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Neutrino sky map∗ at very high energies

* CR background removed
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Multi-messenger paradigm

• Neutrino production closely related
to the production of cosmic rays
(CRs) and γ-rays.

• Flux predictions are based on CR
and γ-ray observation.

• A brief status summary:

8 No “surprises” yet.

4 Sensitivity has reached the level
of “serious” models.

Ü Implications of neutrino limits on
multi-messenger production,
e.g. in Gamma-ray Bursts.
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Neutrino observation at very high energies
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Cherenkov radiation in transparent media (glaciers, lakes, oceans,. . . ).
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Neutrino observation at very high energies
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Coherent radio Cherenkov emission (Askaryan effect).
Observation in-situ, balloons or satellites.
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Coherent radio Cherenkov emission (Askaryan effect).
Observation from lunar regolith.
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Neutrino observation at very high energies
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Acoustic detection?
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Neutrino observation at very high energies
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Deeply penetrating quasi-horizontal showers.
Observation by CR surface arrays.
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Neutrino observation at very high energies
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Observation by CR surface arrays and/or fluorescence
detectors/satellites.
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Neutrino observation at very high energies
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Earth-skimming tau neutrinos.
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IceCube in Depth

50 m

1450 m

2450 m 

2820 m

IceCube In-Ice Array
86 Strings, 60 Sensors each
5160 Optical Sensors

AMANDA-II Array
Precursor to IceCube

Deep Core 
6 Strings - Optimized for lower energies
360 Optical Sensors

Eiffel Tower

324 m 

IceCube Lab

IceTop
80 Strings each with
   2 IceTop Cherenkov Detector Tanks
   2 Optical Sensors per tank
 320 Optical Sensors

Bedrock

 2010: 79 strings in operation 
 2011: Project complettion, 86 strings
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IceCube in Depth
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[courtesy of M. Santander]
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Neutrino limits at very high energies
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How dark is the neutrino sky?

• pion production in CR interactions
with ambient gas and radiation

π+ → µ+νµ → e+νeν̄µνµ
π0 → γγ

• inelasticity:

Eν ' Eγ/2 ' κEp

• relative multiplicity:

K = Nπ±/Nπ0

• pion fraction:

fπ ' 1− e−κτ

CR

ν

γ
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The cosmic leg

The all-particle spectrum (as E2.5×F) of cosmic rays.
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The cosmic leg

The all-particle spectrum (as E2.5×F) of cosmic rays.
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The cosmic leg

The all-particle spectrum (as E2.5×F) of cosmic rays.
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The cosmic leg

The all-particle spectrum (as E2.5×F) of cosmic rays.
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GRBs & UHECRs
• Neutrino emission of GRBs is one of the best-tested models:

[IceCube Coll., Nature’12]

4 cosmological sources (“one per day”)
4 wealth of data from Swift and Fermi
4 good information on timing and location
4 in some cases, optical follow-up (distance and source parameters)

• possible sources of UHE CRs; comparable energy density

• GRBs fulfill necessary conditions on time-scales (dynamical, cooling,
acceleration) to reach ultra-high energies (UHE). [Hillas’84]

• Acceleration of UHE CRs possible, e.g., in internal or external reverse shocks.
[Vietri’95;Waxman’95]

• smoking gun signal: neutrino production

• neutrino production from pγ collisions possible over a wide energy range, e.g., via
∆-resonance pγ → ∆→ nπ+

Eν ' κ

4
Γ2 m2

∆ − m2
p

4ω
' 1PeV
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Γ

300

)2 (MeV
ω

)
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GRB neutrino emission
• Neutrino production at various stages of GRB, e.g.

Ü precursor pp and pγ interactions in stellar envelope;
also possible for “failed” GRBs [Razzaque,Meszaros&Waxman’03]

Ü burst pγ interactions in internal shocks [Waxman&Bahcall’97]

Ü afterglow pγ interactions in reverse external shocks
[Waxman&Bahcall’00;Murase&Nagataki’06;Murase’07]

presence of a jet (34–37). Whether or not a
jet is present, such energies are in principle
achievable for bursts arising from stellar pro-
genitors, but a poorly understood issue is how
this energy is converted into an ultrarelativ-
istic, and possibly collimated, bulk outflow.

