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Gamma-ray bursts (GRBs) are among the prime suspects as the sources of ultra-high energy
(UHE) cosmic rays (CRs). It is believed that these sources are capable of accelerating nuclei
to the extreme energies so far detected and are also able to supply enough power to sustain the
energy density of UHE CRs. A smoking-gun signal of the acceleration of CRs in GRBs would
be the emission of high-energy neutrinos from the decay of mesons that can be produced in
photo-hadronic interactions in the presence of the burst or afterglow radiation. I will focus on
the expected burst neutrino fluxes in the GRB fireball model. Recent results from the IceCube
neutrino observatory on the emission of neutrinos from GRBs challenge the hypothesis that GRBs
are the (main) sources of UHE CRs. I will summarize these results and their model implications.
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1. Introduction

Many aspects of cosmic rays (CRs) remain a mystery even a century after their discovery. In
particular the observation of ultra-high energy (UHE) CRs (E > 1 EeV) that extend up to ener-
gies of a few 100 EeV are a challenge for astronomy and astrophysics. Unfortunately, the data
on spectrum and composition of these UHE CRs is very limited and leaves room for many in-
terpretations. Candidate sources of UHE CRs have to fulfill the necessary requirements of an
efficient particle acceleration to these extreme energies [1] with an integrated power density of a
few 1044 erg Mpc−3 yr−1 above 10 EeV. Among the usual suspects are gamma-ray bursts (GRBs)
occurring at a rate of a few hundreds per year in the visible Universe and releasing an energy of
∼ 1052 erg within seconds [2, 3, 4].

The mere existence of UHE CRs is a strong motivation for neutrino astronomy at very high
energies; it seems unavoidable that UHE CRs undergo hadronic interactions with radiation back-
grounds and ambient matter prior to their arrival at Earth. Mesons produced in these interactions
quickly decay and release a flux of high-energy neutrinos. The resulting neutrinos point back di-
rectly to the interaction site and are thus a smoking-gun signal for the CR accelerator. Moreover,
they allow the study of very distant accelerators at energies that are not accessible by other messen-
gers due to deflection and energy loss in magnetic fields (CRs/electrons) or absorption in radiation
backgrounds (CRs/γ-rays). However, the relation between the CR and neutrino luminosity of can-
didate sources depends on the particular source environment which is mostly model-dependent,
i.e. either unknown or uncertain at best.

The flux of high-energy neutrinos at Earth is expected to be very faint and their interactions
with matter are only very rare (the interaction length of multi-TeV neutrinos is of the order of the
Earth’s diameter). Neutrino observatories have thus to face the enormous challenge of observ-
ing and identifying very rare neutrino interactions in huge detection volumes. Secondary charged
particles produced in weak interactions of neutrinos with nuclei can be identified by Cherenkov
light emission in optically transparent media. This method has been successfully applied in Lake
Baikal [5], the Mediterranean (ANTARES [6]) and the Antarctic glacier (AMANDA [7, 8], Ice-
Cube [9, 10]). Coherent radio Cherenkov emission has been studied from the regolith of the Moon
(GLUE [11]), in the Greenland ice sheet (FORTE [12]), and in Antarctic ice (ANITA [13], RICE
[14]). Cosmic ray observatories can also identify neutrinos in CR air showers as deeply penetrat-
ing quasi-horizontal events and as electro-magnetic showers from Earth-skimming tau-neutrinos
(HiRes [15] and Auger [16]).

Despite the large experimental effort, neutrino observatories have yet to identify the first ex-
tragalactic neutrino source and can so far only place upper limits on their fluxes. The strongest
limits on the energy density of an isotropic spectrum of diffuse neutrinos are presently set in the
PeV energy region by the IceCube observatory [9, 10]. IceCube is a cubic-kilometer Cherenkov
observatory located at the geographic South Pole. The main part of the detector is the “InIce” array
of digital optical modules (DOM) looking for Cherenkov light emission from secondary particles
produced in neutrino interactions. The DOMs are attached to supply and read-out cables – so-
called “strings” – and deployed deep (below 1.5 km) into the Antarctic ice. A set of 78 strings are
placed at a distance of 125 meters on a triangular grid which results in its fiducial detector volume
of roughly one cubic-kilometer. These strings have DOMs spaced every 17 meters, between 1450
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Figure 1: A sketch of the IceCube observatory. The main “InIce” observatory is supplemented by the
low energy infill array “DeepCore”. Hybrid observation of cosmic ray showers with “IceTop” allows for
background rejection and cosmic ray studies. Also shown is the predecessor experiment “AMANDA”.

