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The observations of a macronova/kilonova accompanied by gravitational waves from a binary
neutron star merger (GW170817) confirmed that neutron star coalescences produce copious ejecta.
The coincident gamma-ray detection implies the existence of a relativistic jet in this system. During
the jet’s propagation within the ejecta, high-energy photons and neutrinos can be produced. The
photons are absorbed by the ejecta, while the neutrinos escape and can be detected. Here, we
estimate such trans-ejecta neutrino emission, and discuss how neutrino observations could be used

to differentiate between gamma-ray burst emission scenarios.

We find that neutrinos from the

internal shocks inside the ejecta may be detectable by IceCube within a few years of operation, and
will likely be detected with IceCube-Gen2. The neutrino signals coincident with gravitational waves
would enable us to reveal the physical quantities of the choked jets even without electromagnetic

signals.

I. INTRODUCTION

In 2017, the LIGO and Virgo collaborations reported
the detection of gravitational waves (GWs) from a
binary neutron star (BNS) merger event, GW170817
[1], which accompanied one of the faintest gamma-ray
bursts (GRB) ever observed [2, 3]. Electromagnetic sig-
nals in other wavelengths were also observed [4]: the
macronova (also called kilonova) emission in ultravio-
let/optical/infrared bands [5-18] and a slowly bright-
ening afterglow in radio/X-ray bands [19-22]. These
electromagnetic counterparts revealed that BNS mergers
eject considerable amounts of matter (~ 0.01 — 0.05Mg;
see e.g., Refs. [23-25]) into space, which may choke the
relativistic jet launched by the central remnant object
[26-29]. Tt is under intense debate whether or not the jet
is successful or choked, both of which could explain the
prompt gamma rays (see e.g., Refs. [30-36] for the suc-
cessful jets and Refs. [9, 28, 37] for the choked jets) and
the afterglow (see e.g., Refs. [38-40] for the successful jets
and Refs. [21, 41] for the choked jets). Neutrinos and
high-energy gamma-rays are not detected in the event
[42-45], although BNS mergers and short GRBs (SGRBs)
are considered to be sources of high-energy gamma rays
[46] and neutrinos [47, 48].

If the jet is choked in the macronova/kilonova ejecta,
photons from the choked jet are completely absorbed by
the ejecta. On the other hand, if neutrinos are produced
inside the ejecta (trans-ejecta neutrino), these would be
available to look into the inside of the optically thick
ejecta. This would enable us to probe the jet physics
without electromagnetic signals (e.g., Refs. [49, 50]).
Even for the successful jet case, the trans-ejecta neutri-
nos can be produced when the jet is propagating in the

ejecta, which will be observed as a precursor neutrino
signals of GRBs. In this study, we estimate the trans-
ejecta neutrino emission of BNS mergers, and discuss the
possibility of neutrino detection from the mergers. The
neutrino emission at subphotospheres (inside the photo-
sphere) has actively been discussed in the literature of the
deaths of massive stars [49-58]. So far this scenario has
not been studied in detail in the context of BNS mergers.
This paper is organized as follows. In Section II, we
describe the physical situation of the system, and dis-
cuss the condition for production of non-thermal protons.
Then, we compare important timescales for neutrino pro-
duction, and estimate the cutoff energies of neutrinos in
Section III. The neutrino signals from internal shocks,
detection prospects for future events, and implications
for GW170817 are discussed in Section IV. We discuss
several related issues such as the diffuse neutrino flux in
Section V, and summarize our results in Section 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 hyper-massive 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 outflow-
ing 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 (~ 0.3¢) and
the slow-red (~ 0.1 — 0.2¢) components (see e.g., Refs
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FIG. 1. Schematic picture of the jet-cocoon system of BNS
mergers, where “p” and “y” represent the production site of

cosmic-ray protons and target photons.

[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 IIB). 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
M.; and velocity [.;. We assume a time lag between the
ejecta production and the jet launching, tj,, ~ 15, and a
duration of the jet production similar to that of typical
SGRBS, tqur ~ 2 s. At the time when the jet production
stops, the ejecta radius is estimated to be

ch = Cﬂcj (tdur + tlag) (1)
~ 3.0 x 10'°B34j,~0.48Xlag,0.18tdur,0.3 CIM,

where we use Xiag = 1+ tiag/taur and notation Q, = 107
in appropriate unit [Bej —0.48 = Bej/(0.33), Xlag,0.18 =
Xlag/1.5, and tqur,0.3 = tdur/(2 s)]. Since the fast-blue
component is expected to be located in the polar region,
we use e ~ 0.33. This component may originate from
the outflow from the HMNS, so we assume the wind-like

