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Abstract: In the internal shock model of gamma ray bursts ultrahigh energy pions, kaons and neutrons are likely to be
produced in the interactions of shock accelerated relativistic protons with low energy photons (KeV-MeV). The ultrahigh
energy mesons and neutrons subsequently decay to high energy neutrinos/antineutrinos and other secondary particles.
In the high internal magnetic fields of gamma ray bursts, the ultrahigh energy charged particles (π+, K+ and μ+) lose
energy significantly due to synchrotron radiations before decaying into secondary high energy neutrinos. However, the
relativistic neutrons remain unaffected and decay to high energy antineutrinos, protons and electrons. We have calculated
the total neutrino flux (neutrino and antineutrino) considering the decay channels of pions, muons, kaons and neutrons.
We show that depending on the values of the parameters of a gamma ray burst the antineutrino flux generated in neutron
decay can exceed the total neutrino flux produced from π+ decay. Moreover, the charged kaons being heavier than pions,
lose energy slowly and their secondary neutrino flux is more than that from pions at very high energy. We also discuss
that the neutron decay and kaon decay antineutrino/neutrino fluxes may show distinct peaks in the total neutrino spectrum
at different energies depending on the values of the parameters (luminosity, Lorentz factor, variability time) of a gamma
ray burst.
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1 Introduction

Pierre Auger [1] and other extensive airshower arrays
have detected large number of ultrahigh energy cosmic ray
events. The origin of these events are yet to be identified.
Some of the speculated astrophysical sources of these ul-
trahigh energy cosmic ray events are supernova remnants
(SNRs) active galactic nuclei (AGN), gamma ray burst-
s (GRBs). These high energy cosmic rays may interac-
t with low energy radiations and matter inside the source
to produce secondary high energy photons and neutrinos.
Protons can be shock accelerated to 1021 eV inside GRBs
by Fermi mechanism. However these protons lose ener-
gy by synchrotron cooling and pγ interaction inside the
source depending on the magnetic field and low energy
photon density respectively [2, 3, 4, 5, 6]. Inside GRB-
s matter density is expected to be low as ultra-relativistic
winds are expected to be emitted by these objects. The
well known pγ interactions lead to the production of ultra-
high energy mesons and leptons. pγ → π+,0X, π+ →
μ+νμ, μ

+ → e+ν̄μνe. X can be neutrons and they will
decay n → p + e− + νe. The other secondary products
in pγ interactions are pγ → K+,0X where X can be ei-
ther Λ0 or Σ0. K+ decays to lighter mesons, leptons and
neutrinos. If the magnetic field inside the GRBs is very
high then the ultrahigh energy charged pions, kaons and
muons lose energy significantly before decaying to neutri-

nos [5, 6]. As a result their neutrino flux will decrease.
Although, the cross section for kaon production from pγ is
much less than photopion production, kaons being heavier
cool at a much slower rate compared to pions and muons.
As a result at very high energy the kaon decay channel of
neutrino production becomes significant compared to the
pion decay channel [7, 8, 9]. Shock accelerated protons are
expected to produce high energy neutrons in various inter-
actions, these unstable particles subsequently decay to lep-
tons and protons. This channel was previously considered
to estimate TeV neutrino flux from Cygnus OB2 located
about 1.7 kpc away from us [10]. We discussed the impor-
tance of the neutron decay channel in our earlier paper [11]
for cosmic accelerators with high internal magnetic field.
In this paper we have included the effect of proton energy
loss by cooling and pγ interactions to determine the maxi-
mum energy of the protons. After including proton energy
loss, we find that the neutron decay channel of high ener-
gy antineutrino production may remain important in GRBs
depending on the values of the GRB parameters. We have
considered the neutrino production from GRBs in the in-
ternal shock model through photopion, kaon and neutron
decay, including the effect of synchrotron energy loss by
charged pions, kaons and muons in the internal magnetic
field of fireball. The values of the Lorentz factor, luminosi-
ty, and the variability time of a GRB determine whether the
neutron decay channel can give more antineutrino/neutrino
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flux than the pion decay channel. At very high energy the
kaon (K+) decay channel of neutrino/antineutrino produc-
tion is important. We show that the total neutrino spectrum
may show distinct features after including the neutron and
kaon decay channels.

2 High-energy neutrinos from gamma ray
bursts

In this paper we discuss the photo-pion, kaon (particularly
K+) decay and neutron decay channels of high energy neu-
trino production inside GRBs. For this work we have used
the photon flux typically observed by Swift in the energy
range of 1 KeV to 10 MeV to calculate the neutrino flux
from individual GRBs. The photon energy spectrum from
a GRB can be expressed as a broken power law with break
at εbr in the source rest frame related to the break energy in
the comoving frame εbr,c as εbr = Γεbr,c.

dnγ

dεγ
= A

{
εγ
−γ1 εγ < εbr,c

εbr,c
γ2−γ1εγ

−γ2 εγ > εbr,c
(1)

γ1 < 2, and γ2 > 2. The normalization constant A is
related to the internal energy density U by,

A =
Uεγ1−2

br,c

[ 1
γ2−2 −

1
γ1−2 ]

These photons are interacting with shock accelerated pro-
tons to produce charged and neutral pions. The charged
pions subsequently decay to muons and neutrinos. Muons
also decay to neutrinos. The minimum energy of the pro-
tons interacting with photons of energy εbr at the Δ reso-
nance in the source rest frame is,

εbp,Δ = 1.3× 107Γ2300(εbr,MeV )
−1GeV.

