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GW170817 and electromagnetic follow-up observations showed that binary neutron star mergers
are accompanied by short gamma-ray bursts (SGRBs) and kilonovae.The former and the latter are
produced by jets and ejecta from neutron stars. sSGRBs have extended emission components lasting
100-1000 s, whose emission mechanism is under debate. The jet emissions produced by prolonged
central engine activity could explain the components. The jet should propagate inside the ejecta,
forming a cocoon around the jet. Photons filled in the cocoon should diffuse into the dissipation
region of the jet. We calculate the neutrino emission from the jet due to prolonged engine activity,
taking into account the interaction between cocoon photons and cosmic rays accelerated in jets.
We find that the detection of neutrino signals associated with gravitational waves is achieved
with a high probability for 10 years of operation by the future project, IceCube-Gen2, and the
second-generation gravitational wave detectors. Otherwise, we can put meaningful constraints on
dissipation radius and baryon loading factor.
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1. Introduction

The gravitational-wave signal, GW 170817, and electromagnetic follow-up observations showed
that binary neutron star mergers are accompanied by short gamma-ray bursts (SGRBs) and kilonovae
[e.g. 3, 16]. The former and the latter are produced by jets and ejecta from neutron stars.

SGRBs, a prominent target of multi-messenger astronomy, have an extended emission com-
ponent that lasts 100-1000 s after prompt emission [e.g. 18], but the emission mechanism of the
component is under debate. The most plausible scenario is the internal dissipation of the jet pro-
duced by the activity of the central engine at a late time [11]. To confirm the mechanism, we need
to carefully study the properties of the emission component, such as the dissipation radius, Lorentz
factor, and so on.

The high-energy neutrino is thought to be a powerful prove to investigate the jet of gamma-
ray bursts (GRBS). IceCube [1] is now the most sensitive detector for high-energy neutrinos.
Furthermore, future detectors, such as IceCube-Gen2 [2], KM3Net/ACRA [5], baikal-GVD [6],
P-One [4], and TRIDENT [20], will significantly increase neutrino detections. [13] evaluated
the detectability of the neutrino associated with extended emission. However, the calculations in
previous work do not take into account the external photon field produced by the materials around
the jet. The jet should propagate inside the ejecta, forming a cocoon around the jet. Photons filled
in the cocoon should diffuse into the dissipation region of the jet, and they can interact with protons
in the jet to produce neutrinos. Therefore, in this work, we calculate the neutrino emission from the
jet due to prolonged engine activity, taking into account the interaction between cocoon photons
and cosmic rays accelerated in jets.

2. Neutrino Production and Cocoon Photons

The main process for producing high-energy neutrinos in GRBs is the photomeson pion
production process and pion decay. In this section, we formulate the neutrino fluence measured on
the earth, and introduce the method of the calculation as shown in [15].

2.1 Formulation

The neutrino spectrum produced by the photomeson process is approximately given by

dNVIJ ~ / dgﬂg(gﬂ’gvy)fsup,n (fpyd&) (D
dg"u d{-;p ep=S&x
for muon neutrinos, and
dNy, dN,, dN,
d(c;v: ~ E X / dsﬂg(ey, 8vg)fsup,;1 (fsup,ﬂfpyg) 8p:58":%‘9“ (2)

for anti-muon neutrinos and electron neutrinos, where f,y, fsup,i (i=7,0r u), g(&;,&;)de;, &; (i=p,
n,or 1), and dN, /de , are the pion production efficiency by photomeson production, the suppression
factor by the pion and muon coolings, the distribution function of the secondary particle j produced
by the decay of the parent particle i of energy ¢;, energy of a particle, and differential number of

protons in the engine-rest frame, respectively. The production efficiency is given by f,, =/ /1),
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’ : : . ’ _ (-1 r—1 r—1 r—1 -1
where ¢/ is the total cooling timescale of protons. We define #/_ = (/" +1t5; +1 by t tp,syn) ,

where each term represents adiabatic cooling, Bethe-Heitler process, photomeson production, and
synchrotron cooling, respectively.

