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Neutrino sky map⇤ at very high energies

* CR background removed
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Dawn of High-Energy Neutrino Astrophysics 
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IceCube

I 5160 PMTs

I 1 km3 volume

I 86 strings
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June 2012 
2 events at PeV  
May 2013  
28 events > 30 TeV 



Outline 

GRBs & SNe = violent cosmic explosions 
       at deaths of massive stars 

 
- GRB-SN connection?, jet properties?   
- CR origin?, CR acceleration? 
 
Overview of GRBs/SNe as HE ν sources 
1.  GRBs as UHECR origin? 
2.  HE neutrinos from subphotospheres?  
3.  Origin of sub-PeV neutrinos in IceCube? 

 

GRB 

SN 



Motivation: Cosmic Rays – A Century Old Puzzle 
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extragalactic? 

Galactic 

PeV 

UHECR budget (from obs.): 
  QHECR ~ 1044 erg/Mpc3/yr 
 
 
UHECR energy output  

~ GRB radiation energy 
  EHECR

iso ~  Eγ
iso ~ 1053 erg　　　　　　　　　　　　　　　　　          

 
local GRB rate density:  

~ 1 Gpc-3 yr-1 
(ex. Wanderman & Piran 10, Dermer 12) 
	

UHECR acc. is allowed 
εp < erB ~ 3x1020 eV r14B4 

(Waxman 1995, Vietri 1995) 

※ many theoretical issues I do not discuss 
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HE Neutrinos as a Smoking Gun 
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)) + ECR (ex. ~10 Eγ)  



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 

ex. KM & Nagataki 06 PRD, Baerwald+ 11 PRD 

meson  
cooling 

~ PeV 

EHECR ≡ εp
2N(εp) ~ Eγ (GRB-UHECR) 

ECR = ∫dεp εp N(εp) ~ 20 EHECR 

numerical 

Waxman & Bahcall 97 PRL 



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	



Recent IceCube Limits on Prompt ν Emission 

Observational limits start to be powerful but be careful 
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 ↑ 
※ totally different from “astrophysical” model-uncertainty in calculating fpγ	

※ these problems do not exist in many earlier calculations 

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.
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(Li 11, Hummer et al. 12) 

(Hummer et al. 12, He+ KM 12) 

(KM & Nagataki 06) 

Theor. prediction (but see below) 

Obs. limit (based on stacking) 

(ex. Asano, KM+, Baerwald+) 



Implications of IceCube “Stacking” Searches 

+ Not ruled out yet 
+ ~10 yr observations by IceCube can cover most of relevant  
   parameter space for the GRB-UHECRp hypothesis   

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 = 2!2ctob

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

The conversion fraction fp! is given by
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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
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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 # = 1, $ = 2,
fluence F ob

! = 10"5 erg cm"2 (in 10 keV to 1 MeV), z = 2.15, peak energy
"ob
! ,b = 200 keV, peak luminosity L! = 1052 erg s"1, bulk Lorentz factor

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

ratio &p = 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 fp!

is a function of the proton energy "p 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/d!e % ! "2

e ), and by using an electron
equipartition fraction "G

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 "2

% (dN%/d"% ) = (1/8)(1/"G
e )(F ob

! /ln 10)f(

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

e is typically larger than the conventional "e , 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+ KM 12 ApJ 

~ 6-10 

The Astrophysical Journal, 752:29 (10pp), 2012 June 10 He et al.
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Figure 2. Neutrino spectra numerically calculated by adopting the internal shock
radius R = 2#2ctob

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 L! = 1052 erg s!1, the observed variability timescale tob

v = 0.01 s
for the long GRBs, the Lorentz factor # = 102.5, and the baryon ratio "p = 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 "p = 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 "p

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 # > 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., # = 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 L! = 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

#L = 118E0.26
iso,52. (22)

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

#G = 29.8E0.51
iso,52. (23)

Compared with the benchmark model, which assumes # = 102.5

for all of the bursts, the value of # 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.,

#GL
= 72.1L0.49

! ,52. (24)

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

6

(see also Hummer et al. 12 PRL) 



Optimistic Cases: Neutron Escape Model 

Both neutrons and neutrinos should be produced 
escaping UHE neutrons → UHE protons via neutron decay 
εν2Φ(εν) ~ εn

2Φ(εn) ~ εCR
2Φ(εCR) ~ a fewx10-8 GeV cm-2 s-1 sr-1 sr-1 Neutron emission (model A’)

10!9

10!8

10!7

10!6

103 104 105 106 107 108 109 1010 1011

E
2
J

[G
eV

cm
!

