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NS-NS mergers: 
Multi-messenger Source
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with specific stellar populations). Because merger counterparts
are predicted to be faint, obtaining a spectroscopic redshift
is challenging (cf. Rowlinson et al. 2010), in which case
spectroscopy of the host galaxy is the most promising means
of obtaining the event redshift.

It is important to distinguish two general strategies for con-
necting EM and GW events. One approach is to search for a
GW signal following an EM trigger, either in real time or at
a post-processing stage (e.g., Finn et al. 1999; Mohanty et al.
2004). This is particularly promising for counterparts predicted
to occur in temporal coincidence with the GW chirp, such as
short-duration gamma-ray bursts (SGRBs). Unfortunately, most
other promising counterparts (none of which have yet been
independently identified) occur hours to months after coales-
cence.6 Thus, the predicted arrival time of the GW signal will
remain uncertain, in which case the additional sensitivity gained
from this information is significantly reduced. For instance, if
the time of merger is known only to within an uncertainty of
∼ hours (weeks), as we will show is the case for optical (radio)
counterparts, then the number of trial GW templates that must
be searched is larger by a factor ∼104–106 than if the merger
time is known to within seconds, as in the case of SGRBs.

A second approach, which is the primary focus of this paper,
is EM follow-up of GW triggers. A potential advantage in this
case is that counterpart searches are restricted to the nearby
universe, as determined by the ALIGO/Virgo sensitivity range
(redshift z ! 0.05–0.1). On the other hand, the large error
regions are a significant challenge, which are estimated to be
tens of square degrees even for optimistic configurations of GW
detectors (e.g., Gürsel & Tinto 1989; Fairhurst 2009; Wen &
Chen 2010; Nissanke et al. 2011). Although it has been argued
that this difficulty may be alleviated if the search is restricted
to galaxies within 200 Mpc (Nuttall & Sutton 2010), we stress
that the number of galaxies with L " 0.1 L∗ (typical of SGRB
host galaxies; Berger 2009, 2011) within an expected GW error
region is ∼400, large enough to negate this advantage for most
search strategies. In principle the number of candidate galaxies
could be reduced if the distance can be constrained from the
GW signal; however, distance estimates for individual events
are rather uncertain, especially at that low of S/Ns that will
characterize most detections (Nissanke et al. 2010). Moreover,
current galaxy catalogs are incomplete within the ALIGO/Virgo
volume, especially at lower luminosities. Finally, some mergers
may also occur outside of their host galaxies (Berger 2010;
Kelley et al. 2010). Although restricting counterpart searches to
nearby galaxies is unlikely to reduce the number of telescope
pointings necessary in follow-up searches, it nevertheless can
substantially reduce the effective sky region to be searched,
thereby allowing for more effective vetoes of false positive
events (Kulkarni & Kasliwal 2009).

At the present there are no optical or radio facilities that can
provide all-sky coverage at a cadence and depth matched to
the expected light curves of EM counterparts. As we show in
this paper, even the Large Synoptic Survey Telescope (LSST),
with a planned all-sky cadence of four days and a depth of
r ≈ 24.7 mag, is unlikely to effectively capture the range of
expected EM counterparts. Thus, targeted follow-up of GW

6 Predicted EM counterparts that may instead precede the GW signal include
emission powered by the magnetosphere of the NS (e.g., Hansen & Lyutikov
2001; McWilliams & Levin 2011; Lyutikov 2011a, 2011b), or cracking of the
NS crust due to tidal interactions (e.g., Troja et al. 2010; Tsang et al. 2011),
during the final inspiral. However, given the current uncertainties in these
models, we do not discuss them further.
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Figure 1. Summary of potential electromagnetic counterparts of NS–NS/
NS–BH mergers discussed in this paper, as a function of the observer angle,
θobs. Following the merger a centrifugally supported disk (blue) remains around
the central compact object (usually a BH). Rapid accretion lasting !1 s
powers a collimated relativistic jet, which produces a short-duration gamma-
ray burst (Section 2). Due to relativistic beaming, the gamma-ray emission
is restricted to observers with θobs ! θj , the half-opening angle of the jet.
Non-thermal afterglow emission results from the interaction of the jet with
the surrounding circumburst medium (pink). Optical afterglow emission is
observable on timescales up to ∼ days–weeks by observers with viewing angles
of θobs ! 2θj (Section 3.1). Radio afterglow emission is observable from all
viewing angles (isotropic) once the jet decelerates to mildly relativistic speeds
on a timescale of weeks–months, and can also be produced on timescales of
years from sub-relativistic ejecta (Section 3.2). Short-lived isotropic optical
emission lasting ∼few days (kilonova; yellow) can also accompany the merger,
powered by the radioactive decay of heavy elements synthesized in the ejecta
(Section 4).
(A color version of this figure is available in the online journal.)

error regions is required, whether the aim is to detect optical
or radio counterparts. Even with this approach, the follow-
up observations will still require large field-of-view (FOV)
telescopes to cover tens of square degrees; targeted observations
of galaxies are unlikely to substantially reduce the large amount
of time to scan the full error region.

Our investigation of EM counterparts is organized as follows.
We begin by comparing various types of EM counterparts, each
illustrated by the schematic diagram in Figure 1. The first is an
SGRB, powered by accretion following the merger (Section 2).
Even if no SGRB is produced or detected, the merger may still
be accompanied by relativistic ejecta, which will power non-
thermal afterglow emission as it interacts with the surrounding
medium. In Section 3 we explore the properties of such “or-
phan afterglows” from bursts with jets nearly aligned toward
Earth (optical afterglows; Section 3.1) and for larger viewing
angles (late radio afterglows; Section 3.2). We constrain our
models using the existing observations of SGRB afterglows,
coupled with off-axis afterglow models. We also provide a re-
alistic assessment of the required observing time and achiev-
able depths in the optical and radio bands. In Section 4 we
consider isotropic optical transients powered by the radioac-
tive decay of heavy elements synthesized in the ejecta (referred
to here as “kilonovae,” since their peak luminosities are pre-
dicted to be roughly one thousand times brighter than those
of standard novae). In Section 5 we compare and contrast the
potential counterparts in the context of our four Cardinal Virtues.
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• Inspiral to merger:  
GW emission

• Progenitor of SGRBs:  
—> γ-ray, X-ray, Neutrino

• Kilonova/Macronova 
—> Infrared, Opt

• Afterglow  
—> Radio, X-ray, Cosmic-rays

e.g.) Metzger & Berger 2012
Gravitational Wave
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GW170817
• The first detection of  

NS-NS merger event 
by GW, radio, IR/opt/UV, X-ray, 
MeV γ-ray

• Prompt γ-rays are faint  
→ low-luminosity SGRB

• UV/Optical/IR counterpart 
→ identify host galaxy  
& ejecta production
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LIGO 2017 (Multi-messenger paper)
The 90% credible intervals(Veitch et al. 2015; Abbott et al.

2017e) for the component masses (in the m m1 2. convention)
are m M1.36, 2.261 Î :( ) and m M0.86, 1.362 Î :( ) , with total
mass M2.82 0.09

0.47
-
+

:, when considering dimensionless spins with

magnitudes up to 0.89 (high-spin prior, hereafter). When the
dimensionless spin prior is restricted to 0.05- (low-spin prior,
hereafter), the measured component masses are m 1.36,1 Î (

M1.60 :) and m M1.17, 1.362 Î :( ) , and the total mass is

Figure 2. Joint, multi-messenger detection of GW170817 and GRB170817A. Top: the summed GBM lightcurve for sodium iodide (NaI) detectors 1, 2, and 5 for
GRB170817A between 10 and 50 keV, matching the 100 ms time bins of the SPI-ACS data. The background estimate from Goldstein et al. (2016) is overlaid in red.
Second: the same as the top panel but in the 50–300 keV energy range. Third: the SPI-ACS lightcurve with the energy range starting approximately at 100 keV and
with a high energy limit of least 80 MeV. Bottom: the time-frequency map of GW170817 was obtained by coherently combining LIGO-Hanford and LIGO-
Livingston data. All times here are referenced to the GW170817 trigger time T0

GW.
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Fig. 10.— Eiso as a function of Ep in the burst frame for a sample of sGRB taken from
Zhang et al. (2009). The red star is GRB 170817A. The solid line is the Spearman linear fit

together with its 2σ confidence level.

