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1.	  intro	



⇡+ ! µ+ + ⌫̄µ
µ+ ! e+ + ⌫e + ⌫̄µ

! ⇡0 ! ��

Hadron	  Colliders	  in	  the	  Universe	
ü  Hadron	  accelerators	  (at	  least	  up	  to	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  )	  	

ü  Target	  photons	  or	  hadrons	  	  	

1019.5 eV

ü Man-‐made	  detectors	  (Probe	  who?	  where?	  how?	  when?)	  	

! ⇡+

with	
　　GW	  
UV/Opt/IR	  
　	  	  radio	

N� or Np !



Wealthy	  Popula9on	  in	  the	  Universe	

isotropize	

isotropize	

crossing	

crossing	

upstream	downstream	

“Diffusive	  shock	  accelera9on”	  or	  “1st	  order	  Fermi	  accelera9on”	
Blandford	  &	  Ostriker	  1978,	  Bell	  1978	  and	  etc	  

ü  ParQcle	  are	  accelerated	  by	  …	  
	  	  	  	  	  	  	  	  	  crossing	  the	  shock	  from	  up.	  to	  down.	  
	  	  	  
	  	  	  	  	  	  	  	  	  	  	  being	  	  isotropized	  in	  down.	  	  
	  	  	  
	  	  	  	  	  	  	  	  crossing	  the	  shock	  from	  down.	  to	  up.	  
	  	  	  
	  	  	  	  	  	  	  	  	  	  	  being	  isotropized	  in	  up.	  
	  	  	  	

dN/dE / E�s

ü  energy	  gain	  +	  escape	  probability	  per	  cycle	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  power	  low	  index	  	

s = 2.0
s = 2.2

•	  non-‐rela	  strong	  shock	
•	  ultra-‐rela	  shock	

crossing	



e.g.	  Tomography	  of	  GRB	  Jets	
Meszaros	  2001	

r ⇠ 1012-16 cmr . 1012 cm r ⇠ 1016-17 cm
PeV ⌫ and GeV-TeV � EeV ⌫ and GeV-TeV �GeV-TeV ⌫

Jet	  in	  the	  progenitor	 Internal	  shock	  ×	  prompt	 External	  shock	  ×	  aXerglow	

Waxman	  &	  Bahcall	  1997	  
	  and	  more	

Waxman	  &	  Bahcall	  2000	  
	  and	  more	

Bahcall	  &	  Meszaros	  2000	  
Meszaros	  &	  Waxman	  2001	  
	  and	  more	



Today’s	  Topic	

Rela9vis9c	  Supernovae	  Shock	  Breakouts	  and	  	  	  	  	  	  
	  	  	  	  	  	  	  the	  Neutrino	  and	  Gamma-‐Ray	  Counterparts	  

What	  is	  shock	  breakout?	  
Why	  relaQvisQc	  supernovae?	  

What	  kinds	  of	  emissions	  can	  we	  expect?	  
Are	  they	  detectable?	  

What	  can	  we	  know	  from	  them?	



2.	  rela9vis9c	  SN	  shock	  breakouts	  	



SN	  Shock	  Breakouts	

SN
	  shock	

Stellar	  envelope	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  or	  CMS	

vsh

c/⌧

r

⇢

ü  The	  shock	  is	  iniQally	  inside	  opQcally-‐thick	  media.	
⌧ ⇡ ⇢Tr � 1

ü  The	  shock	  downstream	  is	  radiaQon-‐dominated.	

Radia9on-‐mediated	  shock	

The	  downstream	  photons	  begin	  to	  escape.	  

“The	  photons	  stops	  incoming	  parQcles.”	

Shock	  breakout	  @	  
	  	  	  	  where	

r = rsb
c/⌧ ⇡ vsh

Prad > Pgas

ü  Shock	  breakout	  emission	  
ü  No	  longer	  radiaQon-‐mediated	



Shock	  Breakout	  Emission	

Most importantly, the inferred rate of X-ray outbursts indicates
that all core-collapse supernovae produce detectable shock break-out
emission. Thus, we predict that future wide-field X-ray surveys will
uncover hundreds of supernovae each year at the time of explosion,
providing the long-awaited temporal and positional triggers for
neutrino and gravitational wave searches.

Discovery of the X-ray outburst

On 2008 January 9 at 13:32:49 UT, we serendipitously discovered an
extremely bright X-ray transient during a scheduled Swift X-ray
Telescope (XRT) observation of the galaxy NGC 2770 (distance
d 5 27 Mpc). Previous XRT observations of the field just two days earlier
revealed no pre-existing source at this location. The transient, hereafter
designated as X-ray outburst (XRO) 080109, lasted about 400 s, and was
coincident with one of the galaxy’s spiral arms (Fig. 1). From observa-
tions described below, we determine that XRO 080109 is indeed located
in NGC 2770, and we thus adopt this association from here on.

The temporal evolution is characterized by a fast rise and expo-
nential decay, often observed for a variety of X-ray flare phenomena
(Fig. 1). We determine the onset of the X-ray emission to be 9z20

{8 s
before the beginning of the observation, implying an outburst start
time (t0) of January 9.5644 UT. The X-ray spectrum is best fitted by a
power law (N(E) / E2C, where N and E are the photon number and
energy, respectively) with a photon index of C 5 2.3 6 0.3, and a
hydrogen column density of NH~6:9z1:8

{1:5|1021 cm{2, in excess of
the absorption within the Milky Way (see Supplementary
Information). The inferred unabsorbed peak flux is FX,p <
6.9 3 10210 erg cm22 s21 (0.3–10 keV). We also measure significant
spectral softening during the outburst.

The XRO was in the field of view of the Swift Burst Alert Telescope
(BAT; 15–150 keV)beginning30 minbefore andcontinuing throughout
the outburst, but no c-ray counterpart was detected. Thus, the outburst
was not a GRB (see also Supplementary Information). Integrating over
the duration of the outburst, we place a limit on the c-ray fluence of
fc= 8 3 1028 erg cm22 (3s), a factor of three times higher than an
extrapolation of the X-ray spectrum to the BAT energy band.

The total energy of the outburst is thus EX < 2 3 1046 erg, at least
three orders of magnitude lower10 than GRBs. The peak luminosity is
LX,p < 6.1 3 1043 erg s21, several orders of magnitude larger than the
Eddington luminosity (the maximum luminosity for a spherically
accreting source) of a solar mass object, outbursts from ultra-luminous
X-ray sources and type I X-ray bursts. In summary, the properties of
XRO 080109 are distinct from those of all known X-ray transients.

The birth of a supernova

Simultaneous observations of the field with the co-aligned
Ultraviolet/Optical Telescope (UVOT) on board Swift showed no
evidence for a contemporaneous counterpart. However, UVOT
observations just 1.4 h after the outburst revealed11 a brightening
ultraviolet/optical counterpart. Subsequent ground-based optical
observations also uncovered11–13 a coincident source.

We promptly obtained optical spectroscopy of the counterpart
with the Gemini North 8-m telescope beginning 1.74 d after the
outburst (Fig. 2). The spectrum is characterized by a smooth con-
tinuum with narrow absorption lines of Na I (wavelengths 5,890
and 5,896 Å) at the redshift of NGC 2770. More importantly, we
note broad absorption features near 5,200 and 5,700 Å and a drop-
off beyond 7,000 Å, strongly suggestive of a young supernova.
Subsequent observations confirmed these spectral characteristics11,14,
and the transient was classified11,15 as type Ibc SN 2008D based on the
lack of hydrogen and weak silicon features.

