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High-Energy Neutrinos  
from Cosmic Explosions 



Outline 

GRBs & SNe = violent cosmic explosions 
       at the death of massive stars 

 
GRB-SN con., jet dynamics, composition   
+ CR origin, CR acc. mechanisms 
 
Overview of GRBs/SNe as HE ν sources 
1.  GRBs as UHECR sources  
2.  “Subphotospheric” neutrinos  
3.  Possibilities for PeV events (quick) 
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Gamma-Ray Bursts: “Classical” Pictures 
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Neutrino Production in the Source 
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)  



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

PeV ν, GeV-TeV γ 

Meszaros (2001) 

CR Acceleration in “Classical” Pictures 

Waxman & Bahcall 97 PRL	

Dermer & Atoyan 03 PRL	

 	


External shock (afterglow) 
r ~ 1016-1017 cm   B ~ 0.1-100 G 

EeV ν, GeV-TeV γ  

Inner jet (flares) 
r ~ 1014-1016 cm   B ~ 102-4 G 

PeV-EeV ν, GeV-TeV γ 
KM & Nagataki 06 PRL	 e.g., Waxman & Bahcall 00,���

        Dermer 02, KM 07	



Recent IceCube Limits on Prompt ν Emission 

Limits start to be powerful but the above is optimistic by ~ 6-10 
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 ↑ 
- Different from “astrophysical” model-uncertainty in calculating fpγ	

- Considered in earlier calculations for a given parameter set 

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 PRD, Hummer et al. 12 PRL) 

(Hummer et al. 12 PRL, He et al. 12 ApJ) 

(KM & Nagataki 06 PRD) 

Prediction (but see below) 

Limit (based on stacking) 

(ex. Dermer & Atoyan 03 
KM & Nagataki 06) 



Applications to Individual GRBs   
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FIG. 2: Reproduction of the IC-FC prediction for the neu-
trino (di↵erential) fluence E2

⌫F⌫ , compared to the correspond-
ing IC40 limit (light/blue curves; 90% CL). In addition, our
numerical prediction NFC is compared to the corresponding
IceCube limit for exactly the same bursts and assumptions
(black curves). Compare to Fig. 2 in Ref. [4].

the final (numerical) result NFC is obtained. In this case,
the normalization deviates about one order of magnitude
from the analytical prediction IC-FC, and the shape is
significantly di↵erent, shifted to higher energies. Note
that we have chosen one analytical method IC-FC for
the comparison, whereas the detailed comparison to an-
other method, such as Ref. [1], will depend on the specific
approximations of the analytical method (whereas NFC
does not depend on these).

As the next step, we reproduce the IC40 analysis from
Ref. [4], based on 117 bursts, using the same neutrino ef-
fective area and same assumptions, bursts, and parame-
ters [16]. The result is shown in Fig. 2 (light/blue curves),
where the dashed curve shows the IC-FC prediction for
the neutrino flux and the solid curve the corresponding
IC40 limit. In this case, the bound is below the predic-
tion, and the original model is under tension. Our result
is shown as black curves: the prediction is about one or-
der of magnitude below the limit corresponding to this
flux shape. This qualitatively di↵erent result means that
IceCube has not yet reached the level where it tests the
parameters chosen for the fireball model.

In order to obtain conclusions on the cosmic-ray con-
nection, or to compare the results from di↵erent experi-
ments, the extrapolation of the fluence to a quasi-di↵use
flux is needed. It depends on the number of bursts ex-
pected per year, where 667 has been used [4]. We show in
Fig. 3 our quasi-di↵use flux prediction (“GRB, all”) to-
gether with the IC40 limit, the combined IC59+40 limit
(which has a di↵erent flux shape), and an extrapolated
IC86 limit. In addition, we show di↵erent regions and
curves to illustrate the size of several model- or method-

specific additional “systematical errors”: the statistical
error coming from the extrapolation from a few bursts
to the quasi-di↵use flux (for 117 bursts, estimated and
obtained from Ref. [15]) and the “astrophysical uncer-
tainty” for this particular model (envelope of the follow-
ing independent variations around the assumptions for
the IceCube analysis: variability timescale tv by one or-
der of magnitude [0.001s . . . 0.1s for long bursts], � be-
tween 200 and 500, proton injection index between 1.8
and 2.2, and ✏e/✏B , energy in electrons versus magnetic
field, between 0.1 and 10). As one can read o↵ from this
figure, neither IC40 nor IC59+40 can reach the predicted
fluxes, even in the most optimistic cases; compared to
IC59+40, a factor of two higher statistics is needed to
reach the nominal prediction. However, the full scale
IceCube experiment, operated over about 10 years (ex-
trapolation), will finally find the GRB neutrinos or sig-
nificantly constrain the model unless, for instance, the
number ratio between � & 500 and � ⇠ 300 bursts (or
corresponding collision radii) is larger than seven for fixed
tv, as it can be easily shown. Note that our given as-
trophysical uncertainty is less model-dependent than the
one in Ref. [19], since it does not rely on the origin of the
target photons, but it includes the e↵ects of synchrotron
losses.
We have deliberately omitted one variable from this

discussion: the baryonic loading 1/fe, which directly re-
scales the neutrino flux prediction, as illustrated by the
arrow in Fig. 3 and as it can be read o↵ from Eq. (1).
The choice of this parameter is often consistent with a
coherent picture among cosmic ray, gamma-ray, and neu-
trino fluxes if the GRBs are the sources of the UHECR,
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FIG. 3: Prediction of the quasi-di↵use flux (NFC), including
the estimates for several model- or method-specific system-
atical uncertainties (see main text). In addition, the IC40
limit is shown, and two expectations are shown for com-
parison (IC59+40 from Ref. [5] and IC86 extrapolated for
AIC86
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from IC40; see, e.g., Ref. [18]).
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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.

104 105 106 107 108 109 1010
10-12

10-11

10-10

10-9

10-8

R=1012cm
R=1013cm
R=1014cm
R=1015cm
R=1016cm

E! [GeV]

E
2  "

!(
!)

[G
eV

 c
m

-2
s-1

sr
-1
]

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

~10 yr observations by IceCube can cover relevant  
parameter space in the IS scenario w. GRB-UHEp hypothesis   

Hummer, Baerwald & Winter 12 PRL He, Liu, Wang, Nagataki, KM & Dai 12 ApJ 

r=2Γ2cδt 



Remarks: Two Important Cases 

•  GRBs=UHE heavy-nuclei sources (pessimistic case) 
“Nucleus-survival bound”  
τAγ ~ nγσAγ（r/Γ）< 1 
fmes ~ (0.2/A)nγAσpγ(r/Γ) ~ τAγ(0.2σpγ/σAγ) < 10-3 (for Fe) 
→ εν2Φ(εν) < 10-3 εν2ΦWB(εν) ~ a fewx10-11 GeV cm-2 s-1 sr-1 

KM & Beacom, PRD, 81, 123001 (2010) 

ex. ~3x10-11 GeV cm-2 s-1 sr-1 obtained in a model 
     below IceCube limits (but hard to test…) 

•  GRBs=UHEn sources (optimistic case) 
Escaping UHEn → UHEp via neutron decay 
εν2Φ(εν) ~ εn

2Φ(εn) ~ εCR
2Φ(εCR) ~ a fewx10-8 GeV cm-2 s-1 sr-1 

→ ruled out by IceCube Ahrels et al., APh, 35, 87 (2011) 



マスタ サブタイトルの書式設定	

9 

2. Subphotospheric Neutrinos 
(that do not require UHECRs) 



Fall of “Classical” GRB Pictures 

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

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 Caveats! 