and 2450 m in depth, giving a threshold for muon-neutrinos of about 100 GeV. Another 8 strings
are placed near the center of IceCube and form “DeepCore” with a lower energy threshold of about
10 GeV achieved by a decreased average DOM distance. In addition to the InIce array IceCube
also possesses an air shower array called “IceTop” that consists of 80 pairs of water Cherenkov
surface detectors. Hybrid observations of air showers in the InIce and IceTop arrays have mutual
benefits, namely CR background rejection (for neutrino studies) and an improved air shower muon
detection (for CR studies).

2. Neutrino Emission in the GRB Fireball Scenario

Gamma-ray bursts are one of the best-motivated candidate sources for high-energy cosmic
ray and neutrino emission and Cherenkov observatories like IceCube are highly sensitive to the
expected fluxes. Being cosmological sources it is likely that some GRBs appear in the neutrino
observatories’ field-of-view that are simultaneously detected by the Swift and/or Fermi satellite.
In some cases follow-up observations allow for the determination of the source distance and other
parameters needed for a precise estimate of the neutrino emission. Most importantly, the atmo-
spheric background of the signal is significantly reduced if the predicted neutrino emission appears
in coincidence with the short period of the burst.

We focus in the following on the fireball model that successfully accommodates the astronom-
ical observations of many GRBs. The initial stage is set by the collapse of a compact massive
star or a binary merger. Dissipation of gravitational energy leads to the creation of a hot fireball
of electrons, photons and protons that is initially opaque to radiation. The hot plasma therefore
expands by radiation pressure and particles are accelerated to a Lorentz factor (Γ) that grows until
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the plasma becomes optically thin and produces the GRB display. From this point on the fireball is
coasting with a Lorentz factor that is constant and depends on its baryonic load. The baryonic com-
ponent carries the bulk of the fireball’s kinetic energy. (See [17] for a recent review on theoretical
models.).

The duration of the burst emission is set by the accretion time of matter onto the central en-
gine. This accretion is likely in the form of a disk and the fireball expansion will be in the form
of relativistic jets along the rotation axis of the progenitor system. The energetics and rapid time
structure of the burst can be qualitativeley understood by shocks generated in the expanding fire-
ball [18, 19, 20]. Here, the temporal variation of the γ-ray burst of the order of milliseconds can be
interpreted as the collision of internal shocks with a varying baryonic load leading to differences in
the bulk Lorentz factor. Electrons accelerated by first order Fermi acceleration radiate synchrotron
γ-rays in the strong internal magnetic field and thus produce spikes in the burst spectra of the order
of seconds [21, 22]. The collision of the fireball with interstellar gas forms external shocks that can
explain the GRB afterglow ranging from X-ray to the optical [23, 24].

High-energy neutrinos may be produced at various stages of the GRB emission. The collapse
of a massive star is a likely progenitor of long-duration GRBs. Prior to the burst the fireball jet
may burrow through the envelope of the stellar progenitor. Cosmic rays accelerated in substellar
shocks can interact with matter or thermal photons to produce a flux of precursor neutrinos [25].
The neutrino flux depend on the particular progenitor type. Optimistic scenarios may produce high
neutrino fluxes up to hundreds of TeV. Interestingly, these neutrino emission will also be present for
“failed” GRBs, i.e. core-collapse that do not produce a visible fireball emerging from the envelope.
However, the estimated diffuse precursor flux from this “hidden” population is expected to be lower
than the atmospheric neutrino background and will hence be hard to detect in diffuse neutrino
searches [25]. This is different to the case of “successful” GRBs, where precursor neutrino can be
looked for in the short window 10-100s prior to the burst with reduced atmospheric background.
Neutrino emission associated with the afterglow has also been discussed by several authors [26,
27, 28]. If UHE CR acceleration happens in semi-relativistic reverse external shocks the neutrino
spectrum from the interaction of CRs with the optical background can extend up to EeV energies
depending on the maximal acceleration energy. Hence, if GRBs are the sources of UHE CRs this
emission is particularly interesting for EeV neutrino astronomy like the proposed Askaryan Radio
Array [29] (ARA) with highest sensitivity in the EeV energy range.

