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• Progenitors of short gamma-ray bursts: 
Binary neutron star mergers

• Remnant Black hole (or magnetar) launches relativistic jets 
—> internal dissipation produces gamma-rays
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GW170817
• The first event of NS-NS merger 

detected by GW, radio, IR/opt/UV,  
X-ray, & MeV γ-ray

• No HE γ-ray & ν are detected
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Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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LIGO 2017 (Multi-messenger paper)
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Fig. 1 Schematic figure of our unified picture.

we discuss alternative models, and also implications for the future observations of the radio

flares and X-ray remnants. § 7 is devoted to the summary.

2. sGRB 170817A from an off-axis jet

The observed sGRB 170817A [2, 22, 23] constrains the properties of a jet associated with

GW170817. Emission from the jet is beamed into a narrow (half-)angle ∼ 1/Γ where Γ is the

Lorentz factor of the jet, while de-beamed off-axis emission is also inevitable outside ∼ 1/Γ

as a consequence of the relativistic effect (see Fig. 1). To begin with, we consider the most

simple top-hat jet with uniform brightness and a sharp edge (see § 6.1 for the other cases).

For a top-hat jet, we can easily calculate the isotropic energy Eiso(θv) as a function of the

viewing angle θv by using the formulation of Ioka & Nakamura [47] and Appendix A. Even

if the observed sGRB is not the off-axis emission from a top-hat jet, we can put the most

robust upper limit on the on-axis isotropic energy Eiso(0) of a jet, whatever the jet structure

and the emission mechanism is.

The emission from a top-hat jet is well approximated by that from a uniform thin shell

with an opening angle ∆θ. We can analytically obtain the observed spectral flux in Eqs. (A1)

and (A2) [47] as

Fν(T ) =
2r0cA0

D2

∆φ(T )f{νΓ[1− β cos θ(T )]}

Γ2[1− β cos θ(T )]2
. (1)

The isotropic energy is obtained by numerically integrating the above equation with time

and frequency as Eiso(θv) ∝
! Tend

Tstart

dT
! νmax

νmin

dν Fν(T ) in Eq. (A4). If the emission comes from
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Summary of GW170817
• First NS-NS merger seen by GWs and EMs
• Optical/UV/IR counterparts  

—> r-process element production
• Radio & X-ray afterglows 

—> NS-NS mergers create relativistic jets
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Summary of GW170817
5

Neutrinos were not detected
Need to discuss future prospects

• First NS-NS merger seen by GWs and EMs
• Optical/UV/IR counterparts  

—> r-process element production
• Radio & X-ray afterglows 

—> NS-NS mergers create relativistic jets



GRB Neutrinos
• Photomeson production (pγ)
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IV. PRODUCTION OF
ELECTRON-POSITRON PAIRS

At energies below the photomeson production, the main
channel of inelastic interactions for protons with ambient
photons proceeds through the direct production of
electron-positron pairs. In the rest frame of the proton,
this process is described by the so-called Bethe-Heitler
cross section. In astrophysical environments, the process

is more often realized when ultrarelativistic protons collide
with low energy photons,

pþ ! ! eþ þ e" þ p: (44)

The process is energetically allowed when

!p">mec
2; (45)

where !p ¼ Ep=mpc
2 is the proton Lorentz factor, " is the

soft photon energy, and me is the mass of electron. The
maximum energy of the electron (positron) is determined
by the kinematics of the process

Eemax ¼
!p

1þ 4!p"=ðmpc
2Þ ð

ffiffiffiffiffiffiffiffiffi
!p"

p þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
!p""mec

2
q

Þ2:

(46)

This equation is valid when !p & 1 and " ' mp!pc
2. In

the interval

mec
2 ' !p" ' mpc

2; (47)

the maximum electron energy is

Eemax ¼ 4!2
p": (48)

This applies for Eemax ' Ep. In the limit of !p" & mpc
2

Eemax ¼ mpc
2!p ¼ Ep; (49)

i.e., the whole energy of the proton is transferred to one of
the electrons.
Let us denote by d# the differential cross section of the

process. The interaction rate is

dw ¼ c3
ðk ( pÞ
"Ep

d# ¼ c2
ðk ( upÞ
"!p

d#; (50)

where k and p are four-momenta of the photon and proton,
up ¼ p=mpc is the four-velocity of the proton, ðk ( pÞ ¼
"Ep=c

2 " kp is the scalar product of four-vectors. Let us
assume that in a unit volume we have fphð"Þd"d!=4$
photons between the energy interval ð"; "þ d"Þ and mov-
ing within the solid angle d!. Then the number of inter-
actions per unit of time is

N ¼ c2
Z
d"
d!

4$
fphð"Þ

ðk ( upÞ
"!p

Z
d#; (51)

where the integration is performed over all variables.
Below we perform calculations based on the following

approach. If we are interested in a distribution of some
variable %, which is a function ’ of particle momenta, this
distribution can be found introducing an additional
& function under the integral in Eq. (51):

dN

d%
¼ c2

Z
d"
d!

4$
fphð"Þ

ðk ( upÞ
"!p

Z
&ð%" ’Þd#: (52)

In particular, the energy distribution of electrons in the
laboratory frame can be calculated using the following

FIG. 9. The total cross sections of production of $þ and
$0 mesons as a function of energy of the incident gamma ray
in the rest frame of a proton. The experimental points are taken
from http://wwwppds.ihep.su:8001.

FIG. 8. The multiplicity of photons and leptons produced in
one interaction of a relativistic proton with 2.7 CMBR.
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• Transparency: we can see below photosphere
• Multi-messenger:  observe all sky for 24 hours
• Hadronic cosmic rays: only produced by protons

Merit of neutrino observation

Talk by Liu



Neutrino Emissions  
from NS Mergers

• Successful jets with prolonged activities
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1.  High-Energy Neutrino from successful jets  
         including prolonged activities
SSK, Murase, Meszaros, Kiuchi, 2017, ApJL, 848, L4 
(This work was done before the announce of GW170817)

2. Trans-Ejecta Neutrinos from Choked Jets
SSK, Murase, Bartos, Ioka et al. 2018, PRD, 98, 043020
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Successful Jets with  
Prolonged Activity

• Standard afterglow: Forward shock model, power-law decay
• Short-time variability, rapid decline —>   Late-time engine activity
• Late time activities have comparable total energy to prompt burst  

 —> Short GRB is not short
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see e.g. Nakar 2007, Sakamoto et al. 2011, Kisaka et al. 2017
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Multi-component One-zone Model
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Neutrino oscillation
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• Calculate ν fluence from each component by one-zone model
• Power-law proton injection with index 2:  

Ep2dNp/dEp ~ ξp Eγ,iso /ln(Ep,max/Ep,min)
• Proton cooling processes: synchrotron & adiabatic coolings
• μ and π also cool down by synchrotron & adiabatic coolings

SGRBs, including late-time emissions such as EE and plateau
emission, and we discuss the detectability of high-energy
neutrino events, assuming that SGRBs happen within the
design sensitivity range of current GW experiments (aLIGO/
aVIRGO/KAGRA).

2. High-energy Neutrinos from SGRBs

High-energy neutrino emission from GRBs has been studied
with detailed numerical simulations, taking into account the
multi-pion production and various cooling processes (e.g.,
Murase & Nagataki 2006a; Baerwald et al. 2011). Effects of
multi-zone have been studied in the context of prompt emission
from long GRBs, which shows highly variable light
curves (Bustamante et al. 2015). In this work, we take the
simplified approach as used in He et al. (2012), which is
sufficient for our purpose of comparing various phases of
SGRB neutrino emission. We use ei for energy of particle
species i in the fluid-rest frame and Ei in the observer frame.

The photon density in a dissipation region is described by
a broken power-law function: e e eµg g g g

a-( )dn d ,pk for
e e<g g,pk and e e eµg g g g

b-( )dn d ,pk for e e>g g,pk. The
normalization is determined by the isotropic equivalent luminosity,

p= Gg gL c r U4,iso
2

diss
2 , and ò e e e=g e

e
g g g g

g

g ( )U d dn d
m

M

,

, , respec-

tively, where eg m, (eg M, ) is the comoving minimum (maximum)
photon energy. We use e =g 0.1 eVm, and e =g 10 eVM,

6 , as in
Murase & Nagataki (2006b). The luminosity measured in the
observed energy band, *gL ,iso, depends on detectors, and gL ,iso is
several times higher than *gL ,iso.

For cosmic rays, we use a canonical power-law spectrum,
µ -dN dE Ep p p

2. The total energy of non-thermal protons is
normalized by E Ex= gp p,iso ,iso, where Eg,iso is the isotropic
equivalent photon energy and x = 10p is the cosmic-ray
loading factor (Murase & Nagataki 2006a). Note that neutrino
observations of long GRBs suggest 1x –3 300p , depending on
emission radii (Bustamante et al. 2015; Aartsen et al. 2017).
We use e= G = G( )E m c10p m p m p, ,

2 . The maximum energy is
determined by the balance between the acceleration and
cooling processes:

> º + + g
- - - - - ( )t t t t t . 1p p pacc

1
,cool
1

dyn
1

,syn
1 1

The acceleration time is estimated to be e= ( )t ceBpacc , where

x= G( )B L c r2 Biso
2

diss
2 is the comoving magnetic field

strength (where xB is the energy fraction of the magnetic field
compared to the radiation energy). For the cooling processes,
we consider adiabatic cooling, synchrotron cooling, and
photomeson production. The adiabatic cooling time is similar
to the dynamical time: = G( )t r cdyn diss . The synchrotron time
for particle species i is p s e= ( )t m c m B6i i e T i,syn

4 3 2 2 , where sT

is the Thomson cross-section. The photomeson cooling rate is
evaluated by

ò òg
e s k e e e

e
=g

e
g g g g

e g
g g

g

-
¥ ¥

-

g

( )
( )

t
c

d d
dn
d2

, 2p
p

p p
1

2 2

2

pth

where g e= ( )m cp p p
2 , e � 145 MeVth is the threshold energy

for the photomeson production, eg is the photon energy in the
proton rest frame, and s gp and k gp are the cross-section and
inelasticity for photomeson production, respectively. To take
into account the energy dependences of s gp and k gp , we use the

fitting formulae based on GEANT4 (see Murase &
Nagataki 2006a).
Pions generated through the photomeson production decay

into muons and muon neutrinos. Using the meson production
efficiency, ºg gf t tp p p,cool (which always satisfies <gf 1p in
this definition5), the muon neutrino spectrum produced by pion
decay is estimated to be

»n
n

n
g pm

m

m

( )E
dN

dE
f f E

dN

dE
1
8

, 3p p
p

p

2
sup

2

where »nmE E0.05 p and = - -p p p( )f t t1 expsup ,cool ,dec is the
suppression factor due to the cooling of pions. Here,

g t=p p pt ,dec is the decay time of pions (g e=p p p( )m c2 and
t = ´p

-2.6 10 8 s) and = +p p
- - -t t t,cool

1
,syn
1

dyn
1 is the cooling

time for pions. This cooling makes a spectral break in the

neutrino spectrum around p s t= Gn p p p( )E m c m B3 8 e T,
5 5 2 2 2 .