- spectrum 
- empirical relations 
- rad. efficiency 

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



GeV-PeV Neutrinos: Subphotospheric Shock Dissipation	 
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ECR
iso ~ Eγ

iso ~ 1053.5 erg 
→ # of µs ~ 1-2 for GRB @z=0.1	

Allowed so far, but tested in 10 yrs if ECR~Eγ (KM+ 12 ApJ, Gao+ 12 JCAP) 

※ NO UHECR acc., much radiation in jets → unlikely ECR~10Eγ 

ECR
iso=Eγ

iso=1053.5 erg 
Γ=102.5, Uγ=UB, z=0.1 

KM, PRD(R), 78, 101302 (2008) 
cf. Wang & Dai, ApJL, 691, L67 (2009) 

fpγ > 1 and τΤ=neσΤ(r/Γ)~1-10 ⇔ fpp=(κppσpp/σT)τT~0.05-0.5 

pp 
pγ	


suppressed 
above a few PeV 

pp contribution 
at GeV-TeV 

certain pp/pγ efficiencies 
→ sensitive to ECR 
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FIG. 1: The energy fluence of !µ + !̄µ from a high-luminosity
GRB (with E

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

shown by the dot-dashed curve.

The results for a high-luminosity GRB at z = 0.1 are
shown in Fig. 1. As expected in Eq. (1), quasi-thermal
neutrinos have a peak at ! 100 GeV. The NPC compo-
nent enhances a high-energy tail, but it is not very rele-
vant for our conservative value of !rel. The PL compo-
nent is prominent above TeV, and hadronuclear reactions
give a dominant contribution especially for steeper spec-
tral indices. The photomeson production is also quite
e"cient, but the fluence is largely suppressed by strong
cooling of mesons and muons. We also show the atmo-
spheric neutrino background (ANB) [30] assuming that
the angular window of max[#2,!"2! ], with # = 1 deg and
the kinematic angle "! " 1.5 deg

!

TeV/E! .

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

Neutrino Detection.— Since IceCube is not sensi-
tive at 10 $ 100 GeV, including DeepCore is essential
to see quasi-thermal neutrinos. The neutrino e$ective
area of DeepCore+IceCube at 10 $ 100 GeV is roughly
" 101.5 cm2 (E!/100 GeV)2 [21], so detections at E! re-
quire E2

!$! ! 5#10!3 erg cm!2 (E!/100 GeV)!1. Only
energetic and nearby GRBs can be seen, and a few events
are detectable in the case shown in Fig. 1.

Hence, it is critical to make dedicated stacking anal-
yses for GRBs detected by %-ray satellites. Although
such analyses have been done around PeV energies for
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FIG. 2: The same as Fig. 1, but for a low-luminosity GRB
(with E

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

shown by the dot-dashed curve.

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

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

"$" % E iso
" since subphotospheric % rays are assumed

to be responsible for the prompt emission. Second, the
meson production e"ciency fp" a$ects the fluence. In
the classical scenario, fp" is sensitive to r and ! that
are uncertain [3]. In our model, dissipation should oc-
cur at &T ! 1 [18], and e"cient %-ray production should
accompany neutrinos. Finally, the typical neutrino en-
ergy depends on uncertain ! and z. For simplicity, we
fix ! = 600 and z = 1. Similar assumptions were also
made in analyses for the classical scenario [12, 13], where
the typical energy depends on ! and r (for su"ciently
high fp") as well as L" and break energy [2, 3].

The expected number N of detected 'µ + '̄µ events is
shown in Fig. 3, with the threshold 10!5.5 erg cm!2. The
e$ective areas of DeepCore and IceCube are taken from
[21] and [8], respectively. We predict that a few events
will be detected by analyzing ! 1000 GRBs stacked in

Quasi-Thermal Neutrinos: Neutron-Loaded Outflows	 

Nn collisional model (e.g., Meszaros & Rees 00 ApJ, Beloborodov 10 ApJ) 

KM, Kashiyama & Meszaros 13, Bartos+ 13  

•  Inevitable νs &  
no CR acc. is required 

•  εν2 φν ~ εγ2 φγ   
→ model is testable 

•  with DeepCore 
→ detectable in ~10 yrs  

Eγ
iso=1053.5 erg 
Γ=600, z=0.1 

neutron flow 
after rdec 

nucleons 
(protons 

+neutrons) 

εν ~ 30-300 GeV 

Dissipation 
ǁ‖ 

Inelastic collision 
N+n→πs 



Remarks: Subphotospheric Emissions from SNe? 

SN shock breakout emission (τT~c/Vs>>1)  
(super-luminous SNe, trans-relativistic SNe) 
•  Fermi acc. is possible at τT<c/Vs 

(NOT at radiation-mediated shocks) 
•  TeV-PeV νs, detectable up to ~10 Mpc 

Neutron-loaded relativistic outflows from proto-NS 
(choked jets, proto-magnetar winds) 
•  Inevitable νs & no Fermi acc. is needed 
•  Additional n-p conversion acc.  
•  GeV-TeV νs, ~100 for a Galactic SN 

KM+ 11 PRD 
Katz, Sapir & Waxman 11 
Kashiyama, KM+ 13 ApJL 

KM, Dasgupta & Thompson 13 

Kashiyama, KM & Meszaros 13 
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3. Possibilities for PeV Events	



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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2E

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

PeV Events Reported in Neutrino 2012 

~ PeV neutrinos are found in UHE neutrino search 
Atmospheric ν background looks small at these energies  

IceCube arXiv:1304.5356 



Various Astrophysical Predictions	 

Some predictions (ex. GRBs, accretion shocks) have the right flux level w. a break/peak at ~PeV 
Breaks may come from a meson cooling break or an intrinsic break in CR spectra   

-12

-11

-10

-9

-8

-7

-6

-5

 3  4  5  6  7  8  9  10  11

lo
g(

E i
2  \

i [
G

eV
 c

m
-2

 s
-1

 s
tr-1

])

log(Ei [GeV])

WB

Atm.

GRB (prompt)
AGN (inner jet)

Magnetar
SF Shocks (isobaric)

Cosmogenic (ankle scenario)



Can GRBs Explain Two Events? 