2
s!

1
sr

!
1
]

E [GeV]

IC-40 (HE, prelim.)
IC-40 (EHE, prelim.)

IC-86 (EHE, 3yr)

!i = 103, 10!3 s < tv < 0.1 s

SFR evolution cosmogenic

tdyn < tsyn

• model A’ hypothesis: UHE CRs production in GRBs via neutron emission

• scan over luminosity range 0.1 < ("B/"e)L�,52 < 10

‹ fit requires softer injection spectra [MA/Gonzalez-Garcia/Halzen’11]

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

Excluded 
by IceCube 

Ahlers+ 11 APh  



Fall of Classical GRB Picture 

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 

Wolf-Rayet star 
R~1011-1012 cm Problems! 

- spectrum 
- empirical relations 
- rad. efficiency 

modified-thermal emission 
dissipation: shock/mag./n-p collision 

talks by Pe’er, Beloborodov, Ryde talk by Zhang 

talk by Daigne 
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Model-Dependent Predictions 

Dissipative photosphere 
- GeV-TeV due to pp 
- (UHE)CRs depleted 

Large r models 
- PeV-EeV (undetectable) 
- UHE “nuclei” possible  

see also He et al. 12 ApJ 
               Zhang & Kumar 13 PRL 

fp! ! fmeson

’ 1:4" 10#3 Lb;46:2

r15:8!
2
1"

b
ob;5 keV

! $Ep=E
b
p%"#1

$Ep=E
b
p%##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 ' 0:1 (Eiso

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

%&% ( $1=4%fp!E2
p$dNiso

p =dEp%=$4'D2% (
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 ' 0:005 (Eiso

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

%&% ( $1=4%fp!E2
p$dNiso

p =dEp%=$4'D2% ( 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 min)1; fp!* and a given cosmology (see
Appendix C). We typically expect min)1; fp!* ( $0:01–1%,
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

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

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

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

where heavy nuclei can survive (see Figs. 1 and 2). A thick
dashed line shows the LL GRB neutrino spectrum for r ' 9"
1014 cm and ! ' 10 where heavy nuclei cannot survive, while a
thin dashed line shows the LL GRB neutrino spectrum for r '
6" 1015 cm and ! ' 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! ' 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.
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The Role of Neutrons at Subphotospheres: GeV Neutrinos	 

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) 

•  Quasi-thermal emission explain observed GRB spectra 
(via EM cascades, Coulomb heating & synchrotron)  

(see talks by Meszaros, Pe’er, Beloborodov, Ryde) 
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Quasi-thermal Neutrinos are Detectable	 

KM, Kashiyama & Meszaros 13 PRL 
see also Bartos, Beloborodov+ 13 PRL 

εν ~ 0.1 Γ Γrel mp c2  
inevitable, CRs not required  
If dissipation comes from neutrons  
εν2 φν ~ εγ2 φγ 

Eγ
iso=1053.5 erg 
Γ=600, z=0.1 

εν ~ 30-300 GeV 

•  DeepCore is crucial 
in the 10-100 GeV range 

•  Stacking ~1000-2000 GRBs 
(~10 yr w. current satellites)  

stacking for GRBs 
w. >10-6 erg cm-2 

Atm. ν	


Atm. ν	




Novel Acceleration Mechanism in Neutron-Loaded Flows	

“Neutron-Proton-Converter Acceleration” 
 another Fermi acceleration mechanism without diffusion 
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Kashiyama, KM & Meszaros 13 PRL  

Points 
- naturally injected 
  (neutron mean free path  
   > internal shock length) 
 
- guaranteed for n-loaded flows 
  (weak B is enough) 
 
- crucial if shock acc. is inefficient  
  ex. radiation-mediated (σnp < σT) 
 
- slow process → TeV ν  

(Derishev+ 03 PRD) 
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NPC Acceleration: Spectra & Effects  
Monte Carlo simulations for test particles  
•  spectra consisting of bumps rather than a power law 
•   >10% of incoming neutron energy can be used for NPC acc. 
•  enhancing the detectability of GeV-TeV neutrinos 

