.5 value kept fixed
in the bottom panel is largely consistent with the value
obtained in the top panel where ⌘p is the minimum. As
a result the minimum ⌘p values are also consistent with
each other. A detection of at least 1 HESE would then
require Lp/L� & 1.6⇥103 or Lp ⇠ 3⇥1052 erg/s, at least.if Lɣ~1049 erg/sand

- Calculate HEN flux from a short GRB 
- Non-detection of neutrino event can constrain jet parameters
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of their values for short GRBs. Figure 1 also shows con-
ventional atmospheric neutrino flux [22] which has been
measured by IceCube up to 400 TeV [23].

Finally we calculate the HESE number (cascade or
track) at the IceCube detector from GW150914-GBM us-
ing the corresponding neutrino e↵ective area A⌫,e↵(✏⌫),
averaged over the full sky in the ⇠ 25 TeV - 1 PeV energy
range [24], as

N⌫ = T

Z 1 PeV

25 TeV

dN⌫

d✏⌫
A⌫,e↵(✏⌫)d✏⌫ , (6)

where T = 1 s. Note that the 90% confidence region
of the joint LIGO-Fermi localization of the GW150914
event (bottom right panel of Fig. 8 in Ref. [7]) lies entirely
in the Southern hemisphere at Dec < �60�. Neutrinos
with ⇠ 1 PeV energy in the upper limit of integration in
Eq. (6) su↵ers negligible absorption inside the earth for
this source localization region. The atmospheric neutrino
flux is much lower than the flux from the GW150914-
GBM in this energy range for R . 3 ⇥ 1012 cm (see
Fig. 1).

RESULTS AND DISCUSSION

Our main results are shown in Fig. 2 where we have
plotted the number of HESE (cascade- or track-type) in
IceCube from the short burst GW150914-GBM in coin-
cidence with the gravitational wave detection. In the top
panel we plot the bulk Lorentz factor � of the GRB jet in
the x-axis, which is the most-sensitive parameter for cal-
culating the p� interaction e�ciency in Eq. (3). We have
kept the flux variability time tv = 10�2 s fixed. In the
bottom panel we plot the flux variability time tv in the
x-axis, which is the other sensitive parameter. We have
kept � = 101.5 fixed in this case. The y-axis of Fig. 2
(both panels) shows the ratio of the proton to photon
energy ⌘p = Lp/L� in Eq. (5). Di↵erent shading in the
plot represents di↵erent number of events as indicated in
the sidebars. The contour lines indicate number of HESE
as 1, 2, 3, etc. from the bottom and above.

Note in Fig. 2 (top panel) that the event number is
lower for higher � & 102, as expected, and deduced from
non-detection of GRBs in neutrinos [25–27]. For � . 10,
the peak in Fig. 1 shifts to further below the 25 TeV
threshold energy for HESE detection. Thus the HESE
detection is the most e↵ective for 10 . � . 102. The tv

dependence (bottom panel) is milder than the � depen-
dence, with a preference for tens of ms variability. The
preferred range of radii for HEN production is therefore
between ⇠ 3 ⇥ 1010 cm and ⇠ 3 ⇥ 1012 cm. The atmo-
spheric neutrino flux is lower than the HEN flux in the
energy range of Eq. (6) for these radii even in case of
⌘p = 1 (see Fig. 1).

The plots in Fig. 2 allow us to put constraints on the
⌘p � � and ⌘p � tv parameter spaces using non-detection

FIG. 2: Number of high-energy starting events in the Ice-
Cube detector calculated from the flux of the short GRB in
coincidence with GW150914. The ratio of the proton to elec-
tromagnetic energy ⌘p = Lp/L� is plotted against the jet bulk
Lorentz factor � (top panel) and the flux variability time tv
(bottom panel). The contour lines represent 1, 2, 3 ... etc.
HESE (from the lowest and above). The minimum values of
⌘p, � and tv for detection of 1 HESE are 1.6 ⇥ 103, 37 and
2⇥10�2 s, respectively. Non-detection of any event results in a
limit on the isotropic-equivalent jet power Lp . 3⇥1052 erg/s.

of any HEN by IceCube in coincidence with the GW
event [20]. The minimum parameter values for detec-
tion of 1 HESE is (⌘p, �) = (1.6 ⇥ 103, 37) (top panel)
and (⌘p, tv) = (1.6⇥ 103, 2.1⇥ 10�2 s) (bottom panel).
The tv = 10�2 value kept fixed in the top panel is largely
consistent with the value in the bottom panel where ⌘p

is the minimum. Similarly the � = 101.5 value kept fixed
in the bottom panel is largely consistent with the value
obtained in the top panel where ⌘p is the minimum. As
a result the minimum ⌘p values are also consistent with
each other. A detection of at least 1 HESE would then
require Lp/L� & 1.6⇥103 or Lp ⇠ 3⇥1052 erg/s, at least.