SGRBGW170817

In the mid-1960s, gamma-ray bursts (GRBs) were discovered
by the Vela satellites, and their cosmic origin was first established
by Klebesadel et al. (1973). GRBs are classified as long or short,
based on their duration and spectral hardness(Dezalay et al. 1992;
Kouveliotou et al. 1993). Uncovering the progenitors of GRBs
has been one of the key challenges in high-energy astrophysics
ever since(Lee & Ramirez-Ruiz 2007). It has long been
suggested that short GRBs might be related to neutron star
mergers (Goodman 1986; Paczynski 1986; Eichler et al. 1989;
Narayan et al. 1992).

In 2005, the field of short gamma-ray burst (sGRB) studies
experienced a breakthrough (for reviews see Nakar 2007; Berger
2014) with the identification of the first host galaxies of sGRBs
and multi-wavelength observation (from X-ray to optical and
radio) of their afterglows (Berger et al. 2005; Fox et al. 2005;
Gehrels et al. 2005; Hjorth et al. 2005b; Villasenor et al. 2005).
These observations provided strong hints that sGRBs might be
associated with mergers of neutron stars with other neutron stars
or with black holes. These hints included: (i) their association with
both elliptical and star-forming galaxies (Barthelmy et al. 2005;
Prochaska et al. 2006; Berger et al. 2007; Ofek et al. 2007; Troja
et al. 2008; D’Avanzo et al. 2009; Fong et al. 2013), due to a very
wide range of delay times, as predicted theoretically(Bagot et al.
1998; Fryer et al. 1999; Belczynski et al. 2002); (ii) a broad
distribution of spatial offsets from host-galaxy centers(Berger
2010; Fong & Berger 2013; Tunnicliffe et al. 2014), which was
predicted to arise from supernova kicks(Narayan et al. 1992;
Bloom et al. 1999); and (iii) the absence of associated
supernovae(Fox et al. 2005; Hjorth et al. 2005c, 2005a;
Soderberg et al. 2006; Kocevski et al. 2010; Berger et al.
2013a). Despite these strong hints, proof that sGRBs were
powered by neutron star mergers remained elusive, and interest
intensified in following up gravitational-wave detections electro-
magnetically(Metzger & Berger 2012; Nissanke et al. 2013).

Evidence of beaming in some sGRBs was initially found by
Soderberg et al. (2006) and Burrows et al. (2006) and confirmed

by subsequent sGRB discoveries (see the compilation and
analysis by Fong et al. 2015 and also Troja et al. 2016). Neutron
star binary mergers are also expected, however, to produce
isotropic electromagnetic signals, which include (i) early optical
and infrared emission, a so-called kilonova/macronova (hereafter
kilonova; Li & Paczyński 1998; Kulkarni 2005; Rosswog 2005;
Metzger et al. 2010; Roberts et al. 2011; Barnes & Kasen 2013;
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Grossman et al.
2014; Barnes et al. 2016; Tanaka 2016; Metzger 2017) due to
radioactive decay of rapid neutron-capture process (r-process)
nuclei(Lattimer & Schramm 1974, 1976) synthesized in
dynamical and accretion-disk-wind ejecta during the merger;
and (ii) delayed radio emission from the interaction of the merger
ejecta with the ambient medium (Nakar & Piran 2011; Piran et al.
2013; Hotokezaka & Piran 2015; Hotokezaka et al. 2016). The
late-time infrared excess associated with GRB 130603B was
interpreted as the signature of r-process nucleosynthesis (Berger
et al. 2013b; Tanvir et al. 2013), and more candidates were
identified later (for a compilation see Jin et al. 2016).
Here, we report on the global effort958 that led to the first joint

detection of gravitational and electromagnetic radiation from a
single source. An ∼ 100 s long gravitational-wave signal
(GW170817) was followed by an sGRB (GRB 170817A) and
an optical transient (SSS17a/AT 2017gfo) found in the host
galaxy NGC 4993. The source was detected across the
electromagnetic spectrum—in the X-ray, ultraviolet, optical,
infrared, and radio bands—over hours, days, and weeks. These
observations support the hypothesis that GW170817 was
produced by the merger of two neutron stars in NGC4993,
followed by an sGRB and a kilonova powered by the radioactive
decay of r-process nuclei synthesized in the ejecta.

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg2; light green), the initial LIGO-Virgo localization (31 deg2; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.

958 A follow-up program established during initial LIGO-Virgo observations
(Abadie et al. 2012) was greatly expanded in preparation for Advanced LIGO-
Virgo observations. Partners have followed up binary black hole detections,
starting with GW150914 (Abbott et al. 2016a), but have discovered no firm
electromagnetic counterparts to those events.
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• Superluminal motion & Rapidly declining light curve after 200 days  
—> collimated relativistic jet

• Eiso  ~ 1052 erg, Θj ~ 0.1 rad  
—> canonical SGRBs seen from off-axis
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Figure 1: Proper motion of the radio counterpart of GW170817. The centroid offset posi-

tions (shown by 1� errorbars) and 3�-12� contours of the radio source detected 75 d (black)

and 230 d (red) post-merger with Very Long Baseline Interferometry (VLBI) at 4.5 GHz. The

two VLBI epochs have image RMS noise of 5.0 µJy beam�1 and 5.6 µJy beam�1 (natural-

weighting) respectively, and the peak flux densities of GW170817 are 58 µJy beam�1 and 48 µJy

beam�1 respectively. The radio source is consistent with being unresolved at both epochs. The

shape of the synthesized beam for the images from both epochs are shown as dotted ellipses to the

lower right corner. The proper motion vector of the radio source has a magnitude of 2.7± 0.3 mas

and a position angle of 86o ± 18o, over 155 d.

βapp ~ 4

Mooley et al. 2018
see also Ghirlanda et al. 2018

Existence of Jet 
6 Troja et al.

Figure 5. Late time afterglow light curves (renormalized to 5 keV) compared to different explosion models: choked jets from numerical
simulations (thicker lines, Nakar et al. 2018), wide-angled cocoon (Lamb et al. 2018), and our best fit models of quasi-spherical cocoon
(dot-dashed line) and structured jet (solid line). Different symbols represent different wavelengths: X-rays (circles), optical (downward
triangles; 3σ upper limits), and radio (diamonds) from ATCA (filled) and VLA (empty).

of moderate off-axis angle (θv-θc ≈20◦ ) and intrinsic energy
of the explosion.
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Lazzati D., López-Cámara D., Cantiello M., Morsony B. J., Perna

R., Workman J. C., 2017, ApJ, 848, L6
Lazzati D., Perna R., Morsony B. J., Lopez-Camara D., Cantiello

M., Ciolfi R., Giacomazzo B., Workman J. C., 2018, [Physical

MNRAS 000, 1–8 (2018)

Troja et all. 2018

Superluminal motion & rapidly fading afterglow



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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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



discussed in Sec. IV. We discuss several related issues such
as the diffuse neutrino flux in Sec. V, and summarize our
results in Sec. VI.