density profile of the ejecta:
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The dynamical ejecta can have a steeper density pro-
file, pej oc R73, and we do not discuss it for simplicity.
We consider the propagation of the jet whose isotropic
equivalent kinetic luminosity Ly iso, Lorentz factor I';,
and opening angle #;, which leads to the intrinsic jet
kinetic luminosity Ly jet = 6%Lk iso/2 (the one-side jet
luminosity used in e.g. Refs. [776, 77, 79] is Ly jet/2). At
the downstream of the collimation shock, the jet moves
along the jet axis with the Lorentz factor I'g; ~ 93-_1
3.3917()'52 (9j,70,52 = HJ/O3), which makes the shock
Lorentz factor Frel—cs ~ Pj/(QFC]) ~ 45Pj)2,489j)_0,52
(Tj2.48 = T';/300). Taking into account the fact that
Rej oc t, the jet head position is estimated to be

Rp =2.2x 1010[’%3/120 5193‘_,3/0?52]\/[;,17/3 (3)
xﬂl/g 0.48t 311/3 0. 3X11a/g30 18 C1L,
where Lijisos1 = Lijiso/(10°0 erg s71), Mej o =
M,;/(0.01 Mg) and we use the fitting formula of Ref.
[79] (see also Ref [77]). This estimate of Ry, is at the
time of the jet quenching, i.e., t = tqur, where t = 0 is
the time when the jet starts being launched. The colli-
mation shock forms at
Res = 9.9 % 109[/116/@0 51Me;1—/22 2 —0. 48t31/j 0. 3X1a/g20 18 ¢,
(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 R.s < Ry, [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 R.s as we see
later.

For the reference parameter set shown above, Rj, < Re;
is satisfied at t = tqy,. 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 Rp(tdqur) = Rej is given as

L iso,crit =~ 2.4 X 105162 0. 52Me],—2ﬁq, 0.48 (5)
Xtdur,OBXIag,O.lS erg s L.
For Ljiso > Liso,crit, the jet and the cocoon break out
from the ejecta at breakout time t = t1,, < tqur, resulting
in a classical SGRB with a successful jet. For ¢t < t,,
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 > ty,,, our es-
timate of R 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



the ejecta, p ox R~ as expected for the dynamical ejecta
[59], the position of the collimation shock and condition
for jet breakout are different.

The fluctuations of jet velocity create the internal
shocks. The fast shell with the Lorentz factor I',. catches
up the slower one of I'y at

CtvarF?
212

rel-is

~ 2~
Ris ~ 2CtvarFs ~

(6)

~ 8.4 % 10%tyar —4l'7 5 45T}

rel-is,0.6 cm,

where ty,, is the variability time (tyar,—a4 = tyar/(0.1 ms)),
I'; =~ +/I'.I's is the Lorentz factor of the merged shell, and
Trelis = I'v/(21;) is the relative Lorentz factor between
the merged shell and the fast shell (T'yel-is 0.6 = Irel-is/4)-
Here, we assume that the mass of the fast shell is equal to
that of the slow shell, and treat I'; and I';c1is as primary
parameters. The condition for the internal shock forma-
tion in the pre-collimated jet is written as Ris < Res,
or

Iy <33 x 102L11c,/iio,51Mc;,1—/3 olj/io.zlstﬁ{ﬁ,og (7)

XX]la/;l)o,18t;a1)/34rrcl—is,0.6a

The allowed parameter range is shown in Figure 2 (green-
dotted line). Note that the internal shocks may be
formed in the collimated jet, since the velocity fluctu-
ations exist inside the collimated jet [77]. However, the
Lorentz factor in the collimated jet is so low that the
internal shocks there cannot avoid being mediated by ra-
diation (see Subsection II B). Note also that ty,, ~ 0.1
ms is possible because the dynamical timescale
of the central engine is of the order or shorter
than it. This short variability timescale can lead
to sub-photospheric dissipation, so it would not
be observed in canonical GRBs. Also, the GRB
analyses with current instruments cannot catch
the short variability timescale, since the time bins
used in the analyses are longer than a few ms
[80, 81].

B. Radiation constraints on shock acceleration

The non-thermal particle acceleration at the shock re-
quires the sharp velocity change in the gyration scale
of the plasma particles, which is achieved if the shock
is mediated by the plasma instabilities [82]. However,
when the optical depth of the shock upstream is large, the
shock is mediated by radiation, which causes the gradual
velocity change in the plasma scale [83, 84]. This pre-
vents the particles from being accelerated and gives an
important necessary condition for the resulting neutrino
emission, as studied in Refs. [50, 56]. The condition for
the particle acceleration is written using the upstream
rest-frame quantities as [50, 56]
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TABLE I. Model Parameters
Shared parameters