Moharana et al., 2016

Lp/Lɣ<1.6x103 ; 𝚪<37
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of their values for short GRBs. Figure 1 also shows con-
ventional atmospheric neutrino flux [22] which has been
measured by IceCube up to 400 TeV [23].

Finally we calculate the HESE number (cascade or
track) at the IceCube detector from GW150914-GBM us-
ing the corresponding neutrino e↵ective area A⌫,e↵(✏⌫),
averaged over the full sky in the ⇠ 25 TeV - 1 PeV energy
range [24], as

N⌫ = T

Z 1 PeV

25 TeV

dN⌫

d✏⌫
A⌫,e↵(✏⌫)d✏⌫ , (6)

where T = 1 s. Note that the 90% confidence region
of the joint LIGO-Fermi localization of the GW150914
event (bottom right panel of Fig. 8 in Ref. [7]) lies entirely
in the Southern hemisphere at Dec < �60�. Neutrinos
with ⇠ 1 PeV energy in the upper limit of integration in
Eq. (6) su↵ers negligible absorption inside the earth for
this source localization region. The atmospheric neutrino
flux is much lower than the flux from the GW150914-
GBM in this energy range for R . 3 ⇥ 1012 cm (see
Fig. 1).

RESULTS AND DISCUSSION

Our main results are shown in Fig. 2 where we have
plotted the number of HESE (cascade- or track-type) in
IceCube from the short burst GW150914-GBM in coin-
cidence with the gravitational wave detection. In the top
panel we plot the bulk Lorentz factor � of the GRB jet in
the x-axis, which is the most-sensitive parameter for cal-
culating the p� interaction e�ciency in Eq. (3). We have
kept the flux variability time tv = 10�2 s fixed. In the
bottom panel we plot the flux variability time tv in the
x-axis, which is the other sensitive parameter. We have
kept � = 101.5 fixed in this case. The y-axis of Fig. 2
(both panels) shows the ratio of the proton to photon
energy ⌘p = Lp/L� in Eq. (5). Di↵erent shading in the
plot represents di↵erent number of events as indicated in
the sidebars. The contour lines indicate number of HESE
as 1, 2, 3, etc. from the bottom and above.

Note in Fig. 2 (top panel) that the event number is
lower for higher � & 102, as expected, and deduced from
non-detection of GRBs in neutrinos [25–27]. For � . 10,
the peak in Fig. 1 shifts to further below the 25 TeV
threshold energy for HESE detection. Thus the HESE
detection is the most e↵ective for 10 . � . 102. The tv

dependence (bottom panel) is milder than the � depen-
dence, with a preference for tens of ms variability. The
preferred range of radii for HEN production is therefore
between ⇠ 3 ⇥ 1010 cm and ⇠ 3 ⇥ 1012 cm. The atmo-
spheric neutrino flux is lower than the HEN flux in the
energy range of Eq. (6) for these radii even in case of
⌘p = 1 (see Fig. 1).

The plots in Fig. 2 allow us to put constraints on the
⌘p � � and ⌘p � tv parameter spaces using non-detection

FIG. 2: Number of high-energy starting events in the Ice-
Cube detector calculated from the flux of the short GRB in
coincidence with GW150914. The ratio of the proton to elec-
tromagnetic energy ⌘p = Lp/L� is plotted against the jet bulk
Lorentz factor � (top panel) and the flux variability time tv
(bottom panel). The contour lines represent 1, 2, 3 ... etc.
HESE (from the lowest and above). The minimum values of
⌘p, � and tv for detection of 1 HESE are 1.6 ⇥ 103, 37 and
2⇥10�2 s, respectively. Non-detection of any event results in a
limit on the isotropic-equivalent jet power Lp . 3⇥1052 erg/s.