The most promising neutrino signal for the detection at IceCube are those neutrinos produced
in coincidence with the short episode of γ-ray emission [30, 31, 32]. In the fireball model the burst
is produced by synchrotron emission of electrons that are Fermi-accelerated in internal shocks.
Protons that are also present in the fireball are co-accelerated and interact with the burst photons.
The neutrino signal will follow the optical depth for pγ interactions up to energies where syn-
chrotron loss of mesons and muons prior to decay becomes relevant. For typical GRB parameters
the neutrino signal will peak in the 100 TeV to 10 PeV energy region [30]. This is the region
where IceCube is most sensitive and present neutrino limits are the strongest. We will discuss in
the following in more detail how the expected burst neutrino signal relates to the internal GRB
parameters.
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3. Burst Neutrino Emission

If protons are present in the fireball shock they should be co-accelerated with the electrons
during the burst emission. Fermi-acceleration predict that the spectrum of accelerated protons in
the fireball follows a power-law, JCR ∝ E−γ with γ ' 2, up to a maximal energy which is typically
set by the dynamical or synchrotron cooling time-scale. It is even possible (though not necessary in
the following) to accelerate protons up to the energies required by the observed UHE CR spectrum.

The non-thermal CR spectrum can interact with the burst photons and produce a high-energy
flux of pions that on decay give rise to the burst neutrino emission. The internal photon spectrum
can be inferred from the observed luminosity Lγ and relates to the internal energy density U ′γ as

U ′γ '
Lγ

4π

1
r2

i Γ2 '
∫

dε
′
ε
′n′γ(ε

′) , (3.1)

where ri is the internal shock radius that can be related to the observed variability time-scale tv
and fireball Lorentz factor Γ, i.e. ri ' 2Γ2tv. Here and in the following, primed quantities refer to
values in the co-moving plasma frame, whereas unprimed quantities are reserved for the observer’s
frame. The photon density in the co-moving and observer frame are related by n′γ(ε

′) = nγ(Γε ′).
We will also express the fireball quantities in terms of “benchmark” values Lγ = 1052Lγ,52 erg/s,
Γ = 102.5Γ2.5 and tv = 0.01tv,−2 s.

We approximate in the following the pγ cross section by interactions via the ∆-resonance with
mass m∆ ' 1.232 GeV. The decay width Γ∆ ' 0.11 GeV is much smaller than the resonance mass
and hence the narrow-width approximation can be applied. The optical depth is then approximately
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(
π

2
Γ∆σ0m3

∆
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∆
−m2

p

)
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∫
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ε ′2
n′γ(ε

′) , (3.2)

where ε ′min = (m2
∆
−m2

p)/4E ′p and σ0 ' 34µb. The dynamical time-scale is given by the size of the
shock, t ′dyn ' ri/2Γ. Pion production hence follows

E2
πJπ(Eπ)'

(
1− e−κτpγ (Ep/Γ)

)
E2

pJp(Ep)≡ fπE2
pJp(Ep) . (3.3)

Here, we introduce the inelasticity κ ' 0.2 with Eπ = κEp and the energy-dependent pion fraction fπ .
For small optical depths we can approximate fπ ' κτpγ . The minimal photon frequency ε ′min

for resonant interactions scales inversely with the proton energy E ′p. Hence, if we approximate the
burst emission via the Band spectrum with slopes a ' −1 and b ' −2 below and above the peak
frequency, respectively, the optical depth (3.2) follows τpγ ∝ (E ′p)

−b−1 ' E ′p and τpγ ∝ (E ′p)
−a−1 '

1 at low and high proton energies, respectively. The proton break energy in the observatory frame
is approximately Ep,b ' 2Γ2

2.5/εpk,MeV PeV where εpk,MeV is the peak photon energy in MeV.
The final burst neutrino spectrum are given by the decay of the charged pions as π+ →

µ+νµ→ e+νeν̄µνµ . The neutrino break from the peak of the burst spectrum is κEp,b/4 per neutrino
flavor or

