This is the accepted manuscript made available via CHORUS. The article has been
published as:

Choked jets and low-luminosity gamma-ray bursts as
hidden neutrino sources
Nicholas Senno, Kohta Murase, and Peter Mészáros
Phys. Rev. D 93, 083003 — Published 8 April 2016
DOI: 10.1103/PhysRevD.93.083003

Choked Jets and Low-Luminosity Gamma-Ray Bursts as Hidden Neutrino Sources
Nicholas Senno,1 Kohta Murase,1 and Peter Mészáros1
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We consider gamma-ray burst (GRB) jets that are choked by extended material as sources of
high-energy cosmic neutrinos. We take into account the jet propagation physics both inside the
progenitor star and the surrounding dense medium. Radiation constraints, which are relevant for
high-energy neutrino production are considered as well. Efficient shock acceleration of cosmic rays
is possible for sufficiently low-power jets and/or jets buried in a dense, extended wind or outer
envelope. Such conditions also favor GRB jets to become stalled, and the necessary conditions
for stalling are explicitly derived. Such choked jets may explain transrelativistic supernovae (SNe)
and low-luminosity (LL) GRBs, giving a unified picture of GRBs and GRB-SNe. Focusing on this
unified scenario for GRBs, we calculate the resulting neutrino spectra from choked jets including
the relevant microphysical processes such as multipion production in pp and pγ interactions, as
well as the energy losses of mesons and muons. We obtain diffuse neutrino spectra using the latest
results for the luminosity function of LL GRBs. Although uncertainties are large, we confirm that
LL GRBs can potentially give a significant contribution to the diffuse neutrino flux. Our results are
consistent with the present IceCube data and do not violate the stacking limits on classical highluminosity GRBs. We find that high-energy neutrino production in choked jets is dominated by pγ
interactions. These sources are dark in GeV-TeV gamma-rays, and do not contribute significantly to
the Fermi diffuse gamma-ray background. Assuming stalled jets can launch a quasi-spherical shock
in the dense medium, “precursor” TeV neutrinos emerging prior to the shock breakout gamma-ray
emission can be used as smoking gun evidence for a choked jet model for LL GRBs. Our results
strengthen the relevance of wide field-of-view sky monitors with better sensitivities in the 1−100 keV
range.
PACS numbers: 95.85.Ry, 97.60.Bw, 98.70.Rz

I.

INTRODUCTION

A diffuse flux of very high-energy (VHE) neutrinos
with energies 10 TeV . Eν . 2 PeV has been reported
from the Antarctic neutrino detector IceCube [1–8]. The
sources of these neutrinos are currently unknown, but
they appear to be extragalactic in origin [9–11]. Gammaray bursts (GRBs), energetic supernovae (SNe), active
galactic nuclei (AGNs), starburst and star-forming galaxies, galaxy groups and clusters, as well as some Galactic
sources have been proposed as potential candidates (see
reviews [12–14]). In particular, GRBs, which are believed
to be caused by ultra-relativistic jets launched by the collapse of a massive star (i.e. collapsars or long GRBs) or
the merger of two compact binary objects (e.g. [15] for
review) have been investigated as potential sources of
ultrahigh-energy cosmic rays (CRs) and secondary VHE
neutrinos for more than a decade [16]. Stacking analyses [17, 18] lead to the conclusion that . 1% of the
measured diffuse flux can be explained as prompt emission from observed high-luminosity (HL) GRBs [19–21].
However, low-power GRBs [97], including low-luminosity
GRBs (LL GRBs) and ultralong GRBs (UL GRBs),
may be largely missed by current GRB satellites such
as Swift and Fermi. LL GRBs may be more common
than classical GRBs [22–24] and UL GRBs may also
be as common as high-luminosity GRBs [25]. In addition, choked jets that do not escape their progenitor star
in the collapsar scenario – so called failed GRBs [26] –
have been suggested as possible sources for the observed