An observation that attracted much at-
tention was the discovery (38) of a prompt
and extremely bright (visual magnitude mv

! 9) optical flash in GRB990123, 15 s after
the GRB started (and while it was still
going on). This is generally interpreted (23,
39) as the radiation from the reverse com-
ponent of the external shock. However,
such bright prompt flashes may be rare
because they have not yet been detected
from other bursts. Two other noteworthy
developments are the possibility of a rela-
tion between the differential time lags for
the arrival of burst pulses at different ener-
gies and the luminosity (40), and between
the degree of variability or spikiness of the
"-ray light curve variability and the lumi-
nosity (41, 42). These hypotheses are based
on data for bursts where an optical redshift
allows a determination of the luminosity,
under the assumption of isotropy. These

correlations are still tentative, but if con-
firmed they could be used to derive inde-
pendent estimates of the redshift of a GRB.

Progenitors and Environment
The progenitors of GRBs are not yet well iden-
tified. The current view of most researchers is
that GRBs arise in a very small fraction
(!10#6) of stars that undergo a catastrophic
energy release event toward the end of their
evolution. One class of candidates involves
massive stars whose core collapses (43–45),
probably in the course of merging with a com-
panion; these are often referred to as hyperno-
vae or collapsars (46). Another class of candi-
dates consists of neutron star (NS) binaries or
neutron star–black hole (BH) binaries (12, 13,
47, 48), which lose orbital angular momentum
by gravitational wave radiation and undergo a
merger. Both of these progenitor types are ex-
pected to lead to the formation of a black hole
whose mass is several times that of the sun
(MJ), surrounded by a temporary debris torus
whose accretion can provide a sudden release
of gravitational energy, with similar total ener-
gies (49), sufficient to power a burst. An e$, "
fireball arises from the enormous compression-

al heating and dissipation associated with the
accretion, possibly involving a small fraction of
baryons and magnetic fields in excess of 1015

G, which can provide the driving stresses lead-
ing to the relativistic expansion. This fireball
may be substantially collimated if the progeni-
tor is a massive star, where an extended, fast-
rotating envelope can provide a natural escape
route or funnel for the fireball along the rotation
axis (Fig. 3). Other possible alternatives include
the formation from a stellar collapse of a fast-
rotating neutron star with an ultrahigh magnetic
field (50–52) or the tidal disruption of compact
stars by 105 to 106 MJ black holes (53).

Observations related to the possible progen-
itors are restricted, so far, to the class of long
bursts (of "-ray durations tb ! 10 to 103 s),
because BeppoSAX is mainly sensitive to
bursts longer than about 5 to 10 s. For these
long bursts, the fading x-ray and optical after-
glow emission is predominantly localized with-
in the optical image of the host galaxy. In most
cases it is offset from the center, but in a few
cases (out of a total of about 20) it is near the
center of the galaxy (11). This is in disagree-
ment with current simple calculations of NS-
NS mergers, which suggest that high spatial

Fig. 3. Schematic GRB from a mas-
sive stellar progenitor, resulting in
a relativistic jet that undergoes in-
ternal shocks, producing a burst of
"-rays and (as it decelerates
through interaction with the ex-
ternal medium) an external shock
afterglow, which leads successive-
ly to "-rays, x-rays, optical, and
radio. Iron lines may arise from
x-ray illumination of a pre-ejected
shell (e.g., supernova remnant)
(60) or from continued x-ray irra-
diation of the outer stellar enve-
lope (67).

Fig. 4 (left). Comparison (26) of
the observed light curves of the
afterglow of GRB970228 at vari-
ous wavelengths with the simple
blast wave model predictions
(23). Fig. 5 (right). Snapshot
spectrum of GRB970508 at t %
12 days after the burst, compared
to a standard afterglow synchro-
tron shock model fit (29).
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GRB neutrino emission
• Neutrino production at various stages of GRB, e.g.

Ü precursor pp and pγ interactions in stellar envelope;
also possible for “failed” GRBs [Razzaque,Meszaros&Waxman’03]

Ü burst pγ interactions in internal shocks [Waxman&Bahcall’97]

Ü afterglow pγ interactions in reverse external shocks
[Waxman&Bahcall’00;Murase&Nagataki’06;Murase’07]
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GRB neutrino emission
• Neutrino production at various stages of GRB, e.g.

