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Magnetic Field and Flavor Effects in Gamma-Ray Burst Neutrino Fluxes
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Abstract: We reanalyze the prompt neutrino flux from gamma-ray bursts (GRBs) on the basis of the particle physics
involved. Using the example of the often used reference Waxman-Bahcall GRB flux, we show how a specific flux shape
is changed to a “double peak”-structure by considering a more detailed treatment of the photohadronic interactions, the
dominant loss mechanisms, and flavor mixing. We also discuss the robustness of this prediction in diffuse or stacked
fluxes, which depends on the distribution of the burst parameters. For example, we show that the redshift distribution is
dominated by z ≈ 1.
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1 Introduction

In recent years, neutrino telescopes, such as IceCube [1],
have led to significant progress in the field of astrophysical
neutrinos and its possible contribution to multi-messenger
physics. The connection of neutrinos to highly energetic
events such as gamma-ray bursts (GRBs) could help to de-
termine if GRBs are a source of the ultra high energy cos-
mic rays (UHECR). The different GRB models, such as the
fireball model [2] or the cannonball model [3], predict the
production of high energy protons. However, so far, the
non-detection of high energy astrophysical neutrinos has
only led to tighter contraints on the different astrophysi-
cal source models. Most prominently, it was recently an-
nounced in Ref. [4] that the most general form of the GRB
fireball model is already under pressure by the IceCube-40
diffuse flux limit. As a consequence, it might be time to
take a closer look at the original calculations and what the
systematics of the input assumtions are.

2 Revising the GRB Neutrino Flux

The generally accepted concept for gamma-ray bursts
(GRBs) is based on charged particles, i.e. electrons and
protons, being ejected with highly relativistic velocities
from a compact central object. The ejection of these par-
ticles leads to the formation of relativistic shocks at which
the particles can be accelerated even further. The accel-
erated electrons transfer their energy to photons leading
to the characteristic high energy emission detected at the
Earth. The exact mechanism used to describe this transfer
depends on the GRB model. The measured photon spec-

trum of a GRB is commonly described by a Band func-
tion [5]. The spectrum of the emitted protons of a GRB
can not be directly probed with today’s methods. How-
ever, it is assumed that these GRB protons are connected to
the extra-galactic component of the cosmic ray spectrum,
and therefore a E−2 spectrum is assumed for the GRB pro-
tons. A possible way to verify this assumption and GRB
being a source of UHECR would be a detection in neu-
trinos. This should be possible as the accelerated protons
could interact with the emitted photons inside the GRB.
Photohadronic interactions can lead to the production of
charged pions. Hence, the decay (chain) of the charged pi-
ons produces neutrinos. For most calculations of the neu-
trino flux from GRB, such as the one by Waxman and Bah-
call (WB) [6], these pγ-interactions are approximated with
the Δ-resonance1,

p+ γ → Δ+ → π + p′ . (1)

Here π can be a charged or a neutral pion while p′ is either
a neutron or a proton. The resulting prompt GRB neutrino
emission is generally considered to have the so-called WB
flux shape, taken from Ref. [6], for the aforementioned in-

1. Technically there are several of these approximations which
parameterize the interaction cross section slightly different, but
all are dubbed “Δ-resonance approximation”. Even the one used
by Waxman and Bahcall in Ref. [6] implies additional production
modes.
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with αν � +1 and βν � 0, where this form applies to
the muon neutrinos from pion decays. The values for the
break energies used in Ref. [6] are Eν,b � 105GeV and
Eν,π � 107GeV. However, as discussed in Refs. [7, 8], a
more detailed treatment of the particle interactions should
be applied. In a multi-step process it was first shown that
by only inserting the aforementionend photon and pro-
ton spectra it is possible to reproduce the WB flux shape
numerically from the Δ-resonance approximation used in
Ref. [6]. On the other hand, it is possible to simulate
photohadronic interactions with Monte Carlo codes such
as the SOPHIA algorithm [9]. The results from SOPHIA
show that apart from the Δ(1232)-resonance the full pho-
tohadronic cross section includes contributions from higher
resonances, direct (t-channel) processes, and high energy
processes which can lead to the production of multiple
charged pions (of both signs). Hence, a analytic parame-
terization of the SOPHIA result, taken from Ref. [10], was
used in the next steps. Moreover, it is essential for the cor-
rect simulation of the particle interactions and decays not to
integrate out intermediate particles and treat the losses for
each particle species individually. Especially synchrotron
losses due to the magnetic fields present in the interaction
region lead to a separation of the different particle species,
in case of pγ interactions in GRBs mainly π±, μ±, and
K+, when looking at the energy spectrum, see Ref. [11].
The break energy due to synchrotron losses Ec strongly
depends on particle properties as described by the formula

