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Figure 1. The atmospheric neutrino spectrum as a function of energy.
The symbols are various measurements and the curves are theoretical
predictions. The prompt flux band represents the theoretical uncer-
tainty. Also shown as a horizontal line is the Waxman-Bahcall (WB)
upper bound, which defines the needed sensitivity and energy range
of a neutrino telescope.

of astrophysical neutrinos compatible with the known
flux of high energy cosmic rays. The sensitivity of the
partial IceCube detector (IC40 and IC59) has already
reached this upper bound.

2. Detector

The IceCube detector is a Cherenkov light tracking
detector, which uses the deep clear ice at the South Pole
as both the interaction and detector medium (see Fig-
ure 2). The detector was deployed during the six austral
summer seasons with completion in December 2010.
During the years of construction the detector was run
in partial configurations denoted by the “Dataset” la-
bels shown in Table 1. The ice volume is instrumented
with 86 strings of 60 Digital Optical Modules (DOMs)
between 1450m and 2450m depth. The DOM is a pres-
sure vessel that contains a 25.4 cm diameter Hamamatsu
photomultiplier, digitizing, timestamping, high voltage
and calibration electronics. The DOMs communicate
digitally over copper twisted-pair to the surface DAQ
system in the IceCube Laboratory surface building lo-
cated near the center of the array. Eight of the strings in
the center of the array are deployed with a higher den-
sity of DOMs in the deep ice infilling the typical 125
meters string spacing. This inner core of high density

Figure 2. The layout of the IceCube detector.

DOMs comprises the DeepCore array, which was de-
ployed to extend the low energy response of the detec-
tor. There are also 81 IceTop stations on the surface that
form a high energy air-shower detector for the study of
cosmic rays and added background rejection to the Ice-
Cube neutrino physics. The event readout trigger rate
is approximately 2700 Hz and the raw data are pro-
cessed by an online filter system to reduce the overall
data rate to the approximately 100GB per day that can
be transmitted north over the satellite. The online sys-
tem also develops a near realtime neutrino stream for
use as an active alert system. The overall rate of well
reconstructed high energy (> 100’s GeV) atmospheric
neutrinos is approximately 100 per day.

IceCube reconstructs events based on the amplitude,
spatial and time pattern of the light detected by the
DOMs. A muon from a cosmic ray shower or charged
current (CC) muon neutrino interaction produces a long
track in the detector, while neutral current events and
CC electron and tau neutrinos produce almost spherical
“cascade” signatures. The pointing resolution for muon
neutrinos is on the order of one degree, better for higher
energies, which includes the opening angle between the
incoming neutrino and the muon from the CC interac-
tion.

3. Results

3.1. Di↵use Astrophysical Neutrinos
We report here the preliminary result on the search

for di↵use astrophysical muon neutrinos using the IC59
dataset. The di↵use astrophysical neutrino spectrum is
expected to have an E�2 spectrum, while the background
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High-Energy Neutrinos	

Now we have IceCube 
Interesting era! 
 

>PeV: cosmic-ray origin 
           connection w. γ rays 
<PeV: atm. ν → “transients” 
           more compact  
           γ rays may be invisible 
            



Outline 

Astrophysical scenarios for HE neutrinos from 
explosive phenomena such as GRBs and SNe 
 
- Origin of extragalactic cosmic rays 
- Physical mechanisms, GRB-SN connection etc. 
 
1.  Gamma-Ray Bursts 
2.  Supernovae 



マスタ サブタイトルの書式設定	
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1. Gamma-Ray Bursts	




(Long) Gamma-Ray Bursts 

• The most violent phenomena in the universe (Lγ~1051-52 ergs s-1) 
• Cosmological events (z~1-3), ~1000 per year 
• Relativistic jet (Γ~100-1000; θjet ~ 0.1 rad) 
• Related to death of  massive stars (association with supernovae) 

Gamma-ray～300 keV 
Duration～10-102s 	


Prompt (GRB) Afterglow 
X-ray、optical、radio 

variability~ ms 

Time 

Luminosity 

10-102s 103-104s 



“Classical” Internal-External Shock Model 
(Baryonic Jet Model) 

Lorent Factor 
Γ>100	


interstellar medium 
or 

stellar wind 

Bulk kinetic energy 
↓ 

Shock dissipation 
　　　　　　 

acceleration    magnetic field　heat　　　	


Central 
Engine 

Time 

Luminosity 
r ~ 1013-15.5 cm r > 1016 cm 



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

	