II. PHYSICAL CONDITIONS OF THE SYSTEM

The ejecta of BNS mergers have a few components.
One is the dynamical ejecta that consist of the shock-heated
and/or tidally stripped material during the merger [59,60].
The remnant object of the merger can be a fast-spinning
hypermassive NS (HMNS) surrounded by a massive
accretion torus [61–63]. Both the HMNS and the accretion
torus produce outflows by the viscous and neutrino heating
processes [64,65]. These outflowing material becomes the
ejecta of macronova/kilonova of mass 0.01–0.05 M⊙. The
observations of GW170817 suggest two-component ejecta:
the fast-blue (∼0.3c) and the slow-red (∼0.1–0.2c) com-
ponents (see e.g., Refs [9,23,66]). When the HMNS loses
its angular momentum through GWemission 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 produced [72,73]. The jets sweep up the ejecta
material during the propagation, forming a cocoon sur-
rounding 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 neutrinos
[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 acceleration at the
reverse and forward shocks of the jet head, because the
radiation constraint is satisfied there (see Sec. 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 ¼ cβejðtdur þ tlagÞ
≃3.0 × 1010βej;−0.48χlag;0.18tdur;0.3 cm; ð1Þ

where we use χlag ¼ 1þ tlag=tdur and notation Qx ¼ 10x in
appropriate unit [βej;−0.48 ¼ βej=ð0.33Þ, χlag;0.18 ¼ χlag=1.5,
and tdur;0.3 ¼ tdur=ð2sÞ]. 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 windlike density profile
of the ejecta:

ρej ¼
Mej

4πR3
ej

!
R
Rej

"−2
: ð2Þ

The dynamical ejecta can have a steeper density profile,
ρej ∝R−3, and we do not discuss it for simplicity. We
consider the propagation of the jet whose isotropic equiv-
alent kinetic luminosity Lk;iso, Lorentz factor Γj, and
opening angle θj, which leads to the intrinsic jet kinetic
luminosity Lk;jet ¼ θ2jLk;iso=2 (the one-side jet luminosity
used in e.g., Refs. [76,77,79] is Lk;jet=2). At the down-
stream of the collimation shock, the jet moves along the jet
axis with the Lorentz factor Γcj ∼θ−1j ∼3.3θ−1j;−0.52
(θj;−0.52 ¼ θj=0.3), which makes the shock Lorentz factor
Γrel-cs ≈Γj=ð2ΓcjÞ≃45Γj;2.48θj;−0.52 (Γj;2.48 ¼ Γj=300).
Taking into account the fact that Rej ∝ t, the jet head
position is estimated to be

Rh ¼ 2.2 × 1010L1=3
k;iso;51θ

−2=3
j;−0.52M

−1=3
ej;−2

× β1=3ej;−0.48t
4=3
dur;0.3χ

1=3
lag;0.18 cm; ð3Þ

where Lk;iso;51 ¼ Lk;iso=ð1051 erg s−1Þ, Mej;−2 ¼ Mej=
ð0.01M⊙Þ 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 ¼ tdur, where t ¼ 0 is the time
when the jet starts being launched. The collimation shock
forms at

Rcs ¼ 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;

ð4Þ

where we use the formula in Ref. [79] again. Note that the
pressure gradient that may exist in more realistic situations
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 numerical simulations.
In this sense, our setup could be optimistic, since we require
that the high-energy neutrino production occurs at radii
smaller than Rcs as we see later.

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.
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Choked jets

Successful jets  
(including prolonged activity)

NS-NS merger

down power is high enough, some two-dimensional simula-
tions suggest that the equatorial wind can be redirected by the
anisotropic pressure, and hoop stresses lead to bipolar
outflows10 that could explain GRBs (Bucciantini et al. 2007,
2008; Komissarov & Barkov 2007). If not, we expect a quasi-
spherical expanding flow embedded in the expanding stellar
material (see Figure 1). Assuming a SN explosion with

~ 10sn
51 erg, the SN ejecta expands with its velocity Vej and

radius Rej. The early PWN radius Rw also increases non-
relativistically, which is given by (e.g., Metzger et al. 2014)

d
=

-

æ

è
çççç

ö

ø

÷÷÷÷÷
+

d-dR

dt M

R

R

R

t
7

6(3 )
, (7)w w wrot

ej ej

3

for <R Rw ej, otherwise »R Rw ej is used. Note that we have
used the ejecta density

r
d

p
=

- æ

è
çççç

ö

ø

÷÷÷÷÷

d-
M

R

R
R

(3 )

4
, (8)ej

ej

ej
3

ej

where δ ∼ 0–1 is a typical value used in the literature (Kasen &
Bildsten 2010; Metzger et al. 2014). The mixture of material
allows us to approximate the inner density profile to be
reasonably smooth and flat (Chevalier 1977; Chevalier &
Fransson 1992). For demonstration, we adopt d = 1 throughout
this work (Kasen & Bildsten 2010; Metzger et al. 2014),
and that the radiation pressure is given by

r»  V(3 ) (6 7)rot nb ej nb
2 . Here nb is the PWN volume and

Vnb is the PWN expansion velocity that can be different from
V .ej In general, Rw is smaller than Rej, and both of Rej and Rw are
numerically determined in this work. Roughly speaking,

»R Rw ej becomes a good approximation for small values of

P such that  2irot, sn (implying -1P 5 msi sn,51
1 2). The ejecta

velocity Vej and radius Rej can be determined by

ò
=

é
ëê + ù

ûú ( )
V

dt t

M

2
(9)ej

int dyn sn

ej

=
dR

dt
V . (10)

ej
ej

The internal energy trapped in the SN ejecta, int, is given by

= - -
  d

dt
L

t t
, (11)int

em
int

dyn

int

esc
ej

where »t R Vdyn ej ej is the dynamical time. Since X-ray and
gamma-ray emission is expected in month-to-year timescales,
we only consider energy injection due to Lem. In the early
phase, as in normal SNe, heating by shocks and unstable
isotopes such as 56Ni can be relevant. In the later phase, one
may assume that late interactions with circumstellar material
are negligible, and injections via the β decay of 56Ni are
irrelevant after their lifetime = ´�t 6.075 days 5.2 10 sNi

556 .
Visible photons leave the SN ejecta in the escape time

t
»

+( )
t

R

c

1
, (12)

T
esc
ej

ej
ej

where the Thomson optical depth in the ejecta is given by
t r» K R R( )T T

ej
ej ej ej, which is estimated to be

t
d

p
m»

-

´ - - -

� :

( )

( )( )
K M

R
M M

V t

(3 )

4
13 2 5

5000 km s , (13)

T
T

e
ej ej

ej
2 ej

ej
1 2

7
2

where m s= -K mT e T u
1 , me is the mean molecular weight per

electron, and mu is the atomic mass unit. See also Equation
(45) below. Two of the key parameters, Esn and Mej, can be
estimated from the SN peak emission and determination of the
ejecta velocity Vej via detailed spectroscopy. Note that the
bound–free or bound–bound cross section is much higher at
110 keV energies, and thermal photons are still generated at
later times.
Non-thermal photons generated in the PWN are significantly

thermalized in the SN ejecta. Since we are interested in the IC
emission, we need to estimate a thermal component, which
serves as a seed photon field. Ideally, self-consistent calcula-
tions including the detailed radiative transfer are needed. But,
for the present purpose, the following approximate approach is
sufficient. The internal energy is divided into the thermal
energy th and non-thermal energy nonth . Following K.
Kashiyama et al. (2015, in preparation), the thermal energy
is calculated by

ò=
-

- -g
gg g    ( )d

dt
dE

E

t t t

1
, (14)

E Eth

esc
ej

th

dyn

th

esc
ej

where gE is the differential photon number (per energy) and

gE is the energy-dependent albedo factor, i.e., the fraction of
photons escaping without thermalization. In this work, for
simplicity, we use =g 0.5E for photon energies below the
cutoff due to Compton down-scattering in the SN ejecta,
otherwise we set =g 0E . Because of the photoelectric
absorption (see Section 2.4), soft X-rays and UV photons
may not escape until very late times, so our choice is
reasonable. Lower values simply imply that more energy is

Figure 1. The schematic picture of pulsar-aided SNe. We consider the left case,
where a pulsar wind is quasi-spherical and the wind bubble is embedded in the
SN ejecta.

10 In this case, the (collimated) wind radius is »R ctw .
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Choked jets

Successful jets  
(including prolonged activity)

NS-NS merger

Merger remnants

SSK et al. 2018

SSK et al. 2017; Biehl et al. 2018

Gao et al. 2013; Fang & Metzger 2017



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

 9

see e.g. Nakar 2007, Sakamoto et al. 2011, Kisaka et al. 2017
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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 > - n5 ), 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
G =

G
= -

G GG

G

⎛
⎝⎜

⎞
⎠⎟( ) ( ( ))

( ( ))
( )F

dN
d

F
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exp
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, 80
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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

ν
ν

ν

π

μ

• Extended emission (EE) can produce neutrinos efficiently
• Low Γ  or low Rdis → high photon density → high fluence φ
• Two breaks: seed photon spectrum & pion cooling

dL=300 Mpc
Optimistic Moderate

Waxman & Bahcall 1997



• Based on the observed SGRB rate, we estimate ν detection probability  
coincident with GWs

• 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
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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 (~ n1 ) 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).

