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SUPPL. FIG. 1. The IceCube neutrino observatory. The Ice-
Cube detector instruments a volume of 1 km3 of glacial ice
at the South Pole, sensitive to neutrinos of TeV and higher
energy12 (Suppl. Fig. 2). Neutrinos are detected by observ-
ing Cherenkov light emitted by secondary charged particles
produced in neutrino-nucleon interactions13, and their arrival
direction is obtained from the timing pattern of the detected
light. The finished detector is composed of 5160 digital optical
modules (DOMs), each containing a 10-inch photomultiplier,
with 60 placed at depths between 1450 and 2450 m on each
of 86 vertical strings. IceCube is complemented by a sur-
face air shower array called IceTop12, with two tanks located
above each of the IceCube strings. The colors at the top in-
dicate the detector at various stages of deployment. IceCube
achieves its best angular resolution for muons produced in ⌫µ
charged-current interactions (0.6� for E⌫ & 100 TeV). Com-
bined with the increased detector e↵ective volume a↵orded
by the long distances traveled by the secondary muons, such
events usually provide the highest sensitivity for searches for
neutrino point sources.

GRB CATALOG

The GRB catalog used in this analysis was syn-
thesized from GCN notices and can be obtained us-
ing the GRBweb database available at http://grbweb.
icecube.wisc.edu/. IceCube-40 operated from April
5, 2008 until May 20, 2009 and IceCube-59 operated
from May 21, 2009 until May 31, 2010. GRB090422
and GRB090423, though before the o�cial 59-string start
date, occurred during test runs of the 59-string detector
and so are included in the 59-string catalog.
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SUPPL. FIG. 2. E↵ective area of the IceCube neutrino tele-
scope using the event selections of the model-dependent and
model-independent analyses, averaging over the 40- and 59-
string detector configurations and zenith angles according to
the distribution of bursts in the catalog. The e↵ective area
of the model-independent event selection is in general some-
what larger, due to using a weight scheme instead of hard
cuts – however, the extra events so included are typically low
quality and so have low weights when computing final re-
sults. The model-independent average e↵ective area includes
the southern hemisphere for the 59-string portion of the anal-
ysis (Suppl. Fig. 3).

EFFECTIVE AREAS

The detector e↵ective areas (Suppl. Figs. 2, 3) can
be used to estimate the detector response for an arbi-
trary neutrino flux. Convolution of a flux with the ef-
fective area will give the expected event rate in IceCube.
Presented e↵ective areas are the average of the e↵ective
areas for muon neutrinos and muon antineutrinos and
correspond to the expectation value of the detector ef-
fective area under variations to account for systematic
uncertainties in the detector simulation. The increase
in e↵ective area between the 40- and 59-string detector
configurations is due to the 50% increase in geometrical
area of the detector, a more favorable detector geometry,
and improvements in the event selection and reconstruc-
tion techniques (Suppl. Fig. 4). Data files containing
all the e↵ective areas plotted here are included in the
supplementary information (Suppl. Tables 1-6).

COMBINATION OF DATASETS

The results presented use a combination of the IceCube
40- and 59-string datasets. In both analyses, all GRBs
were individually simulated and this simulation was ap-
plied to the detector running at the time of the GRB. The
simulated events from the full GRB catalog were treated
as a combined dataset, which was then compared to the
combined result from both detector configurations. Sys-

High	
  Energy	
  Neutrino	
  Astronomy	


Now	
  we	
  have	
  two	
  PeV	
  events,	
  and	
  addi1onal	
  26	
  sub-­‐PeV	
  events!	




High	
  Energy	
  Neutrino	
  Factories	


•  pγ	
  interacJon	
  
	
  
•  InelasJc	
  nuclear	
  collision	
  
p+ � ! p+ ⇡0; n+ ⇡+

p+ p ! p+ p+ ⇡0; n+ p+ ⇡+

⇡+ ! µ+ + ⌫µ µ+ ! e+ + ⌫e + ⌫̄µ

p+ n ! p+ n+ ⇡0; n+ n+ ⇡+

Hadron	
  Accelera1on	
  ×	
  Collision	
  with	
  Target	
  γ	
  or	
  Hadrons	


etc	




Neutrino	
  ×	
  GRB	




Neutrino	
  Tomography	
  of	
  GRB	
  Jet	

Meszaros	
  2001	


r ⇠ 1012-16 cm
PeV ⌫ and GeV-TeV �

Dissipa1on	
  @	
  	
  
	
  prompt-­‐emission	
  radius	


Waxman	
  &	
  Bahcall	
  1997	
  
	
  and	
  more	


r ⇠ 1016-17 cm
EeV ⌫ and GeV-TeV �

External	
  shock	
  ×	
  aYerglow	


Waxman	
  &	
  Bahcall	
  2000	
  
	
  and	
  more	


r . 1012 cm
GeV-TeV ⌫

	
  Dissipa1on	
  @	
  	
  
	
  	
  	
  	
  sub-­‐photosphere	


Bahcall	
  &	
  Meszaros	
  2000	
  
and	
  more	




Sub-­‐photospheric	
  neutrinos	
  	
  	
  	
  	


•  Key	
  to	
  understand	
  the	
  central	
  engine,	
  which	
  
cannot	
  be	
  seen	
  by	
  electromagneJc	
  waves.	
  

•  Even	
  failed	
  or	
  hidden	
  GRBs	
  can	
  produce	
  them.	
  
•  Hadron	
  nuclear	
  collisions	
  can	
  also	
  be	
  efficient.	
  	
  
•  MoJvated	
  by	
  dissipaJve	
  photosphere	
  models	
  
for	
  prompt	
  gamma	
  rays.	
  	
  

•  In	
  parJcular,	
  collisional	
  hea+ng	
  scenario	
  
predicts	
  mulJ-­‐GeV	
  quasi-­‐thermal	
  neutrinos.	
  



Collisional	
  Hea1ng	
  in	
  Neutron-­‐loaded	
  jets	
4 Andrei M. Beloborodov

r/
2

r/
2

AB CΓ Γ

ΓCΓA

Γ

n A

B C A

Γ

Figure 2. Faster flow B sweeps slower flow A and compresses it into a
shocked shell C. Neutrons from flow A are not swept and instead penetrate
flow B. As a result a compound flow is formed: flow B contains a slower
neutron component with Γn = ΓA. The penetration depth of neutrons is
∼ r/Γ2

A
in the lab frame; it is (ΓC/ΓA)2 larger than the thickness of

shocked region C.

become collisionally decoupled, they are not swept into region C
anymore. Instead, they penetrate region B with the relative Lorentz
factor Γrel = 1

2
(ΓB/ΓA + ΓA/ΓB) ≈ ΓB/2ΓA . The penetra-

tion/mixing length is ∼ (ΓC/ΓA)2 larger than the thickness of the
shocked region C.