of any HEN by IceCube in coincidence with the GW
event [20]. The minimum parameter values for detec-
tion of 1 HESE is (⌘p, �) = (1.6 ⇥ 103, 37) (top panel)
and (⌘p, tv) = (1.6⇥ 103, 2.1⇥ 10�2 s) (bottom panel).
The tv = 10�2 value kept fixed in the top panel is largely
consistent with the value in the bottom panel where ⌘p

is the minimum. Similarly the � = 101.5 value kept fixed
in the bottom panel is largely consistent with the value
obtained in the top panel where ⌘p is the minimum. As
a result the minimum ⌘p values are also consistent with
each other. A detection of at least 1 HESE would then
require Lp/L� & 1.6⇥103 or Lp ⇠ 3⇥1052 erg/s, at least.if Lɣ~1049 erg/sand

Supposes a gamma-ray  
counterpart

- Calculate HEN flux from a short GRB 
- Non-detection of neutrino event can constrain jet parameters
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Electromagnetic follow-up 
18

Figure 3. Footprints of observations in comparison with the 50% and 90% credible levels of the initially distributed GW localiza-
tion maps. Radio fields are shaded red, optical/infrared fields are green, and XRT fields are blue circles. The all-sky Fermi GBM,
LAT, INTEGRAL SPI-ACS, and MAXI observations are not shown. Where fields overlap, the shading is darker. The initial cWB
localization is shown as thin black contour lines and the refined LIB localization as thick black lines. The inset highlights the
Swift observations consisting of a hexagonal grid and a selection of the a posteriori most highly ranked galaxies. The Schlegel
et al. (1998) reddening map is shown in the background to represent the Galactic plane. The projection is the same as in Fig. 2.

     Neutrino counterpart could 
constrain the position of the 
GW event on the sky !

Neutrino angular error : <0.5°2 

GW angular error : ~100°2

⇒

Abbott et al., 2016

– 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.

Gamma-ray counterpart ?
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What’s next ? 

• First neutrino follow-up 

• Thanks to previous GW+ HEN studies (e.g. ANTARES/LIGO-Virgo 2013) 

• O2 LIGO+Virgo about to start (next summer) 
  

• Expected detection rate ~2–400 Gpc−3 yr−1 

• Coincident neutrino/GW detection ? 

• Can significantly constrain the GW source position 

• Would open a new era 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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.

declination the corresponding energy range is 200TeV to
100PeV.

To characterize the dependence of neutrino spectral
fluence limits on source direction, we calculate these lim-
its separately for the two distinct areas in the 90% cred-
ible region of the GW skymap. For the larger region
farther South (hereafter South region), we find upper
limits E2dN/dE = 1.2+0.25

�0.36 GeVcm�2 and E2dN/dE =

7.0+3.2
�2.0 GeVcm�2 for our two spectral models without

and with a cuto↵, respectively. The error bars define the
90% confidence interval of the upper limit, showing the
level of variation within each region. The average val-
ues were obtained as geometric averages, which better
represent the upper limit values as they are distributed
over a wide numerical range. For the smaller region far-
ther North (hereafter North region), we find upper lim-
its E2dN/dE = 0.10+0.12

�0.06 GeVcm�2 and E2dN/dE =

0.55+1.79
�0.44 GeVcm�2. As expected, we see that the limits

Energy range Limit [GeV cm�2]
100GeV – 1TeV 150

1TeV – 10TeV 18
10TeV – 100TeV 5.1

100TeV – 1PeV 5.5
1PeV – 10PeV 2.8

10PeV – 100PeV 6.5
100PeV – 1EeV 28

TABLE II. Upper limits on neutrino spectral fluence (⌫µ+⌫µ)
from GW150914, separately for di↵erent spectral ranges, at
Dec = �70�. We assume dN/dE / E�2 within each energy
band.

