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Fig. 4 shows a fit using a more general model in which
the astrophysical flux is parametrized as a piecewise func-
tion of energy rather than a continuous unbroken E�2

power law. As before, we assume a 1:1:1 flavor ratio and
isotropy. While the reconstructed spectrum is compati-
ble with our earlier E�2 ansatz, an unbroken E�2 flux
at our best-fit level would have been expected to give 3.1
additional events above 2 PeV (a higher energy search
[10] also saw none). This may indicate, along with the
slight excess in the lower energy bins, either a softer spec-
trum or a cuto↵ at high energies. Correlated systematic
uncertainties in the first few points in the reconstructed
spectrum (Fig. 4) arise from the poorly constrained level
of the prompt atmospheric neutrino background. The
presence of this softer (E�2.7) component would decrease
the non-atmospheric excess at low energies, hardening
the spectrum of the remaining data. The corresponding
range of best fit astrophysical slopes within our current
90% confidence band on the prompt flux [9] is �2.0 to
�2.3. As the best-fit prompt flux is zero, the best-fit
astrophysical spectrum is on the lower boundary of this
interval at �2.3 with a total statistical and systematic
uncertainty of ±0.3.

To identify any bright neutrino sources in the data, we
employed the same maximum-likelihood clustering search
as before [11], as well as searched for directional corre-
lations with TeV gamma-ray sources. For all tests, the
test statistic (TS) is defined as the logarithm of the ratio
between the best-fit likelihood including a point source
component and the likelihood for the null hypothesis, an
isotropic distribution [32]. We determined the signifi-
cance of any excess by comparing to maps scrambled in
right ascension, in which our polar detector has uniform
exposure.

As in [11], the clustering analysis was run twice, first
with the entire event sample, after removing the two
events (28 and 32) with strong evidence of a cosmic-ray
origin, and second with only the 28 shower events. This
controls for bias in the likelihood fit toward the positions
of single well-resolved muon tracks. We also conducted
an additional test in which we marginalize the likelihood
over a uniform prior on the position of the hypotheti-
cal point source. This reduces the bias introduced by
muons, allowing track and shower events to be used to-
gether, and also improves sensitivity to multiple sources
by considering the entire sky rather than the single best
point.

Three tests were performed to search for neutrinos in
correlation with known gamma-ray sources, also using
track and shower events together. The first two searched
for clustering along the galactic plane, with a fixed width
of ±2.5�, based on TeV gamma-ray measurements [33],
and with a free width of between ±2.5� and ±30�. The
last searched for correlation between neutrino events and
a pre-defined catalog of potential point sources (a com-
bination of the usual IceCube [34] and ANTARES [35]

FIG. 5. Arrival directions of the events in galactic coordi-
nates. Shower-like events are marked with + and those con-
taining muon tracks with ⇥. Event IDs match those in the
catalog in the online supplement and are time ordered. The
grey line denotes the equatorial plane. The color map shows
the test statistic (TS) for the point source clustering test at
each location. No significant clustering was observed.

lists; see online supplement). For the catalog search, the
TS value was evaluated at each source location, and the
post-trials significance calculated by comparing the high-
est observed value in each hemisphere to results from
performing the analysis on scrambled datasets.
No hypothesis test yielded statistically significant evi-

dence of clustering or correlations. For the all-sky clus-
tering test, scrambled datasets produced locations with
equal or greater TS 84% and 7.2% of the time for all
events and for shower-like events only. As in the two-year
data set, the strongest clustering was near the galactic
center. Other neutrino observations of this location have
given no evidence for a source [36], however, and none of
the new events were strongly correlated with this region.
When using the marginalized likelihood, a test statistic
greater than or equal to the observed value was found
in 28% of scrambled datasets. The source list yielded p-
values for the northern and southern hemispheres of 28%
and 8%, respectively. Correlation with the galactic plane
was also not significant: when letting the width float
freely, the best fit was ±7.5� with a post-trials chance
probability of 2.8%, while a fixed width of ±2.5� returned
a p-value of 24%. A repeat of the time clustering search
from [11] also found no evidence for structure.
With or without a possible galactic contribution [37,

38], the high galactic latitudes of many of the highest-
energy events (Fig. 5) suggest at least some extragalac-
tic component. Exception may be made for local large
di↵use sources (e.g. the Fermi bubbles [39] or the galac-
tic halo [40, 41]), but these models typically can ex-
plain at most a fraction of the data. If our data arise
from an extragalactic flux produced by many isotropi-
cally distributed point sources, we can compare our all-
sky flux with existing point-source limits. By exploiting
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Neutrinos & γ rays: Messengers from Cosmic-Ray Accelerators 

p+γ→ Nπ + X
σpp ~ 3x10-26 cm2 

π ± →νµ +νµ + νe (νe ) + e
±

π 0 → γ +γ

p+ p→ Nπ + X
σpγ ~ 5x10-28 cm2 
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> GeV neutrinos from jets (ex. γ-ray bursts) 
nonthermal ν: dissipation in relativistic jets 
 
- relativistic jet properties, relationship with supernovae,  
  new physics (ex. LIV, νν interactions) etc. 

Motivation: Probe of Astrophysics & Neutrino Physics 

~10 MeV neutrinos from supernova 1987A 
thermal ν: stellar core’s grav. binding energy 
 
- explosion mechanisms, progenitor properties,    
  nucleosynthesis, ν oscillation etc. 

Supernova 

γ-ray burst 

Neutrinos can probe dense environments like the stellar interior  
→ detecting even a few events can give definitive answers 
→ will open new windrows of HE astrophysics & ν physics  

? 



1.  Prompt Gamma-Ray Burst Neutrinos 
2.  Neutrinos from Hidden Gamma-Ray Burst Jets 
3.  Summary 

Talk Outline 

Transients: temporarily luminous and atm. bkg. reduced 
Advantage of neutrinos: we can study subphotospheric  
　　　　　　　　　　　　　　　　 phenomena (τT =neσTΔ>~1) 

Supernova γ-ray burst 
? 



Inner jet (prompt/flare)  
r ~ 1012-1016 cm   B ~ 102-6 G 

PeV ν, GeV-TeV γ 

Meszaros (2001) 

Possible Neutrino Production Sites 

Waxman & Bahcall 97 PRL	


Dermer & Atoyan 03 PRL���
KM & Nagataki 06 PRL	



Afterglow 
r ~ 1014-1017 cm   B ~ 0.1-100 G 

EeV ν, GeV-TeV γ  
e.g., Waxman & Bahcall 00 ApJ ���
        Dermer 02 ApJ ���
        KM 07 PRD	
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pγ Neutrinos: Basics 

p+γ→ Nπ + X

Meson production efficiency (large astrophysical uncertainty) 
fpγ ~ 0.2nγσpγ(r/Γ) ∝ r-1Γ-2 ∝ Γ-4δt-1 (if IS scenario r ~ Γ2δt)	



at Δ-resonance (εpεγ ~ 0.2Γ2 GeV2)  

ενb ~ 0.05εp
b ~ 0.01 GeV2 Γ2/εγ,pk ~ 1 PeV (if εγ,pk ~ 1 MeV)  

baryonic resonances, 
direct production, 
multi-pion production etc. σpγ ~ a few x 10-28 cm2 

parameters for fpγ (Lγ, photon spectrum, Γ, r (or δt)) & CR spectrum 



Neutrino Spectra 

more detailed microphysics 
- higher resonances & multi-pion production 
- CR cooling (photomeson, photopair, syn., IC) 
- muon, pion, kaon w. their cooling 
- neutrino mixing 

CR Spectrum (Fermi mechanism) 

εγ 

Photon Spectrum (observed) 

εγ,pk~ MeV εmax 

N(εp) ∝ εp
-s (s~2 assumed) 

2-α~1.0 

2-β~-0 

εγ2N(εγ) 
Neutrino Spectrum 

εν
b 

β-1+2-s~1 

εν2N(εν) 

εν
πsyn 

εν 

α-3+2-s~-2.0 

α-1+2-s~0 meson  
cooling 

~ PeV 

EHECR ≡ εp
2N(εp) ~ Eγ (if UHECR origin) 

ECR = ∫dεp εp N(εp) ~ 20 EHECR 

numerical 

KM & Nagataki 06 PRD 



Recent IceCube Limits on Prompt ν Emission 

Observational limits start to be powerful but be careful about interpretations  
1. fpγ is energy-dependent, π-cooling → ~ 4 ↓ 
2. (εγ2 φγ at εγ,pk) ≠ (∫dεγ εγ φγ) → ~3-6 ↓ 
3. details (multi-π, ν mixing etc.) → ex., multi-π ~2-3 ↑ 
independent of “astrophysical” model-uncertainty in calculating fpγ	


※ The above issues do NOT exist in some pre-IceCube models 

IceCube collaboration 12 Nature 

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.

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

(Li 11, Hummer+ 12) 

(Hummer+ 12, He+ KM 12) 

(KM & Nagataki 06) 

Theor. prediction (but see below) 

Obs. limit (based on stacking) 

(ex. KM & Nagataki 06) 



Implications of IceCube “Stacking” Searches 

- GRB-UHECR(proton) hypothesis: not ruled out yet 
- ~10 yr obs. can cover most of relevant parameter space 
- Observed diffuse ν flux cannot be explained by typical GRBs 

The Astrophysical Journal, 752:29 (10pp), 2012 June 10 He et al.

2.1.2. Neutrino Spectrum in the Internal Shock Scenario

In this subsection, we assume the standard internal shock
scenario with a dissipation radius at R = 2Γ2ctob

v /(1+z), where
tob
v is the observed variability timescale of the GRB emission.

The conversion fraction fpγ is given by

fpγ
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(16)

Then, the spectrum of the muon neutrinos produced via the pion
decay is approximated by
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and the spectrum of the antimuon (electron) neutrinos produced
via the muon decay is approximated by
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where the cutoff energies are

εob
νµ,c = 2.0 × 108
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and

εob
λ,c = 1.4 × 107

(1 + z)2
L

−1/2
γ ,52 Γ4

2.5t
ob
v,−2 GeV, (20)

with λ representing the antimuon and the electron neutrinos (ν̄µ

and νe) produced by the muon decay, and
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By substituting Equations (17) and (18) into Equation (4), we
can analytically obtain the neutrino spectrum. To illustrate the
difference between our calculation and the ICC calculation, we
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Figure 1. Neutrino spectrum for a typical GRB, using the method adopted
by the ICC (Abbasi et al. 2010, 2011a; ICC 2011) (dark gray solid line),
the modified Guetta et al. (2004) method (blue solid line), our modified
analytical method (purple solid line), and our numerical method (red solid
line). The parameters used in the calculation for this GRB are α = 1, β = 2,
fluence F ob

γ = 10−5 erg cm−2 (in 10 keV to 1 MeV), z = 2.15, peak energy
εob
γ ,b = 200 keV, peak luminosity Lγ = 1052 erg s−1, bulk Lorentz factor

Γ = 102.5, the observed variability timescale tob
v = 0.01 s, and the baryon

ratio ηp = 10.
(A color version of this figure is available in the online journal.)

calculate the neutrino spectrum for one typical GRB with bench-
mark parameters, shown in Figure 1. Compared with the ICC
calculation (the dark gray solid line), our spectrum (the purple
solid line) consists of more structures resulting from the sum of
the contributions by the three types of neutrinos, for which the
pion cooling, the muon cooling, and the oscillation effect are
considered. Furthermore, the flux level predicted by our mod-
ified analytical calculation is a factor of ∼20 lower than that
obtained by the ICC (Abbasi et al. 2010, 2011a, The IceCube
Collaboration 2011). This mainly arises from two differences in
the calculation.

