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Both observational and theoretical studies indicate that the central engine of a gamma-ray burst (GRB) is
intrinsically time-variable, implying jet inhomogeneity. A jet with an inhomogeneous Lorentz factor
distribution develops internal shocks both below and above the photosphere, relaxing toward homologous
expansion. Below the photosphere, neutrons, whose mean free paths are much longer than those of charged
particles, play an essential role in the dissipation process. Using neutron-inclusive shell simulations with
initial conditions based on the collapsar scenario, we link the statistical inhomogeneity of the jet at the
breakout of the progenitor to the dissipation that occurs inside and outside the photosphere, and calculate
the GeV-TeV neutrino counterpart originated from inelastic neutron-proton interactions consistently with
the prompt gamma-ray emission. We find that the peak energy of the GeV-TeV neutrinos is in 10-30 GeV
irrespective of the baryon loading factor of the jet, with the high-energy tail extending into the TeV range as
the amplitude of the time variability becomes stronger. When gamma-ray emission is efficient as in typical
GRBs (i.e., the bolometric gamma-ray radiation efficiency with respect to the total engine-injected jet
power is <100%), the radiative efficiency of GeV-TeV neutrinos remains 0.1%—-10%. By contrast, when
the gamma-ray radiation efficiency is relatively low (<10%) for jets where a large fraction of the energy is
dissipated below the photosphere, the neutrino efficiency can increase up to 20%. This suggests that GRBs
with relatively low gamma-ray luminosities, as well as x-ray-rich transients, can be promising targets for

ongoing and future GeV-TeV neutrino transient searches.

DOI: 10.1103/4ryg-bzc7

I. INTRODUCTION

Gamma-ray bursts (GRBs) are among the most luminous
transient phenomena in the Universe. Their prompt gamma-
ray emissions, characterized by strong variability and
nonthermal spectra, indicate that GRBs are powered by
ultrarelativistic jets. The origin of these relativistic jets in
long GRBs is thought to be the collapsar scenario [1], in which
the core collapse of a massive star produces a central compact
object, either a black hole or a neutron star, surrounded by
an accretion disk that powers the jet. One of the classical
radiation mechanisms proposed for GRB prompt emission is
the internal-shock model [2]. Internal shocks, triggered by
fluctuations within the jet, reproduce the observed prompt-
emission light curves [3]. It has been shown that efficient
gamma-ray production is achieved when the jet exhibits short-
timescale, large-amplitude fluctuations [4,5].
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Although the general features of GRB jets and their
progenitors are increasingly well understood (e.g., [6]), the
microphysics of jet formation, acceleration, and dissipation
remain a fundamental challenge. This challenge arises in
part because the region near the GRB central engine is
extremely hot and dense, making it opaque to electromag-
netic observations. In such a hot and dense environment near
the central engine, thermal equilibrium favors a neutron-rich
composition, so the jet is expected to carry neutrons in
roughly equal numbers to protons [7-9]. Neutrons that
collide inelastically with protons within the photosphere can
produce high-energy (GeV-TeV) neutrinos [10-12], which
escape essentially unattenuated. These neutrinos thus pro-
vide unique information about the neutron content and its
dynamics, allowing us to probe the environment of jet
formation and acceleration.

Observational efforts have been made to detect such
neutrinos. In particular, the IceCube Collaboration [13]
constrained canonical jet parameters related to the jet’s
neutron content, based on the non-detection of neutrinos
from GRB 221009A, the brightest GRB ever observed. To
obtain these constraints, they employed a template pro-
posed by Murase et al. [14]. This template provides a
neutrino energy spectrum assuming a constant relative
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Lorentz factor of I',; ~ 2 between neutrons and protons, for
a given bulk Lorentz factor.

Although the above framework provides a useful bench-
mark, it does not fully capture the dynamics expected in
realistic GRB jets. In particular, the central engine exhibits
temporal variability, which naturally leads to a wide range of
relative Lorentz factors, bulk Lorentz factors, and radii for
neutron-proton (n-p) collisions. Fundamentally, jets with
different variabilities experience internal dissipation differ-
ently, both below and above the photosphere. In other
words, the diversity in jet variability directly results in
variations in the energy partition among neutrinos, photons
emitted at subphotospheric and beyond-photospheric scales,
and the residual kinetic energy that powers the afterglow
emission. Accurate evaluation of such dissipation requires
numerical simulations based on (magneto)hydrodynamics
[15,16]. However, it remains highly challenging to simulta-
neously capture the defining features of GRB jets and
consistently resolve the microphysics of neutron dissipation.

To bridge this gap, we adopt a simplified model to explore
the internal relaxation phase of the jet prior to homologous
expansion, during which energy is dissipated through colli-
sions between its constituent fluid elements. This approach
builds on previous studies [3—5] that modeled such dynamics
using shell-based treatments. We extend these shell-based
models by initiating the treatment within the photosphere and
newly incorporating relevant subphotospheric physical proc-
esses in which neutrons play an essential role, using initial
conditions at the time when the jet emerges from the stellar
surface motivated by the collapsar model (e.g., [17,18]).

The paper is organized as follows. Section II describes
our model. In Sec. III, we show the main results of our
calculations and the resulting emissions. Section IV is
devoted to summary and discussion.

II. MODEL

We consider jets in the collapsar scenario [1]. In this
scenario, a relativistic jet originates from deep within the
progenitor star, which is a Wolf-Rayet star with a stellar
radius of R, ~10'' cm, and propagates through its
interior, forming the cocoon surrounding the jet. Under
typical parameter choices, the jet is confined by the
cocoon, preventing significant expansion and acceleration
inside the star, and instead leading to the formation of a
recollimation shock [17,19,20]. After penetrating the
stellar envelope, the jet enters a phase of free expansion.

In this study, we begin tracking the jet dynamics from
the onset of free expansion, at which point the jet is still
located below the photosphere. We model the irregular jet
as a series of relativistic shells, and follow its dynamics
beyond the photosphere. This approach effectively maps
the time variability of the engine onto discrete shell
injection. We assume that the magnetic field has dissipated
while the jet drills through the star and is no longer
dynamically dominant [21,22].