Eν ,b ' 100
Γ2

2.5
εpk,MeV

TeV . (3.4)
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Synchrotron losses of pions and muons before their decay introduces a steepening of the neutrino
spectrum ∝ E−2

ν . The magnetic field can be estimated via the bolometric energy fractions εe =

U ′e/U ′kin and εB = U ′B/U ′kin in terms of the total kinetic energy of the fireball, i.e. B′2/2 = U ′B =

(εB/εe)U ′γ . The final (all flavor) neutrino spectrum is hence given by

E2
νJν(Eν)'

1
4

K
1+K

fπ ∑
ν=νµ ,ν̄µ ,νe

1
1+(Eν/Eν ,s)2 E2

pJp(Ep) , (3.5)

where Eν ,s is the critical neutrino energies above which synchrotron losses of the parent muon and
pion before decay are relevant,

Eν ,s =

(
εe,−1Γ8

2.5t2
v,−2

εB,−1Lγ,52

)1/2

×
{

20 PeV (νµ) ,

1 PeV (ν̄µ ,νe) .
(3.6)

The pre-factor in (3.5) accounts for the fact that each neutrino carries a quarter of the pions energy
and K/(1+K) accounts for the relative multiplicity of charged to neutral pions with K = 1/2 for
the ∆-resonance. In summary, for a CR spectrum following E−2 and a typical Band spectrum the
neutrino production spectrum of each flavor in Eq. (3.5) follows E−1 below the production break
Eν ,b, E−4 above the synchrotron break Eν ,s and E−2 in between.

For a known variability time-scale tv, Lorentz-factor Γ, and equipartition parameters εe and εB

we can calculate the neutrino emission of individual GRBs relative to the CR proton production.
There are hence two possibilities for the absolute normalization of the spectra. (i) Introducing the
proton equipartition parameter εp =U ′p/U ′kin we can relate the proton spectrum to the observed lu-
minosity of individual GRBs via the proton-to-electron energy ratio εp/εe. Note that this scenario
does neither assume that GRBs are a dominant contributor of the observed spectrum of UHE CRs
nor that it is actually capable of producing UHE CRs. (The maximal energy of accelerated protons
does however enters the neutrino normalization via the relation of Jp to the internal energy density
U ′p.) (ii) Alternatively, assuming that GRBs are the main sources of UHE CRs we can use the ob-
served CR spectrum to predict the diffuse burst neutrino emission of GRBs. This method typically
assumes average values of the internal shock parameters that are consistent with to acceleration of
CRs in the GRBs to the observed energies of a few 100 EeV.

4. Neutrino Diagnostics of the UHE CR Hypothesis

The IceCube observatory has recently published the results of a search for neutrino emission
in coincidence with GRBs in the period from April 2008 to May 2010 [34, 33] (see also Ref. [35]
in these proceedings). The full detector was still under construction during this epoch and the data
was taken with the 40 and 59 string sub-detectors available at that time. A total of 215 northern
GRBs were included in the final analysis of IC-40/IC-59. Neutrino emission was studied via a
“model-dependent” and “model-independent” analysis. The “model-independent” search of IC-59
included 85 additional GRBs in the southern sky.

The model-dependent analysis was tailored to look for burst neutrino emission from an in-
dividual burst with an emission spectrum following Eq. (3.5). The non-observation of neutrinos
from this GRB sample translates into an upper bound on the possible stacked burst neutrino flux
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production arguments9, but the upper limit is less clear. Although it is
possible that C may take values of up to 1,000 in some unusual bursts,
the average value is probably lower (usually assumed6,9 to be around
300) and the non-thermal c-ray spectra from the bursts set a weak
constraint that C=2,000 (ref. 18). For all considered models, with
uniform fixed proton content, very high average values of C are
required to be compatible with our limits (Figs 3, 4).

In the case of models where cosmic rays escape from the GRB
fireball as neutrons8,10, the neutrons and neutrinos are created in the
same p–c interactions, directly relating the cosmic-ray and neutrino
fluxes and removing many uncertainties in the flux calculation. In
these models, C also sets the threshold energy for production of cosmic
rays. The requirement that the extragalactic cosmic rays be produced
in GRBs therefore does set a strong upper limit on C: increasing it
beyond ,3,000 causes the proton flux from GRBs to disagree with the
measured cosmic-ray flux above 4 3 1018 eV, where extragalactic
cosmic rays are believed to be dominant. Limits on C in neutron-origin
models from this analysis (>2000, Fig. 3) are very close to this point,
and as a result all such models—in which all extragalactic cosmic rays
are emitted from GRBs as neutrons—are now largely ruled out.