5

The Astrophysical Journal Letters, 848:L4 (6pp), 2017 October 10 Kimura et al.



• 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
• Prompt emission is too dim to detect by IceCube
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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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cuto↵ of the neutrino fluence to lower energies, while
there is only a slight impact on the peak for GRBs. This
example has been computed with an initial baryonic load-
ing of ⇠A = 100, as indicated by the scale on the left side
of the plot, it scales directly with this parameter. The
blue band includes the 1�-uncertainties on the measured
duration T90, time variability tv, redshift z, �-ray fluence
F� as well as the spectral index ↵ and peak energy Epeak

of the SED. Note that we use D = 2� instead of � for
the boost compared to what is frequently used in the
literature.

The gray scale indicates which fraction of the total
mass of the neutron star system has to be dumped into
the jet. Assuming that the whole mass of the sys-
tem, which is estimated to be 2.74+0.04

�0.01M� [1], goes
into the jet, the maximum achievable baryonic loading is
⇠A = 107.5. This is to be interpreted only as a rough guid-
ance, since the actually realeased energy (compared to
the isotropic equivalent energy) is smaller by the beam-
ing factor ⇠ 1/(2�2) covered by the jet, which relaxes
this constraint. On the other hand, for the structured
jet scenario, the released energy in di↵erent directions
may be higher, which makes the constraint stronger.

As an additional constraint, the photospheric radius
scales with the baryonic loading. According to Eq. (13)
the maximum baryonic loading is ⇠A,max ⇠ 103 for the
dissipation radius to be super-photospheric. This means
that the shown neutrino fluence can be up-scaled by a fac-
tor of 10 in this scenario, which represents our maximal
possible neutrino fluence for this SGRB in the internal
shock scenario. Thus, if indeed neutrinos had been de-
tected, then one would have concluded that the gamma-
ray emission comes from the photosphere at a larger ra-
dius than the neutrino production radius.

We show the impact of the Lorentz factor on the muon
neutrino fluence in Fig. 3. The solid curves refer to a
fixed baryonic loading ⇠A = 100, which illustrate that
the fluence scales with � according to Eq. (11) without
imposing any additional constraints. The scaling agrees
very well. However, for large shifts there is an additional
damping of the high-energy tail of the spectrum due to
secondary cooling, which was neglected in the simple an-
alytic estimate Eq. (11).

For low values of �, the collision radius decreases,
which implies e�cient neutrino production. On the other
hand, the photospheric radius increases, which leads to
sub-photospheric collisions for � . 20 – indicated by
thin solid curves. The dashed curves indicate the max-
imal neutrino fluence using the photospheric constraint,
which means that the curves for � < 20 are down-scaled
to match it, and the curves for � > 20 are up-scaled ac-
cordingly. The expected maximal neutrino fluence is at
most about four orders of magnitude below the neutrino
telescope sensitivities, which means that the detection of
a neutrino coming from this SGRB was extremely un-
likely in the structured jet scenario.

FIG. 3: Fluence of ⌫µ + ⌫̄µ for SGRB170817A and di↵er-
ent values of the Lorentz factor � in the structured jet case.
We assume pure proton injection and the same parameters as
given in Fig. 2. Solid curves refer to a fixed baryonic loading
of ⇠A = 100, where thick solid curves correspond to colli-
sions above the photosphere, and thin curves indicate sub-
photospheric collisions. For the dashed curves, the baryonic
loading has been maximized demanding that Rcoll > Rph.

B. O↵-axis fireball scenario

In the o↵-axis fireball scenario, the observation angle
✓obs enters as an additional parameter influencing neu-
trino production and photospheric radius.
In Fig. 4, the dependence of the neutrino fluence on

the observation angle is shown. The Lorentz factor is
fixed to � = 30, which means that the scaling is given by
Eq. (11). Again, the solid curves represent the unscaled
fluences with a fixed baryonic loading ⇠A = 100, while
the dashed curves show the maximum achievable neu-
trino fluence corresponding to the solid curves re-scaled
with the maximum possible baryonic loading demanding
that Rcoll > Rph. From the way the curves rescale it can
be deduced that the collisions become sub-photospheric
(thin lines) already for small observation angles ✓obs ⇠ 2�

for this particular values of � and ⇠A. For large obser-
vation angles, the fluence will be highly suppressed. The
maximum neutrino fluence is a few ⇥10�5 GeV cm�2

for the on-axis observer and ⇠A,max ⇡ 103. Compared to
the structured low luminosity jet, the o↵-axis observation
makes it even less likely to detect a neutrino from this
event.
In order to demonstrate how observation angle ✓obs

and Lorentz factor � are a↵ected by the photospheric
constraint, we show a parameter space scan in Fig. 5. For
each set of parameters, the maximum possible baryonic
loading is calculated such that the collision is still super-

Implications from GW170817



discussed in Sec. IV. We discuss several related issues such
as the diffuse neutrino flux in Sec. V, and summarize our
results in Sec. VI.

II. PHYSICAL CONDITIONS OF THE SYSTEM

The ejecta of BNS mergers have a few components.
One is the dynamical ejecta that consist of the shock-heated
and/or tidally stripped material during the merger [59,60].
The remnant object of the merger can be a fast-spinning
hypermassive NS (HMNS) surrounded by a massive
accretion torus [61–63]. Both the HMNS and the accretion
torus produce outflows by the viscous and neutrino heating
processes [64,65]. These outflowing material becomes the
ejecta of macronova/kilonova of mass 0.01–0.05 M⊙. The
observations of GW170817 suggest two-component ejecta:
the fast-blue (∼0.3c) and the slow-red (∼0.1–0.2c) com-
ponents (see e.g., Refs [9,23,66]). When the HMNS loses
its angular momentum through GWemission 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 produced [72,73]. The jets sweep up the ejecta
material during the propagation, forming a cocoon sur-
rounding 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 neutrinos
[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 acceleration at the
reverse and forward shocks of the jet head, because the
radiation constraint is satisfied there (see Sec. 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 ¼ cβejðtdur þ tlagÞ
≃3.0 × 1010βej;−0.48χlag;0.18tdur;0.3 cm; ð1Þ

where we use χlag ¼ 1þ tlag=tdur and notation Qx ¼ 10x in
appropriate unit [βej;−0.48 ¼ βej=ð0.33Þ, χlag;0.18 ¼ χlag=1.5,
and tdur;0.3 ¼ tdur=ð2sÞ]. 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 windlike density profile
of the ejecta:

ρej ¼
Mej

4πR3
ej

!
R
Rej

"−2
: ð2Þ

The dynamical ejecta can have a steeper density profile,
ρej ∝R−3, and we do not discuss it for simplicity. We
consider the propagation of the jet whose isotropic equiv-
alent kinetic luminosity Lk;iso, Lorentz factor Γj, and
opening angle θj, which leads to the intrinsic jet kinetic
luminosity Lk;jet ¼ θ2jLk;iso=2 (the one-side jet luminosity
used in e.g., Refs. [76,77,79] is Lk;jet=2). At the down-
stream of the collimation shock, the jet moves along the jet
axis with the Lorentz factor Γcj ∼θ−1j ∼3.3θ−1j;−0.52
(θj;−0.52 ¼ θj=0.3), which makes the shock Lorentz factor
Γrel-cs ≈Γj=ð2ΓcjÞ≃45Γj;2.48θj;−0.52 (Γj;2.48 ¼ Γj=300).
Taking into account the fact that Rej ∝ t, the jet head
position is estimated to be

Rh ¼ 2.2 × 1010L1=3
k;iso;51θ

−2=3
j;−0.52M

−1=3
ej;−2

× β1=3ej;−0.48t
4=3
dur;0.3χ

1=3
lag;0.18 cm; ð3Þ

where Lk;iso;51 ¼ Lk;iso=ð1051 erg s−1Þ, Mej;−2 ¼ Mej=
ð0.01M⊙Þ 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 ¼ tdur, where t ¼ 0 is the time
when the jet starts being launched. The collimation shock
forms at

Rcs ¼ 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;

ð4Þ

where we use the formula in Ref. [79] again. Note that the
pressure gradient that may exist in more realistic situations
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 numerical simulations.
In this sense, our setup could be optimistic, since we require
that the high-energy neutrino production occurs at radii
smaller than Rcs as we see later.