In pγ interactions both π0 and π+ can be produced with
equal probabilities. π+ gets on the average 20% of the
proton energy and if the final state leptons share the pion
energy equally then each neutrino carries 5% of the initial
proton energy. The first break energy in the neutrino spec-
trum, εbν,π is due to the break in the photon spectrum at εbr.

εbν,π = 6.5× 105Γ2300 (εbr,MeV )
−1
GeV (2)

The fireball Lorentz factor Γ300 = Γ/300, photon lu-
minosity Lγ,51 = Lγ/(10

51ergs /sec), variability time
tv,−3 = (tv/10

−3sec) are important parameters of GRB-
s. The internal energy density U relates to luminosity as
Lγ = 4πrd

2Γ2cU . However the charged pions and muons
lose energy due to synchrotron radiations in high magnetic
fields inside the sources before decaying to neutrinos. Pion
cooling energy is ten times higher than muon cooling en-
ergy. We would be overestimating the total neutrino flux if
we use the pion cooling energy to derive the second break

energy in the neutrino spectrum. The muon cooling break
εsν,μ can be expressed as a function of GRB parameters.

εsν,μ = 2.56× 106ε1/2e ε
−1/2
B L

−1/2
γ,51 Γ

4
300tv,−3GeV (3)

The total energy to be emitted by neutrinos of energy εν,π
from photo-pion decay in the source rest frame of a GRB
as mentioned in [4] is,

ε2ν,π
dNν(εν,π)

dεν,π
≈ 3fπ

8κ

(1− εe)

εe
Eiso

γ

{
1 εν,π < εsν,μ
(
εν,π
εsν,μ

)−2 εν,π > εsν,μ

(4)
where Eiso

γ is the total isotropic energy of the emitted
gamma-ray photons in the energy range of 1keV to 10MeV,
which is available from observations. εe, εB ∼ 0.3 are the
energy fractions carried by electrons and the magnetic field.
fπ is the fraction of the energy of a proton going to pion
production inside a GRB fireball.

fπ(εp) = fπ
0

{
1.34γ1−1

γ1+1
(εp/ε

b
p)

γ1−1 εp > εbp
1.34γ2−1

γ2+1
(εp/ε

b
p)

γ2−1 εp < εbp
(5)

where fπ
0 = ξπ

4.5Lγ,51

Γ4
300 tv,−3εbr,MeV

1[
1

γ2−2− 1
γ1−2

] , ξπ = 0.2

is the average fraction energy lost to the pions. κ is a nor-
malization factor considering the differential neutrino spec-
trum. The relativistic electrons produce the photons by syn-
chrotron radiation and inverse Compton scattering of low
energy photons, so four orders of magnitude in photon en-
ergy corresponds to two orders of magnitude in the energy
of the radiating charged leptons. The ultra-relativistic elec-
trons have a power law spectrum, spectral index is assumed
to be −2.5. This correspond to κ = 1.8 assuming photon
fluence is proportional to neutrino luminosity.
The fraction of fireball proton energy lost to neutron pro-
duction from the process pγ → π+n [11] is,

fn(εp) = fn
0

{
1.34γ1−1

γ1+1
(εp/εp

b)γ1−1 εp > εbp
1.34γ2−1

γ2+1
(εp/εp

b)γ2−1 εp < εbp
(6)

the average fraction energy lost to the neutron ξn = 0.8.
Where fn

0 = ξn
4.5Lγ,51

Γ4
300 tv,−3εbr,MeV

1[
1

γ2−2− 1
γ1−2

] Hence the

neutron spectrum can be expressed in terms of Eiso
γ and

the equipartition parameters εe, εB is,

ε2n
dNn

dεn
=

fn
2κ

1− εe − εB
εe

Eiso
γ (7)

1
2 corresponds to the assumption that charged and neu-
tral pions are produced with equal probabilities. The ul-
trahigh energy (with Lorentz factor Γn) neutrons decay
(n → p + e− + νe) to ν̄e with a decay mean free path
cΓnτ̄n = 10(En/EeV ) Kpc where τn = 886 seconds is
the rest frame lifetime and En is the lab frame energy of
neutron. The maximum energy of the neutrons producing
ν̄e depends on the distance Ds of the source. If the source
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is at a large distance then all the neutrons are expected to
decay during propagation.
The total energy of ν̄e with lab frame energy εν̄,n on earth
relates to the neutrons flux (dNn/dεn) at the source [10]
as,

ε2ν̄,n
dNν̄

dεν̄,n
(εν̄,n) =

mn

2 ε0

∫ εn,max

mn εν̄,n
2 ε0

dεn
εn

dNn

dεn
(εn)

(
1− e

−Ds mn
εn τn

)