The outline of the method is as follows: equal-mass
shells with various baryon loading factors, specific ener-
gies, sampled from a log-normal distribution, are injected at
time intervals of 6z. Each shell evolves according to scaling
relations derived from relativistic hydrodynamics [23].
When the density of each shell becomes sufficiently low,
the shells undergo n-p decoupling as well as decoupling
from photons. When a faster shell catches up with a slower
one, a collision occurs. The collision is modeled based on
relativistic kinematics and hydrodynamics, and the physical
quantities of the resulting merged shells are updated at the
next time step.

Using this framework, we follow the location and dynam-
ics of internal collisions between shells within the jet, and
compute the associated emissions. Although the basic
framework of our model is the same as that in [4,5], we
include the initial conditions based on the collapsar model
[17,18] and follow the acceleration phase of the shells. We
then model collisions in which significant internal energy
remains within the shells, and incorporate subphotospheric
dissipation processes where neutrons play an essential role.

Hereafter, quantities with a prime (') are in the comoving
frame, and quantities with an overbar () are defined in
the center-of-momentum frame of the colliding shells.
Otherwise, quantities are in the laboratory frame.

A. Initial conditions

During the propagation inside the progenitor star, the
jet cylindrical radius is determined by the force balance at
the recollimation shock surface. When the jet head reaches
the progenitor radius, the jet punches out of the star. Before
entering the phase of free expansion, however, the jet
undergoes a weak expansion, during which the Lorentz
factor increases by a factor of ~5 [18]. Consequently, at the
onset of free expansion, the initial transverse size of the jet
can be estimated as

R. |
~24x10° em| —— | (=~ ), (1)
24 x10% cm/ \ 10

where R;, 0;, I, denote the jet cylindrical radius, the
opening angle after the jet break out, and the Lorentz factor
at the onset of the free expansion [17,18]. Here, the opening
angle is approximately ¢; ~ 1/I'j,; owing to the relativistic
beaming effect. Although R;, in general, depends on the jet
luminosity and injection time, for simplicity, we adopt a
common value of R; ~ 2.4 x 10% cm, Ty,; = 5 or 10 for all
shells in this work.

From r = R,, we continuously inject shells with an
interval of 6r, and each shell has a thickness of

or = cét, (2)
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where ¢ represents the characteristic variable timescale of
the jet. We denote the total neutron and proton masses
carried by shell i as mﬁ,i) and ml(f) , respectively. Each shell is
initially composed of equal neutron and proton masses, i.e.,
m,(f) = méi) = m, yielding a total mass of 2m. Each shell has
the same initial Lorentz factor, I'y;; ~ 10, but differs in its
baryon loading factor, 7;,; ;, and/or internal energy, E;. These
quantities are related by 27, imc? = [yy;(2mc? + E}). The
baryon loading factor is randomly drawn from a log-normal
distribution [4,24]

Py =" 3
where
Nini — 1
In—— = A¢, (4)

no—1 B

and 7;,; 1s restricted to #;,; > [y, 1.€. we set [; as the lower
bound for the baryon loading factor of each shell.

In this model, a time-variable jet is parametrized by ¢,
no, m, and A. The variability timescale ot corresponds to the
observed temporal structure of GRB light curves [3], which
typically ranges from 6t ~ 1 ms to 10 s [25]. Parameter A
represents the strength of fluctuations in the intermittency
of the central engine. For a set of initial baryon loading
factors realized with fixing 7, and m, the mean baryon
loading factor and the isotropic luminosity of the jet can be
obtained as

1 i
(Mini) = — Mini,i» (5)
N i=1
and
2
Mini ) MC
Ly = ©

respectively. Here N represents the total number of the
shells.

In the classical internal shock model, a value of A > 1 is
required to account for the high radiation efficiency of
GRBs [4,5]. Beyond the photosphere, the maximum energy
that can be released through shell collisions in the entire
system s (i) — Tem )N (m” + mE,O)CZ, where [y is the
Lorentz factor of the center of momentum of the system
beyond the photosphere [4]. When A < 1, (i) & Tem,
and the radiation efficiency is low.

B. Jet dynamics without shell collisions

Let us first describe the jet dynamics and emission
processes in the absence of shell collisions.

1. Acceleration

After being injected at r = R, the n-p composite shell
initially undergoes adiabatic expansion, converting its inter-
nal energy into kinetic energy. During this phase, the internal
energy decreases as E| o r~!, while the Lorentz factor
increases as

Zninimcz r
I'=———~T. . — 7
2mc:+E ™ x Ry/)’ ()

until the shell reaches either the saturation radius [23],

Fsat RO (%)
ini

~4.8x100 em | ——2— ) (2RL) (=) (8
em <2.4 % 10° cm> <200> ( 10> ®

or the n-p decoupling radius (described in the next
subsection).

2. Neutron-proton decoupling

When injected, neutrons and protons are initially coupled
via elastic nuclear scattering and are accelerated together
according to Eq. (7). They decouple when the expected
number of elastic scatterings during the dynamical time
drops to unity, i.e.,

LGéaﬂg — 1, 9)
where 7, Emé') /(4zr*6rTm,) is the comoving proton
number density, 6, is the interaction cross section between
protons and neutrons, m, denotes the proton mass, and
6,~3x1072 cm? is a pion production cross section
between protons and neutrons [11,12,26].

For a shell with a sufficiently large baryon loading factor,
Mini > [np» the n-p decoupling occurs during the acceler-

ation phase, where the radius and the Lorentz factor at the
decoupling are given by

L. 3/ (i) /3
~59 1010 j,is0 ini
Fop 2.7 > 10 e <3.5 * 1092 ergs—! 800
Ry 23 (Tigi\ 23
Zini ) 10
% <2.4 x 10° cm> 10 (10)
and
T L. U3 [ i)\ 1/
Top ~ i =2 ~ 250 L e
PR (3.5 x 10°2 ergs™! 800
Ry U3 T\ 13
. — —ini ) 11
. <2.4 % 10° cm> 10 (1)
respectively.
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In this case, the neutron shell enters a coasting phase after
decoupling, while the proton shell continues to accelerate.
If the baryon loading parameter additionally satisfies the
following condition:

Nini + (”ini - an) > 21—‘rel,decl—‘npv (12)
the final scatterings between neutrons and protons become
inelastic, leading to neutrino emission [12]. Here ') g & 1.4
is the typical relative Lorentz factor between neutrons and
protons at the decoupling.1 The energy carried away by the
neutrinos can be estimated as

— 2
gdec,u - TdechecFrel.deanme ’ (13)

where 74, 1S the optical depth for this inelastic scattering
and k4. 1s the corresponding inelasticity for this neu-
trino production. In this work, we adopt 74~ 0.1 and
Kgee ~ 0.03 [12,26].