Fermi shock acceleration mechanism 
-> not only electrons but protons are accelerated 

εp < e r B ~ 3x1020 eV r14 B4 (Waxman 1995) 



p 

GRB γ	



νµ	



νe	
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π+	

 νµ	


νe	



e+	



n p 

Neutrino Production in the Source 
p+γ→ Nπ + X

Meson production efficiency (large astrophysical uncertainty) 
fpγ ~ 0.2 nγσpγ (r/Γ) ∝ r-1 Γ-2 ∝ Γ-4 δt-1 (if r ~ Γ2 δt)	



at Δ-resonance (εp εγ ~ 0.2 Γ2 GeV2)  

ενb ~ 0.05 εp
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 



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	


 	



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 

But theoretical fluxes should be lower than IceCube-Guetta et al. 
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 ↑ 
 
- In addition, there is “astrophysical” model-uncertainty in calculating fpγ	



 

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.

10–10

10–9

10–8

10–7

104 105 106 107

 0.1

 1

 10

Neutrino break energy, εb (GeV) 

IC40+59 Allowed (90% CL)
IC40+59 Allowed (95% CL)
Waxman4

Rachen8

Ahlers10

E ν
   
ν (

G
eV

 c
m

–2
 s

–1
 s

r–1
)

2 Φ

E2 F
ν (

G
eV

 c
m

–2
)

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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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
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from IC40; see, e.g., Ref. [18]).

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

105 106 107

10-12

10-11

10-10

10-9

10-8

The IceCube Collaboration
Modified Guetta et al. (2004)
Modified analytic result
Numerical result
Spectra for indivadual GRB

Eν [GeV]

E
2  φ

ν(
ν)

[G
eV

 c
m

-2
s-1

sr
-1
]

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

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

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

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

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

3.2. Uncertainty in the Bulk Lorentz Factor

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

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

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

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

ΓL = 118E0.26
iso,52. (22)

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

ΓG = 29.8E0.51
iso,52. (23)

Compared with the benchmark model, which assumes Γ = 102.5

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

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

ΓGL
= 72.1L0.49

γ ,52. (24)

11 We adopt only the center value for the relationships presented hereafter.
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~10 yr observations by IceCube can cover reasonable  
parameter space required for the GRB-UHECR scenario   

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



Band function 
~ broken power-law 

Problems in Internal-Shock-Synchrotron Scenario 

“synchrotron scenario” 

MeV11.0~pk, −εγ

  

€ 

εγ ,pk = Γγ ei
2 eB
mec

2+α ~1

Fν ∝ νβ+1 	



Fermi collaboration 10 ApJ 

GRB 090217	


2+β ~ −(0−1)

    Other problems 
-  high radiative efficiency 
-  empirical relations (εγ,pk -Lγ) 
-  theoretical issues 

2+α ~ 0.5 (fast-cooling)  



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 



Photospheric Neutrinos	
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ECR
iso ~ Eγ

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


Detection of pp neutrinos strongly supports dissipative photospheres 

τT=1-10 (r ~ 1012-1012.5 cm) 
Γ=102.5, Ue=UB 

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

•  Dissipative photosphere (e.g., Rees & Meszaros 05 ApJ) 

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

pp 
pγ	



suppressed 
above PeV 



Quasi-Thermal Neutrinos? 
We have assumed εp

-2 spectrum w. ECR
iso ~ Eγ

iso 
But highly uncertain…. 
-  pγ is unimportant (pp is more important) if steeper 
-  non-thermal component may be absent  

Q. Can we expect “thermal” neutrinos? 
A. Yes!  
     inevitable when neutrons are loaded in jets 
 
     (But uncertain if not, since thermal protons would not   
      cause inelastic collisions for radiation-mediated shocks) 
  

(Paczynski & Xu 1994, Bahcall & Meszaros 2000, Meszaros & Rees 2000) 



Collisional Dissipation by Neutrons	
 
Decoupled neutrons are swept up  
by the faster flow w. ΓB >> ΓA=Γn 

inelastic pn collision 
↓ 

γ rays ⇔ prompt emission  
+ neutrinos!	


	


KM, Kashiyama & Meszaros 13, Bartos et al. 13  
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FIG. 1: The energy fluence of νµ + ν̄µ from a high-luminosity
GRB (with E

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

shown by the dot-dashed curve.