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 min"1; !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
p$ " ! p$ e% $ e$ 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 #&"u&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 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 & #&1'.
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 ! ) 600, !rel ) 3, !pn ) 1, and
#&1' ) 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
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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 ) !rel

and #&1' ) 106. The circles, triangles, and squares correspond to
!pn ) 0:1, 1, and 2, respectively.
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FIG. 2 (color online). The energy spectrum of protons in the downstream for !rel ) 3 (left) and 5 (right). We set "d;o ) !rel, !pn )
2, and #&1' ) 106. The spectra are normalized by the total kinetic energy of the neutron injection.
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4 4

Γrel=5 

LL GRB w. Γ=30, Γrel=5 
w./w.o. 1st NPC bump 

Atm. ν	


comoving 
nucleon spectra w.o. cooling  neutrino spectra 



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 
- Jet acceleration & composition (radiation or magnetic) 
- GRB-SN connection, progenitor: clues to GRBs & jet-driven SNe 
- 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, Meszaros & Waxman 04 PRL 

Ando & Beacom 05 PRL 

high density → fpγ >> 1 
                     “calorimetric”  
CRs damped (no UHECRs) 



More Realistic Picture 

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

2.  CR acceleration at collisionless shocks ◯❌ 
→ inefficient when mediated by radiation 

Two pieces of important physics were overlooked 
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“Radiation Constraints” on Non-thermal Neutrino Production 

•  Lower-power is better 
•  Bigger progenitor is better 

KM & Ioka 13 PRL 

suppression region 
(τT>1 at unshocked flow) 

Wolf-Rayet star 

blue-super giant 

• favoring choked jets 
 (difficulty of penetration) 
• inefficient for HL GRBs  

UL GRB: ultra-long GRB  
T ~ 104 s >> ~ 30 s 
  → blue-super giants? 
ex. GRB 111209A 
(but see Zhang, Zhang, KM+ 13)  
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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, !CR $
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, fp" ], where fp" $ t" /tp" . Using the rectangular
approximation (Waxman & Bahcall 1997) for a photon spectrum
approximated as a broken power law, we have

fp" # y±
"1!" #b,16 keV

"1

%
"

(Ep/Ep,b)$"1 (Ep < Ep,b),
(Ep/Ep,b)%"1 (Ep,b < Ep),

(6)

where Ep,b = 0.5 #̄#b
"1mpc

2 # 8.8 #b,16 keV
"1 TeV with

#̄ # 0.34 GeV. The multi-pion production becomes dominant
above &0.5 #̄#min

"1mpc
2 # 140 #min,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 & (&/mp)'pp(ppc. The

fraction of energy an incident proton loses, fpp $ t" /tpp, can be
evaluated as

fpp # 0.1 y±
"1$sh,0.5

"2, (7)

where we use approximately constant values for the inelasticity
'pp # 0.5 and for the cross section (pp # 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 E) " 5 (*B/0.1)"1/2y±

1/2!"
"1/2rsb,13.95

1/2$sh,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 E+

2,+ & (1/4)D2
L) %

(1/4) min[1, fp" ](Ep
2dN/dEp), or

E+
2,+ # 10"5

#
DL

10 Mpc

$"2
!CR

0.1

% fp" y±
"1rsb,13.95

2$sh,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 !CR = 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 t" #
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 (!CR/0.2)(DL/10 Mpc)"2y±

"1rsb,13.95
2$sh,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 #'

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

' # 0.5 #̄#b
'"1mpc

2. The
resultant neutrino energy will be E+ # 0.05 % Ep

'%j in the
observer frame, which is 100 (%j/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 fp" and fpp are present irrespective of rsb, and only
depend on $sh. 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

3

Non-Jet Case: TeV-PeV Neutrinos around Shock Breakout	 

•  Interaction-powered SNe 
(w. massive CSM)	

•  Trans-relativistic SNe 
(w. optically-thick wind)	

TeV-PeV TeV-PeV 

Kashiyama+ 12 KM+ 11, Katz+ 11 

The signal is detectable for nearby SNe at D < 10 Mpc 
stacking analyses & gamma-ray obs. are also relevant  

(ex. Smith & McCray 07, Chevalier & Irwin 12) (ex. Waxman+ 07, Nakar & Sari 12) 

Δt=107 s 

Δt=107.8 s 

photon diffusion time is comparable to the shell expansion
time, where

t!!D " #!Rsh$2
2c

nsh"T % 107 s n!1
sh;11V

!2
f;3:5 (9)

(which is consistent with the observation, Eph % 1051 erg
and Lph % 1044 erg s!1). For the neutrino search by
IceCube-like detectors, we have to set a time window !t,
which is relevant to estimate the ANB. In Model A, it
would be appropriate to use !t & 107 s, since the duration
of the SN thermal emission is t!!D % tf % 107 s, where
the muon yield from SN-CSM neutrinos for IceCube is
N#;>4 TeV % 2. In an optically thin case like Model B, the
SN emission time is order of

ts ’ 5:0' 107 sRsh;16:5V
!1
s;3:8 (10)

(which is consistent with Eph % 1050 erg and Lph %
1042:5 erg s!1), and we obtain N#;>20 TeV % 1 for the FS
(N#;>50 TeV % 0:2 for the RS) for this time window. For up-
going neutrino sources, attenuation in Earth should be
considered, but will be modest at a wide range of zenith
angles for the most important energies [31].