It looks difficult (but more statistics are obviously needed) 
•  Untriggered ~ 2 x triggered <~ 10-9 GeV cm-2 s-1 sr-1 

•  Smaller than the required flux ~ 10-8 GeV cm-2 s-1 sr-1 

The Astrophysical Journal, 766:73 (7pp), 2013 April 1 Liu & Wang

Figure 4. Diffuse neutrino flux from GRBs in our generated sample. The dashed
line and the dash-dotted line represent the contribution by the triggered GRBs
and untriggered GRBs, respectively, and the solid line represents the total flux.
In the top panel ! = 29.8E0.51

iso,52 is used, while in the bottom panel ! is fixed
at 102.5. We assumed that the proton spectrum is a power law with index of !2
and !p = 10.

which are likely to be electron (or anti-electron) neutrinos.
Several scenarios have been proposed to explain the origin of
these two neutrinos (Barger et al. 2012; Baerwald et al. 2012a;
Bhattacharya et al. 2012; Roulet et al. 2013; Cholis & Hooper
2012). Since the energies of the reported two neutrinos are
close to the peak energy of the typical GRB neutrino spectrum,
we study here the possibility that they originate from diffuse
GRB neutrinos. In studying the possible GRB origin, one must
assure that the stacked neutrino flux of those 215 triggered
GRBs observed by IceCube do not exceed the IC40+59 limit.
The expected number of diffuse neutrinos from GRBs in the
energy range 1–10 PeV can be obtained by

Ndiff =
! 10PeV

1PeV
S
"
"#e

# $
dn#e

d"#e

%

diff
d"#e

, (13)

where (dn#e
/d"#e

)diff is the number spectrum of diffuse electron
neutrinos (in unit of cm!2 s!1 sr!1 eV!1) and S("#e

) is the
IceCube exposure of electron neutrinos at ultra-high energies
in two years (2010–2012; Ishihara 2012), which includes the
contribution by the Glashow resonance. Notably, since the
analysis approach for diffuse cascade neutrinos is different from
that for upgoing neutrinos from triggered GRBs, the IceCube
effective area is significantly different. Based on the total diffuse
neutrino flux we obtained above, we obtain Ndiff " 0.1 for the
case of ! = 29.8E0.51

iso,52 and Ndiff " 0.2 for the case of ! = 102.5

Figure 5. Contribution to the diffuse neutrino flux by untriggered GRBs
with different luminosity. The dotted lines represent the contribution by the
occulted bright GRBs. The dashed lines, dash-dotted lines, and long dash-dotted
lines represent the contributions from GRBs in different luminosity ranges,
respectively (not including those occulted GRBs). The solid lines represent the
sum of the four components.

(!p = 10 is assumed). Since the non-detection of GRBs by
IC40+59 implies !p < 20 (see Section 3.2), we have Ndiff < 0.2
or 0.4, respectively, which is insufficient to account for the
reported two neutrinos. There is still a small possibility that
these two neutrinos arise from, for instance, some very strong
GRBs that happen to be occulted by the Earth and hence do not
trigger the detectors. In addition, strong statistical fluctuation
can also possibly lead to the detection of one or two events.

3.4. Effect of Variation in Luminosity Function
and Redshift Distribution

There is significant variation in the luminosity function $(L)
and the rate distribution with redshift %(z) in the literature
(e.g., Firmani et al. 2004; G07; L07; W10; Zitouni et al. 2008;
Cao et al. 2011). The variation may be caused by different
approaches in obtaining the luminosity function and different
spectral properties as well as trigger thresholds being used in
the calculation.

Under the requirement that the total neutrino fluence from
the triggered GRBs does not exceed the upper limit placed
by IceCube, the possibility that GRBs are responsible for the
two events increases if the fraction of neutrino flux from the
untriggered GRBs increases. This requires more dim and/or
distant GRBs to take place. Therefore, luminosity functions with
steep slopes or rate distribution with higher rate at high redshift
are favorable for producing more dim, untriggered GRBs. As
the slopes in the luminosity function of L07 below and above the

5

Liu & Wang 13 ApJ 



Other Classes of GRBs & SNe  
We may miss a lot of “untriggered” transients 
•  Low-luminosity GRBs (or trans-relativsitic 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?  

•  Hypernovae 
Ek~1052 erg, ρ~2000 Gpc-3 yr-1 

 

•  Crashing SNe (including super-luminous SNe & SNe IIn) 
Ek~1051 erg, ρ~1000 Gpc-3 yr-1? 
 

All of them might explain ~PeV events though they are uncertain 

(Wang+ 07 PRD) 

(KM+ 06 ApJL, Gupta & Zhang 07 APh, Kashiyama+ 13 ApJL) 

(KM & Ioka 13) 

(KM+ 11 PRD, Katz+ 11) 



Example: Low-Luminosity GRBs 

Predictions are just taken from KM et al. 06 ApJL (not renewed) 
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Summary 
GRB-UHECR hypothesis in ”classical” GRB pictures 
- Optimistic cases were excluded (ex. UHEn-escape scenario) 
- Most IS parameter ranges will be covered in ~10 yr if UHEp 
- Hard to exclude UHE heavy-nuclei scenario 
- Do not forget afterglow neutrinos (PeV-EeV νs → ARA)  
Subphotospheric emissions (GRBs & SNe) 
- Probing the onset of CR acc. in GRBs, SLSNe & trans-rel. SNe	

- Relevance of GeV ν detectors for quasi-thermal νs from ns 
 
~ PeV neutrinos may start to be detected 
- Less-triggered populations (ex. LL GRBs) may contribute 
- Need searches for such longer-duration transients   
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Backup Slides	



Remark I: Subphotospheric Shock Dissipation in SNe? 

SN shock breakout emission (τT~c/Vs>>1)  
(super-luminous SNe, trans-relativistic SNe) 
•  Fermi acc. is possible at τT<c/Vs 

(NOT at radiation-mediated shocks) 
•  TeV-PeV νs, detectable up to ~10 Mpc 

KM+ 11 PRD 
Katz, Sapir & Waxman 11 
Kashiyama, KM+ 13 ApJL 

CSM ejecta 

SN 

shock 

Ordinary SNe 

Rdiss~Rsedov~3 pc 

SNe w. dense CSM 

Rdiss~Rcsm~1014-1016 cm 

Key idea 
Earlier dissipation 
→ higher luminosity 
    “transients”   
    & efficient pp/pγ	


ISM 



Remark II: Neutron-Loaded Outflows in SNe? 

Neutron-loaded relativistic outflows from proto-NS 
(choked jets, proto-magnetar winds) 
•  Inevitable νs & no Fermi acc. is needed 
•  Additional n-p conversion acc.  
•  GeV-TeV νs, ~100 for a Galactic SN 

NS 

stellar material 

wind Key idea 
magnetic outflow acceleration   
→ neutrons should be decelerated 
    at the termination shock  
    via n+p → Nπ	


Kashiyama, KM & Meszaros 13 

KM, Dasgupta & Thompson 13 

termination 
shock 
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Prompt Emission 



Ultra-High-Energy Cosmic Rays? 

