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Diversity of GRB

20

Fig. 1.— The spectral-hardness (ratio of fluence in 50–100 keV over 20–50 keV) versus duration diagram for CGRO/BATSE GRBs (red
points) and Swift GRBs (blue points), with the locations of GRB 101225A, GRB 111209A and GRB 121027A marked (note these are
approximate due to the lack of Swift orbit coverage). These three events have durations much longer than any seen by BATSE. In the
case of GRB 101225A, the long-lived, low level emission could easily have been missed, while GRB 111209A was seen as an extremely long
burst by Konus-Wind.
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Fig. 2.— Parameter space for transients in the �-ray sky, showing the duration of the burst, and the approximate average luminosity
over that duration. At low luminosity there are numerous Galactic sources that we do not include in further detail; at higher luminosity
the outbursts for soft-gamma repeaters (SGRs) in our own Galaxy are shown, as well as extragalactic transients such as long and short
duration GRBs (LGRBs and SGRBs), and the likely population of low luminosity GRBs (LLGRBs). Two recently discovered very long
transients, thought to be from tidal disruption events are also shown (labelled TDEs?). The bursts considered in this paper (GRB 101225A,
GRB 111209A and GRB 121027A) are clearly outliers to any of these aforementioned classes.
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Low-Luminosity GRBs
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GRBs, including GRB 980425, 031203, and 030929, are
also displayed in Figure 2. The X-ray light curves of
XRF 100316D and XRF 060218 are rather similar. Both
have an plateau phase extending to more than 1000 s.
In the case of XRF 100316D, there is an observational
gap between Ttrig + 736 s and Ttrig + 36437 s. The late-
time observational data (after Ttrig+36437 s) is soft and
consistent with a single power law decay with a decay
index α = 1.31± 0.21. This is similar to the late X-ray
lightcurve of XRF 060218. XRF 060218 also shows a
steep decay phase between the plateau and the late sin-
gle power law decay phase. Although this is not observed
in XRF 100316D, the data before Ttrig + 734 s and after
Ttrig + 36437 s are consistent with having such a steep
decay segment in between.

There are however some differences between the two
events. First, the X-ray data of XRF 060218 demand a
soft thermal emission component with an evolving tem-
perature, which has been interpreted as due to shock
breakout from the progenitor star (Campana et al.
2006). For XRF 100316D, we find that the data
do not demand such a component. We noticed that
Starling et al. (2010) claimed a thermal component with
kT ∼ 0.14 keV and an energy that is ∼ 3% of the entire
X-ray emission. To check the consistency, we fit the time
dependent BAT+XRT joint spectra by a Cutoff Power-
law model (with absorption from both Milk Way and
the host galaxy, wabs*zwabs*cutoffpl in Xspec 12) and a
Blackbody+Cutoff Power-law model. We find that both
models can give equally acceptable fits to the data. For
example, for the slice 2 (from Ttrig+240 s to Ttrig+734 s),
the former model gives χ2/dof = 1305/1085 with Ngal =
7.05 × 1020 cm−2 and NH,host = 4.6 × 1021cm−2, while
the latter gives χ2/dof = 1264/1085 with a larger host
galaxy absorption NH,host = 1.3× 1022cm−2 and a ther-
mal temperature that is consistent with Starling et al.
(2010). Note that the peak of the proposed black body
component is near the low end of the XRT energy band
and the neutral hydrogen absorption around the thermal
peak is large. This makes great uncertainty on iden-
tification of such a thermal emission component from
the data. Our spectral analysis cannot robustly identify
this component, although the χ2 is slightly improved by
adding it. Therefore, we do not claim a thermal emission
in the observed spectrum and only stick to the Cutoff
power-law model to discuss possible theoretical implica-
tions. The second difference between the two events lies
in the supernova data. The modeling of SN 2006aj sug-
gests a kinetic energy ∼ 2.5 × 1051 erg (Mazzali et al.
2006b), much smaller than that of other SNe associated
with nearby GRBs (see Fig.3). Although the modeling
of SN 2010bh is not available yet, current data imply an
SN event as energetic as SN 1998bw (Chornock et al.
2010)2, which is about one order of magnitude more en-

2 With the simplest assumptions that (1) the opacity of the
SN outflow is from Thompson scattering of electrons and is
∼ 0.2 g−1 cm2 and (2) The density of expanding SN material
takes the form ∝ R−k (k ∼ 6 − 8, J. S. Deng, private com-
munication, see also Matzner & McKee 1999; Berger et al. 2002;
Chevalier & Fransson 2006), it is straightforward to show that the
mass of the SN material moving faster than Vs is MSN(> Vs) ∼

8π k−1
k−3

mp

σT
V 2
s t2, where Vs is the photospheric velocity at t, σT is

the Thompson scattering cross section and mp is the rest mass

10−6

10−5

10−4

10−3

0.01

0.1

1

10

no
rm

al
iz

ed
 c

ou
nt

s 
s−

1  k
eV

−1

1 10 100
−4

−2

0

2

4

re
si

du
al

s

Energy (keV)

Fig. 1.— The joint BAT-XRT spectrum of XRF 100316D with a
Cutoff Power-law model fit (line) for the time-integrated spectrum
from Ttrig + 138 s to Ttrig + 736 s. The model parameters are

Γ = 1.32± 0.03 and Ep = 19.6+3.3
−2.8 keV.

Fig. 2.— Upper: Unabsorbed luminosity lightcurve in the XRT
band of GRB 100316D in comparison with GRBs 980425, 030329,
031203, and 060128. The BAT data of GRB 100316D are extrap-
olated to the XRT band. Lower: Comparison of the Ep temporal
evolution of GRB0100316D with GRB 060218. The Ep data of
GRB 060218 are taken from Toma et al. (2007)

ergetic than SN 2006aj. So from the observational point
of view, XRF 100316D/SN 2010bh and XRF 060218/SN
2006aj are not strictly “twins”.

of proton. The corresponding kinetic energy is Ek,SN(> Vs) ∼

4π k−1
k−5

mp

σT
V 4
s t2. For SN 2010bh, Vs ∼ 0.09c at t ∼ 21 day, we have

Ek,SN10bh(> 0.09c) ∼ 1.6× 1052 [(k − 1)/3(k − 5)] erg.

Zhang+2010

• Much dimmer

• Nearby (ex. 060218@140Mpc )            
• More frequent 

• Quasi-thermal soft spectrum 

• Associate broad line type Ic SN
→Walf-Rayet star

Eiso
LL ⇠ 1050 erg ⇠ 10�3Eiso

HL

"peak,LL ⇠ 1-10 keV ⇠ 10�2"peak,HL

⇢LL ⇠ 102-3Gpc�3yr�1 & 103⇢HL



Two Competing Scenarios
Low-power 
relativistic jet

Toma+2007
Fan+2010

VS

magnetar not BH?

Trans-relativistic 
shock breakout from 

optically-thick wind

Waxman+2010
Nakar & Sari 2012



Shock Breakout 

SN
 shock

Stellar envelope 
or CMS 

vsh

c/⌧

r

⇢

ü The shock is initially inside optically-thick media.

⌧ ⇡ ⇢Tr � 1

ü The shock downstream is radiation-dominated.

Radiation-mediated shock

The downstream photons begin to escape.

Shock breakout @
where

r = rsb
c/⌧ ⇡ vsh

ü Shock breakout emission à LL GRB?
ü No longer radiation-mediated

à Shock acc starts à CR, γ, ν?

e.g., Weaver 1976

Prad & Pgas

Shock acc is suppressed.



What Shock Breakouts Tell Us

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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Shock Breakout Scenario for LL GRB

– 11 –

Fig. 2.— Long-term Swift light curve of GRB060218. Upper panel: the XRT light curve
(0.3–10 keV) is shown with open black circles. Count rate-to-flux conversion factors were derived
from time-dependent spectral analysis. We also plot with open black squares the contribution to the
0.3–10 keV flux by the blackbody component. Its percentage contribution is increasing with time,
becoming dominant at the end of the exponential decay. The X–ray light curve has a long, slow
power-law rise followed by an exponential (or steep power-law) decay. At about 10,000 s the light
curve breaks to a shallower power-law decay with index −1.2 ± 0.1 characteristic of typical GRB
afterglows. This classical afterglow can be naturally accounted for by a shock driven into the wind
by a shell with kinetic energy Eshell ∼ 1049 erg. The t−1 flux decline is valid at the stage where
the shell is being decelerated by the wind with the deceleration phase beginning at tdec

<
∼ 104 s for

Ṁ >
∼ 10−4(vwind/108 cm s−1) M⊙ yr−1, consistent with the mass-loss rate inferred from the thermal

X–ray component.
Lower panel: the UVOT light curve. Filled circles of different colors represent different UVOT filters:
red – V (centered at 544 nm); green – B (439 nm), blue – U (345 nm), light blue – UVW1 (251
nm); magenta – UVM1 (217 nm) and yellow – UVW2 (188 nm). Specific fluxes have been multiplied
by their FWHM widths (75, 98, 88, 70, 51 and 76 nm, respectively). Data have been rebinned to
increase the signal to noise ratio. The UV band light curve peaks at about 30 ks due to the shock
break-out from the outer stellar surface and the surrounding dense stellar wind, while the optical
band peaks at about 800 ks due to radioactive heating in the SN ejecta.