Thanks to the prompt X-ray discovery, the temporal coverage of
our optical spectra exceeds those of most supernovae, rivalling even
the best-studied GRB-associated supernovae, and SN 1987A (Fig. 2).
We see a clear evolution from a mostly featureless continuum to
broad absorption lines, and finally to strong absorption features with
moderate widths. Moreover, our spectra reveal the emergence of
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Figure 1 | Discovery image and X-ray light curve of XRO 080109/
SN 2008D. a, X-ray (left) and ultraviolet (right) images of the field obtained
on 2008 January 7 UT during Swift observations of the type Ibc supernova
2007uy. No source is detected at the position of SN 2008D to a limit of
=1023 counts s21 in the X-ray band and U> 20.3 mag. b, Repeated
ultraviolet and X-ray observations of the field from January 9 UT during which
we serendipitously discovered XRO 080109 and its ultraviolet counterpart.
The position of XRO 080109 is right ascension a 5 09 h 09 min 30.70 s,
declination d 5 33u 089 19.10 (J2000) (63.50), about 9 kpc from the centre of
NGC 2770. c, X-ray light curve of XRO 080109 in the 0.3–10 keV band. The
data were accumulated in the photon counting mode and were processed using
version 2.8 of the Swift software package, including the most recent calibration
and exposure maps. The high count rate resulted in photon pile-up, which we
correct for by fitting a King function profile to the point spread function (PSF)
to determine the radial point at which the measured PSF deviates from the
model. The counts were extracted using an annular aperture that excluded the
affected 4 pixel core of the PSF, and the count rate was corrected according to
the model. Error bars, 61s. Using a fast rise, exponential decay model (red
curve), we determine the properties of the outburst, in particular its onset
time, t0, which corresponds to the explosion time of SN 2008D. The best-fit
parameters are a peak time of 63 6 7 s after the beginning of the observation,
an e-folding time of 129 6 6 s, and peak count rate of 6.2 6 0.4 counts s21

(90% confidence level using Cash statistics). The best-fit value of t0 is January 9
13:32:40 UT (that is, 9 s before the start of the observation) with a 90%
uncertainty range of 13:32:20 to 13:32:48 UT.
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Figure 1. Swift/XRT spectrum of the X-ray outburst fit with power-law (top) and blackbody

(bottom) models. A comparison of the model residuals (lower panels) reveals that the power-law

model provides a better fit to the data.
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e.g.	  SN2008D	
Soderberg+2008	
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Spectrum:	  quasi-‐thermal	
	The	  temperature	  and	  the	  power	  low	  tail	  	  
depends	  on	  the	  details	  of	  breakout.	

(	  	  	  	  	  	  	  	  	  Is	  relevant	  for	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  .)	�sh & 0.1e±
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A	  Phase	  Transi9on	  at	  Shock	  Breakouts	  	

downstream	 upstream	

v

downstream	 upstream	

Radia9on-‐mediated	  shock	 Collisionless	  shock	

v

IsotropizaQon	  via	  	  
	  plasma	  processes	  	

ü  Shock-‐acceleraQon	  is	  inefficient.	

DeceleraQon	  via	  	  
	  “precursor”	  photons	⇠ 1/⇢T�sh ⇠ c/!ep

ü  Shock-‐acceleraQon	  can	  be	  efficient.	
ü  Before	  shock	  breakouts	 ü  Acer	  shock	  breakouts	

	  Just	  beyond	  	  	  	  	  	  	  	  ,	  par9cle	  accelera9on	  in	  the	  collisionless	  shock	  	  	  
	  starts	  to	  operate	  in	  the	  presence	  of	  breakout	  photons.	

rsb
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Figure 5. Supernova-associating GRBs in the time-averaged
luminosity–T90/(1 + z) plane. The red symbols denote engine-driven
GRBs, while the black ones denote the possible shock-breakout GRBs
suggested in some literature. The red dashed line (1048 erg s−1) gives a rough
threshold above which successful a jet is possible.
(A color version of this figure is available in the online journal.)

and Ep ∼ 53 keV, the predicted shock-breakout duration is of
∼1100 s, much longer than T90 ∼ 5 s, or the extended duration
of ∼86 derived from the curvature effect fitting. This is strong
evidence against the shock-breakout interpretation of this burst.

In the collapsar model for GRBs, in order to make a successful
jet, the central engine has to be active for a duration longer than
the time required for the jet to penetrate the star before breaking
out. Otherwise the jet would be choked inside the star or quickly
spread out upon the breakout. Considering the collimation of the
jet by a surrounding cocoon, Bromberg et al. (2011) estimate
the breakout time as

tB # 15ε1/3
γ

(
Lγ ,iso

1050 erg s−1

)−1/3 (
θ0

10◦

)2/3

×
(

R∗

1011 cm

)2/3 (
M∗

15 M'

)1/3

s, (7)

where εγ is the burst radiation efficiency, and θ0 is the initial
opening angle of the jet when it is injected from the central
engine. Statistically, one would expect the observed burst
duration to be comparable to or longer than this duration.
For GRB 120422A, even if T90 ∼ 5 is shorter than this jet
penetration time, the real duration of the successful jet is actually
near 86 s, as it is constrained by the curvature effect modeling.
The jet breakout condition is therefore satisfied.

What is the separation line between the engine-driven and the
shock-break GRBs? In Figure 5 all the SN GRBs are plotted in
the plane of time-averaged luminosity and T90. It is shown that
above ∼1048 erg s−1, an engine-driven GRB is possible. Shock-
breakout luminosity cannot be much higher than this value.
Therefore GRB 120422A belongs to the low end of engine-
driven GRBs.

How could a successful GRB jet have such a low luminosity?
The first possibility may be related to its relatively low Lorentz
factor (scenario I of the plateau interpretation). If this burst
satisfies the empirical Γ − Eγ ,iso and Γ − Lγ ,iso relations (Liang
et al. 2010; Lü et al. 2012; Fan et al. 2012), one would expect
a moderately low Γ. This is generally consistent with the model
constraints of Γ. Low-Γ outflows tend to have low emissivities.

This can be due to an intrinsically low wind luminosity, or
a smaller radiation efficiency for an otherwise normal wind
luminosity. This second possibility can be related to the internal
shock model when the relative Lorentz factor between the
colliding shells is small (e.g., Barraud et al. 2005). Alternatively,
the low luminosity can be related to the viewing angle effect.
A low-luminosity GRB can be obtained by an observer viewing
the jet axis of a structured jet at a large angle (e.g., Zhang et al.
2004a). This may be relevant for a hot cocoon surrounding a
successful jet (e.g., Zhang et al. 2004b), which is consistent
with the low-Γ, large θj scenario discussed in this paper. This
scenario can be tested with the late-time radio observations,
which would give a more robust measure of the total energetics
of the event.
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Péter Veres for helpful discussions. This work is supported in
part by NASA SAO SV4-74018 (B.B.Z.), the National Natural
Science Foundation of China (grants 10973041, 10921063,
11073057, and 11163003) and the National Basic Research
Program of China under grant 2009CB824800, the 100 Talents
Program of Chinese Academy of Sciences (Y.Z.F.), NASA
NNX10AD08G, and NSF AST-0908362 (B.Z.).

