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Abstract

In this paper I will briefly review the observation of IceCube on gamma-ray bursts (GRBs) and discuss
the implication, including GRBs as sources of ultrahigh-energy cosmic rays, hadronic model for the prompt
GeV emission of GRBs, and sub-categories of GRBs as the sources of high-energy neutrinos.
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1. Introduction

Gamma-ray bursts (GRBs), the most energetic explosion
in the universe, have been proposed as plausible cosmic-
ray baryon accelerators even up to the highest energies
since 1990s (Vietri 1995; Waxman 1995), via converting
a fraction of kinetic energy of the GRB ejecta into non-
thermal energy of cosmic rays via certain dissipation pro-
cesses. The intense emission of GRBs in keV–MeV band
and the compact size of the dissipating region as inferred
from their short variabilities make it also a promising
sources for high-energy (TeV–PeV) neutrinos(Waxman
& Bahcall 1997), as the dense photon field can lead to
efficient photopion interactions (p + γ → n + π+;π+ →
e+ + νµ + ν̄µ + νe) of accelerated proton. Of course, the
detailed flux depends on the GRB model and model pa-
rameters. In the canonical fireball model for GRBs, it
has been proposed that TeV–PeV neutrinos from sum
of GRBs throughout the universe can reach a detectable
flux, at a level of 10−9 − 10−8GeV cm−2s−1sr−1 (Wax-
man & Bahcall 1997; Murase & Nagataki 2006; Baer-
wald et al. 2011), by the current generation of neutrino
detectors such as the IceCube neutrino telescope located
under the Antarctic ice.

A milestone in this field was made by the half-complete
IceCube in the year 2011, when its sensitivity with 40
strings at that time reached the level of predicted neu-
trino flux from GRBs. However, a dedicated search for
neutrinos from GRBs returns no evidence for neutrino
emission (Abbasi et al. 2011), which challenged the pre-
vailing GRB neutrino model and started to constrain
GRB models. On the other hand, it was pointed out by
different groups (He et al. 2012; Li 2012; Winter 2013),
soon after IceCube reporting this result, that the Ice-
Cube collaboration overestimated the theoretical GRB
neutrino flux due to several crude approximations in

dealing with the relevant physical processes. The con-
straint on GRB model by IceCube at that time there-
fore is not severe. However, as the GRB sample ob-
served by IceCube grows with time, the null result in
continued searches for a significant GRB-neutrino corre-
lation finally limits the GRB neutrino flux down to less
than 1% of the diffuse neutrino background or a level
< 10−10GeV cm−2s−1sr−1 (Aartsen et al. 2015; Aartsen
et al. 2017). This result strongly constrains the proper-
ties of dissipating region of GRBs, such as the baryon
loading factor and the photopion production efficiency
which relies on the dissipation radius and/or the GRB
jet’s bulk Lorentz factor.

In the rest part of the paper, I will discuss the implica-
tion of IceCube observation on GRB neutrinos, includ-
ing GRBs as the sources of ultrahigh-energy cosmic rays
(Section 2), hadronic model for the prompt GeV emis-
sion of GRBs (Section 3), and sub-categories of GRBs as
the sources of high-energy neutrinos (Section 4). Lastly,
a summary will be given (Section 5). Note that, this pa-
per will focus only on long GRBs and short GRBs related
to gravitational wave will not be discussed.

2. GRBs as the sources of ultrahigh-energy cosmic rays

From the perspective of energy budget, GRBs are in
principle able to power UHECRs. The local GRB event
rate is about 1Gpc−3yr−1 and the typical isotropic-
equivalent gamma-ray energy of the GRB is 1052 erg,
resulting in a local energy production rate in cosmic ray
to be ηp10

43 ergMpc−3yr−1, where ηp is the baryon load-
ing factor, indicating the ratio between energy in cosmic
ray baryons and that in gamma rays produced by GRBs.
The required local energy production rate to explain
UHECRs is sim1044 ergMpc−3yr−1. Thus, GRBs can
meet the energy requirement if ηp > 10 which is not diffi-



cult. The neutrino observation by IceCube put combined
constraint on the baryon loading factor and the photo-
pion production efficiency. The latter one highly depends
on the GRB model. For example, the photosphere model
and the internal shock model expect smaller dissipation
radii with 1011−1012 cm and 1013−1014 cm, respectively,
compared to that in the ICMART model (Zhang & Yan
2011) which is typically 1015 − 1016 cm. For a typical
Lorentz factor of GRB jet Γ = 300, the upper limit of the
baryon loading factor ηp can be obtained to be ≲a few
for the former two models and ≲ 100 for the ICMART
model, at a level of 90% confidence level. Adopting a
larger jet’s Lorentz factor would relax the constraint on
ηp. However, for majority of GRBs, a value of Γ > 300 is
not supported by the Fermi-LAT detection rate of GRBs
(Chen et al. 2018). Therefore, if GRBs turn out to be
the main sources of UHECRs, the ICMART model will
be favored.