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.
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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

R

L

cP

conical jet,

4
collimated jet.

6j

j
2

h
2

j j
2

c

pq

qS =
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The cocoon pressure is given by

P
E
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L dt

R R3

1
, 7c
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c
2
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p
= =
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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)

P
c

, 8a
c

a
2

b
r

=
¯

( )

where ar̄ is the cocoon’s mean density. When a converging
position of the jet’s collimation shock (Komissarov &
Falle 1997)

z
L

cP
9j

cp
=ˆ ( )

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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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
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
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

Ep,max

◆

⇡ ⇠accE iso

rad

ln(Ep,max/Ep,min)
exp

✓
� Ep

Ep,max

◆
,(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
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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
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where fµ,sup = 1 � exp(�t
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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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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
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
internal shock case is high, �j ⇠ 300, we can expect a
high neutrino fluence at E⌫ > 10 TeV.
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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
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(model B: dashed line) cases for an on-axis observer with
dL = 300 Mpc. The precursor neutrino fluence from the suc-
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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
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muons. These muon neutrinos and electron neutrinos
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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.

• At 40 Mpc, detection is possible even with IceCube  
→ ν observation can put a limit on physical quantities

• At 300 Mpc, detection is challenging even with Gen2  
→ stacking technic is important

2

ejecta

Cocoon

Collimated 
jet

collimation 
shock

Internal 
shock

! !

"

"

1010 cm

Jet Head

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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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.

2

ejecta

Cocoon

Collimated 
jet

collimation 
shock

Internal 
shock

! !

"

"

1010 cm

Jet Head

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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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 =
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18
�
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⌫e+⌫e
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), (19)
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⌫e+⌫e
+

7
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(�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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down power is high enough, some two-dimensional simula-
tions suggest that the equatorial wind can be redirected by the
anisotropic pressure, and hoop stresses lead to bipolar
outflows10 that could explain GRBs (Bucciantini et al. 2007,
2008; Komissarov & Barkov 2007). If not, we expect a quasi-
spherical expanding flow embedded in the expanding stellar
material (see Figure 1). Assuming a SN explosion with

~ 10sn
51 erg, the SN ejecta expands with its velocity Vej and

radius Rej. The early PWN radius Rw also increases non-
relativistically, which is given by (e.g., Metzger et al. 2014)

d
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for <R Rw ej, otherwise »R Rw ej is used. Note that we have
used the ejecta density
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where δ ∼ 0–1 is a typical value used in the literature (Kasen &
Bildsten 2010; Metzger et al. 2014). The mixture of material
allows us to approximate the inner density profile to be
reasonably smooth and flat (Chevalier 1977; Chevalier &
Fransson 1992). For demonstration, we adopt d = 1 throughout
this work (Kasen & Bildsten 2010; Metzger et al. 2014),
and that the radiation pressure is given by

r»  V(3 ) (6 7)rot nb ej nb
2 . Here nb is the PWN volume and

Vnb is the PWN expansion velocity that can be different from
V .ej In general, Rw is smaller than Rej, and both of Rej and Rw are
numerically determined in this work. Roughly speaking,

»R Rw ej becomes a good approximation for small values of

P such that  2irot, sn (implying -1P 5 msi sn,51
1 2). The ejecta

velocity Vej and radius Rej can be determined by
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The internal energy trapped in the SN ejecta, int, is given by
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ej

where »t R Vdyn ej ej is the dynamical time. Since X-ray and
gamma-ray emission is expected in month-to-year timescales,
we only consider energy injection due to Lem. In the early
phase, as in normal SNe, heating by shocks and unstable
isotopes such as 56Ni can be relevant. In the later phase, one
may assume that late interactions with circumstellar material
are negligible, and injections via the β decay of 56Ni are
irrelevant after their lifetime = ´�t 6.075 days 5.2 10 sNi

556 .
Visible photons leave the SN ejecta in the escape time
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where m s= -K mT e T u
1 , me is the mean molecular weight per

electron, and mu is the atomic mass unit. See also Equation
(45) below. Two of the key parameters, Esn and Mej, can be
estimated from the SN peak emission and determination of the
ejecta velocity Vej via detailed spectroscopy. Note that the
bound–free or bound–bound cross section is much higher at
110 keV energies, and thermal photons are still generated at
later times.
Non-thermal photons generated in the PWN are significantly

thermalized in the SN ejecta. Since we are interested in the IC
emission, we need to estimate a thermal component, which
serves as a seed photon field. Ideally, self-consistent calcula-
tions including the detailed radiative transfer are needed. But,
for the present purpose, the following approximate approach is
sufficient. The internal energy is divided into the thermal
energy th and non-thermal energy nonth . Following K.
Kashiyama et al. (2015, in preparation), the thermal energy
is calculated by

ò=
-

- -g
gg g    ( )d

dt
dE

E

t t t

1
, (14)

E Eth

esc
ej

th

dyn

th

esc
ej

where gE is the differential photon number (per energy) and

gE is the energy-dependent albedo factor, i.e., the fraction of
photons escaping without thermalization. In this work, for
simplicity, we use =g 0.5E for photon energies below the
cutoff due to Compton down-scattering in the SN ejecta,
otherwise we set =g 0E . Because of the photoelectric
absorption (see Section 2.4), soft X-rays and UV photons
may not escape until very late times, so our choice is
reasonable. Lower values simply imply that more energy is

Figure 1. The schematic picture of pulsar-aided SNe. We consider the left case,
where a pulsar wind is quasi-spherical and the wind bubble is embedded in the
SN ejecta.

10 In this case, the (collimated) wind radius is »R ctw .
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down power is high enough, some two-dimensional simula-
tions suggest that the equatorial wind can be redirected by the
anisotropic pressure, and hoop stresses lead to bipolar
outflows10 that could explain GRBs (Bucciantini et al. 2007,
2008; Komissarov & Barkov 2007). If not, we expect a quasi-
spherical expanding flow embedded in the expanding stellar
material (see Figure 1). Assuming a SN explosion with

~ 10sn
51 erg, the SN ejecta expands with its velocity Vej and

radius Rej. The early PWN radius Rw also increases non-
relativistically, which is given by (e.g., Metzger et al. 2014)
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where δ ∼ 0–1 is a typical value used in the literature (Kasen &
Bildsten 2010; Metzger et al. 2014). The mixture of material
allows us to approximate the inner density profile to be
reasonably smooth and flat (Chevalier 1977; Chevalier &
Fransson 1992). For demonstration, we adopt d = 1 throughout
this work (Kasen & Bildsten 2010; Metzger et al. 2014),
and that the radiation pressure is given by

r»  V(3 ) (6 7)rot nb ej nb
2 . Here nb is the PWN volume and

Vnb is the PWN expansion velocity that can be different from
V .ej In general, Rw is smaller than Rej, and both of Rej and Rw are
numerically determined in this work. Roughly speaking,

»R Rw ej becomes a good approximation for small values of

P such that  2irot, sn (implying -1P 5 msi sn,51
1 2). The ejecta

velocity Vej and radius Rej can be determined by
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where »t R Vdyn ej ej is the dynamical time. Since X-ray and
gamma-ray emission is expected in month-to-year timescales,
we only consider energy injection due to Lem. In the early
phase, as in normal SNe, heating by shocks and unstable
isotopes such as 56Ni can be relevant. In the later phase, one
may assume that late interactions with circumstellar material
are negligible, and injections via the β decay of 56Ni are
irrelevant after their lifetime = ´�t 6.075 days 5.2 10 sNi
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where m s= -K mT e T u
1 , me is the mean molecular weight per

electron, and mu is the atomic mass unit. See also Equation
(45) below. Two of the key parameters, Esn and Mej, can be
estimated from the SN peak emission and determination of the
ejecta velocity Vej via detailed spectroscopy. Note that the
bound–free or bound–bound cross section is much higher at
110 keV energies, and thermal photons are still generated at
later times.
Non-thermal photons generated in the PWN are significantly

thermalized in the SN ejecta. Since we are interested in the IC
emission, we need to estimate a thermal component, which
serves as a seed photon field. Ideally, self-consistent calcula-
tions including the detailed radiative transfer are needed. But,
for the present purpose, the following approximate approach is
sufficient. The internal energy is divided into the thermal
energy th and non-thermal energy nonth . Following K.
Kashiyama et al. (2015, in preparation), the thermal energy
is calculated by