are much more constraining for the North region, given
the stronger limits at the Northern hemisphere due to Ice-
Cube’s greatly improved sensitivity there. Additionally,
we see that the 90% confidence intervals for the South re-
gion, which is much more likely to contain the real source
direction than the North region, are fairly small around
the average, with the lower and higher limits only di↵er-
ing by about a factor of 2. The upper limits within this
area can be considered essentially uniform. We observe
a much greater variation in the North region.
To provide a more detailed picture of our constraints

on neutrino emission, we additionally calculated neutrino
fluence upper limits for di↵erent energy bands. For these
limits, we assume dN/dE / E�2 within each energy
band. We focus on Dec = �70�, which is consistent
with the most likely source direction, and also with most
of the GW sky area’s credible region. For each energy
range, we use the limit from the most sensitive detector
within that range. The obtained limits are given in Table
II.
We now convert our fluence upper limits 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 each source model. The
obtained constraint will vary with respect to source di-
rection as we saw above. It will also depend on the un-
certain source distance. To account for these uncertain-
ties, we provide the range of values from the lowest to the
highest possible within the 90% confidence intervals with
respect to source direction and the 90% credible interval
with respect to source distance. For simplicity, we treat
the estimated source distance and its uncertainty inde-
pendent of the source direction. We consider both of the
distinct sky regions to provide an inclusive range. For
our two spectral models, we obtain the following upper
limit on the total energy radiated in neutrinos:

Eul

⌫,tot = 5.4⇥ 1051 – 1.3⇥ 1054 erg (1)

Eul(cuto↵)

⌫,tot = 6.6⇥ 1051 – 3.7⇥ 1054 erg (2)

with the first and second lines of the equation correspond-
ing to the spectral models without and with cuto↵, re-
spectively. For comparison, the total energy radiated in
GWs from the source is ⇠ 5⇥ 1054 erg. This value can
also be compared to high-energy emission expected in

Spectral fluence U.L. 
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IceCube candidate neutrinos  

3

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.

IV. RESULTS

A. Joint analysis

We carried out the joint GW and neutrino search fol-
lowing the analysis developed for previous GW and neu-
trino datasets using initial GW detectors [23, 25, 35, 47].
After identifying the GW event GW150914 with the cWB
pipeline, we used reconstructed neutrino candidates to
search for temporal and directional coincidences between
GW150914 and neutrinos. We assumed that the a priori

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. The relative propagation time
between neutrinos and GWs may change in alternative
gravity models [48, 49]. However, discrepancies from gen-
eral relativity could in principle be probed with a joint
GW-neutrino detection by comparing the arrival 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 candidates
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 consistent with back-
ground, we briefly consider di↵erent aspects of the data
separately. First, the number of detected neutrino can-
didates, 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 con-
sidered 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)]. The latter model
is expected for sources with exponential cuto↵ in the pri-
mary proton spectrum [50]. This is expected for some
galactic sources, and is also adopted here for compari-
son to previous analyses [51]. 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 de-
tector. We see in Fig. 2 that the constraint strongly
depends on the source direction, and is mostly within
E2dN/dE ⇠ 10�1 � 10GeV cm�2. Furthermore, the up-
per limits by Antares and IceCube constrain di↵erent
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

1) p-value of observing 3 background events when expecting 4.4 :

2

The directional point spread function (sky map) of the
GW event was computed through the full parameter es-
timation of the signal, carried out using the LALInfer-
ence package [33, 34]. The LALInference results pre-
sented here account for calibration uncertainty in the
GW strain signal. The sky map is shown in Fig. 1.
At 90% (50%) credible level (CL), the sky map covers
590 deg2 (140 deg2).

III. HIGH-ENERGY NEUTRINO
COINCIDENCE SEARCH

High-energy neutrino observatories are primarily sen-
sitive to neutrinos with �GeV energies. IceCube and
Antares are both sensitive to through-going muons
(called track events), produced by neutrinos near the
detector, above ⇠ 100GeV. In this analysis, Antares
data include only up-going tracks for events originat-
ing from the Southern hemisphere, while IceCube data
include both up-going tracks (from the Northern hemi-
sphere) as well as down-going tracks (from the Southern
hemisphere). The energy threshold of neutrino candi-
dates increases in the Southern hemisphere for IceCube,
since downward-going atmospheric muons are not filtered
by the Earth, greatly increasing the background at lower
energies. Neutrino times of arrival are determined at µs
precision.

Since neutrino telescopes continuously take data ob-
serving the whole sky, it is possible to look back and
search for neutrino counterparts to an interesting GW
signal at any time around the GW observation.

To search for neutrinos coincident with GW150914, we
used a time window of ±500 s around the GW transient.
This search window, which was used in previous GW-
neutrino searches, is a conservative, observation-based
upper limit on the plausible emission of GWs and high-
energy neutrinos in the case of GRBs, which are thought
to be driven by a stellar-mass black hole—accretion disk
system [35]. While the relative time of arrival of GWs
and neutrinos can be informative [36–38], here we do
not use detailed temporal information beyond the ±500 s
time window.