3. Photospheric emission

Radiation decouples from the proton shell when the
expected number of Thomson scatterings within the dynami-
cal time drops to unity, i.e., when 774y, = nyorr/T’ = 1,
where o ~ 6.65 x 1072° cm? is the Thomson cross section.

If the proton shell has a sufficiently large baryon loading
factor n;p; > I'yp, the photosphere is reached during the
acceleration phase, where the radius and the Lorentz factor
at the photosphere are given by

L. 13 ( i)\ ~1/3
~1.6x 10! j.iso ini
"ph x o (3.5 x 107 ergs™! 800
R 23 (T \ 3
Mo )7 (L 14
% (2.4 x 10° cm> (10) ’ (14)

Lo 3 £ (i) \ ~1/3
[, ~ 670 - L 15
ph (3.5 x 10°2 erg s‘) ( 800 (15)

Ry U3 (T \ /3
. Lini ) 16
x (2.4 x 10° cm> 10 (16)

respectively. In this case, the remaining internal energy of

5ph,y R (Mini — th)mcz- (17)
is radiated as photospheric emission. After crossing the
photosphere, the shell is assumed to maintain the Lorentz
factor acquired at the photospheric radius.

'We simplify the treatment by assuming that all shells follow the
steady-state scaling law [12]. In general, however, the acceleration
can deviate from this scaling due to the velocity dependence of the
cross section prior to the final scattering [26,27].

4. Neutron decay

Neutrons eventually decay into protons via f decay. This
occurs at a characteristic radius of

r
rﬂ~2.7x 1015 Cm(m> (18)
In this study, we stop tracking the evolution of neutron
shells well before they reach this radius, and therefore
neglect the effects of neutron decay.

C. Internal shocks

When the jet breaks out of the star, it possesses a
nonuniform distribution of internal energy. As the jet
gradually converts its internal energy into kinetic energy,
this nonuniformity is translated into velocity differences
within the jet. Such a jet undergoes an internal relaxation
process until it reaches homologous expansion. This relax-
ation proceeds through internal collisions among the fluid
elements of the jet, namely between the shells.

A shell collision results in forming shock only when both
the rapid shell and the slow shell include protons; a neutron
only shell, by construction, is in a state after n-p decou-
pling. First, the modeling of collisions accompanied by
shocks is presented in this subsection.

1. Energy and momentum conservation

We begin by describing the general conservation of
energy and momentum before and after collisions with
shocks, and then present our modeling approach, which
depends on the shell composition and whether the collision
occurs below or beyond the photosphere. Hereafter, quan-
tities with the subscripts s and r represent values of the slow
and rapid shells, respectively, and those with the subscripts
bf and af represent values before and after the collision,
respectively. The energy and momentum conservation
before and after the collision can be described as

(M g,af‘fs.af +M i,aff‘r,af)r‘CDcz +&
= M (s pr +M el rbf 2, (19)
M;aff‘s,afﬁs,afc = M;.affr,afﬁr.afc’ (20)

respectively. Here
_ 2 (i — P
Mi;=m;+Ej;/c* (i=rors, j=bforaf), (21)

with m; and E{J being the mass (we assume that the baryon
number of each shell is conserved before and after the
collision [5]) and internal energy of the shell, £ represents
the energy dissipated and carried away from the system,
and
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! !
M o Do + M el o

(22)

Fep =
\/M:',bf g + Mls.bf g + 2M:‘,bfjwls,bfl—‘r,bfr‘s,bf(l - ﬂr,bfﬂs,bf)

is the Lorentz factor of the merged shell [3], which yields

1—‘r,af = 1:‘rVafl—‘CD - \/I:?,af - 1\/1—%D -1, (23)

1ﬂ&af = 1:‘s,e:lfl—‘CD + \/fz,af - 1\/1—%D -1 (24)

We assume that, in the center-of-momentum frame, internal
energies from the precollision stage remain within the
respective shells:

l:" bf

E . =E =
i,af i,bf

l—‘i.af

(i=r,s). (25)

By fixing a parameter £, which depend on the dissipation
processes and the properties of the shock, as shown in the
next subsections, we determine (I'; ¢, I'; o¢) for given shell
properties before the collision (I'y p¢, M{ ¢, Ty e, M 1p), by
solving Egs. (19)-(24). We note that our calculations
reduce to those of [5] when Ej; =0, i.e., for shocks
occurring beyond the photospheres of the shells.

In the postcollision state, if E{’af >0, shelli 1=r,5)
accelerates after the collision. In this case, instead of
Egs. (7) and (8), we have

r
Calex (— ).
iaf (Rcol)

where R, is the radius at which the collision occurs.

E
L Fi.af>’ (26)

(F < Fi’af + —
m;c

2. Dissipation and emission

The quantity £ in Eq. (19) includes the energy carried
away as emission. In this section, we first estimate the
energy carried away by neutrinos produced at shocks, and
then by photons produced at shocks.

Neutrinos can be produced when neutrons, owing to
their much longer mean free path, traverse the shock front
and undergo inelastic collisions with protons [28]. The
neutrino energy in the observer frame is approximated as

E,=8,+E (27)
where
i = Tepk(Tipe — l)mr(li)cz(l —e7™w), (28)
and

Top = Nl 00T,

with 6,, ~4 x 107 cm?. Here « is the effective inelas-
ticity due to neutrinos, which we model using the result of
Geant4 (Sec. I E). For collisions that are too mild to produce
pions (i.e., 'y < 14), k is essentially zero. As I'y
increases, k rises and reaches values of ~0.1-0.2 for
relativistic collisions. At very high Ty (210>-10°),
K saturates at around ~0.2.