Ec =

√
9πε0m5c5

τ0e4B2
, (3)

where B is the magnetic field, and m and τ0 are the
rest frame mass and life time of the type of particle,
respectively. Another phenomenom which needs to be
accounted for when discussing neutrinos in general is
neutrino flavor mixing. As GRBs are considered to be
events at cosmologic distances, it is sufficient to include
flavor mixing as averaged neutrino oscillations. Thus,
the full photohadronic interaction cross section together
with the effect of synchrotron losses of intermediate
particles and flavor mixing alter the neutrino flux, resulting
in a characteristic neutrino flux shape at the observer,
see figure 1. In figure 1 the muon neutrino (and muon
anti-neutrino) flux at the observer is depicted (thick solid
curve), including the contributions from additional particle
decays such as n or K+, for details see Ref. [8]. The
contributions from νe (dashed curve) and νμ (dotted curve)
are also depicted. The gray band represent the uncertainty
on the flux due to the current precision on the neutrino
mixing angles. The thin dashed line represents the classical
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Figure 1: This figure shows the resulting muon neutrino
(and anti-neutrino) flux on earth after considering the full
photohadronic cross section, magnetic field effects on the
intermediate particles and flavor mixing of the produced
neutrinos (thick solid curve). Also depicted are the relative
contributions from νe (dashed curve) and νμ (dotted curve).
The shaded area represents the uncertainty range originat-
ing from the current bounds of the neutrino mixing angles.
The thin dashed line represents the well-known WB spec-
trum. The thin solid line is a rescaled version of the thick
solid line, however with the total energy in muon neutri-
nos normalized to the WB spectrum. The figure is adapted
from Ref. [8].

WB flux shape. Still, as one can see a “double peak”
from the neutrinos from pion and muon decay replaces
the plateau of the WB spectrum. Moreover, a high energy
contribution from kaon decays gives a visible bump. Thus,
it may be possible to determine the value of the magnetic
field of a GRB from the neutrino data, since the magnetic
field can be calculated from the (synchrotron cooling)
breaks in the neutrino spectrum. Figure 1 also includes an
alternative normalization of the muon neutrino spectrum
(thin solid curve) by scaling the flux depending on the total
energy in muon neutrinos compared to the WB spectrum.

3 Systematics in Aggregated Fluxes

The detailed analysis of GRB in recent years has shown
that the measured parameters of GRB are distributed over
a wide range. Therefore, it is important to understand the
individual effect of each parameter on the spectrum. Here,
simulations are a plausible tool to deconvolute the effect
of the parameters, as real spectra are affected from all of
them. Hence, the effect of the separate parameters, namely
the magnetic field B, the Lorentz factor Γ, the photon
spectrum and the redshift z, was examined. In the next
section the effect of this distribution will be illustrated at
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the example of z.

A parameter that recently was discussed as an essential
part of GRB flux calculations is the redshift z. Even
though measurements of z have only been possible after
the discovery of the optical afterglows, it was already
possible to measure the redshift of a significant fraction
of GRBs. Furthermore, afterglow measurements led to
the identification of the connection of long (T90 > 2 s)
GRBs to core-collapse supernovae. It is therefore a
reasonable assumption that the (long) GRB rate follows
the star formation rate (SFR). However, how justified is
this assumption and how does the redshift affect the diffuse
flux from GRBs? One should remember that for a diffuse
flux computation all sources have to be considered, e.g. by
numerical integration. Unfortunately, the known number
of GRBs is still limited for a diffuse flux. A commonly
used approach for other astrophysical sources is a stacking
analysis of the brightest known sources. This approach
only has limited accuracy. Still, since it is possible to
simulate identical bursts at different redshifts, a viable
method to quantify the effect of the distribution of z is
by combining both approaches. By generating a larger
number of bursts at different redshifts using Monte Carlo
sampling and aggregating the single burst spectra, it is
possible to obtain an (quasi-)diffuse “aggregated flux”. A
sample size of 10000 bursts seems realistic for this method,
assuming a time window of 10 years of data taking and
1000 bursts per year. The probability to pick a z is derived
from the SFR by Hopkins and Beacom [12] including
the correction factor for the evolution of the GRB rate
with z introduced by Kistler et al. [13]. As each burst
has the same properties at the source, the contribution to
diffuse flux is determined by the scaling of the flux φν with
redshift, E2

νφν ∝ d−2
L (z). Here, dL(z) is the luminosity

distance which can be written as a function of z in the
standard Λ-CDM cosmology. In the left plot of figure 2 the
distribution of the 10000 bursts with randomly distributed
redshifts following the aforementioned star formation
rate is depicted (histogram). The figure also includes the
analytic function for the number of bursts dN/dz (dashed
curve) and the relative contribution of bursts at z to the
total diffuse flux, dN/dz · d−2