The rate of SNe with dense and massive CSM is un-
certain, but a few % of all SNe may be such systems
[16,18,20], so that their rate within 20 Mpc is the order
of %0:1 yr!1. Note that the cumulative background muon
neutrino flux, E2

$"$ % 2:7' 10!9 GeV cm!2 s!1 sr!1,
though comparable to that from GRBs [3,4], is less than
the ANB up to E$ % 300 TeV, so that we focus on detec-
tions of individual nearby explosions.

Gamma rays—Neutral pions lead to gamma rays that are
interesting targets for Fermi and future Cherenkov tele-
scopes such as Cherenkov Telescope Array (CTA), where

one has to consider their interactions inside and outside the
source. At relevant energies, there will be attenuation on
matter (Bethe-Heitler pair-creation) and radiation (!!
pair-creation) in the source. They are also attenuated by
the extragalactic background light (EBL).
In Fig. 2, the attenuated pionic gamma-ray fluxes

are shown, taking into account gamma-ray attenuation
numerically. For demonstrative purposes, the nonattenu-
ated flux in Model A is also shown. Here, for simplicity,
we employ % exp#!%!! ! %BH$ for the screen region and
%1=#1( %!! ( %BH$ for the emission region. For ex-
ample, the Bethe-Heitler and !! pair-creation depths in
the CSM shell are estimated to be %shBH ’ 3:2nsh;11!Rsh;15:5

at %GeV and %sh!! ’ 3000T3
!;0!Rsh;15:5 at %260 GeVT!1

!;0,

respectively. (Note that the photomeson and photodisinte-
gration processes can also happen at sufficiently high en-
ergies. When %T is sufficiently small, low-frequency
synchrotron far-infrared emission may also increase the
attenuation far above a TeV). Outside the source, the
EBL attenuation is significant only at * 100 TeV for
d% 10 Mpc.
In Model A, the Bethe-Heitler and !! attenuation would

make it difficult to detect %GeV and %TeV gamma rays,
respectively, although the attenuated flux just represents
the relatively conservative case (see below). Also, though
we show the differential sensitivities of Fermi and CTA,
the integrated sensitivities over several energy bins are
much better, which would help detection of the signal. In
Model B, %shBH ) 1 and the !! attenuation is negligible at
& TeV, so that gamma rays seem detectable by Fermi for
d & 20–30 Mpc, which motivates searches for %0:1–1 yr
transients via multiyear Fermi observations. With coordi-
nated follow-up searches, %0:1–1 TeV gamma rays may
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FIG. 2 (color online). Energy fluxes of pionic gamma rays,
corresponding to Fig. 1. Gamma-ray attenuation inside and
outside the source is included; the double-dotted curve shows
the intrinsic spectrum without attenuation in Model A. Left dot-
dashed curves show Fermi/LAT differential sensitivities at t &
106:5 s (% tr in Model A) and t & 107:5 s (% tr in Model B). The
100 hr differential sensitivity of CTA is also overlaid (right).

-6

-5

-4

-3

-2

-1

 0

 1

 2  3  4  5  6  7  8

lo
g(

E
"2

# "
 [G

eV
 c

m
-2

])

log(E" [GeV])

Model A
Model B (RS)
Model B (FS)

FIG. 1 (color online). Energy fluences of muon neutrinos from
a SN crashing into dense CSM, where "B & 10!2:5, &cr & 0:1,
and d & 10 Mpc are assumed. Thick and thin curves represent
Model A and Model B, respectively, (see text). The dotted-
dashed curves show the zenith-angle-averaged ANB within a
circle of radius 1* [39]; we use !t & 107 s for Model A (thick
line) and !t & 107:8 s for Model B (thin line).
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Origin of PeV Neutrinos 
Observed by IceCube?	