Ü precursor pp and pγ interactions in stellar envelope;
also possible for “failed” GRBs [Razzaque,Meszaros&Waxman’03]

Ü burst pγ interactions in internal shocks [Waxman&Bahcall’97]

Ü afterglow pγ interactions in reverse external shocks
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Burst Neutrino Emission
• neutrinos from meson production, e.g.

π+ → µ+νµ → e+νeν̄µνµ

• spectra shaped by burst and proton
spectrum and synchrotron loss of
pions and muons before decay

[Waxman & Bahcall’97]

• for typical burst spectra this creates a
“plateau” of neutrinos
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γ = 2 (Waxman’03)

Ü Different models for absolut normalization:

CRν ωUHECR
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Burst Neutrino Emission
• neutrinos from meson production, e.g.

π+ → µ+νµ → e+νeν̄µνµ

• spectra shaped by burst and proton
spectrum and synchrotron loss of
pions and muons before decay

[Waxman & Bahcall’97]

• for typical burst spectra this creates a
“plateau” of neutrinos
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Ü Different models for absolut normalization:
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Normalization

• Neutrino predictions depend on model and normalization:

A GRB as the source of UHE CRs?

Ü calculate the pion energy fraction fπ in pγ interactions
Ü normalize to UHE CRs [Waxman & Bahcall’97]

A’ GRB as the source of UHE CR neutrons?

Ü independent of fπ
Ü normalize to UHE CRs [Rachen & Mészáros’98; MA, Gonzalez-Garcia & Halzen’11]

B GRB as one source of (UHE) CRs?

Ü use bolometric energy arguments about internal energy densities U in shock

UB = εBUtot Ue = εeUtot Up = εpUtot

Ü by construction, εB + εe + εp . 1, but otherwise not well constrained
Ü calculate the pion energy fraction fπ in pγ interactions
Ü normalize to CRs in individual bursts, Up = (εp/εe)Uburst [Guetta et al.’04;He et al.’12]
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IC40+59 results I
• Limits on neutrino emission coincident

with 215 GRBs between April 2008
and May 2010. [Abbasi et al.’11;’12]

• “Model-dependent” limit for prompt
emission model.

• “Model-independent” limit for general
neutrino coincidences (no spectrum
assumed) with sliding time window
±∆t from burst.

• One event 30s after GRB 091026A
(“Event 1”) most likely background.

• Stacked point-source flux below
“benchmark” prediction of burst
neutrino emission by a factor 3-4.

[Guetta et al.’04]

Ü see P-VII-5 by A. Homeier

“model-dependent”

producing neutrinos at proton–photon (p–c) interactions in internal
shocks. The remaining parameter spaces available to each model
therefore have similar characteristics: either a low density of high-
energy protons, below that required to explain the cosmic rays, or a
low efficiency of neutrino production.

In the GRB fireball, protons are believed to be accelerated
stochastically in collisions of internal shocks in the expanding GRB.
The neutrino flux is proportional to the rate of p–c interactions, and so
to the proton content of the burst by a model-dependent factor.
Assuming a model-dependent proton ejection efficiency, 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 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 catalogue (Fig. 4).