ò=
-

- -g
gg g    ( )d

dt
dE

E

t t t
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, (14)
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where gE is the differential photon number (per energy) and

gE is the energy-dependent albedo factor, i.e., the fraction of
photons escaping without thermalization. In this work, for
simplicity, we use =g 0.5E for photon energies below the
cutoff due to Compton down-scattering in the SN ejecta,
otherwise we set =g 0E . Because of the photoelectric
absorption (see Section 2.4), soft X-rays and UV photons
may not escape until very late times, so our choice is
reasonable. Lower values simply imply that more energy is

Figure 1. The schematic picture of pulsar-aided SNe. We consider the left case,
where a pulsar wind is quasi-spherical and the wind bubble is embedded in the
SN ejecta.

10 In this case, the (collimated) wind radius is »R ctw .
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with thermal photons at t ⇠> 105.5 s. Then, at late times
t ⇠> 2 ⇥ 106 s, the radiation field becomes too dilute to
interact with protons accelerated by the pulsar, and the
window of pion (and thus neutrino production) closes.

3.3. Interaction Rates of Pions and Muons

Figure 3. Lifetime of pions (thick lines) and muons (thin

lines) in the lab frame (solid black), compared to their char-

acteristic cooling time due to hadronuclear interaction with

the ejecta baryons (dotted brown; equation 33) and syn-

chrotron radiation in the nebula (dash-dotted green; equa-

tion 34).

Charged mesons created by photopion and hadronu-
clear interactions decay into neutrinos via ⇡

± ! µ
± +

⌫µ(⌫̄µ) ! e
± + ⌫e(⌫̄e) + ⌫µ + ⌫̄µ. The neutrino produc-

tion competes with the radiative and hadronic cooling
of the mesons and muons. The latter occur at a rate

t
�1
x, c = t

�1
xp + t

�1
x,rad, (32)

where x denotes either ⇡ or µ,

txp = (np �xp xp c)
�1 (33)

is the hadronic cooling rate due to interaction with the
ejecta baryons, and

tx, rad =
3m4

x c
3

4�T m2
e Ex uB

(34)

is the energy loss time due to synchrotron radiation. The
relevant time scales for pions and muons are shown in
Fig. 3. Synchrotron emission dominates the energy loss
until ⇠ 105.5 s for pions and ⇠ 106 s for muons.
These cooling processes can be accounted for by in-

troducing a second suppression factor on the neutrino
production rate of the form,

f
x
sup = min

✓
1,

tx,c

�x ⌧x

◆
(35)

This quantifies the fact that neutrinos are e�ciently pro-
duced only if the decay time of a pion or muon is shorter
than its cooling time.
The suppression factor can be estimated analytically

as

f
⇡
sup=0.3 ⌘�2

�1 B
4
14 �

3
✏
�1
B,�2 t

6
5.5 (36)

f
µ
sup=1.5⇥ 10�3

⌘
�2
�1 B

4
14 �

3
✏
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B,�2 t

6
5.5 (37)

where �⇡p = 5⇥10�26 cm2, ⇡p ⇠ 0.8, ⌧⇡ = 2.6⇥10�8 s,
�µp = 2⇥ 10�28 cm2, ⌧µ = 2.2⇥ 10�6 s (Eidelman et al.
2004), and taking E⇡ ⇠ 0.2Ep as the average ratio of
pion energy to its parent proton energy in photopion
production. Because the mean lifetime of a muon ex-
ceeds that of a pion by a factor of ⇠100, muons almost
immediately experience radiative cooling before decay-
ing into secondary neutrinos.

4. NEUTRINO PRODUCTION

4.1. Individual sources

Figure 4. All-flavor fluence of high-energy neutrinos from

a stable millisecond magnetar on timescales from an hour

to a year (solid lines) after the merger. The fiducial mag-

netar model assumes an initial spin period Pi = 1 ms,

surface dipole magnetic field B = 10
14

G, ejecta mass

Mej = 0.01M�, and source distance D = 10 Mpc. The black

dash-dotted line indicates the 90% sensitivity of IceCube for

a time-integrated search of point-like sources with one year

of operation (Aartsen et al. 2017) (which is comparable to its

time-dependent sensitivity for a transient source with week-

long duration; Aartsen et al. 2015). The red dashed line

shows the estimated point-source sensitivity of ARA (Ara

Collaboration et al. 2012) (or ARIANNA; Barwick et al.

2015) from an one-year time-integrated search.

Neutrino production is delayed until charged pions
are both produced e�ciently and avoid being cooled ra-
diatively before decaying. The former occurs first, af-
ter the pion production rate exceeds the proton cooling
timescale once t

p
sup, 0 ⌘ t (tp, rad = t⇡, cre). However, ra-

diative cooling of the pions prevents neutrino production

• Protons lose energy by synchrotron for t<105 s
• Pions are produced, but they lose energy by 

synchrotron for 105 s < t < 4x105 s
• Efficient neutrino emission around 106 s

Fang & Metzger 2017
(see also Gao et al. 2013)



X & γ Rays from Remnants

• Very bright X-rays & γ-rays unless B >1016 G for P <~10 ms
• B should be very high (~1016 G) or lifetime of magnetar is short
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Figure 7. X-ray light curves from a long-lived pulsar as a
merger remnant, for E = 3 keV (thick curves) and E =
30 keV (thin curves).

sitivity EFE ∼ 10−14 erg cm−2 s−1, hard X-ray emis-
sion from the embryonic nebula with B∗ = 1015 G and
Pi = 3 ms is detectable up to z ∼ 0.2 − 0.3. The de-
tection prospects are quite sensitive to the spin-down
parameters. We find that radio and sub-mm obser-
vations are more promising, which is consistent with
Murase et al. (2016), who proposed synchrotron nebu-
lar emission as a probe of the connection between fast
radio bursts and pulsar-driven supernovae, including
super-luminous supernovae. High-frequency radio emis-
sion can escape around ∼ 106 − 107 s thanks to the
small ejecta mass, the fast velocity, and the expectation
that the ejecta are largely neutral. In the case where
B∗ = 1015 G and Pi = 3 ms, the sub-mm emission
can be detected up to z ∼ 1.5 by ALMA with sensi-
tivity of ∼ 0.01 mJy. Note that the radio synchrotron
spectrum (which cannot be harder than Fν ∝ ν−0.5) is
Fν ∼ ν−0.8 − ν−0.7 in our cases (see Murase et al. 2016,
for a detailed discussion), and it declines as Fν ∝ t−2.
The long-lived pulsar model can be discriminated from
the BH disk wind model, the merger ejecta shock model,
and the GRB afterglow model, by using the spectral in-
dex and the time evolution.
Finally, we show gamma-ray light curves in Figure 9.

The gamma-ray breakout time obtained by numerical
calculations is consistent with the analytical estimate
given in Equation (6). For Pi ∼ 1 − 3 ms and B∗ ∼

1013 − 1015 G, the GeV gamma-ray flux is estimated to
be EFE ∼ 10−12 − 10−10 erg cm−2 s−1 (d/40 Mpc)−2,
which can be detected by Fermi which has sensitivity
EFE ∼ 10−11 erg cm−2 s−1 in the GeV range. TeV
emission is usually suppressed by the Klein-Nishina ef-
fect, which makes detections more challenging. But such
nebular emission can be much brighter than the for-
ward shock emission by the merger ejecta (Takami et al.
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Figure 9. Gamma-ray light curves from a long-lived pulsar
as a merger remnant, for E = 1 GeV (thick curves) and
E = 100 GeV (thin curves).