REFERENCES

Barraud, C., Daigne, F., Mochkovitch, R., & Atteia, J. L. 2005, A&A, 440, 809
Barthelmy, S. D., Barbier, L. M., Cummings, J. R., et al. 2005, Space Sci. Rev.,

120, 143
Barthelmy, S. D., Baumgartner, W. H., Cummings, J. R., et al. 2012, GCN Circ.,

13246
Beardmore, A. P., Evans, P. A., Goad, M. R., & Osborne, J. P. 2012, GCN Circ.,

13247
Björnsson, C.-I. 2008, ApJ, 672, 443
Blustin, A. J., Band, D., Barthelmy, S., et al. 2006, ApJ, 637, 901
Bromberg, O., Nakar, E., Piran, T., & Sari, R. 2011, ApJ, 740, 100
Burrows, D. N., Hill, J. E., Nousek, J. A., et al. 2005, Space Sci. Rev., 120, 165
Campana, S., Mangano, V., Blustin, A. J., et al. 2006, Nature, 442, 1008
Chevalier, R. A., & Fransson, C. 2008, ApJ, 683, L135
Coward, D. M. 2005, MNRAS, 360, L77
Crew, G. B., Lamb, D. Q., Ricker, G. R., et al. 2003, ApJ, 599, 387
Fan, Y. Z., Piran, T., & Xu, D. 2006, J. Cosmol. Astropart. Phys.,

JCAP09(2006)013
Fan, Y.-Z., Wei, D.-M., Zhang, F.-W., & Zhang, B.-B. 2012, ApJ, 755, L6
Fan, Y. Z., Zhang, B. B., Xu, D., Liang, E. W., & Zhang, B. 2011, ApJ, 726, 32
Fenimore, E. E., Madras, C. D., & Nayakshin, S. 1996, ApJ, 473, 998
Fruchter, A. S., Levan, A. J., Strolger, L., et al. 2006, Nature, 441, 463
Garnavich, P. M., Stanek, K. Z., Wyrzykowski, L., et al. 2003, ApJ, 582, 924
Ghisellini, G., Ghirlanda, G., Mereghetti, S., et al. 2006, MNRAS, 372, 1699
Ghisellini, G., Ghirlanda, G., Nava, L., & Firmani, C. 2007a, ApJ, 658, L75
Ghisellini, G., Ghirlanda, G., & Tavecchio, F. 2007b, MNRAS, 375, L36
Granot, J., Piran, T., & Sari, R. 1999, ApJ, 513, 679
Hjorth, J., & Bloom, J. S. 2011, in Gamma-ray Bursts, ed. C. Kouveliotou,

R. A. M. J. Wijers, & S. E. Woosley (Cambridge: Cambridge Univ. Press),
chapter 9

Jin, Z. P., Fan, Y. Z., & Wei, D. M. 2010, ApJ, 724, 861
Kuin, N. P. M., & Troja, E. 2012, GCN Circ., 13248
Kumar, P., & Panaitescu, A. 2000, ApJ, 541, L51
Liang, E., Zhang, B., Virgili, F., & Dai, Z. G. 2007, ApJ, 662, 1111
Liang, E.-W., Yi, S.-X., Zhang, J., et al. 2010, ApJ, 725, 2209
Liang, E.-W., Zhang, B., O’Brien, P. T., et al. 2006, ApJ, 646, 351
Li, L.-X. 2007, MNRAS, 375, 240
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5

LL-‐GRB/SN	  =	  Rela9vis9c	  Shock	  Breakout?	  	  	
GRB060318/SN2006aj	  &	  GRB100614/SN2010bh	

ü  smaller	  luminosiQes	  

ü  longer	  duraQon	  

ü  quasi-‐thermal	  spectrum	  
	  	  	  	  	  	  	  	  with	  socer	  peak	  energies	  	  

Zhang+2010	

Both	  events	  are	  nearby	  (	  z=0.033	  and	  0.059	  )	  	

Consistent	  with	  s.b.o	  	
vs	  magnetar	  jet	  model	  (e.g.,	  Toma+2007)	

"peak ⇠ 1-10 keV

t� ⇠ 1000 sec

L
iso,� ⇠ 1046 erg/s

RLL(z = 0) . 500 Gpc�3yr�1a	  high	  local	  event	  rate:	



Rela9vis9c	  Component	  of	  SN	  Explosion	

14 Soderberg et al.

Figure 4.

Soderberg+2010	

Non-‐GRB	  broad-‐line	  SN	  Ibc	  	  	  	  	  	  	  	  	  	  	  less	  energe9c	  but	  more	  frequent!	
RIbc(z = 0) ⇠ 2⇥ 104 Gpc�3yr�1



3.	  the	  neutrino	  and	  gamma-‐ray	  counterparts	



Set-‐Up	  1	

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 difficult to interpret
within afterglow models. Second, the sharp decline of the
X-ray emission (t−2 or even steeper) expected in the time
interval 1.23× 103 s < t < 3× 104 s resembles the early
rapid decline that has been detected in a considerable
fraction of Swift GRBs, which is widely taken as a piece
of evidence of the end of prompt emission (Zhang et al.
2006). The nature of the X-ray emission detected at
t > 3 × 104 s is hard to pin down. Its spectrum is very
soft (photon index Γ = 3.3+2.2

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

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

Ldip = 2.6× 1048 erg s−1 B2
p,14R

6
s,6Ω

4
4

(

1 +
t

τ0

)−2

,(1)

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

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

p,14Ω
−2
4 I45R

−6
s,6 s is

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

Ldip ∼ 1047 erg s−1, τ0 ∼ 1000 s,

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

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

10 keV L1/4
47 R−1/2

0,9 from the outflow photosphere as
predicted in the baryonic outflow model, where R0 is
the initial radius where the outflow is accelerated (e.g.
Zhang & Pe’er 2009; Fan 2010). One may argue that
the photosphere radiation peaks at the observed Ep.
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Fig. 1.— Acceleration time scale and various cooling time scales
of protons for a relativistic shock breakout with βsh = 1.0, rsb =
6× 1013cm. For the breakout photons, we assume a broken power
low with a bolometric luminosity Lb

iso,γ = 1046 erg/sec as ex-
plained in the text. We also set ξB = 0.1, and η = 2π.

estimate below, we only discuss pions which turn out to
give a dominant contribution. But the contribution from
kaon decay is numerically included as in Murase (2008).
We can estimate the fraction of energy transferred from

the non-thermal protons to the pions by the photomeson
interactions as min[1, fpγ ] where fpγ ≡ tdyn/tpγ . Us-
ing the rectangular approximation (Waxman & Bahcall
1997) for a photon spectrum approximated as a broken
power law, we have

fpγ ∼ εγεb,16keV
−1βsh

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

(6)

where Ep,b = 0.5 ε̄εb−1mpc2 ∼ 8.8 εb,16keV−1 TeV with
ε̄ ∼ 0.34 GeV. The multi-pion production becomes dom-
inant above ≈ 0.5 ε̄εmin