The study from the perspective of UHECR data fit-
ting results in a similar conclusion. Biehl et al. (2018)
considered UHE nuclei injection from GRBs, taking into
account hadronic interactions of nuclei both inside the
source and during propagation in the intergalactic space.
On the premise of reproducing the measured UHECR
spectrum and chemical composition by Pierre Auger Ob-
servatory while respecting the constraint from IceCube,
they found that a large dissipation radius or a small lu-
minosity is favored. Note that the constraint from Ice-
Cube is obtained in the framework of one-zone dissipa-
tion model. The multi-zone dissipation model (Globus
et al. 2015; Bustamante et al. 2017) would relax the con-
straint to certain extent, as there are several different
dissipation radii in the model and CRs accelerated at
large radii does not produce neutrino efficiently.

3. Hadronic origin of the prompt GeV emission

Fermi-LAT detect photons > 100MeV from prompt
emission of some GRBs. In the 2nd Fermi-LAT GRB
catalogue with 10-year observation (Ajello et al. 2019),
there are 169 GRBs with detection by Fermi-LAT with
> 100MeV photons. In some GRBs, these high-energy
photons make up a new spectral component with an ex-
cess with respect to the keV–MeV spectrum. The origin
of the prompt GeV photons is still unclear. Asano et al.
(2009) suggested that the GeV emission could originate
from the photopion production of accelerated protons
via the π0 channel (p+ γ → p+ π0;π0 → γ + γ). More
specifically, gamma rays and electron/positron pairs that
created in the photopion production (most efficiently
in TeV–PeV range) will initiate electromagnetic cas-
cades on the keV–MeV radiation field of GRB. The
electrons/positrons generated in the cascades will radi-
ate at GeV energy via inverse Compton scattering and
at keV–MeV energy via synchrotron radiation. Due to

the intense radiation field of GRB’s prompt emission,
most of the energy initially in gamma rays and elec-
tron/positrons in TeV–PeV range will be re-emitted at
lower energies. On the other hand, the neutrino flux
generated in photopion production is comparable to the
gamma-ray flux and electron/positron flux. Therefore,
we expect the GeV flux in this model to be comparable
to the TeV-PeV neutrino flux and hence IceCube’s ob-
servation on GRB neutrino also gives a constraint on the
hadronic origin of the prompt GeV emission.

To roughly estimate the constraint, we consider keV–
MeV influence of a typical GRB to be 10−5 ergcm−2,
with a spectral peak around 100 keV (Goldstein et al.
2012; Narayana Bhat et al. 2016). The spectral index be-
yond the peak is β = 2.3 typically, if evaluated with the
Band function (Band et al. 1993). If we neglect the extra
component at GeV observed in a small fraction of GRBs
and assume the spectrum of all the GRB can extrapolate
to GeV with such a slope, we can obtain the typical GeV
fluence to be 10−7 ergcm−2. Given an all-sky GRB rate
of 667 yr−1, we find that the all-sky diffuse GeV flux to
be 10−10 GeV cm−ss−1sr−1. As we just mentioned, the
TeV–PeV neutrino flux is supposedly comparable to the
GeV gamma-ray flux in the hadronic interpretation of
GRB’s prompt GeV emission, the model will predict an
all-sky neutrino flux of 10−10 GeV cm−2sr−1s−1 at TeV-
PeV range. which is almost in tension with the current
limit posed by IceCube. We therefore can conclude that
either only a small fraction of GRBs has intrinsic prompt
GeV emission, or only a small fraction of the GeV emis-
sion can be ascribed to the photopion production.

The tension may be alleviated by considering a smaller
maximum energy for accelerated protons (Wang et al.
2018). If the maximum proton energy is smaller than
1014eV in the jet’s comoving frame, the photopion pro-
duction will be suppressed because the proton energy
is below the threshold of the photopion production for
< MeV photon and hence most GRB’s prompt photons
will not interact with protons. On the other hand, if the
maximum proton energy can be still larger than 1012.5eV
in the jet’s comoving frame, protons are still able to pro-
duce electron/positron pairs via the Bethe-Heitler pro-
cess and power the GeV emission by the cascade emis-
sion, while no neutrino is produced in the Bethe-Heitler
process.

4. Can sub-categories of GRBs contribute significantly to
diffuse neutrino background

There exists several sub-categories of GRBs, to which
IceCube’s constraint on GRBs is not applied.