Me;[Mo] Bej tiag [s] 0; 3

0.01 0.33 1 0.3 0.1
Parameters for the Collimation shock model

Lk,iso [el"g Sil] F] tdur [S] Ijrcl—cs ch

10°! 600 2 90 3.3

Fixed Parameters for the internal shock models

Trel-is €e tvar [S] a1 Qa2 €p gacc
4 0.1 1074 0.5 2.0 0.3 1

Parameters for the internal shock models

model Ly isolerg sfl] Ty taur OF tho []  €4,pk [keV]
A 10! 300 2 1.7
B 10%° 150 2 3.3
C 10°2 350 0.92 1.3

Internal Shock (T, =1) == == Collimation Shock (t,=1)
Internal Shock (T, = Terit) — —— Collimation Shock (T, = Tcrit)
------- Internal Shock (Ris = Rcs) —-—- Choked condition (Rp = Rej)

103

Jet Lorentz factor I';

102_

1049 1050 1051 1052
Isotropic equivalent kinetic luminosity Ly iso [€rg s711

FIG. 2. The allowed parameter range on I';-Ly jso plane for
tvar = 107% s and Tyoris = 4. The radiation constraints in
equation (8) are drawn for internal shocks (red-solid lines)
and collimation shocks (blue-dashed lines) for 7, < 1 (thick
lines) and 7, < 7erit (thin lines). The dissipation radius con-
dition, Ris < Res (green-dotted line), and the jet breakout
condition, Ry < Rej (black-dot-dashed line), are also shown.
The allowed parameter region for internal shock models is
colored cyan, and the range of observed SGRBs is colored
yellow. The allowed parameter range for the internal
shocks is located on the typical parameter space of
SGRBs, while the collimation shock requires higher
I'; to accelerate CRs.

where n, is the comoving number density at the shock
upstream (hereafter, we use n for the comoving number
density and N for the density in the observer frame),
or is the Thomson cross section, [, is the length of the
upstream fluid, and Ty, is the relative Lorentz factor be-
tween the shock upstream and downstream. For the non-
relativistic flow, the first condition can be used, while the



second condition is relevant for the relativistic flow where
the electron-positron pairs are produced in the upstream.
Since the second condition is derived with assumptions
of the high upstream Lorentz factor and the high up-
stream optical depth, the real acceleration condition for
the mildly relativistic flow with a marginal optical depth
might lie between the two conditions. Hereafter, we use
the former condition for simplicity, although it may be
optimistic.

For the collimation shock, the upstream density is
written as nesu = Lk, iso/ (47TP§RES7’TLPC3) and upstream
length scale is lcs.y & Res/I'j. Then, the optical depth is
estimated to be

- 1/2 1/2 ,—1/2  ,—-3/2 _—1/2 _3
Tu & 4'4Lk,iso,51Mcj,72 cj.,70,48tdur,0.3xlag70.18Fj,2.48'
(9)
For the internal shock, the upstream density and length
scale are expressed as Migy & Nisd/Trelis and lisy =~
Ris /T, respectively, where nigq = Lk7iso/(47rl"?Ri2$mpc3)

is the density of the merged shell. This leads to

T A Lk,isoaT
u 3R. 372
8mmyc Rlsijml_is

= 0'16L1€7i50751Ri;,19.991—‘j7.§.48r;c%-is,0.6 (10)

~ . -1 -5
- O'16Lk71$0751tvar,74Fj,2.48’

where Ris .99 = Ris/(9.9 x 10° ¢cm). Here, we focus on
the reverse shock of the internal shock, since it dissipates
more energy. We depict the allowed parameter range for
particle acceleration on I'j-Ly jso plane in Figure 2. For
our reference parameter set, the collimation shocks are
mediated by the radiation unless I'; > 500, while the
internal shocks can be mediated by plasma instabilities
for relatively low Lorentz factor I'; 2 200. Note that the
allowed parameter range for the internal shock depends
on Dieris and tyay. Higher I'yelis and/or longer ty,, make
the allowed parameter range (cyan region) larger.

III. TIMESCALES & CRITICAL ENERGIES
FOR NEUTRINO PRODUCTION

The non-thermal protons produced in the collimation
and internal shocks produce neutrinos through interac-
tion with the background photons and protons. Since
the physical setup is different, we separately discuss the
cases with the collimation shocks and the internal shocks
later. Hereafter, we use ¢; for the particle energy in the
comoving frame and FE; in the observer frame.