Some of the penetrating neutrons collide with their new host
flow. Each collision dissipates the relative kinetic energy (Γrel −
1)mpc

2. The number of collisions per baryon of flow B during
the jet expansion timescale equals the collisional ‘optical depth’ of
the slow neutrons τn = nnσr/Γn, where σ is the nuclear cross
section. At the beginning of neutron penetration τn ∼ 1 and a large
heat is generated by collisions. The collisions decelerate flow B
from ΓB to a new Γ, which is found from energy conservation in
the static lab frame, τnΓ2/2ΓA ≈ ΓB.4 This gives Γ that is lower
than the original ΓB by the factor (τnΓB/2ΓA)−1/2 as long as
τn > Γ−1

rel .
In summary, GRB jets are expected to contain a significant

neutron component (unless they are essentially baryon-free and
completely dominated by Poynting flux). At the radius Rn where
τn ∼ 1, collisions between neutrons and protons become rare and
compound flows with Γ > Γn inevitably develop. The schematic
picture in Figure 3 indicates the main characteristic radii of the jet.
The rare nuclear collisions in the region τn < 1 dissipate huge
energy, comparable to the total energy of the jet. The dissipation
efficiency of collisions is (Γrel − 1)τn. It may exceed 100 per cent
as the collisionally decelerated jet tends to regain its initial Lorentz
factor via adiabatic cooling and re-dissipate its energy. Below we
explore how collisional dissipation affects the jet radiation.

4 RADIATIVE MECHANISM

Hereafter we consider a simplified jet model: a neutron component
with a single bulk Lorentz factor Γn is embedded in a fast proton

4 The decelerated flow with Γ < ΓB stores the heat of∼ (Γ/2ΓA)mpc2

per baryon, and later tends to regain its initial Lorentz factor ΓB as the heat
converts back to bulk kinetic energy via adiabatic cooling on the expansion
timescale.

r0
R*

R Rdecβ

blast
decay

neutron
wave

nR
collis.
heating

Figure 3. Schematic picture of a baryonic jet. The jet starts to accelerate at
radius r0. Compound flow with Γn < Γ forms at radius Rn (eq. 6) and
strong collisional heating begins at this radius. The jet becomes transparent
to radiation at the photosphere R! ∼ 20Rn (eq. 26); its position is regu-
lated by e± creation in the heated region. The figure also shows the mean
radius of neutron decay, Rβ = 3 × 1015(Γn/100) cm, and radius Rdec

where the jet starts to decelerate because of the interaction with an external
medium. The photospheric emission is released at R! , and its spectrum is
strongly modified by sub-photospheric collisional heating. Collisional heat-
ing continues at r > R!, although with a smaller rate.

component with constant Lorentz factor Γ $ Γn. The proper den-
sities of the neutron and proton components will be denoted by nn

and n, respectively.

4.1 Inelastic nuclear collisions

We consider collisions at radii where τn = nnσr/Γn < 1,

r > Rn ≡
Lnσ

4πmpc3Γ3
n

≈ 5× 1011
(

Ln

1052 erg/s

)

(

Γn

100

)−3

cm, (6)

where Ln = 4πr2Γ2
nnnmpc

2 is the isotropic equivalent of the ki-
netic luminosity of the neutron flow, and σ ∼ 3×10−26 cm2 is the
effective cross section for nuclear collisions. The rate of collisions
per unit volume (a Lorentz-invariant quantity) is given by

ṅ = nnnΓrelσc. (7)

Here Γrel = 1
2
(Γ/Γn + Γn/Γ) ≈ Γ/2Γn is the relative Lorentz

factor of the neutron and proton components of the jet.
Collisions between neutrons and protons occur with signifi-

cant Γrel and hence have a large inelastic fraction finel >∼ 1/2
(Amsler et al. 2008). The energy finelΓrelmpc2 converts to mildly
relativistic pions. The data on π± multiplicity in p-p collisions are
found in e.g. Breakstone et al. (1984) and refs. therein; a similar
multiplicity is expected for n-p collisions. The total π± and π0

multiplicity is larger by the factor of 3/2; it is typically 5-6 for GRB
jets.

The pions immediately decay: π± → µ± + νµ → e± + νe
and π0 → γ+γ. The produced neutrinos escape with observed en-
ergies∼ 0.1Γ GeV and carry away a fraction fν ∼ 1/2 of the pion
energy.5 This multi-GeV neutrino emission is an important predic-
tion of the baryonic jet model (Derishev et al. 1999a; Bahcall &
Mészáros 2000; Mészáros & Rees 2000), which may be verified

5 On average, neutrinos take ∼ 3/4 of π± energy. The average fraction
of π± and π0 energy that is given to neutrinos may be estimated as fν ∼

(2/3)(3/4) = 1/2.
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Figure 3. Schematic picture of a baryonic jet. The jet starts to accelerate at
radius r0. Compound flow with Γn < Γ forms at radius Rn (eq. 6) and
strong collisional heating begins at this radius. The jet becomes transparent
to radiation at the photosphere R! ∼ 20Rn (eq. 26); its position is regu-
lated by e± creation in the heated region. The figure also shows the mean
radius of neutron decay, Rβ = 3 × 1015(Γn/100) cm, and radius Rdec

where the jet starts to decelerate because of the interaction with an external
medium. The photospheric emission is released at R! , and its spectrum is
strongly modified by sub-photospheric collisional heating. Collisional heat-
ing continues at r > R!, although with a smaller rate.
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multiplicity is expected for n-p collisions. The total π± and π0
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and π0 → γ+γ. The produced neutrinos escape with observed en-
ergies∼ 0.1Γ GeV and carry away a fraction fν ∼ 1/2 of the pion
energy.5 This multi-GeV neutrino emission is an important predic-
tion of the baryonic jet model (Derishev et al. 1999a; Bahcall &
Mészáros 2000; Mészáros & Rees 2000), which may be verified
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of π± and π0 energy that is given to neutrinos may be estimated as fν ∼

(2/3)(3/4) = 1/2.
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medium. The photospheric emission is released at R! , and its spectrum is
strongly modified by sub-photospheric collisional heating. Collisional heat-
ing continues at r > R!, although with a smaller rate.
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Figure 5. Photon spectrum emitted by the collisionally heated jet (solid
red histogram). The jet has L = 1052 erg/s, r0 = 107 cm, Γ = 600
(same as in Fig. 1), and carries neutrons with Γn = 100. Black solid lines
indicate the slopes that correspond to photon indices α = 0.4 and β =
−2.5. A similar phenomenological spectrum is usually proposed to fit GRB
observations (Band et al. 2009). The feature near 0.5 GeV is the annihilation
line. Dotted blue histogram shows the spectrum that would be produced
if nuclear collisions were ‘switched off’ at r > 4Rn = 0.2R! , i.e. if
e± injection was confined to radii Rn < r < 4Rn. The figure does not
take into account the cosmological redshift of the burst z; the redshifted
spectrum will peak at (1 + z)−1 MeV instead of 1 MeV.

the GeV range. It is broad and additionally smoothed by partial
downscattering in the optically thick plasma before the jet expands
to transparency.

