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Recently, the LIGO observatory reported the first direct observation of gravitational waves, with a signal
consistent with a binary black hole merger. This detection triggered several follow-up searches for
coincident emission in electromagnetic waves as well as neutrinos, but no such emission was found. In this
article, the implications of the nondetection of counterpart neutrinos are investigated using general
arguments. The results are interpreted with a parameter denoting the energy emitted in neutrinos relative to
the energy emitted in gravitational waves. The bound on this parameter from the diffuse astrophysical
neutrino flux detected by the IceCube Neutrino Observatory is discussed. It is found that, currently, the
nondetection of counterpart neutrinos puts a bound comparable to the one from the diffuse astrophysical
neutrino flux. This bound is then used to constrain the amount of matter in the black hole binary
environment. Finally, the sensitivity to this parameter in future gravitational wave observation runs is
investigated. It is shown how the detection of one or more neutrinos from a single merger would strongly
constrain the source population and evolution.
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I. INTRODUCTION AND MOTIVATION

On September 14th 2015, the two detectors of the Laser
Interferometer Gravitational-Wave Observatory (LIGO)
observed a transient gravitational wave signal, referred
to as GW150914 [1]. This signal matches with the expect-
ations from the merger of two black holes with masses
equal to 36þ5

−4 M⊙ and 29þ4
−4 M⊙. The LIGO detection

triggered a large follow-up campaign in both electromag-
netic [2] as well as neutrino [3–5] detectors. None of the
follow-up searches triggered by GW150914 led to a
significant detection.1 After the detection of GW150914
several models have been constructed that give rise to
photon emission during a binary black hole (BBH) merger
[7–9]. Nevertheless, in general no emission apart from
gravitational waves (GW) is predicted, since no matter is
expected to be present in the environment of the black hole
binary. To test this hypothesis, given that Megaton-scale
neutrino detectors such as IceCube [10], ANTARES [11],
and Baikal-GVD [12] are available, it is useful to search
for counterpart neutrinos. In view of the multimessenger
approach, a neutrino detection of a source discovered in
gravitational waves would shine a unique light on the
source properties.
In this paper, the potential of probing neutrino emission

from GW sources from current and future GW events is

investigated. A general approach is used which allows us to
constrain, for a given type of merger, the fraction of energy
released in neutrinos relative to gravitational waves. The
focus will be on the IceCube and ANTARES neutrino
observatories and their energy range, above 100 GeV up to
several PeV. At energies around the MeV-scale, neutrino
emission could also be investigated. KamLAND [13] has
published results of a search for MeV-neutrinos as counter-
part of GW150914. However, it is likely that neutrinos at
these energies would be produced by a completely different
mechanism and matching the two results requires a detailed
modelling of the ν-spectrum.
In Sec. II, the method is defined, followed by a brief

discussion of the neutrino emission. It is shown how the
diffuse astrophysical neutrino flux directly constrains the
possible neutrino emission from BBH mergers. In Sec. III,
the method is applied to GW150914, with the focus on
IceCube and ANTARES. Afterwards, the same method is
repeated for multiple BBH mergers that could be detected
in future observation runs. The gain in sensitivity and the
reach by the end of LIGO run O2 is investigated. Finally, in
Sec. IV, it is discussed how the current results are affected
when considering different distributions of black hole
masses. In addition, it is shown how the general results
given here, can be interpreted using specific models.
This immediately leads to a bound on the amount of
matter in the black hole binary environment. It should be
stressed that, while the focus here is on BBH mergers, the
parametrization is completely general and can also be used
for other types of GW sources that might be discovered in
the near future, such as neutron star-black hole and neutron

1The Fermi-GBM has however reported a subthreshold tran-
sient event, consistent with a short GRB [6]. It is still unclear
whether this was associated with GW150914 or a chance
coincidence.
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star-neutron star mergers, for which neutrino emission is
expected.

II. METHOD

A. Neutrino emission strength

The high-energy neutrino emission from the gravitation-
ally detected BBH merger is investigated using the energy
released through gravitational waves in combination with
observations by neutrino telescopes. This will be applied to
GW150914, which released 3þ0.5

−0.5 M⊙ of energy into gravi-
tational waves from a distance of 410þ160

−180 Mpc according to
the LIGO analysis.
The amount of energy emitted in neutrinos within a

certain energy range relative to the amount of energy
emitted in gravitational waves (as reported by LIGO) is
characterized by the neutrino emission fraction

fνBBH ¼ Eν

EGW
: ð1Þ

There are different possibilities for the definition of
fνBBH. In the scenario presented above, it is implicitly
assumed that there is an additional neutrino emission on top
of the measured GW emission, with an energy of

EGW ¼ 3 M⊙;
Eν ¼ fνBBH × 3 M⊙; ð2Þ

in the case of GW150914. Another scenario can be
envisioned, where part of the energy loss of the binary
is emitted in gravitational waves, while the other part is
emitted in neutrinos and possibly other particles

EGW ¼ 3 M⊙ − fνBBH × 3 M⊙ − X;