Whether photons produced at the shock can be observed
is determined by the Thomson optical depth, defined as

tp = nploror. (29)

When 71 > 1, the shock is a radiation mediated shock
(RMS), where a large portion of the upstream bulk kinetic
energy is dissipated into radiation trapped behind the shock.
The deceleration of the upstream flow is then caused by
photons emitted from the immediate postshock region [29];
the particle acceleration is basically suppressed (but see
[30,31]). In this case, photons originating from neutral
pions produced by inelastic neutron scatterings are also not
observable. When 71 < 1, the shock is collisionless and
charged particles are accelerated, leading to nonthermal
radiation, in particular electron synchrotron radiation
[2,32]. In addition, photons originating from neutral pions
produced by inelastic neutron scatterings can also be
observed. Thus, the photon energy emitted at the shock
can be modeled as follows.

- {O, (TT > 1),
-5 + €e[(Trpe — 1) + (Tgpe — 1)Jme’Tep, (zp < 1).
(30)

In this study, we adopt e, ~ 1/3, assuming approximate
equipartition among protons, electrons, and magnetic fields.
In our model, collisionless shocks occur at the largest radii
among the major dissipation processes. Then, the total
synchrotron efficiency is primarily determined by the free
energy associated with the relative velocities in regions
where the shocks become collisionless [4]. Therefore, our
outputs are not sensitive to the exact value of ¢,, provided it
is within a factor of order unity.

For the shock without neutrons, we set £=¢, in
Egs. (19)—(24), to determine the final state of each shell.

3. Neutrons at the shock

The subsequent dynamics of the neutrons included in the
shell forming the internal shock depend on z,,. If 7, > 1,
the neutrons are predominantly dragged by the protons
originally belonging to the same shell, in the zeroth-order
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approximation, therefore, for i (= r, s) shell containing
neutrons in a 7,, > 1 shock, its mass is taken to be
m; = 2m, and we set & =&, + &, in Egs. (19)-(24), to
determine the final state of each shell.

On the other hand, if 7,, <1, the neutrons are not
dragged by the protons originally belonging to the same
shell, and to be decoupled. Therefore, for i (=r,s) shell
containing neutrons in a 7,, < 1 shock, its mass is taken to
be m; = m, and treat it as independent neutron shell and
proton shell components in the final state. We approximate
that the colliding n-p particles equally share their energy in
the observer frame?; the postcollision specific energy of the
neutrons originally belonging to shell i (i = r, s) is approxi-
mated as 0.5(T; ¢ + I'ep — €,5/7apme?). The Lorentz fac-
tor of the newly independent neutron shell in the
posteollision state, I'y(;) or (i =1, 8), is defined as the average
over neutrons that have undergone collisions and those that
have not;

1 E;
Cogiyar & (1 = 7op)Tips + 5 Top (Fi,bf +Tcp — . :r’llcz> .
(31)

np
As a result of collisions with neutrons with Top < 1, the
Lorentz factor of the contact discontinuity of the proton
shock is also modified as

1Tn i 5,/
Cepat ®# Tep + 5 — (ng)(ri,bf —Tep) - C2> :

4 m i=r,s T“P
(32)

The final state of the two proton shells is obtained by
replacing I'cp — I'cp 4, and

E=E,+E +Ex, (33)

to solve Eq. (19)-(24). Here,

En = Zmr(ni) (Tagiy.af — Dngiyor) €2 (34)

i=r,8

where the term . (Tagiyar — Dngiypr) ¢ denotes the energy
gained by neutrons in shell i through n-p collisions.

D. Neutron streaming after decoupling

As noted earlier, a neutron-only shell represents the state
after decoupling. When such a neutron shell undergoes a
collision, its evolution cannot be described by the

*We confirmed the validity of this treatment by checking the
final-state distribution of the n-p collision using Geant4, and found
that it is reasonably accurate as an average characterization.

kinematic Eqs. (19)—(24), which are based on hydrody-
namics, and a different treatment is required. The approxi-
mation that the neutron shell can be treated as a single shell
in the postcollision state breaks down because neutron
scattering is a stochastic process. When 7,, <1, only a
fraction of the neutrons undergo collisions and are decel-
erated (or accelerated). For simplicity, we enforce shell
number conservation even in the postcollision state, and
model neutron streaming after decoupling so that energy
conservation holds in the observer frame.

First, the energy carried by neutrinos from inelastic
neutron-proton or neutron-neutron collisions can be esti-
mated as follows;

gu.Ncol ~ Fs,bf(rrel - I)chz(l - e_fnp'wl) (35)

where

Frel zl (Fr.bf + Fs,bf) i
2 Fs,bf Iﬁr,bf

and

_ T (i) (i)
Tnp.tot - _; lzmn + mp — m]

i=r,s

is the total optical depth of inelastic neutron-proton or/and
neutron-neutron collisions [14]. As in Eq. (30) if the n-p
collision occur beyond the photosphere, photons from pion
decay can reach observer, although it is subdominant due to
the smallness of z,,, beyond the photosphere;

Oa
gy,Ncol = {g

As in Egs. (31) and (32), we approximate that the
colliding n-p particles equally share their energy in the
observer frame. In this case, the Lorentz factors of i(=r, s)
shell in the postcollision state is given by

m
Fig=(1- ﬁfnp I of
my’ + myp

1 m

+ > —7—7 Top(Tnor + Linr)
zm;l) + mél) npi\- n 1

_ lgl/,NCOI + 8;/,Ncol

2 (m) +my))e?

(TT,dyn > l)’

(TT,dyn < 1)

E. Neutrino spectrum calculation

The neutrinos produced by n-p collisions are calculated
using the Monte Carlo simulation toolkit Geant4 [33-35]. In
our model, scattering due to the nuclear force occurs
not only between neutrons and protons but also between
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neutrons themselves. In this work, we approximated the
neutrino spectrum from neutron-neutron scattering by
substituting it with that from neutron-proton scattering.
We use Geant4-v11.2.2 with the QGSP_BIC physics list.
Our simulation was based on the example file Hadr03. We
placed hydrogen gas as the target and inject neutron beams.
For each relative kinetic energy, we simulated 5 x 10° n-p
collision events and extracted the momentum distribution
of the resulting charged pions in the proton rest frame.
Using the neutrino spectra from pion decay, we estimate the
energy of the resulting neutrinos and determine the effec-
tive inelasticity due to neutrinos «. Finally, the obtained
neutrino spectra are Lorentz-transformed from the target
rest frame to the observer frame.