The suppression factor is determined by fop,; = 1 — exp(—tlf’cool/ tlf’ dee) (@ =, or w), where
t, . and?
i,dec i,cool

of the jet, respectively. The lifetime is given by 7

are the lifetime and the cooling timescale of each particle in the comoving frame
dec = tie;/ (mjic?), where t; is the lifetime in the
particle rest frame, and m; is the mass of a particle. 7] _  is estimated to be 7/ ‘0(1)01 = tf_s;n + t;d‘l,
We approximate g(&x, &y,) = 40(e, —4¢y,)/ex and g(ey, €y,) = 30(e, — 3e,,) /&4, Where
O(x) is Heaviside step function, since they imitate secondary distributions for the two-body decay.
This treatment can approximately explain the low-energy tail of the neutrino spectrum, which would
affect the detectability of neutrinos. Here, we assume that all pions produced by the photomeson

production with £, have £, = 0.2¢,, and all muons produced by the decay of pions with £, have
eu=(3/4)ex.

2.2 Timescale for each particles and the photon distribution

The adiabatic and synchrotron cooling timescales are calculated by t; 4 = Tdiss /(Tjc) and
tl{,syn
B’ are the dissipation radius, the Lorentz factor of the jet, the speed of light, mass of a particle,

= 67rm?c3/m§a'TB'zs§ (i = p, m, or u), respectively, where rgiss, I'j,c, m;, me, or, and

the electron mass, the Thomson cross section, and the magnetic field strength of the dissipation
region in the comoving frame of the jet, respectively. The magnetic field is given by B’ =

Jj ' diss
emission and a phenomenological parameter.

\/ (2L, is0€B) /(272 ), where Ly i, and &g is the isotropic-equivalent luminosity of extended

The cooling rates (the inverse of timescale) for Bethe-Heitler and photomeson production
processes are estimated to be

i = 5 [ dEr s, [ d 22y G

py/BH = 22 L Ey0(&))k(Ey)Ey o &l iz, )
where &n, 0(&y), k(&y), ¥}, = 81’0/(mpcz), &), and dn’,/de’, are the threshold energy, the cross-
section, inelasticity for each reaction in the proton rest frame, the Lorentz factor of protons, the
photon energy, and differential number density of photons, respectively. For the cross section and
inelasticity of photomeson production, we use the fitting formulae based on GEANT4 for [17]. For
the Bethe-Heitler process, we use the analytical fitting formulas given in [8, 19]. We define 7, in,
BH,int> Ipy,coc> and BH,coc as the cooling timescales using the internal photons and the cocoon
photons for two processes, respectively.

We consider two component of the photon field in the dissipation region of the jet. One is the
external photons entering into the dissipation region from the cocoon (hereafter, cocoon photons)
and the other is the internal photons observed as extended emission of the SGRB (hereafter, internal
photons). We modeled the spectrum of the cocoon photons as

Cdwee 8a(gl, /Ty i

& ;T ’ xe™, @
¥ de’, J h3c3 exp[g),/(rjkBTcoc)] -1

where h, kg, Tcoc, and 7 are the Planck constant, the Boltzmann constant the cocoon tempera-
ture, the lateral optical depth of the jet, respectively. The cocoon temperature is caluculated by
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Table 1: fiducial parameters

Parameters l—‘j Tqur Lx iso I'diss  €y,pk €y, min €X,min> €X,max
(s) (erg/s) (cm) (keV) (keV) (keV)
200 10*>> 10® 102 10 107*,10° 0.3, 10 (XRT)
@ B Pinj é:p €p éB dr,
(Mpc)
-0.5 -2 2.0 10 0.33 0.33 300

Teoc = [3800c/(47rRCOCarad)]1/4, where Reoe = 3.0 X 102 tgy0.5 cm, dpag, and Egoc are the co-
coon radius, the radiation constant, and the thermal energy of the cocoon, respectively. Egoc 18
defined by Ecoc = Eudi + Erad, Where Eugi = 8.8 X 10%11 ¢ erg and Epg = 9.3 x 10%103
erg are the contributions of the initial thermal energy of the ejecta and by the radioactive decay
of neutron-rich nuclei in the ejecta, as discussed in [12]. The optical depth is estimated to be
T = (Lk’iSOO'THj)/(47rrdissl“12.mpc3), where 6; and L; js, are the opening angle of the jet and the
isotropic-equivalent kinetic luminosity, respectively. Ly js, is estimated to be Ly jso = Lp iso/€p =
EpLyiso/€p = 30 (f,,/lO)(ep/O.33)‘1L%iso, where L is is the luminosity of the accelerated
protons, and &, and €,, are phenomenological parameters.