Although the precise constraints are model-dependent, the general
conclusion is the same for all the versions of fireball phenomenology
we have considered here: either the proton density in GRB fireballs is
substantially below the level required to explain the highest-energy
cosmic rays or the physics in GRB shocks is significantly different from
that included in current models. In either case, our current theories of
cosmic-ray and neutrino production in GRBs will need to be revisited.
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17. Hümmer, S., Baerwald, P. & Winter, W. Neutrino emission from gamma-ray burst

fireballs, revised. Preprint at http://ArXiv.org/abs/1112.1076 (2011).
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Euler7, P. A. Evenson8, O. Fadiran1, A. R. Fazely30, A. Fedynitch16, J. Feintzeig1, T.
Feusels2, K. Filimonov11, C. Finley21, T. Fischer-Wasels17, S. Flis21, A. Franckowiak23, R.
Franke4, T. K. Gaisser8, J. Gallagher31, L. Gerhardt11,12, L. Gladstone1, T. Glüsenkamp4,
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FIG. 2. Limits on E�2 fluxes from the model-independent
analysis as a function of the size of the time window |�t|,
calculated using the Feldman-Cousins method17. The left y-
axis shows the total number of expected ⌫µ events while the
right-hand vertical axis is the same as the right-hand vertical
axis in Fig. 1. A time window of �t implies observed events
arriving between t seconds before the burst and t afterward.
The variation of the upper limit with �t reflects statistical
fluctuations in the observed background rate, as well as the
presence of individual events of varying quality. The event
at 30 seconds (Event 1) is consistent with background and
believed to be a cosmic-ray air shower.

E�2 muon neutrino fluxes at Earth as a function of the
size of the time window |�t|, the di↵erence between the
neutrino arrival time and the first reported satellite trig-
ger time. As a cross-check on both results, the limit from
this analysis on the average individual burst spectra6,10

during the time window corresponding to the median
duration of the bursts in the sample (28 seconds) was
0.24 times the predicted flux, within 10% of the model-
dependent analysis.

Assuming that the GRBs in our catalog are a rep-
resentative sample of a total of 667 per year7, we can
scale the emission from our catalog to the emission of
all GRBs. The resulting limits can then be compared
to the expected neutrino rates from models that assume
that GRBs are the main sources of ultra high energy cos-
mic rays4,9,11, with sampling biases of the same order
as model uncertainties in the flux predictions18,19. Lim-
its from the model-independent analysis on fluxes of this
type are shown in Fig. 3.

These limits exclude all tested models4,9–11 with their
standard parameters and uncertainties on those parame-
ters (Figs. 1, 3). The models are di↵erent formulations of
the same fireball phenomenology, producing neutrinos at
proton-photon (p�) interactions in internal shocks. The
remaining parameter spaces available to each therefore
have similar characteristics: either a low density of high-
energy protons, below that required to explain the cosmic
rays, or a low e�ciency of neutrino production.

In the fireball scenario, protons are accelerated
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FIG. 3. Limits from the model-independent analysis in
comparison to theoretical predictions relating GRB neutrino
fluxes to the cosmic ray flux. Data are taken from the time
window corresponding to the median duration of the GRBs
in our catalog (|�t| = 28 seconds). Spectra are represented
as broken power laws (�⌫ · {E�1/✏b, E < ✏b; E