The results for a high-luminosity GRB at z = 0.1 are
shown in Fig. 1. As expected in Eq. (1), quasi-thermal
neutrinos have a peak at ∼ 100 GeV. The NPC compo-
nent enhances a high-energy tail, but it is not very rele-
vant for our conservative value of Γrel. The PL compo-
nent is prominent above TeV, and hadronuclear reactions
give a dominant contribution especially for steeper spec-
tral indices. The photomeson production is also quite
efficient, but the fluence is largely suppressed by strong
cooling of mesons and muons. We also show the atmo-
spheric neutrino background (ANB) [30] assuming that
the angular window of max[Θ2,πθ2ν ], with Θ = 1 deg and
the kinematic angle θν ≈ 1.5 deg

√

TeV/Eν .

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

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

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

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

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

shown by the dot-dashed curve.

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

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

γφγ ∝ E iso
γ since subphotospheric γ rays are assumed

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

The expected number N of detected νµ + ν̄µ events is
shown in Fig. 3, with the threshold 10−5.5 erg cm−2. The
effective 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” 
εν ~ 100 GeV (Γ/500) (Γrel/2) 
 
•  γs & νs come from ps  
εν2 φν ~ εγ2 φγ  (normalizable) 

Eγ
iso=1053.5 erg 
Γ=600, z=0.1 
(Ek

iso/Eγ
iso=4) 



Prospects for DeepCore+IceCube 
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FIG. 3: The number of detected events for νµ+ν̄µ. 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 νe + ν̄e 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 Eν , N roughly
decreases with Eν in DeepCore, so stacking∼ 5000 GRBs
is needed to find quasi-thermal neutrinos if all GRBs have
Γ ∼ 100. On the other hand, we can expect higher Γ 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 Γ.
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 γ 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 insufficient.
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 effects 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 efficiently accelerated via magnetic
dissipation, we may expect the non-thermal neutrinos.
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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 



Summary: Testable Cases for GRB Neutrinos 

νs in GRB-UHECR hypothesis 
•  Prompt νs: PeV 

- ~10 yr to cover parameter space in classical scenario 
- maybe difficult in magnetic scenarios 

•  Afterglow cases are allowed (→ Askaryan Radio Array) 

Prompt νs in dissipative photosphere scenario  
•  Different predictions (GeV-TeV from pp, suppression at > PeV) 
•  Consistent w. non-observations by IceCube  
•  Better things 

- pp(or pn)/pγ efficiencies are fixed by τT ~1-10 
- inevitable quasi-thermal νs in pn collisional dissipation   

→ searches w. DeepCore, improving ang. resolution for cascades  
 



マスタ サブタイトルの書式設定	
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2. Supernovae	




TeV Neutrinos from Choked Jets 

Razzaque et al. 2005 

reverse/forward shocks 

•  Jet penetration? 
  GRBs=successful jets  
  failed GRBs=SNe w. choked jets  
  (Meszaros & Waxman 01 PRL) 
 

•  Slow jets embedded in SNe? 
Some SNe may be driven by a 
slow jet 

       (Razzaque et al. 04 PRL,  
         Ando & Beacom 05 PRL, Horiuchi & Ando 08 PRD) 

If CRs carry ECR
iso~0.5x1053 erg (GRB) 

→ # of µs ~30 for SN@10Mpc	




 Neutrinos from such SNe are interesting if detected 
(neutrino tomography, neutrino mixing etc.) 

But can we expect CR acceleration deep inside stars? 



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: Quasi-Thermal Neutrinos 

•  pn collisions in LL GRBs → possible detections up to <~ 3 Mpc 
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FIG. 1: The energy fluence of νµ + ν̄µ from a high-luminosity
GRB (with E

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

shown by the dot-dashed curve.

The results for a high-luminosity GRB at z = 0.1 are
shown in Fig. 1. As expected in Eq. (1), quasi-thermal
neutrinos have a peak at ∼ 100 GeV. The NPC compo-
nent enhances a high-energy tail, but it is not very rele-
vant for our conservative value of Γrel. The PL compo-
nent is prominent above TeV, and hadronuclear reactions
give a dominant contribution especially for steeper spec-
tral indices. The photomeson production is also quite
efficient, but the fluence is largely suppressed by strong
cooling of mesons and muons. We also show the atmo-
spheric neutrino background (ANB) [30] assuming that
the angular window of max[Θ2,πθ2ν ], with Θ = 1 deg and
the kinematic angle θν ≈ 1.5 deg

√

TeV/Eν .

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

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

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

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

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

shown by the dot-dashed curve.