1. We use Equation (3), where the conversion fraction fpγ

is a function of the proton energy εp as shown by
Equation (16), to normalize the neutrino flux to the proton
flux, which means that only a fraction of the protons can
efficiently produce neutrinos. This corrects the ICC’s inac-
curate use of the energy-independent conversion fraction in
the normalization of the neutrino flux (Li 2012; Hümmer
et al. 2011; Murase et al. 2012). The calculation of Guetta
et al. (2004)7 normalized the flux based on the differential
spectrum so that it does not suffer from this problem. The
spectrum obtained using the calculation from Guetta et al.

7 Guetta et al. (2004) calculated the neutrino spectrum by assuming a flat,
high-energy electron spectrum (i.e., dNe/dγe ∝ γ −2

e ), and by using an electron
equipartition fraction εG

e that represents the ratio of the nonthermal electron
energy over one energy decade to the UHECR energy over one energy decade.
The neutrino flux is normalized by ε2

ν (dNν/dεν ) = (1/8)(1/εG
e )(F ob

γ /ln 10)fπ

(see their Equation A19). Note that other normalization procedures are also
possible, and this εG

e is typically larger than the conventional εe , which is
defined as the ratio of the total nonthermal electron energy to the total internal
energy (including both thermal and nonthermal protons).

4

He, Liu, Wang+ KM 12 

~ 6-10 
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Figure 2. Neutrino spectra numerically calculated by adopting the internal shock
radius R = 2Γ2ctob

v /(1 + z) for 215 GRBs (light red lines) observed during
the IceCube operations in the 40-string and 59-string configurations. We use the
same GRB samples, the same assumptions for the GRB parameters, and the
same effective area as a function of the zenith angle as those used by the ICC.
The thick red solid line represents the sum of the neutrino spectra of the 215
GRBs and the thick red dashed line is the corresponding 90% CL upper limit
of IceCube. The thick dark gray solid line and dashed line are the predicted
total neutrino spectrum and the corresponding 90% CL upper limit given by
the ICC for the combined data analysis of IC40 and IC59, respectively. The
blue solid and dashed lines correspond to the expected spectra and the 90%
CL upper limit obtained by using the modified method in Guetta et al. (2004).
The purple lines represent our modified analytical calculation as a comparison.
For the above calculations, we adopt benchmark parameters, such as the peak
luminosity Lγ = 1052 erg s−1, the observed variability timescale tob

v = 0.01 s
for the long GRBs, the Lorentz factor Γ = 102.5, and the baryon ratio ηp = 10
for every GRB.
(A color version of this figure is available in the online journal.)

1012–1016 cm.10 The figure shows that the neutrino flux for the
case of R = 1012 cm (the black solid line) would exceed the
corresponding IceCube upper limit (the black dashed line) as
long as the baryon-loading factor is sufficiently greater than
unity. If we fix ηp = 10, then the nondetection requires that the
dissipation radius be larger than 4×1012 cm. We note that, when
the emission radius is too small, the maximum energy of the
accelerating particles is limited due to the strong photohadronic
and/or radiation cooling, and the neutrino emission can be more
complicated due to the strong pion/muon cooling, so a more
careful study is needed to obtain quantitative constraints on ηp

in this regime. On the other hand, the larger dissipation radius
leads to a lower neutrino flux and higher cooling break energy
according to Equations (12) and (13). The shift of the first break
to higher energies for larger dissipation radii is due to those
GRBs with α > 1, whose neutrino spectral peaks located at the
cooling breaks dominantly contribute to the neutrino flux.

3.2. Uncertainty in the Bulk Lorentz Factor

In the previous subsections, we took either the variability or
the dissipation radius as a principal parameter, given a Lorentz
factor, i.e., Γ = 102.5. For those bursts without a measured

10 If the radius is smaller than the photosphere radius, then the neutrino
emission produced by the p − p interactions becomes important (Wang & Dai
2009; Murase 2008); this scenario is not considered here.
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Figure 3. Spectra of the total neutrino emission produced by 215 GRBs,
assuming the same dissipation radius for every GRB at R = 1012 cm (the
black solid line), R = 1013 cm (the blue solid line), R = 1014 cm (the green
solid line), R = 1015 cm (the yellow solid line), and R = 1016 cm (the red
solid line). The corresponding upper limits are shown by the dashed lines.
Other parameters are the same as those used in Figure 2. Note that the red,
green, and yellow dashed lines overlap with each other because the spectrum
shape of the red, green, and yellow solid lines is similar in the energy range of
105 GeV–3 × 106 GeV.
(A color version of this figure is available in the online journal.)

redshift, we took Lγ = 1052 erg s−1 for the peak luminosity, as
was done by the ICC. However, it was found recently that the
bulk Lorentz factor could significantly vary among the bursts,
and there is an inherent relation between the Lorentz factor and
the isotropic energy or the peak luminosity (Liang et al. 2010;
Ghirlanda et al. 2012). As shown by Equations (17) and (18),
the neutrino flux is very sensitive to the bulk Lorentz factor, so
we can use the inherent relation to obtain more realistic values
for the Lorentz factors and, hence, a more reliable estimate of
the neutrino flux.

By identifying the onset time of the forward shock from the
optical afterglow observations, Liang et al. (2010) and Lv et al.
(2011) obtain the bulk Lorentz factors for a sample of GRBs.
They furthermore found a correlation between the bulk Lorentz
factor and the isotropic energy of the burst, given by11

ΓL = 118E0.26
iso,52. (22)

Ghirlanda et al. (2012) revisit this problem with a large sample
and obtain a relation as

ΓG = 29.8E0.51
iso,52. (23)

Compared with the benchmark model, which assumes Γ = 102.5

for all of the bursts, the value of Γ obtained from these
relations is lower for the bursts with the isotropic energy
Eiso ! (4.4–9.4) × 1053 erg.

Ghirlanda et al. (2012) also obtained the relation between the
bulk Lorentz factor and the peak luminosity, i.e.,

ΓGL
= 72.1L0.49

γ ,52. (24)

11 We adopt only the center value for the relationships presented hereafter.

6

(see also Hummer+12) 

numerical 

analytical 

IceCube 

Exceptions: low-luminosity (LL) GRBs & choked jets inside a star (see ex. KM & Ioka 13 PRL) 
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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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Classical GRB Picture Has Been Challenged 

Photosphere 
(τT=nσT(r/Γ)=1) 
r~1011-1013 cm 

“Classical” internal shock 
r~1013-1015.5 cm 

Mag. dissipation 
ex. r~1015-1016 cm  
(model-dependent) 

External shock 
r~1016-1017 cm 

ex. Wolf-Rayet star 
      R~1011-1012 cm 

Problems! 
- low-energy index 
- Amati, Yonetoku etc. 
- radiative efficiency 

modified-thermal emission 
dissipation: shock/mag./n-p collision 
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fpγ: meson production efficiency 

fAγ: photodisintegration efficiency 

Fe survival	
p depleted	


internal shock	


mag. dissipation	
photospheric	


Fe: maximum energy 

p: maximum energy  

fAγ=1 



Model-Dependent Predictions: Large r Models 

- Large r models required if GRBs are UHE nuclei sources 
- σAγ >> σpγ → nucleus-survival=inefficient ν prediction 
  if τAγ<~ 1 → εν2Φ(εν) <~ 3x10-11 GeV cm-2 s-1 sr-1  
- Magnetic models? multi-zone IS? (Zhang’s, Allard’s & Bustamante’s talk)  

KM et al. 08 PRD 
see also Zhang & Kumar 13 PRL 

fp! ! fmeson

’ 1:4" 10#3 Lb;46:2

r15:8!
2
1"

b
ob;5 keV

! ðEp=E
b
pÞ"#1

ðEp=E
b
pÞ##1 : (18)

Here, the parameter regions for the upper and lower
columns are Ep < Eb

p and Ep & Eb
p, respectively. Our re-

sults are shown in Fig. 8. In fact, the above analytic esti-
mations agree with numerical results. For example, let us
consider parameter sets demonstrated in Fig. 1 for HL
GRBs and Fig. 3 for LL GRBs. For the former set with
the source redshift z ¼ 0:1 (Eiso

! ¼ 1053 ergs and $acc ¼
20), we have E2

%&% ( ð1=4Þfp!E2
pðdNiso

p =dEpÞ=ð4'D2Þ (
3" 10#4 erg cm#2, which agrees with the thick solid
line shown in Fig. 8. For the latter set with the source
redshift z ¼ 0:005 (Eiso

! ¼ 1050 ergs and $acc ¼ 10),
we have E2

%&% ( ð1=4Þfp!E2
pðdNiso

p =dEpÞ=ð4'D2Þ ( 7"
10#7 erg cm#2, which also agrees with the thin dashed
line shown in Fig. 8. Note that such low redshift bursts

(at (20 Mpc) have not been observed yet (e.g., (40 Mpc
for GRB 980425). But we may see such bursts if LL GRBs
occur in, e.g., the Virgo cluster. The expected muon event
rates by IceCube are also shown in the figure caption of
Fig. 8. As stressed in the previous paragraph, survival of
UHE heavy nuclei means that neutrino emission is ineffi-
cient, so that it would be difficult to expect detection of
neutrino signals by near-future neutrino telescopes such
as IceCube.
Since it is difficult to see neutrino signals from one GRB

event, we may need to see many neutrino events as the
cumulative neutrino background. As we can see from
Eqs. (C1) and (C2), the cumulative neutrino flux can be
estimated from min½1; fp!* and a given cosmology (see
Appendix C). We typically expect min½1; fp!* ( ð0:01–1Þ,
for example, in the internal shock model for HL GRBs
with ! & 102:5 and r & 1015:5 cm. Smaller values are
possible only at larger radii and/or for larger Lorentz
factors. Survival of UHE heavy nuclei such as iron re-
quires such relatively extreme parameter sets, which
leads to fp! ( 10#3. As a result, the expected cumula-
tive neutrino flux under the GRB-UHECR hypothesis
is E2

%"% ( 10#8 GeV cm#2 s#1 sr#1 for the parameter
set demonstrated in Fig. 1, while E2

%"% ( 3"
10#11 GeV cm#2 s#1 sr#1 for the parameter set demon-
strated in Fig. 2. The corresponding muon event rates by
IceCube areN( ( 50 events=yr andN( ( 0:05 events=yr,
respectively. Since the neutrino flux from nuclei is very
similar to that from protons when accelerated heavy nuclei
survive, we can use results obtained in Murase and
Nagataki for mixed composition cases where UHE nu-
clei can survive. The detailed numerical calculations
on the cumulative neutrino background are found in
Refs. [8,13,33,34]. In Ref. [8], neutrino spectra are shown
for various collision radii and it is useful to compare set A
and set B in Figs. 15–17, for example. So far we have
considered the internal shock model. For other models, see
Appendixes D and E.