The muons produced by the pions decay into neutrinos and
positrons. The spectra of these neutrinos (ne and nm) are
estimated to be

» »n
n

n
n

n

n
g p mm

m

m

( )E
dN

dE
E

dN

dE
f f f E

dN

dE
1
8

, 4p p
p

p

2 2
sup sup

2
e

e

e

where » »n nmE E E0.05 pe and mfsup is the suppression factor
for muons. The break for neutrino spectrum by muon cooling

appears around p s t= Gn m m m( )E m c m B3 8 e T,
5 5 2 2 2 . The neu-

trino spectrum measured at the Earth is different from that at
the sources due to neutrino mixing. Using the tri-bimaximal
mixing matrix, the fluences are calculated via(e.g., Harrison
et al. 2002)

f f f f= + +n n n n n n n n+ + + +m m t t
( ) ( )10

18
4

18
, 50 0 0

e e e e

f f f f= + +n n n n n n n n+ + + +m m m m t t
( ) ( )4

18
7

18
, 60 0 0

e e

where f p= ( ) ( )dN dE d4i i i L
0 2 is the neutrino fluence at the

source and dL is the luminosity distance.
We calculate fn from EEs (two cases), a prompt emission, a

flare, and a plateau, whose parameters are tabulated in Table 1.
The observations of SGRBs give us typical values for several
parameters (see, e.g., Nava et al. 2011; Fong et al. 2015; Lien
et al. 2016 for prompt emissions, Sakamoto et al. 2011;
Kagawa et al. 2015; Kaneko et al. 2015; Kisaka et al. 2017 for
EEs, Chincarini et al. 2010; Margutti et al. 2011 for flares, and
Evans et al. 2009; Rowlinson et al. 2013; Kisaka et al. 2017 for
plateaus), but we should note the substantial uncertainties. The
parameters that are not tabulated in the table are set to a = 0.5,
b = 2.0, x = 10p , x = 0.1B , and dL=300Mpc. This dL
corresponds to the declination-averaged design sensitivity
range of aLIGO for NS–NS mergers in face-on inclina-
tion(Schutz 2011). In Table 1, we also tabulate the resultant
physical quantities; B, gL ,iso, Eg,iso, Ep M, , n mE , , and n pE , .
Figure 1 shows fnm for the models tabulated in Table 1. We

see that EEs achieve much higher fluences than the others. The
meson production efficiency reaches almost unity at ∼10PeV
(∼10 TeV) for EE-mod (EE-opt), owing to their high photon

5 Note that g[ ]fmin 1, p should be used if the photomeson production optical
depth is given by »g gf t tp pdyn .
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Note that the temperature and radiation energy density
in the collimation jet is independent of both Liso and Γj .

In the collimation jet, np ≈ ncj and B ≈
!

8πξBaT 4,
where ξB is the ratio of the magnetic field energy density
to the radiation energy density.

We plot the timescales for the collimation shock in the
upper panel of Figure 2, and tabulate the parameters in
Table I. We do not show other relevant timescales, such
as the advection time tadv = Rh/(cΓcj) and tp,syn be-
cause they are much longer. We can see that the Bethe-
Heigler process suppresses the pion production for 0.01
TeV ! εp ! 1 TeV, while the pion production efficiency is
almost unity above εp "1 TeV. The maximum energy of
the protons εp ≃ 3.1× 102 TeV. However, the pion cool-
ings are significant for επ " 0.1 TeV due to the high den-
sity and the strong magnetic field in the collimation jet.
The critical energies at which synchrotron and hadronic
processes become important are estimated to be επ,syn ≃
0.062θ−1

j,0.3M
−1/2
ej,−2β

1/2
ej,0.33t

3/2
dur,2χ

1/2
lag,1.5ξ

−1/2
B,−1 TeV (ξB,−1 =

ξB/0.1) and εpπ ≃ 0.50θ−1
j,0.3Γj,300βj,0.33M

−1
ej,−2t

3
dur,2 TeV,

respectively. Since the Lorentz factor of the emission re-
gion is small, Γcj ∼ 3.3, we cannot expect high-energy
neutrinos of Eν > 10 TeV. This makes it difficult to
detect the high-energy neutrinos from the collimation
shocks near future.

2. Internal shocks

In the internal shocks, we expect two types of the tar-
get photons. One is the leakage photons from the col-
limation jet, and the other is the prompt photons from
the non-thermal electrons produced at the internal shock.
For the leakage photons, we assume that the escape frac-
tion is τ−1

cj ∼ Γcj/(ncjσTRcs). Then, the leakage pho-
ton density is Γj/(2Γcjτcj) times the photon density in
the collimation jet, where the factor Γj/(2Γcj) represents
the Lorentz boost. The energy of the leakage photons
is also boosted by Γj/(2Γcj). For the prompt photons,
we assume that a fraction ϵe of the thermal energy in
the downstream is converted to the non-thermal pho-
ton energy, Uγ ≈ ϵe(Γrel − 1)njmpc2, and use the bro-
ken power-law spectrum, dnγ/dεγ ∝ ε−α1

γ (ε−α2
γ ) for

εγ < εγ,pk (εγ > εγ,pk). The magnetic field at the in-
ternal shock is estimated to be B =

!
8πξBUγ .

In the bottom panel of Figure 2, we plot the inverse of
timescales for model A whose parameters are tabulated
in Table I. The photomeson production is the dominant
cooling process in the energy range of our interest, where
the contribution from the leakage photons is more impor-
tant than the prompt photons. Note that these leakage
photons have typically higher photon energy, εγ ∼ 1−10
MeV, than the prompt photons, resulting in the high
neutrino flux around 1–100 TeV range. The maximum
comoving proton energy is 30 TeV. The pions cooling is
not essential in this parameter set. The adiabatic cool-
ing is the most efficient for pions, and the critical energy

FIG. 3. The muon neutrino fluences from the internal shock
models for optimistic (model A: solid line) and conservative
(model B: dashed line) cases.

is επ,dyn ≃ 5.0tvar,−4Γj,300Γ
−2
rel,4 TeV. For low Γj case,

the hadronic cooling can be important due to their very
strong Γj dependence: εpπ ≃ 16L−1

iso,51t
2
var,−4Γ

6
j,300Γ

−4
rel,4

TeV. Since the Lorentz factor at the emission region for
the internal shock case is high, we can expect much higher
neutrino fluence at Eν > 10 TeV.

B. Neutrinos from the internal shocks

Since the collimation shock cannot produce the neu-
trinos of Eν > 10 TeV efficiently, we focus on the neu-
trino emissions from the internal shocks. For cosmic
rays at the internal shock, we consider that all the ther-
mal energy at the downstream is deposited on the non-
thermal protons. Assuming the canonical shock accel-
eration spectrum with an exponential cutoff, dN/dEp ∝
E−2

p exp(−Ep/Ep,max), the non-thermal proton spectrum
is approximated to be

E2
p
dN

dEp
≈ (Γrel − 1)Eiso

ln(Ep,max/Ep,min)
exp

"
− Ep

Ep,max

#
, (13)

where Eiso ≈ Lisotdur is the isotropic equivalent kinetic
energy, Ep,max and Ep,min are the maximum and mini-
mum energy of the non-thermal protons at the observer
frame, respectively. We use Ep,min ≈ ΓjΓrelmpc2 and
Ep,max = Γjεp,max is obtained by the balance between
the acceleration and cooling, i.e., tp,acc ≈ tp,cl.
These protons produce pions that decay to muons and

muon neutrinos. The muon neutrino spectrum by pion
decay is expressed as

E2
π−νµ

dNπ−νµ

dEπ−νµ

≈
"
1

8
fpγ +

1

6
fpp

#
fπ,supE

2
p
dNp

dEp
., (14)

where fpγ = t−1
pγ /t

−1
p,cl and fpp = t−1

pp /t
−1
p,cl are the neu-

trino production efficiency through photomeson produc-

SGRBs, including late-time emissions such as EE and plateau
emission, and we discuss the detectability of high-energy
neutrino events, assuming that SGRBs happen within the
design sensitivity range of current GW experiments (aLIGO/
aVIRGO/KAGRA).

2. High-energy Neutrinos from SGRBs

High-energy neutrino emission from GRBs has been studied
with detailed numerical simulations, taking into account the
multi-pion production and various cooling processes (e.g.,
Murase & Nagataki 2006a; Baerwald et al. 2011). Effects of
multi-zone have been studied in the context of prompt emission
from long GRBs, which shows highly variable light
curves (Bustamante et al. 2015). In this work, we take the
simplified approach as used in He et al. (2012), which is
sufficient for our purpose of comparing various phases of
SGRB neutrino emission. We use ei for energy of particle
species i in the fluid-rest frame and Ei in the observer frame.

The photon density in a dissipation region is described by
a broken power-law function: e e eµg g g g

a-( )dn d ,pk for
e e<g g,pk and e e eµg g g g

b-( )dn d ,pk for e e>g g,pk. The
normalization is determined by the isotropic equivalent luminosity,

p= Gg gL c r U4,iso
2

diss
2 , and ò e e e=g e

e
g g g g

g

g ( )U d dn d
m

M

,

, , respec-

tively, where eg m, (eg M, ) is the comoving minimum (maximum)
photon energy. We use e =g 0.1 eVm, and e =g 10 eVM,

6 , as in
Murase & Nagataki (2006b). The luminosity measured in the
observed energy band, *gL ,iso, depends on detectors, and gL ,iso is
several times higher than *gL ,iso.

For cosmic rays, we use a canonical power-law spectrum,
µ -dN dE Ep p p

2. The total energy of non-thermal protons is
normalized by E Ex= gp p,iso ,iso, where Eg,iso is the isotropic
equivalent photon energy and x = 10p is the cosmic-ray
loading factor (Murase & Nagataki 2006a). Note that neutrino
observations of long GRBs suggest 1x –3 300p , depending on
emission radii (Bustamante et al. 2015; Aartsen et al. 2017).
We use e= G = G( )E m c10p m p m p, ,

2 . The maximum energy is
determined by the balance between the acceleration and
cooling processes:

> º + + g
- - - - - ( )t t t t t . 1p p pacc

1
,cool
1

dyn
1

,syn
1 1

The acceleration time is estimated to be e= ( )t ceBpacc , where

x= G( )B L c r2 Biso
2

diss
2 is the comoving magnetic field

strength (where xB is the energy fraction of the magnetic field
compared to the radiation energy). For the cooling processes,
we consider adiabatic cooling, synchrotron cooling, and
photomeson production. The adiabatic cooling time is similar
to the dynamical time: = G( )t r cdyn diss . The synchrotron time
for particle species i is p s e= ( )t m c m B6i i e T i,syn

4 3 2 2 , where sT

is the Thomson cross-section. The photomeson cooling rate is
evaluated by
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where g e= ( )m cp p p
2 , e � 145 MeVth is the threshold energy

for the photomeson production, eg is the photon energy in the
proton rest frame, and s gp and k gp are the cross-section and
inelasticity for photomeson production, respectively. To take
into account the energy dependences of s gp and k gp , we use the

fitting formulae based on GEANT4 (see Murase &
Nagataki 2006a).
Pions generated through the photomeson production decay

into muons and muon neutrinos. Using the meson production
efficiency, ºg gf t tp p p,cool (which always satisfies <gf 1p in
this definition5), the muon neutrino spectrum produced by pion
decay is estimated to be
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where »nmE E0.05 p and = - -p p p( )f t t1 expsup ,cool ,dec is the
suppression factor due to the cooling of pions. Here,

g t=p p pt ,dec is the decay time of pions (g e=p p p( )m c2 and
t = ´p

-2.6 10 8 s) and = +p p
- - -t t t,cool

1
,syn
1

dyn
1 is the cooling

time for pions. This cooling makes a spectral break in the

neutrino spectrum around p s t= Gn p p p( )E m c m B3 8 e T,
5 5 2 2 2 .