An alternative is to reduce the neutrino production efficiency, for
example by modifying the physics included in the predictions16,17 or by
increasing the bulk Lorentz boost factor, C. Increasing C increases the
proton energy threshold for pion production in the observer frame,
thereby reducing the neutrino flux owing to the lower proton density at
higher energies. Astrophysical lower limits on C are established by pair
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Figure 2 | Upper limits on E22 power-law muon neutrino fluxes. Limits
were calculated using the Feldman-Cousins method21 from the results of the
model-independent analysis. The left-hand y-axis shows the total number of
expected nm events, while the right-hand y-axis (Fn) is the same as in Fig. 1. A
time window ofDt implies observed events arriving between t seconds before the
burst and t afterward. The variation of the upper limit (solid line labelled ‘90%
Upper limit’) withDt reflects statistical fluctuations in the observed background
rate, as well as the presence of individual events of varying quality. The dashed
line labelled ‘90% Sensitivity’ shows the upper limit that would have been
obtained with exactly the mean expected background. The event at 30 s (event 1)
is consistent with background and believed to be a cosmic-ray air shower.
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Figure 1 | Comparison of results to predictions based on observed c-ray
spectra. The summed flux predictions normalized to c-ray spectra6,9,19 are
shown as a function of neutrino energy (E) in dashed lines, with the dark grey
dashed line labelled ‘IC40 Guetta et al.’ showing the flux prediction for the 40-
string portion of the analysis, and the black dashed line labelled ‘IC40159
Guetta et al.’ showing the prediction for the full two-year dataset. The cosmic
ray normalized Waxman-Bahcall flux4,20 is also shown for reference as the pale
grey dashed line. 90% confidence upper limits on these spectra are shown as
solid lines, with the grey line labelled ‘IC40 limit’ showing the previous IceCube
result6 and the black ‘IC401IC59 Combined’ line showing the result from the
full dataset (this work). The predicted neutrino flux, when normalized to the
c-rays6,9, is proportional to the ratio of energy in protons to that in electrons,
which are presumed responsible for the c-ray emission (ep/ee, here the standard
10). The flux shown is slightly modified6 from the original calculation9. Wn (left
vertical axis) is the average neutrino flux at Earth, obtained by scaling the
summed predictions from the bursts in our sample (Fn, right vertical axis) by
the global GRB rate (here 667 bursts yr21; ref. 7). The first break in the neutrino
spectrum is related to the break in the photon spectrum measured by the
satellites, and the threshold for photo-pion production, whereas the second
break corresponds to the onset of synchrotron losses of muons and pions. Not
all of the parameters used in the neutrino spectrum calculation are measurable
from every burst. In such cases, benchmark values7 were used for the
unmeasured parameters. Data shown here were taken from the result of the
model-dependent analysis.
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Figure 3 | Compatibility of some neutrino flux predictions based on cosmic
ray production in GRBs with observations. The cross-hatched area
(‘IC40159 Allowed 90% CL’) shows the 90% confidence allowed values of the
neutrino flux (vertical axes, as in Fig. 1) versus the neutrino break energy (eb) in
comparison to model predictions with estimated uncertainties (points); the
solid line labelled ‘IC50159 Allowed 95% CL’ shows the upper bound of the
95% confidence allowed region. Data were taken from the model-independent
analysis from the time window corresponding to the median duration of the
GRBs in our catalogue ( |Dt | 5 28 s). Spectra are represented here as broken
power laws (Wn?{E

21/eb, E , eb; E22, E . eb}) with a break energy eb

corresponding to the D resonance for p–c interactions in the frame of the shock.
The muon flux in IceCube is dominated by neutrinos with energies around the
first break (eb). As such, the upper break, due to synchrotron losses of p1, has
been neglected here, as its presence or absence does not contribute significantly
to the muon flux and thus does not have a significant effect on the presented
limits. eb is related to the bulk Lorentz factor C (eb / C2); all of the models
shown assume C < 300. The value of C corresponding to 107 GeV is .1,000 for
all models. Vertical axes are related to the accelerated proton flux by the model-
dependent constant of proportionality fp. For models assuming a neutron-
decay origin of cosmic rays (ref. 8 and ref. 10) fp is independent of C; for others
(ref. 4) fp / C24. Error bars on model predictions are approximate and were
taken either from the original papers, where included10, or from the best-
available source in the literature15 otherwise. The errors are due to uncertainties
in fp and in fits to the cosmic-ray spectrum. Waxman-Bahcall4 (circle)
and Rachen8 (box) fluxes were calculated using a cosmic-ray density of
(1.5–3) 3 1044 erg Mpc23 yr21, with 3 3 1044 the central value20. The Ahlers10

model is shown with a cross. CL, confidence level.
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“model-independent”

producing neutrinos at proton–photon (p–c) interactions in internal
shocks. The remaining parameter spaces available to each model
therefore have similar characteristics: either a low density of high-
energy protons, below that required to explain the cosmic rays, or a
low efficiency of neutrino production.

In the GRB fireball, protons are believed to be accelerated
stochastically in collisions of internal shocks in the expanding GRB.
The neutrino flux is proportional to the rate of p–c interactions, and so
to the proton content of the burst by a model-dependent factor.
Assuming a model-dependent proton ejection efficiency, 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 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 catalogue (Fig. 4).