diffuse neutrino flux [19, 27, 28]. The present stacking
limits on prompt neutrino emission from classical highluminosity GRBs are not applicable to such low-power or
dark GRBs, and these may give a significant contribution
to the diffuse neutrino flux [29, 30]. For the first time, we
study the expected neutrino contribution from jets that
successfully escape from their progenitor star, but are
subsequently smothered by a dense, optically thick external material resulting in a LL GRB or a failed GRB.
This scenario, described by Nakar [31], allows for a unified picture for HL, LL, and dark GRBs which have similar intrinsic progenitor and jet properties, but different
circumstellar environments (e.g. the presence or absence
of a dense wind or outer envelope). It is conjectured that
LL GRBs may occur if the relativistic jet becomes smothered by the extended wind/outer envelope, and acts as
a piston driving a quasi-spherical shock into the circumstellar material. The GRB event occurs when this shock
breaks out in the optically-thin region.
Another possible subclass of interest are UL GRBs,
which have a much longer duration compared to classical GRBs (but see also Ref. [32]). Their long duration
may suggest a long-lasting fall-back accretion from an
extended progenitor onto a black hole. Blue supergiants
(BSGs) are possible UL GRB progenitors, and are believed to be common at very high redshifts [33, 34]. Alternatively, such long durations may be explained by a
fast-rotating pulsar, which could account for the connection between UL GRBs, super-luminous SNe and hypernovae [e.g., 35–37]. Although we do not consider poten-
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tial sources of UL GRBs in this work, these low-power
GRBs can also contribute to neutrino emission [19].
Predictions for high-energy neutrino emission from
GRB jets of both high and low luminosity are still uncertain despite recent improvements in theoretical calculations [e.g., 38–44] (although guaranteed emission is
expected in the GeV-TeV range for neutron-loaded outflows [e.g., 45–48]). Irrespective of their viability as VHE
neutrino factories, the mechanisms for producing, and
the physical processes associated with low-power GRBs
are still largely unknown and remain intriguing open
questions. Nearby long GRBs have been associated with
broad-line Type Ic supernovae (SNe) (e.g., GRB 980425,
060218, and 100316D), which are known to be caused by
the collapse of massive stars that eject of their outer envelopes. LL GRBs have been of special interest since they
show intermediate properties between GRBs and SNe,
and have been associated with transrelativistic SNe [49].
Both types of transients may be driven by jets [31, 50]
and the study of LL GRBs may offer clues to the GRBSN connection [51, 52].
In this work, based on the above motivation we consider the VHE neutrino emission from jets choked by
dense external material, as well as any subsequent shocks
resulting from the jet acting as a relativistic piston. In
particular, we focus on scenarios which may produce LL
GRBs. Under the current constraints imposed by the
IceCube analyses mentioned above, such LL GRBs are
attractive as the originators of the diffuse VHE neutrino flux (i) because of their high local rate relative
to their high-luminosity cousins, and (ii) because their
low gamma-ray flux make them difficult to detect with
conventional electromagnetic detectors (e.g. Swift). Recently, Murase & Ioka [19] showed that choked jets may
be more favorable as sites of efficient neutrino production.
Jets which successfully penetrate both the progenitor star
– and if applicable a circumstellar envelope – (i.e. emergent jets) typically have high-luminosities such that they
form radiation-mediated shocks, which are unfavorable
for CR acceleration and neutrino production. Taking into
account the luminosity and redshift distribution of LL
GRBs, we show that they and the choked jets may contribute to the diffuse neutrino flux while remaining absent from GRB joint electromagnetic-neutrino searches.
We also explicitly show the conditions required to produce choked jets with radiation-unmediated shocks.

II.
A.

DYNAMICS OF RELATIVISTIC JETS
Model Setup for Emergent Jet, Shock
Breakout, andChoked Jet Scenarios

GRBs are thought to result from the intense emission
from relativistic jets that successfully penetrate a progenitor star, and an understanding of jet propagation is
undoubtedly relevant [e.g., 26, 53, 54]. It would be natural to expect that the radiation mechanism of LL GRB

gamma-ray emission is similar to that of classical GRBs
[50, 55, 56]. The simplest such model is a scaled-down
version of the classical GRB, where dissipation occurs
in a mildly relativistic jet which has emerged outside of
the progenitor star and any circumstellar material. We
call this scenario the emerging jet (EJ) model (see Fig. 1
right panel). For EJs, prompt neutrino emission is produced together with prompt gamma-ray emission outside
the star, identical to the scenario expected from classical
GRBs [29, 30, 57].
Another interpretation of LL GRBs which has received
attention is the shock breakout emission model, where
the prompt emission is attributed to dissipation caused
by a transrelativistic, aspherical shock in a dense wind
[58–61]. The origin of the relativistic velocity components in the ejecta is an issue. One of the promising
possibilities is that the fast shock is driven by a choked
jet. The jet stalls close enough to the photosphere so
that a transrelativistic shock breaks out through the star
and its extended material. We call this model the choked
jet-shock breakout (CJ-SB) model, and the middle panel
of Fig. 1 shows its schematic.
A luminous jet naturally leads to an easier break out
from a typical compact progenitor such as a Wolf-Rayet
(WR) star. One possible cause for an energetic jet to stall
is through smothering by an extended envelope of wind
material. Such an environment need be only marginally
more massive than what is inferred, e.g. by [58, 59]. For
an extended material mass Mext ∼ 10−3 − 10−2 M , a
typical GRB jet penetrating the compact star is expected
to be choked at a distance of ∼ 1012 − 1013 cm from the
central engine [31]. Although such a radius is 10 times
larger than that of WR stars believed to be GRB progenitors, it is appealing that the model can also explain the
mysterious UV component in GRB 060218. Envelopes
of Mext ∼ 10−7 M are observed for pre-exploded WRs,
but there is increasing evidence for exceptionally high
mass loss in the weeks prior to collapse [62, 63]. Accompanying theoretical explanations have been proposed [64–
66].
Choked jets with a shock breakout component may or
may not produce prompt gamma-rays [e.g., 59, 67]. The
jet may stall sufficiently far below the photosphere that
the piston action of the jet does not lead to transrelativistic velocity components of the shock, i.e., such objects are simply observed as energetic SNe or hypernovae
in the optical band with no accompanying gamma-ray
emission. We call this final scenario the choked jet (CJ)
model. That is, the SN has a “normal” quasispherical
shock, without a jet-driven (aspherical, transrelatvistic)
extra shock breakout component (see Fig. 1 left panel
where we have neglected to show the subrelativistic shock
for clarity).
Thus, it is possible to have a unified picture where
the GRB-SN connection is explained by the strength
of the choked jets. Both of the CJ and CJ-SB models provide favorable environments for neutrino production since shock acceleration may occur inside the jet
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FIG. 1: Left panel: The choked jet model for jet-driven SNe. Orphan neutrinos are expected since electromagnetic emission
from the jet is hidden, and such objects may be observed as hypernovae. Middle panel: The shock breakout model for LL
GRBs, where transrelativistic shocks are driven by choked jets. A precursor neutrino signal is expected since the gamma-ray
emission from the shock breakout occurs significantly after the jet stalls (e.g., [26]). Right panel: The emerging jet model
for GRBs and LL GRBs. Both neutrinos and gamma-rays are produced by the successful jet, and both messengers can be
observed as prompt emission.

before the shocks become radiation mediated, allowing
for efficient neutrino emission. On the other hand, the
gamma-rays produced deep inside the choked jets will
not be able to escape through the extended material to
observers, and bright gamma-rays are observed from the
shock breakout component only. A similar picture for
neutrino production is considered in Ref. [19] for lowpower jets with L . 1047 erg s−1 and/or extended progenitors such as blue supergiants (BSGs).