To calculate the neutrino emission, we need to esti-
mate the cooling and acceleration timescales for protons.
The acceleration time is estimated to be tacc ~ &,/ (eBc),
where B is the comoving magnetic field strength. The
cooling timescales are determined by the photome-
son production, proton-proton inelastic collision, Bethe-
Heitler process, and synchrotron radiation. The pho-

tomeson production energy-loss rate is given by

t_lzi/wdga K 5/00 d56_2d—n, (11)
Py 2,}/12) - YEPYIVPYEY = /(29) Y=y dEfy

where 7, = £,/(m,c?), Em =~ 145 MeV is the threshold
energy for the photomeson production, €, is the photon
energy in the proton rest frame, and o,, and k,, are
the cross section and inelasticity for photomeson produc-
tion, respectively. We use the fitting formula obtained
by Ref. [73] to take the energy dependent o,y and kp,
into account. The timescale of proton-proton interac-
tions is estimated by t;pl R Ny OppkppC, Where Ky, ~ 0.5
and o,, ~ (34.3 + 1.88L + 0.25L%) x (1 — (epp.tn/ep)*)?
mb are the inelasticity and the cross section for inelastic
proton-proton interaction [85]. We estimate the Bethe-
Heitler process cooling rate, tgll{, by Eq. (11) using the
opu and sy instead of o, and kp,. We use the fitting
formula in Refs. [86] and [87] for opy and kpu, respec-
tively. The synchrotron timescale for the particle species
i is estimated to be t; syn = 6mmic®/(m2or B2e;).

The neutrinos are decay products of pions. The
pions also suffer from coolings by the synchrotron and
hadronic processes. The hadronic cooling time for
pions is approximated to be t;pl R NpOrpkapC, Where
Orp ~5x10726 cm? and ki, ~ 0.8 are used for the range
of our interest. For the internal shock, adiabatic cooling
time tqyn ~ Ris/(cT';) is also relevant, while it is not ap-
plicable for the collimation shock. If the cooling timescale
is shorter than the decay time t; dec = €xtro/(mac?),
where m, and ¢, is the mass and decay time for charged
pions at rest, respectively, the neutrino spectrum are
suppressed by a factor frsup ~ 1 —exp(—t_ 5./t L),
where £14 = to + i, (Hay,
shock) . The critical energies at which synchrotron,
hadronic, and adiabatic coolings become important
are written as epgm ~ \/67rm§rc5/(mzaTB2t,r0),
€ R MrC®/(Nes,dTnphapClno), and

s Ex,dyn ~
myc?Ris/(2ctzoL;), respectively. Here, we ignore
the inverse Compton cooling of pions for simplicity,
which can affect the neutrino spectrum if the target
photon energy density is much higher than the magnetic
field energy density as included in previous numerical
works (see e.g., [50, 53]).

for the internal

A. Collimation shocks

For the collimation shock case, the accelerated pro-
tons are advected to the collimated jet, whose density is
Nes,d ~ reloesNes,u. Since the collimated jet is optically
thick, we consider the thermal target photons there. Note
that the down stream of the collimation shock is always
optically thick even if the radiation constraint is avoided
at the collimation shock. The radiation constraint is rel-
evant for physical quantities in the upstream of the colli-
mation shock. Supposing that the thermal energy in the
shock downstream are deposited as the radiation, i.e.,
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FIG. 3. The inverse of the timescales at the collimation shock
for protons (upper panel) and pions (lower panel) as functions
of the comoving proton and pion energy, respectively. We
can see that in the comoving frame, the maximum
energy of protons is 3 x 10> TeV, while the pion cool-
ing is effective for > 0.06 TeV. Since the collimation
jets have low Lorentz factor, I';; ~ 3, they produce
neutrinos of £, < 0.1 TeV.

U, = aT* ~ (Tretees — 1)ncs,dmpcg, the temperature in
the collimated jet are estimated to be

T~ 9'70]1',/—20.52M01j{i2 ;,113.48t53r<3.3xlzx;{318 keV. (12)
Note that the temperature and radiation energy density
in the collimated jet is independent of both Ly ;s and I';.
In the collimated jet, n, ~ ncsq and B = \/8m&pal?,
where {p is the ratio of the magnetic field energy density
to the radiation energy density.

We plot the timescales at the collimation shock for
protons in the upper panel of Figure 3, and tabulate the
parameters in Table I. We do not show another relevant
timescale, the advection time ta,qy = Ry /(cl'j), because
it is much longer. We can see that the Bethe-Heigler pro-
cess suppresses the pion production for 0.01 TeV S e, S1
TeV, while the pion production efficiency is almost unity
above ¢, 2 1 TeV. The maximum energy of the protons
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FIG. 4. Same as Fig. 3, but for the internal shock with
model A. The protons are accelerated to a few tens of
TeV, and pion cooling is effective around several TeV.
The internal shock model has a higher Lorentz factor,
I'; ~ 300, so they can emit neutrinos of E, > 100 TeV.

is £, ~ 3.1 x 10% TeV for our reference parameters.