IV. IMPLICATIONS FOR
GAMMA-RAYASTRONOMY

Not only neutrinos but also high-energy gamma rays
originating from cosmic rays (cosmic-ray synchrotron ra-
diation), neutral pions, and muons, electrons, and positrons
from charged pions will be produced. However, such high-
energy gamma rays generally suffer from the internal at-
tenuation processes, especially in the internal shock model,
as discussed in many papers (see, e.g., [55] and references
therein). The copious photon field also plays an important
role on the efficient photomeson production, so that we
cannot expect that GRBs are bright in (TeV gamma rays
when bright in neutrinos (see Refs. [75,76] and references
therein). In other words, when fp! becomes small enough,
we can expect that the optical depth for pair creation f!!
becomes smaller than the unity (hence high-energy gamma
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FIG. 8 (color online). Energy fluences of neutrinos from one
nearby GRB event. Solid lines and dashed lines show HL GRB
with Eiso

! ¼ 1053 ergs at z ¼ 0:1 and LL GRB with Eiso
! ¼

1050 ergs at z ¼ 0:005, respectively. A thick solid line shows
the HL GRB neutrino spectrum for r ¼ 1014 cm and ! ¼ 102:5

where heavy nuclei cannot survive, while a thin solid line shows
the HL GRB neutrino spectrum for r ¼ 1015 cm and ! ¼ 103

where heavy nuclei can survive (see Figs. 1 and 2). A thick
dashed line shows the LL GRB neutrino spectrum for r ¼ 9"
1014 cm and ! ¼ 10 where heavy nuclei cannot survive, while a
thin dashed line shows the LL GRB neutrino spectrum for r ¼
6" 1015 cm and ! ¼ 10 where heavy nuclei can survive (see
Figs. 3 and 10). The cosmic-ray composition with 100% proton
is assumed for thick lines, while 75% proton and 25% iron for
thin lines. The nonthermal baryon loading factors $acc +
UCR=U! are set to 20 for HL GRBs and 10 for LL GRBs,

respectively (see Appendix B). We also use $B + UB=U! ¼ 1.
Expected muon event rates by IceCube are N( ( 1 events for the
thick solid line, N( ( 0:001 events for the thin solid line, N( (
0:2 events for the thick dashed line, and N( ( 0:002 events for

the thin dashed line.

MURASE, IOKA, NAGATAKI, AND NAKAMURA PHYSICAL REVIEW D 78, 023005 (2008)

023005-10

r=1014 cm 

r=1015 cm 

(KM & Beacom 10) 

ECR=10Eγ 
(needed for UHECRs) 



Model-Dependent Predictions: Dissipative Photospheres 
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see also Wang & Dai 09 ApJL 
z=0.1 KM 08 PRDR  

pγ	


pp,pn 

ECR=Eγ  
(smaller than the UHECR case) 

pp: τΤ=neσΤ(r/Γ)~1-10 ⇔ fpp=(κppσpp/σT)τT~0.05-0.5 → GeV-TeV ν	


pγ: fpγ >> 1 ⇔ efficient ν production (calorimetric, UHEp depleted) 

suppressed 
above a few PeV 

※ still consistent with 
    the latest IceCube limits 
    ενµ2Φνµ~10-10 GeV cm-2 s-1 sr-1 



Internal Dissipation by Neutron-Loaded Outflows	
 

Collision w. decoupled neutrons (ex. Bahcall & Meszaros 00, Beloborodov 10) 

neutron flow 
after rdec 

proton flow 

Dissipation 
ǁ‖ 

Inelastic collision 
N+n→π→γ,ν,e 

Collision w. compound flow (ex. Meszaros & Rees 00) 

nucleons 
(protons 

+neutrons) 

Dissipation 
ǁ‖ 

Internal shock 
Inelastic collision 

N+n→π→γ,ν,e 

nucleons 
(protons 

+neutrons) 
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Quasi-Thermal Neutrinos from pn Collisions 

•  Quasithermal ν w. εν~0.1ΓΓrelmpc2: fairly robust 
•  Strong consequence of the inelastic collision model: 
εν2φν~εγ2φγ=prompt emission fluence (less uncertainty) 

Ek
iso/Eγ

iso=4 
Eγ

iso=1053.5 erg 
Γ=600, z=0.1 

KM, Kashiyama & Meszaros 13 PRL 

εν ~ 30-300 GeV 

Atm. ν	
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Prospects for DeepCore+IceCube 
- Including DeepCore is important at ~10-100 GeV 
- Reducing atm. bkg. is essential (select bright GRBs w. >10-6 erg cm-2 

- Quasithermal νs are detectable in ~10 yrs or sooner w. nonthermal p 

~3000 GRBs  
(Γ=600) 

Atm. ν	



KM+ 13 PRL (see also Bartos+ 13 PRL) 

DeepCore 



γ Rays?: Pair Injection via Proton-Induced Cascades 

Idea: pairs are naturally furnished by cascades and then heated 

Vurm, Beloborodov & Poutanen 11 ApJ KM, Asano, Terasawa & Meszaros 12 ApJ 

α ~ -1 

α ~ -1 

slow heating by  
Coulomb  collisions 

slow heating via 
2nd order Fermi 

π ± →νµ +νµ + νe (νe ) + e
±

π 0 → γ +γ

γ +γ→ e+ + e−

e+γ→ e+γ (IC)

€ 

e + B→ e + γ (syn)
etc. 

syn. 

syn. 

see also Petropoulou’s talk 



Inner jet (prompt/flare)  
r ~ 1012-1016 cm   B ~ 102-6 G 

PeV ν, GeV-TeV γ 

Meszaros (2001) 

Possible Neutrino Production Sites 

Waxman & Bahcall 97 PRL	


Dermer & Atoyan 03 PRL���
KM & Nagataki 06 PRL	



Afterglow 
r ~ 1014-1017 cm   B ~ 0.1-100 G 

EeV ν, GeV-TeV γ  
e.g., Waxman & Bahcall 00 ApJ ���
        Dermer 02 ApJ ���
        KM 07 PRD	


Inner jet inside a star  
r < 1012 cm, B > 106 G 

TeV-PeV ν, no γ 
Meszaros & Waxman 01 PRL	


Razzaque et al. 03 PRL	


KM & Ioka 13 PRL	





TeV-PeV Neutrinos as a Probe of Jets inside Stars 

Motivations 
- Clues to GRB-SN connection and progenitors 
- Jet acceleration and jet composition (hydrodynamic or magnetic) 
- Neutrino mixing including matter effects etc. 

“Hidden” neutrino sources 
•  Jets before GRB emission 

 “precursor neutrinos” 
•  Choked jets (failed GRBs) 

“orphan neutrinos” 

Meszaros & Waxman 01 PRL 
Razzaque et al. 04 PRL 
Ando & Beacom 05 PRL 

high density → fpγ >> 1  
all CRs are damped 

If CRs carry ECR
iso~0.5x1053 erg 

→ # of νs: ~30 for a GRB/SN@10Mpc  
    but no detections so far, why?	




More Realistic Picture 

1.  Ballistic jets inside stars ❌ 
→ collimation shock & collimated jet 

2.  CR acceleration is naively assumed ❌ 
→ inefficient at radiation-mediated shocks 

Two pieces of important physics were not considered 

hydrodynamic jet 
assumed 

(Bromberg’s talk) 



Collisionless shock (plasma-mediated)	
 Radiation-mediated shock 

downstream	
 downstream	
upstream	
 upstream	


plasma processes	


Ldec~c/(n σT V)	


mediation 
by radiation	


Velocity	
 Velocity	


thermal 
CR 

(p Larmor radius) ~> (shock width) (p Larmor radius) << (shock width) 
L~Ldec ⇔ τT~c/V: after photons escape, CR acceleration may start   

L 

Limitation of Conventional Shock Acceleration	
 

(ex. Waxman & Loeb 01, Levinson & Bromberg 08, KM & Ioka 13) 
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“Radiation Constraints” on Non-thermal Neutrino Production 

KM & Ioka 13 PRL 

allowed region 
(τT<1 at unshocked flow) 

← for Wolf-Rayet 
← for blue-super giant 

suppression region 
(τT>1 at unshocked flow) 

Thomson optical depth 
τT=neσTΔ ∝ LΓ-2 

※ A bit different but 
similar derivation for 
collimation shock 

L: kinetic luminosity 
Γ: Jet Lorentz factor 



TeV-PeV Neutrinos from Low-Power GRBs? 

They can give significant contributions to the diffuse neutrino flux 
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Γ=5 

IceCube 

Γ=10 

KM & Ioka 13 PRL 

“low-power GRBs” 
Atm. ν	



10 Gpc-3 yr-1 

1 Gpc-3 yr-1 

Low-power GRBs and their choked jets may be largely missed 
→ Need better wide-field sky monitors (Lobster, WF-MAXI etc.) 



High-Energy Neutrinos from Jets inside Stars? 