B.

Hydrodynamical Constraints on Choked Jets

We will consider VHE neutrino emission from choked
jets and it is relevant to consider the condition where
relativistic jets are stalled. The dynamics of a relativistic jet is determined by its interaction with the ambient
medium in the progenitor star and circumstellar envelope, which can change the shape of the jet through collimation shocks [53, 54]. While this work focuses on neutrino emission only from internal and termination shocks,
it is important to note that collimation shocks near the
base of the jet will also affect estimates of VHE neutrino production [19] but are generally not considered in
most of the previous literature [68–72]. As the jet drills
through the star, a contact discontinuity is formed between the shocked jet material and the shocked ambient
matter. This region of shocked material is often referred
to as the jet head. Balancing the jet’s internal pressure
with the ram pressure of the ambient material determines
the head’s dynamics (see, e.g., [26, 53, 54]), and the head
velocity is given by
βh =

βj
,
1 + L̃−1/2

(1)

with dimensionless luminosity
L̃ ≈

L0j
,
π(rh θ0 )2 ρa c3

(2)

where L0j is the one-sided jet luminosity, ρa is the ambient density, rh is the distance of the jet head from the
central engine, and θ0 is the initial opening angle inside
the star. Assuming the jet material is relativistic βj ∼ 1
before reaching the head it is obvious from Eq. (1) that
for L̃  1 the head moves relativistically as well. Then,
−4/3
the jet will be collimated for L̃  θ0
or uncollimated
−4/3
for L̃  θ0
[53].
First, let us consider a jet propagating inside its progenitor star. As shown in Refs. [53, 54], such a jet is typically collimated. Let us assume that the density profile
−α
is approximated to be ρa = (3 − α)M∗ (r/R∗ ) /(4πR∗3 )
(α ∼ 1.5 − 3). Here M∗ is the progenitor mass and
R∗ ∼ 0.6 − 3R . For WR progenitors, we may take
α = 2.5 [73], leading to the jet head radius rh '
6/5 2/5
−4/5
−2/5
5.4 × 1010 cm t1 L0,52 (θ0 /0.2)
(M∗ /20 M )
1/5

R∗,11 , where L0 = 4L0j /θ02 is the isotropic-equivalent
total jet luminosity [19, 53]. The classical GRB jet is
typically successful (i.e., it emerges from the progenitor),
since the time required for the jet to escape the progen−1/3
2/3
1/3 2/3
itor tjbo ≈ 17 s L0,52 (θ0 /0.2) (M∗ /20 M ) R∗,11 is
shorter than the jet duration teng ∼ 101.5 s. This time
is in good agreement (i.e. within a factor of a few) with
numerical studies of jet emergence [53, 74–76]. See also
Fig. 15 of Ref. [54].
Toma et al. [55] suggested that the prompt emission
of GRB 060218 may come from an emerging jet with a
Lorentz factor of Γ ∼ 5, and this possibility of marginally
successful jets has been further investigated by Irwin &
Chevalier [50]. The jet has more difficulty in penetrating the progenitor star due to its lower luminosity, but
on the other hand, its longer duration helps in achieving
breakout. In this model, the prompt gamma-ray emission
may come both from relatively low radii around the photosphere or large radii. Such marginally successful jets
are expected for larger radius progenitors such as BSGs,
and UL GRBs may correspond to the case of successful
GRBs [19].
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Next, we consider jets embedded in an extended, massive envelope. The jet can be choked if the mass of
the extended material is sufficiently large. Motivated
by the CJ-SB model for LL GRBs, we consider an extended material with mass Mext ∼ 10−2 M and radius
rext ∼ 3 × 1013 cm. WR stars have been observed with
such unusually massive envelopes in the months leading
up to their SN explosion [77–79]. Nakar [31] suggested
similar envelope parameters for LL GRB 060218, but
without strong constraints on the density profile. For
simplicity, we therefore assume the same wind profile for
all LL GRBs, namely
ρ(r) = 5.0×10

−11

g cm

−3



Mext
0.01 M



−3
rext,13.5



r

−2
,

rext

(3)
with the density at the outer envelope edge ρext ≡
ρ(rext )/(5.0 × 10−11 g cm−3 ). Assuming – as Nakar did –
that the majority of the envelope’s mass is located near
the outer radius (i.e. the quantity ρ(r) r3 increases up until rext ) different wind profiles do not significantly affect
the dynamics of the jet head. The jet is typically uncollimated for sufficiently luminous jets and the Lorentz
factor of the jet head is given by
L̃1/4
1/4 −1/4 −1/2
Γh ≈ √ ' 3.5 L0,52 ρext rh,13.5 ,
2

(4)

while the jet head radius is estimated to be
rh ≈ 2Γ2h ct ' 2.3 × 1013 cm

1/2 −1/2 −1
L0,52 ρext rext,13.5
t1.5 .