E
�,iso

⇠ 1050 erg t� ⇠ 3000 s

Campana+2006�sh ⇠ 1 rsb ⇠ 9⇥ 1013 cm

Too large for a C-O WR ⇠ 1011 cm

⇢(rsb) ⇠ 10�14 g cm�3

Ṁ ⇠ 0.1 M� yr�1

A trans-relativistic shock breakout from 
an optically-thick envelope formed by a strong wind. 



TeV Gamma Rays Counterpart
4 Kashiyama et al.
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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

Detectable even from 100 Mpc away by CTA.

Including the effect of

�� ! e±

within the source and
during propagation

KK+2013

proton acc. @ collisionless sh. + s.b.o ph. → pγ int. 



If the rela s.b.o is driven by a chocked jet, … 7

FIG. 4: All-flavor diffuse neutrino fluxes from choked jets.
Neutrino emission from LL GRBs is shown for the CJ-SB
model (this work) and EJ model [28]. In addition, orphan
neutrino emission from choked jets is included (thick curves).
See the text for details.

those without accompanying GRBs, contain a choked jet
such as in the CJ model.
More specific results involving the CJ scenario are

shown in Fig. 4. Although the model uncertainty is
large (since ξCR for GRB jets is not well-known), our
results indicate that it is possible for choked jets to
achieve the observed level of the diffuse neutrino flux.
In principle, lower values of ξCR could be compensated
by larger values of fcho. We set a rough upper limit on
the choked jet contribution by using the observed hyper-
nova rate, RHN ≈ 4000Gpc−3 yr−1 [21, 62], which gives
fcho ! 40 [11]. Then, the all-flavor diffuse neutrino flux
is analytically estimated to be

E2
νΦν ≃ 0.76×10−7 GeV cm−2 s−1 sr−1 fsupmin[1, fpγ ]

×
(

ξz
3

)(

fchoRLLECR

1045 erg Mpc−3 yr−1

)

R−1
p,1 , (17)

where fsup is the suppression factor due to meson and
muon cooling, ξz is a factor accounting for redshift evo-
lution of the rate [79, 80], and Rp = ln(εMp /εmin

p ) ∼ 10.
Interestingly, even this simple-minded calculation is re-
markably close to the measured all-flavor diffuse flux of
neutrinos [5],

E2
νΦ

ob
ν |30 TeV ∼ 10−7 GeV cm−2 s−1 sr−1. (18)

Murase et al. [26] showed that neutrino sources obscured
in the GeV-TeV gamma-ray range are necessary to ex-
plain the IceCube data below 100 TeV with extragalactic
sources, independently of the neutrino production mech-
anism. LL GRBs and choked jets satisfy this criterion,
and their contribution to the extragalactic gamma-ray
background is negligible.
As a lower limit, for given parameters, we can use

the rate of observed LL GRBs (i.e., excluding choked
jets without prominent shock breakout emission). Not-
ing that the emitted CR energy is roughly the same as

that for hypernovae, RLL ∼ 100Gpc−3 yr−1 results in
E2

νΦν ∼ 10−8 GeV cm−2 s−1 sr−1, which is compati-
ble with the IceCube data above 100 TeV. Using modest
values of fcho ∼ a few allows us to reasonably fit the
IceCube data obtained from the combined analysis.
One can set an optimistic upper limit for the contri-

bution of orphan neutrinos from choked jets by assum-
ing the same spectral shape as in the CJ-SB model with
CR energy injection rate of QCR ! 1046 ergMpc−3 yr−1.
This upper limit is set by the reasonable expectation that
the CR injection by GRB jets does not exceed the CR
injection by SN remnants (see Ref. [26]). Note that the
CR injection rate inferred by observations of the Galactic
CRs is ∼ 1045−1046 ergMpc−3 yr−1 [81]. Fig. 4 indicates
the the optimistic upper limit can exceed the IceCube
data in principle. The spectral shape is suggestive as
it is globally soft for 10TeV ! Eν ! 5PeV, but avoids
the constraints set by the Fermi extragalactic gamma-ray
background measurement in the sub-TeV range [82–84].
While our results show that the choked jets are en-

ergetically plausible as high-energy neutrino sources, we
have not tuned parameters to fit the IceCube data quan-
titatively. Because of the limited statistics of the IceCube
data and a tension among the different analyses, such an
attempt is beyond the scope of the present work. Also,
better fits of the spectral shape and normalization of the
diffuse flux would be possible by changing the param-
eters of the jet and/or extended material within model
uncertainties.

VI. SUMMARY AND DISCUSSION

We revised the VHE neutrino emission from LL GRBs,
taking into account the jet-stalling condition and the ra-
diation constraints. Lower-power jets and/or more ex-
tended external material are more favorable for both jet-
stalling and VHE neutrino production. This implies the
relevance of “orphan” neutrinos from choked jets with no
prominent electromagnetic counterparts. Using proper-
ties inferred from LL GRB observations (where we did
not tune the parameters to explain the IceCube data),
we found that the spectral shape and flux normalization
of the CJ model can be consistent with the present Ice-
Cube data. Although the rate of choked jets with dim
shock breakout emission is unknown, it is plausible to use
the rate of broad-line Type Ibc SNe as an upper limit.
An important prediction of the CJ-SB model is that the
majority of neutrinos will be precursors to the prompt
gamma-ray emission. Therefore, for a neutrino-LL GRB
coincidence search it is imperative to look for neutrinos
in temporal blocks ∼ 100− 1000 s before the GRB trig-
ger. Based on the currently implied rate of LL GRBs,
two such coincident detections can be expected to occur
within the next five years of IceCube operation. For this
purpose, we emphasize that better all-sky monitors in
the x-ray and gamma-ray range, which are also suitable
for detections of high-redshift GRBs, are necessary. Co-
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FIG. 1: Left panel: The choked jet model for jet-driven SNe. Orphan neutrinos are expected since electromagnetic emission
from the jet is hidden, and such objects may be observed as hypernovae. Middle panel: The shock breakout model for LL
GRBs, where transrelativistic SNe are driven by choked jets. Choked jets produce precursor neutrinos since the gamma-ray
emission comes from the SN shock breakout later than the neutrinos (e.g., [25]). Right panel: The emerging jet model for
GRBs and LL GRBs. Both neutrinos and gamma rays are produced by the successful jet, and both messengers can be observed
as prompt emission.

the jet will be collimated for L̃ ≪ θ−4/3
0 or uncollimated

for L̃ ≫ θ−4/3
0 .

First, let us consider the jet propagating inside its
progenitor star. As shown in Refs. [52, 53], the jet
is typically collimated rather than uncollimated. Al-
though the physics of collimation shocks is not consid-
ered in most of the previous literature [67–71], it af-
fects estimates of the VHE neutrino production [20].
Let us assume that the density profile is approxi-
mated to be ϱa = (3 − α)M∗(r/R∗)

−α/(4πR3
∗) (α ∼

1.5 − 3). Here M∗ is the progenitor mass and R∗ ∼
0.6 − 3R⊙. For WR progenitors, we may take α =
2.5, leading to the jet head radius rh ≃ 5.4 ×
1010 cm t6/51 L2/5

0,52(θ0/0.2)
−4/5(M∗/20 M⊙)

−2/5

R1/5
∗,11, where L0 = 4L0j/θ20 is the isotropic-equivalent to-

tal jet luminosity [20, 52]. The classical GRB jet is typ-
ically successful (i.e., it emerges), since the jet breakout

time tjbo ≈ 17 s L−1/3
0,52 (θ0/0.2)

2/3(M∗/20 M⊙)
1/3R2/3

∗,11 is

shorter than the jet duration teng ∼ 101.5 s.

Toma et al. [54] suggested that the prompt emission
of GRB 060218 may come from an emerging jet with a
Lorentz factor of Γ ∼ 5, and this possibility of marginally
successful jets has been further investigated by Irwin &
Chevalier [43]. The jet has more difficulty in penetrat-
ing the progenitor star due to its lower luminosity, but
on the other hand, its longer duration helps in achieving
breakout. In this model, the prompt gamma-ray emission
may come both from relatively low radii around the pho-
tosphere or large radii. Such marginally successful jets
are expected for larger radius progenitors such as BSGs,
and UL GRBs may correspond to the case of successful
GRBs [20].