An alternative is to reduce the neutrino production efficiency, for
example by modifying the physics included in the predictions16,17 or by
increasing the bulk Lorentz boost factor, C. Increasing C increases the
proton energy threshold for pion production in the observer frame,
thereby reducing the neutrino flux owing to the lower proton density at
higher energies. Astrophysical lower limits on C are established by pair
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Figure 2 | Upper limits on E22 power-law muon neutrino fluxes. Limits
were calculated using the Feldman-Cousins method21 from the results of the
model-independent analysis. The left-hand y-axis shows the total number of
expected nm events, while the right-hand y-axis (Fn) is the same as in Fig. 1. A
time window ofDt implies observed events arriving between t seconds before the
burst and t afterward. The variation of the upper limit (solid line labelled ‘90%
Upper limit’) withDt reflects statistical fluctuations in the observed background
rate, as well as the presence of individual events of varying quality. The dashed
line labelled ‘90% Sensitivity’ shows the upper limit that would have been
obtained with exactly the mean expected background. The event at 30 s (event 1)
is consistent with background and believed to be a cosmic-ray air shower.
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10). The flux shown is slightly modified6 from the original calculation9. Wn (left
vertical axis) is the average neutrino flux at Earth, obtained by scaling the
summed predictions from the bursts in our sample (Fn, right vertical axis) by
the global GRB rate (here 667 bursts yr21; ref. 7). The first break in the neutrino
spectrum is related to the break in the photon spectrum measured by the
satellites, and the threshold for photo-pion production, whereas the second
break corresponds to the onset of synchrotron losses of muons and pions. Not
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Figure 3 | Compatibility of some neutrino flux predictions based on cosmic
ray production in GRBs with observations. The cross-hatched area
(‘IC40159 Allowed 90% CL’) shows the 90% confidence allowed values of the
neutrino flux (vertical axes, as in Fig. 1) versus the neutrino break energy (eb) in
comparison to model predictions with estimated uncertainties (points); the
solid line labelled ‘IC50159 Allowed 95% CL’ shows the upper bound of the
95% confidence allowed region. Data were taken from the model-independent
analysis from the time window corresponding to the median duration of the
GRBs in our catalogue ( |Dt | 5 28 s). Spectra are represented here as broken
power laws (Wn?{E

21/eb, E , eb; E22, E . eb}) with a break energy eb

corresponding to the D resonance for p–c interactions in the frame of the shock.
The muon flux in IceCube is dominated by neutrinos with energies around the
first break (eb). As such, the upper break, due to synchrotron losses of p1, has
been neglected here, as its presence or absence does not contribute significantly
to the muon flux and thus does not have a significant effect on the presented
limits. eb is related to the bulk Lorentz factor C (eb / C2); all of the models
shown assume C < 300. The value of C corresponding to 107 GeV is .1,000 for
all models. Vertical axes are related to the accelerated proton flux by the model-
dependent constant of proportionality fp. For models assuming a neutron-
decay origin of cosmic rays (ref. 8 and ref. 10) fp is independent of C; for others
(ref. 4) fp / C24. Error bars on model predictions are approximate and were
taken either from the original papers, where included10, or from the best-
available source in the literature15 otherwise. The errors are due to uncertainties
in fp and in fits to the cosmic-ray spectrum. Waxman-Bahcall4 (circle)
and Rachen8 (box) fluxes were calculated using a cosmic-ray density of
(1.5–3) 3 1044 erg Mpc23 yr21, with 3 3 1044 the central value20. The Ahlers10

model is shown with a cross. CL, confidence level.

RESEARCH LETTER

3 5 2 | N A T U R E | V O L 4 8 4 | 1 9 A P R I L 2 0 1 2

Macmillan Publishers Limited. All rights reserved©2012

Markus Ahlers (UW-Madison) GRBs at Neutrino Telescopes May 11, 2012



IC40+59 results II
• Conversion to diffuse flux via cosmic

GRB rate.

• Limit on burst neutrino emission
(|∆t| = 28s) depends on neutrino break
energy (break in optical depth).

• IceCube limit below “benchmark”
diffuse models normalized to UHE CR
data. [Waxman&Bahcall’03; Rachen et al.’98]

Ü IceCube’s results challenge GRBs
as the sources of UHE CRs!