Eν ¼ fνBBH × 3 M⊙: ð3Þ

In this case the definition of fνBBH should be changed to
contain the measured mass difference as reported by LIGO,
instead of EGW. The most straightforward way to overcome
this loss in signal strength is to perform a shift in the source
distance. Note that the two cases imply different physics.
The first case can represent neutrino emission coming from
matter around the black holes, where fνBBH can be larger
than one. In the second case one considers more exotic
scenarios, where part of the energy that would go to
gravitational waves, is instead emitted in neutrinos.
If fνBBH is small, the difference between the two cases

becomes negligible. A large fνBBH would imply a significant
change in the physical conditions, either through added
matter or by having weaker gravitational waves. In that
case, the agreement between the measured signal and the
general relativity simulations would likely be spoiled.

Therefore, it will be assumed that fνBBH is small. As will
be shown in this paper, this assumption is valid.
High energy neutrino emission is typically associated

with gamma-ray emission through pion decay. Whereas
neutrinos can propagate unhindered, gamma-rays can be
attenuated in a multitude of ways on their journey to Earth.
To take this into account one needs to consider a specific
model for the source environment. Therefore, in order to
stay as general as possible, only the neutrino emission is
treated, ignoring any constraints from gamma emission.

B. Neutrino emission properties

Two benchmark scenarios of neutrino emission are
considered, both a monoenergetic spectrum as well as an
E−2-spectrum. The first scenario can be used when the
neutrino spectrum is dominated by a single energy. It also
allows for a direct convolution with any user defined
spectrum. The second scenario is the standard power-law
distribution that follows from Fermi acceleration. While
there is no theoretical reason to expect a spectral index of
exactly two for the situation considered in this work, it is
the one corresponding to the high-energy flux given by
IceCube [14]. In both cases, the spectrum is normalized
to Eν.
In the monoenergetic case, a scan is performed over the

neutrino energy between 100 GeVand 100 PeVequal to the
energy range of interest for IceCube and ANTARES. Since
the number of neutrinos produced for monoenergetic pro-
duction scales like 1=E, while the interaction cross section
for detection in this energy range increases with E [15], one
expects that, up to detector effects, the amount of neutrinos
detected at Earth is roughly constant. The same argument
shows that, for general input spectra, the total number of
detected neutrinos should be independent of the exact shape
of the spectrum (assuming energy conservation).
When converting the emitted luminosity to the neutrino

flux received at Earth, both the distance to the source
(which is given by LIGO) and the angular distribution of
the emission need to be considered. The luminosity
distance given by LIGO has an associated uncertainty of
about a factor of two. In the following, for simplicity, only
the result of the central value is shown.
Gravitational waves from two merging black holes

which are spiralling into each other, are emitted in all
directions, with a slightly stronger flux along the angular
momentum vector of the binary system. Therefore, the
most likely orientation of a detected event is either face-on
or face-off (see e.g. [16]). In the case of jet-formation one
expects the electromagnetic and neutrino emission to be
beamed along this same direction. Therefore, it can be
expected that, if there is emission other than gravitational
waves, such emission would also be detectable. However,
to stay general, all calculations will initially be done
assuming isotropic emission. In the case of beaming, the
flux will be enhanced with the beaming factor and the
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corresponding result can be directly obtained by rescaling
from the isotropic case. An additional correction factor
could also be included to take into account the possible
different orientations of the source system. Redshift effects
on the flux of individual events will be ignored in the
following, which is reasonable in view of the current
distance probed by LIGO. Finally, full mixing between
the neutrino flavors is assumed, so that all three flavors
arrive at Earth in equal amounts.

C. Astrophysical bound

In this section, the diffuse astrophysical neutrino flux
first detected by IceCube in 2013 [17] is used to put an
upper bound on fνBBH, following the approach in [18,19].
Under the assumption that BBH mergers emit neutrinos
throughout the history of the universe, the maximally
allowed fνBBH is the one which saturates the astrophysical
neutrino flux. The rate of BBHmergers detectable by LIGO
in the local universe is determined from all detected GW
events so far.2 The 90% credible interval is given by [16]

R ¼ 9–240 Gpc−3 yr−1: ð4Þ

To determine this range, in [16] different black hole mass
distributions are considered. In case of a mass distribution
flat in log mass, given by pðm1; m2Þ ∝ 1

m1m2
, the rate

becomes,

Rflat log ¼ 31þ42
−21 Gpc−3 yr−1: ð5Þ

In case of a mass distribution following a power law equal
to pðm1Þ ∝ m−2.35

1 , and m2 uniform, the inferred rate
becomes [16],

Rpower law ¼ 97þ135
−67 Gpc−3 yr−1: ð6Þ

For both distributions, it was required that 5 M⊙ ≤ m2 ≤
m1 and m1 þm2 ≤ 100 M⊙.
For events with black hole masses similar to GW150914,

the corresponding rate is given by [16],

RGW150914 ¼ 3.4þ8.8
−2.8 Gpc−3 yr−1: ð7Þ

The diffuse neutrino flux resulting from a set of BBH
mergers with properties similar to GW150914 will be
considered. They produce gravitational waves with an
energy of 3 M⊙ along with an associated neutrino flux
that follows an E−2-spectrum between 100 GeV and
100 PeV. The corresponding rate of this class is given
by R, for now unspecified. It will be discussed in Sec. IV
how the results for a class of mergers with properties

similar to GW150914 can be translated to results on the
entire population of BBH mergers. The consequent diffuse
neutrino flux is directly given by [20],