−1mpc2 ∼ 140 εmin,keV
−1 TeV

(cf. Murase et al. 2008). We can conclude that a sig-
nificant fraction of non-thermal protons with energies
10 TeV ! Ep ! EeV will be converted into pions.
The inelastic pp cooling time is tpp−1 ≈

(ρ/mp)κppσppc. The fraction of energy an incident
proton loses, fpp ≡ tdyn/tpp, can be evaluated as

fpp ∼ 0.03 βsh
−2, (7)

where we use approximately constant values for the in-
elasticity κpp ∼ 0.5 and for the cross section σpp ∼
4×10−26 cm2, appropriate at high energies. Eq.(7) indi-
cates that the inelastic pp collisions can also contribute
moderately to the pion production as in the case of GRB
photospheric emissions.
Neutrino Emission.- Neutrinos are mainly pro-

duced as decay products of charged pions. One
can find that the charged pions with Eπ "
2.7 (ξB/0.1)−1/2εγ−1/2rsb,13.81/2βsh

−1 PeV will lose their
energy before decaying due to the synchrotron cool-
ing. Given that the resultant neutrinos have typically
∼ 1/4 of the parent pion energy, one expects TeV-
PeV neutrinos. The peak fluence from a single su-
pernova/burst event can be analytically estimated as

Eν
2φν ≈ (1/4πD2

L)× (1/4)min[1, fpγ ](Ep
2dN/dEp), or

Eν
2φν ∼ 10−5

(
DL

10Mpc

)−2 εCR

0.1
fpγrsb,13.8

2βsh erg/cm2,

(8)
where DL is the luminosity distance to the source.
Fig.2 shows the energy fluences of neutrinos obtained

numerically using the calculation codes of Murase (2008),
for the same parameters as Fig.1. The dashed and dot-
ted lines show the contribution from the photomeson and
inelastic pp interactions, respectively. We have verified
that contributions from the kaon decay become impor-
tant only above ∼ 10 PeV. The signal is well above the
zenith-angle-averaged atmospheric neutrino background
(ANB, dotted-dash lines; thick one for tγ ∼ 2× 103 sec,
and thin one for 1 day). The number of muon events due
to the muon neutrinos above TeV energies can be esti-
mated as Nµ ∼ 0.2 (εCR/0.2)(DL/10Mpc)−2rsb,13.82βsh
using IceCube/KM3net (Karle & for the IceCube Collab-
oration 2010; Katz 2006). Based on our fiducial param-
eters, IceCube/KM3net can marginally detect a nearby
source at ! 10 Mpc, although such events occur very
rarely i.e., ! 0.002 yr−1 for a local LL GRB event rate
RLL(z = 0) ∼ 500 Gpc−3yr−1 (Guetta & Della Valle
2007).
From Fig.2, one can see that the typical neutrino en-

ergy in the relativistic shock breakout model is TeV-PeV.
By comparison, the relativistic jet models of LL GRBs
predict relatively higher energy PeV-EeV neutrinos
(Murase et al. 2006; Gupta & Zhang 2007). This dif-
ference is mainly because the shock breakout model in-
volves a lower Lorentz factor and a stronger cooling of
mesons. In a relativistic jet, the peak photon energy
in the comoving frame is ε′b = εb/Γj, where Γj is the
Lorentz factor of the jet. The typical energy of protons
interacting with photons via the photomeson production
is Ep

′ ∼ 0.5 ε̄εb′−1mpc2. The resultant neutrino energy
will be Eν ∼ 0.05 × Ep

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

constrained through the neutrino spectroscopy. From
Eq.(6) and (7), both fpγ and fpp are present irrespective
of rsb, and only depend on βsh. The relative importance
of photomeson to inelastic pp collisions directly affects
the neutrino energy spectrum. In the case of relativistic
shocks with βsh " 0.1, the spectrum will have a bumpy
structure like Fig.2. On the other hand, slower shocks
will produce relatively flat spectra because of efficient
inelastic pp interactions (see e.g., Murase et al. (2011)).
Gamma-ray counterparts.- Gamma rays are mainly

injected by neutral meson decays. Since the neutral
mesons do not suffer synchrotron cooling, the maxi-
mum energy of gamma rays can be as high as ∼ 10%
of the parent protons, that is ∼ 100 PeV in our fidu-
cial case. At high energies above ∼ MeV, the electron-
positron pair production can attenuate the gamma-ray
flux. In the emission region, we can roughly take into
account the attenuation by ≈ 1/(1 + τγγ), where τγγ
is the electron-positron pair production optical depth
(e.g., Baring 2006). The observed photon spectrum of
GRB100316D is employed to calculate the optical depth

Ep . 6.3

✓
⇠B
0.1

◆�1/4 ⇣ ⌘

2⇡

⌘�1/2
rsb,13.8

1/4�sh
�1/2 EeV.

Protons	  can	  be	  accelerated	  up	  to	  	. 1019eV
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the	  Bohm	  diffusion	  limit	  	
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Fig. 2.— Energy fluences of neutrinos from a relativistic shock
breakout using the same parameters as Fig.1. We set εCR = 0.2
and DL = 10 Mpc. Lines represent a contribution from the pho-
tomeson production (dashed), the inelastic pp reaction (dotted),
and the total (solid). The dotted-dashed lines show the zenith-
angle averaged atmospheric neutrino background (ANB) within a
circle of deg for ∆t = 2.0× 103 sec (thick) and ∆t = 1 day (thin).

of the emission region numerically, with a Rayleigh-Jeans
tail below εmin = 1 keV. This would be reasonable, since
the result is not affected much as long as the photon in-
dex there is harder than 1. Note that the gamma-ray
attenuation on matter due to the Bethe-Heitler pair pro-
duction is not important in the case of relativistic shock
breakouts. The optical depth can be roughly estimated
as τBH ≈ (1/137)σT(ρ/mp)rsb ∼ 0.0074 β−1

sh . This can
be important in the case of non-relativistic shocks with
βsh ! 0.01 (e.g., Murase et al. 2011). We also take into
account the attenuation by the extragalactic background
light (EBL; Kneiske et al. 2004).
Fig.3 shows the numerically calculated energy spec-

trum of gamma rays. The thick solid line represents the
expected flux from a single LL GRB event at 10 Mpc
and 100 Mpc. The emission duration is set to that of
the X rays, tγ ∼ 2.0 × 103 rsb,13.8βsh

−1 sec. As a ref-
erence, we also show the injected spectrum without at-
tenuation (dashed line) and only including the attenua-
tion within the emission region (thin solid line) for the
10 Mpc case. It can be seen that the attenuation of GeV
! Eγ ! 100 TeV gamma rays is mainly due to the pho-
ton field in the emission region below/around ε " 1 keV.
In our case, the attenuation rate decreases with the en-
ergy because of the Klein-Nishina suppression. On the
other hand, gamma rays above ∼ 100 TeV are mostly
attenuated by the EBL. In Fig.3, we also show the dif-
ferential sensitivity of CTA for a 5σ detection with an
exposure time comparable to tγ , 0.5hr = 1.8 × 103 sec
(dotted line; Actis et al. 2011). One can see that CTA can
detect the multi-TeV gamma rays even from 100 Mpc,
within which the all-sky event rate would be ∼ 2 yr−1

for RLL(z = 0) ∼ 500 Gpc−3yr−1. The FOV of CTA
with the shown sensitivity ∼ 5 deg would not be wide
enough for a blind search. On the other hand, a survey
mode with a wider FOV would not be sensitive enough to
detect the signal. Thus, for CTA, a rapid follow-up ob-
servation triggered by a wide-field X-ray telescope such
as Swift or a Lobster-type instrument is needed. Assum-
ing that the sky coverage is " 10%, one can expect " 0.2
events yr−1 within 100 Mpc. The detection rate would be
increased by a simultaneous operation of HAWC with a
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Fig. 3.— Energy fluxes of gamma rays corresponding to Fig.2.
The emission duration is equal to that of X rays; tγ = 2.0×103 sec.
We show the cases of DL = 10 and 100 Mpc (thick solid lines). For
the former, we also show the injected spectrum without attenuation
(dashed line) and only including attenuation within the emission
region (thin line). The dotted line shows 0.5 hr = 1.8 × 103 sec
differential sensitivity of CTA for a 5σ detection.