During the jet dynamics considered in this work, very
high-energy (TeV-PeV) neutrinos can be produced by the
dissipation of shock-accelerated hadrons both inside and
beyond the photosphere [30,31,36,37]. In this study, we do
not consider these neutrinos to avoid uncertainties in the
hadronic acceleration process. Neglecting them does not
significantly affect the shell dynamics and the relaxation
of the jet. Although we assume that the internal energy
generated in collisionless shocks is radiated via synchro-
tron emission, a portion of this energy might in reality be
carried away by neutrinos.

III. RESULT

We perform simulations by varying the jet parameters:
the amplitude of the variability A = 0.5, 1, 2; variability
timescale 6t = 1 ms, 10 ms, 100 ms; and the average
baryon loading factor (;,;) = 50, 200, 800. The isotropic
jet luminosity initially injected is fixed at a relatively high
value among the observed isotropic gamma-ray luminos-
ities, Lo = 3.5 x 10°? ergs™!, and shells are injected for
a duration of At = 20 s. In total, we consider 3 x 3 x 3 =
27 parameter sets. The case with (n;,;) =200, A =1,
ot = 10 ms is adopted as the fiducial model. A summary
of the results for all parameter sets is presented in Table I.

A. Energy dissipation in jets across the photosphere

Figure 1 shows the energy dissipation processes and their
dependence on radius in the fiducial jet. The upper and
lower panels correspond to photon and neutrino emission,
respectively. The vertical axis indicates the fraction of
energy escaping from the system within each radial bin,
normalized by the total injected energy. The first significant
event in the innermost region is n-p decoupling. The
accelerating shells undergo decoupling at a radius of r,, ~
9.4 x 10'° c¢m [Eq. (10)] with a Lorentz factor of [ ~ 390
(Eq. (11). At larger radii, some shells emit photospheric
radiation at rp, ~ 2.5 x 10" cm [Eq. (14)] with a Lorentz
factor of I'y, ~ 1100 [Eqg. (16)]. We note that in our fiducial
case with (;,;) = 200, most of the injected shells experi-
ence neither n-p decoupling nor photospheric emission.

TABLE I. Summary of the input parameters and the resulting
quantities obtained in this study. The first three columns list the
input parameters. The fourth and fifth columns show the fractions
of the injected energy dissipated as photons and neutrinos,
respectively (the same quantities as in Fig. 4). The sixth and
seventh columns give the average Lorentz factors of the proton
and neutron shells at the end of the calculation (f ~ 2 x 10* s in
the central-engine rest frame).

<’71ni> A ot (ms) Ey/Elot Ev/Etol <’7>p <77>n
800 0.5 1 46% 107" 57x107% 620 250
800 0.5 10 44%x1071 57%x107% 630 250
800 0.5 100 47x107" 51x10™% 620 250
800 1.0 1 59%x 107! 74x107% 410 230
800 1.0 10 59% 107" 54x 1074 420 220
800 1.0 100 58x107" 3.6x10™* 460 230
800 2.0 1 72x 107! 67x1073 210 220
800 2.0 10 78x 1071 28x1073 180 170
800 2.0 100 79x107" 1.0x1073 190 150
200 0.5 1 51x1072 2.0x1073 180 200
200 0.5 10 6.1x1072 57x107% 190 200
200 0.5 100 46x102 12x10™% 200 200
200 1.0 1 14x107" 1.7x1072 160 180
200 1.0 10 22x107" 89x10=3 150 170
200 1.0 100 23x107" 32x1073 160 160
200 2.0 1 1.9%x107" 43x1072 140 170
200 2.0 10 3.6x 1071 2.6x 1072 120 140
200 2.0 100 37x107" 13x1072 120 140
50 0.5 1 47x1073 81x1073 49 49
50 0.5 10 13x1072 36x103 47 48
50 0.5 100 13x1072 43x1072 48 52
50 1.0 1 44%x1073 14x107" 42 42
50 1.0 10 13x1072 9.1x1072 42 43
50 1.0 100 24x102 36x102 50 54
50 2.0 1 79x1072 22x107' 46 46
50 2.0 10 26x 1072 1.8x10"' 45 47
50 2.0 100 38x102 7.1x102 39 42

Only those shells with sufficiently large initial baryon-
loading factors, owing to the variability, and that can reach
the corresponding critical radii without significant deceler-
ation by internal shocks are able to produce these emissions.
Nevertheless, the photospheric emission remains the dom-
inant energy-loss process of the jet, accounting for about
~10% of the injected jet energy, simply because of its high
radiation efficiency. From Egs. (13) and (17), the energy loss
via n-p decoupling is estimated to be very roughly
TaecKdecl np/ T ph ~ 1073 of that due to photospheric emission.

In addition to n-p decoupling and photospheric emission,
shell-collision-induced emission occurs at 22cS2, ~
6 x 10'° cm. Since efficient neutrino production requires
7yp 2 1 and a relatively large relative Lorentz factor, the
neutrino emission induced by shell collisions peaks when
Top ~ 1 (ie., at r~2.3 x 10'> cm). At radii smaller than

~9.2 x 10!2 cm, 7r > 1 and thus the shock is radiation
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FIG. 1. Energy dissipation by photon radiation (upper panel)
and neutrino radiation (lower panel) and their dependence on
the radius for a time-variable neutron-loaded jet with A =1,
8t =10 ms, (i) = 200, and Lj;5, = 3.5 x 105 ergs~".

mediated while at radii larger than ~9.2 x 10'? cm, shocks
become collisionless and produce synchrotron emission as
shown in Fig. 1. Evaluating at this transition radius, the
ratio of the energy output from n-p—collision neutrino
emission to that from synchrotron emission is approxi-
mately  «t,,/e. ~0.02, where 7,, = 06,,/01 ~ 1/20,
€.~ 1/3, and k ~ 0.1. Significant shell-collision—induced
emission primarily arises during the dissipation of the
kinetic energy of the initially fastest shells. In the fiducial
case, the Lorentz factor of these initially fastest shells is set
by ~I',,. The radius at which their kinetic energy is
dissipated can then be estimated as

§CAt/Nph<’7ini>2 ~ C26f/0.036<l’]ini>2 ~ 6.6 X 1014 cm.