4.1. “Untriggered” GRBs

Detectable GRBs must be sufficiently bright to trigger
detectors. In fact, many GRBs either have intrinsically



low luminosity and/or locate at large distances from
Earth, so that we cannot detect them. Based on the lu-
minosity function of GRBs and the inferred redshift dis-
tribution, the number of GRBs that cannot trigger detec-
tors is much more than those can. IceCube’s constraint
only applies to GRBs that have been observed by us, so
in principle those “untriggered” GRB can still contribute
a lot to the diffuse neutrino background. However, Liu
& Wang (2013) found that if “untriggered” GRB follow
the same properties with those of the bright “triggered”
GRBs (such as some empirical relations, spectral proper-
ties, and, importantly, the baryon loading factor), their
contribution to the diffuse neutrino background is only a
few times higher than that of the triggered ones. Thus,
“untriggered” GRBs cannot contribute significantly to
the diffuse neutrino background while the contribution
of “triggered” GRBs is limited to < 1% of the measured
flux of neutrino background.

4.2. Low-Luminosity GRBs

Low-luminosity GRBs are not normal GRBs at the low-
luminosity end in the luminosity function. Instead, they
form a distinct population of GRBs, with a typical lu-
minosity of ∼ 1047 erg s−1 (Liang et al. 2007). The
prototype and the first detected low-luminosity GRB
is GRB 980425(Galama et al. 1998; Iwamoto et al.
1998; Kulkarni et al. 1998). The local production rate
of low-luminosity GRBs is inferred to be as high as
100 − 1000Gpc−3yr−1. Given an isotropic-equivalent
gamma-ray energy of 1050 erg, low-luminosity GRBs sup-
ply comparable energy budget to normal GRBs. Al-
though the luminosity is lower than a normal GRB, the
bulk Lorentz factor of low-luminosity GRB jet is ∼ 10,
so that photopion production efficiency is also compara-
ble to a normal GRB. Thus, low-luminosity GRBs have
also been proposed as the sources of high-energy neutri-
nos (Murase et al. 2006; Gupta & Zhang 2007; Liu et al.
2011; Senno et al. 2016). Recently, based on the latest
observation on UHECRs by Pierre Auger Observatory,
two groups (Zhang et al. 2018; Boncioli et al. 2019) have
conducted studies on that whether low-luminosity GRBs
can simultaneously be the sources of UHECRs and high-
energy neutrinos (> 100TeV) separately, and from both
of their results we can see that this possibility can be
achieved only in a narrow parameter space for luminos-
ity, bulk Lorentz factor and dissipation radius.

4.3. Choked Jets or failed GRBs

GRBs (more specifically, long GRBs) are believed to be
born from the death of massive stars (Woosley & Bloom
2006). A fast-rotating black hole or a millisecond magne-
tar is generated in the collapse of the progenitor star and
a ultra-relativistic jet is launched when the black hole or
the magnetar is accreting falling material of the star. A
GRB is produced if the jet can penetrate the stellar en-

velop. But more commonly, the jet will be choked inside
the stellar envelop and hence no burst of gamma rays
is expected in this case. Thus, strictly speaking, choked
jets should not be classified as a sub-category of GRBs,
although they are closely related to GRBs.

During the propagation of the jet inside the stellar en-
velop, shocks could be formed in different places such
as the forward shock and reverse shock around the jet
head, and the internal shocks inside the jet. If the shock
is not radiation-mediated, efficient CR acceleration is ex-
pected. This condition can be preferably met in failed
low power GRBs, such failed low-luminosity GRBs or
failed ultra-long GRBs (Murase & Ioka 2013). The ac-
celerated CRs can efficiently interact with thermal pho-
tons in the envelop via photopion production or interact
with the atoms in stellar envelop via proton–proton colli-
sion (Murase & Ioka 2013; Xiao & Dai 2014; Senno et al.
2016; He et al. 2018). These processes give rise to neutri-
nos while accompanying gamma rays will be absorbed by
the intense thermal photons. Since failed GRBs are more
common than successful GRBs, the choked jets supply
larger energy budget and could in principle explain dif-
fuse neutrino flux from 10TeV.

5. Summary

To summarize, IceCube’s observation on GRBs has ruled
out classical GRB as the main contributor of diffuse neu-
trino background. This either implies a low neutrino
production efficiency in GRBs, e.g., due to a large dis-
sipation radius, or implies GRB are not efficient cosmic
ray baryon accelerators. The photopion interpretation
of the prompt GeV emission for majority of GRBs may
also be ruled out, but such a constraint should not to be
applied to specific GRBs. There also exists several sub-
categories of GRBs which are not under the constraint by
IceCube. Low-luminosity GRBs and failed GRBs could
in principle significantly contribute to the diffuse neu-
trino background.
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