If UHECR energy output ~ GRB radiation energy 
EHECR

iso ~  Eγ
iso ~ 1053 erg　　　　　　　　　　　　　　　　　          

 
    with local GRB rate density: ~ 1 Gpc-3 yr-1 
                                               (e.g., Wanderman & Piran 2010, Dermer 12) 
 
　 
 
 UHECR budget (from obs.): QHECR ~ 1044 erg/Mpc3/yr 

	

Fermi shock acceleration (in “classical” pictures) 
-> not only electrons but protons are accelerated 

εp < erB ~ 3x1020 eV r14B4 (Waxman 1995, Vietri 1995) 



Basics of ν and γ-ray Emission 

€ 

p + γ → n + π + κ p ~ 0.2

€ 

p + γ → N π ± + X κ p ~ (0.4 − 0.7)

εp 

CR Spectrum (Fermi mechanism) 
Key parameter 

CR loading 

1018.5eV 1020.5eV 

εγ 

Photon Spectrum (observed) 

εγ,pk~300 keV εmax 

Photomeson production efficiency 
~ effective optical depth for pγ process 
fpγ ~ 0.2 nγσpγ (r/Γ): func. of r&Γ	


Δ-resonance 

at Δ-resonance (εp εγ ~ 0.3 Γ2 GeV2)  

εp
b~ 0.15 GeV mpc2 Γ2/εγ,pk ~ 50 PeV  

εp
2N(εp) 

2-α~1.0 

2-β~-0 2-p~0 

~ΓGeV 

εγ2N(εγ) 

EHECR≡εp
2N(εp)  

  ~εγ,pk
2N(εγ,pk) 

multi-pion production 

Photomeson Production 

(in proton rest frame) 

total ECR~20EHECR 



pion energy επ~ 0.2 εp 
break energy επb~ 0.07 GeV2 Γ2/εγ,pk ~ 10 PeV  

επ 

Meson Spectrum 

επ
ｂ	 επ

syn 

β-1~1 

α-1~0 

επ2N(επ) 

Neutrino Spectrum 

εν
b 

β-1~1 

α-1~0 

εν2N(εν) 

π ± → µ± +νµ (νµ )

µ± → e± + νe (νe )+νµ (νµ )

HE charged mesons 
(meson cooling time) < (meson life time) 
→ suppression at high energies 

 ~fpγEHECR 

α-3~-2.0 

εν
πsyn 

εν 

α-3~-2.0 

neutrino energy εν ~ 0.25 επ ~ 0.05 εp　 
• ν lower break energy ενb ~ 2.5 PeV 
• ν higher break energy ενπsyn ~ 25 PeV 

π 0 → γ +γ

Gamma-Ray Spectrum 

εγ
b 

β-1~1 

α-1~0 

εγ2N(εγ) 

εγ
ma

x 

εγ	


γ-ray energy εγ ~ 0.5 επ ~ 0.1 εp　 
• γ lower break energy εγb ~ 5 PeV 
• γ maximum energy εγmax ~ 0.1 εp

max 

Waxman & Bahcall, PRL (1997) 



GRB Prompt ν Emission 

•  Testable: GRB-UHEp hypothesis (EHECR/EGRBγ > 1 required) 

“moderate” CR loading 
EHECR ~ 0.5 EGRBγ	


→#~0.1-10 by IceCube  

“high” CR loading 
EHECR ~ 2.5 EGRBγ	


→#~0.5-50 by IceCube 

CR loading parameter 
ΕHECR ≡εp

2 N(εp) 

Set A - r~1013-14.5cm  
Set B - r~1014-15.5cm  

Γ=102.5, Uγ=UB  

KM & Nagataki, PRD, 73, 063002 (2006) 

Event rates by IceCube for 1 GRB @ z~1 ~ 10-3-10-1 

→ Cumulative ν background (time/space coincidence)  



Hadronic Model (for Extra Component)	

Murase, Asano, Terasawa, & Meszaros, ApJ, 746, 164 (2012) 

Band component 
⇔ synchrotron from pairs  
    stochastically accelerated	

Extra hard component 
⇔ cascades induced    
    by the pγ reaction 	



Cumulative Background? 

pγ	


Many models are still consistent with recent upper limits by IceCube 



Cases of Large Emission Radii 
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FIG. 1. The predicted neutrino flux for a typical GRB in
three GRB prompt emission models: “ph” (green): dissipa-
tive photosphere model; “IS” (blue): internal shock model;
“ICMART” (red): internal-collision-induced magnetic recon-
nection and turbulence model. Model parameters: L!,52 = 1,
!t = 0.1 s, "!,MeV = 0.2, #! = 1, $! = 2, p = 2, z = 1,
! = 250, "B/"e = 1, RICMART = 1015 cm. Three values of
f!/p are adopted: 0.1 (solid), 0.3 (dashed), and 1 (dotted).

0.1 s, !!,MeV = 0.2, "! = 1, #! = 2, p = 2, and z =
1 [27]. We plot three models: the photosphere model
(‘ph’, green), the internal shock model (‘IS’, blue), and
the ICMART model (‘ICMART’, red). Since these are all
one-zone models, we only have three free parameters: !,
f!/p and !

B
/!e. We take a conventional value !

B
/!e ! 1

in our calculation of !",2. Since the dependence is shallow
(1/2 power), a more precise treatment of the ratio based
on a fundamental understanding of particle acceleration
physics would not significantly alter the results.

The predicted neutrino flux is sensitive to ! (e.g. $pp! "

!!4 in the IS model). Instead of using the “benchmark”
value ! = 300 [5, 6], we use the values inferred from
various observational constraints [28–30], which led to a

correlation between ! and isotropic luminosity [29, 30]:

! # 250L0.30
!,52. (12)

This gives ! ! 250 for the example GRB, which gives
a stronger neutrino flux due to the strong !-dependence
on the neutrino flux.
If GRBs are the dominant UHECR sources, than the

proton flux from GRBs can be normalized by the ob-
served UHECR sources, which requires f!/p = 0.1 for
p = 2 [1, 2] (solid lines in Fig.1). Since some models (e.g.
dissipative photosphere models and magnetic dissipation
models) can have a higher f!/p value, which can interpret
the GRB data well without requiring GRBs as the dom-
inant sources of UHECRs, we also plot the flux levels of
the three models for two other larger values of f!/p: 0.3
(dashed lines) and 1 (dotted line).
IV. Current status and future prospects. The contin-

ued search for neutrino signals from GRBs by the Ice-
Cube Collaboration is starting to pose meaningful con-
straints on GRB models. With the current limit, the
IS model with f!/p = 0.1 and ! $ L correlation just
starts to barely violate the observational constraint [9].
For the same value of f!/p = 0.1, the dissipative pho-
tosphere (ph) models are already disfavored, unless an
unknown mechanism suppresses proton acceleration in
the photosphere region. On the other hand, an radiative
e"cient dissipative photosphere model may allow f!/p to
be larger. These models may be constrained with even
deeper upper limits (Fig.1, see also [20]). The ICMART
model and other large-scale magnetic dissipation models
are entirely consistent with the data. Thanks to the low
neutrino background in the interested energy range in
coincidence with GRBs in time and direction, the upper
limit would go down linearly with time. In a few more
years, if high energy neutrinos are still not detected from
GRBs, one would either require a large f!/p, or demand
a larger emission radius than the internal shock radius,
as expected in some magnetic dissipation models such as
the ICMART model.
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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.