The muons produced by the pions decay into neutrinos and
positrons. The spectra of these neutrinos (ne and nm) are
estimated to be
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where » »n nmE E E0.05 pe and mfsup is the suppression factor
for muons. The break for neutrino spectrum by muon cooling

appears around p s t= Gn m m m( )E m c m B3 8 e T,
5 5 2 2 2 . The neu-

trino spectrum measured at the Earth is different from that at
the sources due to neutrino mixing. Using the tri-bimaximal
mixing matrix, the fluences are calculated via(e.g., Harrison
et al. 2002)

f f f f= + +n n n n n n n n+ + + +m m t t
( ) ( )10

18
4

18
, 50 0 0

e e e e

f f f f= + +n n n n n n n n+ + + +m m m m t t
( ) ( )4

18
7

18
, 60 0 0

e e

where f p= ( ) ( )dN dE d4i i i L
0 2 is the neutrino fluence at the

source and dL is the luminosity distance.
We calculate fn from EEs (two cases), a prompt emission, a

flare, and a plateau, whose parameters are tabulated in Table 1.
The observations of SGRBs give us typical values for several
parameters (see, e.g., Nava et al. 2011; Fong et al. 2015; Lien
et al. 2016 for prompt emissions, Sakamoto et al. 2011;
Kagawa et al. 2015; Kaneko et al. 2015; Kisaka et al. 2017 for
EEs, Chincarini et al. 2010; Margutti et al. 2011 for flares, and
Evans et al. 2009; Rowlinson et al. 2013; Kisaka et al. 2017 for
plateaus), but we should note the substantial uncertainties. The
parameters that are not tabulated in the table are set to a = 0.5,
b = 2.0, x = 10p , x = 0.1B , and dL=300Mpc. This dL
corresponds to the declination-averaged design sensitivity
range of aLIGO for NS–NS mergers in face-on inclina-
tion(Schutz 2011). In Table 1, we also tabulate the resultant
physical quantities; B, gL ,iso, Eg,iso, Ep M, , n mE , , and n pE , .
Figure 1 shows fnm for the models tabulated in Table 1. We

see that EEs achieve much higher fluences than the others. The
meson production efficiency reaches almost unity at ∼10PeV
(∼10 TeV) for EE-mod (EE-opt), owing to their high photon

5 Note that g[ ]fmin 1, p should be used if the photomeson production optical
depth is given by »g gf t tp pdyn .
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number density. This makes EEs more luminous than the
others. The magnetic fields are so strong that spectral breaks
due to both the muon and pion cooling supressions are seen in
Figure 1. The proton maximum energy is determined by the
photomeson production, leading to relatively lower values of
Ep M, . For the other three models, <gf 1p is satisfied and the
lower fluences are obtained. The magnetic fields are so weak
that pion cooling is not important in these models. The
maximum energy is determined by adiabatic losses for prompt
and plateau emissions, and by photomeson production for
flares.

For flares and plateaus, G ~ 10 and ~r 10diss
13 cm are also

possible(e.g., Nagakura et al. 2014; Kisaka et al. 2015), and
then they can be as bright as EEs owing to the high pion
production efficiency. Also, neutrino fluences from prompt
emission can be higher than the plateau and flares if 1G 300 is
realized.

3. Probability of Neutrino Detection

The expected number of nm-induced events is estimated to be

& ò f d=m n n n( ) ( )A E dE, , 7eff

where Aeff is the effective area. The effective areas of upgoing
+horizontal and downgoing tracks for IceCube is shown in
Aartsen et al. (2017) as a function of Eν. For upgoing

+horizontal muon neutrino events (d > -5 ), the atmospheric
muons are shielded by the Earth. For IceCube-Gen2, we use
102 3 times larger effective areas than those of both upgoing
+horizontal and downgoing events for IceCube. The effective
area of downgoing muon neutrino events in IceCube-Gen2 may
not be simply scaled, but the simple scaling is sufficient for the
demonstrative purpose of this work. We set the threshold
energy for neutrino detection to 100GeV for IceCube and
1TeV for IceCube-Gen2.
The probability of detecting k neutrino events, pk, is

described by the Poisson distribution. The detection probability
of more than k neutrinos is represented as & . =m( )p k
- å < p1 i k i. We find that for EE-mod (G = 30), the prob-

ability for upgoing+horizontal events, & .m( )p 1 , is 0.04 and
0.16 with IceCube and IceCube-Gen2, respectively. For EE-opt
(G = 10), &m � 1.7 and 7.9 with IceCube and IceCube-Gen2,
respectively. It is possible for IceCube to detect neutrinos from
EEs, while detections with IceCube-Gen2 are more promising.
However, for dL=300 Mpc, the neutrino detection for the
prompt, flare, and plateau neutrino emissions may still be
challenging even with IceCube-Gen2, since & .m( )p 1 for
them is less than 0.01.
The neutrino fluence of GRBs is sensitive to the Lorentz

factor. To take this effect into account in a reasonable manner,
we consider the distribution of Γ to calculate the detection
probability of EEs by current and future neutrino experiments.
The Lorentz factor distribution is assumed to be lognormal:

s
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G
= -

G GG

G

⎛
⎝⎜

⎞
⎠⎟( ) ( ( ))

( ( ))
( )F

dN
d

F
ln

exp
ln
2 ln

, 80
0

2

2

where F0 is the normalization factor (ò G G =
G

¥ ( )F d ln 1
min

), G0

is the mean Lorentz factor, and sG is the dispersion in
logarithmic space.6 Here, we introduce the minimum Lorentz
factor G » 2min , below which we assume that such a slow jet
does not exist. We calculate &m for EEs with various Γ, and we
estimate the detection probabilities ò= G GP d F pk k and
& . = - åm <( )P k P1 i k i. Note that pk is a function of Γ

and δ through fn and Aeff , respectively. We calculate Pk for
upgoing+horizontal and downgoing events separately, and we
consider a covering-factor-weighted average as the all-sky

Table 1
Used Parameters (Top Section) and Resultant Quantities (Bottom Section)

Parameters Γ *gL ,iso
-( )erg s 1 E*g,iso (erg) rdiss (cm) gE ,pk (keV) Energy Band (keV)

EE-mod 30 3×1048 1051 1014 1 0.3–10
EE-opt 10 3×1048 1051 3×1013 10 0.3–10
Prompt 103 1051 1051 3×1013 500 10–103

Flare 30 1048 3×1050 3×1014 0.3 0.3–10
Plateau 30 1047 3×1050 3×1014 0.1 0.3–10

Quantities B (G) gL ,iso (erg s−1) Eg,iso (erg) Ep M, (EeV) n mE , (EeV) n pE , (EeV)

EE-mod 2.9×103 1.2×1049 3.8×1051 21 0.020 0.28
EE-opt 5.0×104 3.4×1049 1.1×1052 6.0 3.9×10−4 5.4×10−3

Prompt 6.7×103 6.1×1051 6.1×1051 60 0.29 4.0
Flare 5.3×102 3.5×1048 1.0×1051 25 0.11 1.5
Plateau 1.8×102 3.8×1047 1.1×1051 13 0.33 4.6

Figure 1. Neutrino fluences from the EE-mod, EE-opt, prompt emission, flare,
and plateau for dL=300 Mpc.

6 Although the exact shape of G( )F is uncertain, the results of some analyses
look lognormal, rather than Gaussian (Guetta et al. 2004; Liang et al. 2010).
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Model EE Plateau Prompt Flare

Γ 10–30 30 1000 30

Rdis [cm] 1013–1014 3x1014 3x1013 3x1014

Eγ,pk 
[keV] 1—10 0.1 500 0.3

Eγiso 
[erg] 1051 3x1050 1051 3x1050

• Extended emission (EE) can produce neutrinos efficiently
• Low Γ  or low Rdis → high photon density → high fluence φ

dL=300 Mpc
Optimistic Moderate

Waxman & Bahcall 1997



• Assume that all the NS mergers within 300 Mpc are detected by GW
• RSGRB~ 4 —10 Gpc-3 yr-1  & half of SGRBs have EE  
→ N ~ 2-5 for NS-NS (10 yr) within GW horizon (300 Mpc)

• For optimistic case, simultaneous detection of GWs and νs  
is highly probable even with IceCube

• Fore moderate case, IceCube-Gen2 is likely to detect neutrinos

12

Coincident Detection Probability 
with Gravitational Waves

Wanderman & Piran 15, Nakar + 06

operation. The estimated values of (DT are tabulated in Table 3.
We find that the simultaneous detection of gamma-rays,
neutrinos, and GWs is possible in the era of IceCube-Gen2
and aLIGO/aVirgo/KAGRA, assuming a cosmic-ray loading
factor, x ~ 10p . This will allow us to probe the physical
conditions during EEs, including the cosmic-ray loading factor
and the Lorentz factor (see Section 4).

In the near future, KM3NeT will be in operation. While
IceCube is more suitable to observe the northern sky, KM3NeT
will achieve a better sensitivity for the southern sky, helping us
improve the possibility of detections.

In reality, not only Γ but also the other parameters for EEs
(rdiss, L iso

obs, Eiso
obs, α, β, gE ,pk, xB, dL) should be distributed in

certain ranges. However, their distribution functions are quite
uncertain, and detailed discussion of the parameter depen-
dences is beyond the scope of this Letter. Systematic studies
are required to obtain more solid conclusions.

4. Summary and Discussion

We have discussed the detectability of high-energy neutrinos
from SGRBs that occur within the sensitivity range of GW
detectors. We have calculated the neutrino fluences from
SGRBs including prompt emission and late-time emissions
(EEs, flares, plateaus) and shown that EEs may be accom-
panied by more efficient production of high-energy neutrinos
than the other components. Assuming that the distribution
function of the jet Lorentz factor is lognormal, the detection
probability of high-energy neutrinos from EEs with IceCube
and IceCube-Gen2 have been estimated as a function of dL.
Using the expected distance of GW detection from face-on NS–
NS binaries (∼300Mpc), IceCube can detect neutrinos from
less than 10% of EEs in the moderate case and around half of
EEs in the optimistic case, while IceCube-Gen2 can detect
around one-fourth of EEs in the moderate case and around
more than three-fourth of EEs in the optimistic case,
respectively. With several years of operation of IceCube-
Gen2, one may expect a high probability for the quasi-
simultaneous detections of gamma-rays, neutrinos, and GWs
from X-ray bright SGRBs.

The sky position and timing information of an SGRB are
obtained from electromagnetic waves and GWs, which
allow us to reduce the atmospheric background. The intensity
of the atmospheric neutrinos above TeV is around ´6

- - - -10 erg s sr cm8 1 1 2 (e.g., Abbasi et al. 2011). Within the
angular resolution of track-like events (~1 ) and the time

window of EEs (∼102 s), the atmospheric neutrino fluence can
ideally be as small as ~ ´ - -2 10 erg cm9 2. Although the
localization accuracy can be much worse, e.g., ∼5°–15° for
Fermi GBM (depending on the burst duration) or a few degrees
for the GW detector network (aLIGO/VIRGO/KAGRA)
without electromagnetic wave counterparts(e.g., Schutz 2011),
the atmospheric neutrino background is still much lower than
the signal in many cases. Therefore, we can safely neglect the
atmospheric backgrounds.
In the 2030s, third-generation GW detectors, such as

Einstein Telescope (ET) and LIGO cosmic explorer (LIGO-
CE), might be realized. ET and LIGO-CE can detect NS–NS
mergers even around ~z 2 and ~z 6, respectively(Sathya-
prakash et al. 2012; Abbott et al. 2017). Next-generation MeV
gamma-ray satellites such as e-ASTROGAM and AMEGO are
also being planned, which would be able to detect SGRBs at
2z 1 with an angular resolution of less than a few degrees.