Next, we consider jets embedded in an extended ma-
terial. The jet can be choked if the mass of the extended
material is sufficiently large. Motivated by the CJ-SB
model for LL GRBs, we consider an extended material
with mass Mext ∼ 10−2 M⊙ and radius rext ∼ 1013 cm.

The density profile is assumed to be

ρ(r) = 5.0×10−11 g cm−3

(

Mext

0.01 M⊙

)

r−3
ext,13.5

(

r

rext

)−2

,

(3)
and we introduce ρext ≡ ρ(rext)/(5.0 × 10−11 g cm−3).
Then, the jet is typically uncollimated for sufficiently lu-
minous jets and the Lorentz factor of the jet head is given
by

Γh ≈
L̃1/4

√
2

≃ 3.5 L1/4
0,52ρ

−1/4
ext r−1/2

h,13.5, (4)

while the jet head radius is estimated to be

rh ≈ 2Γ2
hct ≃ 2.3× 1013 cm L1/2

0,52ρ
−1/2
ext r−1

ext,13.5t1.5. (5)

The condition rh = rext gives the jet breakout time
tjbo,ext, and the condition tjbo,ext ! teng gives the jet-
stalling condition

Lγ ! LSJ
γ ≈ 0.95× 1048 erg s−1

( ϵγ
0.25

)

(

θj
0.2

)2

t−1
eng,1.5

× T−1
3.5 ρextr

4
ext,13.5, (6)

where we have used

Lγ ≈ ϵγ
θ2j
2

L0teng
T

, (7)

where Lγ is the observed luminosity of LL GRBs, ϵγ is
the gamma-ray emission efficiency, θj is the choked jet
opening angle in the extended material, and T is the
observed duration of LL GRBs. For choked jets, the jet
head radius at teng is defined as the jet-stalling radius
rstall.
If the jet is choked in the dense wind close to the

edge of the star, it will launch a transrelativistic shock
that becomes an aspherical shock breakout. As described
in Refs. [72, 73], breakout nonthermal emission may be

Nakar 2015

ü The diffuse neutrino flux from LL GRBs may be compatible 
with the IceCube data (~10-100 TeV) without contradicting 
the limits on classical GRBs.  

ü Such events do not contribute significantly to the Fermi b.g..
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Diversity of Supernova

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,
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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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ü Some classes of SNe cannot be explained by classical 56Ni decay model.
ü Need additional energy source à circum-stellar shock (e.g., IIn) or pulsar wind (e.g., Ibc)
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Fig. 1.— The schematic picture of pulsar-aided SNe. We consider
the left case, where a pulsar wind is quasi-spherical and the wind
bubble is embedded in the SN ejecta.

(τnbT ≈ σTnnbRw) is estimated to be 9

τnbT ≈
σT Ṁ±

4πRwVnbme
≃ 2.0× 10−6 P−2

−2.5Bdip,14

×

(

Vnb

5000 km s−1

)−2

t−1
7 µ±,6,(15)

where the nebula density nnb ≈ Ṁ±/(4πR2
wVnbme)

is used and Ṁ± is the mass-loss rate accord-
ing to the Goldreich-Julian density multiplied by
µ± (Goldreich & Julian 1969), and P is a function of
t.

2.2. Leptonic Emission from Embryonic PWNe

It has been known that Galactic PWNe are efficient
accelerators of electrons and positrons. The Crab pulsar
is one of the most well-known high-energy gamma-ray
sources, and Pi ≈ 19 ms and Bdip ≈ 5 × 1012 G are
indicated (e.g., Faucher-Giguère & Kaspi 2006). We as-
sume that lepton acceleration can occur even in the very
early stage of PWNe similarly to that in Galactic PWNe,
and that some extragalactic SNe leave fast-rotating (P !
10 ms) and strongly magnetized (Bdip " 1013 G) NSs.
For relativistic leptons, we consider a broken power-law
injection spectrum,

dṄ inj
e

dγe
∝

{

γ−q1
e (γm ≤ γe ≤ γb)

γ−q2
e (γb < γe ≤ γM )

(16)

where q1(< 2) and q2(> 2) are low- and high-energy
injection spectral indices, and γb is the break Lorentz
factor. Fitting results on some Galactic PWNe suggest
q1 ∼ 1 − 1.5, q2 ∼ 2.5 − 3, γb = 104.5 − 106, and the
significant energy fraction ϵe ∼ 1 of Lem is carried by
leptons (Tanaka & Takahara 2010, 2013). The maximum
Lorentz factor of accelerated electrons and positrons, γM ,
is given by the balance between the acceleration time
and cooling time (see below). The minimum injection
Lorentz factor is assumed to be γm = 100 but our results

9 Note that the Thomson optical depth in the relativistic wind is
smaller by a factor of Γ2

w, so thermalization there is relevant only
in the earliest phase.

are insensitive to it as long as its value is small enough. In
this work, we expect that the wind is largely dominated
by pairs so ion acceleration is negligible, where µ± and
γb can be related 10 as µ± ∼ 109 ϵeγ

−1
b,5 (γb/γm)q1−1[(2−

q1)(q2 − 2)/(q1 − 1)/(q2 − q1)]Bdip,14P
−2
−2.5 from num-

ber and energy conservation. Details would depend on
physics of potential drops and dissipation in the current
sheet, where pair production with external photons pro-
vided by SN emission plays a role. Note that, for the bulk
Lorentz factor Γw and the magnetization parameter σ,

one also has µ± ≃ 1.2× 1014[Γw(1 + σ)]−1L1/2
em,46.

Leptons rapidly cool via synchrotron and IC emission
mechanisms. In this work, the magnetic field energy den-
sity in the early PWN is given by

UB = ϵB
3
∫

dt Lem

4πR3
w

, (17)

where ϵB = 10−3 − 10−2 are indicated (e.g.,
Kennel & Coroniti 1984; de Jager et al. 1996;
Atoyan & Aharonian 1996; Tanaka & Takahara 2010).
The magnetic field is estimated to be

B≃ 36 G P−1
i,−2.5ϵ

1/2
B,−2

(

Vej

5000 km s−1

)−3/2

× t−3/2
7

[

1− (1 + t/tem)
−1

]1/2
, (18)

whereRw = Rej = Vejt is used for analytical estimates 11.
In Figure 2, we plot synchrotron and IC cooling time
scales, as well as the dynamical time tdyn ≈ Rej/Vej.
One immediately sees the energy dependence of the syn-
chrotron cooling time tsyn ≈ 3mec/(4σTUBγe), whereas
the IC cooling time deviates from the expectation in the
Thomson regime, tIC ∝ γ−1

e , due to the KN effect.
The radiative cooling time scale is given by t−1

rad =
t−1
syn + t−1

IC = t−1
syn(1 + Y ), where Y = tsyn/tIC is the total

Compton Y parameter. Then, at t ≫ tem, the cooling
Lorentz factor of electrons is estimated to be

γc ≃ 1.9×10−2P 2
i,−2.5ϵ

−1
B,−2

(

Vej

5000 km s−1

)3

t27(1 + Y )−1,

(19)
where trad = tdyn is used. One should keep in mind
γe cannot be less than unity physically. If γc < 1 in
Equation (19), it simply implies that relativistic electrons
will become non-relativistic in tdyn due to strong cooling.
Note that, in the Thomson limit, the Y parameter is
roughly given by

Y ≈
−1 + LsntVej

ϵBEemc +

√

(

1 + LsntVej

ϵBEemc

)2
+ 4ϵeLemtVej

ϵBEemc

2
(20)

The distribution of pairs is essentially in the fast cooling
regime. In the fast cooling case (γc < γm) with constant
Y , the steady-state electron distribution is dNe/dγe ∝
γ−2
e for 1 ! γe ≤ γm, dNe/dγe ∝ γ−q1−1

e for γm ≤ γe ≤

10 The pair multiplicity at t ≫ tem is not far from the values
obtained for Galactic PWNe. If γb > γM , acceleration of pairs is
limited by strong radiative cooling.

11 In our numerical calculations, Rw, Rej and Vej are obtained
by solving differential equations.

Non-Ni-decay-powered Supernovae
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Figure 1. The schematic picture of the interaction-powered SN scenario.

collision between the SN ejecta with a CSM shell and found that CR
protons may be accelerated, and furthermore that the protons may
experience strong pionic losses via inelastic pp collisions, producing
gamma-rays and neutrinos. Thus, interaction-powered SNe may be
interesting CR accelerators and high-energy/multi-messenger emit-
ters. In this work, we continue our study of the possibility of the
non-thermal emission from the shock interaction of a SN embedded
in a dense CSM. In particular, we focus on the secondary electrons
and positrons expected from the same pp collisions that give rise to
neutrinos and gamma rays. Importantly, we show that these secon-
daries can emit detectable synchrotron radiation at high-frequency
radio wavelengths including mm/submm and FIR bands.