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

023005-10

KM et al. 08 PRD 

Models predicting low neutrino fluxes were  
considered before IceCube were constructed 



Comments on UHE Nuclei Sources 

•  Motivation: PAO composition (interpretation is not settled) 
 

•  If heavy-rich at Earth, most nuclei must survive in sources 
survival from photodisintegration gives 

τAγ ~ nγ σAγ Δ < 1 
photon density should be small  

	

Aside from issues on escape & abundance (e.g., Metzger+ 11)  
survival is allowed only at sufficiently large radii,  
  GRB (Wang et al. 08 ApJ, KM et al. 08 PRD)  
  AGN (Peer, KM, & Meszaros 09 PRD, KM et al. 12 ApJ) 
but ν production should be inefficient 
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Dissipative Photosphere Scenario	 

• Re-conversion of kinetic energy to radiation energy  
• High radiative efficiency & stabilization of εγ,pk 

kT ~ 
100keV 

e.g., Thompson 1994, Meszaros & Rees 2000, Rees & Meszaros 2005,  
        Peer et al. 2006, Giannios 2006, Ioka, KM et al. 2007, Beloborodov 2010  

Emissions from τT~1-10 
“dissipative photosphere” 
•  internal shocks 
•  interaction with star or wind 
•  recollimation shocks 
•  magnetic reconnection 
•  collisions with neutrons 

rph 
~1012-1013 cm	



Observational Hints	 

“modified” black-body emission 
or 

thermal + nonthermal emission	

2+α ~ 2.3

2+β ~ −2

GRB 090902B 
GRB 110721A 

E 

Observed spectra can be reproduced by theories 
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Figure 6. Simulated (colored) and numerically integrated (black)
spectra for a narrow jet observed at di↵erent viewing angles. In

this plot, �0 = 100, ✓j = 1/�0 and p = 1. Three di↵erent viewing

angles are shown, ✓v = 0 (0.000 6 ✓v 6 0.0045, red diamonds and
solid black lines), ✓v = ✓j (0.009 6 ✓v 6 0.011, green triangles and

black dashed lines) and ✓v = 2⇥ ✓j (0.019 6 ✓v 6 0.020, magenta
squares and dash-dotted lines). After viewing angle binning, the

red, green and magenta spectra contain 1002, 1758 and 1486 pho-

tons, respectively. The photon index below Epeak is ↵ = �1 for
all viewing angles, two units less than the Rayleigh-Jeans index.

For this parameter space region the numerical integration gives

an excellent fit to the simulated spectra.

ents there is a slight increase in the photon index, consistent
with the analytical expression in Eq. 26. For 1 < p < 4, the
photon index is �1 . ↵ . �0.5. Values of p lower than
unity has been considered. As p decreases below unity the
photon index below the peak energy increases. For p = 0
the outflow profile is spherically symmetric. Therefore the
observed spectrum is that of a spherically symmetric wind
(↵ ⇡ 0.4).12 For the simulated spectra, the exponential cut-
o↵ expected at energies above the peak energy becomes less
sharp for increasing values of p. We discuss this further be-
low.

The spectra from jets with large opening angles (✓j ⇡
10/�0) observed at ✓v ⌧ ✓j appear as those from spherically
symmetric winds. However, for viewing angles ✓v ⇡ ✓j the
observed photon index below the peak energy is lower. In
Figure 8 we present spectra from an outflow with the profile
�0 = 100, ✓j = 0.1 and p = 4 observed at di↵erent viewing
angles. For ✓v = ✓j, ↵ ⇡ �1 just as for narrow jets. Due
to the large Lorentz factor gradient, Epeak decreases rapidly
with increasing viewing angle. In Figure 8, Epeak(✓v = 2 ⇥

✓j)/Epeak(✓v = 0) ⇡ 10�3. As discussed above, depending
on the jet properties and detector characteristics the most
likely viewing angle may be close to the jet opening angle.

In Figure 9 we present observed spectra from jets with
di↵erent opening angles (✓j�0 = 1, 3 and 10) viewed head on.
Both ✓j�0 = 1, 3 result in low energy slopes close to ↵ = �1
independent of viewing angle, while wider jets viewed at

12 For values of p < 1, the angle separating the outer jet region

and the envelope (✓e ⇡ ✓j�
1/p
0 ) becomes larger than unity (for

✓j > �0) and the outflow consists only of the inner and outer jet
regions.

Figure 7. Simulated (colored) and numerically integrated (black)
spectra for narrow jets with di↵erent Lorentz factor gradients. In

this plot, �0 = 100, ✓j = 1/�0 and ✓v = ✓j (0.009 6 ✓v 6 0.011).

Three di↵erent values of p are shown, p = 1 (red diamonds and
solid black lines), p = 2 (green triangles and black dashed lines)

and p = 4 (magenta squares and dash-dotted lines). After viewing
angle binning, the red, green and magenta spectra contain 1758,

1900 and 891 photons, respectively. The low energy photon index

is close to ↵ ⇡ �1 for all Lorentz factor gradients considered here.
For p = 4, the high energy spectrum does not decay exponentially

due to photon di↵usion from high angles. See further discussion

in the text.

✓v = 0 results in a spherically symmetric spectral shape a
few decades below Epeak.

Increasing the maximum Lorentz factor, �0, shifts the
spectral components from the inner and outer jet up in en-
ergy while keeping their spectral shapes intact (Figure 10,
also see Eqs. 12, 13, 20 and 23). The envelope component
is una↵ected (as expected, see Eq. 27). As long as �0✓j is
constant, the spectral shapes of the inner and outer jet com-
ponents are not a↵ected by varying �0.

We reach the conclusion that the low energy spectral
index is close to ↵ ⇡ �1 for narrow jets, with ✓j 6 few/�0

and moderate Lorentz factor gradients for all viewing angles.
Similar photon indices are obtained from wider jets observed
at ✓v ⇡ ✓j.