Here, Ny, ~ 0.036N denotes the number of shells that have
emitted photospheric radiation. Figure 1 shows that sig-
nificant shell-collision—induced emission occurs up to
within this radius.

Shell collisions act as a relaxation process and the
Lorentz-factor distribution becomes progressively concen-
trated around the center-of-momentum Lorentz factor. This
relaxation proceeds sequentially; as the jet evolves, slower

shells are successively overtaken by faster ones. Because
each collision reduces the Lorentz factor of the trailing
shell, subsequent collisions propagate backward through
the flow, gradually driving the jet toward a homologous
expansion. At ~ 4 x 10* s in the central engine rest frame,
which corresponds to the time when we terminated our
calculation or r ~ 10" ¢cm in Fig. 1, the average Lorentz
factor of the shells is almost equal to the center-of-
momentum Lorentz factor of ~160. With this parameter,
the jet dissipates mainly with photons not with neutrinos.

Figure 2 shows the energy dissipation processes and their
dependence on radius in the case A =2, 6t = 1 ms, and
(mini) = 800, that yields one of the most efficient photon
emission. The dynamics resembles the fiducial case quali-
tatively. However, because 6f = 1 ms is 10 times smaller
than the fiducial case, shell-collision-induced emission start
much inner than the np-decoupling radius and the photo-
spheric emission radius. When an accelerating shell expe-
riences a collision as the faster shell, its Lorentz factor first
drops abruptly due to the collision and then reaccelerates.
As a result, the acceleration proceeds more slowly than the
scaling expected for a single isolated shell. This slower
acceleration also delays the decrease in density measured in
the comoving frame, pushing the photospheric emission

A =2.0, 6t =1.0ms, (i) = 800

= v —— photospheric emission
% 10-1 synchrotron emission
8 n-p collision
% 10
D)
=
)
‘-06 10-3 4
=
)
2
45 104 4
<
H

1075 e . . . . .

10°
U n-p decoupling emission

n-p collision

H H H
b < <
L 8 L

fraction of energy output

e o o o e
radius [cm]

H
3
L

FIG. 2. Same as Fig. 1, but for the case A =2, 6t = 1 ms,
and (1) = 800, that yields one of the most efficient photon
emission.
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radius outward. Figure 2 shows components corresponding
to such delayed photospheric emission.

As in the fiducial case, the shell-collision—induced neu-
trino emission peaks at z,, ~ 1, whereas synchrotron emis-
sion begins once 7r < 1, ie., at r~ 1.5 x 10'> cm. The
shell-collision—induced emission occurs within

SCAL/N oy (Mini)? ~ €261/0.25(303)* ~ 1.4 x 10'* cm.

At r ~ 1.5 x 10'2 cm, where the shocks become collision-
less, the system has already undergone substantial relaxa-
tion (i.e., the difference of the average Lorentz factor and
the center-of-momentum Lorentz factor is much less than
the initial average baryon loading factor (;,;)). As a result,
the radiation efficiency through synchrotron emission is
lower than that obtained by [4] for the same variability
amplitude (A = 2). In their case, most of the free energy
supplied initially, () — Ten)N(mi 4+ m{")c2, is radi-
ated away through shock-induced synchrotron emission.
The trend that photospheric emission becomes highly
efficient, making photons the dominant radiative compo-
nent, holds for sufficiently high average initial internal
energy and fluctuation amplitude (i.e., the cases with
(Nini) = 800 or (n;,;) = 200 and A = 1), because in these
cases a substantial fraction of the shells fails to fully convert

A =20, 6t =1.0ms, (N;) = 50

10°

synchrotron emission

4+
= Y o
B n-p collision
3
% 10
)
j=)
)
5 107 4
=i
)
=
45 104 4
<
-

1075 e : : . I .

10°
v n-p decoupling emission

their internal energy into bulk kinetic energy before reach-
ing the photosphere, leading to prominent photospheric
emission.

On the other hand, for (5;,;) = 50, shells with large
initial baryon-loading factors are absent, so efficient
neutrino emission from n-p decoupling or photospheric
emission does not occur, and energy dissipation takes place
only through shell collisions. Figure 3 shows the energy
dissipation processes and their dependence on radius in the
case (1) = 50,A = 2, and 6t = 1 ms, that yields the most
efficient neutrino emission. Compared with Figs. 1 and 2,
the larger number of shells with small Lorentz factors leads
to frequent collisions at smaller radii, so that significant
neutrino dissipation begins earlier and constitutes a larger
fraction of the total energy budget. Since the jet has already
relaxed in the region with 7 > 1, synchrotron emission is
inefficient. Consequently, under this parameter set the jet is
bright in neutrinos but dim in photons.

Figure 4 shows a summary of the fractions of the energy
output. The horizontal axis gives the total energy dissipated
as photons divided by the injected energy, and the vertical
axis gives the total energy dissipated as neutrinos divided
by the injected energy. As discussed above, the locations of
the points in Fig. 4 reflect the dominant dissipation
channels for the corresponding system parameters. A larger
amplitude of the time variability, characterized by a larger

10°

(nini) =50

107! /

H H H
9 9 9
L L L

fraction of energy output

H
bl
4

n-p collision

1010

10" 102 10 10M 10%

A=05,
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6t = 100 ms
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6t = 10 ms
6t = 100 ms
6t = 1ms
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6t = 100 ms ><I

/ (nini) = 800

1074
107
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E“f/ Etot

107} 10°
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FIG. 3. Same as Fig. 1, but the case with A = 2, 6t = 1 ms, and
(mini) = 50, that yields the most efficient neutrino emission.

FIG. 4. Photon radiation efficiency versus neutrino radiation
efficiency, and their dependence on the properties of a time-
variable, neutron-loaded jet. The isotropic luminosity and dura-
tion of the jet are fixed to be Lj;, = 3.5 x 10°* ergs™', and
At = 20 s respectively.
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value of A, enhances more violent shell collisions (i.e., those
with large relative Lorentz factors) during relaxation, thereby
increasing the overall efficiency of energy dissipation.