In Section 2, we review the shock physics and the potential for CR
acceleration in interaction-powered SNe, providing a much more
detailed discussion than Murase et al. (2011). Section 3 gives a brief
discussion of the high-energy emission expected, and recipes that
connect the observed optical emission to the non-thermal signatures
are provided in Appendix A. In Section 4 we discuss high-frequency
radio diagnostics. For a range of CSM parameters, we show that
secondary leptons from pp interactions should radiate synchrotron
at ∼3–3000 GHz, and with fluxes of ∼0.01–0.1 mJy at distances of
hundreds of Mpc. In Section 5, we summarize our results.

Throughout this work, we use the notation Q = Qx10x in CGS
unit unless we give notice.

2 BASIC SETUP

In this preparatory section, before we discuss non-thermal signa-
tures, we explain the picture of interaction-powered SNe and de-
scribe the basic physical setup.

Let us consider SN ejecta with the kinetic energy Eej and the
velocity Vej. Noting Eej = MejV

2
ej/2 for the ejecta mass Mej, the

momentum and energy conservation laws give

MejVej + McsVcs = (Mej + Mcs)V (1)

1
2
MejV

2
ej + 1

2
McsV

2
cs = 1

2
(Mej + Mcs)V 2 + Ed, (2)

where Mcs is the total CSM mass and Vcs(<Vej) is the CSM velocity.
The total dissipated energy Ed is written as

Ed = Mcs

Mej + Mcs

1
2
Mej(Vej − Vcs)2

≈ Mcs

Mej + Mcs
Eej, (3)

where Vej ≫ Vcs is used in the last equality. The above equation
suggests that a significant fraction of Eej can be dissipated if the
CSM mass is large (see also e.g. van Marle et al. 2010; Moriya
et al. 2013b). Density profiles of both the ejecta and CSM are
important for detailed predictions. For example, when the density
profile of the ejecta is steep enough and most of its energy is carried
by lower-velocity ejecta material, the explosion has driven waves
that can be described by Chevalier-Nadezhin self-similar solutions
(Chevalier 1982a). When the shock wave sweeps up ambient mass
comparable to Mej and it is non-radiative, we expect blast waves
that can be described by Sedov–Taylor-like self-similar solutions
(see Truelove & McKee 1999, and references therein). In this work,
to push the basic idea and avoid uncertainty in the ejecta profile
and many other complications due to radiation processes, we dis-
cuss non-thermal properties without relying on such details. Our
treatment still provides an order of magnitude estimate of expected
non-thermal signals, and a more detailed study will be presented in
an accompanying paper (Murase et al., in preparation).

Hereafter, we assume that the CSM has a wind-like power-law
density profile and extends to the edge radius of the wind, Rw. We
expect that this is reasonable (see e.g. Ofek et al. 2014), although
details are uncertain due to poor understandings of the CSM eruption
mechanism. Then, the CSM density is written as

ϱcs = DR−2
0

(
R

R0

)−s

≃ 5.0 × 1016D∗R
−2
0

(
R

R0

)−s

g cm−3 (4)

where R should be expressed in cm, R0 = 1015 cm, and D∗ is
defined1 for the mass-loss rate of Ṁcs ≡ 1 M⊙ yr−1 Ṁcs,0 and the
wind velocity of Vcs ≡ 103 km s−1 (Vcs/103 km s−1). This can also
be expressed by

D ≡ Ṁcs

4πVcs
≃ 5.0 × 1016 Ṁcs,0(Vcs/103 km s−1)

−1
g cm−1. (5)

The CSM mass within R is estimated to be

Mcs(<R) =
∫ R

Rcs

dr 4πr2ϱcs, (6)

where Rcs is the CSM inner edge radius. In particular, in the wind
case (s = 2), we have

Mcs(<R) = 4πD#R ≃ 3.2 M⊙D∗R16, (7)

where we have used #R ≈ R and R ≡ 1016 cm R16. Note that, in the
one-zone model where the calculation is performed for a CSM den-
sity ncs at a given radius R, qualitative pictures for different density
profiles are simply obtained by using Mcs instead of D∗ (although
the dynamics and temporal evolution depend on density profiles).
The deceleration is significant after the ejecta accumulates the CSM
mass equivalent to its own mass, whose radius is characterized by

Rdec ≈ Mej

4πD
≃ 1016 cm (Mej/100.5 M⊙)D−1

∗ . (8)

If Rdec < Rw, most of the ejecta energy is dissipated by the ejecta–
CSM collision.

One of the important quantities is the Thomson optical depth.
Using the CSM electron density,

ne = DR−2

µemH
≃ 3.0 × 108 cm−3 µ−1

e D∗R
−2
16 , (9)

1 Another definition is ρcs = D∗R−2 that is different from ours.
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Fig. 2.— SN light curves of pulsar-driven SN models with ms
rotation and different magnetic-field strength. The upper and lower
grey lines show the observed SL-SN-Ic PTF 09cnd and BL-SNe Ic
1998bw, respectively.

Actually, e.g., Maeda et al. (2007) proposed a newborn
magnetar as a relevant energy source of a type Ibc SN
2005bf. In this regard, it is important to show in what
parameter range ordinary SN Ibc is compatible with the
pulsar-driven scenario and how to identify the underlying
newborn pulsars.

3. PULSAR-DRIVEN SUPERNOVA SCENARIOS

As popularly discussed in the literature (e.g.,
Ostriker & Gunn 1969; Thompson et al. 2004; Woosley
2010; Kasen & Bildsten 2010; Wang et al. 2015), very
bright SNe could be explained by the pulsar-driven SN
model with Pi ! a few ms. In this scenario, the peak
luminosity of the pulsar-driven SN can be estimated as
Lpsr
sn ≈ Erot,i× [temsd /(tejesc)

2] (Kasen & Bildsten 2010), or

Lpsr
sn ∼ 3× 1044 erg s−1

(

Bdip

1014 G

)−2( Mej

5 M⊙

)−1

×
(

Vej

2× 109 cm s−1

)(

KT

0.2 g−1 cm2

)−1

.(9)

Here,

temsd ∼ 0.4 days

(

Bdip

1014 G

)−2( Pi

ms

)2

(10)

is the dipole spin-down timescale,9 and

tejesc ∼ 19 days

(

Mej

5 M⊙

)1/2( Vej

2× 109 cm s−1

)−1/2

×
(

KT

0.2 g−1 cm2

)1/2

. (11)

is the photon diffusion time from the ejecta.

9 As for the spin-down luminosity, we use a formula motivated
by up-to-date MHD simulations, which give a factor 9/2 larger
value on average than the classical dipole formula (see Eq. A2).
As a result, temsd and Lpsr

sn becomes smaller by the same factor for
a given Bdip and Pi. This difference may affect the estimation of
these parameters from observations.

In this work, we numerically calculate light curves of
SNe driven by fast-spinning strongly-magnetized new-
born NSs embedded in SE progenitors. Details of the
model description are given in Appendix. We assume
that the energy injection is caused by spherical winds
rather than jets, and both 56Ni decay and magnetized
wind are taken into account as energy sources. The
thermalization of the non-thermal emission is approx-
imately taken into account, and the optical SN emis-
sion and early non-thermal nebular emission are ob-
tained consistently. The effect of GW spin-down is in-
corporated in a simple parametric form. The present
model is based on Murase et al. (2015) but with sev-
eral refinements, e.g., including the effect of 56Ni decay.
The simple model allows us to explore a wide parame-
ter range; the initial spin of Pi = 1 − 30 ms, poloidal
magnetic field of Bdip = 1013−15 G, SN ejecta mass of
Mej = 1−10M⊙, 56Ni mass ofM56Ni = 0.05−1.0, SN ex-
plosion energy of Esn = 1051−52 erg, and grey body opac-
ity KT = 0.05− 0.2 g−1 cm−2. Note that KT ∼ 0.1 and
0.2 g−1 cm−2 corresponds to electron scattering for singly
ionized and fully ionized helium, respectively, and can be
smaller for e.g., a partially ionized C- or O-dominated
ejecta.
In Fig. 2, we show some light curve ex-

amples of the millisecond-pulsar-driven SN model.
The thicker red lines correspond to larger magnetic
fields. The grey lines indicate the observed SL-SN-
Ic PTF 09cnd (Quimby et al. 2011) and BL-SNe Ic
1998bw (Galama et al. 1998). Pulsar-driven SNe become
as bright as SL-SNe with Bdip ! 1014 G. In such cases,
a significant fraction of the spindown luminosity need to
be converted into SN radiation. In particular, ASASSN-
15lh (Dong et al. 2015), the most luminous SL-SN Ic ever
discovered, is challenging in this regard. The pulsar-
driven SN model with Bdip ∼ 1013 G and Pi ! 1 ms
can reproduce the observed light curve of this event.
We also consider the stronger case, where energy in-