sensitivity ∼ 10−10erg cm−2sec−1 for ∼ 100 TeV gamma
rays (DeYoung & HAWC Collaboration 2012).
A detection of the multi-TeV gamma-ray transient, as

expected in this model, would also constrain the emis-
sion mechanism of LL GRB. This is in contrast to the
relativistic jet model, where as in the neutrino counter-
part, the typical energy of the gamma rays injected by
the photomeson reaction would be " PeV, which will
be completely attenuated by the EBL even if they can
escape the emission region.

5. SUMMARY AND DISCUSSION

We have shown that relativistic shock breakouts in SNe
can be accompanied by multi-TeV neutrino and gamma-
ray transients. These can provide diagnostics for a radia-
tion mediated shock converting into a collisionless shock,
and for baryon acceleration there. We can also get clues
to the emission mechanism of LL GRBs by detecting
such high energy counterparts simultaneously with the
prompt X-ray emission. The multi-TeV gamma rays can
be detectable even from 100 Mpc away using CTA. These
results motivate follow-up observations triggered by a
wide-field X-ray telescope like Swift.
While typically one expects very few neutrino events

from those relativistic SNe, nevertheless searches for
them would be aided by other possible counterparts. Us-
ing the information of optical/infrared counterparts of
core-collapse SNe, one can essentially fix the target po-
sition within the angular resolution of IceCube/KM3net
! deg, and also restrict the time domain of the neutrino
search within ∼ day. The atmospheric neutrino back-
ground (ANB) of IceCube/KM3net within a circle of a
degree over a day is roughly ! 10−5 Eν,100TeV

−2 events
day−1. In terms of this ANB flux, neutrinos from rel-
ativistic shock breakouts within DL ∼ Eν,100TeV Gpc
can give a signal-to-noise ratio " 1 (see also Fig.2).
One could then statistically extract O(1) astrophysical
neutrinos by stacking the optical counterparts of O(105)
SNe within z ! 0.3, whether or not the X-ray counter-
parts are observed. Given that the whole sky event rate
of such LL GRBs would be ∼ 3 × 104 yr−1 assuming
RLL(z = 0) ∼ 500 Gpc−3yr−1, a decadal SNe search up

The	  neutrinos	  may	  be	  detectable	  from	  10	  Mpc	  away.	

RelaQvisQc	  SN	  s.b.o	  @	  10Mpc	  

The	  anQcipated	  number	  of	  muon	  events	  using	  IceCube/KM3net.	  	

Nµ ⇠ 0.2 (✏CR/0.2)(DL/10Mpc)�2rsb,13.8
2�sh

TeV-‐PeV	
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Fig. 2.— Energy fluences of neutrinos from a relativistic shock
breakout using the same parameters as Fig.1. We set εCR = 0.2
and DL = 10 Mpc. Lines represent a contribution from the pho-
tomeson production (dashed), the inelastic pp reaction (dotted),
and the total (solid). The dotted-dashed lines show the zenith-
angle averaged atmospheric neutrino background (ANB) within a
circle of deg for ∆t = 2.0× 103 sec (thick) and ∆t = 1 day (thin).

of the emission region numerically, with a Rayleigh-Jeans
tail below εmin = 1 keV. This would be reasonable, since
the result is not affected much as long as the photon in-
dex there is harder than 1. Note that the gamma-ray
attenuation on matter due to the Bethe-Heitler pair pro-
duction is not important in the case of relativistic shock
breakouts. The optical depth can be roughly estimated
as τBH ≈ (1/137)σT(ρ/mp)rsb ∼ 0.0074 β−1

sh . This can
be important in the case of non-relativistic shocks with
βsh ! 0.01 (e.g., Murase et al. 2011). We also take into
account the attenuation by the extragalactic background
light (EBL; Kneiske et al. 2004).
Fig.3 shows the numerically calculated energy spec-

trum of gamma rays. The thick solid line represents the
expected flux from a single LL GRB event at 10 Mpc
and 100 Mpc. The emission duration is set to that of
the X rays, tγ ∼ 2.0 × 103 rsb,13.8βsh

−1 sec. As a ref-
erence, we also show the injected spectrum without at-
tenuation (dashed line) and only including the attenua-
tion within the emission region (thin solid line) for the
10 Mpc case. It can be seen that the attenuation of GeV
! Eγ ! 100 TeV gamma rays is mainly due to the pho-
ton field in the emission region below/around ε " 1 keV.
In our case, the attenuation rate decreases with the en-
ergy because of the Klein-Nishina suppression. On the
other hand, gamma rays above ∼ 100 TeV are mostly
attenuated by the EBL. In Fig.3, we also show the dif-
ferential sensitivity of CTA for a 5σ detection with an
exposure time comparable to tγ , 0.5hr = 1.8 × 103 sec
(dotted line; Actis et al. 2011). One can see that CTA can
detect the multi-TeV gamma rays even from 100 Mpc,
within which the all-sky event rate would be ∼ 2 yr−1

for RLL(z = 0) ∼ 500 Gpc−3yr−1. The FOV of CTA
with the shown sensitivity ∼ 5 deg would not be wide
enough for a blind search. On the other hand, a survey
mode with a wider FOV would not be sensitive enough to
detect the signal. Thus, for CTA, a rapid follow-up ob-
servation triggered by a wide-field X-ray telescope such
as Swift or a Lobster-type instrument is needed. Assum-
ing that the sky coverage is " 10%, one can expect " 0.2
events yr−1 within 100 Mpc. The detection rate would be
increased by a simultaneous operation of HAWC with a
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Fig. 3.— Energy fluxes of gamma rays corresponding to Fig.2.
The emission duration is equal to that of X rays; tγ = 2.0×103 sec.
We show the cases of DL = 10 and 100 Mpc (thick solid lines). For
the former, we also show the injected spectrum without attenuation
(dashed line) and only including attenuation within the emission
region (thin line). The dotted line shows 0.5 hr = 1.8 × 103 sec
differential sensitivity of CTA for a 5σ detection.

sensitivity ∼ 10−10erg cm−2sec−1 for ∼ 100 TeV gamma
rays (DeYoung & HAWC Collaboration 2012).
A detection of the multi-TeV gamma-ray transient, as

expected in this model, would also constrain the emis-
sion mechanism of LL GRB. This is in contrast to the
relativistic jet model, where as in the neutrino counter-
part, the typical energy of the gamma rays injected by
the photomeson reaction would be " PeV, which will
be completely attenuated by the EBL even if they can
escape the emission region.