E2
dNν

dEν

�
�
�
�
obs

¼
�

fνBBHtH
c
4π

ξz

�

E2
d _Nν

dEν

�
�
�
�
inj;fνBBH¼1

; ð8Þ

where

E2
d _Nν

dEν

�
�
�
�
inj;fνBBH¼1

¼ RE2ϕðEνÞ: ð9Þ

In here, ϕðEνÞ (in units of GeV−1) is the total differential
neutrino flux from an individual event with a total energy
budget of Eν ¼ 3 M⊙. The cosmic evolution of the sources
is contained in ξz. Following [19], one has

ξzðEÞ ¼
Z

∞

0

dz
H0

HðzÞ
Lνðz; ð1þ zÞEÞ

Lνð0; EÞ
; ð10Þ

whereHðzÞ is the redshift dependent Hubble parameter and
Lνðz; EÞ ¼ HðzÞQνðEÞ is the spectral emission rate den-
sity. HðzÞ is the source density, with Hð0Þ ¼ R, while
QνðEÞ is the emission rate per source. For a power law
(L ∝ E−γ), ξz is energy-independent. For HðzÞ following
the star formation rate (SFR) [21,22], this results in
ξz ≈ 2.4. For no evolution in the local universe (z < 2),
it results in ξz ≈ 0.5. In the following, ξ ¼ 2.4 will be used,
unless stated otherwise.
The diffuse astrophysical neutrino flux measured by

IceCube is given by [14]

E2ΦðEÞ ¼ 0.84� 0.3 × 10−8 GeV cm−2 s−1 sr−1; ð11Þ

fitted with a fixed spectral index of 2 in the range between
60 TeV and 3 PeV of deposited energy. While there is a
more up-to-date estimate of the flux [23], which was fitted
with a free spectral index, the analysis is performed using
the standard spectral index of 2. Since the assumed neutrino
spectrum is valid over an energy range wider than the one
where this spectrum was measured, the upper bound on
fνBBH is found when the fluxes predicted by Eq. (8) and
observed by IceCube in Eq. (11) are equal, i.e. when the
normalization constants are equal.
The resulting bounds on fνBBH will be calculated for two

source classes. When considering only the neutrinos
emitted by BBH mergers similar to GW150914, the rate
given in Eq. (7) is used to give

fνBBH ≲ 3.63þ17.0
−2.62 × 10−3: ð12Þ

It is also possible to consider the full mass distribution of
BBH mergers. Since this distribution is not known, there is
instead a range of merger rates [Eq. (4)], resulting in a
bound on fνBBH between

2Besides GW150914, an additional binary black hole merger
was detected, as well as a potential BBH merger in run O1 [16].
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fνBBH ≲ 5.15 × 10−5 − 1.37 × 10−3: ð13Þ

The first of these bounds [Eq. (12)] will be used when
the bounds from GW150914 itself are investigated in
Sec. III A, while the second [Eq. (13)] will be used to
compare with the prospective bound from a population of
detected BBH mergers in Sec. III B.
It should be noted that as further GWevents are detected

by LIGO and Virgo, the BBH mass distribution and typical
EGW will be known with more precision. This will allow the
present bound to be calculated more accurately.
If BBH mergers emit neutrinos with a monoenergetic

spectrum, the results change. The diffuse neutrino spectrum
from these BBH mergers will follow the redshift evolution
of the source, instead of a simple power-law spectrum.
We therefore restrict ourselves to an E−2 emission scenario
for the astrophysical bound.

III. DETECTION OF GW NEUTRINOS

A. Limits from GW150914

In order to show how the nondetection of counterpart
neutrinos3 from GW150914 constrains the neutrino emis-
sion fraction fνBBH, it is necessary to convert the flux at
Earth to the flux seen in a detector. The present analysis will
focus on both IceCube [10] and ANTARES [11], which can
detect high energy neutrinos between 100 GeV and
100 PeV. In order to be similar to the follow-up search
of GW150914 by IceCube [3], the IceCube effective area
presented in [24] will be used. Such an effective area is
obtained from a search for muon neutrinos, because of their
excellent pointing. Assuming full mixing between the
neutrino species, this means that the flux of interest is
roughly a factor 3 smaller. The IceCube effective area is
given for three declination bands in the Southern Sky
(−90° < δ < −60°, −60° < δ < −30° and −30° < δ < 0°).
The IceCube analysis is such that the background rate is
uniform over the entire sky. In a time window of 1000 s
around GW150914, which can be assumed to contain
the full neutrino signal, the expected background is 2.2
events over the full Southern Sky [3]. Similarly, the
ANTARES effective area presented in [25] will be used,
which is given for two declination bands in the Southern
Sky (−90° < δ < −45° and −45° < δ < 0°). From this,
ANTARES expected to see 0.014 neutrino events in the
Southern Sky in a time window of 1000 s around
GW150914 [3]. The localization of GW150914 is such
that it is spread out over the Southern Sky.
In Fig. 1, the number of detectable neutrinos is shown for