jection from fast-spinning NSs contributes to some BL-
SNe Ibc and possibly ordinary SNe Ibc. For a fixed ini-
tial spin, the peak luminosity becomes smaller with a
stronger magnetic field since temsd becomes smaller (see
Fig. 2 and Eqs. 9-10). The physical reason is that
the proto-NS spins down long before the photon diffu-
sion time, and the injected energy by the pulsar wind is
lost via the adiabatic cooling. This means, on the other
hand, that the injected energy is used for acceleration of
the ejecta rather than SN radiation. Interestingly, as for
Pi ∼ a few ms and Bdip " 5×1014 G, the peak luminosity
becomes Lpsr

sn ! 1043 erg s−1 and the mean ejecta veloc-
ity is Vej ∼ 20, 000 km s−1, which is compatible with the
observed BL-SNe Ibc. An interesting possibility is that
SL-SNe Ic and BL-SNe are connected sequences, and the
main difference is the strength of the magnetic field.
Although the pulsar-driven SN model can explain the

peak light curve of BL-SNe Ibc, the radioactive decay of
56Ni has typically been considered as the main energy
source, so as in the case of ordinary SNe Ibc. The peak
luminosity powered by the 56Ni decay can be roughly
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Fig. 3.— Comparison of observed SN Ibc and BL-SN Ibc (grey
lines) and theoretical light curves. The red solid and dotted-dashed
lines show wind powered cases, whereas the blue dashed lines show
56Ni-powered cases.

estimated as L
56Ni
sn ≈ L56Ni × (t56Ni/t

ej
esc)

2, or

L
56Ni
sn ∼ 4× 1042 erg s−1

(

M56Ni

0.1 M⊙

)(

Mej

5 M⊙

)−1

×
(

Vej

109 cm s−1

)(

KT

0.05 g−1 cm2

)−1

.(12)

On the other hand, the observed barometric luminosi-
ties range from ∼ 1042−43 erg s−1 for SN Ibc and ∼
1043 erg s−1 for BL-SN Ibc. The synthesized 56Ni masses
are estimated to be ∼ 0.05 − 0.8 M⊙, although the un-
certainties are large (e.g., Drout et al. 2011; Lyman et al.
2014).
Fig. 3 shows several sample light curves. The blue

dashed lines are the cases in which only 56Ni decay is
considered. The grey lines are the observed light curves
of SNe Ibc and BL-SN Ibc (Drout et al. 2011). Compar-
ing Eqs. (9) and (12), one sees that the pulsar-driven
model may also mimic SN light curves, with the flux as
dim as that of observed SN Ibc, by considering a rela-
tively large magnetic fields, Bdip ! 5×1015 G. Note that
a relatively slow rotation of Pi ! 10 ms better explain
ordinary SNe Ibc; if the spin is faster, the SN ejecta is
inevitably accelerated up to a high velocity and the SN
becomes brighter (see Eq. 9). At this stage, one could
speculate that some of BL-SNe Ibc and SNe Ibc are also
connected sequences. Both can be driven, or aided by
newborn pulsars with a magetar-class dipole field, and
the difference is the spin.

3.1. Optical Constraints on Pi and Bdip

In addition to the peak luminosity we discussed above,
the rising and decaying timescale of the SN light curve
can be used to constrain the physical parameters of the
underlying proto-NSs. Fig. 4 focuses on the raising and
early decline of light curves. The grey lines indicate the
observed range of SN Ibc and BL-SN Ibc (Drout et al.
2011). The decline rate is in the range of 0.3 " MR,15 "
1.0, where MR,15 is MR − MR,max at 15 days after the
peak. The thick solid red line shows a pulsar-driven
case broadly consistent with SN Ibc. The evolution of
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Fig. 4.— SN light curve of pulsar-driven SN models around the
peak. The grey lines with arrows indicate the observed range of
SNe Ibc and BL-SN Ibc.
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Fig. 5.— Contour plot showing properties of SN counter-
part of fast-spinning strongly-magnetized proto-NS formed with
Mej = 2 M⊙, M56Ni = 0.05 M⊙, Esn = 1 × 1051 erg and
KT = 0.05 g−1 cm2. The color with solid lines shows the peak
absolute magnitude, the dotted-dash lines show the decline rate of
the light curve, MR,15 = 0.3 and 1.0, and the dotted line shows the
contour of EK = 1×1052 erg. Parameter region broadly consistent
with the observed SN Ibc is indicated.

the light curve becomes wider when the poloidal field is
smaller (dash line) because the energy injection rate de-
clines more slowly. Also, a larger ejecta mass case (dot-
ted dash line) gives a slow light curve because the photon
diffusion time becomes longer.
In Figs. 5 and 6, we show in what parameter range

the pulsar-driven SN model can explain the observed op-
tical emission from SE-SNe. Fig. 5(6) corresponds to
relatively low (high) ejecta mass, Mej = 2 M⊙ (5 M⊙).
In both cases, the 56Ni mass and SN explosion energy is
moderate, and the SN emission are predominantly pow-
ered by a magnetized wind except for the right-bottom
conner of the panels. The boundary of the Ni dominated
region is shown by the solid white line. SNe Ibc with
MR,max ∼ −(17− 18) and MR,15 ∼ 0.3− 1.0 can be ex-
plained by pulsar-driven SN model in the right-top con-
ner of the panels, Pi ! 10 ms and Bdip ! 5×1014 G. Note

“Height” “Width”

For a given P0 ,
SN becomes the brightest if 

tsd ⇠ tdif

For a given P0 ,
SN becomes slower 
for a smaller Bp

e.g., in the case of the pulsar-powered scenario
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Fig. 6.— Same as Fig. 5, but with Mej = 5 M⊙, M56Ni =
0.1 M⊙, and Esn = 3 × 1051 erg. Parameter regions broadly con-
sistent with the observed SN Ibc, BL-SN Ibc, and SL-SN Ic are
indicated.

that proto-NSs with relatively weak poloidal fields can-
not hide in SN Ibc since the light curves become slower
than the observed ones. BL-SNe Ibc with MR,max ∼
−(18−19) and Vej ∼ 20, 000 km s−1 can be explained by
the larger-mass cases, Mej ! 5 M⊙, with Pi ∼ a few ms
and Bdip ! 5 × 1014 G, in which the kinetic energy is
also mainly provided by the magnetized wind. SL-SNe
Ic also prefers relatively large ejecta-mass case since its
light curve is relatively slow, MR,40 ∼ 1.0. The best fit-
ting parameter range is Pi " a few ms and Bdip ! 1013 G.
The possibility that a significant fraction of stripped-

envelope SNe are driven by nascent pulsars is interesting
in view of the connection among GRBs, SL-SNe and BL-
SNe (see also Metzger et al. 2015). It is also of interest
in view of the connection to Galactic magnetars in the
dynamo hypothesis.

3.2. Late-time behavior

As shown above, peak optical light curves of SNe Ibc
and BL-SNe Ibc can be broadly explained by the pulsar-
driven model with appropriate choice of Pi and Bdip. On
the other hand, these SNe have been considered to be
mainly powered by 56Ni decay. The parameter degen-
eracy between Pi, Bp, and M56Ni cannot be solved only
from the peak optical light curves. One promising way is
to use late-time spectroscopy. Indeed, in some cases, the
56Ni masses are independently determined by observing
Fe-line emissions in the Co decay phase (! 100 days),
and are consistent with the values obtained from the
peak optical light curves. However, such observations
are challenging since the line emissions are typically very
faint. Also, there are still significant uncertainties in the
line transfer calculation. Another possible way to solve
the parameter degeneracy is to use the late-time optical
photometry from SNe, which can provide an independent
constraint on the 56Ni mass. However, it is known that
the late-time light curves of SE-SNe are heterogeneous,
and difficult to fit consistently with the optical peak
using a simple 56Ni-decay model (e.g., Wheeler et al.
2015). Also, pulsar-driven models could reproduce the
light curves. Note that our simple model of calculating
optical light curves becomes less reliable after the late

decline phase, or early nebular phase, say ∼ 20 days af-
ter the peaks. More detailed theoretical calculations of
late-time optical emission are necessary.