Most of collisional heating and Comptonization occurs where
the jet is still opaque. The Comptonized radiation is released at
the photosphere R! and can be called ‘photospheric emission’ (but
see Section 5.3 below). The average energy of escaping photons
in the model shown in Figure 5 is Ē ≈ 2 MeV, which is half of
Ē0 ≈ 4 MeV. This means that the net radiation efficiency of the
burst is∼ 50%, i.e. the photospheric emission carries about half of
the jet energy.10

The ratio of the thermal and nonthermal Comptonization com-
ponents in the observed spectrum is controlled by the parameter
w ≈ 3τ−1

0 Γ/Γn (the ratio of eqs. 40 and 41), where τ0 is likely
to stay around 20 within a factor of a few as long as the condition
Γ # Γn is satisfied (Section 4.3). To investigate the sensitivity
of the model predictions to expected variations in w, we calcu-
lated three models with equal τ0 = 20 and different Γ/Γn = 3,
6 and 12. They have w ≈ 0.5, 1 and 2, correspondingly. We found
similar spectra in all three cases, with slightly different indices
β ∼ 2.5 ± 0.2 With increasing w, the nonthermal bump becomes

10 The energy given to photons by collisional heating in the region Rn <
r < R! is 2 × 1.5 MeV in the model shown in Fig. 5. Together with the
initial 1 MeV per photon at Rn this would make Ē = 4MeV, if there were
no adiabatic cooling. Adiabatic cooling at r < R! reduces Ē by a factor of
2.

more pronounced. Largew # 1 are not, however, plausible (strong
nonthermal heating is always accompanied by significant Coulomb
heating in a realistic jet model). Small w are possible: w can jump
to zero if Γ/Γn decreases so that nuclear collisions become unable
to produce pions. This case is discussed in Section 5.4 below.

5.2 Annihilation line

The annihilation reaction between thermalized e± produces pho-
tons with energy E′ ≈ mec

2 in the rest frame of the jet. The num-
ber flux of annihilation photons (isotropic equivalent) in the lab
frame is given by Ṅann = 4πr2cΓnann, where nann is the density
of annihilation photons in the jet frame. It obeys the equation,

dṄann

dr
= 4πr2ṅann. (42)

Using equations (20) and (24) one finds

dṄann

dx
=

3π
4

cτ 2
0

x2

Γ2

σT
Rn, (43)

where x = r/Rn > 1 and τ0 is given by equations (23), (24). Inte-
grating equation (43) over x, one finds the net flux of annihilation
photons emitted to infinity,

Ṅann =
f±Y
4Γn

L
mec2

. (44)

It is instructive to compare this result with the number flux of orig-
inal thermal photons in the jet, Ṅ ,

Ṅann

Ṅ
=

f±Y
4Γn

Ē0

mec2
≈ 2.5×10−4

(

Γn

100

)−1 ( Y
0.2

)

(

Ē0

MeV

)

.(45)

For our fiducial model shown in Figure 5, Ṅann/Ṅ ≈ 10−3 cre-
ates a rather strong annihilation line that cuts off at E = 2Γmec

2.
Most of the annihilation photons are produced well below the pho-
tosphere. The resulting spectral feature has an extended red wing
due to Compton downscattering in the sub-photospheric region and
the variation in the Doppler boost, which depends on the photon
angle at the emission (or last-scattering) point.

In strongly magnetized jets, where synchrotron cooling dom-
inates over Compton cooling, the pair yield Y is reduced (Sec-
tion 4.3) and the annihilation feature will be weak.

5.3 γ-γ opacity and emission at energies E # GeV

To a first approximation, one could neglect the heating at radii
r # Rn, and a similar spectrum would be obtained. For in-
stance, suppose that nuclear collisions occur only in the region
Rn < r < 4Rn. The result is shown by the dotted curve in Fig-
ure 5. The spectrum is significantly changed only at high energies:
the number of photons above the threshold for pair creation is sup-
pressed. This suppression is caused by the large compactness l at
small radii, which implies a large optical depth to γ-γ absorption,
τγγ # 1.

The extension of the spectrum to∼ 100 GeV in the full model
(solid curve) is due to the extension of nuclear collisions to large
radii r ∼ 103Rn, where τγγ becomes small and high-energy pho-
tons are able to escape.11 The smaller rate of nonthermal heating at
large r is compensated by the γ-γ transparency at high energies. As

11 I thank Indrek Vurm for pointing out the effect of continued collisional
heating at large r on the spectrum shape in the GeV range.
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FIG. 1: The energy spectrum of protons in the downstream for Γrel = 3 (left) and 5 (right). We set γd,o = Γrel, τpn = 2, and
ξ(1) = 106. The spectra are normalized by the total kinetic energy of the neutron injection.

(hereafter NPC cycle). The NPC cycle starts from con-
versions of injected neutrons into protons in the down-
stream ([n,DS]o ⇒ [p,DS]). After being isotropized in
the magnetic field, these protons are re-converted to neu-
trons ([p,DS] ⇒ [n,DS]) while they are advected. A frac-
tion of the neutrons can cross the shock to the upstream
([n,DS] → [n,US]), and again can be converted to pro-
tons ([n,US] ⇒ [p,US]). These protons in the upstream
are easily captured by the shock, and return back to the
downstream ([p,US] → [p,DS]). Note here that once the
protons become non-thermal, the deceleration within the
shock width can be neglected since such relativistic pro-
tons and ambient electrons are collisionless. The energy
gain per NPC cycle is 〈Ef/Ei〉 ≈ 0.5Γrel

2.
The return probability, Pret, in the NPC cycle can be

roughly estimated as below. First, both of the two inelas-
tic collisions must have conversions, which occur with
a 1/4 chance. Second, only downstream neutrons with
µd > βsh,d/βd can cross the shock to the upstream. Here
βsh,d is the shock velocity in the downstream rest frame,
which becomes≈ 1/3 in the relativistic limit. Finally, the
fraction of neutrons that experience an inelastic collision
in the upstream is ≈ min[1, τpn]. Note that the fraction
of protons that leave the upstream is quite small for rela-
tively ordered magnetic fields that we here consider. The
above arguments yields

Pret ≈ fnpc ×
1

12
min[1, τpn]. (6)

Here, fnpc is a factor to be determined by numerical
calculations, including all other uncertainties, e.g., the
fraction of upstream protons which experience inelastic
collisions before being captured by the shock.
We can define the acceleration efficacy of the NPC

mechanism as the energies of accelerated nucleons over
that of injected neutrons, which is given by εnpc ≈ κpn×
(1/2)min[1, τpn] ×

∑

(〈Ef/Ei〉 × Pret)Ncyc . Here Ncyc is
the cycle number, and the pre-factor corresponds the en-
ergy loss and the survival fraction at ([n,DS]o ⇒ [p,DS]).