a BBH merger similar to GW150914, located in the

Southern Sky given a neutrino energy fraction equal to
fνBBH ¼ 10−2. The obtained values are given for isotropic,
monoenergetic emission between 100 GeV and 100 PeV.
It follows that the IceCube sensitivity drops toward the
more southern declination bands, which can be understood
by the atmospheric muon background which becomes
increasingly larger for this part of the sky. ANTARES
on the other hand, since it is located in the Northern
Hemisphere, is shielded for atmospheric muons for this
part of the sky and only has to cope with the atmospheric
neutrino background. As such, for the most southern part
of the sky, at energies below 10 TeV, the ANTARES
sensitivity becomes leading.
From the different results in Fig. 1, it can be seen that, for

monoenergetic neutrino emission and for constant fνBBH,
the number of detectable neutrinos varies little between
104 GeV and about 107 GeV. Outside this range, the
sensitivity is affected by detector energy resolution in
the lower end and limited statistics in the upper end of
the energy range. Indicated on the figure is the single
neutrino detection threshold (dashed red line). It follows
that the non-detection of counterpart neutrinos for
GW150914 puts a bound equal to

fνBBH ≲ 10−2;

in an energy range between 104 GeV and 107 GeV for
monoenergetic emission when considering the effective
area near the horizon. For the more southern effective area,
the bound is weakened.
Next, the constraints for the more standard case of an

E−2-spectrum will be investigated. Given that LIGO local-
izes GW150914 in an area spread out over the entire
Southern Sky and considering the difference in effective
area for the various declination bands, the analysis will be
done for two extreme cases. First, for the declination band

FIG. 1. The amount of neutrinos detectable for a single GW
event similar to GW150914 in the case of isotropic monoener-
getic emission for fνBBH ¼ 10−2 as a function of neutrino energy.
The results are shown for both IceCube and ANTARES and for
different declination bands.

3Three neutrino events were detected in the 1000 s time
window around GW150914, which were outside the 99% con-
fidence region given by LIGO. This number being compatible
with the background expectation, we consider that no signal
events were detected.
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−30° < δ < 0°, the effective area of IceCube is the largest
since in this region the atmospheric muon background is
still relatively small. The resulting bound for this region is
optimistic and will be used test whether a neutrino signal
could have been seen even in the best case scenario for
viable models of neutrino emission from BBH mergers.
Second, in order to have a conservative bound on fνBBH, the
effective area in the declination band−90° < δ < −60° will
also be considered. Here, ANTARES has a larger effective
area in the low energy range, while the one of IceCube is
larger in the high energy range. Since a combined analysis
is beyond the scope of this work, the energy range is instead
split in two regimes, so that in each energy regime the
experiment with the largest effective area is used.
For the calculation of the astrophysical bounds, only the

subclass of binary black hole mergers that is similar to
GW150914 will be considered. All of these mergers emit
3 M⊙ of energy in gravitational waves, with a rate as in
Eq. (7). The resulting bound on fνBBH was already given in
Eq. (12). Since the contribution from BBH mergers with
different properties are not taken into account, this leads to
a conservative bound on fνBBH.
In Fig. 2, the predicted flux assuming an isotropically

emitted E−2 spectrum is shown for different values of the
neutrino energy fraction fνBBH ranging from 10−7 to 1,
indicated by the blue bands. The red dashed line again
indicates the threshold where a single event detection
would be detected integrated over the entire energy range.
It follows that the nondetection of a neutrino counterpart
from GW150914 puts an optimistic bound

fνBBH ≲ 1.24 × 10−2;

using the effective area in the declination band −30° <
δ < 0°, and a conservative bound

fνBBH ≲ 5.89 × 10−2;

using the effective area in the declination band −90° <
δ < −60°. The resulting bounds for the different cases
therefore show little difference. As previously stated, the
astrophysical bound has a value of fνBBH ≲ 3.63þ17.0

−2.62 ×
10−3 [Eq. (12)] and therefore stands below the single event
detection threshold.
Figure 3 shows the integrated number of events one

expects from a source class with the properties of
GW150914 as a function of the neutrino energy fraction
fνBBH, for both isotropic (full blue line) and beamed (dashed
blue line) emission. To investigate which fνBBH could have
lead to a visible neutrino signal in the most optimistic case,
the effective area of IceCube near the horizon will be used.
The expected number of background events is 2.2 in a time
window of 1000 s around GW150914 for the entire
Southern Sky [24]. This number can then be rescaled to
a solid angle of 600 deg2, which corresponds to the
localization of GW150914. The resulting background,
which is shown by the full black line, is negligible for a
single event. The bound from nondetection can be read off
from the crossing of these blue lines with the one detected
event threshold given by the red dashed line. In the case of
beaming, the flux towards Earth can be enhanced. For
example, if a jet emits in a patch ofΔΩ ¼ 0.2 × 0.2 in solid
angle, the flux would be enhanced with a factor 4π