5.1 Asymmetric photon di↵usion and
Comptonization

Preferential photon di↵usion towards the jet center is ex-
pected to occur in outflows where the bulk Lorentz factor de-
creases from the jet axis. This can be understood in terms of
average photon scattering angles. The average photon scat-
tering angle with respect to the radial direction is ⇠ 1/�
in the lab frame. Therefore a photon is more likely to scat-
ter from a region of low Lorentz factor to a region of high
Lorentz factor than the other way around. The importance
of photon di↵usion is dependent on the Lorentz factor gra-
dient, and so the spectra from jet profiles with large values
of p are expected to di↵er from the numerically integrated
spectra where we assume dṄ

�

/d⌦ is r-independent. This is
indeed observed in the simulations. The e↵ects of angular
photon di↵usion are, however, sub-dominant as compared

c
� 2012 RAS, MNRAS 000, 1–15

Theory: Quasi-Thermal Emission	 

τT=1 

Peer, Meszaros & Rees 06 ApJ 

power-law	

(acc.)	

Maxwellian	

(magnetic)	

•  Comptonized thermal/geometrical effect 
    → α ~ -1 or harder is possible (w. some tuning) 

Lundman, Peer & Ryde 13 MNRAS	



Cosmic-Ray Acceleration? 

Hillas condition + tacc < max[tcool, tdyn] + tdyn < tcool 

τT=1 (r ~ 1012.5 cm) 
Γ=102.5 

Ue=UB 

•  In either shock acc. or magnetic reconnection,  
  Fermi mechanisms lead to acceleration of both p and e  

KM, PRD(R), 78, 101302 (2008) 
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Prompt Emission (Quasi-Thermal)	 

•  Collisional heating leads to the tail emission	

Passive cooling	 Hadronic injection+Coulomb heating	

from Beloborodov 



Neutron-Loaded Outflow	 

•  GRB engine 
BH+accretion disk 

•  Neutron-rich disk 

•  Powerful magnetar 
 

•  Maybe entrained in 
the jet 
 

GRB	

from Beloborodov 



Prospects for DeepCore+IceCube 

4
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FIG. 3: The number of detected events for !µ+!̄µ. Coincident
20 yr observations with DeepCore+IceCube and GBM are
assumed. The dot-dashed curve is the ANB.
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FIG. 4: The same as Fig. 3 but for !e + !̄e that are observed
via cascades. The angular resolution for the ANB is assumed
to be 20 deg. The dot-dashed curve is the ANB.

20 yr observations. Given the fluence at E! , N roughly
decreases with E! in DeepCore, so stacking! 5000 GRBs
is needed to find quasi-thermal neutrinos if all GRBs have
! ! 100. On the other hand, we can expect higher ! for
energetic bursts, as suggested in LAT GRBs [36]. Quasi-
thermal neutrinos lead to plateaus below ! 100 GeV due
to their narrow distribution, and they are more promising
than non-thermal neutrinos for subphotospheric emis-
sion. Stacking ! 2000 bursts allows us to see a PL com-
ponent without depending on !.
Muon neutrinos are mainly detected from muon tracks,

whereas electron neutrinos are seen via cascades (Fig. 4).
The ANB is more severe since the angular resolution is
worse. But better reconstruction techniques can improve
the detectability significantly, e.g., if the low-energy ex-
tension of KM3Net could achieve ! 5 deg [37].
Discussion and Implications.— If neutrons play

a major role in generating prompt ! rays, these should
be accompanied by quasi-thermal 10 " 100 GeV neutri-
nos. The signal is much more robust than more con-

ventional non-thermal neutrinos that rely on uncertain
cosmic-ray acceleration mechanisms. Dedicated searches
have not been done and using only IceCube is insu"cient.
We strongly encourage stacking analyses with low-energy
extensions of IceCube and KM3Net, and detections are
possible in decades with DeepCore-like detectors. Nearby
low-luminosity and/or failed GRBs can also be interest-
ing targets for revealing the GRB-SN connection.

Neutrons play various roles [38], including dissipation
via pn collisions and production of quasi-thermal parti-
cles. These relativistic particles may naturally become
seeds injected into the cosmic-ray acceleration processes.
In addition, neutrons may generate magnetic fields via
np conversions. As neutrons go through the unmagne-
tized faster flow, they inject proton beams and quasi-
thermal protons with relativistic temperatures. In par-
ticular, plasma anisotropies may lead to filamentation or
Weibel instabilities, making the faster flow magnetized.
The magnetic fields are important for scattering of parti-
cles [24] as well as synchrotron emission of electrons [18].
Detections of ! 10 " 100 GeV neutrinos would provide
hints of these e#ects of neutrons. At least, they would
provide evidence of subphotospheric dissipation leading
to quasi-thermal nucleons. Detecting ! 0.1 TeV neutri-
nos could provide insights into the NPC mechanism and
cosmic-ray acceleration under the photosphere.

Note that our results are consistent with IceCube non-
detections of neutrinos even though the Nn collision
model requires large kinetic luminosities at the colli-
sion radii. If the jet is initially Poynting-dominated, for
this model to work, the magnetic energy must be some-
how quickly converted. If not, neutron-induced emissions
should be less, and other types of magnetic dissipation
would be required for the prompt emission [39]. On the
other hand, if ions are e"ciently accelerated via magnetic
dissipation, we may expect the non-thermal neutrinos.
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vealing Deaths of Massive Stars with GeV-TeV Neutri-
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•  Including DeepCore is essential at 10-100 GeV 
•  Reducing atmospheric ν background is essential  
→ select only bright GRBs w. > 10-6 erg cm-2 

~1000 GRBs (~10yr) 
Γ=600, z=1 

KM, Kashiyama & Meszaros 13, Bartos et al. 13 
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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  
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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! 



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 
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Limitation of Shock Acceleration	 

Collisionless shock	
Radiation-mediated shock 

(ex. Weaver 76 ApJ, Katz+ 10 ApJ,  
Nakar & Sari 12 ApJ)	

downstream	 downstream	upstream	 upstream	

plasma processes	

ldec~1/(n σT β)	

deceleration 
by radiation	Velocity	 Velocity	

thermal energy 
CR energy 



Shock Breakout & Collisionless Shocks	 

•  Necessary condition for collisionless shocks 
l <~ ldec ~ (1/n σT β) ⇔ τT <~ 1/β   
(not sufficient condition: ex. steep density profile)  

•  Shock breakout: tdiff ~ tdyn ⇔ τT ~ 1/β  
tdiff ~ l2/κ (κ~(c/n σT))  
tdyn ~ l/βc 
wind CSM → rbo ~ lbo ~ (1/n σT β) (unless ultra-relativistic) 

 
Ex. int./rev. shock at r=109 cm in choked jets (Lk=1048 erg/s, Γ=10)  
→ τT ~ 103, CR acc. is difficult (see also Levinson & Bromberg 08 PRL)	

(Waxman & Loeb 01 PRL, KM et al. 11 PRD, Katz, Sapir & Waxman 11) 



Possibility: Post-Shock-Breakout?	 