L (z) (solid curve). As can
be seen from the histogram in figure 2 the largest number
of bursts is found at z ≈ 2 − 3. However, the main
contribution comes from bursts at z ≈ 1. Therefore, nearly
all neutrinos of the diffuse flux should come from bursts
with z ≤ 2, assuming every burst is intrinsically identical
apart from the redshift. Moreover, as one can see from
the depicted aggregated flux in the right plot of figure 2
there should also be a shift to higher energies compared
to the “standard burst” (dashed curve) from the previous
section, due to E ∝ (1 + z)−1. Hence, the z value of the
peak of dN/dz may not be an ideal choice, as the main
contribution to the diffuse neutrino flux should come from
bursts with z ≈ 1. Also, when calculating back from the
observed flux, assuming z = 2 leads to an overestimation
the flux from the GRB. Moreover, by comparing the

histogram to the peak of the relative contribution function
at z ≈ 1 it is possible to conclude that rare, but quite
close bursts still yield a significant flux. In case of a
stacking analysis this can have an significant impact on ex-
trapolated bounds, especially if only few bursts are stacked.

When analyzing the flux bounds from astrophysical
sources one also has to consider the effect of the low
statistics. Thus, using only a very limited number of GRB
for the extrapolation of a flux limit only gives limited
precision. For a set of 50 burst the probability to be within
±20% of the actual diffuse flux is only 30%, which rises
to 51% for 300 bursts and 94% for 10000 bursts.

Moreover, the effect of the other parameters also alters the
result for the diffuse GRB neutrino flux. The distribution
of the magnetic field, the Lorentz factor and the parameters
of the photon spectrum, i.e. the spectral indices and the
photon break energy, changes the flux shape and/or the
normalization. First of all, the magnetic field distribution
can lead to an obscuration of the single burst features of
the flux shape when the distribution is too wide. Second,
again depending on the actual source model, the Lorentz
factor can either solely changes the normalization and not
affect the shape apart from a shift in energy, or it can also
totally obscure the single flux shape. However, compared
to z the distribution of Γ is poorly known as this parameter
can so far only be obtained for very few bursts, and not
even a conclusive approach for the distribution is currently
available. This result therefore is rather speculative. Third,
the photon spectrum changes details such as the first slope
of the spectrum is steeper compared to the considered
single burst, the low energy break of the neutrino spectrum
is shifted to higher energies (due to a lower energy photon
break), and the peaks from pion decays gets enhanced
compared to the peak from muon decays, but the basic
shape is unaffected.

4 Summary and Conclusions

It has been shown that it is possible to numerically repro-
duce the well-known WB flux shape of GRB neutrinos
from the classic Band function photons and a E−2 proton
spectrum using the Δ-resonance approximation of pγ
interactions. Then the effect of the full photohadronic
cross section was probed using an analytic parameteriza-
tion of the full photohadronic interaction cross section.
In this approach intermediate particles are not integrated
out and losses such as synchrotron losses can be treated
for each particle species individually. Moreover, with
respect flavor mixing the muon neutrino flux shape at the
observer was altered to a characteristic “double peak”
shape plus a high energy contribution from kaon decays.
Especially the breaks in the neutrino flux spectrum from
synchrotron cooling of secondaries could be used to probe
the magnetic field, if ever a high enough detection rate of
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Figure 2: In the left plot the distribution of 10000 bursts with random z values is depicted (histogram), the dashed curve
represents the analytic GRB rate depending on redshift derived from the SFR by Hopkins and Beacom [12] including a
correction for evolution with redshift, taken from Ref. [13]. The thick solid curve represents the relative contribution of
bursts at a redshift z to the total diffuse flux which is calculated by multiplying d−2

L (z) to the GRB rate. The right plot
depicts the aggregated flux (thick solid curve), compared to the single burst flux (dashed curve). The normalization of the
total flux is done by matching the energy in muon neutrinos to the one in the WB spectrum (thin dashed curve). Both
plots are adapted from Ref. [14].

these neutrinos would be achieved. In a next step the effect
of the distribution of individual parameters was probed.
It is shown at the example of the redshift z how the GRB
rate, based on the star formation rate, may peak at redshifts
z ≈ 2−3, but the neutrino flux is dominated by bursts with
z ≈ 1. This can lead to a difference in flux up to a factor
of 5. Similar effects of the most common burst not leading
to the main contribution were also found for the magnetic
field, the Lorentz factor, and the target photon field defined
by the spectral indices and the photon break energy. In
case of the magnetic field this can lead to a smearing out of
the single burst features for a wide distribution as the peak
of the flux shape strongly depends on B. Due to the lack of
data the effect of Γ is more speculative and dependent on
the source model. The photon spectrum variation leads to
a steeper first slope, a shift of the first break of the neutrino
spectrum to higher energies, and an enhancement of the
peak from pions and the kaon contribution. In a final step
the effect of (low) statistics effects on stacking analysis
was discussed again using the redshift as the example of
choice. It was concluded that 10000 bursts are needed to
probe the diffuse flux with low uncertainty.
In the future, it may be possible to use this framework for
the analysis of measured photon spectra of GRB. However,
the parameters such as the Lorentz factor and the magnetic
field, which are needed for the simulation, are in general
hard to measure.
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