The lower panel of Figure 3 show the cooling times
and decay time of the pions. We can see that the pion
synchrotron is effective for e, 2 0.06 TeV due to the
high density and the strong magnetic field in the colli-
mated jet. The critical energies at which synchrotron and
hadronic processes become important are estimated to be
Emsyn = 0'0629;£0.52Mej,1—/22 elj/,2—0.48t§ll/1370.3xlla/g2,0.1858,1—/§
TeV  (¢p.—1 = ¢p/0.1)  and ey ~
0'509510.521—‘j,2~78ﬁ€j,—0~48Me;,1—2t(?iur,0.3 TeV, respec-
tively (I'j 278 = I';/600). Since the Lorentz factor of
the emission region is small, I';; ~ 3.3, the neutrino
emission from the collimation shocks will occur at too
low energies for detection with IceCube.



B. Internal shocks

In the internal shocks, we expect two types of the tar-
get photons. One is the leakage photons from the col-
limated jet, and the other is the prompt photons from
the non-thermal electrons produced at the internal shock.
For the leakage photons, we assume that the escape frac-
tion is Tcgl ~ T'¢i/(Nes,aorRes) [50]. Then, the leakage
photon density is I'; /(2T ¢j7¢;) times the photon density in
the collimated jet, where the factor I';/(2I¢;) represents
the Lorentz boost. The energy of the individual leakage
photons is also boosted by I';/(2I¢j). For the prompt
photons, we assume that a fraction €. of the thermal en-
ergy in the downstream is converted to the non-thermal
photon energy, Uy nT & €¢(Irelis — 1)nisampc?, and use
the broken power-law spectrum, dn., /de, oc e3** (e5%?)
for e < ey pk (€4 > €4,pk). The magnetic field at the
internal shock is estimated to be B = /87{gU, NT.

In the upper panel of Figure 4, we plot the inverse
of timescales for the internal shock with model A whose
parameters are tabulated in Table I. The photomeson
production is the dominant cooling process in the en-
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, e, ~ 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
efficient for pions, and the critical energy is

Ex,dyn ~ 5. ORiS 9. 991—‘;21 48 TeV
~ 5. Otvar 741—‘3 2. 48Fre] is,0.6 TeV. (13)

For low I'; case with fixed ty,,, the hadronic and syn-
chrotron coolings can be important due to their strong
I'; dependence:

12 ~1/2.-1/2
Emsyn™ 6. 1Lk ,iso, 51Rlb 9. 99PJx2 48Frc1 is,0. 6€ e,—1 §B —1 TeV

1/2 5/2 —1/2.-1/2
~ 6. 1Lk 1s/o s1tvar, _4FJ 2481 el /15 0.6 e,—/l B, —/1 Te\(14)

Emp = 16Lk iso, 51RIS 9. 99Fj.,2.48 TeV
~ 16L; 0 s1tvar—al5 248 reris.0.6 TeV. (15)

k iso,51"var,—

Since the Lorentz factor at the emission region for the
internal shock case is high, I'; ~ 300, we can expect a
high neutrino fluence at F, > 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 €, 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 cutoff, dNZ",SO /dE, x
E; 2 exp(—Ep/ Ep max), the non-thermal proton spectrum
is approximated as

g e~ D (B
P dE ln(Ep max/Ep,min) Ep,max
Cacc 6 ( E, >
= = exp | — ,(16
ln(Ep,max/E 7mim) Ep,max ( )
where &, is0 ~ L isotaur is the isotropic equivalent ki-

netic energy, {aCC is the barion loading factor, ri,jg is
the isotropic equivalent radiation energy, Fpmax and
Eyp min are the maximum and minimum energy of the non-
thermal protons at the observer frame, respectively. To
convert €, and &), 10 £0 Eace and ri,jg, we use Eace X €p/ €rad
and &9 =~ emd(l"rel_is — D&, We use Epmin &
[iTierismpc® and Epmax = 1'j€pmax is obtained by
the balance between the acceleration and cooling, i.e.,
tp,ace = tpc. In this work, we set ¢, = 0.3, T'ielis = 4,
and &359 ~ &.°°, which results in .. ~ 1. This value of
€p 1s consistent with previous particle-in-cell (PIC) sim-
ulations (e.g. [88]). To explain ultrahigh energy cosmic
rays (UHECRs) by long GRBs, &, 2 10 is required (e.g.,
[89]). However, this value may be too optimistic for sub-
photospheric emission, and &,¢; ~ 1—3 has also been used
in the literature (e.g., [50, 53, 56]). Note that we cannot
constrain €, by the observations, since the normalization
of the signals also depends on I'yeis and €a4.