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

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

γφγ ∝ E iso
γ since subphotospheric γ rays are assumed

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

The expected number N of detected νµ + ν̄µ events is
shown in Fig. 3, with the threshold 10−5.5 erg cm−2. The
effective 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

Eγ
iso=1050 erg 

Γ=30, D=10 Mpc 
(Ek

iso/Eγ
iso=4) 
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Possibility: Non-Shock Acceleration? 

•  Magnetar-UHECR hypothesis 
UHECR acc. may occur in wind  
in ~hrs after the birth (Arons 03 ApJ) 

 
•  Accelerated CRs should interact 

with stellar material and rad. field 
　　→ pp/pγ reactions 
→ νs should be produced 

 
•  Escape of UHECRs？ 
    ex. puncturing envelope by jets 

NS 

envelope 

SN shock 

wind 
bubble 



Neutrinos from Fast-Rotating Magnetars 

Magnetar-UHECR hypothesis can be tested by IceCube 

Time scale ~ day 
soft-hard-soft time-evolution 
 
Detectable for D < 5 Mpc 
Probe of the magnetar birth 
(birth rate ~ 0.02-0.05 yr-1) 

KM, Meszaros, & Zhang, PRD, 79, 103001 (2009) 

PeV-EeV 



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 



Trans-Relativistic SNe (Low-Luminosity GRBs)	
 

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

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

•  more frequent (ρLL ~102-3 Gpc-3 yr-1 ⇔ ρGRB ~0.05-1 Gpc-3 yr-1) 
•  relativistic ejecta (the other GRB-SNe + 2009bb) (Soderberg+ 10 Nature)  
-  more baryon-rich? (e.g., Zhang & Yan 11 ApJ), relevant for UHECRs? (KM et al. 06 ApJ) 

from Fan et al. 10 



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 effect 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 difficulties to constrain Eej only by the LC.

In addition, as is shown in the next section, the effi-
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 efficiencies 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 effi-
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 effects in one-dimensional code
STELLA, we include a smearing term in the equation of mo-
tion (the parameter Bq, Section 3.2). The multidimensional
effects can reduce the efficiency to convert the kinetic energy
of SN ejecta to radiation energy.

Figure 11 shows the LCs with different values of the
smearing parameter Bq. With larger Bq , the effect 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 different even if we only
change Bq with a factor 3. We also show the effect 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 effect is not unique to our models. We
discuss the efficiency in Section 6.1 in detail.

5.2.5 Effect of 56Ni

We have also examined the effect 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 effect 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 effect
of 56Ni is negligible.

6 DISCUSSION

6.1 Efficiency

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 different 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 = α
[

1
2
Mcolejv

2
colej −

1
2
(Mcolej +MsCSM) v2shell

]

,(8)

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

Erad

1
2
Mcolejv2colej

=
αMsCSM

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 !
αMCSM

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 



Summary: SN Neutrinos	
 

•  Shock acc. may occur after τT ~ c/V → TeV-PeV νs 
(νs from slow jets are unlikely since τT >> 1) 

•  Possible non-shock acc. in magnetars → PeV-EeV νs 
•  Detectable typically up to < ~10 Mpc 
•  Timescales longer than GRBs → fight w. atm. νs… 

- trans-relativistic SNe (~ hr) 
- magnetar-driven SNe (~ day) 
- SN colliding with CSM (~ month-to-year) 
→ counterparts in opt./IR (+ x rays, radio and γ rays) 

   → probes of emission mechanisms, mass loss,  
       progenitors and GRB-SN connection 



Various Predictions for Neutrino Background	
 

KM, Zhang & Meszaros 09 PRD 
KM, Inoue & Nagataki 08 ApJL 

Takami, KM et al. 09 APh 

KM 08 AIPC 
KM & Nagataki  06 PRD, KM 08 PRD 
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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  



Basics of Neutrino Emission 

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) 

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 

Δ-resonance 
(+ direct process) 

※multi-pion effect ~3-6 (KM & Nagataki 06 PRD) 	




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) )(→ µµ
±± νν+µπ

)()(e→ ee µµ
±± νν+νν+µ

0:2:1::e =ννν τµ

meson cooling before decay 
(meson cooling time) ~ (meson life time) 
→ break energy in neutrino spectra 

Neutrino oscillation 

 ~0.5fpγEHECR 

α-3~-2.0 

“Waxman-Bahcall” type spectrum (Waxman & Bahcall 97 PRL) 

εν
μsyn 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 

1:1:1::e =ννν τµ

8.1:8.1:1::e =ννν τµ

No loss 

High εν 
Loss limit (e.g., Kashti & Waxman 05 PRL) 