5. SUMMARY AND DISCUSSION

We have shown that relativistic shock breakouts in SNe
can be accompanied by multi-TeV neutrino and gamma-
ray transients. These can provide diagnostics for a radia-
tion mediated shock converting into a collisionless shock,
and for baryon acceleration there. We can also get clues
to the emission mechanism of LL GRBs by detecting
such high energy counterparts simultaneously with the
prompt X-ray emission. The multi-TeV gamma rays can
be detectable even from 100 Mpc away using CTA. These
results motivate follow-up observations triggered by a
wide-field X-ray telescope like Swift.
While typically one expects very few neutrino events

from those relativistic SNe, nevertheless searches for
them would be aided by other possible counterparts. Us-
ing the information of optical/infrared counterparts of
core-collapse SNe, one can essentially fix the target po-
sition within the angular resolution of IceCube/KM3net
! deg, and also restrict the time domain of the neutrino
search within ∼ day. The atmospheric neutrino back-
ground (ANB) of IceCube/KM3net within a circle of a
degree over a day is roughly ! 10−5 Eν,100TeV

−2 events
day−1. In terms of this ANB flux, neutrinos from rel-
ativistic shock breakouts within DL ∼ Eν,100TeV Gpc
can give a signal-to-noise ratio " 1 (see also Fig.2).
One could then statistically extract O(1) astrophysical
neutrinos by stacking the optical counterparts of O(105)
SNe within z ! 0.3, whether or not the X-ray counter-
parts are observed. Given that the whole sky event rate
of such LL GRBs would be ∼ 3 × 104 yr−1 assuming
RLL(z = 0) ∼ 500 Gpc−3yr−1, a decadal SNe search up

The	  gamma	  rays	  can	  be	  detected	  even	  from	  100	  Mpc	  away	  by	  CTA!	

Including	  the	  effect	  of	

�� ! e±

within	  the	  source	  and	  
during	  propagaQon	

mul9-‐TeV	
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•  The	  an9cipated	  all-‐sky	  event	  rate	  
　　	  
	  
•  A	  sta9s9cal	  technique	  could	  be	  possible	  

RLL(z = 0) . 500 Gpc�3yr�1

. 0.002 yr�1  10 Mpc

A	  decadal	  SN	  search	  up	  to	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  with	  a	  sky	  coverage	  	  	  	  	  	  	  	

O(105)

& O(1)

z & 0.3 & 10%

relaQvisQc	  SNe	  	

astrophysical	  muon	  events	  by	  stacking	

for	  	

possible	  in	  the	  LSST	  era	  ?	



Observa9on	  Strategies	  :	  mul9-‐TeV	  gamma	

•  The	  an9cipated	  all-‐sky	  event	  rate	  

	  
•  A	  rapid	  follow-‐up	  observa9on	  is	  necessary.	

RLL(z = 0) . 500 Gpc�3yr�1

for	  	 100 Mpc. 2 yr�1

The	  FOV	  of	  CTA	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  would	  not	  be	  wide	  enough	  for	  a	  blind	  search...	  	  	⇠ 5 deg

A	  wide-‐field	  X-‐ray	  telescope	  with	  a	  sky	  coverage	  	  	  	  	  	  	  	& 10%

. 0.2 yr�1 LL	  GRBs	  	

A	  SwiX-‐type	  instrument	  is	  needed.	  	



4.	  summary	  and	  discussion	



Summary	
•  Rela9vis9c	  SN	  shock	  breakouts	  
–  LL	  GRBs?	  
–  The	  breakout	  X-‐ray	  photons	  	  	  	  	  	  	  
	  	  	  	  	  	  	  →	  probing	  the	  progenitor	  and	  its	  environment	
–  TransiQon	  form	  RadiaQon-‐mediated	  to	  collisionless	  	  
	  	  	  	  	  	  	  →	  ParQcle	  acceleraQon	  in	  the	  presence	  of	  the	  b.o	  X-‐rays	  
	  

•  The	  neutrino	  counterpart	  
–  TeV-‐PeV	  ones	  could	  be	  detectable	  by	  IceCube	  from	  10	  Mpc.	  
–  A	  stacking	  approach	  could	  be	  also	  possible	  in	  the	  LSST	  era.	  

•  The	  gamma-‐ray	  counterpart	  
– MulQ-‐TeV	  ones	  could	  be	  detectable	  by	  CTA	  even	  from	  100	  Mpc.	  
–  A	  rapid	  follow	  up	  triggered	  by	  a	  Swic-‐type	  instrument	  is	  needed.	  



Gravita9onal-‐Wave	  Counterpart	

•  ？？？	  
•  LL	  GRBs	  may	  be	  choked.	  
– Possible	  GW	  counterparts	  as	  successful	  long	  GRBs	  

•  Generally,	  GW	  emirers	  as	  violent	  phenomena	  
would	  accompany	  relaQvisQc	  ejecta,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
which	  inevitably	  breaks	  at	  some	  radii.	  

•  In	  any	  case,	  HE	  neutrino	  or	  gamma	  rays	  would	  
not	  be	  a	  good	  channel	  to	  be	  blindly	  searched…	  



See	  arXiv:1211.5602	
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process p+ � ! �+ ! n+ ⇡+. When these pions decay
via ⇡+ ! µ+⌫µ and µ+ ! e+⌫e⌫̄µ, they produce a flux
of high-energy muon and electron neutrinos, coincident
with the gamma rays, and peaking at energies of sev-
eral hundred TeV4,11. Such a flux should be detectable
using km3-scale instruments like the IceCube neutrino
telescope12,13 (Suppl. Fig. 1). Due to maximal mixing
between muon and tau neutrinos, neutrinos from pion
decay in and around GRBs will arrive at Earth in an
equal mixture of flavors. We focus here only on muons
produced in ⌫µ charged-current interactions. As the
downgoing cosmic ray muon background presents chal-
lenges for the identification of neutrino-induced muons,
we achieve our highest sensitivity for upgoing (northern
hemisphere) neutrinos. However, the tight constraint of
spatial and temporal coincidence with a gamma-ray burst
allows some sensitivity even in the southern sky. One of
the two analyses presented here therefore includes south-
ern hemisphere gamma-ray bursts during the 59-string
IceCube run.

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

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

Neutrino Energy (GeV)

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

FIG. 1. Comparison of results to predictions based on ob-
served gamma-ray spectra. The summed flux predictions
normalized to gamma-ray spectra6,9,15 are shown in dashed
lines; the cosmic ray normalized Waxman-Bahcall flux4,16 is
also shown for reference. The predicted neutrino flux, when
normalized to the gamma rays6,9, is proportional to the ra-
tio of energy in protons to that in electrons, which are pre-
sumed responsible for the gamma-ray emission (✏p/✏e, here
the standard 10). The flux shown is slightly modified6 from
the original calculation9. �⌫ is the average neutrino flux at
Earth, obtained by scaling the summed predictions from the
bursts in our sample (F⌫) by the global GRB rate (here 667
bursts/year7). The first break in the neutrino spectrum is
related to the break in the photon spectrum measured by the
satellites, and the threshold for photopion production, while
the second break corresponds to the onset of synchrotron
losses of muons and pions. Not all of the parameters used
in the neutrino spectrum calculation are measurable from ev-
ery burst. In such cases, benchmark values7 were used for the
unmeasured parameters. Data shown here were taken from
the result of the model-dependent analysis.