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 f,, =1, / t- L and f,p = t, / ¢} are the neutrino
production eﬁimency through photomeson production
and inelastic pp collision, respectively, and the subscript

™ indicates the muon neutrinos produced from pions.
The muons decay to neutrinos and electrons/positrons,
whose spectrum is represented as

, AN ) lei,i" ) dNjse
E: X~ F n su Eix z s 18
Ve dEve vy, dEuﬁ fH P=vy dEle; ( )
where fysup = 1 — exp(—t,, dec/tu ') is the suppression

factor by the muon cooling, ¢ L= o tyn + tgyln, and the
subscript v/} indicates the muon neutrinos produced from
muons. These muon neutrinos and electron neutrinos
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., 90]

10 4
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b4, =



Model A (I; =300, Liso = 105! erg s71, tqy=2s)
— ——— Model B ([} =150, Lisoc, = 10°° erg s71, tg,r=2's)
-------------- Model C (I =350, Liso = 1052 erg s71, t,,=0.92 s)

TABLE II. Detection probability of neutrinos by IceCube and
IceCube-Gen2

Number of detected neutrinos from single event at 40 Mpc
model IceCube (up+hor) IceCube (down) Gen2 (up+hor)

A 2.0 0.16 8.7
B 0.11 7.0x1073 0.46

Number of detected neutrinos from single event at 300 Mpc

Muon neurino fluence Efuqbv“ [erg cm™2]

10751 model IceCube (up+hor) IceCube (down) Gen2 (up+hor)
A 0.035 2.9x107° 0.15
B 1.9x107° 1.3x107* 8.1x107°
10-71 GW-neutrino detection rate [yr ]
model IceCube (up+hor+down) Gen2 (up+hor)
A 0.38 1.2
B 0.024 0.091
1078 . . \
103 104 10° 106
Neutrino energy E, [GeV]
pected event number is estimated to be
FIG. 5. The muon neutrino fluences from the internal shock
models for optimistic (model A: solid line) and moderate Vel
(model B: dashed line) cases for an on-axis observer with Nu= [ 6vAet(6, Ev)dEy, (21)

dr, = 300 Mpc. The precursor neutrino fluence from the
successful jet (model C: dotted line) is also shown. Using
these fluences, future prospects for coincident detec-
tion with gravitational waves are evaluated, which are
summarized in Table II. The neutrinos from the colli-
mation shocks are not shown because they are at too
low energy.

4 7
¢uu+m = E ge-i—ﬁe + E( gu-i-% + (bgT-WT)u (20)
where ¢Y = (dN}*°/dE;)/(4md2) is the neutrino fluence
without the oscillation and dy, is the luminosity distance.
We set di, = 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 [91].

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 different in Ly i and I'j, which mainly affect the
normalization of the fluence and the cutoff energy, re-
spectively. For model A, the neutrino spectrum has a
cutoff around FE, ~ 200 TeV, while for model B, the
spectrum break appears at lower energy, F, ~ 50 TeV,
due to the lower I';. The pion cooling causes the cutoff
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 v,-induced track events, whose ex-

where A.g is the effective area. IceCube and IceCube-
Gen2 can also detect v.s and v;s as shower events (or
cascade events). The angular resolution of shower events
is much worse than that of track events. Also, the effec-
tive area for the shower events is smaller than the upgoing
track events. Thus, we focus on the detectability of v,-
induced track events, although the shower events may be
important for the merger events in the southern sky.

We use the effective area shown in Ref. [92] for Ice-
Cube. For IceCube-Gen2, the effective volume can be 10
times larger than that of IceCube [93]. Hence, we use
10%/3 times larger A.g than that for IceCube, although
it depends on the specific configurations. The thresh-
old energy for the neutrino detection is set to 0.1 TeV
for IceCube and 1 TeV for IceCube-Gen2. The down-
going events suffer from the atmospheric background.
Although the downgoing events can be used to discuss
the detectability with IceCube, Aeg 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 [94], which will help make
coincident detections in the near future. Note that the
atmospheric neutrinos are negligible owing to the short
duration of tgqy, ~ 2s.

We calculate the expected number of detected neutri-
nos for models A and B for a single event located at
40 Mpc, 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 (6 > —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 x
103 Gpe™® yr~=! [1], around 170 merger events happen
within 300 Mpc every year. The fraction of on-axis events
is fp ~ 0.0459?7_0.52, leading to an on-axis merger rate
Ro ~4.1 yr~! 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 300 Mpc 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 effective area.

We note that on the time frame of IceCube-Gen2,
LIGO is likely to further improve its sensitivity, po-
tentially significantly increasing the coincident detection
rate.

C. Implications for GW170817

The non-detection of a high-energy neutrino coun-
terpart of GW170817 can put some limits on the pa-
rameters of a choked jet. GW170817 was followed by
a faint SGRB (GRB170817A), a macronova/kilonova,
and a slowly brightening afterglow. The faint gamma
rays and the brightening afterglow already ruled out the
canonical SGRB viewed from on-axis. Two models have
been proposed to explain this peculiar SGRB: a wide-
angle cocoon inflated by the choked jet [21] and a struc-
tured jet viewed from off-axis [38, 39].