�2, E > ✏b})
with a break energy ✏b corresponding to the � resonance for
p� interactions in the frame of the shock. The muon flux
in IceCube is dominated by neutrinos with energies around
the first break (✏b). As such, the upper break, due to syn-
chrotron losses of ⇡+, has been neglected, as its presence or
absence does not contribute significantly to the muon flux
and thus does not have a significant e↵ect on the presented
limits. The neutrino break energy ✏b is related to the bulk
Lorentz factor � (✏b / �2). All of the models shown assume
� ⇠ 300. The value of � corresponding to 107 GeV is > 1000
for all models. Vertical axes are related to the accelerated pro-
ton flux by the model-dependent constant of proportionality
f⇡. For models assuming a neutron-decay origin of cosmic
rays (Rachen and Ahlers) f⇡ is independent of �; for others
(Waxman-Bahcall) f⇡ / ��4. Error bars on model predic-
tions are approximate and were taken either from the original
papers, where included11, or from the best-available source in
the literature18 otherwise. The errors are due to uncertain-
ties in f⇡ and in fits to the cosmic-ray spectrum. Waxman-
Bahcall4 and Rachen et al.9 were calculated using a cosmic
ray density of 0.5 � 1 ⇥ 1044 erg Mpc�3 yr�1, with 1044 the
central value16.

stochastically in collisions of internal shocks in the ex-
panding GRB. The neutrino flux is proportional to the
rate of p� interactions, and so to the proton content of the
burst by a model-dependent factor. Assuming a model-
dependent proton ejection e�ciency, the proton content
can in turn be related to the measured flux of high-energy
cosmic rays if GRBs are the cosmic ray sources. Limits on
the neutrino flux for extragalactic cosmic ray normalized
models are shown in Fig. 3; each model prediction has
been normalized to a value consistent with the observed
ultra high-energy cosmic ray flux. The proton density
can also be expressed as a fraction of the observed burst
energy, directly limiting the average proton content of
the bursts in our catalog (Fig. 4).

An alternative is to reduce the neutrino production ef-

Figure 2: Figures from Ref. [33]. Left: Upper limits on GRB fireball parameters from the model-dependent
analysis. Right: Upper limits on the normalization of a diffuse flux of prompt neutrinos derived from the
model-independent result.

from the sum of all sources. The expected flux of neutrinos based on a normalization to the ob-
served γ-ray luminosity as in Ref. [36] (model (i)) is a factor 3-4 higher than the upper flux limit,
thus ruling out the model. Note, however, that this prediction is based on benchmark values of
the otherwise unknown GRB parameters, like the Lorentz boost or the energy ratio of protons to
electrons. The null result translates hence in a more general context to a limit on GRB model
parameters. This is shown in the left plot of Fig. 2. Note, however, that in a serious of recent publi-
cations [37, 38, 39, 40] it was argued that the model predictions used in [34, 33] based on Ref. [36]
should be revised to lower values accounting for bolometric correction factors (see also Ref. [41] in
these proceedings). It is important to stress that the limits inferred in IceCube’s model-dependent
analysis are independent of these corrections, since these corrections don’t effect the shape of the
burst spectrum. However, the sensitivity of the model-dependent search to GRB model parameters
becomes weaker with these corrections.

IceCube also performed a “model-independent” analysis which was looking for general neu-
trino events above background during a sliding time-window |∆t| < 104 s relative to the burst.
This analysis is also capable of detecting neutrino emission in the precursor and afterglow phases
described earlier. The analysis found no excess of neutrino events above background and an up-
per limit was set on the stacked neutrino flux. This stacked point source limit can be rescaled to
an upper limit on the diffuse burst neutrino emission of GRBs. The corresponding upper limit is
shown in the right plot of Fig. 2 in terms of the first break of the neutrino spectrum (“εb” in the
plot), which depend on the Lorentz factor as εb ∝ Γ2. The rescaling to a diffuse flux assumes 667
bursts per year. Also indicated in the plot are predictions of the diffuse neutrino emission based on
a normalization via the UHE CR spectrum [30, 42, 43] (model (ii)). All these models are excluded
by the limit.

The IceCube results are hence challenging models of UHE CR production in GRBs. Note
that the model predictions shown in Fig. 2 are realizations of the same fireball phenomenology
for specific benchmark values. As indicated in the plots, the sensitivity of IceCube decreases
with an increasing Lorentz factor since the observed spectrum shifts to higher energies (Eν ∝ Γ2).
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It is hence not possible at the present stage to fully exclude the hypothesis that GRBs are the
sources of UHE CR protons. Benchmark models, however, have to be revised in light of the recent
IceCube results. Models that relate the neutrino and CR spectrum via neutron emission [42, 43]
are independent of the pion fraction and are largely ruled out.
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