Since GW data can tell us a redshift of each event for given
cosmological parameters,7 the redshift distribution of NS–NS
mergers and SGRBs will be obtained. In the IceCube-Gen2 era,
stacking analyses are expected to be powerful. For simplicity,
we assume all of the EEs have the same parameters as in the
EE-mod or EE-opt model, except for dL=5.8 Gpc (corresp-
onding to ~z 0.9). At this typical redshift of SGRBs(Wander-
man & Piran 2015), the SGRB rate is increased to
~ - -45 Gpc yr3 1, but the atmospheric neutrinos are still
negligible partially because the signal fluxes expected in this
work typically have peak energies of >10 TeV.8 Under the
assumption that half of the SGRBs are accompanied by EEs,
we expect ∼1300 EEs per year in the northern sky. The
expected number of nm-induced upgoing tracks in IceCube-
Gen2 is & ´m

-� 4.6 10 4 and &m � 0.021 for the EE-mod
and EE-opt models, respectively. We find that the detection
probability for a three-month operation, (0.25yr, is �0.14 for
EE-mod and�0.999 for EE-opt. Two years of operation would
be enough to increase ( � 0.691yr for EE-mod. Detailed
discussion, including the effect of cosmological evolution and
parameter dependence, is left for future work. We encourage
stacking analyses specialized on not only long GRBs but also
SGRBs with longer time windows in order to constrain high-
energy neutrino emission associated with the late-time
activities.
High-energy neutrinos can serve as a powerful probe of

cosmic-ray acceleration in SGRBs and physics of SGRB jets
associated with NS–NS mergers. They can provide important
clues to an outflow associated with late-time activities, whose
mechanisms are highly uncertain. Several scenarios for late-
time activities have been proposed to explain EEs, flares, and
plateaus. For example, the fragmentation of the accretion disk
(Perna et al. 2006) and its magnetic barrier (Liu et al. 2012)
may lead to a considerable amount of baryons around the
central engine, which may result in a high baryon loading
factor. On the other hand, baryon loading factors can be very
low if the outflow is largely Poynting-dominated. This could
be realized by not only Blandford–Znajek jets from a BH
(Nakamura et al. 2014; Kisaka et al. 2015) but also a long-lived

Table 3
The Detection Probabilities within a Given Time Interval, (DT

NS–NS (D =T 10 years) IC (all) Gen2 (all)

EE-mod-dist-A 0.11–0.25 0.37–0.69
EE-mod-dist-B 0.16–0.35 0.44–0.77
EE-opt-dist-A 0.76–0.97 0.98–1.00
EE-opt-dist-B 0.65–0.93 0.93–1.00

NS–BH (D =T 5 years) IC (all) Gen2 (all)

EE-mod-dist-A 0.12–0.28 0.45–0.88
EE-mod-dist-B 0.18–0.39 0.57–0.88
EE-opt-dist-A 0.85–0.99 1.00–1.00
EE-opt-dist-B 0.77–0.97 0.99–1.00

Note. The SGRB rate is assumed to be -- - - -4 Gpc yr 10 Gpc yr3 1 3 1.

7 The GW data can give the redshift and cosmological parameters
independently of electromagnetic signals if the tidal effect is taken into
account (Messenger & Read 2012).
8 The temporal information of gamma-ray light curves is also useful to reduce
the atmospheric background(Bartos & Márka 2014). See also Bustamante
et al. (2015).
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• Off-axis flux is lower than the on-axis flux
• Extended emission is not observed from this event 

—> neutrinos from EE may not be observed
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to attenuation by the ejecta, we compare our neutrino con-
straints to neutrino emission expected for typical GRB pa-
rameters. For the prompt and extended emissions, we use the
results of Kimura et al. (2017) and compare these to our con-
straints for the relevant ±500 s time window. For extended
emission we consider source parameters corresponding to
both optimistic and moderate scenarios in Table 1 of Kimura
et al. (2017). For emission on even longer timescales, we
compare our constraints for the 14-day time window with
the relevant results of Fang & Metzger (2017), namely emis-
sion from approximately 0.3 to 3 days and from 3 to 30 days
following the merger. Predictions based on fiducial emis-
sion models and neutrino constraints are shown in Fig. 2. We
find that our limits would constrain the optimistic extended-
emission scenario for a typical GRB at ⇠ 40Mpc, viewed at
zero viewing angle.

4. CONCLUSION

We searched for high-energy neutrinos from the first bi-
nary neutron star merger detected through GWs, GW170817,
in the energy band of [⇠ 1011 eV, ⇠ 1020 eV] using the
ANTARES, IceCube, and Pierre Auger Observatories, as well
as for MeV neutrinos with IceCube. This marks an unprece-
dented joint effort of experiments sensitive to high-energy
neutrinos. We have observed no significant neutrino counter-
part within a ±500 s window, nor in the subsequent 14 days.
The three detectors complement each other in the energy
bands in which they are most sensitive (see Fig. 2).

This non-detection is consistent with our expectations from
a typical GRB observed off-axis, or with a low-luminosity
GRB. Possible gamma-ray attenuation in the ejecta from the
merger remnant could also account for the low gamma-ray
luminosity, which could mean stronger neutrino emission.
Optimistic scenarios for such on-axis gamma-attenuated
emission are constrained by the present non-detection.

While the location of this source was nearly ideal for
Auger, it was well above the horizon for IceCube and
ANTARES for prompt observations. This limited the sensitiv-
ity of the latter two detectors, particularly below ⇠ 100TeV.
For source locations near, or below the horizon, a factor of
⇠ 10 increase in fluence sensitivity to prompt emission from
an E�2 neutrino spectrum is expected.

With the discovery of a nearby binary neutron star merger,
the ongoing enhancement of detector sensitivity (Abbott
et al. 2016) and the growing network of GW detectors (Aso
et al. 2013; Iyer et al. 2011), we can expect that several binary
neutron star mergers will be observed in the near future. Not
only will this allow stacking analyses of neutrino emission,
but it will also bring about sources with favorable orientation
and direction.

The ANTARES, IceCube, and Pierre Auger Collaborations
are planning to continue the rapid search for neutrino can-

Figure 2. Upper limits (at 90% confidence level) on the neutrino
spectral fluence from GW170817 during a ±500 s window centered
on the GW trigger time (top panel), and a 14-day window follow-
ing the GW trigger (bottom panel). For each experiment, limits are
calculated separately for each energy decade, assuming a spectral
fluence F (E) = Fup ⇥ [E/GeV]�2 in that decade only. Also
shown are predictions by neutrino emission models. In the upper
plot, models from Kimura et al. (2017) for both extended emission
(EE) and prompt emission are scaled to a distance of 40 Mpc, and
shown for the case of on-axis viewing angle (0�) and selected off-
axis angles to indicate the dependence on this parameter. GW data
and the redshift of the host-galaxy constrain the viewing angle to
⇥ 2 [0�, 36�] (see Section 3). In the lower plot, models from Fang
& Metzger (2017) are scaled to a distance of 40 Mpc. All fluences
are shown as the per flavor sum of neutrino and anti-neutrino flu-
ence, assuming equal fluence in all flavors, as expected for standard
neutrino oscillation parameters.

didates from identified GW sources. A coincident neutrino,
with a typical position uncertainty of ⇠ 1 deg2 could signifi-
cantly improve the fast localization of joint events compared
to the GW-only case. In addition, the first joint GW and high-
energy neutrino discovery might thereby be known to the
wider astronomy community within minutes after the event,
opening a rich field of multimessenger astronomy with parti-
cle, electromagnetic, and gravitational waves combined.
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SSK, Murase, Meszaros, Kiuchi, 2017, ApJL, 848, L4 
(This work was done before the detection of GW170817)

2. Trans-Ejecta Neutrinos from Choked Jets
SSK, Murase, Bartos, Ioka al. 2018, PRD, 98, 043020
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factor, and speed of light, respectively. The ejecta’s quantities
are evaluated at the head.

We assume that the ejecta are homologous and have a
power-law density profile (Hotokezaka et al. 2013; Nagakura
et al. 2014). Even after a prompt jet is choked, although the
profile is modified from the original one, these assumptions
may hold. Note that if a prompt jet succeeds in breaking out, it
produces a cavity and a late jet (or even a spherical outflow)
easily emerges from the ejecta (see also Section 3.1). For
homologous ejecta, the velocity is given by R Ra h ej ejb b= ( ) ,
where Rh, R c t tej ej lagb= +( ), and βej are the jet head position
and the radius and velocity of ejecta edge, respectively. We set
the origin of time t as the jet-launching time, which is tlag after
the merger. The density is given by
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where Mej is the ejecta mass. The inner boundary is set by the
innermost unbound ejecta at the jet launch as
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where G and Mc are the gravitational constant and the merger-
remnant mass, respectively.

The cocoon pressure determines whether the jet is collimated
or conical. The jet cross section is given as
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where the cocoon is radiation-pressure dominated and conical
with a height Rh and radius Rc. The cocoon radius is obtained
by integrating the cocoon’s lateral-expansion velocity of
(Begelman & Cioffi 1989)
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where ar̄ is the cocoon’s mean density. When a converging
position of the jet’s collimation shock (Komissarov &
Falle 1997)
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is lower than the jet head R zh 2 ˆ, the jet is collimated.
We integrate the above equations numerically and obtain the

jet breakout time tbr for various constant jet luminosities.
Because Equation (1) overestimates the jet head velocity for
L 11˜ compared with numerical simulations (Mizuta &
Ioka 2013; Harrison et al. 2018), we correct Equation (1) in
line with Harrison et al. (2018). We also modify the collimation
condition to R z 2h 2 ˆ to get a continuous jet cross section.
In Figure 2, we show the result. Each thick red curve shows

the breakout time for each lag time. The other parameters are
fixed as βej=0.3, θj=15°;0.26 rad, M M10ej

2= -
:, and

k=2. We convert the jet luminosity to the radiation
luminosity by adopting an efficiency of òγ=0.1 as
L L,iso j,iso�=g g . The ejecta velocity and mass are motivated
by numerical simulations (Hotokezaka et al. 2013) and the
observations of the macronova in GW170817 (e.g., Coulter
et al. 2017; Utsumi et al. 2017). The opening angle is based on
the observations of sGRBs (Fong et al. 2015), while the
observed value may be different from the jet-injection angle.
The index k=2 is relevant for wind-like ejecta and a larger
indices give shorter breakout times. The thin red curve shows
the result for conical jets with tlag=1 s, which give
conservative (longer) breakout times. The emission timescale
tem and isotropic luminosity of observed sGRBs’ emissions are
plotted. As the observed sGRBs have successful prompt jets,
we can regard the observed emission timescales as engine-
working timescales, which ensure that the engine activity (jet
launching) duration is long enough for a delayed breakout,
tenginetem.
For a large jet luminosity (e.g., L 10 erg sj,iso

51 12 - for
tlag=1 s), the breakout time is smaller than the lag time
tbrtlag and insensitive to the jet luminosity. This is because a
large jet luminosity gives a large jet parameter L 12˜ and a jet
head velocity becomes almost independent of the jet luminosity
βh∼1. The breakout time is evaluated by equating the jet head
radius cthb and ejecta radius c t tej lagb +( ) as (Murguia-Berthier
et al. 2014),

t
t

. 10br
ej lag

h ej

b
b b

~
-

( )

With βh=1 and βej=0.3, this equation reasonably repro-
duces our result as t t0.4 sbr lag,0� . Hereafter, we use the
convention Q Q 10x

x= (cgs). A shorter breakout time than a

Figure 1. Schematic picture of a delayed-jet-breakout event. First, a prompt jet
is choked and fails to produce an sGRB (top). Another jet that powers extended
or plateau emission is launched later (middle). It is also possible that the
delayed jet is identical to the prompt one but with reduced luminosity. Due to
expansion, the ejecta density becomes tenuous and helps the late-time jet to
break out of ejecta (bottom).
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lag time enables us to regard the envelope as static. In
particular, the jet head velocity is constant for the index of
k=2, which we assumed to derive Equation (10).