The search for high-energy neutrino candidates
recorded by IceCube within ±500 s of GW150914 used
IceCube’s online event stream. The online event stream
implements an event selection similar to the event selec-
tion used for neutrino point source searches [39], but opti-
mized for real-time performance at the South Pole. This
event selection consists primarily of cosmic-ray-induced
background events, with an expectation per 1000 seconds
of 2.2 events in the Northern sky (atmospheric neutri-
nos), and 2.2 events in the Southern sky (high-energy
atmospheric muons). In the search window of ±500 s
centered on the GW alert time (see below), one event
was found in the Southern sky and two in the Northern
sky, which is consistent with the background expectation.
The properties of these events are listed in Table I. The

# �T [s] RA [h] Dec [�] �rec
µ [�] Erec

µ [TeV] fraction
1 +37.2 8.84 �16.6 0.35 175 12.5%
2 +163.2 11.13 12.0 1.95 1.22 26.5%
3 +311.4 �7.23 8.4 0.47 0.33 98.4%

TABLE I. Parameters of neutrino candidates identified by Ice-
Cube within the ±500 s time window around GW150914. �T
is the time of arrival of the neutrino candidates relative to that
of GW150914. Erec

µ is the reconstructed muon energy. �rec
µ

is the angular uncertainty of the reconstructed track direc-
tion [43]. The last column shows the fraction of background
neutrino candidates with higher reconstructed energy at the
same declination (±5�).

neutrino candidates’ directions are shown in Fig. 1.

The muon energy in Table I is reconstructed assum-
ing a single muon is producing the event. While the
event from the Southern hemisphere has a significantly
greater reconstructed energy [40] than the other two
events, 12.5% of the background events in the same dec-
lination range in the Southern hemisphere have energies
in excess of the one observed. The intense flux of at-
mospheric muons and bundles of muons that constitute
the background for IceCube in the Southern hemisphere
gradually falls as the cosmic ray flux declines with en-
ergy [41]. The use of energy cuts to remove most of this
background is the reason that IceCube’s sensitivity in the
Southern sky is shifted to higher energies.

An additional search was performed using the high-
energy starting event selection described in [19]. No
events were found in coincidence with GW150914.

The IceCube detector also has sensitivity to outbursts
of MeV neutrinos (as occur for example in core-collapse
supernovae) via a sudden increase in the photomultiplier
rates [42]. The global photomultiplier noise rate is mon-
itored continuously, and deviations su�cient to trigger
the lowest-level of alert occur roughly once per hour. No
alert was triggered during the ±500 second time-window
around the GW candidate event.

The search for coincident neutrinos for Antares
within ±500 s of GW150914 used Antares’s online re-
construction pipeline [44]. A fast and robust algorithm
[45] selected up-going neutrino candidates with ⇠mHz
rate, with atmospheric muon contamination less than
10%. In addition, to reduce the background of at-
mospheric neutrinos [46], a requirement of a minimum
reconstructed energy reduced the online event rate to
1.2 events/day. Consequently, for Antares the expected
number of neutrino candidates from the Southern sky in
a 1000 s window in the Southern sky is 0.014. We found
no neutrino events from Antares that were temporally
coincident with GW150914. This is consistent with the
expected background event rate.

2) Most significant event :

proba. that at least one candidate (out of 3) has an energy high enough to make it appear 
even less background-like :

3) Position in the sky :

3

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.

IV. RESULTS

A. Joint analysis

We carried out the joint GW and neutrino search fol-
lowing the analysis developed for previous GW and neu-
trino datasets using initial GW detectors [23, 25, 35, 47].
After identifying the GW event GW150914 with the cWB
pipeline, we used reconstructed neutrino candidates to
search for temporal and directional coincidences between
GW150914 and neutrinos. We assumed that the a priori

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. The relative propagation time
between neutrinos and GWs may change in alternative
gravity models [48, 49]. However, discrepancies from gen-
eral relativity could in principle be probed with a joint
GW-neutrino detection by comparing the arrival 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 candidates
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-
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well as a model with a spectral cuto↵ at high energies:
dN/dE / E�2 exp[�p

(E/100TeV)]. The latter model
is expected for sources with exponential cuto↵ in the pri-
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