As we discuss later, Ncyc would be at most a few, consid-
ering other cooling processes. Accordingly, we take only
the Ncyc = 1 component, which gives [26]

εnpc ≈ fnpc ×
Γrel

2

96
min[1, τpn

2]. (7)

Note that definitions in [26] are somewhat different from
those given here [44].
Monte-Carlo simulations.— Here we perform Monte-

Carlo simulations of the NPC acceleration to justify and
clarify the estimates above.
For demonstration, we assume ordered magnetic fields

parallel to the shock both in the upstream and the down-
stream, and the compression ratio is the same as the
baryon density; Bd/Bu = nd/nu = 4(Γrel+3). Note that
this is not a critical assumption and magnetic fields are
relevant to isotropize protons. The downstream temper-
ature can be estimated as Td ≈ (numpc2Γ2

rel/a)
1/4 ∼

1 Liso,52
1/4ro,7−1/2Γrel,0.5

3/2Γ2.7
−1 keV, where other

cooling processes than the inelastic nuclear collision can
be neglected for a few NPC cycles. Consequently, the
system is parameterized by Γrel, τpn, and ξ(1). Here
ξ(γ) ≡ ωg,dtco,d = ωg,utco,u, and ωg = 2πeB/γmpc2

is the proton-gyration frequency and tco−1 = nσpnc is
the inelastic-collision frequency. When ξ(γ) ) 1, pro-
tons are isotropized before the next inelastic collision.
In the following calculations, we fix ξ(1) = 106, which
corresponds to a conservative magnetic-field strength of
Bu ∼ 4× 102 Liso,51r11.3−2Γs,2

−2 G.
We inject 107 neutrons setting the initial Lorentz fac-

tor and pitch angle as γd,o = Γrel and µd,o = −1, respec-
tively, and trace the trajectories until the shock sweeps
the optical depth τpn, which corresponds to the dynami-
cal time of the outflow.
Fig.1 shows the energy spectra of protons in the down-

stream normalized by the neutron injection for a fixed
optical depth, τpn = 2. The left and right panel shows
the case of Γrel = 3 and 5, respectively. The various
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FIG. 1: The energy spectrum of protons in the downstream for Γrel = 3 (left) and 5 (right). We set γd,o = Γrel, τpn = 2, and
ξ(1) = 106. The spectra are normalized by the total kinetic energy of the neutron injection.

(hereafter NPC cycle). The NPC cycle starts from con-
versions of injected neutrons into protons in the down-
stream ([n,DS]o ⇒ [p,DS]). After being isotropized in
the magnetic field, these protons are re-converted to neu-
trons ([p,DS] ⇒ [n,DS]) while they are advected. A frac-
tion of the neutrons can cross the shock to the upstream
([n,DS] → [n,US]), and again can be converted to pro-
tons ([n,US] ⇒ [p,US]). These protons in the upstream
are easily captured by the shock, and return back to the
downstream ([p,US] → [p,DS]). Note here that once the
protons become non-thermal, the deceleration within the
shock width can be neglected since such relativistic pro-
tons and ambient electrons are collisionless. The energy
gain per NPC cycle is 〈Ef/Ei〉 ≈ 0.5Γrel

2.
The return probability, Pret, in the NPC cycle can be

roughly estimated as below. First, both of the two inelas-
tic collisions must have conversions, which occur with
a 1/4 chance. Second, only downstream neutrons with
µd > βsh,d/βd can cross the shock to the upstream. Here
βsh,d is the shock velocity in the downstream rest frame,
which becomes≈ 1/3 in the relativistic limit. Finally, the
fraction of neutrons that experience an inelastic collision
in the upstream is ≈ min[1, τpn]. Note that the fraction
of protons that leave the upstream is quite small for rela-
tively ordered magnetic fields that we here consider. The
above arguments yields

Pret ≈ fnpc ×
1

12
min[1, τpn]. (6)

Here, fnpc is a factor to be determined by numerical
calculations, including all other uncertainties, e.g., the
fraction of upstream protons which experience inelastic
collisions before being captured by the shock.
We can define the acceleration efficacy of the NPC

mechanism as the energies of accelerated nucleons over
that of injected neutrons, which is given by εnpc ≈ κpn×
(1/2)min[1, τpn] ×

∑

(〈Ef/Ei〉 × Pret)Ncyc . Here Ncyc is
the cycle number, and the pre-factor corresponds the en-
ergy loss and the survival fraction at ([n,DS]o ⇒ [p,DS]).

As we discuss later, Ncyc would be at most a few, consid-
ering other cooling processes. Accordingly, we take only
the Ncyc = 1 component, which gives [26]

εnpc ≈ fnpc ×
Γrel

2

96
min[1, τpn

2]. (7)

Note that definitions in [26] are somewhat different from
those given here [44].
Monte-Carlo simulations.— Here we perform Monte-

Carlo simulations of the NPC acceleration to justify and
clarify the estimates above.
For demonstration, we assume ordered magnetic fields

parallel to the shock both in the upstream and the down-
stream, and the compression ratio is the same as the
baryon density; Bd/Bu = nd/nu = 4(Γrel+3). Note that
this is not a critical assumption and magnetic fields are
relevant to isotropize protons. The downstream temper-
ature can be estimated as Td ≈ (numpc2Γ2

rel/a)
1/4 ∼

1 Liso,52
1/4ro,7−1/2Γrel,0.5

3/2Γ2.7
−1 keV, where other

cooling processes than the inelastic nuclear collision can
be neglected for a few NPC cycles. Consequently, the
system is parameterized by Γrel, τpn, and ξ(1). Here
ξ(γ) ≡ ωg,dtco,d = ωg,utco,u, and ωg = 2πeB/γmpc2

is the proton-gyration frequency and tco−1 = nσpnc is
the inelastic-collision frequency. When ξ(γ) ) 1, pro-
tons are isotropized before the next inelastic collision.
In the following calculations, we fix ξ(1) = 106, which
corresponds to a conservative magnetic-field strength of
Bu ∼ 4× 102 Liso,51r11.3−2Γs,2

−2 G.
We inject 107 neutrons setting the initial Lorentz fac-

tor and pitch angle as γd,o = Γrel and µd,o = −1, respec-
tively, and trace the trajectories until the shock sweeps
the optical depth τpn, which corresponds to the dynami-
cal time of the outflow.
Fig.1 shows the energy spectra of protons in the down-

stream normalized by the neutron injection for a fixed
optical depth, τpn = 2. The left and right panel shows
the case of Γrel = 3 and 5, respectively. The various
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the case of Γrel = 3 and 5, respectively. The various
bumps correspond to the cycle number Ncyc = 0 ∼ 3.
The Ncyc = 0 peak is at ≈ 0.5(γd,o − 1) + 1. We confirm
that the NPC cycle (Eq.(5)) gives a dominant contribu-
tion for the Ncyc ≥ 1 components. As expected, the
peaks are boosted by ≈ 0.5Γrel