A larger amount of the baryon loading, characterized by a
smaller value of (17;,;) and/or the smaller variability timescale
ot shift the dissipation inward, leading to more efficient
neutrino emission and a corresponding reduction in photon
production. For (n;,;) <50, 6t=1ms, and A > 1, the
neutrino emission becomes efficient (=10%), whereas the
photon efficiency remains below 1%. Although we did not
perform a quantitative spectral analysis, the Yonetoku [38]
and Amati relations [39] suggest that these neutrino-bright,
photon-faint population identified in this work would have
relatively soft spectral peaks. Conversely, larger (17;,;) and/or
ot lead outer collisions, reducing neutrino emission, and
enhancing photon emission from collisionless shocks. For
larger values of (7;,), photospheric emission becomes
increasingly dominant, leading to higher photon efficiency.
For (nini) = 800, or (7;,;) = 200 and A > 1, the gamma-ray
emission is efficient, as in typical GRBs, while the radiative
efficiency of GeV-TeV neutrinos remains at the level of
0.1%—-10%.

B. GeV-TeV neutrino counterparts

Figure 5 show the neutrino energy spectra originated from
inelastic neutron-proton interactions with assuming a lumi-
nosity distance of d; = 100 Mpc for all the cases. Each
curve represents the neutrinos produced during the dynamics
from n-p decoupling and those produced from shell collisions
for each parameter set. For comparison, the IceCube template
[14] is plotted as a dotted-dash line. This template [14]
provides the neutrino energy spectrum for collisions with a
relative Lorentz factor of ~2, given an input bulk Lorentz
factor. In our comparison, we set the bulk Lorentz factor to
(Mini)» and the normalization of this template, &\ E, 5o, Which
corresponds to the kinetic energy of the interacting flow that
experienced an n-p collision with a relative Lorentz factor
of ~2, t0 Ey, = Li;50A1 = 7 x 10° erg [14].

The above-mentioned normalization of the IceCube
template corresponds to the fluence that would be obtained
if all of the injected kinetic energy underwent an n-p
collision with a relative Lorentz factor of ~2. Only the
cases with sufficiently large baryon loading, large fluctuation
amplitude, and short variability timescale (i.e., (n;,;) = 50,
A =4, and 6t < 10 ms) yield fluences comparable to this
normalized IceCube template, whereas cases with other
parameter choices produce lower fluences. Regarding the
relative fluence among the parameter sets examined in this
study, large values of A and small values of (7;,) and/or
ot lead to both higher neutrino-production efficiency and a
larger total neutrino fluence, as Fig. 4 also shows.

The peak neutrino energy in the IceCube template is
expressed as E, ~0.1TT myc?, T ~ (niy), Ty ~2[14].
While the IceCube original template assumes a single shell
Lorentz factor and a single relative velocity, actual jets
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FIG. 5. GeV-TeV neutrino counterparts of time-variable neu-
p.

tron-loaded jets with various statistical inhomogeneity. The
isotropic luminosity and duration of the jet, and the luminosity
distance are fixed to be Lj;, = 3.5 x 10° ergs™!, Ar =205,
and d;, = 100 Mpc, respectively. The black dotted lines represent
the IceCube templates for neutrinos from collision scenario,
where the relative Lorentz factor is fixed to 'y, ~ 2 [13,14].

involve a diversity of collisions, and the resulting spectra
are therefore generally broader. We find that the peak
energy of the GeV-TeV neutrinos lies in 10-30 GeV, with
the high-energy tail extending into the TeV range not
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primarily due to shorter variability timescales &7, but
instead when the amplitude of the time variability A is
large. Neutrino production is mainly from n-p decoupling
for parameter sets with high (i;,;) and small variability,
(Nini) = 800, A = 0.5 with 6t = 1,10, 100 ms, and A = 1
with 6t = 100 ms. In these cases, the peak energy in the
GeV-TeV range is consistent with the expected neutrino
energy from n-p decoupling, estimated to be ~20 GeV
(Eq. (13) and [12,14]). In contrast, neutrino emission is
dominated by shell collisions for all other parameter sets,
where the typical neutrino energy is determined by the
product of the nucleon energy of the fast shell and the
fraction of energy a neutrino acquires per scattering (i.e.,
E, ~0.1T,m,c?; Eq. (28), [14]), and the peak energy also
lies around ~10-30 GeV.

For moderate initial baryon-loading factors, (n;,;) < 200,
the resulting neutrino spectra are broadly consistent with the
IceCube template in the sense that the spectral peak is shifted
toward higher energies in a similar manner. However, for a
higher baryon-loading factor of (;,;) = 800, this shift in the
peak energy becomes suppressed. In this high-# regime,
the dominant dissipation channel for neutrinos depends on
the amplitude and timescale of the fluctuations: for relatively
small fluctuations (A = 0.5 with 6r = 1, 10, 100 ms, and
A =1 with 6t = 100 ms), neutrino production is mainly
governed by n-p decoupling, whereas for larger fluctua-
tions it is dominated by shell collisions. When (r;,;) = 800
and the fluctuations are large, a significant number of shells
initially have very high #;,;. However, such shells reach the
photosphere while still accelerating, and their Lorentz
factors are limited to I, ~670 [see Eq. (16)].
Consequently, in cases with both large fluctuations and
high (#;,;), the maximum Lorentz factor within the system
is capped, and the peak energy of the neutrino spectrum
remains around ~10 GeV.

The IceCube Collaboration [13] discussed the properties
of the jet based on the nondetection of neutrinos from GRB
221009A (the BOAT GRB), the brightest GRB ever
observed, using the theoretical template [14]. Figure 6
shows the result from (1;,;) =800 in Fig. 5 with the
normalization for the BOAT GRB, i.e., we set the lumi-
nosity distance to d;, = 750 Mpc and just scale the result
by a factor of 10% erg/7 x 10°3 erg to match the total
energy of the BOAT [40—42]. The thick light-gray dashed
line shows the upper limit set by IceCube observations [43].