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

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

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

IceCube	  Constraints	  on	  GRB	  Prompt	  Neutrino	
Supplementary Information – S1
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IceCube Lab

Deep Core

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

GRB CATALOG

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

EFFECTIVE AREAS

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

COMBINATION OF DATASETS

The results presented use a combination of the IceCube
40- and 59-string datasets. In both analyses, all GRBs
were individually simulated and this simulation was ap-
plied to the detector running at the time of the GRB. The
simulated events from the full GRB catalog were treated
as a combined dataset, which was then compared to the
combined result from both detector configurations. Sys-
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 3 years IC86

FIG. 4. Constraints on fireball parameters. The shaded re-
gion, based on the result of the model-dependent analysis,
shows the values of GRB energy in protons and the average
fireball bulk Lorentz factor for modeled fireballs6,9 allowed by
this result at the 90% confidence level. The dotted line in-
dicates the values of the parameters to which the completed
IceCube detector is expected to be sensitive after 3 years of
data. The standard values considered9 are shown as dashed-
dotted lines and are excluded by this analysis. Note that the
quantities shown here are model-dependent.

boost factor �. Increasing � increases the proton en-
ergy threshold for pion production in the observer frame,
thereby reducing the neutrino flux due to the lower pro-
ton density at higher energies. Astrophysical lower limits
on � are established by pair production arguments9, but
the upper limit is less clear. Although it is possible that
� may take values of up to 1000 in some unusual bursts,
the average value is likely lower (usually assumed to be
around 3006,9) and the non-thermal gamma-ray spectra
from the bursts set a weak constraint that � . 200021.
For all considered models, with uniform fixed proton con-
tent, very high average values of � are required to be
compatible with our limits (Figs. 3, 4).

In the case of models where cosmic rays escape from
the GRB fireball as neutrons8,10, the neutrons and neu-
trinos are created in the same p� interactions, directly
relating the cosmic ray and neutrino fluxes and remov-
ing many uncertainties in the flux calculation. In these
models, � also sets the threshold energy for production
of cosmic rays. The requirement that the extragalactic
cosmic rays be produced in GRBs therefore does set a
strong upper limit on �: increasing it beyond ⇠ 3000
causes the proton flux from GRBs to disagree with the
measured cosmic ray flux above 4⇥1018 eV, where extra-
galactic cosmic rays are believed to be dominant. Limits
on � in neutron-origin models from this analysis (& 2000,
Fig. 3) are very close to this point, and as a result all
such models in which GRBs are responsible for the entire
extragalactic cosmic-ray flux are now largely ruled out.

Although the precise constraints are model dependent,

the general conclusion is the same for all the versions of
fireball phenomenology we have considered here: either
the proton density in gamma ray burst fireballs is sub-
stantially below the level required to explain the highest
energy cosmic rays or the physics in gamma ray burst
shocks is significantly di↵erent from that included in cur-
rent models. In either case, our current theories of cos-
mic ray and neutrino production in gamma ray bursts
will have to be revisited.
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escape. From a class of such optically thick “hidden”
sources, neutrino fluxes could plausibly be produced that
are in excess of the Waxman-Bahcall bound by more than
an order of magnitude, without exceeding the observed
cosmic ray spectrum or gamma-ray background [6].

So far, this calculation has assumed that the cosmic
ray spectrum consists of only protons, rather than iron
or other nuclei species. Heavy nuclei cosmic rays only
produce charged pions after disintegrating into their con-
stituent nucleons. Thus if the cosmic ray spectrum were
dominated by heavy nuclei, the resulting neutrino flux
would be further suppressed relative to the maximum
value found in the standard Waxman-Bahcall calcula-
tion [7]. In the energy range around ⇠1017 eV that leads
to the production of ⇠1-10 PeV neutrinos, however, there
is evidence that the cosmic ray spectrum is dominated by
protons (although this appears to gradually evolve to a
heavy nuclei dominated spectrum above 1019 eV) [8, 9].
We thus assume a proton dominated cosmic ray spectrum
throughout this study.

For a high-energy cosmic neutrino spectrum, we can
calculate the estimated rate of PeV-scale showers ex-
pected at IceCube. Hadronic showers can be generated
through the neutral current interactions of all neutrino
flavors, with a typical shower energy that is about a quar-
ter of that possessed by the initial neutrino. Alterna-
tively, charged-current interactions of electron neutrinos
and anti-neutrinos produce a superposition of electro-
magnetic and hadronic showers which collectively con-
tain the entire energy of the incoming neutrino. While
electromagnetic and hadronic showers are, in principle,
distinguishable by their respective muon content, such a
separation is generally expected to be di�cult. In addi-
tion to producing tracks associated with charged leptons,
charged current interactions of muon and tau neutrinos
produce hadronic showers similar to those resulting from
neutral current processes.

PeV showers appear to the IceCube detector as photo-
electrons distributed over an approximately ⇠300 m ra-
dius sphere. Although the two recently reported shower
events were entirely contained within the volume of the
experiment, IceCube should be capable of detecting par-
tially contained showers as well.

The probability that a neutrino passing through the
e↵ective area of IceCube produces an observable shower
via a neutral current interaction is given by

P⌫!shower ' ⇢NAL

Z 1

Ethr

sh

/E⌫

d�

dy
dy (4)

where � is the neutrino-nucleon cross section [10], y is
the energy fraction transferred from the initial neutrino
to the target nucleus, and L is the length of the detector.
For charged-current electron neutrino interactions, all of
the neutrino energy goes into the shower, leading instead
to P⌫!shower ' ⇢NA�L.

In calculating the expected rate of PeV-scale events at
IceCube, we must also account for neutrino absorption

FIG. 1: To account for the two fully contained PeV shower
reported by IceCube, a neutrino (plus anti-neutrino, all fla-
vors) flux roughly at the level depicted by the dotted line is re-
quired. For comparison, we show (as solid lines) the Waxman-
Bahcall upper limit on the di↵use neutrino flux [5], as derived
for sources which follow a star formation rate-like redshift dis-
tribution, and for no redshift dependent source evolution. As
a dashed line, we also show the less stringent limit derived for
optically thick sources [6]. The error bars represent the spec-
trum of atmospheric neutrinos, as measured by IceCube [11].

in the Earth. A ⇠1 PeV neutrino has only a few percent
chance of passing through the equatorial diameter of the
Earth without undergoing at least one interaction. In
contrast, for neutrinos with an inclined trajectory of 10
degrees below the horizon, only about half of such parti-
cles will undergo one or more interactions in the Earth.
The e↵ects of absorption are negligible for downward-
going neutrinos in the energy range under consideration.
In calculating the e↵ects of neutrino absorption, we adopt
a simple density model of the Earth, consisting of a 2500
km radius core with a uniform density of 11,000 kg/m3

and a uniform density outer region normalized to the
overall mass and radius of the Earth.