2 per cycle.
We also find that, for the Ncyc = 1 bumps, there is

a non-negligible contribution from a path [n,DS]o ⇒
[n,DS] → [n,US] ⇒ [p,US] → [p,DS]. Thanks to the
smaller number of the inelastic collision, the energy gain
in the above path is, in principle, a factor 2 larger than
the NPC cycle. This path, however, has no proton phase
in the downstream, and only neutrons which experience
a large-angle scattering can cross the shock to the up-
stream. The fraction becomes smaller for a larger Γrel

where most of the scattered neutrons are still directed to
the far downstream.
If we approximate the energy spectrum of accelerated

particles as a power low, dN/dE ∝ E−s, the index can
be estimated as s ≈ 1 + ln(1/Pret)/ ln(〈Ef/Ei〉) [31, 34]
(but see also [41, 42]). From Eq.(4) and (6), one can
expect the energy spectrum of the NPC acceleration to
become harder with a larger Γrel, which can be seen in
Fig.1, although they are not as hard as argued in [30].
Fig. 2 shows the acceleration efficiency, where we

only take the Ncyc = 1 component. The circles, tri-
angles, and squares correspond to τpn = 0.1, 1, and 2,
respectively. One can see that εnpc ∝ τpn2 for a fixed
Γrel. Also, εnpc ∝ Γrel

2 for a fixed τpn especially at a
larger Γrel, which is consistent with Eq. (7). The en-
hancement seen at lower Γrel is mainly from the path
[n,DS]o ⇒ [n,DS] → [n,US] ⇒ [p,US] → [p,DS]. The
results are roughly consistent with the analytical esti-
mates with fnpc ∼ 0.1-1.
Summary and discussion.— We numerically investi-

gated the NPC acceleration, which may be efficient at

internal shocks. It may be relevant even for radiated-
mediated shocks, where the conventional Fermi shock
acceleration would be inefficient [28, 29]. This mecha-
nism may play a role on generating a non-thermal com-
ponent at subphotospheres of neutron-loaded, relativistic
outflows. We showed that ∼ Γrel

2 min[1, τpn2]% of the
neutron-flow energy may be converted to non-thermal
nucleons with boosts of ! 0.5Γrel

2.
In this work, we adopted a test-particle approximation

assuming that the neutron fraction is less than unity,
where the back reaction on the background shock struc-
ture is neglected. Once the total energy or pressure of ac-
celerated nucleons becomes significant compared to that
of the proton flow (rather than the neutron flow), inelas-
tic collisions in the upstream contribute to deceleration
of the proton flow with the length scale ≈ 1/nuσpn and
the results should be affected.

So far, we only took into account the hadronuclear
collision. In fact, other energy-loss processes may deter-
mine the maximum energy obtained by the NPC accel-
eration. In the case of GRBs, the Bethe-Heitler (BH)
process p + γ → p + e− + e+ would become crucial for
sufficiently high-energy protons. For a black-body spec-
trum, this gives a maximum Lorentz factor of γd,max "
2mec2/CkBTd, where C is the pre-factor taking into ac-
count the effect of the Wien tail.

In addition, the NPC mechanism becomes inefficient
for ξ(γu(d)) " 1, where the pitch angle of a proton is no
longer isotropized before the next conversion or crossing
the shock. Then, it becomes difficult to cross the shock
from the downstream to the upstream. Also, the typical
pitch angle in the upstream becomes 〈µu〉 ≈ 1 − 1/Γ2

rel
as in the case of the Fermi acceleration, which makes the
energy gain per cycle negative, 〈Ef/Ei〉 < 1, due to the
inelasticity of the inelastic collisions. This sets another
constraint of γd,max " ξ(1). Consequently, the maximum
Lorentz factor by the NPC acceleration can be described
as

γd,max ≈ min

[
2mec2

CkBTd
,

eBu

σpnmpc2nu

]
. (8)

For instance, substituting Γ = 600, Γrel = 3, τpn = 1,
and ξ(1) = 106, which is a possible parameter set for a
successful GRB jet [26], the NPC acceleration can give
γd,max ∼ 102 if C ∼ 10. The by-product neutrino en-
ergy can be Eν ≈ 0.05Γγdmpc2 ∼ 2Γ2.7γd,2 TeV in the
observer frame. Such s high-energy tail may be cru-
cial for the detection of subphotospheric neutrinos from
GRBs [26]. Also, it might affect the signal of hadronic γ
rays. We should remark that the NPC acceleration may
operate in failed GRB jets [43] and proto-neutron star
winds [36] buried in the stellar material.
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FIG. 1: The energy fluence of νµ + ν̄µ from a high-luminosity
GRB (with E

iso
γ = 1053.5 erg) at z = 0.1. The ANB in 30 s is

shown by the dot-dashed curve.

min[tp, tdyn], where tp is the proton cooling time and
tdyn ≈ r/(Γc) is the dynamical time [5]. Our parameters
imply εmax

p " 105.6 GeV. Motivated by recent numerical
simulations [29], we adopt s = 2.1 and εacc = 0.3.
The results for a high-luminosity GRB at z = 0.1 are

shown in Fig. 1. As expected in Eq. (1), quasi-thermal
neutrinos have a peak at ∼ 100 GeV. The NPC compo-
nent enhances a high-energy tail, but it is not very rele-
vant for our conservative value of Γrel. The PL compo-
nent is prominent above TeV, and hadronuclear reactions
give a dominant contribution especially for steeper spec-
tral indices. The photomeson production is also quite
efficient, but the fluence is largely suppressed by strong
cooling of mesons and muons. We also show the atmo-
spheric neutrino background (ANB) [30] assuming that
the angular window of max[Θ2,πθ2ν ], with Θ = 1 deg and
the kinematic angle θν ≈ 1.5 deg

√

TeV/Eν .
Detecting neutrinos from one GRB requires nearby

bursts. But most of these are much less energetic bursts
like GRB 060218 [4], which may originate from low Γ jets
or shock breakout from jet-driven SNe [31]. Note that
hadronuclear collisions may occur even inside the stellar
envelope, so subphotospheric neutrinos are expected from
choked jets [32, 33] as well as successful jets. The results
for a low-luminosity GRB at D = 10 Mpc are shown
in Fig. 2, with Γ = 30, Γrel = 5, and a sub-parameter
Ln = 2 × 1046 erg s−1. Quasi-thermal neutrinos are ex-
pected around 10 GeV, which also demonstrates lower Γ
cases. The NPC component, which is prominent above
100 GeV due to higher Γrel, is shown with εnpc = 0.3.