We assume dn’, /de’, for internal photons followed Band function:

. (2+a)a

dn’™ @ ex p( ) (e, < xe’ )

de’ = g, nor “.pk 4 v-pk > &)
y &f <xsy,pk/e)“ (e > xe) )

where @, B, and y = (« — B)/(2 + ) are constants, and ng nor and & | are the normalization

Pk
factor and the spectral peak energy in the jet comoving frame, respectively. The normalization

factor is determined so that Ly i = 47r1ﬁj2 ri.C / X, Ma"(r del ! (dn,[de!,) is satisfied, where

Lx iso 1s the isotropic-equivalent luminosity in the X ray band, and ex max and ex min are the
maximum and minimum energies of the X-ray band, respectively. Also, we can obtain L, js, =

2 2 yMax .« . .
4nlirgic f del g, (dn’,/de’,), where sy min and &), ., are the minimum and maximum

photon energres respectrvely.

Figure 1 shows the timescales for protons as a function of the proton energy in the comoving
frame of the jet for the fiducial parameter indicated by Table 1, and the timescales are explained by
simple estimations. The most efficient process is the adiabatic cooling and photomeson production
processes for s < 10* GeV and 8 > 10* GeV, respectively. This critical energy, 10* GeV, for the
photomeson productron timescale corresponds to the threshold of the process. The critical energy
is estimated to be &), ~ (&mm »c?)/ &), where &), is the typical photon energy in the comoving

frame of the jet. As shown in Figure 1, t" tpy coc > z‘p7 int indicates 5’7 = kpT.o. and é’ ~
1.3 x 10* (£/0.1 GeV) (kg Teoe /20 €V) ™ (F /200)~! GeV. We can also roughly estimate ¢/, py coc ®

l’l,yo'eﬂ‘c where of is the peak effective cross section of the photomeson process. Substituting
~ (araaTonTj) kB gives 1} o ~ 88 (0er/6 X 1072% cm?) (kTeoe /20 €V)* (I3/200) s~'. These
Values are consistent with the Figure 1.
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Figure 1: Acceleration and cooling rates for protons at the dissipation region in the comoving frame of the jet
with various parameter sets (cited from [15]). The thick orange and thick blue lines represent the acceleration
timescales and total cooling timescales, respectively. The red thick-dotted, the lightblue-thick-dot-dashed,
and the green-thick-dashed lines represent t;(; 1 t;;/l , and t]’ﬁ_[l , respectively. The lightblue-thin-solid and

. . . 7—1 7—1 T 1
the lightblue-thin-dot-dashed lines represent Ly int and 7, ..., respectively. The green-thin-dashed and the

: : r—1 r—1 H
green-thin-dotted lines represent 1BH.int and 1BH. coc? respectively.

2.3 Proton distribution and Neutrino spectra
We represent the differential number of protons in the engine-rest frame as

dN g, \ Pm £
d_p = Nap,nor (_p) exp (_ P ) s (6)
€p Ep,cut Ep,cut

where &) ¢y and N £p.nor is the normalization factor and the proton cutoff energy, respectively.
Ng, nor is determined by L isofdur = &pLyisotdur = f:o_ depep(dNp[dep), where &, is the
cosmic-ray loading parameter [17]. We use &, min = I'j&

€p
’

min
of cosmic-ray protons. The cutoff energy is determined by the balance between the acceleration

and cooling timescales : t;gcl(sp,cut) = tég(}l(sp,cut). We define the acceleration timescale as

- 2 e
= 3I'yjmpc” as the minimum energy

liee = €,/ (ceB’), where e is the elementary charge. 7;. is also shown in Figure 1, and we get
&y eur ~ 10X 107 (T';/200)"2(B’/10°G) GeV, considering t;,‘y] is almost constant for &, > 10*
GeV.

We can calculate dN, /de, by using Eq.1 ~ Eq.6, fap,i, and g(&;, &;)de; mentioned in 2.1.
Taking into account the neutrino mixing [e.g., 7], the neutrino fluences measured on the earth are

approximately given by
4 0 70 0
Pvtiy ~ Egbveﬂ% + E(gbv,ﬁﬁ” + ¢v.,+17.,)’ @)

where ¢? = (dN;/deg})/ (47rdi) is the neutrino fluence measured on the Earth assuming that the
flavor ratio is fixed at the source, and dy, is the luminosity distance.
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Figure 2: Neutrino fluences at the Earth (cited from [15]). The blue lines are for our fiducial parameter
set, while the orange lines are for I'; = 20. The blue-thin-dot-dashed line is the contribution by the internal

photons.