The radiation constraint implies 

•  Lower-power is better 
•  Bigger progenitor is better 

• suppressed in powerful GRBs/slow-jet SNe (consistent w. obs.) 
• low-power jets (maybe low-luminosity & ultralong GRBs) 
• choked jets are favorable (due to difficulty of jet penetration) 

Implications 

It may be disappointing… However, their is a  
promising mechanism can work in powerful jets    



Novel Acceleration Process in Neutron-Loaded Jets 

“Neutron-Proton-Converter Acceleration” 
 another Fermi acceleration mechanism without diffusion 
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Good points 
-Relevance in GRB jets inside stars 
 
 
- works even if radiation mediated  
  (σnp < σT) 
 
- naturally injected 
  (neutron m.f.p. > shock width) 
 
- guaranteed for n-loaded flows 
  (insensitive to plasma physics) 
 
- slow process → TeV ν (not PeV ν) 

(Derishev+ 03 PRD) 

(KM+13 PRL) 

inelastic collisions allow p ⇔ n 



conventional Fermi shock acceleration would be inefficient
[33,34]. We showed that !!2

rel min½1; !2pn#% of the
neutron-flow energy may be converted to nonthermal
nucleons with boosts of * 0:5!2

rel.
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 accelera-
tion. In the case of GRBs, the Bethe-Heitler process
pþ " ! pþ e% þ eþ would become crucial for suffi-
ciently high-energy protons. For a blackbody spectrum,
this gives a maximum Lorentz factor of "d;max &
2mec

2=CkBTd, where C is the prefactor, taking into
account the effect of the Wien tail. In addition, the NPC
acceleration becomes inefficient for #ð"uðdÞÞ & 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 h$ui ( 1% 1=!2

rel, as in the case of the Fermi
acceleration, which makes the energy gain per cycle

negative hEf=Eii< 1 due to the inelasticity of the colli-
sions. This sets another constraint of "d;max & #ð1Þ.
Consequently, the maximum Lorentz factor by the NPC
acceleration can be described as

"d;max ( min
!
2mec

2

CkBTd
;

eBu

%pnmpc
2nu

"
: (7)

For instance, substituting ! ¼ 600, !rel ¼ 3, !pn ¼ 1, and
#ð1Þ ¼ 106, which is a possible parameter set for a suc-
cessful GRB jet [26], the NPC acceleration can give
"d;max ! 200 if C! 6. The by-product neutrino energy
can be Eobs

& ( 0:05!"dmpc
2 ! 2!2:7"d;2 TeV in the

observer frame. Such a high-energy tail is crucial for the
detection of subphotospheric neutrinos from GRBs, as
shown in Ref. [26].
In this work, we adopted a test-particle approximation

assuming that the neutron fraction is less than unity, where
the backreaction on the background shock structure is
neglected. Once the total energy or pressure of accelerated
nucleons becomes significant compared to that of the
proton flow (rather than the neutron flow), inelastic colli-
sions in the upstream contribute to deceleration of the
proton flow with the length scale ( 1=nu%pn and the
results should be affected.
Also, we assumed ordered magnetic fields for the

Monte Carlo simulations. One can expect turbulent mag-
netic fields especially in the shock downstream where the
proton diffusion has to be considered. We note that our
results would not change much if the diffusion velocity is
so slow that the protons cannot cross the shock to the
upstream. If not, the conventional shock acceleration can
work effectively after the neutron injection. Those cases
will be investigated in future work.
In addition, we treated the inelastic interactions based on

the simplified assumptions (i)–(iii). Assumption (i) is not
strictly valid in lower energies, where the conversion pro-
cess from protons to neutrons occur slightly less frequently
in total than in nonconversion processes [43]. By this
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FIG. 3 (color online). The efficiency of the NPC acceleration.
The total energy of accelerated baryons by a single cycle is
normalized by that of the neutron injection. We fix "d;o ¼ !rel

and #ð1Þ ¼ 106. The circles, triangles, and squares correspond to
!pn ¼ 0:1, 1, and 2, respectively.
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FIG. 2 (color online). The energy spectrum of protons in the downstream for !rel ¼ 3 (left) and 5 (right). We set "d;o ¼ !rel, !pn¼2,
and #ð1Þ ¼ 106. The spectra are normalized by the total kinetic energy of the neutron injection.
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NPC Acceleration: Spectra & Efficiency  

We first performed Monte Carlo simulations for test particles  
•  Characteristic spectra: bumps rather than a power law 
•  High acc. efficiency: >10% of incoming neutron energy 

internal shocks occurring in neutron-loaded relativistic
outflow even in the radiation-mediated regime, where the
conventional Fermi shock acceleration would be inefficient
[33,34]. We showed that !!2

rel min½1; !2pn#% of the
neutron-flow energy may be converted to nonthermal
nucleons with boosts of * 0:5!2

rel.
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 accelera-
tion. In the case of GRBs, the Bethe-Heitler process
pþ " ! pþ e% þ eþ would become crucial for suffi-
ciently high-energy protons. For a blackbody spectrum,
this gives a maximum Lorentz factor of "d;max &
2mec

2=CkBTd, where C is the prefactor, taking into
account the effect of the Wien tail. In addition, the NPC
acceleration becomes inefficient for #ð"uðdÞÞ & 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 h$ui ( 1% 1=!2

rel, as in the case of the Fermi

acceleration, which makes the energy gain per cycle nega-
tive hEf=Eii< 1 due to the inelasticity of the collisions.
This sets another constraint of "d;max & #ð1Þ.
Consequently, the maximum Lorentz factor by the NPC
acceleration can be described as

"d;max ( min
!
2mec

2

CkBTd
;

eBu

%pnmpc
2nu

"
: (7)

For instance, substituting ! ¼ 600, !rel ¼ 3, !pn ¼ 1, and
#ð1Þ ¼ 106, which is a possible parameter set for a suc-
cessful GRB jet [26], the NPC acceleration can give
"d;max ! 200 if C! 6. The by-product neutrino energy
can be E& ( 0:05!"dmpc

2 ! 6!2:7"d;2:3TeV in the
observer frame. Such a high-energy tail is crucial for the
detection of subphotospheric neutrinos from GRBs, as
shown in Ref. [26].
In this work, we adopted a test-particle approximation

assuming that the neutron fraction is less than unity, where
the backreaction on the background shock structure is
neglected. Once the total energy or pressure of accelerated
nucleons becomes significant compared to that of the
proton flow (rather than the neutron flow), inelastic colli-
sions in the upstream contribute to deceleration of the
proton flow with the length scale ( 1=nu%pn and the
results should be affected.
Also, we assumed ordered magnetic fields for the

Monte Carlo simulations. One can expect turbulent mag-
netic fields especially in the shock downstream where the
proton diffusion has to be considered. We note that our
results would not change much if the diffusion velocity is
slow so that the protons cannot cross the shock to the
upstream. If not, the conventional shock acceleration can
work effectively after the neutron injection. Those cases
will be investigated in future work.
In addition, we treated the inelastic interactions based on

the simplified assumptions (i)–(iii). Assumption (i) is not
strictly valid in lower energies, where the conversion pro-
cesses occur slightly more frequently in total than in

 0.001

 0.01

 0.1

 1

 1  10

ε n
pc

Γrel

∝ Γrel
2

τpn = 2.0
= 1.0
= 0.1
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Quasithermal
Quasithermal+NPC

NPC Acceleration: Application to GRB Jets 

•  Higher-energies are better: atm. ν bkg. & (effective area)∝E2 
•  NPC acc. enhances the detectability of GeV-TeV νs 

Γ=30 
Γrel=5 

Atm. ν	



neutrino spectra 

KM+13 PRL  

boost by NPC 
→ 0.1-1 TeV ν	



thermal 
10-100 GeV ν	





“Multimessenger Era” 

Summary: Multimessenger Approaches are Crucial 

GRB as the UHECR origin? → allowed at present 
- Classical: most parameter space will be covered in ~10 yrs if UHEp  
- Hard to exclude the UHE heavy-nuclei scenario or afterglow scenario 
 
HE neutrinos from dissipative photospheres? → more promising  
- GeV-TeV neutrinos from pp/pn interactions (→ DeepCore, PINGU etc.) 
- Quasithermal νs from n-loaded outflows can be detected in ~10 yrs 
    
HE neutrinos from jets inside stars? → unique probe of hidden jets 
- TeV-PeV ν production is possible only for low-power GRB jets  
- For powerful jets, NPC acc. enhances detectability of TeV neutrinos 
 

Need more GRB/SN data w. rapid followups/surveys in opt., X and γ rays 



Backup Slides 



Motivation I: Cosmic Rays – A Century Old Puzzle 

Open problems 
- How is the spectrum formed?  
 (ex. transition to extragalactic) 
- How are CRs accelerated?  
 (ex. Fermi mechanism: sCR~2) 
- How do CRs propagate? 
… 
 
        The key question  
        “What is the origin?” 

E-2.7 

E-2.6 

extragalactic 

Galactic 

supernova 
remnants? 

knee 
~3 PeV 

LHC 

2nd knee 
~100 PeV 

ankle 
~3 EeV 

GeV 

PeV 

ZeV TeV EeV 

s1/2=2x7 TeV 

extreme energy (EeV-ZeV) 
→ extreme sources 

Physical Review Letters

Kohta Murase1
1Yukawa Institute for Theoretical Physics,
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E2
νΦν ≈

ctH
4π

[

ε2νqν(εν)
]

fz (1)

E2
νΦν ≈

ctH
4π

[

3

8
fmesε

2
pqp(εp)

]

fz (2)

fz =

∫

dz
1+z |

dt
dz |qp(z)

tHqp
(3)

30(r/1013 cm)
−1

! (B/G) ! 107(Γj/100) (4)

ε2νΦν =
c

4π

∫

dz

∣

∣

∣

∣

dt

dz

∣

∣

∣

∣

ε2νqν(εν)F (z) (5)

EB ≈
3

5

GM2
ns

Rns
∼ 3× 1053 erg (6)

N ∼ (ενΦε)σνN (2πNAρV )

$ 10 yr−1

(

ε2νΦε

10−8 GeV cm−2 s−1 sr−1

)(

V

km3

)

Qcr ∼ 3.2× 1046 erg Mpc−3 yr−1 εcr,−1Lj,45ρGC,−5

Lac ≈ (Ωb/Ωm)GMṀ/rvir $ 0.9× 1046 erg s−1 M5/3
15

Qcr ∼ 1.0× 1047 erg Mpc−3 yr−1 εcr,−1Lac,45.5ρGC,−5

εmax
p ≈ (3/20)(Vs/c)eBrsh ∼ 1.2 EeV B−6.5Vs,8.5M

1/3
15

tdiff ≈ (r2vir/6D) $ 1.6 Gyr ε−1/3
p,17 B1/3

−6.5(lcoh/30 kpc)−2/3M2/3
15

tdiff = tinj

εbp ≈ 51 PeV B−6.5(lcoh/30 kpc)−2M2
15(tinj/2 Gyr)−3

fpp ≈ κpσppnctint $ 0.76× 10−2 gn̄−4(tint/2 Gyr)

Qcr ∼ 8.5× 1045 erg Mpc−3 yr−1 εcr,−1'SFR,−2

εmax
p ≈ (3/20)(Vej/c)eBRSed $ 3.1 PeVB−3.5E

1/3
ej,51V

1/3
ej,9 n

−1/3

tpp = tdiff

εbp ≈ 21 PeV D−3
0,26Σ

3
g,−1(h/kpc)

3

tadv = tdiff

εbp ≈ 15 PeV D−3
0,26V

3
w,7.5(h/kpc)

3

tesc ≈ tadv ≈ h/Vw $ 3.1 Myr (h/kpc)V −1
w,7.5

fpp ≈ κpσppnctesc $ 1.1 Σg,−1V
−1
w,7.5(tesc/tadv)

RSed =

(

3Mej

4πn

)1/3

$ 2.1 pc M1/3
ej,"n

−1/3
0

tSed $ 200 yr E−1/2
ej,51 M

5/6
ej,"n

−1/3
0

νh ∼ γ2
h
eB

mec

$ 1.0× 1011 Hz ε1/2B,−2D
1/2
∗,−1R

−1
16 (Vs/5000 km s−1)

fpγ ≈ n̂BLσ
eff
pγ rBLR $ 5.4× 10−2 L1/2

AD,46.5

E′b
ν ≈ 0.05(0.5mpc

2ε̄∆/E
′)

dNCR

dE
∝ E−sCR (7)
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extension 
origin of PeV ν	



higher-energy search 
UHECR origin 
UHECR composition 

lower-energy search 
point sources/transients 
neutrino physics 

Next Strategies? 