4. MULTI-MESSENGER TESTS

Because of additional parameters in the pulsar-driven
SN model, optical light-curves alone may not be used to
distinguish the model from the other competing mod-
els. To break parameter degeneracies, multi-messenger
approaches are the key to testing the pulsar-driven sce-
nario for SE-SNe from ordinary SN Ibc to BL-SN Ibc
and SLSN Ic, and also the Galactic magnetar connec-
tion to SE-SNe. A unique signature of a newborn pul-
sar engine is the pulsar wind nebular (PWN) emission
in x rays (e.g., Perna et al. 2008; Metzger et al. 2013;
Murase et al. 2015) and gamma rays (Kotera et al. 2013;
Murase et al. 2015). Although the dissipation mecha-
nism of magnetized winds is still controversial, a most
likely outcome is an injection of ultra-relativistic elec-
trons, which triggers leptonic pair cascades mediated via
synchrotron emission and (inverse) Compton scattering.
The synthesized nebular emissions are entirely down-
scattered into the thermal bath in the earlier phase of
the ejecta expansion, but start to escape the ejecta at a
later time. By observing such broad-band nebular emis-
sions in soft-x-ray, hard-x-ray, and gamma-ray bands, it
is possible to put independent constraints on the physi-
cal parameters of underlying NSs. Such signals can also
probe the particle acceleration in embryonic PWNe.
Moreover, fast-spinning strongly-magnetized proto-

NSs are possible sources of new messengers. In
general, fast-spinning proto-NSs are unstable to non-
axisymmetric perturbations, and can evolve into a plau-
sible configuration for emitting GWs (e.g., Kokkotas
2008; Bartos et al. 2013). The GW frequency is f ∼
100 Hz−1 kHz, which coincides with the target frequency
range of ground-based interferometers. In principle, the
detection of such GWs can be used to determine physical
parameters of newborn pulsars, e.g., the rotation period
and deformation rate. Neutrino is also a powerful mes-
senger. In addition to multi-MeV thermal neutrinos from
proto-NSs, some hadron acceleration processes can occur
in the magnetized wind or jet, and the energy dissipation
results in GeV to EeV neutrino emissions (Murase et al.
2014, 2009; Fang et al. 2014; Lemoine et al. 2015). Such
high-energy neutrinos can be a probe of the physics in
strongly-magnetized winds.

4.1. High-energy x-ray and gamma-ray emission

Non-thermal emission from PWNe can be a smoking
gun signal of underlying newborn pulsar engines. The
injection spectrum is a hard power law, dNγ/dEγ ∝ E−s

γ
with s ∼ 1.5 − 2.5 from soft x-ray to GeV-TeV gamma
rays (Murase et al. 2015, see also Sec.C). The light curve
depends on the spindown of the underlying NS, thus can
be a probe of its physical parameters.
Here, we focus on the hard x-ray counterpart, where

the Compton scattering is the main interaction process
inside the SN ejecta and our theoretical calculation is
most robust. We discuss the detectability using NuS-
TAR (Harrison et al. 2013), which operates in the band
from 3 to 79 keV. Hard x rays can be also produced in the
56Ni-powered model; the gamma-rays produced by the

P0 ⇠ ms, Bp & 5⇥ 1014 G ! BL-SNe Ibc

P0 ⇠ 10 ms, Bp & 5⇥ 1014 G ! SNe Ibc

P0 ⇠ ms, Bp & 1013 G ! SL-SNe Ic
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by optical/infrared observations. Importantly, the high-
energy transients from the new SN class discussed here
have much longer duration (months-years) than GRBs
(seconds-minutes) [3, 4] and SNe with relativistic com-
ponents (minutes-days) [5, 6], and thus form a new type
of neutrino sources. In the shock model for ultra-bright
SNe such as SN 2006gy [14], thermal photons leave the
source when the photon diffusion time is comparable to
the shell expansion time, where

tγ−D ≈
(∆Rsh)

2

2c
nshσT ∼ 107 s n−1

sh,11V
−2
f,3.5 (9)

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

ts ≃ 5.0× 107 s Rsh,16.5V
−1
s,3.8 (10)

(which is consistent with Eph ∼ 1050 erg and Lph ∼

1042.5 ergs−1), and we obtain Nµ,>20 TeV ∼ 1 for the FS
(Nµ,>50 TeV ∼ 0.2 for the RS) for this time window. For
up-going neutrino sources, attenuation in Earth should
be considered, but will be modest at a wide range of
zenith angles for the most important energies [32].
The rate of SNe with dense and massive CSM is un-

certain, but a few % of all SNe may be such systems [13,
18, 20], so that their rate within 20 Mpc is order of
∼ 0.1 yr−1. Note that the cumulative background muon
neutrino flux, E2

νΦν ∼ 2.7 × 10−9 GeV cm−2 s−1 sr−1,
though comparable to that from GRBs [3, 4], is less than
the ANB up to Eν ∼ 300 TeV, so that we focus on de-
tections of individual nearby explosions.
Gamma rays.— Neutral pions lead to gamma rays that

are interesting targets for Fermi and future Cherenkov
telescopes such as Cherenkov Telescope Array (CTA),
where one has to consider their interactions inside and
outside the source. At relevant energies, there will be
attenuation on matter (Bethe-Heitler pair-creation) and
radiation (γγ pair-creation) in the source. They are also
attenuated by the extragalactic background light (EBL).
In Fig. 2, the attenuated pionic gamma-ray fluxes

are shown, taking into account gamma-ray attenua-
tion numerically. For demonstrative purposes, the non-
attenuated flux in Model A is also shown. Here, for sim-
plicity, we employ ∼ exp(−τγγ − τBH) for the screen
region and ∼ 1/(1 + τγγ + τBH) for the emission re-
gion. For example, the Bethe-Heitler and γγ pair-
creation depths in the CSM shell are estimated to
be τ shBH ≃ 3.2 nsh,11∆Rsh,15.5 at ∼ GeV and τ shγγ ≃

3000 T 3
γ,0∆Rsh,15.5 at ∼ 260 GeV T−1

γ,0 , respectively.
(Note that the photomeson and photodisintegration pro-
cesses can also happen at sufficiently high energies.
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FIG. 2. Energy fluxes of pionic gamma rays, corresponding
to Fig. 1. Gamma-ray attenuation inside and outside the
source is included; the double-dotted curve shows the intrinsic
spectrum without attenuation in Model A. Left dot-dashed
curves show Fermi/LAT differential sensitivities at t = 106.5 s
(∼ tr in Model A) and t = 107.5 s (∼ tr in Model B). The
100 hr differential sensitivity of CTA is also overlaid (right).

When τT is sufficiently small, low-frequency synchrotron
far-infrared emission may also increase the attenuation
far above a TeV). Outside the source, the EBL attenua-
tion is significant only at ! 100 TeV for d ∼ 10 Mpc.
In Model A, the Bethe-Heitler and γγ attenuation

would make it difficult to detect ∼ GeV and ∼ TeV
gamma rays, respectively, although the attenuated flux
just represents the relatively conservative case (see be-
low). Also, though we show the differential sensitivities
of Fermi and CTA, the integrated sensitivities over sev-
eral energy bins are much better, which would help de-
tection of the signal. In Model B, τ shBH ≪ 1 and the
γγ attenuation is negligible at " TeV, so that gamma
rays seem detectable by Fermi for d " 20 − 30 Mpc,
which motivates searches for ∼ 0.1 − 1 yr transients via
multi-year Fermi observations. With coordinated follow-
up searches, ∼ 0.1− 1 TeV gamma rays may also be de-
tected by Cherenkov telescopes such as CTA. The High
Altitude Water Cherenkov Experiment (HAWC), with a
larger field of view and lower sensitivity, may also be
helpful for nearby SNe.
The neutrino signature is quite direct and more impor-

tant as a smoking gun of the CR acceleration, while the
gamma-ray signature would be more complicated. While
we are here mainly concerned with pionic gamma-ray
emission that is the more direct hadronic signal, gamma
rays are also produced by electrons, which come from
muon-decay, primary acceleration, and pair-creation pro-
cesses. When they lose energy via inverse-Compton (and
synchrotron) processes, electromagnetic cascades can be
induced, so that gamma-ray signals may be enhanced.
Let us estimate the cascade effects on the gamma-ray
emission briefly. As noted above, gamma rays of ∼