(5)

The condition rh = rext gives the jet breakout time
tjbo,ext , and the condition tjbo,ext . teng gives the jetstalling condition
Lγ . LJS
≈ 0.95 × 1048 erg s−1
γ

    θ 2
γ
j
t−1
eng,1.5
0.25
0.2

−1
4
× T3.5
ρext rext,13.5
,

(6)

where we have used
Lγ ≈ γ

θj2 L0 teng
.
2 T

(7)

Lγ is the observed luminosity of the LL GRB, γ is the
gamma-ray emission efficiency, θj is the choked jet opening angle in the extended material, and T is the typical
observed duration of LL GRBs. For choked jets, the jet
head radius at teng is defined as the jet-stalling radius
rstall . In our CJ-SB scenario, the central engine activity
time teng is unrelated to the duration of the prompt emission T , since the later only depends the shock velocity
and breakout radius T ≈ rsb /Γ2sb c, which are determined
from the envelope properties. The former timescale is
deduced from the lifetime of GRB jets that are seen in
high-luminosity GRBs, while the later reflects the typical
observed duration of a LL GRB. Note that the hydrodynamic constraints are relevant for neutrino production.

First, they restrict the emission radius, which limits the
overall non-thermal particle energy density as well as the
maximum neutrino energy. Since the emission region of
traditional GRB jets assume a wide variety of values (e.g.
1011 cm . rem . 1017 cm for the classic fireball model in
[44]), the phenomenology of neutrinos from choked jets
can be quite different. Additionally, the jet luminosity
and central engine duration need to be consistently determined. If the jet is too powerful or its duration is too
long, it is no longer choked and should be reduced to the
classical GRB case.
If the jet is choked in the dense wind close to the
edge of the star, it will launch a transrelativistic shock
that becomes an aspherical shock breakout. As described
in Refs. [80, 81], breakout nonthermal emission may be
released when the optical depth of the shock reaches
unity. The emission time of the breakout – and therefore the approximate duration of the subsequent GRB –
is T ≈ rsb /(Γ2sb c) ∼ 103.5 s in agreement with the average
duration of LL GRBs, where rsb is the shock breakout radius and Γsb is the Lorentz factor of the shock. It has
been shown that shock breakouts produce smooth light
curves similar to what are seen in LL GRBs.

III.

RADIATION CONSTRAINTS ON SHOCK
ACCELERATION

CRs are generally assumed to be accelerated with a
power-law distribution by the first-order Fermi process
in the presence of shocks or turbulence. As known from
the literature of nonrelativistic shocks, (e.g., [80, 82]),
efficient conversion of the fluid kinetic energy to a nonthermal particle population can occur if the shocks are
collisionless (i.e. mediated by plasma instabilities), requiring the upstream plasma to be optically thin for relativistic shocks. CRs gain energy thanks to the shock
compression. If the shock is mediated by radiation, efficient acceleration is prevented [19, 83] since the shock
width is larger than the CR Larmor radii and particles
cannot efficiently cross between the upstream and downstream fluids. This subltle feature of CR acceleration
in relativistic jets is often not considered in the literature [68–72].
The radiation constraints give us stringent restrictions
on the rate VHE neutrino production from choked jets.
Two shells in the jet have a relative Lorentz factor Γrel ≈
Γr /2Γ, where the rapid shell is moving with velocity Γr ∼
few×Γ. Murase & Ioka [19] derived radiation constraints.
For internal shocks, efficient CR acceleration can occur
if τT = n0j σT (ris /Γ) . min[Γ2rel , 0.1C −1 Γ3rel ] or
−1
−3
L52 ris,10
Γ−3
min[Γ2rel,0.5 , 0.32C1−1 Γ3rel,0.5 ],
2 . 5.7 × 10
(8)
where Γ ∼ 100 is the bulk Lorentz factor of the jet, L
is the isotropic-equivalent kinetic luminosity of the jet,
2
and the comoving density is n0j ≈ L/(4πΓ2 ris
mp c3 ). The
2
factor C = 1 + 2 ln Γrel accounts for possible pair pro-
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duction effects in the shocked material [61, 84]. The jet
propagating in the star is usually collimated, and the
collimation shock radius rcs is smaller than the jet head
radius (rcs < rh < R∗ ). We expect radiation-mediated
shocks for the jet inside a WR star, but the shocks can be
collisionless if the ambient material is more extended [19].
Setting the shock radius equal the stall radius calculated
in the previous section (ris = rstall ) and ignoring the
prefactor depending on details of the shock structure, we
obtain the following upper limit for the luminosity based
on radiation constraints,
−2
L . 1.7 × 1054 erg s−1 Γ62 t2eng,1.5 ρ−1
ext rext,13.5 .

(9)

In the CJ-SB model, using the observed gamma-ray luminosity, the constraint becomes
    θ 2
j
γ
RC
49
−1
Lγ . Lγ ≈ 8.6 × 10 erg s
0.25
0.2
−1 −1 −2
× Γ62 t3eng,1.5 T3.5
ρext rext,13.5 .

(10)

As the luminosity increases or the radius decreases, the
optical depth largely exceeds unity and CRs cannot be
accelerated efficiently at the shock. While we assume the
plasma is optically thin inside the jet, the envelope or
circumstellar medium outside is largely optically thick to
Thomson scattering. Therefore, photons are free to move
inside the jet but cannot escape. The free streaming of
photons from outside the jet core – specifically thermal
emission from the jet head – allow for efficient neutrino
production through pγ interactions.
The radiation constraints apply to shocks in the envelope material as well as those in the choked jet. Before
breakout, the shock is radiation mediated. As photons
diffuse out from the system, the shock becomes collisionless and CRs may be accelerated [80, 81]. The condition
−1
is given by τT . βSH
, where βSH = VSH /c is the shock
velocity.
IV.