For a small jet luminosity, the jet breakout time gets longer
than Equation (10) due to a small jet head velocity. After the
lag time, the expansion of ejecta affects the jet head dynamics
by reducing the ejecta density and accelerating the jet head (see
Equation (2)). A much longer breakout time than the lag time is
inversely proportional to the jet luminosity t Lbr j,iso

1µ - . There is
a critical energy for a jet to break out of ejecta (Duffell
et al. 2018). For a conical jet, this energy is simply given by the
ejecta energy M c E L t2ej ej

2
j,iso j,iso2b ~( ) , which reasonably

reproduces our result t M L10 s2
ej, 2 ej, 0.5

2
,iso,48
12 b g- -

- . For a
collimated jet with a small ejecta mass in front of the jet head,
the required energy is smaller. In the Appendix, we derive an
analytical scaling law (Equation (26) and the black line in
Figure 2). Note that unless the ejecta expansion is taken into
account precisely, the breakout time is significantly over-
estimated except for the parameter dependence (compare
Kimura et al. 2018).

In particular, the jet breakout time for a small jet luminosity
should be compared with emission timescales of extended
(t 10 sem

2 3~ – ) and plateau emissions (t 10 sem
4 5~ – ). These

emission times are longer than the required breakout time and
guarantee that if these emissions are produced by jets, the jets
can break out of ejecta.

3. Observational Prospects

We discuss the observational prospects of the delayed
breakout events. In the following, we mainly consider that a
late jet producing an extended emission breaks out. By
combining a GW observation and follow-ups, we can check
whether or not a delayed jet breakout occurs for a binary
merger. First, such a combination tells us whether or not the
event is on-axis (Abbott et al. 2017; Finstad et al. 2018; Mandel
2018). For an on-axis event, a detection of prompt γ-rays tells

us the fate of its prompt jet. If we detect not a prompt emission
but an extended (plateau) emission-like signature i.e., a flat
light curve up to ∼102–3 s (104–5 s) and an abrupt shut down, it
strongly supports the theory that the late-time jet does punch
out a hole in the ejecta. Therefore, we should set X-ray
detectors to the merger event regardless of whether or not
prompt γ-rays are detected. In particular, because plateau
emissions last for a very long time, they can be a good target
for X-ray detectors such as the Swift X-ray Telescope (XRT)
and MAXI (Nakamura et al. 2014; Kisaka et al. 2017).

3.1. A Probe of Late-time Engine
Activity in Binary NS Mergers

Delayed-jet-breakout events can be a probe to study what
powers have extended and plateau emissions. Currently, the
origin of these long-lasting emissions is controversial, as there
are two representative models. One is the magnetar model
(Metzger et al. 2008; Bucciantini et al. 2012; Gompertz
et al. 2013, 2014; Rowlinson et al. 2013; Gibson et al. 2017),
where a long-lived magnetar powers energetic outflows
through the spin-down or propeller effect. The outflows
dissipate energy and power the emissions. The other is the
black hole (BH) model (Barkov & Pozanenko 2011; Nakamura
et al. 2014; Kisaka & Ioka 2015), in which the emissions are
produced by jets from a BH and accretion disk system fueled
by fallback matter (Rosswog 2007).
The delayed jet breakout requires a jet (or a collimated

outflow), so its detection is evidence that the extended or
plateau emission is produced by a jet. Some magnetar models
explain long-lasting emissions by rather isotropic magnetar
winds. The isotropic outflows cannot break out of ejecta by
themselves or produce detectable signals without a hole
punched out by a prompt jet. Therefore, the delayed jet
breakout strongly supports a BH jet or a mechanism to
collimate isotropic magnetar winds (Bucciantini et al. 2012).
The jet eventually collides with the interstellar medium

(ISM) and produces an afterglow. The total kinetic energy of
the late jet can be comparable to that of prompt jets in ordinary
sGRBs. However, its initial Lorentz factor may be lower than
that of normal sGRBs, which causes a different afterglow
emission. Such a jet decelerates at a longer timescale, and its
afterglow peaks at tdec∼3×105 s Ej, iso,51

1/3 n−4
−1/3Γ1

−8/3, where
Γ and n are the initial Lorentz factor and the ISM density
(Lamb & Kobayashi 2016). While X-ray and optical afterglows
may be dimmer than the following plateau and macronova
emissions, an identification of their peaks can be a probe of the
Lorentz factor of the late-time jet.

3.2. Event Rate

We estimate the event rate of the delayed jet breakout.
The binary–NS merger rate is evaluated as NSM* �
1550 Gpc yr1220

3220 3 1
-
+ - - by the observation of GW170817

(Abbott et al. 2017). The merger rate for on-axis events is
estimated by assuming the jet opening angle to be

2
54 Gpc yr

0.26 rad
. 11on

j
2

NSM 42
110 3 1 j

2

* *
q q

-
+ - -� �

⎛
⎝⎜

⎞
⎠⎟ ( )

The central value is larger than the local sGRB rate of
4.1 Gpc yr3 1- -� (Wanderman & Piran 2015), and supports the

hypothesis that many merger events produce choked jets. For
the Laser Interferometer Gravitational-Wave Observatory’s

Figure 2. Jet breakout times for various jet luminosities. Thick red dashed,
solid, and dashed–dotted curves show the breakout times for lag times
tlag=0.1, 1, and 10 s, respectively. The other parameters are βej=0.3,
θj=15°, M M10ej

2= -
:, and k=2. The jet and radiation luminosities are

related as L L,iso j,iso�=g g and 0.1� =g . Thin red solid curve denotes the result
for a conical jet (t 1 slag= ). The black line shows an analytical formula
(Equation (26)). The data points are taken from Zou et al. (2018; for prompt),
and Kisaka et al. (2017; extended and plateau emissions). Open circles show
the events with unknown redshift (assumed z=0.72).
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• Half of prompt jets will be choked  
→Choked jet systems may be common

• Late-time jets can easily penetrate the ejecta 
→ X-ray transients without prompt γ-rays  (Delayed breakout scenario)
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• jet sweeps up ejecta —> shocks at jet head
• cocoon surrounding the jet 

—> push the jet inward —>  collimation shocks
• Velocity fluctuations in jet—> internal shocks 

16

Ejecta

Cocoon

Collimation
shock
(CS)

internal shock
(IS)

γ γ

p

p

cf. Murase & Ioka 2013

1010 cm

νν

Collimated 
Jet

Trans-ejecta Neutrinos

Schematic Picture

Jet Head



• Shocks at jet head: τ > 1 @ upstream  
→ particles are not accelerated  

• Collimation shocks: high-energy density @ downstream  
→ pion cooling kills HE neutrinos

• HE neutrinos are emitted only from internal Shock 
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Neutrino Fluence  
from Choked Jets

• Calorimetric system & flat injection spectrum  
→ Neutrino spectrum is flat for ~1-100 TeV

• Bethe-Heitler process suppresses neutrinos for GeV-TeV

18
6

ergy range of our interest, where the contribution from
the leakage photons is more important than the prompt
photons. Note that these leakage photons have typically
higher photon energy, "� ⇠ 1�10 MeV, than the prompt
photons, resulting in the high neutrino flux around 1–100
TeV range. The maximum comoving proton energy is es-
timated to be 30 TeV for model A.

The pion cooling timescales are shown in the lower
panel of the figure. The adiabatic cooling is the most
e�cient for pions, and the critical energy is

"⇡,dyn ' 5.0Ris,9.99�
�1

j,2.48 TeV

' 5.0tvar,�4�j,2.48�
�2

rel-is,0.6 TeV. (13)

For low �j case with fixed tvar, the hadronic and syn-
chrotron coolings can be important due to their strong
�j dependence:

"⇡,syn' 6.1L�1/2
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rel-is,0.6 TeV. (15)

Since the Lorentz factor at the emission region for the
internal shock case is high, �j ⇠ 300, we can expect a
high neutrino fluence at E⌫ > 10 TeV.

IV. TRANS-EJECTA NEUTRINOS FROM THE
INTERNAL SHOCKS

A. Neutrino fluences

Since the collimation shocks produce lower energy
neutrinos that are not suitable for detection by Ice-
Cube, we focus on the neutrino emissions from the in-
ternal shocks. For cosmic rays at the internal shock,
we use the approximation that a fraction ✏p of the ther-
mal energy at the downstream is deposited on the non-
thermal protons. Assuming the canonical shock acceler-
ation spectrum with an exponential cuto↵, dN iso

p /dEp /
E

�2

p exp(�Ep/Ep,max), the non-thermal proton spectrum
is approximated as

E
2

p

dN
iso

p

dEp
⇡ ✏p(�rel-is � 1)E iso

k

ln(Ep,max/Ep,min)
exp

✓
� Ep
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⇡ ⇠accE iso

rad
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✓
� Ep
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◆
,(16)

where E iso

k ⇡ Lk,isotdur is the isotropic equivalent ki-
netic energy, ⇠acc is the barion loading factor, E iso

rad
is

the isotropic equivalent radiation energy, Ep,max and
Ep,min are the maximum and minimum energy of the non-
thermal protons at the observer frame, respectively. To
convert ✏p and E iso

k to ⇠acc and E iso

rad
, we use ⇠acc ⇡ ✏p/✏rad

and E iso

rad
⇡ ✏rad(�rel-is � 1)E iso

k . We use Ep,min ⇡
�j�rel-ismpc

2 and Ep,max = �j"p,max is obtained by

FIG. 5. The muon neutrino fluences from the internal shock
models for optimistic (model A: solid line) and moderate
(model B: dashed line) cases for an on-axis observer with
dL = 300 Mpc. The precursor neutrino fluence from the suc-
cessful jet (model C: dotted line) is also shown.

the balance between the acceleration and cooling, i.e.,
tp,acc ⇡ tp,cl. In this work, we set ✏p = 0.3, �rel-is = 4,
and E iso

rad
⇡ E iso

k , which results in ⇠acc ⇠ 1. This value of
✏p is consistent with previous particle-in-cell (PIC) sim-
ulations (e.g. [70]). To explain ultrahigh-energy cosmic
rays (UHECRs) by long GRBs, ⇠acc & 10 is required (e.g.,
[71]). However, this value may be too optimistic for sub-
photospheric emission, and ⇠acc ⇠ 1�3 has also been used
in the literature (e.g., [36, 39, 42]). Note that we cannot
constrain ✏p by the observations, since the normalization
of the signals also depends on �rel-is and ✏rad.
These protons produce pions that decay to muons and

muon neutrinos. The muon neutrino spectrum by pion
decay is expressed as

E
2
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where fp� = t
�1

p� /t
�1

p,cl and fpp = t
�1

pp /t
�1

p,cl are the neutrino
production e�ciency through photomeson production
and inelastic pp collision, respectively, and the subscript
⌫
⇡
µ indicates the muon neutrinos produced from pions.
The muons decay to neutrinos and electrons/positrons,
whose spectrum is represented as