Skymap: No Significant Clustering

See: talk by Naoko Kurahashi Neilson
N. Whitehorn, UW Madison IPA 2013 - 34

Diffuse Neutrino Flux: Now Observed 

2 events with PeV energies are found in UHE neutrino search 
26 more events are identified by a later analysis 

IceCube collaboration 13 PRL, Whitehorn 13 IPA 

E2 Φν ~ 10-8 GeV cm-2 s-1 sr-1 per flavor  
w. break/cutoff at ~2 PeV (for Γ ~ 2) 

consistent w. isotropic dist. 

※also supported by Laha+ KM 13 PRD 

Markus Ackermann  |  09/13/2013  |  Page  

Search for a diffuse astrophysical flux.

> Extension of previous search to lower energies (~ 30 TeV energy threshold)
> New strategy to reject CR background.
> 28 events found in 2010-2012 dataset.
> 4.1σ excess over expected backgrounds from atmospheric μ / ν

24

see presentation by C. Kopper
5

FIG. 4. The two observed events from August 2011 (left
panel) and January 2012 (right panel). Each sphere repre-
sents a DOM. Colors represent the arrival times of the pho-
tons where red indicates early and blue late times. The size
of the spheres is a measure for the recorded number of photo-
electrons.

ties in the cosmic-ray flux. Uncertainties in the expected
number of background events are estimated by varying
the associated parameters in the simulation. The two
dominant sources of experimental uncertainties are the
absolute DOM sensitivity and the optical properties of
the ice which contribute with (+43%, !26%) and (+0%,
!42%), respectively. Uncertainties in the cosmic-ray
flux models are dominated by the primary composition
(+0%, !37%) and the flux normalization (+19%,!26%).
The theoretical uncertainty in the neutrino production
from charm decay [16] relative to the total background
is (+13%, !16%). The systematic uncertainties are as-
sumed to be evenly distributed in the estimated allowed
range and are summed in quadrature.
The atmospheric muon and neutrino background

events are simulated independently. However, at higher
energies, events induced by downward-going atmospheric
neutrinos should also contain a significant amount of at-
mospheric muons produced in the same air shower as
the neutrino [19]. Since these events are reconstructed
as downward-going, they are more likely to be rejected
with the higher NPE cut in this region. Thus, the num-
ber of simulated atmospheric neutrino background events
is likely overestimated in the current study.
After unblinding the 615.9 days of data, we observe two

events that pass all the selection criteria. The hypothesis
that the two events are fully explained by atmospheric
background including the baseline prompt atmospheric
neutrino flux [16] has a p-value of 2.9"10!3 (2.8!). This
value takes the uncertainties on the expected number of
background events into account by marginalizing over a
flat error distribution. Since the prompt component has
large theoretical uncertainties we have also studied how
much our baseline prompt component has to be enlarged
so that the two events can be explained as atmospheric
neutrinos: obtaining two or more events with a probabil-
ity of 10% would require a prompt flux that is about 15
times higher than the central value of our perturbative-
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FIG. 5. Event distributions for 615.9 days of livetime at fi-
nal cut level as a function of log10 NPE. The black points
represent the experimental data. The error bars on the
data points show the Feldman-Cousins 68% confidence inter-
val [20]. The solid blue line marks the sum of the atmospheric
muon (dashed blue), conventional atmospheric neutrino (dot-
ted light green) and the baseline prompt atmospheric neutrino
(dot-dashed green) background. The error bars on the line
and the shaded blue region are the statistical and systematic
uncertainties, respectively. The red line represents the pre-
diction of a cosmogenic neutrino model (Ahlers et al. [21])
with the model uncertainty indicated by the shaded region.
The magenta line represents a power-law flux which follows
E!2 up to an energy of 109 GeV with an all-flavor normaliza-
tion of E2!!e+!µ+!! = 3.6 ! 10!8 GeV sr!1 s!1 cm!2, which
is the integral upper limit obtained in a previous search in a
similar energy range [12]. Signal neutrino model fluxes are
summed over all neutrino flavors, assuming a flavor ratio of
"e : "µ : "" = 1 : 1 : 1.

QCD model. This contradicts our current limit on the
prompt flux which would allow for not more than 3.8
times the central value at 90% C.L. [18].