For a high-energy cosmic neutrino spectrum that satu-
rates the Waxman-Bahcall bound (✏⇡ = 1), from sources
distributed without significant redshift evolution (⇠Z =
1), we calculate that IceCube should observe a rate of
13.6 showers per year, per cubic kilometer, with more
than 1 PeV of energy. If we further require that the
showers be initiated in the inner volume, restricting our-
selves to fully contained events, the e↵ective volume of
IceCube is reduced to roughly ⇠0.1 km3, and thus we
predict IceCube to observe 1 or 2 fully contained PeV-
showers per year.

In Fig. 1, we compare the approximate neutrino flux
required to explain the two PeV showers reported by
the IceCube collaboration to the Waxman and Bahcall
bound, both without source evolution and with source
evolution that follows the star formation rate. We also

Cholis+Hooper	  2012	
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High Energy Neutrinos and CRs from LL-GRBs? 3
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FIG. 1.— The neutrino background from GRBs for ξacc = 10 and ξB = 1.
LL-GRB: r = 9× 1014 cm and Γ = 10 with the local rate ∼ 500Gpc−3yr−1
obtained by Liang et al. (2006a). LL-GRB (optimistic): r = 9× 1014 cm
and Γ = 10 with the most optimistic local rate ∼ 4800Gpc−3yr−1. LL-
GRB (modest): r = 9× 1014 cm and Γ = 10 with the modest local rate
∼ 20Gpc−3yr−1. HL-GRB: taken from (Murase & Nagataki 2006a) with
Eγ,iso/N = 2×1051 ergs, r = 1013−14.5 cm and Γ= 300. WB:Waxman-Bahcall
bounds (Waxman & Bahcall 1998). ξB and ξacc are the ratio of energy den-
sity, ξB ≡UB/Uγ and ξacc ≡Up/Uγ , respectively. For the fast cooling case
and the acceleration efficiency ∼ 1, we have ξB ∼ (εB/εe) and ξacc ∼ 1/εe.

Although we calculate numerically, we can estimate the
diffuse neutrino flux from LL-GRBs approximately by the
following analytical expression (Murase & Nagataki 2006b;
Waxman & Bahcall 1998),

E2νΦν ∼
c

4πH0
1
4
min[1, fpγ]E2p

dNp
dEp

RLL(0) fz

"7×10−10GeVcm−2s−1str−1
(

ξacc
10

)

ELL,50

×

(

fpγ
0.05

)(

RLL(0)
500Gpc−3yr−1

)(

fz
3

)

, (3)

where ELL is the geometrically corrected radiated energy of
LL-GRBs, fz is the correction factor for the possible contribu-
tion from high redshift sources, and we have used εp,max∼ 109
GeV. Our numerical results are shown in Fig. 1. From these
results, we can estimate the number of muon events Nµ due
to muon-neutrinos above TeV energy by using Eq. (18) of
Ioka et al. (2005) as the detection probability and a geo-
metrical detector area of Adet = 1km2. From Fig. 1, we
can obtain Nµ = 6.6 events/yr for ρLL(0) = 500Gpc−3yr−1 and
Nµ = 64 events/yr for the most optimistic local rate. We also
show the modest case where the local rate of LL-GRBs is
comparable to the geometrically corrected local rate of HL-
GRBs, RHL(0) ∼ 20Gpc−3yr−1. In this case, we can find
Nµ = 0.3 events/yr. The neutrino backgrounds from LL-GRBs
have possibilities to be comparable with that from HL-GRBs,
Nµ = 17 events/yr (Murase & Nagataki 2006a).
Unfortunately, neutrino signals from LL-GRBs are dark in

the sense that most signals will not correlate with the prompt
emission. Only for very nearby bursts, we might be able to
expect their correlations and it will need many-years opera-
tions. The BAT detector on Swift has the sensitivity to de-
tect the bursts ! 10−8 ergscm−2 s−1. Hence, we can expect
correlated events only when dL " 300 Mpc for bursts with
Lmax ∼ 1047 ergs/s. The expected correlated muon events are

Nµ ∼ 1 events per 11 years for ρLL(0) = 500Gpc−3yr−1 .
However, SNe Ibc associated with LL-GRBs could be de-

tected by optical-infrared follow-ups triggered by a neutrino
event. The angular resolution of IceCube for neutrinos is
about 1 degree or so, which can be searched with wide-
field cameras such as Suprime-Cam on the Subaru telescope
(whose field-of-view is 0.5 degrees) up to z ∼ 1.2. In the
field-of-view we would find ∼ 10 SNe and ∼ 1 SNe Ibc that
exploded within ∼ 1 month. With the SN light curves ∼ 10
days after the burst, we can pin down the burst time within∼ 1
day or so, during which the atmospheric neutrino background
within 1 degree would be small, i.e., " 0.1 events/day for
above TeV energy neutrinos and less for higher energy thresh-
old (Ando & Beacom 2005). In addition, SNe Ibc could be
specified by using telescopes such as HST. Therefore, we can
in principle detect LL-GRB neutrino events associated with
SNe Ibc, even though X/γ-rays are not observed by Swift.
The expected number of muon events is Nµ = 2.4 events/yr
for LL-GRBs within z ∼ 1.2, with r = 9× 1014 cm, Γ = 10,
and ρLL(0) = 500Gpc−3yr−1. Of course, such a follow-up with
SNe detections will be difficult and it is severer to distinguish
SNe Ibc from SNe Ia at higher redshift. Nevertheless, it is
worthwhile to develop this kind of possibility of high energy
neutrino astronomy not only for finding far SNe Ibc associ-
ated with LL-GRBs but also for revealing their origins.
We can expect high energy neutrinos from one LL-GRB

only if the burst is nearby or energetic, similarly to the case
of HL-GRBs. In Fig. 2, we show an example of the observed
neutrino spectra from the source at 10 Mpc. The expected
muon events from neutrinos above TeV energy are Nµ = 1.1
events in the case of Γ = 10 in Fig. 2. If we can detect such an
event, we will be able to obtain some information on ξacc, ξB,
the photon density, the duration of bursts, and so on. In Fig.
2, we also show the contribution from the thermal target pho-
ton. The GRB 060218-like bursts could provide us Nµ = 0.2
events originating from the interaction between nonthermal
protons and the thermal photon flow. This result depends on
the temperature of the black body region.

-10

-9

-8

-7

-6

-5

-4

-3

-2

 3  4  5  6  7  8  9  10  11

lo
g(

E ν
2  φ

ν [
er

g 
cm

-2
])

log(Eν [GeV])

Γ=10
Γ=10 (BB)

Γ=5
Γ=20

FIG. 2.— The observed muon-neutrino (νµ + ν̄µ) spectra for one very
nearby GRB event at 10 Mpc. Solid line: r = 9×1014 cm and Γ = 10. Dashed
line: the contribution from the blackbody target photon with r = 9× 1014 cm
and Γ = 10. Dotted line: r = 2.25× 1014 cm and Γ = 5. Dot-dashed line:
r = 3.6× 1015 cm and Γ = 20. In all cases ξB = 1 and ξacc = 10 (see the
caption of Fig.1). Note, the case of Γ = 20 would not be plausible because
the magnetic field strength seems too small to explain the prompt emission
by the standard model.

PeV-‐EeV	

ü PeV-‐EeV	  neutrino,	  not	  TeV-‐PeV	  
ü Mul9-‐TeV	  gamma-‐ray	  counterpart	  cannot	  be	  expected.	