260 GeV T−1
γ,0 lead to generating energetic pairs. The syn-
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Fig. 5.— High-energy photon spectra of the early PWN embed-
ded in the SN ejecta. The observation time is set to t = 106.75 s ≃
65 d, and the source distance is taken as d = 16.5 Mpc. Rele-
vant parameters for dynamics are (Pi, Bdip, Mej)=(2 ms, 1014 G,
5 M⊙). We show cases with (thick curve) and without (thin curve)
matter attenuation. Note that cascades via γγ → e+e− in the
emission region is considered. The Fermi/LAT sensitivity at the
corresponding observation time and NuSTAR (106 s) and CTA
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Fig. 7.— High-energy photon spectra of the early PWN embed-
ded in the SN ejecta for Pi = 2 ms at t = 107.5 s ≃ 316 d. Different
magnetic field strengths are considered. Detections with CTA are
possible for Bdip = 1013 G.
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Fig. 8.— High-energy gamma-ray light curves of the early PWN
emission at 1 GeV (thick curves) and 1 TeV (thin curves), for
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play roles in making difference. Two-photon attenuation
is still important at early times. One sees that the spec-
trum below ∼ 3 GeV is also softened due to interactions
with synchrotron photons (see Figure 3), and that there
is a prominent cutoff at ∼ 30 GeV, due to SN photons.
Furthermore, matter attenuation makes the gamma-ray
spectrum even softer. Time evolution of spectra is also
shown in Figure 6. Not only various attenuation pro-
cesses but also the KN effect becomes less important
as time, and the generated EIC spectrum at ∼ 1 yr is
described rather by Equation (36). At late times, SN
emission becomes so weak that the EIC emission is less
important. As a result, the synchrotron component is
more prominent, and one sees the synchrotron cutoff ex-
pected by Equation (25).
We find that ∼ 1−10 GeV gamma rays can be detected

by Fermi several months after the SN explosion. Here we
consider nearby SNe at d = 16.5 Mpc, motivated by the
possibility that GWs from newborn fast-rotating NSs in
the Virgo cluster can be detected by second-generation
ground-based GW interferometers (Stella et al. 2005;
Dall’Osso et al. 2009). Hard X-ray observations by high-
sensitivity satellites such as NuSTAR look more promis-
ing although followup observations are required. As sug-
gested in Figure 7, such pulsar-powered SNe may be de-
tected up to d ∼ 0.1 − 1 Gpc, depending on values of
Bdip.
Note that transients like GRBs and SNe have been

potentially interesting targets for imaging atmospheric
Cherenkov telescopes and CTA can be especially pow-
erful for that purpose (Kakuwa et al. 2012; Inoue et al.
2013; Bartos et al. 2014). However, for embryonic
PWNe, TeV gamma-ray detections may be challenging
due to limitation of the maximum energy (see Equa-
tion 22), the KN effect, and two-photon attenuation, al-
though CTA might be able to detect the signal at late
times for appropriate values of Bdip (see Figure 7). In
Figure 8, we show gamma-ray light curves for differ-
ent magnetic field strengths. For Pi ∼ 1 − 3 ms, it is
difficult for Fermi to detect GeV gamma rays for mag-
netic fields with Bdip ! 1014.5 G, because the spin-down
power rapidly declines at t ≫ tem and the target SN

1. detect supernovae with high cadence SN surveys (e.g., PTF, Pan-STARRS, Hyper-Supreme Cam)
2. theoretically constraint on the model parameters, select good candidates for gamma-ray followup

3. Follow-up observation of nearby (~ 10 Mpc) SNe ~ months to ~ yr after the explosion

Interaction-powered (SNe IIn, SLSN-II) Pulsar-powered (SNe Ibc, SLSN-I)

Murase,KK +15Murase+14



Fast Radio Bursts

Figure 2: Frequency evolution and integrated pulse shape of the radio burst. The survey data,
collected on 2001 August 24, are shown here as a two-dimensional ‘waterfall plot’ of intensity
as a function of radio frequency versus time. The dispersion is clearly seen as a quadratic sweep
across the frequency band, with broadening towards lower frequencies. From a measurement of
the pulse delay across the receiver band using standard pulsar timing techniques, we determine
the DM to be 375±1 cm−3 pc. The two white lines separated by 15ms that bound the pulse show
the expected behavior for the cold-plasma dispersion law assuming a DM of 375 cm−3 pc. The
horizontal line at ∼ 1.34 GHz is an artifact in the data caused by a malfunctioning frequency
channel. This plot is for one of the offset beams in which the digitizers were not saturated.
By splitting the data into four frequency sub-bands we have measured both the half-power
pulse width and flux density spectrum over the observing bandwidth. Accounting for pulse
broadening due to known instrumental effects, we determine a frequency scaling relationship
for the observed width W = 4.6 ms (f/1.4 GHz)−4.8±0.4, where f is the observing frequency.
A power-law fit to the mean flux densities obtained in each sub-band yields a spectral index of
−4 ± 1. Inset: the total-power signal after a dispersive delay correction assuming a DM of 375
cm−3 pc and a reference frequency of 1.5165 GHz. The time axis on the inner figure also spans
the range 0–500 ms.

12

⇠ 1.4 GHz

⇠ Jy
⇠ ms

arrival time pulse sweep⇡ ⌫�2

radio dispersion in cold ionized medium

⇠ 103�4 day�1 sky�1

DM ⇠ 500-1100 cm�3 pc � DMmw

ü Cosmological distance (z ~ 1) !?  à very high effective temperature à coherent emission 

ü Can be an unique probe of cosmology and new physics??

Lorimer+07



Models
• Galactic
• Rotating radio transients
• Flaring stars

• Extragalactic
• Giant pulse from young pulsars
• Magnetar giant flares
• Supernovae into nearby stars
• Core-collapses of hypermassive NSs
• Binary NS mergers
• Binary WD mergers
• Evaporations of BHs
• Superconducting cosmic strings

Rees 77, Blandford 77, Kavic+08, Keane+12

KK, Ioka, Meszaros 13

Cai+12

Hansen&Lyutikov+01, Totani 13

Falcke&Rezzolla 13, Zhang 13

Calgate+71,75, Egorov&Postnov 08

Popov&Postnov 08,  Thornton+13, Lyubarsky+14

Loeb+13

No counterpart detection so far. 

and more… 
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Dense magnetized plasma associated with a fast 
radio burst
Kiyoshi Masui1,2, Hsiu-Hsien Lin3, Jonathan Sievers4,5, Christopher J. Anderson6, Tzu-Ching Chang7, Xuelei Chen8,9, 
Apratim Ganguly10, Miranda Jarvis11, Cheng-Yu Kuo7,12, Yi-Chao Li8, Yu-Wei Liao7, Maura McLaughlin13, Ue-Li Pen2,14,15, 
Jeffrey B. Peterson3, Alexander Roman3, Peter T. Timbie6, Tabitha Voytek3,4 & Jaswant K. Yadav16

Fast radio bursts are bright, unresolved, non-repeating, broadband, 
millisecond flashes, found primarily at high Galactic latitudes, 
with dispersion measures much larger than expected for a 
Galactic source1–7. The inferred all-sky burst rate8 is comparable 
to the core-collapse supernova rate9 out to redshift 0.5. If the 
observed dispersion measures are assumed to be dominated by the 
intergalactic medium, the sources are at cosmological distances 
with redshifts of 0.2 to 1 (refs 10 and 11). These parameters are 
consistent with a wide range of source models12–17. One fast burst6 
revealed circular polarization of the radio emission, but no linear 
polarization was detected, and hence no Faraday rotation measure 
could be determined. Here we report the examination of archival 
data revealing Faraday rotation in the fast radio burst FRB 110523. 
Its radio flux and dispersion measure are consistent with values 
from previously reported bursts and, accounting for a Galactic 
contribution to the dispersion and using a model of intergalactic 
electron density10, we place the source at a maximum redshift of 0.5. 
The burst has a much higher rotation measure than expected for this 
line of sight through the Milky Way and the intergalactic medium, 
indicating magnetization in the vicinity of the source itself or 
within a host galaxy. The pulse was scattered by two distinct plasma 
screens during propagation, which requires either a dense nebula 
associated with the source or a location within the central region of 
its host galaxy. The detection in this instance of magnetization and 
scattering that are both local to the source favours models involving 
young stellar populations such as magnetars over models involving 
the mergers of older neutron stars, which are more likely to be 
located in low-density regions of the host galaxy.

We searched for fast radio bursts (FRBs) in a data archive we col-
lected for the Green Bank Hydrogen Telescope (GBT) Intensity 
Mapping survey18–20. The data span the frequency range 700 MHz 
to 900 MHz in 4,096 spectral channels. Average spectra are recorded 
at 1.024-ms intervals. We developed a new tree dispersion-removal 
algorithm and associated computer program to search for FRBs. First 
we removed cold plasma dispersion, which is a frequency-dependent 
time delay:

= . ( / )( / )−t v4,148 808 s DM pc cm MHzdelay
3 2 2

where v is the radio frequency, and the dispersion measure, 
∫= n lDM de , is the line-of-sight integral of the free electron number 

density ne. We then summed all frequency channels for DM values in 
the range 0–2,000 pc cm−3 and flagged as candidates all data sets with 

8σ positive excursions of flux. These 6,496 candidates were examined 
by eye and compared to synthetic DM-time images of simulated FRB 
events. Most of these candidates have the characteristics of radio- 
frequency interference but one matched the expected pattern of an FRB 
(see Fig. 1 and Extended Data Fig. 1). This burst, hereafter referred to 
as FRB 110523, has a DM of 623.30(6) pc cm−3; the maximum DM 
expected in this direction owing to Galactic contributions21 is 
45 pc cm−3. (Here, and throughout, the measurement uncertainties in 
parentheses enclose the 68% confidence interval from the model fit.) 
Detailed parameters for the burst are given in Extended Data  
Table 1.