Gamma-Ray Bursts: “Classical” Pictures 

Lorent Factor 
Γ>100	


Interstellar 
medium 

or 
Stellar wind 

Bulk kinetic energy 
↓ 

Shock dissipation 
　　　　　　 

acceleration    magnetic field　heat　　　	


BH+disk 
or 

magnetar 

Time 

Luminosity 

r ~ 1013-15.5 cm r > 1016 cm 



Jets May Be the Key to GRB-SN Connection 

engine 

envelope 

jet 

“Successful” Jet “Choked” Jet 

GRB before breakout 
Failed GRB or jet-driven SN 
(Trans-relativistic SN? hypernova?)  

Long GRB 

engine 

envelope 

jet 
jet power 

stellar size 
duration 

direct counterparts in e,g., γ rays indirect counterparts in e,g., opt, X rays 

? 



Afterglows	




GRB Afterglow Emission	
 

X-ray/FUV Flare: “late” internal dissipation like prompt emission 

Afterglow: syn. emission from electrons accelerated at ext. shock 

Ghisellini+10 MNRAS 



GRB Early Afterglow Emission 

ES protons + ES opt-x rays  
stellar wind medium 

(normalized by UHECR budget) 

Inner jet protons + flare x rays 
(normalized by 10% of UHECR budget) 

KM, PRD, 76, 123001 (2007) 

ES protons + ES opt-x rays  
 interstellar medium 

(normalized by UHECR budget) 

KM & Nagataki, PRL, 97, 051101 (2006) 

•  Flares – efficient meson production (fpγ ~ 1-10), maybe detectable  
•  External shock – not easy to detect both νs and hadronic γ rays  

• Most νs are radiated in ~0.1-1 hr (physically max[T, Tdec])   
• Afterglows are typically explained by external shock scenario 
• But flares and early afterglows may come from internal dissipation  



Flares and 
Low-Luminosity GRBs	




Swift 
20 November 2004 

Swift brought us many novel results 
↓ 

Additional possibilities of CR production 
and ν/γ emission!  



Prompt Emission 
from Low-Luminosity GRBs  

PeV ν, GeV-TeV γ 
(KM et al. 06) 

(Gupta & Zhang 07) 

Meszaros (2001) 

Flares 
PeV-EeV ν, GeV γ 
(KM &Nagataki 06) 



Novel Results of Swift  (GRB060218) 

1. Low-luminosity (LL) GRBs? 
•  GRB060218 (XRF060218)  
   ・The 2nd nearby event (~140 Mpc) 
 

   ・Associated with a SN Ic (optical) 
 

   ・Much dimmer than usual GRBs 
     (ELLGRBγ ~ 1050 ergs ~ 0.001 EHLGRBγ) 
 
 
 
 
 
 

・LL GRBs (e.g., XRF060218, GRB980425)  
  more frequent than HL GRBs 
   local Rate ~ 102-3 Gpc-3 yr-1 >> (0.01-1) Gpc-3 yr-1 

        (Soderberg et al. 06, Liang et al. 07 etc…) 
 

 If true → contribution to HECRs & νs 

Liang et al. (07) 

dark bright 

Luminosity 

R
at

e 



Neutrinos in Jet Scenario	
 

※LL GRBs accompanying relativistic SNe may produce UHECRs 

If Γ=10 w. thermal X rays 
(stellar shock breakout or cocoon) 
→ # of µs ~ 0.1-0.2	


ECR
iso/Eγ

iso=10 
Ue=UB 

D=10 Mpc 

L6 MURASE ET AL. Vol. 651

tion of relativistic jets, although there is another explanation (Dai
et al. 2006). The typical collision radius is expressed by a com-
monly used relation, cm. Of course, this15 2r ≈ 10 (G/10) (dt/150 s)
radius has to be smaller than the deceleration radius, r ! r ≈BM

cm. The observed light curve of16 2 1/34.4# 10 [E /n (G/10) ]kin, 50 0
GRB 060218 is simple and smooth, suggesting s.2 3dt ∼ 10 –10
But it is uncertain whether these parameters are typical or not (Fan
et al. 2006). Hence, we take cm with14 16r ∼ 10 –10 G ∼

. These radii will be important for neutrino production10–100
(Murase & Nagataki 2006a). We also assume that the Lorentz
factor of the internal shocks will be mildly relativistic, G ≈sh

. The typical values in the usual syn-! !( G /G ! G /G)/2 ∼ a fewf s s f

chrotron model are obtained as follows. The minimum Lorentz
factor of electrons is estimated by . Sinceg ≈ e (m /m )(G " 1)e, m e p e sh
the intensity of the magnetic field is given by B p 7.3#

, the observed2 1/2 1/2 1/2 "1 "110 G(e )[G (G " 1)/2] L (G/10) rB, "1 sh sh M, 48 15
break energy is b 2 2 1/2E p !g GeB/m c ∼ 1 keV(e e )(G "e, m e e B sh

, where is the outflow luminosity. This5/2 1/2 1/2 "11) (G /2) L r Lsh M, 48 15 M

value is not so different from the observed peak energy of GRB
060218, .bE ∼ keV
Although we have too little information about spectral features

of LL GRBs at present, we assume a similar spectral shape to
that of HL GRBs for our calculations and approximate it by the
broken power law instead of exploiting a Band spectrum. The
photon spectrum in the comoving frame is expressed by

for andb "a min b b "bdn/d" p n ("/" ) " ! " ! " dn/d" p n ("/" )b b

for , where we set eV because the syn-b max min" ! " ! " " p 0.1
chrotron self-absorption will be crucial below this energy (Li &
Song 2004) and MeV because the pair absorption willmax" p 1
be crucial above this energy (Asano & Takahara 2003). Corre-
sponding to the observed break energy of GRB 060218,

keV, with the assumption of the relatively low LorentzbE p 4.9
factor, we take keV in the comoving frame as a typicalb" p 0.5
value throughout the Letter. We also take and seta p 1 b p

as photon indices. Note that we may have to wait for other2.2
GRB 060218–like events to know the reliable typical values.
We believe not only electrons but also protons will be ac-

celerated. Although the details of acceleration mechanisms are
poorly known, we assume that the first-order Fermi acceleration
mechanism works in GRBs and the distribution of nonthermal
protons is given by . By the condition ,"2dn /d" ∝ " t ! tp p p acc p

we can estimate the maximal energy of accelerated protons,
where is the total cooling timescale given by "1 "1t t { t !p p pg

and the acceleration timescale is given by"1 "1 "1t ! t ! tsyn IC ad
. Especially, the two timescales (synchrotront p h" /eBc tacc p syn

cooling time) and (dynamical time) are important int ≈ tad dyn
our cases. We can estimate the maximum proton energy by

from the con-1/2 2 2E ≈ min [eBr/h, (6pe/j Bh) (Gm c /m )]p, max T p e

ditions and . These two conditions equiva-t ! t t ! tacc dyn acc syn
lently lead to

1/2G (G " 1)sh sh1/2 1/20.5h(G/10)E # L ep, 20 M, 48 B, "1 [ ]2
"1 3 "2# 0.55h r (G/10) E , (1)15 p, 20

where we have used notations such as .20E { 10 eV(E )p p, 20
These inequalities suggest that the only relatively more lumi-
nous/magnetized LL GRBs with higher Lorentz factor (i.e.,
larger and/or , and higher G) will possibly explain theL eM B

observed flux of UHECRs.
We consider neutrinos from the decay of pions generated by

photomeson productions. The photomeson timescale is . Lettpg

us evaluate analytically using the D-resonancef { t /tpg dyn pg

approximation (Murase & Nagataki 2006b; Waxman & Bahcall
1997) as

b b"1 bL (E /E ) (E ! E ),max, 47 p p p pf " 0.06 (2)pg b a"1 b2 b {(E /E ) (E ! E ),r (G/10) E p p p p15 5 keV

where is the proton break energy. Hereb 2 2 b¯E " 0.5" m c G /Ep D p

is around 0.3 GeV. From equation (2), we can conclude that"̄D

a moderate fraction of high-energy accelerated protons will be
converted into neutrinos.
Next, we consider the contribution to the neutrino flux from

a thermal photon component. The discovery of the thermal com-
ponent in GRB 060218 will provide additional photon flows.
This photon flow can possibly produce more neutrinos by in-
teraction with protons accelerated in internal shocks. We take

keV and cm as the typical photon energy12kT p 0.15 r p 10BB
of the thermal component and the apparent emitting radius (Cam-
pana et al. 2006), respectively. Just for simplicity, we assume
the photon density drops as ∝ and approximate it by the"2r
isotropic distribution with , wheredn/d"(") ≈ dn /d" (" )lab lab lab

is the photon distribution in the laboratory frame.dn /d"lab lab

3. RESULTS AND DISCUSSIONS

We calculate neutrino spectra for some parameter sets and
show the case where the width of shells 2D ≈ r/2G p 4.5#

cm, according to s. In our calculations, we include1210 dt ∼ 150
various cooling processes of pions (synchrotron cooling, in-
verse Compton cooling, adiabatic cooling), similar to Murase
& Nagataki (2006a, 2006b). These cooling processes are im-
portant for neutrino spectra (Rachen & Mészáros 1998; Wax-
man & Bahcall 1997). A diffuse neutrino background under
the standard LCDM cosmology ( , ;Q p 0.3 Q p 0.7 H pm L 0

km s"1 Mpc"1) is calculated by using equation (15) of Mu-71
rase & Nagataki (2006a), where we set . Assumingz p 11max

that the long GRB rate traces the star formation rate, we exploit
the SF2 model of Porciani & Madau (2001) combined with
the normalization of geometrically corrected overall HL GRB
rates obtained by Guetta et al. (2005) for HL GRBs.R (0)HL

The local LL GRB rate is very uncertain for now. Soderberg
et al. (2006b) obtained the geometrically corrected overall GRB
rate, Gpc"3 yr"1. Liang et al. (2006a) also hadR (0) p 230LL

a high value, Gpc"3 yr"1. [Note that the true rate,r (0) p 550LL

, is almost the same as the apparent one, , for LLR (0) r (0)LL LL
GRBs because we are assuming GRB 060218–like spherical
bursts.] However, too large rates will be impossible due to
constraints by observations of SNe Ibc. Soderberg et al. (2006a)
argued that at most ∼10% of SNe Ibc are associated with off-
beam LL GRBs based on their late-time radio observations of
68 local SNe Ibc. Hence, the most optimistic value allowed
from the local SNe Ibc rate will be around ∼4800 Gpc"3 yr"1
(and the larger value is ruled out with a confidence level of
∼90%; Soderberg et al. 2006a). The high rate might be realized
if LL GRBs are related to the birth of magnetars and the fraction
of SNe Ibc that produce magnetars is comparable with that of
SNe II, i.e., ∼10%.
Although we calculate numerically, we can estimate the dif-

fuse neutrino flux from LL GRBs approximately by the fol-

pγ production efficiency 

KM, Ioka, Nagataki, & Nakamura, ApJ, 651, L5 (2006)  

If Γ=10 w. prompt emission 
→ # of µs ~ 1-2 
→ optical follow-up!	