The two events are shown in Fig. 4. Both events are
from the IC86 sample, but would have also passed the se-
lection criteria of the IC79 sample. The spherical photon
distributions of the two events are consistent with the
pattern of Cherenkov photons from particle cascades in-
duced by neutrino interactions within the IceCube detec-
tor. There are no indications for photons from in-coming
or out-going muon or tau tracks. Hence, these events are
most likely induced by either CC interactions of electron
neutrinos or NC interactions of electron, muon or tau
neutrinos. CC interactions of tau neutrinos induce tau
leptons with mean decay lengths of about 50 m at these
energies [22]. The primary neutrino interaction and the
secondary tau decay initiate separate cascades which in a
fraction of such events lead to an observable double-peak
structure in the recorded waveforms. The two events do
not show a significant indication of such a signature. Fig-
ure 5 shows the final-cut NPE distributions for the ex-
perimental data, several signal models and background



Can GRBs Explain IceCube Events? 
Unknown origin (diffuse flux mostly comes from distant sources)  
pp: star-forming galaxies, galaxy clusters 
 
Q. Can pγ scenarios such as GRBs and AGN be the origin? 
A. Yes (at present), but difficult for high-luminosity (HL) GRBs 
∵ IceCube stacking for GRBs: <~ 10-9 GeV cm-2 s-1 sr-1 

 
But we may miss a lot of untriggered, dimmer or failed GRBs 
•  Low-luminosity GRBs (or trans-relativistic SNe) 

Eγ
iso~1050 erg , ρ~102-103 Gpc-3 yr-1 

•  Ultra-long GRBs 
Eγ

iso~1053 erg, ρ~1 Gpc-3 yr-1?? 
※ Emission mechanisms may be different 
  

(ex. IceCube collaboration 12 Nature, Liu & Wang 13 ApJ) 

(KM, Ahlers & Lacki 13 PRDR) 
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Possible Contributions to Diffuse TeV-PeV Neutrino Flux  

Low-power jets could explain IceCube events at PeV energies  
without violating IceCube limits from GRB stacking 

predictions by 
KM+ 06 ApJL 

Γ=5 

IceCube 2013 

Γ=10 

large uncertainty 
but interesting  

see also 
Gupta & Zhang 07 APh 

Atm ν	


(failed) 

KM & Ioka 13 



Now HE Neutrinos as a Powerful Messenger 

GRB as the UHECR origin? → allowed at present but… 
- Optimistic cases were killed (ex. UHEn-escape scenario) 
- Most parameter space will be covered in ~10 yr if UHEp 
- But hard to exclude UHE heavy-nuclei scenario 
- Afterglow scenario might be possible (→ Askaryan Radio Array)  
 
HE neutrinos from subphotospheres? → more promising  
- GeV-TeV neutrinos from neutrons (→ DeepCore, PINGU etc.) 
- Detectable in ~ 10 yr if dissipation comes from neutrons   
- NPC acc. can enhance detectability of TeV neutrinos 
- TeV-PeV neutrinos expected for choked low-power jets and peculiar SNe 
 
Origin of sub-PeV neutrinos in IceCube? → possible 
- Low-power jet populations (ex. LL GRBs) might contribute 
- Need further studies on such longer-duration transients   
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Other Possibilities: pp Sceanrios? 

pp: intergalactic shocks, star-forming galaxies etc.- viable 

KM, Ahlers & Lacki 13 PRDR 

New constraints 
1. Γ < 2.2 
2. >30% to DGB 

First strong example of ν-γ connection with “measured” ν & γ fluxes 



Implications 
Question: pp or pγ? 
 
We can test pp scenarios 
•  Γ can be determined in several years 

If Γ > 2.2 → pp scenarios are disfavored 
•  Understanding DGB is important  

40%-100% from blazars → Γ ~ 2.0-2.1 or disfavored  
•  Individual sources should show γ-ray spectra (→ CTA) 
 
※pγ scenarios are unbounded due to threshold effect   
   more studies are needed but quite model-dependent 



Non-thermal vs Quasi-thermal  
•  TeV-PeV non-thermal neutrinos 

produced typically via pγ interactions between CRs and photons 
Eν ~ 0.01 Γ2 (GeV/εγ) GeV → TeV-PeV ν 
- Ep

-2 is assumed but may not be true 
- inefficient at radiation-mediated shocks 
- complicated spectra due to meson/muon cooling 

But diffusive shock acceleration is not always required   
•  GeV-TeV quasi-thermal neutrinos 

produced via pn inelastic collisions with thermal “neutrons” 
Eν ~ 0.1 Γ Γrel mp c2 → ~30-300 GeV ν  
- relativistic nucleons via thermalization of neutrons  
- neutrons are naturally loaded from GRB engine 
- universal spectra due to irrelevance of meson/muon cooling  