IV. NEUTRINO DETECTION

Since IceCube is not sensitive at 10 − 100 GeV,
including DeepCore is essential to see quasi-thermal
neutrinos. The neutrino effective area of Deep-
Core+IceCube at 10 − 100 GeV is roughly ≈
101.5 cm2 (Eν/100 GeV)2 [21], so detections at Eν re-
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FIG. 2: The same as Fig. 1, but for a low-luminosity GRB
(with E

iso
γ = 1050 erg) at D = 10 Mpc. The ANB in 1000 s is

shown by the dot-dashed curve.

quire E2
νφν ! 5×10−3 erg cm−2 (Eν/100 GeV)−1. Only

energetic and nearby GRBs can be seen, and a few events
are detectable in the case shown in Fig. 1.
Hence, it is critical to make dedicated stacking anal-

yses for GRBs detected by γ-ray satellites. Although
such analyses have been done around PeV energies for
the classical scenario [12, 13], but not at " 1 TeV for the
photospheric scenario. To demonstrate how to search for
subphotospheric neutrinos, we use the fluence distribu-
tion obtained by Fermi-GBM (see Fig. 7 in [34]). GBM
detected 400 long bursts in two years, and we assume
that GBM sees 2000 bursts in the northern hemisphere
in 20 years. To discover the signal, the number of events
has to be enough and the signal-to-background should be
sufficiently large. From Fig. 1, the ANB at ∼ 100 GeV
is ∼ 10−6 erg cm−2, so the fluence threshold for stack-
ing should be ! 10−6 erg cm−2. Taking thresholds of
" 10−6 erg cm−2 is not useful since the integral fluence
distribution is flat there, while using higher thresholds
is not very essential since the smaller number of more
energetic bursts is compensated by higher fluences.
How we normalize the fluence is crucial. In the classical

scenario, the normalization is given by the GRB-UHECR
hypothesis [1] or a cosmic-ray loading parameter [3]. In
this work, analogously to the hadronic model for an extra
GeV component [35], we use the observed γ-ray fluence
as E2

γφγ ∝ E iso
γ since subphotospheric γ rays are assumed

to be responsible for the prompt emission. Second, the
meson production efficiency fpγ affects the fluence. In
the classical scenario, fpγ is sensitive to r and Γ that
are uncertain [3]. In our model, dissipation should oc-
cur at τT ∼ 1 [18], and efficient γ-ray production should
accompany neutrinos. Finally, the typical neutrino en-
ergy depends on uncertain Γ and z. For simplicity, we
fix Γ = 600 and z = 1. Similar assumptions were also
made in analyses for the classical scenario [12, 13], where
the typical energy depends on Γ and r (for sufficiently
high fpγ) as well as Lγ and break energy [2, 3].
The expected number N of detected νµ + ν̄µ events is

�rel = 3.0



Summary	

•  Era	
  of	
  neutrino	
  astronomy	
  
–  TeV-­‐PeV	
  neutrinos	
  are	
  now	
  detected.	
  	
  
– GeV-­‐TeV	
  neutrino	
  astronomy	
  is	
  also	
  possible.	
  	
  

•  GRB	
  is	
  sJll	
  an	
  interesJng	
  target	
  
– Neutrinos	
  from	
  sub-­‐photospheric	
  dissipaJon	
  

•  A	
  key	
  to	
  understand	
  the	
  central	
  engine	
  
•  Leading	
  model	
  of	
  prompt	
  emission.	
  
•  Even	
  failed	
  or	
  hidden	
  GRBs	
  can	
  produce.	
  

•  NPC	
  mechanism	
  	
  
–  is	
  inevitable	
  at	
  sub-­‐photosphere	
  of	
  GRB	
  jets.	
  
–  is	
  slow,	
  but	
  efficient.	
  
–  can	
  enhance	
  the	
  detectability	
  of	
  GeV-­‐TeV	
  neutrinos	
  
by	
  IceCube	
  DeepCore.	




Back-­‐up	




2

!"#"$%&

b

!"#"$%&

a

FIG. 1: The acceleration cycle in the standard mechanism
for a shock (a) and for a shear flow (b). The thick solid line
shows the particle’s trajectory. The magnetic field is per-
pendicular to the picture plane. The locations of the shock
at the moments of particle escape from the shock and sub-
sequent catch-up are shown as double lines. The shear flow
boundary is shown by thin dotted line.

flow) when its trajectory makes an angle of ! 2/Γ to the
shock normal (or bulk velocity vector), while keeping the
Γ2 energy gain would require isotropisation.

The smallness of this angle is apparent for the case of
shear flow (see Fig. 1b). For shocks it is a consequence of
relativistic motion (Fig. 1a). Indeed, the component of
particle velocity along the shock normal becomes smaller
than the velocity of the shock itself as soon as the an-
gle between the particle’s momentum and the shock nor-
mal grows larger than 1/Γ. There is no apparent way to
isotropize reflected particles unless a special structure in
the magnetic field ahead of the shock is introduced, e.g.,
a counter-propagating shock.

However, a means to circumvent these limitations ex-
ists [12] – it can be done by switching particle’s charge
on and off at right times. Paradoxically, interactions
with photons, which have been always treated as dissipa-
tive processs leading to degradation of particle energy, in
fact play positive role: they allow (through the charge-
changing particle conversion) to keep the Γ2 energy gain
up to the largest particle energies. There are also other
types of conversion reactions, which we briefly discuss
in the following section. One of the suggested below
charge-changing schemes (electron-photon-electron reac-
tion chain in GRB shocks) is independently considered
in [13].

In order to outline the general picture, we intentionally
skip some details, which are not essential for the proposed
acceleration mechanism, but may change its quantitative
characteristics. In particular, we assume that the mag-
netic field is either chaotic (turbulent) or uniform with

field lines perpendicular to both the momentum of accel-
erated particle and the velocity of the flow, and treat
shocks and shear flows as one-dimensional discontinu-
ities.

We use the convention Fν ∝ νq to define the spectral
index q, where Fν is the energy flux per unit frequency
interval.

II. THE CONVERTER ACCELERATION
MECHANISM

Two basic types of photon-induced conversion involve
nucleons or electrons/positrons. Both cycles consist of
two reactions:

p + γ → n + π+ and n + γ → p + π− (1)

for proton cycle,

e± + γ → e± + γ′ and γ′ + γ → e+ + e− (2)

for electron cycle. Here p, n, π±, and e± denote proton,
neutron, charged pions (positive and negative), positron
and electron, respectively; γ is a low-energy background
photon and γ′ the high-energy comptonized photon.

The second of reactions from the electron cycle (2)
has a kinematic threshold ∆e = 2 mec2 in the center-of-
momentum frame, where me is the electron mass. Ef-
fectively, the first reaction also has the threshold ! ∆e,
since at lower energies of incident photons the efficiency
of energy transfer to the comptonized photon becomes
much less than unity. The reactions proceed differently
depending on the background photon spectrum. Soft
spectrum blocks the electron cycle as the fraction of en-
ergy transferred to a comptonized photon is too small
and there are few target photons sufficiently energetic
for the second reaction of the electron cycle. An example
of soft spectrum could be a power-law with spectral index
q < −1 or a narrow-band spectrum, like black-body or
line emission, with typical photon energy ε̄ % m2

ec
4/εe,

where εe is the electron energy. For intermediate spectra
(e.g., power-laws with indices −1 < q < 1 or narrow-
band spectrum with ε̄ ∼ m2

ec
4/εe), the comptonized pho-

ton takes about 1/2 of the electron (positron) energy,
and in the consequent pair production event this energy
is divided nearly in equal parts between the daughter
electron and positron. The cross-section in both pro-
cesses is σe,γ ∼ 10−25 cm2. For hard spectra (q > 1
or ε̄ ' m2

ec
4/εe), these reactions proceed in the deep

Klein-Nishina regime, i.e., the comptonization and pair-
production cross-sections decrease inversely proportional
to the square of the center-of-momentum energy (their
ratio is 1:2) and almost all the energy of interacting par-
ticles is transferred to one of the daughter particles. In
effect, the energy losses for the combined electron/photon
particle become very gradual. This case is the closest
to the pure conversion (the probability of charge change
pc = 1) without accompanying energy losses provided the
synchrotron emission is negligible.
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  NPC	
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The reactions from the proton cycle (1) (see, e.g.,
[14]) have kinematic threshold of (mπc2+m2