0.2×0.2.
As can be read off from Fig. 3, the one detectable event

(a) (b)

FIG. 2. The detected flux for a single GW event similar to GW150914 in the case of an isotropic E−2-spectrum, for different fνBBH
(blue band). The red dashed line shows the flux for which one event is detectable for this BBH merger event. The green lines show the
upper bound from the astrophysical neutrino flux and its uncertainty for the class of BBH mergers similar to GW150914 [Eq. (7)].
(a) Results using only IceCube, for the effective area in the declination band −30° < δ < 0°. This is the most sensitive region and leads
to the most optimistic bound on f v

BBH. (b) Results using the effective area in the declination band −90° < δ < −60° which is the least
sensitive region. ANTARES and IceCube effective areas are used in the energy range where the respective experiment is the more
sensitive.
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threshold in the case of a beamed E−2-spectrum would then
become

fνBBH ¼ 3.96 × 10−5 ×
ΔΩ

0.2 × 0.2
:

The astrophysical flux would not change when individual
sources have a beamed emission, since the diffuse flux is
still isotropic. It follows that the limits on fνBBH obtained
from the nondetection of counterpart neutrinos from
GW150914 are stronger than those obtained from the
astrophysical flux assuming a beamed emission close to
the equator. This immediately implies that in case BBH
mergers similar to GW150914 are responsible for the
astrophysical neutrino flux, that either the emission from
GW150914 was not beamed toward Earth, or that the
beaming was smaller than ΔΩ ¼ 3.68 sr.
Since no neutrino has been detected so-far and the single

event detection threshold for isotropic emission is above the
astrophysical bound, currently all source populations are
still allowed. In case of a neutrino detection in the near
future, fνBBH will still be above the given astrophysical
bound. This would imply that the assumptions that went
into this bound are too strong, so that merger rate, injected
energy and source evolution are constrained. This point will
be elaborated upon in the following sections.

B. Prospects

In LIGO run O2, it is expected that more BBH mergers
will be seen. Here, it is investigated how a stacked search of

these events can constrain fνBBH, assuming the more
realistic E−2 neutrino emission spectrum. Since the full
BBH population is considered, the rate estimate in Eq. (4)
will be used. As a result both a high and a low astrophysical
bound will be shown, corresponding to Eq. (13).
Furthermore, it is assumed all the BBH mergers will be
similar to GW150914, radiating 3 M⊙ in gravitational
waves from a distance of 410 Mpc. These assumptions
will be discussed in Sec. IV. Since GW150914 is expected
to be among the more powerful BBH mergers that could
occur and it is relatively close by, this leads to an estimate
of the smallest fνBBH that can potentially be probed.
The details of the analysis are similar to the one in the

previous section, with minor adjustments. Because the
mergers could happen anywhere in the sky, the IceCube
effective area is averaged over the full sky. The localization
of GW events is expected to improve with the improve-
ments and enlargement of the LIGO-Virgo network [26].
In that case, neutrino observatories will be able to limit their
search to a smaller solid angle in the sky, resulting in a
reduced background. Therefore, the calculation is done for
a localization of 600 deg2, 100 deg2 and 20 deg2. Only the
irreducible background from atmospheric neutrinos [27] is
considered. This simplification that corresponds to the case
of an ideal analysis, is also representative for the near future
situation where KM3NeT [28] and Baikal-GVD [12] will
be online, and both the Northern and Southern Sky will be
optimally observed. The background is integrated over
1000 s, which is the time window considered in the GW
follow-up analysis. This conservative time window allows
for the assumption that the full neutrino signal is contained.
Figure 4 shows the average upper limits on fνBBH at 68%,

95%, and 99% confidence level (blue bands) that can be
expected as a function of the number of detected BBH
merger events (NGW) by LIGO. The calculation of the
upper limits follows the approach in [29]. The bands
indicate the possible improvement of the localization
BBH merger events from 600 deg2 to 20 deg2. The red
dashed line indicates at what fνBBH at least one signal
neutrino can be detected, integrated over all BBH merger
events. At first, the limit on fνBBH drops proportionally to
the single event detection threshold, since the detection is
purely signal limited. Starting at around 10 BBH mergers,
however, the background starts to become significant and
the limit drops less fast. It is at this point that the improved
localization starts to become important.
The obtained values for fνBBH can be compared with the

astrophysical bounds corresponding to the upper and
lower limits of the BBH merger rates given in Eq. (4),
which, following Eq. (13), are equal to fνBBH ≲ 1.37 × 10−3
and fνBBH ≲ 5.15 × 10−5, shown by the hatched green lines.
It should be noted that as more BBH mergers are observed,
the estimate of the rate will improve, so that these two
astrophysical bounds should get closer. It is found that
the average upper limits on fνBBH reach the highest
astrophysical bound at