Our detection in a distinct band and with independent instrumen-
tation compared to the 1.4-GHz detections at the Parkes and Arecibo 
observatories greatly strengthens the argument that FRBs are astro-
physical phenomena. In addition, as described in the Methods, the 
close fit to astronomical expectations of FRB 110523 for dispersion 
spectral index, Faraday rotation spectral index, and scattering spectral 
index all further support an astronomical origin.

1Department of Physics and Astronomy, University of British Columbia, 6224 Agricultural Road, Vancouver, British Columbia V6T 1Z1, Canada. 2Canadian Institute for Advanced Research, 
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Figure 1 | Brightness temperature spectra versus time for FRB 110523. 
The diagonal black curve shows the pulse of radio brightness sweeping 
over time. The arrival time is differentially delayed (dispersed) by plasma 
along the line of sight. A pair of curves in white, bracketing the FRB 
pulse, show that the delay function matches the one expected from cold 
plasma. The grey horizontal bars show where data has been omitted owing 
to resonances within the GBT receiver. The inset shows fluctuations in 
brightness caused by scintillation.
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By fitting a model to the burst data, we found the detection signifi-
cance to be over 40σ, with fluence 3.79(15) K ms at our centre spectral 
frequency of 800 MHz. The burst has a steep spectral index of −7.8(4), 
which we attribute to telescope motion. The peak antenna temperature 
at 800 MHz is 1.16(5) K. We do not know the location of the source 
within the GBT beam profile, but if the source location were at beam 
centre where the antenna gain is 2 K Jy−1 the measured antenna tem-
perature would translate to 0.6 Jy. Off-centre the antenna has lower gain 
so, as in previously reported bursts, this is a lower limit to the FRB flux. 
The intrinsic full-width at half-maximum (FWHM) duration of the 
burst (with scattering removed) is 1.74(17) ms, similar to the widths of 
previously reported FRBs.

Allowing the dispersion relation to vary in the model, we found 
that the dispersive delay is proportional to tdelay ≈ ν−1.998(3), in close 
agreement to the expected ν−2 dependence for a cold, diffuse plasma. 
Following Katz22, this provides an upper limit on the density of elec-
trons in the dispersing plasma of ne < 1.3 × 107 cm−3 at 95% confi-
dence and a lower limit on the size of the dispersive region of d > 10 
astronomical units (au). This limit improves upon limits from previ-
ous bursts22–24 and rules out a flare star as the source of FRB 110523, 
because stellar coronas are denser and less extended by at least an order 
of magnitude25. Flare stars are the last viable Galactic-origin model for 
FRB sources, so we take the source to be extragalactic.

We found strong linear polarization, with linearly polarized fraction 
44(3)%. Linearly polarized radio sources exhibit Faraday rotation of the 
polarization angle on the sky by angle ϕFar = RM × λ2, where λ  is the 
wavelength and the rotation measure RM (a measure of magnetization) 
is the line-of-sight component of the magnetic field weighted by the 
electron density:

∫= .
µ

−
−

n B
G

lRM 0 812 rad m
cm

d
pc

2 e
3

We detected the expected λ2 modulation pattern in the polarization 
as shown in Fig. 2. The best-fitting RM is −186.1(1.4) rad m−2. All 
radio telescopes have polarization leakage, an instrument-induced 
false polarization of unpolarized sources. We mapped the leakage at 
GBT across the beam profile and throughout the passband and found 
that leakage can produce false linear polarization as large as 10% and 
false circular polarization as large as 30%. Leakage-produced apparent 
polarization lacks the λ2 wavelength dependence that we see in the 
linear polarization data and cannot produce the 44% polarization we 

detect so we conclude that the linear polarization is of astronomical 
origin rather than due to leakage.

The rotation measure and dispersion measure we detected imply an 
electron-weighted average line-of-sight component of the magnetic 
field of 0.38 µ G, compared to typical large-scale fields of ∼10 µ G in 
spiral galaxies26. This field strength is a lower limit for the magnetized 
region owing to cancellations along the line of sight. Also, the mag-
netized region may only weakly overlap the dispersing region and so 
electron weighting may not be representative.

The magnetization we detected is probably local to the FRB source 
rather than in the Milky Way or the intergalactic medium. Models 
of Faraday rotation within the Milky Way predict a contribution 
of RM = 18(3) rad m−2 for this line of sight, while the intergalactic 
medium can contribute at most | RM| = 6 rad m−2 on a typical line of 
sight from this redshift27.

We detected a rotation of the polarization angle over the pulse dura-
tion of − 0.25(5) rad ms−1, shown in Fig. 3. Such rotation of polarization 
is often seen in pulsars and is attributed to the changes in the projection 
of the magnetic field compared to the line of sight as the neutron star 
rotates28.

We also detected circular polarization at roughly the 23% level, but 
that level of polarization might be due to instrumental leakage. Faraday 
rotation is undetectable for circular polarization, so the λ2 modulation 
we use to identify astronomical linear polarization is not available as a 
tool to rule out leakage. For these reasons we do not have confidence 
that the detected circular polarization is of astronomical origin.

Radio emissions are often scattered: lensing by plasma inhomoge-
neities creates multiple propagation paths, with individual delays. We 
observed two distinct scattering timescales in the FRB 110523 data, 
indicating the presence of two scattering screens. In five previous 
FRB detections an exponential tail in the pulse profile was detected, 
interpreted as the superposition of delayed versions of the narrower 
intrinsic profile. The average scattering time constant for FRB 110523 
is 1.66(14) ms at 800 MHz, with the expected decrease with spectral 
frequency as shown in Extended Data Fig. 2. We also detected scin-
tillation, the variation of intensity with frequency due to multi-path 
interference. We measured a scintillation de-correlation bandwidth of 
fdc = 1.2(4) MHz (see Extended Data Fig. 3), indicating a second source 
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Figure 2 | FRB 110523 spectra in total intensity and polarization. 
Plotted is the pulse fluence (time-integrated flux) for total intensity  
(Stokes I), and linear polarization (Stokes Q and U). Solid curves are model 
fits. In addition to noise, scatter in the measurement around the models 
is due to the scintillation visible in Fig. 1. The decline of intensity with 
frequency is primarily due to motion of the telescope beam across the sky 
and is not intrinsic to the source.
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Figure 3 | Polarized pulse profiles averaged over spectral frequency. 
Plotted is total intensity (I), linear polarization (P+ and P×), and circular 
polarization (V, which may be instrumental). Before taking the  
noise-weighted mean over frequency, the data are scaled to 800 MHz 
using the best-fit spectral index and the linear polarization is rotated to 
compensate for the best-fit Faraday rotation. The linear polarization basis 
coordinates are aligned with (+), and rotated with respect to (×), the 
mean polarization over time. The bottom panel shows the polarization 
angle (where measurable) in these coordinates. The error bars show the 
standard deviation of 10,000 simulated measurements with independent 
noise realizations.
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In a magnetar model, TeV gamma rays are detectable up to ~ 100 Mpc with CTA. Lyubarsky+14

ü at lower frequencies (GBT) ü liner and circular polarization

If ~104 per day per sky up to ~ Gpc, ~3 per 5deg x 5deg per yr up to ~ 100 Mpc… 

Masui+15 Masui+15

ü large scattering and rotation measure 

à sufficient plasma density and magnetic field surrounding the source?
à star forming region?  
à Magnetar giant flare is the most promising? Kulkani+15, Masu+15



They repeat!

More hopes for just waiting!?



Summary and Discussion
• Three approaches to multi-wavelength transients

1. ”Need to harry!” (20 sec < tγ < day)
• e.g., low-luminosity GRBs

ü TeV gamma ray is the smoking gun signal of the shock breakout model.
ü also may give an important hint on the origin of IceCube neutrino.  

2. ”Need not too much harry” (day < tγ < year) 
• e.g., non-Ni-powered SNe

ü Follow up obs. from months to year after the explosion is enough.
ü Gamma rays can test supernova models, probe newborn pulsars, etc

3. ”Just wait” (tγ < 20 sec)
• e.g., FRBs

ü In a magnetar model, a few times per CTA FoV per yr
ü Some of them do repeat! à targeted observation is also feasible