NEUTRINO PRODUCTION IN CHOKED
JETS

In the present work, we focus on the CJ and CJ-SB
models, so we assume that CRs are accelerated in jets
choked by the circumstellar material. For simplicity we
assume that internal shocks occur near the collimation
shock radius since they are expected to occur most frequently at ris ≈ 2Γ2j cδt when the jet is not stalled, where
δt is the variability timescale. We calculate neutrino
spectra only for GRB jets satisfying the following condition,
RC
Lγ . min[LJS
γ , Lγ ],

(11)

where LJS
γ comes from the jet-stalling condition (Eq.
6) and LRC
comes from the radiation constraint (Eq.
γ
10). The neutrino spectra are calculated numerically,
taking into account various microphysical processes such

as multipion production. For details of the method, see
Refs. [19, 38, 39, 85]. We explicitly calculate the CJ component of the neutrino flux from jets with luminosities
Lγ = 1045 erg s−1 , Lγ = 1046 erg s−1 , Lγ = 1047 erg s−1 ,
and Lγ = 1048 erg s−1 and use the results to infer the approximate contribution from CJs with other luminosities
in Eq. 14 below. For the GRB jet parameters, assuming
that the jets leaving the star are similar to those of classical GRBs, we use teng = 101.5 s, θj = 0.2, and Γ = 100.
In this work, we calculate the neutrino emission for different luminosities but fix the other parameters because
of computational limitations. Note that our GRB jet parameters have been widely used in the GRB literature
as typical values. Also, thanks to the high neutrino production efficiency, the flux level is insensitive to the GRB
jet parameters [19, 39]. The resulting neutrino flux effectively scales with the CR loading parameter. Note that
lower Lorentz factors further restrict the parameter space
of the VHE neutrino production since the shock becomes
radiation mediated. For slow jets with Γ . 10, VHE
neutrino production inside a typical GRB progenitor requires L . 1047 erg s−1 [19]. In addition, we assume
Mext = 0.01 M and rext = 1013.5 cm for the extended
material, which are based on the parameters suggested
for the explanation of LL GRBs.
CRs accelerated at internal shocks interact with photons produced from both internal shocks and the jet
head. The properties of electrons accelerated at internal shocks are uncertain so we conservatively consider
only thermal photons coming from the jet head [26].
In rest frame of the head the photon temperature is
1/4 −1/2 −1/4
kTh ' 0.37 keV L52 rh,13 Γh,0.5 . This temperature is
Lorentz boosted by a factor Γrel ∼ Γ/2 Γh in the jet
rest frame. Likewise, the photon energy density seen in
the jet is Uγ,j ∼ Γ2rel Uγ,h , which can make the thermal
component from the head the most significant photon
field. We also take into account the photon escape frac−1
tion ∼ (nγ,h σT rh /Γh ) . The photomeson production
efficiency satisfies
min[1, fpγ ] ≈ 1

(12)

Thus, CRs that exceed the pion production threshold are
depleted by the photomeson production. Choked jets can
be regarded as “calorimetric” sources in the sense that
all of the available CR energy goes into making neutrinos and the observation of neutrinos allow us to directly
probe the amount of accelerated CRs. Note that, although there are nonthermal populations of photons radiated by co-accelerated pairs, this point is unchanged.
Additional photons enhance the efficiency of the photomeson production.
At subphotospheric radii, inelastic pp interactions are
shown to be relevant below 100 TeV and the photon meson efficiency is found to dip due to the Bethe-Heitler
process [39, 42]. When radiation constraints are satisfied, the pp optical depth during the dynamical time in
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In addition, meson cooling is also taken into account
by solving the kinetic equations numerically [19, 38, 85].
When the jet-stalling condition and radiation constraints
are considered, we find that the pion and muon components are almost always dominant and the kaon component could be relevant only above PeV energies.

V. DIFFUSE NEUTRINOS FROM
LOW-LUMINOSITY GRBS AND HYPERNOVAE

the jet is limited to [39, 81]
fpp .

CR energy. For the energies of interest, Eν ∼ 30 TeV,
the ∆ resonance in pγ interactions requires target photons with energy ∼ 0.2 keV − 0.2 MeV depending on the
Lorentz factor of the target photon field (i.e. between
the jet interior and head) [27]. The jet head appears
as a blackbody with temperature kTh ∼ 0.1 − 1 keV as
seen from the jet core providing photons within the correct energy range. The fraction of CRs that interact with
these photons using the box approximation of Ref. [16]
is fpγ  1, which is also seen from Fig. 2. As expected,
pγ interactions dominate the neutrino production.

(13)

Thus, for the CR spectrum with s ∼ 2, the energy flux of
the pp component is typically lower than that of the associated pγ component, and the main production mechanism for VHE neutrinos inside the jet is the photomeson production process. Note that, as pointed out in
Ref. [19], low-energy CRs in the jet may eventually be
advected along the collimated jet and all CRs can be depleted for neutrino production via subsequent pp interactions. However, for uncollimated shocks, CRs accelerated
at the shocks may simply cool via adiabatic losses during
the jet expansion. In this work, to be conservative, we
do not consider effects of the remaining CRs.
CRs lose their energy via photomeson production (pγ),
Bethe-Heitler pair production (BH), hadronuclear (pp),
synchrotron radiation (syn) and inverse-Compton radiation (IC) processes. Since in our case the jet is expanding, adiabatic losses are also included. The numerically calculated acceleration and cooling timescales are
shown in Fig. 2. At higher energies, photomeson production is the dominant cooling channel for CRs, and sets
a maximum CR energy of εM
p ∼ 3 PeV in the comoving frame. At lower energies εp . 1 TeV, BH cooling
dominates and suppresses the neutrino spectrum around
100 GeV. The magnetic field is set by using the parameter B = LB /L0 = 0.1, and the acceleration time is
given by tacc = εp /(eBc). Note that, even if the initial
maximum CR energy is very high, the energy of escaping
CRs is low since they are depleted advecting to the shock
downstream.
The neutrino products receive ∼ 0.05% of their parent