πc2/2 mN) !
150 MeV in the nucleon rest frame (mπ ! 140 MeV/c2

is the charged pion mass and mN ! 940 MeV/c2 the
nucleon mass). Side by side with the reactions (1) pro-
ceed other photopionic reactions with formation of neu-
tral pion, which preserve nucleon’s charge. They have
roughly the same cross-section and should be considered
as a background energy losses. The total photopionic
cross-section rapidly increases with energy of incident
photon and reaches maximum of σπ ! 6 × 10−28 cm2

at ∆p ! 340 MeV, which corresponds to formation of ∆-
resonance and should be considered as effective thresh-
old. Well above the resonance energy, the cross-section
decreases and levels off at ! 10−28 cm2. The probability
of charge change in a photopionic reaction is pc ! 1/3 at
the resonance and pc ! 1/2 at the plateau. The inelas-
ticity is ! 0.2 and about 0.5, respectively.

A competing photon-induced reaction is the process of
creation of an electron-positron pair by a photon interact-
ing with the electric field of a proton p+γ → p+e−+e+,
which has the cross-section ! 5 × 10−27 cm2 and inelas-
ticity ! 10−3. With the decrease of spectral index q of
target photon field, this process becomes an increasingly
important energy loss channel, and at q ! −1.55 the dif-
ference with the photopionic processes in the inelasticity
and cross-section is exactly balanced by larger number of
target photons (thanks to lower threshold). Anyway, the
p+ γ → p+ e− + e+ process can be neglected for spectra
with q >∼ −1.5.

In dense environments and at relatively low nucleon
energies, i.e., in the case where there are few target pho-
tons, the proton cycle proceeds through inelastic nucleon-
nucleon collisions, for example,

p+p → n+p+π+ and n+p → p+p+π− . (3)

The kinematic threshold for these reactions is mπc2 in
the center-of-momentum frame, and the cross-section at
energies & mπc2 is ! 3×10−26 cm2. The acceleration via
inelastic nucleon-nucleon collisions could be important in
GRB internal shocks, where the required column density
of ∼ 10 g/cm2 is achieved [15].

In both proton and electron cycles, one can consider
an accelerated nucleon or electron/positron as a particle,
which has both charged and neutral states. The accel-
eration cycle consists of three steps (see Fig. 2). First,
a charged particle in relativistic flow is converted into
neutral state (point 1). Then, experiencing no influence
from the magnetic field, it freely leaves the flow and prop-
agates into ambient medium much further than if it were
charged. Second, a transition from neutral to charged
state occurs (point 2), which may be the spontaneous
neutron decay.

At this moment, the particles in the laboratory frame
preserve beaming with the opening angle of ∼ 1/Γ, which
they had in the neutral state. The initial handicap al-
lows particles to be deflected by an angle θ & 2/Γ be-
fore the encounter with the relativistic flow. The angular
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FIG. 2: The acceleration cycle in the converter mechanism for
a shock (a) and for a shear flow (b). The particle’s trajectory
is shown by thick dotted line (neutral state) and thick solid
line (charged state). The magnetic field is perpendicular to
the picture plane. Numbered are the moments of particle con-
version into neutral state, transition from neutral to charged
state, and subsequent return to the flow. The locations of
the shock at the corresponding moments are shown by double
lines. The shear flow boundary is shown by thin dotted line.

spreading of the particle beam in the laboratory frame
means energy gain in the flow comoving frame, which is
much larger than 2 and amounts to Γ2 in the case of full
isotropisation. At the third step, the particles return to
the flow (point 3) and their isotropisation in the comov-
ing frame translates into the resulting energy gain in the
laboratory frame.

The main parameter, characterizing the efficiency of
the converter mechanism, is the optical depth for inter-
actions of accelerated particles (protons/neutrons or elec-
trons/photons) τ = σnD, where n is the number density
of target particles (photons or nucleons) and D the ac-
celerator’s size, both measured in the comoving frame, σ
the relevant cross-section.

The optical depth is geometry-dependent. In the case
of a continuous outflow or a shock, produced by a cen-
tral engine and subtending an angle > 1/Γ, one has for
photon-induced reactions

τ !
σL(ε∗)Θ2

4 πRcε∗
. (4)

Here L is the apparent luminosity per logarithmic fre-
quency interval at photon energy ε∗ = 2 mc2∆/(εΘ2),
where the interaction with target photons is the most
efficient, ε the energy of accelerated particle, R the dis-
tance from the central engine, ∆ and m are the threshold
and the mass of the particle for one of the possible cycles.

The beaming angle of target radiation field is Θ ∼ 1/Γ
in the case where it is produced within the jet or by the
shocked gas, and Θ ∼ 1 for the emission from broad-line
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process p+ � ! �+ ! n+ ⇡+. When these pions decay
via ⇡+ ! µ+⌫µ and µ+ ! e+⌫e⌫̄µ, they produce a flux
of high-energy muon and electron neutrinos, coincident
with the gamma rays, and peaking at energies of sev-
eral hundred TeV4,11. Such a flux should be detectable
using km3-scale instruments like the IceCube neutrino
telescope12,13 (Suppl. Fig. 1). Due to maximal mixing
between muon and tau neutrinos, neutrinos from pion
decay in and around GRBs will arrive at Earth in an
equal mixture of flavors. We focus here only on muons
produced in ⌫µ charged-current interactions. As the
downgoing cosmic ray muon background presents chal-
lenges for the identification of neutrino-induced muons,
we achieve our highest sensitivity for upgoing (northern
hemisphere) neutrinos. However, the tight constraint of
spatial and temporal coincidence with a gamma-ray burst
allows some sensitivity even in the southern sky. One of
the two analyses presented here therefore includes south-
ern hemisphere gamma-ray bursts during the 59-string
IceCube run.

The results presented here were obtained while Ice-
Cube was under construction using the 40- and 59-string
configurations of the detector, which took data from
April 2008 to May 2009 and from May 2009 until May
2010, respectively. During the 59-string data taking pe-
riod, 190 GRBs were observed and reported via the GRB
Coordinates Network14, with 105 in the northern sky.
Of those GRBs, 9 were not included in our catalog due
to detector downtime associated with construction and
calibration. Two additional GRBs were included from
test runs before the start of the o�cial 59-string run.
117 northern-sky GRBs were included from the 40-string
period7 to compute the final combined result. GRB po-
sitions were taken from the satellite with the smallest re-
ported error, which is typically smaller than the IceCube
resolution. The GRB gamma-emission start (Tstart) and
stop (Tstop) times were taken by finding the earliest and
latest time reported for gamma emission.