(8)
Where ε0 is the mean energy of antineutrino in the neutron
rest frame. The maximum energy of the shock accelerat-
ed protons in the GRB fireball can be calculated by com-
paring the minimum of the pγ interaction, p-synchrotron
loss and dynamical time scale of the GRB with the ac-
celeration time scale of the protons [12]. The maximum
energy of secondary neutrons is εn,max = 0.8εp,max and
the maximum energy of the antineutrons from neutron de-
cay is Q/mn times the maximum energy of the decaying
neutrons. Where Q = mn − mp − me and mn, mp, me

are the masses of neutron, proton and electron respectively.
The maximum energy of neutrinos from pion decay is 0.05
times εp,max. The observed total neutrino flux on earth is

dNob
ν (εobν )

dεobν
=

dNν(εν)

dεν

1 + z

4πD2
s

(9)

The energy of the neutrinos above which the neutron
channel will dominate over the pion decay channel can
be derived by equating the fluxes from the two channels
εν̄,n=εν,p. Above the synchrotron cooling break energy in
the neutrino spectrum from pion and muon decay we get

εν
2

[
1−

(
εmax
n

mnεν̄,n/2ε0

)γ1−3
]
≥

3
2 (3− γ1)

(
ξπ
ξn

)(
fπ
0

fn
0

)(
εbn
εbν,π

)γ1−1 (
mn

2ε0

)2−γ1

εsν,π
2

(10)
Solving this equation numerically we can find the energy
at which neutrinos from pion channel will suppress by neu-
tron channel for different values of the GRB parameters.
Charged kaons (K+) along with Λ0 and Σ0 are also pro-
duced from pγ interaction with low cross sections in com-
parision photopion production as shown in [9]. The thresh-
old energy of photon in proton rest frame for kaon and Λ
production is εth,K ∼ 455 MeV. The average fraction en-
ergy lost to the kaon from proton in other words the inelas-
ticity is ξk = 1

2

[
1 − mB(Λ

0 orΣ0)2−m2
K

S

]
. Where S is the

invariance of the square of the total four-momentum of the
pγ system and mΛ, mΣ, mK are the masses of Λ0, Σ0 and
K0 respectively.
The fractional energy that transfers to kaon from GRB pro-
tons can be calculated in the same way as done for photo-
pion production.

εbp,K = 3.71× 107Γ2300(εbr,MeV )
−1GeV (11)

is the break in proton spectrum due to break in observed
photon spectrum in case of kaon production along with
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Figure 1: Neutrino flux from pion decay (short dashed
line), neutron decay (solid line) and kaon decay (long
dashed lines) from GRB. With L=0.5 × 1051 erg/sec, tv
=2 ms.

Λ0. These kaons decay to secondary neutrinos K+ →
μ+νμ (63%), π

+π0 (21%), π+π+π− (6%), π0e+νe (5%),
π0μ+νμ (3%) and π+π0π0 (2%). The neutrino energy flux
from K+ will include all these channels. Since kaons are
charged particles they will lose energy due to synchrotron
cooling in the GRB magnetic field. But due to heavier mass
kaon cools at higher energy compared to pion and muon.
The syncrotron loss of kaon starts at the energy,

εsK = 2.205× 109ε1/2e ε
−1/2
B L

−1/2
γ,51 Γ

4
300tv,−3GeV (12)

Although the cross section of kaon production is much less
than that of pion production, the neutrino flux from kaon
channel exceeds the flux from pion channel at a very high
energy due to the slower rate of cooling of kaons.

In the figure we have plotted the three channels of
neutrino production for a GRB at a redshift of 0.8 . We
have assumed the photon luminosity Lγ = 0.5 × 1051

erg/sec, duration of the GRB 5 secs, and variability time
tv = 2 msec. The minimum Lorentz boost factor of the
GRB wind for observability of high energy photon of
energy εt (energy measured in wind rest frame) depends
on Lγ and tv [13].

Γ ≥ 250
[
Lγ,51

( εt
100MeV

)
t−1v,−3

]1/6 (13)

Here We have used Γ = 135 and the photon spectrum pow-
er indices γ1 =1.6 and γ2 =2.1. From the figure one can see
that the neutrino fluxes from the neutron decay channel and
the kaon decay channel exceed the neutrino flux from the
pion decay channel at different energies.
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3 Conclusion

Gamma ray bursts have been speculated to produce high
energy particles like cosmic rays, gamma rays and neutri-
nos. Ultrahigh energy pions, muons and neutrons could be
produced in GRBs due to pγ interactions. These particles
subsequently decay to produce very high energy neutrinos.
But charged particles lose their energy due to synchrotron
cooling in the magnetic field. Kaon suffers synchrotron
loss at higher energy compare to pion and muon. So at
higher energy the kaon decay channel dominates over the
pion decay channel. Neutron decay neutrino flux also be-
comes significant at higher energy. In this paper we have
discussed that the neutrino flux produced in the decay of
ultrahigh energy neutrons, pions and kaons may show dis-
tinct peaks in the total neutrino spectrum, depending on the
values of the luminosity, Lorentz factor and variability time
of a GRB.
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