PeV-EeV 

KM+ 06 ApJ (energetics), Wang+ 07 PRD (ext. free exp. shock), KM + 08 PRD (int. or ext. dec. shock)   



Novel Results of Swift (Flares) 
2. Flares in the early afterglow phase  
•   Energetic (Eflareγ ~ 0.1 EGRBγ) (e.g., Falcone et al. 07) 
      (Eflareγ ~ EGRBγ for some flares such as GRB050502B 

  potentially comparable to energy of prompt emission)  
 

•  δt >~ 102-3 s, δt/T < 1 → internal dissipation models  
      (e.g. late internal shock model  
                              vs  
          magnetic dissipation model) 
 

•   Flaring in the far-UV/x-ray range  
      εpk ~ (0.1-1) keV 

•   Lower Lorentz factors (likely)  
      Γ ~ a few×10 
 

•   Flares are common 
      (at least 1/3-1/2 of LGRBs) 
      (also seen in SGRBs) 

Flares 

Burrows et al. (07) 

T 

→δt← 
prompt 



Energetics 

Neutrino Energy Flux ∝ Photomeson (p→π) 
Production Efficiency 

Nonthermal 
Baryon Energy × Rate × 

 
	


HL GRB 
(Waxman & Bahcall 

97) 

Flare 
(Murase & Nagataki 

06) 
	


LL GRB 
(Murase et al. 06) 

(Gupta & Zhang 07) 

 Isotropic energy 1 ~0.01-0.1 0.001 

    Meson Production                                                                             
Efficiency   

1 10 1 

Apparent Rate 1 1 ~100-1000  
The contribution to 

neutrino background 
1 ~0.1-1 ~0.1-1 

	


↓Normalizing all the typical values for HL GRBs to 1 

Hence, we can expect  flares and LL GRBs are important! 



SN 2012ap in the X-rays 3

FIG. 2.— Kinetic energy profile of the ejecta of ordinary type Ibc SNe (red) and E-SNe, a class of explosions that includes GRBs (blue), sub-E GRBs (light-
blue) and relativistic SNe (orange). Squares and circles are used for the slow-moving and the fast-moving ejecta, respectively, as measured from optical and
radio observations. The velocity of the fast-moving ejecta has been computed at �t = 1d (rest-frame). Black solid lines: ejecta kinetic energy profile of a pure
hydrodynamical explosion (Ek / (��)-5.2, Tan et al. 2001), and for explosions powered by a short-lived (Ek / (��)-2.4) and long-lived (Ek / (��)-0.4) central
engine (Lazzati et al. 2012). Open black circles identify explosions with broad-lined optical spectra. The purple arrow identifies the direction of increasing
collimation of the fastest ejecta. SN 2012ap bridges the gap between cosmological GRBs and ordinary SNe Ibc. Its kinetic energy profile, significantly flatter
than what expected from a pure hydrodynamical explosion, indicates the presence of a central engine. References: Margutti et al. (2013a) and references therein;
Horesh et al. (2013); C14; M14.

4. SN 2012AP IN THE CONTEXT OF ENGINE-DRIVEN EXPLOSIONS

The radio observations of SN 2012ap are well modeled
by synchrotron emission arising from the interaction of the
SN shock with the environment (C14). C14 derive Ek =
(1.6±0.1)⇥1049 erg carried by mildly relativistic ejecta with
velocity v ⇠ 0.7c at �t = 1d. By modeling the observed
optical emission, M14 infer Ek ⇠ 1052 erg in slow moving
(v ⇡ 20000kms-1) material. These two values define an Ek
profile significantly flatter than what expected in the case of a
pure hydrodynamical collapse (Ek / (��)-5.2, e.g. Tan et al.
2001), thus pointing to the presence of an engine driving the
SN 2012ap explosion (see Fig. 2).

Engine-driven SNe (E-SNe) constitute a diverse class of ex-
plosions that includes relativistic SNe, sub-E GRBs and or-
dinary GRBs. SN 2012ap is intermediate between ordinary
non-relativistic SNe and fully relativistic GRBs and falls into
a region of the parameter space populated by sub-E GRBs and
the other known relativistic SN, SN 2009bb (Fig. 2)9. With
reference to figures 3 and 4 we find that:

• The radio luminosity of SN 2012ap and sub-E GRBs is
comparable. SN 2012ap is significantly more luminous
than ordinary Ic SNe at the same epoch, and even more
luminous than the sub-E GRBs 100316D and 060218
(Fig. 3, right panel). With Ek ⇠ 1052 erg and evi-

9 The relativistic nature of SN 2007gr has been questioned by Soderberg
et al. (2010a) and it is not included here. See however Paragi et al. (2010).

dence for broad spectral features (M14), the properties
of SN 2012ap in the optical band are also reminiscent
of the very energetic SNe associated with sub-E GRBs
and ordinary GRBs.

• At �t ⇠ 20d, the X-ray emission from SN 2012ap is
however a factor � 100 fainter then the faintest sub-E
GRB ever detected, GRB 980425 (Fig. 3, left panel).

• Along the same line, from C14, the prompt �-ray en-
ergy released by the SN 2012ap explosion is E�,iso <
1047 erg, a factor � 10 fainter then the faintest sub-E
GRB 980425 (Fig. 4).

Relativistic SNe and sub-E GRBs are thus clearly distin-
guished in terms of their high-energy (X-rays and �-rays)
properties. The different level of X-ray emission between rel-
ativistic SNe and sub-E GRBs cannot be ascribed to beam-
ing of collimated emission away from our line of sight. Ra-
dio observations of sub-E GRBs support the idea of quasi-
spherical explosions (e.g. Soderberg et al. 2006a, Margutti
et al. 2013a), while there is no evidence for beaming of the
non-thermal emission from relativistic SNe (Soderberg et al.
2010b; C14). Furthermore, on a time scale of ⇠ 20d, the
blastwave arising from both relativistic SNe and sub-E GRBs
is sub-relativistic and the geometry of emission is effectively
spherical, independent from the initial conditions. The dif-
ferent level of X-ray emission between sub-E GRBs and rela-
tivistic SNe at t & 10d is thus intrinsic.

TRSNe Have the Key to the GRB-SN Connection 

supernova 

γ-ray burst 

? 

Margutti+ 14 



Novel Results of Swift  (GRB060218) 

1. Low-luminosity (LL) GRBs? 
•  GRB060218 (XRF060218)  
   ・The 2nd nearby event (~140 Mpc) 
 

   ・Associated with a SN Ic (optical) 
 

   ・Much dimmer than usual GRBs 
     (ELLGRBγ ~ 1050 ergs ~ 0.001 EHLGRBγ) 
 
 
 
 
 
 

・LL GRBs (e.g., XRF060218, GRB980425)  
  more frequent than HL GRBs 
   local Rate ~ 102-3 Gpc-3 yr-1 >> (0.01-1) Gpc-3 yr-1 

        (Soderberg et al. 06, Liang et al. 07 etc…) 
 

 If true → contribution to HECRs & νs 

Liang et al. (07) 

dark bright 

Luminosity 

R
at

e 



Neutrinos in Jet Scenario	
 

※LL GRBs accompanying relativistic SNe may produce UHECRs 

If Γ=10 w. thermal X rays 
(stellar shock breakout or cocoon) 
→ # of µs ~ 0.1-0.2	


ECR
iso/Eγ

iso=10 
Ue=UB 

D=10 Mpc 
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tion of relativistic jets, although there is another explanation (Dai
et al. 2006). The typical collision radius is expressed by a com-
monly used relation, cm. Of course, this15 2r ≈ 10 (G/10) (dt/150 s)
radius has to be smaller than the deceleration radius, r ! r ≈BM

cm. The observed light curve of16 2 1/34.4# 10 [E /n (G/10) ]kin, 50 0
GRB 060218 is simple and smooth, suggesting s.2 3dt ∼ 10 –10
But it is uncertain whether these parameters are typical or not (Fan
et al. 2006). Hence, we take cm with14 16r ∼ 10 –10 G ∼

. These radii will be important for neutrino production10–100
(Murase & Nagataki 2006a). We also assume that the Lorentz
factor of the internal shocks will be mildly relativistic, G ≈sh

. The typical values in the usual syn-! !( G /G ! G /G)/2 ∼ a fewf s s f

chrotron model are obtained as follows. The minimum Lorentz
factor of electrons is estimated by . Sinceg ≈ e (m /m )(G " 1)e, m e p e sh
the intensity of the magnetic field is given by B p 7.3#

, the observed2 1/2 1/2 1/2 "1 "110 G(e )[G (G " 1)/2] L (G/10) rB, "1 sh sh M, 48 15
break energy is b 2 2 1/2E p !g GeB/m c ∼ 1 keV(e e )(G "e, m e e B sh