Expect formation of collisionless shocks & CRs 
pp cooling: tpp = 1/(n κpp σpp c) 
dynamical: tdyn = l/βc 
→ fpp = (l/β) n κpp σpp 	

fpp(rbo) ~ β-2 (κpp σpp/σT) ~ 0.03 β-2  	

β ~ 1 ⇔ trans-relativistic SNe 
              (pγ efficiency ~ 1: dominant)  
β ~ 0.01-0.03 ⇔ typical SN velocity 
                           pp efficiency ~ 1 



LL GRBs & Relativistic SNe	 

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

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

•  more frequent (ρ0 ~102-3 Gpc-3 yr-1 ⇔　ρ0 ~0.05-1 Gpc-3 yr-1)  
-  maybe more baryon-rich? (e.g., Zhang & Yan 11 ApJ)  
-  relativistic ejecta → same class as SNe 2009bb? (Soderberg+ 10 Nature) 

3

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 di!cult 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 " = 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 !!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,6#

4
4

!

1 +
t

"0

"!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 !1 = 1.42, !2 = 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, # is the angular frequency of radi-
ation at t = 0, "0 = 1.6 # 104B!2

p,14#
!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 % "0 and
Ldip & t!2 for t ' "0. An abrupt drop in the X-ray
flux with a slope steeper than t!2 may be interpreted as
a decrease of radiation e!ciency, 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, "0 $ 1000 s,

would require (Bp,14, #4, 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.

from Fan et al. 10 

XRF 100316D 



Two Competing Scenarios	 

•  Inner jet dissipation 
(similar to GRBs)	

•  Shock breakout from 
optically-thick wind	
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The signal is detectable for nearby SNe at D < 10 Mpc 

(Toma et al. 07 ApJ, Fan et al. 10 ApJL) (Waxman et al. 07 ApJ, Nakar & Sari 12 ApJ) 



Luminous Supernovae
Avishay Gal-Yam

Supernovae, the luminous explosions of stars, have been observed since antiquity. However,
various examples of superluminous supernovae (SLSNe; luminosities >7 ! 1043 ergs per second)
have only recently been documented. From the accumulated evidence, SLSNe can be classified
as radioactively powered (SLSN-R), hydrogen-rich (SLSN-II), and hydrogen-poor (SLSN-I, the most
luminous class). The SLSN-II and SLSN-I classes are more common, whereas the SLSN-R class is
better understood. The physical origins of the extreme luminosity emitted by SLSNe are a focus of
current research.

Supernova explosions play
important roles in many
aspects of astrophysics.

They are sources of heavy ele-
ments, ionizing radiation, and
energetic particles; they drive
gas outflows and shock waves
that shape star and galaxy for-
mation; and they leave behind
compact neutron star and black
hole remnants.Thestudyof super-
novae has thus been actively
pursued for many decades.

The past decade has seen the
discovery of numerous superlu-
minous supernovaevents (SLSNe;
Fig. 1). Their study is motivated
by their likely association with
the deaths of the most massive
stars, their potential contribu-
tion to the chemical evolution of
the universe and (at early times)
to its reionization, and the possi-
bility that they aremanifestations
of physical explosion mecha-
nisms that differ from those of
their more common and less lu-
minous cousins.

With extreme luminosities ex-
tending over tens of days (Fig. 1)
and, in some cases, copious ultraviolet (UV) flux,
SLSN events may become useful cosmic beacons
enabling studies of distant star-forming galaxies
and their gaseous environments. Unlike other
probes of the distant universe, such as short-lived
gamma-ray burst afterglows and luminous high-
redshift quasars, SLSNe display long durations
coupled with a lack of long-lasting environmental
effects; moreover, they eventually disappear and
allow their hosts to be studied without interference.

Supernovae traditionally have been classified
mainly according to their spectroscopic properties
[see (1) for a review]; their luminosity does not
play a role in the currently used scheme. In prin-

ciple, almost all SLSNe belong to one of two
spectroscopic classes: type IIn (hydrogen-rich
events with narrow emission lines, which are
usually interpreted as signs of interaction with
material lost by the star before the explosion) or
type Ic (events lacking hydrogen, helium, and
strong silicon and sulfur lines around maximum,
presumably associated with massive stellar ex-
plosions). However, the physical properties im-
plied by the huge luminosities of SLSNe suggest
that they arise, in many cases, from progenitor
stars that are very different from those of their
much more common and less luminous analogs.
In this review, I propose an extension of the clas-
sification scheme that can be applied to super-
luminous events.

I consider SNe with reported peak magnitudes
less than !21 mag in any band as being superlu-

minous (Fig. 1) (see text S1 for considerations
related to determining this threshold) (2).

Recent Surveys and the Discovery of SLSNe
Modern studies based on large SN samples and
homogeneous, charge-coupled device–based lu-
minosity measurements show that SLSNe are
very rare in nearby luminous and metal-rich host
galaxies (3, 4). Their detection therefore requires
surveys that monitor numerous galaxies of all
sizes in a large cosmic volume. The first genera-
tion of surveys covering large volumes was de-
signed to find numerous distant type Ia SNe for
cosmological use. These observed relatively small
fields of view to a great depth, placing most of the

effective survey volume at high
redshift (5).

An alternative method for sur-
veying a large volume of sky is
to use wide-field instruments to
cover a large sky area with rel-
atively shallow imaging. With
most of the survey volume at
low redshift, one can conduct an
efficient untargeted survey for
nearby SNe. Such surveys pro-
vided the first well-observed ex-
amples of SLSNe, such as SN
1999as (6), which turned out to
be the first example of the ex-
tremely 56Ni-rich SLSN-R class
(7), and SN 1999bd (8) (Fig. 2),
which is probably the first well-
documented example of the SLSN-
II class (9).

Further important detections
resulted from the Texas Super-
nova Survey (TSS) (10) (text S2).
On 3 March 2005, TSS detected
SN 2005ap, a hostless transient
at 18.13 mag. Its redshift was z =
0.2832, which indicated an ab-
solute magnitude at peak around
!22.7 mag, marking it as the most
luminous SN detected until then
(11). SN 2005ap is the first ex-

ample of the class defined below as SLSN-I. On
18 November 2006, TSS detected a bright tran-
sient located at the nuclear region of the nearby
galaxy NGC 1260 [SN 2006gy (12)]. Its mea-
sured peak magnitude was ~ !22 mag (12, 13).
Spectroscopy of SN 2006gy clearly showed hy-
drogen emission lines with both narrow and
intermediate-width components, leading to a spec-
troscopic classification of SN IIn; this is the proto-
type and best-studied example of the SLSN-II
class.