FIG. 3. The integrated number of events from a source with the
properties of GW150914, following an E−2-spectrum for differ-
ent fνBBH, with isotropic emission as a full blue line and beamed
emission as the dashed blue line. The fat black line is the
atmospheric neutrino flux, which is integrated over a time
window of 1000 s and a solid angle of 600 deg2. The red dashed
line shows the one detectable event threshold. The green lines
show the upper bound from the astrophysical neutrino flux and its
uncertainty for the class of BBH mergers similar to GW150914
[Eq. (7)].
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NGW ≳ 10; 12; 14;

at 68%, 95%, and 99% CL respectively, with small
differences between the different uncertainties in the
localization. If signal neutrinos would be found before
reaching this number of BBH mergers, the source pop-
ulation (merger rate and cosmic evolution of the sources)
would be strongly constrained by the diffuse astrophysical
neutrino flux. The average upper limit from a search for
counterpart neutrinos only reaches the lowest astrophysical
bound for

NGW ≳ 300;

at 68% CL and for a localization of 20 deg2. The vertical
band indicates the expected number of BBH merger
observations at the end of LIGO run O2, which is between
10–35 [30]. A wider estimate puts this number between
2–100, which covers the whole plot. It follows that the
number of GW events needed to constrain the lowest
astrophysical bound is well outside the reach of LIGO
run O2. By the end of run O2, if 10 BBH mergers would be
observed, it would be possible to limit fνBBH down to about

fνBBH ≈ 1 × 10−3; 4 × 10−3; 6 × 10−3;

at 68%, 95%, and 99% CL respectively. If indeed 35 BBH
mergers would be observed, it would be possible to limit
fνBBH down to about

fνBBH ≈ 5 × 10−4; 1 × 10−3; 2 × 10−3;

at 68%, 95%, and 99% CL respectively.
Following Eq. (8), there is a degeneracy between the

neutrino energy fraction fνBBH and the source evolution
parameter ξz. To illustrate this degeneracy, in Fig. 5, the
ξz-fνBBH plane is shown. The constraints from the direct
neutrino searches are given on the top-axis. Hence, the
current constraint from the nondetection of a neutrino
counterpart from GW150914 is given by NGW ¼ 1 and
the possible constraints after LIGO run O2 are indicated by
the red band. The solid green lines indicate the bounds
where the GW neutrino flux would saturate the astrophysi-
cal neutrino flux detected by IceCube. It follows that if a
single counterpart neutrino event would have been
observed, or is observed within 10 GW events, the
astrophysical flux can only be explained for source evo-
lutions ξz < 3. Given the current uncertainties on the BBH
merger rate, to rule out BBH mergers as the main sources
for the astrophysical neutrino flux, one needs to detect at
least 1000 BBH mergers. Nevertheless, assuming that the
BBH merger rate is determined accurately to its central
value after several detections, this might already be
achieved after the 10-35 events predicted for LIGO run
O2. To illustrate the level at which BBH mergers can be
excluded as the source for the diffuse high-energy astro-
physical neutrino flux, in Fig. 5, the bounds (thin green

FIG. 4. The expected average upper limits on fνBBH at 68%,
95%, and 99% CL (from bottom to top) as a function of number
of 3 M⊙ BBH mergers observed in gravitational waves, using the
IceCube effective area averaged over the full sky. Depending on
the LIGO accuracy in locating the event, the IceCube background
rejection varies and results in upper limit bands for localizations
between 600 deg2 and 20 deg2. The green hatched lines show the
upper bounds from the astrophysical neutrino flux for the upper
and lower limit of the BBH merger rate for the full population of
BBH mergers [Eq. (4)]. The vertical band shows the expected
number of BBH mergers seen in LIGO run O2.

FIG. 5. The ξz − fνBBH plane that can be constrained with the
combination of the astrophysical diffuse flux (hatched green
lines) and direct searches for coincident ν’s. The horizontal axis
on top shows the number of gravitational wave events similar to
GW150914 (NGW) necessary to see the corresponding value of
fνBBH at 68% CL (as in Fig. 4 and with a 100 deg2 resolution).
Also shown are the bounds when BBH mergers can only be
responsible for 1% of the diffuse astrophysical neutrino flux (thin
green lines). The vertical band shows the expected number of
BBH mergers seen in LIGO run O2. The two values of ξz
corresponding to a source evolution following the star formation
rate and no evolution are indicated by black lines.
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lines) where the BBH merger neutrino flux would corre-
spond to 1% of this flux are also indicated.