2014). More generally, we conclude that gamma-ray de-
tection of a pulsar remnant is possible when the spin-
down time is sufficiently long, in which case very bright
optical transients will also be present (cf. Figure 5).

2.3. Implications from X-Ray and Radio Observations

of GW+EM 170817

In the previous sections, we have studied non-thermal
emission expected in the post-merger phase. While our
purpose is to provide a general study rather than a spe-
cific study on GW+EM 170817, it would be interesting
to discuss the consequences for this object.
X-ray observations have been reported by vari-

ous authors (Evans et al. 2017; Margutti et al. 2017;
Troja et al. 2017). In particular, Chandra detected weak
X-ray signals with EFE ∼ 5 × 10−15 erg cm−2 s−1, 9 d
and 15 d after the GW and GRB events. The non-
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Pi = 3 ms is detectable up to z ∼ 0.2 − 0.3. The de-
tection prospects are quite sensitive to the spin-down
parameters. We find that radio and sub-mm obser-
vations are more promising, which is consistent with
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lar emission as a probe of the connection between fast
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sion can escape around ∼ 106 − 107 s thanks to the
small ejecta mass, the fast velocity, and the expectation
that the ejecta are largely neutral. In the case where
B∗ = 1015 G and Pi = 3 ms, the sub-mm emission
can be detected up to z ∼ 1.5 by ALMA with sensi-
tivity of ∼ 0.01 mJy. Note that the radio synchrotron
spectrum (which cannot be harder than Fν ∝ ν−0.5) is
Fν ∼ ν−0.8 − ν−0.7 in our cases (see Murase et al. 2016,
for a detailed discussion), and it declines as Fν ∝ t−2.
The long-lived pulsar model can be discriminated from
the BH disk wind model, the merger ejecta shock model,
and the GRB afterglow model, by using the spectral in-
dex and the time evolution.
Finally, we show gamma-ray light curves in Figure 9.

The gamma-ray breakout time obtained by numerical
calculations is consistent with the analytical estimate
given in Equation (6). For Pi ∼ 1 − 3 ms and B∗ ∼

1013 − 1015 G, the GeV gamma-ray flux is estimated to
be EFE ∼ 10−12 − 10−10 erg cm−2 s−1 (d/40 Mpc)−2,
which can be detected by Fermi which has sensitivity
EFE ∼ 10−11 erg cm−2 s−1 in the GeV range. TeV
emission is usually suppressed by the Klein-Nishina ef-
fect, which makes detections more challenging. But such
nebular emission can be much brighter than the for-
ward shock emission by the merger ejecta (Takami et al.

10-3

10-2

10-1

100

101

102

103

104

105

106

105 106 107 108

F ν
 [m

Jy
]

t [s]

B*=5x1016G, Pi=10ms (M=0.02Msun, V=0.2c, high K)
B*=1015G, Pi=3ms (M=0.02Msun, V=0.2c, modest K)
B*=1013G, Pi=1ms (M=0.02Msun, V=0.2c, modest K)

Figure 8. High-frequency radio light curves from a long-
lived pulsar as a merger remnant, for ν = 100 GHz (thick
curves) and ν = 10 GHz (thin curves).

10-18

10-16

10-14

10-12

10-10

10-8

105 106 107 108

E 
F E

 [e
rg

 c
m

-2
 s

-1
]

t [s]

B*=5x1016G, Pi=10ms (M=0.02Msun, V=0.2c, high K)
B*=1015G, Pi=3ms (M=0.02Msun, V=0.2c, modest K)
B*=1013G, Pi=1ms (M=0.02Msun, V=0.2c, modest K)

Figure 9. Gamma-ray light curves from a long-lived pulsar
as a merger remnant, for E = 1 GeV (thick curves) and
E = 100 GeV (thin curves).

2014). More generally, we conclude that gamma-ray de-
tection of a pulsar remnant is possible when the spin-
down time is sufficiently long, in which case very bright
optical transients will also be present (cf. Figure 5).

2.3. Implications from X-Ray and Radio Observations

of GW+EM 170817

In the previous sections, we have studied non-thermal
emission expected in the post-merger phase. While our
purpose is to provide a general study rather than a spe-
cific study on GW+EM 170817, it would be interesting
to discuss the consequences for this object.
X-ray observations have been reported by vari-

ous authors (Evans et al. 2017; Margutti et al. 2017;
Troja et al. 2017). In particular, Chandra detected weak
X-ray signals with EFE ∼ 5 × 10−15 erg cm−2 s−1, 9 d
and 15 d after the GW and GRB events. The non-
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down power is high enough, some two-dimensional simula-
tions suggest that the equatorial wind can be redirected by the
anisotropic pressure, and hoop stresses lead to bipolar
outflows10 that could explain GRBs (Bucciantini et al. 2007,
2008; Komissarov & Barkov 2007). If not, we expect a quasi-
spherical expanding flow embedded in the expanding stellar
material (see Figure 1). Assuming a SN explosion with

~ 10sn
51 erg, the SN ejecta expands with its velocity Vej and

radius Rej. The early PWN radius Rw also increases non-
relativistically, which is given by (e.g., Metzger et al. 2014)
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where δ ∼ 0–1 is a typical value used in the literature (Kasen &
Bildsten 2010; Metzger et al. 2014). The mixture of material
allows us to approximate the inner density profile to be
reasonably smooth and flat (Chevalier 1977; Chevalier &
Fransson 1992). For demonstration, we adopt d = 1 throughout
this work (Kasen & Bildsten 2010; Metzger et al. 2014),
and that the radiation pressure is given by

r»  V(3 ) (6 7)rot nb ej nb
2 . Here nb is the PWN volume and

Vnb is the PWN expansion velocity that can be different from
V .ej In general, Rw is smaller than Rej, and both of Rej and Rw are
numerically determined in this work. Roughly speaking,

»R Rw ej becomes a good approximation for small values of

P such that  2irot, sn (implying -1P 5 msi sn,51
1 2). The ejecta

velocity Vej and radius Rej can be determined by
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where »t R Vdyn ej ej is the dynamical time. Since X-ray and
gamma-ray emission is expected in month-to-year timescales,
we only consider energy injection due to Lem. In the early
phase, as in normal SNe, heating by shocks and unstable
isotopes such as 56Ni can be relevant. In the later phase, one
may assume that late interactions with circumstellar material
are negligible, and injections via the β decay of 56Ni are
irrelevant after their lifetime = ´�t 6.075 days 5.2 10 sNi
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where m s= -K mT e T u
1 , me is the mean molecular weight per

electron, and mu is the atomic mass unit. See also Equation
(45) below. Two of the key parameters, Esn and Mej, can be
estimated from the SN peak emission and determination of the
ejecta velocity Vej via detailed spectroscopy. Note that the
bound–free or bound–bound cross section is much higher at
110 keV energies, and thermal photons are still generated at
later times.
Non-thermal photons generated in the PWN are significantly

thermalized in the SN ejecta. Since we are interested in the IC
emission, we need to estimate a thermal component, which
serves as a seed photon field. Ideally, self-consistent calcula-
tions including the detailed radiative transfer are needed. But,
for the present purpose, the following approximate approach is
sufficient. The internal energy is divided into the thermal
energy th and non-thermal energy nonth . Following K.
Kashiyama et al. (2015, in preparation), the thermal energy
is calculated by

ò=
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, (14)
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where gE is the differential photon number (per energy) and

gE is the energy-dependent albedo factor, i.e., the fraction of
photons escaping without thermalization. In this work, for
simplicity, we use =g 0.5E for photon energies below the
cutoff due to Compton down-scattering in the SN ejecta,
otherwise we set =g 0E . Because of the photoelectric
absorption (see Section 2.4), soft X-rays and UV photons
may not escape until very late times, so our choice is
reasonable. Lower values simply imply that more energy is

Figure 1. The schematic picture of pulsar-aided SNe. We consider the left case,
where a pulsar wind is quasi-spherical and the wind bubble is embedded in the
SN ejecta.