During the past few years, several untargeted
surveys have been operating in parallel (14). The
large volume probed by these surveys and their
coverage of a multitude of low-luminosity dwarf
galaxies have led, as expected (15), to the detec-
tion of numerous unusual SNe not seen before
in targeted surveys of luminous hosts; indeed,

REVIEWS

Department of Particle Physics and Astrophysics, Faculty
of Physics, Weizmann Institute of Science, Rehovot 76100,
Israel. E-mail: avishay.gal-yam@weizmann.ac.il
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Fig. 1. The luminosity evolution (light curve) of supernovae. Common SN explosions
reach peak luminosities of ~1043 ergs s!1 (absolute magnitude > !19.5). Super-
luminous SNe (SLSNe) reach luminosities that are greater by a factor of ~10. The
prototypical events of the three SLSN classes—SLSN-I [PTF09cnd (4)], SLSN-II [SN
2006gy (12, 13, 77)], and SLSN-R [SN 2007bi (7)]—are compared with a normal
type Ia SN (Nugent template), the type IIn SN 2005cl (56), the average type Ib/c
light curve from (65), the type IIb SN 2011dh (78), and the prototypical type II-P SN
1999em (79). All data are in the observed R band (80).
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SNe IIn & Super-Luminous SNe	 

Some SNe are luminous and long (~ 0.1-1 yr)	

Gal-Yam 12 Science 



Circumstellar-Material-Collision Scenario 

Star 

CSM CSM 

ejecta 

10 T. J. Moriya et al.

can be larger than our models. This e!ect of the locations
of the photosphere can also be seen in comparison to the
vs = 5, 200 km s!1 models. The photospheric radii of them
are only y1Ro ! 5 " 1015 cm at most and the required en-
ergy to achieve the maximum luminosity of SN 2006gy is
5" 1052 erg which is much larger than 1052 erg required for
the vs = 10, 000 km s!1 models (y1Ro = 1.1 " 1016 cm).
This shows the di"culties to constrain Eej only by the LC.

In addition, as is shown in the next section, the e"-
ciency to convert the kinetic energy to radiation is mainly
determined by the relative mass of the ejecta and the col-
lided CSM and it does not depend strongly on the ejecta
mass if the CSM mass is much larger than the ejecta mass.
To get high conversion e"ciencies of the kinetic energy to
the radiation energy, Mej is better to be comparable or less
than MCSM and we can at least get some constraint on Mej

from the LC based on the view point of the conversion e"-
ciency (Section 6.3).

5.2.4 Smearing

As is discussed in Section 3.2, the dense shell which ap-
pears between SN ejecta and CSM is unstable. To take into
account multidimensional e!ects in one-dimensional code
STELLA, we include a smearing term in the equation of mo-
tion (the parameter Bq, Section 3.2). The multidimensional
e!ects can reduce the e"ciency to convert the kinetic energy
of SN ejecta to radiation energy.

Figure 11 shows the LCs with di!erent values of the
smearing parameter Bq. With larger Bq , the e!ect of the
smearing becomes larger and less kinetic energy is converted
to radiation. The model D2 is calculated with our standard
Bq = 1. The model D6 has Bq = 0.33 and the model D7
has Bq = 3. The shape of the LC is di!erent even if we only
change Bq with a factor 3. We also show the e!ect of Bq on
the LCs obtained from the pulsational pair-instability SN
models of Woosley, Blinnikov, & Heger (2007) in Appendix
A and show that the e!ect is not unique to our models. We
discuss the e"ciency in Section 6.1 in detail.

5.2.5 E!ect of 56Ni

We have also examined the e!ect of 56Ni decay on the LCs.
Figure 12 shows the results. We include 56Ni at the center
of the model D2. If we include 56Ni, the length of the peak
is extended due to the extra heat source. However, the sig-
nificant e!ect can only be seen when we include # 10 M" of
56Ni but the amount of 56Ni is observationally constrained
to be less than 2.5 M" (Miller et al. 2010). Thus, the e!ect
of 56Ni is negligible.

6 DISCUSSION

6.1 E!ciency

The source of radiation in our LC models is the kinetic en-
ergy Eej of SN ejecta. The amount of energy converted from
kinetic energy to radiation can be estimated by conserva-
tion of energy and momentum. If we assume that radiation
does not change the dynamics of the materials so much, the
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Figure 11. R band LCs with di!erent Bq, i.e., D2 (Bq = 1),
D6 (Bq = 0.3), and D7 (Bq = 3). The origin of the time axis is 5
days since the collision.
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Figure 12. R band LCs with 56Ni. 0.1 M", 1 M", and 10 M"

of 56Ni is included at the center of the model D2.

conservation of momentum requires

Mcolejvcolej = (Mcolej +MsCSM) vshell, (7)

where Mcolej is the mass of the collided SN ejecta, vcolej is
the mean velocity of the collided SN ejecta, MsCSM is the
mass of the shocked CSM, and vshell is the velocity of the
dense shell between SN ejecta and CSM. Radiation energy
Erad emitted as a result of the interaction can be derived
from the conservation of energy

Erad = !
!

1
2
Mcolejv

2
colej $

1
2
(Mcolej +MsCSM) v2shell

"

,(8)

where ! is the fraction of kinetic energy converted to radi-
ation. From Equations (7) and (8),

Erad

1
2
Mcolejv2colej

=
!MsCSM

Mcolej +MsCSM
. (9)

If most of the SN ejecta and CSM are shocked, i.e., Mcolej !
Mej and MsCSM ! MCSM, we get the rough estimate for the
radiation energy emitted

Erad !
!MCSM

Mej +MCSM
Eej. (10)

c! 2012 RAS, MNRAS 000, 1–17

kinetic energy → thermal + radiation 

SN 

True SN explosion CSM eruptions before explosion 

shocks 

Similar to SNe IIn mechanism  
for luminous SNe, 
Smith & McCray 07 ApJL, Woosley+ 07 Nature 



From SNe IIn to Luminous SNe	 

•  τT >> 1 collision → luminous SNe 
strong thermalization (optical, infrared)  
ex. SN 2006gy  
R ~ 3x1015 cm, V ~ 5000 km/s  
nCSM ~ 3x1010 cm-3 (MCSM ~ 10 Msun) 
characteristic timescale: tbo ~ tdiff ~ tdyn ~ 60 day 
 

•  τT < 1 collision → SNe IIn 
weaker thermalization (optical + x rays, radio) 
ex. SN 2006jd  
R ~ 3x1016 cm, V ~ 5000 km/s 
nCSM ~ 3x106 cm-3 (MCSM ~ 1 Msun) 
characteristic timescale: tdyn ~ 2 yr    



Neutrinos from SNe Colliding with Massive CSM	 

If CRs carry ~10% (ECR ~ 1050 erg c.f. SNR) 
→ # of µs ~a few for SN@10Mpc	

Δt=107 s 

Δt=107.8 s 

Vs ~ 103.5-104 km/s 
If εB~10-3-10-2 → Emax ~ PeV  

Model B 
- optically thin collision 

Model A 
- optically thick collision 

KM, Thompson, Lacki & Beacom 11 PRD 