Figure 6 indicates that none of the parameter sets we
consider in this study for the BOAT GRB jets have yet been
ruled out by the GeV-TeV neutrino observations. As dem-
onstrated in this work, there exists an anticorrelation between
the photon efficiency and the neutrino efficiency. Therefore,
jets such as that of the BOAT GRB are not necessarily
favorable targets for neutrino detection, even though previous
studies implicitly expected that GRBs bright in photons
would also be bright in GeV-TeV neutrinos. In fact, the
IceCube template has a normalization parameter &y to be

(M) = 800, B, 550 ~ 10" erg, dy, = 750 Mpe
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FIG. 6. Same as the upper panel of Fig. 5, but with the
fluence normalization modified to match that of the BOAT
GRB (Eis, = &NE, i, = 10°° erg. d;, = 750 Mpc).

constrained observationally. (Here, éyE, i, corresponds to
the kinetic energy of the interacting flow that undergoes an
n-p collision with a relative Lorentz factor of ~2.) According
to our results, the BOAT GRB jet has &y < 0.1, which is not
constrained by the observational data of the BOAT GRB, as
shown in Fig. 4 [13,14].

So far, searches for GeV-TeV neutrinos from GRBs also
have been done for a stacking analysis of 2268 GRBs
detected on 2012 April 26 and 2020 May 29 [43] as well as
the BOAT GRB as an individual source. The stacked 2268
GRBs include events with a wide range of luminosities and
distances; based on event-rate estimates, most of them are
likely at cosmological distances with typical luminos-
ities [44].

Our results indicate that, for neutrino detection, GRBs that
are fainter in photons than the typical bright GRBs can be
more promising. From the observation [38,39], they would
have relatively soft spectral peaks. Therefore, GRBs that
appear faint in photon observations, such as those detectable
by instruments like the Einstein Probe [45], are expected to
be favorable targets. In Fig. 7, we compare the result from
(i) = 50 in Fig. 5 with the luminosity distance set to
di. =40 Mpc and the sensitivity of IceCube up-grade [46].
The physical quantities plotted are the same as in Fig. 5. As
shown in Fig. 7, a jet with (i7;,;) = 50, which is expected to
be observed as a soft GRB with E, ;, < 2 x 10°% erg, can be
detected as a single source at distances of 40 Mpc when the
fluctuations are large (the blue or yellow cases). In practice,
stacking analyses of soft (peak energy <1-10 keV), faint
(observed bolometric gamma-ray energy <10°!72 erg)
GRBs located somewhat farther away would also be an
effective strategy.

For a typical GRB in the model set ((n;,;) = 800,
A = 1,6t = 10 ms) the horizon of the neutrino detection
is approximately 100 Mpc. Here, we define the neutrino
detection horizon as the distance at which the expected
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FIG. 7. Same as the lower panel of Fig. 5, but with the flu-

ence normalization modified to Ejy, = Li;,Af =7 x 10° erg,
dy, = 40 Mpc. In these parameters, the expected observed photon
energy remain at £, ji, < 2 X 10°? erg. The gray horizontal line
represents the sensitivity that will be achieved with the IceCube
upgrade [46].

number of neutrino events in IceCube is unity, assuming a
source declination between 0° and 30°. As the effective area
of the IceCube, we use the 10-year pointsource analysis
[47] and the Greco analysis [48]. We also assume that the
observational time window is the duration of the prompt
emission, which is approximately equal to the shell
injection time, i.e., the central engine activity time
(~20 s), which is much shorter than IceCube’s back-
ground-free time [48]. For the GRB with the highest
expected number of neutrino signal events in our model
set (i) = 50,A = 2,6t = 10 ms), the neutrino detec-
tion horizon is approximately 1.6 Gpc.

Finally, we comment on very high-energy (TeV-PeV)
neutrinos within our model framework. In this work, we did
not consider cosmic-ray acceleration, in order to avoid
additional uncertainties associated with particle acceleration.
Nevertheless, collisionless shocks can accelerate cosmic
rays, which then interact with photons in the shocks through
the py process to produce TeV-PeV neutrinos [49,50]. From
the nondetection of very high-energy neutrinos from the
BOAT GRB, one can place the strongest constraint on the
product of the cosmic-ray loading factor écg = Ecr iso/ €y iso
and the optical depth of the py process f,,;

. |€cr fp}/ Eer < gyiso -1
SCR Tpr o SR\ <y [ Tris0
i [0.1 0.01 10 ~ 7 \10%5 erg

as discussed in [14]. Here, £cg s denotes the isotropic-
equivalent energy carried by the accelerated cosmic rays,
and &, ;, corresponds to the synchrotron radiation energy
generated in internal shocks. In the cases corresponding
to the BOAT GRB ({(i;,;) = 800), our results indicate

& iso S 0.01E;,. Since collisionless shocks occur at radii
r 2 10'2713 cm for the cases with (17;,;) = 800, the value of
f py can vary significantly [14]. In the most optimistic case
for the constraint on the acceleration efficiency, we obtain a
constraint,

Ecr $2x 100 x 0.1 = 20.

This limit is weaker than that inferred by assuming that the
observed gamma rays are entirely produced via synchrotron
radiation from collisionless shocks (i.e., £, 5,/ 103 erg ~ 1)
[14], because in our model the efficient gamma-ray emission
is predominantly due to photospheric emission.

IV. SUMMARY

We develop a shell-based model of time-variable, neu-
tron-loaded jets, incorporating subphotospheric dissipation,
and follow its relaxation. We have shown that the statistical
variability imprinted at the stellar breakout of collapsar jets
governs the diversity of their dissipation histories both
below and above the photosphere. The larger amplitude
of the time variability (in this study which is represented by
larger A) generally leads to more frequent violent collisions
(i.e., those with large relative Lorentz factors) to relax. When
the initial specific energy (in this study which is represented
by (17;i)) and/or the variability timescale (in this study which
is represented by ot) are large, collisions typically occur at
relatively large radii, resulting in reduced neutrino efficiency
and enhanced photon efficiency, while the dominant con-
tribution to the dissipated photon energy comes from highly
efficient photospheric emission. On the other hand, when
(mini) and/or 5t are small, collisions typically occur at deeper
inside resulting in enhance neutrino efficiency and reduced
photon efficiency. GeV-TeV neutrino emission peaks around
~10 GeV, with a TeV tail for strongly variable jets. For jet
parameters that realize high photon radiative efficiency (i.e.,
those corresponding to typical GRBs), the neutrino effi-
ciency remains below 10%. In contrast, in cases with strong
variability and large baryon loading(i.e., low initial specific
energy), it can reach ~20% while the photon emission
efficiency stays below 1%. Such jets may correspond to
gamma-ray—dim but neutrino-bright GRBs, making them
promising targets for future neutrino observations.
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