Estimates on the viewing angle of GW170817 vary be-
tween 6, ~ 0° —40° [1, 95, 96]. Based on these results,
we cannot fully rule out that the viewing angle was close
to or within the beaming angle of the relativistic outflow.
Thus, in the framework of the cocoon model, the electro-
magnetic signals do not rule out the possibility that we
observe a choked jet from on-axis. In this case, we would
expect high-energy neutrinos from this system. The de-
tection probability is estimated to be A, ~ 0.16 for the
parameter set of model A with dy = 40 Mpc. Unfortu-
nately, GW170817 appeared in the southern sky, where
the effective area of IceCube is about 5 times smaller than
that in the northern sky at 100 TeV. Hence, we could not
put meaningful limits on the parameters of the choked jet
of GW170817. If GW170817 had occurred in the north-

ern sky or KM3NeT had been in operation, the expected
number of neutrino events is N, ~ 0.1 — 2 (see Table
IT). This means that IceCube could have detected a few
neutrino signals, or that we could have put some limits
on the choked jet parameters, such as 6, > 6; and/or
low I'; so that the radiation constraint can be satisfied.
Thus, using the current and near future high-energy neu-
trino facilities, it is possible to discuss such astrophysical
phenomena without using the electromagnetic signals.

The gamma-ray isotropic equivalent energy of
GRB170817A was ~ 10%" erg, while the muon neutrino
isotropic equivalent energy of model A is ~ 10%° erg.
Thus, the neutrino fluence can be around two orders of
magnitude higher than the gamma-ray fluence. Consider-
ing the fact that GRB170817A was borderline detectable
by Fermi-GBM, if we observe choked jet systems at larger
distances, we may not be able to observe gamma rays.
Even in this case, we may be able to probe the jet physics
using the neutrino and GW signals.

V. DISCUSSION

If we observe these events from an off-axis angle,
6, the neutrino fluence decreases with ¢, o< 62 for
0, < 6, < 20; and ¢, o & for 6, = 26;, where
0~ T;/(1+T%(0, —0;))* [32, 97, 98]. Since the off-axis
fluence is much lower than that for the on-axis event,
it is difficult to detect off-axis events even though they
are more frequent. The beaming factor is less for slower
jets, but this may not help increase the off-axis fluence,
because the slower jets cannot produce high-energy neu-
trinos due to both the radiation constraints (see Section
IIB) and the pion cooling suppression (see Section IIT).

If the jets are powerful enough to satisfy Ly i >
L iso,crit at t = tqur, the jets are expected to be observed
as the classical SGRBs for on-axis observers. The prompt
neutrinos from successful GRB jets tend to emit higher
energy neutrinos, £, 2 1—10 PeV [47, 72, 73], especially
for SGRBs that might have the higher jet Lorentz factors
[99]. On the other hand, the trans-ejecta neutrinos have
much lower energies, E,, < 0.3 PeV as shown in Figure 5.
This energy can be lower than those from the choked jets
arising from the death of massive stars [50, 56] because
of the small dissipation radius for BNS mergers.

The successful jet can produce neutrinos when the jet
is propagating in the ejecta. These neutrinos can be de-
tected as a precursor signal of canonical SGRBs. For
a given Ly js0, We can estimate the breakout time ty,,
using Equation (5). Then, the radiation isotropic en-
ergy fluence is estimated to be @@,;S" = L isotbo. Using
the same procedure as in Section IV, we estimate the
neutrino fluence for the precursor neutrinos with a pa-
rameter set of model C tabulated in Table I. The re-
sultant spectrum is shown in Figure 5. The spectrum
shape is similar to that for model A, and the fluence is
higher owing to high &/*°. The time lag between the
precursor neutrinos and SGRB prompt gamma-rays is



estimated to be tpre,, ~ Rprmpt/(21"?c) ~ 0.01 s, where
we use Rpmpt = 10 ¢cm and I'; = 350 for the esti-
mate. Thus, the precursor neutrinos should be observed
almost simultaneously with the prompt gamma-rays. So
far, IceCube GRB analyses mainly use the long-GRB
data [92, 100, 101]. A dedicated analysis focusing on
the SGRBs will be able to put a limit on the precursor
neutrinos from SGRBs.