E
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where fµ,sup = 1 � exp(�t
�1

µ,dec/t
�1

µ,cl) is the suppression

factor by the muon cooling, t�1

µ,cl = t
�1

µ,syn + t
�1

dyn
, and the

subscript ⌫µµ indicates the muon neutrinos produced from
muons. These muon neutrinos and electron neutrinos
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(model B)

precursor of classic SGRB 
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ergy range of our interest, where the contribution from
the leakage photons is more important than the prompt
photons. Note that these leakage photons have typically
higher photon energy, "� ⇠ 1�10 MeV, than the prompt
photons, resulting in the high neutrino flux around 1–100
TeV range. The maximum comoving proton energy is es-
timated to be 30 TeV for model A.
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panel of the figure. The adiabatic cooling is the most
e�cient for pions, and the critical energy is

"⇡,dyn ' 5.0Ris,9.99�
�1

j,2.48 TeV

' 5.0tvar,�4�j,2.48�
�2

rel-is,0.6 TeV. (13)

For low �j case with fixed tvar, the hadronic and syn-
chrotron coolings can be important due to their strong
�j dependence:

"⇡,syn' 6.1L�1/2
k,iso,51Ris,9.99�j,2.48�

�1/2
rel-is,0.6✏

�1/2
e,�1

⇠
�1/2
B,�1

TeV

' 6.1L�1/2
k,iso,51tvar,�4�

3

j,2.48�
�5/2
rel-is,0.6✏

�1/2
e,�1

⇠
�1/2
B,�1

TeV,(14)

"⇡p ' 16L�1

k,iso,51R
2

is,9.99�
2

j,2.48 TeV

' 16L�1

k,iso,51t
2

var,�4
�6

j,2.48�
�4

rel-is,0.6 TeV. (15)

Since the Lorentz factor at the emission region for the
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rays (UHECRs) by long GRBs, ⇠acc & 10 is required (e.g.,
[71]). However, this value may be too optimistic for sub-
photospheric emission, and ⇠acc ⇠ 1�3 has also been used
in the literature (e.g., [36, 39, 42]). Note that we cannot
constrain ✏p by the observations, since the normalization
of the signals also depends on �rel-is and ✏rad.
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FIG. 1. Schematic picture of the jet-cocoon system of BNS
mergers, where “p” and “γ” represent the production site of
cosmic-ray protons and target photons.

the slow-red (∼ 0.1 − 0.2c) components (see e.g., Refs
[9, 23, 66]). When the HMNS loses its angular momen-
tum through GW emission and viscosity, it collapses to
a black hole, which may lead to the launch of relativistic
jets through Blandford-Znajek mechanism [67–70]. The
velocity fluctuations of jets make the internal shocks [71],
where the high-energy neutrinos are expected to be pro-
duced [72, 73]. The jets sweep up the ejecta material
during the propagation, forming a cocoon surrounding
the jet [30, 74–78]. If the cocoon pressure is high, it
pushes the jet inward, forming a collimation shock. This
shock is also likely to produce the high-energy neutri-
nos [50]. In this study, following Ref. [50] for massive
stellar collapses, we discuss the neutrino emission from
these two sites. Note that we cannot expect particle ac-
celeration at the reverse and forward shocks of the jet
head, because the radiation constraint is satisfied there
(see Section II B). Figure 1 is the schematic picture of
this system.

A. Structures of the ejecta and the jet

We consider a jet propagating in the ejecta of mass
Mej and velocity βej. We assume a time lag between the
ejecta production and the jet launching, tlag ∼ 1 s, and a
duration of the jet production similar to that of typical
SGRBs, tdur ∼ 2 s. At the time when the jet production
stops, the ejecta radius is estimated to be

Rej = cβej(tdur + tlag) (1)

≃ 3.0× 1010βej,−0.48χlag,0.18tdur,0.3 cm,

where we use χlag = 1+ tlag/tdur and notation Qx = 10x

in appropriate unit [βej,−0.48 = βej/(0.33), χlag,0.18 =
χlag/1.5, and tdur,0.3 = tdur/(2 s)]. Since the fast-blue
component is expected to be located in the polar region,
we use βej ≃ 0.33. This component may originate from

the outflow from the HMNS, so we assume the wind-like
density profile of the ejecta:

ρej =
Mej

4πR3
ej

!

R

Rej

"−2

. (2)

The dynamical ejecta can have a steeper density pro-
file, ρej ∝ R−3, and we do not discuss it for simplicity.
We consider the propagation of the jet whose isotropic
equivalent kinetic luminosity Lk,iso, Lorentz factor Γj ,
and opening angle θj , which leads to the intrinsic jet
kinetic luminosity Lk,jet = θ2jLk,iso/2 (the one-side jet
luminosity used in e.g. Refs. [76, 77, 79] is Lk,jet/2). At
the downstream of the collimation shock, the jet moves
along the jet axis with the Lorentz factor Γcj ∼ θ−1

j ∼
3.3θ−1

j,−0.52 (θj,−0.52 = θj/0.3), which makes the shock
Lorentz factor Γrel-cs ≈ Γj/(2Γcj) ≃ 45Γj,2.48θj,−0.52

(Γj,2.48 = Γj/300). Taking into account the fact that
Rej ∝ t, the jet head position is estimated to be

Rh = 2.2× 1010L1/3
k,iso,51θ

−2/3
j,−0.52M

−1/3
ej,−2 (3)

×β1/3
ej,−0.48t

4/3
dur,0.3χ

1/3
lag,0.18 cm,

where Lk,iso,51 = Lk,iso/(1051 erg s−1), Mej,−2 =
Mej/(0.01 M⊙) and we use the fitting formula of Ref.
[79] (see also Ref [77]). This estimate of Rh is at the
time of the jet quenching, i.e., t = tdur, where t = 0 is
the time when the jet starts being launched. The colli-
mation shock forms at

Rcs = 9.9× 109L1/2
k,iso,51M

−1/2
ej,−2β

1/2
ej,−0.48t

3/2
dur,0.3χ

1/2
lag,0.18 cm,

(4)
where we use the formula in Ref. [79] again. Note that
the pressure gradient that may exist in more realistic sit-
uations leads to a collimation shock radius smaller than
the estimate above, especially if Rcs ≪ Rh [77], although
this formula is calibrated to match the results of numer-
ical simulations. In this sense, our setup could be op-
timistic, since we require that the high-energy neutrino
production occurs at radii smaller than Rcs as we see
later.
For the reference parameter set shown above, Rh < Rej

is satisfied at t = tdur. This means that the jet is choked
before it breaks out from the ejecta, resulting in a dimmer
event than the classical SGRBs. The critical luminosity
that satisfy Rh(tdur) = Rej is given as

Lk,iso,crit ≃ 2.4× 1051θ2j,−0.52Mej,−2β
2
ej,−0.48 (5)

×t−1
dur,0.3χ

2
lag,0.18 erg s−1.

For Lk,iso > Liso,crit, the jet and the cocoon break out
from the ejecta at breakout time t = tbo < tdur, resulting
in a classical SGRB with a successful jet. For t < tbo,
the situation is basically the same with the choked jet
system, where we can discuss the neutrino emission with
the same procedure (see Section V). For t > tbo, our es-
timate of Rcs is no longer valid, so we avoid discussion in
detail. Note that these estimates assume a wind-like den-
sity profile. For the cases with a steeper density profile of

dL=300 Mpc
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TABLE II. Detection probability of neutrinos by IceCube and
IceCube-Gen2

Number of detected neutrinos from single event at 40Mpc

model IceCube (up+hor) IceCube (down) Gen2 (up+hor)
A 2.0 0.16 8.7
B 0.11 7.0⇥10�3 0.46

Number of detected neutrinos from single event at 300Mpc

model IceCube (up+hor) IceCube (down) Gen2 (up+hor)
A 0.035 2.9⇥10�3 0.15
B 1.9⇥10�3 1.3⇥10�4 8.1⇥10�3

GW+neutrino detection rate [yr�1]

model IceCube (up+hor+down) Gen2 (up+hor)
A 0.38 1.2
B 0.024 0.091

change their flavor during the propagation to the Earth.
The electron neutrinos and muon neutrino fluences at the
Earth are estimated to be [e.g., 72]

�⌫e+⌫e =
10

18
�
0

⌫e+⌫e
+

4

18
(�0

⌫µ+⌫µ
+ �

0

⌫⌧+⌫⌧
), (19)

�⌫µ+⌫µ =
4

18
�
0

⌫e+⌫e
+

7

18
(�0

⌫µ+⌫µ
+ �

0

⌫⌧+⌫⌧
), (20)

where �
0

i = (dN iso

i /dEi)/(4⇡d2L) is the neutrino fluence
without the oscillation and dL is the luminosity distance.
We set dL = 300 Mpc as a reference value, which is
the declination-averaged horizon distance for face-on NS-
NS merger events for the design sensitivity of the second
generation detectors [73].

The resultant muon neutrino fluences are shown in Fig-
ure 5 for optimistic (model A) and moderate (model B)
sets of parameters tabulated in Table I. These models
are di↵erent in Lk,iso and �j , which mainly a↵ect the
normalization of the fluence and the cuto↵ energy, re-
spectively. For model A, the neutrino spectrum has a
cuto↵ around E⌫ ⇠ 200 TeV, while for model B, the
spectrum break appears at lower energy, E⌫ ⇠ 50 TeV,
due to the lower �j . The pion cooling causes the cuto↵
and the spectral break. The combination of the muon
cooling and the neutrino oscillation causes a slightly soft
spectrum at 3 TeV . E⌫ . 200 TeV for model A and at
1 TeV . E⌫ . 50 TeV for model B.

B. Detection rates

These neutrinos can be detected by IceCube or
IceCube-Gen2 as ⌫µ-induced track events, whose ex-
pected event number is estimated to be

Nµ =

Z
�⌫Ae↵(�, E⌫)dE⌫ , (21)

where Ae↵ is the e↵ective area. IceCube and IceCube-
Gen2 can also detect ⌫es and ⌫⌧ s as shower events (or

cascade events). The angular resolution of shower events
is much worse than that of track events. Also, the e↵ec-
tive area for the shower events is smaller than the upgoing
track events. Thus, we focus on the detectability of ⌫µ-
induced track events, although the shower events may be
important for the merger events in the southern sky.
We use the e↵ective area shown in Ref. [74] for Ice-

Cube. For IceCube-Gen2, the e↵ective volume can be 10
times larger than that of IceCube [75]. Hence, we use
102/3 times larger Ae↵ than that for IceCube, although
it depends on the specific configurations. The thresh-
old energy for the neutrino detection is set to 0.1TeV
for IceCube and 1 TeV for IceCube-Gen2. The down-
going events su↵er from the atmospheric background.
Although the downgoing events can be used to discuss
the detectability with IceCube, Ae↵ for the downgoing
events with IceCube-Gen2 is quite uncertain. Thus, we
focus on the upgoing+horizontal events that have decli-
nation � > �5� for IceCube-Gen2. KM3NeT will observe
the events in the southern sky [76], which will help make
coincident detections in the near future. Note that the
atmospheric neutrinos are negligible owing to the short
duration of tdur ⇠ 2 s.
We calculate the expected number of detected neutri-

nos for models A and B for a single event located at
40Mpc, which are tabulated in the upper part of Table
II. IceCube is likely to detect a coincident neutrino signal
for our model A if the source is located on the northern
sky (� > �5�). For our model B, detection for a source
in the northern sky is also possible, but not guaranteed.
For IceCube-Gen2, detection is probable for the northern
sky events. If we put the source at 300 Mpc, neutrino
detection from a single event is unlikely with IceCube,
while it is possible with IceCube-Gen2 if the optimistic
event (model A) occurs at the northern sky.
We now calculate the joint GW+neutrino detection

rate for a population of sources, which we assume to be
uniformly distributed in the local universe. Using the
neutron star merger rate obtained by LIGO, R ⇠ 1.5 ⇥
103 Gpc�3 yr�1 [1], around 170 merger events happen
within 300Mpc every year. The fraction of on-axis events
is fb ⇠ 0.045✓2j,�0.52, leading to an on-axis merger rate
R0 '4.1 yr�1 within the upgoing+horizontal coverage
area.