10 In this case, the (collimated) wind radius is »R ctw .
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Summary
• NS mergers are interesting multi-messenger sources
• 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
• Magnetar remnants may produce VHE neutrinos, but magnetar 

model is disfavored by GW 170817 
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discussed in Sec. IV. We discuss several related issues such
as the diffuse neutrino flux in Sec. V, and summarize our
results in Sec. VI.

II. PHYSICAL CONDITIONS OF THE SYSTEM

The ejecta of BNS mergers have a few components.
One is the dynamical ejecta that consist of the shock-heated
and/or tidally stripped material during the merger [59,60].
The remnant object of the merger can be a fast-spinning
hypermassive NS (HMNS) surrounded by a massive
accretion torus [61–63]. Both the HMNS and the accretion
torus produce outflows by the viscous and neutrino heating
processes [64,65]. These outflowing material becomes the
ejecta of macronova/kilonova of mass 0.01–0.05 M⊙. The
observations of GW170817 suggest two-component ejecta:
the fast-blue (∼0.3c) and the slow-red (∼0.1–0.2c) com-
ponents (see e.g., Refs [9,23,66]). When the HMNS loses
its angular momentum through GWemission 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 produced [72,73]. The jets sweep up the ejecta
material during the propagation, forming a cocoon sur-
rounding 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 neutrinos
[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 acceleration at the
reverse and forward shocks of the jet head, because the
radiation constraint is satisfied there (see Sec. 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 ¼ cβejðtdur þ tlagÞ
≃3.0 × 1010βej;−0.48χlag;0.18tdur;0.3 cm; ð1Þ

where we use χlag ¼ 1þ tlag=tdur and notation Qx ¼ 10x in
appropriate unit [βej;−0.48 ¼ βej=ð0.33Þ, χlag;0.18 ¼ χlag=1.5,
and tdur;0.3 ¼ tdur=ð2sÞ]. 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 windlike density profile
of the ejecta:

ρej ¼
Mej

4πR3
ej

!
R
Rej

"−2
: ð2Þ

The dynamical ejecta can have a steeper density profile,
ρej ∝R−3, and we do not discuss it for simplicity. We
consider the propagation of the jet whose isotropic equiv-
alent kinetic luminosity Lk;iso, Lorentz factor Γj, and
opening angle θj, which leads to the intrinsic jet kinetic
luminosity Lk;jet ¼ θ2jLk;iso=2 (the one-side jet luminosity
used in e.g., Refs. [76,77,79] is Lk;jet=2). At the down-
stream of the collimation shock, the jet moves along the jet
axis with the Lorentz factor Γcj ∼θ−1j ∼3.3θ−1j;−0.52
(θj;−0.52 ¼ θj=0.3), which makes the shock Lorentz factor
Γrel-cs ≈Γj=ð2ΓcjÞ≃45Γj;2.48θj;−0.52 (Γj;2.48 ¼ Γj=300).
Taking into account the fact that Rej ∝ t, the jet head
position is estimated to be

Rh ¼ 2.2 × 1010L1=3
k;iso;51θ

−2=3
j;−0.52M

−1=3
ej;−2

× β1=3ej;−0.48t
4=3
dur;0.3χ

1=3
lag;0.18 cm; ð3Þ

where Lk;iso;51 ¼ Lk;iso=ð1051 erg s−1Þ, Mej;−2 ¼ Mej=
ð0.01M⊙Þ 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 ¼ tdur, where t ¼ 0 is the time
when the jet starts being launched. The collimation shock
forms at

Rcs ¼ 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;

ð4Þ

where we use the formula in Ref. [79] again. Note that the
pressure gradient that may exist in more realistic situations
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 numerical simulations.
In this sense, our setup could be optimistic, since we require
that the high-energy neutrino production occurs at radii
smaller than Rcs as we see later.

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.
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down power is high enough, some two-dimensional simula-
tions suggest that the equatorial wind can be redirected by the
anisotropic pressure, and hoop stresses lead to bipolar
outflows10 that could explain GRBs (Bucciantini et al. 2007,
2008; Komissarov & Barkov 2007). If not, we expect a quasi-
spherical expanding flow embedded in the expanding stellar
material (see Figure 1). Assuming a SN explosion with

~ 10sn
51 erg, the SN ejecta expands with its velocity Vej and

radius Rej. The early PWN radius Rw also increases non-
relativistically, which is given by (e.g., Metzger et al. 2014)

d
=

-

æ

è
çççç

ö

ø

÷÷÷÷÷
+

d-dR

dt M

R

R

R

t
7

6(3 )
, (7)w w wrot

ej ej

3

for <R Rw ej, otherwise »R Rw ej is used. Note that we have
used the ejecta density

r
d

p
=

- æ

è
çççç

ö

ø

÷÷÷÷÷

d-
M

R

R
R

(3 )

4
, (8)ej

ej

ej
3

ej

where δ ∼ 0–1 is a typical value used in the literature (Kasen &
Bildsten 2010; Metzger et al. 2014). The mixture of material
allows us to approximate the inner density profile to be
reasonably smooth and flat (Chevalier 1977; Chevalier &
Fransson 1992). For demonstration, we adopt d = 1 throughout
this work (Kasen & Bildsten 2010; Metzger et al. 2014),
and that the radiation pressure is given by

r»  V(3 ) (6 7)rot nb ej nb
2 . Here nb is the PWN volume and

Vnb is the PWN expansion velocity that can be different from
V .ej In general, Rw is smaller than Rej, and both of Rej and Rw are
numerically determined in this work. Roughly speaking,

»R Rw ej becomes a good approximation for small values of

P such that  2irot, sn (implying -1P 5 msi sn,51
1 2). The ejecta

velocity Vej and radius Rej can be determined by

ò
=

é
ëê + ù

ûú ( )
V

dt t

M

2
(9)ej

int dyn sn

ej

=
dR

dt
V . (10)

ej
ej

The internal energy trapped in the SN ejecta, int, is given by

= - -
  d

dt
L

t t
, (11)int

em
int

dyn

int

esc
ej

where »t R Vdyn ej ej is the dynamical time. Since X-ray and
gamma-ray emission is expected in month-to-year timescales,
we only consider energy injection due to Lem. In the early
phase, as in normal SNe, heating by shocks and unstable
isotopes such as 56Ni can be relevant. In the later phase, one
may assume that late interactions with circumstellar material
are negligible, and injections via the β decay of 56Ni are
irrelevant after their lifetime = ´�t 6.075 days 5.2 10 sNi
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where m s= -K mT e T u
1 , me is the mean molecular weight per

electron, and mu is the atomic mass unit. See also Equation
(45) below. Two of the key parameters, Esn and Mej, can be
estimated from the SN peak emission and determination of the
ejecta velocity Vej via detailed spectroscopy. Note that the
bound–free or bound–bound cross section is much higher at
110 keV energies, and thermal photons are still generated at
later times.
Non-thermal photons generated in the PWN are significantly

thermalized in the SN ejecta. Since we are interested in the IC
emission, we need to estimate a thermal component, which
serves as a seed photon field. Ideally, self-consistent calcula-
tions including the detailed radiative transfer are needed. But,
for the present purpose, the following approximate approach is
sufficient. The internal energy is divided into the thermal
energy th and non-thermal energy nonth . Following K.
Kashiyama et al. (2015, in preparation), the thermal energy
is calculated by

ò=
-

- -g
gg g    ( )d

dt
dE

E

t t t

1
, (14)

E Eth

esc
ej

th

dyn

th

esc
ej

where gE is the differential photon number (per energy) and

gE is the energy-dependent albedo factor, i.e., the fraction of
photons escaping without thermalization. In this work, for
simplicity, we use =g 0.5E for photon energies below the
cutoff due to Compton down-scattering in the SN ejecta,
otherwise we set =g 0E . Because of the photoelectric
absorption (see Section 2.4), soft X-rays and UV photons
may not escape until very late times, so our choice is
reasonable. Lower values simply imply that more energy is

Figure 1. The schematic picture of pulsar-aided SNe. We consider the left case,
where a pulsar wind is quasi-spherical and the wind bubble is embedded in the
SN ejecta.

10 In this case, the (collimated) wind radius is »R ctw .
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