, where is the outflow luminosity. This5/2 1/2 1/2 "11) (G /2) L r Lsh M, 48 15 M

value is not so different from the observed peak energy of GRB
060218, .bE ∼ keV
Although we have too little information about spectral features

of LL GRBs at present, we assume a similar spectral shape to
that of HL GRBs for our calculations and approximate it by the
broken power law instead of exploiting a Band spectrum. The
photon spectrum in the comoving frame is expressed by

for andb "a min b b "bdn/d" p n ("/" ) " ! " ! " dn/d" p n ("/" )b b

for , where we set eV because the syn-b max min" ! " ! " " p 0.1
chrotron self-absorption will be crucial below this energy (Li &
Song 2004) and MeV because the pair absorption willmax" p 1
be crucial above this energy (Asano & Takahara 2003). Corre-
sponding to the observed break energy of GRB 060218,

keV, with the assumption of the relatively low LorentzbE p 4.9
factor, we take keV in the comoving frame as a typicalb" p 0.5
value throughout the Letter. We also take and seta p 1 b p

as photon indices. Note that we may have to wait for other2.2
GRB 060218–like events to know the reliable typical values.
We believe not only electrons but also protons will be ac-

celerated. Although the details of acceleration mechanisms are
poorly known, we assume that the first-order Fermi acceleration
mechanism works in GRBs and the distribution of nonthermal
protons is given by . By the condition ,"2dn /d" ∝ " t ! tp p p acc p

we can estimate the maximal energy of accelerated protons,
where is the total cooling timescale given by "1 "1t t { t !p p pg

and the acceleration timescale is given by"1 "1 "1t ! t ! tsyn IC ad
. Especially, the two timescales (synchrotront p h" /eBc tacc p syn

cooling time) and (dynamical time) are important int ≈ tad dyn
our cases. We can estimate the maximum proton energy by

from the con-1/2 2 2E ≈ min [eBr/h, (6pe/j Bh) (Gm c /m )]p, max T p e

ditions and . These two conditions equiva-t ! t t ! tacc dyn acc syn
lently lead to

1/2G (G " 1)sh sh1/2 1/20.5h(G/10)E # L ep, 20 M, 48 B, "1 [ ]2
"1 3 "2# 0.55h r (G/10) E , (1)15 p, 20

where we have used notations such as .20E { 10 eV(E )p p, 20
These inequalities suggest that the only relatively more lumi-
nous/magnetized LL GRBs with higher Lorentz factor (i.e.,
larger and/or , and higher G) will possibly explain theL eM B

observed flux of UHECRs.
We consider neutrinos from the decay of pions generated by

photomeson productions. The photomeson timescale is . Lettpg

us evaluate analytically using the D-resonancef { t /tpg dyn pg

approximation (Murase & Nagataki 2006b; Waxman & Bahcall
1997) as

b b"1 bL (E /E ) (E ! E ),max, 47 p p p pf " 0.06 (2)pg b a"1 b2 b {(E /E ) (E ! E ),r (G/10) E p p p p15 5 keV

where is the proton break energy. Hereb 2 2 b¯E " 0.5" m c G /Ep D p

is around 0.3 GeV. From equation (2), we can conclude that"̄D

a moderate fraction of high-energy accelerated protons will be
converted into neutrinos.
Next, we consider the contribution to the neutrino flux from

a thermal photon component. The discovery of the thermal com-
ponent in GRB 060218 will provide additional photon flows.
This photon flow can possibly produce more neutrinos by in-
teraction with protons accelerated in internal shocks. We take

keV and cm as the typical photon energy12kT p 0.15 r p 10BB
of the thermal component and the apparent emitting radius (Cam-
pana et al. 2006), respectively. Just for simplicity, we assume
the photon density drops as ∝ and approximate it by the"2r
isotropic distribution with , wheredn/d"(") ≈ dn /d" (" )lab lab lab

is the photon distribution in the laboratory frame.dn /d"lab lab

3. RESULTS AND DISCUSSIONS

We calculate neutrino spectra for some parameter sets and
show the case where the width of shells 2D ≈ r/2G p 4.5#

cm, according to s. In our calculations, we include1210 dt ∼ 150
various cooling processes of pions (synchrotron cooling, in-
verse Compton cooling, adiabatic cooling), similar to Murase
& Nagataki (2006a, 2006b). These cooling processes are im-
portant for neutrino spectra (Rachen & Mészáros 1998; Wax-
man & Bahcall 1997). A diffuse neutrino background under
the standard LCDM cosmology ( , ;Q p 0.3 Q p 0.7 H pm L 0

km s"1 Mpc"1) is calculated by using equation (15) of Mu-71
rase & Nagataki (2006a), where we set . Assumingz p 11max

that the long GRB rate traces the star formation rate, we exploit
the SF2 model of Porciani & Madau (2001) combined with
the normalization of geometrically corrected overall HL GRB
rates obtained by Guetta et al. (2005) for HL GRBs.R (0)HL

The local LL GRB rate is very uncertain for now. Soderberg
et al. (2006b) obtained the geometrically corrected overall GRB
rate, Gpc"3 yr"1. Liang et al. (2006a) also hadR (0) p 230LL

a high value, Gpc"3 yr"1. [Note that the true rate,r (0) p 550LL

, is almost the same as the apparent one, , for LLR (0) r (0)LL LL
GRBs because we are assuming GRB 060218–like spherical
bursts.] However, too large rates will be impossible due to
constraints by observations of SNe Ibc. Soderberg et al. (2006a)
argued that at most ∼10% of SNe Ibc are associated with off-
beam LL GRBs based on their late-time radio observations of
68 local SNe Ibc. Hence, the most optimistic value allowed
from the local SNe Ibc rate will be around ∼4800 Gpc"3 yr"1
(and the larger value is ruled out with a confidence level of
∼90%; Soderberg et al. 2006a). The high rate might be realized
if LL GRBs are related to the birth of magnetars and the fraction
of SNe Ibc that produce magnetars is comparable with that of
SNe II, i.e., ∼10%.
Although we calculate numerically, we can estimate the dif-

fuse neutrino flux from LL GRBs approximately by the fol-

pγ production efficiency 

KM, Ioka, Nagataki, & Nakamura, ApJ, 651, L5 (2006)  

If Γ=10 w. prompt emission 
→ # of µs ~ 1-2 
→ optical follow-up!	


PeV-EeV 

KM+ 06 ApJ (energetics), Wang+ 07 PRD (ext. free exp. shock), KM + 08 PRD (int. or ext. dec. shock)   



Neutrino Predictions in the Swift Era 

possible dominant contribution 
in the very high energy region 

KM & Nagataki, PRL, 97, 051101 (2006) 
KM, Ioka, Nagataki, & Nakamura, ApJL, 651, L5 (2006)  

Approaches to GRBs through high-energy neutrinos  
Flares → potentially more baryon-rich and efficient neutrino emitters 
LL GRBs → possible indicators of  SNe followed by opt. telescopes 

ν flashes → Coincidence with flares/early AGs, a few events/yr 
νs from LL GRBs → little coincidence with bursts, a few events/yr 

  Flares  
(Eflareγ = 0.1 EGRBγ ) 

   LL GRBs 
(ELLGRBγ ~ 0.001 EHLGRBγ ) 

HL GRBs 

See also, Gupta & Zhang 07 

Baryon loading 
EHECR ~ 0.5 Eγ 



Neutrinos from Hidden 
Supernova Shocks	




Low-Luminosity GRBs/Transrelativistic SNe	
 

Nearby GRBs (ex. 060218@140Mpc, 980425@40Mpc) may form another class 
•  much dimmer (ELLγ

iso ~1050 erg ⇔ EGRBγ
iso ~1053 erg/s ) 

•  more frequent (ρLL ~102-3 Gpc-3 yr-1 ⇔ ρGRB ~0.05-1 Gpc-3 yr-1) 
•  relativistic ejecta (GRB-SNe + 2009bb, 2012ap) (Soderberg+ 10 Nature)  
-  maybe more baryon-rich? (e.g., Zhang & Yan 11 ApJ)  

Fan et al. 11 ApJL 
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Fig. 3.— The isotropic energy of the prompt emission vs. the
kinetic energy of the supernova outflow. The kinetic energy of SN
2010bh is estimated to be larger than ∼ 1052 erg (see footnote
2). Other data are taken from Li (2006). The possible maximum
energy ∼ 5×1052 erg that can be provided by a pulsar with P ! 1
ms and I ∼ 2× 1045 g cm2 is also plotted.

3. A POSSIBLE MODEL FOR THE LONG-LASTING X-RAY
PLATEAU

In the following, we define t = T − Ttrig + 500 s,
i.e. the time elapse since Ttrig − 500 s. We interpret
all the BAT/XRT data of XRF 100316D for 0 ≤ t ≤

1.23 × 103 s as “prompt emission” (i.e. the radiation
powered by some internal energy dissipation processes)
for the following two reasons. First, the steady plateau
behavior observed in both BAT and XRT band at t ≤
1.23× 103 s with an evolving Ep is difficult to interpret
within afterglow models. Second, the sharp decline of the
X-ray emission (t−2 or even steeper) expected in the time
interval 1.23× 103 s < t < 3× 104 s resembles the early
rapid decline that has been detected in a considerable
fraction of Swift GRBs, which is widely taken as a piece
of evidence of the end of prompt emission (Zhang et al.
2006). The nature of the X-ray emission detected at
t > 3 × 104 s is hard to pin down. Its spectrum is very
soft (photon index Γ = 3.3+2.2

1.6 ), similar to that of XRF
060218. This is also unexpected in the external forward
shock models, and this late X-ray component may be
related to a late central engine afterglow, whose origin is
unclear (e.g., Fan et al. 2006; Soderberg et al. 2006).

The prompt BAT/XRT data do not show a signifi-
cant variability (Fig.2). The time-averaged γ−ray lumi-
nosity is ∼ 3 × 1046 erg s−1 and the X-ray luminosity
is ∼ 2 × 1046 erg s−1. The bolometric luminosity of the
XRF outflow is therefore expected to be in the order of
1047 erg s−1. The duration of the BAT emission is at
least 1.23 × 103 s, and can be longer. The relatively
steady energy output is naturally produced if the central
engine is a neutron star with significant dipole radiation.
The dipole radiation luminosity of a magnetized neutron
star can be described as

Ldip = 2.6× 1048 erg s−1 B2
p,14R

6
s,6Ω

4
4

(

1 +
t

τ0

)−2

,(1)

where Bp is the dipole magnetic field strength of the
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Fig. 4.— Broadband SED from UVOT, XRT, and BAT data.
Grey points show the time-averaged BAT+XRT spectrum between
Ttrig+150 sand Ttrig+744 s. The thick dashed line represents
an absorbed broken power-law fit (i.e., wabs*zwabs*bknpower in
XSPEC although the absorption components are not plotted here)
to the BAT+XRT data leading to Γ1 = 1.42, Γ2 = 2.48 and
Ebreak = 16 keV. The solid line shows the same fitting as above for
higher energy band but with an additional break at 1 keV, below
which photon index is set to −2/3. UVOT observations are taken
from Starling et al. (2010). The extinction in each filter has been
corrected by adopting EMW(B − V ) = 0.12 from the Milky Way
and Ehost(B − V ) = 0.1 from the host galaxy (Starling et al.2010;
Chornock et al. 2010) and a Milky Way-like extinction curve forall
bands (Pei 1992).

neutron star at the magnetic pole, Rs is the radius of
the neutron star, Ω is the angular frequency of radi-
ation at t = 0, τ0 = 1.6 × 104B−2

p,14Ω
−2
4 I45R

−6
s,6 s is

the corresponding spin-down timescale of the magne-
tar, and I ∼ 1045 g cm2 is the typical moment of in-
ertia of the magnetar (Pacini 1967; Gunn & Ostriker
1969). Here the convention Qn = Q/10n is adopted in
cgs units. One then has Ldip ∼ const for t % τ0 and
Ldip ∝ t−2 for t ' τ0. An abrupt drop in the X-ray
flux with a slope steeper than t−2 may be interpreted as
a decrease of radiation efficiency, or the collapse of the
neutron star into a black hole, possibly by losing the an-
gular momentum or by accreting materials. Within such
a model, the fact that

Ldip ∼ 1047 erg s−1, τ0 ∼ 1000 s,

would require (Bp,14, Ω4, I45, Rs,6) ∼ (30, 0.06, 1, 1).
This is a slow (P ( 10 ms) magnetar (Bp ( 3× 1015 G).