Supposing that all merger events have the same neu-
trino luminosity, and assuming that all binary neutron
star mergers within 300Mpc are detected by GW owing
to amplification of GW emission to the face-on direc-
tion, we estimate the joint GW+neutrino detection rate
for IceCube and IceCube-Gen2. The resultant values are
tabulated in the lower part of Table II. For model A,
neutrino detection is highly probable already after a few
years of operation even with IceCube. For model B, it
is not easy to make a coincident detection with IceCube,
while the detection is probable with IceCube-Gen2 for
several years of operation. Note that we do not consider
downgoing events with IceCube-Gen2 to avoid the uncer-
tainty of its e↵ective area.
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FIG. 1. Schematic picture of the jet-cocoon system of BNS
mergers, where “p” and “γ” represent the production site of
cosmic-ray protons and target photons.

the slow-red (∼ 0.1 − 0.2c) components (see e.g., Refs
[9, 23, 66]). When the HMNS loses its angular momen-
tum through GW emission and viscosity, it collapses to
a black hole, which may lead to the launch of relativistic
jets through Blandford-Znajek mechanism [67–70]. The
velocity fluctuations of jets make the internal shocks [71],
where the high-energy neutrinos are expected to be pro-
duced [72, 73]. The jets sweep up the ejecta material
during the propagation, forming a cocoon surrounding
the jet [30, 74–78]. If the cocoon pressure is high, it
pushes the jet inward, forming a collimation shock. This
shock is also likely to produce the high-energy neutri-
nos [50]. In this study, following Ref. [50] for massive
stellar collapses, we discuss the neutrino emission from
these two sites. Note that we cannot expect particle ac-
celeration at the reverse and forward shocks of the jet
head, because the radiation constraint is satisfied there
(see Section II B). Figure 1 is the schematic picture of
this system.

A. Structures of the ejecta and the jet

We consider a jet propagating in the ejecta of mass
Mej and velocity βej. We assume a time lag between the
ejecta production and the jet launching, tlag ∼ 1 s, and a
duration of the jet production similar to that of typical
SGRBs, tdur ∼ 2 s. At the time when the jet production
stops, the ejecta radius is estimated to be

Rej = cβej(tdur + tlag) (1)

≃ 3.0× 1010βej,−0.48χlag,0.18tdur,0.3 cm,

where we use χlag = 1+ tlag/tdur and notation Qx = 10x

in appropriate unit [βej,−0.48 = βej/(0.33), χlag,0.18 =
χlag/1.5, and tdur,0.3 = tdur/(2 s)]. Since the fast-blue
component is expected to be located in the polar region,
we use βej ≃ 0.33. This component may originate from

the outflow from the HMNS, so we assume the wind-like
density profile of the ejecta:

ρej =
Mej

4πR3
ej

!

R

Rej

"−2

. (2)

The dynamical ejecta can have a steeper density pro-
file, ρej ∝ R−3, and we do not discuss it for simplicity.
We consider the propagation of the jet whose isotropic
equivalent kinetic luminosity Lk,iso, Lorentz factor Γj ,
and opening angle θj , which leads to the intrinsic jet
kinetic luminosity Lk,jet = θ2jLk,iso/2 (the one-side jet
luminosity used in e.g. Refs. [76, 77, 79] is Lk,jet/2). At
the downstream of the collimation shock, the jet moves
along the jet axis with the Lorentz factor Γcj ∼ θ−1

j ∼
3.3θ−1

j,−0.52 (θj,−0.52 = θj/0.3), which makes the shock
Lorentz factor Γrel-cs ≈ Γj/(2Γcj) ≃ 45Γj,2.48θj,−0.52

(Γj,2.48 = Γj/300). Taking into account the fact that
Rej ∝ t, the jet head position is estimated to be

Rh = 2.2× 1010L1/3
k,iso,51θ

−2/3
j,−0.52M

−1/3
ej,−2 (3)

×β1/3
ej,−0.48t

4/3
dur,0.3χ

1/3
lag,0.18 cm,

where Lk,iso,51 = Lk,iso/(1051 erg s−1), Mej,−2 =
Mej/(0.01 M⊙) and we use the fitting formula of Ref.
[79] (see also Ref [77]). This estimate of Rh is at the
time of the jet quenching, i.e., t = tdur, where t = 0 is
the time when the jet starts being launched. The colli-
mation shock forms at

Rcs = 9.9× 109L1/2
k,iso,51M

−1/2
ej,−2β

1/2
ej,−0.48t

3/2
dur,0.3χ

1/2
lag,0.18 cm,

(4)
where we use the formula in Ref. [79] again. Note that
the pressure gradient that may exist in more realistic sit-
uations leads to a collimation shock radius smaller than
the estimate above, especially if Rcs ≪ Rh [77], although
this formula is calibrated to match the results of numer-
ical simulations. In this sense, our setup could be op-
timistic, since we require that the high-energy neutrino
production occurs at radii smaller than Rcs as we see
later.
For the reference parameter set shown above, Rh < Rej

is satisfied at t = tdur. This means that the jet is choked
before it breaks out from the ejecta, resulting in a dimmer
event than the classical SGRBs. The critical luminosity
that satisfy Rh(tdur) = Rej is given as

Lk,iso,crit ≃ 2.4× 1051θ2j,−0.52Mej,−2β
2
ej,−0.48 (5)

×t−1
dur,0.3χ

2
lag,0.18 erg s−1.

For Lk,iso > Liso,crit, the jet and the cocoon break out
from the ejecta at breakout time t = tbo < tdur, resulting
in a classical SGRB with a successful jet. For t < tbo,
the situation is basically the same with the choked jet
system, where we can discuss the neutrino emission with
the same procedure (see Section V). For t > tbo, our es-
timate of Rcs is no longer valid, so we avoid discussion in
detail. Note that these estimates assume a wind-like den-
sity profile. For the cases with a steeper density profile of
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10-year operation even for the moderate model
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TABLE II. Detection probability of neutrinos by IceCube and
IceCube-Gen2

Number of detected neutrinos from single event at 40Mpc

model IceCube (up+hor) IceCube (down) Gen2 (up+hor)
A 2.0 0.16 8.7
B 0.11 7.0⇥10�3 0.46

Number of detected neutrinos from single event at 300Mpc

model IceCube (up+hor) IceCube (down) Gen2 (up+hor)
A 0.035 2.9⇥10�3 0.15
B 1.9⇥10�3 1.3⇥10�4 8.1⇥10�3

GW+neutrino detection rate [yr�1]

model IceCube (up+hor+down) Gen2 (up+hor)
A 0.38 1.2
B 0.024 0.091

change their flavor during the propagation to the Earth.
The electron neutrinos and muon neutrino fluences at the
Earth are estimated to be [e.g., 72]
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where �
0

i = (dN iso

i /dEi)/(4⇡d2L) is the neutrino fluence
without the oscillation and dL is the luminosity distance.
We set dL = 300 Mpc as a reference value, which is
the declination-averaged horizon distance for face-on NS-
NS merger events for the design sensitivity of the second
generation detectors [73].

The resultant muon neutrino fluences are shown in Fig-
ure 5 for optimistic (model A) and moderate (model B)
sets of parameters tabulated in Table I. These models
are di↵erent in Lk,iso and �j , which mainly a↵ect the
normalization of the fluence and the cuto↵ energy, re-
spectively. For model A, the neutrino spectrum has a
cuto↵ around E⌫ ⇠ 200 TeV, while for model B, the
spectrum break appears at lower energy, E⌫ ⇠ 50 TeV,
due to the lower �j . The pion cooling causes the cuto↵
and the spectral break. The combination of the muon
cooling and the neutrino oscillation causes a slightly soft
spectrum at 3 TeV . E⌫ . 200 TeV for model A and at
1 TeV . E⌫ . 50 TeV for model B.

B. Detection rates

These neutrinos can be detected by IceCube or
IceCube-Gen2 as ⌫µ-induced track events, whose ex-
pected event number is estimated to be

Nµ =

Z
�⌫Ae↵(�, E⌫)dE⌫ , (21)

where Ae↵ is the e↵ective area. IceCube and IceCube-
Gen2 can also detect ⌫es and ⌫⌧ s as shower events (or

cascade events). The angular resolution of shower events
is much worse than that of track events. Also, the e↵ec-
tive area for the shower events is smaller than the upgoing
track events. Thus, we focus on the detectability of ⌫µ-
induced track events, although the shower events may be
important for the merger events in the southern sky.
We use the e↵ective area shown in Ref. [74] for Ice-

Cube. For IceCube-Gen2, the e↵ective volume can be 10
times larger than that of IceCube [75]. Hence, we use
102/3 times larger Ae↵ than that for IceCube, although
it depends on the specific configurations. The thresh-
old energy for the neutrino detection is set to 0.1TeV
for IceCube and 1 TeV for IceCube-Gen2. The down-
going events su↵er from the atmospheric background.
Although the downgoing events can be used to discuss
the detectability with IceCube, Ae↵ for the downgoing
events with IceCube-Gen2 is quite uncertain. Thus, we
focus on the upgoing+horizontal events that have decli-
nation � > �5� for IceCube-Gen2. KM3NeT will observe
the events in the southern sky [76], which will help make
coincident detections in the near future. Note that the
atmospheric neutrinos are negligible owing to the short
duration of tdur ⇠ 2 s.
We calculate the expected number of detected neutri-

nos for models A and B for a single event located at
40Mpc, which are tabulated in the upper part of Table
II. IceCube is likely to detect a coincident neutrino signal
for our model A if the source is located on the northern
sky (� > �5�). For our model B, detection for a source
in the northern sky is also possible, but not guaranteed.
For IceCube-Gen2, detection is probable for the northern
sky events. If we put the source at 300 Mpc, neutrino
detection from a single event is unlikely with IceCube,
while it is possible with IceCube-Gen2 if the optimistic
event (model A) occurs at the northern sky.
We now calculate the joint GW+neutrino detection

rate for a population of sources, which we assume to be
uniformly distributed in the local universe. Using the
neutron star merger rate obtained by LIGO, R ⇠ 1.5 ⇥
103 Gpc�3 yr�1 [1], around 170 merger events happen
within 300Mpc every year. The fraction of on-axis events
is fb ⇠ 0.045✓2j,�0.52, leading to an on-axis merger rate
R0 '4.1 yr�1 within the upgoing+horizontal coverage
area.