Finally, we calculate the diffuse neutrino flux by convolving the neutrino spectra for different luminosities
with 1045 erg s−1 . Lγ . 1048 erg s−1 . The upper luminosity limit is found by constraining the jet to be choked
with shocks that are not radiation dominated. The lower
luminosity limit is chosen such that the results are not
sensitive to this choice. As emphasized above, contrary
to predictions for neutrino emission from optically-thin
environments, we do not have much uncertainty in values
of fpγ , i.e., the pγ efficiency is always close to the maximum. Thus, as long as the rate uncertainty is not too
large, the only critical parameter is the total energy of
CRs even though there are other subparameters such as
Mext and rext . In this work, the jet kinetic energy is assumed to be similar to that of classical GRBs. Here, importantly, even if the observed GRB luminosity is low (recall that “low-luminosity GRBs” here are defined based
on the observed luminosity), choked jets themselves may
be as powerful as the jets of classical high-luminosity
GRBs. In the CJ-SB model, the choked jet has isotropicequivalent luminosity L ∼ 1051 − 1052 erg s−1 , but the
observed gamma-ray luminosity is smaller by a factor of
(2/θj2 )(T /teng ). (Clearly, teng can also play a large role in
determining whether a jet will give rise to a classical GRB
or an LL GRB). For the shock breakout luminosity Lγ ,
the total absolute CR energy in the jet is assumed to be
ECR = (CR /γ )(Lγ T ) ' 6.3 × 1050 erg (ξCR /2)Lγ,47 T3.5
(where ξCR ≡ CR /γ = 2(0.25/γ )(CR /0.5) is the socalled CR loading factor). Note that the total absolute
CR energy scales as the observed gamma-ray luminosity.
−2
Also, the CR spectrum is assumed to be dNp /dε0 p ∝ ε0 p .
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Rcho (z) = fcho RLL


p κ 
p κ 1/κ
1+z 2
1+z 3
× (1 + z)p1 κ +
+
(15),
5000
9
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Choked jet
Shock breakout

[GeV cm−2 s−1 sr−1 ]

where dNν /dEν0 is the neutrino spectrum per burst, H0
is the Hubble constant, ΩM and ΩΛ are cosmological parameters. If LL GRB progenitors evolve as the starformation rate (SFR), we rescale the function found
by [86]
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dz
dLγ
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4πH0 zmin
Lmin


dRcho (z)/dLγ
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with κ = −10, p1 = 3.4, p2 = −0.3, p3 = −3.5,
fcho expresses the contribution of choked jets without
shock breakout (i.e., orphan neutrinos), and RLL ∼
100 − 200 Gpc−3 yr−1 is the local LL GRB rate at z = 0.
Ref. [24] constructed a luminosity function (i.e., the number of bursts with an observed isotropic-equivalent luminosity within a given luminosity interval) uniquely for
the LL GRB population

−α
dRLL
(α − 1)RLL Lγ
≈
.
(16)
dLγ
Lm
Lm

FIG. 3: All-flavor diffuse VHE neutrino fluxes from LL GRBs
in various models. The choked jet CJ (this work), shock
breakout (CJ-SB) [81], and emergent jet (EJ) [29] components are shown. The shock breakout component has been
updated to include the newest luminosity function and redshift evolution, while the EJ component is luminosity insensitive with the redshift evolution of Ref. [87] and is shown
for illustrative purposes. Note that neutrinos are observed
as prompt emission or precursor emission. The IceCube data
based on the combined analysis [5] and up-going muon neutrino analysis [8] are overlaid.

It was found that the data was fit best with a local rate
−3
of RLL = 164+98
yr−1 , index α = 2.3 ± 0.2 and
−65 Gpc
characteristic luminosity Lm = 5 × 1046 erg s−1 .
Fig. 3 shows the diffuse neutrino flux from LL GRBs
for different components. For our parameter set in the
CJ-SB model that explains LL GRBs, we find that the
diffuse neutrino flux is compatible with the measured flux
for Eν ∼ 0.1 − 1 PeV. There are three relevant remarks.
(i) First, since the gamma-rays and the dominant component of neutrinos are produced in different regions, a prediction of the CJ-SB model is that the majority of the LL
GRB neutrino signal arrives (rsb −rstall )/c ∼ 100−1000 s
before the LL GRB triggers a detector. (ii) Second, the
VHE neutrino emission from choked jets is highly beamed
in the CJ-SB model. On the other hand, the shock breakout contribution is nearly isotropic so that the associated neutrino emission can be observed from off-axis observers [81]. (iii) Third, precursor neutrinos from choked
jets will be found within a much smaller temporal window (teng ∼ 101.5 s) compared to the electromagnetically
observed LL GRBs and/or shock breakout emission.
For comparison, we also show one of the predictions of
the EJ model for Γ = 5. We assume that the luminosity
function is constant and the redshift dependence is taken
from Ref. [87] but also follows the SFR. Although the
model uncertainty is rather large, we confirm the previous results that the EJ model may also give a significant
contribution to the diffuse neutrino flux [29, 30] at large
obeserved energies (i.e. Eν, obs & 1 PeV). The spectral