IV. DISCUSSION

A. Population of BBH mergers

The arguments presented in this paper should be robust,
general, and lead to order of magnitude estimates for the
neutrino emission fraction fνBBH. In order to extend the
predictions on fνBBH to BBH mergers of varying black hole
masses (and thus varying EGW), one has to make an
assumption on the scaling of the neutrino emission for
these different masses. The simplest assumption is that
Eν ∝ EGW, so that fνBBH is a universal fraction for all binary
black hole mergers. This assumption is valid, for example,
if both EGW and Eν are proportional to the sum of the
masses of the black holes. This is a reasonable approxi-
mation for EGW, since it is true for equal-mass non-
spinning black holes in the inspiral phase, as the released
energy is proportional to the reduced mass of the binary.
The validity of this approximation was checked using fits to
numerical simulations of nonspinning binary black hole
mergers [31,32]. For Eν, this scaling depends on the origin
of the neutrino emission. In the case of a GRB-like
scenario, the matter that seeds the neutrino production is
a remnant of the original star that formed the black hole.
There, the assumption that the amount of matter available
scales linearly with the star (and black hole) mass is
reasonable.
It is also possible to consider more general relations

between EGW and Eν. This is illustrated by decomposing
fνBBH,

fνBBH ¼ f0 × g
�

MBH

MGW150914

�

: ð14Þ

Here the normalized mass function gð MBH
MGW150914

Þ includes the
amount of matter available to produce neutrinos, where in
this article only a dependence on the combined mass of the
black holes MBH ¼ m1 þm2 is considered.
To illustrate the effect of such a scaling, one can

consider the situation described in the previous sections.
To obtain the diffuse neutrino flux, the emission per
source has to be convoluted with the black hole mass
distribution. By considering a black hole mass distribu-
tion flat in log mass (pðm1; m2Þ ∝ 1

m1m2
), in combination

with a neutrino emission proportional to MBH (i.e. g ¼ 1
and fνBBH universal), the diffuse neutrino emission is
roughly independent of the black hole masses. Therefore,
the results presented in Fig. 4, assuming all BBH mergers
would be similar to GW150914, resemble the realistic
situation of a flat in log mass BBH distribution, in
combination with a neutrino emission that scales linearly
with the black hole mass. The energy fraction is now
calibrated by fνBBHðMBH ¼ MGW150914Þ ¼ f0.

Another possible situation could be inverse mass scaling
such that Eν ∝ 1=MBH, which leads to

fνBBHðMBHÞ ¼ f0 ×

�
MGW150914

MBH

�
2

: ð15Þ

In case of a flat in log mass distribution, the neutrino
emission from high-mass black hole binaries will be further
suppressed, hence the neutrino emission in this situation
will be dominated by low-mass black hole mergers.
It follows that if one is able to determine the neutrino

energy fraction fνBBH for different subclasses of BBH
mergers, the internal neutrino emission properties, as well
as the source environment are directly probed. An example
of a specific subclass is given in [8]. Here BBH mergers in
active galactic nuclei are considered, where it is shown that
one might expect an enhanced neutrino energy fraction
fνBBH for this source class.

B. Model-dependent interpretation

The results presented here can be used to draw more
model specific conclusions on the neutrino production.
In general, no neutrino emission is expected from BBH
mergers, since the black holes should have cleared the
environment of all matter long before the merger occurs.
This statement can be tested, by assuming neutrinos are
produced by accelerated matter around the BBH, corre-
sponding to the case of Eq. (3). One can then decompose
fνBBH as

fνBBH ¼ fmatter × fengine × ϵp;acc × ϵν: ð16Þ

Herein fmatter denotes the amount of matter present around
the BBH relative to the amount of energy emitted in
gravitational waves. The acceleration model is contained
in the combination fengine × ϵp;acc. The first of these, fengine,
contains the amount of energy which is put into an
acceleration engine, relative to the amount of matter
present. The second of these, ϵp;acc, reflects the amount
of protons which can be accelerated to high energy.
The fraction of energy from the accelerated particles that
ends up in neutrinos in the considered energy range is given
by ϵν.
As an example, assume that the situation of an accretion

disk falling into a BBH is similar to matter from a
neutron star falling onto a companion black hole. In this
situation, the neutrino production mechanism is similar
to the GRB-fireball model [33]. The conversion factor
from accretion disk mass to fireball energy (primarily from
potential energy) is expected to be of order fengine ¼ 1=10.
The amount of energy from the fireball that goes into the
protons is given by ϵp;acc ¼ 1=10. Finally, the amount of
energy in protons that goes into neutrinos is given by
ϵν ¼ 1=20. Hence
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fνBBH ≲ fmatter × 5 × 10−4: ð17Þ