Supposing that all merger events have the same neu-
trino luminosity, and assuming that all binary neutron
star mergers within 300Mpc are detected by GW owing
to amplification of GW emission to the face-on direc-
tion, we estimate the joint GW+neutrino detection rate
for IceCube and IceCube-Gen2. The resultant values are
tabulated in the lower part of Table II. For model A,
neutrino detection is highly probable already after a few
years of operation even with IceCube. For model B, it
is not easy to make a coincident detection with IceCube,
while the detection is probable with IceCube-Gen2 for
several years of operation. Note that we do not consider
downgoing events with IceCube-Gen2 to avoid the uncer-
tainty of its e↵ective area.
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FIG. 1. Schematic picture of the jet-cocoon system of BNS
mergers, where “p” and “γ” represent the production site of
cosmic-ray protons and target photons.

the slow-red (∼ 0.1 − 0.2c) components (see e.g., Refs
[9, 23, 66]). When the HMNS loses its angular momen-
tum through GW emission and viscosity, it collapses to
a black hole, which may lead to the launch of relativistic
jets through Blandford-Znajek mechanism [67–70]. The
velocity fluctuations of jets make the internal shocks [71],
where the high-energy neutrinos are expected to be pro-
duced [72, 73]. The jets sweep up the ejecta material
during the propagation, forming a cocoon surrounding
the jet [30, 74–78]. If the cocoon pressure is high, it
pushes the jet inward, forming a collimation shock. This
shock is also likely to produce the high-energy neutri-
nos [50]. In this study, following Ref. [50] for massive
stellar collapses, we discuss the neutrino emission from
these two sites. Note that we cannot expect particle ac-
celeration at the reverse and forward shocks of the jet
head, because the radiation constraint is satisfied there
(see Section II B). Figure 1 is the schematic picture of
this system.

A. Structures of the ejecta and the jet

We consider a jet propagating in the ejecta of mass
Mej and velocity βej. We assume a time lag between the
ejecta production and the jet launching, tlag ∼ 1 s, and a
duration of the jet production similar to that of typical
SGRBs, tdur ∼ 2 s. At the time when the jet production
stops, the ejecta radius is estimated to be

Rej = cβej(tdur + tlag) (1)

≃ 3.0× 1010βej,−0.48χlag,0.18tdur,0.3 cm,

where we use χlag = 1+ tlag/tdur and notation Qx = 10x

in appropriate unit [βej,−0.48 = βej/(0.33), χlag,0.18 =
χlag/1.5, and tdur,0.3 = tdur/(2 s)]. Since the fast-blue
component is expected to be located in the polar region,
we use βej ≃ 0.33. This component may originate from

the outflow from the HMNS, so we assume the wind-like
density profile of the ejecta:

ρej =
Mej

4πR3
ej

!

R

Rej

"−2

. (2)

The dynamical ejecta can have a steeper density pro-
file, ρej ∝ R−3, and we do not discuss it for simplicity.
We consider the propagation of the jet whose isotropic
equivalent kinetic luminosity Lk,iso, Lorentz factor Γj ,
and opening angle θj , which leads to the intrinsic jet
kinetic luminosity Lk,jet = θ2jLk,iso/2 (the one-side jet
luminosity used in e.g. Refs. [76, 77, 79] is Lk,jet/2). At
the downstream of the collimation shock, the jet moves
along the jet axis with the Lorentz factor Γcj ∼ θ−1

j ∼
3.3θ−1

j,−0.52 (θj,−0.52 = θj/0.3), which makes the shock
Lorentz factor Γrel-cs ≈ Γj/(2Γcj) ≃ 45Γj,2.48θj,−0.52

(Γj,2.48 = Γj/300). Taking into account the fact that
Rej ∝ t, the jet head position is estimated to be

Rh = 2.2× 1010L1/3
k,iso,51θ

−2/3
j,−0.52M

−1/3
ej,−2 (3)

×β1/3
ej,−0.48t

4/3
dur,0.3χ

1/3
lag,0.18 cm,

where Lk,iso,51 = Lk,iso/(1051 erg s−1), Mej,−2 =
Mej/(0.01 M⊙) and we use the fitting formula of Ref.
[79] (see also Ref [77]). This estimate of Rh is at the
time of the jet quenching, i.e., t = tdur, where t = 0 is
the time when the jet starts being launched. The colli-
mation shock forms at

Rcs = 9.9× 109L1/2
k,iso,51M

−1/2
ej,−2β

1/2
ej,−0.48t

3/2
dur,0.3χ

1/2
lag,0.18 cm,

(4)
where we use the formula in Ref. [79] again. Note that
the pressure gradient that may exist in more realistic sit-
uations leads to a collimation shock radius smaller than
the estimate above, especially if Rcs ≪ Rh [77], although
this formula is calibrated to match the results of numer-
ical simulations. In this sense, our setup could be op-
timistic, since we require that the high-energy neutrino
production occurs at radii smaller than Rcs as we see
later.
For the reference parameter set shown above, Rh < Rej

is satisfied at t = tdur. This means that the jet is choked
before it breaks out from the ejecta, resulting in a dimmer
event than the classical SGRBs. The critical luminosity
that satisfy Rh(tdur) = Rej is given as

Lk,iso,crit ≃ 2.4× 1051θ2j,−0.52Mej,−2β
2
ej,−0.48 (5)

×t−1
dur,0.3χ

2
lag,0.18 erg s−1.

For Lk,iso > Liso,crit, the jet and the cocoon break out
from the ejecta at breakout time t = tbo < tdur, resulting
in a classical SGRB with a successful jet. For t < tbo,
the situation is basically the same with the choked jet
system, where we can discuss the neutrino emission with
the same procedure (see Section V). For t > tbo, our es-
timate of Rcs is no longer valid, so we avoid discussion in
detail. Note that these estimates assume a wind-like den-
sity profile. For the cases with a steeper density profile of
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• IceCube can detect neutrinos with a few years of 
operation with the optimistic model

• Gen2 can detect a coincident neutrino with  
10-year operation even for the moderate model

(Optimistic)
(Moderate)

• Choked jet system  
→ prompt γ-rays will not be detected

• Multi-messenger with ν & GW 
will provide information of choked jets  
without EM counterpart from jets
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Summary
• NS mergers are interesting multi-messenger sources

• Late-time engine activity & Choked jets are expected after NS mergers
• Coincident detection of GWs & νs is possible
• Neutrinos from SGRBs can be detected or put meaningful constraints with 

IceCube-Gen2 
• Neutrino observation is useful to obtain physical quantities in choked jet 

without prompt γ rays
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FIG. 1. Schematic picture of the jet-cocoon system of BNS
mergers, where “p” and “γ” represent the production site of
cosmic-ray protons and target photons.

the slow-red (∼ 0.1 − 0.2c) components (see e.g., Refs
[9, 23, 66]). When the HMNS loses its angular momen-
tum through GW emission and viscosity, it collapses to
a black hole, which may lead to the launch of relativistic
jets through Blandford-Znajek mechanism [67–70]. The
velocity fluctuations of jets make the internal shocks [71],
where the high-energy neutrinos are expected to be pro-
duced [72, 73]. The jets sweep up the ejecta material
during the propagation, forming a cocoon surrounding
the jet [30, 74–78]. If the cocoon pressure is high, it
pushes the jet inward, forming a collimation shock. This
shock is also likely to produce the high-energy neutri-
nos [50]. In this study, following Ref. [50] for massive
stellar collapses, we discuss the neutrino emission from
these two sites. Note that we cannot expect particle ac-
celeration at the reverse and forward shocks of the jet
head, because the radiation constraint is satisfied there
(see Section II B). Figure 1 is the schematic picture of
this system.

A. Structures of the ejecta and the jet

We consider a jet propagating in the ejecta of mass
Mej and velocity βej. We assume a time lag between the
ejecta production and the jet launching, tlag ∼ 1 s, and a
duration of the jet production similar to that of typical
SGRBs, tdur ∼ 2 s. At the time when the jet production
stops, the ejecta radius is estimated to be

Rej = cβej(tdur + tlag) (1)

≃ 3.0× 1010βej,−0.48χlag,0.18tdur,0.3 cm,

where we use χlag = 1+ tlag/tdur and notation Qx = 10x

in appropriate unit [βej,−0.48 = βej/(0.33), χlag,0.18 =
χlag/1.5, and tdur,0.3 = tdur/(2 s)]. Since the fast-blue
component is expected to be located in the polar region,
we use βej ≃ 0.33. This component may originate from

the outflow from the HMNS, so we assume the wind-like
density profile of the ejecta:

ρej =
Mej

4πR3
ej

!

R

Rej

"−2

. (2)

The dynamical ejecta can have a steeper density pro-
file, ρej ∝ R−3, and we do not discuss it for simplicity.
We consider the propagation of the jet whose isotropic
equivalent kinetic luminosity Lk,iso, Lorentz factor Γj ,
and opening angle θj , which leads to the intrinsic jet
kinetic luminosity Lk,jet = θ2jLk,iso/2 (the one-side jet
luminosity used in e.g. Refs. [76, 77, 79] is Lk,jet/2). At
the downstream of the collimation shock, the jet moves
along the jet axis with the Lorentz factor Γcj ∼ θ−1

j ∼
3.3θ−1

j,−0.52 (θj,−0.52 = θj/0.3), which makes the shock
Lorentz factor Γrel-cs ≈ Γj/(2Γcj) ≃ 45Γj,2.48θj,−0.52

(Γj,2.48 = Γj/300). Taking into account the fact that
Rej ∝ t, the jet head position is estimated to be

Rh = 2.2× 1010L1/3
k,iso,51θ

−2/3
j,−0.52M

−1/3
ej,−2 (3)

×β1/3
ej,−0.48t

4/3
dur,0.3χ

1/3
lag,0.18 cm,

where Lk,iso,51 = Lk,iso/(1051 erg s−1), Mej,−2 =
Mej/(0.01 M⊙) and we use the fitting formula of Ref.
[79] (see also Ref [77]). This estimate of Rh is at the
time of the jet quenching, i.e., t = tdur, where t = 0 is
the time when the jet starts being launched. The colli-
mation shock forms at

Rcs = 9.9× 109L1/2
k,iso,51M

−1/2
ej,−2β

1/2
ej,−0.48t

3/2
dur,0.3χ

1/2
lag,0.18 cm,

(4)
where we use the formula in Ref. [79] again. Note that
the pressure gradient that may exist in more realistic sit-
uations leads to a collimation shock radius smaller than
the estimate above, especially if Rcs ≪ Rh [77], although
this formula is calibrated to match the results of numer-
ical simulations. In this sense, our setup could be op-
timistic, since we require that the high-energy neutrino
production occurs at radii smaller than Rcs as we see
later.
For the reference parameter set shown above, Rh < Rej

is satisfied at t = tdur. This means that the jet is choked
before it breaks out from the ejecta, resulting in a dimmer
event than the classical SGRBs. The critical luminosity
that satisfy Rh(tdur) = Rej is given as

Lk,iso,crit ≃ 2.4× 1051θ2j,−0.52Mej,−2β
2
ej,−0.48 (5)

×t−1
dur,0.3χ

2
lag,0.18 erg s−1.

For Lk,iso > Liso,crit, the jet and the cocoon break out
from the ejecta at breakout time t = tbo < tdur, resulting
in a classical SGRB with a successful jet. For t < tbo,
the situation is basically the same with the choked jet
system, where we can discuss the neutrino emission with
the same procedure (see Section V). For t > tbo, our es-
timate of Rcs is no longer valid, so we avoid discussion in
detail. Note that these estimates assume a wind-like den-
sity profile. For the cases with a steeper density profile of
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