The all-flavor diffuse neutrino flux from the trans-
ejecta neutrinos of BNS merger events is estimated to
be

c 3 o AN
~ 4rH, g sup o [= o RE, dE,

~3.6x107? GeV cm ™2 st sr_lfsupfmfz&mdo@f;g’mﬁ,
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where f, is the redshift evolution factor, fs.p, is the sup-
pression factor by the muon and pion coolings, R =~
1500 Gpe™® yr=' and f, ~ 0.04505 5, are the local
merger rate and beaming correction factor defined in
Section IV B, respectively, and Esz /dE, is given in
eq. (16). For the parameter set of model A, we obtain
&0~ £159 ~ 2 x 10°! erg and In(Ep max/ Ep,min) = 10.
Note that Rfy is about 10 times larger than the local
SGRB rate, ~ 10 Gpe ™2 yr~!, implying the boost factor
due to choked jets, feno ~ 10. According to this crude
estimate, the neutrinos from choked jets of BNS mergers
can possibly contribute a considerable fraction of the ob-
served diffuse neutrino flux discussed by Refs. [102-105].
This is different from the conclusion drawn for the con-
tribution from successful jets connected to SGRBs [106].
However, we should note that the choked jets from the
death of massive stars gives even higher neutrino produc-
tion fluxes for the same CR loading factor [50, 56], which
means that the neutrinos from BNS mergers are likely
sub-dominant in the context of the choked jet scenarios.

We have assumed a proton composition for the neu-
trino calculations above. Since the neutron star mergers
produce the r-process elements, the jets can consist of
heavy nuclei. However, in both the collimation and in-
ternal shocks, these heavy nuclei in the jet are completely
photo-dissociated into protons and neutrons due to the
very dense photon field (cf. Refs. [107, 108]). As seen in
Figures 3 and 4, all the non-thermal protons lose their en-
ergy through the photomeson production, which means
that the heavy nuclei cannot survive there because pho-
todisintegration has the larger cross section and the lower
threshold energy. Note that the heavy elements are dis-
integrated only in the shocked jets, and bulk of the ejecta
contains a plenty of heavy elements so as to produce a
macronova/kilonova.

To avoid the radiation constraint, we have considered
high I'; jets so far. However, since we considered rel-
atively smaller dissipation radii, the jets may not have
enough time to accelerate to high I';, which could lead
both shocks to be in the radiation mediated regime. In
this situation, a neutron-proton converter (NPC) accel-
eration mechanisms may produce the non-thermal parti-
cles, owing to the neutron rich environment [55, 109].

In the collimation shock, the NPC mechanism is not
effective, since the protons of £ 2 10 GeV lose their
energy through the Bethe-Heitler process for I'; = 102.
For I'; = 50, the NPC mechanism can produce the non-
thermal particles, but the density at the collimated jet is
high enough to cool the pions of e, 2 0.083 TeV through
hadronic interactions. In the internal shock, the NPC
mechanism can work efficiently for I'; = 102. However,
lower I'; leads to lower e,,. Since lower I'; allows us to
use higher ty,, without violating the jet breakout condi-
tion (eq. [7]), the critical energy for hadronic interaction
can be ;) >~ 2.2L,;ilso_’51t\2,ar_’731"?)1001";6?4570_6 TeV, where
we use I'j = 100 and ¢y, = 1 ms. Therefore, the NPC
mechanism is likely to produce GeV-TeV neutrinos ef-
ficiently, as is also the case with the canonical GRBs
[55, 109].

VI. CONCLUSION

We investigated the detection prospects of high-energy
trans-ejecta neutrinos from binary neutron star mergers.
We considered the situation in which the jet is choked
inside the macronova/kilonova ejecta, where neutrinos
are the only available signal to probe the physics of the
choked jet. We evaluated the particle acceleration con-
dition for the collimation shocks and the internal shocks
inside the ejecta, and found that the non-thermal protons
can be accelerated for I'; 2 200 for the internal shocks
and I'; 2 500 for the collimation shocks (see Figure 2 in
detail).

We estimated the time scales and critical energies rel-
evant to neutrino production, and showed that the in-
ternal shocks can efficiently produce high-energy neutri-
nos of £, > 10TeV owing to the high Lorentz factor
of the emission region. On the other hand, collimation
shocks mainly emit neutrinos of < 1TeV due to efficient
pion cooling, and are therefore difficult to observe. For
a lower I'; jet, the NPC mechanism could produce GeV—
TeV neutrinos.

According to the estimated neutrino fluence, we ex-
pect the detection of a few neutrinos with IceCube if a
merger event happens at 40 Mpc in the northern sky and
the jet is directed toward the earth. Thus, if GW170817
occurred in the northern sky or if we had KM3NeT in
operation, neutrino signals could have been detected or
limits could have been put on the choked jet parameters,
even without electromagnetic signals. We also estimated
the joint detection rate of GWs and neutrinos from a uni-
formly distributed source population. The joint detection
is probable with IceCube within a few years of opera-
tion for our optimistic scenario. With IceCube-Gen2, the
joint detection is probable even for our moderate case.
See Table II for the summary of the detection
prospects. Also, we roughly estimated the diffuse neu-
trino flux from this source population, and find that BNS
mergers might represent a significant contribution to the
diffuse neutrino flux observed by IceCube. These re-



sults are obtained with few sets of parameters,
although we choose the typical values based on
the observations and theoretical expectations. A
thorough investigation of the parameter depen-
dence remains as a future work.
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