shape of earlier results [29, 30] is seen by the recent estimate of Ref. [88]. But the overall normalization is
different due to different assumptions on the CR loading
factor and LL GRB rate. In Fig. 3, we show the pγ component for the EJ model while the pp component is less
important.
By definition, LL GRBs have gamma-ray counterparts,
which are attributed to the shock breakout emission in
the CJ-SB model or jet emission in the EJ model. Regardless of the viability of each model as an explanation for LL GRBs, the existence of choked jets is naturally expected and should be anticipated in any situation
with a jet buried deep inside a star with or without extended material around it. In the CJ model, there is no
obvious high-energy electromagnetic counterpart. It is
known that long GRBs are associated with core collapse
SNe (e.g., GRB 060218/SN 2006aj, GRB 980425/SN
1998bw, and GRB 100316D/SN 2010bh). These SNe
tend to be Type Ibc meaning little to no hydrogen or
helium is observed in the ejecta. There are also broadline Type Ibc SNe which are often referred to as hypernovae. SNe associated with LL GRBs (although they
are not necessarily hypernovae) are also characterized
by transreletavistic ejecta. It is then reasonable to assume that a significant fraction of broad-line Type Ibc
SNe or hypernovae, even those without accompanying
GRBs, contain a choked jet such as in the CJ model.
A joint investigation between IC and the ROTSE collaboration attempted to detect optical transients from
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measured all-flavor diffuse flux of neutrinos [5],
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FIG. 4: All-flavor diffuse neutrino fluxes from choked jets.
Neutrino emission from LL GRBs is shown for the CJ-SB
model (this work) and EJ model [29]. In addition, orphan
neutrino emission from choked jets is included (thick curves).
See the text for details.

Type Ibc SNe coincident with neutrino multiplets [89].
No such events were found, but an upper limit on the
rate of SNe with a jet was found to be . 4.2% of
the assumed rate of ccSNe within 10 Mpc. This study
could be replicated using neutrino singlets from IC and
the All-Sky Automated Survey for Supernovae (ASASSN; www.astronomy.ohio-state.edu/~assassin) network to further constraint our CJ model.
More specific results involving the CJ scenario are
shown in Fig. 4. Although the model uncertainty is
large (since ξCR for GRB jets is not well-known), our
results indicate that it is possible for choked jets to
achieve the observed level of the diffuse neutrino flux.
In principle, lower values of ξCR could be compensated
by larger values of fcho . We set a rough upper limit on
the choked jet contribution by using the observed hypernova rate, RHN ≈ 4000 Gpc−3 yr−1 [22, 63], which gives
fcho . 40 [11]. A CJ rate similar to that of HNe is
also in agreement with Ref. [68] who considered neutrinos from electromagnetically dim sources. They found
that transients with a rate of . 105 yr−1 up to z ∼ 1
could produce a detectable flux of neutrinos. A similar
result is also obtained by Ref. [72].
Using the assumed rate and CR energy injection per
event, the all-flavor diffuse neutrino flux is analytically
estimated to be
Eν2 Φν ' 0.76×10−7 GeV cm−2 s−1 sr−1 fsup min[1, fpγ ]
 

ξz
fcho ECR RLL
×
R−1
p,1 , (17)
3
1045 erg Mpc−3 yr−1
where fsup is the suppression factor due to meson and
muon cooling, ξz is a factor accounting for redshift evomin
lution of the rate [90, 91], and Rp = ln(εM
p /εp ) ∼ 10
is the bolometric correction factor. Interestingly, even

Murase et al. [27] showed that neutrino sources obscured
in the GeV-TeV gamma-ray range are necessary to explain the IceCube data below 100 TeV with extragalactic
sources, independently of the neutrino production mechanism. LL GRBs and choked jets satisfy this criterion,
and their contribution to the extragalactic gamma-ray
background is negligible.
As a lower limit, for given parameters we can use
the rate of observed LL GRBs (i.e., excluding choked
jets without prominent shock breakout emission). Noting that the emitted CR energy is roughly the same as
that for hypernovae, RLL ∼ 100 Gpc−3 yr−1 results in
Eν2 Φν ∼ 10−8 GeV cm−2 s−1 sr−1 , which is compatible with the IceCube data above 100 TeV. Using modest
values of fcho ∼ a few allows us to reasonably fit the
IceCube data obtained from the combined analysis.
One can set an optimistic upper limit for the contribution of orphan neutrinos from choked jets by assuming the same spectral shape as in the CJ-SB model with
CR energy injection rate of QCR . 1046 erg Mpc−3 yr−1 .
This upper limit is set by the reasonable expectation that
the CR injection by GRB jets does not exceed the CR
injection by SN remnants (see Ref. [27]). Note that the
CR injection rate inferred by observations of the Galactic
CRs is ∼ 1045 −1046 erg Mpc−3 yr−1 [92]. Fig. 4 indicates
the the optimistic upper limit can exceed the IceCube
data in principle. The spectral shape is suggestive as
it is globally soft for 10 TeV . Eν . 5 PeV, but avoids
the constraints set by the Fermi extragalactic gamma-ray
background measurement in the sub-TeV range [93–95].
While our results show that the choked jets are energetically plausible as high-energy neutrino sources, we
have not tuned parameters to fit the IceCube data quantitatively. Because of the limited statistics of the IceCube
data and a tension among the different analyses, such an
attempt is beyond the scope of the present work. Also,
better fits of the spectral shape and normalization of the
diffuse flux would be possible by changing the parameters of the jet and/or extended material within model
uncertainties.
VI.