The composition of this spindown-powered outflow
is likely Poynting-flux-dominated. Besides the magne-
tar argument (which naturally gives a highly magne-
tized outflow), another argument would be the lack of
a bright thermal component with a temperature kT ∼

10 keV L1/4
47 R−1/2

0,9 from the outflow photosphere as
predicted in the baryonic outflow model, where R0 is
the initial radius where the outflow is accelerated (e.g.
Zhang & Pe’er 2009; Fan 2010). One may argue that
the photosphere radiation peaks at the observed Ep.



Supernovae in Optically-Thick Wind 

Chevalier 



Shock Breakout & Collisionless Shocks	
 
Interaction between ejecta and circumstellar material 
 
photon diffusion time: tdiff ~ L2/κ (κ~(c/n σT))  
dynamical time: tdyn ~ L/βc, β=V/c 
  
Before shock breakout: tdiff > tdyn ⇔ τT > 1/β  
→ L > Ldec ~ (1/n σT β): radiation-mediated 
→ CR acc. is (typically) inefficient 
 
After shock breakout: tdiff < tdyn ⇔ τT < 1/β  
→ L < Ldec ~ (1/n σT β): radiation-unmediated 
→ CR acc. may occur 
  
     

(Waxman & Loeb 01 PRL, KM et al. 11 PRD,  
  Katz et al. 11, Kashiyama, KM+ 13 ApJL) 



CRs Should Lead to Efficient Hadronic Interactions	
 

particle collisions with CSM  
tpp = 1/(n κppσppc) 
tdyn = R/βc 

fpp(rbo) ~ β-2(κppσpp/σT) ~ 0.03 β-2  	

    β ~ 0.1-1    ⇔ transrelativistic SNe  
β ~ 0.01-0.03 ⇔ nonrelativistic SNe 
                           most CR energy goes to pions 

→ fpp = (R/β) n κppσpp 	


at breakout: τT =1/β	


p+ p→ Nπ + X

(σpp~3x10-26 cm2) 

new probes 
π ± →νµ +νµ + νe (νe ) + e

±

π 0 → γ +γ
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We assume a power-law distribution of the accelerated protons,
dN/dEp ∝ E−s

p with s = 2. The peak fluxes of neutrinos and
gamma rays decrease by ∼30% for s = 2.2. The normalization
is determined by introducing the acceleration efficiency, εCR ≡
ECR/Eiso with ECR ≡

∫ Ep,max Ep(dN/dEp)dEp.

4. NEUTRINO AND GAMMA-RAY EMISSION

We consider the neutrinos and the gamma rays from the decay
of mesons generated by both the photomeson production and
inelastic pp reaction. In the analytical estimate below, we only
discuss pions which turn out to give a dominant contribution.
But the contribution from kaon decay is numerically included
as in Murase (2008).

We can estimate the fraction of energy transferred from the
non-thermal protons to the pions by the photomeson interactions
as min[1, fpγ ], where fpγ ≡ tγ /tpγ . Using the rectangular
approximation (Waxman & Bahcall 1997) for a photon spectrum
approximated as a broken power law, we have

fpγ ∼ y±
−1εγ εb,16 keV

−1

×
{

(Ep/Ep,b)β−1 (Ep < Ep,b),
(Ep/Ep,b)α−1 (Ep,b < Ep),

(6)

where Ep,b = 0.5 ε̄εb
−1mpc

2 ∼ 8.8 εb,16 keV
−1 TeV with

ε̄ ∼ 0.34 GeV. The multi-pion production becomes dominant
above ≈0.5 ε̄εmin

−1mpc
2 ∼ 140 εmin,keV

−1 TeV (cf. Murase
et al. 2008). We can conclude that a significant fraction of
non-thermal protons with energies 10 TeV ! Ep ! EeV will
be converted into pions, even when y± is slightly larger than 1.

The inelastic pp cooling time is tpp
−1 ≈ (ρ/mp)κppσppc. The

fraction of energy an incident proton loses, fpp ≡ tγ /tpp, can be
evaluated as

fpp ∼ 0.1 y±
−1βsh,0.5

−2, (7)

where we use approximately constant values for the inelasticity
κpp ∼ 0.5 and for the cross section σpp ∼ 4 × 10−26 cm2,
appropriate at high energies. Equation (7) indicates that the
inelastic pp collisions can also contribute moderately to the
pion production as in the case of GRB photospheric emissions.

Neutrino emission. Neutrinos are mainly produced as decay
products of charged pions. One can find that the charged pions
with Eπ " 5 (ξB/0.1)−1/2y±

1/2εγ
−1/2rsb,13.95

1/2βsh,0.5
−1/2 PeV

will lose their energy before decaying due to the syn-
chrotron cooling. Given that the resultant neutrinos have typ-
ically ∼1/4 of the parent pion energy, one expects TeV–PeV
neutrinos. The peak fluence from a single SN/burst event
can be analytically estimated as Eν

2φν ≈ (1/4πD2
L) ×

(1/4) min[1, fpγ ](Ep
2dN/dEp), or

Eν
2φν ∼ 10−5

(
DL

10 Mpc

)−2
εCR

0.1

× fpγ y±
−1rsb,13.95

2βsh,0.5 erg cm−2, (8)

where DL is the luminosity distance to the source.
Figure 2 shows the energy fluences of neutrinos obtained nu-

merically using the calculation codes of Murase (2008), for the
same parameters as in Figure 1. The dashed and dotted lines
show the contribution from the photomeson and inelastic pp
interactions, respectively. We have verified that contributions
from the kaon decay become important only above ∼10 PeV.
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Figure 2. Energy fluences of neutrinos from a trans-relativistic shock breakout
using the same parameters as in Figure 1. We set εCR = 0.2 and DL = 10 Mpc.
Lines represent a contribution from the photomeson production (dashed), the
inelastic pp reaction (dotted), and the total (solid). The dotted-dashed lines show
the zenith-angle averaged atmospheric neutrino background (ANB) within a
circle of deg for ∆t = 3.0 × 103 s (thick) and ∆t = 1 day (thin).
(A color version of this figure is available in the online journal.)

The signal is above the zenith-angle-averaged atmospheric neu-
trino background (ANB; dotted-dash lines; thick one for tγ ∼
3×103 s and thin one for one day). The number of muon events
due to the muon neutrinos above TeV energies can be estimated
as Nµ ∼ 0.3 (εCR/0.2)(DL/10 Mpc)−2y±

−1rsb,13.95
2βsh,0.5 us-

ing IceCube/KM3net (Karle & for the IceCube Collabora-
tion 2010; Katz 2006). Based on our fiducial parameters,
IceCube/KM3net can marginally detect a nearby source at
!10 Mpc, although such events occur rarely, i.e., !0.002 yr−1

for a local LL GRB event rate RLL(z = 0) ∼ 500 Gpc−3 yr−1

(Guetta & Della Valle 2007).
From Figure 2, one can see that the typical neutrino energy

in the trans-relativistic shock breakout model is TeV–PeV. By
comparison, the relativistic jet models of LL GRBs predict
higher energy PeV–EeV neutrinos (Murase et al. 2006; Gupta
& Zhang 2007). This difference is mainly because the shock
breakout model involves a lower Lorentz factor and a stronger
cooling of mesons. In a relativistic jet, the peak photon energy in
the comoving frame is ε′

b = εb/Γj, where Γj is the Lorentz factor
of the jet. The typical energy of protons interacting with photons
via the photomeson production is Ep

′ ∼ 0.5 ε̄εb
′−1mpc

2. The
resultant neutrino energy will be Eν ∼ 0.05 × Ep

′Γj in the
observer frame, which is 100 (Γj/10)2 times larger than our
model. Thus, high-energy neutrino observations can provide
clues to the emission model of LL GRBs.

In principle, the shock velocity could be independently con-
strained through the neutrino spectroscopy. From Equations (6)
and (7), both fpγ and fpp are present irrespective of rsb, and only
depend on βsh. The relative importance of photomeson to inelas-
tic pp collisions directly affects the neutrino energy spectrum.
In the case of trans-relativistic shocks, the spectrum will have
a bumpy structure like in Figure 2. On the other hand, slower
shocks will produce relatively flat spectra because of efficient
inelastic pp interactions (see, e.g., Murase et al. 2011).

Gamma-ray counterparts. Gamma rays are mainly injected
by neutral meson decays. Since the neutral mesons do not suffer
synchrotron cooling, the maximum energy of gamma rays can
be as high as ∼10% of the parent protons, that is ∼100 PeV
in our fiducial case. At high energies above ∼MeV, the e± pair
production can attenuate the gamma-ray flux. In the emission
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Neutrinos from Transrelativistic SNe	
 
Kashiyama, KM+ 13 ApJL 

•  Detectable by IceCube up to ~10 Mpc → stacking analyses? 
•  TeV γ-ray follow-up obs. can detect a SN at ~100 Mpc 

d=10Mpc 



Super-Luminous SNe & SNe IIn (β<<1)	
 

Some SNe are super-luminous and long duration 
Such long duration (~ 0.1-1 yr) is common in SN IIn	


from Rest et al. 



Neutrinos from Interaction-Powered SNe	
 

•  If CRs carry ~10% of Eej → # of µs ~a few for SN@10Mpc 
•  Multimessenger implications → Pizza Lunch tomorrow	


Δt=107 s 

Δt=107.8 s 

Model B 
- optically thin collision 

Model A 
- optically thick collision 

KM, Thompson, Lacki & Beacom 11 PRD 

Atm. 

d=10Mpc 