As in our previous study7, we conducted two analyses
of the IceCube data. In a model-dependent search, we
examine data during the period of gamma emission re-
ported by any satellite for neutrinos with the energy spec-
trum predicted from the gamma-ray spectra of individual
GRBs6,9. The model-independent analysis searches more
generically for neutrinos on wider time scales, up to the
limit of sensitivity to small numbers of events at ± 1 day,
or with di↵erent spectra. Both analyses follow the meth-
ods used in our previous work7, with the exception of
slightly changed event selection and the addition of the
southern hemisphere to the model-independent search.
Due to the large background of down-going muons from
the southern sky, the southern hemisphere analysis is
sensitive mainly to higher energy events (Suppl. Fig.
3). Systematic uncertainties from detector e↵ects have
been included in the reported limits from both analyses
and were estimated by varying the simulated detector
response and recomputing the limit, with the dominant
factor the e�ciency of the detector’s optical sensors.

Neutrino Energy (GeV)

Waxman & Bahcall
IC40 limit
IC40 Guetta et al.
IC40+59 Combined 
 limit
IC40+59 Guetta 
 et al.

FIG. 1. Comparison of results to predictions based on ob-
served gamma-ray spectra. The summed flux predictions
normalized to gamma-ray spectra6,9,15 are shown in dashed
lines; the cosmic ray normalized Waxman-Bahcall flux4,16 is
also shown for reference. The predicted neutrino flux, when
normalized to the gamma rays6,9, is proportional to the ra-
tio of energy in protons to that in electrons, which are pre-
sumed responsible for the gamma-ray emission (✏p/✏e, here
the standard 10). The flux shown is slightly modified6 from
the original calculation9. �⌫ is the average neutrino flux at
Earth, obtained by scaling the summed predictions from the
bursts in our sample (F⌫) by the global GRB rate (here 667
bursts/year7). The first break in the neutrino spectrum is
related to the break in the photon spectrum measured by the
satellites, and the threshold for photopion production, while
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 ev-
ery 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.

In the 59-string portion of the model-dependent anal-
ysis, no events were found to be both on-source and
on time (within 10� of a GRB and between Tstart and
Tstop). From the individual burst spectra6,9 with the
ratio of energy in protons vs. electrons ✏p/✏e = 10 [Ref.
6], 8.4 signal events were predicted from the combined
2-year dataset and a final upper limit (90% confidence)
of 0.27 times the predicted flux can be set (Fig. 1). This
corresponds to a 90% upper limit on ✏p/✏e of 2.7, with
other parameters held fixed, and includes a 6% system-
atic uncertainty from detector e↵ects.

In the model-independent analysis, two candidate
events were observed at low significance, one 30 sec-
onds after GRB 091026A (Event 1) and another 14 hours
before GRB 091230A (most theories predict neutrinos
within a few minutes of the burst). Subsequent examina-
tion showed they had both triggered several tanks in the
IceTop surface air shower array, and are thus very likely
muons from cosmic ray air showers. In Fig. 2 are shown
limits from this analysis on the normalization of E�2

muon neutrino fluxes at Earth as a function of the size
of the time window |�t|, the di↵erence between the neu-
trino arrival time and the first reported satellite trigger
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ABSTRACT

The recent gamma-ray burst GRB 130427A has an isotropic electromagnetic energy E

iso
⇠ 1054

erg, suggesting an ample supply of target photons for photo-hadronic interactions, which at its low
redshift of z ⇠ 0.34 would appear to make it a promising candidate for neutrino detection. However,
the IceCube collaboration has reported a null result based on a search during the prompt emission
phase. We show that this neutrino non-detection can provide valuable information about this GRB’s
key physical parameters such as the emission radius Rd, the bulk Lorentz factor � and the energy
fraction converted into cosmic rays ✏p. The results are discussed both in a model-independent way
and in the specific scenarios of an internal shock model (IS), a baryonic photospheric model (BPH)
and magnetic photospheric model (MPH). We find that the constraints are most stringent for the
magnetic photospheric model considered, but the constraints on the internal shock and the baryonic
photosphere models are fairly modest.

1. INTRODUCTION

Gamma-ray bursts (GRBs) have been proposed as a ma-
jor source of high energy cosmic rays, provided that a
substantial fraction of protons are accelerated in the in-
ferred shocks or magnetic reconnection regions. How-
ever, the underlying mechanism of the prompt gamma-
ray emission, the jet structure and the particle accelera-
tion details remain uncertain. Very high energy neutri-
nos, however, would be a natural by-product from high
energy protons interacting with other baryons or with
photons, su↵ering little from absorption e↵ect along the
propagation path and providing valuable clues about the
presence of cosmic rays. It is expected that if a ma-
jor fraction of the GRB energy is converted into ultra-
high energy cosmic rays, a detectable neutrino fluence
should appear in IceCube (Ahlers et al. 2011). How-
ever, the two-year data gathered by the IceCube 40 +
59 string configuration has challenged this scenario by a
null result in the search for correlation with hundreds of
electromagnetically detected GRBs (Abbasi et al. 2012).
Constraints on the conventional internal shock fireball
models have been derived (He et al. 2012) and several al-
ternative models have been discussed (Vurm et al. 2011;
Zhang & Yan 2011; Gao et al. 2012).
Recently a super-luminous burst, GRB 130427A, was de-
tected simultaneously by five di↵erent satellites, with an
isotropic equivalent energy of Eiso

⇠ 1054 ergs in gamma-
rays at a low redshift of z ⇠ 0.34 (Fan et al. 2013). Dis-
appointingly, a neutrino search for this GRB reported by
the IceCube collaboration yielded a null result 1. Here we
show that this null detection is not surprising, and show
that it provides interesting information about the prop-
erties of this GRB, some of which are otherwise di�cult
to obtain through conventional electromagnetic channels.
We discuss the constraints on the physical parameters of

Email(SG): sxg324@psu.edu
Email(KK): kzk15@psu.edu
Email(PM): pmeszaros@astro.psu.edu
1 http://gcn.gsfc.nasa.gov/gcn3/14520.gcn3

Fig. 1.— (See e-print for colored version) Density plot of the
expected number of neutrino events (track+cascade) in IceCube for
GRB 130427A on the 2D parameter space of the dissipation radius
R13 = R

d

/1013 cm and the bulk Lorentz factor � of the jet at this
radius. This calculation uses the semi-analytical method similar to
(Waxman & Bahcall 1997; Zhang & Kumar 2012) but assuming no
specific scenario (e.g. neither an internal shock, nor other model,
see §II for details). The blue color (top-right region) denotes fewer
events while the red (lower regions) denotes more events. The
five dashed lines from top to bottom show contours where one
event is expected, for di↵erent proton to electron energy ratios
✏
p

/✏
e

= 10, 5, 3, 2, 1. The other two energy partition parameters
are taken to be constants, ✏

e

= 0.1 and ✏
B

= 0.01. Based on the
null result in the IceCube neutrino search reported in (Abbasi et al.
2012), the parameter space below each contours is more likely to
be ruled out for the corresponding ✏

p

/✏
e

.

this GRB, both (a) using a model-independent proce-
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