SUMMARY AND DISCUSSION

We have revised the VHE neutrino emission from LL
GRBs, taking into account the jet-stalling condition for
a dense circumstellar wind and radiation constraints.
Lower-power jets and/or more extended external material are more favorable for both jet-stalling and VHE neutrino production. This implies the relevance of “orphan”
neutrinos from choked jets with no prominent electromagnetic counterparts. Using properties inferred from
LL GRB observations (where we did not tune the parameters to explain the IceCube data), we found that the
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spectral shape and flux normalization of the CJ model
can be consistent with the present IceCube data. Although the rate of choked jets with dim shock breakout
emission is unknown, it is plausible to use the rate of
broad-line Type Ibc SNe as an upper limit. It is currently difficult to exclude parts of the CJ/CJ-SB parameter space in our model since there are many degeneracies
(e.g. the amount of CR energy injected by CJs versus the
rate of HNe which have an accompanying luminous, relativistic jet as seen in Eq. 17). However, by assuming that
the seed photons for pγ interactions in the CJ scenario
come predominately from the black body emission of the
jet head, it should be possible to constrain the combined
parameter space of the jet luminosity, head position, and
jet Lorentz factor (see §IV above) by using the energy
at which the observed neutrino flux is at its maximum.
An important prediction of the CJ-SB model is that the
majority of neutrinos will be precursors to the prompt
gamma-ray emission. Therefore, for a neutrino-LL GRB
coincidence search it is imperative to look for neutrinos
in temporal blocks ∼ 100 − 1000 s before the GRB trigger. Based on the currently implied rate of LL GRBs,
two such coincident detections can be expected to occur
within the next five years of IceCube operation. For this
purpose, we emphasize that better all-sky monitors in
the x-ray and gamma-ray range, which are also suitable
for detections of high-redshift GRBs, are necessary. Coincident searches can also be expanded to include hypernovae and other energetic SNe. While the rate of such
events are higher, the delay between the neutrino and
optical/x-ray signal is unknown but may be & 1000 s.
Detecting precursor neutrinos with short duration

would support the CJ-SB model for LL GRBs. Further
observations of 1 TeV . Eν . 100 TeV neutrinos may
provide further information about the envelope mass, radius, and density profile for the extended material around
WR stars. Such regions are hard to probe observationally, especially if the mass loss rate of GRB progenitors
significantly increases in the months-weeks before collapse. While we considered only environments around
WR stars in this work, the treatment may be equally important in BSGs, e.g., [96], which are also believed to be
collapsar progenitors and tend to have stellar envelopes
that extend up to 1013.5 cm.
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[46] P. Mészáros and M. J. Rees, The Astrophysical Journal
Letters 541, L5 (2000).
[47] K. Murase, K. Kashiyama, and P. Mszros, Phys. Rev.
Lett. 111, 131102 (2013), 1301.4236.
[48] K. Kashiyama, K. Murase, and P. Mszros, Phys. Rev.
Lett. 111, 131103 (2013), 1304.1945.
[49] A. M. Soderberg, S. R. Kulkarni, E. Nakar, E. Berger,
P. B. Cameron, D. B. Fox, D. Frail, A. Gal-Yam, R. Sari,
S. B. Cenko, et al., Nature 442, 1014 (2006).
[50] C. M. Irwin and R. A. Chevalier, ArXiv e-prints
1511.00336 (2015), 1511.00336.
[51] R. Margutti, A. M. Soderberg, M. H. Wieringa, P. G.
Edwards, R. A. Chevalier, B. J. Morsony, R. Barniol Duran, L. Sironi, B. A. Zauderer, D. Milisavljevic, et al.,
The Astrophysical Journal 778, 18 (2013).
[52] R. Margutti et al., Astrophys. J. 797, 107 (2014),
1402.6344.
[53] O. Bromberg, E. Nakar, T. Piran, and R. Sari, Astrophys. J. 740, 100 (2011), 1107.1326.
[54] A. Mizuta and K. Ioka, Astrophys. J. 777, 162 (2013),
1304.0163.
[55] K. Toma, K. Ioka, T. Sakamoto, and T. Nakamura, Astrophys. J. 659, 1420 (2007), astro-ph/0610867.
[56] G. Ghisellini, G. Ghirlanda, and F. Tavecchio, Monthly
Notices of the Royal Astronomical Society: Letters 375,

L36 (2007).
[57] R.-Y. Liu, X.-Y. Wang, and Z.-G. Dai, Mon. Not. Roy.
Astron. Soc. 418, 1382 (2011), 1108.1551.
[58] S. Campana, V. Mangano, A. J. Blustin, P. Brown, D. N.
Burrows, G. Chincarini, J. R. Cummings, G. Cusumano,
M. Della Valle, D. Malesani, et al., Nature 442, 1008
(2006).
[59] E. Waxman, P. Meszaros, and S. Campana, The Astrophysical Journal 667, 351 (2007).
[60] O. Bromberg, E. Nakar, and T. Piran, The Astrophysical
Journal Letters 739, L55 (2011).
[61] E. Nakar and R. Sari, Astrophys. J. 747, 88 (2012),
1106.2556.
[62] E. O. Ofek, I. Rabinak, J. D. Neill, I. Arcavi, S. B. Cenko,
E. Waxman, S. R. Kulkarni, A. Gal-Yam, P. E. Nugent,
L. Bildsten, et al., The Astrophysical Journal 724, 1396
(2010).
[63] N. Smith, W. Li, A. V. Filippenko, and R. Chornock,
Monthly Notices of the Royal Astronomical Society 412,
1522 (2011).
[64] J. H. Shiode and E. Quataert, The Astrophysical Journal
780, 96 (2014).
[65] R. A. Chevalier, Astrophys. J. 752, L2 (2012), 1204.3300.
[66] T. J. Moriya, The Astrophysical Journal Letters 803,
L26 (2015).
[67] X.-Y. Wang, Z. Li, E. Waxman, and P. Mészáros, The
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