This allows us then to immediately constrain the amount of
matter surrounding the two black holes. Using the non-
detection of counterpart neutrinos in GW150914, which
was in the most optimistic case at fνBBH ¼ 3.96 × 10−5 for
beamed emission in a typical solid angle ΔΩ ¼ 0.2 × 0.2
directed towards Earth, this results in

fGW150914
matter ≲ 7.9 × 10−2 ×

ΔΩ
0.2 × 0.2

: ð18Þ

In addition, the expected limit after 10 and 35 BBHmergers
detected by LIGO can also be used. From the analysis in
Sec. III B, the expected limit on the amount of matter in the
black hole binary environment is

fNGW¼10
matter ≲ 6 × 10−3 ×

ΔΩ
0.2 × 0.2

: ð19Þ

fNGW¼35
matter ≲ 3 × 10−3 ×

ΔΩ
0.2 × 0.2

: ð20Þ

From Fig. 4, it follows that the astrophysical limits are
weaker than the limits obtained from the nondetection of
counterpart neutrinos from GW150914 in case of a beamed
emission. As such, only the latter is considered for the limit
on fmatter.
To get an estimate of fνBBH for possible neutrino emission

coming from BBH mergers using the GRB-fireball mecha-
nism, consider the model in [7]. There, one predicts an
amount of matter of 10−3–10−4 M⊙ in a nonactive accre-
tion disk around one of the black holes, coming from a
massive progenitor star with low metallicity. Upon the
merger, this disk is then reactivated and leads to a burst.
Using these values, one gets fνBBH ≈ 10−7 for the fireball
model. This should be compared with the reach in Fig. 4,
rescaled to lower values of fνBBH with a beaming factor.
For a beaming factor of 4π

0.2×0.2, this f
ν
BBH is still below the

estimated reach. This is in agreement with the bound on
fmatter found above, as the viable models predict a flux that
is not yet observable. It should be noted that several other
models predict that the amount of available matter would be
even lower [34].
Even though neutrino production is generally not

expected from BBHmergers, in this section several realistic
models have been considered. It follows that the predicted
neutrino fluxes are below the current limits. However, in
the near future, enough BBH mergers will have been
detected so that searches for neutrino emission from these
sources will be able to probe the black hole binary
environment, independently from searches for gamma ray
emission.
Since the method presented in this article is completely

general and makes no assumptions on the source properties,
it can also be used for neutron star mergers and black

hole-neutron star mergers. In this case one does expect an
electromagnetic and neutrino emission, since there is matter
present in the source environment. In fact, these objects are
thought to be the inner engines of (short) GRBs [35]. Note
that it is also possible to have fνBBH > 1 for such objects.
Using the decomposition of fνBBH shown above, the results
can be easily interpreted using specific models.

V. CONCLUSION

It was investigated how the detection of GW150914
and the corresponding neutrino analysis4 influence the
ability to constrain possible neutrino emission from
BBH mergers, independent of gamma-ray observations.
The measurements were interpreted in terms of fνBBH, the
fraction of energy released in neutrinos in a given energy
range compared to the energy in gravitational waves.
Additionally, under the assumption that Eν scales linearly
with EGW, the energy fraction fνBBH is universal. It was
shown that this assumption, in combination with a realistic
BBH mass distribution flat in log mass, leads to a diffuse
emission which is roughly independent of the BBH mass.
In our analysis isotropic emission was assumed, where

the effects of beaming lead to a direct rescaling. The order
of magnitude limits on the neutrino emission fraction fνBBH
are summarized in Table I. It follows that the limits on fνBBH
obtained from the nondetection of counterpart neutrinos
from GW150914 are weaker than those obtained from the
astrophysical flux assuming an isotropic emission. In case
of beamed emission, the nondetection limit could fall
below the astrophysical limit. This immediately implies
that in case BBH mergers similar to GW150914 are
responsible for the astrophysical neutrino flux, that either
the emission from GW150914 was not beamed toward
Earth, or that the beaming was smaller than ΔΩ ¼ 3.68 sr.
The same technique was also used to provide an estimate

of the lowest fνBBH that can be probed in run O2 of LIGO,
by assuming all events have the same properties as
GW150914. It was found that after NGW ≳ 10; 12; 14 at
68%, 95% and 99% CL respectively, the fνBBH that can be
reached is below the highest astrophysical bound. Below
this value, BBH mergers can contribute at most partially to
the diffuse astrophysical neutrino flux. Estimates for the
number of BBH mergers in LIGO run O2 are between 10
and 35 events. The average upper limits that can be reached
after these numbers of events are also shown in Table I.
Furthermore, it was shown how a possible detection in the
near future provides direct information about the source
evolution and BBH mass distribution, as well as the
neutrino emission properties.

4After the submission of this paper, the follow-up analysis
for the other two GW event (candidates) was published [13,36].
No signal neutrinos were observed. The corresponding limits can
be read off from Fig. 4.
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The results for a more model dependent analysis were
also presented. First, assuming the GRB-fireball model, the
current and expected bounds on fνBBH were used to put a
bound on the amount of matter present in the BBH
environment at the time of the merger. The results of this
are presented in Table II. Second, the GRB-fireball model is
combined with a model for a dead accretion disk around
one of the black holes. The neutrino energy fraction
expected in this situation, fνBBH ≈ 10−7, is below the reach
of LIGO run O2. Finally, it should be noted that while for
BBH mergers no neutrino emission is typically expected,
realistic models of neutrino production cannot be ruled out
at the moment. In the future, it will be possible to use

searches for neutrino emission to probe the black hole
binary environment, independently from searches for
gamma ray emission. In addition, the same approach can
be used for other source classes, such as neutron star-black
hole and neutron star-neutron star mergers, where one does
expect neutrino emission.
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