• Results from model-dependent
analysis translate into bounds of GRB
parameters. [Guetta et al.’04]

Ü Neutron emission models largely
ruled out. [MA, Gonzalez-Garcia & Halzen’11]
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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-

5

ficiency, for example by modifying the physics included
in the predictions19,20 or by increasing the bulk Lorentz
boost factor �. Increasing � increases the proton en-
ergy threshold for pion production in the observer frame,
thereby reducing the neutrino flux due to the lower pro-
ton density at higher energies. Astrophysical lower limits
on � are established by pair production arguments10, but
the upper limit is less clear. Although it is possible that
� may take values of up to 1000 in some unusual bursts,
the average value is likely lower (usually assumed to be
around 3006,10) and the non-thermal gamma-ray spectra
from the bursts set a weak constraint that � . 200021.
For all considered models, with uniform fixed proton con-
tent, very high average values of � 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 neutrons9,11, the neutrons and neu-
trinos are created in the same p� interactions, directly
relating the cosmic ray and neutrino fluxes and remov-
ing many uncertainties in the flux calculation. In these
scenarios, � 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 �: increasing it beyond ⇠ 3000
causes the proton flux from GRBs to disagree with the
measured cosmic ray flux above 4⇥1018 eV, where extra-
galactic cosmic rays are believed to be dominant. Limits
on � 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 GRBs are responsible for the entire
extragalactic cosmic-ray flux 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 gamma ray burst fireballs is sub-
stantially below the level required to explain the highest
energy cosmic rays or the physics in gamma ray burst
shocks is significantly di↵erent from that included in cur-
rent models. In either case, our current theories of cos-
mic ray and neutrino production in gamma ray bursts
will have to be revisited.
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Further comments

• The parameters Γi, εp and εe are in general fudge-factors; some indirect
observation by GRB afterglow emission.

• Model hierarchy: “A Ü B” or “not B Ü not A”

• Heavy nuclei acceleration in internal shocks?

• issues for model A; large internal shock radii and/or large Lorentz factors
needed to reach UHEs [Wang,Razzaque&Meszaros’08;Murase et al.’08]

• generally lower neutrino luminosity due to limited photon density

• Diffuse limits have also dependence on the stochasticity of the tested GRB
ensemble. (Ü talk by Ph. Baerwald) [Baerwald,Hümmer&Winter’11]

• Revised calculations of pion fraction fπ produce lower values than the standard
parametrization (Ü talk by Ph. Baerwald) [Li’11; Baerwald,Hümmer&Winter’11;He et al.’12]

• CR production via neutron emission (model A’) relates neutrinos and CR protons
independent of the absolute value fπ; scenario largely ruled out by IC40+59.

[MA/Gonzalez-Garcia/Halzen’11]
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Summary

4 Neutrino (non-)observatories have reached a sensitivity to constrain
multi-messenger signals – γ-rays and UHE CRs – with “minimal” assumptions.

8 No surprises yet: very high energy neutrino sky is dark.

Ü Neutrino “diagnostics” of UHE CR models; most effectively at PeV energies

• Present neutrino limits challenge GRBs as the sources of UHE CRs.

• Standard (“benchmark”) diffuse GRB neutrino predictions are ruled out by the
IC40+59 results.

8 Implications of IceCube’s “model-dependent” analysis are model-dependent.
(Ü next talk by Ph. Baerwald)

Ü Continued effort in future analysis with improved models and increased data.
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Neutrino production from pγ
• internal photon spectrum inferred from observed luminosity (Lγ)
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• pion to proton spectrum with inelasticity κ ' 0.2
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• final neutrino spectra after meson/muon cooling in magnetic fields
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Neutron emission (model A’)

• fit of spectrum to HiRes data above ankle: L(0,E) ∝ E−γ/(1 + (Ep,b/E))e−E/Emax

• “SFR” : evolution following star formation rate [Hopkins&Beacom’06;Yuksel et al.’08]

• “strong” : Lstrong(z,E) = (1 + z)1.4 LSFR(z,E) [Yuksel&Kistler’06]
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Neutron emission (model A’)
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• model A’ hypothesis: UHE CRs production in GRBs via neutron emission

• scan over luminosity range 0.1 < (εB/εe)Lγ,52 < 10

Ü fit requires softer injection spectra [MA/Gonzalez-Garcia/Halzen’11]
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Neutron emission (model A’)
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Neutron emission (model A’)
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Neutron emission (model A’)
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