Figure 2 (blue line) shows o (s,,ﬂ) for the fiducial parameters as Table 1 and the shape of
the spectrum is explained by following discussions. The neutrino fluence are approximately written
as £2(d¢,/de,) o fpy X s?,(de/dgp). We have f},, = 1 = const. for &}, > &), ~ 10* GeV and
sf,(dN pldep) ~ const. for &), < &7, .\ ~ 107 GeV. This leads to the neutrino spectra expected to
be top-hat shaped for 10° GeV < &, < 10® GeV, considering &, ~ (€, .cul')/20 ~ 10 &7, ., This
shape can explain the spectra shown in Figure 2, although f, ; and g(&;, &;)de; modify the detail.

3. Prospects for future observation

The expected number of v,,-induced events is estimated to be

N - / dgVu ¢Vu+‘7;l (8";1)Aeff(6’ SV#)’ (8)

Vu

where A.g is the effective area for a detector and ¢ is declination angle. We use the 10-year point-
source analysis of IceCube [10] for A.g. We assume that the effective area of IceCube-Gen?2 is 5
times larger than that of IceCube. The probability of detecting more than one neutrino is given by

Pnz1=1—exp(=Ny,). ©)

This probability depends on parameters, such as ¢ and ¢4y, and we calculate the probability averaged

over the solid angle and duration by
dQ
Pps1 = E d(loglo tdur)F(tdur) Pnzl(é, tdur), (10)

where F(tqy) is the distribution of duration, considering isotropic distribution for &.

We assume F'(tq4,) as lognormal distribution:

_ (loglo (l‘dur/ldur,O))2
2 b
20—1()g]0tdux'

dN
F(tgu) = ——2 = Fyexp (11)

dloglo (tdur) B
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IOglo(l - Q(Top))

Top(yr)

Figure 3: The probability of neutrino detection against the operation time (cited from [15]). The thin
horizontal lines correspond to the significance of 20~ and 30-. Thick and thin lines represent the models
for IceCube and IceCube-Gen2, respectively. The dotted, solid, and dashed lines represent probability for
I'; = 20, 200, and 2000, respectively.

where 4,0 and 0'1% oot A€ the mean and variance of the duration, respectively. We fit the data of

duration of observed extended emissions listed in [14] to obtain the values of #gyr,0 = 10%* s and
ol =8.3x1072
0g10Zdur

We can estimate the probability of detecting more than one neutrino associated with GW signal
in Ty, (yr) to be

300Mpc
q(Top) = 1 —exp (—TopRsGRB47T/ d(dp)d; Pp>1 |, (12)

where RyGrg = 8 Gpc_3 yr‘1 is the event rate of sGRB [e.g., 9]. Figure 3 (blue lines) represents
the g(7op) for the fiducial parameters shown by Table 1. g(7op) achieves 0.955 (0.997), equivalent
to 20 (30) confidence level, within ~10 (~20) yr of observation with IceCube-Gen2. However, it
takes longer than 20 yr by observation with IceCube.

4. Summary and Discussion

We found that the neutrino associated with the extended emission of sGRB and gravitational
waves can be detected by IceCube-Gen?2 in 10 years. However, we have uncertainty in the parameters
of the jet produced by the late-time engine activity. The key parameters for neutrino emission are
&p and rgiss. &) is proportional to the neutrino fluence, but rg4iss has a complex dependence on the
fluence. For the smaller r4iss, B’ and té;nl increase, and the pion and muon synchrotron suppress
neutrino emission. On the other hand, if ryig is larger than Reo = 3.0 X 1012 tdur,2.5, the cocoon
photons cannot interact with protons in the dissipation region, which also suppresses neutrino
emission. Future observations by IceCube-Gen2 will clarify the neutrino fluence of the extended
emission, and the result may meaningfully constrain the parameter space of &, and 7 gigs.

I'; have played an important role in the neutrino emission from GRBs in the previous literature
which only considered internal photons [e.g. 13, 21], but the results shown in Figure 3 have a weak

dependence on I';. In this paper, the cocoon photons make the neutrino production rate weakly
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depend on I';. For lower I';, such as 20, T > 1 causes the cocoon photon to be shielded by the

electron in the jet. In this case, only internal photons interact with protons, as was considered in

the previous work. However, the maximum fluence for I'; = 20 is comparable to that for I'; = 200

as shown in Figure 2, resulting in almost the same ¢ (7op) for I'; = 20 and I'; = 200 as in Figure 3.
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